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Abstract

The aim of the current study was to determine whether stepwise DSC (SW-DSC) is a suitable method for measuring the unfrozen matrix
concentration (g) of binary aqueous solutions at temperatures as low&ds C. The optimal experimental conditions were determined using
water. Reliable heat capacity values were determined at nominal scanning rates between 10 and 1HGKmate weights between 8 and
15 mg, and with the sample completely covering the base of the DSC pan. These conditions were then applied to aqueous solutions of ethylene
glycol, glycerol and sodium chloride.

The apparent heat is the sum of all heat including latent heat, heat capacity and heat of dilution. The influence of each term on the apparent
heat was discussed in detail. The apparent heat values of the frozen samples were then used to calculate the ice fraction in the solution anc
were expressed as ti@&. The calculatedCy values were similar to previously published values. This study showed that SW-DSC can be
used to determine th€y over a wide temperature range using only one single solution. This technique is advantageous for solutes that are
not available in large quantities.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Stepwise DSC; Unfrozen matrix concentration; Melting curve; Ethylene glycol; Glycerol; Sodium chloride

1. Introduction initial concentrations must be prepared and then analyzed.
Furthermore, solutions of high solute concentrations may
When an agueous solution is cooled below its freezing impede ice formation, which prevents accurate measure-
temperature, ice can form. The formation of ice removes ment of freezing temperatur§s4—16].
water from the solution and concentrates the solutes in the Continuous scanning DSC (CS-DSC) has been widely
unfrozen matrix (UFM). This increase in solute concentra- used to determine the melting temperature of frozen matrices
tion has been shown to increase the kinetics of various types[10,11]. This technique records the energy involved in the
of reactiond[1,2], cause precipitation of solut¢3-5] and, transition, however, the progressing temperature scan may
in the case of biological samples, influence the cell survival not allow sufficient time for phase transitions to reach equi-
rate during frozen storaggs,7]. The UFM concentration  librium and could cause a time lgd7,18]. Because of
(Cq) can be determined from freezing or melting curves, this time lag, the recorded phase transition temperature is
which are generated by techniques, such as cryod&ly affected by factors, such as scanning rate, sample weight,
differential scanning calorimetry (DS@)0,11], differential type of matrix and the heat conductivity of the pan and the
thermal analysid4,12] and refractometric measurements sample. To minimize the time lag, slow scanning rates and
[13]. A common feature of these methods is that only one small sample weights are used. This troublesome lag can also
freezing/melting temperature can be measured per solutebe reduced by using stepwise DSC (SW-DSC), in which the
concentration, therefore solutions with a wide range of sample temperature is alternated in a series of heating and
isothermal steps. The adjustable isothermal steps provide
sufficient time for the phase transition to occur and thus
* Corresponding author. Tel:64-3-479-5463; fax:+64-3-179-7567.  the energy of a transition can be measured at steady state
E-mail address: jensliesebach@gmx.de (J. Liesebach). conditiong18]. The heat required to change the temperature
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by one heating step is equivalent to the area under the peak
of the heat flow versus time curve. This heat represents the
sum of all heat values including the latent heat, heat capacity
and heat of dilution and is called the apparent heat.

When the apparent heat of a frozen solution is known,
the ice fraction in the frozen matrix can be calculated, based
on the assumption that the apparent heat is a function of HF
the energy required to heat the molecules and melt ice. Ice HFE o
melting is a first order transition involving a large quantity HE . ==
of heat. For instance, the energy required to melt 1 g of ice o : oo
is approximately 80 times larger than the energy required to tsn totr tog
heat 1 g of watef19] by 1K, and approximately 160 times Time
larger than the energy required to heat 1g of [it8] or ) ]
1g of solute[20,21] by 1K. The heat of dilution is usually tFh|g.ple.askummary of the terms used for the calculation of the area under
disregarded as its value is small compared to the latent heat '
of ice [18,22]. The heat capacity of supercooled water has
been shown to increase dramatically at low temperaturesrates between 0.5 and 20Kmih was measured and
[23]. However, the heat capacity of binary solutions contain- extrapolated to a scanning rate of 0 K minusing a linear
ing more than 35% water did not show this increase at the trendline, therefore representing the onset of the transitions
same temperature range as the water appears to be closelgt isothermal conditions.

HF,

Heat flow

associated with the solufg4,25]. The stepwise temperature program consisted of a series
The temperature dependency of the latent heat of ice canof alternating 1K heating steps and isothermal steps. The
be calculated at constant pressure ugtog (1) [26]: length of the isothermal steps was adjusted to allow sufficient
T time for reaching steady state conditions, and ranged from
AHayr) = AHjat(ry) — f (Cpay — Cps)) dT 1) 2 to 25min. When the heat flow was plotted against time,
To

the area under the peaks represented the heat required to
where dTis the temperature difference between the melting increase the temperature at each step.
temperature of pure water and the temperature of interest, The area under each peak was calculated using software
A Hacryy and AHiayry are the latent heat values for ice at  designed by the authors. The terms used for calculation
the melting temperature of pure water and the temperatureof the area under the peak are illustratedrig. 1. This
of interest, andC,(y and C,s) are the heat capacity val- software determined the peak onset and offset from five
ues of water and ice, respectively. At temperatures closeconsecutive first derivative values, where the sum of these
to 0°C, the latent heat and the heat capacity can be con-values exceeded 0.33. The peak onset and offset times
sidered to be constant, although they are temperaturewere confirmed by visual observations. The offset of tailing

dependent. peaks at step temperatures close to the melting temperature
The SW-DSC has only been applied in one previous and at a nominal scanning rate at 1 K minwere adjusted
study to determine th€y at temperatures as low asl3°C manually.

[18]. However, no details were given about the latent heat A sigmoidal baseline under the peak (kjRvas required

and heat capacity values used for the calculatioBpfThe as the difference between the heat flow of the peak onset

aim of the current study was to determine whether SW-DSC (HF,n) and offset (Hbg) increased by approximately

is a suitable method for measuring g of binary aqueous 0.1 mW per step. The shape of the baseline was determined

solutions at temperatures as low a80°C. The optimal by the time difference between the peak onsgt) (and

experimental conditions were determined using water offset (), and the amplitude was adjusted by the heat

and then applied to aqueous solutions of ethylene glycol, flow difference between the peak onset and offset (Eq. (2)).

glycerol and sodium chloride (NacCl). The sum of the heat flow values for the sigmoidal baseline
and the peak onset represents the,HF

2. Method HFp = 3[cos[(/ (ioft — fon)) (foff — £)] + 1]

. . . x (HFot — HFon) + HFon 2)

The thermodynamic properties were measured using

DSC (Pyris 1, Perkin Elmer, USA). Samples were wheret, is the time betweet,, andte. The area under
sealed in pre-weighed aluminum pa¢4.50 £+ 0.04 mg) the peak was segmented into small rectangles, where the
and the sample weight was confirmed after each scan.width was the time difference between two recorded heat
The temperature of the DSC was calibrated with water flow values (A¢ = 0.2s) and the height was calculated by
(>99.994%, Aldrich, USA) and indium (>99.99%, Perkin the difference between the recorded heat flow ,(H&nd
Elmer, USA). The onset of the melting peaks at scanning HF, att,. The sum of the area of each rectangle represented
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the total area under the peak (A) as shown in the following whereC,sq) is the heat capacity of the solutaHgj the
equation: heat of dilution,y; the ice fraction formed betwe€eh and
T,, andy, andx are the weight fractions &, of ice and
solute, respectively.

Sodium chloride solutions were also analyzed using
CS-DSC at 5Kmint. The calibration settings from the
In order to convert the area under the peak into energy, SW-DSC calibration were applied since CS-DSC and
a calibration factor (F) was calculated using the ratio of SW-DSC were operated alternately. The experimental
the theoretical apparent heat and the difference in the areamelting temperatures of ice and indium were elevated at
under the peak between a DSC pan with water and an empty0.15 and 0.18K compared to the reference val[2g,
DSC pan, (Eq. (4)). The theoretical apparent heat includesrespectively. Literature values for the latent heat, heat
the energy required to heat the sample before and after thecapacity and freezing temperatures were fitted using a
transition using the heat capacity of ice and w2, and  fourth order polynomial (Excel, Microsoft, USA).
the heat required to melt the ice using the latent heat of ice
[27]:

Toff

A=) (Ar)(HFx — HFp) (3)

X=fon

3. Results and discussion
_ mwCps)(Trr — T1) + mwCp) (T2 — T1r) + mwA Hiar
- Aw — Ap The first part of this study investigated the influence of
(4) the experimental conditions on the heat capacity of ice and
water in order to optimize the SW-DSC method. The optimal
wherem,, is the weight of the water samplaH,; the latent experimental conditions were used to determine the apparent
heat of ice, Tt the transition temperaturé; andT, are the heat of aqueous binary solutions, then the heat capacity
start and end temperatures of the heating #igmndA, the and latent heat terms ikqg. (6) were discussed. Finally,
areas under the peak of a DSC pan loaded with water and arthe ice fraction was calculated using the apparent heat, and
empty DSC pan, respectively. The energy required to heatexpressed as thgy.
the solution by one step was calculated by first multiplying
the area for the solution with the calibration factor, and then 3.1. Optimization of the SW-DSC method
normalized to the apparent heat of the solution gadHby

dividing it by the sample weight (gh (Eq. (5)): Analysis of the thermodynamic properties using DSC
F(A — Ap) depends on the operating conditions and the sample proper-
AHapp= Sl (5) ties. The influence of the scanning rate, sample weight and
mg

sample coverage of the DSC pan base on the heat capacity
The optimal experimental conditions for the Sw-DSC Values of ice and water were studied. A typical SW-DSC
method were determined using water samples (>99.9949% Scan of water is shown ifig. 2. Each peak represented a
Aldrich, USA) at various nominal scanning rates, sample €mperature step of 1K. In the absence of any phase transi-
weights and sample coverage of the base of the DSC panion. sharp peaks with a width of approximately 60s were
These conditions were then applied to binary solutions

of ethylene glycol (99%, freshly opened, Aldrich, USA), 35 - Heat flow 7
glycerol (>99.9%, freshly opened, Sigma, USA) or NaCIl | ...... Sample temperature
(BDH, England) mixed with de-ionized water, that was le
passed through a water purifier (Millipore, USA). The 33 1
solutions (126 + 1.6 mg) were evenly distributed in the = 3 &
DSC pans and analyzed using SW-DSC at a nominal scan- % 31 - T° 2
ning rate of 80 Kmim®. Each result was based on at least = o
three scans, and the overall coefficient of variation for the E T?! *g
baseline was less than 0.2%. = 291 g
The ice fraction in the frozen samples was calculated T T15
from the apparent heat values between the step temperature 27 | ULL "
and melting temperature. The equation used to calculate the ULHL U T3
ice fraction was adapted from literatuE8] to include the H
temperature dependent latent heat, heat capacity values and 25 L -5
the heat of dilution (Eq. (6)): O SR
AHapp= y1 AHjat + (y2C p(s) + XCp(sol) Fig. 2. SW-DSC scan of an 8 mg water sample at temperatures between

—4.5 and 4.5C recorded at a nominal scanning rate of 80 KmdinThe
+[1 = y2 = x]Cpa)) (T2 — T1) + AHi (6) irregular peak between 13 and 23 min indicated ice melting.
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observed, however, when the temperature step involved a 4.45 - —8a— 1 K/min
transition, such as ice melting, the shape of the peak was —+— 10K/min
irregular and the width increased with sample size. 4.40 - _‘_55 ;‘8 Emﬂ
It was assumed that the scanning rate would have no effect ~ —e— 100 K/min
on the heat involved at each step since the length of the ¢, . | T R E%
isothermal step would allow sufficient time to reach steady S --— Ref. [30]
state conditions. In order to confirm this assumption, the ; 430 4
influence of the scanning rate was investigated by varying o
the nominal scanning rate. The nominal scanning rate refers §
to the rate of heat input and does not necessarily reflect the 5 4257
actual scanning rate as the DSC requires time to achieve T
fast scanning rates, for instance a nominal scanning rate 4.20 1
above 20 K min! would need less than 3 s to heat through
a temperature range of 1K, but approximately 60s were 4.15 - - - 1
required to complete the heating step in a SW-DSC scan at 0 5 0 15 20
a nominal scanning rate of 100 K mih At five nominal Temperature (C)
scanning rates ranging from 1 to 100 K min the calibra- Fig. 4. Heat capacity values of water determined at nominal scanning
tion factors were constant (E 0.9882+ 0.0005J mmz), rates between 1 and 100 K mih Sample weight was 8 mg. Values from

but the shape of the peaks was affected. Sharp peaks werdterature are included for comparison.
recorded at nominal scanning rates above 10 Kthiand
were easily detected by the peak analysis software. Broadshowed that when the nominal scanning rate is between 10
peaks with gradual offsets were recorded at a nominal and 100 Kminl, the SW-DSC consistently measures the
scanning rate of 1IKmm' and led to unreliable offset heat capacity.
measurements using the automatic routine of the peak The effect of sample weight was investigated by analyzing
analysis software. As a result, the offset of these peaks hadthe calibration factor and the heat capacity values of ice and
to be determined manually. water at a nominal scanning rate of 80 K min(Fig. 5). A
Experimental heat capacity values of ice at a nominal consistent calibration factor was obtained for 8—15 mg water,
scanning rate of 1Kmin' were higher than values at but outside this range, lower values were obtained (inset of
nominal scanning rates between 10 and 100KThin  Fig. 5). The overall trends for the heat capacity of ice and
(Fig. 3). It was also observed that as the temperature water were similar to those of a previous study performed
increased, the heat capacity values gradually increased andt different scanning rates (Figs. 3 and 4). Heat capacity
then at temperatures close t0°® the gradient became values of water samples weighing less than 4 mg were lower
noticeably steeper. The opposite was observed at temperathan the heat capacity values for samples weighing 4 mg
tures above OC, where the heat capacity values decreased or more. Outside the weight range between 8 and 15mg,
with an increase in temperature (Fig. 4), but as for the heat deviations of the calibration factors were observed, which
capacity values of ice, the highest values were recorded atmay have been due to differences in the sample shape and
a nominal scanning rate of 1 K mih. These observations

”3 457 102
: —8—  1K/min 5 1.00 m
—&— 10 K/min 404 1 Z 008
224 —%— 40K/min T 2 Wiy
< —+— 80 K/min 351 5 0.96 Mm
5] —e— 100 Kmin ° 3 0.94
o~ - = = Ref.[30] T304 092
2 > 3
g Ref. [29] 2 0 5 10 15 20
£ 2.0 4 S | ight
g % 25 | ample weight (mg)
g °
1.9 4 ©
— 2 4
g § 20
T
1.8 ¢ 1.5
17 T T T T T 1 lO T T T T T T 1
-50 -40 -30 -20 -10 0 -50 -40 -30 -20 -10 0 10 20
Temperature (°C) Temperature ("C)

Fig. 3. Heat capacity values of ice determined at nominal scanning rates Fig. 5. Heat capacity values of ice and water with the sample weight
between 1 and 100K mirt. Sample weight was 8 mg. Values from  ranging from 0.9 to 17.5 mg. Inset: calibration factor versus sample weight.
literature are included for comparison. The nominal scanning rate was 80 K min
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sample position. Depending on the surface tension, small[29] and Lide [19], but the slope of the heat capacity
samples are likely to form droplets, where the diameter of values differed slightly from Choi and Okd80]. The

the center of the droplet would be larger than the base of experimental heat capacity values for water were similar
the droplet that was in contact with the base of the DSC to the values reported by Perry and Grd2m], but were
pan. In contrast, larger samples are more likely to cover the approximately 0.05Jg K1 higher than values obtained
entire base of the DSC pan, thus resulting in reproducible by Choi and Oko$30] and Weasf27]. This suggested that
contact areas. In this study, approximately 8 mg of sample the heat capacity of a sample can be determined reliably
were necessary to cover the entire base of a DSC pan. Largeat nominal scanning rates between 10 and 100 Kthin
sample weights would only increase the height of the sample,sample weights between 8 and 15 mg, and with the sample
although this may affect the heat transfer within the sample completely covering the base of the DSC pan.

as the calibration factor for the 17.5mg sample was lower

than for the samples between 8 and 15mg. 3.2. Apparent heat of aqueous binary solutions

The effect of the sample shape was investigated using
two samples of approximately 8mg of water that either  The apparent heat of the aqueous binary solutions was
partially or completely covered the base of the DSC pan. measured at temperatures betwee&0 and 10C. The
The variation in the degree of coverage did not affect nominal scanning rate was 80Kmih the weight of
the calibration factor or melting temperature, but the heat the samples was between 10 and 14mg, and the samples
capacity values of the sample that only partially covered the completely covered the base of the DSC pans. The SW-DSC
base were lower than samples that completely covered thescans were started 25 and 15K above the glass transition
base. When 3 mg of water was placed on the inside of theof the maximally freeze-concentrated ethylene glycol
DSC pan lid, the ice melting temperature was unaffected, solution [31] and glycerol solution[31,32], respectively.
however, the calibration factor (0.994 Jmf)was slightly  These temperatures were chosen to avoid the high viscosity
higher than the calibration factor determined for the 4mg at temperatures close to the glass transition of the UFM,
sample that was placed on the base of DSC pan, and theyhich can hinder ice formatio33]. Furthermore, the
heat capacity values were the lowest reported for the entireSw-DSC scans were only started when the heat flow was
study. From these observations, it was concluded thatconstant and therefore, it was assumed that the ice forma-
complete coverage of the base of the DSC pan resulted intion in ethylene glycol and glycerol solutions was close to
more reliable values than a partially covered base. steady state conditions at the starting temperature.

Most of the ice melted in one step, although slightly higher  Typical apparent heat versus temperature curves for
heat capacity values for ice above2.5°C indicated that  frozen solutions were obtained for both the ethylene glycol
melting occurred below ©C (Figs. 3 and 5). This may be  and the glycerol solutions (illustrated for ethylene glycol in
an artifact of the DSC, which was also shown in a previous Fig. 6). The apparent heat values increased moderately at

study[18]. Ina DSC, the energy necessary to heat the sampleyery low temperatures before they peaked, dropped sharply,
is provided from the heating element below the sample.

Therefore, heat is supplied to the sample through the base of
the DSC pan. This is likely to cause a temperature gradient
within the sample. At temperatures well below the transition,
the energy input is not sufficient to melt ice at the base, but
when the temperature is close to the melting temperature of
ice, it is possible that the heat supplied exceeds the energy
level and only a small fraction of ice melts at the base. The
additional heat increase for an 8 mg sample at 80 Kthin
was equivalent to approximately 0.05% melted ice at 1K
below the melting step. Another reason for the increased heat
capacity values of ice could have been due to small quan-
tities of impurities in the water. The certificate of analysis
for the water used stated that there were 0.006% impurities. 10 1
This meant that 0.006 g of solute were dissolved in 0.05 g of QO000R00EE 00000
unfrozen water at-1.5°C and therefore, the concentration
of the impurities in the UFM was 11%. A UFM concentra-
tion of 11% at—1.5°C has also been observed with other
soluteq[27], which supports the idea that the increase in the Fig. 6. Apparent heat of ethylene glycol solutions with initial concentra-

heat capacity of ice could also be due to the impurities in tions ranging bet'ween 9 and 30%. Inset: apparent heat of a'60% ethy-
h ter used lene glycol solutlo_n. The apparent heat values were (_jeterml_ned using
the wate ' : . . SW-DSC. The estimated apparent heat values shown in the inset (Est.)

In general, the experimental heat capacity values of ice were calculated using heat capacity values of water from either a constant

were similar to previously published data by Handa et al. value of 4.23g*K=1 [19] or literature[23] (see text).

O This study
a Est. - const.
x Est. - [23]

204 —©— 9% Et glycol
—&— 14 % Et. glycol
—o— 30 % Et. glycol

Apparent heat (J g* K™Y

-50 -40 -30 -20 -10 0
Temperature ("C)
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Table 1 has been identified as the NaCl-water eutectic, where a
Linear equations describing the heat capacity and apparent heat capacitymatrix of 22.42% NacCl crystallizes to NaCl dihydrate and
values at low temperatures . ;

ice [35]. In the current study, NaCl solutions were not

Heat capacity (Jg'K™%) Reference  gnnealed at-21°C because of the eutectic and therefore,
Solute it is likely that the freezing process did not achieve the
Ethylene glycol 0.0055 + 2.2454 [20] maximally freeze-concentrated UFM.
Glycerol 0.0052T+ 2.2462 [21] The latent heat of the eutectic for three different initial
NaCl 0.185+ 0.000072(273+ T) x  [21] ) . )
0.07164 NaCl concentrations (3, 10, 16%), as determined using
Apparent heat capacity 2 SW-DS_C, was well descrlped by linear trendlines (Table 1).
(giK-Y According to these trendlines, an aqueous 22.42% NaCl
Solution solution should have a latent heat of 2423gThis was
59.9% ethylene glycol  0.0084F 3.16F 0.995 confirmed by a SW-DSC scan of a 22.44% NaCl solution,
64.8% glycerol 0.0076 T 3.01C¢ 0.995 which had a latent heat of 244 3% These values were close
NaCl. lower transition to the latent heat of 2_50 J4 for.a 22.42% NacCl solution
Peak at—22.5°C 0.260S+ 2.11% 0.978 that had been determined previously using CS-OSICIt
Peak at—21.5°C 10.430S+ 0.419 0.999 should be emphasized that the latent heat of the NaCl-water
a Tis the temperature’C), el_Jtec_tic was measur_ed at low initial NaCI concentrations
b Sis the initial NaCl concentration (%). with ice present. This was only achievable because the

adjustable isothermal step allowed sufficient time for the
and then leveled off between 3 and 43&~1. Ethylene transition to occur. In contrast, CS-DSC scans revealed
glycol and glycerol solutions with an initial concentration Several transitions at temperatures betwe@1 and 4#C,
above 59% did not freeze and the apparent heat followedWhich depended on_the initial NaCl concentration (Fig. 7).
a linear trendline (Fig. @nd Table 1). The apparent heat '€ 30{" NaCl solution showed two broad peaks, but for
values of ethylene glycol solutions compared favorably with the 16% NaCl solution, peak separation was not success-
the values determined by Huot et §4] (0.08Jg1K-1) ful as the two transitions merged. Analysis of the scans
and by Nan et al[20] (0.12Jg K1), when the literature revealed that the SW-DSC always recorded lower transition
values were interpolated based on the nearest pair atémperatures than those recorded in the CS-DSC even
temperatures between 0 and °@ Frozen glycerol before temperature correction. The temperature lag of
solutions at temperatures betweer30 and 2C had CS-DSC was especially obvious in the 3% NaCl solution,
apparent heat values close to the values reported by GucketVhere the ice melting peak was completed abovi€ 4
and Marsh[25] (0.10J g1 K1), although the slope of the (Fig. 6). At temperatures between 0 and®0) the apparent
65% solution deviated by 0.0086 J4K 2 heat values of the NaCl solutions were larger than the
' ' 1-1 ;

The power versus temperature plot of NaCl solutions was Values reported by Washbuf86] (0.05Jg~K™"), which
similar to the melting scans of ethylene glycol and glycerol, Were interpolated based on the nearest pair.
but an additional transition was observed that was split into .
two steps at-22.5 and—21.5°C (Fig. 7). This transiton ~ 3-3- Apparent heat and latent heat of ice

The apparent heat is the sum of all heat including latent

1809 e 3% CS-DSC heat, heat capacity and heat of dilution. The heat of dilution
160 ] _‘_123’2\?\;%58(; caused only a small difference in heat in the system
140 4 —0—16°/OSW—DSC compared to the heat required for meltif8y—39], there-
x 0 fore it was not included in the following calculations, but
3’120 | is discussed at the end of the paper. It was assumed that
& 100 mixing was ideal.
% 80 - Heat capacity values of ice were obtained from literature
; 60 - because the experimentally determined values in the first
z part of this study were similar to the values reported by
& 40+ Handa et al[29]. The heat capacity values for the solutes
20 - were obtained from literatuf@0,21]and extrapolated to the
0 temperature range of interest (Table 1). To our knowledge,
30 20 10 0 10 the heat capacity value for unfrozen water in the UFM has

Temperature (°C) not been previously determined. The applicability of heat

_ . capacity values of pure unfrozen wat@3] was studied
Fig. 7. Power versus temperature plot of a 3 and 16% NaCl solution

using SW-DSC and CS-DSC at a heating rate of 5 KThiThe apparent usmg ethylene egcoI a,nd glycerol SplUtIOhS with a hlgh
heat from the SW-DSC is given in 3§K—1 and the heat flow from the initial solute concentration. The estimated apparent heat

CS-DSC in mW. values for an ethylene glycol and glycerol solution was a
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non-linear function of temperature and diverged from the for ethylene glycol were calculated and comparei)( 8).
experimental values at low temperatures when heat capacityBoth latent heat curves had a similar shape, however, the
values from literature were usg@d3] (inset of Fig. 6). On values varied by up to 14%. This indicated that the freezing
the other hand, the experimental apparent heat values ofcurves used had a large impact on the latent heat values at the
solutions with high initial solute concentrations increased lower end of the temperature sc§®27]. Another possible
linearly with temperature (Fig. @nd Table 1). A similar reason for the differences between the latent heat values may
trend was also observed for a 60% glycerol solution at be that the samples had not reached steady state. When the
temperatures between30 and 5C [25]. Since both the heating step starts, heat is supplied to the base of the sample
experimental apparent heat and the heat capacity of thethrough the DSC pan, therefore, it is likely that ice melting
solutes increased linearly with temperature, the heat begins atthe base of the sample. This caused a loss in sample
capacity values for the unfrozen water must be either linear uniformity as the ice could now float in the upper part of the
or constant. Furthermore, it was shown that the anomaly of denser UFM. The additional layer of UFM between the DSC
bulk water, i.e. the increase in heat capacity of supercooledpan and ice could then have decreased the rate of reaching
water at low temperaturg23], was removed for a solution  steady state since water has a lower heat conductivity than
with 18.6% hydrogen peroxide at temperatures betweenice. Before the steady state was achieved, the next heating
—70 and OC [24]. For the following calculations of the step had begun and the previously unfinished melting
latent heat andy, the heat capacity of unfrozen water was transition was carried over to the following step. This could
considered to be that of water at© (4.2Jg 1K1 [19]). explain why the latent heat values of ice abevE0°C were

The latent heat of ice depends on the temperdfiire42]. smaller than at temperatures of approximateB0°C.
This should also apply to water in highly concentrated Overall, ice melting may not always occur at steady state
matrices, such as the UFM, although bulk water is likely conditions, but most of the ice melted at conditions close to
to behave differently. Therefor&q. (6) was rearranged to  steady state. For the calculation of t8g, the temperature
calculate the latent heat of ice in frozen matrices using the dependency of the latent heat of ice was calculated using
heat capacity as described above and freezing points fromEqg. (1) and the specific heat values of waf&®] and ice
literature[3,9,27]. The calculated latent heat of ice obtained [29], which described the experimentally determined latent
from binary solutions at various initial concentrations heat sufficiently (Fig. 8).
followed a non-linear pattern (Fig. 8). In general, the
latent heat of ice increased as the temperature increased. Th8.4. Calculation of UFM concentration
values for the last melting step were not included since the
last ice crystals melted in between the SW-DSC heating The Cq4 of frozen ethylene glycol, glycerol and NaCl
step. solutions were calculated from the apparent heat using

The latent heat values of ice in this study were of the same Eq. (6), where the heat capacity and latent heat values
magnitude as literature values, but the shape of the linesused were as mentioned above. The heat of dilution was
differed significantly40-42]. This may be due to the type considered to be negligible. Thgy of various ethylene
of trendline used to calculate tli& curve. For this reason, glycol solutions were similar at high freezing temperatures
the latent heat values for two different sets of freezing points (Fig. 9). The standard deviation, however, increased with a

decrease in the temperature from 0.5%-dt5°C to 2.5%

350
-10
330 1 T [ Ref. [19]
-~ 310 - -15 4 Ref. [9]
g 290 - 220 A —+— This study
_g 270 A 8 .25
S 250 - —+—Et. glycol - [9] ¢ 3
g —s—Et. glycol - [27] 2
< 230 7 —e—Glycerol - [9] g -35
G 210 —=—NaCl-[3] £
© —¥— For Cg calculation ° -40 1
- 190 Ref. [40] 45 4
170d S Ref. [41] )
, — - - —Ref. [42] 50 -
150 + T T T T )
-50 -40 -30 -20 -10 0 -55 - - - - - - -
Temperature ("C) 25 30 35 40 45 50 55 60

Solute concentration (%)
Fig. 8. Temperature dependency of latent heat values for ice as determined

in this study and literature. References stated after the solutes indicateFig. 9. Cy4 values of ethylene glycol solutions in this study and values
the source of the freezing temperatures used for the calculation of the from literature. The standard deviation of five solutions with initial con-
latent heat of ice. centrations of 4, 9, 14, 30 and 46% is illustrated at 5K intervals.
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A0y T Ref. 9] Table 2
15 4 Ref: (8] Cy values determined in this study and from literature
20 4 —+— This study Solute Calculation Cq4 at —50.5°C
O 5 ] This study Literature (%)
o (%)
2 30 - -
% Ethylene Without heat of dilution 57.1% 1.7 58.3[9], 59.5[27],
o -35 glycol 60.1[43], 62.2[12]
g 20 With heat of dilution ~ 56.4+ 1.3
S -40 -
= Glycerol  Without heat of dilution 68.& 2.4 68.8[8], 67.6[9]
-45 1 With heat of dilution ~ 67.1+ 2.3
-50 1 Cy at —21.5°C
-55 T T T T T T = This study Literature (%)
35 40 45 50 55 60 65 70 (%)
Solute concentration (%) NaCl  Without heat of dilution 24.2- 1.0 22.4[35], 23.1[46]

Fig. 10. Cy values of glycerol solutions in this study and values from With heat of dilution 23.8£ 0.8

literature. The standard deviation of four solutions with initial concentra-
tions of 5, 9, 15 and 30% is illustrated at 5K intervals.

guantities of excess energy were measured when mixing
at—50°C. This may be caused by the accumulative method the two components at 2& [37-39]. TheCy were again
that was used to calculate the ice fraction, starting first at the calculated usingEq. (6), but this time literature values
melting temperature and then towards lower temperatures.for the heat of dilution at 25C [37—39] were taken into
The averageCy of the five different initial ethylene glycol  account (Table 2). The results show that the heat of dilution
concentrations was close to literature valy@dl2,27,43] only had a minimal effect on th€y and was insignificant
(Fig. 9). Similar results were observed for four different compared to the standard deviation of ti@&y curves
glycerol solutions (Fig. 10), where the experimenGy and thus, the heat of dilution was disregarded. A similar
values were close to previously reported val[&9,12,44]. conclusion was reached by other authid&,22].

Two transitions were observed when NaCl solutions
were heated from-50 to 10°C. The first transition at low
temperatures was the melting of the eutectic phase and thes, conclusion
second transition was the melting of i3245]. The average
Cq of three different initial NaCl concentrations resulted  The SW-DSC enabled th€, to be determined at
in an overallCy that was higher than previously reported temperatures as low as50°C. Validation of the system
[3,27,35](Fig. 11), however, the highest standard deviation jndicated that a nominal scanning rate above 1 Khiand
was only 1.0%. an evenly distributed sample weight between 8 and 15mg
For the calculations of th€y, the mixing of the solutes  resulted in reliable values. The experimentally determined

and water was considered to be ideal, although small heat capacity values of ice and water samples were in good
agreement with literature. The optimal experimental condi-
tions were applied to determine the apparent heat of frozen

-4 S .
------ Ref. [3] aqueous solutions of ethylene glycol, glycerol and NaCl.
6 1 e Ref. [46] The SW-DSC scans were also compared to the CS-DSC
8 —+— This study scans and it was observed that the SW-DSC recorded
S 10 sharper transitions and lower transition temperatures.
- The apparent heat values of the frozen solutions were
5 121 used to calculate the ice fraction, which was expressed as
g -14 - Cg. TheCy values compared well with previously published
E 164 values. This study showed that SW-DSC can be used to
= determine theCq over a wide temperature range using only
181 one single solution. This is advantageous for solutes that are
-20 not available in large quantities.
22 . . . . . ’ . |
6 9 12 15 18 21 24 27

Solute concentration (%) Acknowledgements

Fig. 11.Cq4 values of NaCl solutions in this study and values from litera- . i i
ture. The standard deviation of three solutions with initial concentrations | ne authors thank J.E. McFetridge for her assistance in

of 3, 10 and 16% is illustrated at 5K intervals. the preparation of the manuscript.
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