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Abstract  
Agar solid waste (ASW) has potential as a feedstock for hydrochar 
production because of its organic content; however, its high inorganic 
fraction, predominantly silica, limits its application. Furthermore, 
studies specifically investigating the hydrothermal carbonization 
(HTC) of ASW remain limited, given its high ash content and low 
energy value. This study investigated the HTC of ASW at varying 
temperatures (180–220 °C) and reaction times (30–90 minutes), with 
particular emphasis on how two inorganic components (celite versus 
perlite) affect hydrochar yield, composition, and energy properties. 
The resulting hydrochars were characterized using CHNSO, 
proximate, SEM, and FTIR analysis. The results revealed high ash 
contents reaching 77.7–92.08%, corresponding to HHV of 2.3–3.4 
MJ kg⁻¹, while FTIR spectra confirmed strong silica presence through 
prominent Si–O–Si absorption bands. Therefore, the study provides 
valuable insights into silica-rich biomass behavior during HTC. The 
study also evaluated the relationship between HHV and ash content 
and analyzed the kinetic model. The results demonstrate the 
significant influence of inorganic components on carbonization 
pathways, highlighting opportunities to enhance hydrochar quality 
through pretreatment strategies such as acid/alkaline leaching or 
mineral separation. 
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INTRODUCTION 

The annual generation of solid waste from 
the agar extraction process (ASW) poses a 
significant environmental concern, particularly in 
countries with high agar production, such as 
Indonesia. It is estimated that the agar industry in 
Indonesia produced 180–550 tons/year of agar in 
2020, while the agar yield from seaweed ranges 
from 17–43% [1][2]. This indicates that a 
significant portion of the seaweed's organic 

components remains as waste. This waste is 
composed mainly of silicates 49.18%, 
holocellulose 17.7%, alpha-cellulose 14.26%, 
hemicellulose 1.65%, and lignin 1.12%, a 
composition that highlights both the scale of the 
waste problem and the potential for resource 
recovery through effective waste characterization 
and valorization [1,3,4]. Improper management of 
industrial waste has been linked to ecological 
degradation and public health risks [5,6,7,8,9]. By 
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applying valorization strategies, the agar industry 
could reduce its environmental impact while 
supporting renewable energy and circular 
economy initiatives. 

To address these challenges, hydrothermal 
carbonization (HTC) is a promising valorization 
strategy for increasing biomass energy content. 
Compared to other thermochemical techniques, 
including gasification and pyrolysis, HTC operates 
under relatively mild conditions, making it an 
energy-efficient and environmentally friendly 
option for processing macroalgae [15]. 
HTC offers distinct advantages for wet biomass 
treatment because it avoids energy-intensive 
drying steps and produces a carbon-rich solid 
product known as hydrochar [16,17,18]. 
Consequently, HTC is particularly suitable for 
treating food waste, municipal solid waste (MSW), 
and other organic materials, enhancing energy 
recovery and reducing waste volume [19][20].  

Previous studies have demonstrated 
significant improvements in fuel properties of 
hydrochar produced from different biomass 
sources [10,11,12,13,14]. Based on these 
findings, existing HTC studies can generally be 
categorized into three groups by feedstock type: 
terrestrial plant biomass, industrial/municipal 
waste, and marine algae biomass. Lignocellulosic 
biomass typically exhibits low ash content (<5%) 
and produces hydrochar with relatively high HHVs 
of 24–29 MJ kg-1 [21]. Similarly, sewage sludge 
with moderate ash content (5–15%) can produce 
hydrochar with HHVs ranging from 23–25 MJ kg-1. 
In contrast, algae-derived and mineral-rich 
biomass, characterized by higher ash contents 
(>20%), generally exhibit lower HHVs (8–21 MJ 
kg-1) because inorganic components inhibit 
carbonization [14]. However, ASW, which 
contains extremely high silica content (>75% ash), 
falls outside this established range, and its HTC 
behavior has not yet been systematically 
evaluated. 

To clarify this study's position relative to 
previous HTC studies on biomass treatment, 
Table 1 compares ash content and the HHV of the 
resulting hydrochar. The table shows that ASW 
exhibits a unique combination of significantly 
higher ash content and lower HHV than previously 
studied biomass feedstocks, indicating distinct 
HTC behavior not addressed in earlier studies of 
feedstocks with similar characteristics. 

Among the reported studies, the anaerobic 
digestion waste investigated by de Oliveira et al. 
exhibited ash content values closer to those of 
ASW. The ash content of the raw sample 
increased from 38.1% to 64.2% after HTC 
treatment.  

 

Table 1. HHV and Ash Content of Various 
Organic Waste and Marine-Based Feedstock 

Compared to Its Hydrochar Yield 
Biomas

s 
Source 

Raw 
Feedstock 

Hydrochar Key 
Observati

on 

Ash 
(%) 

HHV 
(MJ/k

g) 

Ash 
(%) 

HHV 
(MJ/k

g) 

 

Potato 
peel [10] 

- - 5.5 9.5 Lower 
energy 
content, 
with low 
ash 
content 

Sugarca
ne 
residues 
[11] 

12.3
4 

19.7 12.0 21.43
–
24.94 

High 
energy 
densificati
on, with 
moderate 
ash 
content 

Anaerobi
c 
digestion 
waste 
[12] 

38.1 13.1 52.8
–
64.2 

6.9–
13.1 

Low HHV. 
High ash 
content, 
and 
significantl
y 
increases 
after HTC 

Sewage 
sludge 
[13] 

35.3 18.3 61.4
–
66.3 

19.3–
26.2 

High 
energy 
content. 
Ash 
content 
significantl
y 
increases 
after HTC 

Macroalg
a Ulva 
Lactuca  
[14] 

11.9
0 

12.04 9.4–
23.2
2 

14.96
–
21.22 

Mineral-
rich. 
Moderate 
HHV 

ASW 
(this 
study) 

>75 <5 >75 <5 Silica-
dominated. 
Very high 
ash 
content 
and very 
low HHV. 

 

In addition, the HHV of the hydrochar produced at 
200 °C remained relatively unchanged compared 
to the raw sample. However, the hydrochar 
produced at 240 °C showed a 2% reduction in 
HHV. These findings suggest that the HTC 
process, particularly at higher temperatures, 
increases ash concentration, which subsequently 
lowers HHV [12]. 

Another key challenge in applying HTC to 
ASW is its high inorganic content. A significant 
portion of this inorganic fraction comes from 
filtration aids used during agar extraction, typically 
celite (diatomaceous earth) or perlite, both silica-
rich minerals [3,4,22]. Silica significantly increases 
ash content and reduces the combustible fraction 
of the biomass, thereby lowering the HHV of both 
raw materials and hydrochar products [23][24]. In 
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addition, high ash content may cause operational 
challenges in thermochemical conversion systems 
[25].  

Although several studies have explored the 
valorization of agar-processing residues, no 
previous work has specifically investigated HTC 
treatment of ASW considering different filtration 
aids (celite versus perlite) nor evaluated their 
influence on hydrochar properties. Therefore, this 
study aims to address this gap by systematically 
analyzing the hydrothermal carbonization of agar 
solid waste with distinct mineral compositions, 
with particular emphasis on how inorganic 
components influence hydrochar yield, 
composition, and energy properties. The findings 
are expected to clarify the limitations associated 
with high-ash biomass and provide insights into 
improving hydrochar quality, including potential 
pretreatment strategies for inorganic removal. 
Furthermore, this study contributes to a broader 
understanding of the opportunities and challenges 
in applying HTC to marine-based industrial 
biomass waste for solid fuel applications. 
 
METHOD 

The ASW used in this study was collected 
from agar extraction plants using Gracilaria sp. 
(GRA) as raw material in Western Java (Plant A) 
and Eastern Java (Plant B), Indonesia. ASW-A, 
obtained from Plant A, contains celite 
(diatomaceous earth), which was added during 
the filtration stage of the extraction process [26]. 
In contrast, ASW-B, sourced from Plant B, 
contains perlite, an amorphous silicate used for 
the same purpose. Both filtration materials are rich 
in silica, with celite containing approximately 90% 
silica and perlite about 75% [27,28,29], 
contributing significantly to the high inorganic 
content of the resulting ASW. 

 
Sample Preparation and HTC Treatment 

The sample preparation process flow is 
visually illustrated in Figure 1. Before the HTC 
experiments, the raw ASW was dried under direct 
sunlight for approximately 30–40 hours (3-4 days), 
depending on weather conditions. During this 
period, ambient temperatures ranged from 30–35 
°C, and relative humidity ranged from 60–80%, 
which may have slightly influenced the drying rate. 
The dried biomass was then ground, and particles 
passing through a 40-mesh sieve were collected 
for further processing. 

We conducted HTC experiments using a 
100 mL high-temperature and high-pressure 
stirred batch reactor (BTC-3000, Berghof, 
Germany), as illustrated in Figure 2. Previous work 
describes the detailed reactor specifications [30].  

 

For each experiment, 4 g of ASW were 
mixed with 60 mL of deionized water (1:15 
biomass-to-liquid ratio) and loaded into the 
reactor. The reactor was then sealed, and nitrogen 
gas was introduced to purge the chamber and 
establish an inert atmosphere. The mixture was 
continuously stirred at 900 rpm using an internal 
magnetic stirrer. 

After reaching the target temperature, the 
internal system was pressurized to 9 MPa and 
maintained for the desired reaction time. 

HTC treatment was carried out at three 
target temperatures (180 °C, 200 °C, and 220 °C) 
with a constant heating rate of 2.5 °C/min. Each 
reaction condition was maintained for 30, 60, or 90 
minutes. All HTC characterizations were 
conducted in triplicate, and the reported values 
represent the average results with standard 
deviation (±SD). 
 

NitrogenDistilled Water

Suspension Preparation Hydrothermal Reactor

Gravimetric Filtration
Liquid Product Solid ProductOven Drying 

Solid Waste Sun Drying Grinding Sieving

 
Figure 1. Schematic Representation of The HTC 

Sample Preparation Process 
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Figure 2. HTC Experimental Setup 
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After completion of the reaction, the reactor 
was cooled to below 60 °C before opening. We 
separated the solid and liquid products by 
gravimetric filtration. The recovered hydrochar 
was subsequently dried in an oven at 105 °C for 
24 hours to remove residual moisture. Table 2 
summarizes the experimental conditions and 
corresponding sample codes. 

 
Characterization Methods 

The hydrochar obtained from the 
hydrothermal process was examined for ultimate 
analyses, proximate analysis (ash content), 
surface morphology, and functional groups. We 
characterized both samples before and after HTC 
to assess the process effects, as shown in Figure 
3. 

The elemental composition of hydrochar 
was characterized using an elemental (C, H, N, S) 
analyzer. Meanwhile, Hydrochar was analyzed 
using Fourier Transform Infrared Spectroscopy 
(FTIR) over 600–4000 cm-1 to evaluate the 
presence of functional groups. The hydrochar 
morphology was also examined by scanning 
electron microscope (SEM). 

To comprehensively assess the material, 
both ultimate and proximate analyses were 
performed to quantify its elemental composition, 
including carbon (C), hydrogen (H), nitrogen (N), 
sulfur (S), and oxygen (O), as well as ash content, 
fixed carbon (FC), moisture, and volatile matter 
(VM), all reported in weight percentages. Oxygen 
content was calculated by difference using the 
following equation: O (%) = 100% − (%C + %H + 
%N + %S + %Ash). 

 
Table 2. Hydrothermal Treatment Parameters. 

ASW-A-0 and ASW-B-0 Refer to Raw Solid 
Waste Samples Before HTC Treatment 

Sample Code 
T  

(oC) 

t  

(min) 

ASW-A-0 - - 

ASW-A-1 180 30 

ASW-A-2 180 60 

ASW-A-3 180 90 
ASW-A-4 200 30 
ASW-A-5 200 60 
ASW-A-6 200 90 
ASW-A-7 220 30 
ASW-A-8 220 60 
ASW-A-9 220 90 
ASW-B-0 - - 
ASW-B-1 180 30 
ASW-B-2 180 60 
ASW-B-3 180 90 
ASW-B-4 200 30 
ASW-B-5 200 60 
ASW-B-6 200 90 
ASW-B-7 220 30 
ASW-B-8 220 60 
ASW-B-9 220 90 

 

  
(a) (b) 

  
(c) (d) 

Figure 3. ASW Feedstock and ASW Hydrochar 
Physical Appearance; (a) ASW-A-0, (b) ASW-B-
0, (c) Hydrochar ASW-A, (d) Hydrochar ASW-B 

 
The HHV of the samples was estimated based on 
a predictive correlation developed by Demirbas et 
al. [31],  as expressed in (1): 

𝐻𝐻𝑉 (
𝑀𝐽

𝑘𝑔
) = 0.316 ∗ 𝐶 + 1.423 ∗ 𝐻 

+0.308 ∗ 𝑆 − 0.154 ∗ 𝑂 − 0.145 ∗ 𝑁 

 

 

(1) 

In this equation, C, H, N, S, and O denote 
the respective elemental contents on a dry basis. 
 
RESULTS AND DISCUSSION 

This section presents the results of HTC 
product characterization from ASW. The HTC 
experiments were conducted at various 
temperatures and residence times to evaluate 
how process parameters affect hydrochar 
production.  

The discussion includes hydrochar yield, 
comprehensive characterization using FTIR and 
SEM analyses, elemental composition and atomic 
ratio analysis, proximate analysis, and the HHV of 
the resulting hydrochar.  

 
Solid Product Fraction 

Temperature and time are the most 
significant parameters influencing liquid, solid, and 
gas product distribution. As Liu et al. reported, 
temperature enables the decomposition of 
macromolecular biomass structures [32]. 

Figure 4 shows the product yield distribution 
of hydrochar derived from ASW-A (a) and ASW-B 
(b) at various residence times and temperatures. 
It reveals that the solid yield of ASW-B hydrochar 
remains within a relatively narrow range, 
approximately 75.4–79.1% (average 77%), across 
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all experimental conditions. In contrast, ASW-A 
hydrochar exhibits a wider variation in solid yield, 
ranging from 67.8–85.8% (average 80.4%). At 220 
°C, ASW-A produced lower solid yields, and 
longer reaction times generally further reduced 
solid yield. 

These results are consistent with findings 
reported in previous studies, which observed 
similar reductions in hydrochar yield with 
increasing temperature and residence time [14]. 
This behavior is commonly attributed to enhanced 
deoxygenation reactions, decomposition of 
organic components, and the formation of water-
soluble and volatile compounds during the HTC 
process. 
 

 
(a) 

 
(b) 

 
Figure 4. Yield of Hydrochar from ASW at 

Various Temperatures and Holding Times, (a) 
ASW-A, (b) ASW-B 

 

The high solid yield from the ASW feedstock 
indicates a large fraction of thermally stable 
inorganic materials, particularly silica, which 
remains in the solid phase regardless of HTC 
severity. Compared to hydrochar yields derived 
from pure macroalgae feedstock reported in 
previous studies (as shown in Table 1), the 
hydrochar fraction obtained from ASW can reach 
more than twice the amount. For example, Farobie 
et al. reported hydrochar yields of 17–32%, while 
Shrestha et al. reported yields of 9.51- 24.43% 
[14][33]. The current study's findings are more 
comparable to those of de Oliveira et al., who 
investigated sewage sludge with a high ash 
content of 66%, resulting in hydrochar yields of 
59.0–90.2% [12]. These results suggest that high 
ash content may inhibit the transformation of solid 
compounds during HTC, thereby retaining a larger 
fraction of material in the solid phase. 

Figure 4(a) shows that ASW-A exhibits a 
more dynamic fraction distribution. In contrast, 
ASW-B remains relatively stable, with only 
approximately ±2% variation across different HTC 
conditions, as shown in Figure 4(b). This behavior 
likely reflects the different types of filtration aids 
present in the ASW samples. Although the ash 
content of ASW-B is lower, perlite appears to more 
strongly restrain the decarboxylation process, as 
indicated by the relatively constant carbon content 
under varying operational parameters. At the 
same time, the oxygen content also remains 
relatively stable with a slight increasing trend, as 
presented in Table 4. 

In contrast, celite in ASW-A tends to be 
more separable, for example under acidic 
conditions, than perlite in ASW-B. However, both 
samples contain high silica content that reacts 
strongly with hydrofluoric acid (HF), as reported in 
[34]. Although the ash content of ASW-B is lower, 
the perlite particles appear to be more strongly 
bonded to the organic fibers of ASW than the celite 
particles in ASW-A, as observed in the SEM 
images presented in Figure 7. The figure shows 
that the organic content surrounding the celite 
particles is barely noticeable, whereas in ASW-B, 
the organic components appear to overlap Interact 
more closely with the perlite particles, which may 
influence the HTC reaction process. 

 
Proximate Analysis of Hydrochar 

Table 3 shows the proximate analyses of 
ASW feedstock and ASW hydrochar produced 
through HTC. One notable characteristic of ASW 
is its exceptionally high ash content, which 
fundamentally distinguishes it from typical 
lignocellulosic biomass and limits its suitability as 
a solid fuel feedstock. 
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Table 3. Proximate (Moisture, Volatile Matter, Ash, Fixed Carbon) Compositions of ASW and 
Hydrochar, Reported in wt.%. N/D Indicates “Not Detected,” and N/A Indicates “Not Available” 

Feedstock Moisture VM Ash FC 

ASW-A-0 3.78 ± 0.02 11.09 ± 0.03 85.12 ± 0.04 0.015 ± 0.001 

ASW-A-1 1.82 ± 0.04 6.96 ± 0.02 91.45 ± 0.03 N/D 

ASW-A-2 1.79 ± 0.04 7.57 ± 0.04 90.96 ± 0.03 N/D 

ASW-A-3 1.76 ± 0.03 8.40 ± 0.04 90.08 ± 0.01 N/D 

ASW-A-4 1.87 ± 0.05 6.63 ± 0.03 91.76 ± 0.05 N/D 

ASW-A-5 1.52 ± 0.03 6.79 ± 0.06 91.86 ± 0.07 N/D 

ASW-A-6 1.61 ± 0.02 6.80 ± 0.06 91.73 ± 0.03 N/D 

ASW-A-7 1.65 ± 0.01 7.91 ± 0.01 90.74 ± 0.06 N/D 

ASW-A-8 1.57 ± 0.01 6.74 ± 0.04 91.90 ± 0.06 N/D 

ASW-A-9 1.41 ± 0.02 6.73 ± 0.07 92.08 ± 0.02 N/D 

ASW-B-0 4.89 ± 0.03 27.78 ± 0.04 77.10 ± 0.02 3.46 ± 0.02 

ASW-B-1 N/A N/A 76.10 ± 0.07 N/A 

ASW-B-3 N/A N/A 77.33 ± 0.04 N/A 

ASW-B-4 N/A N/A 76.77 ± 0.04 N/A 

ASW-B-6 N/A N/A 75.42 ± 0.01 N/A 

ASW-B-7 N/A N/A 77.30 ± 0.05 N/A 

ASW-B-9 N/A N/A 77.70 ± 0.05 N/A 

 
Table 4. Elemental (C, H, N, S, O) Compositions of ASW and Hydrochar, Reported in wt%. N/D 

Indicates “Not Detected” 

Feedstock C H N S O 
HHV 

(MJ/kg) 

ASW-A-0 4.69 ± 0.05 1.26 ± 0.02 N/D 0.028 ± 0.001 8.90 ± 0.03 1.91 ± 0.03 

ASW-A-1 1.97 ± 0.08 0.82 ± 0.01 N/D 0.041 ± 0.002 5.72 ± 0.06 0.92 ± 0.02 

ASW-A-2 2.05 ± 0.04 0.81 ± 0.01 N/D 0.041 ± 0.002 6.14 ± 0.05 0.87 ± 0.02 

ASW-A-3 2.03 ± 0.05 0.81 ± 0.01 N/D 0.042 ± 0.002 7.04 ± 0.04 0.72 ± 0.02 

ASW-A-4 1.67 ± 0.06 0.78 ± 0.02 N/D 0.041 ± 0.003 5.75 ± 0.04 0.77 ± 0.03 

ASW-A-5 1.99 ± 0.05 0.79 ± 0.02 N/D 0.041 ± 0.003 5.32 ± 0.04 0.95 ± 0.02 

ASW-A-6 2.75 ± 0.06 1.00 ± 0.04 N/D 0.042 ± 0.002 4.48 ± 0.01 1.61 ± 0.02 

ASW-A-7 3.81 ± 0.08 1.20 ± 0.02 N/D 0.041 ± 0.001 4.21 ± 0.04 2.28 ± 0.04 

ASW-A-8 1.79 ± 0.04 0.85 ± 0.02 N/D 0.041 ± 0.002 5.42 ± 0.02 0.95 ± 0.02 

ASW-A-9 1.85 ± 0.06 0.91 ± 0.01 N/D 0.058 ± 0.003 5.10 ± 0.05 1.11 ± 0.03 

ASW-B-0 9.83 ± 0.07 1.70 ± 0.01 0.29 ± 0.01 N/D 11.09 ± 0.05 4.80 ± 0.04 

ASW-B-1 9.78 ± 0.04 1.57 ± 0.01 0.38 ± 0.02 N/D 12.17 ± 0.04 3.40 ± 0.02 

ASW-B-3 9.13 ± 0.04 1.49 ± 0.01 0.17 ± 0.02 N/D 11.87 ± 0.01 3.16 ± 0.03 

ASW-B-4 9.05 ± 0.06 1.48 ± 0.01 0.25 ± 0.01 N/D 12.44 ± 0.01 3.02 ± 0.02 

ASW-B-6 9.46 ± 0.06 1.51 ± 0.01 0.13 ± 0.02 N/D 13.48 ± 0.02 3.05 ± 0.03 

ASW-B-7 9.23 ± 0.02 1.47 ± 0.01 0.29 ± 0.01 N/D 11.70 ± 0.06 3.17 ± 0.02 

ASW-B-9 8.51 ± 0.05 1.40 ± 0.01 0.35 ± 0.03 N/D 12.04 ± 0.04 2.78 ± 0.02 

 
The ash fraction of untreated ASW reaches 

77–86 wt.%, compared to   raw Gracilaria sp. 
biomass that generally contains only 35.04-44.33 
wt.% ash [35]. This substantial discrepancy 
indicates that the mineral content in ASW is not an 
inherent characteristic of the seaweed itself, but 
originates predominantly from external mineral 
additives introduced during agar extraction, 
particularly celite and perlite. Consequently, the 
HTC behavior of ASW cannot be interpreted using 
the conventional framework commonly applied to 
low-ash biomass, because inorganic dominance 
strongly governs the thermochemical conversion 
rather than organic carbon transformation. 

In ASW-B, ash content increased slightly 
from 77.1 wt.% (ASW-B-0) to approximately 

77.7% after HTC, while ASW-A showed a more 
pronounced increase from 85.12–92.08 wt.%. 
This increase results from the preferential 
degradation and solubilization of organic fractions 
through hydrolysis, dehydration, and 
decarboxylation, while inorganic components 
remain relatively inert and are retained in the 
hydrochar matrix [36]. Consequently, the relative 
mineral concentration increases as volatile and 
oxygenated organic compounds are removed. 
These findings are consistent with de Oliveira et 
al., who reported an increase in ash content from 
38.1% to 64.2% after HTC of high-ash sewage 
sludge, accompanied by a decrease in HHV [12]. 
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The stronger ash enrichment observed in 
ASW-A further suggests that the type of filtration 
aid plays a critical role in governing HTC behavior. 
Celite-based residues appear to promote more 
pronounced hydrothermal transformation effects 
than perlite-based residues, likely because the 
organic fraction in ASW-A is more exposed and 
accessible to hydrothermal reactions. As a result, 
organic matter degrades more extensively during 
HTC, leading to greater loss of volatile and 
carbonaceous components while the inorganic 
mineral fraction remains in the solid phase. This 
selective decomposition consequently intensifies 
ash enrichment in ASW-A compared with ASW-B. 

The reduction in volatile matter (VM) from 
11.1 wt.% in raw ASW-A to 6.6–8.4 wt.% after 
HTC further supports this interpretation. The 
disproportionate removal of volatile organic 
compounds relative to inorganic species indicates 
that HTC selectively decomposed the combustible 
fraction while leaving most minerals unaffected 
[37]. Consequently, the process reduced the 
reactive organic portion without significantly 
decreasing the inorganic load, which is 
counterproductive for fuel upgrading. Similar 
behavior has been reported for other silica-rich 
biomass such as rice husk, where HTC often 
increases ash concentration due to mineral 
enrichment effects rather than improving fuel 
quality [38]. 

Despite the unfavorable ash characteristics, 
HTC treatment improved the hydrophobic 
behavior of ASW-derived hydrochar, as reflected 
by the substantial reduction in moisture content. 
HTC treatment reduced the moisture content of 
raw ASW-A to as low as 1.52 wt.%. This behavior 
indicates that HTC enhanced the material's 
physicochemical stability through progressive 
dehydration reactions. Under elevated 
hydrothermal conditions, hydroxyl groups and 
bound water associated with the biomass 
structure are removed, reducing hydrophilic 
functional groups and thereby lowering the 
hydrochar's affinity for moisture reabsorption. 
From a fuel-handling perspective, this 
improvement matters because lower moisture 
content can enhance storage stability, reduce 
biological degradation, and improve ignition 
behavior. Moreover, the resulting moisture content 
satisfies the requirement of SNI 4931:2010 for 
coal briquettes, which specifies a maximum 
moisture content of 12 wt.%. Despite this 
improvement, the benefit remains insufficient to 
compensate for the extremely high ash fraction, 
which continues to dominate the overall fuel 
characteristics of the hydrochar. 

These results show a critical limitation in 
directly applying HTC to highly mineralized 

industrial biomass residues. Although HTC is 
commonly promoted as a carbon densification 
process, its effectiveness becomes questionable 
when the feedstock contains excessive inorganic 
matter. In ASW, the process failed to substantially 
improve fuel characteristics because dominant 
silica-rich minerals diluted the combustible carbon 
fraction and suppressed energy densification. This 
limitation becomes more evident when compared 
with the Indonesian fuel briquette standard (SNI 
4931:2010), which specifies maximum ash 
contents of 15 wt.% for class A and 20 wt.% for 
class B carbonized briquettes. The hydrochars 
produced in this study remain far beyond these 
limits, indicating that direct HTC treatment alone is 
insufficient to produce fuel-grade hydrochar from 
ASW. Therefore, pretreatment strategies aimed at 
mineral removal, such as acid leaching, flotation, 
or selective deashing processes, are not optional 
process enhancements but essential 
requirements if ASW-derived hydrochar is to be 
considered feasible for energy applications. 
 
Ultimate Analysis of Hydrochar 

Elemental composition results are 
presented in Table 4. For ASW-A samples, carbon 
content ranged from 1.7–3.8 wt.%, indicating that 
HTC did not substantially enrich the hydrochar's 
carbon fraction. The hydrogen content decreased 
from 1.26 wt.% in untreated ASW-A (ASW-A-0) to 
approximately 0.78 wt.% after HTC, reflecting 
dehydration reactions during hydrothermal 
treatment. Similarly, oxygen content ranged from 
5.10–8.90 wt.%, suggesting partial removal of 
oxygen-containing functional groups through 
dehydration and decarboxylation.  

A similar trend was observed for ASW-B 
samples. The carbon content remained within the 
range of 8.5–9.8 wt.%, which is higher than that of 
ASW-A but still substantially lower than values 
commonly reported for lignocellulosic hydrochar. 
The comparatively higher carbon retention in 
ASW-B suggests that perlite-containing residues 
may impose a less severe dilution effect than 
celite-rich residues. Moreover, hydrogen content 
decreased slightly from 1.698% in raw ASW-B to 
1.399% after HTC, again confirming dehydration 
reactions. Meanwhile, oxygen content remained 
relatively high (11.0–13.48 wt.%), indicating that a 
considerable portion of oxygenated structures 
persisted after treatment. 

The limited improvement in elemental 
composition is directly reflected in the calorific 
performance of the hydrochars. The HHV values 
ranged from 0.7–3.4 MJ kg⁻¹, substantially lower 
than those typically reported for biomass-derived 
hydrochars (see Table 1). Even the highest HHV 
obtained for ASW-A hydrochar, 2.276 MJ kg⁻¹ 
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(ASW-A-7), remains far below the energy content 
generally required for practical solid fuel 
applications. These results are consistent with the 
findings reported by de Oliveira et al., where the 
ash content of the raw sample increased after 
HTC treatment, while the HHV of hydrochar 
produced at 200 °C remained relatively 
unchanged compared to the raw sample. 
Furthermore, hydrochar produced at 240 °C 
exhibited a 2% reduction in HHV [12]. These 
findings suggest that the HTC process, particularly 
at higher temperatures, increases ash 
concentration, which subsequently lowers HHV. 
This occurs because a portion of the organic 
compounds in the feedstock were converted into 
liquid products during HTC, while another fraction 
is directly transformed into gaseous products. 
Simultaneously, liquid intermediates undergo 
further secondary reactions that generate 
additional gaseous compounds. As a result, the 
relative ash concentration in the solid phase 
increases. These results indicate that HTC alone 
was ineffective in achieving significant energy 
densification of ASW. The low HHV values are 
primarily attributed to the exceptionally high ash 
fraction and the limited fixed carbon content 
retained in the hydrochar. 

This phenomenon shows that HTC 
effectiveness depends strongly on feedstock 
composition. In conventional lignocellulosic 
biomass, HTC often enhances fuel quality by 
increasing fixed carbon and reducing oxygenated 
compounds. However, in highly mineralized 
feedstocks such as ASW, the process instead 
promotes mineral enrichment without substantial 
carbon enhancement. Consequently, the 
thermochemical conversion pathway shifts from 
carbon densification toward inorganic 
concentration. This interpretation is consistent 
with previous studies on other high-ash biomass 
systems. De Oliveira et al. reported that anaerobic 
digestion residues exhibited ash content 
increases from 38.1–64.2% after HTC, while the 
HHV remained unchanged or even decreased at 
higher HTC temperatures [12]. Such behavior 
indicates that increasing process severity may 
intensify mineral concentration effects rather than 
improve fuel quality. 

Liu et al. reported similar observations, 
finding that hydrochar derived from high-ash 
microalgae exhibited HHVs of only 8.83–9.88 MJ 
kg⁻¹, significantly lower than hydrochars produced 
from carbon-rich lignocellulosic biomass [39]. 
Although the HHVs reported by Liu et al. were still 
higher than those obtained in the present study, 
the overall trend confirms that excessive inorganic 
content strongly limits the carbonization efficiency 
of HTC. Therefore, the poor energy performance 

observed in ASW-derived hydrochar should not be 
interpreted simply as a consequence of "low 
carbon content," but as evidence that mineral-rich 
industrial residues fundamentally alter the 
thermochemical transformation mechanisms 
during HTC. 

Further analysis using the Van Krevelen 
diagram evaluated the evolution of the atomic 
hydrogen-to-carbon (H/C) and oxygen-to-carbon 
(O/C) ratios of raw ASW and the corresponding 
hydrochars produced through HTC, as shown in 
Figure 5. 

The diagram compares the H/C and O/C 
ratios; lower values indicate greater material 
maturity and a stronger resemblance to high-rank 
coal, which is desirable for fuel applications. In 
general, all ASW and hydrochar samples remain 
clustered in the upper-right region of the diagram, 
characterized by relatively high H/C ratios (>1.5) 
and O/C ratios ranging from approximately 0.8 to 
above 1.2. Such positioning indicates that the 
materials still contain a substantial fraction of 
oxygenated and hydrogenated functional groups, 
reflecting the incomplete carbonization of the 
biomass during HTC. This behavior differs 
significantly from the typical evolution pathway of 
lignocellulosic biomass, where HTC commonly 
induces progressive dehydration and 
decarboxylation reactions that shift the material 
toward the lower-left region of the diagram, 
corresponding to increased aromaticity and 
carbon enrichment [40]. 

The ASW-A hydrochars exhibited 
particularly anomalous behavior. The H/C ratios 
increased substantially to 3.78–5.90, exceeding 
the raw ASW-A ratio of approximately 3.2, while 
the O/C ratios ranged from 0.83–2.6 compared 
with the raw O/C ratio of 1.4.  

 

Figure 5. Van Krevelen Diagram of Gracilaria sp., 
Untreated ASW and ASW Hydrochar from 

Factory B 
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These unusually high atomic ratios were not 
included in Figure 5 because they were positioned 
far outside the typical region occupied by 
conventional solid fuels, making direct comparison 
difficult. Rather than indicating improved fuel 
quality, these elevated ratios suggest that HTC did 
not effectively promote carbon condensation in 
ASW-A. Instead, the process appears to have 
preferentially removed a limited portion of carbon 
while retaining oxygenated and hydrogen-
containing structures. 

The behavior of ASW-B hydrochars was 
comparatively more stable. The H/C ratios ranged 
from 1.90–1.97, remaining close to the raw ASW-
B ratio of 1.89, while the O/C ratios increased from 
0.59 in the raw material to 0.86–1.07 after HTC. 
Although the changes were less extreme than 
those observed in ASW-A, the increase in O/C 
ratio still indicates that HTC did not significantly 
reduce oxygenated functional groups in the 
biomass matrix. In conventional HTC systems, 
decreasing O/C ratios are generally interpreted as 
evidence of successful dehydration and 
decarboxylation reactions that improve 
carbonization. However, the opposite trend 
observed in ASW-B suggests that oxygen removal 
was limited. 
 
FTIR Analysis 

Figure 6 presents the FTIR spectra of 
Gracilaria sp., untreated agar solid waste (ASW-A 
and ASW-B), and selected hydrochar samples 
(ASW-B-3, ASW-B-6, and ASW-B-9). The FTIR 
analysis highlights the dominant influence of 
inorganic constituents on the resulting hydrochar 
structure. Although the major functional groups 
remained generally consistent across the 
samples, absorption intensity varied as HTC 
severity increased, indicating partial modification 
of the organic matrix during hydrothermal 
treatment.  

Table 5 summarizes the characteristic band 
assignments for the raw materials and 
hydrochars. The broad absorption band centered 
around 3355 cm⁻¹ is associated with O–H 
stretching vibrations originating from hydroxyl 
groups in cellulose, polysaccharides, and agarose 
structures. Meanwhile, the band near 1618 cm⁻¹ 
corresponds to O–H bending vibrations and/or 
C=O stretching associated with adsorbed water 
and oxygen-containing functional groups in 
polysaccharides [45]. These bands are clearly 
visible in both Gracilaria sp. and ASW samples, 
confirming residual polysaccharide-based organic 
structures even after agar extraction. 

 

 
Figure 6. FTIR Spectra of Gracilaria sp., Agar 

Solid Waste and ASW Hydrochar 
 

Table 5. FTIR Band Assignments and Main Peak 
(cm-1) of Gracilaria sp. (GRA), Raw ASW, and 
ASW Hydrochar Sample. Band Assignment 

Based on References [1] and [14] 
Typical band 
Assignment 

GRA ASW-A ASW-B 

Si–O–Si bridge 
bending vibration 
of oxygen atoms 

- 775 780 

D-galactose-4-
sulfate vibration 

- 841 842 

Asymmetric 
stretching of 
silicate framework 
(Si–O–Si) 

- 1000 1000 

Asymmetric 
O=S=O stretching 
associated with 
sulfate groups 

- - 1313 

Aromatic C=C 
stretching 
vibration 

1446 - - 

O–H bending 
vibration (δOH) of 
coordinated water 
molecules 

1618 1623 1618 

Stretching 
vibration of 
hydrogen-bonded 
hydroxyl (-OH) 
groups 

3355 3399 3331 

 
However, compared with conventional 

lignocellulosic biomass hydrochar, the FTIR 
spectra of ASW-derived hydrochar are dominated 
by inorganic silicate-related bands rather than 
carbonaceous functional groups. One prominent 
feature is the strong absorption peak around 1000 
cm⁻¹, attributed to asymmetric stretching 
vibrations of Si–O–Si bonds. In addition, the 
persistent peak near 780–784 cm⁻¹ corresponds 
to the bending vibration of Si–O–Si bridges [41].  
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The strong intensity after HTC indicates that silica-
rich minerals originating from filtration aids such as 
celite and perlite remained structurally stable 
throughout the hydrothermal process. Importantly, 
these silicate bands are absent in the raw 
Gracilaria sp. spectrum, confirming that the 
inorganic silica phases are introduced during 
industrial agar processing. 

The dominance of Si–O–Si absorption 
bands provide strong spectroscopic evidence 
supporting the ash and elemental analysis results 
discussed previously. In contrast to typical 
biomass-derived hydrochar, where aromatic C=C 
structures often become more pronounced after 
HTC, the spectra of ASW-derived hydrochar 
showed relatively weak development of 
carbonaceous functional groups. For example, the 
aromatic C=C stretching band observed in raw 
Gracilaria sp. near 1446 cm⁻¹ became less 
distinguishable in the ASW samples, suggesting 
that the carbonaceous fraction was either 
relatively low or masked by the dominant inorganic 
matrix. 

Additional evidence of residual sulfur-
containing compounds is observed from the 
absorption band near 1313 cm⁻¹ in ASW-B, 
corresponding to asymmetric O=S=O stretching 
vibrations associated with sulfate groups. The 
presence of sulfate-related functional groups is 
consistent with the chemical composition of agar-
derived polysaccharides such as sulfated 
galactans. Furthermore, the band around 841–
842 cm⁻¹ assigned to D-galactose-4-sulfate 
confirms that portions of the original agar-related 
polysaccharide structure were still retained after 
processing and HTC treatment. 

 
SEM Analysis 

Figure 7 presents the SEM micrographs of 
ASW-A and ASW-B at 5,000× magnification. The 
micrographs reveal clear morphological 
differences between the two residues, primarily 
associated with the type of filtration aid used 
during agar extraction. ASW-A is dominated by 
celite particles embedded within a limited organic 
matrix, whereas ASW-B exhibits perlite particles 
more closely associated with residual organic 
structures. These observations provide additional 
evidence that the physicochemical behavior of 
ASW during HTC is strongly influenced by 
process-derived mineral additives rather than by 
the intrinsic biomass structure alone. 

The inorganic particles in both samples 
exhibit relatively smooth, rigid surfaces, whereas 
the organic fraction appears more irregular and 
heterogeneous.  

 

 
(a) 

 
(b) 

Figure 7. SEM Images at 5,000X; (a) ASW-A, (b) 
ASW-B 

 
In ASW-A, the celite particles are visually 
dominant, and the surrounding organic substrate 
appears minimal or poorly attached to the mineral 
surface. 

In contrast, ASW-B exhibits a more 
heterogeneous morphology composed of 
aggregated mineral-organic clusters. The perlite 
particles appear partially covered or 
interconnected with residual organic matter, 
indicating stronger physical interaction between 
the inorganic and organic phases. 

Figure 8 further illustrates the 
morphological evolution from raw Gracilaria sp. to 
hydrothermally treated ASW samples. The raw 
Gracilaria biomass (Figure 8(a)) exhibits a highly 
porous and fibrous structure with abundant open 
channels, characteristic of cellulose- and 
polysaccharide-rich biomass. This morphology 
favors mass transfer and hydrothermal reactivity. 
However, this native structure is largely destroyed 
during agar extraction, as shown in ASW-B-0 
(Figure 8(b)), where the surface becomes 
compacted, collapsed, and significantly less 
fibrous. 
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After HTC treatment, additional structural 

changes become apparent. ASW-B-6 (Figure 
8(c)) exhibits a semi-fractured surface with the 
formation of small internal pores, indicating partial 
decomposition of residual organic matter during 
hydrothermal treatment. Meanwhile, ASW-B-9 
(Figure 8(d)) shows more pronounced 
fragmentation and enlarged pores, reflecting 
progressive degradation of the remaining organic 
matrix at longer residence times. 

 
Kinetic Model of Ash Content 

A kinetic model was developed to evaluate 
the apparent ash enrichment behavior of ASW-A 
during HTC and to examine how temperature 
influences the evolution of ash content.. Unlike 
conventional HTC studies that focus primarily on 
carbonization kinetics or hydrochar yield, this work 
emphasizes ash evolution because mineral 
accumulation was identified as the dominant 
phenomenon governing the physicochemical 
behavior of ASW-derived hydrochar. This 

approach is particularly important because the 
unusually high ash content fundamentally altered 
the feedstock's thermochemical conversion 
pathway. The kinetic behavior of ash enrichment 
was described using a first-order reaction model, 
expressed by (1): 

𝑑𝑋

𝑑𝑡
= 𝑘(1 − 𝑋) 

(1) 

where X represents the ash content as the 
reaction response, k is the apparent reaction rate 
constant (s-1), and t is the residence time (s). 
Although ash itself is not chemically "formed" 
during HTC, the increase in ash fraction reflects 
the progressive decomposition and removal of 
organic matter. At the same time, inorganic 
minerals remain largely retained in the solid 
phase. Therefore, the kinetic model can be 
interpreted as an apparent enrichment process 
driven by selective degradation of the combustible 
fraction. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 8. SEM Images of Organic Fibers at 20,000× magnification. (a) GRA, (b) ASW-B-0, (c) ASW-B-6, 

(d) ASW-B-9 
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The temperature dependence of the 
reaction rate constant was evaluated using the 
Arrhenius equation: 

𝑘 = 𝐴 exp (−
𝐸

𝑅𝑇
) 

(2) 

where A is the pre-exponential factor, E is 
the activation energy, R is the universal gas 
constant, and T is the absolute temperature (K).  

The rate constants at different temperatures 
were obtained from the slopes of the linear plots 
of ( )- ln (1-X) versus residence time. At the 
same time, the activation energy and pre-
exponential factor were estimated from the 
Arrhenius relationship between ln 𝑘 and 1/T, as 
presented in Figure 9(a).  

The resulting kinetic expression was 
determined as: 

𝑘 = 0.1719 exp (−
12148

8.314𝑇
) 

(3) 

The calculated activation energy was 
relatively low (12.15 kJ mol⁻¹) compared with 
activation energies commonly reported for 
biomass carbonization or devolatilization 
reactions [42][43].  

 
(a) 

 
(b) 

Figure 9. (a) Arrhenius Plot, and (b) Ash Content 
from Experiment and Kinetic Model Parity Plot 

 
 

This comparatively low value suggests that the 
process was dominated by relatively mild 
decomposition of organic constituents 
accompanied by retention and concentration of 
inorganic minerals. 

Figure 9(b) compares the predicted ash 
content obtained from the kinetic model with the 
experimental data. The prediction error (0.7–
3.8%) indicates that the first-order model 
adequately describes the apparent ash 
enrichment behavior during HTC. 

 
Ash Content–HHV Correlation and Future 
Improvement Strategies for Hydrochar 

To further evaluate the influence of mineral 
content on hydrochar fuel quality, Figure 10 
compares the relationship between ash content 
and HHV obtained in the present study with 
hydrochars reported in previous studies, including 
sorghum [44], swine manure [45], Ulva lactuca 
macroalga [14], and industrial digestate (IDT) 
waste [12]. The comparison reveals a clear 
inverse relationship between ash content and 
HHV, confirming that mineral accumulation plays 
a dominant role in reducing hydrochar energy 
performance. 

Feedstocks with low ash content generally 
produced hydrochars with substantially higher 
calorific values. Sorghum-derived hydrochar, for 
example, exhibited ash contents of only 3.5–4.3 
wt% and achieved HHVs of 20.2–25.2 MJ kg⁻¹. In 
contrast, ASW-A hydrochars contained extremely 
high ash contents of approximately 90–92.8 wt%, 
corresponding to very low HHV (0.7–2.3 MJ kg⁻¹). 
This comparison shows that ash content is not 
merely a secondary compositional parameter, but 
a critical factor governing thermochemical 
upgrading efficiency during HTC. 

 

 
Figure 10. Relation of ash content to HHV of HTC 

products, comparison of hydrochar ASW from 
current work with other hydrochar from various 

feedstocks. 
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The strong relationship between ash content and 
HHV also suggests that ash concentration may 
serve as an important indicator for evaluating and 
controlling HTC performance.  

The results imply that optimizing HTC 
parameters alone may be insufficient for highly 
mineralized feedstocks such as ASW, because 
the dominant limiting factor stems from feedstock 
composition rather than solely from reaction 
severity. Figure 6 further shows that ash content 
correlates strongly with HHV, with the fitted 
relationship exhibiting high coefficients of 
determination (R² > 0.9). 

Despite the unfavorable fuel properties, 
HTC initiated thermochemical transformations 
within the organic fraction, as indicated by 
changes in elemental composition, reduced 
moisture, and volatile matter. Although carbon 
enrichment was limited, these changes confirm 
that the organic matrix remained reactive under 
hydrothermal conditions. Thus, poor hydrochar 
quality results not from the absence of conversion, 
but from the dominant influence of retained 
mineral constituents that mask improvements in 
the carbonaceous phase. ASW HTC should 
therefore be viewed as a constrained 
carbonization system in which organic 
transformation occurs, but inorganic retention 
dominates. 

The distinctive HTC behavior of ASW 
creates opportunities beyond conventional fuel 
applications. Rather than being viewed solely as a 
disadvantage, its high ash content may enhance 
the functional potential of mineral-enriched 
hydrochar. The combination of silica-rich minerals 
and residual carbon structures could support 
applications as sorbents, catalyst supports, or 
silica-based functional materials after appropriate 
modification. Roberts et al. reported promising 
biosorption performance of ASW-derived biochar 
due to its porous structure and surface 
functionality [26], suggesting greater potential for 
environmental remediation than direct solid-fuel 
use. 

Nevertheless, if energy applications remain 
the primary target, substantial mineral reduction is 
essential. Previous work conducted by our 
research group demonstrated that hydrofluoric 
acid (HF) leaching significantly reduced the ash 
content of ASW from 85.8 wt% to 43.2 wt%, 
accompanied by an increase in HHV from 1.9 to 
6.1 MJ kg⁻¹ [34]. Although the resulting fuel quality 
remained below that of conventional biomass 
hydrochar, the improvement clearly confirms that 
silica removal can substantially enhance the 
energetic properties of ASW-derived materials. 
Similar trends have been reported in other high-
ash biomass systems. Ekanthalu et al. 

investigated acid-assisted HTC of sewage sludge 
and reported that reducing the ash fraction 
significantly improved hydrochar HHV to 14.1 MJ 
kg⁻¹ [46]. This finding further supports the 
conclusion that the low calorific value observed in 
untreated hydrochar is fundamentally linked to 
mineral dilution effects rather than to the inability 
of the organic fraction to undergo thermochemical 
conversion. 

Beyond hydrochar production, ASW also 
presents opportunities for integrated resource 
recovery. Li et al. reported that valuable products 
such as bioactive oligosaccharides and reusable 
perlite can be recovered from agar industry waste 
streams [22]. Their findings indicate that the 
recovered perlite retained suitable 
physicochemical properties for industrial reuse, 
showing that agar waste should not be regarded 
merely as a low-quality fuel precursor but as a 
multi-component industrial residue with potential 
for circular resource utilization. 

Future research should integrate 
pretreatment strategies with HTC to overcome 
excessive mineral content. Silica removal before 
HTC may improve carbonization efficiency, while 
post-treatment upgrading could further enhance 
fuel quality. Reducing inorganic compounds is 
expected to increase energy content; for example, 
Shin et al. reported that inorganic metal- and acid-
derived catalysts increased hydrochar calorific 
value by 18% compared with coal for power 
generation [47]. 

Future studies should also quantify the 
liquid and gaseous products generated during 
HTC, as the present study focused mainly on the 
solid hydrochar fraction. A comprehensive mass 
and energy balance across all phases would 
provide deeper insight into conversion pathways, 
resource-recovery potential, and the overall 
feasibility of ASW hydrothermal processing. 
 
CONCLUSION 

Hydrothermal carbonization (HTC) of agar 
extraction solid waste (ASW) was investigated 
using celite-based ASW-A and perlite-based 
ASW-B at 180–220 °C for 30–90 min. Unlike 
conventional lignocellulosic biomass, ASW 
conversion was governed primarily by inorganic 
mineral phases rather than carbon densification. 
FTIR, ash, elemental, SEM, and Van Krevelen 
analyses confirmed that silica-rich minerals 
remained structurally stable and accumulated in 
the hydrochar matrix. Consequently, the 
hydrochars exhibited very low HHVs (0.7–3.4 MJ 
kg⁻¹), despite dehydration and partial 
transformation of the organic fraction. ASW-B 
showed relatively stable solid yields (75.4–79.1 
wt%), whereas ASW-A varied more widely (67.8–
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85.8 wt%), demonstrating that the filtration aid 
significantly influenced the HTC pathway. Ash 
content increased markedly in ASW-A (85.12–
92.08 wt%) but only slightly in ASW-B (77.1–77.7 
wt%), indicating that celite-based residues 
promoted more extensive decomposition of 
exposed organic matter during HTC. 

In contrast, perlite-based residues 
restrained thermochemical degradation through 
stronger mineral–organic interactions. SEM 
observations support this mechanism, showing 
that organic material surrounding celite particles in 
ASW-A was relatively loosely associated, allowing 
greater exposure to hydrothermal reactions, 
whereas the organic fraction in ASW-B was more 
integrated with perlite particles, restricting 
decomposition and contributing to its relatively 
stable elemental composition during HTC. The 
resulting hydrochars remain unsuitable for 
conventional fuel applications because of their 
excessive ash contents. Mineral reduction 
strategies such as acid leaching, flotation, or 
selective deashing, together with integrated 
pretreatment–HTC systems, are therefore 
essential to improve energy applications. Future 
research should also examine mineral 
transformation mechanisms and liquid and 
gaseous product distributions to better assess 
ASW's overall resource-recovery potential. 
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