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Abstract: The effect of Brown’s gas on the gas-phase tar cracking behavior, carbonic oxide (CO)
production rate, and gaseous product temperature during the pine wood pyrolysis was preliminarily
explored. By the application of cold trapping and gravimetric methods, it was found that Brown'’s gas
reduces the energy barrier of thermochemical conversion for gas-phase tar, widens the temperature
range of gas-phase tar accelerated cracking, and increases the cracking rate. When the pyrolysis tem-
perature increases by 1 °C, the average cracking rate of gas-phase tar increases from C = 4.58 g‘Nm_3
(flow volume ratio of Brown’s gas to nitrogen, X(grown's gas):N2 = 0%) to C = 4.8 g~Nm_3 (X:Nyp = 1%)
and C = 5.02 g-Nm~3 (X:N = 5%). While participating in the deep cracking of gas-phase tar, Brown’s
gas reduces the conversion energy barrier of the gas-phase tar to CO. The CO production rate rises
from the initial 1.87% (X:Ny = 0%) to 4.22% (X:N; = 1%) and 5.52% (X:Nj = 5%) per 1 °C of increased
pyrolysis temperature. The consumption of Brown'’s gas is 0.32 m? per 1 g-Nm ™2 of gas-phase tar
cracking within the pyrolysis residence time of 30 min.

Keywords: Brown’s gas; biomass pyrolysis; gas-phase tar

1. Introduction

Hydrogen energy refers to the chemical energy released by hydrogen combustion,
that is, hydrogen reacting with oxygen to generate water and release heat [1]. Hydrogen
and oxygen can be directly converted into electrical energy within the fuel cell [2], or as
an intermediate carrier of heat and mechanical energy to achieve energy conversion [3].
However, there are still many potential hydrogen energy application characteristics and
scenarios that have not been fully explored, among which Brown’s gas as a hydrogen-rich
mixed gas is popular with inventors and hobbyists worldwide. The researchers used the
dry or wet cell [4-7] to produce a mixture of hydrogen and oxygen gas known by various
names such as HHO, hydroxy, oxyhydrogen, and Brown’s gas. The properties of this
mixture show surprising. For example, Brown’s gas exhibits a cool flame (~130 °C), yet it
can vaporize tungsten, a feat beyond today’s commercial welding torches. The radioactivity
of americium can be changed by the Brown’s gas flame [8]. The academic community
has yet to explore or explain this. In recent years, enabling efficient use of Brown’s gas in
selected engineering applications (transportation and sustainable power generation) has
been introduced by some comprehensive reviews [9,10].

The usage of fossil fuel and the resulting drastic increase in pollution levels has made
us realize the need for a new sustainable fuel which does not cause pollution and climate
change. Using Brown’s gas as a fuel enhancer in internal combustion engines, there is a
net increase in brake power ranging from 2% to 5.7% and an increase in brake thermal
efficiency which ranges from 10.26% to 34.9%. A decrease in specific fuel consumption is
observed from 20% to 30% along with a decrease in CO and HC emissions on an average of
18% and 14%, respectively [11]. Gad et al. [12] explored the emissions and performance
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study of diesel engine using cotton ethyl ester blend enriched with HHO gas and kerosene
additives. HHO gas with kerosene blends accompanied by ethyl ester cotton oil lessens
the brake specific fuel consumption and increases the brake thermal efficiency by 17% and
26.2%, respectively. HHO enriching is favorable in the combustion characteristics improve-
ment. Gad et al. [13] performed performance, combustion characteristics and emissions
investigations of diesel engines using HHO gas from dry and wet cells. HHO gas addition
enhances the brake thermal efficiency by 2% and 2.5% but the exhaust gas temperature
highest decreases for dry and wet cells are 8 and 10%. Liu et al. [14] investigated the com-
bustion stability of shale gas engines by adjusting the HHO blending ratio. In particular,
the influence of HHO content on the in-cylinder pressure and heat release process of a shale
gas engine was analyzed, the combustion cycle trends were discussed, and the dynamic
characteristics of the combustion process were evaluated. The influence of HHO content
on the stability of the flame propagation process in the cylinder was then determined.

A research team from Yonsei University vitrified municipal solid waste incinerator
(MSWI) fly and bottom ashes at 1450 °C by using Brown’s gas, for the first time [15-17].
It was further confirmed that fly and bottom ashes contained crystalline contents which
transformed into amorphous glassy structure on vitrification. As the vitrified ash product
of bottom ash and its mixture with fly ashes were found to be non-hazardous, they could
be considered as construction and road building material. Min et al. [18] melted four types
of waste asbestos containing material such as spread asbestos, plasterboard asbestos, slate
asbestos, and asbestos 99 wt%, in a melting fumace at 1450-1550 °C that uses a mixture of
hydrogen and oxygen (Brown’s gas) as a fuel. It was further confirmed by SEM and XRD
studies that all waste materials contained some crystalline structures which transformed
into amorphous glassy structure on melting. Wang et al. [19] investigated the combined
effects of HHO gas with other fuels, including coal and oil. The combinations of HHO
with coal and oil can improve the efficiency of electricity generation while reducing the
pollution. Specifically, the addition of 1 kg HHO gas with Indian lignite can improve
efficiency by 0.2%. Kenanolu et al. [20] investigate how to compensate for the drawbacks of
using ammonia as the main fuel in a gas turbine by hydrogen and hydroxy-gas enrichment.
During the experiments, propane that is standard working fuel of the gas turbine, neat
ammonia, as well as a 10 L/min ammonia fuel enriched with 3 L/min, 5 L/min, and
7 L/min hydroxy gas, were utilized. NOx emissions should be kept under control in
addition to the increase in the performance and elimination of the carbon emissions. Gu
et al. [21] developed a medium-sized hydrogen and oxygen (HHO) generator, with high
energy conversion rate and adjustable output gas. The HHO gas was then introduced into
a biomass hot air generator for mixed combustion. The average concentrations of CO, NO
and smoke decreased by 93.0%, 22.5% and 80%, respectively. Integration of biomass fuel
and HHO gas can effectively reduce pollutant emissions and save fuel. Nabil et al. [22]
proposed that HHO can be used as a substitute fuel for LPG which is used for cooking
applications in villages and remote locations.

In summary, compared with the research on the welding and internal combustion
engine co-firing, Brown’s gas has less research in the fields of direct combustion power
generation and clean heating (gas turbine, biomass boiler, and waste incineration power
generation) [22]. The research on the mechanism of Brown’s gas participating in the biomass
combustion and its catalysis effect for gas-phase tar are not deep enough. In this paper,
numerical analysis has been conducted for the main composition changes of gas phase
tar in the atmosphere of Brown’ gas, and the effect of Brown’s gas on the gas-phase tar,
CO, and gaseous product temperature is quantitatively studied by experimental means.
In particular, under mild condition (lower pyrolysis temperature or without catalyst), the
cracking rule of biomass gas-phase tar by Brown’ gas is described. As Brown'’s gas is a
compound gas, the pyrolysis atmosphere in this paper belongs to an oxygen-deficient
pyrolysis environment rich in hydrogen and free radicals.
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2. Numerical Investigation
2.1. Numerical Methods and Boundary Conditions

In this paper, based on the Cantera open-source program, the effect of Brown’s gas on
gas-phase tar in the biomass pyrolysis has been preliminarily determined. According to
the division of tar components in gaseous products at different temperatures, the benzene
(CgHg), toluene (C4HsCHs), phenol (CgHsO0H), xylene (CH3CgHsCHj3), and methylnaph-
thalene (C;9H7CHjz) were chosen as representative constituents in gas-phase tar, as shown
from Tables A1-A5 in the Appendix A.

Brown’s gas is a mixture of gases produced by the alkaline solution (KOH) electrolysis
in this experiment. Its main components are hydrogen (H;) and oxygen (O,) (Hp accounts
for 60.12%, O, accounts for 29.87%). In addition, there are small amounts of water vapor
and active radicals such as -H, -OH, and -O. In this experiment, the 83 mole Brown’s
gas can be electrolyzed from one L KOH solution (calculated according to the Clapeyron
equation [23]). The ratio of hydrogen, oxygen, and the other radical ions is Hj:Op:x = 2:1:1
in the Brown’s gas, and the initialization parameters of Brown'’s gas are shown in Table 1.

Table 1. Brown’s gas parameters in numerical calculation.

Element

H, 0, H H,0(g) OH o

Initial value (mol)
Normalization (-)

4.15 x 102 2.075 x 102 518 x 1073 518 x 1073 518 x 1073 518 x 1073
8.16 x 1073 408 x 1073 1.02 x 1073 1.02 x 1073 1.02 x 1073 1.02 x 1073

The pyrolysis temperature directly affects the gas-phase tar content and the gaseous
products. The range of pyrolysis temperature is from 600.15 °C to 1000.15 °C in the
numerical simulation. A transient reaction system was built, and the initial content of
gas-phase tar was set to 1 mole. The heating rate is 10 °C/min. The other parameters
include initial temperature (T = 25 °C) and response time (t = 30 min). Ambient atmosphere
is nitrogen.

2.2. Discussion

As shown in Figure 1, the C¢H5OH first started to crack at T = 1020.2 K in the absence
of Brown’s gas with the increasing temperature, and there were no obvious changes of
the other gas-phase tar components. When the temperature was up to T = 1100 K, other
gas-phase tar components showed a cracking trend. At the same time, the C¢H5OH is more
sensitive to temperature, and its cracking is accelerated with the increasing temperature.
When the temperature was up to T = 1162.7 K, the other gas-phase tar components except
phenol (C¢gHsOH) began to accelerate the cracking. From the Figure 2, the onset cracking
temperature of each gas-phase tar component was lessened under the effect of Brown’s
gas, and the gas-phase tar began to have a weak cracking trend at the temperature of
T = 892.5 K. Compared with the condition without introduced Brown’s gas, the cracking
rate of C¢HsOH with the increasing temperature was still the fastest. When the temperature
was T = 1130.5 K, each gas-phase tar component began to accelerate cracking. Therefore,
the Brown’s gas lessens the onset temperature of gas-phase tar cracking to varying degrees.

By calculating the content of gas-phase tar in the final state (see Figure 3), compared
with the condition without introduced Brown’s gas, the cracking rate of C4HsCHj content
was the largQSt/ M(C6H5CH3) = 3.51%, (M = (MBrown’gas — Mo Brown’ gas)/ MBrown’gas)- The
cracking rate of the other gas-phase tar components was Mceri6) = 0.94%, M(cersom) = 1.90%,
M cion7chz) = 3-34%, and M cuscenschs) = 2-04%, respectively. Therefore, Brown’s gas
plays a significant role in promoting the cracking of CcH5CHjs and C;oH;CHj3, and has
a relatively weak effect on CgHg cracking. In summary, the numerical study shows that
Brown’s gas reduces the activation temperature required for gas-phase tar cracking. On
the other hand, it accelerates the catalytic cracking rate of gas-phase tar. Therefore, it is
necessary to further carry out experimental research on the catalytic cracking behavior of
Brown’s gas on gas-phase tar in the biomass pyrolysis.
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Figure 1. Variation of gas-phase tar with temperature without introduced Brown’s gas.
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Figure 2. Variation of gas-phase tar with temperature with introduced Brown’s gas.
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3. Experiment Research
3.1. Materials and Methods
3.1.1. Thermogravimetric Experiment

The experimental platform includes a Brown’s gas generation system, a gas distribu-
tion system, a fixed bed tube furnace pyrolysis device, and a tar cold trapping system (see
Figure 4). In this paper, the cold trapping method (CTM) was used to capture the gas-phase
tar in the biomass pyrolysis process. This method is widely used by scholars in China
and abroad, and it is mainly based on the low temperature condensation characteristic of
gas-phase tar. The tar gravimetric method is adopted for the quantitative analysis. The
principle is that the tar is dissolved in dichloromethane to form a sample solution, then the
sample solution is placed in a constant temperature water bath at 75 °C for distillation, and
the tar finally is weighed.

restrictor valve e
dlscharge to atmosphere
(((({/{(/{II.IIIIllll\\\\\\\\\\\\\\\‘ flue gas analyzer
gas flowmeter e ——|
e
2 ;-
III a
temper{ng tube
protection
= furnace
- -
I ;
exhaust gas

sampling pump
gas flow meter

desiccant

Dichloromethane deionized water

Figure 4. Experimental system for gas-phase tar cold trapping during the biomass pyrolysis (I, II, III,
IV, and V represent gas path, respectively).

The experimental platform includes the following equipment, Brown'’s gas generator
(KOH electrolyte, the rated gas production is 1.1 L/min), fixed-bed tube furnace (heating
range is 300 °C~1200 °C, the optimal heating rate is less than or equal to 10 °C/min,
maximum heating rate is 20 °C/min, and heating zone length is 200 mm), flue gas analyzer,
sampling pump (volume flow rate is 0.2 L/min—4 L/min, £5%), gas mixing tank with
three-holes, gas flow meter (measuring range of N, flowmeter: 0.1 L/min~1.5 L/min),
and several anti-backfire valves and throttles. The parameters of the thermogravimetric
analyzer are as follows. Heating temperature is from 23 °C to 1450 °C. Heating rate is from
0.1 to 100 °C/min. Temperature sensitivity is 0.1 °C. Thermogravimetric range is 1-200 mg.
Thermogravimetric sensitivity is 0.1 pg.

Pine wood was selected as the biomass pyrolysis raw material in the experiment. The
elemental and proximate analysis were performed on the pine wood particles before the
experiment. The results are shown in Tables 2 and 3. According to the data in Table 2,
it can be seen that the content of carbon, hydrogen, and oxygen in pine wood particle is
relatively high, accounting for more than 90%. Hydrogen exists mainly in the form of
hydrocarbons in biomass. As shown in Table 3, the ash content is low and the volatile
fraction content is high, indicating that the more organic hydrocarbons in the volatile
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fraction, so the gas-phase tar is more likely to volatilize during the process of pyrolysis or
gasification.

Table 2. Elemental analysis of pine wood.

Carbon, C (%) Hydrogen, H (%) Oxygen, O (%) Nitrogen, N (%) Sulfur, S (%)
49.58 7.19 42.25 0.22 0.09
Table 3. Proximate analysis of pine wood.
Moisture, M (%) Ash, A (%) Volatile Fraction, V (%) Fixed Carbon, FC (%)
7.65 1.67 78.10 12.55

N, was used as the reaction atmosphere for thermogravimetric analysis, and the vol-
ume flow rate was controlled between 40 mL/min and 50 mL/min. Pine wood particle was
heated from T =25 °C to T = 1100 °C at heating rate of V1 =10 °C/min or Vt = 20 °C/min,
respectively, (see Figures 5 and 6).
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Figure 5. Thermogravimetric analysis results of pine wood under the condition of heating rate
Vr=10°C/min.
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Figure 6. Thermogravimetric analysis results of pine wood under the condition of heating rate
V1 =20°C/min.
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At the heating rate of V1 = 10 °C/min, the water in pine wood particle began to
separate out from T = 44 °C, and water evaporation ended when the temperature reached
T =88 °C. The evaporation rate reached the maximum at T = 65 °C. Volatile fraction began
to release as the temperature raised to T = 297 °C. At temperature of T = 396 °C, fixed
carbon and ash remained after volatile fractions were released. The release rate of volatile
fraction is largest at T = 352 °C. In the temperature range of T = 297 °C~396 °C, mass-change
rate of pine wood particle was 74.8%. At the heating rate of V1 =20 °C/min, the majority of
water in the pine wood particle began to evaporate at T = 72 °C. Water evaporation ended
at T =108 °C. At the temperature range of T = 300 °C~396 °C, volatile fraction was released
gradually, and mass-change rate of pine wood particle was 68.2% at this temperature range.
Volatile fraction was released at the largest rate at T = 360 °C. By comparing Figures 5 and 6,
it can be found that the heating rate has little influence on the release of volatile fraction.

3.1.2. Gravimetric Analysis

o  The total volume of the distilled sample was V. The volume of sample injected into
a dropping funnel was V; at each time. The dripping speed was about 1 drop/s, and
the distillation process took about 60 min. The condenser tube was kept cool during
the process.

e  The three-neck distillation flask (Gy;, tare weight) was below the dropping funnel. The
three-neck distillation flask was placed in a constant temperature water bath, and the
water bath temperature was 75 °C.

e  The three-neck distillation flask was dried for 2 h and weighed, G,;. The least two
parallel experiments (V7 /V; = n > 2) and one blank experiment were required for
each tar sample. The blank experiment was performed via distilling dichloromethane,
Gempty (tare weight).

The gas-phase tar content C in the pyrolysis process was obtained by the following
calculation equation [24]:

Txn + 273
- Vip x —KNT 20 1
C = M, X TLXVZXVKNX273 1)
Vkn = Ve x t 2

In the Equations (1) and (2), C is the concentration of gas-phase tar, g-Nm’3. M, is the
residue mass of the solution sample to be tested after distillation, g. Vy is the total volume
of the sampled tar solution, mL. V] is the volume of the parallel sample solution, mL. Vkn
is the total volume of injected gas (nitrogen and Brown’s gas) in a pyrolysis experiment,
m?. Tky is the average temperature of gaseous product during the sampling, °C. Vj is the
volume flow rate of gaseous products in the gas path IV, L/min. ¢ is the pyrolysis time
(t = tong — tstart), Min. tg,4 is the onset time, and £,,,4 is the end time. The residue mass (My,)
of the solution sample to be tested after distillation is calculated by the following equation.

Y (Gpsi — Gpi)

My, = =L " - Gempty (3)

V1L

n= v (4)
In the Equations (3) and (4), G is the residue mass (with tare) after distillation in i
group of parallel sample, g. Gy; is the weight of the distillation flask in the i group of parallel
sample, g. 1 is the number of tested parallel samples in one experiment (1 > 2). Geppty is the
residue mass (without tare) after distillation in the blank experimental (dichloromethane,

Gempty = 0.004 g).
In the experiment, if the volume flow rate of injected gas was too large, the gas-phase
tar wasn’t condensed completely, and if it was too small, the gas-phase tar could block
the gas path. Therefore, before the formal experiment, it is necessary to determine the
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appropriate volume flow rate of injected gas, V. According to the Figure 7, when the
volume flow rate of mixed gas was Vy = 0.9 L/min, the absorption efficiency of gas-phase
tar was better than other conditions. When the volume flow rate of mixed gas was small
(Vk = 0.3 L/min), most of the gas-phase tar was attached to the inner wall of quartz tube.
When the volume flow rate of mixed gas increased to Vy = 2.0 L/min, the gas-phase tar

wasn’t condensed completely. The precipitation of gas-phase tar decreased significantly,
affecting the measurement results.

15¢
1.2
0.9
0.6

0.3

Content of gas-phase tar C (g/m°®)

0.0
0.0 0.5 1.0 15 2.0 25

Volume flow rate of injected mixed gas, V, (L/min)

Figure 7. Influence of volume flow rate of injected mixed gas on the absorption efficiency of gas-phase tar.

Finally, the optimal volume flow rate of injected mixed gas for absorbing gas-phase
tar was Vi = 0.9 L/min in the experiment. Secondly, parallel experiments were carried
out for the gas-phase tar absorption capacity in each conical flasks, and the accuracy and
repeatability of the experimental operation method were verified. In Figure 8, the No. 2
conical flask first absorbed gas-phase tar, and the gas-phase tar content is the largest. There
is no significantly change of gas-phase tar content in No. 3, No. 4 and No. 5 conical flask.
It is shown that the total absorbed amount of gas-phase tar differs by 1.4%, see Figure 8.
Therefore, the experimental method in this paper can fully absorb gas-phase tar in pine
wood particle pyrolysis.

05

Il Tar content
0.49 I Tar content in parallel experiment

0.4

0.3

Content of gas-phase tar C (g/m®)

2 3 4 5
The serial number of absorption bottle

Figure 8. Absorption efficiency in the different conical flasks (No. 2, No. 3, No. 4 and No. 5) for
gas-phase tar.
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3.2. Results and Discussion

In the experiment, the volume flow rate of injected mixed gas was maintained at
Vi =0.92 L/min, and the flow volume ratio of Brown’s gas to nitrogen was Xgrown’s gas):N2 =
1:100 = 1%, X(Brown’s gas):N2 = 5:100 = 5%, respectively. The effect of pyrolysis temperature
on the gas-phase tar cracking and CO productive rate was studied experimentally under
the condition with or without introduced Brown’s gas. The lignin in the pine wood
particle accounts for a large proportion, and lignin is the main source of gas-phase tar
during the pyrolysis. As shown in Figure 9, in the initial stage of pine wood pyrolysis
(T =500 °C~700 °C), the gas-phase tar produced by the lignin pyrolysis is maintained at a
relatively high level without the introduction of Brown’s gas. At the same time, the content
of gas-phase tar gradually decreases with the increasing pyrolysis temperature, because
volatile fraction content is relatively large in the early stage of pine wood pyrolysis. The
higher temperature facilitates the secondary cracking or polymerization between gas-phase
tar and volatile fraction, thereby converting it into other gaseous products, chars, and some
small or macromolecular liquid products. The content of gas-phase tar decreased from
C=67.76 g¢Nm 3 to C =57.14 g-'Nm 2, and the average cracking rate of gas-phase tar was
V(500°c~700°C) = 5.31 g-Nm_3 for the increasing temperature per 1 °C.

N7 7 T 7
Experimental data
B Without Brown's Gas (HHO)

‘%\65 L ) @ 1% Brown's Gas (HHO) |
S A A 5% Brown's Gas (HHO)
~ \
© N
60 - (761. 76, 54. 58) .
b= ™ (780. 28, 53. 28)
= A (802. 80, 50. 01)
% ‘a
Ess[ S ]
[=%
)
<
o
%5 50 ]
-
=
3
c
O 45 .
O

40 1 1 1 1 1 1

500 600 700 800 900 1000
Temperature (°C)

Figure 9. Variation of gas-phase tar with temperature.

When the pyrolysis temperature was in the range of T = 700°C~800°C, the gas-phase
tar originating from cellulose pyrolysis began to be higher than that from lignin pyrolysis.
Due to the small proportion of cellulose in pine wood, the cracking rate of gas-phase
tar slowed down in this temperature range, and the content of gas-phase tar decreased
from C = 57.14 g¢'Nm 3 to C = 53.66 g:Nm 3. The average cracking rate of gas-phase
tar was V(7p0°c~goo°c) = 348 g/ Nm3°C with the increasing temperature per 1 °C. In the
pyrolysis temperature range of 800 °C < T < 1000 °C, the cracking rate further slowed
down, and the average cracking rate of gas-phase tar was Vgog °c~1000 °c) = 3.13 g-Nm -3
with the increasing temperature per 1 °C. Under the condition of introduced Brown’s gas,
the gas-phase tar sustained accelerates cracking in the pyrolysis temperature range of
T =500 °C~800 °C, and the average cracking rate of gas-phase tar is V 500°c~800°C)+(1%) =
4.8 g¢'Nm ~3 (X:N; = 1%) and V(500°C~800°C)+(5%) = 5-02 g-Nm ~3 (X:N, =5 %), respectively,
for the increasing temperature per 1 °C. Therefore, with the increasing pyrolysis tempera-
ture, Brown’s gas promotes the deep cracking of gas-phase tar, the average cracking rate
of gas-phase tar is improved, and the thermochemical conversion rate is accelerated. In
addition, Brown’s gas lessens the energy barrier of thermochemical conversion for the
gas-phase tar, and broadens the temperature range of gas-phase tar accelerated cracking,
so the pyrolysis temperature required to cracking the same mass of gas-phase tar is lower.



Processes 2022, 10, 1231

10 of 17

From the Figure 10, under the condition without introduced Brown’s gas, the CO
content in the gaseous products increases due to the cracking of gas-phase tar with the
increasing pyrolysis temperature. At the initial stage of pine wood pyrolysis (T = 500 °C
~600 °C), the CO volume fraction in the gaseous products began to increase slowly, and
the production rate of CO was V' 500°c~600°C) = 1.37% for the increasing temperature per
1 °C. When the pyrolysis temperature was T> 600 °C (T = 600 °C~800 °C), due to the
deep cracking of gas-phase tar and the partial reduction reaction between fixed carbon and
water vapor in the flue gas, the volume fraction of CO in the gaseous products obviously
increased. At the pyrolysis temperature of T = 800 °C, the CO volume fraction reached
the maximum of 9.43%. Meanwhile, the production rate of CO was V' (go0°c~goo°c) = 1.87%
with the increasing temperature per 1 °C. In the final stage of pine wood pyrolysis (800 °C
< T< 1000 °C), the contribution of gas-phase tar cracking to CO formation was weakened,
and the secondary reaction of carbon and water vapor became the main reason for CO
formation. Therefore, the proportion of CO in gaseous products showed a slow downward
trend. Under the condition of induced Brown’s gas, the production rate of CO didn't
change greatly for the increasing temperature per 1 °C in the initial stage of pine wood
pyrolysis, and it maintained at the average level of V' (500°C~600°C)+(1%) = 1.56% (X:N2 =
1%)~V’ (500°C~600°C)+ (5%) = 1.75% (X:N3 = 5%). When the pyrolysis temperature was at the
range of T = 600 °C~800 °C, the CO proportion in gaseous products continued to increase,
and the largest volume fraction appeared at the pyrolysis temperature of T = 800 °C, the
production rate of CO for the increasing temperature per 1 °C reached to V’ (600°C~800°C)+(1%)
=4.22% (X:N2 = 1%) and V’ (g00°c-800°C)+(5%) = 5-52% (X:Ny = 5%), respectively. At the
pyrolysis temperature of T = 900 °C ~1000 °C, the volume fraction of CO in gaseous
products decayed rapidly, and the decay rate of CO with the increasing temperature per 1 °C
was V' 900°C~1000°C)+(1%) = 2:12% (X(Brown's gas)'N2 = 1 %) and V' g00°c-800°C)+(5%) = 3-68%
(X:Np = 5%), respectively. Therefore, while participating in the deep cracking of gas-
phase tar, Brown’s gas reduces the conversion energy barrier of gas-phase tar to CO, and
improves the thermochemical conversion rate of gas-phase tar to CO. Meanwhile, in the
high temperature pyrolysis stage, Brown'’s gas accelerates the further conversion of CO in
gaseous products as the cracking rate of gas-phase tar slows down.
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Figure 10. Variation of CO volume fraction with temperature.

In the Figure 11, at the same pyrolysis temperature, the cracking degree of gas-phase
tar deepens with the increasing the flow volume ratio of Brown’s gas to nitrogen. The
pyrolysis temperature of pine wood was in the range of T = 500 °C~800 °C, and the content
of gas-phase tar showed a significant downward trend with the increasing volume flow
rate of Brown’s gas.
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Figure 11. Relationship between the content of gas-phase tar and the flow volume ratio of Brown’s
gas to nitrogen in pine wood pyrolysis.

When the pyrolysis temperature was T = 800 °C, the cracking rate of gas-phase tar per
unit flow volume ratio was largest, V”gypec = 3.62 (the cracking rate of gas-phase tar per
unit flow volume ratio at other pyrolysis temperatures was V"50poc = 2.66, V"¢p0°c = 1.55,
V77000c = 3.37, V7900°c = 0.60, V" 1000°c = 1.07, respectively). As the pyrolysis temperature
of T > 800 °C, the cracking rate of gas-phase tar changed little with the increasing Brown’s
gas concentration. Figure 12 shows the correspondence between the CO volume fraction
and the flow volume ratio of Brown’s gas to nitrogen. The increase of pyrolysis temperature
is helpful to the thermochemical conversion of gas-phase tar, which directly leads to an
increase in the overall production rate of CO. However, when the temperature was too high
(T > 800 °C), the volume fraction of CO decreased, because the high pyrolysis temperature
caused CO to react with the water vapor and hydrogen. When the pyrolysis temperature
was T =800 °C~900 °C, the improvement of CO production rate was the most obvious,
caused by the increasing volume flow rate of Brown’s gas, and the production rate of
CO per unit flow volume ratio was V"gggec = 3.31 and V”ggpec = 2.50, respectively (the
production rate of CO per unit flow ratio of Brown's gas at other pyrolysis temperatures
was V"500°C = 092, V”600°C = 109, V”7OOOC = 135, V"moooc = 036, respectively).
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Figure 12. Relationship between the CO volume fraction and the flow volume ratio of Brown’s gas to
nitrogen in pine wood pyrolysis.
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In summary, the increasing proportion of Brown’s gas in the pyrolytic atmosphere at
a certain temperature can effectively accelerate the gas-phase tar cracking. Based on the
experimental results (see Table 4), the consumption of Brown’s gas per 1 g/m3 gas-phase
tar cracking during the pine wood pyrolysis is quantitatively calculated.

Table 4. Parameters required for calculation.

Pyrolysis Volume Flow Rate  Volume Flow Rate The Content of . .
The Flow Volume , . Residence Time,
Ratio, (%) Temperature, of Brown's Gas, of Nitrogen, Gas-Phase Tar C, (min)
! Q) (mL/min) (L/min) (g/m3)
1 800 9.11 0.91 52.23 30
5 800 43.81 0.87 48.61 30

According to the ideal-gas equation of PV = nRT, the molar mass ratio of the gas is
equal to the relative density ratio at the same temperature and pressure, and the density of
Brown’s gas ppg can be calculated according to the following formula,

Mse _ £86 )

MN, PN,

In the Equation (5), Mpg is the molar mass of Brown’s gas, Mpc = 12.3 g/mol. My is
the molar mass of nitrogen. My, =28 g/mol. pny is the nitrogen density, g/L. Therefore,
the Brown’s gas density is ppg = 0.55 g/L. Within residence time of ¢ = 30 min, the cracking
mass of gas-phase tar is about 3.62 g/m?, corresponding to the consumed mass of Brown’s
gas, which is (V14pG-Vs%pg) X t X ppc = 1.17 g. Therefore, the 0.32 m3 Brown’s gas is
consumed per 1 g-Nm ~2 gas-phase tar cracking.

As shown in Figure 13, when the flow volume ratio of Brown’s gas to nitrogen was 1%,
the gas-phase tar gradually cracked with the increasing the pyrolysis temperature, and the
CO volume fraction first increased and then decreased. When the temperature was up to
T =800 °C, the volume fraction of CO reached the maximum value, Vggpoc = 13.52%. Corre-
spondingly, the distribution of gaseous product temperature (Txy) showed a monotonous
upward trend, but the variation of temperature rise rate was opposite to that of cracking
rate of gas-phase tar. In the pyrolysis temperature range of T = 500 °C~750 °C, the cracking
rate of gas-phase tar was relatively large, and the cleavage of carbonyl-bond in gas-phase
tar was the main source of CO. In this process, it absorbed the heat in the environment,
resulting in the slowed down rise rate of gaseous product temperature (Txy). When the py-
rolysis temperature was higher than T = 750 °C, the cracking rate of gas-phase tar decreased
and the rise rate of gaseous product temperature (Tky) increased.

Therefore, the turning point of acceleration and deceleration of CO production rate
was located at the pyrolysis temperature of T = 750 °C. From the Figure 14, when the
volume flow rate of Brown’s gas increased, the overall average level of gas-phase tar
content and gaseous product temperature (Txy) decreased, and the overall level of CO
volume fraction increased significantly. Compared with the Figure 13, the rise rate of
gaseous product temperature (Txy) decreased obviously. In the pyrolysis temperature
range of T = 500 °C~700 °C, the cracking rate of gas-phase tar was larger, while the rise
rate of gaseous product temperature (Txy) was smaller. When the pyrolysis temperature
was T > 700 °C, the cracking rate of gas-phase tar decreased, while the rise rate of gaseous
product temperature (Txy) increased. The turning point of the acceleration and deceleration
of CO production rate was located at the pyrolysis temperature of T = 700 °C, and the
position of turning point moved forward with the increasing the flow volume ratio of
Brown’s gas to nitrogen.
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Figure 13. Variation of gas-phase tar content, CO volume fraction, and gaseous product temperature
with the pyrolysis temperature under the flow volume ratio of Brown’s gas to nitrogen of 1%.
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Figure 14. Variation of gas-phase tar content, CO volume fraction, and gaseous product temperature
with the pyrolysis temperature under the flow volume ratio of Brown’s gas to nitrogen of 5%.

Figure 15 shows the equilibrium relationship between the flow volume ratio of Brown’s
gas to nitrogen, gas-phase tar content, gaseous product temperature, and CO volume
fraction during the pine wood pyrolysis. Obviously, in order to achieve a lower gas-phase
tar content, a higher pyrolysis temperature is required without introduced the Brown’s
gas (the flow volume ratio of Brown'’s gas to nitrogen is X:N; = 0%). Biomass gas-phase
tar reaches lower content after primary cracking and secondary cracking, as shown in
Figure 15a. With the increasing the volume flow rate of Brown’s gas, a wider selection
space is provided for the content balance among the gas-phase tar content, gaseous product
temperature, and CO volume fraction, (see the zone surrounded by solid lines in the
Figure 15d—f). Meanwhile, a certain pyrolysis condition of a small gas-phase tar content
and a large CO volume fraction can be obtained at the lower pyrolysis temperature, (see the
zone enclosed by dotted line in Figure 15f). Therefore, based on the experimental conditions
in this paper, the minimum gas-phase tar content and the maximum CO volume fraction
are obtained at the pyrolysis temperature of 800 °C and the flow volume ratio of Brown’s
gas to nitrogen of 5%. This provides some guidance for further pilot scale experiments.
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Figure 15. Equilibrium relationship between the flow volume ratio of Brown’s gas to nitrogen, gas-

phase tar content, gaseous product temperature, and CO volume fraction. (a) Xgrown’s Gas:IN2 = 0%,
(b) XBrown’s Gas:N2 = 10%; (€) Xprown’s Gas:N2 = 20%, (d) Xprown’s Gas:N2 = 30%; (€) Xprown's Gas:N2 = 40%,
(f) XBrown’s Gas:N2 = 50%.

4. Conclusions

Under the condition of introduced Brown’s gas, the temperature range of gas-phase
tar accelerated cracking is extended from Tov = 500 °C~700 °C to T = 500 °C ~800 °C.
The average cracking rate of gas-phase tar for the increasing temperature per 1 °C
increases from the original V (50p°c-goo°c) = 4.58 g-Nm -3 (X(Brown’s gas):N2 = 0%) to the
V(500°C 800°C)+(1%) = 4.8 g-Nm 3 (X:Ny = 1%) and Vs00°c-800°C)+(5%) = 5-02 g-Nm 3
(X:Ny = 5%). Therefore, Brown’s gas reduces the energy barrier of thermochemical
conversion for gas-phase tar and broadens the temperature range of gas-phase tar
accelerated cracking. In addition, the rich active radicals in Brown’s gas increase the
thermochemical conversion rate of gas-phase tar.

Under the condition of introduced Brown'’s gas, the effect of Brown’s gas on the CO pro-
duction rate is not obvious in the initial stage of pine wood pyrolysis (T = 500 °C~600 °C),
and the CO production rate for increasing temperature per 1 °C is maintained at
the range of V,(500°C~600°C)+(1%) = 1.56% (XZN2 = 1O/o)~V/(5000C~6000C)+(5%) = 1.75%
(X:Nz =5%). When the pyrolysis temperature is at range of T = 600 °C~800 °C,
the Brown’s gas has a significant effect on the production rate of CO, and the largest
CO volume fraction appears at the pyrolysis temperature of T = 800 °C. The CO
production rate for the increasing temperature per 1 °C increases from the original
V,(6OO°C~800°C) =1.87% (XINZ = 00/0) to Vl(600°C~800°C)+(1%) =4.22% (XINZ = 10/0) and
V' (600°C~800°C)+(5%) = 5-52% (X:Nj = 5%). Therefore, while participating in the deep
cracking of gas-phase tar, Brown’s gas reduces the conversion energy barrier of gas-
phase tar to CO and improves the thermochemical conversion rate of gas-phase tar
to CO.

The distribution of gaseous product temperature in the pine wood pyrolysis presents
a monotonically rising trend, but the changing trend of gaseous product temperature
is opposite to that of the gas-phase tar cracking rate. In the pyrolysis temperature
range of T = 500 °C~750 °C, the cracking rate of gas-phase tar is relatively large, and
the cleavage of carbonyl-bond of gas-phase tar is the main source of CO generation. In
this process, the heat in the environment is absorbed, resulting in a slow rise rate of
gaseous product temperature (Txy).
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Appendix A

Table Al. Elementary reactions and chemical reaction kinetic parameters related to the CgHg [25].

. Pre-Exponential Factor, A Temperature Index, m Activation Energy, Ej
Elementary Reaction (em?-mol-1.5-1) © (kcal-mol-1)
C¢Hg + O, = C4Hs + HO, 6.30 x 1013 0.0 60,000.0
C¢Hg + OH = C¢Hs + H,O 1.63 x 108 1.42 1454.0
C¢Hg + OH = C¢HsOH + H 6.70 x 1012 0.0 10,592.0
Ce¢Hy + O=C¢H50 +H 2.40 x 1013 0.0 4670.0
C¢Hg + H=CcHs + Hy 3.03 x 102 3.3 5690.0

Table A2. Elementary reactions and chemical reaction kinetic parameters related to the CgHsCH3 [25].

. Pre-Exponential Factor, A Temperature Index, m Activation Energy, Ej
Elementary Reaction (cm3-mol-1.s-1) ) (kcal-mol-1)
C¢H50H + OH = C¢H50 + H,O 2.95 x 106 2.0 —1310.0
C¢Hs50H + CH;3 = CgH50 + CHy 1.81 x 101! 0.0 7716.0
C¢Hs50H + H = C4H50 + H, 1.58 x 1013 0.0 6100.0
C¢H50H + O = C¢H50 + OH 2.81 x 1013 0.0 7352.0
CeHs0H + CoH3 = CoHy + CgHs50 6.00 x 1012 0.0 0.0
C¢H50H + C¢Hs = C4Hg + C¢H50 491 x 10'2 0.0 4400.0

Table A3. Elementary reactions and chemical reaction kinetic parameters related to the C;Hg [25].

Elementary Reaction Pre E()Zl::srle;\;;ill 'I;eic;:;)r, Ay TemPerattm; Index, m ACtl\(IﬁZ:;TLF;}ﬁﬁ%Y: Ep

C¢H5CH; = C¢H; + CHj3 1.40 x 1016 0.0 99,800.0

C¢H5CH; + O, = C¢H5CH, + HO, 2.00 x 1012 0.0 39,080.0
C¢H5CH; + OH = CcH;CH, + H,O 1.26 x 1013 0.0 2583.0
C¢H5CHj; + O = C¢H5CH, + OH 5.00 x 108 1.5 8000.0
C6H5CH3 +H= C6H5CH2 + H, 3.98 x 102 3.44 3120.0
C¢Hs5CH; + O = OC¢H4CH; + H 1.63 x 1013 0.0 3418.0
C¢H5CH; + CH; = CH, + C¢H5CH, 3.16 x 101 0.0 9500.0
C¢H5CH; + CgH; = CgHg + C¢H5CH, 2.10 x 1012 0.0 4400.0
C¢H5CH; + H = C¢Hg + CH; 1.20 x 1013 0.0 5148.0

Table A4. Elementary reactions and chemical reaction kinetic parameters related to the C;oH;CHj [25].

. Pre-Exponential Factor, A Temperature Index, m Activation Energy, Ey
Elementary Reaction (cm3-mol-1.s-1) ) (kcal-mol-1)
C19H,CHj3 + OH = CygH,;CH, + H,O 1.27 x 1013 0.0 2583.0
C1oHyCH; + O~ = CygH;CH, + OH 5.00 x 108 1.5 8000.0
C10H7CH3 +H= C10H7CH2 + H, 3.98 x 102 3.44 3120.0

C10H;CH; + H = CyoHg + CH3 1.20 x 1013 0.0 5148.0
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Table A5. Elementary reactions and chemical reaction kinetic parameters related to the
CH3C¢H4CHs [25].

. Pre-Exponential Factor, Ay Temperature Index, m Activation Energy, Eg
Elementary Reaction (cm®-mol-1.5-1) “) (kcal-mol-1)
CH;3C¢H,CHj3 + OH = CH3C¢H,CH, + H,O 2.95 x 1013 0.0 2623.0
CH3C6H4CH3 +0= CH3C6H4CH2 + OH 5.00 x 108 1.5 8000.0
CH3C6H4CH3 +H= CH3C6H4CH2 +H 3.98 x 102 3.44 3120.0
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