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ABSTRACT

Albizia Chinensis is a plant easily found in Indonesia and other South East Asian countries. The sawdust from this
plant is a lignocellulosic waste that can be potentially upgraded for the fuel purposes. This research investigated
the potential of upgrading sawdust into a coal-like solid for fuel by a wet torrefaction process. In this project, a
1 L torrefaction reactor with an electric heater was employed to perform the carbonization of the Albizia chinensis
sawdust. Wet torrefaction was performed in batch at temperatures of 190-230°C with holding times of 20°C, 30
and 60 min. The solid to water ratios of 1:3, 1:5 and 1:10 were used. The results showed that the chemical and
physical properties of sawdust and hydrochar varied as a function of reaction temperature, holding time and solid
load. The results also suggested that wet torrefaction could increase the fixed carbon in sawdust while the ash con-
tent and volatile matter decreased. The high heating value of hydrochar was 24.55 MJ/kg higher than raw sawdust,
18 MJ/kg. CO, was predominantly detected in the gas phase, reaching the of >90% CO,. The liquid products were
identified as sugar and organic acid compounds, which may be desirable feedstock for biochemical production.
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INTRODUCTION

Sengon (Albizia chinensis) is a species of
legume in the Albizia genus, native to south and
southeast Asia, from India to China and Indone-
sia [Heuz¢ et al., 2018]. The sengon tree is a ver-
satile tree used for various purposes. The leaves
are used for animal feed and the wood stem is
widely used for various purposes as processed
wood, especially for light construction. The large
number of the sengon wood uses has increased
the sawdust waste. Using the wood sawdust as an
alternative source of energy biomass is attractive,
especially in the countries that produce wood, so
that no wood will be wasted. The sengon wood
sawdust contains 49.40% cellulose, 24.10%
hemicellulose and 26.50% lignin [Martawijaya et

al., 1989]. The amount of sawdust is abundant,
easy to obtain and inexpensive because it is a by-
product of the wood processing industry.

Although the biomass waste is easily found
in nature, using it for heat and power generation
is quite difficult [Demirbas, 2005; Saidur et al.,
2011]. In general, the biomass waste is very het-
erogenic and very difficult to transport and store
[Shoksani and Fenton, 2006]. The biomass waste
has a high moisture content and low energy den-
sity, meaning that using it directly for fuel is not
suggested. Additionally, the non-combustible in-
organic components in the biomass waste cause
fouling and corrosion [Demirbas, 2003].

Along with the advance of technology, the
public opinion about waste should be changed.
The use of biomass waste for the refuse-derived
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fuel (RDF) also needs to be improved. RDF can
be produced by crushing and dehydrating the
waste biomass with a waste converter technol-
ogy. In order to upgrade the biomass waste using
an environmentally beneficial process, torrefac-
tion can be an option [Prins et al., 2006; Chen and
Kuo, 2010]. Torrefaction can produce a coal-like
material that has better fuel characteristics com-
pared to biomass.

Generally, this technology can be classified
into two categories: dry and wet torrefaction.
Dry torrefaction (DT) can be defined as the ther-
mal conversion of biomass under oxygen-free
conditions at temperatures within the range of
200-300°C and at atmospheric pressure [Chew
and Doshi, 2011]. Wet torrefaction (WT), also
referred to as hydrothermal carbonization (HTC)
[Hoekman et al., 2011], is a thermochemical con-
version technique which uses liquid water as a re-
action medium for the conversion of wet biomass.

A wet torrefaction process comprises a se-
ries of chemical reactions in a water medium, the
properties of which change markedly with tem-
perature [Kruse and Damen, 2015]. In the WT
processes, subcritical water, typically ranging
from 180-350°C, is used to heat feedstock [Lu et
al., 2012], even though the carbonization reaction
itself can occur at moderate temperatures of 180—
250°C [Mumme et al., 2011] at autogenous pres-
sures in a closed vessel. The reactions that hap-
pen in a WT process are comprised of hydrolysis,
aromatization, and decarboxylation. Compared to
DT, WT can produce better solid fuel properties
in a lower reaction time [Chen et al., 2012].

Although WT of biomass has recently re-
ceived great attention, compared to the hetero-
genic biomass waste, the majority of researchers

prefer using the biomass plants with high lig-
nocellulose content. Lignocellulose comprises
mainly lignin, cellulose and hemicellulose and is
easy to handle with less effort to meet environ-
mental requirements. Sawdust is a lignocellu-
losic waste that can be potentially upgraded for
fuel purposes. Only a few studies tested the WT
of pine sawdust [Reza, 2011; Zhang et al., 2017;
Zheng et al., 2017]. However, no studies on WT
of sawdust from a legume tree such as Albizia
chinensis have been performed.

MATERIAL AND METHODS

Albizia chinensis sawdust (Fig. 1) was used
for this study. It was obtained from a local saw-
mill in Padalarang, West Java, Indonesia. The size
of the sawdust is less than 10 mm. It was dried
and stored in a sealed plastic container before be-
ing used.

WT of sawdust was processed in the 1 L batch

stirred reactor. This reactor was also used in
a previous study [Eriska et al, 2017]. The reactor,
made from SS-304 stainless steel, had electrical
heater and agitator (Fig. 2). In order to analyse the
effect of process parameters on sawdust, the WT
was investigated at different holding times (0.5
and 1 hour), biomass to water ratios (B/W) (0.1,
0.2, 0.33), and reaction temperatures (190, 210,
and 230°C).

A 50 g sample of sawdust was loaded into the
reactor. Then, deionized water at several B/W ra-
tios, was placed to reactor. The nitrogen gas was
also flowed into the reactor in order to make an
oxygen-free system. The reactor was set up at
the desired temperature and held for 0.5 and 1

Figure 1. Albizia chinensis sawdust
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Figure 2. Wet torrefaction system

hour. When the process was completed, the inside
temperature of the reactor was allowed to cool
down. The valve was opened under a fume hood
to release pressure and gases. Both liquid and
solid products were separated using a filter paper
(2 um). Solid fuel (hydrochar) was placed in a
desiccator for around 24 hours before analysis.
Both the gas and liquid composition were iden-
tified once, only for the process condition that
showed the best result for energy.

The analysis of the ash content, volatile mat-
ter and fixed carbon (proximate) from solid prod-
uct was performed using a Leco TGA-601. The
sample was placed into the furnace, maintained
at 103+£2°C for 24 hours and then placed into a
desiccator, containing silica gel, for cooling. Ac-
cording to ASTM-E871, a percentage moisture of
sample was determined the difference between
the initial and final weight. The percentage of
ash was determined according to ASTM-E1755
where the dried samples were burned at 575°C for
5 hours in a furnace. The percentage of volatile
matter was determined according to ASTM-E872
by firing sample at 950°C for 7 minutes. The per-
centage of fixed carbon was the remaining per-
centage reported after whole analysis was done.

Elementar Vario Macro was used to deter-
mine the ultimate analysis (carbon (C), hydro-
gen (H), oxygen (O), nitrogen (N), sulphur (S)),
while the high heating value (HHV) was mea-
sured using a bomb calorimeter. The liquid phase
products were also analysed for the organic ac-
ids and sugar content. The organic acids were
analysed and quantified by high-performance
liquid chromatography (Shimadzu, Japan) with
a UV-VIS detector. The gaseous product was
identified using gas chromatography (column
support 80/100 Chromosorb PAW, TCD detec-
tor). This analysis was supervised by the refinery
unit laboratory in Indonesia. In this study, there

were three parameters that were calculated by the
formulas below.

mass yield =

mass of dried hydrochar % 100% (1
= 0

" mass of dried feedstock

energy densification =

_ HHV hydrochar « 100% @)
~ HHV feedstock ’
energy yield =
3)

= mass yield X energy dens.ratio

RESULTS AND DISCUSSION

Effect of Process Condition

Table 1 shows the experimental design that
was completed in this study. Three different op-
erating parameters were varied (holding time,
biomass to water ratio and reaction temperature)
to determine their effect on the calorific proper-
ties of sawdust. The results presented in Table 1
are mean values of duplicate experiments using
statistical analysis (ANOVA, at 95% confidence
interval). These results show that the most sig-
nificant parameters in controlling the properties
of biomass were temperature and holding time.
No significant effect was found for varying the
biomass to water ratio. Similar results were also
reported elsewhere; the use of biomass to water
ratio had no significant effect of on the carboniza-
tion process of loblolly pine [Reza, 2011].

The Albizia sawdust itself contains 49.40%
cellulose, 24.10% hemicellulose and 26.50%
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Table 1. Experimental design for feedstock and hydrochar

xTem Biomass Time Mass yield Energy yield High heating value
(oc)p to water ratio (hour) o o
(BWR) % % MJ/kg
0.33 0.5 68.11 79.08 19.165
' 1 67.59 78.87 19.318
0.5 67.87 78.84 19.423
190 0.2
1 66.43 78.67 19.695
0.4 0.5 66.22 77.92 19.803
' 1 66.13 75.53 20.073
0.33 0.5 66.21 77.56 19.583
' 1 66.16 75.48 20.390
0.5 65.59 74.23 20.715
210 0.2
1 64.75 71.87 21.672
0. 0.5 65.34 71.36 21.838
’ 1 64.08 68.58 22.882
0.33 0.5 64.36 70.22 22.187
' 1 63.98 69.37 23.023
0.5 63.44 69.21 23.444
230 0.2
1 61.89 69.73 24.082
0.1 0.5 62.37 69.07 23.905
) 1 60.89 69.05 24.554

lignin. In the WT process, the lignocellulose
component, especially cellulose and hemicel-
lulose, was decomposed to smaller molecular
through hydrolysis. 90-99% of the hemicellulose
decomposed in the range 180-220°C and less
than 15% of the lignin was decomposed below
250°C [Bobleter, 1994; Yuliansyah et al., 2010].
The results suggested that cellulose and hemi-
cellulose were easier to decompose than lignin.
It also explains the reason the calorific value of
sawdust increased after treatment due to its fixed
carbon increase. The results also showed that the
mass yield slightly decreases with an increase in
holding time and temperature. The black carbona-
ceous solid product which is produced from this
process is hydrochar (Fig. 3).

Scanning electron microscope (SEM) images
(Fig. 4) showed how sawdust had lost its structure
during WT. The working pressure had spurred the
removal of hemicellulose via degradation and
depolymerisation reactions [Funke and Ziegler,
2010]. The process also improved the brittleness
of product.

Proximate and Ultimate Analysis of Hydrochar

The ultimate analysis of raw sawdust and hy-
drochar were summarized in Table 2. The carbon
content of hydrochar varies depending on the
process conditions, so it was difficult to compare
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the carbon contents collected in recent study with
former publications. The differences between
process temperature, working pressure, holding
time, reactor type, biomass to water ratio, type of
water medium and catalyst were able to influence
the result. In this study, the highest carbon content
is 72.4% for the hydrochar produced at 230°C,
BWR 0.1 and 60 min holding time. As higher
condition processes are used, the carbon content
becomes higher. This trend is contrary to the hy-
drochar yield (Table 1).

The proximate analysis was the most general
method used to determine the quality of solid fu-
els. It comprises an analysis of fixed carbon (FC),
volatile matter (VM) and ash content (Ash), Fig.
5-7, respectively. FC was the ignitable residue
once the volatile matter was completely burned.
Generally, biomass has high VM and moisture
content but low FC. Increasing the VM and FC
contents via the WT process will lead to an in-
crease in HHV. Figure 4 shows that the FC of
sawdust was increased after the WT process.

Figure 6 shows that the VM content in the
samples decreased during WT. As the tempera-
ture increase, some volatile matter was probably
evaporated and released into the air thereby in-
creasing the calorific value. The lower the amount
of process water uses in process, the lower vol-
atile matter content in the sample since a de-
crease in the biomass to water ratio reduces the
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Table 2. Ultimate analysis of hydrochar

EHT =20.00 kv  Signal A = SE1
WD = 85

85mm Mag= 500X

File Name = RK - 04.tif
Sample ID =

EHT =20.00 kv  Signal A = SE1
WD = 8.
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File Name = K 230-10 - 08.tif
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Figure 4. SEM images of sawdust: (a) raw (b) WT at 230°C.

) Ultimate
Temp Biomass to water Time Moisture content c H N o
(°C) ratio (g/ml) (minute)
% % % % %
Raw 14.9 52.5 6.0 0.2 42.3
30 4.6 55.3 6.0 0.2 38.2
0.33
60 5.3 59.9 59 0.2 33.6
30 4.8 57.3 6.0 0.2 37.4
190 0.2
60 5.5 59.7 57 0.2 31.7
0 30 5.2 60.1 57 0.2 35.2
. 60 5.7 62.5 57 0.2 30.8
30 6.5 62.5 57 0.2 30.7
0.33
60 6.9 68.7 5.6 0.2 249
30 6.8 64.7 5.6 0.2 28.5
210 0.2
60 71 68.5 54 0.2 23.1
0 30 6.8 67.8 55 0.2 27.0
. 60 7.3 69.6 54 0.1 221
30 7.4 65.8 54 0.1 28.7
0.33
60 7.7 69.6 53 0.1 24.0
30 7.8 67.4 52 0.1 26.1
230 0.2
60 8.2 70.2 51 0.1 21.9
0A 30 8.1 69.3 53 0.1 22.5
' 60 8.6 724 5.1 0.1 21.9
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possibility interaction between the sample and
reaction medium.

Figure 7 shows that the ash content increas-
es after processing. This because the lignin
and cellulose content from sawdust is domi-
nant. Compared to hemicellulose, both lignin
and cellulose have a tendency to decompose at

30

temperatures higher than 200°C. The determi-
nation of ash content in the WT process is nec-
essary. The characteristics of ash performance
a main role to upscale system design. Ash, in-
organic residue left over after burning process,
can cause slagging, fouling, and corrosion of
reactor if not handled carefully.
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Figure 5. Fixed carbon content of hydrochar
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Figure 6. Volatile matter content of hydrochar
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Side products of wet torrefaction of the
Albizia sawdust

The WT process is a thermochemical process
consisting of a series of reactions including hy-
drolysis, dehydration, decarboxylation, and po-
lymerization. The composition analysis of the
gas produced by WT sawdust showed that more
than 90% is CO, gas and a lesser amount is C1—
C4 gases, with total Net Heating Value of 6270
BTU / SCF (Table 3).

Many researchers reported that 3.0-6.1% of
the input carbon is transferred into the gas phase.
Due to the aforesaid process of decarboxylation,
CO, is the predominant species detected in the
gas phase [Sevilla and Fuertes, 2009; Sevilla et
al., 2011; Kruse et al., 2013]. The concentration
of CO, lies around 70-90%, dependent on sub-
strate and reactivity.

From the analysis of the sugar and organ-
ic acid content of the resulting liquid product,
5-HMF and furfural are the main components
of sugar present in the product, within a range
around 2 and 4% respectively (Table 4). Acetic

Table 3. Composition of HTC gas product

Gas product % vol
Carbon dioxide 92.04
Methane 0.18
Ethane 0.31
Ethylene 0.22
Propane 0.54
Propylene 1.33
n-Buthane 0.07
Table 4. The sugar composition
Compound Percentage*
5-HMF 4.6
Furfural 22
Glucose-Pinitol 0.9
Sucrose-Trehalose 0.2
Galactose-Xylose-Manose 0
Fructose-Inositol-Arabinose 0.1
Arabitol 0.2
Erythritol 0
Maltitol 0.1
Mannitol-Glycerol 0.06
Levoglucosan 0.6

Table 5. The organic acid composition

Compound Percentage*
Acetic Acid 1.3
Formic Acid 0.7
Glutaric Acid -
Lactic Acid 0.5
Maleic Acid -
Malonic Acid -
Oxalic Acid -

and formic acids are organic acids that dominate
the solid product with a range of 1-3% (Table 5).

CONCLUSION

The study showed that the chemical and phys-
ical properties of char varied as a function of the
reaction temperature. The results, both in terms of
the hydrochar yield and its chemical and thermal
properties, showed that wet torrefaction could be
an effective way to obtain a solid product with
good fuel characteristics. The results showed that
as the reaction temperature and holding time in-
crease during the hydrothermal carbonization, the
carbon content tends to increase as well. While
temperature is increasing, the polarity of mol-
ecules is reducing. Thus, the molecules become
more easily broken. The results suggested that
the wet torrefaction of biomass waste to solid fuel
gave the calorific value of 24.55 MJ/kg after the
product dried naturally. Due to the decarboxyl-
ation reactions during the process, CO, was the
predominant species detected in the gas phase;
the concentration of CO, lies above 90%. The
identified degradation products were sugar and
organic acid compounds, which may be desirable
feedstocks for the bio-based chemical production.
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