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ABSTRACT: High-density polyethylene (HDPE) was pyrolyzed in a fixed-bed
reactor and the derived pyrolysis volatiles passed directly to a second-stage fixed-
bed reactor for catalytic steam reforming with the aim to produce hydrogen-rich
syngas. The catalysts used were biochar produced from the pyrolysis of waste
biomass and solid waste char produced from the pyrolysis of processed municipal
solid waste in the form of refuse-derived fuel (RDF). The influence of char
catalyst temperature and steam input were used to optimize the production of H2
syngas. Other types of waste plastics (low-density polyethylene (LDPE),
polypropylene (PP), polystyrene (PS), and poly(ethylene terephthalate)
(PET)) were also investigated to compare with the production from HDPE.
The highest yields of syngas (H2, CO) were produced at 3.83 g gplastic

−1 for
biochar as the catalyst and 2.73 g gplastic

−1 for RDF char as the catalyst, when the
steam input was 10 g h−1 gcatalyst

−1 and catalyst temperature was 1000 °C.
Increasing amounts of steam input also increased the syngas yield, but at high steam inputs, saturation of the catalyst reduced syngas
yield. Of the different plastic types investigated, the polyolefin plastics (HDPE, LDPE, PP) produced the highest yield of syngas,
whereas PS and PET yields were significantly lower in the presence of both biochar and RDF char catalysts. Hydrogen yields were
∼0.44 g gplastic

−1 for the polyalkene plastics with the biochar catalyst but were only ∼0.32 g gplastic
−1 with the RDF char catalyst. At

1000 °C, the H2 potential from the processing of plastic with RDF char as the catalyst was higher than with biochar as the catalyst,
which was attributed to the higher presence of an inorganic metal in the RDF char possessing catalytic properties.

1. INTRODUCTION
Current worldwide production of plastics is approaching 400
million tonnes per year and after the service lifetime of plastic
products in their various end-use applications, they will
become waste plastics.1,2 Most waste plastics are largely
recycled via mechanical methods but there is increasing
interest to produce higher-value products from plastic waste.
For example, thermochemical routes to produce liquid fuels,
chemicals, new carbon nanomaterials, and hydrogen have been
investigated.3−6 Of particular interest is the production of
hydrogen from waste plastics in that it is regarded as a future
zero-carbon fuel with potential to mitigate the impacts of
global warming and the consequent damage of environmental
climate change. The focus of the work presented here is the
production of hydrogen from waste plastics using a two-stage
thermochemical process of pyrolysis-catalytic steam reforming.
Such two-stage pyrolysis reforming reactor systems have been
recently reported.4−9 The process first involves pyrolysis of the
waste plastics followed by catalytic steam reforming of the
evolved pyrolysis volatiles. The pyrolysis of polyolefin plastics
(high-density polyethylene (HDPE), low-density polyethylene
(LDPE), and polypropylene (PP)) generates a suite of
hydrocarbons (CnHm). However, pyrolysis of polystyrene
(PS) produces mainly aromatic volatiles, and poly(ethylene

terephthalate) (PET) will also produce oxygenated hydro-
carbons (CnHmOk). The range of evolved pyrolysis volatiles
then undergo catalytic steam reforming reactions in the
second-stage reactor (eqs 1 and 2)
Hydrocarbons steam reforming:
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Oxygenated hydrocarbons steam reforming:
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The evolved CO will also undergo reaction with the input
steam to produce further hydrogen via the water−gas shift
reaction

Received: July 6, 2023
Revised: August 17, 2023
Accepted: August 17, 2023
Published: August 29, 2023

Articlepubs.acs.org/IECR

© 2023 The Authors. Published by
American Chemical Society

14335
https://doi.org/10.1021/acs.iecr.3c02292

Ind. Eng. Chem. Res. 2023, 62, 14335−14348

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

17
6.

24
9.

52
.6

7 
on

 D
ec

em
be

r 
12

, 2
02

3 
at

 1
0:

54
:2

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yukun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+T.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.3c02292&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02292?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02292?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02292?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02292?fig=abs1&ref=pdf
https://pubs.acs.org/toc/iecred/62/36?ref=pdf
https://pubs.acs.org/toc/iecred/62/36?ref=pdf
https://pubs.acs.org/toc/iecred/62/36?ref=pdf
https://pubs.acs.org/toc/iecred/62/36?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.iecr.3c02292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Water-gas shift:

+ +CO H O CO H2 2 2 (3)

Conventional catalysts used in the catalytic steam reforming
process are typically prepared using a porous catalyst support
loaded with suitable catalytic metals (such as Ni, Fe, Cu, Ca,
etc.) to enhance reforming reactions for improved hydrogen
production during the reforming stage.10−13 However, these
catalysts may suffer from deactivation due to carbonaceous
deposits, which block the pore structure and hinder the
interaction between the active phase and reactants. To address
this problem, the use of pyrolysis char as a catalyst for the
catalytic steam reforming process has been the topic of recent
studies; for example, biochar, coal char, and tire char have been
proposed as potential catalysts.14−16 The advantages of
pyrolysis chars as catalysts have been reported as their high
surface area and pore volume, and the presence of abundant
surface functional groups also regarded as low-cost
catalysts.14,15,17 In addition, the metals present, as the ash
component of the char, can act as catalysts to enhance
hydrogen and syngas yield via the reforming and water−gas
shift reactions.14 For example, alkaline metals such as K, Na,
and Ca found in biochars and transition metals such as Fe, Co,
Cu, and Zn found in coal and tire chars have been reported as
active metals for the promotion of steam reforming and water−
gas shift reactions.14−19 Yao et al.13 investigated the use of
biochar produced from the pyrolysis of different biomass types
as a support for nickel and reported that the texture and
compositional characteristics of the biochar catalysts promoted
the reforming of pyrolysis volatiles derived from biomass. Liu
et al.20 used biochar from the pyrolysis and steam activation of
biomass and also showed that the presence of O-containing
functional groups in the biochar promoted the steam reforming
process. Klinghoffer et al.21 examined the effect of the presence
of inorganic compounds (Ca, K, Na, P, Si, Mg) on
hydrocarbon cracking reactions. They showed that removal
of the elements by acid washing significantly reduced the
catalytic activity of the biochar. Wang et al.22 used a two-stage
pyrolysis reforming process with a Ni-based biochar catalyst for
the production of hydrogen-rich syngas. The biochar
performed effectively as a steam reforming catalyst, but the
presence of Ni increased the yield of hydrogen and syngas.

In addition to biochar, other carbonaceous materials have
been used to produce chars via pyrolysis for subsequent use as
steam reforming catalysts. Coal-derived pyrolysis char has been
used as a Ni support material for the two-stage pyrolysis
reforming of biomass to produce high-yield hydrogen syngas.23

Waste tires have been used to produce a char catalyst for the
catalytic steam reforming of biomass pyrolysis volatiles, and
hydrogen yields of 0.08 g gbiomass

−1 were reported.24

A further advantage of using pyrolysis chars as catalysts is
the potential to use process conditions that allow the char to
act as a reactant as well as a catalyst.18,19 Thereby, the
carbonaceous char is also gasified in the presence of steam to
generate hydrogen and carbon monoxide and consequently
increases the overall yield of hydrogen and syngas (eqs 4−6)
Water-gas (primary):

+ +C H O CO H2 2 (4)

Water-gas (secondary):

+ +C 2H O CO 2H2 2 2 (5)

Boudouard:

+C CO 2CO2 (6)

In summary, pyrolysis char (including biochar, coal char, and
tire char) has been extensively studied in the process of
catalytic steam reforming of biomass pyrolysis volatiles and has
shown excellent catalytic properties. However, there is still
limited investigation into the application of pyrolysis char in
the catalytic steam reforming of waste plastics. Our previous
study18 highlighted the high catalytic activity of pyrolysis tire
char in the catalytic steam reforming of plastics. For example,
high yields of hydrogen were reported from the processing of
the HDPE at 0.27 g H2 gplastic

−1 and syngas (H2, CO) yields of
2.85 g gplastic

−1 at a char catalyst/HDPE ratio of 1:1. At higher
char catalyst/HDPE ratio (4:1), a H2 yield of 0.42 g gplastic

−1

and syngas yield of 4.59 g gplastic
−1 were reported. Nevertheless,

there is a lack of research on the catalytic steam reforming of
waste plastics using biochar and refuse-derived fuel (RDF)
char. To address this gap, this work focuses on the two-stage
pyrolysis-catalytic steam reforming of waste plastics to
investigate the effects of biochar and RDF char on the
catalytic process and catalytic products. The two char catalysts
were produced from the pyrolysis of waste biomass and
processed municipal solid waste (MSW) in the form of refuse-
derived fuel (RDF) where the noncombustible components of
the MSW, such as glass and metal components, have been
removed. The influence of different process conditions and the
use of different types of plastic as the feedstock are reported.
This work represents for the first time that a municipal solid
waste pyrolysis char has been investigated as a catalyst for
catalytic steam reforming of volatiles produced from waste
plastics. In particular, in addition to assessing the influence of
char type acting as a steam reforming catalyst, the process
conditions are formulated to gasify the char catalyst to produce
enhanced hydrogen and syngas yield; thereby, the char catalyst
is deliberately consumed during the process.

2. MATERIALS AND METHODS
2.1. Materials. The plastics used in the experiments were

HDPE, LDPE, PP, PS, and PET. HDPE, PP, and PS were
obtained from Regain Polymers Limited, Castleford, U.K.,
while LDPE and PET were purchased from Sigma-Aldrich. All
of the plastics were subjected to ultimate analysis and
proximate analysis, and the results have been reported in our
previous work.19

The biomass used as feedstock for the production of the
biochar catalyst was waste wood sawdust with a particle size of
1 mm and was obtained from Liverpool Wood Pellets Ltd.,
Liverpool, U.K. The waste-derived municipal solid waste
feedstock was in the form of refuse-derived fuel (RDF) pellets.
Waste-derived fuels include RDF and also solid recovered fuel
(SRF) produced from MSW typically in mechanical-biological
treatment plants. SRF complies with the standards established
within the European Union by the European Committee for
Standardization (CEN), while RDF does not follow such
stringent quality management procedures; therefore, its
component content and quality may be more variable.25 The
RDF was obtained from a UK municipal waste treatment plant
in NE England. The char catalysts were produced from the
pyrolysis of biomass and RDF at a final temperature of 800 °C
in a fixed-bed stainless steel reactor described in our previous
work.18 The pyrolysis process was as follows: biomass and
RDF were heated from room temperature to 800 °C at 20 °C
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min−1 in the pyrolysis reactor and maintained at that
temperature for 20 min. The pyrolysis of the biomass and
RDF was undertaken several times to generate enough char for
the experiments that produced mean biochar yields of 23.9 wt
% and mean RDF char yields of 19.9 wt %.
2.2. Experimental Reactor System. A schematic diagram

of the pyrolysis-catalytic steam reforming reactor system used
in the experiments is shown in Figure 1. The system included a

first-stage pyrolysis reactor, a second-stage catalytic steam
reforming reactor, a steam supply system, condenser system,
and gas collection system. The two reactors were constructed
of stainless steel and were independently heated by external
electrical furnaces: the first reactor had dimensions of 200 mm
× 40 mm diameter and the second had 300 mm × 22 mm
diameter. The experimental procedure was as follows: 1 g of
plastic and 1 g of catalyst were placed in the middle of the
pyrolysis reactor and catalytic reactor, respectively. N2 was
injected continuously (100 mL min−1) to discharge the air in
the reactor and as a carrier gas to sweep the evolved product
gases through the reactor system. Digital flowmeters were used
to measure the inlet and exit gas flows. The catalytic reactor
was first heated to the desired temperature, and then the
pyrolysis reactor was heated from room temperature to 600 °C
at a heating rate of 20 °C min−1. It is worth noting that in the
pyrolysis-catalytic steam reforming process, the volatile stream
generated from pyrolysis is not condensed but directly enter
the catalytic reforming stage. After the steam reforming
reaction, the gas entered the three-stage cooling system,
where the condensable gas was cooled and collected in the
condenser, and the noncondensable gases entered a Tedlar gas
sample bag.
2.3. Product Analysis and Characterization. Gas

products collected from the pyrolysis-catalytic steam reforming
of the waste plastics were analyzed immediately after each
experiment using three independent packed column Varian
CP-3380 gas chromatographs. The first analyzed C1−C4
hydrocarbons on a 60−80 mesh column, N2 carrier gas, and
FID; the second analyzed H2, CO, O2, and N2 on a HayeSep
80−100 mesh column, Ar carrier gas, and TCD; the third
analyzed CO2 on a HayeSep 80−100 mesh column, Ar carrier
gas, and TCD.

Raw feedstock materials, fresh catalysts, and used catalysts
were characterized by several instruments. The ultimate
analysis of the samples was carried out using an elemental
analyzer (Flash EA2000). The proximate analysis was
conducted using a Mettler Toledo proximate analyzer.
Sequential acid digestion was done using HNO3 followed by
HCl/H2SO4 and atomic absorption spectrometry (AAS) using
a Varian fast sequential atomic absorption spectrophotometer
(Varian AA240FS). The fresh catalysts were characterized by
X-ray diffraction (XRD) on a Bruker D8 instrument to identify
the crystallographic structures and composition. The analysis
range (2θ) was 10−80° with a scanning step of 0.05°. A
Hitachi SU8230 scanning electron microscope (SEM) coupled
with energy dispersive X-ray spectrometry (EDXS) was used to
characterize the surface morphology and element distribution
of the catalysts.
2.4. Reaction Indices. The total gas yield, gas concen-

tration, yield of each gas, and the ratio of experimental H2 yield
to theoretical H2 yield (H2 potential) were used to evaluate the
efficiency of the pyrolysis-catalytic steam reforming process.
The calculation formulae were as follows

=
+ +

m

m m m
gas yield (wt %)total

each gas

plastic water reacted char (7)

= ×
V

M mgas yield (g g )
22.4

/each gas
1

plastic
each gas

each gas plastic

(8)

=H potential (%)
experimental H yield

theoretical H yield2
2

2 (9)

where meach gas represents the mass of each gas, Meach gas
represents the molar mass of each gas, mplastic represents the
mass of plastic, mwater represents the mass of water, mreacted char
represents the mass of reacted char, and Veach gas represents the
volume of each gas. The maximum theoretical hydrogen yield
includes hydrogen from plastics and char, calculated based on
the concept proposed by Czernik and French.26 The
calculation assumes that all of the carbon and hydrogen in
the raw feedstock materials were converted into carbon dioxide
and hydrogen during the steam reforming process, including
steam reforming (eqs 1 and 2) and water−gas shift (eq 3)
reactions. However, in this work, the productions of hydrogen
and carbon monoxide from steam−char gasification reactions
(eqs 4−6) are also included.

3. RESULTS AND DISCUSSION
3.1. Characterization of Catalysts. The char catalysts

used in the second-stage steam reforming were biochar and
RDF char obtained from the pyrolysis of biomass and RDF.
The proximate analysis, ultimate analysis, and metal analysis of
the biomass, RDF, and their derived pyrolysis chars are
presented in Table 1. As can be seen from Table 1, the
feedstock biomass and RDF had high and similar volatile
content. After pyrolysis, the volatile content of the derived
pyrolysis char was only about 2% because a large amount of
volatile content was converted into pyrolysis oil during the
char catalyst preparation stage. The yield of pyrolysis oil from
the biomass and RDF was 61 and 55 wt %, respectively, which
was linked to the volatile content of the biomass and RDF
feedstock.27

Figure 1. Schematic diagram of the two-stage pyrolysis-catalytic steam
reforming reaction system.
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From the perspective of elemental analysis, the carbon and
oxygen contents of biomass and RDF were similar, but after
pyrolysis, the carbon content of biomass significantly increased,
and the oxygen content significantly decreased. The carbon
and oxygen content of RDF increased slightly after pyrolysis,
mainly because most of the oxygen in biomass enters the
pyrolysis oil, while the oxygen in RDF remains in the ash in the
form of metal oxides. Mei et al.28 compared the pyrolysis of
municipal solid waste and biomass wheat straw and reported a
similar phenomenon. The pyrolysis process also increased the
metal concentration of the char. Clearly, the concentration of
most metals in the RDF char was higher than that contained in
the biochar. The metals in RDF char are mainly Ca, Al, and Fe,
while the metals in biochar are mainly Ca and K.

Figure 2 shows the SEM-EDXS element scanning character-
ization of the pyrolysis-derived biochar and RDF char, which

was performed to understand the surface morphology and
element distribution of the char catalysts. Figure 2a−c shows
the SEM image and surface metal distribution of the biochar. It
can be seen that the surface of biochar was rough, with large
pore structures and cracks. K and Ca were dispersed on the
surface of biochar, and the content of Ca was high, which was
consistent with the previous metal analysis shown in Table 1.
An overview of the composition and application of biomass ash
presented by Vassilev et al.29 also showed that the alkali and
alkaline-earth metals (AAEM) were mainly Ca and K. The
inherent AAEM species in biochar have been proven to
significantly impact catalytic activities.30 Figure 2d−i shows the
surface morphology of the RDF char and the distribution of
metal elements from SEM-EDXS analysis. The surface of the
RDF char was uneven, with many small particles agglomerating
together and adhering to the surface. These particles were
inorganic elements in the ash that emerged after the release of
volatiles from the RDF during the pyrolysis process. The metal
distribution in Figure 2e−i also confirmed this view. The
elements, Na, Al, K, and Ca were uniformly distributed on the
carbon surface, while Fe was localized.

Figure 3 shows the XRD patterns and phase compositions of
the biochar and RDF char. The XRD spectra of biochar shows
that there are two wide diffraction peaks, mainly attributed to
the presence of amorphous carbon in woody char. The
amorphous nature of this carbon is more distinct at higher
temperatures or extended residence times, eventually approx-
imating to that of amorphous carbon.31 Although Figure 2
shows that K and Ca metals are distributed on the surface of
the biochar, due to their low content and uniform dispersion,
the corresponding peaks are weak or not obvious in the XRD
spectra. Conversely, there are many sharp diffraction peaks in
the XRD spectra of the RDF char. It can be observed from
Figure 3 that K, Ca, Na, and Al mainly exist in RDF char in the
form of K3Na(SO4)2, Na(AlSi3O8), and CaCO3. Carbonates
such as CaCO3 have been reported to have a tendency to bond
with carbon to form CaO. Also, it has been shown that CaO

Table 1. Proximate Analysis, Ultimate Analysis, and Metal
Analysis of Biomass, RDF, and Their Pyrolysis Charsa

properties biomass biochar RDF
RDF
char

proximate analysis
(wt %)

volatiles 74.06 1.84 70.26 2.66
fixed C 14.77 90.78 9.26 47.30
ash 5.32 6.36 16.93 49.78

ultimate analysis (wt %,
dry ash-free)

C 47.34 91.91 43.56 46.73
H 4.88 0.53 1.85 0.60
O 47.65 6.30 47.67 51.55
N 0.14 1.26 6.93 0.7
S nd nd nd 0.43

metal analysis (wt %) Na nd nd 0.79 1.24
Mg 0.06 0.26 0.46 0.63
Al nd 0.20 0.91 2.27
K 0.29 0.99 0.79 0.76
Ca 2.67 4.15 8.44 10.53
Fe 0.21 0.07 1.26 1.73

and: not detected.

Figure 2. SEM images and elemental mapping of (a−c) biochar and (d−i) RDF char.
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shows a strong catalytic effect in relation to the cracking of
aromatic rings in the pyrolysis volatiles.31,32 The phase
composition of the RDF char is related to the original waste
type and preparation conditions. Given the complex
components in RDF char, its XRD pattern presents a relatively
complex spectra, containing multiple diffraction peaks. For
example, it has been reported that MSW char prepared at 500
°C was mainly rich in SiO2, Na(AlSi3O8) CaCO3,
(Mg0.03Ca0.97)CO3, and other minerals.28

3.2. Influence of Char Catalyst Temperature on H2
and Syngas Yield. Temperature plays an important role in
the second-stage reforming process of the volatiles derived
from the pyrolysis of the plastics and also the catalytic activity
of the char.33 The chars derived from the pyrolysis of biomass
and RDF were used as catalysts in the steam reforming of the
hydrocarbons from the pyrolysis of HDPE to investigate their
catalytic performance in relation to different catalyst temper-
atures of, 800, 900, and 1000 °C. The steam input to the
reforming reactor as hourly weight space velocity was kept
constant at 8 g h−1 gcatalyst

−1. Under different catalytic
conditions, the pyrolysis of waste plastics stage was maintained
under the same conditions (600 °C), which made the volatiles
entering the second stage the same. HDPE was almost
completely converted into pyrolysis volatiles, with only a small
fraction remaining as the char residue (<0.03 g). The results in
terms of product yields at different catalyst temperatures with
biochar and RDF char catalysts are shown in Table 2. Also
shown in Table 2 is the mass of reacted char that was obtained
from the mass of char catalyst used (1.0 g) minus the mass of
residual reacted char in the catalyst reactor after pyrolysis-
catalytic steam reforming of HDPE.

As the temperature of the char catalyst was raised from 800
to 1000 °C, the gas yield from HDPE increased from 38.1 to
56.5 wt % for biochar and from 32.7 to 46.6 wt % for the RDF
char, in terms of the input mass of plastic + water + reacted
char. Table 2 also shows the gas yield results for the processing
of the HDPE but in terms of the mass of input plastic only,
where the yields of gas are considerably higher, increasing from
3.46 g gplastic

−1 at 800 °C catalyst temperature to 5.41 g gplastic
−1

at 1000 °C for the biochar catalyst and from 2.92 to 4.35 g
gplastic

−1 for the RDF char catalyst. Reporting the gas yields in
relation to the mass of plastic only may be considered a
legitimate and interesting presentation of the results, since the
input water for the generation of the steam would be low-cost
and the char catalyst that is consumed in the process would
also be regarded as a low-cost material. Similarly, Table 2
shows the yield of syngas in terms of the mass of input plastic
only, where very high yields of syngas were found at a high
temperature of 1000 °C, of 3.73 g gplastic

−1 for the biochar
catalyst, and 2.71g gplastic

−1 for the RDF char catalyst.
The results clearly show that for both the biochar and RDF

char catalysts, increased temperature promoted the conversion
of the hydrocarbons of the HDPE pyrolysis volatiles into gases.
Thereby, the endothermic steam reforming reaction and char−
steam gasification reaction were promoted at higher temper-
atures.34 The carbon of the char catalyst was consumed during
the process via steam−char gasification reactions that increased
at higher temperatures. This was confirmed by the increase of
the mass of char that was reacted in the process in relation to
the increase of the char catalyst temperature (Table 2). It is
worth noting that when the catalyst temperature was 1000 °C,
all of the biochar carbon was consumed in the steam−char
gasification process.

The gas yield results were also determined as the total mass
of gas generated in grams. As the catalyst temperature was
increased from 800 to 900 °C, the total mass of gas increased
by 1 g, and the mass of the biochar participating in the reaction
increased by 0.53 g, i.e., from 0.28 to 0.81 g. At 1000 °C, the
total mass of gas generated increased by a further ∼1 g;
however, the mass of biochar involved in the reaction increased
by 0.19 g, i.e., 1.0 g of char catalyst was consumed. This
indicated that the increase in gas yield from 900 to 1000 °C
was mainly caused by the steam reforming of hydrocarbons,
i.e., the hydrocarbons reacted more fully at high temperatures.
This phenomenon was also demonstrated by the relationship
between the mass of the RDF char involved in the reaction and
the mass of the generated gas as the catalyst temperature was
increased. The steam reforming of the pyrolysis volatile
components of plastic takes place mainly at catalyst temper-
atures between 700 and 900 °C in the presence of different
catalysts. This temperature range is reported to be effective for

Figure 3. XRD patterns of biochar and RDF char.

Table 2. Product Yields and Amount of Char Reacted from Pyrolysis-Catalytic Steam Reforming of HDPE at Different
Temperatures with the Presence of Biochar and RDF Char

temperature (°C) 800 900 1000

catalyst biochar RDF char biochar RDF char biochar RDF char

gas yield in relation to plastic + water + reacted char (wt %) 38.1 32.7 45.7 41.2 56.5 46.6
liquid yield in relation to plastic + water + reacted char (wt %) 68.0 78.7 50.8 66.3 38.9 48.9
mass balance (wt %) 106.2 111.9 97.0 108.1 95.7 96.0
gas yield (g gplastic

−1) 3.46 2.92 4.45 3.7 5.41 4.35
syngas yield (g gplastic

−1) 1.35 0.94 2.36 1.66 3.73 2.71
char reacted (g) 0.28 0.25 0.81 0.45 1 0.62
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the steam reforming of light organic components but not high
enough for steam reforming of heavy organic compounds.8 Wu
et al.35 investigated the conversion under partial oxidation
conditions of biomass-derived tar in a two-stage continuous
reactor at temperatures of 700−1100 °C. They reported that
the yield of pyrolysis tar was almost linearly decreased from
19.98 to 2.1 wt % when the temperature was increased from
700 to 1100 °C, with conversion efficiencies of 23 and 92%,
respectively. Removal of heavy tars by steam reforming at high
temperatures (1000−1400 °C) was studied by Li et al.36 who
proposed that increasing the temperature could accelerate the
cracking of heavy tar, as was also the case with the introduction
of moderate amounts of steam.

Figure 4 shows the individual gas yields produced from the
pyrolysis-catalytic steam reforming of HDPE at different char
catalyst temperatures with biochar and RDF char. The H2 yield
from the processing of HDPE with the biochar catalyst
increased linearly from 0.13 to 0.36 g gplastic

−1 as the catalyst
temperature was increased from 800 to 1000 °C. When the
temperature was raised from 800 to 900 °C, the main source of
hydrogen in the case of biochar was the char−steam reaction
(eqs 4−6) since most of the carbon (0.81 g) was consumed
over this temperature range (Table 2). Further increase in
catalyst temperature to 1000 °C showed that the steam
reforming of the pyrolysis volatiles contributed most of the H2
yield, the high temperature enhancing the steam reforming of
the heavy hydrocarbons.37 The yield of CO also increased with
the increase in temperature, and its source is mainly the steam
reforming of hydrocarbons and the reaction of char and steam.
The CO2 yield increased moderately from 1.64 to 1.81 g
gplastic

−1 when the catalyst temperature was increased from 800
to 900 °C, perhaps due to the water−gas shift reaction.
However, with a further temperature increase to 1000 °C, the
yield of CO2 dropped to 1.52 g gplastic

−1, and the yield of CO
increased substantially, which was more likely attributed to the
Boudouard reaction (eq 6). This phenomenon was consistent
with the research of Wu et al.35 who showed that under partial
oxidation conditions, the CO2 yield from biomass tar cracking
was significantly increased from 8.5 to 13.6 wt % when the
temperature was increased from 700 to 900 °C. With the

temperature increasing after 900 °C, the CO2 yield decreased
but other noncondensable gases continued to increase. The
highest CH4 yield was reached at 0.16 g gplastic

−1 at 900 °C. The
yield of CnHm showed a continuous decreasing trend with
increasing temperature. This is apparently due to the increase
in temperature that promoted the tar steam reforming reaction,
causing it to produce CO and H2.

The catalytic effect of the RDF char in relation to the
catalyst temperature is presented in Figure 4. The individual
gas yields (H2, CO, CO2) from pyrolysis-catalytic steam
reforming of HDPE using the RDF char catalyst were lower
than those using the biochar catalyst, but their trends with
increasing temperature were similar. The main reason for the
low gas yield was the low carbon content of RDF char that
restricted the gas formation reactions via char−steam reactions
(eqs 4−6). The RDF char also contained a large amount of ash
(49.78 wt %), which will not react with steam. As can be seen
from Table 2 and the mass of the char reacted, the biochar was
fully converted to gas at 1000 °C, while 38 wt % (0.38 g) RDF
char remained. Biochar and RDF char showed obvious
differences in the yields of various gas products. For example,
at 900 °C, biochar and RDF char acted as catalysts in the
steam reforming of pyrolysis volatiles of HDPE, the yields of
hydrogen being 0.13 and 0.06 g gplastic

−1, respectively. Under
the same conditions, the reported hydrogen yield from the
processing of waste plastic using conventional catalysts (Ni,
Fe) was 0.04−0.14 g gplastic

−1,10,14,38 which fully reflected the
effectiveness of biochar and RDF char as catalysts.

Volumetric gas concentration plays a vital role in engineer-
ing, allowing assessment of gas composition for tailored gas
selection based on different end-use application needs. For
example, a syngas mixture of high hydrogen concentration and
low CO concentration can be used to produce hydrogen used
for ammonia synthesis or fuel cells.39 Thereby, the process of
waste plastic pyrolysis coupled with catalytic steam reforming
with waste-derived pyrolysis chars may be manipulated to
regulate the volumetric gas composition of the product gas for
determination of end-use applications. The volumetric relative
gas composition with the use of biochar and RDF char
catalysts for the catalytic steam reforming of HDPE pyrolysis

Figure 4. Individual gas yield from pyrolysis-catalytic steam reforming of HDPE at different temperatures in the presence of biochar and RDF char
catalysts.
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volatiles at different catalyst temperatures is shown in Figure 5.
The gases produced by pyrolysis were mainly composed of H2,
CO, CO2, CH4, and CnHm. When biochar was used as the
catalyst, the concentration of volumetric hydrogen composi-
tion increased from 38.7 to 54.8 vol % with the increase in
temperature, and the concentration of CO also showed a slight
increase. The concentration of CH4 also showed a downward
trend, mainly due to the increase in H2 and CO production,
which increased the total gas volume. The concentration of
CnHm was significantly reduced from 6.37 vol % at 800 °C to
less than 0.1 vol % at 1000 °C. The quality of syngas can be
improved by increasing the temperature. The volumetric
concentration of syngas (H2 + CO) produced with biochar was
increased from 65 vol % at 800 °C to 88 vol % at 1000 °C.
When RDF char was used as the catalyst, the concentration of
each individual gas changed with temperature, similar to that
when biochar was used as the catalyst, but the concentrations
of H2 and syngas in the overall gas composition was lower
under the same experimental conditions. For example, when
biochar was used as the catalyst, H2 concentration and syngas
concentration were 38.7 and 65.3 vol %, respectively, at 800
°C. However, when RDF char was used as the catalyst, H2
concentration and syngas concentration were reduced to 27.3
and 54.4 vol %, respectively.

The hydrogen potential26 was calculated based on the
experimental yield of H2 and on the calculated theoretical H2
yield where the carbon and hydrogen in the feedstock plastic is
all converted to H2 via the steam reforming (eqs 1 and 2) and
water−gas shift (eq 3) reactions. However, in this work, the
consumption of the char catalyst during the reaction via
steam−char gasification reactions (eqs 4−6) was also
calculated. According to the calculation, based on the
elemental analysis of the HDPE plastic and the char catalysts
(Table 1), the maximum hydrogen yield from the pyrolytic
volatiles of HDPE derived from the pyrolysis-catalytic steam
reforming was 0.42 g gplastic

−1, while those from biochar steam
gasification and RDF char−steam gasification were 0.30 and
0.10 g gplastic

−1, respectively. Therefore, when biochar and RDF
char were used as catalysts, the maximum theoretical hydrogen
yields in the process were 0.72 and 0.52 g gplastic

−1, respectively.

The ratio of experimental hydrogen yield to maximum
theoretical hydrogen yield can represent the hydrogen
potential of the process under different experimental
conditions. Figure 5 shows the hydrogen potential in relation
to the different catalyst temperatures and in relation to biochar
and RDF char catalysts.

As can be seen from Figure 5, at low temperatures, the
hydrogen potential for the pyrolysis-catalytic processing of
HDPE using biochar as the catalyst was higher than that of
RDF char. However, when the catalyst temperature was
increased to 1000 °C, using RDF char as the catalyst resulted
in the production of 60% of the hydrogen potential, which was
higher than that produced using biochar as the catalyst,
indicating that RDF char showed better catalytic hydrogen
production ability at 1000 °C. Compared with biochar, RDF
char contained more inorganic species (Table 1), which mainly
existed in the form of K3Na(SO4)2, Na(AlSi3O8), and CaCO3.
SEM-EDXS analysis showed that these inorganic species were
evenly and well distributed on the surface of the char (Figure
2), which enabled the pyrolysis volatiles to be in full contact
with the inorganic components of char, thus greatly increasing
the hydrogen potential. This is consistent with the work of Mei
et al.28 who reported that MSW char was more active than
wheat straw char in reforming biomass pyrolysis volatiles.
3.3. Influence of Steam Input on H2 and Syngas Yield.

It has been reported that thermal cracking of pyrolysis oils is
difficult.40 However, the introduction of steam with high
temperature can completely convert volatile hydrocarbons into
CO and H2.37 To investigate the catalytic performance of
biochar and RDF char at different steam inputs and the
influence on the gas yield and gas composition, different steam
weight hourly space velocities ranging from 4 to 12 g h−1

gcatalyst
−1 were investigated. The HDPE plastic was pyrolyzed as

before at a maximum pyrolysis temperature of 600 °C and the
char catalysts were maintained at a catalytic steam reforming
temperature of 1000 °C in the presence of either biochar or
RDF char.

The gas yield, amount of reacted water, and amount of
reacted char in relation to the different steam inputs are shown
in Table 3. The results show that when biochar and RDF char

Figure 5. Volumetric gas composition and theoretical hydrogen yield production from pyrolysis-catalytic steam reforming of HDPE at different
temperatures in the presence of biochar and RDF char catalysts.
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are used as catalysts, the gas yield in relation to plastic only and
syngas yield increased first and then decreased with increasing
steam input. For example, the total gas yield in relation to the
amount of plastic input only from HDPE plastic using biochar
as the catalyst increased from 4.83 g gplastic

−1 at 4 g h−1 gcatalyst
−1

steam input to a maximum of 5.68 g gplastic
−1 at 10 g h−1

gcatalyst
−1 steam input, but then decreased as the steam input

was increased further. The RDF char also showed a similar
total gas yield trend but at a lower total gas yield compared to
biochar, where the maximum yield occurred at 10 g h−1

gcatalyst
−1 steam input with 4.50 g gplastic

−1 of gas produced.
The yield of syngas (H2 and CO) also followed this same trend
where the maximum yield of syngas at the steam input of 10 g
h−1 gcatalyst

−1 was produced at 3.83 g gplastic
−1 for biochar and

2.73 g gplastic
−1 for RDF char. The decrease in yields at higher

steam inputs has been noted before and attributed to surface
saturation of the catalyst, restricting access of the pyrolysis
volatiles to the active sites of the catalyst.41,42

Under the same experimental conditions, the amount of
water consumed in the experiment with biochar as the catalyst
was higher than that of RDF char as the catalyst. It is worth
noting that with different steam inputs, biochar was completely
consumed and was converted to gas, whereas the RDF char
consumption tended to be stable with the amount of reacted
char being between 0.54 and 0.65 g, resulting in the production

of a high mass of ash residue (0.46−0.35 g of ash from 1 g of
RDF char). Thereby, char consumption was similar with
different steam inputs, suggesting that the gas yield was mainly
due to more steam participating in the steam reforming
reaction of hydrocarbons.

Figure 6 shows the individual gas yields from the pyrolysis-
catalytic steam reforming of HDPE at different steam inputs
with biochar and RDF char catalysts. When biochar was used
as the catalyst, the H2 yield increased linearly with the increase
of steam input and reached a maximum of 0.43 g gplastic

−1 at a
steam input of 10 g h−1 gcatalyst

−1. Similarly, CO2 yield increased
with the increase of steam input because when steam was
abundant, the water−gas shift reaction and char−steam
reaction were enhanced to produce more H2 and CO2. In
this process, the yield of CO did not change significantly. The
CH4 and CnHm yields remained stable at 0.15 and 0.01 g
gplastic

−1, respectively, and did not change significantly under
different steam input conditions. It can be seen that the steam
reforming of CH4 and CnHm was not affected when the steam
input exceeded 4 g h−1 gcatalyst

−1. The pyrolysis volatiles
generated in the first stage, particularly those of high molecular
weight, may form carbonaceous deposits that could block the
active reactive sites on the char surface and within the pore
structures inside the catalyst. However, in the presence of
steam and with high temperatures, these carbonaceous

Table 3. Product Yields, Water Reacted, and Char Reacted in the Experiments at Different Steam Inputs with the Presence of
Biochar and RDF Char

steam weight hourly space velocity (g h−1 gcatalyst
−1) 4 6 8 10 12

catalyst biochar
RDF
char biochar

RDF
char biochar

RDF
char biochar

RDF
char biochar

RDF
char

gas yield in relation to plastic + water + reacted char
(wt %)

81.9 73.9 67.5 58.3 56.5 46.6 48.6 40.9 40.9 33.8

liquid yield in relation to plastic + water + reacted char
(wt %)

18.8 33.6 29.1 44.1 38.9 48.9 49.4 57.7 55.7 63.6

mass balance (wt %) 101.8 108.4 97.0 103.0 95.7 96.0 98.5 99.1 97.0 97.8
gas yield (g gplastic

−1) 4.83 3.83 5.31 4.34 5.41 4.35 5.68 4.50 5.54 4.44
syngas yield (g gplastic

−1) 3.66 2.51 3.78 2.79 3.73 2.71 3.83 2.73 3.55 2.61
water reacted (g) 2.74 1.9 3.58 2.59 3.86 3.15 3.91 3.31 4 3.14
char reacted (g) 1 0.54 1 0.61 1 0.62 1 0.62 1 0.65

Figure 6. Individual gas yield from pyrolysis-catalytic steam reforming of HDPE at different steam inputs in the presence of biochar and RDF char
catalysts.
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deposits can be transformed into gas, and the increase of steam
input accelerated this transformation of the carbonaceous
deposits. The increase in H2 production was due to conversion
of the carbonaceous deposits and also steam gasification of the
char in addition to the hydrocarbon volatile steam reforming
reactions.

When RDF char was used as the catalyst, the trend in the
variation of gas yield of the individual gases in relation to steam
input was similar to that when biochar was used as the catalyst,
but the H2 yield was significantly lower. For example, the
maximum hydrogen yield from processing HDPE with RDF
char was 0.32 g gplastic

−1 with a steam input of 10 g h−1 gcatalyst
−1

compared with 0.43 g gplastic
−1 for biochar at the same steam

input. The difference in gas yields between the two char
catalysts derived from waste pyrolysis was attributed to
differences in their catalytic activity on steam reforming of
hydrocarbons and tar. The other factor was that the elemental
composition and fixed carbon content (Table 1) of the two
types of char were not the same, leading to different mass of
carbon involved in the reaction, consequently influencing the
overall gas yield.

Figure 7 shows the volumetric gas composition and H2
potential for the pyrolysis-catalytic steam reforming of HDPE
at different steam inputs in the presence of biochar and RDF
char catalysts. As can be seen from Figure 7, the H2
concentration in the gas mixture increased with the increase
in steam input. When biochar was used as the catalyst, the

relative volumetric H2 concentration was higher than that of
RDF char catalyst under the same experimental conditions and
reached 56 vol % at 12 g h−1 gcatalyst

−1. Syngas concentration
decreased slightly from 89.5 to 86.4 vol % when biochar was
used as the catalyst, while syngas concentration remained
between 83.5 and 84.5 vol % when RDF char was used as the
catalyst. The increase in CO2 concentration was mainly due to
the reaction of carbon with steam to produce CO2 (eq 5)
rather than CO (eq 4) when steam was abundant.

In terms of the hydrogen potential, when using biochar as
the catalyst, the experimental H2 yield can reach 60% of the
maximum theoretical H2 yield at 10 g h−1 gcatalyst

−1 steam input.
When RDF char was used as the catalyst, the ratio of
experimental H2 yield to the maximum theoretical H2 yield
increased rapidly at first and then slowed. With increased
steam input, the hydrogen potential yield can reach 62% of the
maximum theoretical H2 yield. When steam input was high, the
RDF char showed a higher catalytic hydrogen production
capacity than biochar in pyrolysis-catalytic steam reforming of
HDPE.
3.4. Influence of Different Types of Plastics on H2 and

Syngas Yield. The type and compositional range of pyrolysis
volatiles released during the first-stage pyrolysis of the waste
plastic will depend on the structure and chemical composition
of the plastic feedstock.27 The consequent evolved volatiles will
enter the second-stage pyrolysis-catalytic steam reforming
process and will produce a different product distribution

Figure 7. Volumetric gas composition and theoretical hydrogen yield production from pyrolysis-catalytic steam reforming of HDPE at different
steam inputs in the presence of biochar and RDF char catalysts.

Table 4. Products Yield and Char Reacted from Pyrolysis-Catalytic Steam Reforming of Different Plastics in the Presence of
Biochar and RDF Char Catalysts

plastics HDPE LDPE PP PS PET

catalyst biochar
RDF
char biochar

RDF
char biochar

RDF
char biochar

RDF
char biochar

RDF
char

gas yield in relation to plastic + water + char (wt %) 48.6 40.9 45.0 40.3 49.3 39.2 43.6 33.0 35.3 24.5
liquid yield in relation to plastic + water + reacted char

(wt %)
49.4 57.7 50.3 58.2 49.4 61.2 49.1 59.3 56.3 62.9

mass balance (wt %) 98.5 99.1 95.9 98.9 98.7 100.9 92.8 92.7 93.0 89.1
gas yield (g gplastic

−1 %) 5.68 4.50 5.29 4.5 5.7 4.4 5.03 3.74 4.15 2.84
syngas yield (g gplastic

−1) 3.83 2.73 3.49 2.82 3.66 2.74 3.01 1.94 2.26 1.28
char reacted (g) 1 0.62 1 0.62 1 0.62 1 0.61 1 0.62
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depending on the type of plastic feedstock. To study the effects
of the biochar and RDF char catalysts on the pyrolysis-catalytic
steam reforming behavior and the product distribution of
different plastics, five different plastics, HDPE, LDPE, PP, PS,
and PET were used as feedstock. The plastics chosen for
investigation are among the most common plastics found in
the plastics waste stream.1 The process conditions used to
investigate the different types of waste plastic were fixed at a
catalytic temperature of 1000 °C and a weight hourly space
velocity of 10 g h−1 gcatalyst

−1 in the presence of biochar and
RDF char catalysts. Table 4 shows the total gas yield and
syngas (H2 and CO) yield from the pyrolysis-catalytic steam
reforming of different plastics in the presence of char catalysts
presented on the basis of the mass of input plastic + water
input + char and also in terms of the mass of plastic only. Also
shown is the consumption of char catalysts during the catalytic
process.

As can be seen from Table 4, when biochar was used as the
catalyst, the total gas yield from pyrolysis-catalytic steam
reforming of different plastics was higher than that produced
using the RDF char as the catalyst under the same conditions.
In addition, the polyalkene plastics, HDPE, LDPE, and PP
produced high total gas yield and syngas yields with both the
biochar and RDF char catalysts. However, PS with a very
different chemical structure compared to polyalkenes and PET
with different chemical compositions and different chemical
structures produced significantly lower total gas and syngas
yields. When biochar was used as the catalyst, the gas yield
from processing PP was the highest, reaching 49.3 wt %,
followed by HDPE, but PET had the lowest gas yield, at 35.3
wt %. When the RDF char was used as the catalyst, HDPE had
the highest gas yield of 40.9 wt %, and LDPE and PP had
slightly lower gas yields, while PET produced the lowest gas
yield of 24.5 wt %.

The polyalkene plastics, HDPE, LDPE, and PP thermally
degrade along the linear polymer structure, resulting in the
formation of polymer fragments of a wide range of molecular
weights. Therefore, the volatile oils and gases produced from
pyrolysis of the polyalkene plastics are aliphatic in
composition, consisting of alkanes, alkenes, and alkadienes.43

Because of the presence of the aromatic ring in polystyrene,

pyrolysis produces a volatile product slate consisting of mainly
styrene, and also toluene, xylene, and alkylated benzenes,
indene, and indane. The thermal degradation of PET is
influenced by the presence of oxygen and an aromatic ring in
the polymer structure, and during pyrolysis generates large
yield of carbon oxides, organic acids, and oxygenated
hydrocarbons such as benzoic acid.44

HDPE, LDPE, and PP had similar chemical structures and
elemental composition, which made the composition of the
evolved pyrolysis volatiles also similar. Therefore, the gas yield
and composition in the catalytic steam reforming stage was
similar. However, the chemical structures of PS and PET
generated some volatile compounds such as styrene and
benzoic acid with low conversion rates in the catalytic steam
reforming process.7 As for the reactions of the char catalyst, it
can be seen that at 1000 °C, the biochar was completely
consumed and converted into gas in the catalytic process, but
for the RDF char catalyst, there was 40 wt % of residual ash
produced, derived from the high ash content of the char
catalyst. Therefore, all of the carbon content of the RDF char
catalyst was consumed by steam−char gasification.

The individual gas yields produced from the pyrolysis-
catalytic steam reforming of the different plastic types using
biochar and RDF char as the catalyst are shown in Figure 8.
When using biochar as the catalyst, the H2 yield from
processing PP was the highest at 0.45 g gplastic

−1, followed by
HDPE and LDPE at around 0.43 g gplastic

−1, while PET had the
lowest H2 yield at 0.27 g gplastic

−1. Wu and Williams,45

investigated the pyrolysis-gasification of different plastics with
Ni−Mg−Al catalysts and reported that HDPE and PP had a
similar H2 yield at around 0.26 g gplastic

−1, while the H2 yield
from PS was only 0.18 g gplastic

−1. Hydrogen was produced
mainly from steam reforming of the plastic pyrolysis volatiles
and steam gasification of char catalysts. When the same catalyst
was used, the H2 yield was mainly determined by the structure
and elemental composition of plastics. According to eqs 1 and
2, it can be seen that the content of elemental carbon and
hydrogen in the pyrolysis volatiles increased the H2 yield, while
the presence of oxygen elements reduced the H2 generation.
PET had the lowest C and H content of the five plastics
studied and contained 35 wt % oxygen. In addition, functional

Figure 8. Individual gas yield from pyrolysis-catalytic steam reforming of different plastics in the presence of biochar and RDF char catalysts.
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groups on the polymeric skeleton of PET resulted in a yield of
about 17 wt % of carbonaceous deposits during the pyrolysis
stage. As a result, the H2 yield from processing PET was the
lowest. Carbon monoxide was also produced from the steam
reforming of pyrolysis volatiles and steam gasification of the
char catalysts. The CO yield of PS and PET was lower than
that of the other three polyalkene plastics.

By comparing individual gas yields in the presence of
biochar and RDF char, it can be seen that the yields of H2, CO,
and CO2 were lower when the RDF char was used as the
catalyst compared with the biochar catalyst under the same
condition. However, Mei et al.28 compared the role of MSW
char and biochar for the steam reforming process of volatiles
derived from the pyrolysis of MSW and wheat straw, and the
results showed that MSW char was more active than biochar in
reforming the volatile matter at 500−700 °C, resulting in
higher gas yield. The research of Mei et al.28 was carried out at
a low temperature of 500−700 °C, and only a small amount of
char catalyst was consumed. However, in the research reported
here for the different plastics investigation, the catalyst
temperature was 1000 °C, where all of the carbon in the
char catalyst was converted into gas, thereby, significantly
contributing to the gas yield. The high ash content in the RDF
char resulted in a lower gas yield from RDF char−steam
gasification compared with biochar steam gasification.
However, when the RDF char was used as the catalyst, the
yield of CH4 was higher than that when biochar was used,
mainly because the inorganic elements in RDF promoted the
methanation of syngas. In a later study on syngas methanation,
Mei et al.46 pointed out that the inherent inorganic
components in MSW char acted as a promoter for
methanation because its composition is similar to the
exogenous promoter used to modify the catalyst for
methanation.

Figure 9 shows the volumetric gas composition from the
pyrolysis-catalytic steam reforming of the different plastic types
in the presence of biochar and RDF char. As can be seen from
Figure 9, H2 concentrations from LDPE, PP, and PS were
similar at around 58 vol % when biochar was used as the
catalyst. Although the gas yield and hydrogen yield of PS and

PET were much lower than those of the other three plastics,
the relative volumetric H2 concentration was not much
different. According to eqs 1 and 2, it can be seen that the
presence of oxygen in the feedstock resulted in the product of
steam reforming as CO2, while that of CnHm was CO, which
also explained the high content of CO2 in the gas composition
from PET.

When RDF char was used as the steam reforming catalyst,
the volumetric H2 concentrations from HDPE, LDPE, and PP
were slightly lower than those using biochar as the catalyst,
while the H2 concentrations from PS and PET were higher
(Figure 9). This may be due to the fact that the high inorganic
content of RDF char was more evident for the steam reforming
of aromatic and oxygenated hydrocarbons. Methane concen-
trations were also higher than when biochar was used as a
catalyst due to the methanation of H2 and CO in the syngas.

The hydrogen potential, comparing the experimental H2
yield from the pyrolysis-catalytic steam reforming of the
different plastics in relation to the calculated maximum
theoretical H2 yield is also shown in Figure 9. It can be seen
that when biochar was used as the catalyst, the H2 potential of
PP was the highest at ∼62%, followed by HDPE and LDPE at
∼60%, then followed by PS at ∼53%, while the hydrogen yield
of PET only reached 38% of the maximum hydrogen yield.
When RDF char was used as the catalyst, the hydrogen
potential was higher than that when biochar was used as the
catalyst, especially for the steam reforming of PS and PET.
This suggests that the minerals, especially those with a high
content of nonorganically bound metals in minerals in the
RDF char can promote the conversion of oxygenated
compounds into more easily reformed hydrocarbons. Mei et
al.28 also pointed out that the oil products from catalytic steam
reforming of biomass pyrolysis volatiles using biochar as the
catalyst contained higher oxygenated compounds. However,
MSW char can convert oxygenated compounds into aliphatic
hydrocarbons and inhibit the generation of polycyclic aromatic
hydrocarbons. CaO has also been shown to have a strong
catalytic effect on the cracking of aromatic rings in pyrolysis
volatiles.31

Figure 9. Volumetric gas composition and theoretical hydrogen yield production from pyrolysis-catalytic steam reforming of different plastics in the
presence of biochar and RDF char catalysts.
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This work has shown that carbonaceous chars produced
from the slow pyrolysis of waste materials in the form of
biomass waste and processed municipal solid waste can act as
effective catalysts for the production of a hydrogen-rich syngas
from waste plastics. Enormous tonnages of wastes suitable to
act as feedstock for the production of pyrolysis bio-oils are
generated worldwide each year, which include agricultural and
forestry biomass waste, municipal solid waste, and urban wood
waste. The potential production of bio-oils from such wastes is
established as a route to produce future fuels from a renewable
source. However, biochar, a byproduct of pyrolysis bio-oil
production, requires an end-use application, which may be
limited, particularly if waste-derived biomass sources are used
because they may contain high levels of alkali, alkaline-earth,
and/or transition metals. However, the use of waste-derived
chars as a catalyst for the steam reforming of waste plastics
volatiles represents a novel application resulting in the
production of a higher-value product, namely, hydrogen. A
further advantage of the use of a relatively low-cost waste-
derived char as a catalyst is that it is consumed during the
process via char−steam gasification reactions, further increas-
ing the production of hydrogen and syngas. The char therefore
acts as both a catalyst and a reactant.

The commercial production of hydrogen is almost
exclusively from fossil fuel natural gas (76%) and coal
(23%).47 For natural gas, which is composed of methane
(≥95 mol %) and other C1−C5 hydrocarbons, the most
common large-scale process used for hydrogen production is
natural gas catalytic steam reforming. The process has some
similarities with the process described in this work in that a
range of hydrocarbons are produced in the first-stage pyrolysis
of the plastics, followed by catalytic steam reforming in the
second stage using a char-based catalyst. However, the range of
hydrocarbons produced from waste plastics would be very
much more complex, particularly if mixed plastics were used
that would generate a range of volatile hydrocarbons
containing aromatic and aliphatic species and also potentially
oxygenated species, nitrogen-, sulfur-, chlorine-containing
hydrocarbons, etc. Such species can poison and deactivate
the steam reforming catalyst. In addition, the commercial
catalytic steam reforming process takes place under process
conditions of temperature between 700 and 1000 °C and at
pressures of 0.3−2.5 MPa. The products from the reformer are
composed of H2 and CO and are passed to two water−gas shift
reactors in series where the CO is converted to CO2 and H2
(eq 3). The high-temperature shift reactor typically operates
with a Fe-based catalyst at temperatures of 310−450 °C and
the low-temperature shift reactor operates with a Cu-based
catalyst and at temperatures of 200−250 °C. Clearly, the
process conditions for reforming and water−gas shift reactions
that are optimized for the commercial process are not the same
as those used in the second-stage reactor in this work.
Importantly, the catalytic steam reforming reactions, water−
gas shift reactions, and steam−carbon gasification reactions all
occur in one place in the second-stage reactor. Therefore, the
reactions would be much more complex than the equilibrium
reactions described by eqs 1−6. Further development of the
process should include work on a wide range of different “real-
world” plastics to determine the influence of contamination
and the influence of catalyst poisoning and deactivation. Also,
the introduction of separate third water−gas shift reactors,
which could be optimized for the conversion of carbon

monoxide to hydrogen via the water−gas shift process, has
been recently investigated.48

4. CONCLUSIONS
In this paper, two different char catalysts (biochar and RDF
char) were compared to understand their catalytic performance
in relation to the steam reforming of pyrolysis volatiles
produced from waste plastics at different process parameters.
The role of temperature in the catalytic steam reforming of
pyrolysis volatiles was investigated. The H2 yield from the
processing of HDPE with the biochar catalyst increased
linearly from 0.13 to 0.36 g gplastic

−1 as the catalyst temperature
was increased from 800 to 1000 °C. This was due to the
simultaneous reactions of hydrocarbon reforming and char
“sacrificial” gasification. At high temperatures, the introduction
of steam completely converted the hydrocarbon volatiles to H2
and CO. When biochar and RDF char were used as catalysts,
the maximum H2 yields were 0.43 and 0.32 g gplastic

−1,
respectively, at a steam input of 10 g h−1 gcatalyst

−1.
The hydrogen potential was used to compare the catalytic

properties of the two different catalysts for HDPE processing
under the same experimental conditions. The results showed
that at 1000 °C, the hydrogen potential of the RDF char
catalyst was generally higher than that of biochar as the
catalyst, mainly because RDF char contains more inorganic
species with catalytic properties. In addition, RDF char showed
a strong catalytic effect for reforming oxygen compounds and
aromatic rings in the volatiles of PET and PS pyrolysis.

Polyalkene plastics (HDPE, LDPE, and PP) showed a
hydrogen potential of between 60 and 62%, whereas the
aromatic structured polystyrene was 53% and the oxygenated,
aromatic structured PET produced a hydrogen potential of
38%.
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