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Experimental data

Each data point reported in Table 1 to Table 4 is an average of minimum three experiments.

The calculated standard deviation on the mean is also presented. The data reported in Table

3 and Table 5, for acid-leached pinewood in �uidised bed, is based on a single experiment

because of the limited availability of the feedstock.

Bagasse

Note, our results (Table 1 and 2) are inline with the data of Amutio et al.1 who showed that

the pressure has little e�ect on the yields of the lumped products liquid (oil), char and gas

when comparing 25 kPa and 100 kPa runs. In Table 1 and 2, the reported water insoluble

yield (WIS) was determined by the method described by in the literature.2

Table 1: Yields of oil, char, gas, water-insoluble compounds (WIS) obtained from pyrolysis
of acid-leached bagasse as a function of pressure in screen-heater (TFS = 515 ± 15 °C)

Pressure YOil YChar YGas YWIS

kPa wt.% on d.a.f. bagasse

0.005 +− 0.00 91.3 +− 1.2 4.6 +− 0.2 0.5 +− 0.0 17.2 +− 1.6

0.2 +− 0.03 85.6 +− 2.0 5.0 +− 0.4 0.5 +− 0.1 15.6 +− 2.3

2 +− 0.03 87.9 +− 0.5 3.5 +− 0.1 3.2 +− 0.6 22.1 +− 0.5

10 +− 2.5 91 +− 3 3 +− 0 3 +− 0 14 +− 0.2

21 +− 1.08 78.7 +− 2.3 9.3 +− 1.4 1.9 +− 0.4 11.8 +− 2.2

38 +− 0.30 78.5 +− 2.7 9.0 +− 1.6 2.5 +− 0.8 17.7 +− 1.3

60 +− 0.10 81.5 +− 2.9 8.7 +− 1.5 2.3 +− 0.3 18.2 +− 1.3

81 +− 1.01 79.4 +− 1.4 7.4 +− 0.5 2.9 +− 0.8 17.6 +− 1.2

101 +− 1.39 72.8 +− 2.4 8.2 +− 0.9 4.7 +− 0.3 13.3 +− 2.9
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Table 2: Yield of C6 anhydrosugars (C6aS) and DP1 mass fraction obtained from pyrolysis
of acid-leached bagasse as a function of pressure in screen-heater (TFS = 515 ± 15 °C)

Feedstock Untreated bagasse Acid-leached bagasse

Pressure +− YC6aS
+− fDP1

+− YC6aS
+− fDP1

+−
kPa wt.% on C6 sugars - wt.% on C6 sugars -

5x10-3 0.00 25.2 0.2 0.08 0.0 73 3 0.13 0.01

0.2 0.03 16.4 1.3 0.06 0.3 67 2 0.14 0.00

2 0.03 22.0 2.9 0.05 0.3 62 2 0.18 0.00

10 2.5 - - - - 51 3 0.27 0.01

20 1.08 10.2 0.9 0.10 0.3 42 2 0.32 0.00

40 0.30 10.3 1.3 0.11 0.5 42 1 0.35 0.01

60 0.10 6.8 2.2 0.15 0.1 38 1 0.42 0.00

80 1.01 8.5 1.2 0.14 0.1 38 2 0.43 0.01

100 1.39 8.1 0.8 0.15 0.0 35 1 0.39 0.00

DP distribution of C6aS in bagasse derived pyrolysis oil

The DP distribution of C6aS obtained from pyrolysis of bagasse is presented in Figure 1 to 5.

It can be seen that for untreated-bagasse the yields of DP1 and DP2 are nearly independent

of pressure, whereas the yields of bigger C6aS (DP3 to DP>5) appear to increase slightly

with a decrease in pressure. For acid-leached bagasse the yields of C6aS as a function of

pressure are much more clear and pronounced.
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Figure 1: DP1 yield obtained from untreated and acid-leached bagasse as a function of
pressure at TFS of 515 °C
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Figure 2: DP2 yield obtained from untreated and acid-leached bagasse as a function of
pressure at TFS of 515 °C
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Figure 3: DP3 yield obtained from untreated and acid-leached bagasse as a function of
pressure at TFS of 515 °C
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Figure 4: DP4+5 yield obtained from untreated and acid-leached bagasse as a function of
pressure at TFS of 515 °C
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Figure 5: DP>5 yield obtained from untreated and acid-leached bagasse as a function of
pressure at TFS of 515 °C
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Pinewood

Table 3: Yields of oil, char, gas and water-insoluble compounds (WIS) obtained from pyrol-
ysis of acid-leached pinewood as a function of pressure in screen-heater and �uidised bed (T
= 485 °C)

Pressure YOil YChar YGas YWIS

kPa wt.% on d.a.f. pinewood

Screen-heater

0.3 +− 0.01 83.7 +− 1.4 7.1 +− 2.2 0.5 +− 0.0 10.2 +− 0.8

50 +− 0.05 76.2 +− 1.3 8.9 +− 0.0 1.5 +− 0.2 12.7 +− 0.9

100 +− 1.3 63.6 +− 2.0 8.2 +− 0.1 2.1 +− 0.1 9.0 +− 1.0

Fluidised bed

50 62 12 19 7.9

7



T
ab
le
4:

Y
ie
ld

of
C
6
aS

an
d
D
P
1
m
as
s
fr
ac
ti
on

ob
ta
in
ed

fr
om

p
y
ro
ly
si
s
of

ac
id
-l
ea
ch
ed

p
in
ew

o
o
d
as

a
fu
n
ct
io
n
of

p
re
ss
u
re

in
sc
re
en
-h
ea
te
r
(T

F
S
=
48
5
±
15
°C
)

F
e
e
d
st
o
ck

U
n
tr
e
a
te
d
p
in
e
w
o
o
d

A
ci
d
-l
e
a
ch
e
d
p
in
e
w
o
o
d

P
re
ss
u
re

0.
5
k
P
a

50
k
P
a

10
0
k
P
a

0.
5
k
P
a

50
k
P
a

10
0
k
P
a

Y
C
6
a
S

k
g
k
g-
1
on

C
6
su
ga
rs

0.
22

+ −
0.
01

0.
18

+ −
0.
02

0.
18

+ −
0.
00

0.
47

+ −
0.
03

0.
40

+ −
0.
01

0.
31

+ −
0.
00

f D
P
1

-
0.
06

+ −
0.
01

0.
16

+ −
0.
03

0.
28

+ −
0.
02

0.
11

+ −
0.
02

0.
28

+ −
0.
01

0.
44

+ −
0.
01

T
ab
le
5:

T
h
e
y
ie
ld

of
C
6
aS

ob
ta
in
ed

fr
om

th
e
p
y
ro
ly
si
s
ac
id
-l
ea
ch
ed

p
in
ew

o
o
d
at

48
5°
C
an
d
50

k
P
a

D
P
o
f
C
6
a
S

Y
ie
ld

(k
g
k
g
-1
o
n
C
6
su
g
a
rs

in
o
n
d
.a
.f
.
p
in
e
w
o
o
d
)

-
S
cr
ee
n
-h
ea
te
r

F
lu
id
is
ed

b
ed

1
0.
11

0.
26

2
0.
17

0.
11

3
0.
08

0.
01

4
0.
03

0.
00

5
0.
00

0.
00

6
0.
00

0.
00

T
ot
al

0.
4

0.
38

8



Direct infusion mass spectrometry

In this section, direct infusion mass spectrometry of water-soluble fraction of bio-oils and

�ngerprinting (MS2) of C6aS is presented. The details of the method are as follows. The

pyrolysis oils (water-soluble fraction) were diluted with deionised water to a concentration

of ∼150 mg kg-1. Ammonium acetate was added to the diluted oil-water mixture as an

ionisation agent.3,4 A 1 mL Hamilton syringe loaded onto a syringe pump was used to infuse

diluted samples directly into the ESI chamber at a rate of 0.01 mL min-1. The instrument

used was an ESI Ion-Trap mass spectrometer (Bruker amaZon SL, Germany). The ESI MS

analysis was accomplished in manual mode using drying temperature of 200 �, N2 �owrate

and nebulizer pressure of 6 L min-1 and 10 psi, respectively. Full scan mass spectra were

acquired over the m/z range of 50 - 2000. For MS2 experiments, helium gas was used as a

collision gas with a fragmentation amplitude voltage of 1 V and a mass window was 1.5 Da.

Table 6 presents the molar mass (m/z) and NH4+ (or Na+) adduct molar mass corre-

sponding to di�erent DPs, which were found in the oil. Di�erent DPs found in the spectra

are highlighted in a red ellipse, see Figure 6 to Figure 8.

Table 6: Molar mass (m/z) and NH4+ (or Na+) adduct molar mass corresponding to di�erent
DPs

DP Name Molar mass or m/z DP with NH4+ DP with Na+

- - Da Da Da

1 Levoglucosan 162 180 185

2 Cellobiosan 324 342

3 Cellotriosan 486 504

4 Cellotetrasan 648 666

5 Cellopentasan 810 828

6 Cellohexasan 972 990
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Figure 6: Mass spectrum of oil (water-soluble fraction), in a positive ion, obtained from
acid-leached bagasse in a screen-heater at 0.005 kPa; TFS = 515°C
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Figure 7: Mass spectrum of oil (water-soluble fraction), in a positive ion, obtained from
acid-leached pinewood in a screen-heater at 50 kPa; TFS = 485°C

11



Figure 8: Mass spectrum of oil (water-soluble fraction), in a positive ion, obtained from
acid-leached pinewood in a �uidised bed at 50 kPa and 485°C
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Figure 9: Product spectra from MS2 experiments for DP2 in a positive ion

13



Figure 10: Product spectra from MS2 experiments for DP3 in a positive ion
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Figure 11: Product spectra from MS2 experiments for DP4 in a positive ion
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Figure 12: Product spectra from MS2 experiments for DP5 in a positive ion

16



Figure 13: Product spectra from MS2 experiments for DP6 in a positive ion
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Analytical Solution: DP3 to DP1 system

Figure 14: Schematic representation of C6 sugars (in biomass) pyrolysis

Figure 14 shows the schematic representation of DP3 to DP1 system. The normalised

mass balance equations for DP3 to DP1 in/on the particle and oil, and for U are presented

below.

dmP
DP3

dt
= −2kK mP

DP3
(1)

dmP
DP2

dt
= −(kK + kU + kT,2) m

P
DP2

+
4

3
kK mP

DP3
(2)

dmP
DP1

dt
= −(kU + kT,1) m

P
DP1

+
2

2
kK mP

DP2
+

2

3
kK mP

DP3
(3)
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dmOS
DP2

dt
= kT,2 m

P
DP2

(4)

dmOS
DP1

dt
= kT,1 m

P
DP1

(5)

dmU

dt
= kU (mP

DP1
+mP

DP2
) (6)

The initial conditions are - 1)mP
DP3, t=0 = 1, 2)mP

DP2, t=0 = mP
DP1, t=0 = 0, 3)mOS

DP2, t=0 =

mOS
DP1, t=0 = 0, and 4) mU = 0. Above system of ordinary di�erential equations (Eq. 1 to 6)

is rearranged into the following matrix form,

−→
x′ = A −→x (7)



dmP
DP1

dt

dmP
DP2

dt

dmP
DP3

dt

dmOS
DP1

dt

dmOS
DP2

dt

dmU

dt



=



−(kU + kT,1)
2

2
kK

2

3
kK 0 0 0

0 −(kK + kU + kT,2)
4

3
kK 0 0 0

0 0 −2 kK 0 0 0

kT,1 0 0 0 0 0

0 kT,2 0 0 0 0

kU kU 0 0 0 0



×



mP
DP1

mP
DP2

mP
DP3

mOS
DP1

mOS
DP2

mU


(8)

Note, inbuilt symbolic toolbox of Matlab®2017a was used to obtain the eigenvalues (λ)

and eigenvectors (−→η ) of Eq. 8. The general solution of the system of ordinary di�erential

equations is given by Eq. 9
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−→xi (t) =
6∑
i=1

ci e
λit−→ηi (9)

At t→∞

mP
DP1

= mP
DP2

= mP
DP3

= 0 (10)

mOS
DP1

=
kT,1(3kK + kT,2 + kU)

3(kT,1 + kU)(kK + kT,2 + kU)
(11)

mOS
DP2

=
2kT,2

(3kK + kT,2 + kU)
(12)

mU =
kU(3kK + 2kT,1 + kT,2 + 3kU)

3(kT,1 + kU)(kK + kT,2 + kU)
(13)

Eq. 14 and Eq. 15 calculate the yield of C6aS and the mass fraction of DP1 in C6aS,

respectively.

YC6as = 1− YU

= 1−
mU,t=∞

mP
DP3,t=0

=
kU(kK + kU + 2

3
kT,1 + kT,2)

(kT,1 + kU)(kK + kT,2 + kU)

(14)

fDP1 =
mOS
DP1,t=∞

mOS
DP1,t=∞ +mOS

DP2,t=∞

=
3kKkT,1 + kT,1kT,2 + kT,1kU

3kKkT,1 + 3kT,1 + kT,2 + kT,1kU + 2kT,2kU

(15)
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Model results

Total �t procedure

The C6aS yield (on C6 sugars in acid-leached bagasse) and the mass fraction of DP1 in C6aS

predicted using the total �t procedure are presented in Figure 15.
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Figure 15: C6aS yield (on C6 sugars in acid-leached bagasse) and the mass fraction of DP1

in C6aS, experimental and calculated using the total �t procedure, as a function of pressure

Individual �t procedure

Parity plot of the experimental C6aS yield (on C6 sugars in acid-leached bagasse) and the

mass fraction of DP1 against their predicted values using individual �t procedure are pre-

sented in Figure 16. The values of
kT,avg

kK+kU
per pressure obtained using the individual �t

procedure are presented in Table 7.
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Figure 16: Parity plot in which the experimental C6aS yield (on C6 sugars in acid-leached
bagasse) and the mass fraction of DP1 are plotted against their predicted values using indi-
vidual �t procedure

Table 7: Values of
kT,avg

kK+kU
per pressure obtained using the individual �t procedure

Pressure
kT,avg

kK+kU

kPa -

0.005 1.9 +− 0.9

0.5 1.5 +− 0.5

2 1.2 +− 0.3

10 0.8 +− 0.2

20 0.5 +− 0.2

40 0.5 +− 0.1

60 0.4 +− 0.1

80 0.4 +− 0.1

100 0.4 +− 0.1
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Correlation between
kT,avg

kK+kU
and pressure

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5
 kT,avg/(kK+ kU)
 Fit (R2 = 0.92)

k T
,av

g/
(k

K
+
k U
)

Pressure (kPa)

)ln(17.04.2, P
kk

k

UK

avgT

Figure 17: Values of
kT,avg

kK+kU
obtained using individual �t procedure as a function of the

pressure with �xed kK
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obtained from total �t procedure
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