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Abstract

An introduction to the various types of calorimeters is given. The requirements for precise temperature measurements with thermistors are
derived. Methods and equations for accurate heat exchange corrections for isoperibol temperature-change calorimetry under various conditions
are derived. The characteristics and design principles for constant temperature baths are discussed. The construction of devices for addition
of reagents, of stirrers, and of calibration heaters is described.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction one for the measurement and one for calibration, and may
require a third for a baseline (zero) determination.

The science of calorimetry consists of only two laws; the A reaction calorimeter always has three identifiable com-
law of conservation of energy and the law of heat trans- ponents that directly affect the quality of the data: (1) the
fer. The art of calorimetry is the large, and still growing, calorimeter vessel, including the means for heat measure-
body of knowledge on the craft required to make accurate ment; (2) the immediate surroundings of the reaction ves-
measurements of heat and rate of heat exchange. sel which may range from a high precision liquid bath or

There are only three methods for measuring heat: (1) temperature-controlled metal block to simply the laboratory
measurement of a temperature change which is then mul-atmosphere; and (3) a means for initiating the reaction which
tiplied by a thermal equivalent (the apparent heat capacity) may again be complex or may be simply some means for
determined in a calibration experiment; (2) measurementinsertion of a sample. The design of the calorimetric vessel
of the power required to maintain isothermal conditions, and reaction initiation method are largely determined by the
with the power being supplied either through an electronic nature of the reaction and the physical properties of the re-
temperature controller or by an isothermal phase changeactants and products. The choice of a method for heat mea-
in a substance in contact with the calorimeter; and (3) surement is largely dictated by the time resolution desired
measurement of a temperature difference across a path ofn the measurement. In general, the temperature rise method
fixed thermal conductivity, the thermal conductivity being has a shorter time constant than power compensation, which
determined in a separate calibration experiment. All of the in turn has a shorter time constant than the heat conduc-
methods are based on measurement of relative temperatureBon method. The calorimeter may contain duplicate reaction
except the method which uses a phase change, in whichvessels (twins) with one vessel acting as a blank reference
case the measurement consists of determining the amounfor the measurements. The blank or reference vessel serves
of phase change that has occurred and multiplying by theto subtract extraneous effects from the measurements. The
enthalpy change for the phase change. All calorimetric mea- surroundings may be either isoperibol (i.e. constamind
surements thus require at least two separate experimentsp) or adiabatic (i.e. controlled to be at the samas the

reaction vessel). Reaction initiation may be done by chang-
ing the temperature, pressure, or volume (for example, by
- , scanning the temperature), or by changing the concentration
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tor), by incremental or continuous titration, by mixing in a
continuous flow reactor, or by changing the partial pressure
of a gas in the calorimeter vessel. Reactants may be com-
pletely contained within the calorimetric vessel at the be-
ginning of an experiment or may be added from outside the

vessel. Ves Ve

2. Nomenclature

Calorimeter designs have traditionally been named for
either the developer or some unique characteristic, e.g. theFig- 1. Wheatstong-type t_hermistor bridge for high-sensitivity measure-
. . . ments of changes in relative temperature.
Bunsen ice calorimeter, the Parr oxygen bomb calorimeter,
the Tian-Calvet calorimeter, a titration calorimeter, and a dif-
ferential scanning calorimeter. Such names were appropriatebe very small. In practice, most other sensors have a lower
before the advent of commercially available calorimeters sensitivity and/or a longer time constant than a thermistor.
which are often acquired and operated by people with little  The major disadvantage of thermistors is that they are
historical knowledge of the field of calorimetry, but contin- self-heated. This is important in some applications because
ued use of such nomenclature other than for historical pur- the temperature measured by a self-heated sensor depends
poses is detrimental to further development of calorimetry. on the power generated in the sensor and the thermal con-
A simple and widely acceptable systematic homenclature ductivity between the sensor and surroundings. The power
for calorimeters such as suggestedih would help both generated in the sensor is fixed by the electrical power, but
novices and long-time devotees of calorimetry to better orga- thermal conductivity to the surroundings may be altered by
nize their knowledge of and access to the subject. The scien-changes in the surroundings. For example, a change in the
tific name of a calorimeter should consist of four parts, with wetting properties or a change in stirring pattern or veloc-
the first three describing one of the necessary componentsty of the liquid the sensor is immersed in or formation of
of the calorimeter. These are, in order, (a) the surroundingsa precipitate or bubble around the sensor can cause large
(either isoperibol or adiabatic), (b) the principle of heat mea- changes in the sensor temperature that are not reflective of
surement (either temperature-change, power-compensationtemperature changes in the medium.
or heat-conduction), (c) the method of reaction initiation  Although there are several thermistor circuits that
(e.g. batch, incremental titration, continuous titration, flow, can be used for temperature measurenight a simple
temperature scanning, pressure scanning), and (d) other deWheatstone-type bridge as shownHig. 1 is suitable for
scriptors. The fact that many calorimeters can be operatedmost applications. Properly designed, such a bridge with a
in more than one way has given rise to glaring misnomers sensitivity of tens of mV K, a noise level less thanplK,
like “isothermal DSC” (which literally means “isothermal  atime constant of less than 0.1 s, an output very close to lin-
differential temperature-scanning calorimeter”). In such a  ear in temperature over more than 1K, and stable over more
case the calorimeter should be named according to the waythan a day can be constructed in a few minutes and at a very
it is operated in a given application. nominal cost. The problem of designing such a bridge con-
sists of choosing components and constructing the bridge
to minimize noise sources and optimize sensitivity. Any
3. Temperature measurements with thermisters other resistance type sensor may replace the thermistor in
the following discussion, only the details will differ.

Accurate measurement of heat invariably involves control ~ The bridge should be designed to obtain the required tem-
and/or measurement of temperature, but the absolute temperperature resolution without an amplifier if possible and with
ature is only required for establishing the temperature of the an impedance 1000 times less than the output detector. Most
measurement. Only relative temperature need be measurediigital devices currently available have input impedances in
for a heat determination, but the sensitivity of the heat mea- the GQrange, but strip chart recorders and some older am-
surement can be no better than the sensitivity of the temper-plifiers and digital devices still in use have input impedances
ature measurement. The thermometer must be very stablein the MQ range. To avoid loading a bridge connected to a
but only for a time period exceeding the period of the exper- lower impedance device, the sum®f + Rt or of Rr+ R2
iment. Long-term stability is a convenience rather than a re- must be less than about 10k<2. In addition, as a practical
guirement. Although other sensors can be used, thermistoramatter, each of the resistive components of the bridge should
are particularly useful for this application for two reasons; be below 50 k%o avoid problems associated with leakage
high sensitivity thermometers are easily constructed from currents. Also, thermistors with room temperature resistance
very simple and inexpensive components, and because ofabove 50 kCare generally made from materials that are not
the very small mass of the sensor, the time constant can alsas stable over a long time period. Most detectors have a



L.D. Hansen, RM. Hart/ Thermochimica Acta 417 (2004) 257-273 259

natural detection limit, i.e. without additional amplification, whereV;msis the root mean square of the Johnson noise
of about+1 nV. Therefore, the bridge sensitivity should be voltage,k is Boltzmann’s constani is the kelvin temper-

such that JuV is equal to the desired detection limit iT. ature, andAf is the noise frequency bandwidth. Assuming
The output voltage of a bridge as showrHig. 1operated the circuit is equivalent to a simple, one RC circuitf, can
in a near balance condition is given By. (1). be replaced by 1/4as shown irEq. (5)
R> Rr T 1
Vo=V, - 1 Af =@2rRCY I (Z)= (4RO 1= = 5
° B[R1+R2 RR+RT] @ f = (@rRC) (2) RO =2 ®)
The sensitivityS of the bridge is obtained by taking the Substituting (5) into (4) and combining constants gives
temperature derivative dq. (1)as given inEq. (2) Eq. (6)
S=ar(l—r)Vg 2 aRr 05
a=\— 6
whereq is the relative temperature dependence of the sensor ( T ) ©)

(e_qut?]l o (?R;edﬂ/;\‘r wn;umts g(/reglp{r(])cal tletmperature), which represents the sum of the afid Johnson noise &
r is the ratioRr/(RRr + Rt) and Vg is the voltage across is an empirical constant.

the bridge. Because the voltage drop across the thermistor The noise linear invg results from thermal noise in the

Vr is equal to(1 — ) Vg, Sis also given byEg. (3) material in which the thermistor is immersed. The noise volt-
S = arVr (3) age at the detector from this source is describeétpy(7)

Note thatSis independent of the value &f; + R, and that p\ 95
the bridge does not have to have equal armsRiredoes not b= (‘) v
have to equaRt. What can be said so far about the choice
of components is that the sunis + R» and Rg + Rt must wherebis an empirical constant. The magnitude of this noise
be h|gh enough not to overload the current Capabi”ty of the source depends on the nature of the material in contact with
power supplyVps and thatSwill increase linearly withVg. the thermistor. For example, a vigorously stirred liquid will

The optimum values foRg, Ry and Vg depend on the have a higher thermal inhomogeneity than a block of high
relative magnitudes and sources of noise in the measurethermal conductivity metal.
ment and on the time constant selected. Three sources of The third type of noise results from self-heating in the
noise must be considered; the thermistor and its immediatethermistor and thus depends on the rate of heat dissipation
surroundings, the power supply and the remainder of the from the thermistor to the surroundings as showia (8)
bridge elements. Because the noise actually seen in the de- (c)o.s Pr @®)

=

tector will be a function of the overall time constanof the -
wherec is an empirical constanBr is the power generated

(7)

T K

thermometer circuit; should be chosen to be the maximum
value consistent with the measurements to be done with the' ! ’ S
bridge. The best means for establishinig with a low-pass in the thermistor, and is the thermal conductivity from the

RC filter placed across the input to the detector. To mini- thermistor bead to the surroundings. o
mize the effects of noise, this RC filter should have a time ~ COMPININgEgs. (6)—(8)as required by the statistics of

constant longer than any other component in the circuit. ~ I"dependent noise sources and substituting/ Pr for Ry

Three types of noise in the thermistor itself must be con- N EQ- (6)results inEg. (9)

sidered, i.e. noise that is independent\gf, noise that in- V2 05
: . : . T a cPr

creases linearly witlvg, and noise that increases as some Vimsnoise= {[ } [— +b+ —2]}

higher power ofVg. Johnson (or white) noise, 1(r pink) Pr Rric

noise and shot noise are independer¥f Shot noise is of  for the root mean square noise expressed as a voltage. To

such high frequency that it will be filtered outif> 0.5s express the noise as the peak-to-peak temperature Tigise

and thus will not be considered further here. Thenbise Eqg. (9)is multiplied by 6 and divided by the bridge sensi-

depends on the surface properties of the semiconductor mativity from Eq. (3). The result i€q. (10)

terial in the thermistor. Because generation and recombina- 05

tion rates of carriers in surface energy states and the densityy, _ 6Vims noise _ [ 6 :| [i +bh4+ cPr ] (10)

of surface carriers are important in determining the level of arVy art®S || Pr RyK?

this noise, thermistors from different manufacturers and in Similar, but not identical, equations have previously been

different resistance ranges, i.e. made of different materials,pubnshed by otherf8,4]. What is clear from botlEg. (10)

may have S|gn.|f|cantlil1 different lﬁlclnﬁe. At the low frel— and the literature equations is that there is a well defined
quencies considered here ifise will have approximately icimim inT,, as a function ofPr and thus an optimum

the same dependence on circuit properties as Johnson noisepT at which a given bridge should be operated.

Johnson noise can be calculatediy. (4) Tn can be determined as a functionR¥ with an experi-
Virms= (4KTRy Af%° (4) mental system such as that describeflin 2. The important

(9)
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configurations tested at the samevalue of 2s with the

Wheatstone g . . o
Bridge thermistor in stirred water gave very similarly shaped curves
i T 100 ka with the minimum at about the sarRe value. The minimum
Isothermal Amplifier 3T Data in Ty establishes the optimutAr value and the detection
Vessel 20ufd 7= | Recorder limit for a particular bridge. The branch of the curve at low

Pr values is largely determined by the valuesaaindb in
Fig. 2. Experimental setup for thermistor-bridge noise measurements with EQ. (10)and is curved as predicted. The curve at hitsh
a fixed time constant of 2s. values is essentially linear as predicted by. (10)if the
third term is much larger than the first term. The slope of the
features of the equipment shown Fiig. 2 are (a) the time ~ curve at highPt values is thus a measure@Ry«2. A value
constant of the isothermal vessel must be long compared tof0r « can be obtained as the slope of a plot of the apparent
that of the RC filter, 2s in the case shown, (b) the environ- temperature measured agaiRstas in the example shown
ment of the thermistor in the isothermal vessel must closely N Fig. 4. The data shown ifrig. 5 verify the functional
resemble the actual environment the thermistor will be used dependence df, onPr given inEq. (10)and show that the
in, (c) the RC filter must determine the time constant of the thermalinhomogeneities present in the medium surrounding
system orr must be a constant determined by some other the thermistor are very important in determining the value
component of the system, and (d) the data collection rate ©f the minimum in curves such as shownFig. 3.
must be several times faster thanUnder these conditions, SincePr at the minimumT, value is largely dependent
measurement of the width of the band of ink on a plot of volt- 0N the surroundings and not on bridge configuratinfor
age versus time is a good measure of the peak-to-peak nois@ 9iven condition may be treated as a constant. Substitution
if the time scale is compressed so that a solid band of ink is ©f the square root dPrRr for Vr in Eq. (3)givesEq. (11)
produced. The isothermal vessel need not be truly isothermalg — o, py R7)%5 (11)
so long as the time constant of the drift rate is much smaller
thant, and the actual calorimeter reaction vessel will usu- showing that bridge sensitivity is linear with the square root
ally serve this purpose. The value ofshould be reported ~ of Rr. Assuminge = 0.04K™! and Pr = 0.25mW then
with any description of the bridge. The literature on temper- allows construction oFig. 6. The large triangle outlined in
ature measuring circuits contains many examples of report-bold inFig. 6defines all of the bridges withi > 50 mv K~*
edly better, i.e. lower noise, circuits which are in fact poorer (i.e. 20uK gives >1pV), r < 0.9, andRt < 625kQ. The
designs, but which have longer time constants than the cir-small triangle defines all the low impedance bridges with
cuits used for comparison. Passive noise in the circuit and Rt < 10kS.
detector withVg = 0 should also be measured and reported. As an example of how a figure like 6 can be used to
Fig. 3 shows a typical set of, noise data obtained as design a bridge, assume a thermistor bridge with an output
a function of Pt with o = 4%/K. Several different bridge  sensitivity of 100 mV K1 is desired for use in a stirred
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Fig. 3. Temperature noise data collected in a 25 ml Tronac isoperibol power-compensation calorimeter vessel stirred at 600 rpm.
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Fig. 4. Sample of data showing haw the thermal conductivity between the thermistor and surroundings, may be determined.

liquid similar to water. Assuming the same values &or in other media, namely a metal block in the example shown,
and Pt used to generatBig. 6, any thermistor resistance as a result of a lower value @fin Eq. (10).Eq. (10)shows
between 30 and 60 k@ould be suitable. Selecting 50k that the value oPt moves to a smaller value &sandc are
for the thermistor resistance then determines the values ofreduced. According td-ig. 6, achieving higher sensitivity
r = 0.7 andVy = 3.6 V. Vg therefore equals 12V for this  requires going to higher values W&, r andRy. There are
sensitivity (see the derivation &fq. (3)). practical limits to increasing these parameters, however, and
Fig. 6was derived on the assumption thigt = 0.25 mwW sensitivities above about 150 mVK are better achieved
gives the minimum noise possible in the system. This value by increasing the detection limit of the detector or adding
of Pt was based in turn ofi; = 20K peak-to-peak, which  an amplifier to the system. With an amplifier or detector
is probably the minimum achievable noise in stirred water. capable of resolving 041V, a simple DC thermistor bridge
Fig. 5, however shows that lower noise levels can be achievedcan detect temperature changes of abqukK1

200
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160
140 <
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80 4
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0.0 05 1.0 1.5 2.0 25

Power Dissipation in Thermistor / mW

Fig. 5. Data showing examples of the dependenc@&,obn « and surroundings of a thermistor in a wheatstone-type bridge.
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Fig. 6. Plot of bridge sensitivityg) as a function ofVt, Ry, andr assumingPr = 0.25mW anda = 0.04 K~1.

The use of an amplifier with a thermistor bridge has other the chassis or a metal block. ResistBgsandRy cannot be
advantages. Because the power and hence self-heating in thpaired, so they should be thermostatted or at least thermally
thermistor can be greatly reduced, thermistors can be usedattached to a large metal block. The sensitivity of the bridge
to measure the temperature of systems where the flow ratds a linear function ofVg and therefore the stability of the
or stirring is variablg5]. Amplifiers with very low noise or bridge will be no better than the stability of the power sup-
noise rejection must be used however. On the other end ofply. Power supplies with output voltage regulation to 0.02%
the scale, using a high self-heating rate makes thermistorsare readily available, but it is sometimes necessary to add
useful as sensors to measure flow and thermal conductivity.some capacitance to the output of the bridge to eliminate
A familiar application is the use of thermistors in thermal any residual ripple in the voltage. An inexpensive alterna-
conductivity detectors in gas chromatography. tive is to use batteries. Either primary batteries with a nearly

Besides the choice of the operating parameters such asonstant voltage such as mercury or lithium batteries, or a
resistances and voltages, the choice of materials and howechargeable battery connected to a trickle charger can be
they are used also has a significant effect on performance ofused. Electrical connections of unlike materials should be
thermistor bridges. Resistors should all be metal film or wire avoided in construction of bridges to be operated with dc
wound and of low temperature coefficient materials. Carbon voltage because such connections will act like thermocou-
resistors tend to be noisy and have a sizeable temperatureles in response to environmental temperature changes. For
coefficient. Any change of resistance of the resistors in the example, use of common Pb/Sn solders on tinned copper
circuit will be indistinguishable from a change in resistance wires results in a thermocouple with a Seebeck coefficient of
of the thermistor and will be interpreted as a temperature about 5.V K ~1. Since the thermocouple effect is not a func-
change. Metal film resistors typically have a temperature co- tion of either bridge voltage or resistance, its significance
efficient of 100 ppm K, or about 0.25% of the sensitivity  can be reduced by maximizings, Ry andr, or eliminated
of the thermistor. The resistors are also self-heated elementsompletely by using ac voltage and a phase-locked detector.
and subject to the same noise as the thermistor if the sur-Other than elimination of thermocouple effects, there are no
roundings are variabl&?; andRy, should be thermally cou-  advantages to using an ac voltage instead of a dc voltage on
pled to minimize any differential effects of the environment thermistor bridges. Thermocouple effects can be measured
on these two resistances. The simplest way to do this is toby settingVg to zero and measuring the change in bridge
use a single, multi-turn potentiometer for both of the resis- output when the temperature of the bridge or a component
tors as shown irFig. 1, and heat sink the potentiometer to is changed.
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4. Heat exchange corrections for isoperibol do;

temper ature-change calorimeters o = ket + o (14)

Measurement of heat by measuring the temperature cha-whereé is the relative temperaturé,is time, k is the heat
nge in a well-insulated (sometimes called pseudo-adiabatic)€xchange constant in Newton’s law of heat transéeis the
reaction vessel is perhaps the most direct and simplestrate of temperature change resulting from heat lost or gained
method of calorimetry, in its simplest form requiring only from all effects other. than exchange with the surroundings
a thermometer and a dewar flask. However, doing accurate@nd the process of interest, ands the rate of tempera-
work with such a calorimeter requires correcting for heat ture change resulting from heat from the process being mea-
exchange with the surroundings, a procedure that becomesured. Subscript i indicates the initial period, r the reaction
more and more complex as the physical size of the reactionPeriod, and f the final period. The purpose of the experiment
vessel decreases, as the rate of heat exchange with the sufS t0 extract eithep or its integral from the data by use of
roundings increases, as the reaction time increases, and a&4dS- (12)—(14). How this must be done depends on the prop-
the difference in the physical properties of the reactants and€rties of the calorimeter and contents during each period of
products increases. The purpose of this section is to discusghe experiment, on the nature and initiation of the process
the fundamentals of corrections that must be made to obtaindenerating, and on how the data are to be interpreted.
an accurate heat of reaction from the temperature change
measurement and assess the accuracy of these correctionk1. Electrical calibration
under various conditions.

The raw data collected with an isoperibol temperature- In this casekj = kr = ki, wj = wr = wy, v iS constant,
change calorimeter may include heat effects from stirring, and the problem reduces to solving three equations for three
electrical sensors and heaters, and evaporation and condeninknowns once values fér, 6;, andé;, and matching values
sation of liquids, as well as the effects of heat exchange for d6,/dt, db;/dtand d¢/dthave been obtained from the data.
with the surroundings. All of these extraneous effects must Since the value of in units of Js? is already known from
be properly accounted for to obtain an accurate heat for data on the voltage and current in the heater, one purpose for
the process of interest. In the following discussion, the sur- doing this calculation is to obtaimin units of (temperature
roundings are assumed to be perfectly constant. In reality,change s1), and thus determine the thermal equivalent to
some noise will arise from fluctuations in the surroundings, convert measured temperature changes in whatever @inits
and transfer of that noise to the measuring system will de- is measured to Joules. A second reason for doing electrical
pend on the noise frequency, time constant, and thermal con-heating at constant power is to characterize the time constant
ductivity for heat exchange between the reaction vessel andand heat exchange properties of the calorimeterfgger.
surroundings. If k and the time constant of the calorimeter are both

The following discussion is limited to measurements negligibly small, the temperature—time data in each period
made in batch or titration calorimeters. Heat measurementswill be linear, the value of in each period is simply the
in isoperibol temperature-change flow calorimeters in which midpoint, and the slopes are easily obtained. Defining what
the temperature change is measured between reactants arid meant by a negligibly small time constant is simple,
products also require correction for heat loss to the environ-i.e. if the time constant is less than one-sixth of the data
ment. However, accurate calculation of heat loss in this caseinterval, the system can be assumed to be at steady state
requires knowing the temperature profile along the length and each data point represents the true temperature at that
of the reaction vessel. Because of the difficulty of obtaining point in time. The time constant of the calorimeter will be
and interpreting such data, this type of flow calorimeter determined by the time constant of the temperature sensor,
has not yet been proven to be generally useful for ac- the time constant for equilibration of unstirred mass in the
curate heat measurements, and is not further consideredeaction vessel, or by the time constant for heat exchange
here. with the surroundings, whichever is longest. The last is

In a typical batch or titration experiment, the data col- determined by the sharpness of the boundary between the
lected are separated into three time periods; an initial system and surrounding6,7]. Defining what is meant by
baseline collected before the reaction is initiated, the period a negligibly smallk value is more complex.
during which reaction occurs, and a final baseline taken Thekvalues of carefully designed and constructed dewar
after the process of interest is finished. The rate of changeflasks have been measured and repd@edrhe minimumk
of temperature during these three periods is described re-value achievable is about 0.002 min a value that produces

spectively byEgs. (12)—(14), a 1% deviation from linearity over a 5min period, so the
i effects ofk on dddt must probably be considered in all prac-
— = —kih + o) (12) tical systems. Thus, the temperature—time data must be fit
dr to a mathematical function and /dtt obtained as the deriva-
do, tive of the function. There are three possible functions that

o = et torty (13) can reasonably be fit to the temperature—time data. The data
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Fig. 7. Temperature—time curves calculated with various values of the heat leak coeKi¢lemtith k values given in min') and the time constant
(B with 7 values incremented by 1 min andfixed at 0.001 mint). In all casesw = 0.1°Ch~! andv = 1°Ch™L.

can be fit to the integral dtgs. (12) and (14), i.€q. (15), the case of a negligible time constant ardvalues up to

w o o about 0.2, accurate results can be obtained by fitting data in
0= (00 — ;) e+ T (15) the initial and final periods to linear equations and solving

Egs. (12)—(14¥or v, but more accurate results can probably

the data can be fit to a linear, or the data can be fit to a be obtained by fitting the data &#q. (15).
polynomial expansion oEq. (15), i.e. a quadratic. K is If k is negligibly small, but the time constant is not,
small, fitting Eq. (15)to real data will give an uncertain  the temperature—time data in the initial and final periods
k value unless data are taken over a sufficiently long time will be linear, but a nonlinear curve will be obtained in
period. Also, the magnification of the error lethat results the middle period. This is the condition found for some
from calculation of the derivative ddt must be taken into  temperature-change calorimeters. Examples are solution
account. Surprisingly, a quadratic fit gives a larger error in calorimeters constructed with common laboratory dewars
do/dt at the midpoint in time than a linear fiEig. 8 gives [6] and combustion-bomb calorimetefi®]. The approach
the error in dédt at the midpoint as a function d&. For used in this case is to ugss. (12) and (14o obtain values
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Fig. 8. Error in rate of temperature change at the mid-point obtained by fitting temperature—time data to quadratic and linear functions.

for k and w, and then in effect use the integral form of and final and middle periods. THg andf. data at these two
Eqg. (13)to obtain the integral of as a temperature change, points may be improved over using a single experimental
ABcorr. The usual procedure for doing this is to obtairidl®  value by fitting the data in the initial and final periods to
andé values at the midpoint in time of the initial and final Eq. (15)and using thed values obtained at timety and
periods by fitting a linear equation to the temperature—time te. Use of a quadratic instead of an exponential function
data in these periods as described above, calculating a meafor this purpose has been recommend@d but the ready
temperaturé,, for the middle period, and using these val- availability of commercial software and computers makes
ues to calculateAd¢orr [9]. This procedure is simple to  such simplification and the introduced error unnecessary.
implement with a computer program using data collected at Use of a linear equation to obta#ip and 6. values results

equal time intervals\t andEqgs. (16)—(19) in larger errors than use of a quadratic.
_ Whenk is large, the temperature—time data in the initial
do;/dr) — (dé; /dt
k= [(déi/dr) — (a6 /dn)] (16) and final periods should be fitted directlyiq. (15)to obtain

O — 6 dé/dt andé values followed by application dgs. (16)—(20)

O + Be ) to obtain a value foe. Note that in this case is obtained
Om = [2‘9 + T] Atlte — 1] 17 both from fitting Eq. (15)and fromEq. (16). These values
should agree. There are no published studies that have dealt
. dos with this case, but it may have some interesting uses in
80 = — [<_> + k(O - em)] [te — 1] (18) situations that dictate a lardeor in which data in the final

dr
period withv = 0 are unobtainable.
Aecorr = 09 - Qb + 59 (19)

where theX0 is taken fromfp1 10 6e_1 and b and e are 4.2, Chemical reactions
the indices on the data points chosen as the beginning and

end of the middle period. The thermal equivalent is given  Experiments involving only electrical heating are always

by Eqg. (20) simpler than experiments in which the heat effects result
0 from a chemical reaction because some physical change usu-

€=2a (20) ally must be made in the system to initiate the reaction, the
corr

reaction results in changes in the physical properties of the

whereQ is the total heat input by the heater, i.e. the product system, and the reaction may not have a clearly defined end-
of heater voltage, heater current, and heater-on time. point in time. Initiating the reaction is usually done in one
The beginning point {t 6y) should be chosen as the last of two ways, i.e. by adding material of a known tempera-
data point taken before the heater was turned on and theture from outside the reaction vessel or by allowing mate-

ending point (¢, 6e) must be taken at some time after the rials already present inside the reaction vessel to come in

calorimeter has reached steady state in the final period. Theseontact. Either procedure can result in significant changes
points are thus at the intersection of the initial and middle in k, w, ande. Changes resulting from reaction initiation are
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stepwise, i.ek, w ande change quickly to a different, but  of the reaction, as in a continuous titration, the integrals are
constant value. The chemical reaction can also change evaluated fronty to t, wheret; is a time betweety andte.
ande, but the time course of the change to the new value If the objective is to obtain the kinetics of the reaction, the
depends on the time course of the reaction and on the de-differential form of Eq. (24)is simpler to use sincer is
pendence ok, @ ande on the extent of reaction. Possible the heat rate at any point during the course of the reaction
changes in these parameters must be evaluated for each sitand df/dt is readily obtained by numerical methods. The
uation by running electrical calibrations on both the reactant latter procedure, followed by integration f over time or

and product systems, i.e. by determinlgg ande for both summation ofe;r At, can also be used to obtain total heat
conditions. If these parameters do not change significantly, to any point or the overall total heat of the reaction.
then the time—temperature data may be analyzed éoithe The many reports in the literature on heat exchange

integral ofv in the same manner as for an electrical calibra- corrections for isoperibol, temperature-change calorimeters
tion. Multiplication of v or the integral ofv by € then gives (e.g. [7-11]) are descriptions of various means to evalu-
respectively the heat rate or total heat of the reaction. ate the integrals ifEq. (24) under various circumstances.

In all cases of chemical reactions, the effects of the Although these reports appear to arrive at quite different so-
time constant on the time—temperature data must still lutions, the differences are due to different approximations
be considered, anéli # ki # ki, wi # oy # o, and forced by the conditions of the experiment and not to differ-
€i # € # € must be assumed until proven otherwisee If  ences in the fundamental approach. The possible situations
changes significantly during the reaction, the slopes of the that may usefully arise are too numerous to delineate here,
time—temperature curves in the initial and final periods are but two examples will illustrate some of the more common
not directly comparable because the same slope representmethods of approximating the integrals require@&m (24).

different rates of heat exchange. Therefdtgs. (12)—(14) First, consider a simple laboratory dewar partially filled

must be multiplied by as shown irEgs. (21)—(23). with a solution of one reactant. The solution is stirred with
6. a magnetic stir bar and the relative temperature is recorded

€i (—’) = —¢€jkib; + €jwi (21) with a recording thermometer. The reaction is to be initiated
dr by lifting the stopper and adding the second reactant. Such
do, a simple system can be used to do fairly accurate calorime-

€r (E) = —€rkeOr + €ror + v (22) try if certain conditions are established. The rate of energy
input from stirring must be kept constant, the amount of ma-

do terial added at reaction initiation must be kept small enough

f (E) = —€tkib + o (23) thate does not change significantly, and the calorimeter is

calibrated with a chemical reaction with a known enthalpy
i ander must be determined with heater calibration runs change under very similar conditions. Under these condi-
made respectively before and after the reaction is run. Datations, Eqgs. (16)—(20ppply. Any errors resulting from small
taken during the heater calibrations also supply valudg, of  changes ire or  will tend to cancel between the calibra-

wi, k andes. Integration ofEq. (22)givesEq. (24) tion reaction and the test reaction if the temperature changes
from the two reactions are very close in magnitude and done
/ErVde /Er d9r+/6rkr9r dt—/era)r dt (24) at the same temperature. Note that under these conditions,

the thermometer can be read in any arbitrary units and that
where the term on the left side of the equation is equal to the the temperature of added reactant need not be known as long
heat of the reaction. The integrals are taken fegno 6 or ty as it is close to the temperature of the experiment.
tote where the b subscript indicates a data point taken shortly Some of the problems of using magnetic stirrer bars also
before the reaction is initiated and the e subscript indicatesbecome apparent from the requirement that the rate of en-
a data point taken some time after the reaction has reachedergy input from stirring be kept constant. The energy in-
equilibrium. An exact solution oEq. (24)is only possible put from any stirrer depends on the viscosity of the stirred
if r, kr andw,; can each be expressed as both a function of liquid, but in addition a stirring bar creates heat from the
0y and oft. Careful design of the experimental conditions friction of rubbing against the vessel or submerged bearing
and of the calorimeter make this possible for most reactions. which is dependent on the lubricity of the liquid. Thus, most
Note that the values of the beginning and endpoints of the calorimeters are stirred with synchronous-motor driven pro-
functions describing, k; andw; are always known from  pellers with shaft bearings above the liquid.
the heater calibration data. If a large amount of reactant is addedyill change and

If the objective of the experiment is to determine the total Egs. (16)—(19Ho not apply. Assuming the response time of

heat effect of the reaction, the integrals on the right side arethe system is short compared to the data inteeyak «¢;, but
evaluated betweety andte and the corresponding values of ¢, = ¢ and electrical calibration will allow determination
6 where the time intervale—t, includes all heat effects of  of these parameters. Under these conditions, it is also likely
the chemical reaction(s). If the objective is to determine the thatk and w will change to their final values immediately
total heat liberated to any point in time during the course on addition of the second reactant. ApplicatiorEofs. (14),
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(16) and (20)to data from an electrical calibration run on the amount of contents and linear functions as shown in
the final system provides values @f ki andws for use in Egs. (28)—(30)may be safely assumed.
Eq. (24). The applicable equation then becomes

€r = € + & (er — €i) (28)
O = €t (6e — 6p) + etk / 6 dr + erwr (fe — th) (25) ke = ki + & (kf — ki) (29)
where the integral is readily evaluated by a numerical method wr = wi + & (wf — wj) (30)

such as a summation (e.gg. (17)), the trapezoidal rule, ) ) o
or Simpson’s rule. Note that data in the initial period are '" Eas. (28)—(30)§ is the fraction of titration completed to
not used except to determidig so no electrical calibration ~ Pointr. These functions then provide the values needed to

on the initial system is needed. The specific heat capacity NtégrateEq. (24)to any point in the titration.

C, massm, and relative temperatuggiion Of the added The time constant of the calorimeter is unimportant if onl_y
reactant material must be known for this case. The heat effect? t0tal heat is to be measured, but a short time constant is a
for addition of the reactant is given §q. (26), condmon for QO|ng continuous titrations and for readily ex-
tracting reaction kinetics from temperature—time data. Con-
Qaddition = C(Baddition — ) (26) struction of a calorimeter system with a short time constant
requires that three design constraints be met. The thermome-
and must be subtracted from the total measured Qe ter must have a short time constant, the unstirred mass in
common error is o use some temperature other #pan the reaction vessel must be very small, and the boundary be-

Eq. (26), but the thermodynamics of the situation require yyeen the system and surroundings must be well defied
that the reactants be mixed at the beginning temperature. Ifg|ass dewars with time constant<l s can be constructed
the thermal equivalent of the final system i; then applied in jf careful attention is paid to these constraififsg]. Such
calculatmgQ, 'theAH value calculated applles éj [12]. calorimeters have been available commercially since about
If the kinetics of a moderately slow reaction are to be 1gg5.
studied, t_he problem becomes_only slightly different unle_ss When the physical properties of the reaction mixture
the reaction changes the physical properties of the solutioncpange significantly in a nonlinear fashion with the extent
significantly. To determine the kinetics, the rate of heat due of reaction, or if chemical reactions do not completely
to the reaction at each data point during the reaction mustcease within a reasonable time, accurate correction for heat
be determined. The data from an electrical calibration on gxchange with the surroundings may not be possible. For
the final system, i.ect, k andwr and a rearrangement of  gxample, in polymerization reactions, the viscosity of the

Eq. (22)provides the means for this calculation. reaction mixture often changes exponentially with the de-
do, gree of polymerization. In such a case, it is not possible to
r = €t <E> + €tk Or + €r oy (27) accurately correct for the heat of stirring. The heat trans-

fer characteristics may also change, affecting the output

In Eg. (27),¢ is the heat rate at each data poinin the of self-heated temperature sensors and the heat exchange
reaction region. The derivative ddt must be evaluated from  characteristics of the reaction vessel. Situations are often
the 6t data by a numerical method. Usuallyd/At is a encountered where the products of a reaction are not stable
sufficiently accurate approximation. Again the results must and continue to react or a side-reaction continues into the
be corrected for the heat effect caused by addition of materialfinal period. In this situation, it may be difficult at best and
at a different temperature thap. often impossible to obtain accurate values éer ki, and

For a second example, consider the case of a continuous»s. The best that can be done in such cases is to measure
titration which might be done in the same calorimeter as €, ki, andw; and attempt to estimate values for these pa-
described above if the time constant is very slip/8]. For rameters during the reaction period. Errors resulting from
such an experiment to be more useful than an experimentsuch estimates should be determined by assuming worst
done with a single injection, the heat produced to each datacase estimates and calculating the extrénealue.
point in the titration must be calculateftg. (24) can be
used to do this calculation if values &f, kr andw, can be
calculated at each data point in the titration. Valueg:;of 5. Constant temperature baths
ki andw; ande, kf andws can be obtained from electrical
calibrations made on the initial and final systems. These Operation of any calorimeter always also involves a tem-
values fix the beginning and endpoint values for the functions perature bath that surrounds the calorimeter. Whether simply
describing,, k- andwy, but the function must be determined the air in the laboratory or a sophisticated, high-precision
in other experiments or assumed from auxiliary data. If the bath, effects of fluctuations in the temperature of the sur-
physical properties of the material in the reaction vessel do roundings must always be considered in making calorimet-
not change significantly with the extent of titration, then ric measurements. This section considers constant temper-
€r, ke andw; are functions only of the reaction vessel and ature baths for isoperibol calorimeters, but considerations
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for operation of an adiabatic calorimeter in which the bath carefully designed, liquid baths of this type can be controlled
is controlled to be the same temperature as the reactionto about a millidegree.
vessel are the same except that the response time for the Thermostatted metallic blocks into which the calorimeter
bath must also be taken into consideration. The primary is inserted are usually used to control the temperature of the
purpose of this section is to provide the calorimetrist with surroundings at high temperature, and have found wide use
the information needed to select a commercially available in heat-conduction and power-compensation calorimeters
bath or bath components. Detailed procedures for designat all temperatures. Metallic blocks can be controlled in
of constant temperature baths such as constant temperaturthe microdegree range, but obtaining such control requires
rooms, fluid flow loops, and laboratory water baths have a carefully designed system which includes the operat-
been previously published elsewhé¢ta]. ing environment. Such baths require at least two layers
Perhaps the simplest type of constant temperature bathf temperature control, an outer bath actively controlled
are those in which temperature control is achieved by hav- in the millidegree range and an inner bath passively con-
ing two or more phases of the bath material present. Thetrolled by the outer bath through carefully designed thermal
control temperature is thus the melting point, triple point or connections.
boiling point of the bath material. No controller or temper-  There are several characteristics that must be specified to
ature sensor is needed for such a bath. External power needlescribe temperature control in a bath. “Gradient” describes
only be supplied to “recharge” the bath for liquid—solid sys- the long-term average temperature differences that exist
tems, and only roughly controlled continuous power is re- between different parts of the bath. “Noise” is used to refer
quired to maintain liquid—gas baths at the boiling point. Such to short-term, random temperature fluctuations. “Cycling”
baths must be well mixed to achieve temperature uniformity refers to a regular pattern, usually sinusoidal, that may
if significant amounts of heat are to be dissipated to the occur in the bath temperature. “Drift” denotes a long-term
bath. shift in the mean bath temperature. The “dead band” is
Liquid baths with temperature control to a few hundredths twice the temperature offset from the control temperature
of a degree are commonly found in routine laboratory use. required to activate the controller. “Settling time” is the
These baths usually consist of a large container (comparedtime required for the bath to regain control after a small
to the calorimeter reaction vessel) filled with water, a stirrer, upset occurs. “Slew rate” is the maximum rate at which the
an electrical heater controlled by an electronic controller, bath temperature can change and is important in applica-
and a coil of tubing with coolant flowing through it. The tions where large upsets occur and a rapid return to control
container is usually insulated if the bath is to operate very is needed. The temperature sensor used to characterize any
far from room temperature. The insulation should be sealed of these parameters must have a time constant shorter than
to prevent condensation if the bath is operated below roomthe characteristic being determined. Measurements must be
temperature and must be open to allow for expansion if the made over a period of days to distinguish between cycling,
bath is operated above room temperature. The water must bavhich may have a frequency of per day, from drift.
replaced with some other fluid if the bath is operated above A temperature controlled bath is a steady state system, not
about 70°C or below O°C. Use of air as the bath fluid avoids an equilibrium system. Constant temperature is maintained
the problems associated with submerging the reaction vesseby balancing the rates of heat input and output. Because
in aliquid, but because of the low heat capacity, heat transferfluctuations in the temperature of the surroundings will af-
is slow and control is usually not better than a few tenths fect the rate of heat flow to or from the bath, the bath sur-
of degree.Table 1gives a list of suitable fluids and their roundings must also be considered in operation of the bath.
temperature ranges. The coolant may simply be tap water, The system will undergo a transient response whenever the
fluid from a refrigeration system, or may even be from a steady state changes, and since control is not maintained dur-
heated bath if the bath is operated at high temperature. Ifing the transient, precise control depends on precise control
of heat flows into and out of the bath and on keeping these
heat flows as constant as possible. Heat flows that must be

Table 1 , considered are (a) evaporation and condensation of the bath
Fluids for use in constant temperature baths fluid, (b) the heat due to stirring, (c) heat exchange by con-
Fluid Useful temperature rangeq) duction through the walls of the container, (d) heat loss to
Halocarbon 0.8 100 t0 +70 the cooler, and (e) heat provided by the heater. Either the
Ethylene glycol/water (1:1) —30 to +110 heater or the cooler should be operated at constant power
Silicone oil type 200.10 —30 to +160 while the other is controlled. The control element should be
Silicone oil type 200.20 +10 10 +230 operated near the middle of its power range, and the heater
2:::gg:z g:: ggz 528'50 g?gfggw and cooler should be no larger than necessary to provide
Silicone oil type 710 180 to +300 firm control. Stirring is often a major part of the heat input.
Mineral oil 0 to +120 Heat exchange with the bath surroundings through the walls
KNO3z/NaNG,/NaNO; +150 to +550 of the container should be minimized by insulation since the

eutectic (52:40:7 wt.%) surroundings are difficult to control.
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Because heat can only flow if there is a temperature gra-reset is used to adjust for long-term changes in the steady
dient, elimination of significant gradients requires careful state power needed to control the bath, and look ahead
attention to placement of the various heat sources and the(also known as derivative or rate control) is used to damp
temperature control sensor in the bath. The only point in the inherent instabilities in type one control. Cycling and drift
bath that is actually controlled is the sensor. The fluid flow are inherent with on/off and two-level control. Proportional
in the bath will determine which parts of the bath are free control eliminates cycling, but not drift which is eliminated
from temperature gradients. Optimum control of the tem- with automatic reset. Control may be done by an analog
perature surrounding the calorimeter reaction vessel will be device or may be done with a simple digital computer.
obtained with the stirrer, heater, and cooler clustered in one
location so that fluid flow is from the stirrer to the constant
control element (usually the cooler), to the variable control 6. Initiating the reaction
element (usually the heater), to the sensor, and then to the
reaction vessel. All calorimetric measurements on reactions or phase

The size of a bath also has an important impact on the changes must somehow involve a mechanism for initiat-
achievable temperature control. The minimum achievable ing the reaction or process of interest. The four distinct
temperature noise at a 10 s time constant in water filled bathsmechanisms are (a) mixing of the reactants, (b) addition
has been shown to increase linearly with bath size from aboutof a catalyst, (c) passing electrical current through the sys-
0.1to 100L[13]. This result is counterintuitive because the tem, and (d) changing the temperature, pressure or volume.
total heat capacity and thus obviously the thermal inertia in- Changing the temperature is the process that gives rise to
crease with bath volume. Also, the thermal inhomogeneity the temperature scanning methods commonly known as
is inversely proportional to the product of the specific heat DSC and DTA. Changing the pressure and volume can also
capacity and volume of the bath. However, the thermal in- be used to initiate reactions. The system pressure may be
homogeneity is also directly proportional to the product of changed by addition of an inert gas (e.g. $&4]) or by
the power dissipation through the bath and the eddy currentcompression of a liquid linked to the reaction vessel (e.g. see
lifetime in the fluid, and eddy current lifetime increases as [15]). In parallel with the temperature scanning methods,
a power of bath volume. Because of the effects on mixing, such methods should properly be called pressure scanning
the shape of a bath also influences eddy current lifetime, andcalorimetry, but the name has been preempted to describe
hence temperature noise. Baths should not have square comethods in which the pressure of a gaseous reactant is
ners or other “dead” spots in which fluid is not well mixed. varied, and thus the method is called pressure-controlled
The bath fluid should have a high heat capacity and a low scanning calorimetry or transitiometrjd6]. Electrolytic
viscosity to minimize noise. methods have been used almost entirely to study reactions

Temperature sensors used to control constant tem-during both discharge and charging of batteries (e.g. see
perature baths are of two types. Mercury thermoregula- [17]), although a few studies have been done for other pur-
tors and bimetallic switches are examples of “off/on” or poses[18,19]. Although electrolytic methods appear to be
“make-and-break” sensors. These sensors provide onlyan elegant means for initiating and controlling reactions,
too-hot or too-cold information and can only be used with only in rare cases of either electrolysis or cell discharge
on-off or two-level control. These sensors are typically does the reaction go cleanly without side reactions or recy-
used in baths with control in the range£0.1 to+0.02 K. cling of products. Catalyst addition is most commonly done
The other type of sensors are resistors, thermistors, thermowith enzymes, but is a method that should be considered in
couples or other electronic devices in which the properties studies of non-biological systems. The major advantages of
change continuously with temperature. These sensors alsahis method are that only relatively tiny amounts of material
provide information about how far the temperature is from need be added to the reaction vessel and that the reaction
the set point and this information can be used with more so- rate can be controlled since it will be directly proportional
phisticated controllers to reduce noise, cycling and drift in to the amount of catalyst added. Direct mixing of reactants
the bath temperature. The time constant of the sensor musis the most common method for initiating the process to be
be adjusted to match the response time of the other compo-studied and is the subject of the remainder of this section.
nents of the bath such as the heater, fluid mixing time, etc.  For very slow reactions, the reactants may simply be

In order of increasing sophistication, controllers are premixed shortly before insertion into the calorimeter. This
on/off, two-level, proportional (or type zero), proportional method is commonly used in studies of degradation and
with reset (or type one), and proportional with reset and corrosion reactions, e.g. s§0]. Methods may be further
look ahead. As implied by the name, an on/off controller subdivided as to whether the reactants are all within the
simply turns the power to the control element on or off reaction vessel before mixing, or if one is added from out-
depending on the signal from the temperature sensor. Aside the reaction vessel. In the latter case, a correction must
two-level controller turns a portion of the power on or off. A be made for the temperature difference between the added
proportional controller changes the power to the control ele- reactant and the contents of the reaction vessel at the time
ment in proportion to the signal from the sensor. Automatic of reaction initiation. In the former case, correction must
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be made for the effects of opening the barrier between the ]
reactants. Addition from outside the reaction vessel is often Reaction vessel lid
much simpler than maintaining and breaking separation [ ]1]
inside the reaction vessel. L

Both solids and liquids can be added from outside the D
reaction vessel. Liquids may be added with a syringe and —'—‘F
solids may simply be dropped or pushed out of a tube with a =
syringe-like device. The latter is often easily constructed by
cutting the delivery end from a liquid syringe. Solids must
be retained in the syringe with a foil or plug in the end of
the syringe. The plug or foil also prevents contact between
vapors in the calorimeter and the solid prior to addition.
Difficult-to-wet solids may be contained within a weighted,
porous bag to prevent them from floating on the surface.
Correction for incomplete transfer of a reactant can often sotted tube
be done by measuring the amount remaining in the delivery L
system at the end of the experiment. J

Techniques for mixing of reactants within the reaction

vessel usually involve some type of syringe or pipet. Sy- o o-ring
ringes for delivery of liquids can often simply be immersed léo Og'/

1] pushrod

-------------- 1-FH-------------- liquid level

in the liquid in the reaction vessel. Separation can often be
maintained with a gas bubble in a narrow bore needle at- -
tached to the syringe. Addition of solids can be done with the O~-
same devices used to inject from outside the reaction ves-
sel if the solid is contained between two plugs. Breaking a
glass bulb containing the solid is a common method of mix-
ing a solid reactant into a system. The glass must be made
very thin to minimize the heat of breaking, and the bulbs

_ circular cover slip
-

T T o-ring

must be kept very uniform to obtain a constant blank value. o O<——0ing

Fig. 9shows a simple device that replaces the bulb with mi- & — circular cover slip
croscope cover slipR1]. The advantages of the cover slips &‘ - cap

over bulbs are the ready availability and uniformity. The

cover slip device is also much easier to fill with solids than

narrow-necked bulbs. Glass bulbs and the device shown in o-ring

Fig. 9can also be used for addition of liquids that cannot be
handled with a syringe because they are too reactive or too
viscous. Many devices used for addition of solids have in-
corporated a bulb smashing or opening device as an integralto flow together. Further mixing is done by repeated inver-
part of the stirrer. Combining the stirrer and addition device Sion of the reaction vessel. Inversion of the reaction vessel
is usually unnecessary and only results in complicating the may be done by inverting the vessel or the entire calorimeter.
mechanical design of both stirrer and the addition device. A similar, two container method can be used with calorime-

Addition of liquids with syringes is convenient, but care ters and vessels that cannot be inverted. The device is shown
must be taken that the liquid is not significantly heated by too in Fig. 10. A slight difference in pressure between the two
rapid passage through a narrow bore tug. (31)gives the containers is used to transfer and mix the reactants. If further
temperature rise in K in a fluid from frictional flow in a tube

21 107 0u1(b)

AT ——— —  ~~ 31 syringe
oG (1 %1

where i is the fluid viscosity in centipoisd,is the length

Fig. 9. Device for mixing solids or liquids by breaking glass cover slips.

of the tube in cmy is volume flow rate in crimin=?t, p narrow-bore tubing 7"
is the fluid density in gcmd, C is the fluid heat capacity J_)
in Jg-1K~1, andd is the tube diameter in cm. For wa- U_—LI H [
ter flowing through a 0.4 mm diameter tube 30 cm long at s

lcenPmin~l, AT = 0.002K.

Another means of mixing reactants within the reaction
vessel is to invert the reaction vessel and allow the reactants Fig. 10. Device for transfer of a liquid reactant.



L.D. Hansen, RM. Hart/ Thermochimica Acta 417 (2004) 257-273 271

mixing is desired, the transfer can be repeated in reverse. Toof rotation should be the minimum that still gives the nec-
account for incomplete transfer, the two containers can sim- essary mixing. Minimizing power input from the stirrer also
ply be weighed after the experiment. The device is simple minimizes the magnitude of variations in baseline heat rate.
to construct and can be made from disposable materials for The efficiency of a stirrer may be defined as the ratio of
study of reactions that result in difficult to remove materials power input to mixing time. A flat paddle is often more effi-
such as polymers and glues. cient than a pitched propeller. Unless baffles are included, a
propeller provides only circular motion with very little verti-
cal mixing. Obtaining efficient vertical mixing is a problem
7. Continuous titration in many reaction vessel designs. A tall, narrow, notched, flat
paddle is useful in vessels with large height to width ratios.
Continuous titration is a very efficient means for collec- Another approach is to use a rotating tube with holes in the
tion of data as a function of the total concentration of a sides. Liquid is thrown out through the holes and drawn in
reactant. It has been much used to determine the thermodythe open end of the tube. Such a design may be the most ef-
namics of reactions in solution, especially for metal-ligand ficient type of stirrer when the aspect ratio and hole size are
and proton ionization where several reactions may occur correctly adjusted to match viscosity and shape parameters.
simultaneously. The primary requirement of a buret for  Penetration of the stirrer shaft through the reaction vessel
continuous delivery is that the delivery rate be constant. lid is a problem when the vessel must be sealed because of
Constancy of delivery rate should not be confused with ac- volatility of the contents or for work above ambient pressure.
curacy of delivery of a total volume. The latter only requires In either case the rate of heat loss from evaporation is directly
that the distance of movement of the piston be accurate, theproportional to the product of the heat of vaporization, the
former that the piston move at a constant speed. A commonvapor pressure, and the effective area through which the
fault of many syringe-type burets is a sinusoidal delivery vapor must pass.
rate because of wobble in the lead screw or rack-and-pinion  There are basically three approaches to solving the prob-
driving mechanism. A buret that is submersible in a constant lem of sealing the stirrer shaft: (a) use of a rotating seal, (b)
temperature bath is convenient, but thermal equilibration of replacement of the shaft with a magnetic coupling, and (c)
titrant can be done with a coil of tubing placed in a constant use of a non-rotating, mechanical coupling. Three types of
temperature environment. rotating seals are commonly available. Although they do not
totally seal the system, lubricated rubber ring seals similar to
those used on automobile axles are often sufficient to control
8. Stirrer design loss of volatiles. Ferrofluid and mercury seals as shown in
Fig. 11are useful to a differential pressure of several atmo-
The stirrer used to mix the reaction vessel contents is anspheres. Ferrofluid seals cannot be used with volatile organ-
important component of the calorimeter. Stirring controls ics because of dissolution of the ferrofluid. Mercury seals
the rate of mixing of reactants and is often the major heat are a problem because of the toxicity of Hg vapor. Magnetic
input to the calorimeter during baseline periods. Stirring stirring avoids the problem of sealing a shaft, but the paddle
of liquids is often done with a simple rotating propeller. bearing must be placed within the reaction vessel and the
The rate of energy input with a rotating propeller depends rotating magnetic fields can cause problems with sensors by
somewhat on the pitch and aspect ratio of the propeller andinduction of electric currents. Stirring can also be erratic if
on the width, height and shape of the reaction vessel with the magnetic coupling is not strong enough. The bearing for
respect to the propeller, but is a much more sensitive func- a magnetic stirrer should be placed above the liquid level if
tion of the liquid viscosity and paddle length and speed. possible. The drive shaft can then support the stirring magnet
The equation for power input from a rotating propeller is  near the bottom of the reaction vessel. The third approach

P = spuf3d 32) makes use of a rubb_er seal glued to both_ a shaft and the lid

of the vessel. The stirrer can then be oscillated vertically or
whereP is the powersis a nondimensional shape factgr, horizontally or rotated through a circle with an eccentric.
is viscosity,f is the frequency of rotation, ardlis the diam- The eccentric arrangement is probably the most efficient.

eter of the propeller. Because of the sensitivity to frequency,

the stirrer must be driven with a constant speed motor.

Wobble should also be avoided since its effect is to change9. Design of calibration heaters

d. Reactions that produce a significant change in viscosity,

such as polymerizations, will cause a change in the base- The accuracy of a calorimetric measurement can be no
line power input by the stirrer and this must be taken into better than the calibration accuracy. Electrical calibration
account in analyzing the data. To prevent settling of densecan be subject to large systematic error because of poor
material and a vortex, the propeller should be placed nearheater design. The accuracy of electrical calibration should
the bottom of the reaction vessel and should rotate in the be verified whenever possible with a well-known chemical
direction that causes lift along the propeller shaft. The speedsystem.
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Fig. 11. Designs for ferrofluid and mercury seals on a rotating shaft.

At least two conditions must be met for electrical cali- requirements of reducing both thermal conductivity and
brations to be accurate: (a) all of the heat must be generatecklectrical resistance are antithetical, and thus any heater
in the heater, and (b) all of the heat must be transferred todesign must be a compromise. The first condition requires
the calorimeter. Because an electrical heater must be condarge diameter, short lead wires with negligible resistance
nected to the calorimeter surroundings by wires that have compared to the heater. The second condition requires
both finite thermal conductivity and electrical resistance, thin, long lead wires to minimize thermal conductivity
neither condition can be exactly met, only approached. The between the heater and surroundings. Designing a heater
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thus requires finding a compromise that makes both errorsfor winding heaters on cylindrical tubes and vessels. In all

negligible. cases heat losses through the lead wires can often be reduced
The fraction of the resistance, and thus the fraction of by thermally connecting the leads to the calorimeter.

the heat generated in the lead wires, can be reduced by in-

creasing heater resistance, but there is a practical upper limit

to heater resistance. As heater resistance increases, voltaggeferences

must also be increased to achieve a given power. (Note that

power= V2/R.) The higher the voltage, the more difficult  [1] L.D. Hansen, Thermochim. Acta 371 (2001) 19-22.

it becomes to avoid leakage currents bypassing the heater. [2 H-J- Hoge, Rev. Sci. Instrum. 50 (1979) 316-320.

| . lectrical i lati the heat bates th [3] L.D. Bowers, P.W. Carr, Thermochim. Acta 10 (1974) 129.
ncreasing electrical insulation on the heater exacerbates i€ ;1| b powers, P.W. Carr, Thermochim. Acta 11 (1975) 225-233.

problem of getting all _Of the heat generated in the heate_r [5] R.L. Berger, W.S. Friauf, H.E. Cascio, Clin. Chem. 20 (1974) 1009—
transferred to the calorimeter. Experience shows that electri-  1012.
cal calibration heaters should have a resistance between 100I6] H.A. Skinner, J.M. Sturtevant, S. Sunner, The design and opera-
and 100@2, lead wire resistance should b®.12, and lead tion of reactl(_)n calorimeters, in: H.A. Skln_ner (Ed.), Experimental
. Thermochemistry, vol. Il, Interscience Publishers, New York, 1962,
wire thermal conductance should k®.1% of the thermal Chapter 9, pp. 157-219
conductance between the heater and the calorimeter. [7] 3.J. Christensen, R.M. Izatt, L.D. Hansen, Rev. Sci. Instrum. 36
Accurate low power (<1W) heaters are easier to con- (1965) 779-783.
struct than heaters for higher powers. A low power heater [8] L.D. Hansen, T.E. Jensen, S. Mayne, D.J. Eatough, R.M. Izatt, J.J.
for solution calorimeters can be constructed from a variable, __ Christensen, J. Chem. Thermodyn. 7 (1975) 919-926.
12V power supplv with outbut stable to better than 0.1%: [9] J. Coops, R.S. Jessup, K. van Nes, Calibration of calorimeters for
p pply . p o ! reactions in a bomb at constant volume, in: F.D. Rossini (Ed.),
a 100<2, quarter-watt, wire-wound, low thermal-coefficient Experimental Thermochemistry, Interscience Publishers, New York,
resistor; small gauge, varnished Cu wire; and a length of 1956, Chapter 3, pp. 27-58.
thin wall, shrinkable teflon tubing. Break the case and end [10] C.E. Vanderzee, J. Chem. Thermodyn. 13 (1981) 1139-1150.
caps from the resistor by squeezing with pliers, solder the [11] L.D. I—!ans_en, E.A._ Lewis, D.J. Ea_tough, In_strument_atlon and_ data
Cu wires to the resistor (tWO lenaths on each end. one to reduction, in: K. Grime (Ed.), Analytical Solution Calorimetry, Wiley,
9 , New York, 1985, Chapter 3, pp. 57-95.
carry the current, one to measure voltage), thread the assemp 2] F.0. Rossini, Introduction: general principles of modern thermo-
bled heater through the teflon tube, and shrink the tubing chemistry, in: F.D. Rossini (Ed.), Experimental Thermochemistry,
| i i Interscience Publishers, New York, 1956, Chapter 1, pp. 16-18.
y heating. The lead wires and resistor must be carefully _ _
supported during the last operation because the solder Wi||[13] L.D. Hanse_n, R.M. Hart, _Constant _temperature baths, in: P.J. Elving
It at the temperature required to shrink the tubina. The (Ed.), Treatise on Analytical Chemistry, second ed., Part 1, vol. 12,
me , p quire 1bIng. Wiley, New York, 1983, Chapter 4, pp. 135-164.
teflon tubing can be replaced with a carefully applied coat of [14] R.S. Criddle, R.W. Breidenbach, A.J. Fontana, L.D. Hansen, Ther-
epoxy or other varnish in some circumstances. Higher power ~ mochim. Acta 216 (1993) 147-155.
heaters (up to about 10 W) can be similarly constructed from [15] S.L. Randzio, D.J. Eatough, E.A. Lewis, L.D. Hansen, J. Chem.
several resistors connected in series with short lengths of _ Thermodyn. 20 (1988) 937-948.
h c . the total it is aboutzL00 [16] S.L. Randzio, Chem. Soc. Rev. 25 (1996) 383.
eavy gauge Lu wire so the total resistance IS aboutZll 171 | b Hansen, H. Frank, J. Electrochem. Soc. 134 (1987) 1-7.
The set of resistors replaces the single resistor as describegg) g.i. khanaev, 1zv. Sib. Otd. Akad. Nauk SSSR, Ser. Khim. Nauk (2)
above. Using several resistors increases the surface area of 21-4, CA 71(14): 64918d (1971).
the heater and hence the thermal conductance to the soluft9] J.E. Jones, L.D. Hansen, S.E. Jones, D.S. Shelton, J.M. Thome, J.
tion. Heaters for flow calorimeters are conveniently made by Phys. Chem. 99 (1995) 6973-6979.
inding varnished, low thermal-coefficient resistance wire 20 L.D. Hansen, EA. Lewis, D.J. Eatough R.G. Bergstrom, D.
W' g ! . - . DeGraft-Johnson, Pharmaceut. Res. 6 (1989) 20-27.
directly on the flow tubing. Ceramic and metal clad wireé [21] R.A. Winnike, D.E. Wurster, J.K. Guillory, Thermochim. Acta 124

sold for construction of thermocouples is also very useful (1988) 99-108.
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