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1. Introduction

This review is an attempt to present some of the

more important applications of calorimetric instru-

mentation and methods to analytical problem solving.

As such, this paper has a decided industrial orientation

to the topics covered, but is certainly not limited to

industrial applications. This review is not intended to

be comprehensive, but informative regarding key

analytical applications.

In each section of this paper, the signi®cance of the

calorimetric method is discussed along with guidance

on use of the methods and instrumentation, interpreta-

tion of the results, accuracy and precision estimates

and common pitfalls. Detailed description of instru-

mentation is avoided. The reader is urged to refer to

other literature sources for additional information on

instrumentation.

2. Characterization of materials

2.1. Thermometric titrimetry

Thermometric titrimetry is a technique well suited

to both analytical and thermo-chemical problem sol-

ving. Its strength as an analytical tool for quantitating

species in solution include the ease of quantitating

single species even in complex solution matrices and

the ability to frequently carry out simultaneous quan-

titation of multiple species, or impurities in a single

experiment. As a general problem-solving tool, the

breadth of applications to which it has been applied

demonstrates the versatility of thermometric titrime-

try. Measurements may be done on liquid±liquid or

heterogeneous liquid±solid systems to quantitate heats

of reaction, metal-ligand interaction, adduct forma-

tion, proton ionization, micellization, dissolution or

dilution. Measurements may also quantitate equili-

brium constants, or enable sequential determination of

multiple pKa values.

2.1.1. Methodology

Several calorimetric techniques may be considered

under the general heading of thermometric titrimetry.

They are usually based on the measurement of tem-

perature change in a constant temperature environ-

ment. Different methods may be used to initiate the

desired reaction, e.g. batch injection or continuous

titration of the reactant. Earlier literature referred to

these techniques as direct injection enthalpimetry

(DIE), catalytic thermometric titrimetry (CTT) and

thermometric titration (TET), but due to potential

confusion with those terms they will not be used in

this review. A typical apparatus for thermometric

titrimetry consists of a buret, preferably motor-driven,

a titration vessel, and a temperature-measuring device.

These are incorporated into a system designed to

maximize the observable temperature changes result-

ing from desired reactions, and to minimize the effects
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of variation in the temperature of the immediate envir-

onment. There are several general references the

reader may consult [1±5]. A laboratory manual [6],

out of print, provides another resource to acquaint the

reader with the general usefulness of the techniques of

thermometric titrimetry and titration calorimetry.

Direct injection and titration are both designed to

follow the mixing of reagents and subsequent reac-

tions. The mode of reagent introduction differentiates

the two techniques. In a direct injection experiment,

excess reagent is rapidly combined with sample by an

instantaneous injection of one into the other, with the

experimental readout consisting of a plot of tempera-

ture versus time. Titration, on the other hand, is where

a reagent is added gradually, usually continuously, at a

constant rate, but sometimes discontinuously in dis-

crete injections, to obtain a volumetric endpoint that

corresponds to a stoichiometric equivalence point for

the titration reaction. Temperature is plotted versus

the volume (amount, moles, etc.) of the titrant, with

the titration endpoint indicated by a change in slope

of the plot. Information obtained can include both

the volumetric endpoint and the overall magnitude

of the heat effect.

Catalytic titration is similar to titration but uses a

thermometric indicator. When the ®rst excess of titrant

is present, an exothermic indicator reaction is initiated

and the accompanying rise in temperature denotes the

end-point.

Thermometric titration may use temperature-rise,

power-compensation, or heat conduction calorimetric

detection and, a portion of the subsequent discussion

focuses on the particular advantages and limitations

inherent in these three basic types of calorimeters.

Regardless of the calorimetric design, the ultimate

experimental desire is to quantitate the amount of

reactant and/or heat evolved or consumed in the

reaction vessel.

The heat effect qr is a quantitative measure of the

amount of product formed, np, because qr�np DRH.

Measurement of qr is simple, versatile and nearly uni-

versal. Wide applicability is inherent because nearly

every reaction has a non-zero enthalpy of reaction,

DRH, or can be coupled to a secondary reaction to aid

in detection. Quantitation of qr is ultimately accom-

plished by temperature measurement. The advantage

in such a measurement is that it is relatively unaffected

by non-reacting impurities and heterogeneous matrices.

An accompanying disadvantage, however, is that of

poor selectivity. Because side reactions will yield an

interfering heat effect, selectivity is therefore depen-

dent on chemical rather than instrumental factors.

In the experimental design for direct injection,

titration or catalytic titration, relatively small volume

changes throughout the course of the experiment are

recommended. In titration, the titrant should normally

be 50 times as concentrated as the sample solution.

Solubility of the reagent thus imposes a limit. Sample

size is typically 4±50 cc.

In addition to the discrete techniques of direct

injection, titration and catalytic titration, continu-

ous-¯ow techniques are increasingly used and are

particularly suitable for routine analysis. Two proce-

dures are typically employed: (a) continuous mixing

of sample and titrant, and (b) injection of the sample in

pulses to a continuous-¯ow of titrant. In both methods,

the temperature rise is related to the sample concen-

tration so the methods can be considered an extension

of direct injection.

Direct injection, titration, catalytic titration and

continuous-¯ow methods are all suitable for the ana-

lysis of pure compounds, formulations and complex

mixtures provided that a selective reaction or appro-

priate indicator reagent is available. Selectivity cannot

be achieved instrumentally when the response is mea-

sured thermometrically, unless the kinetics of the

desired reactions are very different from those of

interfering reactions.

2.1.2. Thermodynamic and kinetic considerations in

direct injection, titration and catalytic titration

A titration experiment is conceptually equivalent to

a series of incremental direct injection experiments

using increasing reagent/sample ratios. As the equili-

brium constant controlling the reaction of interest

becomes smaller, the breakpoint in the slope of the

titration temperature versus volume curve becomes

less sharp. This increasing degree of curvature at the

endpoint degrades the precision of the endpoint.

Kinetic considerations, on the other hand, pose a

greater problem than thermodynamic factors in a

titration experiment; reactions having sluggish

kinetics can cause misleading results in most titration

techniques. This problem, in part, may be overcome

by the adding titrant discontinuously, and allow suf®-

cient time between titrant addition intervals for the

2 H.F. Ferguson et al. / Thermochimica Acta 363 (2000) 1±21



reaction mixture to reach chemical equilibrium. Ther-

mometric titrations, however, generally use continu-

ous addition of titrant at a constant rate. If the rate of

titrant addition is of comparable magnitude to the rate

of the chemical reaction, the experimental endpoint

will display curvature and will lag behind the equiva-

lence point. A de®nitive treatment of kinetic effects in

linear titration methods with continuous titrant addi-

tion has been reported [7].

There are two kinetic considerations with direct

methods. For relatively fast reactions, one must be

aware of the time constant of the calorimeter being

used. For very slow reactions, non-chemical effects

and heat losses introduce large errors when a tem-

perature-rise calorimeter is used to collect data beyond

approximately 30 min. Use of power-compensation or

heat conduction calorimetry allows much longer data

collection times.

2.1.3. Considerations regarding selection of

temperature-rise or power compensation calorimetry

Power compensation or isothermal calorimetry is a

technique in which the temperature of the system is

kept constant and the heat ¯ow through the system

required to maintain this constant temperature is

measured as a function of time or of titrant added.

Heat ¯ow from the system results in an instrumental

time constant on the order of a few minutes. The

temperature of the calorimeter reaction vessel, the

contents and the surroundings are maintained at the

same temperature, so that radiation heat losses are

eliminated and all changes in heat ¯ow out of the

system are due only to chemical or physical changes

occurring inside the calorimeter reaction vessel. These

fundamental operating principles of isothermal calori-

metry illustrate why it is particularly useful for pro-

cesses involving slow reactions such as microbial

growth and metabolism, processes in which large

amounts of heat are produced, such as reactions

occurring in concentrated aqueous solutions and mix-

ing of organic liquids, and systems involving large

changes in heat capacities during the titration, such as

mixing of liquids, reactions in concentrated solution

and reactions involving two liquid phases.

Temperature-rise calorimetry is a technique in

which the temperature of the sample varies. The tem-

perature of the surroundings may be held constant,

isoperibol, or at the same temperature as the sample,

adiabatic. With such an experimental design, all heat

contributions to the system must be accounted for to

extract the correct heats for the reactions of interest in

the system. Background heat effects may include

stirring and heating by the temperature sensor (both

always exothermic), condensation or sorption of water

from the air, solvent evaporation (always endothermic)

and heat transfer between the sample and the surround-

ings (either exothermic or endothermic), which may be

time and volume dependent. These effects can readily

be accounted for by collection of baseline data and

calibration with heat pulses both before and after the

experiment of interest, thus directly measuring the

effects of changes in the physical properties of the

system during and after reagent addition. Depending

on the rate of reagent addition for a particular experi-

ment, the pre and post-experiment baselines may be

used in different ways. For a direct injection experi-

ment, because the entire reagent is rapidly added at

the beginning of the experiment, changes in physical

properties occur near the onset of the experiment.

Because of this, the baseline best suited for use with

such experimental data is that collected post-experi-

mentally. More appropriate for continuous titration

is a time weighted-average of the pre and post-base-

lines because the sample composition and physical

properties change continually through the course of

the titration. Additional sources of heat input and

output that can be corrected, include temperature

mismatch of titrant, heat of titrant and titrate dilution

and change in heat capacity of the system.

2.1.4. Direct injection: precision and accuracy

As a rule-of-thumb, precision and accuracy of 3±

5% can be attained at millimolar concentrations in

direct injection experiments. The magnitude of the

analytical signal, DT, depends on both DRH and

sample concentration. The ultimate precision attain-

able depends on the noise in DT, which can be as low

as is about 50 mC. This limiting value re¯ects thermal

inhomogeneities in the solution.

The accuracy of a determination depends on know-

ing the actual degree of completion of the reaction,

which may be readily calculated from the equilibrium

constant and relevant concentrations. Reaction kinetics

can also indirectly affect accuracy. Slow reactions

require a longer measurement time during which

extraneous thermal effects (heat effects primarily from
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stirring, sensor heating, evaporation and heat transfer)

become proportionately larger and thereby degrade

the accuracy of the DT signal. Other thermal effects

can be signi®cant in both fast and slow reactions, e.g.

temperature mismatch between sample and reagent

solution and heats of dilution. These limitations are

discussed in more detail elsewhere [7].

2.1.5. Titration: precision and accuracy

Typically, the precision and accuracy in titration

experiments are limited by the titrant delivery system

to about 0.2±0.5%. The precision of the endpoint,

being located by extrapolation of straight-line seg-

ments, depends on the magnitude of the change in the

slope and on sharpness of the endpoint. Thus, the heat

of reaction must not be small compared with the heat

of dilution. The sharpness of the endpoint depends

largely on the equilibrium constant and kinetics of the

titration reaction. The precision and accuracy of the

endpoint are directly related to the equilibrium con-

stant; for Keq greater than approximately 105, preci-

sion and accuracy of approximately 0.5% or better is

expected. Contributions from stirring, sensor heating,

evaporation and heat of titrant dilution do not seriously

detract from the analytical utility of the titration curve.

On the contrary, heat transfer, temperature mismatch

of titrant and a change in the heat capacity may cause

non-linear deviations, which make endpoint determi-

nation less precise and less accurate. These processes

must be minimized by the use of relatively concen-

trated titrants and optimum titration times and/or

corrected for by appropriate data reduction.

2.1.6. Catalytic titration: precision and accuracy

The precision and accuracy using catalytic titration

are typically on the same order of magnitude as for

direct injection, when titrants of the same concentra-

tion are used. Catalytic titration offers the advantage

of being applicable to the determination of much

smaller sample concentrations, typically in the ppm

range, because the response of the indicator reagent is

not in¯uenced by analyte concentration.

2.1.7. Overview comparison between direct

injection, titration, catalytic titration and

continuous-¯ow methods

Catalytic titration is the thermometric method

of choice on the grounds of sensitivity, simplicity,

convenience and low cost. Its scope, however, is

limited by the availability of suitable thermometric

indicators. Both direct injection and titration have a

wide range of applications, with direct injection or

continuous-¯ow methods being chosen for rapid ana-

lyses, and also multiple analyses by successive injec-

tions of several discrete samples into one lot of

reagent. Titration is generally the method of choice

for the determination of several constituents or reac-

tive functionalities in the same sample and offers

better accuracy and precision than direct injection.

2.1.8. Applications Ð general

The following discussion cites example literature

applications of direct injection, catalytic titration,

titration and continuous-¯ow techniques and high-

lights speci®c experimental enhancement techniques.

2.1.9. Applications Ð direct injection

The analytical, kinetic and calorimetric possibilities

of direct injection, especially the reaction rate range in

which direct injection can be ef®ciently used for

kinetic measurements, are made apparent by the use

of well-known saponi®cation reaction of methyl acet-

ate and ethyl acetate by sodium hydroxide [8].

The reader may also refer to discussions of water

determination by direct injection [9].

The direct calorimetric determination of most

serum enzymes is precluded by sensitivity limitations.

But a method for quantitation of serum cholinesterase

via direct injection, for example, is made feasible

through `chemical ampli®cation' of the hydrolysis

reaction of interest. The heat change produced by

the enzymatic hydrolysis of a substrate such as butyr-

ylcholine (�1.3 kJ molÿ1) can be ampli®ed by the

enthalpy change associated with the concurrent pro-

tonation of Tris buffer (ÿ47.7 kJ molÿ1). The utility of

calorimetric methods, for this enzymatic determina-

tion and numerous other applications [10], is based on

the facility to measure the primary enzymatic event

without recourse to coupling reactions in order to

produce a measurable entity as is done in spectro-

photometric determinations. Thus, determinations of

enzymes in biological specimens can be done with a

minimum of sample pretreatment and the propagation

errors inherent in these procedures avoided.

Determination of serum glucose levels has been the

subject of several reports. A conventional calorimetric
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method [11] quantitates glucose by the heat of phos-

phorylation by Mg(ATP)2. This work, along with

others, led to glucose determinations in serum [12].

In an excellent illustration of the ability of enthalpi-

metry to tolerate the presence of unreactive matrix

ingredients without a signi®cant loss in precision,

McGlothlin and Jordan extended their procedure to

the determination of glucose in plasma and whole

blood. This direct injection procedure is quantitative

over more than a thirty-fold glucose concentration

range, a much greater range than for spectrophoto-

metric procedures.

2.1.10. Applications Ð titration

The equilibrium constant (K) for some reactions can

be determined directly by either continuous or step-

wise titration calorimetry if the magnitudes of K and

DH for the overall reaction taking place in the reaction

vessel are within certain limits. The curvature of a plot

of q versus volume of titrant is a function of Keq. The

curves for the systems with K values greater than

approximately 104 differ only slightly from one

another [2,13].

Titration determinations enable selective, consecu-

tive determination of several components in a mixture.

An example of a calorimetric study involving non-

enzymatic protein chemistry [14] shows that the car-

boxyl, imidazole and amino groups of egg albumin

can be delineated by means of titration with sodium

hydroxide solution. This is in contrast to a classical

potentiometric titration, which can only determine the

carboxylic acid groups.

Additional applications of titration methods have

been reviewed [10,15] and include determination of

total serum protein through the use of anionic pre-

cipitants serial determination of calcium and magne-

sium in human serum using EDTA, by taking

advantage of differences in the relative formation

constants and reaction enthalpies. A titration method

has also been used to for the study micelle formation

in the interaction of block polypeptides with surfac-

tants [16].

A discussion of calorimetric monitoring of indus-

trial chemical processes [17] focus both on chemical

analysis and process control. On-line methods may be

applied to concentration analysis, to safety monitoring

and to the control of reaction progress. There may be a

hesitation to apply ¯ow calorimeters because plugging

may be a major problem with small, undiluted process

streams. Therefore, batch injection might prove the

method of choice, where a sample is separated from

the main process stream and then analyzed. The areas

of calorimetric safety monitoring and process control

are covered in greater detail later in this paper.

2.1.11. Applications Ð ¯ow calorimetry

Flow calorimetry for the determination of heats of

mixing was pioneered by Wadso and Picker in the late

sixties and has evolved into determinations at elevated

temperatures and pressures [18].

Calorimetric measurements with a microcalorime-

try operated in a continuous ¯ow mode have been

conducted on immobilized enzyme inhibitors. A

rapid, reproducible method is available [19] for the

determination of the relative inhibitory strengths of a

series of reversible cholinesterase inhibitors. The

technique continuously monitors the activity of

glass-immobilized cholinesterase's that can be rapidly

and quantitatively reactivated simply by removal of

the inhibitors. For particularly effective inhibitors,

quantities as low as 5 nmol can be detected. For

analyses to determine relative inhibitor strengths,

the use of immobilized enzymes enables circumven-

tion of some of the problems of the more standard

approach with soluble enzymes. The latter is less

quantitative, necessitates more equilibration time,

encounters dif®culties in obtaining exactly the same

activity of enzyme per run and incurs the expense of

using the non-recovered soluble enzyme.

2.1.12. General applications in biochemical systems

There is growing use of microcalorimetric analyses

in the ®eld of pharmaceuticals. Several reviews of the

application of calorimetry to biochemical systems are

available [10,20±26].

Many diverse applications of thermometric titrime-

try, primarily in the support of the pharmaceutical

industry, have been reviewed [27]. Pertinent determi-

nations may be thought of as applying to either

pharmaceutical substances or formulations, or to clin-

ical and biochemical analyses. Clinical samples are

complex mixtures and determination of speci®c con-

stituents by the thermometric method usually requires

use of speci®c or highly selective reagents. Enzyme-

substrate reactions, as well as antibody-antigen

reactions are examples of speci®c reactions [28].
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Biochemical and clinical analyses by calorimetric

measurements address characterization of non-

enzymatic proteins, enzyme activities and substrate

quantitation [10].

2.2. Application of calorimetry to pore size

determination

A novel application of changes in the observed

melting point of various substances is the determina-

tion of pore size and pore size distributions in various

substrates, a method referred to as thermoporimetry.

Pore size and pore size distributions are critical char-

acteristics for materials ranging from membranes to

®lters to molecular sieves to chromatographic column

packing. Current methods for characterizing pore size

and distribution include microscopy, nitrogen adsorp-

tion and mercury intrusion. Thermoporimetry pro-

vides a simple calorimetric method for determining

pore size and distributions.

The basis for thermoporimetry can be understood

by consideration of the free energy of a liquid in a pore

[29]. As the surface to volume ratio changes for a

small pore, the effect of surface tension on the system

changes, being manifested as a change in the melting

point for a liquid in the pore. Brun and co-workers [29]

have given a detailed derivation of this phenomena.

They point out that crystallization and melting curves

will be slightly different, the difference being related

to the pore geometry. The general form of the equation

relating the change in melting point/crystallization

temperature is:

R � A

DT � B
(1)

where R is the pore radius, A and B are constants which

can be derived theoretically. Suf®cient surface tension

data exists only for water and benzene to allow for the

calculation to be made, this last point potentially

limiting the application of the method.

Because Eq. (1) relates DT to the pore radius, if a

distribution of DT exists, a distribution of pore radii

can be determined. The change in the melting point of

water trapped in small pores is represented in Fig. 1. In

this ®gure, the data points are for water in porous glass

beads and the line is the theoretically derived equation.

In addition to determining the pore size, the number

of pores of each size can be determined from the total

heat, that is the quantity of material melting over any

temperature range is a direct indication of the number

of pores in that size range. In determining the total

number or fraction of pores, the heat of fusion must be

corrected for the depressed melting point of the probe

molecule, as DT of 40 K can be observed, making a

signi®cant change in the heat of fusion from that of the

normal melting point.

Commercially available differential scanning

calorimeters (DSC) used for thermoporimetry have

been reported in the literature [30±33]. A portion of

the material to be studied, after being equilibrated with

the appropriate probe material, is sealed into a DSC

container. The sample is then scanned at a slow rate,

2±60 K hÿ1, in both cooling and heating modes.

Thermoporimetry has been applied to the study of

membrane systems [29,30,32] with water as the probe

molecule. In one application, this method was used to

study ultra®ltration membranes [33] where a distribu-

tion of pore radii ranging from 3 to 10 nm were

observed with water as the probe liquid. This work

also points out that one must be cautious in using

thermoporimetry to obtain the equilibrium melting

conditions if one is to calculate accurate pore radii

and volume fractions. These works point out that pores

with a radius of much less than 2 nm cannot be

studied, at least using water as the probe molecule,

because theoretical derivations of the relationship

between DTand pore size does not give high resolution

at smaller pore radii. In the literature, theoretical

derivations have only been developed for water and

benzene. This limitation can be overcome by char-

acterizing inert materials, such as porous glass beads,

with water as the probe molecule and then determining

the freezing point depression for a new probe mole-

cule and ®tting these data to the appropriate equation

[29,30].

2.3. Oxidation of materials by calorimetry

Studies relating to the oxidative stability of nearly

all organic materials, e.g. foods, fuels, lubricants and

polymers, are critical for determining long-term sta-

bility at the temperature of use. Calorimetric methods

are often used to study the oxidative stability of

materials. The oxidation of organic materials is

exothermic by approximately 350 kJ molÿ1 of oxygen

reacted if H2O(g) is a product and 455 kJ molÿ1 if
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H2O(l) is a product [34]. With this large heat evolution

it is convenient to detect the rate of oxidation pro-

cesses calorimetrically.

While virtually all organic materials exhibit some

rate of oxidation even at room temperature, the rate of

oxidation increases several fold at elevated tempera-

tures. Thus, the application of calorimetry at elevated

temperatures to study these processes is an ideal

analytical application for determining the relative

stability of systems of interest. Calorimetry can be

used to answer three questions relating to high tem-

perature oxidative stability of materials. (1) At what

temperature does the oxidation process begin to occur

at a signi®cant rate? (2) What is the rate of oxidation?

(3) What is the relative ef®ciency of antioxidants

added to a material and how much should be added?

The oxidation of lubricating oils in oxidative atmo-

spheres have been studied using DSC [35] with an air

atmosphere either at ambient or high pressure. Scan-

ning experiments were performed to determine the

onset temperature of the various oils studied. In addi-

tion, isothermal experiments were performed at ele-

vated temperatures and varying air pressures to

determine the effect of increased oxygen content on

the onset of oxidation. The effects of adding various

materials to the oil, such as stabilizers, were also

studied. At a given temperature, the induction time

for the onset of rapid oxidation may be linear over a

range of useful concentrations. The concentration of

stabilizer in the oil can be determined from induction

time measurements. Samples with known concentra-

tions of stabilizers can be used to obtain a calibration

curve of stabilizer concentration versus oxidation

induction time. In another study of the oxidation of

lubricating oils, the effectiveness of various antiox-

idants was determined from the induction time for

Fig. 1. Pore size vs. inverse freezing point DT for water. The change in the inverse of the freezing point (DTÿ1) for water in pores of various

radii. The line is a theoretical curve. The points are data for water in the pores of silica column packings with known pore radii.
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the onset of rapid oxidation. Arrhenius plots were

used to determine the activation energy [36]. Similar

methods have been used to study the oxidative stabi-

lity of elastomers [37], vegetable oils [38] and fuel

oils [39].

As with most calorimetric techniques, this method

for studying oxidative stability is nonspeci®c and,

therefore, can be affected by impurities in the system.

3. Thermodynamics and phase behavior

3.1. Use of calorimetry to study crystallinity and

crystallization processes

3.1.1. Crystallization and crystallinity

For many materials, the extent to which the material

is crystalline can have a signi®cant effect on properties

ranging from tensile strength to elongation to rate of

dissolution. Thus, it is important to know to what

extent a material has crystallized. Crystallinity, melt-

ing point and the heat of fusion for some materials can

be related to sample purity and in some cases, the

`crystalline form' (polymorph). These topics are cov-

ered in separate sections.

If the extent of crystallization is important for the

performance of a material, then the rate of crystal-

lization is also important since one needs to know if,

during processing, the sample will attain the desired

level of crystallinity. Calorimetry is an ideal tool for

studying the crystallinity of organic, inorganic and

polymeric materials. The application of calorimetry to

the quantitative determination of crystalline compo-

nents is discussed in the section on compositional

determination. However, sometimes a material does

not fully crystallize, and calorimetry can also be used

to study the extent of crystallization. This application

is particularly important for polymers, which do not

fully crystallize. Various authors have pointed out that

the extent of crystallinity, Xc, can be determined from

knowledge of the heat of fusion, DFusH
0, and the heat

of fusion for a fully crystalline material, DFusH
0

[40,41].

Xc � DFusH

DFusH0
(2)

From this simple relationship the level of crystallinity

for a sample can be determined.

One dif®culty in applying Eq. (2) is knowledge of

the heat of fusion for fully crystalline material. DFusH
0

can be determined from a combination of calorimetric

measurements and X-ray diffraction (XRD) data,

where XRD data are used to determine the level of

crystallinity and calorimetry the heat of fusion for that

sample. The heat of fusion for a fully crystalline

sample is then calculated from these data. Several

samples are usually run to determine an average value

for the heat of fusion. Another method has been

described by Karasz et al. [42]. When a polymer is

below its glass transition temperature (Tg), then, for a

semi-crystalline system, it can be assumed that all of

the polymer chains exist either in the amorphous or

crystalline phase. At the glass transition, a shift in the

speci®c heat capacity of the sample occurs in going

from the glassy to liquid state. This heat capacity shift

has a constant value for a given polymer, so the

magnitude of the heat capacity change at Tg is a direct

quantitation of the fraction of polymer in the amor-

phous phase. Since the heat of fusion is a direct

measure of the crystallinity of the material, a plot

of the heat capacity change at Tg versus the observed

heat fusion will give a line where the intercepts

represent the heat capacity change at Tg for the fully

amorphous polymer and the heat of fusion for fully

crystalline material. This procedure has been applied

to the study of syndiotactic polystyrene [43]. The

extent of crystallization can also be obtained from

the heats of solution and from the heat of crystal-

lization. These methods are particularly useful in the

pharmaceutical industry.

Crystallization rate can also be followed calorime-

trically [40,41]. When held isothermally at conditions

where the material will crystallize, either from a

melt or from a solution, the heat rate during crystal-

lization can be followed, and from these data and

a determination of the heat of fusion after the crystal-

lization process, the crystallization rate can be

determined.

3.1.2. Crystallization process development and

optimization

3.1.2.1. Areas of application. Crystallization is a key

unit operation in the chemical industry, particularly

for the manufacture of speciality chemicals and

pharmaceuticals. Reliable control of crystallization
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is essential to consistently make product with the

desired properties, both to maximize efficiency in

downstream unit operations and to meet product

quality specifications. For example, crystal pro-

perties such as crystal size, shape and purity, and

the amount of solvent included within the crystal

matrix all impact efficacy of the subsequent solid±

liquid separation and drying operations. If the

crystalline product is an active ingredient in a drug,

these crystal properties can also influence the product

formulation process and the drug's efficacy.

The driving force for a material to crystallize is

proportional to the amount of supersaturation which

can be determined from solubility measurements

provided the amount of material dissolved in the

liquid is known or can be measured. To control crystal-

lization, one must control the rate of nucleation

and the rate at which material crystallizes (the cry-

stallization pro®le as a function of time). The progress

of a crystallization event is typically followed via

turbidity and temperature measurements. Turbidity

measurement is a convenient tool for determining

the onset of crystallization [44], however, it loses

sensitivity with increasing slurry opacity. Temperature

measurements can also, in some cases, be used to

detect the onset of crystallization, but they give only

qualitative information about the crystallization pro-

gress. A convenient, quantitative, means of obtaining

the compete crystallization pro®le is to perform an

energy balance on the crystallizer. An energy balance

yields the heat release rate from the crystallization

process, from which the crystallization pro®le is

directly obtained provided the heat of crystallization

is known). On a production scale, performing this

energy balance involves turning the production

process equipment into a larger calorimeter. On a

laboratory scale, heat ¯ow or power compensation

calorimeters can be used. Reaction calorimeters

have been found to be a particularly convenient tool

for the study of crystallization. Key advantages

include adequate agitation and the ease of carrying

out temperature ramps and continuous additions.

3.1.2.2. Examples. Albino [45] used reaction

calorimetry to optimize crystallization of a

pharmaceutical from solution. Heat flow was used

to monitor the onset of crystallization. Optimization

of the amount of seeding and the cooling curve

resulted in a significant reduction in manufacturing

costs by eliminating two downstream particle-sizing

steps.

Borghese [46] used reaction calorimetry to better

understand the crystallization of milacemide out of

acetone±water. The crystallization, induced by a com-

bination of the addition of acetone and cooling, had

occasionally produced a coagulated, jelly-like, reac-

tion mass. Calorimetric analysis showed this to be the

result of a crystallization event following by a `coa-

gulation'. Based upon this work, processing condi-

tions were re®ned to avoid coagulation and to enable

the production of products with two different crystal

morphologies.

Tavana and Bayat [47] demonstrated the use of a

turbidity photometer in conjunction with reaction

calorimetry to study the crystallization of an organic

salt via batch evaporative crystallization.

Velich and co-workers describe an isoperibol reac-

tion twin (IRT) calorimeter for studying the precipita-

tion of barium sulphate and calcium oxalate [48,49].

The progress of these crystallizations was followed via

heat ¯ow measurement, with the integral heat giving

the total enthalpy of the process.

3.2. Phase equilibria

Knowledge of equilibrium phase boundaries is

useful in a wide variety of applications. The simplest

example, the solid±liquid phase boundary (the melting

point) for a substance, allows determination of the

temperature requirements for processing and storage.

Also, the properties of substance may change in

fundamental ways, depending on the particular phase

of the material. For example, a pharmaceutical or an

agricultural chemical may exist in one or more crystal-

line forms (polymorphic forms) yet only one of these

forms may be permitted for the intended use.

A number of techniques have been developed to

determine temperature±phase relationships. For pure

substances (and less accurately for mixtures), the

melting point can be easily determined by visual

observation of the sample while heating. For solid±

solid transitions, visible light microscopy and XRD

have been used. In the latter case, samples must

be prepared and tested under equilibrium conditions

or quench-cooled to `freeze-in' a higher tempera-

ture phase. Although not a calorimetric technique,
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thermogravimetry (TG) has found wide application in

studying gas±solid phase equilibria [50].

Calorimetry has a number of advantages over other

techniques for determining phase boundaries. First,

phase transitions such as crystalline-liquid or crystal-

line±crystalline are accompanied by the liberation or

consumption of energy. This energy is usually of

suf®cient magnitude and rate to be easily detected.

Second, many calorimetric techniques, especially the

temperature scanning instruments, e.g. DSC, require

vary small sizes (ca. 0.5±5 mg). Sometimes even the

sign of the energy release can give one insight into the

processes taking place. For example, if during heating

of a sample, an endotherm is followed by an exotherm,

this may represent an endothermic phase transition

(melt) followed by an exothermic recrystallization

into another crystal phase. Another advantage of

calorimetry is the fact that the energy for the transition

can sometimes be used to extrapolate the phase rela-

tionships to other temperature conditions.

Using standard, commercially available DSCs, the

temperature range available for study is typically

ÿ100 to 6008C. For studying materials (such as

ceramics and inorganics) at higher temperatures,

DSCs and differential thermal analyzers (DTAs) are

commercially available which can go to 24008C. In a

typical experiment, a 1±500 mg sample is heated in

the DSC at a rate of 1±108C minÿ1.

The determination of solid±liquid phase diagrams

using scanning calorimetric techniques is a widely

used and generally accurate technique. Several good

reviews of the general techniques and concepts

involved in these determinations have been published

[51±55]. The concept is straightforward as the tem-

perature of a sample changes (heating or cooling), a

heat signal is observed as a phase diagram boundary is

passed.

The simplest example is a pure crystalline material

at a temperature below its melting point. As the

sample is heated in the calorimeter, an endothermic

event is observed as the melting point is traversed.

Thus, for this simple pure system, the solid±liquid

phase boundary can be de®ned.

For binary systems in which one component is

considered the `solvent', the determination of the

phase diagram in the manner presented here is equiva-

lent to the determination of solubility. Normally,

solubilities are thought of in terms of approaching

or crossing the phase boundary at constant tempera-

ture with increasing concentration of the solute in the

solvent, but the concepts are, in fact, equivalent.

For a binary mixture that exhibits a simple eutectic,

DSC (or DTA) traces will generally show the behavior

illustrated in Fig. 2. For every composition other than

the eutectic, two endothermic peaks are observed on

heating. The ®rst peak is due to the melting of the

eutectic composition. Once all of the eutectic has

melted, the DSC signal does not return to baseline

as the sample continues to be heated further. This is

due to the fact that the remaining solid becomes

increasingly enriched in component A and the melting

point of the remaining solid increases as governed by

the phase diagram. The second peak is due to the end

of melting of the system, i.e. the last solid melts, which

at this point must be bulk composition.

3.2.1. Considerations and pitfalls

3.2.1.1. Sample preparation. It is important in this

type of work to make sure that the materials are

prepared and sampled so that they are

representative of the desired composition and that

they are true representations of the equilibrium

composition. For example, if a solid mixture is

prepared by allowing the liquid to cool and

crystallize, the first crystals to appear will be of

different composition than the last crystals to

appear. This non-homogeneity makes it difficult to

obtain representative samples. One should consider

thorough blending of the sample (where practical)

after solidification. Grinding can, in some cases,

induce polymorphic changes in the sample.

Also, under rapid cooling conditions, there is

always the possibility of crystallizing the sample into

a metastable phase. If this occurs, the DSC scan may

exhibit an exothermic event on heating due to the

transformation from the metastable phase to the stable

phase. These effects can lead to interpretation pro-

blems.

Many times the ambiguities which arise in inter-

pretation of DSC curves can be resolved using XRD

and visible microscopy, particularly, hot-stage micro-

scopy.

3.2.1.2. Dif®cult samples. For samples, which have

very low melting points, crystallization temperatures
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can be difficult to measure since the samples may be

very difficult to get to solidify in the crystalline state.

This generally occurs in viscous systems in which

molecular mobility is restricted and the tendency to

form the highly ordered crystalline phase is reduced.

For some particularly `stubborn' samples, crystalliza-

tion may never be achieved. In such cases, however,

one may resort to other estimation techniques to

predict the freezing point of the sample [56].

3.2.1.3. Heating versus cooling. One might initially

think that cooling a liquid in a DSC cell and recording

the onset temperature of crystallization is the best way

to perform experiments of this type. Unfortunately, the

kinetic barrier to the formation of the new crystalline

phase is inversely proportional to sample size. Thus,

while it may be easy to crystallize a sample in `bulk',

say at 5±10 g scale, it may not occur easily at the

0.001±0.010 g scale typical of most DSC samples.

What may occur (and is actually quite common for

organic materials and even some metals) is super-

cooling of the liquid. Thus, there is always the

question of whether the observed exothermic

crystallization is occurring at the equilibrium phase

boundary or at some lower temperature. A hypo-

thetical case where sub-cooling is observed is

illustrated in Fig. 2. This effect does not occur upon

heating a solid however, and thus, heating is the

preferred procedure.

3.2.1.4. Accurate determination of the phase

boundary temperature. The DSC instruments are

normally calibrated using melting point standards,

and the accepted procedure is to take, as the

melting temperature, the extrapolated onset of the

melting endotherm. In the determination of phase

diagram boundaries, the situation is slightly different.

Since the melting of the eutectic represents a congruent

phenomenon, the extrapolated onset is the appropriate

temperature. As the sample is heated further, the

liquid±solid boundary is traversed and the DSC

signal returns to baseline. In this case, the peak

temperature is nearer the boundary since this

temperature is closest to the temperature at which

the last solid melts. The return to baseline after

melting is governed by the characteristic time

constant for the instrument. Also note that melting

of the eutectic may not always be observed because

sample compositions `far away' from the eutectic

contain too little eutectic for the DSC to detect. A

good example may be found in the KNO3/NaNO3

phase diagram work in reference [57].

Fig. 2. A hypothetical binary phase diagram with superimposed DSC signal. In the case illustrated, the DSC signals are for the solid being

heated (arrows pointing up) and melting occurs endothermically. In one DSC trace labelled `cooling' (arrow pointing down), the experiment

illustrates the liquid being sub-cooled and crystallizing exothermically well below the equilibrium freezing-point. Point `a' in the ®gure

corresponds to the onset temperature of melting where the ®rst solid to melt is the eutectic composition. Point `b' is the temperature at which

the ®nal solid melts. Note that this temperature may be higher than the actual phase diagram boundary of the endotherm. Point `c' is the onset

of crystallization for the sub-cooled liquid. Point `d' is the temperature where the last liquid crystallizes with the composition of the eutectic.
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In the case illustrated in Fig. 2, all but one of

the DSC signals are for a solid being heated. The

DSC trace labelled `cooling' illustrates a liquid

being super-cooled below the equilibrium freezing

point.

3.2.2. Selected examples from the literature

Most published work on the use of scanning calori-

metry for the study of phase diagrams has been in the

inorganic/metals/ceramic area. Some selected refer-

ences are [58±66]. In the organic/pharmaceutical ®eld,

some selected references include [67±69].

3.3. Polymorphism

The ability of a substance to exist in more than one

crystalline phase is called polymorphism and each

distinct phase is a polymorph. Polymorphism is an

important consideration in pharmaceutical and agri-

cultural chemical industries because a particular mate-

rial may be polymorphic but only one of polymorphs

may be active.

Polymorphic transitions are easily detected with

temperature scanning calorimetry in an analogous

manner to the solid±liquid transitions discussed above.

When heating or cooling a solid, a distinct peak is

observed in the calorimeter signal as the transition

boundary is traversed. In binary systems, horizontal

lines in the phase diagram indicate solid±solid transi-

tions.

3.3.1. Considerations and pitfalls

One of the most common problems in using scan-

ning calorimetric techniques for the determination of

polymorphic behavior is maintaining phase equili-

brium in the sample during the test. For example, it

is relatively common for a polymorph to melt to a

metastable liquid that then recrystallizes to the stable

polymorph which itself eventually melts. This recrys-

tallization may never occur in the DSC cell due to the

small sample size, and thus the existence of another

polymorph is not determined. The complementary

techniques of XRD and hot-stage microscopy can

often help to sort out confusing calorimetric results.

3.3.2. Selected examples from the literature

A good source of solid±solid phase transition data

for pure organic materials is a compilation in [70].

Other examples of polymorphic studies of organic

systems can be found in [71±74].

3.4. Purity by calorimetry

Determination of the purity of compounds by

calorimetric methods has proven important for both

organics and inorganics from the research stage to full

scale manufacturing. The calorimetric methods of

purity determination generally apply to any compound

containing low levels of impurities. At ®rst, methods

were based on adiabatic calorimetry, but became more

widely used with the advent of rapid and convenient

differential scanning calorimetry in the 1960s. One of

the critical needs driving the use of these methods is

the requirement for purity characterization of indus-

trial standards and compounds submitted for govern-

mental registration [75,76].

The calorimetric approach affords several advan-

tages over conventional chromatographic or spectro-

scopic methods. First, a high purity standard of

material of interest is not required for the method.

Second, precision of better than 0.2 mol% is attainable

at purity levels greater than 98 % [77]. Third, in many

cases only a few milligrams of sample are needed for

analysis by DSC.

The method is based on the Van't Hoff relationship

that relates the melting point depression of an impure

material to the mole fraction of the impurity [78]:

T � T0 ÿ RT2
0

DFusH

� �
X2

F
(3)

where T is the melting temperature of the impure

material, T0 the melting point of pure material, DFus

the molar heat of fusion, R the gas constant, F the

fraction of solid melted at the temperature T and X2 is

the mole fraction impurity. The mole fraction of the

impurity in the melt changes during the calorimetric

experiment since crystalline material continues to

melt as the temperature is increased. In the application

of the method, the mole fraction melted at any point

during the experiment is calculated from the fraction

of the heat of fusion liberated at that temperature.

The slope of a plot of observed temperature versus

reciprocal fraction melted yields the mole fraction

impurity.

Eq. (3) is a simpli®ed form of a thermodynamic

relationship describing the equilibrium between a
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liquid containing impurities and a pure solid [79].

Several assumptions apply to the working equation

above. Firstly, the system must behave ideally, namely

that the impurity is completely soluble in the melt and

that no solid solutions form. Secondly, equilibrium

must be achieved in the melt±solid system. Thirdly,

the mole fraction of impurity must be small, less than

1.5 mol%, due to a mathematical approximation in the

derivation. In addition to the restriction of the working

equation, a number of other assumptions are applic-

able in purity determination by calorimetry. These

have been summarized in [80].

3.4.1. Instrumentation

Although most purity determinations are now done

with DSC instrumentation, some of the more accurate

and precise measurements have been accomplished

using adiabatic calorimetry and commonly referred to

as a cryoscopic method [79]. In general, sample size is

large, on the order of 50±100 g, and the measurement

period is long to achieve equilibrium, on the order of

many hours for each fraction melted. The heat of

fusion of the pure material is measured in a separate

experiment while the triple point is obtained from the

Van't Hoff relationship. Heat capacity corrections for

the phase present and pre-melting effects must be

incorporated in the calculations. If the heat of fusion

and triple points are known, a single measurement of

fraction melted yields a purity value.

The DSC method requires only small amounts of

sample, usually less than 5 mg, but depends upon the

speci®c instrumentation used. In contrast to the adia-

batic calorimetry approach, DSC affords relatively

rapid analyses, often less than 1 h because it is a

dynamic heating method. But, a number of experi-

mental parameters must be carefully selected and

controlled to achieve accurate results [77,80]. Recom-

mended heating rates are less than 2.5 K minÿ1. The

choice of scan rate and sample size is critical to

accurate purity measurements by dynamic methods.

Sample encapsulation is also important. Vaporization

of the sample must be minimized during analysis by

use of hermetically sealed containers with small head-

space. Sample movement must be avoided during the

scan and intimate thermal contact between the sample

and the container must be assured. This may be

accomplished by melting the sample once prior to

the measurement if pre-melting of the sample does not

alter the crystalline form or cause decomposition.

Finely divided materials may be handled by pre-

melting.

As with the adiabatic calorimetry method, correc-

tions to the data for heat capacities of container and

sample and pre-melting effects, along with the deter-

mination of the heat of fusion, are critical to accurate

determinations. In addition, DSC data must be cor-

rected for thermal lag due to thermal resistance

between the sample and detector. In current commer-

cial instrumentation, computerized data acquisition,

correction and reduction are readily available which

greatly reduces analysis time. However, the analyst

should be aware that the details of the calculational

methods are not usually available from the instrument

manufacturers and one must assume that the calcula-

tions are correct or carry out the calculations by hand.

Con®rmation of the accuracy of the calculations may

be partially addressed by analyzing samples of known

purity prior to analysis of an unknown material. Such

samples are available from The National Institute of

Standards and Technology (NIST). Due to the com-

plexities of phase behavior of impure compounds, it is

advisable to prepare purity standards of the com-

pounds and impurities of interest whenever possible.

It is also strongly recommended that purity determi-

nations by calorimetric methods be validated by other

analytical methods.

3.4.2. Examples

Furakawa et al. [79] demonstrated the ability to

determine very low levels of impurities using the

cryoscopic method on benzene samples containing

n-heptane from 0.001 to 1.168 mol% with high accu-

racy in the middle concentration range. Although the

precision of the measurements was high for all speci-

mens, the accuracy decreased at the highest and lowest

impurity levels studies [79].

Grady et al. [81] studied over 100 pharmaceuticals

using DSC and compared the data to those obtained by

chromatographic methods [81]. Many compounds

could not be analyzed by DSC due to decomposition

upon heating.

Habash et al. [82] used DSC techniques to examine

menadione and phenacetin containing varying levels

of different impurities, some similar to the major

constituent and others quite dissimilar in chemical

structure. They concluded that the nature of the
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impurity could affect the accuracy of the determina-

tion. Thus, in general one cannot assume ideal beha-

vior and corroboration with other analytical methods

is advisable.

3.4.3. Pitfalls

In addition to the potential pitfalls mentioned

above, there are several general areas of concern in

purity determinations. First, calorimetric methods are

not applicable to materials that decompose at or near

the melting point. Materials must also be non-reactive

towards the sample container and the atmosphere

surrounding the sample. Visual examination of the

sample after measurement helps to identify unwanted

reaction or decomposition.

Contamination of the sample during preparation

must be avoided and is of special concern with the

very small sample size employed in the DSC method.

Also, samples which contain a contaminant, such as

®nely divided silica, which is not soluble in the melt

phase will give incorrect values for the purity.

Materials that readily convert from one poly-

morphic form to another during the measurement

may not yield useful purity results by calorimetry.

This behavior is often identi®ed by melting curves that

have unusual shapes, e.g. double peaks or exothermic

events. In some cases of decomposition or poly-

morphic inter-conversion, the early portion of the

melting curve may be used to obtain approximate

values of the purity providing that an accurate heat

of fusion is known.

It is generally accepted that calorimetric purity

determinations can only be used with samples with

purity levels exceeding 98 mol% [80]. Below this

level, the accuracy of the analytical method decreases

rapidly. However, DSC can be used to reliably demon-

strate that a compound is less than 98 mol% pure

without quantifying the purity level.

The calculational approach to calorimetric deter-

mination of purity usually accounts for some small

fraction of the sample, which has melted prior to

the temperature region of the measurement. This

fraction of `pre-melted' sample is treated as a ®tting

parameter that is varied until the Van't Hoff plot

becomes linear. Large values of this parameter, i.e.

greater than 5±10% fraction melted for high purity

materials, suggests that the method is ill suited for

the sample. The considerable discussion surrounding

the issue of `pre-melted' sample has recently been

reviewed [80].

3.5. Mechanical effects on materials

The properties and performance of solid materials

such as metals and engineering polymers often

depend upon the nature of their response to mechan-

ical stresses and thermomechanical history. When a

force is applied to a solid system, it will respond by

deforming. Deformation calorimetry is used to study

the work and heat involved during the deformation

process.

Conventional studies on the deformation of solids

consider only the work done. However, a more in-

depth understanding of the process is gained by using

a thermodynamic approach that considers thermody-

namic potentials that involve both heat and work. The

thermodynamic approach, based upon the ®rst law of

thermodynamics, allows study of both reversible and

irreversible processes in the same framework. In a

simpli®ed form applicable to elongation, the ®rst law

may be written as:

dU � dQ� f dx (4)

where dQ is the change in heat, f dx the work asso-

ciated with elongation or compression due to applying

a force f through a distance dx and dU is the resultant

change in internal energy. A fundamental understand-

ing of material response to deformation can be gained

by measuring and comparing the elastic response, f dx,

to the entropic response, dQ, and to the stored energy

dU, all of which are obtained via deformation calori-

metry.

Due to its general nature, deformation calorimetry

can be applied to materials such as polymers, metals,

ceramics, and ®lms, although much of the effort has

focused on polymer behavior. The information

acquired via deformation calorimetry has proved use-

ful in studying inter and intra-chain effects, stress

softening, and reinforcement by ®llers in rubbery

solids. The behavior at low deformation (reversible),

thermo-elastic effect (Kelvin effect), cycling and fati-

gue, inversion of internal energy and thermal expan-

sion coef®cient, strain-induced crystallization and

®ller effects in glassy, semi-crystalline and liquid

crystalline materials have also been studied. Deforma-

tion calorimetry principles, instrumentation and
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applications have recently been reviewed by God-

ovsky [83].

There are indirect experimental alternatives to

deformation calorimetry. After deformation of a

glassy material below its glass transition temperature

(Tg), the internal energy, or `stored' energy may be

measured via DSC. During heating of the strained

material, the `stored' energy is released as heat near Tg

as the material relaxes. This heat appears as an

exothermic event on the DSC curve as compared to

the DSC curve of unstrained material. This experi-

mental approach is limited to glassy or crystalline

polymers.

Alternatively, the `stored' energy may be deter-

mined via heat of solution measurements. In this

method the strained and unstrained materials are dis-

solved in separate experiments in a suitable solvent.

The difference in the heats of solution represent the

`stored' energy, or change in internal energy, because

the ®nal solution state of the materials are the same.

This approach is not applicable to rubbery materials

and is dependent upon ®nding a suitable solvent.

Although a considerable amount of work exists in

the area, temperature measurements of polymers dur-

ing deformation (which use thermocouples, infrared

cameras, or other thermometric devices) will not be

addressed here because they are rarely applied in a

calorimetric mode [84,85].

3.5.1. Instrumentation and methods

3.5.1.1. Deformation calorimetry. The majority of

deformation calorimetry studies are carried out at,

or near, room temperature and atmospheric pressure

with either temperature-rise calorimeters or heat flow

calorimeters. In principle, these calorimeters are

capable of isothermal measurements over wide

temperature ranges. In a few cases, the temperature

dependencies of the thermo-mechanical response of

polymers have been explored to near glass transition

temperature.

`Gas calorimeters' are temperature-change calori-

meters that operate essentially as a gas thermometer

and were the ®rst method used to perform deformation

calorimetry [86]. Temperature changes in the polymer

during deformation cause the temperature of the sur-

rounding gas to increase. This temperature increase

results in a gas pressure increase that can be related

quantitatively to the heat produced during the defor-

mation [87]. Specimens, typically 0.1 mm�3 mm�
3 cm in dimension, are deformed at rates of approxi-

mately 0.1±30 cm minÿ1 which produce a total heat

effect of 0.01±1 with a precision of about �3%. There

are some questions about quantitative measurements

on endothermic processes with this calorimeter style.

The relatively small time constant of the calorimeter,

less than 10 s is an advantage for higher deformation

rates. Although gas calorimeters are simple in prin-

ciple, they are complex to build and operate. No

commercial instruments are available at this time.

The heat ¯ow principle is also commonly used in

deformation calorimetry measurements. The calori-

meters of this type are modi®cations of early Tian±

Calvet devices to accommodate the specimen and the

mechanical assembly for deformation [83] in the

calorimeter. Linear deformation rates range from

0.01 to 2 mm sÿ1 for specimens of approximate

dimensions 0.2 mm�3 mm�7 cm. Typical detection

limits for heat ¯ow are mW with a time constant of

approximately 30 s. The precision of the total heat

measurements is 3%. Although commercial calori-

meters of the Calvet style are available, their sensi-

tivity, time constant and cell construction are not

viewed as adequate for most deformation studies.

Both the heat ¯ow calorimeter and the `gas calori-

meter' approaches to deformation calorimetry rely

upon electrical calibration. A calibration heater is

attached directly to the specimen while mounted in

the mechanical deformation assembly to assure that

the heat ¯ow calibration is reliable for the device as

used. Other experimental methods have been devel-

oped which focuses on deformation and stored energy

of cold worked metals [88].

3.5.1.2. Post-deformation calorimetry. The energy

state, or `stored energy', of a previously deformed

polymer may be assessed using DSC [83] and solution

calorimetry [89] methods. These methods are based

upon causing the stored energy to be released during

the calorimetric experiment.

The DSC method applies only to glassy or semi-

crystalline materials that may be heated through the

glass transition region in which the mobility of the

material becomes high enough to release the `stored

energy' as heat. This heat is identi®ed as a deviation

from the normal DSC curve of the unstrained speci-
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men that is conveniently measured during a second

scan of the specimen. The difference between the

curves is integrated to yield the heat value. The `stored

energy' may be observed over a fairly broad tempera-

ture range starting from well below the glass transition

temperature and is related to the temperature of the

specimen during the initial deformation process. The

DSC method required small amounts of specimen,

typically 10±20 mg, (which must be prepared without

affecting the deformed state of the sample) and must

be encapsulated so that contraction of the sample

during heating does not adversely affect the measure-

ment. Heating rates for the experiment are those

typical for heat capacity measurements, 5±

20 K minÿ1. The expected precision of the measure-

ment is approximately 10% for highly deformed

samples.

The heat of solution method also applies only to

glassy or semi-crystalline materials that contain

`stored energy' of deformation. The `stored energy'

is determined by dissolution of the material in a

suitable solvent in a calorimeter. The `stored energy'

may be obtained, in the simplest approach, by differ-

ence between the heat of solution of the deformed and

the undeformed specimen under identical experimen-

tal conditions. When this is not possible, the individual

contributions to the heat of solution must be deter-

mined, i.e. heat of fusion of the crystalline component,

excess enthalpy of the glassy state and heat of dilution

of the sample in the selected solvent. The measured

heats of solution are usually large, up to 200 J gÿ1,

compared to the typical values for `stored energy' of

deformation, often in the range of 0.5±10 J gÿ1 or

larger. Hence, the precision of the measurement must

be less than 0.2 J gÿ1. High precision commercial

calorimeters capable of handling solid samples are

suitable for this application. Sample sizes are selected

to give ®nal concentrations of only a few percent to

facilitate mixing and dissolution of polymeric speci-

mens. The experimental method may be tedious due to

the long time necessary for equilibration and dissolu-

tion of some samples. In addition, the measurement

may be complicated by a change in crystallinity of the

material during the deformation process that requires

additional measurements.

3.5.1.3. Examples. The thermo-elasticity of rubber-

like materials has been studied from a thermodynamic

point of view for many years. Deformation

calorimetry has played a major role in gaining a

better understanding of the energetic and entropic

components of the deformation of polymer

networks. Godovsky [90] studied many different

rubbery polymers and developed equations to

describe intra-molecular energy contribution to

elongation based on the inversion of heat and energy.

For polymers that may crystallize during orienta-

tion, a common event during industrial processing of

plastics, crystallization may be induced by deforma-

tion. Andrianova et al. [91] have utilized deformation

calorimetry to study the crystallization of poly(ethy-

lene terephthalate, PET) under varying conditions of

strain and temperature. Their work de®ned the tem-

perature envelope for strain-induced crystallization of

PET.

4. Engineering applications of reaction
calorimetry

Chemical processes, particularly for speciality che-

micals, frequently involve complex reactions, multi-

ple phases, continuous additions and/or reactive

chemical hazards. The engineering challenge is to

obtain the critical process design information to

enable safe and ef®cient process development and

optimization. Process safety must be considered early

in the development of a new product, during the initial

process development. This is particularly important in

the pharmaceutical industry, where the choice of the

production process is made early in the development

as a result of regulatory requirements; subsequent

changes to the process are both dif®cult and costly.

To further complicate matters, achieving the desired

positioning of the product in the marketplace demands

the rapid development of processes.

4.1. Areas of application

To meet this challenge, it is critical that reliable and

scaleable data be obtained in an ef®cient manner.

Reaction calorimeters are often the instruments of

choice. They are relatively small, lab-scale tools that

are large enough to be able to provide design data and,

if required, simulate the proposed full-scale process.

Areas of application include reactive chemicals
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screening, process development and optimization and

scale-up and plant design. The speci®c information

that can be obtained from reaction calorimetry

includes heat of transformation, heat evolution rate,

adiabatic temperature rise (under controlled condi-

tions), heat transfer coef®cients, speci®c heat of the

reaction mass, required cooling capacity, in¯uence of

mixing on mass and heat transfer and crystallization

behavior. Reaction calorimetry, thus, provides both

process design information and process safety infor-

mation.

In order to evaluate the thermal hazard, it is of key

importance to obtain thermodynamic and kinetic

information concerning the desired reaction under

the conditions of the manufacturing plant. Reaction

calorimetry can provide this information. Note, how-

ever, that in many cases, some or all of this informa-

tion can be determined without reaction calorimetry.

Methods used include any combination of (1) theore-

tical calculation, (2) classic synthetic chemistry in the

lab and (3) more routine reactive chemical tools, such

as DSC. Situations in which reaction calorimetry has

proven to be particularly useful, even critical, include

those involving multi-phase reactions, cases in which

mass transfer rates affect the observed rate of reaction,

and reactions where other analytical methods are

inapplicable.

4.2. Instrumentation and methods

Reaction calorimeters are heat ¯ow calorimeters of

suf®cient scale such that production plant conditions

(such as reagent addition and agitation) can be

mimicked. Several types of reaction calorimeters

are available commercially (Table 1).

Operating principles vary. Heat ¯ow from the pro-

cess is determined with Mettler±Toledo's RC1 reac-

tion calorimeter by performing a heat balance. This

heat balance must account for heat ¯ow arising from

reagent additions, heat accumulation in the reaction

mass, heat exchange with the environment, heat

exchange with the jacket, etc. The jacket heat ¯ow

is calculated as an overall jacket heat transfer coef®-

cient, UA, multiplied by the temperature difference

across the jacket. The UA is determined via the change

in the temperature difference across the jacket upon

Table 1

Commercially available reaction calorimeters

Calorimetera Sensitivity

Wb

Principlec Size (l) Temperature

range (8C)

Temperature

ramps?

Pressure range

(bar g)

RC1/AP01 0.2 HB/UA 0.5±2 ÿ60 to 200 Yes ÿ0.95 to 1 (glass)

RC1/MP10 0.2 HB/UA 0.4±1 ÿ60 to 200 Yes ÿ1 to 10 (glass)

RC1/HP60 0.2 HB/UA 0.5±1.5 ÿ60 to 300 Yes ÿ1 to 60 (metal)

RC1/SV01 0.2 HB/UA 0.1±0.8 ÿ20 to 200 Yes ÿ0.95 to 0 (glass)

CPA 0.01 HF/TP 0.04±0.18 ÿ50 to 200 Yes ÿ1 to 20 (glass)

RM/2S 0.05 HB/F&UA to 0.25 ÿ20 to 200 No ÿ1 to 20 (glass)

ÿ1 to 100 (metal)

RM/2L 0.2 HB/H&UA 0.2±2 ÿ20 to 200 No ÿ1 to 0.5 (glass)

ÿ1 to 25 (metal)

Simular 0.25 HF/PC 0.25±20 ÿ80 to 500 Nod ÿ1 to 400 (metal)

ÿ1 to 1 (glass)

Auto-MATE 0.05 HF/PC 0.025±0.1 ÿ80 to 500 Nod ÿ1 to 200

a The RC1 systems are manufactured by Mettler Instrument Co. For information, contact Mettler±Toledo, Attn. Tom Basalik, 1-800-

METTLER Ext. 1-8877#, 69 Princeton-Hightstown Rd, Box 71, Hightstown, NJ 08520 or Mettler±Toledo, GmbH; Attn: Urs Groth,

Sonnenbergstrasse 74, P.O. Box CH 8603 Schwerzenbach, Switzerland. The CPA and RM systems are available from Allied Chemical

Technologies, Attn. Nick Chacos, 1-301-931-3210, 6860 Distribution Drive, Beltsville, MD 20705 or from ChemiSens AB, int. �46-46-18-

40-43, Porfyrvagen 11, 224 78 Lund, Sweden. The Simular and the auto-MATE systems are manufactured by Hazard Evaluation Lab (HEL).

For information, contact HEL, Attn. Avtar Bhatoey, 1-732-329-3090, 1 Deer Park Drive Suite L, Monmouth Junction, NJ 08852.
b Sensitivities as reported by the manufacturer.
c See text for description of various operating principles; higher temperature and pressure special-order reactors are available, currently up

to 3008C and 200 bar g.
d Temperature ramps can be performed, but not while doing calorimetry.
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introduction of a calibration heat pulse. With this heat

balance via UA (or HB/UA) method, the major error in

determination of jacket heat ¯ow resides in determin-

ing an accurate UA.

In an effort to minimize this problem, ChemiSens

has developed the RM2S and RM2L calorimeters

using a combination of the HB/UA method with

measurement of the enthalpy difference

(Cp(T1)�T1ÿCp(T2)�T2, in units of J gÿ1) between

the inlet to the outlet of the jacket (heat balance via

jacket ¯ow and UA or HB/F and UA method). Unlike

Mettler±Toledo's RC1, ChemiSens reaction calori-

meter vessels only transfer heat via a ¯at bottom plate.

This method insures that the heat transfer area is

constant, but sacri®ces some in simulation of plant

vessel agitation. The entire calorimeter is enclosed in

an air chamber to minimize exchange of heat between

the vessel and the environment. This improves base-

line determination but makes access to the vessel more

dif®cult. The calorimeters based on the HB/F and US

method are only for isothermal operations.

The second type of reaction calorimeter provided

by ChemiSens, the CPA, both measures heat ¯ow and

exchanges heat via a thermopile (heat ¯ow via a

thermopile or HF/TP) in the bottom plate. This is a

much smaller reaction calorimeter, but provides

enhanced sensitivity (see Table 1). The heat ¯ow

through the bottom plate can also be measured via

power compensation (HF/PC), as is done with the

auto-MATE mini-reactor and calorimeter offered by

Hazard Evaluation Laboratory (HEL). The auto-

MATE, unlike the CPA, is not immersed in a tem-

perature bath. This makes determination of the base-

line heat ¯ow (and hence instrument accuracy) lower,

however, the unit is more accessible. The second

reaction calorimeter offered by HEL also uses power

compensation, but in this case, the jacket is kept at a

constant temperature and the reaction heat determined

from the amount of heat required to be input via an

electrical heater.

Table 2 presents some relative advantages and

disadvantages for some commercially available reac-

tion calorimeters.

4.3. Example applications

4.3.1. Secondary amine synthesis from an amine plus

acrylonitrile

Stoessel [92] used data from a reaction calorimeter

in a model to determine optimum temperature, con-

tinuous addition rate for the acrylonitrile and the best

choice of reactor size for optimal productivity while

maintaining process safety. Data obtained included

heat ¯ow versus time, heat of reaction, heat capacity

and the internal ®lm heat transfer coef®cient (from

data on overall heat transfer coef®cient versus agita-

tion speed).

4.3.2. Sulphonation of a nitro-aromatic

Stoessel's goal, as in the above example, was to

maximize productivity while maintaining a safe pro-

cess [92]. Adjustable process variables were the rate of

addition of SO3 and the initial temperature. Kinetic

parameters were determined from batch experiments

in a reaction calorimeter by following conversion

thermally and chemically at different initial concen-

trations and reaction temperatures. Reaction calori-

metry of the semi-batch process was used to obtain the

heat of reaction, the heat capacity of the reaction

mixture, and the heat ¯ow pro®le versus time (from

which the reactor potential energy pro®le could be

calculated). From the potential energy, the ®nal tem-

perature of the system in the event of a runaway (e.g.

loss of cooling) was determined. It was known that

Table 2

Relative advantages and disadvantages for some commercially available reaction calorimeters

Calorimeter RC1 RM-2S RM-2L CPA Simular Auto-MATE

Simulation of plant jacket performance � ÿ ÿ 0 � �
Simulation of larger-scale vessel mixing � ÿ 0 ÿ � ÿ
Easy access for reagent additions±distillation apparatus � ÿ � ÿ � �
Visibility of reactor contents � 0 � 0 � 0

Sensitivity ÿ 0 ÿ � ÿ ÿ
Measurement of baseline heat flow ÿ 0 0 � ÿ ÿ
Smaller volumes Ð can be safer and easier to construct ÿ � ÿ � ÿ �
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above some maximum temperature, the rate of decom-

position was suf®ciently fast to cause an explosion;

therefore, process optimization demand that this ®nal

temperature be below this threshold maximum tem-

perature. Based upon this information, a model was

constructed to optimize the reaction simultaneously

for safety and for productivity.

4.3.3. On-line monitoring and control of biological

processes

Marison [93], used reaction calorimetry to monitor

and control both microbial and animal cell cultures.

Reaction calorimetry offers advantages in that the

cultures can be operated as a standard bio-reactor,

including agitation, pH control and reagent addition.

Heat ¯ow versus time data gives a direct measure of

the amount of cells and of product formed (provided

the stoichiometric coef®cient relating heat generation

to cell mass or product formation is known). On-line

heat ¯ow data can be used directly in the control

strategy for the process, for instance to control the rate

at which a carbon source is fed.

4.3.4. Polymerizations

Jansson and co-workers [94] used reaction calori-

metry to study the decomposition kinetics of a rapid

redox initiator system for the initiation of the emulsion

polymerization of vinyl chloride. A heat ¯ow reaction

calorimeter based upon a Peltier device (HF/TP)

provided calorimetric data from which the rate of

polymerization could be obtained directly.

Varela-de la Rosa co-workers [95] obtained details

of the kinetics for emulsion polymerization of styrene

as a function of the amount of emulsi®er, the reactor

pressure and the agitation speed. Heat ¯ow data from

reaction calorimetry experiments were used to obtain

a continuous pro®le of fractional conversion versus

time and the total heat for the polymerization.

4.3.5. Manufacturing plant-scale calorimetry

The heat evolving from a production process can be

monitored on-line. This required a heat balance be

performed around the production vessel; thus treating

it as a large-scale reaction calorimeter. There must be

suf®cient instrumentation and process data to allow

mass and heat balances to be made. This information

can be used in several applications, for example, (1)

the determination of the extent of reaction (and deter-

mine if the reaction is proceeding as expected), (2) the

development of a model for use in a model-predictive

control scheme for improved process control, and (3)

the actuation of alarms if certain undesired situations

arise.
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