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INTRODUCTION

Water hyacinth (Eichhornia crassipes) is a 
rapidly proliferating aquatic plant recognized 
as one of the world’s most invasive species. Its 
ability to double in biomass within as little as 
two weeks results in exceptionally high yields. 
Although often treated as an unwanted weed, 
this biomass can serve as a valuable renewable 
energy resource. Its use not only helps to control 
uncontrolled spread but also contributes to sus-
tainable energy production (Gaurav et al., 2020; 
Li et al., 2021). Converting the harvested materi-
al into pellets enhances fuel quality by lowering 
moisture content and raising bulk density (Su-
karta et al., 2023). In practice, this makes trans-
port and storage more economical than handling 

the raw, bulky form (He et al., 2024; Marczak, 
2020). For biomass with high moisture content, 
pelletization has been shown to cut transport 
and storage costs from roughly 40–60% down 
to 15–30% of the total supply chain. This cost 
reduction enables more efficient use in small-
scale combustion devices, including household 
pellet stoves and farm-scale boilers (Onyari et 
al., 2024; Yue et al., 2025).

Small-scale furnaces and boilers that rely on 
biomass pellets usually operate at combustion 
chamber temperatures of 600–900 °C, which are 
lower than those in large industrial boilers (Mack 
et al., 2024; Rabaçal et al., 2013; Stanisławski et 
al., 2022). Water hyacinth pellets can supply use-
ful heat under such conditions. However, their 
combustion behavior differs strongly from that 
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of wood pellets and other low-ash biomasses be-
cause of their inherently high ash fraction. On a 
dry-weight basis, water hyacinth typically con-
tains 12–27 wt% ash, in sharp contrast to the < 
5 wt% commonly reported for woody biomass. 
This ash is rich in potassium (K), chlorine (Cl), 
calcium (Ca), silicon (Si), and phosphorus (P) 
derived from the plant’s growth environment 
(Lara-Serrano et al., 2016). During combustion, 
such composition predisposes the ash to slag-
ging and fouling. Potassium and chlorine readily 
form low-melting compounds such as potassium 
chloride (KCl) and potassium carbonate (K₂CO₃) 
that can deposit on heat-transfer surfaces, form-
ing sticky layers. High Cl and K contents are 
strongly correlated with ash deposition (Johansen 
et al., 2011; Kuswa et al., 2024). Additionally, 
volatilized chlorine from KCl or hydrochloric 
acid (HCl) in the flue gas can accelerate corrosion 
of downstream metallic components (Hu et al., 
2023; Luan et al., 2025), increasing maintenance 
costs and causing unscheduled shutdowns (Chen 
et al., 2021; Król et al., 2022).

However, despite these studies, critical 
knowledge gaps remain. Prior work seldom quan-
tifies surface porosity and particle necking from 
SEM or the amorphous fraction from XRD, nor 
integrates these morphological indicators with 
alkali ratios to pinpoint the onset of sticky layer 
formation during ash sintering. Furthermore, few 

studies couple elemental retention/volatilization 
fractions (e.g., K, Cl) with mineralogical phase 
evolution to define a critical sintering window for 
alkali-rich aquatic biomass. This lack of integrat-
ed, temperature-resolved analysis constrains the 
ability to establish reliable slagging thresholds 
and to optimize furnace operation.

Therefore, this study aims to: (i) quantify 
surface porosity and particle necking from SEM 
images at different combustion temperatures; (ii) 
estimate amorphous fraction and perform Riet-
veld phase quantification from XRD patterns; (iii) 
indicate ash melting problems; and (iv) correlate 
these metrics to identify the critical sintering win-
dow for water hyacinth pellet ash. The outcomes 
will provide a robust scientific basis for designing 
suitable combustion systems, optimizing opera-
tional temperatures in sustainable applications of 
water hyacinth.

MATERIALS AND METHODS

Materials 

Water hyacinth (Eichhornia crassipes), in-
cluding roots, stems, and leaves, was harvested 
from the Ngu Ha River, Hue City, Vietnam. The 
fresh biomass was washed to remove debris, 
chopped into 3–5 cm pieces, sun-dried for 2–3 

Figure 1. Main steps in the pelletization process
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days to reduce moisture from 90 % to 30 %, then 
oven-dried at 80 °C to a moisture content of 12 ± 
2%. The dried biomass was milled to a particle 
size ≤ 2 mm, as this particle size yielded optimal 
pellet quality in preliminary trials. Pelletization 
was carried out on a hydraulic press with a die di-
ameter of 10 mm at 150 MPa, without any exter-
nal binders; heat and pressure during compaction 
mobilized lignin to act as a natural binder. The re-
sulting pellets had a bulk density of 1186 ± 10 kg 
m⁻³ and mechanical durability > 95 %, meeting 
ISO 17831-1:2015 standards. Pellets were sealed 
in airtight polyethylene bags before analysis. Fig-
ure 1 presents the main steps for processing the 
water hyacinth pellets in this study.

The fundamental properties of the water hya-
cinth pellets are given in Table 1. Proximate anal-
ysis showed: moisture 13.3%, ash 14.0%, volatile 
matter 59.0%, fixed carbon 13.7% (all wt%, db). 
Ultimate analysis (wt%, db) gave: C 33.50%, H 
4.64 %, N 1.04%, O by difference. The higher 
heating value (HHV) was 13.9 MJ kg⁻¹ (PARR 
6400). The relatively high ash content (14 wt%).

For ash preparation, 5.0 g of pellets were 
placed in porcelain crucibles and ashed in a muffle 
furnace (Nabertherm LT5/13/C450). The tempera-
ture was increased to 250 ± 5 °C at 10°C min⁻¹ and 
held for 1 h to remove volatiles. The temperature 
was then ramped to 600, 700, 800, and 900°C at 
the same rate, with a residence time of 6 h at each 
temperature to ensure complete combustion and a 

stable ash residue (Racero-Galaraga et al., 2024). 
The ash yield at each temperature was determined 
gravimetrically. This baseline yield was used for 
calculating retention and volatilization fractions of 
K and Cl in subsequent analyses. After holding, the 
furnace was switched off and cooled naturally to 
room temperature before sample collection.

Analysis methods

TGA analysis

Thermogravimetric analysis (TGA) was per-
formed to characterize the thermal decomposition 
behavior of water hyacinth pellets. Measurements 
were conducted on a Linseis TGA PT1600 (Lin-
seis, Germany). Approximately 25 mg of milled 
pellet (≤1 mm) was loaded into an open, clean cru-
cible and equilibrated at ambient temperature. The 
furnace was continuously purged with high‑purity 
nitrogen to ensure an inert atmosphere. Samples 
were heated from room temperature to 1000 °C at 
a constant heating rate of 20 °C min⁻¹.

SEM–EDX analysis

The morphology and elemental composi-
tion of water hyacinth ash at 600, 700, 800, and 
900 °C were examined using a scanning electron 
microscope (SEM, JSM-IT200, JEOL Ltd., Ja-
pan) operated at 15 kV accelerating voltage. Be-
fore imaging, samples were oven-dried at 80 °C 

Table 1. Fundamental properties of water hyacinth pellets used in this study
Parameter Unit Value (mean ± SD) Method

Proximate analysis:

– Moisture (M) wt% (db) 13.3 ± 0.2 ISO 18134-1:2015

– Ash (A) wt% (db) 14.0 ± 0.3 BS EN ISO 18122:2015

– Volatile matter (VM) wt% (db) 59.0 ± 0.5 ISO 17225-1:2021

– Fixed carbon (FC) wt% (db) 13.7 ± 0.4 ISO 17225-1:2021

Ultimate analysis:

– Carbon (C) wt% (db) 33.50 ± 0.15 BS EN ISO 16948:2015

– Hydrogen (H) wt% (db) 4.64 ± 0.05 BS EN ISO 16948:2015

– Nitrogen (N) wt% (db) 1.04 ± 0.02 BS EN ISO 16948:2015

– Oxygen (O) wt% (db) 60.82 By difference

Energy property

– HHV MJ kg–¹ 13.9 ± 0.1 PARR 6400

Physical properties:

– Particle size mm ≤ 2 Sieve analysis

– Bulk density kg m–³ 1186 ± 10 ISO 17828:2015

– Mechanical durability % > 95 ISO 17831-1:2015

Note: The results are the average values of three measured samples.
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to remove residual moisture, mounted on alumi-
num stubs with carbon adhesive tabs, and sputter-
coated with a 10 nm gold layer to minimize charg-
ing. Elemental composition was determined with 
the energy-dispersive X-ray spectroscopy (EDX) 
system integrated into the SEM, which provided 
both qualitative and semi-quantitative data on the 
main inorganic constituents. For each condition, at 
least three representative regions were analyzed, 
and the values were averaged to yield one data-
set. Surface porosity was subsequently quantified 
from high-magnification SEM images (≥ ×1000) 
using binary thresholding in ImageJ (NIH, USA), 
with porosity (%) calculated as the pore area rela-
tive to the total analyzed area.

XRD analysis

The crystalline phases of water hyacinth ash 
and their transformations with temperature were 
characterized using an X-ray diffractometer (D8 
Advance, Bruker, Germany) operated at 40 kV 
and 40 mA with Cu-Kα radiation (λ = 1.5406 Å). 
Samples were gently ground to pass a 63 µm sieve 
before measurement. Data were collected over a 2θ 
range of 10–80° at a scan rate of 10° min⁻¹. Phase 
identification was performed using the ICDD PDF-
4+ database in MDI Jade 6.5 software. In addition 
to qualitative identification, relative changes in the 
amorphous phase content with temperature were 
estimated from the background hump area (20–35° 
2θ) using the integrated peak method.

Porosity quantification from SEM images

Surface porosity in water hyacinth ash was 
measured from high-magnification SEM micro-
graphs using a binary image segmentation meth-
od. The grayscale SEM images were converted 
into binary masks through adaptive thresholding, 
where pore regions appeared as white pixels and 
the solid matrix as black. Segmentation settings 
were carefully adjusted so that particle edges and 
fine pore structures could be distinguished with 
fidelity. Porosity was then determined from the 
ratio of pore pixels to the total number of pixels 
in the image, expressed as:

	

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 

=  
𝑁𝑁𝑤𝑤ℎ𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 × 100 

 

𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆+𝑃𝑃+𝐾𝐾
𝐶𝐶𝐶𝐶+𝑀𝑀𝑀𝑀  [mol/mol] 

 

 

	 (1)

where:	Nwhite  pixels​ is the number of pixels classi-
fied as pores and Ntotal pixels​ is the total pixel 

count. Several fields of view were evalu-
ated at each combustion temperature to 
minimize local bias, and an average po-
rosity value was reported. This metric 
accounts for both inter-particle voids and 
intra-particle cavities at the chosen mag-
nification, thus providing a quantitative 
descriptor of surface openness. When 
these porosity data are interpreted along-
side SEM morphology, XRD phase com-
position, and alkali content obtained from 
EDX, they yield a more reliable indicator 
of sintering onset and slagging tendency 
in biomass ash.

RESULTS AND DISCUSSION

Thermal decomposition (TG/DTG)

The TG/DTG curve of water hyacinth pel-
lets is shown in Figure 2. Three distinct stages 
of thermal decomposition are identified. Below 
200 °C, a small mass loss of 5–7% with a DTG 
shoulder corresponds to the evaporation of physi-
cally bound moisture. Between 200 and 350 °C, 
the sharp DTG peak (Tp) and 50% weight loss 
reflect the rapid volatilization of hemicellulose, 
cellulose, and part of lignin. This is the primary 
devolatilization stage, generating the largest flux 
of combustible gases. Similar behavior has been 
reported for rice husk, wheat straw, sorghum 
straw, and corn stover (Czekała et al., 2025; Ríos-
Badrán et al., 2020).

Between 350 and 600 °C, the TG curve de-
clines slowly, and the DTG response shows only 
small amplitudes. This behavior reflects the grad-
ual decomposition of refractory lignin together 
with the onset of partial mineral changes. Once 
the temperature rises above 700 °C, the TG trace 
levels off, with less than 3 % additional mass loss 
recorded up to 900 °C. The flat segment indicates 
that nearly all organic matter has already been 
consumed, leaving mineral ash as the primary 
residue. At the same time, the DTG baseline re-
mains close to zero, confirming that further de-
volatilization is negligible.

Within this plateau region, a narrow sticky-
layer window emerges between 780 and 800 °C. 
In this range, the TG curve remains flat, show-
ing no further release of volatiles. However, 
SEM observations (discussed in detail later, 
Figure 5, Table 2) reveal active morphological 
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transformations in the ash, including particle 
necking and the formation of molten salt bridges. 
These features are consistent with the melting of 
low-temperature eutectics such as KCl (melting 
point ~776 °C) and mixed alkali silicates, which 
induce sintering without measurable mass loss. 
From a practical standpoint, this temperature 
range represents the most critical stage for slag 
formation. Within it, low-viscosity molten layers 
can quickly cause ash particles to coalesce into 
stable deposits. Recognizing this window is there-
fore essential for small-scale combustion control: 
furnace operation should remain below 750 °C to 
avoid the sticky zone, whereas sustained expo-
sure above 800 °C promotes irreversible sintering 
and markedly elevates the risk of slagging.

Ash chemistry and slagging indicators

The elemental composition of water hya-
cinth ash at different combustion temperatures is 
presented in Figure 3. Volatile elements (K, Cl, 
Na, P) are shown in Figure 3a, while refractory 
elements (Ca, Fe, Mg, Si) are plotted in Figure 
3b. These two groups exhibit opposite trends be-
tween 600 and 900 °C. In the volatile group, K 
and Cl are initially high (16.9 and 19.0 wt% at 
600 °C) but decline sharply to 2.0 and 1.3 wt% at 
900 °C, corresponding to reductions of 88% and 
93%. This decline reflects the evaporation of KCl 
and NaCl salts at medium–high temperatures, 

the main source of low-melting liquid phases 
in biomass ash (Chen et al., 2016; Hedayati et 
al., 2022). Na remains consistently low (1.3–2.5 
wt%), while P decreases from 5.0 wt% to 3.4 
wt% at 700 °C, then rises to 6.1 wt% at 900 °C 
due to relative concentration effects after volatil-
ization (Wu et al., 2011).

In contrast, refractory elements enrich with 
temperature. Calcium increases consistently from 
13.3 wt% at 600 °C to 22.0 wt% at 900 °C, re-
flecting the thermal stability of CaO and Ca–sili-
cate phases. Magnesium remains between 6.2 and 
7.4 wt% below 700 °C, decreases slightly to 5.8 
wt% at 800 °C, and then rises again to 9.3 wt% 
at 900 °C. Silicon content is low (1.6–2.5 wt%) 
across the range, though a minor enrichment is 
observed at higher temperatures. Iron shows the 
largest variation: it rises from 4.1 wt% at 600 °C 
to 17.4 wt% at 800 °C before falling to 6.7 wt% 
at 900 °C, a trend that points to redistribution into 
refractory phases or agglomeration of particles 
(Li et al., 2022; Yilmaz et al., 2021).

These results indicate that for small-scale fur-
naces, maintaining operation within 700–800°C 
is a favorable range. In this interval, K and Cl 
levels fall by more than 50%, reducing the forma-
tion of alkali–halogen melts, while Ca, Mg, and 
Fe remain sufficiently abundant to stabilize the 
ash matrix. Strict temperature uniformity must 
be maintained because localized overheating fa-
cilitates the reappearance of alkali-rich liquid 

Figure 2. TG/DTG profiles of water hyacinth pellets showing thermal decomposition stages,
high-temperature plateau (> 700 °C), and sticky-layer window (780–800 °C)
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phases, thereby intensifying slagging and corro-
sion (He et al., 2022; Smołka-Danielowska and 
Jabłońska, 2022).

The impact of these compositional shifts on 
slagging propensity was further assessed using 
the slagging index (SI). Ca and Mg typically 
increase ash-melting temperature, whereas Si 
with K reduces it (Hrbek et al., 2021; Somm-
ersacher et al., 2012). To quantify this effect, SI 
was calculated using Equation 2, as proposed by 
Sommersacherr et al. (2012):

	

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 

=  
𝑁𝑁𝑤𝑤ℎ𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 × 100 

 

𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆+𝑃𝑃+𝐾𝐾
𝐶𝐶𝐶𝐶+𝑀𝑀𝑀𝑀  [mol/mol] 

 

 

	 (2)

As shown in Figure 4, SI decreased from 1.09 
at 600 °C to 0.35 at 900 °C. A high SI reflects 
greater risk of phosphate, silicate, and alkali-salt 
deposition, since K, Na, and P readily form low-
melting eutectics. The observed decline is con-
sistent with K and Cl volatilization and the rela-
tive enrichment of Ca and Mg, which neutralize 
acidic components. Recent studies confirm that 
SI < 2 represents a reliable safety threshold for 
K-rich biomass (Lachman et al., 2021; Sommer-
sacher et al., 2012). Accordingly, the intermedi-
ate SI values at 700–800 °C, together with the > 
50% reduction of K and Cl (Figure 3a), identify 

Figure 3. Elemental composition of water hyacinth ash at 600–900°C, from EDX analysis
(a) volatile elements K, Cl, Na, and P; (b) refractory elements Ca, Fe, Mg, and Si
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this window as the most favorable range for min-
imizing slagging and ensuring stable operation in 
small-scale combustion systems.

Morphology and microstructure 	
observed by SEM

The SEM sequence (Figure 5) and porosity 
analysis (Figure 6, Table 2) reveal a clear temper-
ature-driven transformation of water hyacinth ash 
between 600 and 900 °C. At 600 °C (Figure 5a), 
the ash is composed of fine, irregular fragments 
with skeletal, plant-derived textures and rough 
surfaces. Molten-phase bonding is negligible, and 
porosity remains relatively high (42.8%, Table 2). 
This friable morphology reflects a state where or-
ganics have been largely devolatilized but alkali 
salts remain solid, consistent with TG/DTG data 
showing that mass loss plateaus only at higher 
temperatures (Beidaghy Dizaji et al., 2022). By 
700 °C (Figure 5b), porosity increases to a peak 
of 61.0% (Figure 6, Table 2), and SEM images 
show a more open, loosely connected structure 
with initial neck formation between particles. 
Despite the higher porosity, the onset of necking 
indicates the transition to a “pre-sticky” regime in 
which partial melting promotes early-stage con-
solidation of the ash framework.

A distinct change occurs between 780 and 
800 °C, matching the sticky-layer range from 
TG/DTG analysis (Section 3.1). At this point, 
porosity falls to 55.3% (Figure 6, Table 2). SEM 

images (Figure 5c) show smooth, glass-like 
bridges that link nearby grains. The appearance 
signals continuous molten films with low viscos-
ity. These films are dominated by KCl, NaCl, and 
mixed alkali silicates (Abioye et al., 2024). Oth-
er SEM views reveal droplets and voids left by 
trapped gases. Such features are typical of alkali 
melts moving into the ash structure (Luan et al., 
2025; Wang et al., 2024). The liquid phases pass 
through pore channels, connect particles, and 
improve adhesion. Importantly, this takes place 
without obvious bulk mass loss. EDX data con-
firm the same trend. Volatile K and Cl decrease 
from 16.9 wt% and 19.0 wt% at 600 °C to ≤ 2 
wt% and ≤ 1.3 wt% at 900 °C (Figure 3a). In 
contrast, refractory elements such as Ca, Mg, and 
Fe remain and enrich the residual matrix (Fig-
ure 3b). This balance explains why the system 
gains stability at higher temperature.

At 900 °C (Figure 5d), the ash consolidates 
into dense, slag-like agglomerates. The surface 
becomes smoother, while porosity levels off at 
about 58.8% (Figure 6, Table 2). Traces of the 
original plant microstructure are no longer vis-
ible. Instead, the solid phase develops into a con-
tinuous glassy framework. EDX measurements 
reveal an accumulation of Ca, Mg, and Fe. This 
composition points to the growth of refractory 
spinel phases such as MgFe₂O₄ and Ca–Fe ox-
ides. These phases are recognized for produc-
ing deposits that are both highly adhesive and 

Figure 4. Slagging index versus ash sintering temperature
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mechanically strong, making them resistant to 
removal (Vassilev et al., 2017). 

Below 750 °C, the ash retains a porous and 
friable structure, which corresponds to a low risk 
of slagging under steady furnace operation. Once 
the temperature passes 780 °C, the material enters 
the sticky range, where molten salts penetrate the 
matrix and cause rapid adhesion. When heating 
continues beyond 800 °C, the process leads to ir-
reversible sintering and the build-up of slag-like 
masses. From a practical standpoint, SEM obser-
vations offer a useful warning. Small furnaces 
should be run below 750 °C and, more important-
ly, avoid hot spots that push the local temperature 
higher. Such control reduces the chance of slag-
ging, lengthens the time between maintenance 
stops, and supports reliable system performance 
(Chen et al., 2016; Yilmaz et al., 2021).

Phase evolution from XRD

The XRD patterns of water hyacinth ash at 
600–900 °C (Figure 7) demonstrate a systematic 

phase transformation, shifting from alkali salt–
dominated assemblages toward refractory oxides 
and spinels as thermal severity increased. 

At 600 °C, sharp peaks of KCl (sylvite) and 
NaCl (halite) were dominant, consistent with 
the high K and Cl contents measured by EDX 
(Figure 3a) and in line with earlier reports on 
aquatic biomass ashes (Du et al., 2014; Vassi-
lev et al., 2017). These salts, with melting points 
near 770–800 °C, are highly problematic because 
they volatilize or melt within the “sticky-layer” 
window, forming low-viscosity films that pro-
mote adhesion to heat exchange surfaces. This 
explains why the slagging index (SI, Section 3.2) 
was highest at this stage (SI ≈ 1.09), indicating 
severe deposition risk when the ash mineralogy 
is dominated by alkali halides.

Between 700 and 800 °C, the diffraction 
peaks of KCl and NaCl drop sharply, confirm-
ing volatilization of the alkali salts. At the same 
time, the peaks of Fe₃O₄ (magnetite) increase in 
intensity, consistent with the relative enrichment 
of Fe-rich phases as salts are depleted. Quartz 

Figure 5. SEM images of a water hyacinth ash at different combustion temperatures:(a) 600 °C, (b) 700 °C,
(c) 800 °C, and (d) 900 °C
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(SiO₂) is still observed at all temperatures, 
which shows that the siliceous fraction reacts 
only weakly within this window. The parallel 
loss of alkali salts and the marked increase in 
porosity (from 43% to > 60%, Table 2) imply 
that volatile release and breakdown of unstable 
minerals leave behind a loose, open framework. 
Such a framework is less prone to slagging. At 
800 °C, SI decreased to 0.52, confirming a sub-
stantially lower slagging potential. Importantly, 
although the sticky-layer window (780–800 
°C) was reached, the ash remained friable, and 
molten films were transient rather than fully 
consolidated.

At 900 °C, alkali salts had nearly disap-
peared from the diffraction patterns, while 
MgFe₂O₄ (magnesioferrite) emerged for the first 
time. This phase forms via solid-state reaction 
between Fe₃O₄ and MgO derived from Mg-bear-
ing minerals. The substitution of Fe²⁺ by Mg²⁺ 
at octahedral sites stabilizes the spinel lattice 
(Kaknics et al., 2016). With its very high melt-
ing point (> 1800°C) and chemical inertness, 

MgFe₂O₄ represents a refractory sink for Fe 
and Mg, reducing the availability of fluxing 
agents and thereby lowering slagging risk. The 
SI reached its lowest value at this stage (0.35), 
reflecting a mineralogy dominated by stable ox-
ides and spinels.

The XRD findings align well with SEM–
EDX and SI observations. Together, they high-
light 780–800 °C as the sticky-layer interval, 
where molten alkali phases reach their maxi-
mum and slagging risk is greatest. At 900 °C, 
the ash turns refractory and shows reduced 
slagging tendency. However, furnace opera-
tion above 800 °C is not advisable. Energy 
demand rises, and the shift from a porous to 
a sintered structure creates deposits that are 
dense, strong, and resistant to removal. For 
this reason, keeping bulk combustion tempera-
tures below 750 °C offers the best balance. It 
promotes alkali loss without excessive sinter-
ing, lowers slagging potential, and supports 
stable long-term operation.

Figure 6. Surface porosity vs. temperature from SEM image analysis

Table 2. SEM‑based morphology metrics and implications

T (°C) Qualitative morphology (SEM) Porosity (%) Necking freq. Agglomerate D50 
(µm) Operational implication

600 Loose, porous, skeletal 42.8 Rare Low Low slag risk; easy removal

700 Discrete grains + first necks 61.0 Moderate Low Entry to sticky regime

800 Partially fused, glassy bridges 55.3 High ↑ Peak stickiness (KCl/NaCl molten)

900 Dense, slag-like masses 58.8 Very high Large Severe sintering; hard deposits
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Practical implications for small-scale 
combustion

Integration of TG/DTG, EDX, XRD, poros-
ity, and slagging index data at 600–900 °C allows 
the design implications for small-scale (fixed-
bed/pellet) incinerators to be structured into five 
decision groups:

a)	Combustion chamber temperature and resi-
dence time
Between 700 and 800 °C, K and Cl are expelled 

from the ash primarily as volatilized KCl/NaCl, 
with release rates accelerating in the 700–900 °C 
interval. This corresponds to the sharp decline of 
K, Cl in EDX (Figure 3a) and weakening of ha-
lide peaks in XRD (Figure 7). Operating the bed 
at 780–820 °C maximizes halide removal while 
avoiding excessive retention of ash in the sticky-
layer window (780–800 °C). Similar tempera-
ture–time dependencies of K release have been 
reported for herbaceous biomass (Pio et al., 2020; 
Zhang et al., 2023).

b)	Heat-exchange surface temperature control
Deposition proceeds through sequential con-

densation, adhesion, and growth, with gaseous 
KCl forming the initial sticky layer. Field data 
show severe condensation on cold metal surfaces 
(~100 °C). To mitigate this, a refractory throat/
riser section should be inserted before heat re-
covery units, allowing KCl vapors to bypass 
the cold surface zone. Smooth hot surfaces or a 

pre-cyclone can further reduce particle impaction 
(Weber et al., 2021; Zhang et al., 2020).

c)	Ash layer management on grate
Although the slagging index decreases with 

temperature (SI: 1.09 → 0.35), SEM (Figure 5) 
shows partial sintering and necking near 780–800 
°C, where KCl remains active. Grate design should 
therefore: (i) maintain grate surface < sticky-layer 
temperatures via air cooling, (ii) incorporate mov-
ing or vibrating grates to disrupt ash bridges, and 
(iii) ensure even primary and secondary air dis-
tribution to prevent localized overheating. These 
measures align with observed KCl-mediated sin-
tering physics (Zhang et al., 2020).

d)	Use of low-cost additives (“de-sticking”)
Aluminosilicates (kaolin, bentonite, halloysite) 

capture alkalis and form high-melting aluminosil-
icates, reducing Cl in the ash and raising soften-
ing temperature. Laboratory and pilot-scale trials 
confirm significant mitigation of KCl slagging. 
For water hyacinth, 1–3 wt% kaolin addition (or 
a thin bed coating) is recommended (Mörtenköt-
ter et al., 2024).

e)	Heat-exchange material selection by ash 
mineralogy
At 800–900 °C, XRD shows formation of Fe–

Mg spinels (MgFe₂O₄) and magnetite—refracto-
ry phases with low stickiness compared to alkali 
halides. Similar spinel stabilization has been re-
ported in Mg–Fe-rich wastes (Mörtenkötter et al., 
2024). This supports a staged layout: complete 

Figure 7. XRD patterns of water hyacinth ash at 600 °C, 700 °C, 800 °C, and 900 °C
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ash transformation in a hot refractory chamber, 
followed by gas transfer through a cyclone/de-
flector before contact with metal heat exchangers.

f)	System design synthesis
An optimized kiln for water hyacinth pellets 

should comprise: (i) refractory-lined primary 
chamber with bed temperature controlled at 780–
820 °C under uniform air supply; (ii) a short sec-
ondary oxidation zone above the bed to complete 
gas combustion without prolonged ash residence; 
(iii) a refractory throat to suppress KCl conden-
sation, leading into a small cyclone; (iv) down-
stream heat exchangers positioned in the salt-de-
pleted gas stream; (v) automatic ash vibration or 
drainage to disrupt early sintering. This configu-
ration is consistent with the ash transformation 
pathways identified here and with recent deposi-
tion models for alkali-rich biomass (Abioye et al., 
2024; Trinh et al., 2024).

CONCLUSIONS

This work examined the thermal decompo-
sition, ash behavior, and phase evolution of wa-
ter hyacinth pellets between 600 and 900 °C us-
ing TG/DTG, SEM–EDX, and XRD. A narrow 
sticky-layer interval was identified at 780–800 °C. 
Within this window, molten alkali chlorides and 
silicates initiated rapid sintering, though bulk 
mass remained unchanged. EDX measurements 
confirmed an 88–93% depletion of K and Cl, clear 
evidence for volatilization of low-melting salts.

SEM results show that porosity reached its 
highest level near 700 °C. At 800 °C, this trend 
reversed: pores became partly filled and smooth 
glassy necks developed, marking the shift toward 
molten-phase consolidation. The XRD patterns 
support this sequence. Peaks assigned to KCl and 
NaCl weakened progressively, Fe₃O₄ signals be-
came stronger, and by 900 °C the emergence of 
MgFe₂O₄ spinel was clearly detected. Across this 
range, the slagging index fell from 1.09 to 0.35, 
pointing to a shift from salt-rich, adhesive assem-
blages to more refractory oxide–spinel phases.

Taken together, the results show that 780–
800 °C is the most critical zone where slagging is 
most likely. For small-scale systems, keeping bulk 
temperatures below 750 °C is the most effective way 
to limit sticky-layer growth. Operation beyond 820 
°C encourages refractory spinel development but, 
if ash residence is prolonged, also risks irreversible 

sintering. In practice, these insights offer a quantita-
tive basis for adjusting combustion strategies when 
using K–Cl-rich aquatic biomass fuels.
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