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Abstract

In this paper, the effects of adding vitamin C to biomedical ultra-high molecular weight polyethylene (B-UHMWPE) on
thermal behavior and thermal degradation kinetics are investigated. The kinetic studies were conducted using Ozawa—
Flynn—Wall (OFW), corresponding to pre-exponential factor (A) and activation energy (E,). Compounds with 1.0 and 2.0%
mass vitamin C exhibited a lower decomposition rate. Activation energy results from the OFW and Kissinger methods
were close to each other and showed a dependence on the degree of conversion (), with E, being an increasing function of
conversion degree to B-UHMWPE and a decreasing function for the compounds. Finally, the pre-exponential factor
increases with the addition of vitamin C, favoring its interaction with the free radicals originated from the thermal
degradation of B-UHMWPE, also suggesting a reduction in its decomposition rate.
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Introduction

Biomedical ultra-high molecular weight polyethylene (B-
UHMWPE) has been a widely used polymer in orthopedic
applications since the 1990s, especially for joint implants
(hip and knee). To this end, the polymer undergoes an
ionizing radiation process to create crosslinks on its sur-
face, which increases its resistance to adhesive or abrasive
wear [1]. On the other hand, the formation of free radicals
also occurs in the radiation process, which leads to
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oxidation of its macromolecules [2]. Stabilization of
crosslinked UHMWPE was also achieved in the 1990s by a
re-fusion process that removed residual free radicals.
However, this process led to a decrease in the crystallinity
of the polymer and a consequent loss in its long-term
mechanical strength and toughness [3]. The great interest in
rendering the surface of the implant more resistant to wear
is due to a concern with debris (i.e., polymer particles)
which detach from the implant during its life. These par-
ticles can cause tissue osteolysis close to the implanted
material, aseptic loosening and instability in the implanted
part with consequent fracture [4, 5]. Several studies have
shown that the stabilization of radiated UHMWPE has
been achieved by adding vitamin E (o-tocopherol), and
satisfactory results in improving mechanical resistance and
toughness have been observed in experimental and clinical
applications [1, 6-8].

The antioxidant action of vitamin E is achieved through
the donation of a hydrogen atom to the oxidized molecule
which occurs without advancing oxidation in its vicinity
[9]. Certainly, the stabilization mechanism involves
macroradical action from the irradiated UHMWPE, which
then reacts with a hydrogen radical from the hydroxyl
phenol group of vitamin E [10]. As a consequence, vitamin
E stabilizes the peroxyl and alkyl radicals that are present
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in the polymer [11]. More recently, other natural or syn-
thetic antioxidants have also been investigated to increase
the thermal stability of biomedical UHMWPE [12, 13]. In
addition, vitamin E has also been used as an antioxidant in
other plastics and rubbers [14-16]. It is important to note
that vitamin E is used in smaller dosages than synthetic
antioxidants that have shown excellent antioxidant action
[17]. Alternatively, Shen et al. [12] investigated the stabi-
lization of irradiated UHMWPE with natural phenols with
multiple phenolic hydroxyl groups and demonstrated sig-
nificant results.

Several mathematical methods have been used to esti-
mate the activation energy, pre-exponential factor and
conversion function to material degradation. Among the
most studied methods, Ozawa—Flynn—Wall (OFW), Coats—
Redfern (CR) and Kissinger methods can be mentioned.
The OFW method evaluates the decomposition of different
components in different time periods, allowing for an
estimation of the decomposition activation energy (E,) at
each stage of degradation [18]. The Kissinger method
evaluates one value of the activation energy in the tem-
perature at maximum degradation rate, being more appro-
priate for a monotonic material that does not degrade in
multiple stages [19].

To the best of the authors’ knowledge, no studies have
been conducted to investigate the kinetic parameters
associated with the degradation of biomedically modified
UHMWPE with vitamin C (ascorbic acid), which is also an
important antioxidant that reacts with peroxide radicals
from the oxidative stress of organism cells [20, 21].
Moreover, the chemical structure of vitamin C can have a
different effect on the thermal stabilization of UHMWPE.

This paper investigates the effects of vitamin C on the
thermal stability of B-UHMWPE measured by TG/DTG
analysis, as well as the corresponding decomposition
kinetic parameters that are evaluated by the Ozawa—Flynn—
Wall (OFW) and Kissinger methods.

Experimental
Materials

Biomedical ultra-high molecular weight polyethylene (B-
UHMWPE) was kindly donated by the Division of
Orthopedic Technology of Baumer SA (Brazil), and vita-
min C (ascorbic acid) with 98.3% purity was obtained from
Galena Chemicals and Pharmaceuticals (Brazil). Both
solids’ components were mixed in different ratios (0.5, 1.0
and 2.0% mass of vitamin C), resulting in powders of
B-UHMWPE/Vit C compounds that were labeled as 0.5%
Vit C, 1.0% Vit C and 2.0% Vit C, respectively.
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Preparation of the samples

For compression molding, B-UHMWPE and B-UHMWPE/
Vit C were pressed under 10 MPa and 160 °C for 6 min in
a manual hydraulic press in accordance with Souza et al.
[22]. The resulting film samples were between 0.31 and
0.35 mm thick.

Characterization of the samples

For thermal characterization, TG analysis was performed
on a DTG-60H Shimadzu Thermogravimetry apparatus to
study the thermodegradation kinetics of the pure and
modified polymer. Approximately 6.0 mg of sample was
loaded and heated from 100 to 700 °C with a heating rate
of 5, 15 and 30 °C min~' under an inert atmosphere of
50 mL min~! of argon flow, considering that Ti,jq 1S the
initial temperature and T},. is the temperature at maximum
degradation rate.

For morphological characterization, atomic force
microscopy (AFM) analyses were performed on a Confocal
Raman-AFM Microscope, model Alpha 300 AR, from
WITEC Raman Imaging. An aluminum cantilever
(k =0.2 Nm™") was used; and 256 points per line were
obtained at a scanning speed of 1 s/line for every image.
Scanning electron microscopy (SEM) analysis was per-
formed on a Leo 1430 unit from Zeiss detecting secondary
electrons. Vitamin C sample was metalized with gold prior
to analysis.

Theoretical approach

The thermogravimetry technique provides mass loss data
with high reproducibility, allowing for calculations of
kinetic parameters to be accurately performed. In this
context, mass loss data are recalculated to provide the
degree of conversion (x) of a solid sample during its
thermal decomposition [23].

Because the heating rate is linear, o is defined as
o= 0T (1)

mo — mg

where myg is the initial mass, mr is the mass at the
decomposition temperature and m; is the mass at the end of
the thermal decomposition. The conversion represents the
decomposed amount of the sample.

The rate of decomposition is a function of temperature
and conversion:
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It is possible to rewrite the right side of Eq. (2) by two
functions, where the first is temperature-dependent and the
second depends on the conversion:

do

—=k(T 3

= k(T (2) ()
The function k(7) in Eq. (3) is temperature-dependent

and is generally expressed by the Arrhenius equation:

T —aexp( 2 @

where (A) is the pre-exponential factor (min~ "), Ea is the
activation energy (kJ mol™'), R is the universal gas con-
stant (8.314 J mol™' K™ ') and f(a) is the differential con-
version function that is proportional to the concentration of
non-degraded material, given by

fla)=(1-a)" (5)

where 7 is the order of the decomposition.

For thermal degradation, considering a constant heating
rate (linear temperature distribution in time), the heating
rate 5 (K min~') can be written as follows:

dr
p=T (©)

The solid-state non-isothermal decomposition reaction
rate is expressed from Eq. (4) as

= gen( ) - )

a7 pC

Integrating both sides of Eq. (7) from the initial tem-
perature 7, and corresponding the degree of conversion
when o = 0 to the temperature of the peak T leads to the
following expression:

« do AT E,
o) = [T =G oo~ g )r ®)

The evaluation of kinetic parameters requires a solution
of temperature that is the dependent part of Eq. (8). Con-
sequently, many techniques have been used to solve it,
including methods that are based on data from either a
single rate or from several rates. For instance, the Kissinger
method is a differential-based method, while both OFW
and CR methods are integral methods that use various
heating rates to determine the values of the kinetic
parameters. Due to the mathematical complexity of
Eq. (8), E, and (A) parameters are generally evaluated
using mathematical software, such as MATLAB and
MAPLE. Although the Kissinger and OFW methods use
multiple heating rates, each one adopts different assump-
tions to interpret the degradation mechanisms of monotonic
and multicomponent materials. Studies have shown that in
the case of modified polymers as well as composites and

blends, more accurate and better understood results are
obtained when multiple heating rates are used [24].

Ozawa-Flynn-Wall method (OFW)

The OFW method estimates activation energy as a function
of decomposition progress based on weight loss versus
temperature data at different heating rates [25]. It does not
require prior knowledge of the degradation mechanism
steps adopted for the analysis. The activation energy is
evaluated for different conversion degree (o), enabling to
ascertain the complexity of the decomposition mechanism
[26, 27]. The OFW method assumes that the parameters
(A), g(o) and E, are independent of the absolute tempera-
ture (7) [25] and is based on the Doyle approximation [28];
therefore, the right-hand value of Eq. (8) can be expressed
with respect to the P function:

[onl-i) 5l

Ty

Substituting Eq. (9) into Eq. (8) provides:

AT E. AE, E.
g@) == fexp( — —= |dT ==—2P( - = (10)
B, RT PR RT
In this case, when (A) and E, are independent of o,
Eq. (10) can be written in logarithmic form as follows:

AE, E,
1 =1 —1 In|P|— 11
nlg(a)] = 1o (%) <t | p( )] (1)
If E/RT > 20, Eq. (11) can be reduced to:
. (AE, E,
Inf = ln( R ) In[g(a)] — 2.315 1.0516RT (12)

By plotting In f versus 1/T for Eq. (12), the slope and
the intercept of its linear regression give the values of E,
and (A), respectively.

Kissinger method

This is a differential method based on several heating rates,
denoted as f. It assumes that the reaction occurs in the
temperature of the peak of the first mass loss derivative
(DTG), which corresponds to a maximum temperature
(Tmax) that is obtained at different rates [29]. Moreover, the
Kissinger method considers E,/RT “>" 1.

The maximum value of the conversion degree is
obtained by defining the time derivative of Eq. (4) as equal

to zero, such that & (%) = 0. This can be rewritten as
d (do g
a (E) = (1 — OC(t))nAe 0 =0 (]3)
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Applying derivatives of the product of functions, the
following occurs:

d/d d _Ea
( “) — (1 —a(t))"_l%Ae R0+ (1

dr \ dr
_ & E, dT
_ n RT( =& 77
%)) Ae RTZ dr (14)
Substituting Eq. (9) into Eq. (10), as follows:
dT 1 AR _
(Eﬁ) = ["(1 — o) L © RT“)] (15)

When a natural logarithm is applied to both sides, Eq. (11)
becomes

dT 1 o AR\ E
(&= :1[ - } m( 22 -
n<dt Tz) nin(l = o)™ |+ “(E> RT,

Because the heating rate is constant, %: p and

& (%) =0, and T4 = Tax and oy = omax. Kissinger’s

approach assumes that the decomposition product n (1 —

amax)"71 is independent of rate. Thus, the value of E, can
be calculated from the slope of the linear fitting of the
In (B/T2.) versus 1/T .y plots.

The Kissinger model gives average degradation E,
values in the temperature interval where it is applied. In
this way, it is appropriate to provide a single value of E,
because we are limited in evaluating complex processes of
materials [19, 27].

Results and discussion
Thermal stability

The effect of adding vitamin C to B-UHMWPE was
investigated in terms of thermal behavior and thermod-
egradation kinetics. Figures 1 and 2 show the resulting
mass loss (%) and DTG curves as a function of tempera-
ture, with varying heating rates of 5, 15 and 30 °C min~".
The unmodified polymer and B-UHMWPE/Vit C (con-
centrations of 0.5, 1.0 and 2.0 mass% of vitamin C) were
analyzed under an argon atmosphere. Table 1 shows the
Tinitias and Tiax values of the samples according to the
increase in heating rates. From the curves depicted in
Fig. 1, it is suggested that the samples present the typical
behavior of all polyethylenes, showing only one stage of
decomposition [30]. As the heating rate increases, all
curves shift to the right, denoting that higher temperatures
are required for the sample degradation process. An
explanation for this effect was provided by Tang et al. [31],
who attributed these shifts to the behavior of the polymer
molecules, which did not have enough time to release the
heat that was gained from the increased heating rate. Since

@ Springer

heat diffusion is slow, it also results in slower decompo-
sition rates at the higher decomposition temperatures of the
samples.

In Fig. 2, both DTG curves of B-UHMWPE and
B-UHMWPE/Vit C are shown. Only one DTG peak was
observed in all samples, denoting typical thermal degra-
dation behavior in a single step. In this kind of process,
degradation occurs by random chain scission and by
intermolecular transfer, which are indicative of a first-order
reaction [32]. The values of the temperatures Tinia and
Tmax at different heating rates are summarized in Table 2.
It may be seen that the average values of the initial and
maximum decomposition temperatures of the B-UHMWPE
lies between 414.8 and 482.0, whereas for B-UHMWPE/
Vit C compounds with 0.5, 1.0 and 2.0%, those values lie
between 412.0 and 483.6, 360.6 and 478.5, and 413.1 and
484.5 °C, respectively. Thus, the B-UHMWPE thermal
stability was not practically altered with addition of 0.5 and
2.0% of Vitamin C. In contrast to the expected, the addition
of 1.0% of Vitamin C declined the initial decomposition
temperature of B-UHMWPE about 54.2 °C.

Thermal decomposition kinetics

In this study, the Ozawa—Flynn—Wall (OFW) method gives
the activation energy values (E,) and pre-exponential factor
(A) of B-UHMWPE and B-UHMWPE/Vit C as a function
of the conversion degree («). Alternatively, the Kissinger
method determines E, at T,,,,. Both methods are used at
heating rates of 5, 15 and 30 °C min~' to investigate the
degradation process of the samples from lower to higher
rates. The OFW integral method gives kinetic parameters
from Eq. (12) at various stages of the sample degradation
process. Figure 3 shows typical linear plots between In f§
and 1/T obtained at three decomposition rates for OFW
method. For each plot, both values of E, and A were
determined from the slope of the linear regression and its
intercept with the y-axis, respectively. Activation energy
was also evaluated using the Kissinger method, Eq. (14),
from the graph of In (B/Tilax) versus 1/T,,,«. The values of
maximum degradation temperature of the samples are
shown previously in Table 1. The kinetic parameters
evaluated from both methods and their respective linear
correlation coefficient (r2) are shown in Tables 3 and 4. It
is seen that the fitted curves show linearity with r* > 0.99
to temperature lying in a range from 25 to 700 °C. This
suggests that the calculated E, values are reliable for
describing the decomposition kinetics of B-UHMWPE and
its compounds with vitamin C. Figure 3 shows a spacing
pattern between parallel straight lines for all samples,
indicating that the processing of samples was suitable for
homogeneity [19]. According to [33], the constancy of the
activation energy value and its independency with the
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Fig. 1 Curves for mass loss versus temperature for several (5, 15 and 30 °C minfl): a B-UHMWPE and its compounds: b 0.5%; ¢ 1.0%;

d 2.0%

extent of degradation means that the degradation kinetics
corresponds to a single-reaction mechanism.

Table 2 shows the values of E,, o and 7 using the OFW
method for pure polymer and B-UHMWPE/Vit C. The
results showed that activation energy of all samples depend
on the conversion degree (o). Moreover, two stages of
activation energy were observed for B-UHMWPE: E,
increased with conversion until 60%, whereas E, remained
practically constant for o > 70%. In fact, this behavior is a
typical feature for several polymers [33, 34]. For example,
Peterson et al. [33] studied the degradation kinetics of
polyolefins and suggested two degradation stages, where
the initial lower values of activation energy were initiated
by weak links in the first, and higher values of E, in the
second stage were somewhat hindered by degradation
previously initiated due to random chain scission at lower
temperatures (early stage).

The activation energy values for 1.0 and 2.0 compounds
were reduced with the conversion degree increasing.

B-UHMWPE with 0.5% vitamin C concentration had its
activation energy slightly decreased when o was increased.
The compound with 1.0% particularly showed a pro-
nounced reduction in E, with o. Indeed, the decrease in the
E, values with « was also observed by Chrissafis et al. [35]
in other polymeric systems. Furthermore, activation energy
values of UHMWPE/Vit C were higher than pure polymer
for all evaluated conversion degrees. These results suggest
that the addition of Vitamin C to B-UHMWPE could
modify the mechanisms of the thermal degradation of the
pure polymer.

An antioxidant effect of vitamin C can be suggested to
the compounds. Antioxidants were incorporated into the
polymers at low concentrations. Therefore, in order to
better evaluate the antioxidant effect of vitamin C on the
degradation of B-UHMWPE, low, intermediate and high
concentrations of 0.5, 1.0 and 2.0%, respectively, were
used in this study. All of the evaluated compounds pre-
sented higher E, values than those obtained from the pure
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Fig. 2 Curves for DTG versus temperature for several § (5, 15 and 30 °C min~"): a B-UHMWPE and its compounds: b 0.5%; ¢ 1.0%; d 2.0%

Table 1 Tja1 and Tyax data of B-UHMWPE and its compounds with

vitamin C

Sample B/°C min™! Tinitiat/°C Trmax/°C

B-UHMWPE 5 384.2 459.6
15 426.9 485.5
30 4332 501.0

0.5% Vit C Average 414.8 482.0
5 392.3 464.5
15 418.1 485.6
30 425.6 500.8
Average 412.0 483.6

1.0% Vit C 5 372.4 462.6
15 379.7 481.4
30 328.4 491.5
Average 360.6 478.5
5 406.8 467.6

2.0% Vit C 15 411.1 486.0
30 421.5 499.8
Average 413.1 484.5

@ Springer

polymer throughout the studied conversion range and
heating rates. As a result, the vitamin C reduced the
decomposition rate of B-UHMWPE.

The mechanism of thermal stabilization caused by vita-
min C in its compounds with B-UHMWPE may be similar to
that of UHMWPE/vitamin E compounds, which is already
thoroughly discussed in the current literature [9, 12, 36, 37].
From this perspective, the stabilization of the polymer occurs
from the reaction of peroxy (-CHOO%*-) and alkoxy
(-CHO*-) radicals, with hydrogen being abstracted from the
vitamin E phenol group [9, 10, 18, 36]. It is possible that the
structure of vitamin C allows even more hydrogen atom
abstractions by radicals than that of vitamin E. This possi-
bility of increasing the antioxidant capacity of vitamin C is
supported by Shen et al. [11]. They observed that the multiple
phenolic hydroxyl groups present in the phenols made them
more effective than vitamin E on the stabilization of
UHMWPE. Peltzer et al. [13] studied non-irradiated
UHMWPE compounds with various concentrations of vita-
min E (0.1, 0.3, 1.0 and 2.0%) and heating rates, which are
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Table 2 E,/kJ mol~! values

-1
from the OFW method as a Ei/kJ mol
function of o and r* from In /% B-UHMWPE 05% VitC »° 1.0% VitC 7 20% VitC
versus 1/T
30 1729 0.990 2185 0.999 3614 0.993  269.6 0.999
40 186.9 0.996 2229 0.999 3393 0.997  262.0 0.999
50 189.7 0.998 222.5 0.999 316.8 0996 2523 0.999
60 194.0 0.999 222.1 0.998 290.1 0.998 245.4 0.996
70 194.3 0.999 222.4 0.997 276.6 0.996 239.4 0.992
80 195.9 0.999  216.2 0.996 2673 0.997 2298 0.988
90 195.9 0.999  210.0 0.998  250.1 0.999 2159 0.975
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Fig. 3 Curves for In f versus 1/T estimated by the OFW method under argon atmosphere. a B-UHMWPE and its compounds: b 0.5%; ¢ 1.0%;

d 2.0%

compatible with those studied herein. They observed an 11%
increase in the value of the activation energy for the com-
pound with 1.0% vitamin E. In present study, 1.0%
B-UHMWPE/vitamin C compounds showed an increase of
58%. The average activation energy values are shown in
Table 3. These results support the hypothesis that the

chemical structure of vitamin C enables the abstraction of
more hydrogen atoms than vitamin E to increase the acti-
vation energy of thermal decomposition of B-UHMWPE.
Table 3 also shows the values of the pre-exponential
factor (A) of the B-UHMWPE and its compounds. It is
apparent that there is an increase in the values of
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Table 3 Activation energy/kJ mol~" and logarithm of the pre-expo-
nential factor/min~' of B-UHMWPE and its compounds with vitamin
C, as estimated by the OFW method

1

Sample E,/kJ mol™! In A/min™
B-UHMWPE 189.9 + 7.6 3454+ 09
0.5% Vit C 2189 £ 4.3 393+ 1.0
1.0% Vit C 300.2 + 374 534+ 7.0
2.0% Vit C 2449 £ 172 43.7 £33

Table 4 E,/kJ mol™' values from the Kissinger model and /* from
In (B/T2a) versus 1/Tmax

Sample E,/kJ mol™! P

B-UHMWPE 190.5 0.998
0.5% Vit C 2222 0.998
1.0% Vit C 274.1 0.994
2.0% Vit C 253.1 0.997

(A) associated with an increase in vitamin C concentration
in the compounds. According to Lee et al. [38], a decrease
in (A) is related to a reduction in the macromolecule
mobility of the polymer. Thus, B-UHMWPE/Vit C com-
pounds had its molecular mobility increased. In this con-
nection, the molecular mobility of the polymer can interact
with the vitamin C. Consequently, contact points may have
been established between the polymer and vitamin.
Therefore, the reactions among the hydrogen atoms that
were abstracted from vitamin C can be favored, and the
macroradicals that resulted from the thermal degradation of
the polymer.

Table 4 presents the activation energy values of the pure
B-UHMWPE and its vitamin C compounds as estimated
from the Kissinger method. In this case, the analysis is
done at maximum decomposition rate. The obtained Ea
values are close to the average values obtained by the OFW
method, as shown in Table 4. Similar trends were observed
in the results obtained by both methods. All studied com-
pounds presented higher values of activation energy than
the pure polymer. AFM images depicted in Fig. 4a, b show
that vitamin C particles cannot be identified clearly in the
film surface topography, suggesting that they could be
buried beneath the surface. AFM images show that
B-UHMWPE/Vit C compounds exhibited flat surfaces
associated with polymer and round-shaped protuberances
(clear contrast). Moreover, SEM micrograph in Fig. 5
shows a round-like morphological aspect of pure vitamin
C, indicating that the round-shaped protuberances in AFM
images refer to vitamin C particles covered by
B-UHMWPE as shown by arrows in Fig. 4a, b. Based on
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Fig. 4 AFM images to B-UHMWPE/Vit C compounds: a 0.5% Vit
C; b 1.0% Vit C

N

Fig. 5 SEM image to pure vitamin C particles

these assumptions, vitamin C particles distributed inside
polymer collaborated with the increase in Ea values of the
compounds. Therefore, vitamin C has potential as an
antioxidant for biomedical UHMWPE used as implant
material.

Conclusions

The thermal degradation behavior of the B-UHMWPE/Vit C
compounds occurred in only one stage, requiring higher
temperatures for degradation with an increasing of heating
rate. The addition of vitamin C increased the activation
energy of the pure polymer. The pre-exponential factor
(A) indicated that the mobility of polymer chains increased,
favoring the interaction of vitamin C with the free radicals
that were originated from thermal degradation of the
polymer, thereby stabilizing the compounds. Analogous
tendency was observed from activation results of the OFW
and Kissinger methods. The addition of 1.0% vitamin C
resulted in activation energy values higher than the pure
polymer and other compounds. The incorporation of vita-
min C decreased the B-UHMWPE decomposition rate even
at a lower concentration of 0.5%. These results favor the
perspective that vitamin C can act as an antioxidant for
B-UHMWPE.
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