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Abstract 
A comparison is made between the thermogravimetric behavior in air of banana peel and 

wood, always characterized by devolatilization and combustion. Apart from the wider 

temperature interval, banana peels exhibit two peaks for both the first zone (instead of a 

shoulder and a peak) and the second zone (instead of a single peak), which can be described 

by a four-step mechanism. The two devolatization steps require low activation energies (82 

and 86kJ/mol), consequent to the presence of a large number of chemical components 

(starch, sugars, pectin, lipids and proteins, in addition to cellulose, hemicelluloses and 

lignin). The first and chief combustion step is also described by a low activation energy 

(112kJ/mol) whereas the second one requires an activation energy (180kJ/mol) coincident 

with that typically estimated for lignocellulosic chars.  

 

Introduction 

Banana trees grow in large quantities in tropical and subtropical areas. World 

production of banana and plantain rank the fourth in the foodstuff after corn, rice 

and wheat [1]. As the development of the processing industries of bananas and 

plantains is growing, significant quantities of banana or plantain peels, equivalent 

to 40% of the total weight of fresh product, are generated, causing a real 

environmental problem. Though several applications have been proposes (i.e. 

sorbent material, synthesis of hierarchical porous carbon foams production of 

alcohol, methane, food for livestock, compost, precursor in the preparation of 

functional foods), the possible exploitation of this waste through thermo-chemical 

conversion process has been scarcely investigated [2]. In this work 

thermogravimetric curves, in air, are measured of pre-dried dessert banana peels 

and pyrolysis chars aimed at the formulation of a lumped kinetic model.  

 

Material and Method 

Dessert banana peels, originated from Ecuador and at an average ripeness level, are 

examined in this study. Information on the chemical composition is reported in 

[3,4], with ash contents of about 9-13wt% (11wt % for the sample under study) 

consisting of potassium, phosphorus, magnesium, calcium and minor amounts of 

iron, zinc, manganese and copper. The content of total dietary fibers is around 40-

50wt% but the contents of cellulose (7.5wt%), hemicellulose (6-8wt%) and lignin 

(12-7wt%) are much lower than those typically observed for lignocellulosic 
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biomass. The significant part of the water soluble part of the dietary fibers is most 

likely constituted by pectin (10-13wt%). The total content of sugars increases with 

the ripeness degree (glucose 1-14wt%, fructose 1-18wt% and sucrose 1.5-0.5wt%) 

essentially at the expenses of the starch percentage which decreases (11-3wt%). 

The amount of crude vitamins and fats also increases with the ripeness stage (6-

10wt% and 4-11wt%, respectively). From these figures, it can be reasonably 

assumed that the main component of the banana peels examined in this study 

approximately consists of sugars (30wt%), comparable values of cellulose, 

hemicellulose, lignin and pectin (around 10wt% each), on one hand, and 

comparable values of proteins, fats and starch on the other (around 5wt%).  

Two different sets of tests are carried out with the scope of investigating 1) the 

thermogravimetric behavior of banana peel and banana peel char combustion, 

aimed at producing data for kinetic analysis, and 2) to produce the char samples to 

be used for the thermogravimetric tests. The first set of experiments is made in air 

using banana peel and banana peel char (this produced at various temperatures), by 

means of a non-commercial system already extensively applied to study solid 

conversion under conditions of kinetic control [5-6], which allow for an optimal 

control of the sample temperature (sample mass of 4mg and heating rates of 5,10 

and 20K/min up to a final temperature of 950K). The curves have been interpreted 

by means of a lumped model following the method already applied for the 

combustion of solid fuels. The second set of experiments is made in nitrogen using 

single banana peel particles which are instantaneously suspended in a pre-heated 

(isothermal) cylindrical stainless reactor [7] at temperatures of 700-950K. The char 

samples are used to investigate the influence of the pyrolysis conditions on the 

combustion reactivity (thermogravimetric measurements at 5K/min up to a 

temperature of 950K using a 4mg mass sample).  

Also, a lumped kinetic model is formulated where each reaction step takes into 

account the simultaneous contribution of several components (a global n-order 

reaction model). Following the approach extensively applied for the combustion of 

solid fuels, it is assumed that volatiles are released according to a set of parallel 

reactions for the lumped components (two steps for the devolatilization stage and 

two steps for the combustion stage).   

 

Results and Conclusions 

The thermogravimetric curves for banana peel, measured in air at 5K/min, are 

compared with those of beech wood in Fig. 1 including, for comparison purposes, 

the measurements obtained in nitrogen. Using beech wood as a comparison term, 

banana peel devolatilization and combustion occur over a much wider temperature 

range, with the beginning anticipated by about 65K and the burnout delayed by 

about 100K, with lower rates of mass loss and different position of the 

peaks/shoulders. The devolatilization of banana peels presents two well evident 

peaks that are anticipated with respect to the shoulder and peak exhibited by beech 

wood. In fact, the first relevant event at low temperature (about 470K) is a well 
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defined peak (instead of a shoulder). The second peak is positioned at about 545K 

(more or less at the same position of the beech wood shoulder) and is very wide, 

supporting the speculation that it is not associated with the decomposition of a 

single component over a narrow temperature range, as in the case of the cellulose 

peak for beech wood (at about 665K). The combustion zone (temperatures above 

600K) is very wide and presents two peaks (around 690 and 830K), instead of the 

single peak observed for woody biomass (around 665K for beech wood). The curve 

of weight loss in nitrogen is again characterized by two main peaks as in air but, as 

a consequence of the slower rates, the separation between the reaction events is 

much more improved.  

 
Figure 1. Mass fraction, Y, and mass loss rate, -dY/dt, for banana peel and beech 

wood measured in air versus temperature (heating rate 5K/min). For comparison 

purposes, the data for banana peel obtained  in nitrogen are also included. 

 

Apart from the well known ranges where biomass chemical components degrade, 

information on the thermogravimetric behavior of the other components is reported 

in [2]. Pectin devolatilization is reported to occur according to a one main stage, 

with the peak rate at relatively low temperature (503-523K), or two stages (peaks 

around 513K and 618K). The combustion of pectin char takes place according to a 

two stage process, although the second is displaced at very high temperatures. 

Glucose degradation occurs according to two separate peaks, with the peak 

positions depending on the heating rate. For 2.5K/min, degradation is observed to 

start around 523K with the first peak at 555K and the second at 642K. Starch 

degrades with a well defined peak around 593K with weight loss rates that attain 

significant values around 533K and yields of charred product of about 30wt%. 

When applying this information to explain the thermogravimetric behavior of 

banana peels, it should be taken into consideration that the experiments have been 

made in oxidative environment and that the ash is rich in potassium. Thus  it can be 

hypothesized that the first low temperature peak of banana peel is due to the partial 
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degradation of pectin, hemicellulose and sugars. The second peak is most likely 

due mainly to the decomposition of starch and cellulose, which is anticipated at 

lower temperatures owing to potassium catalysis. The very slow decay of the rate 

curve and the following wide flat zone can be attributed to the further 

devolatilization of the above-mentioned components and to the additional 

contribution of more thermally stable components, such as lignin. At temperatures 

above 600K combustion reactions become predominant and it is possible that, as a 

consequence of the significant number of chemical components, chars with 

variable reactivity are generated. The main process features are preserved as the 

heating rate is increased, although the peak temperatures become successively 

higher and the corresponding solid mass fraction lower [2]. 

 
Figure 2. Mass fraction, Y, and mass loss rate, -dY/dt, for banana peel char and 

beech wood char (produced at 800K) measured in air versus temperature (heating 

rate 5K/min). 

 

The combustion characteristics of banana peel char, compared with those of beech 

wood char, can be better seen from Fig.2, which reports the thermogravimetric 

curves (5K/min) for the products obtained from the single-particle pyrolysis 

experiments carried out at 800K. Apart from the beginning of the process at lower 

temperatures, the banana peel char devolatilization occurs according to a well 

visible peak (around 540K) followed by a very wide zone (600-690K) of slightly 

higher values, instead of the shoulder observed for the wood char positioned at 

about 650K. The peak rate is positioned at about 705K for both chars but, for 

banana peel, another smaller peak appears at about 850K. Furthermore, the 

combustion of banana peel char takes place over a wider temperature range and the 

devolatilization stage is quantitatively more important. 
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Figure 3. Mass fraction, Y, and mass loss rate, -dY/dt, for banana peel char, 

produced at 700, 800, 900 and 950K, measured  in air versus temperature (heating 

rate 5K/min). The curves obtained for banana peel are included for comparison. 

 

Figure 3 reports the thermogravimetric curves of banana peel char combustion for 

samples produced from single-particle pyrolysis carried out for heating 

temperatures in the range 700-950K (heating rate 5K/min) showing that the 

reactivity is affected by the char formation conditions. All the samples present a 

first devolatization peak, whose position remains practically unvaried with the 

pyrolysis conditions. The strong dependence of the position of the two char 

combustion peaks on the pyrolysis conditions, that is, the progressive displacement 

at lower temperatures as the pyrolysis temperature increases, is peculiar of this 

residue. Indeed, the pyrolysis temperature is reported not to affect significantly the 

reactivity of lignocellulosic chars as long as relatively low values are considered, 

whereas very severe treatments give rise to thermal annealing, which produces a 

negative effect on the reactivity. In reality, for the banana peel, there is an indirect 

effect of the pyrolysis temperature on the char properties, which is related to the 

production of successively lower yields of charred residue as the thermal 

conditions are made more severe (char yields from 35 to about 30wt% for 

temperatures in the range 700-950K). In this way the ash content, that is, the 

fraction catalytically active constituted by alkaline compounds, becomes 

progressively higher, thus enhancing the combustion reaction rates. For the range 

of pyrolysis temperatures examined, the position of the combustion peaks vary in 

the range 701-665K (first peak) and 830-756K (second peak). 

The results of the four-step kinetics are detailed in [2]. It is observed that the 

activity of the first and second component (devolatilization) is exerted in the 

temperature ranges of approximately 375-500K and 400-650K, respectively. The 

amount of volatiles released during the two-step process is only weakly affected by 

the heating rates, with average values around 15 and 43% (total amount of volatile 

matter 58%). A significant overlap is established between components which also 
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exhibit a large width of the rate curves. Indeed the estimated activation energies are 

rather low (82 and 86kJ/mol) as they should account for the simultaneous 

degradation of numerous components and the catalytic effect of alkali compounds. 

In particular it is worth noticing that these figures are much lower than those 

estimated for beech wood (147, 200 and 176kJ/mol for the pseudo-components 

hemicelluloses, cellulose and lignin, in the order).  

The two components of char combustion evolve over temperature ranges of 550-

750 and 700-875K, respectively. The amount of volatiles released is only weakly 

affected by the heating rate, with average values of 23 and 7wt%. Hence, the large 

part is released during the first step which is again characterized by a low 

activation energy (112kJ/mol), practically coincident with that reported for wood 

char devolatilization (113kJ/mol). However, in the case of banana peel char (apart 

from the low-temperature devolatilization zone), this step presents a well defined 

peak, so that it is actually representative of a combustion step. On the other hand, 

the second peak is described by an activation energy that is practically the same as 

that of wood char (183 versus 180kJ/mol). However, it is displaced at much higher 

temperatures and is related to small amounts of volatile matter evolution. As 

anticipated, the double-peak of the char combustion curve can be attributed to the 

different nature of the precursors with positions that are affected by the alkali 

content, in its turn, dependent on the pyrolysis conditions. Although the influence 

of the pyrolysis condition on the reactivity of char has been found in several studies 

as reported in the review, a general model that can take into account such features 

has not yet been developed. 
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