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Abstract

When reactions and/or transitions take place within a food system, i.e. in the presence
of a number of components, their kinetic parameterization can be approached by careful
analysis of isothermal DSC traces. Even when the signal is relatively smooth, a *‘fine
structure” can be observed. This can be used in numerical manipulations if the original
trace is in digital format. Some simple expressions are proposed for the determination of
kinetic parameters from isothermal and non-isothermal scans. The case of consecutive
reactions is also considered.

INTRODUCTION

The kinetic parameterization of a process, together with an estimation of
its enthalpy, has often been determined from DSC traces obtained at a
given heating rate, i.e. under non-isothermal conditions.

The determination is generally based on the assumption that the process
that takes place in the course of the DSC scan may be treated as a reversible
transition. This is the case, for instance, for protein unfolding in aqueous
solution which has been analysed via the van’t Hoff equation by a number
of authors [1-3]. This approach underlies the analysis of the experimental
traces, including their deconvolution into a number of more simple
functions, to yield the relevant kinetic order and activation energy. Despite
the unsatisfactory application of thermodynamic and kinetic relationships
within the same context and, possibly as a result of internal compensations,
e.g. due to the unavoidable correlation among different parameters, this
procedure may give a self-consistent description of the process investigated.

A peculiarity of these approaches is the focus of attention on the
calorimetric signal in the region of the peak maxima or minima, i.e. where
the trace derivative is zero or constant. This leads to a number of
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simplifying assumptions, resulting in a satisfactory fit or justifying the
observed trace trend.

More recently, an improved approach has been proposed by Sandu and
Singh [4] who determined the kinetic parameterization by emphasising, as
should always be the case, the direct connection between calorimetric signal
and the reaction rate. The mathematical procedure proposed by these
authors is however difficult to use when the DSC signal reveals a
multi-stage process, i.e. when several thermal effects are present in the
overall trace observed.

As a final comment, it must be emphasised that there are few literature
reports of kinetic parameterization of isothermal DSC traces [5-7].

The present work reports some suggestions for kinetic parameterization
of isothermal and non-isothermal DSC traces without the use of any
“theoretical” model. Therefore, the suggestions should be applicable to
complex cases such as those in biological and food systems, where reactions
and transitions take place in the presence of a number of components.

The examples reported here concern protein denaturation within natural
systems, such as the white of hen eggs and beef muscle, investigated at a
constant heating rate, and starch gelatinization, monitored in either
isothermal or non-isothermal conditions. The sample preparation and
experimental details are reported elsewhere [7-9].

METHODS

A Mettler DSC 20 and a Setaram C80 D were employed for the
non-isothermal and isothermal investigations, respecively. In both cases,
the calorimetric trace was converted into digital format for numerical
manipulation in a worksheet software. For this work, the DSC trace was
formatted as an ascu file and analysed using a Lotus 123 worksheet.

Owing to the complexity of the systems considered, the trace baseline
across the signal was approximated either with a straight line, when a small
drop (compared with the peak height) was observed between pre- and
post-signal trends, or with an SP-line for larger drops, and subtracted from
the experimental trace. The scaled trace, still in the form of worksheet data
vectors (temperature/time and signal), was submitted to a non-linear
regression analysis through a statorapuics routine for its deconvolution
into a number of gaussian functions. Although these cannot exactly
reproduce the onset and the end of a DSC peak, the error implied does not
significantly affect the evaluation of the enthalpy [10] and the kinetic
parameters.

The number of gaussian functions required to fit a given trace should be
the number of transformations expected to occur in the temperature range
considered. For the actual cases treated in this paper, the relevant literature
suggests that many of the proteins undergo denaturation simultaneously,
e.g. ovomucoids with conalbumin, sarcoplasmic proteins with collagen, etc.,
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so that the respective thermal effects completely overlap one another and
cannot be separated. The size of the function set was therefore kept as small
as possible to attain a reasonable fitting accuracy. Accordingly, each
gaussian contribution did actually correspond to denaturation of a group of
proteins present in the sample.

Further manipulation to yield kinetic parameters from the deconvoluted
traces was carried out by means of a maTcaD routine.

DISCUSSION

A simple one-step chemical or physical process
A—B

is accompanied by an enthalpy change proportional to the mass of B, such
that

Q=m(B)AH
where A.H is the enthalpy change relative to the unit mass, which is
assumed to be independent of the temperature 7 in the case of

non-isothermal DSC scans. If m,(B) is the total mass of B produced on

completion of the process, the total heat released or adsorbed by the system
will be

Q.=m(B)AH
If the extent of reaction is

where ¢ is the time.
Accordingly

Q=fsdt and Qx=fcsdt

where ¢, and ¢, are the onset and the end point of the signal. The rate of
process is therefore

da s
V—E—K(l—a) 2@ (1)

where K and n are the kinetic constant and the kinetic order, respectively.
This equation holds either for isothermal or non-isothermal scans.
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Due to the delay in heat transfer from the sample to the thermocouples
set beneath (Mettler DSC) or around (SETARAM C80) the calorimetric
cells, the temperature of a DSC record should be corrected, especially at
the starting point of the scan, to reproduce the actual temperature of the
sample. When the instrument used has a small thermal lag, as in the case of
the Mettler DSC 20, the actual temperature scan rapidly attains the
pre-fixed program with a constant, small gap that does not affect the shape
of the DSC trace. The temperature difference between sample and
thermocouple may nonetheless change with temperature and should be
accounted for in defining the baseline [4].

Accordingly, once amended the trace reproduces the thermal history of
the sample. The starting point of a transition is revealed by a downward or
upward shift from the baseline. This is significant when a threshold value
(according to the sensitivity of the instrument used), s, is reached which
corresponds to a threshold rate, V..

When a system undergoes a temperature scan, it moves from the
condition where A,G >0 (the process is thermodynamically impossible
because of the positive difference of the Gibbs function G) to that where
A,G <0, namely, below and beyond the onset temperature T, respectively.
The appearance of a DSC signal occurs when A,G =0 and V = V,..

When the scan goes through the temperature T, at which A,G =0, the
system is subjected to the smallest driving force and the rate of reaction is
accordingly the lowest. This implies 7., < T,. Were the system kept at 7,
the activities of the reagents and products would slowly attain their own
equilibrium values. But, because the scan has a finite rate, the system will
go through 7, driven by a force that increases with 7. The rate of reaction
will therefore rise to a maximum (which corresponds to the peak maximum
or minimum) at 7, mainly because of temperature increase, slowing down
after T,, and finally vanishing at 7., because of the progressive exhaustion of
unreacted mass.

Non-isothermal scans

Equation (1) may be rewritten in differential form

dlnV dinkK N din(1 — «)
= n

d(1/T) d@Q/T) d(1/T)
AEa_I_ndln(l—a): dilns @)
R d(1/T) d(1/T)
where the Arrhenius law has been assumed for K. Because the 7 and s
values are stored as data vectors in a worksheet, it is very simple to generate
associate vectors for Q., Ins, (1/T), (1—a) and In(1 —«), and, in

addition, for the relevant derivatives, either versus T or (1/T). These derive
directly from the experimental data and are known quantities. Thus,
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dIn(1 —a)/d(1/T) (Yy) and dIns/d(1/T) (X) can be fitted according to a
straight line
1 AE,/R

YT:—XT+
n n

®)

whose slope and intercept are equal to 1/n and AE,/nR, respectively.

A peculiar feature of this approach is that it does not require any
underlying model except for the Arrhenius law. It should, however, be
applied only when the process considered is simple, i.e. there are no
intermediate steps or independent processes taking place in the same
temperature range — a very rare situation when dealing either with large
biopolymers that undergo conformational and phase transitions, or with
natural mixtures of biopolymers that can mutually interact and are affected
by other solutes.

Figure 1 reports the case for potato starch gelatinization, which, for a
5 K min™' heating rate, gives n = 1.28 and AE, = 315.2 kI mol™"'. It must be
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Fig. 1. a. DSC traces of starch-water (30% w/w) sample recorded at 5°K min~' heating
rate. b. Endothermic signal and corresponding scaled signal in the plane (X,Y). Crosses and
triangles are the digital experimenal data of DSC scan recorded at 5°K min™".
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stressed that these quantities have a phenomenological meaning and do not
allow any detailed consideration of the mechanism of the process. In spite
of the simple shape of the calorimetric signal, the case of starch-
gelatinization is indeed rather intriguing, because it is a multi-stage process
in which the glass transition of the starch is followed by amylopectin
“fusion” and, at higher temperatures, by crystallization of amorphous
amylose [11]. When the starch/water ratio is smaller than 30% (w/w), the
DSC trace shows a rather regular single peak, which has been used to
approach the kinetic parameterization of the overall process [12].

Careful inspection of the trace, however, reveals some minor “ir-
regularities” in the peak profile (Fig. 1a). When the signal is replotted
against X, peak profile is modified (Fig. 1b, upper part), but not as
expected for a pure gaussian profile (see examples given below). In other
words, the data treatment allows us to recognize the underlying complexity
of an apparently simple signal.

When a glass transition can be excluded, the calorimetric traces of
biological tissues and/or solutions require deconvolution in more contribu-
tions that, for practical purposes (see Methods section), may be assumed to
have a gaussian trend

)

with (8T), =(T — T,,,), where s, T.., and o, are height, mean temperature
and standard deviation of the ith gaussian function of the set used for the
deconvolution.

Figures 2 and 3 report the case of protein denaturation in the white of
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Fig. 2. Protein denaturation of hen egg white. DSC trace deconvoluted into three gaussian
components.
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Fig. 3. Protein denaturation in beef muscle. DSC trace deconvoluted into three gaussian
components.

hen eggs and in beef muscle, respectively. In each case, the literature
suggests deconvolution in three main contributions [10, 13] although the
actual number of proteins undergoing denaturation is, especially for beef
muscle, higher.

Once the sum of the gaussians that fits the trace is assessed, the above
procedure for the kinetic parameterization is largely simplified, as one no
longer needs worksheet manipulation of the experimental data to obtain «,
In(1 — &) and its derivative versus 1/T for each single gaussian contribution.

It is easy to recognize that, in this case

T*(8T),
Xr=—(2—)
o-l
T2
Yy =— L

- Smo V2 (1—a,)
which via eqn. (3) gives
2n,RT3,,
P —aa (4)
o Vor
which accounts for the predicted correlation [4] between peak skewness (o,
in this approach), kinetic order and activation energy.

Taking into account the peculiar value of the defined integral of the
gaussian function across the range [(T,,, + 0.), (T, — ¢,)], the equalities:

(T, + 0)?

a,

AE

XT(TmJ + Ul) =
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and

(T, + 0,) exp(—0.5)
0.1580,V2x

YT(Tm.: + U:) =

can be deduced, which permit the evaluations of », and AE,.
Equation (3), accordingly rewritten as

2T, N T8T),
oV2r no;

allows representation and direct comparison of various gaussian contribu-
tions to the DSC trace in the same Y7 vs. X+ plane. The corresponding plots
are straight lines that allow the evaluations of n and AE, from the slope and
intercept on the Y; axis, respectively.

Figures 4 and 5 show the Y7 vs. X, plots for the egg white and beef
muscle, respectively, and Table 1 summarizes the relevant kinetic
parameters.

Y, (5)

Isothermal scans

For a simple isothermal process, eqn. (1) indicates that the calorimetric
signal has its largest value s, at 1 =0, for any kinetic order

s(t=0)=KQ.. = s, (6)
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Fig. 4. Hen egg white DSC gaussian components scaled in the plane (X,Y). The straight
lines correspond to eqn. (5).
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Fig. 5. Beef muscle DSC gaussian components scaled in the plane (X,Y). The straight lines
correspond to eqn. (5).

and
da Ks
V=-a=-21 7
dt s, )
Accordingly, the ‘““ideal” calorimetric signal shouid be
E)(t) = sm
E(t) = s, exp(—Kt)
Kt \?
E(t) = m<1 - >
() =s 1+ Kt

for n =0, n =1 and n =2, respectively.
However, the trend of the actual signal is somewhat deiayed with respect

TABLE 1

Kinetic parameters for the protein denaturation of egg white and beef muscle obtained from
the Y7 vs. X; plots in Figs. 4 and 5, respectively

n AE, (kJmol™")
Egg white
Conalbumin 1.36 594.5
Lysozime 1.33 244.6
Ovoalbumin 1.35 504.6
Beef muscle
Light myosin 1.35 389.2
Sarcoplasmic and coliagen 1.31 137.8

Actomyosin aggregates 1.35 442.4
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Fig. 6. Actual and ideal DSC signals for an isothermal reaction. The actual signal accounts
for the lag time of the calorimeter used.

to “ideality’” because of the time constant of the instrument used. This may
easily be accounted for if the above expressions are multiplied by a
dumping function, such as exp(—1t/t), where 7 is the time constant of the
instrument. Figure 6 represents a simulation of actual signals.

Taking into account eqns. (6) an (7), integration of eqn. (1) gives

a=1--[(n—- DKt +1]
Sm

If this expression is differentiated and compared with eqn. (7), a

straightforward manipulation yields

s 1—n 1

D n : Kt
where D =ds/dt.

Equation (8) is rather useful because it holds for any kinetic order and
allows the ratio s/D (easily assembled through a worksheet manipulation of
the experimental trace data) to be plotted against ¢, yielding a straight line
from which both n and K can therefore be evaluated.

Figure 7 represents a simulation of processes with the same s, and K, but
with different n values.

The real case of starch gelatinization is reported in Fig. 8; the trace refers
to starch gelatinization at 95°C, i.e. well above the temperature of the starch
glass transition and amylose crystallization. The process therefore only
concerns the water-assisted fusion of starch crystallites. The fit of the
experimental data reported in Fig. 8 corresponds to first-order kinetics. The
large scatter of data just above =0 is due to the thermal lag of the
calorimetric response not accounted for in eqn. (8). The actual situations

(8)
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Fig. 7. Simulation of endothermic signals corresponding to reactions with different kinetic
orders (n) and equal enthalpies of reaction and kinetic constants.

thus require use of eqn. (8) to achieve a tentative evaluation of n and K
(n=1 and K =0.00154s"! for the data in Fig. 8). The trace data should
then be treated according to the appropriate equation

s =exp(—1/t)E,(t)

This procedure gives the 7, s, n and K values that allow the best fit of

the whole trace. Q.. is accordingly evaluated as s,,/K. Figure 9 shows a
comparison of the experimental and calculated traces for isothermal starch
gelatinization: n =1 is therefore confirmed, while K =1.93 X107 s7" is

s / [ds/dt]

Fig. 8. Upper: DSC trace of isothermal starch gelatinization.
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Fig. 9. Experimental and calculated DSC trace for isothermal starch gelatinization.

larger than the above tentative value. The lag time of the calorimetric

response is T = 39.2 s; the maximum ideal signal is s, = —5.61 mW g~', and

the overall thermal effect is Q.. =2.9J g™ (referred to pure starch).
Equation (1) permits other considerations. When rewritten in the form

s=E(f) =sa(l—a)

it predicts the s value (of the “ideal” trace) at the half-life time ¢,,, namely,
0.5s, and 0.25s, for n=1 and n =2, respectively. Figure 10 reports
simulated cases.

H1 H

Endothermic Signal

TIME

Fig. 10. Ideal DSC traces corresponding to reactions of different kinetic order; H,, H, and
H, are the respective half-lives.
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Fig. 11. Isothermal DSC trace for two first-order consecutive reactions with thermal effects
of opposite sign.

DSC traces become rather more complex when more processes take
place in the same system: this is the case for consecutive reactions, either in
the classic sense, or in that of reactions induced only after exhaustion of a
previous stage, such as yeast growth. The former has been fully discussed by
Sandu and Singh [4] for non-isothermal conditions. Here we simply apply
the above treatment to each stage of a consecutive reaction path; i.e. direct
use of the classical expression for the reaction rate, which is then multiplied
by the corresponding reaction enthalpy to generate an expression for the
“ideal” DSC signal F(t). This is finally multiplied by the dumping function
exp(—17/t) to attain the trend of the actual DSC trace.

Figure 11 reports the example of two first-order consecutive reactions
with thermal effects of opposite sign (—2.7J and 0.3J, respectively),
deliberately chosen to show that, in such extreme conditions, the actual
treace presents an initial waving trend that might be misinterpreted as a
starting noise of the recording. The kinetic constants (1.5X107? and
1.5%x1072s7") and reaction enthalpies have been chosen to simulate a
situation where actual and ideal DSC traces are significantly different from
each other in the early part of the process, while becoming very close later
on. This means that the occurrence of a ‘‘small” signal with some waving
noise at the start of the trace should be carefully considered.

CONCLUSIONS

It can be concluded that, once the expressions for reaction rates have
been assessed, a regression analysis can be applied to fit the whole DSC
trace. The adjustable parameters depend on the kind of scan, isothermal or
non-isothermal. In the former case, the delay of the calorimetric response
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has to be accounted for, because it significantly affects the initial part of the
trace.

As for non-isothermal scans, a previous choice of the baseline is
required. Although a straight line across the onset and end points of the
whole signal may be a reasonable baseline, some uncertainty could come
from glass transitions that sometimes take place just before the onset of
peaks, as in the case of starch gelatinization.

The procedures proposed in this paper, however, allow recognition of
such occurrences and therefore seem adequate to treat many kinds of DSC
traces. Their use for the parameterization of traces from microbial growth is
in progress.
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