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CALORIMETRIC DETERMINATION OF PURITY BY SIMULATION OF
DSC CURVES 2

S. Bauerecker, S.M. Sarge and H.K. Cammenga

Institut fir Physikalische und Theoretische Chemie der Techni-
schen Universitat Braunschweig, Hans-Sommer-StraBe 10, D-3300
Braunschweig (F.R.G)

This paper presents further results of the purity determi-
nations by simulated DSC curves. The instrumental parameters
of a heat-flux DSC are now determined at two temperatures
whereby the accuracy of the results is improved. In addition
the calorimeter model is adapted to another calorimeter. The
method also allows a more exact determination of fusion tempe-
rature.

Van"t Hoff’'s law is a considerably simplified description
of the coexistence curves in a eutectic phase diagram. A
detailed error analysis of the five simplifications leading to
this law shows that the relative total error introduced is
proportional to the impurity concentration and is of same
magnitude as the latter.

Introduction

The rapid development of microcomputers in the recent past
has facilitated simulation of the heat flux behaviour in calo-
rimeters. Since one can expect an increase in computational
speed and in storage capacity by a factor of 5-10 within the
next few years, simulation of natural and technical processes
will generally become more and more attractive <1>.

This work presents further results obtained with a simple
method first described in our previous article <2>. In this
calorimetric purity determination method we compare experimen-
tal DSC-curves with calculated ones using a suitable calorime-
ter model. Since van't Hoff's law of freezing temperature

depression is the basis for the conventional purity determina-
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tion method, the resulting errors of the five mathematical and
physical simplifications in the derivation of this law are
assessed first,

Assessment of the Errors of the Simplifications lLeading to
van't Hoff's Law

In the following derivation of van’t Hoff’s law of freezing
temperature depression the relative error Re; = (Xo-X5")/Xy"
(Re; = (approximate quantity - true quantity) / true quantity)
is calculated for each step of simplificetion. Such an assess-
ment is necessary for a statement of the accuracy of purities
determined in using van't Hoff s law.

Ideal eutectic systems show complete miscibility in the
liquid and immiscibility in the solid phase(s). For equili-
brium at constant pressure the following equation describes
the coexistence between melt. and crystal between eutectic and

fusion temperatures <3>:

E
H, =A. H+AC *T AT AC T
lna, = 1 fus p_fus , . —B 4y fus (1)
*
R T*Te s R T

ist simplification: The temperature dependence of the acti-
vity coefficient is neglected. Thus the differential enthalpy
of dilution H1E is taken as zero: HlE = 0.

-4 H+AC _*T AT AC T
lnal - fus p_fus , _ P ox1p fus (2)
R T*T R T
fus

Req = (Xp-X5 )/Xp = (lnag-lnag’)/lnay =
(Inaq-1naq )/ (~ApyeH* AT/ (R*T*Tg o)) = HeB/ng o

2nd simplification: The temperature dependence of the en-
thalpy of fusion is neglected. This implies ACp=G (because of
Planck™s equation: (dAg H(T}/dT)gex = ACp + AfUSH/T -
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A gygh* (8ln V/GT)p).

AfUSH*AT
1na1 = (3)
* T %
R*T TfUS
Reg = (X5-X5")/Xp" =~ (lnaq-1lnay’)/1lnaq” = ACp*AT/(Z*AfUSH) ~

ACp*R*Tfuszl(z*Afust)*XZ

3rd simplification: Instead of activities concentrations
are used: a = Xl*fl = Xii (fl = 1),

Ao H*AT
In(1-%,) = - _fus (4)

*T*
R*T TfUS

RB3 = (X2'X2‘)/X2’ ~ ["ln(l-X2) + ln(l—Xz')] /X2‘ =
'lnfl/X2’ ~ -lnf1/X2 = "C*XZ

4th simplification: The logarithm is approximated:
ln(l—Xz) a —X2.

AfUSH*AT
X2 = (5)
R*T*T
fus

Regy = (Xo-Xo ) /Xp = (Xo=Xp#1/2%X52)/Xy" = 1/2*X,

5th simplification: The freezing temperature of the pure
substance Tg,, is substituted for the lowered freezing tempe-
. 2
rature T: T*Tg g = Tgyg

AfUSH*AT
X2 = (van"t Hoff s law) (8)
*
R*T
fus

Reg = (Xo-Xo") /X5 = -AT/Tg g » ~R*Tg, o/ AgysH*Xo
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The total error Retot is the sum of the individual errors

Req to Reg. Table 1 compiles the analytical‘expressions for

the five errors.

Several systems of organic substances have

been used to demonstrate the typical ranges of errors invol-

ved.
Table 1 Relative errors Req to Re
(* 5 systems: benzene—cyc?ohexane <4>, benzene-ace-
tone <5>, acetone-benzene <5>, acetone-water <5>,
water-acetone <5>; ** 4 substances: benzene, toluene,
naphthalene, trans-azobenzene, <6>, <7>, <8>; *** 3
systems: benzene-cyclohexane <4>, methylal-carbondi-
sulfide <9>, carbondisulfide-methylal <9>; **** g
substances: benzene, toluene, naphthalene, trans-
azobenzene, carbon tetrachloride, water, tin,
sulphur, <4>, <10>)
Analytical expression Simplification Range of error
H .
Req or C’*X2 fl(T) x fy4 -2.37...0.44
H
Afys B
2
AC_*R*T
fus **
Reo - * X2 - De,sH(T) = Ag o H 0.006..0.13
fus
Inf
Reg| - —2L  or -C*X, ag ~ Xq -0.48..-0.32 "7
X
Rey 1/2*Xs In{1l-X5) = -Xj 0.5
R*T
Reg | - —LY8 * X Teya*T = T2 -1.87..-0.13 "%
5 2 fus
A H
fus

For small concentrations of impurities (XZ < 0.05) all five

errors can be expressed as being proportional to X5. Rey and

Req depend on the properties of both components of the mix-

ture, Re, and Reg only on those of the main component and Rey

does not depend on substance properties. Except for Rep, the

"order of magnitude for all errors is about 0.5 to 1,

He2 is

smaller by a factor of 10.

Owing to different sign, the errors

partly cancel. As an example the total error for the system
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benzene-cyclohexane is Retot = (0.32 + 0,01 - 0.46 + 0.50 -
0.23) * Xy, = 0.14 * X,.

To control the results obtained, for all of the five esti-
mations both X, and X, are calculated by the equations (2) to
(6) respectively (1) to (5). The left side of the approxima-
tions (Xz—Xé)/Xz‘ is then compared with the analytical ex-
pression on the right side, whereby the data for the system
benzene-cyclohexane have been used. For all simplifications in
the five assessments the errors were less than #5%. In summa-

ry, the following statement can be made:

The amount of the relative total error inveolved in van't
Hoff s law is approximately of the same size as the impurity
concentration: 'Retotl = X2.

This applies for impurities in the concentration range
0...0.05. Example: X,” = 0,05, Rey,¢ = $0.05, X, = 0.05 ¢
0.0025.

In the following model calculations the description of
eutectic systems will be based on equation (4), thus in con-
trast to standard procedures of purity determination the er-
rors Re,y and Reg are avoided. It is hardly possible to use the
more exact equations (1), (2) or (3), because in the case of
the impurity being unknown, nothing can be said about the

activity coefficient and the enthalpy of mixing.

Modelling a Heat-flux Calorimeter

Fig. 1 shows the R-C-model of a heat-flux calorimeter
developed in <2>, which is based on an analysis of the heat-
flux behaviour in the Heraeus TA 500 calorimeter (Heraeus
GmbH, Hanau, F.R.G.)

In <2> wé have described how the equipment parameters R,,
Rp, Ry, Cq and C, can be derived from two heat capacity meas-
urements. Table 2 lists these parameters for the Heraeus TA
500 calorimeter for the temperatures 50 and 200°C. The diffe-

rence to those given in <2> arise from a new calorimeter head
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being installed. T4 is the time constant between oven and

measuring head.

T;,C5| Sample
R3
Crucible for | R 4 Crucible for
TZ C2 sample + reference + | T, JC1
! sensor plate sensor plate
R, R,
To Furnace

Fig. 1 R-C-modell of the heat-flux calorimeters used <2>

Table 2 Parameters of the calorimeters Heraeus TA 500 and
Mettler FP 84

87 °| Ry=Rp / K*W L Ry / k*wh | ocy=Cp s okt oTy /s

Heraeus TA 500

50 240.4 80.9 0.218 52.61
200 131.5 102.8 0.365 47 .81

Mettler FP 84

70 =123 =761 =0.087 l =10.7

One can see in Fig. 3 and 4 that the fit of calculated to
experimental curves using the new temperature dependent para-
meters is even better than in <2>.

Since the model presented is relatively simple, it can be’
easily adapted to other heat-flux calorimeters. Table 2 also
gives the parameters for the calorimeter Mettler FP 84 at § =
709C. In the Heraeus TA 500 calorimeter the temperature Ty is
measured below the sample container. In the Mettler calorime-
ter, however, only the oven temperature Ty is recorded. Thus
with the FP 84, the temperature differences necessary for the
derivation of instrument parameters (see equations (21)-(23)
in <2>) can only be determined indirectly. Therefore the

parameters for the Mettler FP 84 are only approximate values
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Fig. 2 shows the fusion curve of zone purified trans-
azobenzene obtained with the Mettler FP 84 at a heating rate
of 2 K*min'1 and the calculated optimal fit with
Xo(sim) = 0.02 mol%.
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Fig. 2 Fusion curve of trans-azobenzene, —— Mettler FP 84,
heating rate 2 K/min; and simulated curve, ****, with
Xo(sim) = 0.02 mol%.

Purity Determination by Simulation of DSC Curves

In the DSC purity determination method by simulation of DSC
curves the experimental (real) and the calculated fusion curve
are plotted in one diagram and compared. The property aimed at
- the total impurity concentration - is varied together with
the fusion temperature until an optimal fit between experimen-
tal and calculated curve is obtained.

The results shown in Fig. 3 and 4 have been obtained in the
following manner. A mixture of zone purified naphthalene with

2.36 mol% trans-azobenzene {also zone purified) was prepared
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Fig. Fusion curve of naphthalene, » Xo(exp) = 2.36 mol¥%;
. “en : 9
simulated curve,’ , X2(31m) = 2.30 molk%.
120 95 DSC-PLOT
Datum + 29/04/88
Versuche-Nummer 0142
% Operateur 1 S.8.
: !
Substanz NAPHTHAL IN
> 100 ‘l 2 SpeziFrkarion 1 2 39MOLE AZO
T F 90 R Eynwasge + 2,580 ng
2 ] Holmas3e » 128,190 g/mol
2 ~ Dateiname + NAPH142
' = Geraet '
80 Tiegel-Metorial
a5 Stant.Temporatur s 66,312 Grad C
" Helz-Rate v 0,985 K/min
End-Temperatur 1 B7.982 Grad C
&0 4 H 0.000E 00 0. 100E D1 $
N2 1319
C) C . 248E DD JIK
2z . 248E DD J
F 80 3 . 334E-D2 /K
R . 219€ 03 v
R2 . 233 DT KAV
40 R3 . 600E D2 K/
7 R4 . 993E 02
TA . 463E 02 GRAD C
TeuT . DOCE 00 GRAD C
G . B0SE €2 GRAD C
L 75 XEND . 132E 04
Hz . 985 00 K/MIN
X2 . 240E 01 MOL
20 4 Z . 830E 00
HSCHM . 1BBE 05 J/MOL
) i : 256 0 g
HOLMA . 1288 03 G/MOL
PEW . 166E 03J/K/MOL
NTH . 000E 00 J
L 70 FLAEC . 000E DD KeS
0 4
-20 g T T T 65
0 H 10 15 . 20
t / min
oSy S e
. . 0.
Fig. Fusion curve of naphthalene, , Xo(exp) = 2.386 molk%;

simulated curve, *'*, Xo(sim) =

2.40 mol%.
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as a physical mixture. Even mixing of the components azoben-
zene (red) and naphthalene (white) results in an even colour
distribution in the mixture. To check the homogeneity of the
mixture and the reproducibility of the technique two samples
of 2.420 mg and 2.580 mg mass are weighed into aluminium
crucibles. Fig. 3 and 4 show the fusion curves and their
optimal fit. The impurity concentrations were determined as
2.30 mol% and 2.40 mol%; this corresponds to a deviation of
-3% and +2% respectively.

The column on the right side within the figures contains
all data pertinent to the substance and instrument used in a
specific case.

Fig. 5 and € demonstrate the applicability of the method
also for small impurity concentrations and for different tem-
perature regions. One recognizes in F;g. 5 that the fit for
cyclohexane with X, = 0.0045 mol% at the relatively low tempe-
rature 8¢, = 6.71°C is very reasonable. As shown in Fig. 6
the fit for indium in the falling part of the fusion curve is
not as good. In the increasing part of the curve, however,
which is the one important for the impurity assessment, the
fit is good and the impurity content derived as X2(sim) =
0.0001.mol% is the same as given by the manufacturer.

The experiments shown in Fig. 3 to 6 were performed at the
same heating rate, 1 K*min~l. The figures demonstrate well the
qualitative differences in peak form and peak ‘height with
increasing purity of the main component.

In Table 3 the results of the fits of this and the prece-

Table 3 Compilation of the different fitting results in this
paper and <2> together with Rg and X,

Substance Ry / K*w~1 Xo (exp) / mol% | X5 (sim) / mol% | Error
YHeraeus TA 500

Naphthalene 60 0.98 0.8 -18%
Naphthalene 80 5.01 5.4 + 8%
Naphthalene 70 2.36 2.30 - 3%
Naphthalene 60 2.36 2.40 + 2%
Indium 90 < 0.0001 0.0001 > 0%
Cyclohexane 65 unknown 0.0045 -

Mettler FP 84
Azobenzene 20 ] unknown I 0.020 I -
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ding paper <2> are compiled. The second column contains the
heat resistance Ry between sample and sample subport, which is
not a pure instrument parameter, but depends to some extent on
the substance. For the Heraeus TA 500 calorimeter a mean value
of Rq = 70 K*W-1 is obtained. This value is in good accord
with that determined in <11> from the slope of the fusion
peaks of several pure reference materials for temperature and
enthalpy calibration, viz. 80 K*w-1, '

Determination of Fusion Temperatures by Simulation of DSC

Curves

The extrapolated onset-temperature of a fusion peak is
usually taken as the temperature of fusion. This onset-temper-
ature depends on calorimeter and substance parameters, e.g.
heating rate, sample mass, and purity of the sample. The
influence of these parameters can be easily studied in varying
their mwagnitude in Ehe simulation of DSC curves. Using the set
of parameters given in Fig. 3 (but at X, = 0.3 mol%) a varia-
tion in sample mass by a factor of 2 results in a shift of
0.1 K for the temperature of fusion. Since in fitting of cal-
culated curves to the experimental DSC curves instrument and
substance parameters are taken into consideration, this method
offers a more exact determination of fusion temperatures.

Furthermore, comparison of calculated with experimental
DSC-curves gives hints about correc. function of the calorime-
ter and about the phase transformation (e.g. ideal eutectic
behaviour). Thus it became evident during measurements that
the actual heating rate of the Heraeus TA 500 calorimeter may
differ by +2% from the set value, (see also the legends in
Fig. 3-6, parameter HZ). These deviations may especially af-
fect those techniques, which depend on the heating rate, €.g.
measurements of heat capacity or kinetic parameters.
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List of Symbols

activity of component i
C’ constants

heat capacity of zone i
%p difference in molar heat capacities
ig activity coefficient of component i
Hq differential enthalpy of dilution
H molar enthalpy of fusion

universal gas constant

heat resistance of path i

relative error i

absolute temperature
us fusion temperature of pure substance
? temperature difference
time
temperature in degrees centigrade
i mol fraction of component i
1 time constant between oven and sensor
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Zusammenfassung

Weitere Ergebnisse zur Methode der Reinheitsbestimmung
durch simulierte DSC-Kurven werden vorgestellt. Die Gerédtepa-
rameter eines WdrmefluBkalorimeters werden fir zwei Tempera-
turen berechnet, womit genauere Ergebnisse erzielt werden
kénnen. Das Kalorimetermodell wird an ein weiteres WérmefluB-
kalorimeter angepaBt. Die Methode bietet aufgrund der Berick-
sichtigung von Gerdte- und Substanzeigenschaften auch die
Méglichkeit einer genaueren Schmelztemperaturbestimmung.

Weiterhin wird eine Fehlerabschatzung zum van't Hoffschen
Gesetz durchgefihrt, welches eine vereinfachte Beschreibung
der Koexistenzkurveneines eutektischen Phasensystems und damit
der Gefrierpunktserniedrigung darstellt. Dabei ergibt sich,
daB der relative Gesamtfehler proportional zur Verunreini-
gungskonzentration ist und in der gleichen GréBenordnung wie
diese liegt.

Peswme - [IpescraBieHH JajbHelmme Pe3SyALTATH NO ONpPeLeNeHRD
YUCTOTH C noMOmBP® MoZexbuux Kpusux JCK. HHCcTpyMeHTalXbHHe na-
pamerpr ExA JACK ¢ TemnnopumM HOTOKOM OHAM OnpejeneHd NPHE EBYX
rTeMmeparypax, BCAEACTBHHE Yero yIyulleHa TOYHOCTH HOJYUAEMHX PpPe-
3yxbraToB. JONOJXHHTEABHO K 3TOMy, KaHHad MOXEeAb KalOoPuMeTpa
npucnocobxena K APyroMy KalopEMerpy. Meros Takxe nmospozser 60~
JNee TOYHOE OIpeleNeHHe TeMmMOeparypH niasieHud. 3axor Barnr-Todda
3HAYHTEJNHHO YNPOMEHHO ONMUCHBAET COCYMEeCTBOBaHHE KPHBHX Ha 3B=-
TeXTHUeCKO# (as3oBo#t Xuarpamme. FeraxnbHuit aHazns ommOOK nATH
ynpomenuili mpEBea X TOMy, UTO 38KOH NOKasax, YTO PBEJEHHaA OT-
HOCHTeabHad ofmas omuGKa NPONOPIUOHANBHAE KOHUEHTDPANHH OpUMECH
H ABJASeTCHA Taxoit BeruyuHo#, Xak B CaMa KOHNEHTDAaIKA.



