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Abstract
Aim: The purpose of this article is to investigate the thermal stability and nonisothermal kinetics of Folnak®
drug degradation process using different thermoanalytical techniques. Methods: The nonisothermal deg-
radation of Folnak® powder samples was investigated by simultaneous thermogravimetry–differential
thermal analysis, in the temperature range from ambient to 810°C. Results: It was found that the degrada-
tion proceeds through five reaction stages, which include the dehydration, the melting process of excipi-
ents, the decomposition of folic acid, corn starch, and saccharose. The presence of compounds such as
excipients increases the thermal stability of the drug and some kind of solid–solid and/or solid–gas inter-
action occurs. Conclusion: It was concluded that the main degradation stage of Folnak® sample represents
the decomposition of folic acid. It was established that the folic acid decomposition cannot be explained
by simple reaction order model (n = 1) but with the complex reaction mechanism that includes higher
reaction orders (n > 1). The isothermal predictions of the folic acid decomposition at four different temper-
atures (Tiso = 180°C, 200°C, 220°C, and 260°C) were established. It was concluded that the shapes of con-
version curves at lower temperatures (180–200°C) were similar, whereas they became more complex with
further temperature increase because of the complexity of the decomposition reaction.

Key words: Drug interactions; excipients; kinetics; nonlinear regression; stability; thermogravimetric analysis

Introduction

Folic acid, N-[r-[[(2-amino-4-hydroxy-6-pteridinyl)
methyl]-amino]benzoyl]-L-glutamic acid, is a B-complex
vitamin containing a pteridine moiety linked by a meth-
ylene bridge to p-aminobenzoic acid, which is joined by
a peptide linkage to glutamic acid. Conjugates of folic
acid are present in a wide variety of foods, particularly
liver, kidneys, yeast, and leafy green vegetables1.

Commercially available folic acid is prepared syn-
thetically. Folic acid occurs as a yellow or yellowish-
orange crystalline powder and is very slightly soluble in
water and insoluble in alcohol. Folic acid is readily solu-
ble in dilute solutions of alkali hydroxides and carbon-
ates, and solutions of the drug may be prepared with the
aid of sodium hydroxide or sodium carbonate, thereby
forming the soluble sodium salt of folic acid (sodium
folate). Aqueous solutions of folic acid are heat-sensitive

and rapidly decompose in the presence of light and/or
riboflavin2–4.

From the clinical pharmacology point of view, folic
acid acts on megaloblastic bone marrow to produce a
normoblastic marrow. In man, an exogenous source
folate is required for the synthesis of nucleoprotein and
the maintenance of normal erythropoiesis5,6. Folic acid
is the precursor of tetrahydrofolic acid, which is involved
as a cofactor for transformylation reactions in the bio-
synthesis of purines and thymidylates of nucleic acids7.
Impairment of thymidylate synthesis in patients with
folic acid deficiency is thought to account for the defec-
tive DNA synthesis that leads to megaloblast formation
and megaloblastic and macrocytic anemias.

Folic acid is effective in the treatment of megaloblastic
anemias because of a deficiency of folic acid (as may be
seen in tropical or nontropical sprue)8,9 and in anemias
of nutritional origin, pregnancy, infancy, or childhood.
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Thermal analysis is a term used to describe the
analytical techniques that measure the physical and the
chemical properties of a sample as a function of tem-
perature or time10. The importance of thermal analysis
methods has been emphasized by Waterman and
Adami11 in their review of methods of rapidly and accu-
rately assessing the chemical stability of pharmaceutical
dosage forms12. Thermal analysis is a routine method
for the analysis of drugs and substances of pharmaceu-
tical interest13.

Thermogravimetry (TG), in which the change in mass
of a sample heated at constant rate is recorded and plotted
versus temperature, is an effective method of studying
thermal stability and for determining the kinetic parame-
ters of the decomposition of drugs and medicines14,15. It
can be used in the quality control of drugs, with a view to
improve the final product and to determine drug quality
through technological parameters16. In TG, the substance
mass as a function of time and temperature is used to
assess the thermal stability and degradation of drugs,
which include the generation of kinetic data such as the
apparent activation energies.

In the solid state, the temperatures required for ther-
mal degradation at a measurable rate are generally far
higher than the temperatures existing, even locally, dur-
ing photolysis17; so the mechanisms of thermal and
photochemical degradation can be expected to differ.
On the contrary, it is well known that at high tempera-
tures the chemical reactivity of drug active components,
both pure and in the mixture, can be modified, thus
leading to uncontrollable reactions with consequent
dangerous situations. For this reason, it is important to
determine the thermal stability (i.e., the temperature
range over which a substance does not degrade with an
appreciable rate).

This work aims to study the thermal stability and the
kinetic behavior of nonisothermal degradation process
of Folnak® (Folic Acid), the commercial drug product
manufactured by Sigmapharm D.O.O. company (Niš,
Serbia).

In this article, thermogravimetric analysis (TGA), dif-
ferential thermogravimetry (DTG), and differential
thermal analysis (DTA) data from Folnak® samples
have been investigated and the global kinetic analysis
has been carried out. Basically, TGA, DTG, and DTA
data have been used for the estimation of the effective
kinetic parameters of the investigated process.

Materials and methods

Materials

The one-wrapping Folnak® tablets were supplied by
Sigmapharm D.O.O. company. The tablet of ardently

yellow color was crushed to a powdery form before they
were used in thermoanalytical measurements.

In the Folnak® tablet, the active pharmaceutical
ingredient represents the folic acid. The excipients in
the investigated Folnak® tablets are the following: corn
starch, saccharose, stearic acid, and polyethylene glycol
4000 (PEG-4000). The mentioned excipients, except the
stearic acid, belong to the binders. The stearic acid
belongs to the lubricants.

Methods

Thermoanalytical measurements
The SDT 2960, simultaneous TG–DTA thermobalance
manufactured by TA Instruments (New Castle, DE,
USA), was used to examine the nonisothermal degrada-
tion of Folnak® samples.

The device calibration was performed as recom-
mended by the manufacturer. TGA weight calibration
was based on two temperature runs, between room
temperature and 1000°C: one using empty balance
beams and the other using beams charged by the stan-
dard alumina calibrating weights. The temperature cali-
bration was performed by means of phase transitions of
KNO3 (128°C), KClO4 (300°C), K2SO4 (583°C), and melt-
ing point of NaCl (801°C) in Pt 110 mL pans, used for
the Folnak® analysis, too.

The Folnak® powder samples were heated at the
rates of b = 2.5°C/min, 5°C/min, 10°C/min, and 20°C/
min, and the flow rate of the purging gas (Nitrogen—N2)
was 100 mL/min. The samples were heated in the tem-
perature range from ambient to 810°C. The loading
amount was 2.0 ± 0.1 mg. After cooling to room temper-
ature, a black residue was observed in the sample pan,
which was assumed to be carbon.

To confirm the repeatability and the authenticity of
the generated data for all considered cases, the experi-
ments were repeated three times at every heating rate
and the average TG trace among them was used as the
representative thermoanalytical curve. The observed
deviations were very small.

Kinetic procedure

Kinetic analysis of a degradation process is traditionally
expected to produce an adequate kinetic description of the
process in terms of the reaction model and the Arrhenius
parameters using a single-step kinetic equation18:

where t is the time, T the temperature, a the extent of
conversion, and f (a) the reaction model. The temperature

d

d

α α
t

k T f= ( ) ( ), (1)



982 B. Jankovic and S. Mentus

dependence of the rate constant is introduced by
replacing k(T) with Arrhenius equation, which gives
Equation (2) as follows:

where A (the pre-exponential factor) and Ea (the appar-
ent activation energy) are the Arrhenius parameters
and R is the gas constant. For the nonisothermal condi-
tions, da/dt in Equation (2) is replaced with b(da/dT),
where b is the linear heating rate, giving

Integration of Equation (3), after replacing Ea/RT by x
and rearranging, leads to

where g(a) is the function of the reaction model in the
integral form, p(x) (x = Ea/RT) is a function known as
the Arrhenius integral that has no analytical solution
but can be resolved either by numerical methods or by
using different approximations. In this article, we used
the Senum and Yang fourth rational approximation for
p(x) function19.

The extent of conversion, a (fraction of compound
decomposed), in nonisothermal conditions can be pre-
sented as a(T) = (%mi − %mT)/(%mi − %mf), where %mi
is the initial percent mass, %mT the percent mass at
temperature T, and %mf the final percent mass, as they
are collected from a nonisothermal TG experiment. The
three components [A, Ea, and f (a)] called ‘kinetic triplet’
define both in Equations (2) and (3) a single-step reac-
tion that disagrees with the multistep nature of decom-
position that usually occurs in the solid state. As the
studied compounds have complex structures, it can be
hypothesized that several steps with different energies
will be involved.

If a process involves several steps with different
apparent activation energies, the relative contributions
of these steps to the overall reaction rate will vary with
both temperature and the extent of conversion. This
means that the effective activation energy determined
from the analysis of the results will also be a function of
these two variables.

Following the model-fitting method20, the k(T) term
is determined by the form of the f (a) chosen. The evalu-
ation of the f (a) term is achieved by fitting various reac-
tion models to experimental data. A single nonisothermal

experiment provides information on both k(T) and f (a)
terms but not in a separate form. For this reason, almost
any f(a) can satisfactorily fit experimental data by virtue
of the variation in the Arrhenius parameters that com-
pensate the difference between the assumed model for
f(a) and the true but unknown one21.

The complex nature of a multistep process can be
more easily detected when using a broader temperature
range in the nonisothermal conditions. An alternative
approach to kinetic analysis are the model-free
methods20,22 that allow us for evaluating Ea without
choosing the reaction model. The isoconversional
methods22 make up the best representation of the
model-free approach. These methods yield the varia-
tion of the effective activation energy as a function of
the extent of conversion20,21. Hence, constant Ea values
can be expected in the case of single-step process,
whereas in a multistep process Ea varies with a due to
the variation in the relative contributions of each single
step to the overall reaction rate.

Isoconversional (model-free) methods

These methods are known to allow for model-indepen-
dent estimates of the apparent activation energy. Their
use allows the investigation of the dependence of the
apparent activation energy on conversion degree. In
this work, the two integral isoconversional methods
[Kissinger–Akahira–Sunose (KAS)23,24 and Ozawa25

methods] were used. Using differential isoconversional
method (such as the Friedman method26) is avoided
because this method is very sensitive in the case when
the experimental curve is fluctuating27. On the contrary,
the differential isoconversional method has a strong
weakness: experimental noise is magnified, which ren-
ders the whole task of evaluating the values of the
apparent activation energy very difficult, sometimes
even impossible. In integral isoconversional methods,
results are less affected by experimental errors and
these methods are based on the primary experimentally
acquired data, a and T.

As we indicated above, because this procedure may
lead to erroneous estimates of the apparent activation
energy, the use of the integral isoconversional methods
appears to be a safer alternative.

Kissinger–Akahira–Sunose method
KAS23,24 method is the isoconversional integral method
based on the Coats–Redfern28 approximation of the
Arrhenius integral. It was shown that
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Thus, for a = constant, the plot ln(b/T2) versus 1/T,
obtained from curves recorded at several heating rates,
should be a straight line whose slope can be used to
evaluate the apparent activation energy.

Ozawa method
If we use the Doyle’s approximation29 for p(x), we get
from Equation (4) the popular equation proposed by
Ozawa25 for determining the apparent activation energy
by isoconversional methods:

Equation (6) shows that, provided that g(a) is constant
at a given value of a, the slope of the plots of ln b versus
1/T for particular values of a leads to the apparent acti-
vation energy as a function of a independent of the
kinetic model fitted by the reaction.

Determination of the kinetic model

Once the apparent activation energy has been deter-
mined, we can find the kinetic model that best describes
a measured set of thermoanalytical data. Málek30 has
shown that for this purpose it is useful to define two spe-
cial functions y(a) and z(a), which can easily be obtained
by simple transformation of experimental data.

Through the rearrangement of Equation (2), the
function y(a) is defined as31 follows:

The y(a) function is proportional to the f(a) function.
Thus by plotting y(a) dependence, normalized within
(0,1) interval, the shape of function f(a) is obtained. The
y(a) function is, therefore, characteristic for a given
kinetic model f(a) and it can be used as a diagnostic tool
for the kinetic model determination. The characters of
the y(a) function with respect to various kinetic model
functions are reported previously30. It should be
stressed that the shape of the y(a) function is strongly
affected by Ea value. Hence the true apparent activation
energy is decisive for a reliable determination of the
kinetic model because of the correlation of the kinetic
parameters30.

If the temperature rises at a constant rate b, integra-
tion of Equation (2) gives the following equation:

By combining Equations (2) and (8), an alternative
kinetic equation is obtained:

After rearrangement of Equation (9), the z(a) function is
defined as follows32:

where p(x) is the temperature integral. In this article,
the fourth-degree Senum and Yang formula19 was used
for p(x).

The shape of the y(a) function as well as the maxi-
mum  of the z(a) function can be used as a guide to
select the kinetic model. Both am (the maximum of the
y(a) function) and   parameters are especially useful
in this respect. Their combination allows the determi-
nation of the most suitable kinetic model30.

Because the y(a) and z(a) functions are invariable
with respect to temperature or the heating rate, being
quite sensitive to subtle changes in the kinetic model
[ f (a)], they can be conveniently used as the suitable
tools for kinetic model determination.

Prediction of isothermal degradation process

Prediction of isothermal degradation process from
nonisothermal runs is of scientific and practical interest.
First, good prediction of isothermal degradation process
from parameters obtained during nonisothermal degra-
dation clearly validates the reaction model. Second, the
isothermal degradation characterization is notoriously
challenging from the experimental standpoint.

Kinetic computations can be used for drawing mecha-
nistic conclusions or for making simulations of the
process. One of the most used simulation is called ‘iso-
thermal predictions’20, which means that the nonisother-
mal kinetic parameters can be used to simulate the
variation of the extent of conversion (a) versus time (t) for
a given (constant) temperature (Tiso). Isoconversional
methods are very powerful for this task because they
allow these simulations to be made without any assump-
tion on the reaction mechanism and without evaluation
of the pre-exponential factor (A). These simulations can
be obtained using the following equation20:

where ta is the time to reach a given conversion (a), b is
the heating rate of the nonisothermal experiment used
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for the computation, and Tiso is the isothermal tempera-
ture of the isothermal simulation. In Equation (11), the
integral was evaluated by the numerical integration of
the data, and the extent of conversion (a) was varied
between a = 0.05 and a = 0.95. As can be seen from
Equation (11), these simulations can be done using the
sole Ea,a—dependence computed with the KAS isocon-
versional method.

Results and discussion

TG–DTG–DTA curves of Folnak® degradation

Figures 1 and 2 show the mass loss (TG) and differential
mass loss (DTG) curves in relation to the heating rate to
a final temperature of 810°C for the Folnak® samples.
All Folnak® samples exhibit same patterns of thermal
degradation as the temperature is increased. The analy-
sis of these curves demonstrates that there are five
stages of mass loss profile (Figure 1), best illustrated in
the derivative curves (Figure 2).

The lower temperature region, from ambient up to
approximate 110°C, produces mass loss that has been
attributed to the polymer dehydration33–36. The excipi-
ents as corn starch and the PEG-4000 (Figure 3) all
exhibited a broad endothermic effect in the tempera-
ture range of 30–110°C because of the loss of water
molecules. This reaction stage is designated as I on

corresponding TG and DTG curves at all heating rates
(Figures 1 and 2).

The DTA curve of the Folnak® degradation process
at heating rate of 10°C/min (Figure 3) shows a single
sharp endothermic peak, which can be attributed to the
excipients (in the first place for PEG-4000 and stearic
acid) melting, typical of crystalline anhydrous sub-
stances. This reaction stage (in the temperature range of
110–170°C) is designated as II on corresponding TG and
DTG curves at all heating rates (Figures 1 and 2). It
should be noted that the melting temperature depends
on the water content and lies above 100°C at a low
moisture content (such as for pure corn starch)37.

It can be pointed out that impure materials generally
have lower melting points and exhibit less well-defined
peaks in thermograms. In the absence of an interaction,
this effect is usually negligible. For the nonisothermal
degradation of Folnak® samples we have a opposite
case, for which it can be concluded that solid–solid
interaction probably exists14,38. It can be pointed out
that a noticeable upward shift of peak temperature by
more than 60°C was observed.

The region of mass loss from about 170°C to 280°C is
because of the folic acid in Folnak® degradation pro-
cess. Namely, the main mass loss begins at about 170°C,
which represents the starting point for the folic acid
degradation. The mass loss in this stage is about 26%
of the total mass loss (Table 1). This reaction stage is

Figure 1. TG curves [mass (%) versus T (°C)] of the nonisothermal degradation of the Folnak® samples recorded in nitrogen atmosphere at heat-
ing rates of 2.5°C/min, 5°C/min, 10°C/min, and 20°C/min (the corresponding degradation stages are designated as stages I, II, III, IV, and V).

100

90

80

70

60

50

40

30

100 200

Temperature (°C) Temperature (°C)

10°C/min

2.5°C/min 5°C/min

20°C/min

300

M
as

s 
(%

)
M

as
s 

(%
)

400 500 100 200 300 400 500 600 700

100 200 300 400 500 600 700 800100 200 300 400 500 600 700 800

100

90

80

70

60

50

40

30

100
I

I I

III

II II

II

III

III III

III

IV

IV IV

V

IV

V

V

V

90

80

70

60

50

40

30

20 20

100

90

80

70

60

50

40

30



Folnak® degradation kinetics 985

designated as III on corresponding TG and DTG curves
at all heating rates (Figures 1 and 2).

Table 1 shows the values of characteristic tempera-
tures and corresponding mass losses attached with
every observed reaction stages for the investigated
Folnak® degradation process.

It can be seen from Table 1 that with increase in
heating rate (b), the values of characteristic tempera-
tures (Ti—initial (onset), Tm—maximum, and Tf—final
temperatures; Ti represents the temperature at which
the process starts and Tf represents the temperature at
which the process ends) also increase, which is typical
for thermally activated processes. The temperatures Ti
and Tf were determined using the extrapolation method
of data processing39–41. Table 1 shows that there was a
lateral shift to higher temperatures (Tm) as the heating
rate was increased. The lateral shift has been assigned
as being due to the combined effects of the heat transfer
at the different heating rates and the kinetics of the deg-
radation resulting in delayed degradation.

It can be observed from Figure 3 (DTA curve at 10°C/
min) that the folic acid does not have an observed melting
temperature in the investigated Folnak® sample. In the
case of Folnak® nonisothermal degradation, the third
reaction stage probably proceeds through the apparent
melting and degradation of folic acid, which is manifested
by the highly endothermic peak with appearance of right
shoulder at approximately 225°C in the DTA (Figure 3). It
can be concluded that the third DTG peak and the highly
endothermic peak in the DTA were attributed to the loss of
the glutamic acid moiety42. This moiety begins to degrade
at around 170°C. The DTA results showed an endothermic
peak at 215°C, which was because of the initial melting fol-
lowed by the degradation.

In the fourth stage, between 280°C and 365°C, the
mass loss is attributed to the decomposition of corn
starch33. It can be seen that relatively large exothermic
peak at 310°C in the DTA curve (Figure 3) mainly can be
attributed to the decomposition of amylopectin. This
reaction stage is designated as IV on corresponding TG
and DTG curves at all heating rates (Figures 1 and 2).

Figure 2. DTG curves [−dm/dT (%/°C) versus T(°C)] of the noniso-
thermal degradation of the Folnak® samples recorded in nitrogen
atmosphere at heating rates of 2.5°C/min, 5°C/min, 10°C/min, and
20°C/min (the corresponding degradation stages are designated as
stage I, II, III, IV, and V).
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In the fifth stage, for the temperature range from 365°C
to approximately 800°C, the thermal decomposition of
saccharose (sucrose) has occurred43, with endothermic
peak at about 400°C on the corresponding DTA curve for
the heating rate of 10°C/min (Figure 3). The considered
reaction stage is designated as V on corresponding TG and
DTG curves at all heating rates (Figures 1 and 2). At the
same time, the presence of CO2 (which evolved as a prod-
uct of carbonate decomposition) at high temperature
reacted with residual char to form CO also causing some
mass loss (these mass losses occur after the following tem-
peratures: T = 395°C, 420°C, 435°C, and 445°C at 2.5°C/
min, 5°C/min, 10°C/min, and 20°C/min, respectively)
(Figure 1). This additional mass loss is included in the fifth
degradation stage of investigated Folnak® sample
(Table 1). At the end of the considered TG measurements,
the carbon residue has occurred as the final product.

To eliminate the influence of heating rates on the
nonisothermal degradation process of Folnak® samples,
Tm was taken as an example to quantitatively investi-
gate the difference between the degradation steps that
include the different reaction components. As shown in
Figure 4, Tm of Folnak® sample increased linearly along
with the heating rates (b). The relationship between Tm
and b can be expressed in the following equation:

where  is the equilibrium temperature of the maxi-
mum degradation rate, at the heating rate assumed to
be equal to 0°C/min and A* is the rate constant.

The  of Folnak® sample increased from 38.0°C
(for the first degradation stage) to 378.9°C (for the fifth
degradation stage) with  (Figure 4),
which probably indicates the presence of solid–solid
and/or solid–gas interactions. For detail investigation of
excipient interactions, some of the spectroscopic exper-
imental techniques can be applied (e.g., the NMR
spectroscopy)44. The A* value increases from 1.1
(first degradation stage) to 2.0 (fifth degradation stage)
(Figure 4), which indicates that the fifth degradation
stage of Folnak® sample has more improved thermal
transport barrier effect than the first degradation stage.

Determination of kinetic parameters

The kinetics of thermal degradation reactions of carbon-
aceous materials is complex; in that degradation of car-
bonaceous materials involves a large number of
reactions in parallel and in series. To determine the
kinetic parameters for the third degradation stage, we
take out 19 ‘a’ values from the investigated samples at the
different heating rate and read the corresponding tem-
perature from the original conversion-temperature data.

According to Equations (5) and (6), the apparent
activation energy can be evaluated from the slope of
these linear relationships. The obtained results from the
applied KAS and Ozawa isoconversional methods sug-
gest that the correlation of the regression lines is very
good and the magnitude of correlation coefficient
exceeds 0.99, which shows that both isoconversional
methods are appropriate. Figure 5 illustrates the varia-
tions of the apparent activation energy (Ea) with the
extent of conversion (a) evaluated by using the KAS and

Figure 4. The plots of Tm versus heating rates of the Folnak® samples for
all considered degradation stages. The functional relationships between
Tm and b for the investigated system are given in the same figure.
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Ozawa model-free methods, for the third degradation
stage of Folnak® sample.

From Figure 5 we can conclude that the apparent
activation energy of the considered third degradation
stage of Folnak® sample (stage which includes the folic
acid decomposition as the active substance in the Fol-
nak® sample) is not a definite value throughout the
reaction process, which shows that the third degrada-
tion stage is a complex multistep reaction and in the dif-
ferent temperature ranges the degradation reaction has
the different apparent activation energies and reaction
mechanisms. However, it can be observed that there is
no significant variation of the apparent activation
energy values with the extent of conversion in the range
of [0.30, 0.80]. Both isoconversional methods provide a
check of invariance of Ea with respect to a in the range
of [0.30, 0.80], which is one of the basic assumptions in
kinetic analysis of thermoanalytical data. These results
indicate that the activation energy of the third degrada-
tion stage of Folnak® sample in the considered a range
changed slightly and the average values of Ea calculated
by KAS and Ozawa model-free methods are as follows:
<Ea>KAS = 152.3 kJ/mol and <Ea>Ozawa = 152.8 kJ/mol. It
can be observed that excellent agreement exists
between these two values of Ea calculated by the KAS
and Ozawa methods.

Complex processes are characterized by the depen-
dences of Ea and A and a. This generally reflects the exist-
ence of a compensation effect through the equation
evaluated by the KAS method:

where a = −12.41252 minutes−1 and b = 0.28438 mol/kJ
are the compensation effect parameters. This equation
represents an isokinetic relationship (IKR) and can be
deduced by the reordering of the equation that
describes the kinetics of the reaction. It is established
that only one mechanism is present when an IKR exists.
The slope b = 1/RTiso is related to the isokinetic temper-
ature (Tiso). In agreement with Vyazovkin and Linert45,
a Tiso value which is in or close to the experimental
temperature range indicates that the kinetic model
describes the reactive process accurately.

Figure 6 shows the IKR plot for the third degradation
stage of Folnak® samples evaluated by the KAS model-free
method in the a range of 0.30 ≤ a ≤ 0.80.

From the IKR plot presented through Equation (13),
the isokinetic temperature (Tiso) can be found. The
value of Tiso was found to be 149.8°C. The calculated
value of Tiso lies in the experimental temperature range
for considered third degradation stage of Folnak® sample.
This result indicates that if the isokinetic temperature

lies in the experimental temperature range, attesting
real physical significance, then we can find the appro-
priate mathematical form of the function of the kinetic
model, which best describes the investigated degrada-
tion stage.

The evaluation of the kinetic model function

If the Folnak® sample is complex, then its degradation
process may include parallel, concurrent, or consecu-
tive steps of many elementary reactions46.

Figure 5 shows that the apparent activation energy
manifested a little variation with the extent of conver-
sion in the range of [0.30, 0.80]. So we can approxi-
mately consider that the apparent activation energy of
the Folnak® samples is a definite value in this phase,
when we investigate the kinetic model. The average
value of Ea evaluated by KAS isoconversional method in
the a range of [0.30, 0.80] was used for the determina-
tion of the kinetic model of the third degradation stage
of Folnak® samples.

The most reliable kinetic model can be determined
by comparing the y(a) and z(a) functions, according to
Equations (7) and (10). The normalized y(a) and z(a)
functions for the third degradation stage of Folnak®

sample are presented in Figures 7 and 8. In both cases,
the y(a) functions at the different heating rates are con-
cave (Figure 7) and the maximums of z(a) functions are

 (Figure 8).
It can be seen from Figures 7 and 8 that the maxima

of y(a) functions are situated at am = 0, whereas the
maxima of z(a) functions fall in the range of

. The condition of  and
 should be an indication of the ROn (n > 1)

ln
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Figure 6. The IKR plot obtained by the Kissinger–Akahira–Sunose
isoconversional (model-free) method, for the third degradation stage
of the Folnak® sample, in the conversion (a) range of 0.30 ≤ a ≤ 0.80.
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kinetic model. The most probable kinetic model for the
third degradation stage of Folnak® sample is, therefore,
the reaction order kinetic model with n > 1.

If the kinetic model is known, the equation for
nonisothermal a(T) curve can be obtained from Equa-
tion (8). For the ROn kinetic model, it can be written in
the following form:

The temperature dependence of the reduced apparent
activation energy (x = Ea/RT) can easily be calculated
for the average value of the apparent activation energy
obtained by the isoconversional method (see above).

The values of parameters n and A can be obtained by
the nonlinear regression method48,49 using the experi-
mental data. In this study, the Levenberg–Marquardt
method has been used for the calculation of the parame-
ter values. The Levenberg–Marquardt method is a nonlin-
ear regression method. More detailed information
about this method can be found in the literature50. For
performing the Levenberg–Marquardt method, either
general purposed mathematical software or a computer
program developed in any programming language is
used. In this article, the Mathcad® computational soft-
ware has been used for performing the optimization
procedure.

The average values of the parameters n and ln A
obtained for third degradation stage of Folnak® sample
are shown in Table 2. It can be seen from Table 2 that
the values of reaction order (n) fall in the range of 1.59 ≤
n ≤ 2.21. The highest value of n was observed at the
heating rate of 5°C/min.

The validity of calculated reaction orders for the third
degradation stage of Folnak® sample using the nonlinear
regression method can be checked directly from the
symmetrical index of a DTG peak based on the Kissinger
technique51 by the following equation:

where the indices L and R correspond to the left and right
peak (d2a/dt2) values on the second derivative thermo-
gravimetry (DDTG) curve for the degradation process.
Figure 9 shows the DDTG curves obtained for the
nonisothermal degradation process of Folnak® sample at
the different heating rates. At the same figure, all degra-
dation steps are designated as steps I, II, III, IV, and V.

Using Equation (15), the values of reaction order (n)
calculated for the third degradation step of Folnak®

sample at the heating rates of 2.5°C/min, 5°C/min,
10°C/min, and 20°C/min are the following: n = 1.60,

Figure 7. Experimental y(a) function versus a for the third degrada-
tion stage of the Folnak® samples at different heating rates (2.5°C/
min, 5°C/min, 10°C/min, and 20°C/min).
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Table 2. The kinetic parameters obtained by the nonlinear regres-
sion of nonisothermal data using Equation (14) and the constant
value of the apparent activation energy (152.3 kJ/mol) for the third
degradation stage of Folnak® sample.
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2.5 1.59 35.31 0.00360

5 2.21 35.61 0.00397

10 1.85 35.53 0.00325
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in the same table.
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2.24, 1.88, and 1.97, respectively. There is quite good
agreement between the values of n calculated by the
nonlinear regression method (Table 2) and the values of
n evaluated by the graphical method using Equation (15).

It can be observed from Table 2 that the reaction
order in this stage was changed from 1.59 to 2.21
according to the heating rate of the system. The
observed variation of the reaction order was suggested
because of the complex reaction pathways of the folic
acid degradation. The pathways were composed with a
series of reactions, probably the series of competing
reactions, and the contribution of each pathway for the
total degradation reaction was affected when the heat-
ing rate of the system was changed. Therefore, the reac-
tion order was varied with the heating rate (Table 2).

Figure 10 shows the comparison of experimental
data plots (full lines) and calculated a(T) plots (point
symbols) for the third degradation stage of Folnak®

sample. The a(T) curves were calculated using Equation
(14) for the kinetic parameters shown in Table 2. There
is excellent agreement between the experimental data
and the corresponding prediction of the ROn model.

From these results we can conclude that the decom-
position mechanism of folic acid cannot be explained
by the simple reaction order model (n = 1) but with the
complex reaction mechanism, which include the higher
reaction orders (n > 1), with average value of n = 1.91.

In this work, we have applied the so-called isother-
mal predictions, which means that the nonisothermal
kinetic parameters can be used to simulate the variation
of the extent of conversion (a) versus time (t) for a given
(constant) temperature (Tiso) without the knowledge of
the reaction model. The isothermal predictions of the

third degradation stage of Folnak® sample, at four dif-
ferent temperatures (Tiso = 180°C, 200°C, 220°C, and
260°C), using the kinetic parameters evaluated for b =
10°C/min are presented in Figure 11.

The shapes of the isothermal conversion curves at
lower temperatures (180–200°C) were similar, whereas
they became more complex (the conversion curve at
220°C begins to deviate at lower values of a) with further
temperature increase because of complex behavior of
folic acid decomposition, especially after 220°C. After
this temperature, the decomposition process probably
proceeds through the overlapping mechanism, which
contributes to the additional complexity of the investi-
gated process. These results are in good correlation
with nonisothermal experimental TG–DTA curves.

Conclusions

Thermal stability and nonisothermal kinetics of Folnak®

degradation process were investigated by TG–DTG–DTA
techniques in the temperature range from an ambient
one up to 810°C. It was concluded that the degradation
of Folnak® powder sample proceeds through the five
stages (designated as stages I, II, III, IV, and V). These
stages include the dehydration (I), the melting process
of excipients (II), decomposition processes of folic
acid (III), corn starch (IV), and saccharose (V). Also, it
was observed that the presence of CO2 (which evolved
as a product of carbonate decomposition) at high
temperature reacts with residual char to form CO

Figure 9. The second DDTG curves for the degradation process of the
Folnak® samples at different heating rates (b = 2.5°C/min, 5°C/min,
10°C/min, and 20 °C/min). The corresponding degradation stages
are designated as stages I, II, III, IV, and V.
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causing additional mass loss, which is included in the
final Folnak® degradation stage. In the case of Folnak®

degradation, some kind of solid–solid and/or solid–gas
interaction was presented.

It was concluded that the main degradation stage of
Folnak® sample represents the decomposition reaction
of folic acid. The apparent activation energy of the folic
acid decomposition under Folnak® degradation pro-
cess was calculated by the KAS and Ozawa methods.
The results show that the apparent activation energy is
not a constant throughout the considered decomposi-
tion process. But in the conversion range of 0.30 ≤ a ≤
0.80, the apparent activation energy changes slightly,
for which the average value is 152.3 kJ/mol, calculated
by the KAS method.

By applying the two special functions [y(a) and z(a)
functions], the kinetic model was determined for the
third degradation stage. It was concluded that the
reaction order kinetic model (ROn with n > 1) repre-
sents the most probable kinetic model for the kinetic
description of the third degradation stage. Using the
nonlinear regression method, the kinetic parameters
(n and ln A) for the third degradation stage of Folnak®

sample were determined. It was found that there is
good agreement between the values of n calculated by
the nonlinear regression method and by the graphical
method.

The isothermal predictions of the third degradation
stage of Folnak® sample, at four different temperatures
(Tiso = 180°C, 200°C, 220°C, and 260°C), were presented
in this article. It was concluded that the shapes of the iso-
thermal conversion curves at lower temperatures (180–
200°C) were similar, whereas they became more com-
plex with further temperature increase because of com-
plex behavior of folic acid decomposition, especially after
220°C. It is assumed that after this temperature, the
decomposition process probably proceeds through the
overlapping mechanism, which contributes to additional
complexity of the investigated process. Finally, the iso-
thermal predictions are in good correlation with noniso-
thermal TG–DTA measurements.
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Figure 11. Predictions of the isothermal decomposition kinetics of the folic acid at the different temperatures, Tiso = 180°C, 200°C, 220°C, and
260°C, using the kinetic parameters evaluated for the heating rate of b = 10°C/min.
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