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information regarding optimal temperature conditions for the 
safe storage and use of leather. As a protein, collagen is 
susceptible to heat that can breakdown the hydrogen bonds 
stabilizing the triple helix, resulting in the thermal denaturation 
of col lagen, of which shrinkage is the macroscopic 
manifestation.1,2,11,18,19 Therefore, the knowledge of the thermal 
behavior of collagen is of great importance to understand its 
structural stability. In leather industry, the thermal stability of 
collagen is conventionally measured by observing the shrinkage 
temperature (Ts) at which a specimen shrinks when heated in 
water at a certain heating rate,1,2,13-15 or by determining the 
denaturation temperature (Td) of collagen using a differential 
scanning calorimetry (DSC).3,4,9-17 Although the thermal 
denaturation of many different types of collagen and leather has 
been investigated extensively, 1-25 little information is available on 
the thermal behavior of hide collagen fibers, especially for those 
after being tanned, from a kinetic point of view.

Studies on the kinetics of the thermal denaturation of collagen in 
tissues and leather may date back to the 1940s’ pioneering works 
by Weir.5,6 Based on the isothermal measurements of the rate of 
shrinkage of kangaroo tail tendon, the thermal shrinkage of 
tendon collagen fibers was found to be an irreversible rate 
process involving first-order reaction kinetics, and the measured 
Ts was an interval rather than a sharp point on the temperature 
scale.5,6 Later, such an irreversible rate process was reported for 
the thermal denaturation of collagen in rat tail tendon by using 
DSC isothermally, and there was an rate dependence on 
temperature obeying the Arrhenius equation.8 It is obvious that 
the thermal denaturation (or shrinkage) of collagen is a kinetic 
process and thus a single value of Td (or Ts) could not provide an 
accurate estimate for the thermal stability of collagen. Moreover, 
both Td and Ts are highly dependent on the heating rate which 
might be responsible for the difference between the values of Td 

Abstract

To further understand the thermal stability of collagen in hide 
and leather, the thermal denaturation behaviors of chrome-
tanned collagen fibers were studied by non-isothermal 
differential scanning calorimetry (DSC) using isoconversional 
and multivariate non-linear regression (Multivar-NLR) 
methods. The differential (Friedman) and the integral (Ozawa-
Flynn-Wall) isoconversional methods as well as the Multivar-
NLR method showed that the denaturation (or shrinkage) 
process could be best described by a three-step model, in which 
a reversible reaction was followed by a rate-limited irreversible 
step. The simulation of thermal behaviors of collagen at different 
temperature conditions indicated that the denaturation kinetics 
could be approximated to a one-step irreversible reaction at low 
heating rates or temperatures. For the design of new chrome-free 
tanning systems, which can endow collagen with high enough 
thermostability, the decrease in the rate of the irreversible 
denaturation of collagen might be an important criterion as well, 
besides the increases in the denaturation (or shrinkage) 
temperature, enthalpy and effective activation energy.

Introduction

One of the most important changes in properties of animal hides 
(or skins) induced by tanning is the increase in the thermal 
stability of collagen fibers, the building blocks of which are 
collagen molecules having a unique triple helix structure.1-4 The 
study of the thermal stability of collagen in tissues (e.g., hide and 
tendon) and leather is an active field and has attracted the 
attention of leather chemists and technologists for several 
decades,1-17 not only because it can be used to evaluate the 
efficiency of the tanning process, but also because it can give the 
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and Ts for the same collagen sample.13-15 Recently, the kinetics of 
the thermal denaturation of collagen in sheep skin and three 
types of tanned leather was investigated using the method of 
modulated temperature DSC (MT-DSC), and the denaturation 
reaction was shown to be apparently irreversible under the 
specific applied conditions.17 However, the current knowledge of 
the thermal behavior of hide collagen fibers is far from enough 
to understand how the denaturation (or shrinkage) occurs, how 
the denaturation process could be controlled by temperature, 
and how the denaturation behavior of tanned leather differs 
from that of untanned hide.

DSC has been the most widely used technique to study the 
thermal stability and denaturation kinetics of native collagen 
and leather.3,4,7-25 For isothermal DSC, the experimentally 
accessible temperature interval for the absolutely reliable 
measurements is relatively limited, due to the large uncertainties 
of DSC signals at the temperatures where the rate of denaturation 
of collagen is too fast or too slow.8,26 In contrast, non-isothermal 
DSC is more convenient to perform and has been highly 
recommended for the kinetic analysis of thermal degradation of 
polymers.26-28 Nevertheless, it should be recognized that 
conventional DSC intrinsically do not allow the complete 
isolation of elementary reactions, resulting in its failure to detect 
the possible multi-step kinetics for a thermal process.27,29,30 Thus 
the macroscopic kinetics of the thermal denaturation of collagen 

might contain information about simultaneously occurring 
multiple steps,18,19,24,25 which has been treated approximately as a 
single step involving first-order reaction kinetics.5,6,8,17 According 
to the proposal of the International Confederation for Thermal 
Analysis and Calorimetry (ICTAC) Kinetics Project, 
isoconversional and multi-heating rate methods were 
particularly successful in correctly describing the multi-step 
kinetics and could be used to explore the kinetics and 
mechanisms of complex processes.31 However, to the best of our 
knowledge, there is no published literature regarding the 
application of such methods to the kinetic analysis of the thermal 
denaturation of collagen in untanned hide and tanned leather.

Chrome tanning will be still the most popular tannage for a long 
time due to the excellent properties of chrome-tanned leather, 
although various chrome-free tanning systems have been 
developed to solve the environmental problem regarding the 
discharge of chromium.32 In this work, therefore, the thermal 
denaturation behaviors of chrome-tanned hide collagen fibers 
were studied by non-isothermal DSC using isoconversional and 
multivariate non-linear regression (Multivar-NLR) methods, 
which were highlighted by the ICTAC Kinetics Project.31 These 
techniques were applied in combination to evaluate the 
mechanism and kinetic parameters of the denaturation process, 
and the denaturation behaviors of chrome-tanned collagen 
fibers under different temperature conditions were simulated. 
The fundamental data are expected to further understand the 

thermal stability of hide collagen fibers and chrome-tanned 
leather, as well as to inspire the design of chrome-free tanning 
agents which can endow leather with the desired thermostability.

Experimental

Materials
Untanned bovine hide collagen fibers (white hide powder) were 
obtained from Chinese Academy of Forestry. Chromium sulfate 
hexahydrate (analytical reagent, 50% solution) was purchased 
from Tianjin SHENTAI Chemical Industry Co., Ltd. of China. 
All other reagents including sodium chloride, sulphuric acid and 
sodium bicarbonate were of analytical grade and supplied by 
Sichuan University.

Preparation of Chrome-tanned Collagen Fibers
Chrome-tanned collagen fibers were prepared according to 
conventional chrome-tanning procedures with some 
modifications. 400 mg of white hide powder samples were 
soaked overnight in a conical flask containing 30 mL of distilled 
water and 2.4 g of sodium chloride. The pH of the above 
suspension was adjusted to 3.0 using dilute sulphuric acid and 
then 200 µL of 50% chromium sulfate hexahydrate was added 
dropwise with continuous stirring. After shaking for 2 hours at 
20°C, the suspension was slowly basified to pH 4.0 with 6% 
sodium bicarbonate solution, followed by stirring for another 6 
hours at 35°C. The suspension was filtered and the resultant 
chrome-tanned samples were washed thoroughly with distilled 
water to remove salts and unreacted chromium. The chrome-
tanned collagen fibers were lyophilized by a freeze-dryer 
(FreeZone 6 Liter, Labconco, USA) and the Cr2O3 content of the 
lyophilized samples was determined to be 2.76% by using 
Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES, Optima 2100DV, PerkinElmer, USA).

Differential Scanning Calorimetry (DSC)
Prior to DSC measurements, both the untanned and chrome-
tanned collagen fibers were conditioned in a controlled 
atmosphere (temperature 20 ± 2°C, relative humidity 65 ± 5%) 
over a saturated sodium chloride solution for more than two 
weeks. DSC measurements were performed by using DSC 200PC 
(Netzsch-Gerätebau GmbH, Germany) as previously described 
with some modifications.18 The heat and temperature scales, as 
well as corrections regarding the thermal resistance and the 
transfer function were calibrated according to the manufacturer’s 
instructions with indium standard. All of the untanned and 
chrome-tanned collagen fiber samples (3.0 ± 0.1 mg) were sealed 
in 100 µL aluminum pans and an empty pan was used as the 
reference. DSC thermograms were recorded by heating the 
samples from 10°C to 120°C at heating rates of 2, 5 and 10°C/
min, respectively. The temperature at the peak of a DSC trace 
was used as the apparent denaturation temperature (Td) of 
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collagen samples, and the dependences of Td and the enthalpy of 
the denaturation (ΔH) on heating rate (b) were studied. All 
measurements were performed for at least thrice until good 
reproducibility was achieved and the DSC data were evaluated 
using Proteus® from Netzsch-Gerätebau GmbH.

Kinetic Analysis
The kinetic analysis of the non-isothermal DSC data was 
performed according to the general algorithm suggested by 
Budrugeac,28 being in accordance with the proposal of the 
ICTAC Kinetics Project.31 To begin with, the isoconversional 
methods such as their popular representatives, i.e., the method 
of Friedman33 and that of Ozawa, Flynn and Wall (OFW),34,35 
were applied to detect whether the thermal denaturation of the 
untanned and chrome-tanned collagen fibers could be described 
by single or multi-step kinetics. Next, the method of multivariate 
non-linear regression (Multivar-NLR) was used to evaluate 
various kinetic models and their corresponding kinetic 
parameters.

Isoconversional Analysis
The DSC curves for the untanned and chrome-tanned collagen 
fibers at 2, 5 and 10°C/min were subjected to the isoconversional 
kinetic analysis. By using isoconversional methods, the 
dependence of the effective activation energy (E) on the degree 
of conversion (α) (a ratio of the heat released between the start of 
a reaction and the actual time to the total heat), can be estimated 
without need of any information of the kinetic model.24 It should 
be emphasized that a significant variation of E with α 
unambiguously indicates a multi-step process and the shape of 
Eα (the value of E corresponding to a given α) dependence could 
provide important insights into the mechanism of the 
process.28-30 The differential isoconversional method according 
to Friedman33 is based on the following equation:

lnβ dα
dT

= ln Af (α)− E
RT

	 (1)

where f(α) is the differential form of the reaction model, A is the 
Arrhenius pre-exponential factor, R is the gas constant, and T is 
the absolute temperature. For a constant α, the plot of lnβ(dα/
dT) vs. 1/T for the DSC curves at 2, 5 and 10°C/min, should be a 
straight line whose slope could be used for calculating the value 
of Eα. In addition, the integral isoconversional method according 
to Ozawa, Flynn and Wall (OFW)34,35 is based on the following 
equation:

lnβ = ln AE
Rg(α)

−5.331−1.052 E
RT

	 (2)

where g(α) is the integral form of the reaction model. Similarly, 
for a constant α, the plot of lnβ vs. 1/T for the DSC curves at 2, 5 
and 10°C/min, should be a straight line whose slope allows for 
calculating the value of Eα.

Multivar-NLR Analysis
The DSC curves for the chrome-tanned collagen fibers at 2, 5 
and 10°C/min were subjected to the Multivar-NLR kinetic 
analysis using the software package Netzsch Thermokinetics 3 
as previously described.19 In this work, the following kinetic 
models were evaluated: the three-step Lumry-Eyring model36 
(defined as model ‘t:r,f ’) containing reversible steps and an 
irreversible step, which are all of nth-order reaction (Fn: f(α) = 
(1-α)n) type

N k1
k2

⎯ →⎯← ⎯⎯ U k3⎯ →⎯ D 	 (3)

where N, U and D stand for the native state, the partially 
unfolded state and the denatured state of collagen, respectively, 
and k1, k2 and k3 are rate constants for the steps. And the one-
step irreversible model, defined as model ‘F1’ or ‘Fn’, respectively, 
in terms of the reaction type is first-order reaction (F1: f(α) = 
(1-α)) or Fn

N
kapp⎯ →⎯⎯ D 	 (4)

where kapp is the apparent rate constant for the single step. 
During the Multivar-NLR analysis, the experimental DSC data 
at 2, 5 and 10°C/min were brought together and fitted to the 
models ‘t:r,f ’, ‘Fn’ and ‘F1’. The relevant differential equations of 
the reaction were solved numerically and the kinetic parameters 
(e.g., E, A and the reaction order n) were iteratively optimized. 
The fit quality was evaluated by the minimum sum of least 
squares (LSQ), the mean value of deviations (MD) and the 
correlation coefficient (Corr. coeff.). The evaluation of fit-quality 
for the models was performed by F-test via the experimental 
F-value (Fexp) and critical F-value at a confidence level of 0.95 
[Fcrit(0.95)].

Simulation of Thermal Behaviors of Chrome-tanned  
Collagen Fibers
The changes in the fraction of the states (N, U and D) during the 
thermal denaturation of the chrome-tanned collagen fibers were 
simulated at different heating rates, i.e., 0.001, 0.01, 1, 2, 5, 10, 
100, 500 and 1000°C/min, and at different temperatures, i.e., 75, 
76, 77, 78, 79, 80, 83, 85, 88, 89, 90, 92, 95 and 100°C, based on the 
best of evaluated models and the corresponding kinetic 
parameters.

Results and Discussion

Effects of Heating Rate and Chrome-tanning on the Thermal 
Denaturation of Collagen Fibers
Figure 1 and Table I show the DSC data for the thermal 
denaturation of the untanned and chrome-tanned collagen 
fibers at different heating rates. Although the DSC curves 
displayed only one endothermal peak, there were obvious 
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differences in both the width and intensity of the peaks. As a 
whole, the peaks for the untanned collagen fibers were wider but 
weaker than those for the chrome-tanned samples. The Td values 
were significantly dependent on heating rate, indicating that the 
denaturation (or shrinkage) process was to some extent 
kinetically controlled.18,19 Whereas there was no significant 
difference regarding the ΔH values at different heating rates, 
being consistent with other studies on the denaturation of 
collagen.8,18,19 Moreover, at the same heating rates, the Td and ΔH 
values for the chrome-tanned collagen fibers were much higher 
than those for the untanned samples, indicating an increase in 
collagen stability endowed by the chrome-tanning. However, the 
only use of Td and ΔH are not adequate to evaluate the thermal 
stability of collagen as mentioned earlier.

Isoconversional Kinetic Analysis
Figure 2(a) and 2(b) show the Friedman and OFW plots for the 
thermal denaturation of the chrome-tanned collagen fibers, 
according to Eq. (1) and Eq. (2), respectively. As shown in Figure 
2, the straight lines fitting the data are not parallel, which is an 
indication that the calculated activation energies at various 
degrees of conversion are nearly different. Besides, the 
corresponding plots for the thermal denaturation of the 
untanned collagen fibers displayed similar profiles (data not 
shown). Figure 2(c) shows the Eα dependences for the thermal 
denaturation of the untanned and chrome-tanned collagen 
fibers, calculated for different degrees of conversion from 0.02 to 
0.98 in terms of Eq. (1) and Eq. (2), respectively. On the whole, 
the Eα dependences are almost decreasing and approximately 
have the concave and convex shapes at lower (about 0.02-0.6) and 
higher (about 0.6-0.98) degrees of conversion, respectively. It 
should be recognized that the shapes of the Eα dependences 
could be associated with the kinetics and mechanisms of thermal 
processes, i.e., a decreasing and concave Eα dependence indicates Figure 1. DSC curves for the thermal denaturation of the (a) untanned 

and (b) chrome-tanned collagen fibers at different heating rates.

Table I
Values of Td and ΔH for the thermal denaturation of the untanned  

and chrome-tanned collagen fibers at different heating rates.a

Heating rate  
(°C/ min)

Td (°C) ΔH (J/g)

Untanned Chrome-tanned Untanned Chrome-tanned

2 46.6 ± 1.5 87.0 ± 0.3 12.28 ± 0.09 16.04 ± 0.15

5 52.3 ± 0.6 88.3 ± 0.2 12.68 ± 0.06 16.49 ± 0.04

10 55.6 ± 0.9 91.5 ± 0.5 12.27 ± 0.18 16.30 ± 0.12

aValues are means ± standard deviations (n = 3). The student’s t-test was employed to evaluate statistical differences.
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the process with reversible stage, and a decreasing and convex Eα 
dependence indicates the process with a change of limiting 
stage.28-30 Luckily, such a characteristic shape of the Eα 
dependences in Figure 2(c) was previously established for a 
three-step model process,29 in which a reversible reaction was 
followed by an irreversible one, just as shown in Eq. (3). 
Therefore, the kinetics of the thermal denaturation of the 
untanned and chrome-tanned collagen fibers seemed to obey a 
complex three-step reaction rather than a simple one-step 
process.

Since the isoconversional methods according to Friedman and 
OFW have their own characteristics, the synchronous use of the 
two methods would be beneficial for a more reliable 
isoconversional kinetic analysis.18,19 For the chrome-tanned 
samples, the Eα values evaluated by Friedman were lower than 
those by OFW at the same degree of conversion, whereas it was 
not the case for the untanned ones. The differences in the Eα 
values calculated by the Friedman and OFW methods might be 
due to the fact that the former was very sensitive to experimental 
noises while the latter could introduce systematic errors.18,19 
Anyway, for the same isoconversional method and a given 
degree of conversion, the Eα values of the chrome-tanned 
samples were higher than those of the untanned ones during 
most of the denaturation process, indicating an enhanced 
collagen stability induced by the chrome-tanning. For Eq. (3), 
the Eα values are limited by the sum of the enthalpy (ΔH*) of the 
reversible reaction (N ↔ U) and the activation energy of the 
irreversible reaction (U → D) at low conversions (i.e., α → 0), and 
by the activation energy of the irreversible reaction at high 
conversions (i.e., α → 1).29 As shown in Figure 2(c), for the 
chrome-tanned sample, Eα → 0 is about 800-950 kJ/mol, and Eα → 1 
is about 230-320 kJ/mol, thus the calculated value of ΔH* is about 
480-720 kJ/mol. Although the isoconversional analysis was 
powerful to uncover the complex kinetics of the thermal 
denaturation of collagen, we also performed the Multivar-NLR 
analysis, which could be more universal than the isoconversional 
analysis,37 to further explore the denaturation mechanism of the 
chrome-tanned collagen fibers.

Multivar-NLR Kinetic Analysis
Figure 3 shows the fits of the experimental DSC curves for the 
thermal denaturation of the chrome-tanned collagen fibers 
based on the kinetic models F1, Fn and t:r,f by Multivar-NLR. As 
shown in Figure 3, the fitting with model F1 leads to the worst fit 
quality, and the fit of model Fn is just a bit better than that of 
model F1; model t:r,f (Eq. (3)) indicates the best fit quality among 
the three models. Table II shows the evaluation of fit quality of 
the kinetic models by F-test and statistical analysis. It is clear 
from Table II that model t:r,f (Eq. (3)) is unambiguously the best 
model for the thermal denaturation of the chrome-tanned 
collagen fibers, conforming to the results of the isoconversional 
analysis. Table II also shows the kinetic parameters for the above 

Figure 2. The (a) Friedman plots and (b) OFW plots for the thermal 
denaturation of the chrome-tanned collagen fibers according to each 
isoconversional method, where 0.02 and 0.98 are the degrees of reaction 
for the first and the last isoconversional line, respectively. The green, 
blue and red data points were calculated from the DSC curves at 2, 5 
and 10°C/min, respectively. (c) Dependences of the apparent activation 
energy on the degree of conversion for the thermal denaturation of the 
untanned and chrome-tanned collagen fibers according to the method 
of Friedman and OFW, respectively.
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evaluated models. For Eq. (3), in terms of ΔH* =E1 - E2,
29 the 

calculated value of ΔH* for the chrome-tanned sample was about 
520 kJ/mol, which fell within the range of the ΔH* values (480-
720 kJ/mol) estimated by the isoconversional methods. 
Combining the results of both the isoconversional and Multivar-
NLR methods, it could be concluded that model t:r,f (Eq. (3)) is 
the most probable mechanism to describe the thermal 
denaturation of the chrome-tanned collagen fibers.

Simulation of Thermal Behaviors of Chrome-tanned 
Collagen Fibers
Figures 4 and 5 show the results of simulation for the thermal 
denaturation of the chrome-tanned collagen fibers at different 
temperature conditions using model t:r,f and its kinetic 
parameters. Figure 4 shows the dependences of the fraction of 
states (N, U, and D) on temperature at different heating rates. At 
low heating rates (0.001 and 0.01°C/min), the fractions of U were 
very low compared with those of N and D, so the denaturation 
process looked like the irreversible process N → D and could be 
approximately described by a one-step model as Eq. (4). At 
medium heating rates (1, 2, 5 and 10°C/min) and even 100°C/
min, there were significant amounts of U together with N and D 
during the denaturation processes, appearing just as the three-
step model (Eq. (3))38. At high heating rates (500 and 1000°C/
min), most of N transformed quickly into U followed by the 
conversion from U to D, thus the denaturation process might be 
approximately described by a two-step consecutive process  
N → U → D as that of bovine collagen in solution.18 Furthermore, 
it can be inferred from Figure 4 that the conventionally measured 
Td or Ts at 1~10°C/min will always be much higher than the 
intrinsic denaturation temperature which should be measured at 
β → 0. As shown in Figure 4(a), Td (β=0.001°C /min) is about 76°C, which 
is approximately 11°C lower than Td (β=2°C/min) (about 87°C) (see 
Table 1).

Figure 5 shows the time dependence of the fraction of states (N, 
U, and D) at various temperatures, where the changes of states 
are in different forms compared with those shown in Figure 4. 
At low temperatures (e.g., 80°C), the presence of N and D were 
similar to the situation at low heating rates and could also be 
approximately described by a one-step model as Eq. (4). 
Moreover, at lower temperatures (75~79°C), the lifetime values 
for different degrees of thermal denaturation of the chrome-
tanned collagen fibers are listed in Table III, indicating that the 
denaturation would occur at a temperature lower than that 
conventionally measured. At higher temperatures (83~100°C), 
the fractions of N and U changed within an extremely short of 
time at the start of the denaturation process, respectively. 
Although the simulations were based on theoretical calculations, 
the data shown in Figures 4 and 5 will be helpful to understand 
the thermal behaviors of the chrome-tanned collagen fibers at 
different temperature conditions.
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Figure 3. Multivar-NLR kinetic analysis of the thermal denaturation 
of the chrome-tanned collagen fibers, showing the fits of the 
experimental DSC data with (a) model F1, (b) model Fn and (c) model 
t:r,f, respectively.
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Table III
The lifetime values for different degrees of thermal denaturation  

of the chrome-tanned collagen fibers at various temperatures.

Temperature 
(°C)

Lifetime for different degrees of thermal denaturation (min)

5% 10% 20% 30% 40% 50%

75
76
77
78
79

109.204
53.148
25.961
12.716
6.235

230.863
112.418
54.973
26.988
13.295

520.477
253.511
124.034
60.957
30.094

894.105
435.534
213.124
104.769
51.752

1394.232
679.182
332.371
163.404
80.726

2097.663
1021.87
500.086
245.86
121.46

According to a theoretical analysis of the Lumry-Eyring model 
(Eq. (3)),38 the thermal denaturation of the chrome-tanned 
collagen fibers could be strongly rate limited and the rate-
determining step was determined by the unfolding equilibrium 
constant K (K = k1/k2) and the relative values of k2 and k3. When 
k2 >> k3 and K << 1, the rate-determining step was U → D and the 
denaturation process can be approximately described by N → D 
(Eq. (4)), whose apparent rate constant was Kk3; when k3 >> k2, 
the rate-determining step was N → U and the denaturation 

process can also be approximately described by N → D (Eq. (4)), 
but its rate constant was k1. Based on the partly convex Eα 

dependence shown in Figure 2(c), it can be inferred that there is 
a change in the rate-determining step from U → D to N → U, at 
higher (about 0.6-0.98) degrees of conversion for the thermal 
denaturation of the chrome-tanned collagen fibers. Therefore, 
the delay of the occurrence of the irreversible step U → D might 
be essential for an enhanced thermal stability induced by a 
tanning method such as chrome tanning.

405	 Thermal Behaviors of Collagen

Table II
F-test and statistics on the fit quality of the kinetic models as well as the kinetic parameters in the models  

evaluated for the thermal denaturation of the chrome-tanned collagen fibers using Multivar-NLR.

Model
F-test Statistics Kinetic parametersa

Fexp Fcrit (0.95) LSQ MD Corr. coeff. Ig A1(s
-1) E1(kJ.mol) n1

t:r.f 1.00 1.27 15.8249 0.2516 0.9971 126.490 865.327 1.882

Fn 2.57 1.26 42.0748 0.4102 0.9882 81.813 575.282 1.983

F1 9.18 1.26 151.3143 0.7780 0.9591 58.525 416.154 1

aKinetic parameters for the other two steps of model t:r.f included IgA2(s-1), E2(kJ/mol), n2, lgA3(s
-1), E3(kJ/mol) and n3, the values of 

which are 51.458, 347.337, 0.697, 22.690, 165.833 and 0.752, respectively.
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Figure 4. Fraction of states (N, U and D) of collagen vs. temperature profiles for the thermal denaturation of the chrome-tanned collagen fibers 
simulated at various heating rates of (a) 0.001°C/min, (b) 0.01°C/min, (c) 1°C/min, (d) 2°C/min, (e) 5°C/min, (f) 10°C/min, (g) 100°C/min,  
(h) 500°C/min and (i) 1000°C/min, respectively. N, U and D stand for the native state, the partially unfolded state and the denatured state of  
collagen, respectively.
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Figure 5. Fraction of states (N, U and D) of collagen vs. time profiles for the thermal denaturation of the chrome-tanned collagen fibers simulated at 
various temperatures of (a) 80°C, (b) 83°C, (c) 85°C, (d) 88°C, (e) 89°C, (f) 90°C, (g) 92°C, (h) 95°C and (i) 100°C, respectively. N, U and D stand for 
the native state, the partially unfolded state and the denatured state of collagen, respectively.

Conclusions

The thermal denaturation (or shrinkage) of the chrome-tanned 
collagen fibers is a complex kinetic process, which can be best 
described by a three-step model N ↔ U → D rather than a simple 
one-step irreversible process. At low heating rates or 
temperatures, the denaturation kinetics can be approximated to 
a one-step reaction N → D. For a typical DSC trace, there is a 
change in the rate-determining step from U → D to N → U. 
Besides the increase in the values of Td (or Ts), enthalpy and 
apparent activation energy, hindering the irreversible 
denaturation of collagen might also be very important when a 
new tanning system is developed to replace the conventional 
chrome tanning.
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