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A B S T R A C T

The sustainable management of agricultural waste is crucial for achieving global carbon neutrality. Sago (Met
roxylon spp) waste is generated in large quantities during starch extraction and is often discarded improperly or 
burned openly, which leads to significant environmental degradation. In this study, we converted sago waste into 
valuable hydrochar through microwave-assisted hydrothermal carbonization at temperatures between 200 and 
250 ◦C for 1 h. Proximate and ultimate analyses were performed, as well as analyses of bulk density, pH, 
thermogravimetric and surface, and structure using scanning electron microscopy and BET. Hydrochar produced 
at 200 ◦C had a higher yield (29.8 %) than that produced using conventional heating methods. It also had an 
enhanced fixed carbon content (22.1–26.4 % compared to 11.04 % in raw biomass) and reduced O/C 
(0.999–1.432) and H/C (0.007–0.117) ratios. This indicates improved carbonization and hydrophobicity. The 
BET surface area of the hydrochar increased with temperature, ranging from 57.9 to 179.8 m2/g, with the highest 
value being reached at 250 ◦C. SEM analysis revealed that lower temperatures preserved more of the original 
fibrous structure of the biomass, whereas higher temperatures resulted in greater porosity and surface roughness 
due to the progressive breakdown and reformation of biomass components. Fourier transform infrared analysis 
revealed that polar functional groups, such as hydroxyl, carboxyl and carbonyl, decreased at 200 ◦C, thereby 
enhancing the stability of the hydrochar. Microwave-assisted hydrothermal carbonization at 200 ◦C produced 
hydrochar with balanced properties, achieving 99 % glycerol conversion and 59.9 % glycerol tert-butyl ether 
selectivity, thereby outperforming commercial resin catalysts.

1. Introduction

Located near the equator, Malaysia focuses on the agricultural sector 
as the cornerstone of its economic growth. This results in the production 
of around 500 million tonnes of crop residue each year [1]. While some 
of this biomass is repurposed for various applications, around 60–70 % 
of sago residue is still burned openly to prepare land for subsequent 
planting cycles [2]. This practice, which is driven by labor shortages and 

the difficulty of managing multi-cropping systems, contributes signifi
cantly to environmental degradation [3]. Each year, burning crop waste 
in open areas emits around 1.2 Tg (Tg) of particulate matter and 1.8 Tg 
of greenhouse gases, including CO2, CH4, and NOx, [4,5]. This also el
evates soil surface temperatures from 33.8 to 44.2 ◦C, reducing organic 
matter and beneficial microbial activity in the topsoil [6].

To address these issues, microwave hydrothermal carbonization 
(MWHTC) provides an effective thermochemical process for converting 
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raw biomass into energy-rich hydrochar. Compared to traditional py
rolysis and incineration, MWHTC operates at lower temperatures 
(180–250 ◦C) and pressures of 10–15 bar (1.0–1.5 MPa) of CO2, signif
icantly reducing energy consumption and emissions [7]. Unlike incin
eration, which completely combusts biomass and contributes to air 
pollution, MWHTC retains carbon in the form of hydrochar, which can 
be used as a solid fuel or catalyst support [8–10].

Although the potential of MWHTC is widely recognized, further 
optimization is required. Future studies should examine variables such 
as microwave power, reaction time, feedstock concentration, and the 
use of additives to enhance hydrochar yield and properties. Hydrochar is 
an important component of sustainable biomass management due to its 
high porosity and carbon content, which make it effective for soil 
amendment, pollutant adsorption, and carbon sequestration [11–17].

The sago palm (Metroxylon spp), which produces an estimated 60 
million tonnes of biomass annually for the food industry, is a promising 
yet underutilized feedstock for hydrochar production [18,19]. Using 
sago waste offers a cost-effective approach and reduces the environ
mental harm associated with conventional disposal methods [20]. Pre
vious studies have primarily focused on converting sago biomass into 
biochar via slow pyrolysis and conventional thermal processes. These 
studies have reported moderate fixed carbon content and limited surface 
area development [21,22]. For example, the pyrolysis of sago bark and 
residue at temperatures between 300 and 500 ◦C has been shown to 
yield biochar with fixed carbon contents ranging from 18 to 24 %, and 
with surface areas below 100 m2/g. However, there is limited research 
on producing hydrochar from sago, particularly using 
microwave-assisted hydrothermal carbonization methods. Studies 
evaluating the physicochemical properties and catalytic potential of 
sago-derived hydrochar generated via MWHTC are scarce to date, 
highlighting the novelty and significance of the present work.

In addition, the rapid growth of the biodiesel industry has led to an 
oversupply of crude glycerol, a by-product accounting for around 10 % 
of biodiesel production. This has led to market saturation and a signif
icant drop in glycerol’s commercial value, prompting extensive research 
into its valorization through chemical conversion into fuel additives and 
other high-value chemicals [23–25]. One promising approach is the 
etherification of glycerol to produce glycerol tert-butyl ethers (GTBE), 
which are recognized for their ability to improve fuel properties such as 
combustion efficiency and reduce particulate emissions when blended 
with gasoline or diesel. Di- and tri-tert-butyl glycerol ethers, in partic
ular, are highly valued due to their high energy density and fuel 
compatibility.

Traditionally, glycerol etherification has been catalyzed using acidic 
ion-exchange resins such as Amberlyst-15 and heteropolyacids. While 
effective, these catalysts have limitations, including low thermal sta
bility, deactivation in aqueous environments, and difficulties in regen
eration and reuse. These limitations have led to increased interest in 
developing green, thermally stable, and reusable solid acid catalysts 
derived from biomass.

Combination sago-derived hydrochar and glycerol conversion offers 
a novel, dual-purpose method of addressing agro-industrial waste and 
promoting sustainable fuel production. This study utilizes sago waste, an 
under-explored biomass, as a precursor for hydrochar synthesis under 
low-temperature, microwave-assisted hydrothermal conditions at 
200 ◦C. This offers an energy-efficient, environmentally friendly 
method. The resulting hydrochar is then used as a carbon-based catalyst 
to selectively convert glycerol into GTBE (a valuable bio-additive for 
cleaner fuels). This work introduces a new use for sago waste and crude 
glycerol, and demonstrates high catalytic performance under mild 
conditions. This contributes to waste valorization, green chemistry, and 
circular economy initiatives.

2. Materials and methods

2.1. Initial treatment procedures for sago material

Sago, harvested in Sarawak, Malaysia, was thoroughly washed with 
demineralized water before further processing. It was then cut into small 
pieces of 8–13 cm to allow for better sun exposure during a one-week 
drying process. The dried biomass was pulverized to a particle size of 
1.0–4.0 mm before use. Subsequently, some of the raw material was 
dried to powder form for subsequent proximate characterization and 
assessment of physicochemical properties and morphology.

2.2. Preparation of hydrochar

The hydrochars were prepared using two hydrothermal treatment 
methods, using conventional heating and microwave, as described in the 
following subsections and as shown in the schematic diagram in Fig. 1. 
The hydrochars produced from sago by the hydrothermal process are 
labelled SH200, SH250, and SH300, representing those produced at 
temperatures of 200, 250, and 300 ◦C, respectively. The hydrochars 
produced from sago by microwave hydrothermal treatment are labelled 
M − H 200 and M − H 250, corresponding to those produced at 200 ◦C 
and 250 ◦C, respectively. Several criteria were investigated to determine 
how the hydrothermal carbonization process affects the morphological, 
chemical, and functional properties of the hydrochar.

2.2.1. Conventional hydrothermal treatment
Conventional hydrothermal carbonization (HTC) was performed 

using a custom-made, screw-cap stainless steel reactor capable of 
withstanding pressures up to 30 bar with an internal volume of 
approximately 30 mL. The reactor was designed to withstand elevated 
pressure (up to 30 bar) and was heated during conventional hydro
thermal treatment to reach the target temperatures over a period of 1 h. 
Since temperature has a significant effect on the properties of hydrochar, 
the procedure was carried out at 200, 250, and 300 ◦C [26]. To ensure 
optimal reaction conditions, for each experimental procedure, 0.3 g of 
the sago biomass was thoroughly mixed with 15 mL of water to initiate 
the reaction process, filling half of the reactor vessel (initial volume 30 
mL). The sealed reactor was then heated at the target temperature for a 
residence time of 60 min. Upon completion, the samples were cooled to 
room temperature, and then the hydrochar samples were repeatedly 
washed, filtered, and dried in an oven set at 105 ◦C for 24 h to remove 
residual moisture. Each experiment included three duplicates, and the 
average results were reported.

2.2.2. Microwave hydrothermal treatment
The dried sago biomass was subjected to hydrothermal carbonization 

using a MARS 6 system (CEM Corporation) with an EasyPrep vessel. The 
process was carried out at 200 ◦C and 250 ◦C, with temperature as the 
only variable. In each experiment, a combination of 1 g of biomass and 
50 mL of water was heated at 15 ◦C per minute for 1 h to achieve the 
desired conditions. After sealing the vessel and stirring the samples until 
the reaction temperature was reached, the hydrochar was cooled, 
collected, and dried at 105 ◦C for 24 h. To ensure consistency, the 
average result of the three replicate experiments was reported.

2.3. Biomass and hydrochar sample characterization

This section describes the characterization methods used to evaluate 
the effect of hydrothermal carbonization (HTC) temperature on the 
morphological, chemical, and functional properties of hydrochar 
derived from sago biomass.

2.3.1. Proximate analysis
The characterization of the biomass and hydrochar samples was 

evaluated using comprehensive standards methods from the American 
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Society for Testing and Materials (ASTM) [27]. The evaluation used a 
simultaneous thermogravimetry and differential thermal analysis sys
tem (TG/DTA6300, SII NanoTechnology Inc. Japan) to investigate the 
different components obtained in the samples.

The characterization approach involved several steps. First, the 
samples were dried in an oven at 105 ◦C for 2 h to determine the 
moisture content. The samples were then reheated in a muffle furnace at 
950 ◦C for 7 min to test for volatile elements.

Biomass and hydrochar samples were then heated at 750 ◦C for 6 h to 
assess the ash concentration and determine the fixed carbon content. 
Meanwhile, total ash was determined by subtracting the combined 
percentages of moisture and volatiles from the total mass. This sys
tematic approach provided a comprehensive breakdown of the charac
teristics of the biomass and hydrochar, which is essential for 
understanding their energy potential and composition.

2.3.2. Ultimate analysis
The elemental composition of the hydrochar, the contents of sulfur 

(S), nitrogen (N), hydrogen (H), and carbon (C) were measured using a 
Micro corder (JM10, J-Science Lab Co., Ltd., Japan). The oxygen content 
was approximated by the difference, depending on the remaining 
percentage.

2.3.3. Bulk density
Bulk density was determined using a method described in previous 

studies [28]. Hydrochar powder was added to a graduated cylinder to a 
specific volume and dried overnight at 80 ◦C. At the end of the drying 
process, the cylinder was tapped for 1–2 min to compress the hydrochar, 
and the bulk density (m3/g) was calculated and recorded.

2.3.4. pH measurement
The pH of the biomass and hydrochar samples was measured by 

mixing 1 g of the sample with deionized water in a 100 mL beaker. The 
solution was then shaken in a shaker at 220 rpm for 1 h at room tem
perature. A portable digital pH meter was used to measure the pH of the 
biomass and hydrochar samples. All experiments were carried out in 
triplicate and mean values with standard deviation are presented.

2.3.5. Morphological and surface analysis
Field-Emission Scanning Electron Microscopy (FESEM, JEOL Ltd., 

Japan) was used to characterise the surface morphology of the 

hydrochar, and the surface area was measured using a BET analyzer 
(BEL MicrotracBEL Corp., Belsorp Max, Japan). The samples were dried 
and degassed before analysis. X-ray diffraction (XRD) using Cu Kα ra
diation (⁁ = 0.154 nm) on a MiniFlex600 instrument was used to assess 
crystallinity. The scan angle ranged from 5◦ to 90o.

2.3.6. Post-treatment and catalyst preparation
HTC hydrochar that had been post-treated (washed with deionized 

water, filtered, and dried at 105 ◦C for 24 h after cooling) was used for 
the subsequent process. The microwave-assisted hydrochar (M − H) was 
then chemically activated by immersion in 68.40 % H2SO4 with stirring 
at 1000 rpm. The hydrochar was then washed several times with 
distilled water until the pH stabilized around neutral (approximately pH 
7). Finally, the modified hydrochar (M-Hab) was dried at 105 ◦C for a 
further 24 h, sieved to a particle size of 1.0–4.0 mm, and stored for 
further use.

2.4. Synthesis of GTBE using sago hydrochar as a catalyst

Reagent-grade glycerol (99 %) and tert-butyl alcohol (99.85 % pu
rity, TBA) were used for the etherification analysis (Fujifilm Wako Pure 
Chemical Co., Japan). The reactions were conducted under controlled 
conditions at a temperature of 110 ◦C using microwave irradiation. 
During each experiment, the mixture was continuously stirred while the 
temperature was gradually increased to the target set point. A built-in 
pressure sensor was used to monitor system pressure throughout the 
reaction. In a typical run, 0.3 g of glycerol was mixed with tert-butyl 
alcohol at a molar ratio of 1:4 (glycerol:TBA). The catalyst was added at 
5 % relative to the glycerol mass, and the reaction was maintained at 
110 ◦C for 60 min. After completion, the mixture was cooled to below 
50 ◦C, filtered, and the resulting liquid product was collected for anal
ysis. To investigate the influence of reagent concentration on catalytic 
performance, further glycerol etherification reactions were carried out 
using three different TBA:glycerol molar ratios (4:1, 6:1, and 8:1), while 
keeping all other parameters constant. This enabled the effect of 
increasing TBA concentration on conversion and GTBE selectivity to be 
evaluated.

2.4.1. Control experiment
In order to assess the catalytic efficiency of the sago hydrochar, a 

control experiment was carried out without any catalyst under identical 

Fig. 1. Schematic diagram for the conversion of sago bark to hydrochar.
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conditions. This baseline test showed no significant etherification, 
confirming that the conversion of glycerol and TBA was catalyzed solely 
by the hydrochar.

2.4.2. Reusability and stability of the catalyst
The reusability of the sago hydrochar catalyst was evaluated through 

multiple reaction cycles under consistent operating conditions. The 
same amount of catalyst was used for each cycle. After each reaction, the 
catalyst was recovered by filtration and washed several times, first with 
methanol and then with distilled water, to remove any adsorbed organic 
or polar residues. The cleaned catalyst was then dried in an oven at 
105 ◦C for 24 h before being reused in the next reaction cycle. The 
reproducibility of the results was confirmed by conducting each exper
iment in triplicate. The performance observed over repeated cycles 
provided valuable insights into the catalyst’s stability, retention of ac
tivity, and long-term usability in the synthesis of GTBE.

2.5. Product identification by gas chromatography-mass spectrometry 
(GC-MS)

The final supernatant was then collected for further analysis. The 
resulting supernatant was diluted with methanol, which acts as an 
organic solvent. A 1.5 μL sample of the solution was analyzed by gas 
chromatography for both quantitative and qualitative assessment. 
Product composition was determined using a GC-MS system (GCMS- 
QP2010 SE, Shimadzu Corporation, Japan) coupled to an Agilent J&W 
HP-5ms capillary column (30 m × 0.25 mm ID x 0.25 μm film thickness), 
with a 5 min temperature ramp to 240 ◦C.

2.5.1. Product selectivity and glycerol conversion rate calculations
The calculation of Glycerol conversion rate (XGly) and product 

selectivity (S) is according to Ref. [29]: 

XGly(%)=
VGTBE

VGly,0
× 100 (1) 

Si(%)=
Vi

VGTBE
× 100 (2) 

Where VGTBE is the total volume (mmol) of GTBE products, VGly,0 is the 
initial glycerol volume (mmol), and Vi is the volume of compound i.

The peak area represents the concentration of each component, 
determined using the corresponding calibration data. Mono-tert-butyl 
glycerol ether (MTBG) exists as two isomers (MTBG 1 and MTBG 2) with 
similar chemical structures, and both were quantified using the same 
calibration curve. MTBG is a primary etherification product formed by 
the substitution of one hydroxyl group on glycerol with a tert-butyl 
group. Di-tert-butyl glycerol ether (DTBG) and tri-tert-butyl glycerol 
ether (TTBG) are higher-order etherification products where two or 
three hydroxyl groups are replaced with tert-butyl groups, respectively. 
The response factors for DTBG and TTBG were calculated relative to 
MTBG, based on their proportional peak areas and retention charac
teristics [30]. Glycerol is positioned as a reaction conversion signal 
when excess TBA is present, ensuring its availability throughout all re
action steps.

The following is the definition of glycerol conversion [31]: 

XGly(%)=
(MTBGs+DTBGs+TTBG)mmol/L

(Glycerol remaining+MTBGs+DTBGs+TTBG)mmol/L
X 100

(3) 

At the end of the reaction, the sago hydrochar catalyst was recov
ered, washed with ethanol and distilled water, and then dried at 105 ◦C 
for 24 h. It was then tested using the same procedure as above. To assess 
the reusability of the solid, multiple reactions were carried out under 
identical conditions with the same amount of sago hydrochar catalyst to 
ensure an adequate catalyst supply for subsequent runs, with a minimum 

of three replicates.

3. Results and discussion

The experimental setup for this investigation was designed best on 
theoretical principles and previous empirical studies of hydrothermal 
carbonization (HTC), paying particular attention to microwave-assisted 
HTC (MWHTC) [32]. These parameters were tuned to maximize 
hydrochar yield and improve catalytic performance. The results ob
tained are consistent with those reported by Refs. [33,34], who 
demonstrated the effectiveness of MWHTC in improving the physical 
and chemical properties of biomass-derived hydrochars.

3.1. Physical and compositional properties of microwave-assisted vs. 
conventional

Table 1 presents the preliminary and final analytical results of the 
sago biomass and the corresponding hydrochars produced via conven
tional (SH-Conv) and microwave-assisted hydrothermal carbonization 
(M − H). In comparison to SH-Conv, microwave-assisted carbonization 
produced hydrochars with lower moisture and volatile matter contents 
and higher fixed carbon contents. At 250 ◦C, SH-Conv hydrochar had a 
volatile content of 79.40 %, slightly higher than that produced at 200 ◦C 
(76.40 %). In contrast, M − H at 200 ◦C resulted in a lower volatile 
fraction, indicating more efficient carbonization under microwave 
irradiation. When comparing the two carbonization methods, the fixed 
carbon content increased significantly at 250 ◦C, rising from 11.30 % in 
hydrochar produced by conventional hydrothermal carbonization (SH- 
Conv) to 26.42 % in hydrochar produced by microwave-assisted hy
drothermal carbonization (M − H). This is consistent with trends re
ported in previous studies [35]. These data indicate that both methods 
support increasing carbon densification with temperature, although the 
microwave method achieves more effective degassing at lower energy 
input.

Ash mass fractions increasing temperature, from 1.20 % (SH 200 ◦C) 
to 2.40 % (SH 250 ◦C), consistent with the accumulation of thermally 
resistant inorganic residues [35,36]. While ash can facilitate certain 
hydrothermal reactions, high ash content is detrimental to fuel appli
cations due to its negative impact on energy density and potential 
transportation issues [37]. At identical temperatures, the M − H process 
produced less ash than SH-Conv, making it more suitable for energy and 
soil amendment applications.

The hydrochar yield of M − H decreased slightly from 29.80 % to 
27.10 % as the temperature increased from 200 ◦C to 250 ◦C, reflecting 
greater devolatilization. Contrary to the previously mentioned trend, the 
yield of hydrochar produced by conventional hydrothermal carboniza
tion (SH-Conv) increased slightly with temperature. It rose from 12.76 % 
at 200 ◦C to 13.05 % at 250 ◦C and reached 14.00 % at 300 ◦C. Micro
wave heating promotes a rapid internal temperature rise, which im
proves carbonization efficiency while preserving biomass structure [34,
38].

Microwave-assisted hydrochars exhibited significantly higher car
bon content (53.55 % at 200 ◦C) than SH-Conv samples (46.34 % at 
200 ◦C), accompanied by lower hydrogen and oxygen contents. These 
trends reflect the dominance of dehydration and decarboxylation re
actions accelerated by microwave energy, which increases carbon 
densification and surface polarity through the loss of -OH and COOH 
functional groups [39]. A significant decrease in oxygen content, 
particularly in M − H 250 (41.93 %), reinforces the superior deoxy
genation capability of microwave-assisted processes. The hydrogen 
content decreased from 6.67 % in the raw sago to 4.13 % after the M − H 
process.

Elemental analysis revealed that the hydrochar produced by 
microwave-assisted hydrothermal carbonization at 200 ◦C (M − H 200) 
had the lowest O/C (0.783) and the lowest H/C ratio (0.007). This in
dicates a high degree of carbonization, deoxygenation, and aromaticity, 
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all of which contribute to enhanced fuel quality. By contrast, the 
hydrochar produced at 250 ◦C via microwave-assisted hydrothermal 
carbonization (M − H 250) had the highest O/C ratio (1.432) and lowest 
H/C ratio (0.015) among all the conditions tested, suggesting incom
plete dehydration alongside significant aromatic condensation [40].

The nitrogen content of the hydrochars was generally higher than 
that of the raw sago biomass, likely due to protein hydrolysis and ni
trogen retention during hydrothermal treatment, consistent with pre
vious findings [41,42]. However, comparing the two methods revealed 
that M − H samples exhibited a slight decrease in nitrogen content (from 
0.23 % to 0.19 %), compared to SH-Conv. This suggests that nitrogenous 
compounds degrade and volatilise more easily under 
microwave-assisted conditions. This may be due to the more efficient 

heating and molecular agitation provided by microwave irradiation. 
Sulfur content remained low across all samples, regardless of the hy
drothermal carbonization method used. However, at 250 ◦C, both M − H 
and SH-Conv methods produced hydrochar with the lowest sulfur con
tent (0.13 %), suggesting that elevated temperatures promote sulfur 
reduction. The low overall sulfur content across treatments supports the 
suitability of these hydrochars for soil applications as it minimizes the 
risk of phytotoxicity.

Biomass with low moisture and ash content and a high fixed carbon 
and volatile matter content is generally considered suitable for hydro
char production. Luo et al. (2023) [43], for instance, emphasized that 
biochar stability in soil is influenced by its chemical composition, 
including moisture content, which affects its suitability for carbon 

Table 1 
Elemental composition (CHNS, O), moisture, volatiles, ash, and fixed carbon content of hydrochar produced at different HTC temperatures.

Compounds Sago biomass M − H 200 M − H 250 SH-Conv 200 SH-Conv 250 SH-Conv 300

Hydrochar Yield – 29.80 ± 0.18 27.10 ± 0.11 12.76 ± 0.17 13.05 ± 0.18 14.00 ± 0.10
Moisture 10.74 ± 0.13 10.00 ± 0.03 9.58 ± 0.20 9.48 ± 0.18 6.90 ± 0.10 13.00 ± 0.10
Volatile Matter (VM)a 74.58 ± 0.20 66.90 ± 0.17 63.00 ± 0.10 76.40 ± 0.14 79.40 ± 0.04 65.80 ± 0.18
Asha 3.64 ± 0.10 1.00 ± 0.05 1.00 ± 0.03 1.20 ± 0.12 2.40 ± 0.11 1.00 ± 0.05
Fixed Carbon (FC)a,c 11.04 ± 0.25 22.10 ± 0.31 26.42 ± 0.20 12.92 ± 0.11 11.30 ± 0.20 20.20 ± 0.10
Carbonb 37.21 ± 0.17 53.55 ± 0.19 38.54 ± 0.11 46.34 ± 0.13 47.34 ± 0.17 47.55 ± 0.15
Hydrogenb 6.67 ± 0.18 4.13 ± 0.13 5.92 ± 0.18 5.42 ± 0.13 5.01 ± 0.03 3.21 ± 0.03
Nitrogenb 0.20 ± 0.39 0.23 ± 0.01 0.19 ± 0.20 0.18 ± 0.15 0.19 ± 0.02 0.21 ± 0.04
Sulfurb 0.19 ± 0.32 0.16 ± 0.18 0.13 ± 0.25 0.15 ± 0.18 0.13 ± 0.12 0.15 ± 0.18
Oxygenc 55.73 ± 0.12 41.93 ± 0.03 55.22 ± 0.03 47.91 ± 0.19 47.33 ± 0.13 48.88 ± 0.18
H/C (ar) – 0.007 ± 0.13 0.015 ± 0.20 0.117 ± 0.19 0.106 ± 0.13 0.067 ± 0.15
O/C (ar) – 0.783 ± 0.20 1.432 ± 0.30 1.034 ± 0.12 0.999 ± 0.18 1.028 ± 0.14
HHV (MJ/kg) 22.16 ± 0.11 23.88 ± 0.18 22.52 ± 0.11 19.48 ± 0.18 19.80 ± 0.16 20.03 ± 0.11

C represents carbon, H denotes hydrogen, N indicates nitrogen, O stands for oxygen, and S refers to sulfur.
ar: Atomic ratio.
M-H: Microwave hydrochar; SH-Conv: Sago hydrochar – Conventional heating.

a Percentage of dry matter representing the results.
b Percentage of dry matter devoid of ashes.
c Determined by difference.

Fig. 2. The FT-IR spectrum of the sago biomass and hydrochars obtained with Microwave-Hydrochar (M − H) 200 ◦C, 250 ◦C, and Microwave-Hydrochar treated 
with 68.40 % sulfuric acid (Activated Microwave-Hydrochar) 200 ◦C; conventional heating (SH-Conv) 200 ◦C, 250 ◦C, and 300 ◦C.
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sequestration applications. The initial sago biomass had a moisture 
content of 10.74 %, which was below the optimal threshold of 11 % for 
hydrothermal processing and aligned with values reported for similar 
feedstocks. Ghadge et al. (2022 noted that feedstocks with a moisture 
content below 11 % are ideal for hydrothermal liquefaction process, as 
they minimize water usage and enhance process efficiency) [44].

3.2. Hydrochar FTIR characterization

Fig. 2 shows that Fourier-transform infrared (FTIR) was used to 
analyze the chemical changes in sago-derived hydrochars produced by 
microwave and conventional hydrothermal carbonization at different 
temperatures.

Overall, the spectral characteristics collectively revealed that the 
hydrothermal treatment significantly altered the surface chemistry of 
the samples. The raw biomass exhibited major absorption bands, 
including broad peaks indicative of O-H group vibrations due to hy
droxyl functionalities and moisture, and a distinct absorption band at 
about 912 cm− 1 representing C-H stretching. The observed peaks 
gradually diminished or disappeared in the hydrochar samples, espe
cially at higher temperatures, indicating a loss of hydroxyl groups due to 
dehydration and condensation processes.

The region between 1250 and 1800 cm− 1, which contains charac
teristic peaks for alkanes, aromatics, and polyphenols (the aromatic ring 
contains O-H, C=C, and C=O functional groups), showed a decrease in 
intensity as the temperature of the hydrochar produced by microwave- 
assisted hydrothermal processing increased. A prominent peak at 1475- 
1693 cm− 1, indicative of polyphenolic structures, decreased moderately, 
suggesting partial degradation of these compounds. Peaks related to 
phenols, ethers, esters, and alcohols (the process includes O-H bending 
and C-O stretching motions) also decreased, reflecting the breakdown of 
oxygenated functional groups during carbonization.

These changes suggest a gradual decrease in surface polarity and 
acidic functional groups as the hydrothermal temperature increases. 
While this trend was generally more pronounced in SH-Conv hydro
chars, the peaks related to O-H bonds between 2929 cm− 1 and 3716 
cm− 1 were still clearly present, indicating that dehydration was not 
complete. The partial retention of these groups suggests the presence of 
residual hydroxyl functionalities, possibly due to incomplete decompo
sition of cellulose or hemicellulose-derived structures. In contrast, the M 
− H hydrochar exhibited these peaks at slightly lower intensities, 
implying a different or more selective transformation pathway under 
microwave-assisted heating. These observations are consistent with 
recent findings on the microwave-assisted hydrothermal processing of 
sago biomass [45,46].

Previous studies have reported a significant reduction or near- 
complete elimination of surface functional groups, including O-H, 
C=O, and C-O, at hydrothermal processing temperatures of around 
400 ◦C due to extensive thermal degradation and dehydration reactions. 
In contrast, our study focuses on a lower temperature range of 
200–300 ◦C, where these transformations are less complete but still 
observable. Within this moderate temperature range, we observed a 
progressive attenuation of functional group peaks, such as those corre
sponding to hydroxyl and carbonyl groups. This indicates ongoing 
deoxygenation and condensation reactions [47]. This suggests that, 
although complete removal of polar functionalities may require pro
cessing temperatures of at least 400 ◦C, significant structural evolution 
occurs at temperatures between 200 and 300 ◦C [48]. These findings 
provide valuable insight into intermediate chemical transitions during 
hydrothermal treatment and highlight the potential to tailor hydrochar 
properties without resorting to extreme thermal conditions.

In addition to the unactivated samples, the FTIR spectrum of the 
activated microwave-hydrochar (M-Hab) showed evidence of further 
structural modifications. Notably, the intensity of the broad O-H 
stretching band around 3400 cm− 1 decreased significantly, indicating a 
reduction in surface hydroxyl groups due to enhanced dehydration and 

condensation during activation. Similarly, the intensity of the C=O 
stretching vibrations at around 1700 cm− 1 and the C-O stretching bands 
in the 1000-1300 cm− 1 range diminished, suggesting the removal of 
oxygenated functional groups, such as carboxylic acids, esters, and al
cohols. These spectral changes reflect a higher degree of carbonization 
and aromatic character in the activated material. Compared to the 
unactivated M − H sample, the activated version exhibits greater 
structural stability and a more hydrophobic surface chemistry, which 
are advantageous for applications such as adsorption and energy stor
age. These findings further confirm that the activation step significantly 
enhances the chemical and functional properties of microwave-derived 
hydrochar.

3.3. Surface area and porosity determination

BET surface area and pore structure investigations of hydrochars 
prepared from sago biomass by microwave-assisted hydrothermal 
carbonization (M − H) and conventional heating (SH-Conv), with and 
without sulfuric acid activation, are presented in Table 2. The data 
illustrate the significant differences in structural and physicochemical 
properties resulting from the thermal treatment methods and acid 
activation. Specifically, at a hydrothermal carbonization temperature of 
200 ◦C, the specific surface area of hydrochar produced by the 
microwave-assisted hydrothermal (M − H) method increased from 
10.05 m2/g for a non-activated sample to 179.8 m2/g after acid- 
activation, as determined by BET analysis. After acid activation, the 
surface area of the SH-Conv hydrochar ranges from 4.01 m2/g to 57.9 
m2/g, indicating that treatment and acid activation both significantly 
enhance surface area and porosity.

The low surface areas observed in non-activated hydrochar can be 
attributed to dense and poorly developed structures formed during the 
hydrothermal carbonization process. In non-activated samples, organic 
volatiles and tars produced during carbonization can condense and 
redeposit in internal pore spaces, blocking pores and reducing surface 
accessibility. This phenomenon is particularly pronounced in hydro
chars produced by conventional heating, as slower heating rates and 
uneven thermal gradients facilitate tar condensation and limit effective 
volatile release [38,49].

Significant increases in both the total volume and surface area of M 
− H hydrochar were observed following acid activation, while a sub
stantial increase in surface area was primarily observed in SH-Conv 
hydrochars. This increase is associated with several chemical and 
structural modifications initiated by sulfuric acid: (1) pore activation: 
H2SO4 acts as a dehydrating agent, aiding in the removal of water and 
other volatile species occupying pore spaces, thereby promoting pore 
development and increasing structural openness; (2) surface etching and 
oxidation: acid treatment introduces SO3H groups and oxidizes carbo
naceous materials, resulting in the degradation of residual tars and the 
enlargement of existing pores by chemical etching, threby improving 
accessibility to internal surfaces and freeing previously blocked miro- 
and mesopores [50].

Furthermore, when comparing M − H hydrochars to those produced 
via SH-Conv, the former showed a greater degree of structural devel
opment and more favourable pore distribution following acid activation. 
This improvement is likely due to the distinct volumetric heating 
mechanism of microwaves, which creates localised high-pressure envi
ronments that disrupt biomass matrices more efficiently than conven
tional conductive heating [51].

The hydrochars synthesized using microwave-assisted hydrothermal 
treatment at 250 ◦C showed significantly enhanced structural and sur
face characteristics, demonstrating the impact of this process at elevated 
temperatures.

These improvements in porosity and surface area are critical to the 
functional performance of hydrochar, particularly in applications such 
as adsorption, catalysis, and soil amendment. The effectiveness of 
microwave-assisted hydrothermal carbonization combined with acid 
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activation suggests a viable strategy for tailoring hydrochar properties 
for specific end-uses.

3.4. Bulk density

Both the hydrothermal temperature and the heating method used 
influenced the bulk density. The raw sago biomass had a bulk density of 
0.36 m3/g. Following hydrothermal treatment, the bulk density of the 
hydrochars produced using the microwave-assisted method increased 
with temperature, rising from 0.74 m3/g at 200 ◦C to 0.91 m3/g at 
250 ◦C. By contrast, the bulk density of hydrochars produced by the 
conventional (SH-Conv) method increased from 0.03 m3/g at 200 ◦C to 
0.09 m3/g at 300 ◦C. The acid-activated M − H hydrochar (M-Hab) 
exhibited the highest bulk density, at 1.38 m3/g. These trends suggest 
that the heating method and activation significantly affect the structural 

compaction and densification of the resulting hydrochars [52–54].

3.5. pH of sago biomass and hydrochar

As shown in Table 2, the pH of raw sago biomass is approximately 
4.5. Following hydrothermal carbonization, the pH of the resulting 
hydrochars increased significantly due to the degradation of acidic 
functional groups and the concentration of alkaline minerals, such as 
potassium, calcium, and magnesium, in the solid phase [55,56]. The pH 
values of hydrochars produced by microwave-assisted heating (M − H) 
ranged from 7.25 to 9.6, whereas those produced by conventional 
heating (SH-Conv) ranged from 7.25 to 10.06, indicating a shift towards 
alkalinity. In contrast, the acid-activated, microwave-derived hydrochar 
(M-Hab) exhibited a slightly acidic pH of 6.65.

These decreases in pH after activation are attributed to the 

Table 2 
BET surface area and pore characteristics of the sago biomass and the hydrochars obtained at 200, 250, and 300 ◦C.

Hydrochar samples pH Bulk density (m3/g) BET surface area (m2/g) Total pore volume (cm3/g) Mean pore diameter (nm)

Sago Biomass 4.5 ± 0.23 0.36 ± 0.11 4.24 ± 0.14 0.02 ± 0.12 1.12 ± 0.18
M − H 200 7.8 ± 0.14 0.74 ± 0.19 10.05 ± 0.05 0.12 ± 0.11 1.64 ± 0.16
M − H 250 9.60 ± 0.09 0.91 ± 0.13 20.24 ± 0.14 0.02 ± 0.01 1.22 ± 0.10
SH-Conv 200 7.25 ± 0.17 0.03 ± 0.17 4.01 ± 0.20 0.03 ± 0.05 1.10 ± 0.15
SH-Conv 250 9.50 ± 0.12 0.05 ± 0.17 7.03 ± 0.13 0.03 ± 0.05 1.40 ± 0.18
SH-Conv 300 10.06 ± 0.02 0.09 ± 0.15 57.9 ± 0.17 0.14 ± 0.13 1.22 ± 0.12
M-Hab 200 6.65 ± 0.28 1.38 ± 0.28 179.8 ± 0.25 0.48 ± 0.12 1.68 ± 0.16

M-H: Microwave hydrochar; SH-Conv: Sago hydrochar – Conventional heating; M-Hab: Activated Microwave-hydrochar.

Fig. 3. Surface structure by SEM analysis (a), sago biomass at 3000 X, b-g obtained at 200, 250, and 300 ◦C for different hydrochars: (b), M − H 200 at 25,000 X (c), 
M − H 250 at 5000 X (d), SH-Conv 200 at 6000 X (e), SH-Conv 250 at 3000 X (f), SH-Conv 300 at 10,000 and M − H 200ab at 25,000 X (g).
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introduction of acidic functional groups (e.g., carboxylic, phenolic, and 
lactonic groups) onto the hydrochar surface during acid activation. The 
acid treatment removes some mineral ash components and introduces 
oxygen-containing functionalities, which increase surface acidity. These 
changes lower the overall pH of the hydrochar despite its prior alka
linity. This observation is consistent with previous studies reporting a 
pH decline following acid activation due to enhanced surface oxygena
tion and reduced mineral content [57,58]. Understanding these changes 
is crucial for tailoring hydrochar for specific applications, such as 
adsorption or catalysis, where surface acidity plays a key role.

3.6. Morphology and structural characteristics

SEM analysis (Fig. 3a–g) shows the shape and particle size distri
bution (PSD) of sago biomass and hydrochars produced at different 
hydrothermal temperatures. The raw biomass had almost no visible 
pores and exhibited a dense, fibrous morphology with a fragmented 
structure, with most particles measuring less than 2 μm in size [59]. At 
200 ◦C (see Fig. 3b & g), SEM images revealed a well-developed carbon 
sphere morphology, with an average particle size below 1.0 μm. This 
indicates the presence of residual carbonaceous fragments or inorganic 
matter. At 250 ◦C (Fig. 3c), the hydrochars had smaller spiral pores and 
well-defined openings, most likely related to the emission of volatile 
chemicals and thermal decomposition that created these channel-like 
structures. However, the hydrochars produced at 300 ◦C (see Fig. 3f) 
had a more fragmented and disordered surface morphology, which is 
consistent with the findings of previous studies [60].

The observed changes in surface area and morphology after 

sulfonation are related to several mechanisms. Firstly, sulfuric acid acts 
as a dehydrating agent, removing volatile components and opening up 
the pore structure. In addition, acid treatment can introduce sulfonic 
acid groups (-SO3H) to the surface, which can further increase porosity 
by breaking down carbonaceous material and promoting the formation 
of new pores. This chemical modification results in a more developed 
structure, which is beneficial for applications that require a large surface 
area, such as catalysis and adsorption.

In our study, hydrothermal carbonization experiments were con
ducted at temperatures ranging from 200 ◦C to 300 ◦C. While we did not 
investigate hydrothermal behavior at temperatures above 300 ◦C, we 
refer to previous studies for comparative insights. For example, it has 
been reported that, as the reaction temperature increases from 260 ◦C to 
340 ◦C, hydrochar particles tend to aggregate and cross-link into 
structures as large as 7.0 μm, likely due to nucleation and cellulose 
degradation at high temperature [61]. However, further increases in 
temperature, particularly under supercritical conditions, may cause 
these larger particles to break apart, resulting in smaller fragments and a 
broader particle size distribution [62]. Consequently, the particle size 
distribution at 340 ◦C resembled that of M − H 200, with around 70 % of 
particles measuring under 1.0 μm in diameter. It is important to note 
that these observations are based on prior work.

3.7. Crystallographic analysis and structural characteristics

X-ray diffraction (XRD) analysis was performed to investigate the 
crystalline structure of the hydrochars, as this can influence their 
physicochemical properties and potential applications. As shown in 

Fig. 4. (a), X-ray diffraction spectra (b), degree of peaks shift and transmission electron microscope images of sago biomass and hydrochars obtained at 200, 250, and 
300 ◦C (c), Sago biomass (d), M − H 200 (e), M − H 250 and M − H 200ab (f).
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Fig. 4a, the XRD patterns of sago biomass and hydrochars produced via 
microwave-assisted (M − H) or conventional hydrothermal (SH-Conv) 
processing at various temperatures exhibit broad peaks centered at 
approximately 22.64◦, 22.36◦, and 22.40◦. These peaks correspond to 
the (002) crystallographic plane, which is typically associated with 
turbostratic or graphitic carbon structures [63]. The presence of these 
(002) reflections suggests partial graphitization and structural ordering 
of the carbon matrix. The sharper, more intense peaks observed in the 
hydrochars compared with the raw biomass suggest an increase in 
structural regularity and crystallinity, likely resulting from the removal 
of amorphous components and thermal reorganization of carbon atoms 
during the hydrothermal process. Furthermore, the intensity and 
sharpness of the (002) peak are affected by temperature and duration of 
the treatment, reflecting changes in interlayer spacing and carbon 
domain size, as demonstrated in previous studies [64].

A noticeable shift in XRD peak positions was observed at 200 ◦C, 
particularly from approximately 17.56◦–17.20◦ (see Fig. 4b). This shift 
suggests a change in the crystalline structure or phase composition of the 
material, likely due to the lower processing temperature. At these tem
peratures, the hydrochar is expected to retain partially ordered, 
cellulose-like crystalline structures such as cellulose I or II, which pro
gressively degrade with increasing temperature [65]. These 
semi-crystalline structures tend to become increasingly disordered due 
to hydrothermal degradation, leading to the formation of more amor
phous carbonaceous phases [66].

By contrast, at higher temperatures (≥280 ◦C), increased carbon
ization and the rearrangement of carbon atoms led to the formation of 
turbostratic or weakly graphitic domains, as evidenced by the emer
gence or intensification of the (002) peak at around 22◦–23◦ [67]. The 
shift observed at lower temperatures is likely due to changes in crys
tallization kinetics that influence crystal size, lattice strain, and the 
balance between crystalline and amorphous domains. This trans
formation is consistent with the results of previous studies on the 
temperature-dependent structural evolution of biomass-derived hydro
chars [68].

In general, lower temperatures may not provide sufficient energy for 
the formation of crystalline carbon, resulting in more disordered struc
tures. However, at higher temperatures, more volatile organic com
pounds are released, contributing to the formation of more defined 
crystalline structures due to increased carbonization [69]. Interestingly, 
no direct relationship was found between crystallinity and fixed carbon 
content, suggesting that the orientation of the carbon structure may 
have a greater influence on crystallinity than its absolute concentration.

Further confirmation of the morphological characteristics observed 
is provided by TEM images (Fig. 4c–f) of the hydrochars at different 
magnifications. Both the SH-Conv and M − H treated hydrochars exhibit 
porous structures and significantly smaller particle sizes than the raw 
biomass. In particular, the particles in the M − H treated hydrochar 
predominantly range from 400 to 600 nm in size, with an average of 
around 500 nm (see Fig. 4d). These findings are consistent with previous 
studies on hydrochar and biochar materials, which reported similar 
nanoscale particle dimensions [70]. The reduction in particle size is 
likely due to the thermal degradation of biomass components and 
structural reorganization during the hydrothermal and 
microwave-assisted treatments.

TEM images of hydrochars carbonized at 200 ◦C for 1 h show 
structures resembling cellulose fibres, indicating limited biomass 
decomposition at this temperature. Increasing the residence time at 
200 ◦C results in a more compact hydrochar morphology with smoother 
surfaces and better-defined pore structures. This transformation is 
attributed to the progressive breakdown of hemicellulose and the partial 
degradation of cellulose, which leads to structural rearrangement and 
increased porosity [71]. At higher treatment temperatures (e.g. 
280–300 ◦C), the hydrochars exhibit a more fragmented and disordered 
morphology with smaller, more irregularly shaped particles, which is 
consistent with increased carbonization and thermal decomposition. 

Acid activation further enhances porosity and surface roughness by 
etching away volatile components and opening the pore network.

4. Potential application of hydrochar as a catalyst

The study demonstrates the remarkable potential of converting sago 
plant agricultural waste into carbon materials, specifically hydrochar, 
through microwave irradiation under controlled conditions. Initial re
sults show that acidic hydrochar derived from microwave-assisted hy
drothermal carbonization (M-Hab) of sago is a highly effective catalyst 
for GTBE synthesis, achieving 99 % glycerol conversion and 59.9 % 
selectivity. These catalytic performances are attributed to its enhanced 
surface area, acidic functional groups, and porous structure.

This confirms previous research and highlights the significant yet 
untapped potential of sago biomass for renewable energy applications, 
as reported by Rambli et al. [21]. The use of hydrochar as a catalyst 
offers exciting opportunities for further exploration in this important 
area. This result highlights the outstanding catalytic capabilities of the 
hydrochar produced by MWHTC and confirms its potential to produce 
valuable products such as GTBE from renewable biomass sources. In 
contrast, other thermochemical methods, such as pyrolysis, typically 
produce less desirable results, while incineration produces mainly heat 
and CO2, with limited applications in catalysis.

4.1. Catalyst characterization

The highly cross-linked macroporous structure and large average 
pore size of the sago hydrochar (M − H 200) increase its reactive 
properties, making it suitable for use as a catalyst. These increased pore 
sizes facilitate the conversion process by allowing relatively large mol
ecules, such as glycerol, to reach the inner surface of the catalyst, as 
stated by Klepacova et al. (2007). Optimum catalytic performance was 
achieved using sago hydrochar (M-Hab) under the following conditions: 
a temperature of 110 ◦C, a catalyst loading of 0.2 g; a reaction time of 1 
h; and a TBA/Gly molar ratio of 6:1. Under these conditions, maximum 
glycerol conversion of 99 % was obtained, along with a selectivity of 
59.9 % towards GTBE.

It exhibits significant surface and pore volume properties. According 
to Table 2, acid-activated, microwave-derived hydrochar (M-Hab) 
exhibited a high surface area of 179.80 m2/g and a pore volume of 0.48 
cm3/g. This indicates significant textural development after sulfuric acid 
treatment. These properties suggest that M-Hab has promising charac
teristics for catalytic applications, particularly due to its enhanced 
porosity and surface accessibility. MTBGs, DTBGs, and TTBGs were 
consistently present in the reaction products irrespective of the heating 
technique used. Interestingly, no glycerol-related side reactions were 
observed under these conditions.

4.2. Glycerol etherification aided by a microwave

During the MWHTC process, sago biomass undergoes a series of 
thermochemical reactions, primarily hydrolysis, dehydration, decar
boxylation, and polymerization, under subcritical water conditions. The 
main components of the biomass (cellulose, hemicellulose, and lignin) 
are broken down into monomeric sugars and oligomers, which then 
convert into reactive intermediates such as furfurals, 5-hydroxymethyl
furfural (HMF), and organic acids. These intermediates then undergo 
condensation, re-polymerization, and aromatization to form a carbon- 
rich hydrochar matrix. Microwave irradiation enhances these re
actions by promoting rapid and uniform volumetric heating, thereby 
improving reaction kinetics and the selective formation of surface 
functionalities. The resulting hydrochar is enriched with oxygen- 
containing groups (e.g., –COOH, –OH, –C=O), which improve hydro
philicity and surface acidity, and contribute directly to catalytic prop
erties in subsequent applications.

The glycerol etherification reaction catalyzed by acid-activated 
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microwave hydrochar (M-Hab) demonstrated excellent performance, 
achieving 99 % glycerol conversion and 59.9 % selectivity towards high- 
value ethers. Product distribution analysis revealed that mono-tert-butyl 
glycerol ethers (MTBGs) constituted approximately 29.3 % of the 
product, di-tert-butyl glycerol ethers (DTBGs) constituted 10.8 %, and 
tri-tert-butyl glycerol ethers (TTBGs) constituted only 3.2 %. These 
findings are consistent with those from previous studies [72].

The low yield of TTBG can be attributed to steric hindrance caused 
by the bulky tert-butyl groups, which restrict further substitution 
following the formation of MTBG and DTBG. Furthermore, TTBG for
mation is less favourable without efficient water removal, since water 
shifts the reaction equilibrium backwards. Although TTBG was only 
detected in trace amounts in this study, previous research has shown 
that using water-removal techniques such as water-permselective 
membranes or adding zeolites can significantly increase the yield of 
higher glycerol ethers, such DTBG and TTBG [73,74].

The performance of the M-Hab catalyst is strongly influenced by its 
surface acidity rather than just its textural properties. As shown in 
Table 2, M-Hab exhibited a high surface area (179.80 m2/g) and suffi
cient mesoporous pore volume (0.48 cm3/g) with mesopores >10 nm, as 
well as enhanced acid site density due to sulfuric acid activation. These 
properties allow for the effective diffusion and adsorption of reactant 
molecules, facilitating the protonation of tert-butyl alcohol (TBA) and 
the subsequent formation of glycerol ethers. These results highlight the 
potential of sago-derived M-Hab as a sustainable, low-cost catalyst for 
glycerol etherification reactions.

4.3. Comparison of sago hydrochar (M − H 200) with other reported 
catalysts

The study examined the etherification of glycerol with tert-butyl 
alcohol (TBA) using different catalysts. Sago hydrochar (M − H 200) 
demonstrated the best catalytic performance, achieving 99 % glycerol 
conversion and 59.9 % GTBE selectivity in only 1 h at 110 ◦C. This result 
is comparable to that of Amberlyst 15, a widely used commercial resin 
which, under similar conditions, produced slightly lower selectivity as 
reported in previous studies [75]. By contrast, catalysts such as C(10) 
AlPO(1.5)-250 and p-styrene sulfonic acid produced significantly 
lower glycerol conversion rates (78–85 %) under similar or slightly 
harsher conditions (120 ◦C for 2–4 h), highlighting the M − H 200 
catalyst’s efficiency in facilitating etherification reactions (see Table 3).

The MWHTC method is a more sustainable alternative to traditional 
processes such as pyrolysis and incineration, primarily due to its ability 
to operate at lower temperatures and pressures. The results of this 
process are a reduced high-carbon hydrochar (53.55 %), which has been 
identified as a promising material for eco-friendly applications, 
including carbon capture and renewable energy generation [76].

Notwithstanding the encouraging outcomes observed with sago 
hydrochar, the catalysts that are typically in the extant literature operate 
at elevated reaction temperatures but require shorter reaction times. For 
instance, the utilisation of caesium-exchange tungstophosphoric acid, 
supported by tin oxide, yielded the highest documented GTBE yield (40 
%). However, the catalyst utilised in the aforementioned study 
accounted for 27 wt% of the total glycerol, which is more than six times 
the amount of catalyst used in the present study. These findings serve to 

highlight the efficiency of sago hydrochar in terms of catalyst loading 
[77].

4.4. Reusability and stability of hydrochar as a catalyst

The reusability of the acid-activated sago hydrochar catalyst (M − H 
200) was investigated over five consecutive etherification cycles, the 
results of which are presented in Fig. 5. The total GTBE yield remained 
relatively stable during the first three cycles, with respective yields of 
56.9 %, 56.2 %, and 56.2 %. However, noticeable declines in catalytic 
performance occurred in the fourth and fifth cycles, with yields drop
ping to 48 % and 40 %, respectively.

The catalyst’s stable performance in the first three cycles indicates 
good short-term reusability and structural resilience. The subsequent 
decrease in activity could be due to several factors, including the partial 
deactivation of active sites, the fouling of the surface by reaction by- 
products, or the slight structural degradation of the porous frame
work. Additionally, residual glycerol or tert-butyl ethers adsorbed on the 
surface may block access to catalytic sites over time [81]. These results 
suggest that, although M − H 200 shows promising reusability, its 
long-term application may require regeneration treatments or optimized 
reaction conditions to mitigate catalyst deactivation [82].

4.5. Prospective developments and their commercial viability

While the laboratory-scale results of MWHTC are promising, chal
lenges related to reactor design, raw material availability, and cost- 
effectiveness must be addressed if this process is to be scaled up. A 
critical evaluation of the economic viability of hydrochar as a catalyst 
must be undertaken in conjunction with a comprehensive assessment of 

Table 3 
Literature-based comparison of catalysts.

Catalyst Condition and Dosage Conversion (%) Time (h) Selectivity (%) References

MTBG GTBE

Amberlyst 15 4:1 dose-7.5 wt% 97 8 29.7 30.3 [78]
p-styrene sulfonic acid 4:1 dose-5 wt.% 81 1.5 94.0 6.0 [79]
C(10)AlPO(1.5)-250 4:1 dose-5 wt.% 83 1 76 23 [80]
M − H 200 6:1 dose-5 wt.% 99 1 37.2 59.9 present study

Reaction details: 0.2 g catalyst, 10.86 mmol glycerol, and 86.88 mmol TBA performed at 110 ◦C for 1 h.

Fig. 5. GTBE yield from sago-based hydrochar catalyst remained stable over 
three cycles, with reduced performance in subsequent cycles (The GTBE yield 
remained stable over the first three cycles (56.9 %, 56.2 %, and 56.2 %), with a 
gradual decline in the fourth and fifth cycles (48 % and 40 %, respectively).
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its environmental implications. It is recommended that subsequent 
research endeavours focus on the optimization of the process, encom
passing the examination of reaction time, temperature, and catalyst 
loadings. This will ensure the process’s commercial viability on a larger 
scale [83,84]. Furthermore, there is a necessity for additional studies to 
be conducted to enhance the hydrochar synthesis process. The objective 
of these studies should be to ensure the maintenance of stable catalytic 
activity and the reduction of catalyst degradation over time.

5. Conclusion

This study sheds light on the hydrothermal carbonization (HTC) of 
sago biomass for producing functional hydrochar, focusing particularly 
on its use as a catalyst in glycerol etherification. The results show that 
sago biomass is a promising, sustainable source of hydrochar with 
enhanced physicochemical and catalytic properties. Microwave-assisted 
hydrothermal carbonization (MWHTC) at 200 ◦C was found to be more 
effective than conventional heating, yielding a higher hydrochar output 
of 29.8 % with reduced volatile matter and improved fixed carbon 
content. The carbonization process also decreased the hydrogen and 
oxygen content, enhancing hydrophobicity and thermal stability. The 
resulting hydrochar exhibited an alkaline pH (6.65), indicative of 
reduced acidic functional groups and increased ash content, both of 
which are favourable for catalytic activity. Physicochemical analysis 
revealed that acid-activated microwave hydrochar (M-Hab) had a BET 
surface area of 179.8 m2/g and a pore volume of 0.48 cm3/g, with 
mesopores >10 nm enabling efficient diffusion of reactants to active 
sites. FTIR and XRD analyses confirmed the removal of polar functional 
groups and the enrichment of inorganic content with increasing treat
ment temperature. Under optimized reaction conditions (110 ◦C for 1 h 
with 0.2 g of catalyst and a TBA/Gly molar ratio of 6:1), the M-Hab 
catalyst demonstrated excellent performance, achieving 99 % glycerol 
conversion and 59.9 % selectivity toward GTBE. The catalyst also 
exhibited good short-term reusability. The GTBE yield remained stable 
over the first three cycles (56.9 %, 56.2 %, and 56.2 %), before gradually 
declining in the fourth and fifth cycles (48 % and 40 %, respectively). 
This is likely due to fouling or deactivation of active sites. These results 
suggest that sago-derived hydrochar has potential as an environmentally 
friendly, low-cost catalyst. Overall, MWHTC is validated as a viable and 
efficient method for producing hydrochar from sago biomass. However, 
future work should explore catalyst regeneration and long-term per
formance under continuous operation to further assess its industrial 
potential.
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Nomenclature

ᶿ X-ray diffraction angle (◦)
μL microliter
ar atomic ratio
C Carbon
CO2 Carbon dioxide
FC fixed carbon
GHz gigahertz
g gram
H Hydrogen
h hour
K kelvin
kg kilogram
mm millimeter
mJ millijoule
mL milliliter
N Nitrogen
O Oxygen
rpm revolutions per minute
SB sago bark
Si product selectivity (Si)
S Sulfur
Tg Teragram
VM volatile matter
W watt
wt.% weight percent
XGly conversion of glycerol
Y yield

Abbreviation
BET Brunauer-Emmet-Teller
DTBGs di-tert-butyl ether
DTBG 1 di-tert-butyl ether of glycerol 1
DTBG 2 di-tert-butyl ether of glycerol 2
DTG differential thermogravimetry
FT-IR Fourier Transform Infrared Spectrometer
GC-MS gas chromatography-mass spectrometry
GTBE glycerol tert-butyl ether
Gly Glycerol
HHV higher heating value
HTC hydrothermal carbonization
h-GTBE high ethers
IB isobutylene
LCAs Life cycle assessments
M-Hab Activated microwave-hydrochar
M-H Microwave Hydrochar
MWHTC Microwave hydrothermal carbonization
MTBGs mono-tert-butyl ether
MTBG 1 mono-tert-butyl ether of glycerol 1
MTBG 2 mono-tert-butyl ether of glycerol 2
PSD particle size distribution
SEM Scanning Electron Microscopy
SH Sago Hydrochar
SH-Conv Sago Hydrochar-Conventional heating
TBA tert-butyl alcohol
TEM Transmission Electron Microscope
TGA thermogravimetric analysis
TTBGs tri-tert-butyl ether of glycerol
XRD X-ray diffraction
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