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ABSTRACT: Single plastics and mixed waste plastics from different industrial and commercial
sectors have been investigated in relation to the production of hydrogen and syngas using a
pyrolysis−catalytic steam reforming process. The catalyst used was a carbonaceous char catalyst
produced from the pyrolysis of waste tires. Total gas yields from the processing of single plastics
were between 36.84 and 39.08 wt % (based on the input of plastic, reacted steam, and char
gasification) but those in terms of the gas yield based only on the mass of plastic used were very
high. For example, for low-density polyethylene (LDPE) processing at a catalyst temperature of
1000 °C, the gas yield was 445.07 wt % since both the reforming of the plastic and also the steam
gasification of the char contributed to the gas yield. The product gas was largely composed of H2
and CO, i.e., syngas (∼80 vol %), and the yield was significantly increased as the char catalyst
temperature was raised from 900 to 1000 °C. Hydrogen yields for the processing of the polyolefin
single plastics were ∼130 mmol gplastic−1 at a catalyst temperature of 1000 °C. The pyrolysis−catalytic steam reforming of the
industrial and commercial mixed plastics with the tire char catalyst produced hydrogen yields that ranged from 92.81 to 122.6 mmol
gplastic−1 and was dependent on the compositional fraction of the individual plastics in their mixtures. The tire char catalyst in the
process acted as both a catalyst for the steam reforming of the plastics pyrolysis volatiles to produce hydrogen and also as a reactant
(“sacrificed”), via carbon-steam gasification to produce further hydrogen.

1. INTRODUCTION
The service lifetimes of plastics in different end-use
applications can range from only weeks for plastic packaging
and 5−20 years for automotive industry plastics to >50 years
for building and constructing plastics.1,2 A recent review of the
global lifecycle material flow of plastics and their impact on the
environment reported that the generation of waste plastics was
estimated to be more than 350 million tonnes per year.1

Importantly, for the environment, more than 23 wt % of global
waste plastics are categorized as “mismanaged,” of which a
large proportion (22 million tonnes/year (Mt/y)) enters the
environment, causing pollution and potential damage to
health.1,3 The major commercial and industrial sectors
contributing to the 470 Mt/y global production of new
plastics include 142 Mt/y from packaging, 47 Mt/y from
consumer products, 44 Mt/y from the textile sector (e.g.,
clothing etc.), 54 Mt/y from the transport sector, 77 Mt/y
from the building and construction industry, and 17 Mt/y from
electronic and electrical wastes.1 These sectors generate huge
tonnages of plastic waste, which instead of being considered as
a waste problem, have a massive potential for exploitation as a
feedstock resource for the production of higher-value products.
One such higher-value product is hydrogen. Global

production of hydrogen in 2021 was 94 million tonnes with
the main uses in oil refining and industrial uses such as

chemical production and iron and steel manufacture.4 In
response to climate change, the demand for hydrogen in heavy-
duty road and marine and aviation sectors in power production
and for decarbonizing heavy industry (e.g., iron and steel) is
predicted to grow, with estimates of demand for hydrogen at
200 million tonnes/year by 2030 and 500 million tonnes/year
by 2050.4 The production of hydrogen is currently almost
entirely from fossil fuel feedstocks, with the catalytic steam
reforming of natural gas methane, the dominant process.
Producing hydrogen from waste plastics would be an
alternative to using natural gas and coal; also, in that plastics
are largely produced from fossil fuel petroleum. Fossil fuel
resources would be conserved by recycling the plastics.
There has been much research into the production of

hydrogen from waste plastics involving thermochemical routes,
including pyrolysis and gasification, and several different
process configurations have been investigated and recently
reviewed.5−10 A successful two-stage pyrolysis−catalytic steam
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reforming process for the production of hydrogen from waste
plastics has been developed and investigated by several
different research groups.11−14 The pyrolysis−catalytic reform-
ing process involves initial pyrolysis of the plastics in the first
stage to produce a wide range of volatile hydrocarbons, which
are subsequently catalytically steam-reformed in the second
stage. The two stages are usually separate reactors to aid
independent process control of the reaction parameters to
optimize both the pyrolysis and reforming stages.12 In
addition, there has been extensive investigation of different
types of catalyst to optimize the reforming stage, as reported
and reviewed in detail by Santamaria et al.9 Nickel-based
catalysts are the most commonly investigated catalyst for the
pyrolysis−catalytic steam reforming of waste plastics because
of their catalytic activity for hydrocarbon reforming, moderate
cost, and mechanical strength and not least because they have
been widely investigated and developed for the commercial
catalytic steam reforming of natural gas.15 Various nickel-based
catalysts have been investigated to maximize hydrogen yield
from the pyrolysis−catalytic steam reforming of plastics, in
terms of added metal promoters,16,17 in terms of the influence
of different support materials,13 and also the method of catalyst
preparation,18 while others have used commercially available
nickel−alumina catalysts such as C11-NK19 and G90 LDP.9

For nickel-based catalysts, the catalytic temperatures are
typically 800−900 °C.13,20−22

Several researchers have focused on the use of pyrolysis char
as catalysts to enhance hydrogen production and to remove
gasification tars.23−25 For example, Wang et al.26 reported that
the gas yield increased from 29.6 to 35.0 wt % by using
municipal solid waste (MSW) pyrolysis char as a catalyst for
reforming the pyrolysis volatiles from MSW. Biochar produced
from the pyrolysis of biomass has also been used as a catalyst.
The alkaline-earth metal oxides (CaO and MgO) contained in
the biomass pyrolysis char have been shown to have a catalytic
function in relation to tar cracking during the steam
gasification of biomass.27 In addition, the chemical structure
of biochar, especially the O-containing functional groups, play
an important role in the steam reforming of volatiles in the
presence of biochar.28,29 We have previously reported the use
of pyrolysis char derived from the pyrolysis of waste tires as a
catalyst for the reforming of hydrocarbons produced from the
pyrolysis of biomass, where the char acts as both a reforming
catalyst and also as a reactant for the production of hydrogen
and carbon oxides through steam gasification.30 Thereby, the
carbonaceous char is “sacrificed” during the reaction with the

aim of generating higher yields of hydrogen and syngas (H2
and CO). The tire char was shown to contain high
concentrations of transition metals, for example, Zn, Fe, Co,
and Cu that acted as active reforming catalyst metals. However,
there are few reports on the use of tire pyrolysis-derived char as
a catalyst for the pyrolysis−catalytic steam reforming of waste
plastics.
In the work reported here, we investigate the production of

hydrogen from several different types of single plastics typically
found in municipal solid waste (high density polyethylene
(HDPE), low-density polyethylene (LDPE), polypropylene
(PP), polystyrene (PS), and poly(ethylene terephthalate)
(PET)). A mixture of the single plastics was also processed
in proportions typically found in municipal solid waste. In
addition, mixed “real-world” waste plastics from drinks bottles,
household packaging, construction waste, agricultural waste,
and mixed municipal solid waste were investigated. The
plastics were processed in a laboratory scale, two-stage fixed
bed reactor using pyrolysis−catalytic steam reforming with
tire-derived pyrolysis char as the “sacrificial” catalyst.

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

HDPE, LDPE, PP, PS, PET, and their mixture (MPSIM), whose
composition was based on an estimate of residual waste plastics found
in municipal solid waste as reported by Delgado et al.31 with plastic
contents of LDPE, 41 wt %; HDPE, 19 wt %; PS, 15 wt %; PET, 15
wt %; and PP, 10 wt %. In addition, several “real-world” commercial
and industrial waste plastics were also investigated, consisting of
mixed plastics from mineral water bottle packaging (MPMW),
household packaging (MPHP), construction waste (MPCONST),
agriculture waste plastics (MPAGRIC), and mixed plastics from
municipal solid waste (MPMSW). Table 1 shows the ultimate and
proximate analysis of the plastics.

The tire char catalyst was prepared from waste tires by pyrolysis
using a fixed bed reactor. The reactor used was a stainless steel reactor
(40 mm diameter, 200 mm height). The tire pyrolysis was undertaken
under nitrogen, where the tire was heated from 20 to 800 °C at 20 °C
min−1 heating rate to produce a char yield of 36.5 wt %. The
concentration of specific elements in the prepared tire char was
determined by ashing the char and then acid digestion of the ash in
nitric acid at 240 °C, followed by atomic absorption analysis (Varian
AA240FS).

The tire char was also analyzed to determine the Brunauer−
Emmett−Teller (BET) surface area with a Micrometrics Tristar 3000
apparatus, which also enabled the pore size distribution to be
calculated (Barrett−Joyner−Hallender method). The surface mor-
phology and metal content of the char was determined by coupled

Table 1. Ultimate and Proximate Analysis of the Plastic Materialsa

ultimate analysis (wt %) proximate analysis (wt %)

sample N C H O S volatile fixed carbon ash

HDPE 0.37 80.26 15.33 4.04 nd 93.64 0.16 6.66
LDPE 0.37 83.17 16.34 0.12 nd 95.93 0.10 5.52
PP 0.36 82.03 16.55 1.07 nd 95.30 0.03 6.04
PS 0.42 86.09 7.87 5.63 nd 95.43 0.15 5.52
PET 0.32 60.31 3.95 35.43 nd 81.92 14.85 4.51
MPSIM 0.37 79.51 13.04 7.08 nd 93.25 2.32 5.64
MPMW 0.89 63.89 5.27 29.95 nd 84.39 13.26 1.20
MPHP 1.09 81.49 10.57 6.85 nd 89.64 8.35 0.84
MPCONST 0.64 81.85 11.38 6.12 nd 93.96 5.16 0.14
MPAGRIC 1.23 80.76 10.89 7.13 nd 94.78 4.44 0.14
MPMSW 0.76 80.50 11.04 7.70 nd 92.39 6.11 0.34

and = Not detected.
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scanning electron microscopy (SEM)−energy-dispersive X-ray
spectrometry (EDXS) with a Hitachi SU8230 SEM and Oxford
Instruments Aztec Energy EDXS.

2.2. Experimental Reactor System. The two-stage experimental
pyrolysis−catalytic steam reforming reactor system is shown in Figure
1. Waste plastic samples (1.0 g) were placed in a steel crucible and

pyrolyzed in the first-stage pyrolysis reactor, heating from 40 °C
min−1 to a final temperature of 500 °C. Evolved pyrolysis
hydrocarbons passed to the second-stage catalyst reactor containing
the tire char catalyst (1.0 g), which was heated to either 900 or 1000
°C. The tire char catalyst temperatures of 900 and 1000 °C were
chosen since our preliminary work showed that the yield of hydrogen
at catalyst reforming temperatures, which have typically been used
previously, of 800−850 °C13,22 produced only low levels of hydrogen.
For example, we obtained only 26.93 mmol H2 gplastic−1 at a tire char
catalyst reforming temperature of 800 °C for HDPE, which was much
lower than that reported in this work. Steam was introduced into the
catalyst reactor via a water pump at a flow rate of 8 mL h−1. The gases
produced from the pyrolysis−catalytic process such as H2 and CO
reduced the metal oxides contained in the char in situ to metal
elements, which played a catalytic role in cracking the pyrolysis

volatiles. Evolved product gases from the process were collected in a
gas sample bag and were analyzed immediately after each experiment
using packed column gas chromatography using three separate Varian
3380 gas chromatographs configured for either permanent or
hydrocarbon gases.32 Hydrocarbon gases C1−C4 were analyzed on a
HayeSep 80−100 mesh column, N2 mobile phase, and a flame
ionization detector (FID); H2, O2, N2, and CO were analyzed with a
60−80 mesh molecular sieve column, Ar carrier gas, and a thermal
conductivity detector (TCD); CO2 was analyzed on a 80−100 mesh
HayeSep column, Ar carrier gas, and TCD. Gases were determined by
mass calculated from gas concentrations, gas flow rates, and the ideal
gas law.

The standard gas used for the calibration of permanent gas and
CO2 consisted of a 1% volumetric concentration of H2, O2, CO, CO2,
and 96% N2 (mole percentage content). The standard gas for
hydrocarbon gas calibration consisted of a 1% volumetric concen-
tration of CH4, C2H4, C2H6, C3H6, C3H8, C4H8, C4H10, and 93% N2.
The standard gas peak areas corresponding to each standard gas were
obtained using Varian Star software (Varian Ltd. U.K.) to calculate
the concentration of each gas in the product gas based on eq 1

=
×

C
C P

Psample
standard sample

standard (1)

where Csample represents the concentration of the sample gas, Cstandard
represents the concentration of the standard gas, Psample represents the
peak area of the sample gas obtained from the gas chromatograph
(GC), and Pstandard represents the peak area of the standard gas
obtained from the GC.

Each gas yield was calculated by the molar percentage content of
each gas and the molar percentage content of the nitrogen carrier gas
based on the following equations

=
×

V
F T

Ctotal gas
N

N

2

2 (2)

= ×V V Ceach gas total gas each gas (3)

=
×

M
V

(g)
molar

22.4each gas
each gas each gas

(4)

=
+ +

M

m m m
gas yield

each gas

plastic water reacted char (5)

=
V

mH yield (mmol g )
22.4

/2 plastic
1 H

plastic
2

(6)

where Vtotal gas represents the total gas collected in gas sample bag, FNd2

represents the flow rate of N2, T represents the gas collection time,
CNd2

represents the gas concentration of N2, Veach gas represents the
volume of each gas, Ceach gas represents the gas concentration of each

Figure 1. Schematic diagram of the two-stage pyrolysis−catalytic
steam reforming reaction system.

Table 2. Characteristics of the Tire Char Catalyst

tire char catalyst

ash content (wt %) 14.72
elemental analysis (wt %) metal content (wt %)

carbon 79.02 zinc 7.43
hydrogen 0.66 silicon 2.20
oxygen 16.58 calcium 0.53
nitrogen 0.29 magnesium 0.13
sulfur 3.46 potassium 0.12

iron 0.44
copper 0.04
cobalt 0.12

surface area (m2 g −1) micropore surface area (m2 g−1) mesopore surface area (m2 g −1) average pore size (nm) cumulative pore volume (mL g−1)
79.07 9.25 69.82 22.75 0.57
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gas, Molareach gas represents the mole of each gas, Meach gas represents
the mass of each gas, mplastic represents the mass of plastic, mwater
represents the mass of water, and mreacted char represents the mass of
reacted char.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Tire Char Catalyst. Table 2

shows the characteristics of the waste tire-derived tire pyrolysis
char catalyst. The char ash content was 14.72 wt % with a high
sulfur content (3.46 wt %). The metals present in the ash
included high concentrations of transition metals (e.g., Zn, Fe,
Cu, Co), which have been investigated for the catalytic steam
reforming process applied to waste plastics.9 The high
concentrations of zinc and sulfur are related to the additives
used in tire manufacture, the zinc used in the tire rubber
vulcanization process and to enhance physical properties, and
the sulfur used to cross-link the rubber polymer chains and
part of the tire hardening process.33 The presence of high
concentrations of silicon, calcium, magnesium, potassium, and
iron are associated with the use of clay as a filler material in the
tire manufacturing process. Since the original tire used to
prepare the char catalyst was a waste material, significant metal
contamination may also be present adhered to the tire.
Table 2 also shows the surface area and pore size

characteristics of the prepared tire char catalyst. The tire
char catalyst contained a large number of mesopores (2−50
nm), which can be demonstrated by the surface area of the
micropores and mesopores. The surface area of the fresh tire
char catalyst was 79.07 m2 g−1, with the surface area of
mesopores contributing 88% and micropores contributing 12%
of the total surface area. Figure 2 shows the nitrogen
adsorption−desorption isotherms (Figure 2a) and the pore
size distribution of the tire char catalyst (Figure 2b). From
Figure 2a, it can be seen that, starting from the relative
pressure of 0.4, the adsorption volume of the desorption
process is higher than that of the adsorption process, which is
mainly because of the capillary adsorption. In addition, Figure
2b shows that the pore diameter corresponding to the peak
value of dV/dD occurred at 4 nm and also at 30−40 nm, which
also indicated that the pore structure of the tire char was
mostly mesoporous. The wide distribution of these mesopores
(20−50 nm) made the cumulative adsorption volume reach
0.57 cm3 g−1, and the average adsorption pore diameter was
22.75 nm.

SEM-EDXS elemental mapping was carried out on the raw
tire rubber, prepared tire char catalyst, and the used tire char to
determine the change of surface morphology and distribution
of the major metals and also sulfur on the surface of the char.
The results are shown in Figure 3. Figure 3a−e shows the
surface morphology of the raw tire rubber and the distribution
of Fe, Zn, Mg, and Ca metals on the original tire. The bright
spots in the figure indicated a high metal content. It can be
observed that the surface of the tire was regular and relatively
smooth, and the metal content was scattered sporadically on
the surface of the tire, among which zinc was abundant and
was well dispersed. The SEM image and metal distribution of
the prepared tire char are shown in Figure 3f−k. Figure 3f
shows the morphology of the fresh tire char catalyst, which
demonstrated an uneven structure. The pyrolysis process
devolatilized the tire, resulting in some metal elements being
exposed on the surface of the tire char. Some of the small metal
particles were agglomerated into larger particles (the brighter
large particles in Figure 3f). Figure 3g−k shows the elemental
distribution of some of the major elements (S, Na, Zn, Fe, Ca)
found in the tire char. The micrographs shown in Figure 3i,g
show that the zinc and sulfur were widely distributed in the tire
char and existed in the same locations, suggesting that they
were present in the form of ZnS. The distribution of Na, Fe,
and Ca is shown in Figure 3h,j,k; Zhou et al. reported that Na,
Fe, and Ca in char prepared from waste tires existed in the
form of oxides.34 Figure 3l−n shows the characterization of the
used tire char catalyst recovered after the experiments carried
out at 1000 °C reforming temperature. The surface of the
recovered catalyst became flat and smooth, and only Fe and Ca
were detected, indicating that the tire char ash content was rich
in Fe and Ca compounds. The dissociative sublimation of ZnS
in the tire char occurs at high temperature to produce Zn and
Sx, which reacted with steam to produce ZnO, H2S, SO2, and
H2 during steam gasification.35 At 1000 °C char catalyst
temperature, the Zn released by ZnS was completely
volatilized, resulting in no Zn being present on the catalyst
surface.

3.2. Pyrolysis−Catalytic Steam Reforming of Individ-
ual Plastics. 3.2.1. Product Yields from Pyrolysis−Catalytic
Steam Reforming of Different Plastics. The product yields
from pyrolysis−catalytic steam reforming of different plastics at
catalytic steam reforming temperatures of 900 and 1000 °C are
shown in Table 3. The data are presented in terms of the

Figure 2. (a) N2 adsorption−desorption isotherms and (b) pore size distribution of the char catalyst.
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Figure 3. SEM images of the tire, prepared tire pyrolysis char catalyst, and used tire char catalysts coupled with elemental mapping ((a−e) SEM
image and elemental mapping of tire, (f−k) SEM image and elemental mapping of the char catalyst, and (l, n) SEM image and elemental mapping
of used char catalysts).
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product yield based on the mass of product divided by the total
mass of the input plastic, reacted water, and reacted char; in
addition, also shown is the gas yield based on the input of only
the mass of plastic. There was negligible residual pyrolysis char
(<0.5 wt %) found in the first-stage pyrolysis reactor after
experimentation for the pyrolysis of LDPE, HDPE, PP, and PS,
with almost complete transformation into gas. However, PET
produced a significant amount, ∼17 wt %, of residual char as
has been reported before.36 In addition, it should be noted that
the liquid denoted in Table 3 is composed of condensed water
from the steam input, i.e., unreacted steam, and there was only
negligible product oil formed (<0.5 wt %). Table 3 shows that,
for the 900 °C char catalyst reforming temperature, the gas
yield for pyrolysis−catalytic steam reforming of LDPE based
on the input of plastic, water, and reacted char was the highest,
at 39.08 wt %. Under the same conditions, similar gas yields
were obtained for HDPE and PP, but much lower gas yields
were obtained for PS and PET. The low product yields for PS

and PET are related to the chemical structure of those plastics;
there are functional groups on the polymerization skeleton of
PET and PS, which is conducive to depolymerization into
monomers, such as benzoic acid, styrene, etc., and these
compounds have a low conversion rate in the catalytic
process.37 However, the pyrolysis of PE and PP is mainly
random chain scission, with similar compositions of the
volatiles derived from their pyrolysis; therefore, these volatiles
will react similarly in the second catalytic steam reforming
stage. In the tire char catalytic reforming of HDPE, LDPE, and
PP, about 0.35 g of the original 1.0 g of tire char was reacted.
However, the consumption of tire char in the catalytic
reforming of PS and PET was 0.24 and 0.4 g, respectively,
indicating that PS pyrolysis volatiles inhibited tire char
gasification, while PET pyrolysis volatiles promoted tire char
gasification.
Table 3 also shows the product yields from pyrolysis−

catalytic steam reforming of different plastics produced at a
char catalyst temperature of 1000 °C. By comparing the gas
yields based on the sample, water, and reacted char at different
temperatures, it was calculated that the gas yields from
pyrolysis−catalytic steam reforming of HDPE, LDPE, and PP
were increased by about 7 wt %. The gas yields from
pyrolysis−catalytic steam reforming of PS and PET were
increased by 12 and 14 wt %, respectively, when the
temperature was increased from 900 to 1000 °C. There are
two main reasons for the increase in gas production; one is
that, at higher temperatures, hydrocarbons react more easily
with steam in the presence of metals in the tire char; the other
is that the carbon in the tire char reacts with more steam,
resulting in more H2 and CO production. This is also the
reason for the increased water consumption (reacted water) in
the catalytic steam reforming process. Similar to the results
found at 900 °C catalyst temperature, the gas yield from
catalytic pyrolysis of LDPE at 1000 °C was the highest among
the single plastics investigated, at 46.80 wt %. In relation to the
tire char consumption by steam gasification reactions, the tire
char reacted the most in the processing of PET with 0.86 g of
the original 1.0 g of tire char being consumed/reacted during
pyrolysis−catalytic steam reforming.

Table 3. Product Yields from Pyrolysis−Catalytic Steam
Reforming of Different Plastics at 900 and 1000 °C

HDPE LDPE PP PS PET

Char Catalyst Temperature 900 °C
yield based on the sample + water + reacted char
gas yield (wt %) 36.84 39.08 37.08 21.27 18.71
liquid yield (wt %) 65.94 68.17 68.08 70.03 68.47
gas yield based on
the plastic sample
(wt %)

337.44 356.03 340.43 189.47 172.76

char catalyst reacted
(g)

0.36 0.33 0.34 0.24 0.4

reacted water (g) 1.76 1.57 1.59 1.43 1.51
Char Catalyst Temperature 1000 °C

yield based on the sample + water + reacted char
gas yield (wt %) 43.47 46.80 43.31 33.47 33.03
liquid yield (wt %) 52.42 51.31 53.68 56.34 54.19
gas yield based on
the plastic sample
(wt %)

412.94 445.07 418.03 308.97 319.36

char reacted (g) 0.75 0.75 0.75 0.65 0.86
reacted water (g) 2.77 2.88 2.72 2.38 2.57

Figure 4. Individual gas yield from pyrolysis−catalytic steam reforming of individual plastics at a char catalyst temperature of (a) 900 °C and (b)
1000 °C.
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3.2.2. Gas Yields from Pyrolysis−Catalytic Steam Reform-
ing of Single Plastics. The individual gas yields from
pyrolysis−catalytic steam reforming of HDPE, LDPE, PP,
PS, and PET at tire char catalyst temperatures of 900 and 1000
°C are shown in Figure 4. At 900 °C char catalyst temperature,
the H2 yield from processing LDPE was the highest at 68.29
mmol gplastic−1, followed by HDPE, PP, and PS at about 62
mmol gplastic−1, while the yield of PET was the lowest at 48.55
mmol gplastic−1. The low H2 yield from PET is due to the
production of a high carbonaceous residue yield of 17 wt %
obtained from the pyrolysis stage, with a consequent low yield
of gases for reforming in the second-stage catalytic reactor. In
addition, the chemical structure of PET and associated thermal
degradation behavior differed from other polyolefin plastics.36

The CO yield from the pyrolysis−catalytic steam reforming of
HDPE, LDPE, and PP was more than 60 mmol gplastic−1;
however, CO yields from processing PS and PET were lower at
36.61 mmol gplastic−1 and 31.08 mmol gplastic−1, respectively.
Given the similar elemental composition and chemical
structure of HDPE, LDPE, and PP, there was only a small
difference in the gases produced by the reforming of volatiles
produced from these plastics. Compared with HDPE, LDPE,
and PP, the gas yields from PS and PET were significantly
different, with low yields of hydrocarbon gases.
At the catalyst temperature of 1000 °C, the H2 yield from

the pyrolysis−catalytic steam reforming of the different single
plastics was almost twice that produced at the catalyst
temperature of 900 °C. LDPE produced the highest H2 yield
at 133.10 mmol gplastic−1, while PET produced the lowest H2
yield, at 91.16 mmol gplastic−1. The CO yield from the different
plastics was increased by more than 20 mmol gplastic−1 when the
catalyst temperature was increased to 1000 °C, for example,
the CO yield from LDPE increasing the most to produce 92.03
mmol gplastic−1. The CO2 yield from pyrolysis−catalytic steam
reforming of HDPE, LDPE, and PP increased slightly, while
the CO2 yield of PS increased by 9.4 mmol gplastic−1, and the
yield from PET was increased by 16.39 mmol gplastic−1. The
CH4 generated from the pyrolysis−catalysis steam reforming of
all of the single plastics increased by about 1 mmol gplastic−1,
compared with the results produced at 900 °C. The CH4
mainly came from the gasification of tire char since preliminary

experiments using only tire char gasification under steam
showed that about 1 mmol gplastic−1 of CH4 could be generated.
The reaction of the pyrolysis hydrocarbon volatiles (eqs 7

and 8) from the polyolefin (HDPE, LDPE, PP) and
polystyrene volatiles with steam and the PET volatiles (eq 9)
with steam are shown below.

+ +methane steam reforming CH H O CO 3H4 2 2
(7)

i
k
jjj y

{
zzz+ + +n n n

m
steam reforming C H H O CO

2
Hn m 2 2

(8)

i
k
jjj y

{
zzz+ + +n k n n

m
k

steam reforming

C H O (2 )H O CO 2
2

H

n m k 2 2

2 (9)

In addition, further reactions of the product carbon monoxide
may occur via the water gas shift reaction

+ +water gas shift CO H O CO H2 2 2 (10)

Also, the carbon content of the tire pyrolysis char will also be
involved in steam gasification reactions

+ +water gas (primary) C H O CO H2 2 (11)

+ +water gas (secondary) C 2H O CO 2H2 2 2
(12)

+Boudouard C CO 2CO2 (13)

The increase of H2 yield when the catalytic temperature is
increased has been reported in the pyrolysis−catalytic steam
reforming of various plastics at 800 and 850 °C using an Ni−
Mg−Al catalyst.38 In the pyrolysis−catalytic steam reforming
of biomass for hydrogen production (eqs 6−9), tire char has
been shown to promote the water gas shift reaction (eq 10) at
high temperatures, thus increasing H2 concentration.

30 Franco
et al.39 also showed that the water gas shift reaction was
promoted when the temperature was higher than 700 °C,
resulting in an increase in H2 concentration.

Figure 5. (a) Syngas yield (H2 + CO) and (b) H2/CO molar ratio from pyrolysis−catalytic steam reforming of individual plastics in relation to
char catalyst temperatures of 900 and 1000 °C.
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3.2.3. Syngas Yield and H2/CO Molar Ratio from
Pyrolysis−Catalytic Steam Reforming of Individual Plastics.
Syngas consists of H2 and CO and is considered a major
energy source with applications in various industrial sectors.
Syngas produced with different H2/CO molar ratios can be
used for various purposes; for example, syngas with high H2/
CO molar ratios can be used to produce hydrogen for
synthetic ammonia production or for use in fuel cells.40 Low-
H2/CO-molar ratio syngas is an ideal feedstock for the
Fischer−Tropsch process to produce transportation fuel.41

Figure 5a shows the syngas yield for the pyrolysis−catalytic
steam reforming of individual plastics at tire char catalyst
temperatures of 900 and 1000 °C. As seen in Figure 5a, when
the catalyst temperature was increased from 900 to 1000 °C,
the syngas yield calculated in terms of the plastic processed
produced from each plastic increased significantly. The highest
syngas yield was produced by LDPE at 225.13 mmol gplastic−1

for the steam reforming experiment undertaken at a char
catalyst temperature of 1000 °C compared with 132.56 mmol
gplastic−1 for the experiment at a catalyst temperature of 900 °C.
The H2/CO molar ratios produced from the pyrolysis−

catalytic steam reforming processing of the different single
plastics at catalyst temperatures of 900 and 1000 °C are shown
in Figure 5b. It can be seen that the H2/CO molar ratio of the
gas products produced from PS and PET was higher than that
of the polyolefin plastics. The H2/CO molar ratio of all of the
different types of plastics increased with the increase in catalyst
temperature from 900 to 1000 °C. This was mainly because, at
higher temperatures, the steam reforming reaction of hydro-
carbons was enhanced. Al-Rahbi and Williams30 also found
that the H2/CO molar ratio increased with the increase of

catalyst temperature in the gas products produced from the
pyrolysis−catalytic steam reforming of biomass using tire char
as a catalyst.
3.2.4. Volumetric Gas Composition from Pyrolysis−

Catalytic Steam Reforming of Single Plastics. The volumetric
gas compositions obtained for the pyrolysis−catalytic steam
reforming of HDPE, LDPE, PP, PS, and PET at tire char
catalyst temperatures of 900 and 1000 °C are shown in Figure
6a,b, respectively. As can be seen from Figure 6a, the H2
concentration from the processing of HDPE and LDPE with a
catalyst temperature of 900 °C was similar at about 38 vol %,
with H2 concentration from processing PP slightly lower than
that for HDPE and LDPE at 36 vol %. Although the total gas
yield of PS and PET was lower than the other three plastics
(Table 3), the relative volumetric H2 concentration in the
product gas was higher, at 52.4 and 49.1 vol %, respectively.
The pyrolysis volatiles from HDPE, LDPE, and PP were
mainly hydrocarbons (CnHm), while the pyrolysis volatiles
from PS were largely aromatic hydrocarbons, and the pyrolysis
volatiles of PET were oxygenated hydrocarbons (CnHmOk).

37

These compositions of plastics pyrolysis gases influence the
final product gas from the combined pyrolysis−catalytic steam
reforming process.
Increasing the temperature of the tire char catalyst to 1000

°C (Figure 6b), showed that the relative volumetric
concentration of H2 in the gas products from the pyrolysis−
catalytic steam reforming of HDPE, LDPE, and PP was
increased from 36−38 to ∼49 vol %. The concentration of H2
in PS and PET pyrolysis gas was not significantly increased as
the catalyst temperature was increased and the content of
CnHm was less than 1 vol %. So a large part of the increase in

Figure 6. Gas composition (vol %) for pyrolysis−catalytic steam reforming of individual plastics at a char catalyst temperature of (a) 900 °C and
(b) 1000 °C.

Table 4. Product Yields from Pyrolysis−Catalytic Steam Reforming of Mixed Plastics at 1000 °C

plastics MPMW MPHP MPCONST MPAGRIC MPMSW MPSIM

yield based on the sample + water + reacted char
gas yield (wt %) 30.61 41.94 41.67 43.47 40.44 37.50
liquid yield (wt %) 56.77 54.98 52.70 52.74 56.47 52.06
gas yield based on the plastic sample (wt %) 282.50 387.52 385.05 412.93 387.43 354.37
char reacted (g) 0.75 0.69 0.71 0.72 0.68 0.66
reacted water (g) 2.24 2.47 2.66 2.77 2.49 2.87
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H2 concentration came from the steam reforming of
hydrocarbons. The increase in H2 concentration resulted in a
slight decrease in CO content.

3.3. Pyrolysis−Catalytic Steam Reforming of Mixed
Plastics. 3.3.1. Product Yields from Pyrolysis−Catalytic
Steam Reforming of Mixed Plastics. The product yield
from pyrolysis−catalytic steam reforming of different mixed
real-world waste plastics was investigated at a catalyst
temperature of 1000 °C and a steam flow rate of 8 mL h−1.
The product yield, the mass of char that was reacted with
steam, and the amount of reacted water are shown in Table 4.
The gas yield from pyrolysis−catalytic steam reforming of
MPMW (mixed plastics from mineral water bottle packaging)
was the lowest, at 30.61 wt %, mainly because mineral water
containers were composed of PET. From the previous section
on single plastics processing, it can be seen that PET was not
fully converted into pyrolysis volatile components during
pyrolysis, resulting in the production of a residual char of 17 wt
%. Alvarez et al.42 reported that the presence of PET increased
the final amount of solid residue in the pyrolysis/gasification of
a biomass and plastic mixture with the aim of producing
hydrogen. The agricultural waste plastic (MPAGRIC) used in
this study was mainly comprised of PE and PP, which resulted
in the highest gas yield at 43.47 wt %. The mixed plastics from
household wastes (excluding PET) (MPHP) and the mixed
plastics from construction sites (MPCONST) gave a similar gas
yield at around 42 wt %. In contrast, the gas yield of mixed
plastics from municipal solid waste (MPMSW) and simulated
mixed plastics (MPSIM) was lower, which reflected the effect of
the presence of significant quantities of PET in the MPMSW and
MPSIM samples. The pyrolysis−catalytic steam reforming of
mixed plastics (MPMW) containing PET consumed more of the
tire char carbon by steam−char gasification than other mixed
plastics. This was because the oxygenated compounds in the
volatiles produced from the pyrolysis of PET promoted the
reactions of carbon to generate carbon oxides.
3.3.2. Gas Yields from Pyrolysis−Catalytic Steam Reform-

ing of Mixed Plastics. Figure 7a shows the individual gas yields
from the pyrolysis−catalytic steam reforming of the different
mixed plastics. The difference in individual gas yield was
mainly caused by the different proportions of the single plastics

that made up the plastic mixtures. For example, the main
component produced from the processing of the mixed plastics
from mineral water bottles (MPMW) was PET, which had the
lowest H2 yield of 92.81 mmol gplastic−1, which was very similar
to the H2 yield produced from processing the single plastic
PET under the same conditions. The simulated mixture of
plastics prepared to represent municipal solid waste plastics
(MPSIM) had the highest H2 yield at 122.6 mmol gplastic−1,
which was related to its high fraction of LDPE (41 wt %) and
HDPE (19 wt %). In this study, part of the CO2 in the
pyrolysis gas came from the water gas shift reaction (eq 10)
and part came from the reaction between steam and the carbon
in the tire char (eq 12). For mixed plastics containing PET,
some CO2 came from oxygenated compounds (CnHmOk) via
the steam reforming reaction (eq 9). CnHmOk was the primary
pyrolysis volatile from MPMW, while CH4 and CnHm were the
main pyrolysis volatiles of the other mixed plastic wastes.
Different proportions of the individual plastics that made up
the mixed plastics led to varying amounts of pyrolysis volatiles,
so the yields of CH4 and CnHm were slightly different after
steam reforming.
3.3.3. Volumetric Gas Composition from Pyrolysis−

Catalytic Steam Reforming of Mixed Plastics. The volumetric
gas composition for pyrolysis−catalytic steam reforming of
different real-world waste plastics is shown in Figure 7b. As can
be seen from Figure 7b, the H2 concentration ranged from 48.2
to 53.5 vol %. The H2 concentration from pyrolysis−catalytic
steam reforming of mineral water bottle waste plastics (MPMW)
was the highest, at around 53.5 vol %, followed by the prepared
simulated mixture of waste plastics (MPSIM) at 52.9 vol %,
which is related to the presence of PET. Under the same
conditions, the H2 concentration in the catalytic pyrolysis gas
of PET was 52.4 vol %. H2 concentration from the other mixed
plastics was similar, at around 49 vol %. As for the CO
concentration, the pyrolysis gas from MPMW contained the
lowest content of CO (29.4 vol %) and the highest content of
CO2 (15.1 vol %). This was because oxygenated compounds
(CnHmOk), a significant component of MPMW pyrolysis
volatiles, generated CO2 after steam reforming. The other
five mixed plastics produced a gas that contained about 33 vol
% CO. The low content of CnHm in all of the different mixed

Figure 7. (a) Gas yield and (b) gas composition (vol.%) from pyrolysis−catalytic steam reforming of mixed waste plastics at a char catalyst
temperature of 1000 °C.
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waste plastics indicated that the tire char played a crucial role
in the catalytic steam reforming reaction.

3.4. Maximum Theoretical Hydrogen Yield. The
concept of the maximum theoretical hydrogen potential was
introduced by Czernik and French19 in relation to hydrogen
production from waste plastics via the pyrolysis−steam
reforming process. They suggested that the maximum potential
hydrogen production includes both steam reforming (eqs
7−9) and water gas shift reactions (eq 10). Therefore, it is
assumed that all of the hydrocarbons derived from plastic
pyrolysis are converted to carbon dioxide and hydrogen. Table
5 shows the calculated maximum theoretical hydrogen
production for the single and mixed waste plastics based on
the elemental compositions of the plastics shown in Table 1.
In addition, the steam gasification of tire char also

contributed to the hydrogen yield (eqs 11−13) via the water
gas shift reaction of the steam with the evolved carbon oxides.
The calculated theoretical maximum hydrogen yield from the
tire char was calculated from its elemental composition and the
char gasification reactions and was found to be 130.93 mmol
gchar−1. Figure 8 shows the calculated maximum theoretical
hydrogen production of the single (Figure 8a) and mixed waste
plastics (Figure 8b), including tire char steam gasification, in

relation to the experimental hydrogen yield data from the
pyrolysis−catalytic steam reforming process with the tire char
catalyst. In addition, Table 5 shows the percentage of the
maximum theoretical hydrogen production achieved exper-
imental using the pyrolysis−catalytic steam reforming process
with the tire char catalyst; the data show the maximum
theoretical yield achieved at 900 °C and 1000 °C catalyst
temperatures and in terms of the percentage in relation to the
maximum theoretical yield from the plastics only and also from
the plastics plus char.
The yield of hydrogen from the single plastics was 68.29

mmol gplastic−1 for LDPE at a catalyst temperature of 900 °C
(Figure 4a). From Table 5, this represents 31.01% of the
maximum theoretical hydrogen production that could be
produced from LDPE and 19.45% in relation to the maximum
theoretical hydrogen yield from plastics plus char. However,
when the temperature of the tire char catalyst was increased to
1000 °C (Figure 4b), the percentage theoretical hydrogen
yield achieved from the LDPE was 133.10 mmol gplastic−1,
representing 60.43% of the theoretical yield from LDPE and
37.90% if the theoretical hydrogen yield from the char is also
included. The highest theoretical hydrogen yield was found
with PET at 1000 °C char catalyst temperature, where 92.91%

Table 5. Theoretical and Experimental Hydrogen Yield in Relation to the Single and Mixed Plasticsa

char catalyst temperature 900 °C char catalyst temperature 1000 °C

plastic
theoretical H2 yield
(mmol gplastic−1)

experimentala (plastics)
(%)

experimentalb
(plastics + char) (%)

experimentala (plastics)
(%)

experimentalb
(plastics + char) (%)

HDPE 207.89 29.79 18.28 59.83 36.71
LDPE 220.24 31.01 19.45 60.43 37.90
PP 218.80 28.10 17.58 55.62 34.80
PS 179.31 34.61 20.00 62.31 36.01
PET 98.12 49.48 21.20 92.91 39.80
MPSIM 193.29 63.43 37.81
MPMW 114.11 81.33 37.87
MPHP 184.39 64.33 37.61
MPCONST 189.49 60.02 35.50
MPAGRIC 184.59 64.78 37.90
MPMSW 184.55 60.61 35.45

aNomenclature: Percentage of the experimental H2 yield to theoretical H2 yield from plastics. bPercentage of the experimental H2 yield to
theoretical H2 yield from plastics plus char.

Figure 8. Maximum theoretical hydrogen production derived from the waste plastic and also the tire char in relation to the reported experimental
data for (a) the single waste plastics catalytically steam-reformed at 900 and 1000 °C and (b) the industrial and commercial mixed waste plastics
catalytically steam-reformed at 1000 °C.
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was achieved as the percentage of the theoretical hydrogen
yield from PET.
Figure 8b and Table 5 show the theoretical hydrogen yields

in relation to the mixed commercial and industrial waste
plastics for experiments undertaken at a catalyst temperature of
1000 °C. The highest hydrogen yield experimentally was from
the mixed plastic mixture prepared to represent the plastic
mixture in municipal solid waste (MPSIM) at 122.6 mmol
gplastic−1 (Figure 7a). This represented 63.43% of the maximum
theoretical hydrogen yield (Table 5). This was similar to the
other mixed waste plastics between 60.02 and 64.78% of the
theoretical maximum hydrogen yield for the mixed plastic
wastes from MPCONST, MPHP, MPMSW, and MPAGRIC. The
highest theoretical hydrogen yield achieved was in relation to
the mixed plastic waste containing mineral water bottles
(MPMW) at 81.33%, which is consistent with the high content
of PET in this waste stream. Although the conversion is high,
the actual hydrogen yield produced is low at 92.81 mmol
gplastic−1, (Figure 7a).
This work has shown that hydrogen-rich syngas can be

successfully produced in high yield from different common
single plastics and also from a range of high-volume
commercial and industrial mixed waste plastics. The yields
and composition of hydrogen and syngas produced from the
mixed waste plastics are informed from the amounts of single
plastics comprising their composition in the plastic mixture.
The advantage of using mixed plastics produced from specific
commercial and industrial sectors is the comparatively known
heterogeneity and the controlled collection regime. The focus
of the work reported here also investigated a reforming catalyst
comprised of tire char that was produced from a waste
material, namely, waste tires. The tire char catalyst was chosen
as a reforming catalyst based on its content of transition
metals, commonly investigated as active reforming catalyst
metals (Fe, Zn, Cu, Co).9 But, in addition, the tire char was
chosen to act as a reactant to produce further yields of H2 via
the reaction of the char with steam via water−gas reactions. In
addition, the reaction of the steam and char would produce
CO through water−gas and Boudouard reactions which could
further react with steam to produce even more H2 via the water
gas shift reaction. For further development of the process, a
continuous operation system would need to be developed
rather than the batch process reported here. Such continuous
processes have been developed based on fluidized bed reaction
systems.14,19 Also, since the char catalyst is a reactant, it is used
up or “sacrificed” during the reforming process. Consequently,
a balance between reacting the char and maintaining some
form of catalyst activity would have to be determined. A full
techno-economic assessment would also have to be carried
out.43,44

4. CONCLUSIONS
In this work, a range of single plastics and mixed commercial
and industrial waste plastics have been investigated for the
production of hydrogen using a pyrolysis−catalytic steam
reforming process with a char catalyst derived from waste tires.
Hydrogen was produced from the process from both the
catalytic steam reforming of the plastics pyrolysis volatiles and
also from the “sacrificial” steam gasification of the char. The
highest yield of gas obtained at a char catalyst temperature of
900 °C was from the processing of the polyolefin plastics
(HDPE, LDPE, and PP),which was between 36.84 and 39.08
wt % (based on the input of plastic, reacted steam, and char

gasification). Much lower gas yields were obtained for PS
(21.27 wt %) and PET (18.71 wt %). However, if the mass of
gas was calculated based on the mass of input plastic only, then
very high gas yields are obtained because of the contribution
from char gasification and reacted water; for example, the gas
yield from LDPE on this basis was 356.03 wt %. The influence
of increasing the char catalyst temperature from 900 to 1000
°C resulted in a large increase in total gas yield. For example,
the gas yield from LDPE increased from 356.03 to 445.07 wt %
(based on the mass of input plastic only). It is interesting and
legitimate to present such high gas yields in terms of the yield
from the plastics only since the other inputs to the process are
water (steam) and tire pyrolysis char produced from a waste
material, both of which are low cost. The product gas was
largely composed (∼80 vol %) of H2 and CO, i.e., syngas, and
increased significantly as the temperature of the char catalyst
was raised. For example, the yield of H2 from the processing of
LDPE was 68.29 mmol gplastic−1 at 900 °C catalyst temperature,
which increased to 133.10 mmol gplastic−1 at a catalyst
temperature of 1000 °C. Lower H2 yields were obtained for
HDPE, PP, and PS at about 62 mmol gplastic−1, while the yield
of PET was the lowest at 48.55 mmol gplastic−1 since PET
produced a significant amount of residual char, and the gases
produced from the pyrolysis of PET are largely CO and CO2.
The pyrolysis−catalytic steam processing of the industrial

and commercial mixed plastics in the presence of the tire char
catalyst was influenced by the different proportions of the
single plastics that made up the mixed plastics. For example,
the main component of the mixed plastics from mineral water
bottle waste (MPMW) was PET, which had the lowest H2 yield
of 92.81 mmol gplastic−1, which was very similar to the H2 yield
of the single PET plastic at the same conditions. The simulated
mixture of single plastics (MPSIM) had the highest H2 yield at
122.6 mmol gplastic−1 since the mixture had a high content of
LDPE (41 wt %) and HDPE (19 wt %).
The maximum theoretical potential hydrogen production

was calculated from the plastics based on plastic-derived
pyrolysis volatile gases and steam reforming, water gas shift
reactions, and char steam gasification reactions. For example, at
a tire catalyst temperature of 1000 °C, the maximum
theoretical hydrogen production achieved was 60.43% based
on reforming and water gas shift reactions and 37.90% if char
gasification reactions are also included.
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