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Abstract: In order to obtain the most favorable pyrolysis process for producing the
highest yield of syngas from a range of leaf plants, slow pyrolysis, fast pyrolysis and
microwave pyrolysis of apple tree leaves, bamboo leaves, cypress leaves, sycamore
tree leaves, and winter green leaves were investigated. The results showed that, the
microwave pyrolysis showed the highest gaseous product yields on all the 5 different
kinds of leaves; the apple tree leaves, sycamore leaves and wintergreen leaves showed
higher yields of gas products than bamboo leaves and cypress leaves across all the
kinds of pyrolysis. The experimentally determined higher heating values (HHV) of
bio-chars from different leaves ranged from 20-28 MJ/Kg, which are comparable to
some coals. For the same kind of leaves, the HHV of bio-chars via different kind of
pyrolysis did not change significantly. However, the HHV of bio-chars from different
leaves performed differently with the bio-char from wintergreen leaves showing the

highest HHV, which reached around 27 MJ/Kg; on the contrary, the HHV of bio-chars
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from bamboo leaves were the lowest values , which is only 20~22 MJ/Kg. For the
gaseous products, the total amount of CO, H,, CO, and CH,4 reached 95% for the
gaseous products from all the 3 kinds of pyrolysis treatments. Importantly, compared
with slow and fast pyrolysis, the microwave pyrolysis of different leaves shows the
highest content of CO and Hy, and the lowest contents of CO,, the HHV of gaseous
products of different leaves via the same pyrolysis treatment showed similar values,
but different when the pyrolysis process is different for the same leaves. The HHV of
gaseous products via microwave pyrolysis are the highest among different pyrolysis
process, while the gaseous products HHV via fast pyrolysis are lowest. We therefore
conclude that the microwave pyrolysis is a proper process for the H, rich gas
production from natural leaves. Furthermore, the addition of acid, bases and salts as
catalysts for the pyrolysis did not result in any significant activity and products

changes during microwave pyrolysis process in our study.
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1. Introduction

Hydrogen -- the nature’s simplest, lightest atom, consisting of a single proton and
a single electron, -- is an attractive alternative to carbon-based fuels. It can be
produced from diverse resources, both renewable (hydro, wind, solar, biomass,
geothermal) and non-renewable (coal, natural gas, nuclear). Hydrogen can then be
utilized in high-efficiency power generation system, including fuel cells, for both
vehicular transportation and distributed electricity generation. [1, 2]

So far, H; in industry is mainly from various fossil energy sources such as coal,
petroleum and natural gas; however, adverse impacts of fossil energy uses on the
global environment and presumed declining stocks of fossil energy resources have
prompted strong interests in renewable energy. Biomass as a highly significant source
of sustainable energy has been receiving attention as renewable resources [3-5].
Biomass utilization in energy production is extremely important to decrease the fossil
fuel usage in energy sector. It is also seen as a very effective way of removal of
bio-waste materials which occupy great volumes when they are disposed to a
landfill[6].

Biomass is typically a mixture of hemicellulose, cellulose, lignin and minor
amounts of other organic materials, and can be treated in number of different ways to
provide solid, liquid and gaseous fuels. In general, biomass conversion technologies
can be divided into biological methods (anaerobic/ aerobic digestion and fermentation)
and thermal methods. [7, 8] Thermal conversion process include direct combustion to

provide heat and electricity power[9], gasification to produce mainly syngas[10]



which can also be used as fuel to generate electricity or steam, or be used in basic
chemical processes [11]and pyrolysis.[12]

Pyrolysis is a thermal chemical technology conducted at temperature ranged
from 673.15 to 873.15 K in the absence of oxygen.[13] Depending on the operating
conditions, the pyrolysis process can be divided into three classes: namely, slow
pyrolysis, fast or flash pyrolysis, and microwave pyrolysis. Conventional pyrolysis is
a known technology for producing charcoal (mainly) and chemicals such as methanol
and acetic acid for over a hundred years. Fast pyrolysis is a high temperature process
in which biomass is rapidly heated in the absence of oxygen, the aim of the fast
pyrolysis is to maximize the yield of bio-oil.[7] Microwave pyrolysis is of growing
interest as a modern thermo-chemical technology by heating biomass with microwave
irradiation.

Our group has investigated H, production from different hydrocarbons via
microwave catalytic dehydrogenation process, [14, 15] and the microwave process
has attracted more and more attention in applying in the biomass pyrolysis.[16-20]
Compared thermal pyrolysis, microwave process has the following advantages: saving
time, a high heating efficiency, greater control of the heating process, and reduced
equipment footprint etc.[12, 20, 21]

In this study, three major pyrolysis processes (slow, fast and microwave
pyrolysis ) are applied on 5 different kinds of leaves from apple trees, bamboo,
cypress, sycamore and winter green plants) to find out the most favorable pyrolysis

process for produce the highest yield of H, rich syngas (CO+H,) .



2. Experimental
2.1 Materials

Fresh leaves (apple tree leaves, bamboo leaves, cypress leaves, sycamore tree
leaves, and winter green leaves) were obtained from plants located at Oxford
University Park respectively in early Winter of 2015. After picking, leaves were
cleaned using water for several times, then dried in an oven at temperature of 105 °C
for 24 h. The leaves were finally prepared by milling to powder for the experiments.
2.2 Pyrolysis process

About 0.5 g of leaves was placed in a quartz tube reactor, both the top and
bottom of the tube was filled with quartz wool to hold the leaves powder. After the
pyrolysis process, the volatile pyrolyzates were condensed with liquid collectors
which were cooled in the ice bath. The fraction collected from the collector connected
on the bottom of the reactor is pyrolytic liquid (bio-oil). The solid residue — bio-char
was allowed to cool to room temperature before it was weighted. The gas products
were collected by the gas collection metric cylinder with displacement of water. After
the weight of bio-char and bio-oil, the solid and liquid fraction yields were calculated
from the weight of each fraction, and the gas yield was calculated by difference.

The thermal pyrolysis, slow and fast pyrolysis, was performed in a quartz tube
reactor in a heated furnace, the temperature of which was controlled by Eurotherm
Temperature Controller 2216e. The heating rate of slow pyrolysis was set at 10 K/min;
the final temperature is 823.2. For the fast pyrolysis, the quartz tube with leaves was

put into the furnace when the temperature was heated and kept as 823.2 K. The



heating and reaction process of thermal pyrolysis was carried out in the absence of air.
The microwave pyrolysis experiments were carried out at a designed microwave
cavity system.[14, 15] The power input for microwave pyrolysis was used at the 700
W at the microwave frequency of 2450 MHz.
2.3 Analysis
FT-IR spectroscopies of leaves (3% wt in KBr pellets) were studied by FT-IR
spectrometer (PerkinElmer Spectrum RX 1) in the scanning range of 3600-400 cm™
with a resolution of 1cm™. was carried out on a Perkin Elmer FT-IR Spectrum RX |
via KBr pellets which containing 0.3 wt% samples.

Proximate analysis of biomass and bio-char samples was done according to
ASTM standards.[22] Ultimate analysis was conducted using an analyzer CHNS-O
Thermo Electron Flash EA 1112 series by MEDAC LTD.

The collected gases were analyzed in a gas-chromatograph (Perkin-Elmer
Clarus 580 GC instrument) fitted with both TCD and FID detector. The oven
temperature was set at 353.15 K and held with an isothermal for 9.9 min, then
increased at 25 K/min to 473.15 K, and held with an isothermal for 3.3 min. The
HayeSep Q, HayeSep S, Molecular sieve, and Silica gel and 30m*0.53 mm Col CRT-
Alumina columns were used. Helium and nitrogen were used as the carrier gas at a
flow rate of 30 and 40mL/min, respectively. The temperature of injector was 423.15 K,
and the temperature of FID and TCD detectors was set at 523.15 and 473.15 K,
respectively. Calibration normalization method was performed on the GC to ensure

accuracy of the measurements.



The characterizations of bio-chars via Laser-Raman spectroscopy were carried
out on a PerkinElmer Raman StationTM 400F spectrometer, which has an excited
laser at 785nm in frequency. The morphology of the bio-chars were characterized by

Scanning Electron Microscope (SEM, JEOL 840F).

3. Results and discussion

3.1 Characteristics of leaf feedstocks

Proximate and elemental analyses of different leaves are showed in Table 1.

Table 1. Proximate and elemental analysis of leaves

Characteristics ﬁsé:)le Bamboo  Cypress Sycamore Wintergreen
leaves leaves leaves

leaves leaves

Proximate analysis (wt%)

Moisture 3.79 3.42 2.77 3.91 1.97

\olatile matter 70.38 70.94 74.86 66.41 71.68

Fixed carbon 20.25 15.51 16.31 23.42 21.96

Ash 5.58 10.13 6.06 6.26 4.40

Ultimate analysis (wt%)

Carbon 49.12 45.54 50.61 47.24 50.77

Hydrogen 6.11 6.13 6.71 5.56 6.24

Nitrogen 1.58 2.58 1.14 1.34 2.48

Oxygen 36.51 33.82 34.67 38.37 37.08

H:C (molar ratio) 1.49 1.62 1.59 141 1.47

As seen in Table 1, the content of C, H, N, O is not evident difference between
different leaves, but the content of volatile matter, fixed carbon and ash was different.
The cypress leaves showed the highest content of volatile matter, while the sycamore
tree leaves showed the lowest of that; the bamboo leaves and cypress leaves showed a

lower content of fixed carbon, while the apple tree leaves, sycamore tree leaves and



wintergreen leaves showed a higher content of fixed carbon; the bamboo leaves shows
a highest content of ash, while other 4 leaves show just about half content of that.
To investigate the functional groups of leaves, the FT-IR of different leaves

studies were carried out and their spectra are shown in Figure.1.
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Fig. 1. Fourier Transform -IR spectra of the different leaves samples used in this
investigation

The different leaves display a number of absorption peaks, reflecting their
complex nature. In general, all the FT-IR spectra of different leaves are similar: a
strong and broad peak at 3400 cm™ result due to the stretching of the O-H bond of
hydroxyl group of alcohols and phenols. The absorption peaks at 2925 cm™ and 2850
cm™ could be assigned to —CH stretching vibrations of —CH3 and —CH, functional
groups. The peak at 1620 cm™ indicates the fingerprint region of CO, C-O and O-H

groups. The peaks at 1465 and 1380 cm™ are corresponding groups bending of CH,



and CHa, respectively. The region between 1284 and 1000 cm™ is the fingerprint
region, OH, and C-H bending vibration and C-O stretching vibration absorption bands.
The absorption peaks at 1320, and 1055 cm™ could be attributed to the presence of
C-O stretching. The intense band at 1055 cm™ can be assigned to the C-O of alcohols
and carboxylic acids.[23-27] However, the intensities of peaks from different leaves
are various, that means the contents of different functional group are different.

It can be seen from Table 1 and Figure 1 the overall compositions of different

leaves were similar but different in some details.

3.2 Products fractional yields
The pyrolysis of leaves produced three major fractions of products; these were (a)
bio-char, (b) bio-oil and (c) gaseous products. The product yields of different

pyrolysis processes on different leaves are presented in Figure 2.
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Figure 2. Complete product yields of the three pyrolysis processes on different
leaves (SP: slow pyrolysis, FP: fast pyrolysis, MP: microwave pyrolysis, A: apple
tree leaves, B: bamboo leaves, C: cypress leaves, D: sycamore tree leaves, E:

wintergreen leaves)

The results from Figure 2 show that, the pyrolysis methods have a marked
influence on the products yields. In general, the microwave pyrolysis showed the
highest gas product yields on all the 5 different kinds of leaves, meanwhile, the fast
pyrolysis showed the highest bio-oil yields and lowest bio-char yields on all the 5
different kinds of leaves. This points to the fact that the fast pyrolysis on different

leaves had a higher conversion and higher selectivity of liquid products; where the



microwave pyrolysis had a higher yield of gas products.

Comparing different leaves, those from the apple tree, sycamore and wintergreen
showed higher yields of gas products than bamboo leaves and cypress leaves on all
the kinds of pyrolysis, the gas products yields of microwave pyrolysis on apple tree
leaves, sycamore leaves and wintergreen leaves reached 42.54%, 42.62% and 42.30%,

respectively.

3.3 Gaseous products composition

The effects of different pyrolysis on the composition of the evolved gas products

are shown in Figure 3.
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Figure 3. Composition (vol.%) of the gases produced from pyrolysis of different
leaves

(SP: slow pyrolysis, FP: fast pyrolysis, MP: microwave pyrolysis, A: apple tree

leaves, B: bamboo leaves, C: cypress leaves, D: sycamore tree leaves, E:



wintergreen leaves)

Figure 3 shows that the main gaseous products are CO, H,, CO,, and CHy, et al.
The total amount of contents of CO, H,, CO, and CH, reach to 95% in the gaseous
products from all the 3 kinds of pyrolysis. Compared with slow and fast pyrolysis, the
microwave pyrolysis of different leaves shows the highest contents of CO and H, the
lowest contents of CO,. However, the fast pyrolysis shows the highest contents of
COy, but the lowest contents of CO, Hy, and CH,4. Besides the CO, Hj, CO, and CHg,
the microwave pyrolysis also show the highest content of ethylene, which reached
values of 3.03%, 4.42%, 4.12%, 1.63%, 3.26% for apple tree leaves, bamboo leaves,
cypress leaves, sycamore leaves and winter green leaves, respectively.

Compared with microwave pyrolysis of different leaves, the apple tree leaves,
cypress and sycamore leave showed a higher CO and H, composition, which greater
than 30%, respectively. The bamboo and wintergreen leaves showed higher CO,
composition, which around 25%. Bamboo and sycamore leaves showed higher CH,4
composition, which around 15%.

The total amount of CO and Hy, the molar ratio of H, to CO, and the volume
ratio of ethylene and ethane in the gaseous products from pyrolysis are presented in

Table 2.

Table 2. Composition (vol.%) analysis of the total gaseous products from the
three types of pyrolysis of a range of leaves

Gas resource

Pyrolysis  Apple Sycamore .
yroly PP Bamboo  Cypress y Wintergreen
type tree tree
leaves leaves leaves
leaves leaves

H,+CO CP 42.46 41.76 48.97 40.62 40.24



(%) FP 32.19 33.28 40.53 36.52 29.94

MP 67.27 54.36 64.95 68.31 57.08
CP 0.51 0.50 0.70 0.53 0.56
H,/CO FP 0.43 0.22 0.70 0.37 0.24
MP 1.06 0.93 1.09 1.19 1.05
CP 0.34 0.36 0.34 0.38 0.32
CyH4/CoHs FP 0.53 0.54 0.47 0.54 0.47
MP 6.60 4.58 7.77 4.40 3.62

Table 2 reveals that the gaseous products from the microwave pyrolysis shows
the highest contents of H, and CO, whilst the fast pyrolysis shows lowest content of
H, and CO in the gaseous products. The CO and H; are the majority components of
syngas, which is a most important raw material in the chemical industry.[28-30] High
concentration syngas products can be obtained via further separation and purification
process from the leaves microwave pyrolysis gaseous products.

For the molar ratio of H, to CO, the microwave pyrolysis also show highest
molar ratio of H,/CO, which means the microwave pyrolysis is highly effective in
producing much higher levels of H, as compared to the other two kinds of pyrolysis.

Also, in relation to the molar ratio of C,H,; to C,Hs, different pyrolysis has
different performance, the microwave pyrolysis has about 10 times of molar ratio of
C,H,4 to C;Hg than others, and slow pyrolysis has the lowest moral ratio of C,H, to
CoHs. A similar effect was observed for the molar ratio of C3Hg to C3Hg. Thus, the
microwave pyrolysis has a higher selectivity on olefins than alkanes. This is important
since in the chemical industry, olefins are more valuable than alkanes.

The HHV of different gaseous products via slow pyrolysis, fast pyrolysis and

microwave pyrolysis from different leaves was listed in Table 3.



Table 3. HHV of different gases produced from pyrolysis of different leaves
unit: MJ/Nm®

Gas resource

Pyrolysis

type Apple tree  Bamboo Cypress ~ Sycamore tree  Wintergreen
leaves leaves leaves leaves leaves
CP 13.86 14.27 14.38 12.54 13.41
FP 10.42 9.95 11.39 10.57 9.63
MP 15.54 16.94 16.58 16.48 15.39

Table 3 shows that, compared with different kind of leaves, the HHV gaseous
products via the same kind of pyrolysis showed similar values. However, the gaseous
products HHV from microwave pyrolysis were highest among the different pyrolysis
processes; while the gaseous products HHV from fast pyrolysis was the lowest.

The different composition of the gaseous products reflects the fact that, the
evolved gas via microwave pyrolysis had a lowest content of CO.. In contrast, the gas
via fast pyrolysis had a highest content of CO,, and the CO; has no contribution to the
HHV of the gaseous products. The gaseous products via microwave pyrolysis showed
the highest performance from the point view of HHV.

The effects of addition of acid, bases and salts on microwave pyrolysis of leaves
were also studied in sequence; the cypress leaves were impregnated in different
aqueous solution, the loading amount of addition is 5% wt. The gas products
compositions of impregnated cypress leaves via microwave pyrolysis are listed in

Table 4.

Table 4 The composition of gas products of microwave pyrolysis of different
impregnated cypress leaves

Aqueous
solution

Content (%)

H, (6{0) CO, CHs; C,Hs Co,Hs H,+CO

H,:CO HzZ(CO'l'COz) CoH4:CoHg



H2SO4
NaOH
KOH
Ca(OH),
K2CO3
Na,CO3

33.90 31.05 17.69 1192 053 412 6495 1.09 0.69 7.77
30.37 3441 1959 1062 061 36 6478 0.88 0.56 5.90
3347 2544 2496 928 145 385 5891 132 0.66 2.66
3241 3278 2142 898 094 248 6519 099 0.60 2.64
3559 28.79 2246 7.68 130 273 6438 124 0.69 2.10
32.13 30.82 20.67 996 094 440 6295 1.04 0.62 4.68
3598 2788 2051 943 112 376 6385 1.29 0.74 3.35

It can be seen from Table 4, compared with the gas product from un-impregnated
cypress leaves, the addition of acid (H,SO,4) has improved the formation of CO, but
reduced the H, production. The addition of bases (NaOH, KOH, Ca(OH),) and salts
(K2CO3, Na,CO3) did not improve the product of H, and CO, but rather promoted the
CO; content remarkably. Here we conclude that the acid (H2SO,), bases (NaOH,
KOH, Ca(OH),) and salts did not shown any measurable catalytic performance during
our microwave pyrolysis process. On the other hand, the addition of acids, bases
and/or salts can produce pollution; the microwave pyrolysis without catalyst could be

an environmental friendly process for the leaves utilization.

3.4 Solid fraction from microwave pyrolysis
The proximate analysis and ultimate analysis and the atomic ratio of H to C of

the resulting chars from microwave pyrolysis of different leaves are shown in Table 5.

Table 5. Proximate and elemental analysis of chars from microwave
pyrolysis of different leaves

Bio-char resource

.. Apple Sycamore )
Characteristics trsep Bamboo  Cypress y Wintergreen
leaves leaves leaves
leaves leaves

CP Bio-char Proximate analysis (wt%)




\olatile matter

10.62 20.14 12.60 12.69

Fixed carbon 58.72 59.03 61.47 70.14 73.55
Ash 30.19 30.35 18.39 17.26 13.76
FP Bio-char Proximate analysis (wt%)

\olatile matter 19.01 14.39 23.66 15.93 15.32
Fixed carbon 65.33 51.18 52.46 64.47 69.34
Ash 15.66 34.43 23.88 19.60 15.34
MP Bio-char Proximate analysis (wt%)

\olatile matter 24.71 33.54 18.98 17.63 13.09
Fixed carbon 59.70 43.34 59.57 65.11 71.77
Ash 15.58 23.12 21.46 17.26 15.14

The higher heating value (HHV) of different leaves and bio-chars were

calculated based on the proximate analysis data from Table 1 and Table 2. The

correlation which was given as below:

HHV=0.3536FC + 0.1559VM — 0.0078 ASH (MJ/kg)[31], where FC=fixed

carbon, VM= volatile matter. The calculation results are presented in Table 6.

Table 6 HHV of different leaves and bio-chars

unit:MJ/kg

Apple Bamboo Cypress Sycamore  Wintergreen

HHV tree
leaves leaves  tree leaves leaves

leaves
Leaves 18.80 17.05 17.89 19.34 19.28
Bio-char  from
SP 22.26 22.29 24.73 26.63 27.88
EF')O'Char fom o4 2007 2205 2513 26.79
E/I'g":har fom oiea 2037 2385 2564 27.30

Table 6 shows that compared with the leaves, the bio-char via different kind of

pyrolysis presented higher value of HHV. The HHV value of bio-char from different

kind of pyrolysis didn’t changed too much for one kind of leaves, however, the HHV



value of bio-char from different leaves performed difference, the bio-char from
wintergreen leaves showed highest HHV, which reached around 27 MJ/Kg, in contract,
the HHV value of bio-char from bamboo leaves was lowest, which only 20~22 MJ/Kg.
It is can be seen from Table 2, the bio-char from wintergreen leaves had highest
content of fixed carbon and lowest content of ash, while the bio-char from bamboo
leaves had lowest content of fixed carbon and highest content of ash. And the fixed
carbon had a higher contribution to the HHV of the bio-char, while the ash had a
negative contribution to the HHV value of the bio-char, the different composition of
bio-char leaded to different HHV value.

We can summarise that the bio-char from different leaves showed a high HHV
value, which were ranging from 20-28 MJ/Kg , values comparable to some coals. [32]

The Laser-Raman spectra of bio-char from different leaves via microwave

pyrolysis are showed in Figure 4.
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Figure 4. Laser-Raman spectra of different bio-chars from microwave pyrolysis



Figure 4 shows the Laser Raman spectra of the bio-char from microwave
pyrolysis of different leaves. Raman spectroscopy of biochar is clearly most effective
for analysis of D and G bands typically found at 1350 cm-1 and 1580 cm-1,
respectively, the D-band peak is significantly stronger than the G-band, which
indicating that most of the graphitic carbon in the bio-char is disordered.[33, 34]

SEM images of all the bio-chars from different leaves via microwave
pyrolysis are shown in Figure 5, and illustrate the structural differences of bio-chars

as the different resources of feedstocks.



Figure 5 SEM images of bio-char via microwave pyrolysis (A: apple tree

leaves, B: bamboo leaves, C: cypress leaves, D: sycamore tree leaves, E:

wintergreen leaves)

4. Conclusion
Compared to slow pyrolysis, fast pyrolysis and microwave pyrolysis of different

leaves, in relation to the gaseous products yield, the microwave pyrolysis showed the



highest gaseous products yields on all the 5 different kinds of leaves; the apple tree
leaves, sycamore leaves and wintergreen leaves showed higher yields gas products
yields than bamboo leaves and cypress leaves on all the kinds of pyrolysis.

In relation to the bio-char, that obtained from different leaves showed a high HHV
value, which was ranging from 20-28 MJ/Kg, values comparable to some coals. The
HHV value of bio-char from different kind of pyrolysis did not changed significantly
for the various leaves. However, the HHV value of bio-char from different leaves
performed differently, the bio-char from wintergreen leaves showed highest HHYV,
which reached around 27 MJ/Kg, in contract, the HHV value of bio-char from
bamboo leaves was lowest, which was only 20~22 MJ/Kg.

In relation to the gaseous products, the total amount of constituent CO, H,, CO;
and CH, reached 95% in the gaseous products from all the 3 kinds of pyrolysis
treatments. Compared with slow and fast pyrolysis, the microwave pyrolysis of
different leaves shows the highest contents of CO and H,, the highest molar ratio of
H,:CO, and the lowest contents of CO, compared with different kind of leaves. The
addition of acid, bases and salts did not reveal any noticeable catalytic effect on the
microwave pyrolysis of leaves. The HHV of gaseous products via the same kind of
pyrolysis showed similar value for all the leaf specimens, while the gaseous products
HHV from microwave pyrolysis are the highest among the 3 different pyrolysis
processes, while the gaseous products HHV from fast pyrolysis are lowest. Finally,
microwave pyrolysis represents the most suitable process for the H; rich syngas (H; +

CO) production from the 5 different leaf materials.
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