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Abstract

Co-pyrolysis of biomass biopolymers (lignin and cellulose) with plastic wastes (polyethylene and polystyrene) coupled
with downstream catalytic steam reforming of the pyrolysis gases for the production of a hydrogen-rich syngas is reported.
The catalyst used was 10 wt.% nickel supported on MCM-41. The influence of the process parameters of temperature and
the steam flow rate was examined to optimize hydrogen and syngas production. The cellulose/plastic mixtures produced
higher hydrogen yields compared with the lignin/plastic mixtures. However, the impact of raising the catalytic steam reform-
ing temperature from 750 to 850 °C was more marked for lignin addition. For example, the hydrogen yield for cellulose/
polyethylene at a catalyst temperature of 750 °C was 50.3 mmol g~ and increased to 60.0 mmol g~! at a catalyst temperature
of 850 °C. However, for the lignin/polyethylene mixture, the hydrogen yield increased from 25.0 to 50.0 mmol g™! repre-
senting a twofold increase in hydrogen yield. The greater influence on hydrogen and yield for the lignin/plastic mixtures
compared to the cellulose/plastic mixtures is suggested to be due to the overlapping thermal degradation profiles of lignin and
the polyethylene and polystyrene. The input of steam to the catalyst reactor produced catalytic steam reforming conditions
and a marked increase in hydrogen yield. The influence of increased steam input to the process was greater for the lignin/
plastic mixtures compared to the cellulose/plastic mixtures, again linked to the overlapping thermal degradation profiles of
the lignin and the plastics. A comparison of the Ni/MCM-41 catalyst with Ni/Al,0; and Ni/Y-zeolite-supported catalysts
showed that the Ni/Al,O; catalyst gave higher yields of hydrogen and syngas.
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Introduction
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and iron and steel plants. About 95% of hydrogen is cur-
rently produced from fossil fuels, mainly from natural gas
by the catalytic steam reforming process [1]. The produc-
tion of hydrogen from renewable resources such as bio-
mass offers a sustainable and renewable source of energy
with abundant readily available feedstocks including agri-
cultural residues, forestry residues, and municipal solid
waste [2-6]. Waste plastics are also a readily available
resource that has been used for the production of hydrogen
[7-9]. The hydrogen yield from biomass is relatively low
compared to waste plastics because of the lower hydro-
gen content and the presence of high concentrations of
oxygen in the biomass; the higher H:C ratio of plastics
off-setting the high oxygen content of biomass [10]. There-
fore, co-processing waste plastics with biomass to enhance
the overall production of hydrogen has been investigated
by several researchers [11-15]. The advantage of co-pro-
cessing waste plastics with biomass is reported to produce
a higher total yield of gas, increased yield of hydrogen,
and reduced catalyst deactivation from carbonaceous coke
deposits compared to biomass processing alone [15-17].

The commercial production of hydrogen from natu-
ral gas involves catalytic steam reforming of the meth-
ane using nickel-based catalysts to produce hydrogen
and carbon monoxide [5]. The commercial process has
been used as the basis for the production of hydrogen
from both biomass and waste plastics, whereby the meth-
ane is substituted by hydrocarbon gases produced from
the pyrolysis of biomass and/or waste plastics. Several
researcher groups have used a two-stage process of pyrol-
ysis followed by catalytic steam reforming in two separate
temperature-controlled reactors for biomass [5, 18] and
waste plastics [8, 19-21]. The two-stage process has sev-
eral advantages, including improved interaction between
pyrolysis gases and the catalyst, separate control of the
pyrolysis and catalytic process conditions, and the reacted
catalysts can be easily recovered for subsequent regenera-
tion and reuse [7].

The most common catalysts used for hydrogen pro-
duction from biomass [22] and waste plastics [23] are
nickel-based, reflecting the main type of catalyst used
for commercial methane catalytic steam reforming [24].
Other transition metals investigated include Co, Fe, Cu,
and also noble metal catalysts such as Pt, Pd, Rh, and Ru
[9, 24]. However, Ni-based catalysts, are preferred due to
their lower cost and enhanced activity for breaking C—C,
C—H, C—0, and O—H bonds and also for hydrogenation
producing H atoms to form H, [9]. The disadvantage of
nickel as the active metal lies in its deactivation due to
carbonaceous coke deposits on the surface through hydro-
carbon decomposition and the Boudouard reaction leading
to the covering of the active metal [25, 26]. Molybdenum
carbide catalysts are active for catalytic steam reforming of
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hydrocarbons (methane) but with very low or zero-carbon
formation on the catalyst [26, 27]. Liu et al. [28] used
a Ni-Mo-sepiolite catalyst and reported reduced catalyst
carbon formation for the catalytic steam reforming of a
bio-oil aqueous fraction. Figen and Baykara [29] have
reported that molybdenum-based catalysts exhibit activ-
ity for syngas production that is comparable to activities
of noble metal catalysts. Therefore, it is interesting to
compare the Ni/MCM-41 catalyst with molybdenum as a
transition metal-based catalyst for the pyrolysis—catalytic
steam reforming of the biopolymer/plastic mixtures.
Besides, the support for the nickel-based catalysts has
commonly been alumina (Al,0;) due to its mechanical
strength and chemical resistance. However, in attempts
to improve the stability of Ni-based catalysts, different
support materials including highly porous zeolites and
mesoporous MCM-41 have been investigated for hydro-
gen production from waste plastics [21, 30] and biomass
[31]. It has been reported that the pore structure design
allows for active metals to be located within the pore struc-
ture or nano-metal particles prevent pore-blocking dur-
ing catalyst coking [9]. Therefore, using MCM-41 as the
metal-catalyst support material offers a promising route to
higher hydrogen production and is worthy of further inves-
tigation. However, using Ni-MCM-41 catalysts for hydro-
gen production from waste plastics should be compared
with the more common catalyst supports, particularly
Ni/Al,O5 or Ni/zeolite catalyst support materials.
Biomass is composed of three major biopolymers: cel-
lulose (typically 40-50 wt.%), hemicellulose (15-30 wt.%),
and lignin (15-30 wt.%) [32]. The thermal decomposition
process of the biopolymers is an important factor that deter-
mines the proportion of each product fraction (gases, liquid
and char) and their composition. Cellulose is a long-chain
polysaccharide formed by D-glucose units, linked by -1,4
glycosidic bonds. Hemicellulose is a complex, branched,
and heterogeneous polymeric network, based on pentoses
such as xylose and arabinose, hexoses such as glucose, man-
nose and galactose, and sugar acids. Lignin is a complex
heteropolymer consisting of hydroxycinnamyl alcohols
[33]. We have previously investigated the pyrolysis—cata-
lytic steam reforming of cellulose, hemicellulose, and
lignin, and reported that lignin produced the most hydrogen
compared to cellulose and hemicellulose at 25.25 mmol g~!
[5]. The chemical structure of cellulose and hemicellulose
are somewhat similar but very different from lignin. There-
fore, to determine any major difference between the co-
processing of biopolymer components of biomass and waste
plastics for hydrogen production, it may be suggested that a
comparison of cellulose with lignin would show this well.
In this paper, the biopolymer cellulose or lignin was
co-pyrolysed with polyethylene and/or polystyrene in a
two-stage, pyrolysis—catalytic steam reforming process to



Waste Disposal & Sustainable Energy (2020) 2:177-191

179

produce hydrogen. The catalyst used was 10 wt.% Ni/MCM-
41 and the influence of catalyst temperature and the amount
of input steam were investigated about the yield of hydrogen
and also syngas (H, and CO). Finally, the Ni/MCM-41 cata-
lyst was compared with nickel catalysts supported on Al,O;
and Y-zeolite for comparison of hydrogen yield.

Materials and methods
Materials

Cellulose and lignin (Kraft) were obtained from Sigma-
Aldrich, UK Ltd. Polyethylene (high-density polyethylene
(HDPE) and polystyrene (PS) were obtained from Regain
Polymers Ltd., UK. For the experiments, the biomass and
plastics were crushed and sieved to give an average particle
size of ~200 um and intimately mixed for experimentation.
Elemental analysis of the feedstocks was carried out using
a Thermo EA2000 analyser. Proximate analysis was deter-
mined using a Shimadzu TGA-50 thermogravimetric ana-
lyser. The results for elemental and proximate analyses of
the cellulose and lignin are shown in Table 1. The thermal
decomposition profiles of the individual feedstock materials
were also characterised using the Shimadzu TGA-50 ther-
mogravimetric analyser.

The 10 wt.% of Ni/MCM-41 catalyst used for conducting
the catalytic steam reforming experiments was prepared by
an incipient wetness method. An aqueous solution of nickel
hexa-nitrate was dissolved in 20 mL deionised water and
stirred continuously for 30 min and then heated slowly to
90 °C with the MCM-41 support until a semi-solid slurry
mixture was formed. The precursor slurry was dried in an
oven overnight at 105 °C until all of the excess water was
evaporated. The prepared catalyst was then calcined under
an air atmosphere at a temperature regime of ambient tem-
perature to 750 °C with a heating rate of 20 °C min~"' for and
held at 750 °C for 3 h. The catalyst was ground and sieved
to a particle size of 50-212 pm. The prepared catalyst was
reduced under 95% of nitrogen with a 5% balance of hydro-
gen in a reduction furnace held at 800 °C.

Table 1 Proximate and elemental analyses of the biomass biopolymers

Pyrolysis—catalytic steam reforming reactor system

The reactor used for pyrolysis—catalytic steam reforming
of the biopolymers and plastic mixtures was a two-stage,
separately heated stainless steel reactor system, shown as a
schematic diagram in Fig. 1. Details of the reactor system
and experimental procedure have been detailed previously
[5]. The reactor was 250 mm X 30 mm externally electri-
cally heated with the pyrolysis of the feedstock (2 g) in the
first stage followed by catalytic steam reforming (1.0 g of
catalyst) of the evolved pyrolysis gases in the second stage.
Water injection into the second stage produced catalytic
steam reforming. The feedstock mixture of biopolymers and
plastics was heated at 20 °C min~" to the final pyrolysis tem-
perature of 550 °C and held at that temperature for 30 min.
The Ni/MCM-41 catalyst bed temperature was maintained at
the desired temperature (either 750 °C or 850 °C). Nitrogen
was used as carrier gas. Condensable liquids were collected
in an air-cooled and solid dry ice (CO,)-cooled condenser
system and non-condensable gases were collected in a Ted-
lar gas sample bag. All experiments were repeated for accu-
racy with negligible differences between the repeated experi-
ments. Results were the average of the repeated experiments.

The collected gases were analysed using three Varian Ltd
(UK) CP 3330 Gas Chromatography (GC) packed column
gas chromatography. One GC analysed CO, H,, N,, and O,,
with a 60—80 mesh molecular sieve size column, CO, was
analysed with a different GC with a 60—80 mesh molecular
sieve, but with different chromatographic conditions to iso-
late the CO,. The third GC analysed C,—C, hydrocarbons
with an 80-100 mesh HayeSep column with a flame ionisa-
tion detector. Further details of the gas analysis methodology
have been reported before [5].

Results and discussion
Thermogravimetric analysis (TGA) of feedstocks

The thermogravimetric analysis (TGA) analysis of the indi-
vidual feedstock as well as the mixtures of biopolymers

Proximate analysis (unit: wt.%)

Elemental analysis (unit: wt.%)

Moisture Volatile Fixed carbon Ash H N S o?
Cellulose 4.74 84.16 9.85 1.25 41.61 5.63 0.11 nd 52.64
Lignin 3.39 57.54 34.06 5.01 60.08 5.48 1.1 1.1 32.14

ndnot detected
aCalculated by difference

@ Springer



180

Waste Disposal & Sustainable Energy (2020) 2:177-191

Mass flow
controller

A

"

2 15t stage
pyrolysis
reactor

Steam
generator

274 stage
catalytic
reactor

Exhaust

Condenser
system

Fig.1 Schematic diagram of the two-stage fixed bed pyrolysis—catalytic
steam reforming reactor system

(cellulose, lignin) and plastics (HDPE and PS) was con-
ducted to identify the mass loss profiles of the feedstocks
under pyrolysis conditions. Figure 2 shows the TGA and
the differential weight loss (DTG) of the biopolymers and
plastics. Figure 2a, b shows that the cellulose, polystyrene,
and polyethylene have peak decomposition temperatures of
350 °C, 430 °C, and 490 °C, respectively, allowing clear
differentiation of these feedstocks in terms of their ther-
mal degradation profiles. However, lignin degrades over a
wider temperature range of about 200 °C to 750 °C. Similar
thermal decomposition profiles have been reported by oth-
ers [17, 34, 35]. Figure 2c, d shows the thermal degrada-
tion profiles of the mixtures of cellulose and lignin with
the polyethylene and polystyrene plastics. The biopolymers
and plastics were mixed in a 1:1 ratio. The TGA and DTG
thermal degradation profiles reflect the individual compo-
nents in the mixtures; however, there was evidence of some
interaction of the components suggested by a small shift
to lower decomposition temperatures of about 5 °C for the
decomposition of cellulose with polyethylene and poly-
styrene. Oyedun et al. [36] have also reported that for the
thermogravimetric decomposition of mixtures of biomass
with plastics (polystyrene and polyethylene), there is a shift
to a lower temperature for the onset of thermal degradation
of the plastic. They also suggested that polystyrene had a
greater interaction with the biomass compared to polyethyl-
ene which was closely linked to the lignin decomposition.
In addition, the overlapping thermal degradation profile
of lignin and polystyrene enhances interaction. Sharypov

@ Springer

et al. [37] investigated the co-pyrolysis of wood biomass
and plastic mixtures via thermogravimetric analysis and
reported no significant interaction between the biomass and
plastics. But, they also investigated laboratory scale pyroly-
sis of the mixtures and reported that interaction between
biomass and plastics produced a higher yield of lower
molecular weight hydrocarbons than would be expected
based on the pyrolysis of the individual feedstock materi-
als. Similarly, Burra and Gupta [38] used thermogravimet-
ric analysis of mixtures of biomass with different plastics
and found no interaction between biomass and polypro-
pylene. However, for larger-scale experimental work in a
steam gasification reactor, the interaction between biomass
and polypropylene resulted in higher yields of hydrogen. It
was, therefore, suggested that interaction was confined to
gas phase reforming and cracking reactions which would
not be evident from thermogravimetric analysis which
only measures feedstock weight loss, reflecting the loss of
volatiles.

Comparison of Ni/MCM-41 and Mo/MCM-41
catalysts for the co-pyrolysis—catalytic steam
reforming of biopolymers and plastics

Initial experiments involved an investigation of a nickel-
based MCM-41 catalyst in comparison to a molybde-
num-based MCM-41 catalyst for the co-pyrolysis of the
biopolymers (cellulose (Cell) and lignin (Lig)) and waste
plastics (HDPE and PS) mixtures. The catalyst tempera-
ture was 750 °C and the steam:feedstock ratio was 2.85.
The results for cellulose mixed with polyethylene and poly-
styrene are shown in Table 2 and the yield of the different
product gas components is shown in Fig. 3. Table 3 and
Fig. 4 show the results for lignin mixed with the different
plastics in relation to the different catalysts. The total gas
yield in terms of biopolymer/plastics only was 112.49 wt.%
for cellulose/polyethylene and 119.22 wt.% for cellulose/
polystyrene for the nickel catalyst but the total gas yield was
lower for the molybdenum-based catalyst at 107.54 wt.%
and 115.35 wt.%, respectively. The yields are over 100%
for these results because the data are expressed in terms of
the feedstock only and do not include the input of reacted
water. The carbonaceous coke formation on the catalyst
was reduced for the Mo/MCM-41 catalyst for the cellulose/
polyethylene feedstock, but for the cellulose/polystyrene
feedstock, there was little effect on catalyst coke forma-
tion. When the biopolymer, lignin, was co-pyrolysed with
the waste plastics, the effect on the total gas yield was a
marked reduction with the Mo/MCM-41 catalyst. But, the
catalyst coke formation was significantly increased for the
Mo/MCM-41 catalyst compared to the Ni/MCM-41 catalyst.

Figure 3 shows that the hydrogen yield from the
Ni/MCM-41 catalyst was approximately 50.5 mmol g~!
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Fig.2 Thermogravimetric analysis (TGA) (a, ¢) and differential weight loss (DTG) (b, d) thermograms of the biopolymers and plastics and dif-

ferent mixtures

for both the co-pyrolysis of cellulose with polyethyl-
ene and with polystyrene. The Mo/MCM-41 catalysts
produced 46.5 mmol g~! of hydrogen for co-pyrolysis
catalytic steam reforming of cellulose/polyethylene and
48.0 mmol g~! of hydrogen was produced from cellu-
lose/polystyrene. However, Fig. 4 shows that the yield of
hydrogen for the lignin mixtures was significantly lower

for both the Ni/MCM-41 and Mo/MCM-41 catalysts
compared to when cellulose was used in the co-pyrolysis
mixture. The yield of hydrogen with the Ni/MCM-41
catalyst was 25.5 mmol g~! for both the lignin/polyeth-
ylene and lignin/polystyrene feedstocks but was much
lower for the Mo/MCM-41 catalyst at 16.0 mmol g~! and
15.5 mmol g~!, respectively.

@ Springer
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Table 2 Product yield and mass balance showing the activity of nickel-MCM-41 and molybdenum-MCM-41 catalysts on the co-pyrolysis steam

reforming of cellulose/plastic mixtures

NiMCM41 MoMCM41
Cell:HDPE Cell:PS Cell:HDPE Cell:PS
Gas yield in relation to feedstock (biomass:plastics) only (wt.%)
Gas 112.49 119.22 107.54 115.35
Product yield in relation to feedstock (biomass:plastics) + reacted water (wt.%)
Gas 29.68 32.40 28.60 30.88
Liquid 58.84 56.79 57.31 57.56
Char 2.77 3.26 3.72 3.08
Catalyst carbon 1.06 1.09 0.40 1.07
Gas composition (vol.%)
CcO 25.91 30.77 25.76 30.96
H, 60.09 59.29 57.98 58.05
Cco, 8.37 7.98 7.38 7.57
CH, 5.23 1.85 7.58 2.97
C,—C, 0.40 0.11 1.30 0.45
Syngas yield (mmol g~!)
H,+CO 73.81 78.63 68.04 74.5

Cell cellulose, HDPE high-density polyethylene, PS polystyrene.

MCM-41 support material used in this work has a large
surface area of about 1000 m? g~! and pore size distribution
ranging from 2 to 10 nm. Due to the porous structure of
the MCM-41 material, the interaction between the active
Ni metal and MCM-41 support enhances the catalytic per-
formance of the steam reforming of hydrocarbons [39]. For
example, Zhao et al. [40] investigated the pyrolysis/catalytic
decomposition of cellulose using TGA-mass spectrometry
and reported a higher yield of hydrogen for a Ni/MCM-41
catalyst compared to a Ni/A,O; catalyst which was attrib-
uted to the large surface area and pore size of the MCM-41
catalyst. It has also been suggested that the high surface

60.00 mCo
50.00
40.00
30.00

20.00

Gas yield mmol g*)

10.00

0.00

Cell:HPDE Cell:PS Cell:HPDE
T / . T
Ni/MCM-41 Mo/MCM-41

Cell:PS
)

Fig.3 Gas yield from nickel-MCM-41 and molybdenum-MCM-41
catalysts for the co-pyrolysis steam reforming of cellulose/plastic
mixtures at a catalyst temperature of 750 °C
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area and uniform pore distribution of MCM-41 facilitates
an increase in metal dispersion within the framework of the
support, thereby enhancing catalyst activity [41].

The Ni/MCM-41 catalyst gave higher yields of hydro-
gen than the Mo/MCM-41 catalyst for the different cellu-
lose/plastic mixtures and the influence on the deposition
of carbonaceous coke on the catalyst was similar for the
two catalysts, and in some cases catalyst coke deposition
increased. Therefore, for the investigation of the influence
of different process parameters on the pyrolysis—catalytic
steam reforming of the biopolymer/plastic mixtures, the
Ni/MCM-41 catalyst was used throughout.

Influence of catalyst temperature
on the co-pyrolysis catalytic steam reforming
of biopolymers and plastics

The influence of catalyst temperature at 750 °C and 850 °C
was investigated in the two-stage reactor system for the co-
pyrolysis of biopolymer and plastic mixtures followed by
catalytic steam reforming of the pyrolysis gases. The pyroly-
sis of the feedstock was carried out by heating the feedstock
at 20 °C min~"! to the final pyrolysis temperature of 550 °C,
the catalyst used was 10 wt.% Ni/MCM-41 and the steam
input was 5.7 mL h™! representing a steam:feedstock ratio
of 2.85. The product yield and gas composition as vol.%
are shown in Table 4 and gas yield data as mmol g~! are
shown in Fig. 5. The total gas yield with respect to the feed-
stock (biopolymer/plastic) only showed that the gas yields
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Table 3 Product yield and mass balance showing the activity of nickel-MCM-41 and molybdenum-MCM-41 catalysts on the co-pyrolysis steam

reforming of lignin/plastic mixtures

NiMCM41 MoMCM41
Lignin:HDPE Lignin:PS Lignin:HDPE Lignin:PS
Product yield in relation to feedstock (lignin and plastics) only (wt.%)
Gas 70.85 65.20 50.65 38.05
Product yield in relation to feedstock (biomass and plastics) +reacted water (wt.%)
Gas 19.25 17.55 13.75 10.12
Liquid 70.65 72.54 69.20 70.48
Char 5.30 6.19 6.51 6.12
Catalyst carbon 0.95 1.08 1.76 3.06
Gas composition (vol.%)
CcO 24.17 29.31 16.47 22.19
H, 51.56 55.18 47.22 56.24
Co, 5.07 5.75 5.23 6.2
CH, 13.55 7.73 20.25 11.61
C,—C, 5.66 2.03 10.84 3.76
Syngas yield (mmol g~!)
H,+CO 38.82 40.32 22.69 22.96

in some cases were greater than 100 wt.%, particularly at
the higher catalyst temperature because the reforming gas
(steam) contributed to the calculated total gas yield but was
not considered as input to the mass balance.

Table 4 shows that the gas yield increased for all of the
biopolymer/plastic mixtures as the catalytic steam reform-
ing temperature was increased from 750 °C to 850 °C.
However, raising the catalyst steam reforming tempera-
ture by 100 °C for the cellulose/plastic mixtures produced
an increase in gas yield from 112.49 to 125.24 wt.% for
cellulose/HDPE and from 119.22 to 125.34 wt.% for cellu-
lose/PS, representing an increase in the yield of only about
6—13 wt.%. But for the lignin/plastic mixtures, the effect
of increased catalytic reforming temperature produced a
significantly increased gas yield from 70.85 to 107.09 wt.%
for lignin/HDPE and from 65.20 to 102.51 wt.% for lignin/
PS representing a far higher proportional increase of ~36
to 37 wt.% in gas yield compared with the cellulose/plastic
mixtures. Therefore, the influence of temperature on gas
yield was greater for lignin compared to cellulose, suggest-
ing greater interaction of the lignin with the plastics. The
char yields were higher for the mixtures containing lignin
since lignin contains a significantly higher fixed carbon
content (Table 1) compared to cellulose. The syngas (H,
and CO) yield was significantly higher for the cellulose/
plastic mixtures compared to the lignin/plastic mixtures.
Table 4 shows that the composition of the gas produced
from co-pyrolysis—catalytic steam reforming contained a
high proportion of hydrogen gas of ~60 vol.%, with the
other main gas being carbon monoxide, indicating the

product gas could be used as a high calorific value fuel or
even a chemical feedstock.

Figure 5 shows that the influence of raising the catalyst
temperature from 750 °C to 850 °C shows that the impact
on the hydrogen yield was more pronounced for the biopoly-
mer mixtures containing lignin compared to cellulose. The
hydrogen yield for cellulose/HDPE (50.3 mmol g~!) and
cellulose/PS (51.0 mmol g_l) showed an increase in hydro-
gen yield of ~ 10 mmol g~! and~7 mmol g~!, respectively,
when the catalyst temperature was raised from 750 °C to
850 °C. However, for the lignin/HDPE mixture, the increase
in hydrogen yield was from 25.0 mmol g~! to 50.0 mmol g~
representing an increase in hydrogen yield of 25 mmol g™
as the catalyst temperature was raised from 750 °C to
850 °C. Similarly, for the lignin/PS mixture, the yield of
hydrogen increased from 25.0 to 46.0 mmol g~ representing
an increase of 21 mmol g~! of hydrogen.

The thermal decomposition of the mixture of cellulose/
lignin and the polyethylene/polystyrene in the first stage
pyrolysis reactor will produce a wide range of polymer frag-
ments including oxygenated (C,H,0O,) and non-oxygenated
hydrocarbons (C, H,,), as well as gases including H,, CH,
and CO, CO, and H,0. The biopolymer decomposition
will also produce lower amounts of C, H,, hydrocarbons
which will undergo cracking. The oxygenated hydrocarbons
(C,H,0,) from the biopolymer decomposition and non-oxy-
genated hydrocarbons (C,H,,) from the plastics decomposi-
tion will then undergo thermal cracking reactions in the hot
zone of the second stage catalytic reactor (Egs. 1 and 2,
respectively).
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mixtures at a catalyst temperature of 750 °C

Oxygenated hydrocarbons cracking:

CHO, - H,0+H, +CO+CO,+CH, +C,H,,. 1)
Hydrocarbon cracking:
CH,—-H,+CH,+C,_H,_,. )

The oxygenated hydrocarbons (C,H,0,) and non-oxygen-
ated hydrocarbons (C,H,,) from the pyrolysis products will
also undergo catalytic steam reforming (Egs. 3 and 4).
Oxygenated hydrocarbons steam reforming:

CH,0, + H,0 - H, + CO. (3)

Hydrocarbon steam reforming:

CH, +H,0 - H, + CO. 4)

In addition, a range of other reactions may occur in the
catalytic steam reforming reactor. For example, the pro-
duction of CO, from the pyrolysis of the biopolymers may
induce catalytic dry (CO,) reforming of the oxygenated and
non-oxygenated hydrocarbons (Egs. 5 and 6).

Oxygenated hydrocarbons dry (CO,) reforming:

CH,0, + CO, — CO + H,. 5)
Hydrocarbon dry (CO,) reforming:
C,H, +CO, - CO+H,. (6)

Also, the production of CO may promote the water
gas shift reaction and Boudouard reaction (Eqs. 7 and 8,
respectively)

Water gas shift reaction:

CO +H,0 — CO, + H,. @)
Boudouard reaction:
2CO —» C+ CO,. (8)

Table 4 Product yield and mass balance showing the influence of temperature on the co-pyrolysis steam reforming of biomass components with

plastic wastes blend

Cell: HDPE Cell: PS Lig: HDPE Lig: PS Cell: HDPE Cell: PS Lig: HDPE Lig: PS

Temperature 750 °C 850 °C
Product yield in relation to feedstock (biopolymer/plastics) only (wt.%)

Gas 112.49 119.22 70.85 65.20 125.24 125.34 107.09 102.51
Product yield in relation to feedstock (biopolymer/plastics) + reacted water (wt.%)

Gas 29.68 32.40 19.25 17.55 33.76 32.02 28.63 27.74

Liquid 58.84 56.79 70.65 72.54 58.49 56.70 59.36 57.92

Char 2.71 3.26 5.30 6.19 3.23 3.45 5.75 6.22

Catalyst carbon 1.06 1.09 0.95 1.08 0.40 1.66 1.20 0.95
Gas composition (vol.%)

CcO 2591 30.77 24.17 29.31 25.73 26.7 26.04 28.48

H, 60.09 59.29 51.56 55.18 62.34 61.35 60.15 59.93

Co, 8.37 7.98 5.07 5.75 8.33 10.32 6.57 7.24

CH, 5.23 1.85 13.55 7.73 3.56 1.63 7.03 4.24

C,—C, 04 0.11 5.66 2.03 0.04 0 0.21 0.11
Syngas yield (mmol g~")

H,+CO 73.81 78.63 38.82 40.32 86.76 81.64 73.34 69.28
Lig Lignin
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Fig.5 Gas composition yield showing the influence of temperature from the co-pyrolysis steam reforming of biomass components with plastic

wastes

Chai et al. [10] investigated the pyrolysis—catalytic steam
reforming of biomass (pine wood sawdust) and plastic
(low-density polyethylene) and showed a similar increase
in hydrogen yield with increasing catalytic steam reforming
temperature. They used a two-stage, fixed bed pyrolysis—cat-
alytic steam reforming reactor with a Ni-CaO—C catalyst.
The catalyst was prepared with CaO to enable adsorption
of product CO, and thereby enhance hydrogen production.
Raising the catalyst temperature from 500 °C to 600 °C pro-
duced a marked increase in H, yield from 13.3 mmol g~!
to 115.3 mmol g~! in terms of the biomass/plastic mixture.
Further increasing the catalyst reforming temperature to
700 °C produced only a small increase in hydrogen yield.

The greater influence on total gas yield and hydrogen and
syngas yield for the lignin/plastic mixtures compared to the
cellulose/plastic mixtures is probably due to the overlap-
ping thermal degradation profiles of lignin and the poly-
ethylene and polystyrene (Fig. 2). However, cellulose had
a peak degradation temperature of 350 °C, and much of the
cellulose would be pyrolysed and the gases exited from the
reactor before any interaction with the gases produced from
the pyrolysis of the plastics occurred. Ahmed et al. [14] also
suggested that the interaction of different feedstock materials
can occur through volatile—volatile interaction or through
volatile—fixed carbon interaction or both. Also, the plasticity
of the certain feedstock materials may affect the evolution
of volatiles of other feedstock. They conclude that materi-
als having similar overlapping decomposition temperature
ranges are likely to interact more. Burra and Gupta [38] also
report that the overlap of thermal decomposition temperature

regimes is necessary for the synergistic interaction between
biomass and plastics. It has been suggested that interaction
between volatiles and fixed carbon involves radical donor
from the biomass degradation initiating and enhancing plas-
tic polymer chain scission [17, 38, 42]. Lopez et al. [13]
found a synergistic effect between biomass and high-density
polyethylene, where the feedstock was co-fed into a fluidised
spouted bed reactor followed by catalytic steam reforming
in a separate fluidised bed reactor. The novel system was
developed for the production of hydrogen-rich gas. They
reported that char and hydrocarbon tar yields were reduced
and gas yield increased to a greater extent than would be
predicted based on individual processing. The co-feeding
and fast pyrolysis would promote the interaction of vola-
tiles and overcome the issue of the need for overlapping of
the thermal degradation profiles for synergistic effects to
be observed. Whereas in slow pyrolysis, fixed bed reactor
experimental systems, less synergistic interaction would be
expected for feedstocks with different thermal degradation
profiles. For example, Lopez et al. [13] suggest that the char
produced from biomass pyrolysis and retained in their flu-
idised spouted bed reactor for extended periods provides
a reaction environment that favours hydrocarbon cracking,
enhancing gas yield.

Other researchers have reported an increase in hydrogen
production from biomass by the addition of HDPE. For
example, Arregi et al. [16] investigated the co-pyrolysis—cat-
alytic steam reforming of biomass (pine wood sawdust) and
polyethylene (high-density polyethylene) in a novel two-
stage spouted bed pyrolysis-fluidised bed catalytic steam
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reforming reactor. The catalyst used was a commercial Ni-
catalyst. They reported a linear threefold increase in total
product gas and hydrogen yield with the increasing amount
of HDPE added to the feedstock. They also reported a reduc-
tion in catalyst deactivation with increased input of polyeth-
ylene in the biomass/plastic feedstock. This was attributed
to the reduced formation of amorphous type carbon which is
detrimental to catalytic activity and higher formation of fila-
mentous type carbon which has a lower impact on activity
[25]. Xu et al. [42] also used a two-stage reactor system with
fixed bed fast pyrolysis of a biomass/plastic mixture (rice
husks/polyethylene) followed by fixed bed catalytic reactor
with a Ni/Al,O; catalyst. Pyrolysis—catalytic steam reform-
ing experiments showed an optimum biomass/polyethylene
ratio of 1:1 which resulted in maximum H, and CO yield
attributed to steam reforming and water gas shift reactions.
Alvarez et al. [12] investigated co-pyrolysis of biomass
(waste wood sawdust) with different plastics and catalytic
steam reforming of the pyrolysis gases in a two-stage, fixed
bed reactor system. They also reported an increase in total
gas yield and hydrogen yield with the addition of the plastics
to the biomass of the different plastics investigated, poly-
styrene produced the lowest hydrogen yield compared to
polypropylene, polyethylene, and mixed plastics. The aro-
matic nature of the pyrolysis products derived from poly-
styrene would require higher reaction energy for cracking
and reforming.

Effect of different steam input on the co-pyrolysis-
catalytic steam reforming of cellulose and plastics

Since cellulose/plastic mixtures produced significantly
higher yields of hydrogen compared to lignin/plastic mix-
tures, experiments were undertaken to determine the influ-
ence of steam flow rate in relation to product yield and
gas composition for the co-pyrolysis of cellulose/plastics
(HDPE and PS) mixtures for the pyrolysis, catalytic steam
reforming process. The catalyst used was the 10 wt.% Ni/
MCM-41 catalyst. The catalytic bed temperature was kept
constant at 850 °C for all the experiments conducted with
a different steam flow rate. The co-pyrolysis was 1:1 ratio
of biomass components with plastics waste at different
steam flow rates from 0, 3.7, 5.7, 7.7, and 9.7 mL h™! rep-
resenting steam:feedstock ratios of 0, 1.85, 2.85, 3.85 and
4.85. The product yield and gas composition as vol.% and
mmol g~! biomass/plastic are shown in Table 5 and Fig. 6.
The total gas yield was calculated based on Eqgs. (1) and (2).
The results for cellulose/HDPE showed that the increase in
steam:feedstock ratio from O to 4.85 had a significant influ-
ence on the product yields. For the gas yield in relation to
cellulose/HDPE feedstock only (Table 5), there was a con-
sistent increase in the total gas yield from 59.40 to 129.48
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wt.%, for the cellulose/HDPE mixture as the steam:feedstock
ratio was increased from O to 3.85. There was then a slight
decrease to 124.92 wt.% as the steam:feedstock ratio was
raised further to 4.85. In relation to the cellulose/PS mixture,
the gas yield increased from 57.64 to 147.45 wt.% as the
steam input was increased to give a steam:feedstock ratio
of 3.85 and then decreased to 142.17 wt.% as steam flow
rate was increased to produce a steam:feedstock ratio of
4.85. The results show that the influence of increased steam
input to the process was greater for the lignin/plastic mix-
tures compared to the cellulose/plastic mixtures. Suggesting
that there is greater interaction between lignin and the waste
plastics compared to the cellulose/plastic mixtures.

The higher gas yield with the increase in steam input was
due to the increased promotion of the catalytic steam reform-
ing of hydrocarbons, oxygenated hydrocarbons, and aliphatic
hydrocarbons produced from the co-pyrolysis of cellulose
and plastics. In addition, the increased gas yield will result
from thermal and catalytic cracking of these hydrocarbons,
dry (CO,) reforming, water gas shift reaction, char gasifica-
tion, etc. The two-stage pyrolysis—catalytic steam reforming
reactor system has been used to effectively produce high-
yield hydrogen syngas. The two-stage reaction system has
advantages over a single-stage reactor where the biomass
and catalyst are mixed together, in that there is more effec-
tive separate control of the process conditions of the pyroly-
sis and catalyst stages, e.g. temperature, steam input, etc.
[43].

The gas yield (mmol g~') in terms of H,, CH, C,H,, CO,
and CO, in relation to steam input into the catalytic steam
reforming reactor is shown in Fig. 6, the syngas yield in
mmol g~! is shown in Table 5. The yield of hydrogen and
syngas was positively enhanced with an increase in the steam
flow rate. For example, in the absence of steam input into
the co-pyrolysis—catalytic steam reforming process, the
hydrogen yield was 32.0 mmol g~ for the cellulose/HDPE
feedstock and 29.5 mmol g~! for the HDPE/PS feedstock.
The production of hydrogen in the absence of steam is sug-
gested to be through the thermal and catalytic cracking of
the pyrolysis gases. As steam was introduced into the pro-
cess, the hydrogen yield showed a marked increase to more
than 60 mmol g™! at the higher steam inputs. At the highest
steam:feedstock ratio of 4.85 there was a decrease in hydro-
gen yield for the cellulose/PS but for the cellulose/HDPE
there was a slight increase. Higher steam inputs that were
used in the two-stage pyrolysis catalytic steam reforming
process compared to those used in this work have shown
a significant decrease in hydrogen yield [43]. The syngas
yield (H, and CO) (Table 5) showed that there was an initial
increase in syngas yield as the steam input was increased,
but at the highest steam input, the syngas yield showed
a slight decrease. The increase in steam flow rate during
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Table 5 Product yield and mass balance showing the influence of steam flow rate on the co-pyrolysis steam reforming of cellulose and plastics

waste blend

Cell: Cell: PS Cell: Cell: PS Cell: Cell: PS Cell: Cell: PS Cell: Cell: PS
HDPE HDPE HDPE HDPE HDPE
Steam:feedstock 0 1.85 2.85 3.85 4.85
ratio
Product yield in relation to feedstock (biomass and plastics) only (wt.%)
Gas 59.40 57.64 108.83 119.01 125.24 125.34 129.48 147.45 124.92 142.17
Product yield in relation to feedstock (biomass and plastics) + reacted water (wt.%)
Gas 59.40 57.64 39.50 42.88 33.76 32.02 27.73 30.88 21.95 24.08
Liquid 0.00 0.00 45.92 40.54 58.49 56.70 63.49 60.52 70.56 65.20
Char 12.50 11.00 5.08 4.86 3.23 3.45 4.60 4.50 3.78 3.64
Catalyst carbon 18.00 22.50 2.36 4.14 0.40 1.66 1.07 1.05 0.88 0.85
Gas composition (vol.%)
CO 24.62 32.46 25.59 29.19 25.73 26.7 25.51 27.44 26.55 29
H, 61.92 61.86 61.12 60.8 62.34 61.35 62.34 61.05 64.64 60.27
Cco, 441 2.05 7.9 8.44 8.33 10.32 8.41 10.55 6.19 8.7
CH, 8.99 3.64 5.21 1.57 3.56 1.63 3.57 0.96 2.61 2.02
C,—C, 0.05 0 0.18 0 0.04 0 0.16 0 0.01 0.02
Syngas yield (mmol g~")
H,+CO 44.54 45.98 73.93 80.11 86.76 81.64 89.41 95.16 95.84 94.04

reforming introduces extra oxygen and hydrogen into the
system. At high temperatures such as 850 °C investigated in
this study, the water gas shift reaction is enhanced as steam
input increases, therefore, accounting for the increase in H,
and CO up to a steam:feedstock ratio of 3.85 but decreases
slightly as the steam:feedstock ratio is increased to 4.85.
CH, yield decreases while C,—C, is negligible at increasing
steam input rate.

Chai et al. [10] used a two-stage fixed bed pyrolysis—cata-
lytic steam reforming reactor system with a biomass/plastic
feedstock in the form of pine sawdust/low-density polyeth-
ylene. They reported an initial increase in hydrogen yield as
the steam flow rate was increased but decreased at higher
steam inputs. Ruoppolo et al. [44] also investigated the effect
of steam for the co-pyrolysis of biomass and plastic and
showed that there was an increase in hydrogen yield and
H,/CO and CO,/CO ratios and a reduction in tar concentra-
tion suggesting that the presence of steam favoured the water
gas shift reactions and reforming of hydrocarbons. Li et al.
[45] also showed an increase in hydrogen yield with increas-
ing steam input but a decrease at higher inputs. They sug-
gested that the initial increase in hydrogen yield was because
of the water gas and water gas shift reactions but at higher
steam inputs, the excess steam flowing through the reactor
system produced a decrease in temperature because of the
endothermic reaction of steam generation and suppressed
reaction. However, it has also been suggested that the surface
of the catalyst becomes saturated by steam reforming in the
reaction system [43].

Effect of Ni-catalyst support material
on the co-pyrolysis-catalytic steam reforming
of cellulose and plastics

The production of hydrogen from cellulose/plastic mixtures
in relation to the Ni-MCM-41 catalyst was further investi-
gated to compare different catalyst support materials. The
results obtained with the Ni/MCM-41 catalyst were com-
pared with those obtained from Ni/Al,O; and Ni/Y-zeolite.
The catalytic bed temperature was kept constant at 850 °C
for all the experiments and the steam:biomass ratio was
maintained at 2.85. Nickel/Al,O; catalysts have been used
to produce hydrogen from waste plastics since this type of
catalyst is commonly used for the commercial production
of hydrogen from natural gas [9, 19]. In addition, Al,O;
is known to be chemically and physically stable with high
mechanical strength properties [24]. Ni/zeolite catalysts,
particularly Ni-ZSM-5 type catalysts have been investigated
for the production of hydrogen from waste plastics [21, 46,
47] but fewer data are available for Ni/Y-zeolite which has a
larger pore size and surface area than ZSM-5 catalysts. The
introduction of nickel into zeolites has been suggested to
influence the surface acidity which in turn influences coke
formation [46] and the mesoporosity and microporosity of
zeolite also improve the dispersion of the nickel particles
within the pores of the support [21, 24]. Table 6 shows the
product yield for different nickel catalyst support material,
Ni/MCM-41, Ni/Al,O3, and Ni/Y-zeolite, in relation to the
co-pyrolysis steam reforming of cellulose and plastics waste
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Fig.6 Product yield and mass balance showing the influence of temperature on co-pyrolysis steam reforming of biomass components with plas-

tics wastes

blends. The total gas yield in relation to the biomass and
plastics only was significantly higher for the Ni/Al,O; cata-
lyst compared to the N-MCM-41 and Ni/Y-zeolite catalysts.
The high yield of gas was reflected in the higher produc-
tion of syngas (H, and CO) for the Ni/Al,O; catalyst for
both the cellulose/HDPE and cellulose/polystyrene mixtures
at 102.01 mmol g~! and 100.13 mmol g~!, respectively. It
is also worthy to note that the deposition of carbonaceous
coke on the Ni/Al,O; catalyst was not detected, whereas
the more porous MCM-41 and Y-zeolite catalysts showed
carbon deposits. The volumetric gas composition was quite
similar for the three Ni-supported catalysts investigated,
even though the gas yields were different. Figure 7 shows
the component gas yield in relation to the Ni/MCM-41,
Ni/Al,O;, and Ni/Y-zeolite catalysts for the different cellu-
lose/plastic mixtures. The hydrogen and carbon monoxide
yields produced with the Ni/Al,O; catalyst were higher than
the other two catalysts suggesting a more effective catalytic
steam reforming of the pyrolysis gases.

The influence of the catalyst support material is clearly
an important process variable that influences hydrogen and
syngas yield. This study set out to investigate the role of
MCM-41 as a viable support material for the production of
hydrogen from the co-pyrolysis of biopolymers (cellulose and
lignin) and plastics (polyethylene and polystyrene). From the
work reported here, it appears that MCM-41 is less effective
than the more commonly used Al,O; support material.

@ Springer

Overall, the results have demonstrated that co-pyroly-
sis of waste biomass and plastics coupled with catalytic
steam reforming of the evolved pyrolysis gases can pro-
duce significant yields of hydrogen and syngas. The par-
ticular biopolymers investigated (cellulose and lignin)
showed that cellulose produces significantly higher yields
of hydrogen and syngas and also the total gas yield was
higher compared with lignin mixtures with plastics. Con-
sequently, biomass types with high lignin content are
likely to produce less hydrogen compared to biomass types
which are high in cellulose content when mixed with waste
plastics. Municipal solid waste (MSW) contains a mixture
of biomass and plastics along with non-organic metals
and glass. The fraction of biomass and plastics may be
increased by processing to produce refuse-derived fuels.
The main types of plastics in MSW are high-density poly-
ethylene, low-density polyethylene, polypropylene, poly-
styrene, polyvinyl chloride, and polyethylene terephthalate
(PET) [9]. The biomass components of MSW and thereby
refuse-derived fuel include several different biomass mate-
rials, such as paper, cardboard, wood, food waste, etc. A
high proportion of paper would increase the cellulose
content of the final product. The results reported here,
therefore, also have relevance to the processing of organic
feedstocks produced from MSW where the cellulose con-
tent could be manipulated to maximise the production of
hydrogen.
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Table 6 Product yield and mass balance showing the influence of nickel catalyst support material on the co-pyrolysis steam reforming of cellu-

lose and plastics waste blend

Cell: HDPE Cell: PS Cell: HDPE Cell: PS Cell: HDPE Cell: PS
Catalyst support Ni/Al,O4 Ni/MCM-41 Ni/Y-zeolite
Product yield in relation to feedstock (biomass and plastics) only (wt.%)
Gas 154.05 147.78 125.24 125.34 131.01 130.19
Product yield in relation to feedstock (biomass and plastics) + reacted water (wt.%)

Gas 41.52 39.25 33.76 32.02 35.17 34.76

Liquid 51.89 54.32 58.49 56.70 53.02 50.73

Char 2.83 2.39 3.23 3.45 2.68 3.07

Catalyst carbon 0.00 0.00 0.40 1.66 0.81 1.34

Gas composition (vol.%)

CO 28.10 33.44 25.73 26.70 26.01 29.78

H, 61.41 58.77 62.34 61.35 61.86 60.98

CoO, 9.75 6.42 8.33 10.32 8.07 8.05

CH, 0.74 1.28 3.56 1.63 4.04 1.71

C,—C, 0.00 0.10 0.04 0.00 0.02 0.02

Syngas yield (mmol g~!)

H,+CO 102.01 100.13 86.76 81.64 90.38 87.78
80,00 +~ mixtures compared to the cellulose/lignin mixtures, suggest-
— - ing an interaction between the thermal decomposition of

6000 | - lignin a'nd the WE}Ste plastics. ’ .
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Fig.7 Gas yield in relation to different nickel support materials for
the co-pyrolysis steam reforming of cellulose with plastic mixtures at
a catalyst temperature of 850 °C

Conclusions

The co-pyrolysis—catalytic steam reforming of biomass com-
ponents (lignin and cellulose) with plastic wastes (polyeth-
ylene and polystyrene) using a Ni/MCM-41 catalyst in a
fixed bed two-stage reactor have been investigated. Nickel
supported on MCM-41 catalyst produced a higher yield of
hydrogen compared to Mo/MCM-41. The cellulose/plastic
mixtures produced significantly a higher yield of total gas,
syngas and hydrogen compared to the lignin/plastic mix-
tures. However, the increase in catalytic steam reforming
temperature in relation to total gas yield, syngas, and hydro-
gen yield was much more pronounced for the lignin/plastic

material with Al,O; and Y-zeolite support materials showed
that the most effective catalyst in terms of hydrogen and syn-
gas yield was the more commonly used Ni/Al,O; catalyst.
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