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Signals obtained from a differential scanning calorimeter (DSC) include instrumental effects of time lag
due to slow thermal conductance. The dynamic response of samples is influenced by the effects, especially
on the occasion of phase transitions. A deconvolution method calibrating the instrumental effects for the
heat-flux DSCis reviewed and applied to the eutectic mixtures of aqueous solutions of NaCl and glycerol to
determine the phase behaviors without ambiguity in the interpretation of the peak profile. The method is

useful for the measurements with fast heating runs, which inevitably have larger time lag but is required
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for e.g. polymeric systems to reduce reorganization on heating. The results of the deconvolution are well

DSC agreed with the data in the literature.
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1. Introduction

A conventional differential scanning calorimetry of heat flux
type (CDSC-HF) measures the temperature of a sample and the
heat flow rate from the sample. This tool has been widely used to
study the heat absorption or release in physical, chemical and bio-
logical processes [1-3]. Among them, the study of phase behavior
has been utilizing CDSC-HF as a source of fundamental informa-
tion of the phenomena [1]. Phase diagrams provide us information
about a phase at a given temperature (T) and composition (x) of
the system of interest. Unfortunately, however, DSC apparatuses
give us a distorted signal of the heat flow rate, as shown in a
schematic representation (Fig. 1). The schematic phase diagram of
a eutectic mixture shown in Fig. 1(a) predicts an ideal heat flow
rate-temperature diagram (thermogram) shown by a solid curve
in Fig. 1(b) at a prepared composition, x;. In reality, however, the
thermogram is distorted like the one shown by a dashed curve in
Fig. 1. The distortion of the thermogram in Fig. 1(b) clearly requires
careful consideration to the peak profile of CDSC-HF data in order
to construct the correct phase diagram.

In the standard interpretation of the peak profile of heating runs,
the sample temperature is supposed to be kept constant at the
eutectic point when the temperature reaches at the lower tem-
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perature peak. Hence the distortion on the peak profile at the
eutectic point can be calibrated by the extrapolation of the peak
to the onset temperature. On the other hand, the higher tempera-
ture peak should end ideally at the liquidus point at the prepared
composition x1. The ending of the peak, however, is always dis-
torted by a time lag between the end of the melting and the return
of the heating rate to the programmed one. Therefore, the extrap-
olated ending temperature or the second peak temperature does
not necessarily correspond to the true liquidus point. The detailed
information of the instrument is required for the accurate determi-
nation of the liquidus point, which in turn is essential to construct
the correct phase diagram. To deconvolute the instrumental effects
from the raw data, it is important to know the exact reasons of the
distortion.

Instrumental effect such as time or temperature lag is not a new
issue. Regarding this, there have been several methods based on
mathematical treatments [4-8] and extrapolations [9,10] proposed
in the last four decades. Among them, Boettinger et al. [4] recently
reviewed thermal lag problems and presented possible mathemat-
ical models for both pure metal and eutectic alloys. In their models,
importance was given to the sample kinetics (such as solute diffu-
sion in alloys) rather than the instrumental effects caused by the
heat transfer between sample and instrument. On the other hand,
extrapolation methods [9,10] paid much attention on the choice
of the baselines to determine the true melting temperatures, as
shown in Fig. 2. The extrapolated peak-onset temperature shown
in Fig. 2(a) was assigned as the true melting temperature of the
pure material and was determined at the intersection point of the
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Fig. 1. Schematic representation of (a) a phase diagram of a eutectic mixture and (b) the heat flow rate-temperature diagram (thermogram). In (a), liquidus (BE) and solidus
(AE) lines meet at the eutectic point (E). T; is the eutectic temperature and T; is the ending temperature of melting at the composition x; in the eutectic mixture. In (b), the
solid curve is an ideal heat flow rate of transition expected from the phase diagram in (a), and the dashed curve is the corresponding one distorted by instrumental effects.

auxiliary line through the descending peak slope with the linearly
extrapolated initial baseline in GEFTA [9] method and with the
abscissa, i.e. the line of zero heat flow rate, in SARGE [10] method,
respectively. To determine the melting temperatures of the com-
plex event as shown in Fig. 2(b), the auxiliary line is drawn from the
individual peak tips to the baseline at the slope, y, set at the same
slope as that of the melting of pure material, which is supposed to
proceed at a fixed constant temperature.

The present paper mainly focuses on the instrumental effects
on the melting process of a eutectic mixture, so that the effects are
more significant for faster heating runs because of larger instru-
mental time lag, while the kinetics of melting is supposed to be
fast enough. For this reason, we follow the method of Toda et al.
[8], who have suggested a calibration method of deconvolution of
the instrumental effects to obtain the true sample temperature
and heat flow rate from the sample. We have recently applied
the method using CDSC-HF on eutectic ternary mixtures in our
previous paper [11] without any detailed explanation. Since the
mixtures were aqueous solutions of poly(ethylene glycol) with the
addition of NaCl, the heating runs at sufficiently high rates were
necessary to reduce the reorganization of polymeric crystals. Thus
the application of the deconvolution method was essential to con-
struct the phase diagrams accurately. In this paper, we review the
calibration method in detail for the study of the phase behavior
of eutectic mixtures using CDSC-HF, and examine the applicability
using aqueous solutions of NaCl and glycerol, whose phase dia-
grams are available in the literature. Then, we compare the results
of the deconvolution method with those of extrapolation methods
[9,10].

2. Model
2.1. The basic equations

Since we use the method proposed by Toda et al. [8] for the study
of phase transitions in solution, here we review this method. Fol-
lowing the Mraw’s model [5], CDSC-HF is modeled by the following
equations describing the heat flow rate in the sample side,

a1y

Cs T =Ki{(Tm —Ts)+F (1)
dTm

Cn— = Ka(Ts = Tin) + Ko(Tp — Tim) (2)

Th = Ton +/3t, (3)

where Ts, Ty and Ty, are the sample temperature, temperature at the
monitoring station and that at the heat source, respectively. Cs and
Cny are the heat capacities of a sample (including the sample pan)
and that of the monitoring station, respectively. g is the heating
rate which controls T;,. Ky and K; are the heat transfer coefficients
between the heat source and the monitoring station, and between
the monitoring station and the sample, respectively. This model is
schematically presented in Fig. 3. Absorbed or released heat flow
rate during the phase transition is represented by F with negative
sign for endothermic process.

For the case of melting of pure materials, the above equations
are solved for three stages [6,8]. The first stage is before melting
(t < tstart) Where the sample temperature Ts increases linearly, the
second one is during melting (tstart < t < tepnq) Where Ts is kept con-
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Fig. 2. The definition of extrapolated peak-onset temperatures in GEFTA [9] and SARGE [10] methods. In (a), the temperatures define the melting temperature for a pure
material. y is the slope of the auxiliary line drawn through the descending peak. In (b), the lines at the same slope y are drawn from the peak tips to assign transition

temperatures for a mixture.
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Fig. 3. Schematic representation of the Mraw’s model for the sample side where
Th, Tm, and Ts represent, respectively, the temperatures of the heat source, of the
monitoring station, and of the sample. C; is the heat capacity of the sample (plus
sample pan) and Gy, is that of the monitoring station. Ko and K; are the heat transfer
coefficients.

stant, and the last one is after melting (t.nq < t) where Ts returns
to the linear increase with a relaxation time depends on instru-
ments. The solutions of Egs. (1)-(3) for each stage are as follows.
For t < tstart,

~ Cs Cs+Cm
Ts1 = Top + ﬁt - /3 (K71 + Ko ) (4)
G+ G
Tm1 =Ton + Bt - B SK = 7
0
For tstart < t < teng,
G G+G

Tsp =Ty = Toh +,3tstart - ﬂ (ﬁ + : Ko m) (6)

C K
Tm2 = Tm + B + Aty + 712‘%“‘

K (Ko + K1)

) {1 oo (_1{0 +K Atz)} (7)
Cm

Aty =t — tstart ®
R’ .

where Ty represents the melting point and « represents the effec-
tive heating rate on the second stage. For tepg < t,

C G+ G
Ts3 = Ton +,Bt—,3(fs+ st m) +aq EXD(—}thg)
K Ko
+ay exp(—Ay At3) (10)

G+ G
Toa = Ton-+ Bt — B (=™ ) + b1 exp(~11 Aly)
+b2 exp(—AzAtg) (11)
At3 = t — tonds (12)

where Aq and A,, the inverse of the apparatus relaxation time, are
the solutions of the following equation (0 < A1 < A3),

K K K KoK
2_ (L1 M RO o1 _
A (CS+Cm+Cm)A+CSCm_O. (13)

The constants aq, a;, by and b, are determined by the continuation
of Ts and Ty, between the successive stages.

2.2. The deconvolution of instrumental effects

Egs. (1)-(3) represent the balance of heat flow rate in the sam-
ple side. The deconvolution method proposed by Toda et al. [8]
is therefore for a single calorimeter without concerning the infor-
mation from the reference side. In Egs. (1)-(3), we have the time
sequence of temperature at the monitoring station of the sample
side, (t, Tm). The purpose of the deconvolution is to extract the heat
flow rate of transition, F, and the true sample temperature, Ts, from
those data set with the pre-determined instrumental coefficients,
Ko, K7, Cm, and the sample (plus sample pan) heat capacity, Cs. The
determination methods of those coefficients and Cs are as follows.

Firstly, the coefficient, Ky can be calculated from the following
integration, which corresponds to the enthalpy of fusion, AHys.

Lend too
Ko {/ (T2 — Tmo)dt +/ (T3 — TmO)dt} = AHpys. (14)

Estart lend

Here, Ty is the temperature at the monitoring station in the case
of no heat flow rate F of the phase transition, thus the temperature
has the same function form with Eq. (5) but is still affected by the
change of C; due to the phase transition. Ty, is obtained by fitting
Tmint < tstart and tepg < tand interpolating between the twoin the
region of transition, tseart < t < tapq. To Obtain Ko using Eq. (14), one
can use a standard material such as water. Secondly, the coefficient,
K is determined using Eq. (9)

Ki =Ko (51) (15)

with experimentally obtained «. Then, the coefficient, Gy, is calcu-
lated by

_ Ko K;

Cm =3 TR TG
using the experimentally measured value of A and GC;. Here, C;s is
determined by

(16)

C=-=2 (17)

where the heat flow rate Qg represents the one without F.

Using the instrumental coefficients and Cs thus obtained, the
time sequence of sample temperature Ts and the heat flow rate of
the phase transition F are calculated. From Eqgs. (2), (3) and (5), the
sample temperature Ts is given by

1 dT,
To=Tn+ o [cm (T;n’ )—I(O(Tmo—Tm)—,BCS . (18)
The heat flow rate F is obtained from Eq. (1) as
dT.
F=—I{1(Tm—Ts)+CsT:- (19)

3. Experimental

A DSC 2920 Module controlled with Thermal Analyst 2200 (TA
Instruments) was used for all measurements. The cell was purged
with nitrogen gas with a flow rate 40 ml min~'. Reference pan was
removed in all the experiments [12].

Melting behaviors of pure ice were examined at the heating
rates of 8 =0.2-10Kmin~!. The aqueous solutions with differ-
ent concentrations of NaCl and glycerol were prepared at room
temperature. About 10 mg samples of each solution were sealed
hermetically into aluminum pans. The temperature was scanned
from the room temperature to 40° C with a heating rate 8=
5Kmin~! and then kept there for 2 min. The second scan with the
same heating rate from —50 to 40° C followed a cooling run at
a rate of 1 Kmin~'. Water evaporation was checked by measuring
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Fig. 4. Temperature at the monitoring station Ty, for pure water: (a) the raw data (solid line) and Timo (dashed line), (b) Tmo — T, (c) the time derivative of Ty, from which «
and B are determined, and (d) the logarithmic plot of (b), from which the slope X is determined.

the sample weight before and after the experiment. The lost weight
was less than 0.1%.

4. Results and discussion
4.1. Determination of the instrumental coefficients

In this section we explain the procedure to determine the instru-
mental coefficients Ky, K7, and Cy, necessary to construct the true
sample temperature Ts and heat flow rate F. As our aim was to con-
struct phase diagrams of aqueous solution, we have chosen pure
water as a standard material. Since the instrumental effects become
more serious as the heating rate is increased, the data taken at the
highest heating rate (10 Kmin—') was used.

Figs. 4 and 5 show the obtained data [Figs. 4(a) and 5(a)] during
melting of the pure ice and their analysis [Figs. 4(b)-(d) and 5(b)].
Fig. 4(b) shows the temperature change due to the phase transition,
Tmo — Tm, whose integration gives AHp,s according to Eq. (14). We
used the value of AHg,, of pure ice, 6.0k] mol~! to calculate Kg.
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Fig. 5. (a) Heat flow rate from pure water (solid line) and the baseline Q (dashed
line) fitted by a sigmoidal curve shown in (b).

The effective heating rate during the phase transition, «, and
the heating rate B before and after the transition were measured
as shown in Fig. 4(c). For 8 we have used the average value. Then
using Eq. (15) and the obtained values, we determined Kj.

Now we discuss the determination process of C, from A and Cs,
using Eq. (16). Firstly, from the slope shown in Fig. 4(d) A is deter-
mined. Secondly, before going to determine Cs, Qy was determined
with the fitting of the heat flow rate data using a sigmoidal function
as shown in Fig. 5(a). Using the obtained Qg shown in Fig. 5(b), we
determined Cs according to Eq. (17). As shown in Fig. 5(b), Qp, thus
Cs, depends on Tyy,. To determine G, we used a Cs averaged over
the transition region. All those obtained coefficients are listed in
Table 1. With the obtained instrumental coefficients, it is now pos-
sible to deconvolute an experimental thermogram to extract true
one.

Fig. 6 shows the melting behaviors of pure ice measured with
different heating rates. The raw thermograms and the correspond-
ing deconvoluted ones are respectively shown in Fig. 6(a) and (b).
After the deconvolution, the melting peaks shifted toward left side
with almost the same onset temperature. The slight peaks seen
just after the main peaks in Fig. 6(b) are artifacts resulted from the
deconvolution. The peak and onset points are plotted against § in
Fig. 6(c). Whereas the peak and onset points of the raw thermo-
grams increased with B, the increase was significantly suppressed
after the deconvolution. Especially, the onset points of the decon-
voluted data were almost independent of 8 with a slight increase
of less than 0.03°C. This shows the effectiveness of the decon-
volution and confirms that the instrumental coefficients do not
depend much on the heating rate. In the next section, we applied
the method to the eutectic mixtures of aqueous solution through
the construction of phase diagrams.

4.2. Applications

Thermograms of aqueous NaCl and glycerol solutions measured
by CDSC-HF are shown in Fig. 7. It is noted that, in Fig. 7(c) and

Table 1
The instrumental coefficients determined experimentally with B=10 Kmin~"'. Cs is
the averaged value.

Ko/mW K1
11.2

Ky /mWK-!
14.9

st
0.08

Con/mJ K1
69.0

Cs/mJ K1
51.4
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Fig. 6. Heating rate effects on the melting behaviors of pure ice: (a) the raw data, (b) the corresponding results of the deconvolution, and (c) the peak and onset temperatures
obtained from the thermograms. In (c), squares and circles, respectively represent the peak and onset temperatures. Filled symbols are from the raw thermograms in (a), and
open ones are from the deconvoluted thermograms in (b). In (a) and (b), the heat flow rates are shifted in the y-axis direction to show the thermograms at all heating rates.

(d), the first (eutectic) peak was not observed due to the slow
crystallization rate of the glycerol. For the deconvolution of the
thermograms, we have utilized the same instrumental coefficients
listed in Table 1, determined by the measurements of pure water.
After the deconvolution the peaks were shifted toward left side
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with the reduction of the peak width. The sharpness of the peak,
which enhances the resolution of peak detection, is important for
the study of mixtures which often exhibit two or more close or over-
lapping melting peaks. Moreover, the deconvolution gives more
accurate estimation of the peak area.
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Fig. 7. Thermograms in the melting region of the aqueous solutions of (a) NaCl 4 wt%, (b) NaCl 23.3 wt¥% at the eutectic composition, (c) glycerol 10wt%, and (d) glycerol
25 wt%. The raw thermogram and the corresponding deconvoluted thermogram (heat flow rate of transition F) are shown by the thin and thick solid curves, respectively.
The broken lines represent the extrapolation with the slope y taken from the thermogram of pure ice.
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Fig. 8. The phase behaviors of the aqueous solutions of (a) NaCl and (b) glycerol. Open squares and circles represent ice (liquidus) and eutectic (solidus) melting temperatures
determined with the deconvolution, and the filled squares and circles are those from raw thermograms. Downward-triangles and diamonds represent those estimated from
the SARGE and GEFTA methods, respectively. The solid and dashed curves represent the melting points in the literature [13-15].

Fig. 8 shows the phase diagrams of NaCl and glycerol aqueous
solutions, where the solid and dashed curves represent the known
melting points [13-15]. To construct the phase diagrams, we chose
the onset temperatures for pure ice, for NaCl solution at the eutec-
tic composition (23.3wt%), and for the first peak at the eutectic
temperature of the solutions. This choice is due to the fact that
the temperature during the phase transition is kept constant for
pure materials or for mixtures at the eutectic point. On the other
hand, the liquidus temperatures correspond to the ending temper-
atures of the melting of the eutectic mixtures [the second peak
in Fig. 7(a) and the peaks in Fig. 7(c) and (d)]. For the tempera-
tures, we used the peak temperature because there still seemed to
remain a weak influence of the instrumental effects as a tail of the
peak. With the combination of these choices, the melting points
determined agreed well with the reported data as shown in Fig. 8.
On the other hand, the peak temperatures of the raw data and the
extrapolated onset temperatures estimated from GEFTA and SARGE
methods were located at slightly higher temperatures than the true
values as shown in Fig. 8. It should also be noted that, for the ending
temperature of the melting at the liquidus temperature, the extrap-
olation of the second peak to the “onset” temperature in GEFTA and
SARGE methods is not on physically reasonable basis. Thus present
results clearly demonstrate the applicability of the deconvolution
method for the study of the phase behaviors in eutectic mixtures. It
can also be said that, for the sample mass of ca. 10 mg in the present
experiments, the effects of temperature gradient in the sample
were negligible in comparison with the instrumental effects. It is
noted that, in Fig. 8, a slight increase (less than 0.3 K) of liquidus
temperature from the literature value is recognized for solutions at
concentrations less than 3 wt%, while the melting temperature of
pure ice at O wt% was in good agreement. As mentioned above, for
the melting of ice in the mixture, we chose the peak temperature of
the deconvoluted heat flow rate, while for pure ice, the onset tem-
perature of the peak. Therefore, this deviation can be the indication
of somehow insufficient deconvolution of the instrumental effects
for the ending of the second peak with relatively larger melting
peak of ice at low concentrations of NaCl and glycerol.

5. Conclusions

Adeconvolution method on conventional DSC was reviewed and
applied on the phase transition in eutectic mixtures through the

construction of the phase diagrams. With the deconvolution, melt-
ing points were measured accurately even at the heating rate as
high as 10 Kmin~1. The method was applied on the construction
of phase diagrams of aqueous mixtures where the accurate inter-
pretation of the peak profile was essential. The agreement between
obtained phase diagrams and those in the literature suggests the
applicability of the method for the study of phase transitions in
eutectic mixtures.
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