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Colored cotton crop wastes 
valorization through pyrolysis: 
a study of energetic 
characterization and analytical 
Py‑GC/MS
Janduir E. Silva 1*, Joemil O. Deus Junior 2, Guilherme Q. Calixto 1, Dulce M. A. Melo 3, 
Marcus A. F. Melo 1, Vital C. B. Júnior 4, Bruna M. E. Chagas 1, Everaldo P. Medeiros 5 & 
Renata M. Braga 4

The present work aimed to study different parts of colored cotton waste through energetic 
characterization and analytical flash pyrolysis. Stalks and bolls of BRS cotton cultivars from Sementes 
do Brasil (Green, Ruby, Topaz and Jade) were studied, using white cotton (BRS 286) as a comparison. 
The energetic potential of biomass was evaluated by bulk density, High Heating Value (HHV), 
proximate and ultimate analysis, compositional and thermogravimetric analysis (TGA). Pyrolysis was 
performed in a micro‑pyrolyzer and the products were identified by gas chromatography and mass 
spectroscopy (Py‑GC/MS). The results indicated a significant energetic potential, suggesting that can 
be used as an alternative energy source for thermochemical processes. The results of conventional 
pyrolysis indicated the presence of oxygenated compounds of different organic groups: aldehydes, 
ketones, phenols, furans and ethers, characteristic of the decomposition of lignocellulosic materials. 
Light organic acids in the C1‑C4 range stood out the most, followed by phenols that appeared in a 
considerable proportion. Finally, it is concluded that the energy potential and pyrolysis products of 
the different parts (stalks and bolls) of colored cotton waste can be used to generate bioenergy and 
various chemical compounds of plant origin from green chemistry.

Cotton (Gossypieae) is a versatile plant of tropical origin which has easy adaptation to soil and climate condi-
tions, and is capable of presenting high resistance to drought, thereby being a cultivar of great relevance for the 
semi-arid regions of the planet. These factors contribute to the development of cotton plantations, constituting an 
activity of great economic and social relevance. Cotton is the most consumed natural fiber in the textile industry.

Brazil is currently a major cotton producer. A total of 2.8154 thousand tons were produced in 2021, a volume 
capable of meeting the country’s domestic demand and exporting the surplus. Consequently, large amounts 
of cotton waste are produced. The production chain is geared towards textile, food, cosmetics and biofuels in 
the form of cottonseed oil. The greatest market demand is met by white fiber, but naturally colored fibers have 
been gaining ground and generating new business opportunities for those who prefer organic or agroecological 
 management1.

Commercial colored cultivars were developed by EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária). 
The first cultivar, BRS 200 Brown, was registered in the RNC in 2001. Then, BRS Green, BRS Ruby and BRS 
Sapphire were registered in 2004, BRS Topaz in 2010, and BRS Jade in 2017, all with G. hirsutum var.hirsutum 
 germplasm2,3.
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These cultivars can be planted in areas zoned for arboreal cotton cultivation, and can also be explored under 
irrigation. The characteristics of the species combined with its higher added value (when compared to white 
cotton) has contributed to attracting the interest of farmers, and has consequently increased the number of 
plantings of this cotton in the Northeast region. Combined with the production of cotton fibers, a large amount 
of agricultural waste is generated. It is estimated that the amount of cotton crop residues generated annually 
in Brazil alone is approximately 0.045 tons per  hectare4. The use of colored cotton waste for energy generation 
can add economic value to the industrial process, as well as contribute to environmental sustainability, avoiding 
waste and promoting a production chain that does not harm the environment.

The high demand for energy has stimulated research involving alternative energy sources. Cotton agricultural 
residues have great potential for distributed energy generation as showed by  Silva5, which compared briquettes 
obtained from cotton wastes and discovered that colored cultivars generate briquettes with good mechanical and 
physicochemical characteristics, being suitable for energy generation via biomass densification. However, this 
biomass can also be used to generate energy through the production of biofuels. Barisçi and  Oncel6 studied the 
pyrolysis of combed cotton waste in a fixed bed reactor. The bio-oil obtained had a heating value of 11.49 MJ/
kg and several chemical compounds in its composition, including furans, ketones, aldehydes, carboxylic acids 
and hydrocarbons. They showed that the use of cotton waste can be a viable alternative for energy production. 
Krishna et al.7 observed that the cotton waste had an elemental composition of 44.90% C, 5.25% H, 0.83% N 
and 0.27% S. The volatile and ash content was 90% and 4.75%, respectively. Moreover, 51.40% of C, 4.00% of H, 
1.33% of N and 43.24% of O were obtained in the elemental analysis. These results indicate the great potential of 
using this residue via thermal conversion. Madhu et al.8, and Ali et al.9 also showed satisfactory results regarding 
bio-oil production from white cotton crop residues. However, there are few studies on the energy potential of 
colored cotton cultivars in the literature.

Based on the large amount of cotton waste generated in Brazil due to high productivity, with the prospect of 
a gradual increase in the production of colored cotton which has been conquering an increasingly demanding 
market in terms of organic or agroecological management, the objective of this study was to perform an ener-
getic characterization and evaluation of the products of conventional pyrolysis of stalks, bolls and the mixture of 
these parts of the colored cotton, aiming to promote the energetic use of this biomass and/or the conversion of 
the pyrolysis products into chemical products of industrial interest, contributing to diversify the energy matrix, 
reducing possible environmental impacts caused by the disposal of this waste.

Experimental section
Biomass from the cultivation residues of Brasil Sementes—BRS Green, BRS Ruby, BRS Topaz and BRS Jade were 
studied, which were collected at a farm belonging to the Empresa de Pesquisa Agropecuária do Rio Grande do 
Norte (EMPARN), located in the municipality of Apodi, RN, Brazil. The region has a very hot and semi-arid 
climate according to the Köppen climate classification, with an average annual temperature of 27.1 °C, an aver-
age maximum temperature of 34.1 °C and an average minimum temperature of 22.8 °C. The area is classified 
as having Cambisol soil with a loamy loam texture. A summary of the methodology used in this research is 
presented in Fig. 1.

The collection of cultivation residues took place after the cotton harvest. Then, this material was separated 
into stalks (S) and bolls (B), which were dried in the sun and crushed in forage, separately, obtaining different 
granulometric ranges. These biomasses were sieved and granulometry between 0.104 and 0.074 mm was selected.

Next, 13 samples were used, 5 from bolls, 5 from stalks and 3 mixtures, which were named according to the 
part of the cotton plant and the color of its fiber, thus, the names of the samples were formed by the initial letter 
B or S, bolls and stalks, respectively, followed by a letter representing the fiber color of that cotton used, with 
WB, GB, RB, JB and TB referring to the white, green, ruby, jade and topaz cotton boll samples, respectively, and 
WS, GS, RS, JS and TS referring to the stalk samples of these same species. The sample called BCM was formed 
by mixing the boll samples in equal proportions (1:1:1:1); and the sample called SCM resulting from the mixture 
between the stalk samples (1:1:1:1), and a BSCM sample resulting from the mixture between the BCM and SCM 
samples (1:1).

The energetic characteristics of the biomasses selected in this study were evaluated through the bulk density, 
calculated according to the ASTM E 873-82 proximate analysis, which consists of determining the moisture 
content (E 871-82), volatiles (E 872 and E 897), ash (E 1755-01) and fixed carbon by difference. Higher heating 
value was determined using a Parr bomb calorimeter following ASTM E711-87. Ultimate chemical analysis 
(CHN/O) was performed on an Elementary Series II CHNS/O Analyzer PerkinElmer 2400. The oxygen content 
was calculated by the difference (%O = 100% − %C − %H − %N − %H2O). The evaluation of the thermal behavior 
of the biomass samples was performed on a TA Instruments SDT Q600 thermogravimetric scale. This analysis 
was performed from room temperature to 900 °C with a heating rate of 10 °C  min−1, under a flow of 100 mL  min−1 
of  N2, and using approximately 10 mg of the samples.

The cellulose and hemicellulose content were determined by the methodology developed by Van Soest and 
 Wine10 using the Acid Detergent Fiber (ADF) and Neutral Detergent Fiber (NDF) assays; the lignin content was 
determined by acid hydrolysis using the Klason 1893 method.

The constituent metals of biomass ash were determined by energy dispersive X-ray fluorescence (XRF) using 
a Shimadzu EDX-820 device. The X-ray fluorescence spectra were obtained using about 300 mg of biomass in 
powder form with a particle diameter between 0.104 and 0.074 mm, deposited in a polyethylene sample holder.

Analytical pyrolysis was performed at 500 °C using a CDS Analytical 5200 HP-R micro pyrolyzer connected 
to a gas chromatograph (3800 VARIAN) with mass spectrometry detection (GC/MS). Approximately 1 mg of the 
biomass was trapped in a small quartz tube by inserting glass wool at the ends of the tube, and then heated rapidly 
to 500 °C by a platinum filament around this tube. The vapors from the thermal decomposition of the biomass 
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were drawn through the  N2 flow of 50 mL  min−1, stored in a Tenax trap and desorbed at 300 °C for 4 min, then 
injected through split mode 1:50 on a VARIAN 3900 chromatograph with a VF-5MS chromatographic column 
(30 m × 0.25 mm × 0.25 µm). The column heating temperature program was adjusted to start the analysis at 
40 °C, remaining at this temperature for 2 min, then heated at 10 °C  min−1 to 280 °C, and remaining for 14.5 min. 
Pyrolysis products were identified through spectral similarity greater than 85% using commercial Wiley NBS and 
NIST mass spectra libraries. The semi-quantitative approach was based on the internal normalization method, 
considering only the areas/mass (area/mg) of the identifiable peaks of each organic compound.

The results of the statistical analyzes were submitted to descriptive statistics to understand them with greater 
reliability. Standard deviations, median and mean difference within the dispersion of the sample were calculated 
(t-test, 95% confidence). Confidence intervals were calculated from the analysis function in “compare means: 
One-sample t-test”, in the IBM SPSS Statistics version 22, trial license software program.

Results and discussion
Biomass characterization
The proximate analysis and the heating value of the parts (stalks and bolls) of each cultivar are shown in Fig. 2.

All analyzes were performed in triplicate, with the mean of each variable and the respective standard devia-
tion, which varied from 0.06 to 0.4. According to the results, all biomasses presented volatile contents ranging 
from 67 to 75% and moisture lower than 10%. The stalks generally showed lower ash and fixed carbon contents 
than the bolls. The higher ash contents may be related to the greater capacity of the boll structure to accumu-
late mineral material brought by the wind. The heating value ranged from 16.2 to 18.9 MJ/kg, emphasizing the 
potential of these residues for energy applications via thermal conversion for bio-oil production. These results 
are in agreement with works found in the literature on white cotton (Guo et al.11, Kataria et al.12, Sui et al.13) 
and also for other lignocellulosic biomasses (Hossain et al.14, Qiu et al.15, Sellin et al.16). S1 Table presents the 
mean and median of all measurements of moisture, volatiles, ash, fixed carbon and heating value of the samples.

According to S1 Table, the mean  moisture and volatile values are within the CIs confidence intervals [6.85; 
8.06] and [70.35; 73.86], respectively, showing that these samples presented similar moisture contents. The same 
can be observed with volatile content, indicating that the bio-oil produced will have a good yield of approximately 
67% for bolls and 75% for stalks. Moisture values  of less than 10% indicate that the fuel produced is likely to have 
good ignition and therefore better quality.

The stalks had ash content values  below (up to 4.4%) the lower limit of the CI and the bolls were above (up 
to 12.5%) the upper limit of the CI. It is noted that only 3 samples had fixed carbon values  below (up to 8.0) the 
lower limit of the CI, with these being the stalk samples. Finally, it is observed that only two boll samples (WB 

Figure 1.  Methodological schedule.
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and GB) had their higher heating values  below the lower limit of the CI [16.53; 17.60]. This can be explained by 
the high ash content of these samples (Fig. 2). Higher volatile and fixed carbon contents promote high heating 
value since they consist of chemical energy stored in the  biomass17.

Regardless of the cotton cultivars, their energetic properties are very similar, with the biggest difference being 
observed between the different parts (stalks and bolls), whether of the same species or not. The prediction is that 
the mixture of all the stalks or all the bolls of the different species present results close to the values  obtained 
individually. It is also interesting to study the energetic potential of the mixture of stalks and bolls of all colored 
species to verify if there is a need to separate them.

The mean proximate analysis and heating values of WB, WS, BCM, SCM and BSCM samples, obtained in 
triplicate and all with standard deviations ranging between 0.02 and 0.4, can be seen in Fig. 3.

The values referring to descriptive statistics: mean, median and standard deviations, as well as the confidence 
interval for each variable (t-test for means of a sample), obtained in accordance with Fig. 3, are shown in S2 Table.

According to S2 Table, it can be seen that the values referring to the proximate analyzes and higher heating 
value of the colored cotton biomass are similar to those observed in S1 Table. It appears that BCM and WS had 
the highest and lowest content regarding moisture (10% and 7.32%), respectively, as shown in Fig. 3, which are 
very close to the upper and lower CIs.

It also appears that the BW, BCM and BSCM samples presented volatile content values close to the lower CI 
[66.34], while the opposite occurs in relation to WS and SCM samples, which have values close to the upper CI 
[75.01] (S2 Table). The ash contents of all samples had values within the confidence interval.

The CIs [10.23; 13.92] for fixed carbon show that only the WB sample presented a value below (up to 9.8) 
the lower confidence limit, and that the WS, SCM and BSCM samples had their values close to the upper CI. 
Finally, the CI [15.03; 17.24] for the Higher Heating values shows that only the BCM sample presented a value 
below the lower CI. This can be explained by its low volatile content, high ash and moisture content (Fig. 3) 
when compared to the other samples.

Figure 2.  Proximate analysis and higher heating value (HHV) of SB, SG, SR, ST, SJ, WB, GB, RB, TB and JB 
samples.

Figure 3.  Proximate analysis and higher heating value (HHV) of WS, SCM, WB, BCM and BSCM samples.
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It is known that for an energy application process, the volatile material and fixed carbon content of the bio-
mass used is important, since high and low levels of volatile material and fixed carbon, respectively, favor rapid 
burning of the fuel. It is observed that the colored cotton waste evaluated in this study, as well as their mixtures, 
presented high values of volatile material and low values of fixed carbon, ash and moisture, which makes these 
biomasses attractive for the production of biofuels, since high levels of moisture and ash decrease the calorific 
value. Ash significantly reduces the heating value of biomass since it acts as a catalyst in fast pyrolysis, promoting 
the formation of gas and char, at the expense of bio-oil.

The bulk density and its relation with HHV for the WS, WB, SCM, BCM and BSCM samples described in 
Table 1 are indicative to evaluate the capacity of energy generation by combustion.

It is possible to observe that samples from colored cotton release more energy during combustion when 
compared to white cotton, as they have higher bulk and energy density, especially the BSCM sample. Among the 
colored cotton samples, it is noted that those with higher apparent densities (BCM and SCM) have low energy 
densities in relation to BSCM (lower bulk density). This may be related to the different morphologies and com-
positions of the lignocellulosic material, such as: cellulose, hemicellulose and lignin (Table 2), carbon, hydrogen, 
nitrogen and oxygen (Table 3) and mineral extracts (Table 4); however, it is evident that mixing the different 
parts of the colored cotton in equal proportions is more advantageous for energy generation.

It is possible to infer that the cellulose and lignin contents (Table 2) are higher in the stalk samples. However, 
the hemicellulose content is slightly higher in the boll samples; in addition, there is not a considerable difference 
in the values in any of the cases. The composition of these constituents in the BSCM sample were intermediate 
when compared to the values observed for stalks and bolls, as expected. Cellulose and hemicellulose contribute 
to a higher yield of bio-oil in pyrolysis, whereas the higher the lignin content, the higher the charcoal  yield18.

The chemical formulas of each biomass were calculated from the CHN/O contents (Table 3), considering the 
molar ratio of each chemical element with carbon. It is observed that the amount of hydrogen in the samples 
has the following trend: WS = WB < SCM < BCM < BSCM, highlighting SCM presented the highest amount of 
hydrogen, H/C ratio, heating value (Fig. 3) and energy density (Table 1).

The elemental contents of C, H, N, S and O are important to determine the HHV of biomass. The high val-
ues of C and H and low values of O have the potential to increase the HHV, favoring the production of quality 
biofuel. According to the chemical formulas, the BCM sample presented nitrogen contents and energy density 
lower than the values observed for SCM, due to the fact that this biomass has a greater amount of oxygen and a 
greater O/C  ratio19.

The ash composition in the biomass depends on the species and plant part, as well as the nutrients available 
during cultivation, soil quality, fertilizers and climatic conditions, as they are important factors for determining 

Table 1.  Bulk density and energy density of the samples.

Biomass Bulk density (kg/m3) Energetic density (MJ/m3)

WB 320 5.344

WS 300 4.950

BCM 363 5.699

SCM 380 5.624

BSCM 350 5.950

Table 2.  Cellulose, hemicellulose and lignin contents.

Analysis

Samples

WB SCMWS BCM SCM BSCM

Cellulose (%) 38.8 ± 0.05 38.9 ± 0.04 37.9 ± 0.02 33.5 ± 0.03 38.2 ± 0.04

Hemicellulose (%) 21.0 ± 0.06 24.0 ± 0.03 27.1 ± 0.07 25.7 ± 0.05 25.8 ± 0.05

Lignin (%) 16.5 ± 0.07 16.1 ± 0.07 13.4 ± 0.05 14.2 ± 0.06 14.7 ± 0.02

Table 3.  CHN/O analysis results.

Carbon (%) Hidrogen (%) Oxygen (%) Nitrogen (%) H/C O/C Empirical formula

WB 42.7 ± 0.04 6.4 ± 0.06 50.2 ± 0.07 0.71 ± 0.05 0.15 1.17 CH1.8O0.88N0.014

WS 40.5 ± 0.03 6.07 ± 0.05 52.6 ± 0.06 0.77 ± 0.03 0.15 1.30 CH1.8O0.98N0.016

BCM 38.9 ± 0.05 6.0 ± 0.04 54.0 ± 0.05 1.09 ± 0.04 0.15 1.40 CH1.85O1.04N0.024

SCM 44.26 ± 0.04 6.75 ± 0.07 47.2 ± 0.06 1.8 ± 0.05 0.15 1.10 CH1.83O0.8N0.035

BSCM 41.1 ± 0.07 6.4 ± 0.05 51.0 ± 0.03 1.62 ± 0.04 0.16 1.24 CH1.86O0.93N0.034
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the potassium, sodium, chlorine and phosphorus contents in the biomass  ash20. The high potassium content 
in the samples is due to the fertilization process, which consists of adding fertilizers such as NPK (nitrogen, 
phosphorus and potassium) to the soil.

Studies indicate that the presence of metals and their oxides in the ash content of biomass can have a catalytic 
effect on the pyrolysis process, working with active sites capable of increasing the surface  area21. Wang et al.22 
demonstrated that CaO, MgO and  Al2O3 oxides are able to improve the quality of final products and the CaO used 
as catalysts during pyrolysis of biomass could reduce the CO and  CO2 content through reactions of carbonation 
and dehydration. According to Nassar et al.23 pyrolysis of biomass with metal oxides may produce products with 
more stability, since they decrease the viscosity and oxygenated products content.

According to Table 4 results, it is observed that the ash of all evaluated biomasses showed high potassium and 
calcium levels. The third most predominant element in the biomasses was P. These results are expected, since 
agro-industrial residues have high levels of K, Ca and P. It is verified that the ash content of the stalks (WS and 
SCM) presented similar values. The same was observed for the bolls (WB and BCM). Higher Ca and P contents 
and the presence of Al were generally observed in the stalks when compared to the bolls which presented higher 
K, Si and Fe contents, but did not present Al in their constitution. In addition to these constituents, there was also 
the presence of trace elements such as: Mn, Br, Ti, Zn, Ni, Cu and Cr, which were counted as others in Table 4. 
The ash has a catalytic effect in the pyrolysis process, where the metals can affect the yield of pyrolysis products, 
reducing the amount of condensable liquids and increasing coal production, in addition to promoting depo-
lymerization reactions for the formation of oxygenated molecules of lower molecular weight (Carpenter et al.24, 
Morin et al.25). For example, the presence of K in the biomass has a catalytic effect during pyrolysis, promoting the 
formation of phenols in the bio-oil26. Case et al.27 evaluated the influence of calcium present in the biomass during 
the pyrolysis process, having observed that the presence of this metal disfavors the formation of levoglucosan and 
favors the formation of alkylated phenols, polyaromatic hydrocarbons and alkyl-substituted cyclopentenones.

The results of the thermogravimetric analysis (TGA) of the studied biomasses show three main mass loss 
events (Fig. 4). Similar mass losses in the first event regarding moisture release were observed for WB and 
BCM samples (6.7 and 7.0%), as well as WS and SCM samples (4.5 and 4.6%). These values are similar to those 
obtained in the proximate analysis (Fig. 3), which can also be observed in relation to the BSCM sample which 
has an intermediate value between the SCM and BCM samples.

The second stage is characteristic of hemicellulose and cellulose decomposition, being responsible for most of 
the volatile content, in which the stalk samples, especially SCM and WS which showed the highest mass losses, 

Table 4.  Ash composition, determined by X-ray fluorescence (XRF).

Component WB (%) WS (%) BCM (%) SCM (%) BSCM (%)

K2O 48.4 57.0 57.0 49.6 53.4

CaO 37.4 28.0 28.4 34.0 32.5

SO3 4.0 6.0 6.0 5.3 5.6

MgO 3.7 2.0 – 3.5 1.6

P2O5 3.5 2.6 0.9 2.6 1.3

Al2O3 1.2 – – 1.0 –

SiO2 0.7 2.0 2.3 1.4 1.6

Fe2O3 0.7 1.8 4.0 1.5 2.6

Others 0.4 0.6 1.4 1.1 1.4

Figure 4.  TG/DTG thermal analysis curves of WB, WS, BCM, SCM and BSCM samples.
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∆m = 58.8% and ∆m = 59.5%, respectively. These results followed the same trend observed in Fig. 3 regarding 
volatile content. The last step occurs in a wide temperature range from 250 °C to around 900 °C, indicating lignin 
degradation. The different thermal behavior observed in each sample can be attributed to the contents of each 
component and also to the influence of the different metals present in each biomass, which have catalytic effects. 
Thermal decomposition of hemicellulose and cellulose occurs at 220 to 315 °C and 315 to 400 °C,  respectively28.

It was also observed that the ash and charcoal contents of the boll samples were higher at 700 °C than those 
from the stalks, following the following order: WB > BCM > BSCM > SCM > WS. A similar result can be observed 
in relation to the sum of the ash content and percentage of fixed carbon (Fig. 3), obtained from the immediate 
analysis, whose relationship is BCM > WB > BSCM > WS > SCM. The same trend can be observed in relation to 
the presence of K in the ash composition of these biomasses (Table 4). Kelkar et al.29 observed that a greater 
amount of alkali metals, such as potassium in the biomass, promotes increased coal and gas yield, reducing the 
amount of bio-oil.

Pyrolysis
The conventional pyrolysis biomass products are shown in Table 5 and Fig. 5. It is possible to observe the pres-
ence of oxygenated compounds of different organic groups: aldehydes, ketones, phenols, furans and ethers, 
which are characteristic of the decomposition of lignocellulosic materials, as described in the literature (Braga 
et al.30; Calixto et al.31).

Table 5.  Products of the conventional pyrolysis of biomass. RT retention time (min), NI not identified.

RT (min) Compound Group WB_Py BCM_Py WS_Py SCM_Py BSCM_Py

1.56–4.11 NI C1–C4 ∑ = 54.6 ∑ = 52.85 ∑ = 49.9 ∑ = 54.52 ∑ = 57.70

4.70 2.5-Dimethyl-furan  (C6H8O) Furan 0.97 1.29 1.74 1.00 1.26

5.30 1-Methyl-1 H-pyrrole  (C5H7N) Nitrogenated 2.73 4.63 0.81 3.09 3.35

5.60 Pyrrole  (C4H5N) Nitrogenated 1.43 1.83 0.81 2.28 1.19

5.88 Toluene  (C7H8) Aromatic 3.61 7.21 4.42 3.92 4.61

6.34 Cyclopentanone  (C5H8O) Ketone 1.09 1.94 0.87 0.77 1.26

7.25 3-Furaldehyde  (C5H4O2) Aldehyde 9.08 6.24 11.51 7.98 7.58

8.11 p-Xylene  (C8H10) Aromatic 1.81 4.31 1.93 1.32 2.08

8.89 2-Methyl-cyclopenten-1-one  (C6H8O) Ketone 3.28 3.01 2.61 2.35 3.72

8.90 2-Ethyl-5-methylfuran  (C7H10O) Furan 3.70 3.01 4.17 2.89 3.72

10.39 Phenol  (C6H6O) Phenol 3.53 2.91 3.86 3.25 3.35

11.78 2.3-Dimethyl-cyclopenten-1-one  (C7H10O) Ketone 2.10 1.83 1.62 1.61 1.93

11.98 o-methyl-phenol  (C7H8O) Phenol 1.72 1.72 2.18 1.83 1.71

12.38 p-methyl-phenol  (C7H8O) Phenol 2.23 2.15 2.6 2.41 1.78

12.83 o-Methoxy-phenol  (C7H8O2) Ether/phenol 4.16 2.15 5.48 5.92 1.93

13.10 4.4-Dimethyl-cyclohexen-1-one  (C8H2O) Ketone 1.18 1.08 1.00 0.90 1.12

13.89 2.3-DimethylPhenol  (C8H10O) Phenol 1.01 0.54 1.24 1.13 0.89

14.60 o-Methoxy-m-methyl-phenol  (C8H10O2) Ether/PHENOL 0.46 0.32 0.81 0.58 0.37

14.86 p-Methoxy-m-methyl-phenol  (C8H10O2) Ether/phenol 0.76 0.54 1.43 1.61 0.45

15.64 3.4-Dimethyl-toluene  (C9H12O2) Ether/aromatic 0.50 0.43 0.75 0.64 NI

Figure 5.  Main products of conventional pyrolysis.
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Lignocellulosic biomass has a complex structure mainly consisting of cellulose, hemicellulose, lignin, extrac-
tives and inorganic material. A postulated mechanism for the conversion of cotton waste by the fast pyrolysis 
process at 500 ºC was proposed in this study (Fig. 5). The pyrolysis process occurs through primary and second-
ary reactions. The chemical bonds of the polymers are broken in heating the biomass, releasing volatile com-
pounds which react to form the pyrolysis products. Some of the compounds produced are unstable and react 
through secondary cracking  reactions32. Thus, depolymerization and fragmentation occur as the main primary 
mechanism steps to form bio-oil. The bio-oil composition is generally related to the structures of the biomass 
compounds and the pyrolysis parameters.

The thermal degradation of the cellulose chains mainly promotes the formation of glucose, and levoglucosan 
is formed in a second stage after the elimination of a water molecule, followed by the formation of furans, ketones, 
acids, aldehydes, alcohols, phenols and  hydrocarbons33. Hemicellulose is the least stable component of the lig-
nocellulosic biomass structure, basically being formed by hexoses and pentoses that are easily decomposed by 
heat treatment via decarbonylation and oligomerization reactions, thereby originating acids, ketones, furans, 
phenols, alcohols and  hydrocarbons34. Phenolic aromatic compounds are typically formed from the macro-
molecular structure of lignin, as lignin is composed of phenylpropane structural units in a three-dimensional 
framework. Thus, the main components of lignin bio-oil are  phenols35. The main compounds arising from the 
thermal degradation of this biomass can be seen in Fig. 6.

Aromatic hydrocarbons, such as toluene and p-xylene, were identified in the pyrolysis vapors of colored 
cotton bolls and stalks, which makes these residues attractive as a source of raw material for the production of 
quality bio-oil. The highest yields of toluene and p-xylene were observed for the BCM sample—7.21 and 4.31%, 
respectively. Nitrogen products were produced, but oxygenated compounds were predominant in the pyrolysis 
of all samples.

The nitrogen compounds, 1-Methyl-1H-pyrrole and pyrrole were formed by the pyrolysis of cotton waste for 
all evaluated conditions and the lowest percentages were observed for the WS sample. According to the postulated 
mechanism, pyrrole is formed from the conversion of furan by the ammonization  process36, which occurs as a 
result of the thermal degradation of the protein content present in the samples.

Organic acids containing one to four carbons in the chain (C1-C4), such as acetic acid and methyl acetate 
stood out among the classes of compounds present in the pyrolysis products of the analyzed biomasses, in 
which the percent ranged from 49.9 to 57.7% (Table 5). This result may be associated with the ash content of the 
samples and its catalytic effect. Chemical compounds produced during primary pyrolysis reactions tend to react 
through secondary cracking and condensation reactions due to the presence of inorganic metals, which results 
in changes in the chemical distributions in the bio-oil and its yield. Levoglucosan is formed by the reactions of 
breaking and rearrangement of chemical bonds of cellulose molecules in the range of 400–550 ºC, being one of 
the predominant components of the bio-oil of lignocellulosic  biomasses37. The presence of mineral elements in 
the biomass (Ca and Mg), and some other metallic elements (Fe, Cu, Zn, Mn), significantly affect the pyrolysis 
process of cellulose, hemicellulose and lignin.

There was no formation of C1–C4 compounds and no formation of levoglucosan. The percent of phenolic 
compounds ranged from 10.3 to 17.6%, with the highest percentage being observed for WS, which presented 
57% of  K2O (Table 4). These results emphasize the potential of the catalytic effect of Eom et al.38 demonstrated 
that K had a catalytic effect on cellulose pyrolysis, in which there was suppression of levoglucosan formation 
and an increase in the yields of low molecular weight compounds.

Figure 6.  Postulated mechanism.
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It is important to highlight that in addition to K, Mg and Ca also promote secondary cracking reactions 
of pyrolysis products, converting long-chain compounds into lower molecular weight  products39. The second 
most abundant element in the cotton residues evaluated in this work was Ca, but Mg was also detected in the 
samples with the exception of in the BCM sample. Phenolic compounds and alkyl-substituted cyclopentenones 
are derived from the thermal degradation of lignin under the influence of Cao.

Higher furan values were observed in the WS and SCM samples, which also had higher cellulose contents 
(Table 2). Furans are typical products of cellulose  pyrolysis40. The presence of oxygenated compounds in the 
pyrolysis products makes it difficult to use bio-oil as a fuel, since they reduce the calorific value of the bio-oil, 
in addition to being unstable and corrosive due to the presence of highly reactive species such as aldehydes, 
acids and  ketones41. However, it is a considerable source of several chemical compounds of great interest to the 
chemical industry. This bio-oil can undergo improvement processes (upgrading) to make its physicochemical 
properties viable as a fuel.

This study points out that colored cotton waste has potential for application in energy production processes 
via thermal conversion. These wastes, when disposed of incorrectly, can pollute the environment. So, if they are 
used for energy production, it brings economic and environmental benefits to the industry.

Conclusions
The characterization of different parts (stalks and bolls) of colored cotton species (Green, Ruby, Topaz and Jade) 
isolated and its mixtures were evaluated, showing that their composition and energetic potential is very similar, 
eliminating the need to separate species for their application in thermochemical processes. Moreover, the mixture 
between bolls and stalks presented adequate characteristics to be used as an alternative energy through bio-oil 
obtention, such as high volatile content and considerable HHV.

The energy potential and chemical composition of the condensable pyrolysis products of different colored 
cotton species are similar to each other, verifying that the mixture of the parts has the potential to be used as 
an alternative energy source in thermochemical processes. It has adequate characteristics, such as considerable 
heating value, fixed carbon and high volatile content values which can be converted into bio-oil, without the 
need to separate the bolls and stalks. The analysis of the pyrolysis products showed a majority composition of 
oxygenates, which can be used as an energy carrier in other processes or be refined to obtain bioproducts such 
as benzene, toluene, and furans. The use of cotton waste as an energy source is an environmentally sustainable 
process capable of inserting by-products as an energetic source into the market, contributing to waste manage-
ment and minimizing costs.

Data availability
All data generated and analysed during the current study are available from the corresponding author on rea-
sonable request.

Received: 25 September 2023; Accepted: 17 April 2024

References
 1. Barros, M. A. L. et al. A review on evolution of cotton in Brazil: GM, white, and colored cultivars. J. Nat. Fibers https:// doi. org/ 10. 

1080/ 15440 478. 2020. 17383 06 (2020).
 2. Farias, F. J. C. et al. Ensaio de valor de cultivo e uso do algodoeiro herbáceo no semiárido nordestino. In Congresso brasileiro do 

algodão. Embrapa (2017).
 3. Vidal Neto, F. C. & Freire, E. C. Melhoramento genético do algodoeiro. In Melhoramento genético de plantas no Nordeste. 1 ed. 

(eds Vidal Neto, F. C. & Cavalcanti, J. J. V.) v. 1, Cap. 3, 49–83 (Embrapa, 2013).
 4. Napoleão, E. M. B. et al. VII Encontro da Produção Científica da Embrapa Algodão - EPC 2012, Campina Grande, PB (2012).
 5. da Silva, J. E. et al. Energetic characterization and evaluation of briquettes produced from naturally colored cotton waste. Environ. 

Sci. Pollut. Res. https:// doi. org/ 10. 1007/ s11356- 019- 04777-z (2019).
 6. Barışçı, S. & Öncel, M. S. The disposal of combed cotton wastes by pyrolysis. Int. J. Green Energy. 11(3), 255–266. https:// doi. org/ 

10. 1080/ 15435 075. 2013. 772516 (2014).
 7. Krishna, B. B. et al. Role of reaction temperature on pyrolysis of cotton residue. Waste Biomass Valor. 7, 71–78. https:// doi. org/ 10. 

1007/ s12649- 015- 9440-x (2016).
 8. Madhu, P., Kanagasabapathy, H. & Manickam, I. N. Cotton shell utilization as a source of biomass energy for bio-oil by flash 

pyrolysis on electrically heated fluidized bed reactor. J. Mater. Cycles Waste Manag. 18, 146–155. https:// doi. org/ 10. 1007/ s10163- 
014- 0318-y (2016).

 9. Ali, N. et al. Bio-oil production from fast pyrolysis of cotton stalk in fluidized bed reactor. Arab. J. Sci. Eng. 40, 3019–3027. https:// 
doi. org/ 10. 1007/ s13369- 015- 1801-z (2015).

 10. Van Soest, P. J. & Wine, R. H. Use of detergents in the analysis of fibrous feeds. IV Determination of plant cell-wall constituents. 
J. Assoc. Off. Anal. Chem 50(1), 50–55. https:// doi. org/ 10. 1093/ jaoac/ 50.1. 50 (1967).

 11. Guo, X. et al. Understanding pyrolysis mechanisms of corn and cotton stalks via kinetics and thermodynamics. J. Anal. Appl. 
Pyrolysis. 164, 105521. https:// doi. org/ 10. 1016/j. jaap. 2022. 105521 (2022).

 12. Kataria, G., Sharma, A., Joshi, J. B., Hameed, S. & Amiri, A. A system level analysis of pyrolysis of cotton stalk biomass. Mater. 
Today Proc. 57(1528–1532), 2022. https:// doi. org/ 10. 1016/j. matpr. 2021. 12. 062 (2022).

 13. Sui, H. Fractional condensation of multicomponent vapors from pyrolysis of cotton stalk. Energy Fuels. 28, 5095–5102. https:// 
doi. org/ 10. 1021/ ef500 6012 (2014).

 14. Hossain, M. A. et al. Catalytic microwave pyrolysis of oil palm fiber (OPF) for the biochar production. Environ. Sci. Pollut. Res. 
24, 26521–26533. https:// doi. org/ 10. 1007/ s11356- 017- 0241-6 (2017).

 15. Qiu, B. et al. Research progress in the preparation of high-quality liquid fuels and chemicals by catalytic pyrolysis of biomass: A 
review. Energy Convers. Manag. 15, 2262–2289. https:// doi. org/ 10. 1016/j. encon man. 2022. 115647 (2022).

 16. Sellin, N. et al. Oxidative fast pyrolysis of banana leaves in fluidized bed reactor. Renew. Energy. 96, 56–64. https:// doi. org/ 10. 
1016/j. renene. 2016. 04. 032 (2016).

https://doi.org/10.1080/15440478.2020.1738306
https://doi.org/10.1080/15440478.2020.1738306
https://doi.org/10.1007/s11356-019-04777-z
https://doi.org/10.1080/15435075.2013.772516
https://doi.org/10.1080/15435075.2013.772516
https://doi.org/10.1007/s12649-015-9440-x
https://doi.org/10.1007/s12649-015-9440-x
https://doi.org/10.1007/s10163-014-0318-y
https://doi.org/10.1007/s10163-014-0318-y
https://doi.org/10.1007/s13369-015-1801-z
https://doi.org/10.1007/s13369-015-1801-z
https://doi.org/10.1093/jaoac/50.1.50
https://doi.org/10.1016/j.jaap.2022.105521
https://doi.org/10.1016/j.matpr.2021.12.062
https://doi.org/10.1021/ef5006012
https://doi.org/10.1021/ef5006012
https://doi.org/10.1007/s11356-017-0241-6
https://doi.org/10.1016/j.enconman.2022.115647
https://doi.org/10.1016/j.renene.2016.04.032
https://doi.org/10.1016/j.renene.2016.04.032


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9359  | https://doi.org/10.1038/s41598-024-60019-4

www.nature.com/scientificreports/

 17. Mckendry, P. Energy production from biomass (part 1): Overview of biomass. Bioresour. Technol. 83(1), 37–46. https:// doi. org/ 
10. 1016/ s0960- 8524(01) 00118-3 (2002).

 18. Kan, T., Strezov, V. & Evans, T. J. Lignocellulosic biomass pyrolysis: A review of product properties and effects of pyrolysis param-
eters. Renew. Sustain. Energy Rev. 57, 1126–1140. https:// doi. org/ 10. 1016/j. rser. 2015. 12. 185 (2016).

 19. Abnisa, F. et al. Utilization of oil palm tree residues to produce bio-oil and bio-char via pyrolysis. Energy Convers. Manag. 76, 
1073–1082. https:// doi. org/ 10. 1016/j. encon man. 2013. 08. 038 (2013).

 20. Saidur, R. et al. A review on biomass as a fuel for bollers. Renew. Sustain. Energy Rev. 15(5), 2262–2289. https:// doi. org/ 10. 1016/j. 
rser. 2011. 02. 015 (2011).

 21. Kumar, A. et al. Co-pyrolysis of hydrothermally pretreated microalgae residue and polymeric waste (plastic/tires): Comparative 
and dynamic analyses of pyrolytic behaviors, kinetics, chars, oils, and in-situ gas emissions. Fuel 331, 125814. https:// doi. org/ 10. 
1016/j. fuel. 2022. 125814 (2023).

 22. Wang, J. et al. Copyrolysis of bamboo residual with waste tire over dual catalytic stage of CaO and comodified HZSM-5. Energy 
133, 90–98. https:// doi. org/ 10. 1016/j. energy. 2017. 05. 146 (2017).

 23. Nassar, N. N., Hassan, A. & Pereira-Almao, P. Thermogravimetric studies on catalytic effect of metal oxide nanoparticles on 
asphaltene pyrolysis under inert conditions. J. Therm. Anal. Calorim. 110, 1327–1332. https:// doi. org/ 10. 1007/ s10973- 011- 2045-0 
(2012).

 24. Carpenter, D. et al. Biomass feedstocks for renewable fuel production: A review of the impacts of feedstock and pretreatment on 
the yield and product distribution of fast pyrolysis bio-oils and vapors. Green Chem. 16, 384. https:// doi. org/ 10. 1039/ C3GC4 1631C 
(2014).

 25. Morin, M., Pécate, S., Hemati, M. & Kara, Y. Pyrolysis of biomass in a batch fluidized bed reactor: Effect of the pyrolysis conditions 
and the nature of the biomass on the physicochemical properties and the reactivity of char. J. Anal. Appl. Pyrolysis. 122, 511–523. 
https:// doi. org/ 10. 1016/j. jaap. 2016. 10. 002 (2016).

 26. Gómez, N. et al. Effect of temperature on product performance of a high ash biomass during fast pyrolysis and its bio-oil storage 
evaluation. Fuel Process. Technol. 172, 97–105. https:// doi. org/ 10. 1016/j. fuproc. 2017. 11. 021 (2018).

 27. Case, P. A., Truong, C., Wheeler, M. C. & DeSisto, W. J. Calcium-catalyzed pyrolysis of lignocellulosic biomass components. 
Bioresour. Technol. 192, 247–252. https:// doi. org/ 10. 1016/j. biort ech. 2015. 05. 028 (2015).

 28. Yang, H. et al. Characteristics of hemicellulose, cellulose and lignin pyrolysis. Fuel 86, 1781–1788. https:// doi. org/ 10. 1016/j. fuel. 
2006. 12. 013 (2007).

 29. Kelkar, S. et al. Pyrolysis of North-American grass species: Effect of feedstock composition and taxonomy on pyrolysis products. 
Biomass Bioenergy 64, 152–161. https:// doi. org/ 10. 1016/j. matpr. 2021. 12. 062 (2014).

 30. Braga, R. M. et al. Catalytic upgrading of Elephant grass (Pennisetum purpureum Schum) pyrolysis vapor using WO3 supported 
on RHA and RHA-MCM-41. Catal. Today 279, 224–232 (2017).

 31. Calixto, G. Q. et al. Analytical pyrolysis (Py–GC/MS) of corn stover, bean pod, sugarcane bagasse, and pineapple crown leaves for 
biorefining. Braz. J. Chem. Eng. 39, 137–146. https:// doi. org/ 10. 1007/ s43153- 021- 00099-1 (2022).

 32. Collard, F. X. Influence of impregnated metal on the pyrolysis conversion of biomass constituents. J. Anal. Appl. Pyrolysis. 95, 
213–226. https:// doi. org/ 10. 1016/j. jaap. 2012. 02. 009 (2012).

 33. Dermibas, A. Mechanism of liquefaction and pyrolysis reactions of biomass. Energy Convers. Manag. 41(6), 633–646. https:// doi. 
org/ 10. 1016/ S0196- 8904(99) 00130-2 (2000).

 34. Zhuang, X. Z. et al. A new insight into high quality syngas production from co-pyrolysis of light bio-oil leached bamboo and heavy 
bio-oil using response surface methodology. Fuel. 324(C), 124721. https:// doi. org/ 10. 1016/j. fuel. 2022. 124721 (2022).

 35. Wang, K., Kim, K. H. & Brown, R. C. Catalytic pyrolysis of individual components of lignocellulosic biomass. Green Chem. 
16(727–735), 2014. https:// doi. org/ 10. 1039/ C3GC4 1288A (2014).

 36. Xu, X.-L. & Chen, H. H. Examining the efficiency of biomass energy: Evidence from the Chinese recycling industry. Energy Policy 
119, 77–86. https:// doi. org/ 10. 1016/j. enpol. 2018. 04. 020 (2018).

 37. Chen, D. et al. Insight into biomass pyrolysis mechanism based on cellulose, hemicellulose, and lignin: Evolution of volatiles and 
kinetics, elucidation of reaction pathways, and characterization of gas, biochar and bio-oil. Combust. Flame. 242, 112142. https:// 
doi. org/ 10. 1016/j. combu stfla me. 2022. 112142 (2022).

 38. Eom, I. Y. et al. Effect of essential inorganic metals on primary thermal degradation of lignocellulosic biomass. Bioresour. Technol. 
104, 687–694. https:// doi. org/ 10. 1016/j. biort ech. 2011. 10. 035 (2012).

 39. Patwardhan, P. R. et al. Influence of inorganic salts on the primary pyrolysis products of cellulose. Bioresour. Technol. 101, 4646–
4655. https:// doi. org/ 10. 1016/j. biort ech. 2010. 01. 112 (2010).

 40. Cordella, M. et al. Bio-oils from biomass slow pyrolysis: A chemical and toxicological screening. J. Hazard Mater. 231–232, 26–35. 
https:// doi. org/ 10. 1016/j. jhazm at. 2012. 06. 030 (2012).

 41. Jeon, M. J. et al. Catalytic pyrolysis of biomass components over mesoporous catalysts using Py-GC/MS. Catal. Today 204, 170–178. 
https:// doi. org/ 10. 1016/j. cattod. 2012. 07. 039 (2013).

Acknowledgements
The authors gratefully acknowledge the EMBRAPA Algodão for the sample availability, Central Analítica/ NUP-
PRAR/UFRN and Laboratório de Nutrição Animal from the Federal University of Rio Grande do Norte (EAJ/
UFRN) for the elemental and ADF/NDF analysis, LabTam/NUPPRAR/UFRN for the facilities and Federal 
Institute of Rio Grande do Norte.

Author contributions
All authors contributed to the study conception and design. Material preparation, data collection and analysis 
were performed by Janduir Egito da Silva. The first draft of the manuscript was written by Janduir Egito da Silva 
and all authors commented on previous versions of the manuscript. All authors read and approved the final 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 60019-4.

Correspondence and requests for materials should be addressed to J.E.S.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1016/s0960-8524(01)00118-3
https://doi.org/10.1016/s0960-8524(01)00118-3
https://doi.org/10.1016/j.rser.2015.12.185
https://doi.org/10.1016/j.enconman.2013.08.038
https://doi.org/10.1016/j.rser.2011.02.015
https://doi.org/10.1016/j.rser.2011.02.015
https://doi.org/10.1016/j.fuel.2022.125814
https://doi.org/10.1016/j.fuel.2022.125814
https://doi.org/10.1016/j.energy.2017.05.146
https://doi.org/10.1007/s10973-011-2045-0
https://doi.org/10.1039/C3GC41631C
https://doi.org/10.1016/j.jaap.2016.10.002
https://doi.org/10.1016/j.fuproc.2017.11.021
https://doi.org/10.1016/j.biortech.2015.05.028
https://doi.org/10.1016/j.fuel.2006.12.013
https://doi.org/10.1016/j.fuel.2006.12.013
https://doi.org/10.1016/j.matpr.2021.12.062
https://doi.org/10.1007/s43153-021-00099-1
https://doi.org/10.1016/j.jaap.2012.02.009
https://doi.org/10.1016/S0196-8904(99)00130-2
https://doi.org/10.1016/S0196-8904(99)00130-2
https://doi.org/10.1016/j.fuel.2022.124721
https://doi.org/10.1039/C3GC41288A
https://doi.org/10.1016/j.enpol.2018.04.020
https://doi.org/10.1016/j.combustflame.2022.112142
https://doi.org/10.1016/j.combustflame.2022.112142
https://doi.org/10.1016/j.biortech.2011.10.035
https://doi.org/10.1016/j.biortech.2010.01.112
https://doi.org/10.1016/j.jhazmat.2012.06.030
https://doi.org/10.1016/j.cattod.2012.07.039
https://doi.org/10.1038/s41598-024-60019-4
https://doi.org/10.1038/s41598-024-60019-4
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:9359  | https://doi.org/10.1038/s41598-024-60019-4

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Colored cotton crop wastes valorization through pyrolysis: a study of energetic characterization and analytical Py-GCMS
	Experimental section
	Results and discussion
	Biomass characterization
	Pyrolysis

	Conclusions
	References
	Acknowledgements


