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Abstract: To investigate the efficacy of torrefaction in a vacuum environment, wood sawdust was
torrefied at various temperatures (200-300 °C) in different atmospheres (nitrogen and vacuum) with
different residence times (30 and 60 min). It was found that the amount of biochar reduced at the
same rate—regardless of atmosphere type—throughout the torrefaction process. In terms of energy
density, the vacuum system produced biochar with better higher heating value (HHV, M]/kg) than
the nitrogen system below 250 °C. This was the case because the moisture and the high volatility
compounds such as aldehydes diffused more easily in a vacuum. Over 250 °C, however, a greater
amount of low volatility compounds evaded from the vacuum system, resulting in lower higher
heating value in the biochar. Despite the mixed results with the solid products, the vacuum system
increased the higher heating value of its liquid products more significantly than did the nitrogen
system regardless of torrefaction temperature. It was found that 23% of the total energy output came
from the liquid products in the vacuum system; the corresponding ratio was 19% in the nitrogen
system. With liquid products contributing to a larger share of the total energy output, the vacuum
system outperformed the nitrogen system in terms of energy density.

Keywords: torrefaction; vacuum; biomass pretreatment; bioenergy; energy yield; biochar

1. Introduction

Anthropogenic carbon dioxide emissions have a notable impact on both human society and the
ecosystem [1-3]. As part of an ongoing effort to mitigate carbon dioxide emissions worldwide, bioenergy
has achieved wide applicability [4,5]. Compared to other sources of renewable energy, bioenergy has
major advantages in storage and applications because biomass can be stored and extracted in different
phases [6]. In the solid phase, biomass can be processed into powder, pellets, blocks, and briquettes
through thermal decomposition [7]. In the liquid phase, on the other hand, it can be processed into
biodiesel, bioethanol, and bio-oil through thermal decomposition or liquefaction [8-10]. All of these
products have wide industrial applicability [11-13].

Torrefaction is a type of pyrolysis, where biomass is thermally degraded in an inert system under
atmospheric conditions at temperatures of 200-300 °C. The final product is called torrefied biomass
(i.e., biochar) [14]. The process can be categorized into light, mild, and severe types according to the
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temperature ranges of 200-235 °C, 235-275 °C, and 275-300 °C, respectively [13]. It is also used as a
method of pretreatment aimed at improving the physical, chemical, and biochemical characteristics of
raw biomass [15]. Through torrefaction, raw biomass is upgraded to biochar, which exhibits better
hydrophobicity, lower moisture content, better grinding property, and better higher heating value
(HHV) [16]. Biochars are also easier to handle and store and more suitable for combustion and
gasification than raw biomass. According to Santos et al. [17], biochars produced at high torrefaction
temperature have an energy density comparable to low-rank coal, which is better than raw biomass.
These biochars have less toxicity associated with emissions from combustion, more homogeneous
combustion behavior, higher grinding ability, and lower hygroscopicity [18]. The said characteristics
make biochar an ideal alternative to coal and solid fuels [19,20]. Thus, biochars have been dubbed as
“solid fuels” [21,22].

Aside from solid biochars, torrefaction also generates liquid and gaseous products [23,24]. During
torrefaction, the release and thermal decomposition of high volatility compounds from biomass produce
non-condensable gases such as CO, CO,, and H; in addition to small amounts of CHy [25,26], toluene,
benzene, and low molecular weight hydrocarbons [27]. Depending on the torrefaction temperature,
brown or black-colored liquid products are generated, consisting of condensable components such as
water, acetic acid, alcohols, aldehydes, and ketones. Elliott’s [28] analysis of the liquid products from
gas chromatography-mass spectrometry (GC-MS) suggests that the main components in the liquid
are monoaromatics.

The vacuum—also known as “low pressure”—technology has been used for the manufacturing of
semiconductors, flat-panel displays, solar power panels, and scientific instrumentation. In the food
and pharmaceutical industries, several manufacturing processes require gas pressure well below the
atmospheric pressure. However, such a technology has yet to be applied to torrefaction. Only a few
studies have tackled torrefaction in a vacuum. Lin et al. [29] investigated the thermal degradation of
various wood species under vacuum and reported how different lignocellulosic components behave
under different temperature conditions (200-230 °C, 0.2 °C min~!, 200 hPa). Garcia-Perez et al. [30]
used softwood and hardwood species in a vacuum pyrolysis pilot plant and characterized the resulting
products. Murwanayashka et al. [31] carried out vacuum pyrolysis (8-15 kpa, 500 °C, 12 °C min~!) of
birch derived biomass and observed the evolution of phenols during the process. They reported that
vacuum minimized the extent of secondary reactions during pyrolysis (1.3 kPa, 450 °C), facilitating
a more uniform product. Pakdel and Roy [32] used vacuum pyrolysis to extract steroids from
common lignocellulosic materials during thermal treatment, facilitating an easier extraction and further
modification of steroids.

Although torrefaction has been performed conventionally in a nitrogen environment as a medium
of convection for torrefied compounds, this study sets out to explore the potential advantages
of torrefaction in a vacuum environment. One of the objectives is to assess whether a vacuum
environment is able to increase the energy density of torrefied materials through diffusion rather than
atmosphere-based convection.

2. Materials and Methods

2.1. Parameters for Torrefaction with a Vacuum and a Nitrogen System

The biomass used in this study was rubber wood obtained from Chinese Petroleum Corporation
(CPC) in Taiwan. Every batch of the wood sawdust used in our experiments was ground by a crusher
and shredded in a 100 mesh. After shredding and sieving, the raw material was dried in a convection
oven at 105 °C for 24 h to eliminate the moisture and provide an experimental basis. This drying process
was aimed at minimizing experimental error. The dried material was then kept in air-tight plastic
sample boxes to prevent moisture absorption before samples were taken and used in experiments on
the same day. A sample weight (30 g) of wood sawdust was placed in a sample glass tube mounted to
the reactor. The furnace was preheated to the torrefaction temperature (200-300 °C), then the sample
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glass tube was rapidly pushed into the reactor using a glass rod [33]. The wood sawdust was torrefied
at 200, 225, 250, 275, and 300 °C for periods of 0.5 or 1 h in the nitrogen (N,) and the vacuum system:s,
respectively, as shown in Figure A1l (in Appendix A). Nitrogen gas was blown through the reactor at
a flow rate of 0.1 L/min, as shown in Figure 1a. The vacuum pressure was controlled at —590 torrs
(0.22 atm) in vacuum systems, as shown in Figure 1b. The temperature of the sample in the reactor
was recorded at the end of each torrefaction period. Then the furnace was opened to cool the reactor
for further sample analysis.
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Figure 1. The experimental setups for the (a) nitrogen and the (b) vacuum systems.

During torrefaction, liquid compounds were released from the samples. The lower volatility
compounds moved into a glass bottle, while the higher volatility compounds into an Erlenmeyer flask.
Non-condensable gases were released into an exhaust ventilation system. The product left in the
sample bottles after torrefaction was collected and stored at —4 °C for further analyses.

2.2. Sample Analysis

In this study, wood sawdust was torrefied at various temperatures (200-300 °C), under atmospheric
condition (~1 atm) and vacuum for two residence times (30 and 60 min). The resulting products were
characterized by proximate and elemental analysis, HHV and GC/MS methodologies.

The proximate, elemental, fiber and calorific analyses of the biomass materials were performed
to figure out their basic properties [34]. The weight percentages of C, H, and N for biochar and for
the low and the high volatility compounds were measured by an elemental analyzer. The proximate
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analysis of biomass was carried out in accordance with standard procedures of American Society for
Testing and Materials (ASTM).

The weight percentages of C, H, and N in the biomass were measured by an elemental analyzer
(PerkinElmer 2400 Series Il CHNS/O Elemental Analyzer). The weight percentage of O was obtained
by difference, that is, O (wt%) = 100 — C—-H-N-Ash. The hemicellulose, cellulose, and lignin contents of
biomass were analyzed following the fiber analysis in a previous study. The HHVs of the samples
were measured by a bomb calorimeter (IKAC5000). The definitions of product yield and energy yield
were used as follows:

Weight
Product yield (%) = ,—pmdm x 100 1)
Weight
Weight, quct X HHV product
Energy yield (%) = L x 100 2
8YY (%) Weight, .. X HHV ay @)
Gas energy yield (%) = 100 — solid energy yield-liquid energy yield (%) (©)]

The subscripts “raw” and “product” represent raw and torrefied biomass, respectively.

The condensed low and high volatility compounds were measured using a gas chromatography-
mass spectrophotometer (GC 6890N, MS 5973N, Autosample 7683B, GC-MS). GC column and solvent
are GSBP 0125-3001HT (length 30 m, inner diameter 0.25 mm, film thickness 0.1 um) and hexane/acetone.
The oven temperature was set as follows: (1) 50 °C for 2 min; (2) from 50 to 270 °C at a heating rate of
9 °C min~!; and (3) the capillary column was maintained at 270 °C for about 5 min; (4) from 270 to
320 °C at a heating rate of 13 °C min~!; and (5) the capillary column was maintained at 320 °C for
about 2.5 min; (6) from 320 to 350 °C at a heating rate of 10 °C min~!; and (7) the capillary column was
maintained at 350 °C for about 2.5 min. High-purity helium at a flow rate of 1.0 mL min~! was used as
the carrier gas and sent into the reaction system. In the GC/MS, the mass-to-charge range used for the
mass selective detector was between 40 and 550 m/z. For the purpose of this research, the existence of
a volatile product was confirmed if it showed a qualification percentage of 60% or higher according to
the MS database. The calibration curves as well as limit of detection and limit of quantification values
were programmed in the MS instrument.

As for the Karl Fisher device, the water content of the low and high volatility compounds was
measured by Karl Fischer titration (TitroLine® 7500 KF) method using the standard procedure of the
American Society for Testing and Materials (ASTM D1744) [35]. This method uses Karl Fischer reagent,
which reacts quantitatively and selectively with water, to measure moisture content. Karl Fischer
reagent consists of iodine, sulfur dioxide, a base, and a solvent such as alcohol. The fundamental
principle behind it is based on the Bunsen Reaction between iodine and sulfur dioxide in an aqueous
medium [36]. The measurement quality of the GC/MS and Karl Fischer titration systems was reliable
since the instruments had been calibrated periodically. It should be noted that the data presented in
the tables and figures were average figures derived from multiple tests wherein the differences were
found to be smaller than 5%.

3. Results and Discussion

3.1. Proximate Analysis for Wood Sawdust

The proximate analysis (dry ash-free) of raw and torrefied wood sawdust is shown in Table 1.
Cellulose was the major component in the biomass contributing 46.32 wt%, followed by hemicellulose
(27.58 wt%) and lignin (8.17 wt%). The raw wood sawdust contained moisture, VM, fixed carbon (FC),
and ash in portions of 7.72 wt%, 74.57 wt%, 16.41 wt%, and 1.30 wt%, respectively. The C, H, N, and O
contents in the raw wood sawdust were found to be 47.07 wt%, 6.10 wt%, 0.43 wt%, and 46.40 wt%,
respectively. The HHV of the biomass was 17.68 MJ kg1
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Table 1. Proximate, fiber, elemental, and calorific analyses of raw wood sawdust.

Wood Sawdust

Proximate Analysis (wt%)

Volatility matter (VM) 74.57 + 3.89
Fixed carbon (FC) 16.41 + 3.51
Moisture 772 +1.25

Ash 1.30 £ 0.73

Fiber Analysis (wt%)

Hemicellulose 27.58 +4.72
Cellulose 46.32 +4.10

Lignin 8.17 £2.33

Other 16.71 + 3.47

Elemental Analysis (wt%, Dry-Ash-Free)

C 47.07 £ 2.55

H 6.10 + 1.82

N 0.43 +£0.21

O (by difference) 46.40 + 4.44
HHV (M] kg~!, dry basis) 17.68 + 1.35

3.2. The Effect of Vacuum on Product Yields

The yield of solid and liquid products at various operating conditions is displayed in Figures 2
and 3. The solid yield decreased with torrefaction temperature between 200 and 300 °C for both systems
(see Figure 2). Between 200 and 300 °C for 60 min, the biochar yield decreased from 93.19 to 56.08 wt%
in the vacuum system, while it decreased from 94.29 to 56.91 wt% in the nitrogen system [30,37]. This
demonstrates that the vacuum approach can produce a similar amount of biochar in comparison to the
conventional approach.
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Figure 2. Profiles of solid (biochar) yield from wood sawdust torrefaction.

Besides the solid products, liquid yields from both systems were both found to be around 5 wt%
at 250 °C with a torrefaction time of 30 min (see Figure 3a,b). According to the law of thermal
decomposition, as torrefaction temperature increases, the formation of liquid products also increases.
As anticipated, the effect of temperature picked up at 275 °C for both systems alike, where the liquid
yield reached 15 wt%. With a torrefaction time of 60 min, liquid yield became 9-10 wt% below 250 °C
and went above 30 wt% at 300 °C in both systems (see Figure 3b). The fact that the samples did
not reached the target temperature of 300 °C during much of the 30 min torrefaction time provides
a plausible explanation for the result that the vacuum system yielded less liquid than the nitrogen
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system. With a longer torrefaction time of 60 min, however, the advantage of the vacuum system was
fully realized while a lot of volatile compounds were released from the solid components at 300 °C.
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Figure 3. Profiles of liquid yields from wood sawdust torrefaction for (a) 30 min and (b) 60 min.

Table 2 shows the overall solid and liquid yields formed at various temperatures in both systems.
The yields of low and high volatility liquid compounds are also available in the table. Overall, the
total liquid yield increased from 2 to 33 wt% while temperature increased in both systems alike. It is
noteworthy, nonetheless, that the vacuum system surpassed the nitrogen system in yielding liquid
products with a peak liquid yield rate of 33.21 wt% at 300 °C with a torrefaction time of 60 min.

Table 2. Profiles of liquid and solid products from wood sawdust torrefaction.

Solid Yield Liquid Yield
Operatin, Duration o Low High
Col:r’lditior:gs (min) Temp. (°C) Biochar Volatility Vola?ility o
(wt%) Compounds Compounds Total (wt%)
(Wt%) (wt%)
200 9547 +1.22 1.92 £0.21 0.72 £ 0.32 2.64 +0.72
225 94.26 + 1.01 234 +0.24 1.64 £ 0.43 3.98 +1.02
N, (0.1 L/min) 30 250 90.92 +2.11 2.50 + 0.35 2.37 £0.15 4.88 +0.57
275 77.46 +1.82 6.11 = 1.61 11.36 £ 1.25 17.48 +2.32
300 65.97 +2.31 8.01 +£2.37 1593 £2.52 2394 +3.19
200 94.29 +1.42 0.32+0.38 2.69 + 0.42 3.01+0.93
225 90.02 + 1.83 2.92 +0.82 2.41 + 045 533 +1.34
N, (0.1 L/min) 60 250 83.03 +2.03 3.26 +0.87 7.55 + 0.64 10.81 +1.38
275 70.44 + 2.67 3.82 +1.32 12.79 +2.21 16.61 + 2.58
300 56.91 + 3.47 9.65 +2.53 21.38+£352  31.03 +3.57
200 95.20 + 0.73 - 1.83 £ 0.54 1.83 +0.54
225 9297 +1.34 - 324 +1.32 324 +1.32
Vacuum 30 250 90.33 +1.93 0.54 +0.92 448 +0.74 5.02 +1.02
275 77.45 +2.78 1.65 £ 0.72 13.63 +1.84 15.28 +3.13
300 64.61 + 3.67 498 +2.77 14.70 + 3.52 19.68 + 4.28
200 93.19 + 0.50 - 3.09 +1.19 3.09 +1.19
225 89.34 +1.02 - 574 +1.21 574 +1.21
Vacuum 60 250 81.47 +3.88 0.65 +0.21 8.32 +3.31 8.97 +3.25
275 69.76 + 3.78 5.11 +0.92 19.17 £ 0.58 2428 +1.82
300 56.08 + 4.33 8.61 = 3.53 2461 £3.82  3321+4.95

In further analysis breaking down liquid yields into low and high volatility compounds, low
molecular weight (i.e., high volatility) products were absent at lower temperatures (i.e., below 250 °C)
in the vacuum system. This was because—in a vacuum—most of the low molecular weight products
diffused to the Erlenmeyer flask and left a considerably smaller amount of such products in the glass
bottle [38,39]. By subtracting the weight percentage of the solid and the liquid yields from the total
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weight percentage of the original sample (i.e., 100%), the mass of losses in gaseous products can be
obtained. In the nitrogen system, 2%-10% of the gaseous compounds and moisture were lost, while
3%-15% of such were lost in the vacuum system between 200 and 300 °C.

3.3. GC/MS Analysis of Liquid Compounds

Gas chromatography-mass spectrometry (GC/MS) is an instrumental technique consisting of
a gas chromatograph (GC) coupled with a mass spectrometer (MS). It allows complex mixtures
of chemicals to be separated, identified, and quantified and is thus ideal for the analysis of low
molecular weight compounds (LMC). Recently, GC/MS has been employed for the in-depth analysis of
thermal decomposition and the products of pyrolysis from biomass [40-42]. Table 3 and Figure A2
(in Appendix A) show the relative mass contents of sawdust torrefied in the vacuum and the nitrogen
systems at 300 °C for 60 min. The liquid products were largely composed of condensable components
such as phenols, acids, alcohols, aldehydes, and ketones (see Table 3) [43—45]. All of the results reported
in Table 3 are mutually comparable because they were obtained under the same operating conditions
as programed in the MS instrument.

Table 3 shows that—in the nitrogen system—low molecular weight compounds (LMC) and high
molecular weight compounds (HMC) can be found in both the glass bottle (where low volatility
compounds concentrated) and the Erlenmeyer flask (where high volatility compounds concentrated).
Compared to torrefaction performed in nitrogen, torrefaction conducted in vacuum drastically
reduced the furfural, 2-furancarboxaldehyde, and 2,6-dimethoxy-phenol in the products. Apparently,
torrefaction in vacuum altered the ratio between LMC and HMC. In a vacuum, most of the LMC,
especially furfural, were removed from both the glass bottle and the erlenmeyer flask. The LMC
evaporated and mixed in the gas stream, which vented out of the system. On the other hand, HMC
could only be found in the erlenmeyer flask in the vacuum system [46,47]. It is clear that the moving
of torrefied liquid compounds through diffusion played a major role in creating such a diverged
pattern [48,49]. These findings suggest that a vacuum environment is better able to stratify liquid
compounds by their molecular weight.

3.4. Elemental Analysis of Solid and Liquid Products

Atomic H/C and O/C ratios as well as HHV are important indices for a material used as a source of
energy [22,50]. The atomic H/C and O/C ratios for the solid and liquid products are reported in Table 4.

With regards to the liquid products, Figure 4a shows the H/C ratios for the low volatility compounds
in both systems, which dropped along with torrefaction temperature by a similar pattern. At 275 °C
and higher, the same figures came down to below 10%. In much the same way, Figure 4b shows
uniformly low O/C ratios across the board [51]. However, it is noteworthy that higher torrefaction
temperature (i.e., carbonization) appeared to have affected hydrogen to a greater extent than it did
oxygen [26,52,53].

The covariation of the H/C and the O/C ratios is presented in a van Krevelen diagram (see
Figure 4c). Both ratios decreased as torrefaction temperature increased, resulting in the shift of data
points from the upper right to the bottom left corner. The H/C and O/C ratios of the sample torrefied at
200 °C for 60 min in vacuum were 25.36 and 11.49; such figures decreased to 3.64 and 1.29, respectively,
when the sample was torrefied at 300 °C.

The outcome of the elemental analysis, as well as atomic H/C and O/C ratios for biochar, low
volatility, and high volatility compounds in both systems, is reported in Table 4. The atomic H/C and
O/C ratios for biochar were in the intervals 1.0-1.6 and 0.5-0.75 in vacuum and nitrogen, respectively.
For the liquid products, data for high volatility compounds were unavailable for the vacuum system at
lower torrefaction temperatures. Such compounds presumably had molecular weights that were too
small to be captured in the process of diffusion. In other words, high volatility compounds could only
be collected in the erlenmeyer flask at lower torrefaction temperatures in vacuum.
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Table 3. Relative peak area distribution of the main products for biomass in GC/MS with vacuum and nitrogen systems.

N3 (300 °C, 60 min) Vacuum (300 °C, 60 min)
Bio-Low Volatility Compounds Fraction Formula Low Volatility Compounds High Volatility Compounds Low Volatility Compounds High Volatility Compounds
RT % RT % RT % RT %
Furfura Cs5H40, 1.699 1.38 1.612 9.32 - - - -
2-Furancarboxaldehyde CsH40, 2.276 1.08 2274 3.13 - - 2272 2.18
1,2-Cyclopentanedione C5HgO, 2.908 1.65 2.872 1.64 2.859 1.00 2.875 1.17
2-methoxy-Phenol C;HgO, 3.674 2.03 3.650 2.70 3.649 0.74 3.650 2.06
Maltol C¢HgO3 3.903 1.04 3.858 0.81 3.856 0.55 3.856 0.71
Creosol CgH190, 5.219 1.12 5.185 1.78 5.186 0.72 5.183 143
1,2-Benzenediol CeHgO, 6.407 1.38 6.159 0.63 6.236 0.67 6.215 0.42
4-ethyl-2-methoxy-Phenol CyH1,0, 6.604 0.97 6.565 1.09 6.564 0.51 6.563 0.63
2-Methoxy-4-vinylphenol CoH190, 7.106 1.10 7.059 0.76 7.066 1.28 7.061 0.82
2,6-dimethoxy-phenol CgH1903 7.719 4.48 7.559 3.05 - - - -
Eugenol C10H120; 7.847 0.52 7.792 0.56 7.798 0.67 7.791 0.69
2-methoxy-4-propyl-phenol Cy0H140, 8.028 0.55 7.988 0.43 - - - -
Vanillin CgHgO3 8.354 1.09 8.133 0.43 8.172 0.83 8.137 0.55
trans-isoeugenol C10H120, 8.600 0.56 8.564 0.47 8.566 0.53 8.563 0.52
3,5-Dimethoxy-4-hydroxytoluene CoH1,03 9.253 3.83 9.102 1.74 9.136 1.97 9.104 1.30
2-methoxy-4-(1-propenyl)-Phenol C10H120, 9.295 1.55 9.201 1.31 9.217 1.28 9.204 1.36
Apocynin CyH1903 9.724 1.12 9.503 0.44 9.547 0.64 9.511 0.53
2,6-dimethoxy-4-(2-propenyl)-Phenol C11H1403 - - 11.389 0.69 11.413 1.22 11.395 0.83
4-hydroxy-3,5-dimethoxy-Benzaldehyde CyH19O4 - - 11.911 0.71 11.985 1.17 11.936 1.17
2,6-Dimethoxy-4-(prop-1-en-1-yl)phenol C11H1403 12.893 4.72 12.727 2.29 12.781 3.32 12.744 2.99
4-Hydroxy-2-methoxycinnamaldehyde C1oH1003 - - 12.901 0.24 - - 12.935 1.21
2,9-Dimethyl-2,3,4,5,6,7-hexahydro-1H-2-benzazonine Ci4Hy N 15.877 0.33 - - 15.817 0.32 - -
3,5-Dimethoxy-4-hydroxycinnamaldehyde C11H1204 16.181 0.85 15.966 0.50 16.058 1.27 - -
gamma-phenyl-carbonic acid C1oH1002 - - 16.424 0.17 - - - -
n-Hexadecanoic acid C16H3,0, 16.522 0.65 - - 16.452 0.51 - -
4,4’-(1-methylethylidene)bisphenol C15H1602 - - 18.166 0.05 18.235 0.37 - -
Oleic Acid Ci18H340; 18.446 0.54 - - 18.385 0.49 - -
Octadecanoic acid Cy9H3z607 18.727 0.14 18.687 0.10 18.695 0.13 - -

Dehydroabietic acid CpoHp30, 20.998 0.06 - - 20.981 0.14 - -
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Table 4. Elemental analysis of raw and torrefied samples (dry-ash-free) in vacuum and nitrogen systems.

9o0f 17

Solid Liquid
Conditi Duration Temp. Biochar(wt%, Dry Basis) Low Volatility Compounds (wt%) High Volatility Compounds (wt%)
ondition R
(min) Q)
CC) H®%) 0@ WCAtom OCAtom (o) o) g HCAtom OCAtom o) o) o) HCAtom O/CAtom
Ratio Ratio Ratio Ratio Ratio Ratio
Raw - - 47.70 6.19 45.67 1.54 0.71 - - - - - - - - - -
200 47.67 6.60 46.17 1.65 0.73 3.06 9.44 86.64 36.75 21.25 3.60 10.13 85.48 33.53 17.83
N 225 479 6.48 45.58 1.61 0.71 6.56 9.07 83.65 16.47 9.57 4.39 10.44 84.48 28.34 14.45
a L/nznin) 30 250 50.71 6.53 43.54 1.53 0.64 7.55 8.08 83.40 12.75 8.29 5.03 10.76 83.66 25.49 12.49
275 53.75 5.81 39.41 1.29 0.55 27.96 8.58 61.85 3.65 1.66 16.76 9.14 73.42 6.50 3.29
300 53.75 5.48 40.25 1.21 0.56 34.16 8.49 55.91 2.96 1.22 17.69 7.98 73.01 5.38 3.10
200 50.01 6.27 43.17 1.49 0.64 3.50 11.35 84.22 38.64 18.06 341 11.78 84.31 41.16 18.56
N 225 49.48 5.92 44.02 1.42 0.66 7.58 9.95 81.77 15.64 8.10 6.37 10.27 82.74 19.21 9.75
a L/xiﬁn) 60 250 49.06 5.66 44.79 137 0.68 30.62 8.22 59.94 3.20 147 14.81 7.80 76.47 6.28 3.88
275 55.22 5.59 38.52 1.20 0.52 49.90 7.79 40.54 1.86 0.61 19.23 9.73 70.53 6.03 2.75
300 52.20 4.90 42.19 1.11 0.60 50.39 7.45 40.84 1.76 0.61 16.84 7.44 75.16 5.26 3.35
200 48.67 6.37 44.46 1.56 0.69 - - - - - 1.75 10.46 87.39 71.22 37.48
225 48.24 6.48 45.16 1.60 0.70 - - - - - 2.22 12.79 84.49 68.65 28.57
Vacuum 30 250 48.21 6.04 45.37 1.49 0.71 - - - - - 8.18 11.53 79.76 16.80 7.32
275 54.21 6.36 38.92 1.40 0.54 52.14 7.21 39.16 1.64 0.56 18.88 8.81 70.87 5.56 2.81
300 54.45 5.75 39.34 1.26 0.54 53.83 7.41 37.24 1.64 0.51 25.73 7.00 67.05 3.24 1.95
200 47.36 5.78 46.24 1.45 0.73 - - - - - 5.39 11.47 82.49 25.36 11.49
225 49.87 5.95 43.65 1.42 0.66 - - - - - 7.71 7.01 83.89 10.83 8.17
Vacuum 60 250 51.65 5.76 42.22 1.33 0.61 55.51 7.12 34.87 1.53 0.47 18.14 9.50 71.06 6.24 2.94
275 54.30 542 39.72 1.19 0.55 52.53 7.00 39.12 1.59 0.56 18.62 7.84 72.53 5.02 2.92
300 56.35 5.15 38.00 1.09 0.51 53.09 7.01 38.28 157 0.54 32.66 9.97 55.99 3.64 1.29
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Figure 4. Profiles of (a) atomic H/C ratio versus temperature, (b) atomic O/C ratio versus temperature,
and (c) van Krevelen diagram. All of the data presented were of low volatility compounds.

In contrast, in the nitrogen system, the atomic H/C and O/C ratios for low volatility compounds
fell in the intervals 38.0-1.7 and 21.0-0.6, respectively. This indicated that both high and low volatility
compounds were condensed into the glass bottle, resulting in mixed components therein.

With respect to high volatility compounds with a torrefaction time of 30 min in a vacuum, the C
content increased from 1.75 to 25.4% while torrefaction temperature increased from 200 to 300 °C. At the
same time, the H and O contents reduced from 6.25 to 5.92% and from 40.37 to 37.68%, respectively.
With a torrefaction time of 60 min in a vacuum, the C content increased from 5.39 to 32.66% while
temperature went from 200 °C to 300 °C. Meanwhile, the H and O contents reduced from 11.47 to 9.97%
and from 82.49 to 55.99%, respectively. Similar patterns were found on the high volatility compounds
in nitrogen. In fact, the atomic H/C and O/C ratios for high volatility compounds in vacuum with a
torrefaction time of 60 min were lower than those in the nitrogen system. This indicated that—at a
temperature of 275 °C or above—the H and O elements in the liquid compounds resulting from the
vacuum system reduced by the same rate as they did in nitrogen.

3.5. Higher Heating Value Analysis

The HHYV of torrefied products is a function of temperature [54]. All HHV and temperature
figures from the experiments can be found in Figure 5 and Table 5. Across all materials, HHV increased
along with the temperature. The increase in HHV was positively associated with temperature and
residence time. This is due to an increase in the carbon content of the torrefied materials as a result of
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reduced H and O. With increased temperature, the total mass of the solid decreased, while the HHV
increased. The HHVs of the solid materials from both systems were 27-35%, which were higher than
that of the original biomass.

HHV (MJ/kg)

26
25
24
23
22
21
20
19
18
17

R

—a&—— N,, 30 min
- =@~ - Vaccum, 30 min
e N, 60 Min
=== Vaccum, 60 min

80 200 220 240 260 280 300 320

Temperature (°C)

Figure 5. Profiles of the HHV of torrefied wood sawdust in vacuum and nitrogen systems with different

temperatures and times.

Table 5. HHVs of untreated and torrefied biomasses.

Solid Liquid
. Low Volatili High Volatili
Condition Time (min) Temp. (°C) Biochar HHV (Dry Coslvl;lou?\;;ll-lltIYIV Colilgpouzc:st lI-;;-}I,V
Basis) (M]/kg) (M]/kg) (M]/kg)
Raw - - 17.687 - -
200 17.662 2.902 1.160
N 225 17.583 4.403 1.653
011 /2m1n) 30 250 18.637 4.978 4.429
' 275 19.995 10.721 6.628
300 21.308 13.762 6.839
200 18.496 3.533 1.021
N 225 18.624 5.197 1.026
2
(0.1 Ljmin) 60 250 19.605 9.644 5.499
275 21.518 17.685 6.425
300 24.071 19.205 6.816
200 18.561 - 1.455
225 18.624 - 1.533
Vacuum 30 250 18.647 15.600 1.776
275 19.465 19.034 6.724
300 20.512 19.101 9.131
200 18.431 - 2.801
225 18.970 - 5.047
Vacuum 60 250 19.235 - 5.804
275 21.698 19.726 6.921
300 22.521 19.450 9.333

As for the liquid products, the HHV of low volatility compounds from the vacuum system
did not go up until temperature reached 275 °C [55]. In contrast, the HHV of the low volatility
compounds from the nitrogen system only started to pick up above 300 °C. Overall, the HHV of the
high volatility compounds from both systems were lower—to a similar degree—than that of their
respective solid compounds (17.68 MJ kg~!). However, the high volatility compounds from the vacuum
system exhibited higher HHVs than those from the nitrogen system. These findings suggest that
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torrefaction in vacuum improves the energy density of biomass more significantly than does a nitrogen
system. Thus, the application of the vacuum technique to torrefaction has the potential for improving
combustion efficiency.

3.6. Biomass Energy Conversion

In converting raw biomass into various forms of energy such as heat, solid, liquid, and gaseous fuels,
there are four approaches: direct combustion, physical conversion, biochemical, and thermochemical
conversions [56,57]. Energy yield, which stands for the ratio of total energies between processed and
raw biomass samples, is a measure of preserved energy in the processed materials, corresponding to
their solid, liquid, and gaseous states [58].

Torrefaction, a method of thermochemical conversion, registers a high energy yield of 90% for
solid products when performed at 250 °C or below. While higher torrefaction temperature increases
the energy density of the resultant biochar, it does so at the expense of reduced solid yield. When
this is the case, lower energy yield means energy transfer from the solid product to liquid or gaseous
products [59]. Figure 6a shows the percentage of energy yield for the solid, liquid, and gaseous
products in a nitrogen system with a torrefaction time of 60 min at 300 °C. The resulting portions are
77%, 19%, and 4%, respectively. In comparison, the energy yield for the solid, liquid, and gaseous
products from a vacuum system under the same conditions become 71%, 23%, and 6%, respectively.
These suggest a 6% energy transfer from the solid biochar to the liquid and gaseous products in a
vacuum environment.

(a) (b)
Biochar ~ Biochar
77 % 71 %

High volatility compounds (11 %) High volatility compounds (10 %)
Low volatility compounds (8 %) Low volatility compounds (13 %)

Figure 6. Energy distribution of biomass sources torrefied at 300 °C for 60 min in (a) nitrogen and
(b) vacuum.

In addition, the moisture content was evaluated. The moisture contents in the liquid products
at the different torrefaction temperatures in vacuum and nitrogen with different torrefaction times
are presented in Table A1 (in Appendix A). In both systems, the moisture contents exceeded 85 wt%
at 200 °C. The moisture content decreased along with temperature [26]. At 300 °C, the moisture
contents of low and high volatility compounds were around 15% and 45%, respectively, in the vacuum
system. At the same temperature, the moisture content of the low volatility compounds in the nitrogen
system was 25% after 60 min of torrefaction and 49% after 30 min, while the high volatility compounds
exhibited a consistent level of moisture content around 62% regardless of torrefaction time. In contrast,
the moisture contents of the low volatility products from the vacuum system at 300 °C were between
14% and 16% after 60 and 30 min, respectively, while the high volatility compounds hovered around
44% and 46% regardless of time. In sum, the moisture contents of the liquid products from the vacuum
system are lower than those of the nitrogen-system products across the board. It is thus clear that
torrefaction in vacuum serves to improve the HHV of liquid products by bringing down their moisture
level, making liquid and gaseous products of torrefaction qualified as fuels and other functional
materials [58].
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4. Conclusions

With the vacuum technique applied to torrefaction, it was found that the amount of biochar (solid
products) resulting from the vacuum system was reduced at the same rate as the nitrogen system.
In terms of the energy density, the vacuum system was able to produce biochar with considerably
higher HHV than did the nitrogen system below 250 °C. This is because the moisture and the high
volatility compounds (i.e., aldehydes) dispersed more smoothly in a vacuum. At a temperature higher
than 250 °C, however, most of the low volatility compounds evaporated, resulting in lower HHV in
the biochar produced in the vacuum.

Despite such mixed results with the solid products, the vacuum system increased the HHV
of its liquid products more significantly than did the nitrogen system regardless of torrefaction
temperature. As the GC/MS analysis revealed, the vacuum system separated a greater amount of
smaller molecules (such as water) from bigger ones and thus produced high-volatility compounds that
contained considerably less moisture. Another proof of reduced moisture in the liquid products of
the vacuum system was a Van Krevelen plot of the H/C and O/C ratios, which demonstrated a linear
relationship between torrefaction temperature and the hydrophobic property of the liquid products.

In light of the above, the vacuum system outperformed the nitrogen system in terms of the HHYV,
owing largely to the former’s less moist liquid products. Unlike the case with the solid products, this
pattern exhibited by the liquid products was unaffected by torrefaction temperature. Since the vacuum
system converted more energy from solid biomass to liquid products, it was able to enhance the total
energy output of torrefaction.
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Appendix A

Table A1. The moisture content of high and low volatility compounds at various operating conditions.

Oper'at'ing Temp. (°C) Low Volatility Compounds High Volatility Compounds
Conditions 60 min 30 min 60 min 30 min
N 200 95.03 85.55 97.94 95.11
2 300 24.6 49.12 62.06 61.32
200 - - 98.65 89.54
Vacuum 225 - - 82.34 91.91

300 14.3 15.68 45.33 4428
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Figure A2. GC/MS spectra of high and low volatility compounds at 300 °C in vacuum systems.
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