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Abstract: Biomass is abundant and sustainable with CO2 neutral and less dependent on climate.
Its potential application could be obtained from biomass by the pyrolysis process. Meranti sawdust
from industrial waste is widely available and can be used as feedstock to produce bio-oil through the
pyrolysis process. The utilization of nitrogen as a sweep gas in pyrolysis requires additional
components and incurs additional costs in production. The research aims to investigate non-sweep
gas pyrolysis with vapor heater using Meranti (Shorea pinanga) as feedstock. The Proportional
Integral Differential (PID) was installed to control the reactor and reaction zone temperature.
Liquid yield increased due to the increased surface temperature at the reaction zone. The maximum
liquid yield was obtained of 39 wt% at the reaction zone temperature 150 °C. The liquid yield
composition consists of a high boiling substance with a higher heating value and an increase of vapor
temperature. Meanwhile, the liquid product without a heater in the reaction zone relatively contained
the compound with a lower boiling point, and it had a lower heating value.

Keywords: liquid yield; meranti wood; pyrolysis; reaction zone; vapor temperature

1. Introduction and background

The availability of biomass is abundant and sustainable
with CO2 neutral and less dependent on climate b .
Besides massive energy consumption 2, including the
total energy use by building ¥, biomass waste's burning
contributes to global emission 4.

Various types of biomass have been used for the
feedstock in the pyrolysis process, such as the waste of
agriculture crops ¥, palm fiber ®, pine 7®, 0ak ¥, cotton
cocoon shell 191 | and sawdust 213, Meranti is one type
of wood that is easy to get in Indonesia, and the wood used
is from industry and forestry waste. Pyrolysis is the
decomposition process by heating without involving
oxygen and knows as the thermochemical decomposition
process to convert organic material into the volatile matter,
and the remaining substance is converted into the rich
solid of carbon ¥, The liquid was produced from this
process, known as bio-oil. This liquid can be applied as a
preservative, fuel, and other chemical substances 617
The type and composition of biomass affect the
composition of bio-oil V.

Meranti was used as feedstock using fixed bed and

nitrogen as a sweep gas to condense pyrolysis vapor using
ethylene glycol below -10 °C'*® and equipped with
reactor temperature controller 19

Pyrolysis is the best way to convert solid biomass into
a liquid, and carbonization activation is an effective
process to produce char and gas 2% . The volatile matter
produced in the reactor consist of condensable and non-
condensable (NCG) vapor. The condensable vapor was
condensed into the liquid collection system (LCS) to be a
liquid form. The application of the bio-oil dependent on
the composition of its content. The process and raw
material also influence the compositions of the liquid
yield. The raw material for feedstock is the main
component of the pyrolysis to get a particular compound.
Besides that, moisture content, reaction temperature,
heating rate, sweeping gas flow rate, resident time, and
cooling temperature are the parameters that influenced the
product of pyrolysis. Those variables are the operating
parameters to determine the composition and the liquid
yield of the pyrolysis process. The compound of vapor
generated by reactors consists of many boiling fraction
temperatures; high, middle, and low boiling points. The
high boiling point results in the liquid with a high heating
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value, vice versa, low boiling point. The high boiling point
results in the liquid with a high heating value, vice versa,
low boiling point fraction produces more acidity and low
heating value 2.

The pyrolysis process produces an amount of pyrolysis
vapor in the pyrolysis reactor. The vapor encounters a
secondary reaction in the reaction zone and reduces in
liquid yield 2223 | The reaction zone is the area where the
vapor is accumulation before entering the condensation
zone. The vapor temperature in the reaction zone was
influenced by the heating rate and pyrolysis temperature.
The vapor pressure in the reaction zone was relatively low,
and the vapor temperature was around 110 C 24 .
Schulzke at el., installed electrical trace heating at the
reaction zone's piping line to avoid the vapor condensation
before LCS 2V . This heater also affects the pyrolysis
product and pyrolysis process.

The vapor heater was installed to maintain vapor
temperature constantly and avoid vapor condensed at the
reaction zone area. Non-sweep gas pyrolysis is a pyrolysis
process without involving the carrier gas to sweep
pyrolysis vapor from the reaction zone to the condensation
zone. Supramono et.al. obtained the higher liquid and the
lower yield of char by a higher gas flow rate of N, 2% .
CO2 as carrier gas has been implemented in pyrolysis,
the product yield increases compared to the use of N2 for
pyrolysis and lower yield for co-pyrolysis 29 . The use of
carrier gas incurs additional cost and additional energy,
and it needs more supporting equipment. Therefore, the
non-sweep gas reactor needs a comprehensive study
regarding the optimum liquid vyield, thermal
characteristics, and liquid yield properties.

This paper presents the investigation of non-sweep gas
pyrolysis with vapor heater using Meranti (Shorea
pinanga) as feedstock.

2. Methods and experimental setup

2.1 Materials and preparation

Meranti wood (Shorea pinanga) from industrial waste
was used as feedstock. The raw materials were treated
with two treatments, thermal and physical. The physical
treatment, including crushing and grinding the raw
materials into 25 mesh (700 pum). Simultaneously, the
thermal treatment was drying the raw materials at 80 °C in
the vacuum drying for 4 hours to vaporize water vapor and
reduce water content below 10-wt%. The raw material
was weighed before feeding into the reactor. Moisture
content below 10 wt% is recommended and suitable for
the pyrolysis process to produce bio-oil 2 . Moisture
content affects the liquid oil properties such as pH, heating
value, and viscosity 2® . The total weight of feedstock
was 200 grams with a density of  332.9 kg/m?®.

2.2 Tubular fixed-bed reactor and condenser

The decomposition process was performed in a tubular
fixed-bed reactor, sized 3” in diameter, Schedule 10S, and

270-mm height. The fixed-bed reactor equipped with an
electric heater was controlled by a proportional integral
and differential (PID) controller. There was not any carrier
gas flows in the reactor. The pyrolysis vapor flowed
naturally. The pyrolysis vapor was generated in the reactor
and accumulated in the reaction zone. The vapor heater
was equipped at the reaction zone to keep the vapor
temperature at a designated point. The pyrolysis vapor
flowed to the LCS and condensed into liquid form. A
double pipe condenser was constructed to absorb heat
from pyrolysis vapor and liquified into the liquid as shown
in Fig 1.

Vapor Heater

Raw Material

Electric Heater

Fixed Bed Reactor

Fig. 1: Schematic process

2.3 Experimental Set-up

The ready feedstock was put in the reactor, the electric
heater was on to supply heat to the reactor. The wall
temperature of the reactor was controlled by a PID
controller at temperature 500 °C. The optimum reaction
temperature for decomposition is 500 °C 29 . The smaller
electric heater was also installed at the wall of the reaction
zone, PID also controlled it to maintain the vapor
temperature at the desired operating temperature. The
experimental setup schematic can be seen in Fig 2. Type
K thermocouple was placed to investigate the system's
distribution temperature, including in the reactor, reaction
zone, and LCS. Table 1 shows the thermocouple's position
along the pyrolysis process from the reactor to the liquid
container.

Table 1. Thermocouple position

Mark Liquid temperature

T, Liquid temperature

T, NCG temperature

Ts Reaction zone temperature

Ty Feedstock temperature

Ts Inside wall temperature

Te Inlet condenser temperature

T, Inlet cooling water temperature
Ts Outlet cooling water temperature
To Ambient temperature
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The data acquisition was connected to the system to
record all the measurements into the computer. The vapor
temperature in the reaction zone was controlled by putting
the temperature sensor at the reaction zone wall, and the
setting temperature varying at 150 °C and 200 °C and no
heater (heater off). A voltage regulator and power sensor
were installed to monitor the amount of electricity
supplied into the reactor and reaction zone wall, and it was
1000, 1500, and 2000 Watt. The total energy supplied will
affect the heating rate of the raw material. The cooling
water at ambient temperature was pumped to the
condenser as a cooling fluid. Hasnan at. Al. they utilized
the vapor chamber to increase the cooling rate 3. The
temperature of LCS affects the total liquid yield and
composition of the product. The lower boiling point of
pyrolysis vapor can only liquefy during the cooling
process at a lower temperature.

The product of liquid oil was collected in the measuring
reservoir tank.  The energy balance equations were
applied to calculate the product yield as follows.

The product of liquid oil was collected in the measuring
reservoir tank. The materials balance equations were
applied to calculate the product yield as follows.

Liquid yield (%) =
(feedstock weight) x100%
Solid yield (%) =
(feedstock weight) x100%
Gas vyield (%) =
(liquid yield +
solid yield)

Voltage Regulator

PD_ .iﬁ—@

(liquid weight)/
(Solid weight)/

100% —

' Reaction Zone
| Heater

Power |
Sensor i —~\

-1 Reactor
Heater

Computer

The product was weighed by its mass and volume using
a digital scale. The liquid outcome was characterized by
its composition, heating value, viscosity, density, and pH.
The product was weighed by its mass using a digital scale.
The materials balance of gas yield was calculated using
equation (3). The product of liquid was characterized by
its composition, heating value, viscosity density, and pH.

2.4 Characterization of product

The bio-oil as a liquid product was analyzed using Gas
chromatographer Agilent Technologies 7890 A and Mass
spectrometry Agilent Technology 5975 C to obtain the
composition and spectrometry of liquid with HP-5MS 5%
Phenyl Methyl Silox, Capillary column (30 m x 250 um x
0.25 um). The GC oven temperature was maintained at
100 °C for 5 minutes and was programmed to increase to
260 °C at a rate of 10 °C/min for 20 minutes. The carrier
gas used in the liquid product was helium gas, while
methanol was used in the non-condensable gas solvent
product. The calorific value was measured based on
ASTM D3427 Standard and a kinematic viscosity at room
temperature using ASTM D445 as standard. The
compositions of liquid oil were measured for three
samples: 1500 Watt with the vapor heater off, 1500 Watt,
and 150 °C of vapor (tejnperature at reaction zone as the
highest liquid yield, 1500 Watt, and 200 °C. These
samples will be comianed to investigate the influence of
vapor temperature in the reaction zone on the liquid oil
composition.

3

Fig. 2: Experimental setup of the pyrolysis process
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3. Results and Discussion

The liquid yield and the compasitions of liquid oil were
influenced by vapor temperature in the reaction zone.
Table 2 shows the liquid yield and other side products of
pyrolysis according to the vapor temperature in the
reaction zone. The maximum liquid yield was 39.0 wt%,
and it was obtained at a vapor temperature of 150 °C with
power supplied of 1500 Watt, compare to 30 wt% using
nitrogen as sweep gas at low reaction temperature ¥, and
63.2 Wt% by flowing 25 L/minute nitrogen 9.

The maximum amount of liquid was obtained at such
temperature because the reaction temperature in the
reactor and the reaction zone were at the right point with
the raw materials' characteristics. The higher temperature
in the reaction zone will result in more gas due to the
vapor's second reaction. Meanwhile, lower temperatures
in the reaction zone also will produce more gases, caused
by early condensation of pyrolysis vapor when reaching
the wall reactor head, and this condensate falls down into
the reactor. These early condensations reduce liquid yield.

The amount of power supplied to the reactor affected
the heating rate and decomposition processes. The higher
heating rate combined with higher vapor temperatures
tended to produce more gases. The higher vapor
temperature also tended to produce more gases due to the
second reaction in the reaction zone. There was not any
sweeping gas injected into the reactor. The pyrolysis
vapor flowed into the system due to its partial pressure.
The partial pressure was influenced by temperature and
the molar of each component.

Table 2. The product of the pyrolysis process influenced by
vapor temperature in the reaction zone

The type | Reactor | Vapor L
ofyp Heater he:ter Liquid | NCG Char
Wt Wt Wt
feedstock | (Watt) °C (Wto6) | (Wt%) | (wto)
1000 Heater off 20.0 18.5 61.5
1000 100 29.0 20.5 50.5
1000 150 295% | 22.0% | 48.5%
Bi 1000 200 37.0% | 245% | 38.5%

10mass

1500 Heater off | 30.0% | 33.0% | 37.0%
from 1500 100 37.0% | 25.0% | 38.0%
Meranti 1500 150 39.0% | 26.0% | 35.0%
wood 1500 200 35.0% | 46.5% | 18.5%
2000 Heater off | 34.0% | 30.0% | 36.0%
2000 100 315% | 34.0% | 34.5%
2000 150 385% | 30.0% | 315%
2000 200 355% | 33.0% | 315%

Fig. 3 Shows the product yield due to the vapor
temperature at the reaction zone. Increasing vapor
temperature more than 150 °C would decrease liquid yield
due to the vapor cracking and second reaction. The
pyrolysis process's total product using meranti wood as

feedstock with the vapor temperature in the reaction zone
can be seen in Fig. 4. The highest NCG was obtained at a
vapor temperature of 200 °C. The reaction zone's high
vapor temperature led to the vapor cracking and second
reaction, and this second reaction changed the
condensable gas into non-condensable gas (NCG). The
Maximum char was obtained at uncontrolled vapor
temperature (heater off) with electric power supplied of
1000 Wiatt. The effect of low heating rate and low vapor
temperature at the reaction zone led to slow pyrolysis and
produced more char 39,

Ca—1000 (Watt)
a0 - —e—1500 (Watt)
——2000 (Wat)

Liquid Yield (%)

T T T T T T T T 1
&0 80 100 120 140 180 180 200 220

Vapor temperature at reaction zone (“C)

Fig. 3: The influence of vapor temperature in the reaction to
the liquid yield.

0% Ba7eellass 5%
513 [l 2%
5%
| 25%, 2006 Il a0 33%
3:3%)

Product Yield (%)

80 100 150 200 &80 100 150 200 80 100 150 200
(1000 WWatt) (1500 Watt) (2000 Watt)
Reaction Zone Wall temperature (°C)
Fig. 4: The total product of the pyrolysis process using
meranti wood as feedstock with the vapor temperature in the
reaction zone.

The liquid yield of the pyrolysis product depends on the
constituent element. The composition and compound of
bio-oil were affected by many variables, such as the type
of biomass, reaction temperature, vapor resident time,
particle size 2, heating rate, and the feedstock's moisture
content. Vapor temperature in the reaction zone also
influences the composition of bio-oil. Fig. 5 shows the
GC/MS chromatographic peaks of the bio-oils. The
products which were produced by varying vapor
temperature have different peaks. The different product
and retention times of bio-oil influenced by vapor
temperature are shown in Table 2. Each peak
represented each product, and the area of peak represents
the amount of product component. There was a slight
deviation peak time corresponding to the product caused
by the vapor temperature.
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Fig. 5: GC/MS chromatographic peaks of the bio-oils collected from three samples with Maximum power supplied 1500 Watt at
different vapor temperature in the reaction zone (a) Vapor Heater Off, (b) 150 °C and (c) 200 °C.
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The product obtained at a vapor temperature of 150 °C
and 200 °C deviated slightly from the product with the
uncontrolled vapor temperature (heater off). Uncontrolled
vapor temperature (heater off) had the least liquid yield
and has a shorter peak (Fig 5.a). The peaks value were
observed in 20 minutes duration, and this peak
investigated the composition of the product. The
uncontrolled vapor temperature was concentrated before
12.5 min. Meanwhile, vapor temperature at 150 °C and
200 °C had retention time until 15.5 min (Fig 5.a and 5.b).
The higher vapor temperature had additional significant
phenol components, acetophenone, syringyl acetone, and
benzaldehyde as shown in Table 3. This additional
component was identified as a component with a high
boiling point. The element was not detected at low vapor
temperature (heater off) due to the compound's high
boiling point. The condensation occurred for high boiling
point compounds at low-temperature exposure. There
was no significant change in the composition of the
substance when the vapor temperature increased from

150°C to 200 °C. The spectrum of the peak represented
roughly each component corresponding to the peak. The
area of each peak represented the amount of the
component. The value of the peak was obtained by divided
its area by a total area 3 . There was no significant
difference in product between vapor temperature 150°C
and 200 °C (Fig. 5b and 5c). There was no additional
retention time peak of vapor temperature at 150°C to
200 °C. This temperature prevented the high boiling
point compound from condensing in the reaction zone.
There was no component at the boiling point above 200 °C.

The composition of bio-oil can be seen in table 2. The
lower vapor temperature (heater off) produced the lower
molecular weight compound than the bio-oil with higher
vapor temperature. The main component of liquid oil
obtained was acetic acid 20.61wt% and decreased when
concentration during vapor temperature increased. The
acetic acid concentration decreased to 13.62wt% and
13.54 wt% for vapor temperature 150°C to 200 °C,
respectively.

Table 3. The compound and area detected from bio-oil.

No Retention Area for Temperature
Time Component

No Heater 150 200
1 1.471 Acetic acid 20.61 13.62 13.54
2 2.011 2-Cyclopenten-1-one 7.16 4.83 4,95
3 2.196 Furan, tetrahydro-2,5-dimethoxy- 0.69 0.57
4 2.500 2-Hydroxy-2-cyclopenten-1-one 1.41 2.32
5 2.619 1,3-Pentadiene, (2)- 0.82
6 2.837 2-Furancarboxaldehyde, 5-methyl- 0.52
7 2.838 2-Furancarboxaldehyde, 5-methyl- 0.74
8 2.905 Phenol 3.65 2.72
9 3.006 2(5H)-Furanone, 3-methyl- 0.59
10 3.563 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 2.45 3.21 3.47
11 3.783 2-Cyclopenten-1-one, 2,3-dimethyl- 1.37
12 3.900 Phenol, 2-methyl- 2.16 0.68
13 4,238 Phenol, 4-methyl- 2.03 0.68
14 4,255 Phenol, 3-methyl- 0.62
15 4.677 Phenol, 2-methoxy- 7.29
16 4.693 Phenol, 2-methoxy- (CAS) 3.31 3.35
17 5.138 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- 0.52
18 5.182 4H-Pyran-4-one, 2-hydroxy-3-methyl 0.49 0.49
19 5.317 3-Ethyl-2-hydroxy-2-cyclopenten-1-one 0.73 0.71
20 5.891 Phenol, 2,4-dimethyl- 1.31 0.57
21 6.667 Phenol, 2-methoxy-3-methyl- 0.55
22 6.954 Creosol (Phenol, 2-methoxy-4-methyl-) 5.22 5.39
23 6.971 1,2-Benzenediol 5.18
24 7.257 1,4:3,6-Dianhydro-.alpha.-d-glucop yranose 1.16 1.04
25 7.831 3,4-Dimethoxytoluene 0.64
26 8.253 1,2-Benzenediol, 4-methyl- 0.63
27 8.320 1,2-Benzenediol, 3-methoxy- 0.54 1.53 1.96
28 8.455 Hydroquinone 0.55
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29 8.657 Benzeneethanol, 2-methoxy- 3.27 2.09 1.81
30 8.809 1,2-Benzenediol, 4-methyl- 0.79 0.93
31 9.737 1,4-Benzenediol, 2-methyl- 0.23 0.28
32 9.906 Phenol, 2,6-dimethoxy- 2.16 3.77 3.77
33 10.176 Phenol, 2-methoxy-4-propyl- 0.51 0.4
34 10.412 Benzene, 2-fluoro-1,3,5-trimethyl- 0.37
35 10.699 BENZALDEHYDE, 4-HYDROXY-3-METHOXY- 0.6 0.57
36 10.834 Phenol, 2-methoxy-4-(1-propenyl)- 0.33 0.33
37 11.391 3,5-Dimethoxy-4-hydroxytoluenePhenol, 2,6-dimethoxy-4- 0.8

methyl-
38 11.407 3,5-Dimethoxy-4-hydroxytoluene 1.99 1.99
39 11.458 Phenol, 2-methoxy-4-(1-propenyl) 0.65 0.79
40 11.998 (2R,3S)-2,3-trans-3-Acetoxy-6-[(2R,3S)-2,3-trans-3- 2.01

acetoxy-3',4',7,8

-tetramethoxyflavan-5-yl]-3'4',7,
41 12.099 .beta.-D-Glucopyranose, 1,6-anhydro- 1.79 2.03
42 12.504 2-(N-Methylamino)-4,5-dimethoxyani 0.77
43 12.521 Benzocyclooctene, 7,8-dimethyl- 1.52 1.54
44 12.605 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 0.75 0.81
45 13.499 Phenol, 2,6-dimethoxy-4-(2-propeny I)- 0.29 0.27
46 13.601 homo - syringaldehyde 0.34
47 14.106 Phenol, 2,6-dimethoxy-4-(2-propenyl) 0.34 0.43
49 14.208 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 0.23 0.23
50 14.680 (E)-2,6-Dimethoxy-4-(prop-1-en-1-yl) phenol 0.51 0.75
51 15.068 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 0.47 0.56
52 15.490 syringyl acetone 0.95

The vapor temperature in Table 4 shows the caloric
value and viscosity of bio-oil with different vapor
temperatures. The higher heating value of 10,875 kcal/kg
was obtained at a higher vapor temperature than 10,368
kcal/kg at a lower vapor temperature (heater off) due to
bio-oil composition, which has a high boiling point 2V .
The viscosity of liquid oil increased by increasing vapor
temperature, PH, and density due to the higher molecular
content of bio-oil and the high boiling point compound of
bio-oil. The lower vapor temperature (heater off) was
more intense to produce the lower molecular weight
compound compared to the bio-oil with higher vapor
temperature. The bio-oil heating value was decreased
when the water content was increase 9.

The temperature distribution during the pyrolysis
process with power supplied 1500 Watt at different vapor
temperatures in the reaction zone can be seen (Fig.6.a).
Vapor Heater Off, (Fig.6.b) 150 °C and 200 °C (Fig.6.c).
There was a vapor temperature drop during the pyrolysis
process in Fig 6. (a), this temperature dropped due to the
condensation of vapor at the reaction zone and drop to the
reactor and decreased the vapor temperature at that zone.
In Fig. 6 (b) and (c), the vapor temperature remained
constant, and there was no vapor temperature drop due to
an adequate temperature to restrict early condensation of
the high boiling point compound.

Table 4. Comparison of the caloric value and viscosity of bio-
oil influenced by vapor temperature

Wall temperature of
Parameter Units the reaction zone
Heater off 150 °C
Caloric Value Kcal/kg 10368 10875
Viscosity cSt 1.686 1.706
Density Gr/ml 1.229 1.280
PH 2.2 2.4
700 Y Heater
e StOCK
600 ':\R/’ig\z:orWall
m\/apor condensor inlet|
m— AmMbient

500

400

300 A

Temperature °C

200

100 +

T T
0 5000 10000
Time (Second)
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Fig. 6: Temperature distribution on the pyrolysis process
with power supplied 1500 Watt at different vapor temperature
in the reaction zone (a) Vapor Heater Off, (b) 150 °C and (c)
200 °C.

4. Conclusions

The non-sweep gas reactor can be applied by
combining the heating at a reaction zone and obtained up
to 39.0 wt% at 150 °C of vapor temperature at the reaction
zone. There was no significant change in liquid oil and
composition by increasing the vapor temperature until
200 °C. The higher temperature in the reaction zone would
produce the bio-oil with a high boiling point substance.
There was an early vapor condensation process due to the
low vapor temperature, and it condensed the volatile with
a high boiling compound in the reaction zone. Low vapor
temperature was prevented from providing a high boiling
point compound with a higher heating value. The highest
heating value was obtained from 150 °C of vapor
temperature. The product density increased by increasing
vapor temperature. The high-density liquid had a high
molecular weight of bio-oil, and it had content with a high
boiling point compound. The proper temperature at the
reaction zone can be applied to get the optimum liquid
yield.
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