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Abstract
Cosmetic products that contain malic, salicylic, hyaluronic acids and various antioxidants, which are popular worldwide,

have made cosmeceuticals a popular cosmetic production sector. Typically, each component of cosmetics, regardless of its

activity, may affect the thermal stability of the product. To investigate the thermal stability of regular cosmetics of interest,

thermal activity monitor IV was applied to determine the thermokinetic parameters for stability assessment. Arrhenius

equations and thermal safety software (for kinetic calculations and numerical simulations) were used. Considering the

numerous additives in cosmetic products, individual components of cosmetic material mixed with other components are the

primary factors for product deterioration. We examined samples of pure malic acid, pure salicylic acid, and individual

acids mixed with copper or iron oxide under isothermal surroundings at 80, 90, 100, 110, and 120 �C. The results of

isothermal tests were compared with nonisothermal tests using Arrhenius equations, ASTM E698 method, and Flynn–

Wall–Ozawa methods. The value of Ea between malic acid and salicylic acid became lower when mixed with CuO. The

findings can be used to identify the optimal parameters for product design and establish a malic and salicylic acid database

for developing a proactive loss prevention protocol.
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Introduction

The term ‘‘cosmetics’’ is derived from the Greek term

‘‘kosmetikes’’, which means the accomplishment of

adornment. The usage of cosmetics can be traced to

4000 years ago in ancient Egypt, where various materials

were used as cosmetics and perfumes. Cosmetics were used

in making sacrifices to ancient gods for obtaining peace

[1, 2]. Presently, in the beauty and fashion industry, various

materials are used as cosmetic ingredients. The advance-

ment of science and technology has promoted the devel-

opment of numerous functional personal care products.

According to their functions, global personal care products

can be classified into five categories: skin care products,

perfumes, hair care products, makeup supplies, and body

care products [3, 4].

Among these, skin care products are the most highly

demanded in the market. Malic, salicylic, and hyaluronic

acids and various antioxidants are the most common

components of these products. Therefore, considering the

effects of hydroxyl acids on the marketing of personal care

products is vital. Although function and sensitivity are

main concerns for these products, two other characteristics

are worthy of notice: thermal stability and safety. To

explore the characteristics of different cosmetic materials,

their thermal stability has been examined [5, 6]. Although

numerous burn and allergy cases have been caused by
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temperature-induced deterioration in the quality of skin

care products during transport [7], studies on the thermal

stability of alpha- and beta-hydroxyl acids are lacking.

Investigating the thermal stability of alpha- and beta-

hydroxyl acids and risks associated with hydroxyl acids is

necessary. In this study, two types of hydroxyl acids, malic

acid and salicylic acid, were investigated. Malic acid, an

alpha-hydroxyl acid, is presented a bit in various foods

ingested daily; it is used not only in food additives but also

in skin care products. Malic acid can efficiently exfoliate

the skin and adjust the pH of products [8, 9]. Salicylic acid,

a beta-hydroxyl acid, has an excellent capability to exfo-

liate and clean pores on the skin. This acid causes little

irritation; therefore, many personal care product manufac-

turers tend to include it in facial care products. Clinical

trials have reported that salicylic acid effectively treats

peeling acne vulgaris, textural changes, and inflammatory

hyperpigmentation in patients [10, 11].

Most personal care products must be used and stored at a

medium to low temperature. Under different conditions,

the temperature may change slightly; therefore, investi-

gating the effects at different temperatures is necessary.

The thermal activity monitor (TAM) IV is a reliable

microcalorimeter system. The TAM has been used for

performing isothermal experiments involving different

organic materials to evaluate important thermokinetic

parameters under different isothermal conditions [12, 13].

Specifically, the TAM is applied to detect and record the

thermal activity of malic acid, salicylic acid, and individual

acids that are mixed with copper or iron oxide. Moreover,

thermal stability parameters, namely heat flow and maxi-

mum peak power at time, have been obtained and

employed to calculate apparent activity energy (Ea) using

the Arrhenius equation and thermal safety software (TSS)

[14–18]. The TSS was purchased from ChemInform Saint

Petersburg Ltd., Saint Petersburg, Russian Federation.

Experimental

Sample preparation

To determine the thermal stability of common alpha- and

beta-hydroxyl acids mixed with metal oxides in skin care

products, malic acid, salicylic acid, CuO, and Fe2O3 were

used for testing. Reagent-grade 95 mass% malic acid

(C4H6O5, CAS No.: 97-67-6) with white crystals and

reagent-grade 99 mass% salicylic acid (C7H6O3, CAS No.:

69-72-7) with white crystals were purchased from Sigma-

Aldrich Corporation, Missouri, USA and Avantor Perfor-

mance Materials Incorporation, Pennsylvania, USA,

respectively. For the mixture samples, reagent-grade

99 mass% CuO and 98 mass% Fe2O3 were obtained from

Showa Kako Corporation, Osaka, Japan. All test samples

were received and saved in a humidity-controlled box

under room temperature without further processing.

Thermal activity monitor IV

The application of TAM covers many areas, including

stability temperatures [19], stability of DNA [20], thermal

hazards of dicumyl peroxide [21], toxic effect of hexava-

lent chromium on microbial activity [22], and exothermic

decomposition of cumene hydroperoxide [23]. We used the

TAM IV to analyze the samples under isothermal condi-

tions. The oil bath system in the TAM IV can provide

extremely stable isothermal conditions. This system con-

sists of two components: a 25-L isothermal oil bath groove

and an outer oil bath groove. The temperature was gov-

erned by an outer heating thermostat and a microheater in

the bottle of the oil bath groove. The operating temperature

was maintained at 4–150 �C, and the sensor could reach

10 nW (deviation: ± 0.01 �C). Isothermal experiments are

more effective in explaining slower reactions values than

that in nonisothermal experiments, and the measured fea-

ture in TAM IV is passive. Moreover, the operation of an

isothermal model is stricter than that of a nonisothermal

model. Because of TAM IV’s excellent heating flow sta-

bility, even though the period of the experiment is long, the

thermostat can highly accurately measure the heat flow

with tiny difference. Moreover, a reference in calorimeters

was compared and could be utilized to smooth the baseline

noise. Hence, it can moderate the influence of thermostat

fluctuations on the measured heat flow. Applying isother-

mal conditions in scanning experiments ensures accurate

measurement of thermokinetic parameters [24]. The

microcalorimeter of TAM IV was designed to assist heat

generation from the reaction of samples via heat flow

sensors. The thermoelectric sensors in TAM IV are con-

nected with the sample and the isothermal thermostat

heating sink; therefore, the thermoelectric sensors can

probe the temperature difference and provide feedback to

the sensor. The heat flow generation of samples is mea-

sured and recorded as voltage signs; then the signals can be

transferred to the computer. In this study, we selected the

vacuum/pressure ampoules, which can provide an appro-

priate environment for different types of samples during

the measurement, referred to as sealed ampoules.

To perform the TAM IV isothermal experiments, three

sets of 15 mg malic acid samples were poured in ampoules,

and 15 mg of CuO and Fe2O3 were mixed separately in

individual ampoules. Thus, pure malic acid, malic acid

mixed with CuO, and malic acid mixed with Fe2O3 were

investigated to determine changes in their thermal stability.

For salicylic acid mixed with CuO and Fe2O3, the same

mass ratio of mixtures was used; pure salicylic acid,
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salicylic mixed with CuO, and salicylic acid mixed with

Fe2O3 were analyzed in other TAM IV tests. To determine

the effects of different medium- to low-temperature con-

ditions, the temperatures were controlled during the TAM

IV tests at 80, 90, 100, 110, and 120 �C.

Results and discussion

TAM IV experiments

To determine the microchanges in the samples under

isothermal conditions, 18 sets of TAM IV experiments

(pure malic acid, malic acid mixed with CuO, malic acid

mixed with Fe2O3, pure salicylic acid, salicylic acid mixed

with CuO, and salicylic acid mixed with Fe2O3) were

performed (Figs. 1, 2). Each set of experiments was con-

ducted in triplicate, and one representative data set was

selected and analyzed.

To obtain the reaction change of malic acid and salicylic

acid, each set of the analyzed samples was poured in

ampoules at 80, 90, 100, 110, and 120 �C. Figure 1 pre-

sents the endothermal curve of pure malic acid, malic acid

mixed CuO, and malic acid mixed with Fe2O3; solid malic

acids were observed to melt because of heat accumulation

in isothermal conditions. After the phase change, the

endothermic reaction declined over time. For malic acid

mixed with Fe2O3 at 120 �C, an exothermic peak appeared

at approximately 20 h, at which the highest heat flow was

0.00405 W g-1, and the DHd was 124.6 J g-1. For pure

malic acid and malic acid mixed with CuO, the highest heat

flow was 0.00084 and 0.00181 W g-1, respectively, with

no obvious exothermic reaction.

At 100 �C, exothermic and endothermic reactions were

rare. Only a small but detectable exothermic reaction

occurred in pure malic acid (DHd: 5.7 J g-1) at 18.3 h. The

exothermic reaction of malic acid mixed with CuO was

detected to have a DHd of 14.6 J g-1 at 4.5 h in isothermal

experiments at 90 �C. The DHd of pure malic acid was

higher than those of malic acid mixed with CuO and Fe2O3,

which were 1.2 and 0.2 J g-1, respectively. The highest

heat flow of the three samples was between 0.0001 and

0.00405 W g-1. At 80, 90, 100, 110, and 120 �C, the three

sets of malic acid samples were observed to be quite stable;

Table 1 presents the thermokinetic parameters of the three

samples.

Compared with malic acid, salicylic acid showed

delayed endothermic and exothermic reactions during the
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experiments. At 120 �C, the exothermic reaction of sali-

cylic acid mixed with CuO promptly reached the highest

peak. Long-term endothermic reactions then occurred from

10 to 14 h. A small exothermic reaction began at 14 h and

stabilized after 24 h, resulting in the highest heat flow

(0.0036 W g-1) and a DHd of 6.3 J g-1. For the other sets

of experiments, few major exothermic reactions were

observed in pure salicylic acid (Fig. 2).

A melting reaction resulted in an endothermic reaction

in salicylic acid mixed with CuO at 90 �C; however, this

reaction was postponed compared with that at 120 �C,

where it occurred from 9 to 14 h. The exothermic reaction

at 120 �C occurred at 14.5 h and was very small; the

highest heat flow was 0.00075 W g-1, and the DHd was

2.27 J g-1. According to the findings illustrated in Fig. 2,

at 80 �C, the three sets of samples had weak exothermic

reactions, with the highest DHd of 5.5 J g-1; the highest

heat flows were distributed between 0.00010 and

0.00011 W g-1. The three salicylic acid samples were

quite stable, and the values of the thermokinetic parameters

are listed in Table 2.

Isothermal kinetics

To examine the thermokinetic parameters, the classical

Arrhenius equation presented in Eq. (1) was adopted from

the literature [25]:

k ¼ Ae�Ea=RT ð1Þ

where k is the reaction rate constant, A is the pre-expo-

nential factor, Ea is the apparent activation energy, R is the

ideal gas constant (8.314 J mol-1 K-1), and T is the

absolute temperature. By taking the logarithm of Eq. (1),

we can obtain Eq. (2):

ln k ¼ lnA� Ea

RT
ð2Þ

In Eq. (2), A is considered a unique constant that does

not change with temperature. By contrast, the value of k

increases with temperature. Hence, Eq. (2) can be consid-

ered as the set of kinetic equations expressed in Eq. (3):

ln k1 þ
Ea

RT1

¼ ln k2 þ
Ea

RT2

¼ ln k3 þ
Ea

RT3

¼ � � � ð3Þ

where T1, T2, and T3 are the set constant temperatures and

k1, k2, and k3 are the maximum heat flow at different

temperatures. We used the linear regression for lnk and T-1

from Eq. (3) to calculate - Ea R-1. The k was obtained

from the respective maximum heat flow under different

evaluated temperatures. Then, the value of minus slope

times 8.314 and divided by 1000 equals Ea. Therefore, the

Ea of pure malic acid, pure salicylic acid, or an acid mixed

with CuO or Fe2O3 could be obtained.

Nonisothermal kinetics

Various methods, such as the ASTM E698 and Flynn–

Wall–Ozawa methods, can be used to calculate the

thermokinetic parameters. To compare the Ea obtained

from isothermal and nonisothermal experiments, the

ASTM E698 method was used.

Using this model-free method, we can apply the ASTM

E698 method in the regression of lnðbiT
�2
p Þ against T�1

p ;

the regression slope is - Ea R
-1 [26]. Another model-free

method, the Flynn–Wall–Ozawa method, was used to

Table 1 Ea values of malic acid, malic acid mixed with CuO, and malic acid mixed with Fe2O3 during 80, 90, 100, 110, and 120 isothermal

surroundings determined through thermokinetic calculation

Sample Mass/mg Highest heat flow/W kg-1 Ea/kJ mol-1

Malic acid 29.9 ± 1.5 0.244 ± 0.306 113

Malic acid mixed with CuO 29.6 ± 1.4 0.542 ± 0.643 77

Malic acid mixed with Fe2O3 29.4 ± 1.2 1.484 ± 1.523 137

n = 5

Table 2 Ea values of salicylic acid, salicylic acid mixed with CuO, and salicylic acid mixed with Fe2O3 during 80, 90, 100, 110, and 120

isothermal surroundings determined through thermokinetic calculation

Sample Mass/mg Highest heat flow/W kg-1 Ea/kJ mol-1

Salicylic acid 29.4 ± 1.9 0.136 ± 0.129 116

Salicylic acid mixed with CuO 29.6 ± 1.3 0.270 ± 0.252 78

Salicylic acid mixed with Fe2O3 29.6 ± 0.9 0.134 ± 0.121 91

n = 5
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calculate Ea without reaction model assumptions during

nonisothermal experiments. The Flynn–Wall–Ozawa

equation is expressed as Eq. (4) [27, 28]:

log b ¼ � 0:457Ea

RT
þ log

AEa

RgðaÞ

� �
� 2:315

� �
ð4Þ

Analysis of thermokinetic parameters

To compare the different thermokinetic techniques in

isothermal and nonisothermal conditions, the ASTM E698,

Flynn–Wall–Ozawa, and Arrhenius methods were used to

determine the Ea of malic acid, salicylic acid, and indi-

vidual acids mixed with CuO and Fe2O3. Notably, the

results of the ASTM E698 and Flynn–Wall–Ozawa meth-

ods, which were conducted through differential scanning

calorimetry (DSC), were obtained from previous

experiments.

TAM IV isothermal experiments were performed to

observe the thermokinetic parameters and reaction changes

of malic acid, salicylic acid, and individual acids mixed

with CuO and Fe2O3. The obtained thermokinetic param-

eters were used to calculate the Ea by Eq. (3) (Table 1).

The Ea of pure malic acid, malic acid mixed with CuO, and

malic acid mixed with Fe2O3 was 113, 77, and

137 kJ mol-1, respectively. The Ea of pure salicylic acid,

salicylic acid mixed with CuO, and salicylic acid mixed

with Fe2O3 was 116, 78, and 91 kJ mol-1, respectively

(Table 2). The Ea value of malic acid is similar to the

literature [29]. However, the Ea value of salicylic acid is

much higher than the literature [30].

From the ASTM E698 method, the average Ea in the

malic acid experiments was approximately 88 kJ mol-1,

and the average Ea in the salicylic acid experiments was

approximately 62 kJ mol-1. Regarding the results of

Flynn–Wall–Ozawa method, the Ea in the malic acid

experiments was approximately 84 kJ mol-1, and that in

the salicylic acid experiments was 99–161 kJ mol-1. The

results reveal that the values of malic acid and salicylic

acid Ea during isothermal experiments were lower than that

during nonisothermal experiments.

TSS was also adopted to simulate the thermal parame-

ters. In malic acid simulation, the exothermic reaction was

assumed as two reaction stages, which are shown as

Eqs. (5) and (6).

da
dt

¼ K0e�
Ea1
RT ð1 � aÞn1ðz þ an2Þ ð5Þ

dc
dt

¼ K0e�
Ea2
RT ða� cÞn1ðz þ cn2Þ ð6Þ

The exothermic reaction of salicylic acid was also

assumed as two reaction stages, which are described as

Eqs. (5) and (7).

da
dt

¼ K0e�
Ea2
RT ð1 � aÞn ð7Þ

From results of TSS simulation, Ea of malic acid was

determined as 56–84 kJ mol-1. Ea of salicylic acid was

determined as 91–116 kJ mol-1. The results of this simu-

lation are close to the findings calculated from Flynn–

Wall–Ozawa method.

Conclusions

The thermal stability of two types of hydroxyl acids, malic

acid and salicylic acid, and their combinations with CuO

and Fe2O3 was determined using the TAM IV in isothermal

experiments. In this study, Ea calculated from isothermal

method was different with the Ea value calculated from

nonisothermal method, because the isothermal surrounding

temperatures were lower than activation temperature in

DSC tests. The Arrhenius method was used to calculate the

Ea of malic acid and salicylic acid in isothermal experi-

ments, yielding values from 77 to 137 kJ mol-1 and 78 to

116 kJ mol-1, respectively. The value of Ea between malic

acid and salicylic acid both became lower when mixed with

CuO. Adding Fe2O3 in malic acid slightly increased Ea, but

the reason is not clear. The Ea value obtained from TSS

simulation was similar to the result calculated from Flynn–

Wall–Ozawa method. A modest long-term endothermic

reaction occurred at 9–20 h in an isothermal experiment at

120 �C involving salicylic acid mixed with CuO. The

melting reaction and phase changes were determined. The

highest DHd was only 6.3 J g-1. Almost no exothermic

reaction occurred in isothermal experiments involving

salicylic acid. Therefore, we can conclude that the exam-

ined mixtures are quite stable below 120 �C.
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