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Modelling the thermal decomposition of 3,4,5-trihydroxybenzoic acid using 
ordinary least square regression

Abstract

Thermalgravimetric analysis and differential thermal analysis were employed to study the 
thermal behavior of gallic acid using regression models. Data were subjected to ordinary least 
square regression models and results showed that thermal decomposition occurred in three main 
steps with two endothermic peaks and two exothermic peaks due to oxidation process. The 
dehydration started at 74°C in a single step until 107°C. After that, the anhydrous compound 
was stable until 210°C, when the decomposition of organic matter occurred in two consecutive 
steps. Regression models based on a first-order kinetic of gallic acid decomposition were 
proposed and equations were deemed statistically significant  (p<0.05) and explained suitably 
the phenomenon. Differential scanning calorimetry (DSC) allowed the determination of the 
enthalpy of the main events and the Flynn-Wall-Ozawa non-isothermal method was used to 
investigate the activation energy of decomposition process that was found to be 150.31 kJ.mol-1. 

Introduction

Several phenolic compounds are found in 
fruits and vegetables and have been described in 
the literature (Vita, 2005). They can exert various 
health-promoting functions such as: reducing the 
risk of different types of cancer, protecting against 
some non-transmissible degenerative diseases, and 
reducing the risks of heart diseases (Vita, 2005; Kaur 
and Kapoor, 2001). Other beneficial effects that 
have already been reported include neuroprotection 
(Mandel and Youdim, 2004), hypoglycemic and 
antihyperglycemic activities (Abeywickrama et 
al., 2011) as well as in vitro and in vivo antioxidant 
activity (Morais et al., 2009;  Macedo et al., 2013;  
Alezandro et al., 2013).  In the plant kingdom, gallic 
acid (3,4,5-trihydroxybenzoic acid) is a phenolic acid 
that can be found in several fruits, such as grapes, 
pomegranates, blackberries and in processed food 
and beverages as prunes, wines, juices, teas, etc. 
(Amakura et al., 2000; Bakkalbaşı et al., 2005; Dias 
et al., 2013; Zielinski et al., 2014). 

Based on the fact that temperature is one important 
factor that can ultimately affects the antioxidant 
activity of phenolic acids and thus its mechanism 
of action (Réblová, 2012), the information about 

stability and behavior of gallic acid subjected to 
thermal analysis would facilitate the understanding 
on how this phenolic compound would behave during 
a food processing, for example. In a preliminary 
study, this work aims to investigate the thermal 
behavior of gallic acid and its decomposition kinetics 
using the following thermoanalytical techniques: 
thermogravimetry (TG), differential thermal analysis 
(DTA), differential scanning calorimetry (DSC) as 
well as X-ray diffractometry (XRD) and infrared 
spectroscopy (FT-IR).

Material and Methods

Reagent
Gallic acid monohydrate (≥99%, HPLC grade; 

Sigma-Aldrich) was kept in a desiccator containing 
anhydrous calcium chloride until constant mass and 
then analyzed.

Thermonalytical behaviour of gallic acid
The simultaneous TG-DTA was performed on a 

SDT 2960 (TA-Instr., USA) calibrated according to 
the manufacturer’s recommendation. Under synthetic 
air flow of 100 mL.min-1; mass around 5 mg of the 
gallic acid, heating from 30 to 600°C at a heating rate 
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of 10°C min-1 in an open alumina crucible. 
The DSC curves were obtained using a DSC-Q200 

(TA-Instr. Co., USA) calibrated according to the 
manufacturer’s recommendation. Approximately 5 
mg of the gallic acid were placed in an aluminum 
crucible with perforated cover and then heated from 
30 to 300°C at a rate of 10°C min-1. The analysis 
was performed under air flow of 100 mL.min-1. The 
Universal Analysis software was used to determine 
all percentages of mass losses (TG-DTA) and the 
main endo or exothermic peaks and enthalpy values 
(DSC).

The non-isothermal kinetic study was performed 
on thermal analysis system TGA-50 (Shimadzu, 
Japan) calibrated according to the manufacturer’s 
recommendation. Using the Flynn-Wall-Ozawa 
method (Flynn, 1966; Ozawa, 1965) where samples 
(5 mg) were heated from 25 to 400°C at heating rates 
of 10, 15, 20, and 25°C min-1 under air atmosphere 
with a flow of 150 mL.min-1. All the instruments 
were calibrated prior to the analysis. Experimental 
data were fit using a linear approximation based on 
the integral calculus from the Arrhenius equation 
(first-order kinetics). Prior to the regression analysis, 
normality was formally checked by the Anderson-
Darling test and Box-Cox transformation was applied 
when data did not follow the normal distribution. 
Then, results were adjusted to a first-order model by 
Equation 1:

C = C0ekt                                          (Equation 1)

Where C the mass in a certain point of the 
analysis and C0 represent the initial mass and k is 
a rate constant. Then, regression analysis based on 
the ordinary least square method was performed 
aiming to characterize the degradation of gallic acid 
at different heating rates. The regression terms were 
calculated and their significance was assessed by 
analysis of variances taking on a probability level of 
5%. In order to assess the statistical quality of the 
proposed model, also known as goodness-of-fitting, 
the determination coefficient (R2), adjusted R2, the 
probability value (p-value) of the regression and the 
correlation coefficient (r-value) were also calculated 
(Granato et al., 2014). Prediction intervals for all 
regression models were calculated as considering 
a normal distribution of data with means (µ) and 
standard deviation (    ).

Results and Discussion

Figure 1 shows the thermal behavior of gallic acid 
(TG-DTA and DSC) from 25°C (room temperature) 

up to 600°C. As it can be observed, the compound 
is stable up to 74°C when occurs the first mass 
loss (9.1%) up to 107°C due to hydration water 
(endothermic peak at 92°C) that correspond to one 
mol. Above this temperature until 210°C gallic acid 
is stable with no mass loss and no endo or exothermal 
events. The second mass loss (78.8%) occurs between 
210-264°C with an endothermic peak (256°C) 
observed in the DTA curve. Imediatelly occurs the 
third mass loss (10.5%) with the oxidation of the 
organic matter and two corresponding exothermic 
peaks (at 410 and 431°C), respectively. The final 
residue of decomposition of gallic acid was 1.6% of 
the total initial mass (carbon residue). All the thermal 
decomposition steps (25, 150, 250 and 300°C) were 
evaluated by FTIR and X-Ray Diffraction Powder 
Patterns (XRD).

The dehydration water peak occurs as an 
endothermic phenomenon with the onset, conclusion, 
peak temperatures as well as enthalpy, respectively To 
= 67°C, Tp = 97.5°C, Tc = 116°C and ∆H = 265J g-1. 
In the same way, the values for the second peak were 
To = 252°C, Tp = 265°C and Tc = 295°C, respectively. 
The melting enthalpy was not calculated because the 
melting point occurs together the second mass loss.

The FTIR spectra with KBr pellets of gallic acid 
at the temperatures of 25, 150, 250 and 300°C were 
realized and the main bands can be observed,  25°C 
the    (-OH) at 3,770 and    (C=O) at 1,720 cm-1were 
assigned to the monohydrate compound. At 150°C 
all the main bands of gallic acid were characteristic 
with some slight shift in the peak positions due to the 
anhydrous compound due the decrease of hydrogen 
bonds with water after dehydration. At temperatures 
above 300°C was observed decrease in the main 
absorption peaks indicating that the final product 
is carbon. These results are in agreement with the 
literature (Rao and Reddy, 1981).

In the same way the X-ray Powder Patterns 
Diffractometry, show what the main diffraction peaks 
are: (a) at 25°C, 2   = 8.2, 16.2, 19.0, 25.4, 27.8 and 
32.6; the intensity 1439, 4267, 1335, 352, 352, 425 
cps, respectively; (b) at 150°C, 2 = 14.3, 16.4, 23.2, 
25.4, 27.6, the intensity 342, 970, 256, 1380, and 
1008 cps, respectively; (c) at 250°C, 2 = 14.5, 15.6, 
16.4, 23.4, 25.3, 27.6 and 32.0 the intensity 338, 313, 
1080, 304, 1472, 1139 and 235 cps, respectively; (d) 
at 300°C, 2 = 14.5, 15.5, 16.8, 25.1, 26.9 and 27.6 
the intensity 213, 532, 409, 721, 594 and 509 cps, 
respectively. The XRD results are in agreement with 
those found in the literature (Bhagat et al., 2015; Liu 
et al., 2014). After dehydration crystallinity of Gallic 
acid practically no changes (Figure 3 a-c). After 
heating at 350°C and cooling occurs recrystallization 
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of the compound, small displacement  in XRD 
peaks (Figure 3 d) suggest that the compound is 
recrystallized from a different crystalline form of the 
initial.

The data obtained from thermogravimetric 
analyses under four heating rates were used to propose 
first-order mathematical models of decomposition 
kinetics of gallic acid and the curves are depicted in 
Figure 2.

The multiple regression analysis showed that the 
decomposition models for heating rates of 10, 15 
and 20°C min-1 were highly significant (p<0.00001) 
and they were able to explain more than 90% of all 
variance in experimental raw data. Thus, the regression 

equations that described the decomposition of gallic 
acid for heating rates of 10 and 15°C.min-1 can be used 
to explain adequaly the phenomenon. Conversely, the 
mathematical model obtained at 25°C min-1 explained 
only 55% of the data and thus should not be used to 
predict the kinetics of decomposition. In Table 1 are 
gathered these obtained results and Figure 3 shows 
the trend for gallic acid decomposition at different 
heating rates.

Thermogravimetric analysis under different 
heating rates can be used to determination of 
Arrhenius parameters as reported in literature 
(Vyazovkin et al., 2014). This decomposition of 
gallic acid followed first-order reaction (n= 1), and 
the activation energy (Ea) was found to be 150.31 
kJ.mol-1, when the Arrehnius frequency factor was 
1.712 x 107 min-1.

Conclusion

Thermal analysis (TG-DTA and DSC) was 
proved to be suitable techniques for evaluating 
the thermal behavior of gallic acid and allowed to 
calculate dehydration and fusion enthalpies. The 
decomposition models proposed could explain more 
than 90% of all variance in data and regression 

Table 1. Statistical parameters of the kinetic values obtained from thermal decomposition of gallic acid

Figure 1. Simultaneous TG-DTA curves (left) and DSC 
curve (right) of gallic acid

Figure 2. TG curves on kinetic values in the thermal 
decomposition of gallic acid at heating rates of 10, 15, 20 
and 25°C min-1

Figure 3. Regression equation of gallic acid decomposition 
at 10oC/min (A), 15oC/min (B), 20oC/min (C), and 25oC/
min (D)
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equations were statistically significant. The non-
isothermal interconversion kinetic method describes 
the complexity of the decomposition process and 
allowed to obtain the kinetic (Ea) parameters of gallic 
acid decomposition. 

Acknowledgements

The authors acknowledge CAPES/PNPD (D. 
Granato), CNPq and the Araucaria Foundation, 
Brazil, for the financial support.

References

Abeywickrama, K. R. W. Ratnasooriya, W. D. and 
Amarakoon, A. M. T. 2011. Oral hypoglycaemic, 
antihyperglycaemic and antidiabetic activities of 
Sri Lankan Broken Orange Pekoe Fannings (BOPF) 
grade black tea (Camellia sinensis L.) in rats. Journal 
of Ethnopharmacology 135: 278-286.

Alezandro, M. R. Granato, D. and Genovese, M. I. 
Jaboticaba (Myrciaria jaboticaba (Vell.) Berg), a 
Brazilian grape-like fruit, improves plasma lipid 
profile in streptozotocin-mediated oxidative stress in 
diabetic rats. Food Research International 54: 650-
659.

Amakura, Okada, Y. M. Tsuji, S. and Tonogai, Y. 2000. 
Determination of phenolic acids in fruit juices by 
isocratic column liquid chromatography. Journal of 
Chromatography A 891: 183-188.

Bakkalbaşi, E. Yemiş, O. Aslanova, D. and Artık, N. 
2005. Major flavan-3-ol composition and antioxidant 
activity of seeds from different grape cultivars grown 
in Turkey. European Food Research and Technology 
221: 792-797.

Bhagat, S., Dongre, P. Bhagat, S. and Dikpati, A. 2015. 
Extraction and isolation of gallic acid from self-
generated fermentation system of Terminalia chebula. 
Journal of Chemical and Pharmaceutical Research, 
7(4):170-174.

Dias, F. S. Silva, M. and David, J. 2013. Determination 
of Quercetin, Gallic Acid, Resveratrol, Catechin and 
Malvidin in Brazilian Wines Elaborated in the Vale 
do São Francisco Using Liquid–Liquid Extraction 
Assisted by Ultrasound and GC-MS. Food Analytical 
Methods 6: 963-968.

Flynn, J. H. and Wall, L. A. 1966. General treatment of 
the thermogravimetry of polymers. JOURNAL OF 
RESEARCH of the National Bureau of Standards 70: 
487–523.

Granato, D. Calado, V. M. A. and Jarvis, B. 2014.  
Observations on the use of statistical methods in Food 
Science and Technology. Food Research International 
55: 137-149.

Kaur, C. and Kapoor, H. C. 2011. Antioxidants in fruits and 
vegetables – the millennium’s health. International 

Journal of Food Science and Technology 36: 703-725.
Liu, C. Chen, C. Mo, H. Ma, H. Yuan, E. and Li, Q. 2014. 

Characterization and DPPH Radical Scavenging 
Activity of Gallic Acid-Lecithin Complex, Tropical 
Journal of Pharmaceutical Research13(8): 1333-1338.

Macedo, L. F. L. Rogero, M. M. Guimarães, J. P. Granato, 
D. Lobato, L. P. and Castro, I. A. 2013. Effect of red 
wines with different in vitro antioxidant activity on 
oxidative stress of high-fat diet rats. Food Chemistry 
137: 122-129.

Mandel, S. and Youdim, M. B. H. 2004. Catechin 
polyphenols: neurodegeneration and neuroprotection 
in neurodegenerative diseases. Free Radical Biology 
and Medicine 37: 304-317.

Morais, S. M. D. Cavalcanti, E. S. B. Costa, S. M. O. 
and Aguiar, L. A. 2009. Ação antioxidante de chás e 
condimentos de grande consumo no Brasil. Brazilian 
Journal of Pharmacognosy 19: 315-320.

Ozawa, T. 1965. A New Method of Analyzing 
Thermogravimetric Data. Bulletin of the Chemical 
Society of Japan 38: 1881-1886.

Rao, C. R. M. Reddy, V. B. and Mehrotra, P. N. 1981.  
Derivatographic studies of gallic acid. Thermochimica 
Acta 46: 65-69.

Réblová, Z. Effect of the temperature on the antioxidant 
activity of phenolic acids. Czech Journal of Food 
Sciences 30: 171-177.

Vita, J. A. 2005.  Polyphenols and cardiovascular disease: 
effects on endothelial and platelet function. American 
Journal of Clinical Nutrition 81: 292-297.

Vyazovkin, S. Chrissafis, K. Lorenzo, M. L. Koga, N. 
Pijolat, M. Roduit, B. Sbirrazzuoli, N. and Suñol, J. J. 
2014. ICTAC Kinetics Committee recommendations 
for collecting experimental thermal analysis data for 
kinetic computations, Thermochimica Acta 590: 1-23.

Zielinski, A. A. F. Haminiuk, C. W. I. Alberti, A. Nogueira, 
A. Demiate, I. M. and Granato, D. 2014. A comparative 
study of the phenolic compounds and the in vitro 
antioxidant activity of different Brazilian teas using 
multivariate statistical techniques. Food Research 
International 60: 246-254.


