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Abstract
The co-pyrolysis tar formed from microcrystalline cellulose (MCC) and polyethylene (PE) was used to study
their further conversion path under the effect of steam. This paper addressed the yield and transformation of
tar with different steam/feedstock mass ratios (S/F= 0.8, 1.6) in a two-stage �xed-bed when the two stages
furnace temperature was set at 600℃ and 800℃, separately. Compared with pyrolysis, steam promoted tar
cracking effectively, the tar yield decreased at least 1/3. However, with the addition of steam, the cracking
effect of tar is not further improved. The tar yield depended more on the PE content in the mixture, which
was enhanced with PE increment. Besides, the H/C atom ratio was related to the conversion path of tar.
Steam was bene�cial to the cracking of compounds, but the generated hydrogen radicals affected the
direction of the subsequent reaction. The steam mainly promotes the cracking of long-chain hydrocarbons,
accompanied by cyclization and aromatization when the steam was limited. Nevertheless, these reactions
were hindered when the steam was excessive due to the apparent effect of hydrogenation. In this process,
the short-chain hydrocarbons come to recombine instead of cyclization and aromatization.

1. Introduction
The environmental treatment and resource utilization technologies of waste are still facing a bottleneck. For
example, as the composition and content of waste always �uctuate randomly, these unstable feedstocks are
not conducive to the operation of thermal disposal equipment. There have been many studies focused on
the interaction of different waste components in the pyrolysis process by the thermal gravimetric
analyzer(Sørum et al. 2001; Dong et al. 2007; Tang et al. 2018). Furthermore, Wen (Wen et al. 2004) designed
a thermogravimetric system in which more massive typical organic components of MSW (about 10g) were
able to be analyzed. They found the waste components such as biomass and textiles are di�cult to interact
with each other, so the properties of these mixtures could be predicted accurately according to the features
of each component during pyrolysis; but if there are polymers (e.g., plastics) in the mixture, the interaction
between the components was not able to be ignored. Based on the experimental results mentioned above,
they also established a prediction model for MSW pyrolysis by using the principle of chemical reaction
kinetics and the theory of B.P. neural networks(Wen et al. 2005). Similarly, Long proposed the pseudo-
component method (Long et al. 2017) for predicting the combustible solid waste materials properties.

Researchers have also completed many enlightening studies based on adding catalysts and changing the
experient conditions to improve the reaction effectivity. For all of these methods, introducing a gasi�cation
agent is also convenient, except for adjusting the temperature. For instance, steam was introduced (Pinto et
al. 2002; Wilk and Hofbauer 2013), and the excess air ratio was even varied by adding air or oxygen(Pinto et
al. 2012; Wilk and Hofbauer 2013; Giovanna Ruoppolo et al. 2013; Lopez et al. 2015; Pinto et al. 2016).
Moreover, there were also reported that adopting the gasi�cation agent with catalyst was able to realize a
synergistic effect(Lopez et al. 2015; Zheng et al. 2016). As for the co-pyrolysis/gasi�cation, there are always
accompanied by the formation of by-products like tar. Pinto et al. (Pinto et al. 2016) compared the effects of
different gasi�cation agents on tar cracking and found that steam promoted the destruction of tar by steam
reforming reactions, and air favored the partial oxidation of tar compounds. Nevertheless, they also reported
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that the syngas higher heating value (HHV) decreased with the rise of oxygen. Hence, steam is an optimal
choice to reduce the tar yield.

To study the role of steam in the mixture co-pyrolysis/gasi�cation process, a continuous and stable
operation is indispensable, which is also conducive to prolong equipment life and cut down the potential
�uctuations of emissions. Table 1 summarizes the experimental condition of some typical equipment for the
mixture co-pyrolysis/gasi�cation process under the effect of steam. It can be concluded that 800–900 ℃ is
the ideal temperature range for steam to play its role. As for the removal mechanism of tar, some previous
studies provided different explanations. Lopez et al. (Lopez et al. 2015) reported the H2 yield was able to
reach 60%(V/V), and they thought the co-feeding of high-density polyethylene(HDPE) had generated an
interesting synergetic effect involving the reduction of both tar and char yields. This result agrees with Wilk
et al. (Wilk and Hofbauer 2013), who believed the tar content in the product gas was considerably lower than
that presumed, and less CH4 and C2H4 were formed. Ahmed et al.(Ahmed et al. 2011a) attributed the
interaction between biomass and plastics to the PE, which acted as a hydrogen donor for radicals generated
from woodchips pyrolysis, resulting in stabilizing those radicals and producing a higher yield of total
hydrocarbons than that expected by the weighted average yield. On the other hand, woodchips char might
have played a role in absorbing volatiles from PE and promoting steam-hydrocarbons reforming reaction to
result in more hydrogen than expected by the weighted average yield alone.

As mentioned above, there has been a clear grasp of the production yield (including syngas, tar, and char)
under the steam effect of co-pyrolysis/gasi�cation. However, tar transformation, especially for the high tar
yield formed at 600 ℃(Fagbemi 2002; Li et al. 2004), is still worth researching.

This paper focused on the change of tar yield and composition under different amounts of steam. In
particular, this experiment was based on the tar produced from the co-pyrolysis of MCC and PE at 600℃,
which provided more reliable tar compositions than using a few representatives(Barbarias et al. 2016a).
Moreover, the co-pyrolysis tar was further transformed at 800℃, and the effect of steam was analyzed
without considering the potential role of char.

Table 1

Comparison between different co-pyrolysis/gasi�cation processes with steam.
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Furnace
type

Feedstock Temperature feed rate Steam/

Feedstock

Flow rate Reference

Bubbling
�uidized
bed

Wood pine and
PE

730–900℃ 5.7–12.5
g/min

S/F=

0.4–0.9

Steam
5.3g/min

(Pinto et
al. 2002)

Dual
�uidized-
bed

Four types of
plastic material
of different
origins and soft
wood pellets

Gasi�cation
850℃

Combustion
900℃

- S/C=

1.8-2.3a

(Gasi�cation)

Steam 13-
18.9kg/h

(Combustion)

Air 52.7-
56.3nm3 /h

(Wilk and
Hofbauer
2013)

Conical
spouted bed

Pinewood
sawdust and
HDPE

900℃ 1.5g/min S/F = 1 Water 1.5
ml/min

Nitroge 20
l/min

Air 20 l/min

(Lopez et
al. 2015)

External
circulating
radial-�ow
moving bed

Pine sawdust
and bituminous
coal

Pyrolysis

500–700℃

Gasi�cation

750–850℃

Combustion
850℃

0.2kg/h S/F=

0.3–1.9

(combustion)

Air 4.2–4.6
Nm3/h

(Tursun
et al.
2016)

a S/C = Steam/Carbon(g/g)

2. Materials And Methods
2.1. Materials

MCC and PE were chosen to represent biomass and polymer, respectively. The MCC is a crucial component
of plant cellulose(Shurong 2017), and the PE accounts for 62.5-74.8% of plastic waste(Areeprasert et al.
2017). The basic properties of feedstock were analyzed by 5E Series-MAG6700 Proximate Analyzer and 5E
Series-CHN2000 Ultimate Analyzer separately.

2.2. Thermogravimetric analysis
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The thermal characteristics of MCC and PE were studied by thermogravimetric analysis (NETZSCH,
TGA5500, Germany). Approximately 10 mg of samples were used in the programming-temperature TGA
pyrolysis process with a heating rate of 10 °C/min from ambient temperature to 1000 °C under 70 mL/min
high-purity nitrogen. Before the experiment started, several blank experiments were carried out under the
same conditions. And then, the blank TGA curve was used for baseline corrections.

2.3. Fast pyrolysis analysis

Fast pyrolysis experiments were performed in a single shot micropyrolyzer (PY-3030D, Frontier Laboratories,
Japan) and the products were analyzed in a gas chromatograph that was equipped with a mass
spectrometer (GC/MS, QP2010, Shimadzu, Japan). About 2 mg samples were rapidly heated to a preset
temperature (600℃) and hold for 12s. Experiments were performed in a helium (He, 99.99 % purity)
environment. The volatiles emitted via this fast heating were carried by He to the GC/MS and separated by
an Rtx-5ms(DB-5\HP-5) capillary column (30 m×0.25 mm×0.25 μm). The carrier gas (He) �ow was 1 ml/min,
and the split ratio was 30:1. The oven temperature was initially kept at 50℃ for 1 min. Then, continuously
heated to 300℃ at 15 ℃/min, and maintained at 300 °C for 20 min. The heated transporting tube and
injector temperature were set at 300 C. The chromatographic peaks were identi�ed with the help of NIST
mass spectral data library.

2.4 Experimental equipment and conditions

A scheme of the bench-scale plant used for mixture wastes (consisting of MCC and PE) treatment is shown
in Fig 1. The apparatus mainly consists of a reverse L tubular reactor made of steel (outer diameter: 40 mm,
inner diameter: 30 mm). The tubular reactor consisted of two stages made of steel (outer diameter: 40 mm,
inner diameter: 30 mm), with each length of 500mm. The feedstock was delivered into the pyrolysis reactor
through a screw feeder installed in the tubular channel. After the feedstock was pyrolyzed about 25 minutes
in the �rst stage, the remaining residue was sent into the slag hole when the separated gaseous products
(including syngas and tar) went through the second stage to react with saturated steam under the suction of
the vacuum pump at the end. Then, all the products passed through the condenser and tar trap in sequence
to separate the steam and tar. The remaining non-condensate gases were also disposed of safely by other
means. After continuous operation for 60 min, the feed was stopped, and the steam �ow was maintained for
another 20 min. Each experiment was repeated at least three times to ensure the reproducibility of the
results. The experimental conditions are listed in Table 2.

Table 2

Operation parameters of the experiments.
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NO. 1 2 3 4 5 6

MCC to PE ratio (g/g) 4:1 4:1 2:1 2:1 1:0 0:1

Steam to feedstock ratio (g/g) 0.8 1.6 0.8 1.6 0 0

Nitrogen flow rate L/min 1.7 0.4 1.7 0.4 3.0 3.0

Total feedstock g 80

Fuel feeding rate g/min 1.33

First stage temperature (°C) 600℃

Second stage temperature (°C) 800℃

Connecting section temperature (°C) 180℃

2.5 Tar pretreatment and analysis

Before the tar analysis, there were a series of pretreatments: 1) transferred the mixture solution collected
from the tar trap and washed it with 50 ml dichloromethane each time, repeating three times; 2) separated
moisture and organic solvents from the collected solutions, including the washing solution, by a separation
funnel; 3) added anhydrous sodium sulfate to the organic solution to further remove the moisture;
4)separated the tar from the �ltered organic solvent (a mixture of tar and dichloromethane) by rotating
evaporators following the European standard (CEN/TS15439: 2006). Dichloromethane is an e�cient solvent
that can absorb the heavy components of tar well. Many studied used it to wash and collect tar formed from
the thermal treatment of solid waste(Hu et al. 2017; Lu et al. 2018, 2019).

The composition of tar was measured by a GC-MS analyzer (7890B-5977A, Agilent Technologies, Germany).
The injector and the transfer line were set at 270 and 250 °C, respectively. After 5 min at 50 °C, the oven
raised to 270 °C at a rate of 15 °C/min and then maintained at 270 °C for 10 min. In the mass spectrometer,
electron ionization (E.I.) energy was used for ionization. The ion source temperature was maintained at 200
°C. The volume of each injection was 0.2 μL, and the split ratio was 10:1. Identi�cation of compounds was
performed according to library data. There were three parallel samples of each experiment condition
measured by GC-MS, and the average results are shown in Table S2 and Table S3.

3. Results And Discussion

3.1 Material characteristic
The proximate and ultimate analysis of materials is listed in Table 3. The two materials exhibit entirely
different characteristics: compared to the MCC, there is a small content of moisture and �xed carbon in PE,
while elements content such as carbon and hydrogen are higher. Besides, the low oxygen content is also a
typical characteristic of PE.
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Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of MCC and PE were given in
Fig. 2. The release of moisture from MCC occurs a small amount of weight loss until 150°C, and the
structural breakdown starts nearly at 287°C and ends at about 397°C with a maximum rate at 358°C. In this
phase, MCC is depolymerized to oligosaccharides and then cracks to volatiles and non-condensable gas.
Unlike polyvinyl chloride (PVC), which has two prominent peaks(Tang et al. 2018), PE has only one weight
loss peak. The main decomposition step occurs between366 and 508°C, with the maximum mass loss rate
at 471°C. Therefore, the volatiles from PE generally start to evolve at a higher temperature range than those
from MCC. It suggests the existence of a combination of interactions between the volatiles released and
�xed carbon(Ahmed et al. 2011b).

Table 3

Proximate and ultimate analysis of materials.

Components Proximate analysis(%) Ultimate analysis(%) Qb,ad(kJ/kg)

M
ad

A ad V ad F.C.
ad

C ad H ad N ad S ad O ad a

MCC 5.83 - 88.12 6.05 41.92 4.59 0.08 0.19 47.39 16561

PE 0.08 0.05 99.73 0.14 85.99 11.49 0.24 1.19 0.96 47141

a by difference.

 

3.2 Fast Pyrolysis Products Analysis
Fast pyrolysis of the MCC and PE produced signi�cantly different primary products. Figure 3 shows the
chromatograms of products and marks the main compounds, and the details of detectable and recognizable
compounds are listed inTable S1. It should be noted that the detectable compound was that whose
concentration was above the detection limit, while the identi�able compound was that whose peak area was
comparatively large, and were identi�ed by the NIST library in this work. The following discussion on the
amount of product components is based on the percent peak area in chromatograms. As seen in Fig. 3, the
primary pyrolysis products of the MCC are compounds with oxygenated groups, such as ethanedial, methyl
glyoxal, β-D-Glucopyranose, 1,6-anhydro-. These compounds with oxygenated groups are produced from a
series of reactions (including cracking, dehydration, depolymerization, etc.) of glucose, because cellulose is a
linear macromolecular polysaccharide that consists of a long-chain of glucose units linked by β-1,4-
glycosidic bonds(Shurong 2017). As for the PE, the main products obtained during the thermal
decomposition are linear hydrocarbons, while a low proportion of aromatics is also present(Wampler 1989;
Hájeková and Bajus 2005; Marcilla et al. 2006). In terms of carbon number, these chain hydrocarbons and
their derivatives between C11 and C20 are the most considerable (47.62%). Others, such as more than C20

and C4-C10, account for 35.64% and 16.78%, respectively.
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3.3 Effect Of Steam On Tar Components
Figure 4 shows the tar yield of two mixing ratios under different steam contents. As a note, the tar yield at
pyrolysis is based on the linear weighting result of single component pyrolysis tar. Compared with pyrolysis,
steam promoted tar cracking signi�cantly, and tar yield decreased by at least half at MCC: PE = 4:1. It
illustrates that steam plays an essential role in tar cracking. However, the cracking effect of tar is not further
improved with the increase of steam. Accordingly, the deciding factor of tar yield is certainly the proportion
of PE in the mixture rather than the growing steam amount.

 As shown in Table 4, the addition of steam affects the element content of tar products. For example, the
carbon content increases with steam enhancement, while the oxygen content is contrary. It suggests that
steam can stimulate the gasi�cation of tar because the polymerization and the boundary reaction promote
carbon deposition formation (Vicente et al. 2014; Montero et al. 2015; Barbarias et al. 2016b), the content of
carbon elements in tar products increased. Finally, the compounds react with steam and further crack into
non-condensable gas, such as CO and CO2, thus reducing the content of oxygen in tar.

Consistent with Lu et al. (Lu et al., 2018) results, the H/C ratio of tar also increases with the addition of PE
content in the mixture. More importantly, the changing trend of the H / C ratio of tar in the two mixed rates is
different. As shown in Table 4, when there is a small PE amount in the mixture (MCC: PE = 4:1), the H/C ratio
increases with steam addition, but the trend is the opposite at MCC: PE = 2:1. All of these can be attributed to
the different transformation paths of tar under the steam effect. It needs to consider the relationship
between the PE account in the mixture and the additional steam synthetically. Because when the PE content
in the mix is high, the leading role of steam is to promote the cracking of tar, accompanied by cyclization
and aromatization. However, if the proportion of PE is not too high, this process can be realized by a small
amount of steam. The super�uous steam can promote the recombination of chain hydrocarbons to produce
new chain hydrocarbons and its derivatives to make the rising of the H/C ratio. It will be further explained in
the next part.

Table 4

Ultimate analysis of tar.
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Element MCC:PE = 4:1 MCC:PE = 2:1 MCC PE

S/F = 0.8 S/F = 1.6 S/F = 0.8 S/F = 1.6 S/F = 0 S/F = 0

C 81.50 87.51 80.40 86.73 62.72 83.71

H 5.71 7.51 8.21 7.44 5.34 10.14

N 0.22 0.20 0.23 0.22 0.36 0.43

Oa 12.57 4.78 11.16 5.61 31.58 5.72

H/Cb 0.841 1.030 1.225 1.029 1.022 1.45

a by difference; b atomic ratio.

 The detectable tar products were identi�ed according to chromatographic peaks, and their amount was
determined from the peak area in GC–MS chromatograms (shown in Fig. 5). As seen in Table S3, there are
negligible cross-over products, which agrees with the result of biomass/plastics co-pyrolysis(Bhattacharya et
al. 2009; Li et al. 2014). Most of the products are consistent with those previously observed in the pyrolysis
of the two individual components. It is worth noting that the proportion of PE in the mixture has a signi�cant
effect on the characters of the tar. For instance, when the PE content in the mixture is higher (MCC: PE = 2:1),
there are more chain hydrocarbons and their derivatives under the effect of steam. Nevertheless, aromatic
compounds are the dominant components in the tar at MCC: PE = 4:1.

The major compositions of tar have been quanti�ed and summarized in Table 5. There is an apparent
change of o-heterocycles and alicyclic compounds: both of them are inversely proportional to the steam
amount under two different mixture ratios. It indicates that the two compounds are effectively cracked or
converted into more stable compounds such as aromatic and chain compounds with steam addition. For
example, the o-heterocycles can be converted into more stable aromatic compounds by the Diels-Alder
reaction(Carpenter et al. 2010; Göransson et al. 2011; Lopez et al. 2015).

Table 5

Detailed distributes of major tar compounds.



Page 10/20

Compounds MCC:PE = 2:1 MCC:PE = 4:1

S/F = 0.8 S/F = 1.6 S/F = 0.8 S/F = 1.6

Main types of compounds(% area )

Chain compounds a 68.81 65.87 6.81 41.12

O-heterocycles b 0.81 - 4.78 1.43

Alicyclic compounds c 6.52 1.69 8.61 3.22

Aromatic compounds 23.86 32.44 79.80 54.23

Aromatic compounds(% area )

Toluene 1.80 3.70 14.06 6.35

Aromatic acids d - 7.23 11.59 13.29

Xylenes e 2.61 4.30 9.60 5.54

Other alkylbenzenes f 3.13 1.29 8.06 6.15

Alkenylbenzenes g 5.87 9.47 13.91 5.37

Alkynylbenzenes h - - 3.46 -

Indenes i 3.99 2.53 6.46 5.97

Polycyclic aromatic compounds j 6.46 3.92 12.66 11.56

aChain compounds (1,5-Hetadien-3-yne; 1,3,5-Heptatriene, (E,E)-; 1-Decene; 1-Undecene; 3-Undecene; 3-
Dodecene; 7-Tetradecene; 1-Pentadecene; 1-Heptadecene; 3-Octene,(z)-; 1-Nonene; 1-Tridecene; 3-
Tetradecene; 2-Tridecene; Cetene; 1-Octadecene; 1-Eicosene; 17-Pentatriacontene; 1-Tetradecanol; 2-
Hexadecanol; n-Nonadecanol-1; Ethanol, 2-(9-octadecenyloxy)-, (E)-; Behenic alcohol; 1-Tricosanol; 1-
Tetradecanol; 2-Hexadecanol; 1-Hexadecanol,2-methyl-; n-Nonadecanol-1; 2,4-Decadien-1-ol; 2,6-Octadien-
1-ol,2,7-dimethyl-; Hexanoic acid, decyl ester; Oleic Acid; 1-Hexadecanol, acetate; Oleic acid, eicosyl ester;
9-Hexadecenoic acid, eicosyl ester, (Z)-)

bO-heterocycles (Furfural; n-Decylsuccinic anhydride; [(+)-Noe's reagent; (+)-MBF-OH dimer)

cAlicyclic compounds (1,3,5,7-Cyclooctatetraene; 1,3,5-Cycloheptatriene;Bicyclo[2.1.1] hexan-2-ol,2-
ethenyl)

d Aromatic acids (o-Tolylacetic acid; 2-Butenoic acid,3-methyl-,2-phenylethyl ester)

e Xylenes (o-Xylene; p-Xylene; Benzen,1,3-dimthyl)

f Other alkylbenzenes (Ethylbenzene; Benzene,1-ethyl-3-methyl-)

g Alkenylbenzenes (Styrene; Benzene,1-ethenyl-4-methyl-; Benzene,1-ethenyl-3-methyl-; Benzene,1-ethenyl-
2-methyl)
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Compounds MCC:PE = 2:1 MCC:PE = 4:1

S/F = 0.8 S/F = 1.6 S/F = 0.8 S/F = 1.6

h Alkynylbenzenes (3-Methylphenylacetylene; 1-Propyne,3-phenyl-)

i Indenes (Indene; 1H-Indene, 1-ethylidene-; 1H-Inden,3-methyl-)

j polycyclic aromatic compounds (Naphthalene; Naphthalene, 1-methyl-; Fluorene)

 

The chain compounds are the essential components of tar, and their proportion is signi�cant affected by the
different proportions of PE in the mixture. As presented in Table 5, when MCC: PE = 2:1, the proportion of
open chain compounds decrease with steam enhancement. However, the open-chain compounds are
proportional to the amount of steam at MCC: PE = 4:1. Signi�cantly, most of the chain compounds are
unsaturated hydrocarbons and their derivatives. The receptors of hydrogen radicals (such as acids and
aldehydes) formed from the co-pyrolysis of the mixture are easier to bond with hydrogen(Li et al. 2014).
Thus the competition for hydrogen radicals is unfavorable to the conversion of chain hydrocarbons from
unsaturated to saturated.

According to the number of carbon atoms, the chain compounds can be divided into three categories, as
shown in Fig. 6. These compounds mainly concentrate on C10-C20 and are positively correlated with the
steam amount, while the compounds whose carbon chain length over 20 are cracked. It can be accounted
for that long-chain compounds are easily converted into shorter and simpler hydrocarbons with steam
promotion (Rama et al. 2014). Furthermore, when PE accounts for a large proportion in the mix (MCC: PE = 
2:1), the steam mainly promotes the cracking of long-chain hydrocarbons and their derivatives as much as
possible. At the same time, the intermediate products, such as conjugated dienes and substituted ole�ns,
can be further cyclized and aromatized(Lukyanov et al. 1994; Adjaye and Bakhshi 1995; Aguado et al. 2001;
Gayubo et al. 2004; Li et al. 2014). Conversely, when there is a small part of PE in the mixture, this process
can be achieved at S/F = 0.8. With the continual addition of steam, the cyclization and aromatization
process may be inhibited. Even the short-chain hydrocarbons and their derivatives(< C10) may bond with
each other under the action of O/H/OH radicals to form new chain hydrocarbons and their derivatives with
the carbon chain length between 10 and 20 when the steam is excessive (S/F = 1.6).

 On the other hand, the change of aromatic compounds is also proof of the above point. As listed in Table 5,
aromatic compounds show an opposite trend with the increase of steam under the two mixing ratios of
mixtures. When there is a higher PE content in the mixture (MCC: PE = 2:1), the aromatic compounds are
positively correlated with steam, while the ratio of mixture changes to MCC: PE = 4:1, the amounts of
aromatic compounds decline apparently. In general, the proportion of total aromatic compounds is greatly
affected by the change of monocyclic aromatic hydrocarbons (MAHs). For instance, the total ratio of MAHs
increases at MCC: PE = 2:1. In view of the cracking of chain compounds and alicyclic compounds, they
provide abundant dienes and dienophiles to cyclization and aromatization with the effect of steam. In
addition, the increase of steam also stimulates the formation of aromatic acids (such as o-tolylacetic acid, 2-
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butenoic acid, 3-methyl -, 2-phenyl ester ), which may reduce the possibility of further cyclization and
aromatization of MAHs, which is also the reason for the decrease of indenes and naphthalenes in Table 5.

On the contrary, the MAHs (such as alkylbenzenes, alkenylbenzenes, and alkynylbenzenes) greatly decrease,
which is an important reason for the apparent decrease of the proportion of total MAHs at the MCC: PE = 4:1.
It can be attributed to the fact that long-chain compounds can be effectively cracked with less steam (S/F = 
0.8), and the products, such as dienes and dienophiles, can further react with each other to realize
cyclization and aromatization. If the steam continues to be added (S/F = 1.6), these dynamic equilibriums
may be broken. The hydrogen radicals supplied by the spared steam promote the hydrogenation reaction,
which competes with cyclization and aromatization. And there is no a�uent diene and dienophile for
cyclization and aromatization, making it di�cult to keep the generation of MAHs and even polycyclic
aromatic hydrocarbons (PAHs) as much as possible. In particular, there is still a slight increase in aromatic
acid. Therefore, these different reaction paths eventually reach a new equilibrium: the hydrogenation can
effectively avoid further cyclization and aromatization to form PAHs [32], while the limited MAHs are more
likely to convert to aromatic acid with the steam effect.

Based on the above analysis, the conversion paths of compounds can be summarized as steam contributes
to the cracking of long-chain hydrocarbons and their derivatives, while short-chain hydrocarbons, such as
diene and dienophile, can further promote cyclization and aromatization. On the other hand, hydrogen
radicals generated from the reaction process can promote hydrogenation, which will inevitably compete with
cyclization and aromatization. When the proportion of PE in the mixture is large, steam mainly promotes the
cracking of long-chain hydrocarbons, and the abundant products such as unsaturated short-chain
hydrocarbons are conducive to further cyclization and aromatization. In this situation, although hydrogen
radicals can promote hydrogenation that is not conducive to the further reaction of MAHs to PAHs, there is a
small in�uence on product distribution. When there is less PE in the mixture, the above reactions can be
realized by introducing less steam. However, if the addition of steam is excess, more hydrogen radicals will
participate in the hydrogenation, which is obviously not conducive to the formation of aromatic compounds.
Meanwhile, the recombination between short-chain hydrocarbons will be strengthened.

4. Conclusions
In this paper, the tar formed from the MCC and PE co-pyrolysis further transformed with the steam addition
in a two-stage �xed-bed were studied. It addressed the conversion of tar yield and composition under
different amounts of steam.

Compared with pyrolysis, steam makes for the cracking of tar. In terms of the tar yield, it cut down at least
one-third. In addition, compared with the further change of steam amount, the in�uence of the PE content in
the mixture is more signi�cant. The tar yield is about twice as before when the MCC: PE varies from 4 to 2.

As for the tar properties, the carbon content increases with steam addition, while the oxygen content
decreases. Moreover, the changing of H/C is related to the conversion path of tar. Steam promotes the
cracking of compounds to produce hydrogen radicals. And further reactions, including cyclization,
aromatization and hydrogenation, need the participation of hydrogen radicals. Thus, when the steam
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content is limited, it mainly stimulates the cracking of long-chain compounds. On the contrary, excessive
steam facilitates the recombination of short-chain hydrocarbons, and the effect of hydrogenation can not be
ignored, which is not conducive to cyclization and aromatization.
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Figures

Figure 1

Schematic representation of the laboratory scale apparatus. ( Screw feeder Tubular furnace(�rst) Tubular
furnace (second) Steam generator Electronic �owmeter Injection pump nitrogen cylinder Condenser
Tar trap Vacuum pump)
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Figure 2

TG and DTG of (a) MCC, (b) PE.

Figure 3

Chromatograms of products in fast pyrolysis of (a) MCC, (b) PE at 600℃.
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Figure 4

The yield of tar produced from co-feeding experiments in a two-stage apparatus ( the �rst stage was 600℃,
and the second stage was 800 ℃).
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Figure 5

Chromatograms of tar produced from co-feeding experiments.
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Figure 6

The distribution of chain hydrocarbons and their derivatives.
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