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Abstract: Abandoned oil palm trunk (OPT) is among the most abundant left-over biomass in Malaysia
and is allowed to decompose naturally in the field. However, the recycling of OPT is less considered
although OPT is a bioresource that has a high potential for conversion into value-added products.
In this study, waste OPT was rapidly converted by hydrolysis using subcritical water (sub-CW). This
work is the first attempt to explore the utilization of waste OPT based on the differences in moisture,
cellulose and hemicellulose contents in the top and bottom segments, and from various ages of the
waste OPT. 21- and 35-year-old OPTs were divided into top and bottom sections. The OPTs was
subjected to sub-CW at a heating rate of 3.8 ◦C/s at various temperatures and times. The 21-year-old
OPT was superior to the 35-year-old OPT for conversion into sugar and organic acid. The yield of
the total sugar was between 0.41 and 0.77 kg/kg-OPT in the bottom and top sections. The excellent
correlation between the sugar yield and sub-CW ion product (Kw) signified that the sub-CW facilitated
the hydrolysis of hemicellulose and cellulose in the OPT. In the bottom segment, fructose had a higher
yield, while in the top part glucose was dominant. Sugar degradation from the sub-CW treatment of
OPT produced 0.2 kg/kg-OPT organic acids. The treatment of OPT using sub-CW showed promising
results in producing sugars and organic acids.
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1. Introduction

Oil palm tree (Elaeis guineensis) is one of the most important commercial crops in Malaysia.
The development of the oil palm industry has brought economic benefits to the country, making
Malaysia the world’s top producers and exporters of palm oil [1–6]. However, the lifespan of the oil
palm tree is about 20 years and requires replanting on a large scale. Since the palm oil consists of only
about 10% of the total biomass produced in the plantation [7,8], the rest 90% remains as a primary
biomass wastes in Malaysia. Thus, research on oil palm biomass residue is vital in minimizing wastes
and increasing the economic return of the country [9–12].

At present, the waste oil palm trunks (OPT) are cut into pieces and stacked to be burnt for
quick disposal. Some OPT is abandoned at the plantation ground to be naturally degraded by
bacteria and fungi [13]. Part of the OPT outer section is used in the commercial manufacturing of
plywood and veneers [14]. Similarly, paper or pulp production from OPT is well established. Recently,
many researchers investigated the valorization of waste OPT for chemicals and energy, especially the
production of sugars or other building blocks for organic synthesis products such as organic acids,
vitamins and minerals [15]. The inner part of OPT contains about 80% sap of the total weight of OPT,
with a fair amount of sugars that can be used as a feedstock for bioethanol production [16].
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There are many existing methods for converting wastes to useful products, such as the
hydrothermal method [17–20], enzymatic hydrolysis [21–24], steam explosion [25,26], concentrated
acid hydrolysis [27,28], dilute acid pre-treatment, alkaline pretreatment, ionic liquids, and supercritical
CO2 treatments [29–37]. Acids such as sulphuric acid, sodium hydroxide, and aqueous ammonia
are used for biomass hydrolysis. However, the disadvantages of these conventional methods are the
solvent recovery requirements, time-consuming, high energy consumption, excessive cost due to the
use of solvents, poor extraction yield, and operating costs. Besides that, some of the organic solvents
are corrosive, toxic, and may cause explosion and pollution.

Subcritical water (sub-CW) has recently gained interest for its use in converting biomass and
organic materials into useful product and energy. Sub-CW is defined as liquid water between its
boiling and critical temperature (374 ◦C) under high pressure that is equal or higher than the saturated
vapor pressure. Sub-CW has unique features, such as a low dielectric constant at high temperatures as
plotted in Figure 1 [38,39], making it possibly useful for extraction processes. It has been considered as
an alternative to environmentally undesirable organic solvents. The ion-product (Kw) is maximum at
250 ◦C is another feature of sub-CW, which indicates the tendency of water to dissociate and facilitate
hydrolysis. Currently, sub-CW has been used for the hydrolysis of biomass and carbohydrates into
sugar and valuable products [40–47]. Asghari and Yoshida [47] hydrolyzed Japanese red pine wood
and pure cellulose using sub-CW. Sasaki et al. [48] decomposed cellulose into glucose, fructose, and
oligomers using sub-CW between 290 to 400 ◦C at 25 MPa with a flow-type reactor.
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Figure 1. Dielectric constant and ionic products of water at sub-critical state. 

Although there have been studies on the decomposition of oil palm empty fruit bunch and 
mesocarp fiber under sub-CW conditions [3,41,49,50], there is no study on the conversion of waste 
OPT under sub-CW conditions. In the present work, the abandoned OPT was rapidly converted 
using sub-CW into sugars such as cellotriose, cellobiose, sucrose, fructose, glucose, and xylose. 
Furthermore, the decomposition of OPT into organic acids such as lactic acid, acetic acid, and malic 
acid were studied. 

2. Materials and Methods 

2.1. Sample Preparation and Pre-Treatment 

Two tenera-type trunks from a 21- and 35-year-old OPT were obtained from the campus farm at 
Universiti Putra Malaysia and labelled as OPT21 and OPT35, respectively. The top section of both 
OPTs (OPT21-top and OPT35-top) and their corresponding bottom section (OPT21-btm and OPT35-
btm) were obtained from the trunk, as illustrated in Figure 2a. The trunks were sliced into disc shapes, 
as shown in Figure 2b. The central zone of each segment was cut into small pieces (Figure 2c and2d) 
because the volume of the internal part is much larger than the outside skin part. Furthermore, the 
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Although there have been studies on the decomposition of oil palm empty fruit bunch and
mesocarp fiber under sub-CW conditions [3,41,49,50], there is no study on the conversion of waste
OPT under sub-CW conditions. In the present work, the abandoned OPT was rapidly converted using
sub-CW into sugars such as cellotriose, cellobiose, sucrose, fructose, glucose, and xylose. Furthermore,
the decomposition of OPT into organic acids such as lactic acid, acetic acid, and malic acid were studied.

2. Materials and Methods

2.1. Sample Preparation and Pre-Treatment

Two tenera-type trunks from a 21- and 35-year-old OPT were obtained from the campus farm at
Universiti Putra Malaysia and labelled as OPT21 and OPT35, respectively. The top section of both OPTs
(OPT21-top and OPT35-top) and their corresponding bottom section (OPT21-btm and OPT35-btm)
were obtained from the trunk, as illustrated in Figure 2a. The trunks were sliced into disc shapes,
as shown in Figure 2b. The central zone of each segment was cut into small pieces (Figure 2c,d) because
the volume of the internal part is much larger than the outside skin part. Furthermore, the internal
part has a higher moisture content and sap. All the samples were placed in an airtight plastic bag and
stored in a freezer at −18 ◦C to avoid microbial contamination.
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Figure 2. Preparation of the oil palm trunk (OPT) samples prior to the subcritical water (sub-CW)
treatment. (a) Oil palm tree illustrating the top and bottom sections, (b) disc-shaped trunks indicating
central zone, (c) segmented central zones stacked together, and (d) small pieces of OPT from the
segmented central zone.

The OPT pieces were dried in an oven (DRD620DA, Advantec) at 80 ◦C. The weight of the
samples was measured every day until it became constant. The moisture content was calculated using
Equation (1):

Moisture Content [%] =
Initial Mass− Final Mass [kg]

Initial Mass [kg−OPT]
(1)

The moisture content was used to determine the dry weight of OPT. All the discussions in this
study were based on the a weight basis.

2.2. Sub-CW treatment of OPT

A tube batch reactor made from stainless steel (SUS316 with a 0.008 m inner diameter, 0.15 m
length, and 8 mL inner vol.) and Swagelok tube caps at both sides were used [51]. The OPT (2.5 g)
and ultrapure water (3.5 mL) were charged into the reactor. Argon gas was used to replace air from
the reactor to avoid excessive oxidation. Finally, the reactor was plugged tightly and immersed in a
heating bath (Thomas Kagaku, Tokyo, Japan). The reactions were carried out at a constant temperature
between 100 and 370 ◦C, with a rapid heating rate of 3.8 ◦C/s and a hold period between 1 and 20 min.
The pressure in the reaction tube was projected from the saturated water vapor pressure-temperature
table. After the reaction completes, the reactor was then taken out from the heating bath and immersed
into a water bath at room temperature to rapidly quench the reactor. The reactions were performed
at random to avoid systematic and propagation errors and so that the attained data would have less
than 5% error.

The reaction products were separated into two phases: water-soluble and residual solid phases.
First, all the contents in the reactor were recovered by washing with ultrapure water and collecting
them into a centrifuge tube. Then, the tube was centrifuged for 5 min at 4000 rpm. The supernatant was
recovered into a glass bottle. The appropriate amount of ultrapure water was added to the centrifuge
tube. It was centrifuged again, and the supernatant was recovered into the same glass bottle. These
washing procedures were repeated until the water phase became colorless. Then, the water phase was
filtered and kept in a chiller for the analysis of water-soluble materials. The solid residue was dried at
55 ◦C in the oven. Tar was extracted from the solid phase using acetone using the same procedure as
above. Then, the acetone was vaporized to gain the tar compounds. The residual solid was finally
dried at 55 ◦C to obtain the amount of unreacted solid residue.

2.3. Sub-CW Treatment of OPT

The total organic carbon (TOC) was measured with a TOC analyzer (TOC-V, Shimadzu, Tokyo,
Japan). The analyzer measured the total carbon (TC) and inorganic carbon (IC) separately. TOC was
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calculated by subtracting IC from TC. NaHCO3 and Na2CO3 solutions were used for constructing the
IC calibration curve. Equation (2) defined the yield of TOC:

TOC Yield [kg-C/kg-OPT] =
TOC in water phase [kg-C]

Weight o f charged OPT into reactor [kg-OPT]
(2)

The total sugars were measured using the phenol-sulfuric acid method with a UV absorption
spectrometer (UV-160A, Shimadzu, Japan). The absorbance was measured at 490 nm. The standard
substance used was glucose. The calibration curve was prepared within the range of 0.2–1.0 AU
equivalent toa glucose concentration of 10–100 ppm. The yield of total sugar was defined by
Equation (3):

Yield o f total sugar [kg/kg-OPT] =
Weight o f total sugar in water phase [kg]

Weight o f charged OPT into reactor [kg-OPT]
(3)

Cellotriose, cellobiose, glucose, fructose, and sucrose were used as the standard. The concentration
of each sugar was determined by a high performance liquid chromatography, HPLC (PU-2080 plus,
Jasco Corp, Tokyo, Japan) with two size-exclusion chromatography columns in series (Shodex SUGAR
KS-801 and KS-G, Shodex Co.,Tokyo, Japan) using a refractive index detector (RI-2031 plus, Jasco
Corp). This HPLC column oven was operated at 40 ◦C, and elution was carried out at a flow rate of
0.4 mL/min where ultrapure water was used as the mobile phase. Each calibration curve was made
with different concentrations, and the injection volume for each sample was 20 µL.

The concentrations of organic acids were determined by HPLC (LC-10AD VP, Shimadzu) with
double columns (Shim-pack SCR-102H, 8 mm I.D. × 300 mm L, Shimadzu) and a post column
pH-buffered conductivity detector (CDD-6A, Shimadzu). The mobile phase was 5 mM p-toluenesulfonic
acid (PTSA) solution, and the buffer phase was a mixture of 5 mM (PTSA) and 100 mM of EDTA both
supplied at a flow rate of 0.8 mL/min at 40 ◦C. Acetic acid, lactic acid, and malic acid were used as
the standards.

After all of the analyses were performed, the weight of the solid residue was weighed. The yield
of solid residue was defined by Equation (4):

Yield o f solid residue [kg/kg-OPT] =
Weight o f solid residue [kg]

Weight o f charged OPT into reactor [kg-OPT]
(4)

3. Results and Discussion

3.1. Moisture Content and Chemical Composition of OPTs

The moisture contents in the bottom and top sections of OPT21 and OPT35 during the drying
process in the oven are presented in Table 1. The OPT21-btm has higher moisture content than the
OPT21-top by a difference of ~20%. In contrast, the OPT35-top has a higher moisture content compared
to the OPT35-btm, with a small difference of 2.7%. Generally, this variation of the moisture content
in OPT is attributed to the capability of OPT to hold water molecules in its anatomical structure.
OPT has high moisture content in the top sections due to the lower vascular bundle composition
than parenchyma tissues [52,53]. However, based on the height factor, there is a tendency of the
moisture content to decrease from the bottom to the top section through the effect of earth gravity,
as in OPT21 [53]. This phenomenon mostly happened to the low-density central region, which is
practically impossible to dry without excessive collapse and shrinkage [54]. Furthermore, the OPT
moisture content was from 60 to 80% as compared to wood timber moisture content (40–50%) [55].
These moisture content results were used in the calculation of the dry weight of OPT.
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Table 1. The chemical composition of the 21-year-old OPT (OPT21).

OPT Composition
Section (% Dry Weight)

Top Bottom

Moisture 81.5 (76.3) 1 61.6 (79.0) 1

Hemicellulose 23.3 31.9
Cellulose 28.9 33.9

1 OPT35 (35-year-old OPT).

Table 1 illustrates the chemical composition of OPT21. Only the hemicellulose and cellulose
compositions were presented because of their abundance in OPT and their potential to be converted
to sugars and organic acids. The cellulose compositions in both sections were higher compared to
hemicellulose. This result is consistent with other researchers’ results, who used different methods,
reported 32–41% cellulose and 21.2–34.5%hemicellulose in OPT [12,15,56,57]. In the present work,
the hemicellulose and cellulose in both sections were between 20–32% and between 33–41%, respectively.
The results were also within the range of the normal lignocellulosic components in plant biomass,
which generally have 35–50% of cellulose, 20–35% of hemicellulose and 10–25% lignin [58]. This study
has revealed the differences of moisture, cellulose, and hemicellulose contents in the top and bottom
sections, and from various ages of the waste OPT.

3.2. Sub-CW Treatment of OPT

The effect of sub-CW temperatures to the treatment of OPT was investigated. Figure 3 shows
photographs of the products after OPT being subjected to sub-CW treatment between 100–370 ◦C.
The three phases produced after the sub-CW treatment were an water-soluble phase, oil (tar), and
solid residue. The color of the water-soluble phase changed from bright yellow/brown to dark brown
with increasing sub-CW temperature. The amount of solid diminished with an increasing reaction
temperature, probably because a portion of the OPT decomposed into water-soluble materials and tar.
This change is probably associated with the sub-CW hydrolysis reaction that occurred below 250 ◦C
and the pyrolysis reaction that occurred above 250 ◦C.
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Figure 3. Photographs of 21-year-old OPT (OPT21) after being subjected to sub-CW at various
temperatures for 5 min.

3.3. Effect of Reaction Temperature on Yield of TOC

Figure 4 shows the effect of sub-CW temperatures on the yield of TOC that was obtained in
the water-soluble phase from the bottom and top sections of OPT21 and OPT35. In the OPT21-btm
(Figure 4A), the peaks appeared at 220 and 290 ◦C, and the TOC yield was 0.23 kg-C/kg-OPT. These two
peaks signified that, below 250 ◦C, hemicellulose in the OPT has decomposed, possibly via sub-CW
hydrolysis reaction. Above 250 ◦C, the cellulose fragment probably decomposed due to an oxidation
and pyrolysis reactions. Meanwhile, from the OPT35-btm, the yield was 0.18 kg-C/kg-OPT at 210 and
280 ◦C. The organic compounds that formed below 220 ◦C were possibly monosaccharides, and those
formed above 250 ◦C were oligosaccharides and organic acids.
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In Figure 4B, the OPT21-top has one peak at 230 ◦C and a maximum TOC yield of 0.37 kg-C/kg-OPT.
From the OPT35-top, no substantial change occurred in the yield with about 0.16 kg-C/kg-OPT between
240 and 280 ◦C. It is interesting to note that the TOC yield trend is an almost similar trend to the ion
product (Kw) of water as a function of the temperature. The Kw of water gives a maximum value of
around 250 ◦C, as shown in Figure 1, which suggests the ability of water to promote the hydrolysis
reaction [59]. Since the OPT21-top has the highest TOC yield, which therefore implies that the OPT
was easily decomposed by sub-CW hydrolysis into other organic compounds at 250 ◦C.

3.4. Effect of Reaction Temperature on Yield of Total Sugar

The yield of sugar was investigated to elucidate the reason for the higher TOC yield. Figure 5
shows the effect of reaction temperature on the yield of total sugar in the water-soluble phase of the
bottom and top sections of OPT. The reaction time was 5 min. The behavior was identical to the TOC
results. From the OPT21-btm (Figure 5A), two peaks each at 180 ◦C and 240 ◦C, with a sugar yield of
0.29 kg/kg-OPT and 0.41 kg/kg-OPT, respectively, were observed. Meanwhile, from the OPT 35-btm,
the maximum yields were 0.18 kg/kg-OPT at 170 ◦C and 0.23 kg/kg-OPT at 220 ◦C. The OPT21-btm
had a higher yield than OPT35-btm with a difference of 11% and 18%, below and above 200 ◦C,
respectively. This behavior is indicative of a different reaction temperature that caused the different
fractionation stages between hemicellulose and cellulose. The first peak was described by the presence
of a hemicellulose rich fraction, which is amorphous and readily hydrolyzed at lower temperatures
(170 ◦C). The second fraction at higher temperatures (220–250 ◦C) is rich in cellulose [43,58].

In Figure 5B, the highest sugar yields from OPT21-top and OPT35-top were 0.77 kg/kg-OPT and
0.32 kg/kg-OPT, respectively, both at 220 ◦C. The sugar yield from OPT21 was twice higher than OPT35,
probably due to the higher composition of parenchyma tissues, which stored most of the sugars [60].
Above 300 ◦C, the sugar yield from both OPTs decreased and was negligible as a result of the pyrolysis
reaction. Since the treatment of the OPT top section resulted in the highest yield of total sugars, the top
section can be predominantly treated with sub-CW to yield sugars for bioethanol production [61].

Figure 6 illustrated the relationship between the yield of total sugar and Kw when a sub-CW
treatment was carried out between 180 and 220 ◦C. This temperature range was considered because
the ionic product of water is the highest [62,63]. The correlation coefficient between the yield of total
sugar in the OPT21-top and Kw of water was 0.98. This excellent correlation signified that the sub-CW
facilitated the hydrolysis of hemicellulose and cellulose in the OPT. The higher ionic-product constant
in the water at subcritical state indicates the capability of OH− ions in water to dissociate, and thus
activating the hydrolysis of lignocellulose. As a consequence, from the effect of sub-CW temperatures,
the degradation of the lignocellulose was observed, which therefore signified that the hydrolysis
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process by sub-CW is dependent on the ionic-product constant value. In another study using other
biomass waste, Zhu et al. reported that the hydrolysis of bean waste using sub-CW produced reducing
sugars and monosaccharides [64].
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3.5. Effect of Reaction Temperature on Yield of Solid Residue

Figure 7 shows the solid residue of OPT21 after being subjected to sub-CW treatment between 100
and 360 ◦C for 5 min. The solid residue of OPT is the portion of the OPT residue that did not dissolve
after the sub-CW treatment. The quantity of the solid residue decreased, and the color changed from
a light brown solid to a dark brown powder with an increasing temperature. This change could be
associated with the carbonization and the formation of tar, which increased with increasing pyrolysis
activity [20,35,65,66].

Figure 8 shows the effect of the sub-CW temperature on the yield of solid residue from OPT21
and OPT35 at a reaction time of 5 min. In Figure 8A, the yields of the solid residue yield from both
OPT21-btm and OPT35-btm were almost similar. Between 100 and 150 ◦C, the yield did not change,
suggesting that the decomposition did not occur below 150 ◦C. The yields decreased rapidly between
160 and 290 ◦C to 0.11 kg/kg-OPT because of the volatilization of cellulose. Above 300 ◦C, the yields
were nearly constant around 0.1 kg/kg-OPT for both OPTs due to lignin decomposition [67].
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Figure 7. Photographs of the solid residue of OPT21 after a 5 min reaction time under different
sub-CW temperatures.
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Figure 8. The effect of the reaction temperature on the yield of solid residue after OPT21 (�) and OPT35
(N) were subjected to sub-CW for 5 min. (A) Bottom and (B) top sections.

Figure 8B illustrates the yields of the solid residue of OPT21-top and OPT35-top. For OPT21-top,
the yield was about 0.9 kg/kg-OPT, indicating that the decomposition of OPT had not yet occurred
between 100 and 150 ◦C. The solid residue yield dropped to 0.2 kg/kg-OPT when treated at 210 ◦C and
remained constant when treated until 360 ◦C. However, for the OPT35-top, the yield was 0.6 kg/kg-OPT
between 100 and 190 ◦C. The OPT35-top was easier to decompose than the OPT35-btm below 200 ◦C,
probably due to the density of the top section of OPT, which is smaller compared to the bottom
section [14]. However, above 190 ◦C, the yield of solid residue from OPT21 significantly reduced to
under 0.1 kg/kg-OPT. The sub-CW treatment caused hemicellulose to decompose into monosaccharides
and part of the cellulose to decompose into a shorter chain of polysaccharides such as disaccharide
and trisaccharide. This reduction was evidenced by the increase of TOC and the yield of total sugars in
Figures 4 and 5, which corresponded well with the decrease of the solid residue yield in Figure 8.

Consequently, regardless of the OPT sections and age, this study demonstrated that OPT
decomposed considerably when the reaction temperature was above 280 ◦C. At this temperature,
pyrolysis by sub-CW was more dominant in lignin decomposition to form bio-oil [68]. The detailed
analysis of the solid residue was performed and reported in another study related to OPT pyrolysis for
producing bio-oil as an alternative fuel.

3.6. Effect of Sub-CW Temperature on Yield of Free Sugar Components

Figure 9 shows the effect of the sub-CW temperature on the yield of each free sugar in both sections
of OPT after being treated for 5 min. The water-soluble phase for reactions between 200 and 300 ◦C
was analyzed for their sugar content. The sugars that were detected consisted of cellotriose, cellobiose,
glucose, fructose, and xylose, and most of the sugars were reported to exist in the trunks [16,61].
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For the OPT21-btm in Figure 9a, the highest yield of sugar was fructose (0.10 kg/kg-OPT) at
220 ◦C, followed by glucose (0.08 kg/kg-OPT) at 210 ◦C, cellobiose (0.02 kg/kg-OPT) at 210 ◦C and
xylose (0.01 kg/kg-OPT) at 230 ◦C. Surprisingly, the yield of fructose was higher than the glucose. Since
fructose was not stable at high temperatures, the yield declined sharply with the increasing reaction
temperature. The glucose yield increased sharply from 200 ◦C and then decreased sharply to 230 ◦C. A
cellobiose peak appeared at 210 ◦C, which is indicative of the fact that cellulose in OPT was hydrolyzed
during the sub-CW treatment. The yield of cellobiose dropped as the temperature increased because it
was hydrolyzed into glucose. The yield of xylose was the lowest compared to other saccharides, where
two small peaks appeared at 200 ◦C and 230 ◦C.

In Figure 9b, the yield of significant sugars from the OPT21-top was glucose (0.51 kg/kg-OPT) at
230 ◦C, followed by cellotriose and cellobiose (0.32 and 0.31 kg/kg-OPT, respectively) at 220 ◦C and
xylose (0.04 kg/kg-OPT) at 210 ◦C. The yield of glucose was the highest among other saccharides due
to the hydrolysis of hemicellulose and also due to the degradation of cellotriose and cellobiose to form
glucose. Thus, the cellotriose and cellobiose peaks appeared at the same reaction temperature (220 ◦C)
before glucose peaks, then decreasing as the temperature increased. The yields of xylose and fructose
were low at every temperature.

The behavior in Figure 9 and all of the peaks below 250 ◦C explained that hydrolysis appeared at
different temperatures [69]. In general, most of the identified products showed a peak at around 200 to
240 ◦C. This suggested that the hemicellulose and cellulose in OPT were broken down by sub-CW into
tri-, di-, and monosaccharides by strong hydrolysis [69,70]. The monomer production and degradation
rates vary with the type of sugar. Above 250 ◦C, the yield of sugar was less because of the degradation
of sugar increased with reaction temperature. They are degraded into organic acids, furfural, and
other by-products that were not identified in this research. The oligomer or glucose degradation rates
are higher than the cellulose hydrolysis rate when subjected to a sub-CW treatment; thus, the yield of
monosaccharide was lower [43].
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3.7. Effect of Sub-CW Temperature on Yield of Organic Acids

Figure 10 shows the effect of the reaction temperature on the yield of organic acids in OPT21
between 200–370 ◦C for 5 min. The water-soluble phase was analyzed for organic acids by the HPLC
method. The organic acids were produced as a result of the dehydrated products that were oxidized
into malic acid, lactic acid, and acetic acid.
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For OPT21-btm (Figure 10a), the acetic acid yield was 0.12 kg/kg-OPT between 240 ◦C and 280 ◦C.
The acetic acid yield increased until 0.20 kg/kg-OPT at 360 ◦C. For the OPT21-top (Figure 10b), the yield
of acetic acid increased above 300 ◦C until 0.16 kg/kg-OPT at 370 ◦C. The OPT21-btm had a slightly
higher yield of acetic acid than the OPT21-top due to a higher yield of reducing sugar, which contributed
to the yield of acetic acid. Acetic acid was generated above 280 ◦C in both sections of OPT mainly by
the hydrolysis of the acetyl group of hemicellulose together with the production of pentose [71]. This
behavior explained the reason for why the yield of total sugar dropped above 220 ◦C, as shown in
Figure 5, while the yield of acetic acid increased above 280 ◦C. It is worth noting that the acetic acid
yield for the OPT21-top was zero below 280 ◦C but was 0.12 kg/kg-OPT in OPT21-btm. The zero acetic
acid was probably associated with a higher moisture content in the top section, as shown in Table 1.
This distinction is indicative of the difference between the top and bottom sections of the OPT.

The yield of malic acid also increased as the temperature increased. In the OPT21-btm, the yield
increased to 0.07 kg/kg-OPT at 300 ◦C. In OPT21-top, the malic acid yield was almost constant with the
increasing temperature. The malic acid yield was 0.03 kg/kg-OPT at 260 ◦C and 0.04 kg/kg-OPT at
340 ◦C. The yield of malic acid in the OPT21-btm was higher than the OPT21-top by 2%. The lactic acid
only formed between 200 to 290 ◦C in OPT21. This formation could be due to the degradation of lactic
acid because it is reported to be unstable and volatile at high temperatures [72]. The highest lactic acid
yields in the OPT21-btm and OPT21-top were between 0.04 kg/kg-OPT (270 ◦C) and 0.07 kg/kg-OPT
(280 ◦C), respectively.

Consequently, both sections of the OPT21 had some slight differences in the yield of organic acids.
The organic acids were reported to be produced by sub-CW oxidation and pyrolysis reactions above
200 ◦C [19,39]. Besides, the yield of sugar decreased due to the rapid degradation of monosaccharides
into these organic acids. Those organic acids tend to form not only in OPT but also in other
biomasses [16,67].
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3.8. Effect of Sub-CW Reaction Time of OPT21

Based on the optimum yield of TOC and total sugar, 220 ◦C was chosen as the reaction temperature
for studying the effect of the reaction time between 1–20 min. Figure 11 shows the yield of TOC, total
sugar and the solid residue of OPT21 from different reaction times.
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 Figure 11. The effect of the sub-CW treatment time over OPT21 on the yield of (a) TOC, (b) the total
sugar and, and (c) the solid residue.

Figure 11a indicates the yield of TOC in the water-soluble phase. The TOC showed a sharp
increase of up to 2 min with the highest TOC yields of 0.23 kg-C/kg-OPT and 0.36 kg-C/kg-OPT from
OPT21-btm and OPT21-top, respectively. This showed that the sub-CW treatment required only a
short reaction time for OPT decomposition into sugar and organic acids.

The total sugar yield was similar to the yield of TOC, as illustrated in Figure 11b. When the
treatment was performed for 5 min, due to the strong hydrolysis activity, OPT produced the highest
yield of total sugar with values of 0.37 kg/kg-OPT and 0.77 kg/kg-OPT from OPT21-btm and the
OPT21-top, respectively. The total sugar yield decreased when the treatment prolonged over 5 min due
to the degradation of sugar to organic acids. Moreover, it underwent further reactions to form bio-oil
and char after a more extended treatment time. Therefore, the optimum reaction time to produce
maximum yields of valuable materials by sub-CW was 5 min and at a temperature of 220 ◦C.
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The yield of solid residue was 1 kg/kg-OPT before the sub-CW reaction, and it drastically dropped
when the treatment time went up to 2 min, as shown in Figure 11c. The yield decreased rapidly to
0.4 kg/kg-OPT and 0.15 kg/kg-OPT from OPT21-btm and OPT21-top, respectively. The yield of solid
residue decreased with time because OPT decomposed into sugars, organic acids, tar, and other valuable
products via the sub-CW reaction. The yield was almost constant for a treatment longer than 2 min.

As a conclusion, the sub-CW treatment of OPT required only 5 min and a moderate temperature of
only 220 ◦C for achieving the maximum yield of sugars and organic acids. Other methods, such as acid
hydrolysis, required a longer reaction time (60–120 min), and most of the acid solutions used to obtain
sugars in OPT are corrosive and less practical [6,73]. The short treatment time also demonstrated the
advantage of the sub-CW method over the enzymatic hydrolysis method, which is reported to be very
time-consuming [61,74].

4. Conclusions

The sub-CW treatment was performed to produce useful products from abandoned OPT. This is
the first study that explored the utilization of waste OPT for sub-CW treatment based on the differences
of moisture, cellulose, and hemicellulose contents in the top and bottom sections, and from different
ages of the waste OPT. The sub-CW treatment successfully converted the waste OPT into sugars
and organic acids, although OPT contained 60–80% moisture content. The conclusions of this work
are as follows:

1. OPT21 was more suitable than OPT35 for producing water-soluble products by sub-CW treatment
because it produced a higher yield of sugar. The sugars yield can be utilized for second-generation
bioethanol production. Furthermore, OPT21 is close to the economic lifespan of an oil palm tree
and can be harvested as soon as the oil production of the tree has finished.

2. The sub-CW promoted hydrolysis and converted the waste OPT into water-soluble saccharides
(cellotriose, cellobiose, glucose, xylose, and fructose) and organic acids (acetic acid, lactic acid,
and malic acid). As a result, the OPT solid residual waste was substantially reduced.

3. The optimum reaction temperature and time for a maximum yield of total sugar were 240 ◦C
(5 min) for the OPT21-btm and 220 ◦C (5 min) for the OPT21-top. Overall, the top section had a
higher yield of sugar compared to the bottom section.

4. From the present study, the sub-CW treatment process showed promising results and an
environment-friendly solution to utilize abandoned OPT waste.
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