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Fast co-pyrolysis of coal and biomass in a fluidized-bed reactor
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Abstract Co-pyrolysis is one of the most promising
options for the utilization of coal and biomass. Coal/bio-
mass blends were prepared using Yilan subbituminous
(YL) and corncob and the mass ratios of coal in mixtures
varied between 0 and 100 %. Co-pyrolysis characteristics
were investigated in a thermogravimetric analyzer from
303 to 973 K under the nitrogen flow of 100 mL min~".
The co-pyrolysis residues were less than the sum simply
added of the solid yields of individuals. With heating rate
increased from 10 to 40 K minfl, the residues decreased
more severely compared to the expected under various
blending ratios. For fast pyrolysis in fluidized-bed reactor,
gas volumes and char yields of co-pyrolysis showed a
significant linearity. But pyrolysis-oil yields were higher
than the expected from the additive model when the YL
blending ratios were less than 60 %. The co-pyrolysis
evolved more H,, CHy, C, 4+ Cs, and less CO than an
additive pyrolysis process of individual fuel. The GC/MS
results indicated that co-pyrolysis-oil contained more
alcohols, ketones, aldehydes, or acids than that of indi-
vidual fuel. All of that suggested the H/OH in volatiles
produced from rapid pyrolysis of biomass transferred to the
radicals of coal pyrolysis. The possible reaction mechanism
also was provided in the paper.
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Introduction

Efficient and clean utilization of coals not only can alle-
viate the consumption of fossil fuels but also help to reduce
the environmental problems [1, 2], this is very important
for China, where the coal is the main energy resource. To
improve the energy conversion efficiency of coal, various
thermochemical technologies such as co-pyrolysis [3], co-
gasification [4], and co-combustion [5, 6] have been
developed for the use of coal. Among these, co-pyrolysis of
coal and biomass has been significantly attracted due to the
biomass that is abundant (especially in China), renewable,
and carbon dioxide neutral [7], and the adding of biomass
could reduce the consumption of fossil fuels and discharges
of pollutants, such as SO, and NO, [8]. Moreover, coal and
biomass have different chemical and physical properties
[3, 9, 10], i.e., ash composition, volatile matters, and H/C
and O/C molar ratio. In the coal pyrolysis, the low H/C ratio
limits the conversion of coal. While during the co-pyrolysis
process, biomass could offer H donors to coal to promote the
blockings of the radicals produced during the breaking
reactions and restrain the cross-linking reactions that
increased char formation [11]. So, the yields and qualities of
the liquids produced can improve during the co-pyrolysis
instead of that yield in expensive H, atmosphere. Unlike
other materials, such as plastics, alkali, and alkaline-earth
metal contents are high in biomass. They could potentially
be expected to catalyze the coal pyrolysis during co-pyro-
lysis [12, 13]. Biomass pyrolysis mixes with coal also has
several other advantages. For example, co-pyrolysis of coal
and biomass could overcome seasonal harvesting rather than
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all year round availability for biomass [14] and the addi-
tional investments might be easily reduced as the existing
coal pyrolysis instruments only needing minor modification
used for the co-pyrolysis of coal and biomass [15].
Recently, a number of studies have been conducted on
pyrolysis using coal and biomass at home and abroad. Pan
[16] reported the pyrolytic behavior of biomass/poor coal
in a thermobalance apparatus at atmospheric pressure.
Experiments were dynamically carried out by increasing
the temperature from 383 to 1,173 K with a heating rate of
100 K min~". The results showed that no interaction took
place between biomass and coal in a blend during pyro-
lysis. Vuthaluru [17, 18] also investigated the thermal
behavior during co-pyrolysis of Collie subbituminous coal,
biomass materials (wood waste and wheat straw), and coal/
biomass blends prepared at different ratios using a ther-
mogravimetric analysis apparatus. No interactions were
seen between the coal and biomass during co-pyrolysis,
and the pyrolytic characteristics of the blends followed
those of the parent fuels in an additive manner. But Wang
[19] studied the co-pyrolysis behaviors of Pingshuo coal
and the biomasses (sawdust and rice straw) using a ther-
mogravimetric analyzer. The experimental results indicated
that there existed synergetic effects between the biomasses
and coal during their co-pyrolysis process. Haykiri-Acma
[20] investigated the effects of hazelnut shell on the
pyrolytic decomposition of different rank coals (peat, lig-
nite, bituminous coal, and anthracite) by non-isothermal
thermogravimetric analysis method from ambient to
1,173 K with a heating rate of 40 K min~" under nitrogen.
It was found that the addition of thermally reactive
hazelnut shell led to some increases in the volatilization
rates of coals especially at temperatures below 773 K.
Besides, the char yields revealed unexpected variations in
case of low rank coals. It also could be found that the
existence of synergistic interactions took place during the
co-pyrolysis. The investigation of co-pyrolysis behaviors
of lignite and corncob in a fixed-bed reactor found signif-
icant synergies in both pyrolysis product yields and gas
product compositions. The solid yield of the 50:50 lignite/
corncob blend was much lower (i.e., 9 %) than expected
from the calculated value based on individual materials
under the range of temperatures studied, and coincided
with the higher liquid and gas yields. Yield of CH, was
three times higher than the calculated value at 673 K [15].
Pyrolytic behaviors of biomass/coal mixtures were also
investigated by Onay Ozlem [21] under a heating rate of
7 K min™', over a range of pyrolysis temperatures between
673 and 973 K. The results indicated that considerable
synergistic effects were observed during the co-pyrolysis in
a fixed-bed reactor leading to an increase in the oil yield at
lower than coal blending ratios of 33 %. But Moghtaderi
[22] investigated pyrolytic characteristics of biomass/coal
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mixtures under conditions pertinent to pulverized fuel
boilers at low heating rate in a horizontal tubular reactor
and high heating rate in an electrically heated drop tube
furnace. The mixtures of biomass/coal followed the
behavior of their parent materials in an additive manner.
The two fuels did not chemically interact under inert
conditions. The yields of the major pyrolysis products and
the compositions of the gaseous products from blended
samples were linearly proportional to the percentage of
biomass and coal in the mixture, while Zhang [11] per-
formed the experiments on co-pyrolysis of legume straw
and Dayan lignite in a free fall reactor over a range of
773-973 K under atmospheric pressure with nitrogen as
balance gas. The results indicated that there existed syn-
ergetic effects in the co-pyrolysis of biomass and coal.
Under the higher blending ratio conditions, the char yields
were lower than the theoretical values calculated on
pyrolysis of each individual fuel, and consequently the
liquid yields were higher. Moreover, the experimental
results showed that the compositions of the gaseous pro-
ducts from blended samples were not all in accordance
with those of their parent fuels. Collot [23] conducted the
co-pyrolysis of Daw Mill coal and Silver Birch wood in a
fixed-bed reactor and a fluidized-bed reactor, because the
fixed-bed reactor providing intimate contact between
neighboring fuel particles and the fluidized-bed reactor
providing near total segregation of sample particles, small
differences in tar yields were observed in the fixed-bed
reactor, while no difference was found with the fluidized-
bed reactor. As mentioned above, the occurrence of syn-
ergy during co-pyrolysis is generally not conclusive. Var-
ious parameters affect the synergistic interactions, such as
the heating rate, the reacting temperature, the residence
time, proximity of coal with biomass particles to one
another and the reactor type.

Most works published were devoted to using TG and a
fixed-bed to study co-pyrolysis in sizes below 0.150 mm,
which meant the researches were done under the dynamic
controls. Co-pyrolysis in the fluidized-bed pyrolyzer,
which was easy to couple with most types of boiler/gasifier,
was relatively rare, at least, to a certain degree, from the
materials sizes and the analyses of products. The objective
of this study was to investigate the extent and the possible
mechanism of the synergy during pyrolysis of low-grade
coal and biomass, especially to research the synergism of
co-pyrolysis in the fluidized reactor. Experiments were
conducted in a TG and in a fluidized-bed reactor. From TG
experiments, the overview of the mass loss and mass loss
rate as a function of temperature could be continuously
observed. On the other hand, from the fluidized-bed
experiments, pyrolysis production behaviors of liquid fuels
and gas were allowed to investigate and analyses. The
range of temperatures studied was chosen between 773 and
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Table 1 Ultimate and proximate analyses of YL and CB
Samples Ultimate analyses/mass,q % Proximate analyses/mass,q %
C H N S o* M \'% FC A

YL 51.14 4.22 1.06 0.26 19.81 0.55 36.57 39.92 22.96
CB 46.82 6.03 0.34 0.18 43.45 1.61 81.21 15.61 1.57
* By difference
Table 2 Ash composition of YL and CB
Samples Ash composition/mass %

Si0, AlLO; Fe,03 CaO MgO SO; K,0 Na,O TiO, P,0s
YL 46.77 34.67 6.40 5.88 1.90 0.88 0.22 0.19 2.60 0.34
CB 11.98 - 2.52 10.92 2.15 0.72 61.25 1.40 0.81 2.07

973 K, which was more than the temperatures at which
maximal mass loss rate was happened for coal and bio-
mass. The fundamental knowledge gained from this project
is essential for the proper understanding of multi-stage co-
conversion process of coal and biomass which coupled the
pyrolysis into an existing combustion or gasification
process.

Experimental
Materials

The materials used for this study were Yilan subbituminous
(YL) and corncob (CB). Prior to use, the samples were
dried in a drying oven on forced convection at 383 K
for 12 h. The proximate and ultimate analyses of YL
(GB/T 212-2001 and GB/T 476-2001) and CB (E870-82 and
GB/T 476-2001) are shown Table 1. Table 2 shows ash
compositions of the two samples, which was according to
the Chinese standard of GB/T 1574-2007.

Co-pyrolysis experiments in TG

TG analyses were carried out in a Setaram Setsys ther-
mogravimetric analyzer. The particle size of the samples
was less than 0.150 mm in diameter for both YL and CB
and the initial mass of the samples was close to 15 mg. The
samples were heated from 303 to 973 K with a heating rate
of 10 and 40 K min~"'. It should be pointed that further
heating rate also is necessary, but heating rate could not be
further increased due to the limitation of our TG analyses,
and this limitation also acted as an important motivation
for our fluidized-bed works. In other words, the rather
higher heating rate was partly reflected by fluidized-bed
results. N, was used as the carrier gas at a constant flow

rate of 100 mL min~!. At the same time, YL/CB blends
were prepared with the ratios of YL to CB of 20:80, 40:60,
60:40, and 80:20 to investigate the effect of blending ratios
on co-pyrolysis behaviors.

Co-pyrolysis experiments in a fluidized-bed reactor

According to the results of the TG experiments, the fast
pyrolysis experiments of YL and CB were conducted in a
fluidized-bed reactor. Particle sizes of YL and CB were
0.60-1.0 and 1.0-2.0 mm in diameter, respectively, since
both the two samples had the same minimum fluidization
velocity. The static bed height of the bed material was
about 200 mm usually. A K-type thermocouple was placed
below 100 mm of the particle-bed surface to measure the
bed temperature. Heating tapes were installed on the outlet
of pipes in the reactor to supply additional heat and to
prevent pyrolysis-oils condensing.

Figure 1 shows a sketch of the experimental setup. The
pyrolysis units mainly contained a fluidized-bed reactor,
hopper, char collector, and vapor condensation. The flu-
idized-bed reactor was made of stainless-steel and had a
porous plate as its gas distribution. It comprised of two
cylindrical parts, 39 mm i.d., 350-mm long and 70 mm i.d.,
300-mm long, with a conical section connecting these two
parts.

For each experimental run, the reactor tube was heated
to a setting temperature. The fluidizing gas, N,, from cyl-
inders under the controls of mass flow meters was fixed at
7.0 L min~! (measured under ambient conditions) under
atmospheric pressure to achieve at about twice the mini-
mum fluidization velocity of samples for the fluidized-bed
reactor. Then, 170 g of silica sands (180-250 pm) was fed
into the reactor. When the temperature returned to the
setting temperature, 20 g of samples was fed into the
reactor via a two-stage valve quickly. The discharged gas
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water

jyzzoutlet

Fig. 1 Schematic diagram of fluidized-bed reactor for fast pyrolysis.
1 Hopper; 2 Condenser pipe; 3 Reactor; 4 Thermocouple; 5 Gas
distributor; 6 Char collector; 7, 8 Cylinder; 9 Pressure reducer; 10 Gas
meter; 11 Stop valve; 12 Temperature controller; 13 Flow indicator;
14 Flow controller

from the pyrolyzer was cooled down in five ice-cooled
bottles in series. The run was continued for another 5 min
at the desired temperature.

At the end of the run, the collected gas mixtures were
analyzed by two Shimadzu gas chromatographs (TCD
detector, column: packed TDX-01 carbon molecular sieve
columns, carrier gas: Ar, flow rate: 30 mL min~!, column
temperature: 343 K, injector temperature: 383 K, detector
temperature: 393 K; FID detector, column: packed Rt-
QPOT capillary column with 30-m long and 0.32-mm
diameter, column temperature: 323 K, injector tempera-
ture: 423 K, detector temperature: 473 K). The analysis
data were recorded by a Haixin chromatograph data
workstation. These two GC results were associated with
CH, [24] and the gaseous volume percentages were
obtained. As it was impossible to segregate completely
chars from the bed materials, a majority of chars were
recovered by sieving due to the char particles (typically
>500 pum) were much bigger than the silica sand particles
(180-250 pwm). Then, the char yields were calculated
through ash balance.

After each experiment, pyrolysis-oil-containing liquids
were washed from the ice-cooled bottles and the pipes
between the reactor exit and the ice-cooled bottles using
CH,Cl,. Then filtering out solid particles and evaporating
CH,Cl, at about 313 £ 2 K under slightly lower pressures
(but not vacuum condition), the mass of the produced
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pyrolysis-oils were determined after removal of water.
Finally the products were stored in a freezer (about 263 K)
until required for further analysis. All experiments were
carried out several times for each set of conditions and the
averaged values were presented.

GC/MS analysis of pyrolysis-oil

GC/MS analysis provides data at a molecular level, in
which mass spectrum gives the structural information of
compounds separated by gas chromatogram. GC/MS ana-
lysis is an effective method to analyze the compositions of
pyrolysis-oil. In this paper, the pyrolysis-oils at different
blending ratios were carried out on a Shimadzu GC/MS-
QP2000 (30 m x 0.25 mm i.d.; 0.25-um film thickness,
Rix-1 column).

First, the pyrolysis-oils were separated into two fractions
by using n-heptane. Only the n-pentane-soluble fractions of
the pyrolysis-oils were subjected to gas chromatography
mass spectrometry (GC/MS) analyses. Helium was used as a
carrier gas at a constant flow of 1.78 mL min~"'. All sample
injections consisted of 1 pL of diluted pyrolysis-oil in the
n-pentane solution. The split ratio of the injector was set at
50:1. The initial temperature of the column was set at 313 K
and maintained at that temperature for 3 min, then the tem-
perature was subsequently increased up to 353 K at a rate of
6 K min_l, where it was maintained for 5 min, after that the
temperature was heated up to 553 K at a rate of 6 K min™'
where it was maintained for 5 min. A solvent delay of
2.5 min was used. Typical operating conditions were ioni-
zation energy, 70 eV; Ion source temperature, 473 K; and
scans per second over mass range electron (m/z), 35-650.
Identification of the resulting peaks was based on the com-
parison with the spectra from the NIST08.LIB/
NISTOS s.LIB.

Results and discussion
Pyrolysis of YL, CB, and blends in a TG

The pyrolysis of YL and CB is shown in Figs. 2 and 3.
With the increase of heating rate, the profiles of both TG
and DTG moved to higher temperature zone. The maxi-
mum value of mass loss rate also increased with increasing
heating rate. Figure 2 shows that the maximum mass loss
rate of YL was —0.0206 min~" at 722 K at heating rate of
10 K min~", and it reached —0.059 min~" at 756 K with
the heating rate of 40 K min~'. For CB (Fig. 3), the peak
temperature moved from 590 to 611 K with the maximum
value of mass loss rate moved from —0.092 to
—0.311 min~' when heating rate increased from 10 to
40 K min~"'. Since heating rate could affect pyrolysis of
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Fig. 3 TG and DTG curves of CB

the samples from two aspects [25]: with heating rate
increasing, the time reaching the pyrolysis temperature
would be shorter and be favorable for pyrolysis. While at
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—=— Exp. 20 % YL
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Fig. 4 TG and DTG curves of the blend samples (10 K min~")

Deriv.mass/% min~"

the same time the temperature gradient between the surface
and inner of the sample particles increased, which would
affect the pyrolysis of the inner part of particles and then
make the temperature at which the maximum mass loss rate
reached moves to higher zone.

To investigate the synergistic interactions during co-
pyrolysis of YL and CB, pyrolysis solid yields of YL/CB
blends were conducted by TG experiments, the results are
shown in Figs. 4 and 5. The solid yields of YL/CB blends
increased with the increase of YL concentration in the
blends.

In order to investigate the interaction during the co-
pyrolysis of YL and CB, theoretical TG curves were also
calculated and compared with the experimental values. If
there was no interaction between the two co-pyrolysis
materials, the solid yield of the blends could be predicted
as the sum of the solid yields of individual materials in the
blends, written as follows:

(1)

where xyy, and xcg were the mass fraction of YL and CB in
the blends, and Yy and Ycg were the solid yields of YL
and CB, respectively.

At the same time, defined

Deviation (%) = (Ycaie — Yexp) /Yeale X 100%

Yeae = xyLYyL + xceYceB

(2)

And the temperature in which deviation was equal to
2 % was defined as the initial temperature point of
interaction.

As could be seen from Figs. 4 and 5, the calculated
curves were identical to the experimental curves in the
temperature range of lower than 633 K for all blending
ratios, but above which the experimental curves appeared
to be a slightly lower (i.e., 2-6 %) than that of expected.
This implied that the interaction between YL and CB has
happened during co-pyrolysis. Haykiri-Acma [20], Sko-
dras [26], Ahmaruzzaman [27], etc., also found solid
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Fig. 5 TG and DTG curves of the blend samples (40 K min~")

Table 3 Deviation (%) of the residues yields from the theoretical
values at 873 K

Heating rate (K min~") Blending ratio of YL/mass %

20 % 40 % 60 % 80 %
10 2.59 3.90 2.01 2.11
40 4.65 5.34 5.79 5.56

yields from co-pyrolysis were lower than that of
expected.

The calculated deviations at 873 K of different blending
ratios and heating rate are given in Table 3. With the
increase of heating rate, the deviations increased for all the
blending ratios.

TG behaviors of coal and biomass blends are given in
Tables 4 and 5, from which it could be seen that the
reaction regions, peak temperatures, and corresponding
mass loss were significantly different. With the heating rate
increased, reaction regions and corresponding mass loss

J. Wang et al.
0.00F
_ -0.05}
<
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2 —£A--- Cal. 40 % YL
g —A— Exp. 40 % YL
S 0151 Cal. 60 % YL
QC) Exp. 60 % YL
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-0.20 —k— Exp. 80 % YL
—0.25E1 1
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Temperature/K

increased. For the blends, the peak temperatures were
related to the corresponding temperatures of biomass and
coal, but changed slightly. With respect to the peak tem-
perature of CB, the blends of peak temperatures increased,
while the temperatures decreased compared to the peak
temperature of YL, especially for the conditions of high
heating rates.

Yields of products from the pyrolysis of YL, CB,
and YL/CB blends in a fluidized-bed reactor

According to the results of TG experiments, deviations
might increase more if fast co-pyrolysis happened, so a set
of fluidized-bed fast pyrolysis experiments were carried out
at the temperature range of 773-973 K under nitrogen flow
of 7 L min~! for YL, CB, and YL/CB blends with different
blending ratios. The distributions of pyrolysis products as a
function of temperature are shown in Fig. 6 for YL, Fig. 7
for CB, and Fig. 8 for YL/CB blends, respectively. In order

Table 4 Reaction regions (K) and corresponding mass loss (%) of samples

Heating rate Samples Reaction Reaction regions Reaction Reaction regions
regions 1/K 1 mass loss/% regions 2/K 2 mass loss/%

10 K min~* CB 475-713 71.17

20 % YL 488-654 54.65 654-758 7.38

40 % YL 499-654 42.62 654-776 10.24

60 % YL 514-652 28.18 652-792 14.13

80 % YL 537-649 14.71 649-806 18.49

YL 654-823 21.47
40 K min~* CB 467-881 76.47

20 % YL 473-703 58.4 703-920 9.04

40 % YL 480-701 45.37 701-972 12.97

60 % YL 486-696 31.73 696-1,036 18.2

80 % YL 503-682 16.86 682-1,074 23.74

YL 599-1,109 27.44
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Table 5 Peak temperature (K) and corresponding mass loss (%) of 200 |
samples —a— Gas 40
Heating Samples  Peak Peak Peak Peak temp. 3 180 F —v— Pyrolysis-oil 35 G
rate temp. temp. 1 temp. 2/K 2 mass - —a— Char T ©
1/K mass loss/% loss/% _Im §
€ 160+ 10 @
10K min™' CB 590  40.73 k=) £
Q2 125 B
20% YL 590 3335 710 61.4 > qa0lk 2
® 2
b=
40 % YL 588 25.18 711 50.31 (‘B 1og
60 % YL 591 18.16 723 38.58 120} .
80 % YL 592 10.15 720 26.09 | | | ) ) ., 415
YL 722 12.85 750 800 850 900 950 1000
40K min~' CB 611 32.67 Temperature/K
20 % YL 612 31.79 735 62.17 Fig. 7 Effect of temperature on yields for the pyrolysis of CB
40 % YL 614 25.67 739 50.5
60 % YL 615 17.57 744 38.61
80 % YL 618 10.22 746 26.21 . . .
’ where biomass was comprised of cellulose, hemicellulose,
YL 756 12.17 .. . . .
and lignin. Those were linked together with relatively weak
ether linkages (R-O-R). However, coal was composed of
dense polycyclic aromatic hydrocarbons (PAHs), which
180 F 180 were more strongly bonded and so resistant to heat than
'\ that of the ether bond in the biomass [3]. Consequently, the
T 150 \\ 170 biomass was more easily decomposed than the coal.
- " Gas -S_ The influence of blending ratios of YL on the co-
31201 —e— Pyrolysis-oil T oq60 pyrolysis product yields was investigated at 873 K, as
£ —v— Char Tis 3 shown in Fig. 8. It could be seen that the yields of both
S 9o} S .. .
2 . . 3 gas and pyrolysis-oil increased with the decreased of YL
g eob 110 >°—_’ ratios, but this was not the situation for the char yields,
O where contrary results were obtained. In addition, the
30} 15 amounts of gas and char obtained from blends seemed to
750 800 850 900 950 1000 be proportional to the blending ratios. While the yields of

Temperature/K

Fig. 6 Effect of temperature on yields for the pyrolysis of YL

to investigate the synergistic effects, the calculated yields
of each product are plotted in Fig. 8.

Within the temperature range studied, as shown in
Figs. 6 and 7. Pyrolysis-oil yields of YL first increased
from about 9.5 % in 773 K and then made a region with
almost equal peak of 12.6 % in 873-973 K. Different from
that of coal, the pyrolysis-oil yields of CB significantly
increased from 23.5 to 40.6 % with the final pyrolysis
temperature raised from 773 to 973 K, since the devola-
tilization reaction was dominant at low temperatures to
make gradually high pyrolysis-oil yields. With the increase
of temperature, the reaction competition between devola-
tilization and pyrolysis-oil cracking was equal [28].

The char yields decreased and gas yields increased as
temperature increased for both YL and CB. In contrast, at
the same pyrolysis temperature, the gas yields of CB were
higher than that of coal, but the char yields were lower than
that of coal. This was relevant to their macrostructures

pyrolysis-oil were higher than that of calculated especially
when the blending ratios of YL less than 60 %, e.g.,
pyrolysis-oil yields increased from 30.62 to 34.75 %
when the YL blending ratio was 80 %, these indicated
that some synergistic effects must have happened during
co-pyrolysis.

For further, investigate the synergies. The gas products
compositions were also studied. Figures 9, 10, and 11
shows the yields of CH4, CO,, H,, CO, and C, 4+ C;3 of
YL, CB, and YL/CB blends with different blending ratios.
As shown in Figs. 9 and 10, all gases increased with
increasing temperature. Compared to Figs. 9 and 10, CO,
and CO yields of CB were higher than that of YL, these
highlighted the fact that oxygen-containing functional
groups were abundant in the chemical structure of the CB.

In Fig. 11, the yield of CO, was coincided with the
calculated. When the ratios of YL were less than 60 %, the
yield of CO was less than that of calculated, but the H,,
CH,4, and C, 4 Cj yields were more than that of calcu-
lated. For example, when the blending ratio of YL was
40 %, the yield of CO was 27.6 mL g™, compared to the
calculated 33.5 mL g_l. H,, CH,4, and C, + C5 were 10.8,
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15.1, and 5.8 mL g™, respectively, compared to the cal-
culated values 7.7, 12.2 and 4.5 mL g~ '. These again
proved that there were some interactions between volatiles
of coal and biomass during co-pyrolysis.
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GC/MS analysis of pyrolysis-oils

The GC/MS analysis results of the n-pentane sub-fractions
are given in Table 6 as the area (%) related to the total ion
intensity. The distribution of the products obtained from
the co-pyrolysis of YL/CB blends was illustrated.

From Table 6, pyrolysis-oil of YL contained abundant of
R-phenols (13.89 %), alkanes (32.83 %), alkenes (11.04 %),
and alcohols (10.4 %), a small quantity of R-benzenes
(5.36 %) and R-naphthalenes (8.32 %), a trace of R-O-phe-
nols (1.45 %), ketones (1.87 %), R-anthracenes (0.47 %),
R-phenanthrenes (0.67 %), and aldehydes (0.14 %), etc. For
CB, pyrolysis-oil had a lot of ketones (20.21 %) and furans
(31.03 %), a small quantity of R-phenols (5.02 %), alcohols
(8.54 %), a trace of R-O-phenols (4.39 %), aldehydes
(3.33 %), and acids (4.18 %). While for blends of the sam-
ples, species of the co-pyrolysis-oil were different from that
of each sample. @Containing oxygen species, e.g., R-O-
phenols, ketones, alcohols, or acids were more than the coal
and biomass, but the alkanes, alkenes, and R-naphthalenes
which were abundant in pyrolysis-oil of coal decreased rap-
idly. These might be because some reaction happened during
the volatiles of blends.

Possible synergistic mechanisms during the pyrolysis
of YL, CB, and YL/CB blends

From the previous section, the discrepancies between
experimental values and the calculated were found both in
TG and fluidized-bed experiments. But the mechanism may
be different.

For the TG experiments, the lower yields of solid
observed for the blends than the calculated were likely due
to the reactions between H,O/CO, and the coal residues. It
was reported that water produced mainly at temperatures
around 473-648 K [26], H,O, and CO, which were two of
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Table 6 Component analysis of pyrolysis-oils at different blending
ratios

Species Samples

YL 80 % YL 40 % YL 20% YL CB
R-benzenes 536 476 1.15 2.04 0.50
R-O-benzenes 0 0.38 0 0.16 0
R-phenols 13.89 13.22 9.41 10.74 5.02
R-O-phenols 145 1.85 5.73 11.16 4.39
alkanes 32.83 31.57 4.48 4.21 0
alkenes 11.04  9.37 0.51 0 0
R-naphthalenes 832 6.13 0.25 0.19 0
R-anthracenes 047 0.2 0 0 0
R-phenanthrenes  0.67  0.42 0 0 0
Ketones 1.87 42 8.14 25.19 20.21
Aldehydes 0.14 149 1.66 5.49 3.33
Alcohols 10.4 8.38 14.49 2.29 8.54
Acids 059 1.84 9.2 9.89 4.18
Furans 0.66 5.26 14.89 12.95 31.03
Others 12.31 12.28 29.53 15.69 222

R alkyl, O oxygen

the major products of CB pyrolysis and they could be
expected to react with the coal char. Secondly, biomass has
some catalyzers of pyrolysis and gasification. From

—C=C- +-OH——>» — C=C—QOH—> —C—

positive effect on coal conversion at the low-temperatures
[15]. As reported previously, with heating rate increased,
the residues severely decreased compared to the expected
for all the blending ratios. From Figs. 2 and 3, with the
increase of the heating rate, the DTG peaks moved to
higher temperature range and the peak became wider. The
release of volatiles, such as H,O, CO,, and K may move
to higher temperature, these would be more favorable for
the interaction of coal and biomass.

For the fluidized-bed experiments, different from the TG
experiments, the sample particles were almost completely
segregated from silica sands not in close contact between
two particles. But the yields of pyrolysis-oil were higher
than that of expected when the YL blending ratio was less
than 60 %. These might likely because the transfer of
H/OH in volatiles from biomass to coal. The results were
different with that of Collot [23], the possible reason was
the catalysis induced by the K™, which was easy to evolve
at 473-673 K from the original binding sites [31]. During
co-pyrolysis, in the case of K catalysis, some radical
reactions below might happened:

——C—CH ++OH——=—C—CH,OH (3)

- (4)

H

Table 2, SiO,, Ca0O, and K,O were main ash composition
of CB. Thereinto, CaO, and K,O, especially K,O, could
greatly promote conversion of coal [29, 30]. Moreover,
thermal decomposition of CB was an exothermic process.
The exothermic heat from CB pyrolysis might have a

(0]

| (5)

—C—C=C—C + *OH———= —C—C—C—C
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0 o
l | (6)
c—C- + +OH ——= —C—C—OH

The reactions above consuming alkyl/alkenyl radicals
produced by coal which might form alkanes/alkenes together
with H', resulting in the formations of alcohols, ketones,
aldehydes, or acids. These could be used to explain why
pyrolysis-oil of coal and biomass blends had more alcohols,
ketones, aldehydes, or acids than that of individuals. More-
over, OH" which might couple with H to form water con-
sumed, so that remnant H' increased necessarily. Thus, CHy
and C, + C; species gained a better chance to come into
being and their amounts grew in the gas. CO reduced prob-
ably owing to the suppression from K.

Conclusions

Pyrolysis experiments of YL, CB, and YL/CB blends at
various ratios were carried out in a thermogravimetric ana-
lyzer (TG) and a fluidized reactor at the temperature range of
773-973 K to investigate the occurrence of the synergistic
effects. The principal results were summarized as follows:

(1) TG experiments: (a) The residues of co-pyrolysis of
coal and biomass were lower than the calculated
values, this might be attributed to two reasons: one
was that H,O/CO, reacted with the coal residues; the
other was that the ash of biomass catalyzed the
cracking of tar while it inhibited the formation of
char; (b) With the heating rate increasing, the
residues decreased severely more compared with
the calculated at all the blending ratios.

(2) Fluidized-bed experiments: (a) With the temperature
rising, the yields of gas and pyrolysis-oil increased for
both coal and biomass. At the same time, the quantum
of each gas component continuously increased. At a
certain pyrolysis temperature, the pyrolysis-oil and
gas yields of biomass were higher than that of coal.
(b) The yields of both gas and pyrolysis-oil of co-
pyrolysis rose with the ratios of YL decreasing;
(c) Yields of H,, CHy, and C, 4 C; for co-pyrolysis
boosted compared with the calculated, whereas the
yield of CO was lower than the expected. The
compositions of co-pyrolysis-oil were more alcohols,
ketones, aldehydes, or acids than that of each
individual, probably due to the transfer of H/OH into
volatiles from biomass to coal.
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