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Abstract  

Historical development of methods and theoretical basis of differential thermal analysis 

(DTA) is outlined and the differences with XRD accentuated because, and on contrary, DTA 

method is a destructive procedure in which the heat transfer toward the sample (that 

reorganizes its structure) plays an important function worth of a special attention. The process 

in the sample under DTA study is manifested by deviation of temperature difference from its 

background. This difference ΔT is not directly proportional to rate of the process (dα/dt) but 

includes also the effect of heat inertia proportional to the slope dΔT/dt as it was derived and 

incorporated into DTA equation by Vold (1949), Borchard and Daniels (1957) and rectified in 

our previous papers (1976). However, the correction with respect to heat inertia has so far 

been omitted (particularly assuming the boom of non-isothermal kinetics started by paper of 

Kissinger in 1957). DTA experiments with rectangular pulses realized by micro-heater inside 

the sample shows that the DTA correction with respect to heat inertia effect is authoritative 

but not yet fully sufficient and a more complete DTA equation was consequentially derived 

including a term expressing the changes in the temperature field inside the sample during 

process. Possibilities for improving of DTA (and DSC) data processing are discussed. 
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DTA – a historical introduction and dissimilarity with XRD 

Around 1880s the progress in metallurgy anticipated better investigations of thermal 

behavior of various iron based alloys. The evaluation of heating and cooling curves (i.e. 

observation of stepwise temperature changes upon continuous heating) helped to reveal, e.g., 

the effects of carbon additions thus factually commencing thermal analysis as an important 

tool for a better elucidating phase diagrams. The development of thermocouple, as an easy 

and accurate temperature measuring device, was employed by F. Osmond (1849-1912) and 

W.C. Roberts-Austen (1843-1902) [1,2] in constructing devices to give a continuous record of 

the output from thermocouple (termed as a thermoelectric pyrometer). Together with A. 

Stanfield (1871-1944) [3], the heating curves for gold were published in 1899, which almost 

stumbled upon the modern idea of differential thermal analysis (DTA, where the temperature 

difference between the sample and reference was recorded). The technique was afterward 

utilized by N.S. Kurnakov (1860-1941) while improving registration of his own instrument by 

the continuous photographic recording. 

An initial theoretical inspection was given by G.K. Burgess (1874-1932) [3] who 

considered meaning of various curves in more details and concluded that the area of the 

inverse-rate curve is proportional to the quantity of heat generated divided by the rate of 

cooling. Correspondingly in 1909, there was elaborated a reliable procedure of preserving the 

high-temperature state of samples down to laboratory temperature by the procedure of sample 

quenching (i.e. freezing-in the high-temperature equilibrium state by fast cooling). It helped in 

the consistent construction of phase diagrams when used in the combination with optical 

microscopy (including metallography) used for determination of mineralogical (phase) 

composition or a newly invented RTG analysis, as introduced by experiment of M. von Laue 

(1879-1960) published in 1912 and by equation proposed by Sir W.L. Bragg (1890-1971) and 

W.H. Bragg (1862-1942) in 1913 showing that diffraction pattern can be used to determine 

crystal structure (and its parameters) and to identify solid phases (minerals). Both new 

techniques, DTA and XRD (X-ray diffraction), reveals in their resulting record characteristic 

singularities (or effects) called peaks. The processing of the records obtained by both methods 

has been based on evaluation of the position and the “size” (height, width or area) of peaks.  It 

was obvious that some analogy on the peak evaluation could occur with some yet unclear 

consequences, which surprisingly has remained until today   

Important impact on the development of thermal measurements became the practical 

execution of DTA in the territory of former Czechoslovakia linked with the names O. 

Kallauner (1886-1972) and J. Matějka (1892-1960). They introduced thermal analysis as a 
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novel technique during the period of the so called “rational analysis” of ceramic raw materials 

[8] particularly designed to investigate behavior of kaolinite [9] on heating. This material 

became a rather popular subject for an early DTA application [10-14] particularly enhanced 

by R.C. Mackenzie (1920-2000) [15,16] and his cooperation with the former Czechoslovakian 

scientists, initiating thus both the theoretical [17-19] and instrumental [19-22] consequences. 

  Only a small number of papers published in the period up to 1920 furnished some 

limited investigational details so that W.P. White [23] was first to show theoretically the 

desirable reproducibility by using smaller samples describing thus more exhaustively the 

effect of experimental variables on the shape of heating curves as well as the apparent 

influence of temperature gradients and heat fluxes taking place within both the furnace and 

the samples. It was evident that DTA was primarily employed more as an empirical 

technique, although the experimentalists became generally aware of its quantitative 

potentialities. It even implicates the historical treaties by I. Newton (1642–1727) [24] the 

significance of which lies both in the range of temperature and in its instrumental 

presentation, particularly noting his famous Law of Cooling. However, the principal landmark 

in the theory of heat propagation was provided by J.B.J. Fourier (1768–1830) [25] who 

initiated the investigation of so called Fourier series and their application to problems of heat 

transfer. In a system with a moving interface (e.g. melting or freezing), however, the heat 

transfer is connected with the so-called Stefan problem [26] (named after Slovenian scientist 

J. Stefan (1835–1893)) indicated by G. Lamé (1795-1870) and B.P. Clapeyron (1799-1864) as 

early as in 1831 [27]. 

However, the early quantitative thermoanalytical studies were treated semi-empirically 

and based more on instinctive reasoning. In 1939 F.H. Norton published his established paper 

[10-14] on techniques where he made rather excessive claims for its value both in the 

identification and quantitative analysis (exemplifying clay mixtures [10,11,14]). The literature 

of that period was extensively listed in ref. [11,14,15,18,19]. The first more comprehensive 

theories, absent from restrictions, became accessible upon a series of papers [28-46] and later 

books [47-53]; a more detailed historical roots are shown in ref. [54-60].  

 

 What is reflected by DTA curve? 

   Records of XRD and DTA measurements are similar since they both represent 

curves consisting of peaks (characterized by their position and "size") and backgrounds. In the 

case of the XRD the curve represents the intensity (I) of reflected X-rays as a function of the 

diffraction angle (θ). In the case of the DTA, the temperature difference ΔT  as a function of 
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temperature T  is displayed. However, this similarity is misleading, because they are 

substantially different methods. While XRD measurement is nondestructive and does not 

change the state (structure and composition) of the sample under study and the diffraction 

peaks correspond to the reflections by atomic planes of a crystalline sample, the DTA 

measurement is a destructive method and peaks on the DTA record detect changes on the state 

of the sample under study evoked by heating or cooling where these changes are usually 

irreversible. 

 In the case of DTA the detected changes (which advancement is expressed by the 

degree of conversion α) are associated with changes in enthalpy (ΔH) and the heat capacity of 

the sample (CP) which are manifested through the temperature deviation ΔT (= TS - TR) - the 

difference between the temperature (TS) of the sample and temperature (TR) of reference 

sample, (reference sample is selected to be "indifferent" on the heating or cooling). This 

temperature difference (T) is caused by the heat consumption (or production) during 

endothermic (or exothermic) transformation, but at the same time it is compensated by 

increased (or decreased) heat flux into its particular sample so that after completion of the 

conversion, the temperature difference is lowered to a level equal to the baseline.    

 The resulting DTA curve is determined not only by mechanism of transformation in 

sample, but also by the rate of heat transfer between the sample and the surroundings. From a 

simple balance of heat fluxes for the sample and reference sample it follows that the measured 

temperature difference between the sample and the reference is not only proportional to the 

speed of transformation of the sample (dα/dt), but also the speed with which changes 

temperature difference (dΔT/dt) 

Δ T ≈  [ΔH. (dα/dt) - CP. (dΔT/dt)]/K(T,Φ) {≈ Δ(dq/dt)/ K } (1) 

where t is time and K (T, Φ) are so called apparatus constant (dependent on temperature T)  

and Φ = dT /dt  is the externally applied heating rate (in the case of heat-flux DSC the 

measurement output is a precalibrated difference between heat fluxes Δ(dq/dt)). The term CP. 

(dΔT/dt)] is the mathematical expression of above discussed heat inertia.  

 The practice and basis of DTA has been treated numerously [28-54] implying the 

control of heat flux from the surrounding heaters where heat itself is assumed as a kind of 

physical-chemical reagent [57], which, however, could not be directly measured but merely 

calculated on the basis of the measurable temperature responses. We should keep in mind that 

the subsequently created compensation DSC is of a different nature because it evaluates the 

authentic compensating heat fluxes instead of mere temperature differences where the heat 

inertia term is naturally absent. Particularly, the true DSC is monitoring the difference 
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between the counterweighing heat fluxes by two extra micro-heaters respectively attached to 

both the sample and reference in order to keep their temperature difference smallest (T0), 

while the samples environment is maintained in the pre-selected (outer) temperature program. 

This technique was originally introduced by M.C. Eyraud and M.J. O’Neill in 1950s  [61,62] 

bearing thus a quite different measuring principle when comparing with the standard (already 

known) DTA because the temperature difference is not used for the entire examination but 

exclusively serves for the regulation, only [57,62]. Certainly, it was the way for 

accomplishing a more precise measurement of heat capacity adjacent to the classical adiabatic 

calorimetry but technically restricted to the temperatures where the heat radiation become 

decisive (ranging up to about 700 °C). 

 

 On correct theoretical basis of DTA measurements 

Let us repeat that the heat inertia term was quite overlooked in the early publications, 

although theoretical basis of differential measurement concentrated on questions associated 

with heat transfer [27-38,41-53]. It seems the first notice of heat inertia term appeared in 1949 

in the work by M.J. Vold  [28] as can be seen on her equation 8 in ref [28]: 

 (ΔH/CS)(dα/dt) = - (dΔT/dt) – A(ΔT-Δ0T)     (i) 

where Δ0T means a level of signal background, CS is heat capacity of sample and A ≈ K/CS . 

The equation (which is nearly equivalent to the equation (1) in the preceding paragraph) was 

obtained by Vold via a complicated derivation which is starting with a typing error “dH/dt = 

(dH/dt)(dT/dt)” what could be a reason why the equation was not very credible for a majority 

of thermoanalysts. The results of Vold was detailed by I. Proks [42] who combined them with 

results of others authors to derive the dependences of peak area and of position and height of 

extreme deviation (on the  DTA curve) upon heating rate. Nevertheless even well-written 

books on DTA [14,19,47-53] did not persuaded this heat inertia design into a more widely 

accepted understanding because the influence of heat inertia on the whole peak area is 

realistically negligible so that it has practically no impact on the enthalpy measurements. This 

negligibility is due to the fact the contribution of heat inertia at the onset stage of DTA peak is 

nearly compensated by the reversed contribution at the attenuation (run-down) stage of the 

peak. The effect of thermal inertia is actually represented by s-shaped curve and its addition to 

original DTA does not change the value of peak area. Also for the determination of various 

thermal criteria (such a glass forming coefficients) this inertia term possesses negligible effect 

[63-65]. 
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 In 1957 the mentioned inertia term was used by H.J. Borchard and F. Daniels [34] who 

applied DTA to study kinetics of homogeneous reactions in well stirred liquid samples. They 

starts with the balance equation (see their eq. 3 in ref [34]) 

  dH = CP  dΔT + K.ΔT dt      (ii)  

from which the equation (1) in preceding paragraph can be obtained substituting dH = ΔH dα 

and then dividing their equation by dt. The correction with respect to heat inertia is included 

also in their equation (eq. 13 in ref. [34]) expressing the rate constant k of homogeneous 

reaction  

 k = (CP(dΔT/dt) + KΔT)/(K(A-a) - CPΔT)     (iii) 

(where A is total area of peak and a is a part of this area for time interval t-t0) and this 

correction is included in other further equations (eq. 12 and 15 in ref. [34]). 

A.A.Blumberg  [37] (who applied DTA to study kinetics of heterogeneous reaction of 

silica with HF in a linearly heated bath) used also a theoretical background with thermal 

inertia term as it follows e.g. from his equation 8 (eq. 8 in ref [37]). Nevertheless, at the same 

time H.E. Kissinger [66] proposed a kinetic evaluation based on the shift of the DTA peak 

apexes with increased heating rates. Despite becoming one of the most quoted kinetic 

appraisals (with as many as 4500 citations [67]) it did not account on the prospect of heat 

inertia distorting effect nor did it affect its consequent mathematical endorsements [68]. Ten 

years later it was criticized and the characteristic temperatures were substituted by reaction 

rates [69], however, missing the heat inertia again though it was preceded by a serious 

mathematical analysis of heat transfers [37,48].     

 The first more adequate analysis was brought by A.P. Grey [70,71] but detailed 

evaluation waited until the late 1970s and the comprehensive studies by P. Holba, M. Nevřiva 

and J. Šesták (published, however, in lesser known journals) [72-79]) piloting the full-size 

DTA equation in the form:  

ΔTDTA = [ΔK(TW – TR) – (CP
S
– CP

R
) Φ – CP

S
(dΔT/dt) + ∆tH.dξ/dt]/KDTA (2) 

where ΔTDTA = difference between temperature of proper sample (TS ) and that of reference 

sample (TR);   TW = temperature of furnace wall; ΔK = is difference between coefficients of  

heat transfer between the furnace and sample holder (KS) and between the furnace and 

reference holder (KR); Φ = dTR/dt = externally applied linear heating rate) ;  K= (in J/K.s) so 

called “apparatus constant“ of a given DTA instrument (depending on temperature TR and 

heating rate Φ); ∆tH = integral enthalpy change due to transition/reaction inside sample and ξ 

= extent of transition (conversion). The recalculation of experimental DTA curve according to 

equation (2) gives an illustrative peak rectification graphically shown in figure 1.                               
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Even though the final software proposal [78] appeared in the respected journal of 

Thermochimica Acta [79] the perceptible effect of thermal inertia has not been accredited 

until today [80,81] with few exceptions [82] not mentioning a detailed description in the 

books by J. Šesták [58,83-86]. 

As a matter of curiosity, the well known methods of pulls heating [87,88] can be 

accentuated accounting on similar heat phenomena associated with deferred heat propagation, 

which is used to determine the entire heat diffusivity of studied samples [86,88] later used in 

our numerical calculations [89,90]. Thus a similarly realized experimental arrangement [91] 

was introduced by J. Šesták and H. Svoboda to simulate heat propagation in a DTA sample.  

Practically it was realized by inserting a rectangular (electrically initiated heat) pulls [91,92] 

into the readjusted DTA cell (containing an inserted micro-heater [86,91]). This arrangement, 

however, reminded almost without public response though it well approved the peak 

rectification, see Fig. 2, in spite of the fact that such a pulls calibration is not unique [93-95]. . 

Factually, such appropriately made analyses shown in Fig. 2, confirms that the extent 

of DTA peak rectification is soundly established. The correct DTA equation [72-89] makes 

available a well rectified curve (solid line), the shape of which is more associable with the 

original pulse (dotted), the differences still remaining near the onset and the outset of the heat 

pulse (Fig. 1, upper right) exhibiting yet a certain degree of misfit. Therefore, the question 

arose what is the cause of this remaining insufficiency. The most plausible origin of such an 

incomplete rectification stays a simplification used in the formulation of heat flux balances, 

where only single temperatures (TS and TR) are used to characterize temperature states of both 

samples. As a matter of fact, the temperature of any material body exposed to a definite 

heating and/or cooling is not uniform (even if the material is thermally inert not exhibiting 

any heat consuming and/or generating processes) so that their so called termoscopic state of 

the real body should be described by a temperature field T(x,y,z). It reveals an explicit 

dependence of instantaneous local temperature Tr on the sample space coordinates x, y, z. The 

estimation of this non-uniformity of temperature and its impact on the shape of DTA curve 

represented the main objective of our recent book chapter [76]. 

In the mentioned chapter [90] the equation for DTA curve is derived for a system of 

two infinite cylinder holders (one of which filled by the sample and the other one by the inert 

reference material) and proposed in the following form 

K(T).ΔTDTA = ΔCΦ ΦDTA − CΔ (dΔTDTA/dt) −Cθ dθSM/dt  – rE
2
ΔH(dξG/dt)     (3) 

where ΔCΦ ≡ rE
2
(CRM - CSM ) ; CΔ ≡ (rH

2
−rE

2
)CH+ rE

2
CSM ; Cθ ≡ rE

2
CSM ; 
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           θSM ≡ TSø − TEHS ; TSø ≡ (2/rE
2
) ∫

0

rE
(dTS(r)/dt) r dr  

and rE = internal radius of holders; CRM and CSM = heat capacity of sample (S) and reference 

(R) materials; θSM  = difference between temperature averaged over whole volume of sample 

material and temperature measured on external wall of sample holder; rH = external radius of 

holders; ξG = “global” extent of  transition/reaction averaged over whole volume of sample.   

 It is clear that temperature gradients, which naturally occur in every bulk sample 

[30,95] are source of rather deep dissensions often ignored or better disregarded in the recent 

state of thermal affairs. The topical development of DTA instrumentation has concentrated on 

an achievement of very precise facade temperature detection, going down to sensitivity of 

tenth or even hundreds of degrees neglecting, however, its temperature dispersal inside the 

body. It seems that thermoanalysts believe that a mere replacement of thermocouples (in 

DTA) by thermocouple batteries (in heat flux DSC) or by highly sensitive electronic chips (in 

nano-calorimetry [96,07]) moreover renaming DTA principle to variously termed DSC´s is a 

sufficient solution answer. Many DTA-resembling methods are then described solitary on 

basis of difference of heat flows, Δ(dq/dt), between the samples, which factually substitutes a 

derivative of the instrumentally observed temperature differences ΔT (≈Δ(dq/dt)/K). Such a 

theoretical approach [81,82,93,96] actually obscures the inherent DTA/DSC equations to 

consist heat flows instead temperature differences. 

 The rehearsal of electric calibration of calorimetric measurements by heat pulses has 

been found functional [80,93,94] factually missing the consequent analysis of the resulting 

curve profiles [84-88]. The resulting curves, however, are regularly subjected to a kind of 

signal leveling and data smoothing engendering the so called desmearing procedures, which 

may help furnishing the truer heat capacity-temperature function [98-101] of the sample under 

study. Desmearing is actually filtering of the measured signal, which in turn was taken over 

from the XRD practice again [102,103] and implemented to DTA practice [80] having thus  

nothing to do with the elucidation of the effect of heat inertia by the peak background 

rectification.  

 It is a matter of time when the rectification on both the DTA responded heat inertia 

(dΔTDTA/dt) [82-86] and the change of temperature profile within the bulk sample (dθSM/dt) 

[88-90] will finely be introduced to both the private and commercial software practice. First 

signal can be seen in contemporary literature [104]. There certainly would surface the 

question of software copyrights because the first proposal on heat inertia has been over forty 

years old [78,79]. Some publishing aspects might also be worth noting. As a matter of 
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inquisitiveness we can see that various heat transfer characteristics [96-102,104] (particularly 

desmearing [98,100,101]) were published in Thermochimica Acta, however the editor for 

kinetics did not accept a recent manuscript on a more detailed analysis of heat inertia effect 

(though there was already published an correlated topical paper [79]) considering, however, 

that topic uninteresting and insignificant.   

 

 Perspectives in an advanced DTA assessment 

 It seems perceptible that the most essential impact of the above analysis can be 

expected in the sphere of thermoanalytical kinetics [47,65,84-86,105-113] based on both the 

location of DTA peak apex [66,68] or the determination of the instantaneous degree of 

process,  [84,108-110] (and the derived rate of reaction, d/dt, [48]) resulting from the 

participation of DTA peak area (fractioning thus dependent on the s-shaped background) with 

respect to the total (unaffected) value [84-86]. 

Already in the early seventies [72] we noticed an unusual strong correlation between 

the DTA peak areas and activation energies, E, of the transition process calculated from DTA 

curves [20] representing the tetragonal-to-cubic transitions of the solid solutions 

Mn2CrO4−Mn3O4 (i.e. Mn2+xCr1-xO4) [72,105,114], cf Table 1. Rough decoding of an 

apparent correspondence between the reaction rate and peak shapes led us to a factually 

deeper analysis of the heat process occurring under conditions of a DTA experimentation 

maturing to the above mentioned DTA equation [76-79].   

Moreover the kinetic analysis arising from [79,82-86] shows a more deep impact and 

evaluation complexity particularly touching discrimination of reaction mechanism and 

associated activation energies [47,105-112] of solid samples, where no instantaneous 

homogenization (e.g. stirring as applied in ref. [34]) can be employed in order to maintain the 

even sample temperature distribution during the studied reaction – the problem which could 

be called a dilemma of solid state kinetics [86], because it was not included neither identified 

in the earlier [47,48,106,107] not recent [108-111,113] papers. Beside an early notices on 

thermal gradients [30,43] there subsists no appropriate attention with few exemptions 

[104,112]. It is surprising that even very current contributions [113] does not touch such an 

obvious intricacy of thermal measurements and that even ICTAC kinetic committee keeps 

away from inserting the problem of thermal inertia and thermal gradients amongst their 

agenda [115,116], because it possibly will affect the resulting kinetic data more crucially than 

mere inaccuracy involved in the standard mathematical evaluations [86] or misinterpretation 

of kinetic data [112,117,118]. Certainly, certain conflict can be awaited with respect of 
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various computer programs [78,79,113,119-121] where an extra procedure ought to be 

incorporated to adjust classically assumed peak partitioning with advanced subset due the heat 

inertia effect.     

 Besides, the temperature is accurately monitored over the sample surface, where any 

inner layers display different values. It is curious that such an apparent contradiction did not 

shift emphasis toward an improved instrumental judgment to furnish at least a mean sample 

temperature mathematically averaged over the whole sample volume. Most of needed data are 

experimentally identifiable and sophisticated assets for a computer evaluation equally 

accessible. We are sorry to strongly voice that such existing negligence of the real influence 

of thermal inertia and of non-uniform temperature field indicate that the thermoanalysts prefer 

effortless data processing provided by instrumental producers before the legitimate respect to 

the physical reality of thermoanalytical experiments. 

 Even in the sphere of thermodynamics the deeper analysis of the s-shaped peak 

background (cf. Fig 1) may provide a focal tool for improving data accuracy on heat 

capacities. It may even affect the method truthfulness when the thermal study is carried out 

under the temperature modulated program [122,123] where the averaged (overdue) bulk 

temperatures behave differently than the surface (actually measured] temperature [89,90]. 

 A particular attention should be paid to the modified thermophysical procedure of the 

rate controlled mode of thermal analysis (RCTA) [124] where the sample temperature is not 

adjusted by a constant external heating but only monitored as a variable for maintaining a 

constant reaction rate thus not suffering of such extreme gradients. Worth noting would 

become special trends of nano-focused thermal analysis [125-128] because the upcoming 

prospect of thermal analysis scheme may even go down to the nano- and quantum world [129] 

taking care of a very specific behavior of nano-composed [130-133] and nano-assembled 

samples [96,97]. Measurement of such extreme setups and under so radical conditions brings 

extra difficulties such as measuring micro-dimensionality, local quenching and undercooling 

together with other phenomena associated with the sample constrained states. At the same 

time, it will include a non-equilibrating side-line effect or competition between the properties 

of the nano-sample bulk and its entire surface (particularly when exposed to the contact with 

the cell [96,97]). Increasing instrumental sophistication and sensitivity will provide possibility 

to look at the sample micro/nano-locality [130-133] giving a better chance to search more 

thoroughly toward the significance of baselines, which contains additional but hidden 

information on material structure and properties (inhomogeneities, local nonstoichiometry, 

interfaces between order-disorder zones). It may even intervene with quantum measurements 
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[129] if the sample thickens (often below m) would interfere with the thermal vibration 

modes distorting thus the classical expression of thermal capacity. Popular computer built-in 

smoothing of noised experimental traces (chiefly focused on baselines) can, however, become 

counterproductive for a more distinctive evaluation. 

 However, in not a far prospect, we may expect instrumental sophistication trends 

possible returning to the original idea of a single-sample setups with simple recording 

heating/cooling curves, etc. Certainly, it could only happen at the improved level of fully 

computerized thermal evidence involving self-evaluation of calibration behavior of the 

sample thermal inertia and its subtraction from the entire thermal record with the intention to 

have a better specification of thermal effects. It may also incorporate the application of an 

arbitrary temperature variation making possible a simpler use of a self-heating course 

realizable by simple placing the sample into the preheated thermostat and consequent 

computer evaluation of standardized effects. It may possibly facilitate a direct computation of 

a DTA-like record from such heating uncontrolled experiments. Eventually it would make 

possible the introduction of fast temperature changes by shifting the sample along the 

temperature slope inside a gradient controlled furnace instead yet classical means.  

    

 Conclusion 

 The heat transfer analyses [82-86] presented above (cf Fig 1 and 2) definitely confirm 

not only the inevitability of insertion of the earlier suggested rectification term of heat inertia 

(dΔTDTA/dt) but lead also to the requirement for introducing an additional correction term 

respecting the changes in temperature field inside the sample dθSM/dt  [74]  (where θSM  is the 

difference between the surface-measured temperature and the temperature averaged over the 

whole volume of sample). This situation always occurs during the temperature changes as a 

consequence of external heating or thermally assigned reactions. However, heat inertia term is 

zero for a compensation DSC device (by Perkin-Elmer) but it is a permanent part of heat-flux 

DSC output. The heat inertia term at heat-flux DCS as well as at DTA cannot be reduced by 

diminishing the sample size [89,90].  The influence of changes of temperature field in sample 

cannot be instrumentally eliminated in any DTA or DSC device. 
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applied to glasses and gels. Critical comments by David Sedmidubský, Peter Šimon, Ludovít 

Kubičár and Emilia Illeková are greatly appreciated.  
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Fig. 1. Graphical representation of individual contributions composing a DTA peak assuming 

the standard DTA setup with samples (TS and TR) heat from the outside (TW), left insertion. 

Customary evaluation is based on the circumference bounded by the dashed as-measured 

DTA peak against dotted interpolated peak background. The true s-shaped peak background 

(solid line) due to the heat inertia does not practically contribute the peak resultant area, but 

the shape of DTA peak is seriously changed. The stepwise partitioning of peak area, 
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necessary for determining the gradual progress of degree of reaction became different from 

that realised on basis of simply linearly interpolated peak background. 

 

 

 

 

 

 

Fig. 2 Authorization of the DTA equation validity when containing the term of heat inertia 

(dT/dt) by reconstructing an inserted rectangular heat pulse. Resultant (DTA-like) peak 

(dashed line) becomes the instrumental response to the artificial rectangular input (dotted) due 

to the heat transfer. Curve refinement upon the application of DTA equation (particularly 

incorporating the term for heat inertia) yields rectified DTA peak (solid line). The greatest 

differences between the originally introduced and reconstructed heat process is in the fields 

near to the onset and outset of rectangular pulse, where the heat flux (q) is abruptly changed 

(q  ≡ d
2
q/dt

2
 → ±∞), see right insertion. This misfit can be eventually approved by insertion of 

an additional correction term respecting the changes in temperature field inside the sample 

dθSM/dt  [76]  where θSM is the difference between the surface-measured temperature and the 

temperature averaged over the whole sample volume. 
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Composition 

Transition Peak Apparatus Transition 

 

Activation 

Temperature Area Constant Enthalpy 

 

Energy 

x in formula Tt A        KDTA ΔtH 

 

        EA 

MnxFe3-xO4        [°C] [K.s/mg] [mJ/(K.s)] [kJ/mol] 

 

[kJ] 

2,15 405 0,12 17,1 0,48  - 

2,3 597 0,23 19,5 1,03  800 

2,45 770 0,41 22,4 2,13  1090 

2,6 895 0,67 30,7 4,75  1300 

2,7 978 0,88 35,8 7,27  1880 

2,8 1065 1,16 41,8 11,21  2590 

2,9 1127 1,27 46,9 13,75  2680 

3 1172 1,67 69,8 18,8  3640 

 

Table 1 – Evaluation of DTA peaks associated with the phase (tetragonal-to-cubic) transitions 

of spinel-like solid solutions MnxFe3-xO4  [114]. For the estimation of activation energies the 

Piloyan method [48] was applied.  
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DIFFERENTIAL THERMAL ANALYSIS 
RIARJORIE J. VOLD 

University of Southern California, Los Angeles, Calv. 

Equations are derived which make possible the calculation of heats of trans- 
formation from differential heating curves, independent of external calibra- 
tions. The rate of restoration of a thermal steady state after a transformation 
is employed to establish the relation between the differential temperature and 
the heat absorption producing it. Valid results are obtained for such widely di- 
vergent processes as the melting of stearic acid and the vaporization of water, 
using exactly the same rapid and convenient experimental procedure. A fully 
automatic self-recording differential calorimeter is described, and the factors 
influencing the design finally adopted are discussed. 

IFFERENTIAL thermal analysis is essentially a refinement D of the classical procedure of studying phase transformations 
by means of time-temperature records during uniform heating or 
cooling of the system. It appears to have been f i s t  employed by 
Le Chatelier (6) in 1887 but has become popular again only re- 
cently. Examples of its employment are given by Kracek ( 6 )  for 
sodium sulfate, Partridge, Hicks, and Smith (8) for sodium poly- 
phosphates, Hendricks, Nelson, and Alexander ( 4 ) ,  Grim and 
Rowland (S), Speil et al. (10) and Norton (Y) for clays, and Vold 
(11-15) for soaps. 

The experimental procedure consists of heating or cooling the 
sample side by side with an inert reference material in the same 
furnace, and measuring both the sample temperature and the 
temperature difference between sample and I eference material as 
a function of time. When a phase change occurs involving ab- 
sorption or evolution of heat, the temperature difference between 
reference and sample begins to increase; after the transformation 
is complete the temperature difference declines again, Thus 
each transformation produces a peak in the curve of temperature 
difference against time, from which it should be possible to derive 
information about the transformation temperature, heat of trans- 
formation, and rate of transformation. 

This paper describes the construction and operation of a fully 
automatic differential calorimeter and presents an analysis of the 
course of the curve of differential temperature against time from 
which heats of transformation may be calculated. 

DIFFERENTIAL HEATING CURVES 

In order to analyze the differential heating curve, i t  is conveni- 
ent to write down a formal expression for the rate a t  which heat is 
transferred into and out of the sample or reference cell. 

= K,(T, - T,) + u ( ~ ,  - T.) + L Y , ( ~ ,  - T,) ( l a )  dt 

Here dq/dt  is the rate a t  which heat is received by the refer- 
ence material (subscript T )  and sample material (subscript s), 
respectively. K, and K. are heat transfer coefficients between 
the materials and the furnace wall. They are made as nearly 
identical as possible by choice of reference material and design of 

cell and furnace. Sigma ( u )  is the heat transfer coefficient be- 
tween the cells, and alpha (ar and a.) is the heat loss (chiefly 
along the thermocouple wires) to the outside environment. T,, 
T,, T,, and To are the temperatures of the furnace wall, reference 
and sample materials, and external environment, respectively. 

For experimental arrangements in which the furnace is a metal 
block with the materials contained in wells drilled in the block, a 
linear dependence of the rate of heat transfer on the temperature 
difference as given in the equations is certainly justified. When 
the materials are contained in metal capsules or cells suspended 
in air, and a portion of the transfer is by convection currents in 
the air, the validity of this assumption is open to question. 
White (16) has shown that heat transfer by convection, when the 
air flow in cylindrical space (up the walls and down the center of 
the cylinder) is not turbulent, is proportional to the square of the 
temperature difference between the walls and the center of the 
cylinder, but when the diameter of the cylinder is not small com- 
pared to its length he shows experimentally that the rate of heat 
transfer increases less rapidly with temperature difference, and 
approaches a first-power law. 

Next use can be made of the identity 

& = - -  dH dH dT 
dt dt - ;it 

In the case of the reference cell, d H / d t  is simple C,, the heat 
capacity of the cell plus that of its contents. For the sample it is 
convenient to segregate the portion of the increased heat content 
arising from phase change, writing 

(3)  

Here C, is the heat capacity of the cell plus its contents, while 
AH is the heat of the transformation and d f / d t  is its time rate of 
occurrence under the conditions of the experiment, f being the 
fraction of the sample transformed at  any time t. 

Every effort is made to have the two materials located sym- 
metrically within the furnace, so that one can write 

( l a )  

(4b) 

K, = K, - 6K 

cy* = LYr - 6cY 
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with the assurance that 6K and 6a are small. 
The various equations can then be combined 
to yield an expression for the rate of change 
of the differential temperature ( T ,  - T,) with 
time which is 

At times when d f / d t  = 0-Le., when the 
sample is not undergoing a transformation- 
Equation 5 can be integrated directly, subject 
to the assumptions that d T r / d t ,  ( T ,  - T 8 ) ,  ( T ,  
- !Po), and C, and C, are independent of time 
and temperature. In the apparatus here de- 
scribed dT,/dt is controlled at  a constant 
value. ( T ,  - T,) is a t  least slowly varying. 
( T ,  - T o )  appears with the coefficient 6a (small), 
so that its rise with increasing time can be safely 
neglected. 

It is convenient a t  this point to introduce 
a more compact nomenclature-Le., y = T, - 
T,; A = ( K ,  + a, + 2u)/C,; VI a given 
value of y a t  t = t l ,  serving as a boundary condition, and 

dT, 
d t  . y8 = [(C. - C,) - - 6K(Tw - T,) + 6a(T, - T o )  

( K ,  + a. + 2u) (6) 

With these changes the integrated form of Equation 5 for d f / d t  
= Ois 

y = y,( l  - e-A(t--ti)) + y le -A( t - t i )  (7 )  

I t  is apparent that ya is a steady state value of the differential 
temperature achieved at  a sufficiently long time after the initial 
condition y = yl at t = t l .  At the outset of an experiment y, = 0 
at  t = tl = 0. The differential temperature rises to a value y,, 
dependent primarily on the difference in heat capacity of the 
sample and reference materials, the heating rate, and the heat 
transfer coefficients. After a transformation is complete, the 
differential temperature again approaches y8 according to the 
same equation. The Constant, A ,  can thus be evaluated from a 
plot of log ( y  - y.) versus t .  In the new nomenclature, Equation 
5 may be written 

Graphical or numerical integration of Equation 8 over the 
period of time during which the transformation is occurring then 
yields a value for the heat of the transformation. 

Any time interval wide enough to include the whole transfor- 
mation may be taken. When d f / d t  = 0 before the transforma- 
tion has begun d y / d t  = 0 and y = ya. When d f / d t  = 0 after the 
transformation, d y / d t  is equal in value and opposite in sign to 
A ( y  - y,). The integral of the second term on the right-hand 
side of Equation 8 is simply the area under the peak, while that of 
the first term is (yz - y l )  where y ,  and y~ are the values of y a t  the 
beginning and end of the time period chosen. 

In  practice, in analyzing a differential heating curve, it is con- 
venient to plot (y  - y,) against time, beginning a t  the top of a 
peak. The points lie on a curve which becomes linear at the end 
of the transformation and thus yields a value of the time at  which 
the transformation is over. The temperature of the sample at  

L 

T" 2t 

t 
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A B 
Figure 1. Differential Calorimeter Furnaces - Metal (mild steel for A ,  brasa for B )  
S&SSSSS Transite 
W////H& Asbestos magnesia packing 
C, C'. 
D .  
0. Heating element 

Glass tubes for entry of thermocouple leads 
Glass cell support for sample and reference cells 

this time is of phase significance as the "liquidus" point in a 
binary system if it can be shown by experiment to be independent 
of the heating rate. 

DIFFERENTIAL COOLING CURVES 

If the rate of cooling is controlled, the analysis of differential 
cooling curves is identical to that given for differential heating 
curves. If the calorimeter is allowed to cool at its natural rate 
which is measured experimentally, an entirely similar, though 
numerically much more complex, analysis can be carried through. 
The complevity arises from the fact that y8 is now time-depend- 
ent. In  many cases the rate of transformation on cooling is 
very small, so that the differential cooling curve exhibits a wide 
shallow dip whose area beneath the varying base line, us, is hard 
to determine with any accuracy. For these reasons, differential 
heating curves are much more convenient in the study of phase 
transformations in most cases. 

RATE OF TRANSFORMATIOiY 

Equation 8 can be used to calculate d f / d t  at any time (and 
hence any T,)  after AH has been obtained. -4t low heating rates, 
the values probably have little significance, as they are deter- 
mined primarily by the rate at which heat is made available to 
the sample. From differential cooling curves, or a t  high heating 
rates, values of d f / d t  may be an interesting property of the sys- 
tem under study. 

INHERENT LIMITATIONS OF DIFFERENTIAL THERMAL 
ANALYSIS 

Although sensitive and Convenient, this method contains two 
factors militating against its development into a technique of high 
precision. One is the assumption of a constant value of the heat 
capacity of the sample. The second is the assumption that the 
sample temperature is uniform throughout a t  each time instant. 

The heat capacity of the sample is that of the cell plus that of 
the transformed portion of the sample plus that of the untrans- 
formed portion. The relative proportions of transformed and 
untransformed sample change during the heating. In  practice, 
if the heat capacity of the cell is deliberately made large, this 
fluctuation is minor, but sensitivity is sacrificed, because a given 
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and a high heating rate to achieve the same 
sensitivity. The most desirable type of furnace 
is believed therefore to consist of an air oven, 
suitably insulated. The designs given in Figure 
1 have proved very satisfactory. 

Furnace A consists of two concentric steel 
tubes 12 inches tall of 0,125-inch wall thickness, 
the outer 8 inches in diameter, the inner 2 inches. 
The inner is n rapped with a single layer of 0.125- 
inch asbestos cloth upon which are wound 20 
feet of chrome1 A resistance wire (No. 22). The 
coil is more closely wound (4.75 turns per inch) 
around the upper and lower portions than around 

v the central space (3.125 turns per inch). The 
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Figure 4. Effect of Fluctuating Heating Rate on Differen- 
tial Heating Curves 

1A. Fluctuating difference between actual and desired tempera- 
ture during heating (T - Tc) 

1B. Cormaponding curve of temperature difference between ref- 
erence and #ample cella (Tr - TI) versus time. In both caees average 

heating rate is 1.5’/min. 

of aluminum alloy 24ST, but later stainless steel was employed 
because the threads machined in the aluminum alloy wore out 
very rapidly. 

The control and measuring assembly is shown in Figure 3. 
The heating rate is measured and controlled by means of the 

Brown Instrument Co. pneumatic time-temperature pattern 
controller. The desired time-temperature attern is plotted on 
an aluminum disk in polar coordinates a n z t h e  disk is then cut 
evenly along the curve to give a control cam. This is mounted 
on the shaft of an electrically driven clock motor. A wheel rolling 
along the curved surface of the cam controls the position of a 

ointer on the scale of the circular chart temperature recorder. 
&he furnace temperature is measured by means of a single-junc- 
tion iron-constantan thermocouple. When this temperature 
differs from the control temperature as indicated by the pointer, 
an e.m.f. proportional to the difference is a plied to open a valve 
by which air pressure is transmitted to a eonoflow air-operated 
motor, which drives the control spindle of an autotransformer 
(Variac model VMT5,O to 130 volts) governing the current pass- 
ing through the heating elements of the furnace. The drive is 
adjusted so that 30 volts are applied to the heating element when 
the applied air pressure is zero, and 130 volts when the applied air 
pressure reaches its maximum (14 pounds). The range of thi.; 
model is from 0 O to 400 O C. 

A control knob enables the experimenter to apply a given frac- 
tion of the total available air pressure for a given percentage de- 
viation between recording pen and control pointer, based on the 
full scale. This is known as “per cent throttling.” Thus 20% 
throttling applies full air pressure for an 80” deviation, 10% for 
8”, etc. Owing to lag in the furnace, low throttling gives con- 
siderable fluctuation of the temperature about its controlled 
value. With high throttling, the applied current is generally not 
enough to maintain the desired rate of heating, so that a further 
control is necessary. This is designated “automatic reset,” and 
provides a continuous, independent increase in the applied air 
pressure, again proportional to the deviation between actual and 
control temperature but applied a t  a controllable rate to overcome 
the fluctuations that would result from a sudden increase in heat- 
ing current. The operation of these instruments has been de- 
scribed in greater detail (14). 

Selection of the proper control settings for the given furnace is 
essential. Figure 4 shows two sets of curves for the deviation of 

SLIDE WIRE UNIT 

I - - - - - - - -  - A U J U  I I 

(OR STANDARD CELL) 

AMPLIFICATION 
VIA 

ClRCul T 
BAT. 

Figure 5. Wiring Diagram of Strip Chart 
Potentiometer 

RA (3), 253.4 ohms; RC (4). 509.5 ohms; R E ,  5.00 ohms; slide wire 
unit, 20 ohms. Ro (1) was originally 2.474 ohms but was made vari- 
able by placing a 20- to 150-ohm resistance in  parallel with it. 2231 
(2) was originally 1.474 ohms but was made variable at from 0.3 

to 1.5 ohms, the lower figure giving maximum sensitivity. 

actual and control temperatures, and for fluctuation of the dif- 
ferential temperature between sample and reference cells (in the 
absence of phase changes) for different values of throttling range 
and reset control. In set 1 the heating rate, dT,/dt, oscillates, 
and the differential temperature, y, oscillates also (as i t  should 
according to Equation 7). The corresponding peaks in the curve 
of differential temperature against time simulate peaks due to 
phase changes. The better choice of control variable gives rise 
to the curves in set 2, where the y - t curve is almost a straight 
line, after time enough has elapsed for the temperature difference 
to reach its steady state value. 

The temperature difference between sample and reference cells 
is measured by means of a three-junction iron-constantan thermo- 
pile, and recorded continuously on the Brown stripchart potenti- 
ometer. The thermocouple junctions are formed of No. 30 wire, 
spot welded, and insulated from each other by fiber glass sleeving 
further impregnated with Dow Corning silicone varnish 996. 
They have been found durable over periods of 2 to 3 months’ 
almost continuous use, and fail ultimately because of breakdown 
in the insulation. 

The potentiometer as supplied has a pen travel of 12 inches (50 
scale divisions) per 5 millivolts. As the rated sensitivity is such 
that full voltage is applied to the balancing motor for an e.m.f. 
across the thermocouples of 20 microvolts, i t  is practicable to 
increase the sensitivity about fivefold by altering the resistance 
ratio in the arms of the bridge. The wiring diagram for the in- 
strument is given in Figure 5, showing this change and the addi- 
tion of a further auxiliary variable resistance to vary the position 
of zero e.m.f. on the scale. With this arrangement both positive 
and negative values of the temperature difference can be recorded; 
high values of the sensitivity are used for transformations having 
small heat effect and lower values for transformations in the same 
sample having larger heat effects. 

Experimental Results. To test both the instrument and the 
equations described above, five runs were made on a specially pure 
sample of stearic acid (9) and one on Baker’s C.P. analyzed benzoic 
acid. 

The powdered sample was tamped firmly into its calorimeter 
cell and hung in osition from the plug of the colorimeter furnace. 
The reference cef; was then filled with sufficient white mineral oil 
(Nujol) to give nearly the same calculated heat capacity, and 
assembly of the calorimeter was completed. After about 20 
minutes the initial temperature difference between the cells (due 
to handling) had disappeared: and the automatic heating and 
recording had begun. For these relatively large heats of fusion 
the instrument was operated at  a sensitivity of 0.131 O per scale 
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Pantograph reductions of automatic records. Arrows show time 
at  which melting begins. Vertical full linea show time at  which 
calculation indicates that transformation is complete. Vertical 
dotted lines correspond to breaks in  automatic record produced 

by deliberate test changes in sensitivity of recorder. 

division for the measurenient of temperature difference as com- 
pared with its maximum of 0.089 O per scale division. However, 
in two cases the highest sensitivity was employed a t  the beginning 
of the run, and decreased sensitivity later as required to keep the 
recording pen on the scale. 

Pantograph reductions of some of the automatically recorded 
curves of temperature difference us. time are given in Figure 6. 

Temperatures of Transition. The differential temperature, y, 
begins to rise as soon as the outside of the sample reaches a 
transition point, (Tm). The inside of the sample at  the same 
instant, T,, hon-ever, is below T ,  by an amount dependent on 
the rate of heating and the thermal conductivity of the sample. 
The difference has been measured for the reference cell filled with 
Nujol and found to be of the order of 5" for a heating rate of 
1.5' per minute. The thermal conductivity of the powdered 
sample, however, is not necessarily even approximately equal to 
that of Nujol nor reproducible from run to run, so no reliable esti- 
mate of the difference (T .  - Tm) can be formed to serve as a 
systematic correction. By the time that the differential tem- 
perature is rising rapidly the sample temperature must be some- 
what above T ,  in order to keep up a steady flow of heat to  the 
transforming portion. The best estimate of T ,  is therefore ob- 
tained by extrapolating the steeply rising portion of the curve 
backward to its intersection with the initial base line. As there 
is a degree of arbitrary choice involved in such an extrapolation, 
the values obtained are uncertain to about 3" to 4', with a tend- 
ency to be low rather than high. The arrows on Figure 6 show 
the times a t  which the sample temperature was taken to  be equal 
to Tm. The values obtained average 4" lower than the known 
melting points of the samples, as seen in Table I. 

Heats of Transition. Heats of transformation were calculated 
from Equation 8. 

Table I. Temperatures and Heats of Fusion of Stearic 
and Benzoic Acids5 

Sample Tm 
Weight, $ T ~ / d t ,  AHc.lod., 

Run G. /Min. Obsd., Cal./G. 

a M.P. of stearic acid, determined directly, was 69'. 

b Run made using model B furnace and cells of Figures 1 and 2. 

AH1 (8) is 47.6 

All 
cal./g. For benzoic acid accepted m.p. is 122O and AH1 is 33.9 cal./g. ( 1 ) .  

others with model A furnace and cells. 

The value of A was first determined by lotting log (y - y.) 
against time. Two such plots are shown in gigure 7. The pointe 
fall on good straight lines after the transformation is over, a t  the 
times indicated on the figure. At the end of the transformation, 
so determined, the base line y,, was assumed to have its h a 1  
value-Le., c, equal to the heat capacity of the cell plus that of the 
melted sam le. At the beginning of the transformation-Le., 
the point segcted as T,,,-y, was assumed to have its initial value 
(c ,  equal to that of the cell plus that of the unmelted sample). 
The base line under the peak was taken as a straight line between 
these two points. 

Figure 8 shows a typical run replotted to show the actual mag- 
nitude of TI, T,, and y. The base line and area taken in evaluat- 
ing AH are shown. The results, given in Table I, are obviously 
not of high precision, but when i t  is remembered that they are 
absolutely independent of any empirical calibrations, they give 
an assurance of validity to the theoretical analysis. 

In  one experiment, employing technical stearic acid which 
meIted visually over a range from 56" to 60' C., two runs were 
made at  heating rates of 0.5" and 1.5" per minute. Heat effects 
of 48.5 and 47.4 calories per gram were obtained, respectively. 

To guard against the remote possibility that the agreement be- 
tween observed and theoretical values might be fortuitous, the 
same method was applied to an experiment in which powdered, 
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111. Differential heating curve. At 68‘ melting begins. a is time a t  which 
calculation shows that melting is complete. Shaded area is that taken 
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Total and Differential Heating Curves for Stearic 

of the cell as i t  was heated at  a rate of 1.5’ per minute. A 
value of 500 calories per gram for the heat of vaporization 
of n,ater was obtained. This type of experiment is of 
potential value in studying the thermal dehydration of clay 
minerals and similar problems. 
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oven-dried (1500) silica was used as reference material and the 
sample cell was packed with powdered glass and filled with water, 
which was allowed to vaporize through a hole drilled in the side 
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Analysis of Recycle Styrene 
P 

AUGUSTUS R. GLASGOW, JR., NED C. KROUSKOP, VINCENT A. SEDLAK, 
CHARLES B. WILLINGHAM, AND FREDERICK D. ROSSINI 

Sational Bureau of Standards, Washington, D .  C .  

Samples of “recycle” styrene, selected to be representative of stock from com- 
mercial processing, were analyzed with respect to their major components. 
The material w-as analyzed by a combination of procedure involving separation 
by distillation of the Cc portion of this material, high-efficiency azeotropic dis- 
tillation of the CS portion, and precision measurements of freezing points on the 
original material and appropriate portions of the distillates. The amounts of 
the various components in  the recycle styrene samples, Rubber Reserve stand- 
ard blends 1, 2, and 4, respectively, were found to be as follows, in  percentage by 
weight: 1,3-butadiene, plus other Ca hydrocarbons, 1.93, 4.50, 1.77; 4-vinyl-l- 
cyclohexene, 1.78, 3.84, 4.89; ethylbenzene, 1.36, 2.21, 3.20; styrene, 94.52,88.79, 
88.63; Cg and higher hydrocarbons, 0.41, 0.66,1.51. 

N COXXECTIOS with the government synthetic rubber pro- I gram, in the copolymer plants, the Office of Rubber Reserve 
requested the National Bureau of Standards to make analyses of 
selected samples of “recycle” styrene. The present report gives 
the method and other pertinent details of these analyses of re- 
cycle styrene. 

SAMPLES ANALYZED 

The samples of recycle styrene analyzed are identified as follows: 

Rubber Reserve reference blend S o .  1, from the B. F. Goodrich 
Company, Agent for the Office of Rubber Reserve a t  Port 

Neches, Tex., was received on January 9, 1946, in a 2-gallon 
screw-cap can. The analysis was reported to the Office of Rub- 
ber Reserve on September 27,1946. 

Rubber Reserve reference blend No. 2, from the B. F. Goodrich 
Company, Agent for the Office of Rubber Reserve a t  Port 
Neches, Tex., was received on January 4, 1946, in a 2-gallon 
screw-cap can. The analysis was reported to the Office of Rub- 
ber Reserve on September 26,1946. 

Rubber Reserve standard blend S o .  4, from the Copolymer 
Corporation, Agent for the Office of Rubber Reserve a t  Baton 
Rouge, La., was received on June 12, 1946, in three 28-ounce 
bottles sealed with bottling caps. The analysis was reported on 
August 26,1946. 
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for the formation of both types of complex; the 
naphthalene ring provides a site for n-n bonding 
and the nitrogen of the pyrroline possesses an elec- 
tron which can be donated to an accepting orbital 
of a nitro group to form an n-n bond. Because of 
steric factors, a single donor molecule will probably 
have only one picric acid molecule associated with 
it,  either in a T-ir or an n-T bond. 

2,3-Diaminobutane Picrate (No. 40).--In the 
spectrum of the 2,3-diaminobutane-picric acid 

complex, the pronounced shift of the NH2 stretch- 
ing vibrations to lower frequencies (3420 to 3207 
cm.-l) clearly indicates that the product is stabi- 
lized by hydrogen bonds between the amino hydro- 
gens of one component and the nitro oxygens of the 
other. There are other cases where hydrogen bond- 
ing may further stabilize already formed X-T and 
n-n complexes, as in the picrates of aniline, p- 
naphthylamine and piperidine. 
; ~ M E S ,  IOWA 

[CONTRIBUTION FROM THE DEPARTMEKT O F  CHEMISTRY, UNIVERSITY OF \$rISCONSIN] 

The Application of Differential Thermal Analysis to the Study of Reaction Kinetics1 
BY HANS J. BORCHARDT AND FARRINGTON DANIELS 

RECEIVED JULY 23, 1956 

Equations are derived which relate the shape of a differential thermal analysis curve to the kinetics of the reaction giving 
For certain reactions, use of these equations allows the order of the reaction, the frequency factor, the 

The equations are applied to the 
The results 

rise to the curve. 
activation energy and the heat of reaction to be determined in a single rapid measurement. 
decomposition of benzenediazonium chloride and the reaction between dimethylaniline and ethyl iodide. 
agree very well with data obtained by conventional methods. 

Increasing use has been made of differential ther- 
mal analysis (DTA) in recent years for studying the 
processes which a substance undergoes on heating.2 
The differential thermograph is commonly used to 
determine if a reaction or transition occurs and the 
temperature a t  which it takes place. The present 
article shows that the kinetic parameters 'for the 
reaction giving rise to the DTA curve can be ac- 
curately determined by an analysis of the shape 
(Le . ,  slope, height, area) of the curve. Conditions 
are assumed in the derivation which can be met 
more readily by liquids than by solids. The pres- 
ent discussion will therefore concern itself pri- 
marily with reactions occurring in solution. 

Theory 
The apparatus referred to in this derivation is 

shown in Fig. 1. It consists of two cells mounted 
in a bath. One cell contains the solution of react- 
ants and the other pure solvent or other inert 
liquid. The contents of the cells are agitated by 
the indicated stirrers. The temperature of the 
bath is raised by a heater (not shown). The tem- 
perature of the reactant solution as well as the tem- 
perature difference between the contents of the two 
cells ( A T )  is measured as a function of time. A 
differential thermocouple (DTC) may be used to 
measure AT.  The run is started a t  a sufficiently 
low temperature so that the reaction is not occur- 
ring a t  an appreciable rate and it is carried through 
until the reaction has gone essentially to comple- 
tion. A curve such as the one in Fig. 2 is obtained. 

TI ,  2 - 2  and Ta are the temperatures of the reactant 
solution, the liquid in the reference cell and the 
bath, respectively. Cp,r is the total heat capacity 

(1) Presented in par t  a t  the  129th meeting of the  American Chemi- 
cal Society, Dallas, Texas, April, 1956. Further details may be found 
in a Ph.D. thesis by Hans J. Borchardt, filed with the  Library of the  
Universitv of Wisconsin. Tune. 1956. 

of the reactant solution and Cp,s the total heat 
capacity of the liquid in the reference cell. 

We first set up the equations of heat balance (eq. 
1 and 2).  Equation 1 states that the increase in 
the enthalpy of the reactant solution (CFr dT1) is 
equal to the heat evolved by the reaction (dH)  
plus the heat transferred into the cell from the sur- 
roundings. 

CP,, dT1 = d H  + K r  (T3 - Ti)& 
Kr is the heat transfer coefficient of the reactant 
cell and dt the time interval. Similarly for the 
liquid in the reference cell we have 

C,,, dT2 = Ks (Ta - Tz)dt 
where K s  is the heat transfer coefficient of the 
reference cell. 

(1) 

(2)  

I DTC 

I f  

Fig. I.-DTA apparatus for obtaining kinetic data for reac- 
tions occurring in solution. 

Thus far two assumptions have been made. The 
first is that the temperature in the respective cells 
is uniform. This assumption was made when a 

assigned to the liquids in the cell. The condition 
~, 

(2) For- an  introduction to  differential thermal analysis see H. J ,  sing1e Of the temperature and T 2 )  was 
Borchardt, J .  Chem. Ed . ,  33, 103 (1956). 
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T i m e  ( T e m p ) .  

Fig. 2.-DTX curve showing the quantities which are 
irieasured in order to  evaluate the rate constants for the re- 
action giving rise to the curve. 

of uniform temperature cannot be met exactly by 
solids, but can be met by liquids which are stirred. 
I t  was for this reason that these considerations were 
limited to reactions in solution. The other as- 
sumption is that heat is transferred by conduction 
alone. This assumption is valid in the temperature 
range where one would usually be working with 
solutions. Heat transfer through the thermocouple 
wires is neglected. 

At this point two additional conditions are as- 
sumed. One is that K ,  = K ,  = K. The heat 
transfer coefficients will be equal if identical cells 
are used and if they are filled to  the same level 
We therefore drop the subscript and characterize 
these cell constants by a single symbol K. The 
other assumption is that Cp,r = CP,, = C,. The 
heat capacities of the two liquids will be nearly the 
same if the reactant solution is dilute and if pure 
solvent is used as the reference liquid. If the reac- 
tion involves several components, a solution con- 
taining all but one of the reactants (so that no reac- 
tion can take place) would approximate closely the 
heat capacity of the reactant solution and serve 
well as the reference liquid. Because the cells 
must be filled to the same level, the volumes of the 
two liquids are the same; hence the heat capacities 
per unit volume should match. This is fortunate 
since the heat capacities of solutions and solvents 
are often nearly the same on a volume basis. 

Since the subscripts on C, and K have been 
dropped, eq. 2 may be subtracted from eq. 1 giving 

dH = C, dAT + KAT d t  

where the conventional symbol AT has been sub- 
stituted for TI  - Tz.  In  order to obtain an expres- 
sion for the total heat transferred, eq. 3 is inte- 
grated between t = 0 and t = 03. Assuming C, 
and K to  be independent of temperature (time) 
over the interval where the reaction occurs, we ob- 
tain 

A H  = Cn(ATm - ATo) + K Sorn AT dt 

(3) 

(4) 

Since A T  is zero a t  both t = 0 and t = 
2 ) ,  the first term is just zero. 
total area under the curve (,4). 

(see Fig. 
The integral is the 
Therefore 

AH = K A  ( 5 )  

This equation which states that the area under the 
DTA curve is directly moportional to  the heat 

transferred in the reaction was first derived by 
SpielY in a somewhat different manner. Since Al I  
is the total heat transferred, the heat of reaction 
per mole is given by KA/no where no is the initial 
number of moles of reactant. 

It is now assumed that the heat evolved in a small 
time i n t e n d  is directly proportional to the number 
of moles reacting during that time. 

The constant of proportionality is clearly the heat of 
reaction per mole. Here the heat of reaction is as- 
sumed to be constant over the temperature interval 
where the reaction occurs. Substituting eq. G for 
d H  in eq. 3 and differentiating with respect to time 
gives 

This equation gives the actual rate of reaction at 
any temperature in terms of the slope (dAT/di) and 
height ( A T )  of the curve a t  that temperature. 

The number of moles present (n) a t  any instant 
is equal of the initial number of moles (no) minus 
the number of moles that have reacted. 

Substituting into eq. 8 the expression for the rate of 
reaction (eq. 7) gives 

Integrating 

n = no - -'L[c, AT + K ~ I  (10) K d  

The second integral in eq. 9 is the area that has 
been swept out (a)  a t  time t. The quantity a is 
shown in Fig. 2. 

The expression for the rate constant of a reaction 
of order x' with respect to one component is 

where V is the volume and n the number of moles 
(rather than concentrations). Substituting eq. 7 
and 10 for dn/dt and n, respectively, and rearrang- 
ing gives 

dAT 
( 1 2 )  _ _ _ _ ~  - ~ 

For the case of a first-order reaction (x = 1) eq. 1 2  
simplifies to  

For the case of a reaction with respect to several 
components of the form IL. + nzJI + , . ' -+ prodzdcts, 
having the rate expression 

(3) S. Spiel, Rept.  I n r .  No R70',. Riir ( i f  3Iineq. TT, S Dept ( I f  

Interior. 1944 - .  . 
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the equation becomes 

(15) 
where z is the number of moles of L reacted in time 
t and LO and MO are the initial number of moles of L 
and 111, respectively. 

The various quantities are evaluated as follows. 
K need only be evaluated once since i t  is a charac- 

teristic of the apparatus. It is best determined by 
means of eq. 5 .  A quantity of heat is dissipated in 
the cell either electrically or by carrying out a reac- 
tion where the heat effect is known. The ratio of 
heat evolved to the area under the resulting curve 
gives K .  The dimensions of K are calories min.-' 
deg. C.-l. 

A is the total curve area. The dimensions are 
min. deg. C. 

V/n,  is the reciprocal of the initial concentration 
of reactants. If the volume changes considerably 
with temperature, this fact should be taken into 
consideration. The choice of units depends upon 
the dimensions in which the rate constant is de- 
sired. 

C, is the total heat capacity of the reactant solu- 
tion or reference liquid. The heat capacities of 
most solutions are not well known. I t  will be 
shown in the experimental section that little error 
results if the value for the heat capacity of the sol- 
vent is used. The dimensions of C, are cal. deg. c.- 1, 

dATldt, A T  and a are the slope, height and area, 
respectively, of the curve a t  the temperature (time) 
a t  which k is being evaluated. The dimensions of 
these quantities are, respectively, deg. C. rnin.-l, 
deg. C. and deg. C. min. The only term which 
remains is x (or 1 + rn in the case of eq. 14), the or- 
der of the reaction. If a value of x were assumed, 
K could be calculated a t  all temperatures over the 
range where the curve extends. The plot of In k 
ifeysus 1/T (activation energy plot) would yield a 
straight line if, and only if, the correct value of x 
had been assumed. It is this fact and procedure 
which is used to determine the order of the reaction. 
One varies x, usually by integers, until the activa- 
tion energy plot is linear. The value of x thus ob- 
tained is the order of the reaction. 

The correct plot of In k versus 1/T enables one, of 
course, to calculate the activation energy and fre- 
quency factor. Equation 5 gives the heat of reac- 
tion. The activation energy and the heat of reac- 
tion enable one to calculate the activation energy 
for the reverse reaction. 

These equations assume that the reaction is car- 
ried out a t  constant pressure. Analogous equations 
are obtained for constant volume. Here C, re- 
places Cp, and AE, the change of internal energy, 
replaces AH. 

These considerations may also be applied to dif- 
ferentisl enthalpic analysis (DEA). In  this 
method, the temperature difference between the 
active and reference material is maintained a t  zero 
by supplying heat to either the active or reference 
materials during a reaction. Thus m / d t  is meas- 

ured and plotted directly as a function of time 
(temperature). This approach has been pursued 
by E y r a ~ d . ~  In this case the total area is equal to 
the heat transferred 

If it is assumed that the heat evolved is directly pro- 
portional to the number of moles reacted, it follows 
that 

AH = A (16) 

dn no d H  _ _ =  
dt -1x 

An expression for the amount of reactant present 
a t  any instant is obtained in the same manner as 
before. 

(18) 
noa n = n o - -  A 

Thus the rate constant is given by 

k =  ( A  - a) t  

Equation 19 is not limited to differential en- 
thalpic analysis. It would apply to any procedure 
where the rate of change of a physical property, 
proportional to the rate of reaction, is measured as 
a function of temperature and time under conditions 
where the temperature is changing. The physical 
property should be nearly independent of tempera- 
ture. A different proportionality constant would 
appear in eq. 17 and 19 if the physical property 
was other than the heat transferred during a reac- 
tion. 

Discussion of Assumptions.-The following list 
summarizes the assumptions made in the deriva- 
tion of the equations for DTA and the conditions 
which must practically be met; (1) The rate of 
reaction is very small a t  the lowest temperature 
practically obtainable; ( 2 )  the reaction goes es- 
sentially to completion before the highest obtainable 
temperature is reached; (3) the reaction must be 
accompanied by a measurable heat effect; (4) the 
temperature in the cells is uniform; ( 5 )  heat is 
transferred to  the solutions by conduction alone ; 
(6) K ,  = K,; (7) Cp,r = C,,,; (8) Cp, K and AH 
do not vary over the temperature interval where the 
reaction occurs; (9) no heat is transferred through 
the thermocouples; (10) dn is proportional to dH; 
(1 1) the kinetics of the reaction can be described by 
a single rate constant; (12) the activation energy 
does not vary with temperature. 

Assumptions 4, 5, 6 and 7 have been discussed. 
It will be shown in the Experimental section that 
inequalities in the cell constants and heat capacities 
have little effect on the results. Assumptions 8 
and 12 are met almost exactly for temperature inter- 
vals that one might encounter in normal solution 
studies. Heat transfer through the thermocouple 
is taken account of for all practical purposes, when 
the cells are calibrated. Assumptions 10 and 11 
restrict the method to reactions which meet these 
conditions experimentally. Thus complex reac- 
tions are generally excluded. Some simple reaction 
which produces a gaseous product may not meet 
condition 10. If the gas forms a non-ideal solution 
with the solvent and exceeds its solubility in the 

(4) C.  Eyraud, Comfit. v e n d . ,  258, 1511 (1954). 
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course of the reaction, an interfering heat effect 
may occur. This problem may be overcome in 
some instances by working a t  constant volume 
rather than constant pressure. Assumptions 1 
and 2 are essentially restrictions on the solvent. 
The freezing and boiling points of the solution 
should be such that the DTA curve occurs well 
within these temperatures. Problems due to 
vaporization of solvent may be overcome by con- 
ducting the experiments a t  constant volume. \T''ith 
regard to assumption 3, reactions accompanied by 
a heat transfer of 5 kcal./mole can be quantitatively 
studied with the simple apparatus described below. 
Improved instrumentation could probably lower 
this limit. 

Experimental 
Apparatus.-The cells consist of two Pyrex tubes, 1.25 

iuches in diameter and 5 inches long. They have a capacitL- 
of about 60 ml. The differential thermocouple (DTC)  
is a 0.028 inch o.d. copper tube with a coaxial constantan 
wire, insulated from the copper by fiberglass. This type of 
thermocouple is available from the Precision Tube Com- 
pany, North Wales, Pa. under the trade name, Coaxitube. 
The thermocouples were coated with Kel-F to protect 
them from being attacked by the reactants. The bath 
temperature is raised by a conventional heater controlled by 
a T'ariac. It should be noted that  a linear temperature 
rise is not required. The output from the thermocouple 
runs to a Liston-Becker Model 14 d.c. breaker amplifier. 
From here the signal goes to a Brown recording potentiom- 
eter having a scale 0-20 mv. .4 fine-scale chart paper 
having 20 divisions/inch is used. The bath temperature 
( T8,) is measured with a calibrated mercury thermometer 
which can beread directly to  0.1'. 

I t  was assumed that  the temperature difference between 
the bath and reactant solutiou was negligible within the 
limits required for activation energy calculations, hence the 
bath temperature was used for this calculation. 

Calibration.-The heat of dilution of H2SOa was used to 
determine K .  One nil. of HzSOa4.964Hz0 was added to 
35 ml. of water in the reaction cell. This dilution is accom- 
panied by the evolution of 32.21 cal. of heat.5 -4 curve 
having an area of 3.72 sq. inches resulted. This gives K 
:is 8.66 cal./in.2. A chart speed of in./min. was used 
throughout. It was further found that a AT of 1' caused a 
pen displacement on the recorder of 8.95 in. With othese two 
conversion factors, K becomes 38.8 cal./min. C. The 
conversion factor for AT from inches to degrees was deter- 
mined by sending a 30 microvolts signal into the amplifier. 
The observed pen displacement of 6.61 in. together with the 
known e.m.f. of the copper-constantan couple (40.6 micro- 
volts/'C.) gives the figure of 8.95 in./'C. 

Reactions.-The thwrnal deconiposition of benzene- 
diazonium chloride has been studied by Crossley, Kienle 
and Benbrook6 who found the reaction to be first order with 

0 895 

0 671 

4;. 0448 

0.223 

TEMP :C ZLZO 2550 29980 14.10 3820 4 w O  46.45 5055 5505 5920 a10 6710 

Fig. 3. --I)TA curve for the decomposition of benzene- 
tli:izoniuin chloride. Temperature difference between the 
react:irit solution and  inert liquid is plotted as a function of 
tcinperature :ind tiiiie. 

t . j )  1: 1 )  I<cjs\ ini ,  I )  I )  \Vaxrnaii, W .  11 livans, S. 1,evine and I 
Jaiic,  "Selected Values of Chemical Thermodynamic Properties." 
S d t ,  Bur. Standards Cir. ,500, 1032,  pp. 42-43. 

H. Kienle and C .  H. Benbrook,  T H I S  J U U K -  

N A L .  62, 1400 (1940). 
(I\) 11. I , .  Crtissley, 1< 

an activation energy i d  27.2 kc;tl./mcilc ~ ~ i i t l  :i freqiictic). 
factor of 10'5.2 sec.-I. The reaction is 

The products are nitrogen and chlorobenzene or phenol or 
both, depending upon the c ~ n d i t i o n s . ~  Benzenediazonium 
chloride mas synthesized after the method described by the 
above authors. Thirty-fire ml. of a 0.4 -51 aqueous solution 
was inserted into one cell and 35 nil. of distilled water into 
the other. The initial bath temperature was 2" .  The 
bath temperature was raised at a rate of approsimatelj- 
lo/min.  The reaction is exothermic. The resulting curvc 
i, shown in Fig. 3. This figure shows that the curve did not 
return exactly to A T  = 0 a t  the conclusion of the reaction. 
For the purpose of the calculations, the bnielitie was taken 
to be the slanted line joining tlie curve extremities. 111 
order to obtain data for the activation energy plot, the 
height, slope and area of  the curve were measured :it 7 
temperatures. The rate constaiit \vas calculated a t  tlieyi, 
temperatures from eq. 13. The data are given in Ta l~ lc  I .  

TABLE I 

FIRST-ORDER RATE CoSSl'AXTS FOR THE L)ECOMPOSITIOS 01.' 

BESZESEDIAZONIUM CHLORIDE 
T e m p ,  T e m p . ,  

OC. A ,  sec. - 1  C C  k ,  sec - 1  

35 1 . 8 2  x lo-.* 54 2 . 7 4  x 10 - 3  

40 3 . 8 5  x 10-4 57 4.oo  x 1 0 - 3  
45 7.90 x lo-' 61.2 7.3s x 1 0 - 3  
,w 1 .m x 10.~3 

Figure 1 shows the first-order tion eiiergy plot anti :t 
comparison with the data of ley m d  co-\rorkcri.6 
It may be noted that the bcst straight line through Crossley'5 
points has a slightlL- lower dope than tlie line through the 
DTA points. Thus, the activation energies do not agrce 
exactlL-. By DTA one obtains an activution energy of 2S.:1 
kcal./triole and a frequency factor of 1018..3 sec. -l. Frotii 
eq. 5 the heat of reaction is found to  be -37.0 kcal.!Inolc. 
This gives28.3 - (  -37.0) = 66.3 kcal./inole as the activatioii 
energy for the reverse reaction. Twc other run5 were 
performed to determine the reproducibility of the result>. 
Activation energies of 2S.3, 29.1 and 38.5 kcal./niole were 
obtained. 

0 DTA /A 
Crossley e t .  0 1  i ,d I__'"' 

/' 

I 2  

- i n  K .  I 
'41; I 

300 320 340 360 
4 

I/T x lo5 O K .  

Fig. -I.-.Ictivation energy plot for the decomposition of 
benzenediazonium chloride. The circles represent the data 
obtained by diff ereiitial ther1n:il analysis (I)T:l) nnd the 
solid points the data. of Crossley and co-wrorkcrs 6 

( 7 )  The formation of Lo th  chlorobenzene and phenvl  i n  t he  dcc0111 
position of benzenediazonium chloride makes this a complex resctitm 
The  fac t  t h a t  good agreement is obtained suggests t h a t  the  he:rti c j l  
formation of chlorobenzene and phenol do n u t  differ greatly. 
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Fig. 5.--Bctivation energy plots for the benzenediazonium chloride decomposition assuming the order of the reaction 
to be zero, second, and third. 

In order t o  test the validity of the procedure for deter- 
mining the order of the reaction, k mas recalculated assuming 
the orders to be zero, second and third, respectively. The  
plots are shown in Fig. 5. Distinctly non-linear curves 
result, verifying the procedure suggested. In  this connec- 
tion i t  may be pointed out that  the data  points in the first- 
order plot fit a straight line with an average deviation of only 

The  reaction of N,N-dimethylaniline with ethyl iodide to 
give N,N,N-dimethylethylanilinium iodide is discussed 
by Moelwyn-Hughes.8 The reaction is 

0.18%. 

Some experimental difficulties were encountered with the 
present apparatus a t  elevated temperatures. There was 
considerable vibration in the recorder pen a t  temperatures 
above 70". This accounts for the presence of more scatter 
in the points on the activation energy plot. On the basis 
of the total curve area, the heat of reaction was found to be 
-20.4 kcal./mole. This gives 34.4 kcal./mole as the 
activation energy for the reverse reaction. 

1 / 

L "  J 

I t  is a bimolecular reaction, but if dimethylaniline is used a5 
solvent and is accordingly in large excess, the reaction 
follows pseudo first-order kinetics. The activation energy 
and frequency factor are 14.0 kcal./mole and l05.'2 sw-1,  
respectively.* Since these values for the kinetic parameters 
are considerably different from those of the  benzenediazo- 
nium chloride decomposition, it seemed an appropriate 
reaction to  study. 

Thirty-five ml. of dimethylaniline was inserted into the 
reactant cell and 40 ml. into the reference cell. When 
thermal equilibrium was established, 5 ml. of ethyl iodide 
was added to the reactant cell. The run was started a t  25' 
and terminated a t  150'. The resulting curve extended 
from 45 to  140", the  maximum occurring a t  117.5'. The 
rate of temperature rise was approximately 2.3"/min. 
The  time-interval was 40 minutes. Inasmuch as the reac- 
tion is first order,* rate constants were calculated a t  seven 
temperatures from eq. 13. The  values are given in Table 11. 

TABLE I1 

IS,K-DIMETHYLANILINE AND ETHYL IODIDE 
FIRST-ORDER RATE CONSTASTS FOR THE REACTION BETWEES 

Temp., T. k ,  s c - 1  Temp., ' C .  k, sec. -1 

84 .6  3.16 X 111 1.96 x 10-3 
91.2 4.51 X 117 3.66 x 10-3 
98.0 7 .39  X 125 5.55 x 10-3 

104.5 1.27 X low3 

The activation energy plot is shown in Fig. 6.  The 
straight line is based on the activation energy of 14.0 kcal./ 
mole and frequency factor of 105.12 sec.-l, quoted by Moel- 
w-?.n-Hughes.8 The  circles represent the data obtained by 
DTA. 

( 8 )  E. A. Moelwyn-Hughes, "The Kinetics of Reactions in Solu- 
tion." Oxford, 1933, p. 42. 

I! 
I 

270 zeo 2 5 0  260 
I /T I 105 O K .  

Fig. 6.--Activation energy plot for the reaction between 
N,X-dimethylaniline and ethyl iodide. 

Discussion 
It is interesting to note the order of magnitude of 

the quantities in eq. 13. For the benzenediazo- 
nium chloride decomposition, CpdAT/dt varies 
from 0.634 a t  35" to -2.70 a t  61.2". KAT over 
this range varies from 4.67 to 13.1 going through a 
maximum of 28.1 a t  64". K ( A  - a)  varies from 
486 to 26.5 and CpAT from 4.22 to 11.83 having a 
maximum of 25.4 a t  54". It is thus apparent that 
the quantities (C, dAT/dt) and CpAT are usually 
an order of magnitude smaller than the quantities 
to which they are added and subtracted. Neglect- 
ing these smaller terms, eq. 13 becomes 

AT 
A - a  

k = -  



GEORGE P. SEMELUK AND RICEIARD B. BERNSTEIN Vol. 79 4 (i 

and eq. 12 

( 2 2 )  

These equations clearly indicate why this method is 
so insensitive to errors. The heat capacity es- 
sentially drops out. Slopes, which cannot be ac- 
curately measured have only a small effect on the 
final equation. The cell constant also tends to 
cancel out. The dominating terms in the equa- 
tion are the height ( A T )  and remaining area of the 
curve (L4 - a ) ,  both of which can be measured ac- 
curately. In view of this fact, one would tend to 
assign more significance to the points calculated 
a t  lower temperatures where the remaining area is 

large and less susceptible to errors and where the 
smaller terms have the least influence. 

It should be noted that eq. 22 is identical to cy. 
19, the rate constant expression in differential en- 
thalpic analysis. This demonstrates that the 
curves obtained by DTA and DEAI are to a good 
degree of approximation the same. 

The exceptional feature of this approach to 
kinetics is the rapidity with which the measure- 
ments are performed. The complete procedure 
including analysis of the data requires about one 
day, where a conventional approach may require 
several weeks to obtain the same data. 

Acknowledgment.-The support of the U. S. 
Rubber Company in granting one of the authors 
(HJR) a fellowship is acknowledged with thanks. 
MADISON, \\'ISCOSSI~ 

~ C U . Y l . R I U U T I O N  FROM THE CHEMISTRY DEPARTMENTS OF ILLIS )IS ISSTITL'TE OF ' ~ E C I I N U L O G Y  A N U  'THE ~ N I \ . E I l b I 1  i' 0 1 .  
M I C H I G A S ]  

The Thermal Decomposition of Chloroform. 11. Kinetics'" 
BY GEORGE P. SEMELIJK~~ AND RICHARD B. BERKSTEIK 

RECEIVED JUNE 19, 1956 

?'lie kinetics of the tlicrinal decomposition of gaseous chloroform and chloroform-d have been investigated Eroni 450-525;," 
AAt I(JW cstent of reaction the rate expression was found to be - d/d t  [CC13H] = k[CCl8H]/(1 + b[HCl])'/,. 
ciiergy based on initial slopes T Y ~ S  37.2 & 2.0 kcal./tnole for chloroform and 37.5 + 2.0 kcal./mole for chloroform-d. 
frequency factor was 6.3 X 108 sec.-l in both cases. 

CC1.3H -+ CyC14 + HC1. 
h i m d  dissociation energy in chloroform is estimated to be El 5 7 2  kcal./mole. 

Thc nctivatioii 
T h e  

A mechanism satisfactory fcr lorn extent of reaction is (1)  CCI,H -+ 

Froin the present data  and auxiliary inf(rrmation in the litcrature the upper limit for the C-C1 
CC1,H. + C1.i (2)  CI. + CC1,H e HC1 + CCL; ( 3 )  CC13. + CI. -+ CC14.; (4). cc l3 ,  -+ CCla: + C1. ;. (5)  CClz: + 

In Part I' the experimental methods were de- 
scribed and the distribution of products in the py- 
rolysis of chloroform was discussed. The results of 
the kinetic studies are reported here. 

r / l l l ( i l t i l l  

727" K. 

-.' 0 5 

TIME ( M I N ) .  

Fig. 1.-Pressure rise studies in static system. 

(1)  (a) Part  crf a P h  D. dissert:ition submitted by  G P.S to t h e  
(:rarliiate Schnol of Illinois Insti tute nf Trrhnology: ( h j  Elc-ctr<, 
c 11 ern i c:i I I ,  a 1,r ,ra t or i e i , T u  1 sa, Ok i d . 

(1 !),5 % I .  
( 2 )  G. P Serneluk and K B. Bernstein.  'TIEIS J O U R N A L ,  76, 3793 

Results and Discussion 
Static System.-Figure 1 shows typical rc- 

sults of pressure-rise experiments carried out in the 
static system a t  727 * 2°K. The time for 259; 
pressure increase, " t 2 5 , "  (very nearly equal to the 
half-time) showed no trend with initial pressure of 
chloroform. For five experiments with Po(CC13H) 
in the range 8-26 cm. t 2 5  was 48 f 2 min. This may 
be compared with the value tZ6 = 24 min. a t  723°K. 
from the experiment of V e r h ~ e k . ~  Graphical dif- 
ferentiation of pressure-rise-time curves gave initial 
rates of about 3.5 X 10-3 m h - 1  which remained 
approximately first order in chloroform, in accord 
with V e r h ~ e k . ~  

For chloroform-d, the value of t 2 5  was GG inin.; 
the average initial rate was about 2.5 X IOp3 min.-l. 
More precise experiments using the flow system (as 
reported below) offered a much more reliable 
determination of the deuterium effect on the 
rate. 

The reaction was found to be inhibited by hydro- 
gen chloride. At 727"K., HC1 (Po = 7.4 cm.) was 
added to CC&H (Po = 21.1 cm.); the resulting 
XTalue of t 2 5  was 75 min. Similar inhibition due to 
HC1 was observed in the case of chloroform-d. The 
rate of pressure rise was, however, accelerated by 
added tetrachloroethylene (the major organic 
product), as discussed in Part I. For a run a t  
727°F;. in which CZCl4 (5.8 cm.) was added to CC13H 
(l(i.(i cni.), f L j  mas 10 min. 

A. 

( 3 )  F €1 Verhoek, l i u i i s  r n r a d a j  Soc , 31, 1525 (1935) 
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ABSTRACT 

Principles of  two computer programs useful for the evaluation of  heterogeneous 
kinetics are described. 

The first pro~mram ALANTA allows to obtain the non-isothermal kinetic curve 
from the shape of  general DTA peak using the DTA-cquation derived elsewhere 1. 

The second program SQU -EST determines the kinetic mechanism which is the 
most appropriate to a given non-isothermal kinetic c u ~ e  and evaluates the correspond- 
ing kinetic parameters. The program decides bc,wcen 19 kinetic models and uses both 
integral and differential methods of  evaluation. 

IN'rRODUCrlON 

Methods of  thermal analysis associated with the indication ofenthalpy changes 
become one of  the most important sources of  information on the behaviour of  solid 
materials I. The quality of such information depends on high level of  instrumentation 
and c~aluation of  experimental curves. 

One o f  the most utilized methods is that of  differential thermal analysis (DTA). 
The tram-formation of  rczordcd quantity, ,t7", to the desired information about thv 
property of  the system is understood as the analysis o f  an experimentally obtained 
DTA curve. For this it is necessary to use principles describing relations between the 
recorded quantity, experimental conditions and properties of  the system. The final 
relation can be called the " 'DTA equation" which was derived and discussed in our 
previous works z- ~, in which we also analysed the actual meaning of  individual 
terms. 

The complicated form of  the DTA equation can be expressed as~: 

d = K m A  A T - -  A T  Kvr~" Ah 

where a is the degree of  conversion, Kr, TA is a 

(I) 

temperature dependent apparatus 



2 2 4  

constant, C;, is the heat capacity, dh  is heat production of  the process and superposed 
dots mean the time derivative. The entire analysis of  DTA curve consists of  the 
transformation of  the experimentally measured dependence AT --= fit) (and/or = t"(7"), 
(where t and Tare  time and temperature, respectively) to the time depeadence of the 
de~ee  of  conversion a ---- fit) (possibly its time derivative d = fit)). 

KiP, etic data of  simple processes are determined from the dependence of the 
rate of  process upon the parameters defining the slate of the system, usually in the 
form ~ 

, ;  = k(T)ffa), (2) 
where k(7-) is the temperalure-dependcnt kinetic rate constant and Ka) is a function 
expressing the instantaneous ph.~se composition of  the system. Kinetic appraisal of  
the process thus represents the determination of the rate constant k(T) and simulta- 
neous estimation of the mathematical form of  the f(a) function. 

~,'AI.LWATIO.~ OF DTA CURVLq 

The DTA curve is a graphical or numerical record of  measured quantity, AT, 
on time-dependent variables characterizing external conditions, usually the tempera- 
ture of the sur rounding.  Curves consist of the regions of monotonous course (base- 
lines) and of  the regions where the enlhalpy change yields effects disturbing the 
monotous course of the curve. Most often effect is called peak which is c.haracterized ~ 
in F ig  ! (ori~nal  and final baseline - temperature differences BLO and BLF, 
respectively, peak beginning and peak end temperatures TO and TF,  rc~p., extra- 

\=: 
/ \ \  

m¢-~- i~  i \ I ' ~ "  7"~- -~ . ._  ~ ' '~ '~  \ 
I X I  I . . . . .  " " -  ..... % ~ ' ~ _  
I - I ~  - - - - ~  i , - ~ - ~ ' ~  I -  ~ ' ' ' ~ " ~  - - - - - - -  - - ~ ' ? ~  

' I 
! 

I-if. i. Basic c h a ~ i c $  for I)TA pca.k t . ~ p t i o u .  

Find 
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pointed onset and offset tempe.-atures T O N  and TFN resp., and rear inflex point 
temperature TIF). 

For the entire analysis of  the DTA peak, the program ALANTA (ALgorithm 
for the AN,.b,sis of TA curves) was compiled 7. The algorithm utilizes two basic 
subroutines EXIN and DGT3 which produce interpolation and numerical derivation. 
The flowchart of  ALANTA was ~ven  in reg. 7 and the program covers 18000 bites. 

Input data are sorted into four groups: 
( i )  Data characterizing experimental arrangement a~' temperature dependence 

of thermocouple EMF, apparatus constant and heat mpacities of  holders; in the form 
of tables. 

(2) Data describing sample (specification, weight of sample, thermal capacity, 
mole weight) and recording (sensitivity of A T  and T measurements, chart speed). 

(3) Data of  characteristic points of DTA peak. 
(4) Specification of DTA peak in the form of  non-equidistant sequences of  x- 

a n d  y-coordinates in millimeters. 
All data are converted into ~conds  and Kelvins. The teml~rature of  individual 

points is established by linear interpolation while the thermal capacities and apparatus 
constants are assigned by quadratic interpolation. 

The basic calorimetric relation can be read in the F O R T R A N  language .~s 
follows: 

DTA -:. DK/AC -- (CO + AI.FA • DC - CR) • FI /AC -- 
- (CO -- A L F A .  D C ) ,  DDT/AC -- DH • DALF/AC,  (3) 

where DTA is the temperature difference between tb ~ sample (S) reference (R), and 
DDT its time derivative, DK is the difference of  heat transfer coefficients, CO and 
CR am heat capacities of  the sample and reference including their holders, DC is the 
heat capacity change due to the process, ALFA is the degree of conversion and 
D A L F  its time derivative, FI is the heating rate, AC is the apparatus constant and 
DH is the enthMpy change due to the process. 

For the initial state of the sample before the peak, ALFA =- 0, DALF :-- 0 and 
D D T  is constant, so that it follows s from eqn (3): 

BLO -- DK/AC - (CO - CR) * FI/AC - CO • DDT/AC,  (4) 

where BLO means the original baseline (linearly extrapolated for ~/" > "1"O). :Similarly, 
we can obtain the equation for tile final baseline BLF (linearly extrapolated for T < 
TF), in 

BLF -- DK/AC - (CO - CR + DC) • FI /AC -- (CO + DC) • DDT/AC,  (5) 

if  considering conditions of  the final state of the .~ample (ALFA -= !, D A L F  :--" 0 and 
DDT ~ consL). 

By comparing eqns (4) and (5), we can describe the thermal capacity change 
during the process as 
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D C  --  A C  * (BLF -- BLO)/(FI -F DDT) .  (6) 

Linear interpolation o f  the baseline in the region o f  (TO < T < TF)  -- BL, 
is n'ade as a linear combinat ion o f  BLO and BLF 

BL --- (1 -- A L F A ) ,  BLO -.'-- ALFA * BLF (7) 

This procedurc is in accordance with the ICTA recommendation if ALFA fulfils the 
following requirements: 
ALFA = 0 for T < TON 
ALFA --- (T -- TON)!CfFN -- TON) for TON < T < TFN 
ALI-'A - :  1 for T <  TFN 
The initial peak area (ARO) is treated in accordance with the ICI'A recommendation 
for the peak area evaluation and is calculated by the numerical i n t e ~ t i o n  of  the 
difference (DTA - BL) within the limits from TO to TF. 

TF 

= j (DTA - BL)dT (8) ARO 

TO 

Entire values of  ALFA for individual temperatures are then given by 

T 

ALFA - I f ARO (DTA - BL)dT (9) 
"IO 

The sum of  the first three terms o feqn  (3) is called the actual peak background, 
BG, and can be calculated with the equation 7- 8. 

BG := BL - (CO "- ALFA * DC)*  DDT/AC, (10) 

where BL is obtained by substitution of  ALFA from eqn (9) into the eqn (7). 
The final (true) peak area, FARO, is then calculated by the numerical integra- 

tion of  (DTA -- BG) within the limits from TO to TF,  or  

T F  

= J ( D T A  - BG)dT (!1) 

A t  

FARO 

TO 

The refined (true) de~ee  of  cow,~rsion is consequently found for individual tempera- 
tur¢~ as 

T 

ALFA --- ~FAROI f (DTA -- BG) d T  (12) 
TO 

The final values of  FARO and ALFA are elaborated by successive iteration loop of  
eqns (7), (it)), (11) and (! 2) which is completed when two consecutive values of  FARO 
agree within i ~ .  This is usually reached within thxee loops. 
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Print out lists following data for both linear and 
approxlma!Ion: 

measured quantity DTA and its derivative DDT 
degree of conversion and its derivative DALF 
peak background BI. or BG 
cha,nge of the heat capacity during the process DCP 

cnthalpy change during the process DH. 

actual Peak birckground 

By kinetic parameters we understend constants, which suhsrituted into a chosen 
kinetic mudcl, agree with the cxpcrimental kinetic curve (the time-dependence of the 
dc_grcc of conversion). For the description of mczhanism of solid-state reactions the 

simple two- and three-dimensional model of reacting particles is used as iliustrat,cd in 
Fig. 2. The program utilizes ninctccn preselected tJpcs of heterogeneous proccs~& 9 
and ten diffcrcnt rc;ictions ordsrs for homogcnvouslike ~KKXWCS. 

Entire analysis utilizes computer program SQEScig of a~: extent of 70000 bites 

nnc 

FI& 2. Gnphka! illustraCon of a~~~putcr classifktion of solid-state procsses. 
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which employs two basic subroutines PX and PLOT assuring the evaluation of the 
function p(x) l° and numerical print of graphs 9' '~ 

Input data are divided into two groups: 
(!) Data characterising the input kinetic curve (number of points, length of 

surp, heating rate, onset temperature, and desired accuracy of evaluation). 
(2) Entire values of ALFA vs. time-dependence. 
The basic integral method of evaluation 9 starts from mere ALFA vs. T data 

using the equation: 

CI = ALOG(GALFA) - ALOG(PX) 03) 

~hete C[ is a quanthy which should be constant in the case of a satisfactory choice of 
a kin':.tic model relation f(a), ALOG means natural lo~r i thm,  GALI-A is the so- 
caped inte~al form of the function ffa) 

(defined a.~g(a) = f da/f(a)) 
~g 

and PX is the tcmpcr, tturc-dcpcndent function called cxponcntial-intcgral ~°. Algo- 
rithm tests the constantness of CI for functions GALFA corresponding to various 
kinetic models. Kinetic parameters for individual models are then calculated through 
a modified Arrhenius plot: (log g(a) vs. l/T). 

The standard deviations of given plots are also calculated together with the 
corresponding extent of the linearity region. 

For the case that the integral method is not sensitive enough to distinguish 
various forms of the function GALF'A (when merely differing by the value of the 
exponentg), the program provides a consequent procedure ~1 which uses more 
sensitive but less accurate evaluation by the differential method. This .~lgorithm 
c ~lassifies the processes according to the extent of the linearity region in which the plot 
of lo~ / f ( e ) )  vs. I/Tis linear in order to assist further refinement of nucleation-growth 
models. It yields only a complementary, graphical print of most probable functions 
f(-,). 

Resulting data. provide maximum information concerning the more probable 
mechanisms while excluding less probable ones between file 19 employed kiagtio 

J I' 

models. Final classification of so far acceptable mechanisms is made separately for 
three chosen regions of process which makes it possible to determine the chang/~ in 
reaction mechanism during the pr _tx:es__s. Apaxt from the extent of the linearity region, 
the model relations are classified according to the value of the re-exponential factor. 

The print-out includes the mechanism specification (diffusion D, phase- 
boundary reaction R and nucleation-growth A), values of associated activation energy 
and pre-exponcntial factor accompanied by the standard deviation and the extent of 
lineari'ty. Graphical printing of the plot GALFA vs. liT is also available together 
with the complementary plot according to the differential method of kinetic data 
evaluation ~ , 
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AH E Z Mechanism Linearit¥ 
(d~.  see.) (kr_nl) region (~o) 

Linear  87.5 i0  t.:, A !  
b a c k g r o u n d  6 ! 3 54 

1 1 8  2 • 1 0  ~ A3 

Ac tua l  38 1.5 - IO" A I  
b a c k g r o u n d  617 51 

52 ~5.3 - lip A3 

EXAbIPLE FOR THE PROGRAM APPLICATION 

To demonstrate our procedure for the evaluation of  the DTA peak, the phase 
transition of  BaCO3 at 810 °C was chosen. The measurement was carried out on 
DTA apparatus by Netzsch. The measuring head was equipped by the differential 
P t -P t /Rh  10 thermocouple. The thermoelectric power differenc~ was registered with a 
chart  sensitivity 0.05 mV/250 mm at a chart speed equal 1200 mm h-~. The heating 
rate was 5 K ra in - t .  

The results are listed in Table 1. The first line gives the data obtained considering 
,; to be proportional to DTA - BL (eqn (9)) using the linearly interimlated baseline 
BL, while the following line shows the corresponding data calculated by proportional 
to DTA - BG (eqn (12)) using ALANTA.  

From Table 1, we can see that the type of rate-controlling proces~ remains 
unchanged while the values of activation enemy and frequency factor are fundamen- 

tally changed. It  is evident that the applied correction to the experimentally obtained 
DTA curve considerably affects the values of  ev,-,luated kinetic data. In our case, the 
activation enemy changes by about 25 ~o which exceeds the normally accepted error 
of  about 10~.  This demonstratt.'s very. well the ne t~s i ty  of utilization of  the non- 
simplified DTA equation (eqn O)) in order to obtain the information on the rate of the 
process and the associated kinetic data. 

DI~2USSlON 

The above described computer procedures make it possible to apply DTA 
corrections and carry out a more complex fitting of  hypothetical models with the 
corrected (kinetic) DTA curve. This was impossible by normal treatment. All this is 
ct-nainly a starting point for the solution of  additional qu~tiox~ which arc a c t ~ a r y  
for a more advanced evaluation of  DTA measurements 5. 14 

Program ALANTA works with the DTA equation which assumes tile homo- 
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geneous distribution of temperature within the sample which is invalid particularly 
for solid materials. This was demonstrated on the rectangular probing pulses 12 
generated by a microheater in the DTA sample holder, where the correction was not 
found satisfactory 4" ~ 3 in the region of  be~nning of the peak and the end of  the peak. 

Program SQUEST is based on mathematical treatment developed for normal 
handling of TG curves. This procedure assumes certain simplifications. The investi- 
gated process is so simple that the instantaneous state of  the sample is characterized 
by a s in~e parameter a .  The rate of process d i~ then a function of  two variables a and 
7", i.e., d --: ffa, T). This function is then replaced by the multiple o f  two separate 
functions each of them depending only on z singJe parameter, see eqn (2). For  the 
anal~ical  description of f(a), tile kinetic models deirvcd for isothermal conditions are 
usually employed. Recently, the validity of some of  these models was also approved 
for non-isothermal conditions t't. The function K(T) is expressed by mvans of  an 
exponential in accordance with the practice of  chemical statistics. This, however, 
does not include the effect of  a stability of  the initial state on the course of  reaction 
nor the effect of equilibrium temperature I s - ms 

Another more general problem is the reliability of  the calculated kinetic data. 
If  re~ulting data are expected to have a true physical meanin~ the p r o ~ a m  should 
only be applied to experimentally well-distinguished cases. Possible inhomogeneity of  
resulting data, e .~,  an impossible type of mechanism selected by the program, large 
values of  standard deviation or incon_~tancy of  kinetic parameters, may be :t signal of  
an inadequate application of the above evaluation procedure for the de~ript ion of  
some more complex solid-state reactions. In accordance with the use of computers 

for fitting the hypothetical kinetic models to an experimental kinetic curve we face the 
problem of ~lect ing certain criteria to describe the suitability of these models. 
Principles of mathematical statistics should be more generally applied which, of  
course., will bring ~ o n g  additional problems concerning the transformation of  the 
experimental kinetic curve into the form of a mathematical record x"  t s 

The present possibility of computer analysis certainly offers more sophisticated 
computer programming which will be able to include more general kinetic models 
suitable for the description of, e.g., melting or dissociation of solid solutions, spinodal 
decompositions or other phase separations in multicomponent systems, where a 
s in~e conversion parameter a is not sufficient to describe the instantaneous state of  
mu:fiparameter processes ! e. ~ 
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