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Abstract. Rapid growth makes water hyacinth (WH) an exceptional biomass resource, but its low calorific value and elevated ash content hinder its 
application as a sustainable green energy source. This study aims to enhance the quality of water hyacinth as a solid fuel by increasing lignin content 
through composting and decreasing ash content by demineralization. The composting period for water hyacinth was modified to 4, 7, 11, and 15 
days, followed by a demineralization process employing two solvents: water and 5% nitric acid (HNO₃). Proximate, ultimate, and chemical studies 
were conducted on water hyacinth before and following treatment to ascertain its specific alterations. This study indicates that after 15 days of 
composting, the lignin fraction increased from 10.01% to 15.14%. Demineralization employing a combination of water and nitric acid can substantially 
reduce ash content (19.4%). The demineralization of raw materials during composting is more efficacious in diminishing ash content than the 
demineralization of raw materials before composting. The most significant reduction was 46.17%, observed in the 11-day WH composting, where the 
ash content decreased from 22% to 11.84%. According to the results, modified WH is a viable raw material for solid fuel due to its enhanced lignin 
content and reduced ash level. 
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1. Introduction 

Global energy use increases steadily each year. Forecasts 
indicate that Indonesia will need 1.780 million barrels of oil 
equivalent (BOE) by 2030 and 4.569 million BOE by 2050, 
mostly to meet increasing industrial and transportation 
requirements (Kementerian and ESDM 2024). In 2023, fossil 
fuels, including coal (40.46%), petroleum oil (30.18%), 
petroleum gas (16.28%), and renewable energy (RE) (13.09%), 
continue to dominate Indonesia's energy needs. We anticipate 
an increase in the share of renewable energy in the energy mix, 
with a production goal of approximately 23% by 2025 
(Kementerian and ESDM 2024). Indonesia is promoting 
biomass energy as a potential renewable energy source 
(Perpres No. 5, 2006). Biomass energy is considered carbon 
neutral, as the CO₂ emitted during combustion is offset by the 
CO₂ absorbed during plant growth (Ahamer 2022). Moreover, 
biomass typically contains lower levels of sulfur and nitrogen 
compared to fossil fuels, resulting in reduced emissions of SOₓ 
and NOₓ during combustion (Krzywanski et al. 2022). The 
variability of biomass influences the quality of biomass energy 
owing to disparities in its chemical composition and calorific 
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value (Esteves et al. 2023), necessitating further investigation 
into biomass's chemical and calorific properties. 

Water hyacinth (Eichhornia crassipes) is a commonly 
available biomass source. Its fibrous composition consists of 
approximately 7.24% lignin, 19.51% hemicellulose, and 33.17% 
cellulose (Hemida et al. 2024). Moreover, the fiber consists of 
chemical elements: carbon (C) (34.12%), hydrogen (H) (5.07%), 
and oxygen (O) (39.95%) (R Darmawan et al. 2021). (Huang et 
al. 2018) indicated that WH possessed a calorific value (CV) of 
roughly 3527.75 cal/g, an ash content (AC) of 16.35%, a fixed 
carbon (FC) of 17.4%, and a volatile matter (VM) of 56.3%. 
Multiple studies have already examined the utilization of WH 
for biomass energy. (Wichianphong N and Maison W 2020) 
developed bio-pellets from water hyacinth (WH) by 
amalgamating it with coffee grounds. The bio-pellets made only 
of pure WH have a calorific value of 3296.07 cal/g. Combining 
water hyacinth and coffee grounds in a 60:40 ratio yields bio-
pellets with a heightened calorific value of 4105.76 cal/g. 
(Hudakorn and Sritrakul 2020) produce bio-pellets from pure 
WH, demonstrating a calorific value of 3508.65 cal/g. The 
current value is below the SNI requirement, which mandates 
that bio-pellets have a calorific value exceeding 4000 cal/g. 
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Velázquez-Araque et al. (2020) used WH with banana peel in 
their bio-pellet, achieving a calorific value of 3790.48 cal/g. 
Zikri et al. (2018) enhanced the calorific value of the bio-pellets 
to 4776.92 cal/g by incorporating 10%–15% damar rubber into 
the WH. 

Various parameters, including chemical composition, 
moisture content, ash content, volatile matter, fixed carbon, 
density, and processing techniques, affect the calorific value of 
biomass (Mustamu and Pari 2018; Parikh et al. 2005; Wistara et 
al. 2020). The chemical components of biomass, including 
cellulose, hemicellulose, and lignin, serve as indicators for 
evaluating its energy potential. Among these components, 
carbon (C) has the most substantial influence on calorific value 
(Nawawi et al. 2018). Composting can modify the chemical 
composition of biomass and increase the lignin concentration 
of raw materials (Barneto et al. 2009). The principal objective of 
converting organic materials into mulch is to improve soil 
nutrition levels. Microorganisms utilize the organic matter for 
nourishment and energy, excreting extracellular hydrolytic 
enzymes to facilitate the degradation of organic materials 
(Ratih et al. 2018). During the earliest phase of composting, 
microorganisms produce essential carbon compounds, such as 
monosaccharides, salts, and lipids. In the next phase, they will 
break down more complex molecules, including hemicellulose, 
cellulose, and lignin. By meticulously adjusting the composting 
duration, we will confine the composting process to simple 
sugars, hemicellulose, and cellulose, excluding lignin, which has 
the highest carbon concentration (Wu et al. 2022). 

The objective of this study is to enhance the quality of 
water hyacinth as a solid fuel by increasing lignin content and 
reducing ash content through demineralization (Jiang et al. 
2013; Kukuruzović et al. 2023; Singhal et al. 2021). According to 
Singhal et al. (2021), immersing biomass in water at 50 °C for 
10 minutes resulted in an ash reduction of up to 45%. Similarly, 
Jiang et al. (2013) reported that soaking rice straw in 5% nitric 
acid (HNO₃) for 2 hours at room temperature led to a significant 
ash reduction of approximately 55%. Furthermore, 
Kukuruzović et al. (2023) demonstrated that immersing 
soybean and rice straw in 1% HNO₃ for 30 minutes decreased 
ash content by 40–90%, depending on the biomass type. 
Washing with water alone removes just water-soluble minerals. 
In contrast, acid washing can dissolve both soluble and 
insoluble minerals, improving efficiency but potentially 
jeopardizing the physicochemical properties of the raw 
materials (Jiang et al. 2013). 

2. Materials and Methods 

2.1 Material preparation 

Water hyacinth (WH) (Eichhornia crassipes) was collected from 
the District of Pekalongan, Central Java Province, Indonesia. 
The WH was chopped to obtain a particle size of approximately 
2-3 cm. The WH particles were composted using a composting 
starter consisting of a microorganism solution (EM4), which 
included 20 ml of EM4, 20 ml of molasses, and 1000 ml of water 
(PT. Songgo Langit Persada). The composted WH was 
subjected to drying and milling until it passed through a 60-
mesh sieve. The final step of preparation involved 

demineralization. A 5% nitric acid (HNO3) solution was 
employed for the demineralization of the WH.   

2.2 Treatment of water hyacinth 

The treatment for WH consists of two phases. The WH was 
initially composted using the EM4 activator (Ratih et al. 2018). 
The WH particles were air-dried for two days and subsequently 
combined with 10% w/w rice bran and 2 ml/kg of EM4 
activator solution. The composting duration was varied across 
four intervals: 4, 7, 11, and 15 days, based on an effective 
decomposition process (1 week) and significant alterations in 
the C/N ratio (15 days) (Agung Astuti 2016). The ambient 
temperature, as well as the internal temperature and humidity 
of the compost pile, were monitored daily using a 
thermohygrometer. The compost pile was turned on the 
seventh day to ensure adequate aeration, which facilitated 
uniform oxygen distribution and heat dissipation during the 
composting process. This procedure also helped maintain 
optimal microbial activity and prevented the accumulation of 
organic acids that could otherwise cause an excessive drop in 
pH. The WH was dried to achieve a moisture content below 
10%, followed by milling with a disc mill and sieving to obtain 
a particle size of 60 mesh. 

The second stage entails demineralization, employing a 
5% HNO3 solution and aquades for a period of 10 minutes. The 
water hyacinth, composted and weighing up to 50 g, is 
subjected to cleaning with a 5% HNO3 solution and aquades at 
ambient temperature. The solution-to-weight ratio is 10 ml per 
gram, and the mixture is agitated for 10 minutes. After the 
demineralization process using a 5% HNO₃ solution, the 
materials were thoroughly rinsed with distilled water until the 
filtrate reached a neutral pH. The solid residues were then 
oven-dried at 60 °C for two days. Only the solid fraction was 
collected and subjected to further analysis, while the water- or 
acid-soluble fractions were excluded from subsequent 
evaluations. Table 1 presents the composting treatment of 
water hyacinth. 

2.3 Characterization of Water Hyacinth 

The treated WH was evaluated by analysis of proximate, 
ultimate, chemical components, and calorific value. The 
analysis involved quantifying moisture content, ash content, 
volatile matter, and fixed carbon. The moisture, volatile matter, 
and ash content were determined according to a previous study 
(Putri et al. 2024). The carbon, hydrogen, nitrogen, and sulfur 
components were measured by using a Thermofisher Scientific 
Smart Organic Elemental Analyzer. The chemical components 
of WH, including lignin, cellulose, and hemicellulose contents, 
were determined according to a previos study (Murda et al. 
2022). The calorific values were determined using a bomb 
calorimeter. Three repetitions of each exam are conducted. 

2.4 Scanning Electron Microscopy Observation 

The ultrastructural observations were conducted on untreated 
WH samples, composted samples, and those treated with 
distilled water or nitric acid. Samples were mounted on copper 
stubs using carbon tape. During mounting, the stubs were tilted 

Table 1  
Composting treatment of water hyacinth 

Material 0 day 4 days 7 days 11 days 15 days 

Composted E0 E4 E7 E11 E15 
Demineralized (water) DWE0 DWE4 DWE7 DWE11 DWE15 

Demineralized (HNO3 5%) DAE0 DAE4 DAE7 DAE11 DAE15 
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at approximately 45° to ensure even sample distribution. Before 
observation, the samples were gold-coated using an ion coater 
(Eiko IB-2, Japan), operated at 6 mA under vacuum for 4 
minutes. The coated samples were then examined using a 
scanning electron microscope (SEM; JEOL JSM-IT200, Japan) 
at magnifications of 2000×, 4000×, and 10,000×. The electron 
beam was operated at 5 kV under high vacuum conditions. 

2.5 Fourier transform infrared spectrometry (FTIR) analysis 

An examination of the WH sample was undertaken to find 
modifications in its chemical structure concerning functional 
groups. The analysis is performed using an FTIR (PerkinElmer 
4000) apparatus. Samples were analyzed using the Universal 
Attenuated Total Reflectance (UATR) accessory by inserting 2 
mg specimens. The spectrum was captured at a wavelength at 
a temperature of 24 °C. 

2.6 X-ray diffraction (XRD) Analysis 

X-ray diffraction is employed to ascertain the crystallinity of the 
WH sample. The X-ray diffraction data are acquired using the 
PerkinElmer XD-2 (PerkinElmer 4000) instrument. The 
scanning rates are established at 2° per minute, and data is 
collected within the 10° to 60° range. The crystallinity degree 
(Crl, %) was calculated using the following formula (Liao et al. 
2016): 

Crl (%) = 
Icr

Icr + Iam
×100 

Where: 
 Icr = Intensity of crystalline area 
 Iam = Intensity of amorphous area 

2.7 Pyrolysis gas chromatography/mass spectrometry (PyGCMS) 
analysis 

PyGC-MS was conducted to identify and distinguish the fast 
pyrolysis by-products. About 5 mg of WH samples were 
analyzed by pyrolysis-gas chromatography-mass-spectrometry 
(PyGC-MS) with n-eicosane (0.1 μg) as an internal standard. 
When the temperature of the cracking reactor remained 
constant at 600 °C, the sample was sent to the reactor. The 
carrier gas was helium, while the cracking duration was 24 s at 
600 °C. The temperature of the transfer line between the 
cracking reactor and the gas chromatography was set to 300 
°C. The chromatographic column used to separate the volatiles 
was SH-Rxi-5Sil MC Cap, column 30m,0.25mm, 0.25um. The 
procedure of adjusting the GC temperature was as follows: the 
column was kept constant for 2 min at 50 °C, heated up to 300 
°C at a heating rate of 5 °C/min, and kept constant for 20 min. 
The carrier gas flow rate was 1.5 mL/min, and the split ratio 
was 1:15. The MS was performed in electron ionization (EI) 
mode under the full scan mode. 

2.8 Statistical Analysis 

All experimental data were checked for consistency prior to 
statistical analysis. A one-way analysis of variance (ANOVA) 
was performed to evaluate the significance of variations among 
variables and treatments. Statistical significance was 
determined at a 95% confidence level, where differences were 
considered significant if p < 0.05, indicating that the observed 
variations were unlikely to result from random error. When 
significant effects were detected, Duncan’s Multiple Range Test 
(DMRT) was applied as a post-hoc test to identify which 
treatment means differed significantly. Treatments followed by 
different letters were considered statistically distinct. Each 
treatment was conducted in triplicate, and the results were 
expressed as mean ± standard deviation prior to statistical 
analysis to ensure accurate representation of data variability. 
All statistical analyses were performed using IBM SPSS 
Statistics version 22.   

3. Results and Discussion  

3.1 Parameters of the water hyacinth composting process 

The EM4 activator was used for a period of 15 days to facilitate 
the composting process. The compost temperature increased 
from 31.60°C to 54°C on the second day, reaching its highest 
point of 63.70°C on the third day. It then progressively 
decreased to 32°C by the 15th day, as shown in Figure 1. The 
rise in the initial compounding temperature signifies the 
presence of intense microbial activity during the decomposition 
of organic matter at the start of composting. This is when 
microbe respiration takes place in the early stage of the 
composting process (Ratih et al. 2018). During the initial phase 
of composting, bacteria will utilize basic carbon molecules such 
as monosaccharides, amino acids, and lipids. The abundance of 
these molecules will diminish, leading to an increased microbial 

 

Fig. 1. Water hyacinth composting conditions during the 15 day 
process. 

 

Table 2  
Chemical components of water hyacinth after composting (0, 4, 7, 11, and 15) 

Components 
Composting time (days) 

0 4 7 11 15 

Cellulose (%) 31.0800d 28.4000c 26.6500b 25.9300b 22.6200a 
Hemicellulose (%) 28.5500d 22.1600c 19.4500b 16.7600a 16.2400a 

Lignin (%) 10.59a 12.77b 13.74c 14.75d 14.97d 
Lignin Demineralization with water (%) 11.4462a 13.2058b 13.5117bc 14.5344cd 15.1949d 

Lignin Demineralization with HNO3 5% (%) 13.2031a 14.1705b 14.1770b 14.9521b 16.4054c 
Selulosa (%) 31.0800d 28.4000c 26.6500b 25.9300b 22.6200a 

* Treatment values followed by different letters indicate a significant difference at the 5% level. 
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degradation of more intricate compounds, such as 
hemicellulose, cellulose, and lignin. The process of breakdown 
is slowed down by complicated material decomposition due to 
the involvement of multiple enzymes acting together 
completely and synergistically. 

Water hyacinth has a suboptimal carbon-to-nitrogen ratio 
of 71.64 for composting, while the ideal ratio for composting is 
often about 30 (Yang et al. 2021). The composting process is 
hindered by the high C/N ratio, resulting in slow progress due 
to insufficient nitrogen and raw materials. The growth of decay 
bacteria is hindered when there are insufficient levels of 
nitrogen, as nitrogen is essential for the synthesis of proteins, 
amino acids, and nucleic acids that the bacteria require (Azis et 
al. 2023). The C/N ratio drops from 71.64 to 26.37 during the 
composting process, as observed on day 15, and the 
cellulose/lignin ratio on day 15 is 1.59 (Figure 1). These 
findings suggest that the composting process is progressing 
satisfactorily, although it is not yet fully mature. 

3.2 Chemical components of water hyacinth 

The water hyacinth is an aquatic plant that floats on the water's 
surface and has permeable stems akin to cork. Table 2 presents 
the lignin content of WH, which is comparatively low (10.57%) 
compared to common biomass for energy, such as Calliandra 
28.8% (Saputra et al. 2022). The other chemical components of 
WH were a content of cellulose 31.08%, hemicellulose 28.55%, 
extractives 14.06%, and miscellaneous components 16.6%. 
Lignin considerably affects calorific value owing to its elevated 
carbon content relative to cellulose and hemicellulose (Nawawi 
et al. 2018). Lignin possesses a calorific value between 5556 and 
6110 cal/g, markedly exceeding the calorific value of holo-
cellulose at 4443 cal/g (Nawawi et al. 2018). Biomass with high 
lignin content inherently has a high calorific value (Nawawi et 
al. 2018). Therefore, increasing the lignin content in biomass 
may yield biomass with an elevated calorific value. 

The hemicellulose content decreased by 22.38% on day 
4, while cellulose decreased by 8.62%. This reduction coincided 
with the temperature rise to the thermophilic phase, indicating 
intense activity of hydrolytic microorganisms. Hemicellulose, 
being an amorphous polysaccharide with easily cleavable 
glycosidic linkages (such as xylan, arabinan, and mannan), is 
more susceptible to enzymatic hydrolysis by xylanase and 
hemicellulase than cellulose, which possesses a more 
crystalline structure. From day 7 to day 15, the degradation rate 
of cellulose and hemicellulose slowed, as most of the readily 
available substrates had been decomposed. By day 15, cellulose 
and hemicellulose contents decreased to 22.62% and 16.24%, 
respectively, indicating that approximately 27–43% of the 
carbohydrate fraction had been decomposed. This mechanism 
was accompanied by a relative increase in lignin content due to 
the loss of polysaccharide fractions (Liang et al. 2021). 

The lignin content increased by 41.63% after 15 days of 
composting. This result is consistent with the findings of  

Barneto et al. (2009), who reported a 24% increase in lignin 
content during the composting of Leucaena. This increase does 
not indicate the formation of new lignin, but rather a relative 
accumulation resulting from the faster degradation of cellulose 
and hemicellulose components. During the composting 
process, significant chemical transformations occur within the 
lignocellulosic matrix, particularly in the hemicellulose and 
cellulose fractions, which are more easily degraded than lignin. 
The amorphous structure of hemicellulose facilitates enzymatic 
hydrolysis into simple sugars such as xylose, arabinose, and 
glucose through the activity of xylanase and hemicellulase. 
Meanwhile, more crystalline cellulose undergoes gradual 
depolymerization into oligosaccharides and glucose via 
cellulase activity (Wu et al. 2022). These simple sugars are 
subsequently oxidized by microorganisms into organic acids 
(e.g., acetic and lactic acids), carbon dioxide, and water, leading 
to a substantial reduction in the proportion of non-lignin carbon 
fractions. 

Demineralization showed a significant effect on lignin 
content. The lignin content increased by 31% in samples 
washed with water and by 26% in those treated with 5% nitric 
acid (HNO₃). This increasing trend is primarily attributed to the 
removal of alkali and alkaline earth metals such as K, Na, Ca, 
and Mg (Sommersacher et al. 2015). However, the increase in 
lignin after acid washing was lower than that observed with 
water washing. This is because nitric acid not only reacts with 
mineral components but also interacts with the lignocellulosic 
matrix. Nitric acid is capable of cleaving ether linkages (β–O–4 
and α–O–4) and carbon–carbon bonds between phenylpropane 
units in the lignin structure, producing water-soluble aromatic 
compounds such as vanillic acid, syringic acid, and p-
hydroxybenzoic acid (Usino et al. 2023). These oxidative 
reactions result in partial lignin degradation and solubilization 
into the filtrate, thereby decreasing the measured lignin content 
in the remaining solid fraction. 

3.3 Ultimate of Water Hyacinth 

The ultimate analysis of water hyacinth revealed significant 
changes in the elemental composition—carbon (C), nitrogen 
(N), hydrogen (H), sulfur (S), and oxygen (O)—throughout the 
0–15 day composting period (Table 3). The carbon content 
decreased by 7.5%, indicating the oxidation of organic carbon 
into CO₂ during microbial respiration. In contrast, nitrogen 
increased sharply by up to 150%, suggesting nitrogen fixation 
and microbial biomass accumulation. Hydrogen content 
decreased by 6.9%, consistent with the degradation of 
carbohydrates and the loss of volatile compounds. In 
comparison, sulfur increased by 19%, likely due to the 
concentration effect following the decomposition of organic 
matter and mineralization of sulfur-containing compounds. 

The decrease in carbon content indicates the degradation 
of organic compounds, particularly the hemicellulose and 
cellulose fractions, which are more readily decomposed by 

Table 3 
Ultimate of water hyacinth after composting (0, 4, 7, 11, and 15) 

Components 
Composting time (days) 

0 4 7 11 15 

Nitrogen (%) 0.5086a 1.2930b 0.9722b 1.1309b 1.2798b 
Carbon (%) 36.4315c 35.3789b 33.7974a 33.6977a 33.7507a 

Hydrogen (%) 4.9937b 4.9188b 4.7326a 4.6483a 4.6752a 
Sulfur (%) 1.3388a 1.3290a 1.3524a 1.5071b 1.5931b 

Oxygen (%) 40.1264c 38.9625b 40.3596c 37.0168a 37.3648a 
H/C ratio 1.6452a 1.6688a 1.6803a 1.6552a 1.6625a 
O/C ratio 0.8263a 0.8264a 0.8957b 0.8239a 0.8304a 

* Treatment values followed by different letters indicate a significant difference at the 5% level. 
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microbial activity than lignin. During this process, carbon is 
released into the atmosphere as CO₂ through microbial 
respiration (Bernal et al. 2009). Similarly, Tuomela et al. (2000) 
reported that microorganisms utilize carbon as an energy 
source for metabolism, with part of it being released as heat 
during the composting process. 

The carbon utilized by microorganisms during 
composting primarily originates from starch, lipids, and other 
simple sugars, as well as a portion of carbon derived from 
hemicellulose and cellulose, since microbes preferentially 
decompose the most easily degradable carbon compounds 
first. In contrast, lignin is the most recalcitrant component of 
lignocellulosic biomass, making it resistant to microbial 
breakdown (Wu et al. 2022). This intense microbial activity 
during the early composting stage is believed to be responsible 
for the initial decrease in carbon content observed in the 
substrate. 

The increase in nitrogen content is attributed to microbial 
nitrification and nitrogen fixation activities, as well as the 
relative concentration of nitrogen rising due to the loss of 
organic matter mass during composting  (Azis et al. 2023). This 
phenomenon is consistent with the findings of (Solihat et al. 
2017), who reported that composting leads to a decrease in the 
C/N ratio, primarily resulting from the rapid depletion of 
carbon and the accumulation of total nitrogen in the 
composting substrate. 

The decrease in hydrogen content supports the 
occurrence of carbohydrate degradation, particularly of 
cellulose and hemicellulose, which are rich in hydroxyl (-OH) 
groups. During decomposition, microorganisms break down 
these compounds into water (H₂O) and volatile gases such as 
CH₄ or H₂, resulting in the loss of hydrogen in gaseous form 
(Bernal et al. 2009). The reduction in hydrogen content is also 
associated with an increase in aromatic structures and carbon 
condensation, as indicated by a decline in the H/C ratio. This 
decrease in hydrogen during composting consequently reduces 
the energy potential of the biomass, since hydrogen contributes 
a higher combustion energy value compared to other elements 
(Adamovics et al. 2018). 

3.4 Proximate of Water Hyacinth 

Table 4 presents the proximate characteristics of Eichhornia 
crassipes (water hyacinth) during the 15-day composting 
process. The ash content gradually increased, reaching 32.5% 
on day 11, while the volatile matter content decreased by 
13.34%, and the fixed carbon content increased by 20.25%. 
These changes were accompanied by an 8.9% reduction in the 
calorific value, decreasing from 3376.67 cal/g to 3075.67 cal/g. 
The observed trends indicate progressive mineral 
accumulation and organic matter loss during composting, 
reflecting enhanced carbon oxidation and volatilization 
processes that reduce the energy density of the biomass. 

The increase in ash content during the composting 
process is attributed to the mineralization of organic matter by 
microorganisms. Microorganisms secrete extracellular 
hydrolytic enzymes that catalyze the decomposition of organic 

substrates, leading to the formation of organic-derived 
minerals. These minerals, produced by decomposer organisms, 
are water-soluble compounds that can serve as nutrient sources 
for plants  (Bohacz 2019). The accumulation of these minerals 
contributes to the elevated ash content observed in the 
composted biomass. 

A similar phenomenon was also reported by Chia et al. 
(2022), where the ash content of biomass increased with longer 
composting duration due to the accumulation of mineral 
elements such as K, Ca, and Mg, which are not biologically 
degradable. High ash content is undesirable for fuel 
applications, as ash consists of non-combustible inorganic 
components that reduce the calorific value of the material. 
Moreover, excessive ash formation can lead to the 
accumulation of solid residues in the combustion chamber, 
making the system more prone to technical issues such as 
slagging and fouling, which can impair heat transfer efficiency 
and damage furnace components. 

The decrease in volatile matter (VM) indicates intensive 
degradation of easily volatile organic compounds, such as 
hemicellulose, carbonyl compounds, organic acids, and other 
volatile substances that serve as primary substrates for 
microbial activity during composting. Chemically, the 
reduction in VM reflects the transformation of organic materials 
into more stable compounds, including the formation of fixed 
carbon structures and an increase in the relative lignin fraction. 
According to (Meng et al. 2021), oxidative reactions during 
aerobic composting lead to the breakdown of volatile 
compounds and the formation of humic-like materials that are 
more resistant to decomposition. The reduction in VM is often 
associated with a decline in calorific value, as the volatile 
fraction contributes significantly to the rapid combustion 
energy of biomass (Díaz et al. 2021). 

The calorific value of biomass fuel is primarily 
determined by its fixed carbon (FC) content, which represents 
the fraction of carbon remaining after the removal of hydrogen, 
oxygen, nitrogen, and sulfur, and which can withstand high 
temperatures without volatilization  (Sarkar 2015). The fixed 
carbon content of water hyacinth (WH) during composting 
showed an increase in the early stages, rising from 13.78% to 
16.57% after 11 days. This initial increase in FC is generally 
attributed to the loss of easily degradable fractions such as 
hemicellulose, cellulose, and volatile compounds during 
microbial decomposition, leading to the relative enrichment of 
more stable carbon components like lignin (Wang et al. 2021). 

However, at the end of the composting period, the fixed 
carbon (FC) content decreased again, indicating that once most 
of the easily degradable materials had been exhausted, 
microorganisms began decomposing the more resistant 
lignocellulosic fractions. Lignin, which is initially relatively 
stable, can undergo partial depolymerization due to the activity 
of ligninase enzymes produced by certain fungi and bacteria. 
As a result, the solid carbon content slightly decreased because 
a portion of the lignin was converted into simpler organic 
compounds and gaseous products through microbial 
respiration. 

Table 4 
Proximate of water hyacinth after composting (0, 4, 7, 11, and 15). 

Proximate 
Composting time (days) 

0 4 7 11 15 

Ash Content (%) 16.6011a 18.1178b 18.7858c 21.9993e 21.3364d 
Volatile Matter (%) 60.0364d 56.3724c 54.9652b 52.0294a 54.5693b 
Fixed Carbon (%) 13.7824 a 15.3717 b 15.9034 b 16.5738 b 13.9515 a 

Caloric value (cal/g)  3376.67 d  3217.67 c   3177.67 bc   3075.67 ab  3041.00 a 

* Treatment values followed by different letters indicate a significant difference at the 5% level 
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From an energy perspective, the temporary increase in 
fixed carbon (FC) during the early stages of composting reflects 
a relative enrichment of carbon, which can potentially enhance 
the calorific value of the biomass. However, since the 
composting process as a whole promotes oxidation and the loss 
of organic carbon, this effect is temporary. It is eventually 
followed by a decline in calorific value at the later stages of 
composting. 

3.5 Demineralization of Water Hyacinth 

Demineralization is needed to reduce the high ash content of 
WH due to composting. Table 5 displays the washing outcomes 
of WH without composting and WH with a water solvent and a 
5% concentration of nitric acid (HNO3), following the use of 
water for washing. The amount of WH ash without composting 
reduced from 16.6% to 10.84%. This represents a loss of 34.7%. 
This finding aligns with research (Zouari et al. 2024), which 
demonstrated that rinsing olive stones with water can decrease 
ash content by 40%. Post-composting washing of the raw 
material can effectively minimize ash content in comparison to 
pre-composting washing. The reason for this is that the 
breakdown of organic matter leads to the formation of a less 
compact and more porous structure. Additionally, certain 
inorganic minerals might transform into more soluble 
compounds during the composting process, which facilitates 
their removal by washing (Zhang et al. 2020).  

Following the composting of WH. there was a substantial 
rise in the reduction of ash levels. The most dramatic decrease 
in 11 days was seen with ash levels dropping from 22% to 
11.84% (a decrease of 46.17%). This occurrence did not 
transpire while cleansing with a solution containing 5% nitric 
acid. When using a 5% concentration of nitric acid for washing. 
The WH sample without composting showed the most 
significant decrease in ash levels. Reaching 3.53% (78.69%). 

Nevertheless, during the process of constructing WH. The 
duration of the composting period resulted in a reduction in the 
ash content after washing. The ash levels decreased 
sequentially from 76.17% to 75.41%, then to 75.37%, and finally 
to 69.21%. The composting process involves the conversion of 
organic waste into humic acid. A chemical that progressively 
accumulates over time. Humic acid is formed from the 
breakdown of organic matter that is not soluble in acid (Mindari 
et al. 2022). The decrease in the presentation of ash washing 
results when using 5% nitric acid can be attributed to the 
solubility of humic acid in water. Humic acid is a hydrophilic 
colloid with a strong affinity for water. Making washing with 
water of pH 7 more effective. This is because some of the humic 
acid dissolves in water. Resulting in improved washing results 
(Ariyanto DP 2006). 

The volatile matter (VM) content in samples washed with 
water increased by 19.17%, and by 25.17% in those treated with 
acid, indicating that the removal of minerals did not damage 
the volatile organic fractions such as hemicellulose and light 
carbon compounds. This finding is consistent with Singhal et al. 
(2021), who reported that water washing can increase VM 
content due to the removal of non-volatile inorganic 
components. In addition, the fixed carbon (FC) content 
increased by 18.36%, suggesting that the reduction in ash 
content led to a relative increase in the proportion of solid 
carbon within the total biomass mass. 

3.6 Energy Yield and Combustion Characteristics 

The calorific value of biomass reflects the amount of energy 
released during combustion. Table 4 shows that the heating 
value of water hyacinth gradually decreased from 3376.67 
cal/g to 3041.00 cal/g throughout the composting process. 
This reduction corresponds with the decline in volatile matter 
and the increase in ash content. The volatile fraction contains 
high levels of carbon and hydrogen; thus, a decrease in VM 
directly results in lower combustion energy (Parikh et al. 2005). 
Moreover, the increase in non-combustible ash content further 
reduces the energy density of the material (Liu et al. 2024). After 
water demineralization, the heating value increased by 18%, 
indicating that water washing effectively improves the energy 
quality of the biomass. This process enhances the relative 
fraction of organic carbon with respect to the total dry mass 
(Sommersacher et al. 2015). Demineralization treatment with 
5% HNO₃ resulted in a significant increase of up to 50%, 
indicating the high efficiency of nitric acid in dissolving alkali 
and alkaline earth metals (K, Na, Ca, Mg, Fe). This leaching 
process also enriches the fixed carbon fraction, which 
possesses a higher heating value compared to the volatile 
fraction. 

Overall, these results indicate that demineralization—
particularly with nitric acid—effectively enhances the calorific 
value of Eichhornia crassipes by removing non-combustible 
inorganic minerals and enriching the organic carbon fraction. 
The acid-demineralized biomass exhibits more stable energy 
characteristics and demonstrates strong potential as a high-
quality solid fuel. 

3.7 Correlation Between Structural Carbohydrate Fractions and 
Thermochemical Characteristics of Biomass 

The composting process led to a reduction in cellulose and 
hemicellulose due to microbial degradation. The decline in 
these carbohydrate fractions affected the lignin content, 
proximate composition, ultimate analysis, and calorific value of 
the biomass. The correlations among these components are 

Table 5 
Proximate test results on water hyacinth after demineralization 

Proximate 
Composting time (days) 

0 4 7 11 15 

Demineralization with water     
Ash Content (%) 10.8373b 12.2363cd 10.1327a 11.8422c 12.3594d 
Volatile Matter (%) 64.2469b 62.8245a 63.0394b 62.0012a 62.5719a 
Fixed Carbon (%) 16.6766 a 18.1430 a 17.3345 b 16.4686 b 16.5136 a 
Caloric value (cal/g) 3741.29c 3542.93a 3658.37b 3515.08a  3703.98a  

Demineralization with HNO3 5%   
 

Ash Content (%) 3.5377a 4.3169b 4.6194c 5.4176d 6.5693e 
Volatile Matter (%) 68.1608c 67.8276c 66.2797b 65.1271ab 64.0540a 
Fixed Carbon (%) 20.9282 a 22.8159 a 22.5624 a 21.1491 a 20.9709 a 
Caloric value (cal/g) 4195.95b 4037.25ab 4016.75ab 3939.86a  3974.75ab  

* Treatment values followed by different letters indicate a significant difference at the 5% level 
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presented in Table 6. Cellulose exhibited a strong positive 
correlation with carbon content (0.822), calorific value (0.868), 
volatile matter (0.748), and nitrogen content (0.769), while 

showing a negative correlation with lignin (-0.921), ash content 
(-0.841), and oxygen (-0.745). Similarly, hemicellulose showed 
comparable correlation patterns to cellulose, indicating that the 
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reduction of polysaccharide components plays a crucial role in 
determining both the chemical composition and energy 
characteristics of the composted biomass. 

This positive correlation indicates that the reduction of 
structural carbohydrate fractions (cellulose and hemicellulose) 
plays a crucial role in the decline of volatile components and 
the overall energy content of the biomass. Moreover, the 
depletion of these carbohydrates is associated with an increase 
in lignin, ash, and oxygen contents. The decrease in cellulose 
typically leads to a reduction in volatile matter (VM), as this 
component readily decomposes into gases and organic vapors 
during thermal treatment. Overall, these findings suggest that 
the degradation of cellulose and hemicellulose exerts a 
dominant influence on the thermochemical characteristics and 
energy potential of solid biofuels derived from biomass. 

3.8 Surface Morphological Characterization of the Material 

Aerobic composting and demineralization treatments 
influenced the ultrastructure of the water hyacinth material, as 
shown in Figure 2. The untreated sample exhibited a smooth 
surface with no visible cracks (Figure 2A). Surface cracks began 
to appear after 11 days of composting, indicating degradation 
of structural carbohydrate components. Cracks remained 
visible in the sample demineralized with distilled water (Figure 
2C), and the surface appeared more wrinkled, likely due to the 
reduction of alkaline and alkaline earth minerals. 

The sample demineralized with nitric acid exhibited a 
fragile surface with more pronounced cracking. These cracks 
were likely caused by the removal of minerals and the 
degradation of holocellulose, particularly hemicellulose, as 
discussed in the demineralization section. According to Jiang et 
al. (2013) and Asadieraghi and Wan Daud (2014), acid-based 
demineralization can alter the morphological structure of 
biomass, often resulting in an eroded appearance. This effect 
may arise from the removal of minerals, extractives, and 
holocellulose. 

3.9 XRD Analysis 

Figure 3 shows the X-ray diffraction (XRD) spectra of four 
different treatments applied to the raw materials. X-ray 
diffraction (XRD) is able to explain the crystalline phase of the 
raw materials (Liao et al. 2016). After 11 days of composting 
(E3), the crystallinity of the raw materials grew from 32.79% to 
33.88% (Table 7). The increase in crystallinity observed in E3 
compared to E0 indicates that the aerobic composting process 
for 11 days led to the degradation of amorphous components 
such as hemicellulose and lignin, thereby increasing the relative 
proportion of crystalline cellulose. 

Demineralization treatments using water (DWE3) and 
nitric acid (DAE3) significantly reduced the crystallinity of the 
biomass. This reduction indicates that washing and acid 
treatments facilitate the removal of alkali and alkaline earth 
metal ions (K, Na, Ca, Mg) and promote the degradation of 

 
Fig.2. SEM micrographs of water hyacinth: untreated sample (A), sample after 11 days of composting (B), composted sample (11 days) 

followed by demineralization with distilled water (C), and composted sample (11 days) followed by demineralization with 5% nitric acid (D). 
The white arrows indicate the nano-sized cracks. Magnification: 1000×. 

 

 
Fig. 3. XRD pattern of water hyacinth sample after composting 
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crystalline cellulose structures through the hydrolysis of 
glycosidic bonds. The oxidative nature of nitric acid can also 
attack β-1,4-glycosidic linkages, thereby expanding the 
amorphous regions within the cellulose matrix (Li et al. 2021). 
Consequently, the cellulose structure becomes more 
disordered, resulting in a substantial decrease in crystallinity, 
particularly in the DAE3 sample (17.85%). 

This high crystallinity can be attributed to the presence of 
ash-forming minerals in the raw materials. Ash-forming 
minerals included in biomass consist of organic and inorganic 
minerals, which show varying degrees of crystallinity (Vassilev 
et al. 2013). Crystallinity is influenced by the chemical 
composition of the raw materials such as cellulose, 
hemicellulose, and lignin. The degradation of amorphous 
cellulose during the composting process results in an increase 
in the amount of crystalline cellulose. Crystallinity decreased to 
22.59% after washing with water (DWE 3) and was the lowest 
in the washing treatment using 5% nitric acid (DAE 3), which 
was 17.85%. This decrease in crystallinity indicates a decrease 
in ash content, which is also caused by the degradation of 
crystalline cellulose due to washing. 

3.10 FTIR Analysis 

Fourier Transform Infrared (FTIR) spectroscopy analysis was 
conducted to identify changes in functional groups and 
absorption intensities after composting and mineral leaching 
(Figure 4). The FTIR spectra in Figure 4 exhibit the 
characteristic absorption bands of lignocellulosic biomass and 
show notable alterations after composting (E3) and 
demineralization (DWE3 and DAE3). The broad absorption 
band around 3300 cm⁻¹ corresponds to the O–H stretching 
region of hydroxyl groups present in cellulose, hemicellulose, 
and lignin (Solihat et al. 2017). The increased intensity of this 
band in DWE3 and DAE3 samples indicates greater exposure 

of hydroxyl groups due to mineral removal and structural 
degradation during treatment. The band near 2900 cm⁻¹, 
associated with aliphatic C–H stretching, remains visible across 
all samples, suggesting that the main hydrocarbon backbone 
was preserved. In contrast, the decreased intensity of the 1730 
cm⁻¹ band (C=O stretching in acetyl groups of hemicellulose) 
observed in E3 and further reduced in DWE3 and DAE3 
indicates hydrolysis or leaching of hemicellulosic fractions as a 
result of microbial activity and acid treatment.  

An absorption difference was detected at a wavenumber 
of 1542 cm-1. This was evident in the compounds E3 and DAE3. 
The peak observed at around 1542 cm-1  is a result of the 
stretching vibration of the C=C double bond within the 
aromatic ring. Furthermore, this vibration is associated with the 
distortions of the aromatic ring in lignin (Duan et al. 2022). This 
validates the increase in lignin concentration after 
demineralization with water, in accordance with the results of 
the lignin test, which increased from 10.57% (E0) to 13.51% 
(DWE3) as acid removes lignin. The post-demineralised 
material. Which exhibits a peak at 1542 cm-1  in the HNO3 
spectrum. Undergoes shrinkage. The presence of a peak at 
1542 cm-1 indicates that washing with water is ineffective in 
removing lignin. The hemicellulose shows another distinction 
at a peak of 1398 cm-1. This is linked to the flexing movement 
of the C-H bond in the methyl group (Kostryukov et al. 2023). 
This validates the existence of bacterial and fungal activity 
during the composting process, which is responsible for the 
early breakdown of the hemicellulose.  

The band around 1260 cm⁻¹ (C–O stretching in 
guaiacyl/syringyl lignin units) exhibited a noticeable increase 
in intensity after treatment, reinforcing the indication of lignin 
accumulation. Conversely, the band at 1050–1030 cm⁻¹, 
attributed to C–O and C–O–C stretching vibrations in cellulose 
and hemicellulose, showed a marked decrease in intensity in 
DWE3 and DAE3 samples, suggesting polysaccharide 
dissolution or a reduction in the crystalline fraction. This trend 
is further supported by the XRD results, where the crystallinity 
index significantly decreased, particularly in DAE3 (17.85%), 
indicating that acid treatment disrupted the ordered cellulose 
structure and enhanced the amorphous character of the 
biomass. Overall, the FTIR findings confirm that composting 
and demineralization induced selective degradation of 
amorphous components such as hemicellulose and cellulose, 
while lignin remained relatively stable and accumulated 
proportionally. 

The structural changes detected by XRD and FTIR 
closely correlate with the measured fuel properties. Based on 
the XRD results, the crystallinity index decreased from 32.79% 
in E0 to 17.85% in DAE3, indicating an increase in the 
amorphous fraction. The FTIR spectra support this observation, 
showing a relative decline in bands associated with 
polysaccharides (1030–1050 cm⁻¹) and a reduction in the 
hemicellulose carbonyl/ester band (1730 cm⁻¹), accompanied 
by an intensified aromatic lignin signal around 1510 cm⁻¹. This 
compositional transformation is reflected in the fuel 
characteristics. Although the relative lignin content increased, 
the higher proportion of amorphous and oxygenated structures 
resulted in an overall decrease in calorific value. 

 
Fig. 4. FTIR spectrum of composted water hyacinth 

 

Table 7 
XRD pattern of water hyacinth sample after composting 

Sample Crystallinity (%) Crystal Icr (kcps*deg) Amorphous Ia (kcps*deg) 

E0 32.78 1.94 3.98 
DAE3 17.85 1.07 4.95 
DAWE3 22.58 1.31 4.50 
E3 33.87 1.54 3.00 
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The decrease in calorific value can be quantitatively 
explained by two primary factors revealed through 
spectroscopic and diffraction data. First, the loss of combustible 
carbon-rich polysaccharide fractions—evidenced by the 
reduction in FTIR band intensities at 1030–1050 cm⁻¹ and 1730 
cm⁻¹—resulted in a decline in total carbon content from 36.43% 
to 33.75%. Second, the increase in the non-combustible ash 
fraction exhibited a strong negative correlation with the 
calorific value (R² = 0.77). In other words, the reduction in 
crystallinity reflects the degradation and release of 
carbohydrate structures into CO₂ and volatile compounds, as 
indicated by the diminished polysaccharide absorption bands 
in the FTIR spectra. Although the relative proportion of lignin 
increased, the total amount of carbon contributing to 
combustion energy decreased, while ash content increased—
ultimately reducing the overall energy density of the biomass. 

3.11 PyGC-MS analysis 

Rapid analysis of lignocellulose derivatives from the 
sample control (untreated) and treated is shown in Figure 5. 67 
peaks of pyrolysis products from lignocellulose, such as 
extractives. Carbohydrates and lignin were detected from the 
samples (Ismayati et al. 2016). Lignin derivatives were detected 
as phenol. P-creosol and 4-vinyl guaiacol, then the typical 
levoglucosan peak was found at a retention time of 27.4 
minutes (Ismayati et al. 2016). Total derivatives of lignin were 
4.28%. 7.31%. 4.96% and 5.22% for E0. E3. DWE3. and DAE3. 
respectedly. These results have supported the data shown by 
FTIR where the composting process has succeeded in 
increasing the amount of lignin compared to the control. 

4. Conclusions 

Water hyacinth biomass quality as a solid fuel was 
successfully improved through controlled composting and 
post-composting demineralization. Composting for 15 days 
increased the relative lignin content from 10.01% to 15.14% 
due to selective degradation of cellulose and hemicellulose, 
while the most effective ash reduction (46.17%) occurred when 
11-day composted biomass was washed, lowering ash from 
22% to 11.84%. Demineralization after composting was more 

effective than before composting, as microbial decomposition 
enhanced porosity and mineral solubility.  

Water washing preserved thermochemical integrity 
better than 5% HNO₃, which caused partial lignin and cellulose 
depolymerization, reducing crystallinity to 17.85%. Structural 
analyses (SEM, FTIR, XRD, and PyGC-MS) consistently 
confirmed polysaccharide loss, lignin accumulation, and 
mineral removal effects. Overall, treated water hyacinth shows 
strong potential as a sustainable solid fuel feedstock due to 
higher lignin proportion, significantly reduced ash, and 
improved fixed-carbon enrichment, despite a moderate decline 
in raw calorific value during composting. 
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