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Abstract

Biomass and waste polystyrene plastic (ratio 1:1) were co-pyrolysed followed by catalysis in a two-stage fixed bed reactor
system to produce upgraded bio-oils for production of liquid fuel and aromatic chemicals. The catalysts investigated were
ZSM-5 impregnated with different metals, Ga, Co, Cu, Fe and Ni to determine their influence on bio-oil upgrading. The
results showed that the different added metals had a different impact on the yield and composition of the product oils and
gases. Deoxygenation of the bio-oils was mainly via formation of CO, and CO via decarboxylation and decarbonylation with
the Ni-ZSM-5 and Co—ZSM-5 catalysts whereas higher water yield and lower CO, and CO was obtained with the ZSM-5,
Ga-ZSM-5, Cu—ZSM-5 and Fe—ZSM-5 catalysts suggesting hydrodeoxygenation was dominant. Compared to the unmodi-
fied ZSM-5, the yield of single-ring aromatic compounds in the product oil was increased for the Co-ZSM-5, Cu—ZSM-5,
Fe—ZSM-5 and Ni—-ZSM-5 catalysts. However, for the Ga—ZSM-5 catalyst, single-ring aromatic compounds were reduced,
but the highest yield of polycyclic aromatic hydrocarbons was produced. A higher biomass to polystyrene ratio (4:1) resulted
in a markedly lower oil yield with a consequent increased yield of gas.

Keywords Biomass - Waste plastic:zeolite - Catalyst - Bio-oil

Introduction

Lignocellulosic biomass waste includes agricultural resi-
dues, forestry waste and municipal solid waste and repre-
sents a huge potential global biomass resource. For example,
it is estimated that 4.6 billion tonnes of agricultural resi-
dues are produced worldwide each year [1]. Such available
tonnages of biomass could be used to produce fuels as a
renewable alternative to fossil fuels, thereby mitigating the
environmental and climate change impacts of fossil fuel
resources. One route for utilisation of lignocellulosic bio-
mass for fuel production is via thermochemical conversion
via the pyrolysis process. Pyrolysis of biomass involves heat-
ing the biomass to moderate temperature (~ 500 °C) in the
absence of air to produce a bio-oil, char and gas product. The
production of a liquid bio-oil produced from lignocellulosic
biomass has been promoted as a route to alternative trans-
port fuels [2]. However, the characteristics of the product
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bio-oil are not suitable for use directly as a transport fuel or
even as a petroleum refinery feedstock since it is chemically
very complex containing many different functional groups,
it has a high oxygen and moisture content and a tendency
to polymerise over a period of time [2]. Consequently, to
overcome these issues there has been extensive research into
upgrading the bio-oil by removing the oxygen to produce a
hydrocarbon-rich oil suitable for petrochemical feedstock
or direct use as a liquid fuel. Routes to removing oxygen
from the bio-oil centre on hydrotreatment involving added
hydrogen with processing at high pressure (10-20 MPa) [3]
or catalytic deoxygenation using zeolite catalysts at atmos-
pheric pressure and moderate temperature (~ 500 °C) [4, 5].

Such processes have some disadvantages, for example,
hydrotreatment involves addition of expensive hydrogen gas,
and zeolite catalysis removes the oxygen as carbon oxides
and water, thereby also removing some of the carbon and
hydrogen content. A further drawback of zeolite catalysts,
particularly ZSM-5 is the propensity to form coke on the cat-
alyst surface, linked to the hydrogen deficient and oxygen-
rich composition of lignocellulosic biomass [6]. Another
recent line of research has sought to introduce a hydrogen
donor into the process by co-processing the lignocellulosic
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waste biomass with a hydrogen-rich feedstock such as waste
plastics thereby enhancing the effective H:C ratio [7-9]. The
most common plastics found in municipal solid waste are
polyethylene, polypropylene, polyethylene terephthalate and
polystyrene [10]. The co-pyrolysis of biomass and waste
plastics has been shown to reduced the oxygen content and
increase the aromatic content of the product bio-oil [7].

Polystyrene is an aromatic hydrocarbon polymer and rep-
resents a high hydrogen content waste plastic which is pro-
duced in large quantities. The world production of polysty-
rene is estimated to be approximately 25 million tonnes per
year and polystyrene waste generation estimated at 17 mil-
lion tonnes per year [11]. In Europe, about 53% of polysty-
rene production is rigid and 47% expanded polystyrene [12].
With increasing societal concern related to plastic waste in
the environment, recycling processes for plastic waste are
under development worldwide. Of particular interest are
recycling processes for waste plastics that produce a high
value product, such as liquid fuels, and chemicals [10, 13,
14].

Co-pyrolysis of lignocellulosic waste biomass and waste
plastics has been reported and reviewed [15—-17]. In particu-
lar, there has been research into the improvement of bio-oil
properties by the addition of polystyrene [18-21]. Although
improvements in the product oil have been reported for co-
pyrolysis of biomass with plastics, the quality is not suf-
ficient for direct use as a fuel and therefore addition of a
catalyst, mainly zeolites, has been investigated [22, 23]. In
particular, there has also been research into the co-pyrolysis
of biomass and polystyrene coupled with zeolite catalysis
[24-28]. For example, Kumar and Srinivas [27] used a fixed
bed slow co-pyrolysis-catalytic reactor for the production
of liquid fuels from biomass and polystyrene using spent
FCC zeolite catalyst. They reported that increased addition
of polystyrene in the biomass produced an upgraded bio-oil
with a high content of styrene, ethylbenzene, styrene oli-
gomers, benzene derivatives and polycyclic aromatic com-
pounds. Our previous work [28] used a two-stage fixed bed
pyrolysis-catalytic reactor to investigate the co-pyrolysis of
biomass and plastics, including polystyrene with a ZSM-5
zeolite catalyst. The product upgraded bio-oil contained
mainly C5—C,, fuel range hydrocarbons and with a high
content of 1-4 ring aromatic compounds.

The process of zeolite ZSM-5 bio-oil upgrading involves
dehydration and dehydrogenation reactions which decrease
hydrogen content and also promotes catalyst coke formation.
Therefore, to further enhance the zeolite catalytic cracking
process and reduce coke formation, for co-pyrolysis of bio-
mass and polystyrene, the zeolite catalyst has been modified
with metals in an attempt to improve the catalyst properties
and in turn improve quality of the upgraded oil. Razzaq et al.
[6] used a two-stage fixed bed reactor to study the co-pyrol-
ysis of wheat straw and polystyrene coupled with a catalyst
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reactor. The catalysts investigated were zeolite HZSM-5 and
metal modified HZSM-5 impregnated with Co, Ni, Zn and
Fe. They reported that the metal-modified ZSM-5 catalysts
increased oil yield and single-ring aromatic content of the
product oil compared to unmodified HZSM-5 catalyst. The
role of the metal addition to ZSM-5 catalysts is reported to
affect the Lewis and Brgnsted acid sites and surface physi-
cal properties of the catalyst [29, 30]. The consequence is a
reduction in the rate of catalyst coke formation and thereby
improved hydrocarbon yield. The addition of metals to
ZSM-5 zeolite is also reported to be selective towards the
formation of increased single-ring aromatic compounds [6].

In this paper, we report on the two-stage co-pyrolysis of
waste biomass and waste polystyrene directly coupled with
a catalyst reactor containing metal-modified (Ga, Co, Cu,
Fe, Ni) ZSM-5 zeolite catalysts. The aim of the work was
to improve the deoxygenation of the product bio-oil and
increase the yield of aromatic compounds in relation to the
production of higher value liquid fuels and aromatic chemi-
cals. The product yield and composition of the gases and
product oils are reported in relation to the different metal-
modified ZSM-5 catalysts. Biomass/plastics co-pyrolysis
studies have been carried out before and there is much work
on the influence of metal promoters added to zeolite ZSM-5
catalysts to upgrade biomass pyrolysis oils. However, the
novelty of this work lies in the detailed study of the prod-
uct oils and gases in relation to the combination of both
biomass/polystyrene co-pyrolysis and also metal-promoted
zeolite ZSM-5 catalyst with the specific aim of upgrading
the product oils for the production of liquid fuels and aro-
matic hydrocarbons.

Materials and methods
Feedstock and catalyst

The feedstock materials used for co-pyrolysis were waste
biomass and real-world waste polystyrene. The biomass was
obtained as wood pellets produced as compressed sawdust
pellets from waste wood and supplied by Liverpool Wood
Pellets Ltd, Liverpool, UK. The pellets were milled and
sieved to a size range between 1.0 and 2.8 mm. The waste
polystyrene plastic was in the form of recyclate waste plas-
tic pellets (2 mm x 2 mm) supplied by Regain Polymers
Limited, Castleford, UK. Table 1 shows the proximate and
elemental analysis of the waste biomass and polystyrene.
The thermal decomposition profiles of the biomass,
polystyrene and a mixture of biomass and polystyrene
were investigated using thermogravimetric analysis
(TGA). The system used was a TA instruments, Q600
thermogravimetric analyser. The sample of biomass was
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Table 1 Proximate and elemental analysis of the biomass and poly-
styrene wastes

Table2 BET surface area and pore volume of ZSM-5 and metal-
impregnated ZSM-5 catalysts

Biomass Polystyrene

Proximate analysis (wt.%)

Moisture (ar) 7.8 0.0

Volatiles (daf) 93.3 100.0

Ash (d) 0.3 1.6

Fixed carbon (daf) 6.7 0.0
Elemental analysis (wt.%) (daf)

Carbon 50.1 87.8

Hydrogen 54 9.5

Oxygen 48.6 0.0

Nitrogen 0.1 0.0

ar as received, d dry, daf dry ash free

ground to fine particle size and the polystyrene ground
using a cryo-mill and the samples mixed intimately for
the TGA analysis.

The co-pyrolysis of biomass and polystyrene coupled
with catalysis used a zeolite ZSM-5 catalyst supplied by
Nankai University Catalyst Co. Ltd, Tianjin, PR China.
The properties of the ZSM-5 were: surface area, 282
m? g_l; micropore volume, 0.26 cm? g_l and Si:Al ratio,
38:1. The catalyst was modified by wet impregnation to
produce Ga—ZSM-5, Co—ZSM-5, Cu—ZSM-5, Fe-ZSM-5
and Ni—-ZSM-5 at 5 wt.% metal loading. The metal salts
used were gallium (IIT) nitrate nonahydrate, cobalt (II)
nitrate hexahydrate, copper (II) nitrate trihydrate, iron
(IIT) nitrate nonahydrate and nickel (IT) nitrate hexahy-
drate obtained from Sigma-Aldrich UK Ltd. Each metal
salt was added into deionized water and heated to 30 °C to
aid dissolution. The solid ZSM-5 was added to the metal
solution and the mixture heated slowly from ambient to
a temperature of 80 °C to produce a thick slurry. The
slurry was dried at 110 °C for 10 h and then calcined at
500 °C for 5 h. Prior to use, the catalysts were reduced
in hydrogen (5 vol.% H,, 95 vol.% N,) at 800 °C for 1 h.

The surface area and porosity of the freshly prepared
metal-ZSM-5 catalysts was determined by Brunauer,
Emmet and Teller (BET) nitrogen adsorption analysis
using a NOVA 2200e instrument. The results presented
in Table 2 show that the addition of the metal to the
ZSM-5 reduced the surface area of the catalysts by small
but significant amounts, for example, the Co—-ZSM-5
catalyst had a reduction in surface area of 6.4% and for
the Ga—ZSM-5 catalyst, it was reduced by 4.6%. The
introduction of the metals lead to blocking of pores and
consequent reduction of pore volume and surface area
(Table 2).

Sample Specific surface area Pore volume
(m? g™ (em’ g™
ZSM-5 282 0.26
Cu-ZSM-5 268 0.25
Co-ZSM-5 264 0.23
Ni-ZSM-5 275 0.25
Ga—ZSM-5 269 0.23
Fe-ZSM-5 278 0.25

Experimental reactor system

The reactor system consisted of a N, purged, two-stage reac-
tor system with pyrolysis of the biomass and polystyrene in
the first-stage pyrolysis reactor, followed by on-line cata-
lytic upgrading of the product pyrolysis vapours and gases
in a separate catalyst reactor comprising the second stage. A
schematic diagram of the reactor system is shown in Fig. 1.
The reactor was vertical with a 40 mm diameter and 470 mm
height and heated by two separately controlled and temper-
ature-monitored electrically heated furnaces, providing two
separate heating zones. The biomass (1.0 g) and polystyrene
(1.0 g) were mixed together to produce 2.0 g of feedstock
and placed in a stainless steel crucible within the pyrolysis
reactor. The metal-ZSM-5 zeolite catalyst (4.0 g) was placed
on a support bed of a stainless steel mesh and quartz wool

Mass flow
controller
oh
N, Pyrolysis
reactor H—
Catalytic T [
reactor
Gas
sample
bag
Exhaust
Condenser
system

Fig. 1 Schematic diagram of the two-stage fixed bed pyrolysis—catal-
ysis reactor

@ Springer



480

Journal of Material Cycles and Waste Management (2022) 24:477-490

support to provide a fixed bed of catalyst. The experimental
procedure consisted of pre-heating the catalyst bed to 500 °C
followed by slow pyrolysis heating of the biomass and pol-
ystyrene in the pyrolysis reactor to a final temperature of
500 °C with a heating rate of 10 °C min~" and held at 500 °C
for 20 min. The product oils were condensed in a three-stage
dry-ice condensation system followed by collection of the
product gases in a 25 L Tedlar gas sample bag. The residual
char was collected after each experiment.

Gas analysis

The product gases collected in the gas sample bag were ana-
lysed by packed column gas chromatography, using three
separate Varian 3380 gas chromatographs (GC). One GC
measured H,, O,, N, and CO using a 60—80 mesh molecular
sieve column, Ar carrier gas and thermal conductivity detec-
tor (TCD). A second GC measured CO, with a HayeSep
60-80 mesh column, Ar carrier gas and TCD. The third GC
determined C—C hydrocarbons with a Hysesp, 80—100 mesh
column and flame ionisation detector (FID). The mass of gas
was calculated from the gas concentrations, recorded gas
flow rate and the ideal gas law.

Bio-oil analysis

The product upgraded bio-oil was collected from the con-
denser system using a fixed volume of methanol solvent and
stored in borosilicate glass containers. The bio-oil would
contain water derived from the biomass, and therefore, the
waste content of the bio-oil was determined by Karl-Fis-
cher volumetric titration. For analysis of the bio-oils, the
water was removed from the sample prior to analysis using
a drying column packed with anhydrous sodium sulphate.
The dried bio-oil sample was analysed using coupled gas
chromatography—mass spectrometry (GC-MS) (Varian
CP-3800 GC—Varian Saturn 2200 MS). The GC column
was a 30 mx0.25 mm VF-5 MS capillary column. Iden-
tification and quantification of the bio-oil compounds used
the National Institute of Science and Technology (NIST)
compound library and the set of > 40 standard aromatic and
oxygenated compounds.

Results and discussion

Thermal decomposition of the biomass
and polystyrene

Thermogravimetric analysis of the biomass, polystyrene
and the 1:1 mixture of the two components was undertaken
to determine the thermal degradation profiles of the sam-
ples. Figure 2 shows the thermal decomposition weigh loss
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Fig.2 Thermal decomposition (TGA) and differential weight loss
profiles of biomass, polystyrene and a mixture of biomass and poly-
styrene (1:1)

(TGA) and the rate of weight loss (DTG) of the samples and
Table 3 shows the onset temperature of degradation (T,,.,),
the maximum (T,,,,) and end point of weight loss (T,,4). The
thermal decomposition of biomass is dependent on the pro-
portion of the major bio-polymer cellulose, hemicellulose
and lignin which comprise the biomass composition [15,
31]. Hemicellulose decomposes over a lower temperature
range, (220-380 °C), cellulose over the range 280-440 °C
and lignin over the temperature range of 250-500 °C [32].
For the particular biomass wood waste used in this work,
the thermal degradation was over the temperature range of
201-394 °C with the maximum weight loss at 360 °C. It
is clear from Fig. 2 and Table 3 that the polystyrene waste
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Table 3 Temperatures of devolatilisation for the pyrolysis of biomass,
polystyrene and mixed biomass:polystyrene (1:1) using thermogravi-
metric analysis (TGA and DTG)

Temperature of devolatilisa-

tion (°C)

Tonsel Tmax Tend
Biomass 201 360 394
Polystyrene 360 416 478
BMS:PS mixture (biomass) 224 363 384
BMS:PS mixture (polystyrene) 384 423 478

decomposes at a higher temperature range of 360-478 °C
with a peak decomposition at 416 °C. Table 3 suggests that
co-pyrolysis of the mixture of biomass and polystyrene in
the TGA produced a slight increase in the peak weight loss
(T,,,) for both the biomass and polystyrene component of
the feedstock, increasing from 360 °C to 363 °C and 416 °C
to 423 °C, respectively.

The interaction of the biomass and polystyrene would
be linked to the overlapping release of volatiles from the
biomass and polystyrene as they are released from the indi-
vidual feedstocks, with volatile—volatile interaction of the
pyrolysis gases and also volatile interaction from the poly-
styrene with char from the biomass [33, 34]. It is suggested
that the interaction of the polystyrene pyrolysis gases during
the co-pyrolysis is linked to interaction with the thermal
degradation volatiles of the lignin and cellulose components
of the biomass and with the residual solid biomass char [35].

Product yield and gas composition
from the co-pyrolysis—catalysis
of biomass:polystyrene

Table 4 shows the product yields from the co-pyrolysis of
biomass with polystyrene (1:1 ratio) coupled with catalysis
in relation to different metal-ZSM-5 catalysts. Co-pyroly-
sis of biomass and polystyrene with the unmodified ZSM-5
catalyst resulted in a gas yield of 18.5 wt.% and oil yield
of 65.0 wt.% composed of 47.6 wt.% bio-oil and 17.4 wt.%
water.

Modification of the ZSM-5 with metal impregnation had
little effect on gas and bio-oil yield for the Cu—ZSM-5 and
Fe-ZSM-5 catalysts compared to the unmodified ZSM-
5. However, there was increased gas and oil yield for the
Co-ZSM-5 and increased gas but lowered oil yield for
the Ni-ZSM-5 catalysts. The lowest gas yield of 14 wt.%
was obtained with the Ga—ZSM-5 catalyst. The char yield
remained almost the same since the pyrolysis reactor would
be unaffected by the catalyst. Razzaq et al. [6] compared the
product yield from the co-pyrolysis of biomass and poly-
styrene in the presence of different metal-ZSM-5 catalysts
(Zn, Co, Fe, Ni). They showed that the addition of metal
produced a decrease in the aqueous phase and increase
in the organic (oil) phase for Zn—-ZSM-5, Co—ZSM-5 and
Fe—ZSM-5 as also shown in this work compared to unmodi-
fied ZSM-5. They also reported that Ni-ZSM-5 produced
the lowest oil yield and highest gas yield as also found in this
work, although to a lesser extent. Razzaq et al. [6] did not
investigate Ga—ZSM-5 catalyst, which in this work showed
the lowest yield of gas compared to the unmodified ZSM-5.

Figure 3 shows the composition of the gases from the
pyrolysis—catalysis of the biomass and polystyrene (1:1
ratio). The main gases are CO and CO, derived from the bio-
mass and hydrogen and hydrocarbons produced mainly from
the polystyrene, but also from the biomass. The introduction
of the metal-ZSM-5 catalyst increased the gas yield with
higher concentrations of all gases. The increase in hydrocar-
bon concentration suggests further cracking of the pyrolysis
hydrocarbons over the ZSM-5 catalyst, also, the deoxygena-
tion of the oxygenated pyrolysis compounds derived from
the biomass component of the mixture would produce the
increase in carbon oxide gases. Addition of metals to the
ZSM-5 catalyst produced most noticeably an increase in
hydrogen, particularly for the Ni-ZSM-5 and Co-ZSM-5
catalysts. Iliopoulou et al. [29] investigated the flash pyroly-
sis of biomass in the presence of metal-impregnated ZSM-5
zeolite catalysts and also reported large increases in hydro-
gen yield for cobalt- and nickel-modified ZSM-5 catalysts
with the hydrogen yield from nickel-ZSM-5 being more
than twice that of the cobalt-ZSM-5.

The production of hydrogen is most probably due to the
catalytic steam reforming of the hydrocarbons derived from

Table 4 Product yields from

, , Char (wt.%) Liquid (wt.%) Gas (Wt.%) Water (wt.%) il (Wt.%)

the catalytic co-pyrolysis of

biotpa}ss with Pofl}iStlyreflﬁ at 1:1 biomass:plastic ratio

e ggﬁ‘; ca.talv; ;S ZSM-5 16.0 65.0 18.5 17.4 476
Ga-ZSM-5 14.5 67.0 14.0 16.7 50.3
Co-ZSM-5 13.5 68.0 22.5 15.3 52.7
Cu-ZSM-5 14.5 64.5 16.0 16.6 47.9
Fe-ZSM-5 13.5 64.5 17.0 17.5 47.0
Ni-ZSM-5 14.0 51.0 25.0 13.4 37.6
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Fig.3 The composition of the gas collected during co-pyrolysis of
biomass and polystyrene with catalysis using various metal-ZSM-5
catalysts

both polystyrene and biomass [36, 37]. The production of
steam would be from the water derived from the processing
of the biomass and will be due to the volatilisation of water
(moisture) present in the biomass material [38]. In addition,
water will also be produced as a reaction product through
deoxygenation reactions of the pyrolysis gases which occur
over the solid acid catalyst, ZSM-5. Nickel in particular, as
well as other transition metal-based catalysts are known to
promote the catalytic steam reforming of hydrocarbons for
the production of hydrogen [39, 40]. The co-pyrolysis of bio-
mass and polystyrene with the Ni-ZSM-5 and Co-ZSM-5
catalysts produced the lowest water yield as shown in
Table 4, suggesting a reduction in yield due to water being
consumed in reforming reactions.

The distribution of oxygen in the products produced from
the co-pyrolysis-catalytic upgrading of biomass and polysty-
rene was calculated in relation to the oxygen content of the
feedstock. Since the polystyrene contained no oxygen, the
basis for the calculation was the distribution of oxygen from
the biomass into the products of H,O, CO and CO, with the
oxygen content in the char and product oil calculated by
difference. The results are shown in Fig. 4, and show that
the oxygen is mainly removed as H,O and CO, and at lower
amounts, as CO. The Ni-ZSM-5 and Co-ZSM-5 catalysts
showed the lowest water yield and highest CO, and CO gas
yields, as also reflected in Table 4 and Fig. 3. This suggests
that the removal of oxygen from the bio-oil is via decarboxy-
lation and decarbonylation rather than hydrodeoxygenation
for the Ni-ZSM-5 and Co-ZSM-5 catalysts. Whereas the
ZSM-5, Ga-ZSM-5, Cu—ZSM-5 and Fe-ZSM-5 catalysts
produced higher water yield and lower CO and CO, yields
suggesting that oxygen removal was mainly via hydrode-
oxygenation. Deoxygenation produces water by removing
oxygen and hydrogen with 89% of the compound mass
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Fig.4 Distribution of oxygen through deoxygenation reactions in
the form of water, carbon monoxide, carbon dioxide with the oxygen
content of char and oil from the co-pyrolysis catalysis of biomass and
polystyrene

attributed to oxygen. In addition, the production of car-
bon oxides also reduces the oil yield by removing carbon
with the oxygen, with 57% of carbon monoxide mass due
to oxygen and 73% of carbon dioxide due to oxygen. Dur-
ing deoxygenation of biomass, it is advantageous to remove
oxygen through carbon dioxide to minimise mass loss and
limit reductions to the H:C ratio which is important for for-
mation of oil compounds rather than coke. However, when
polystyrene is present, the H:C ratio is increased signifi-
cantly thereby hydrodeoxygenation is promoted as there is
hydrogen available and this reduces the mass of oil, to a
smaller degree, per oxygen atom removed.

Oil composition from the co-pyrolysis—catalysis
of biomass:polystyrene

The product oil fraction separated from the liquid
product produced from the co-pyrolysis—catalysis of
the biomass:polystyrene mixture with the different
metal-ZSM-5 catalysts was analysed by GC-MS. The
GC-MS total ion chromatogram was very complex show-
ing a wide variety of chemical classes. The GC-MS analysis
was used to categorise the different aromatic ring containing
compounds and the results are shown in Fig. 5 for the dif-
ferent metal-ZSM-5 catalysts. The dominant class of com-
pounds were single-ring aromatic compounds and to a lesser
extent polycyclic aromatic hydrocarbons (PAH). Some oxy-
genated aromatic compounds, mainly phenolic compounds
were also present. The influence of the metal impregnated
onto the ZSM-5 showed that the unmodified ZSM-5 and the
Ga—ZSM-5 catalysts produced the lowest yield of single-
ring aromatic compounds, but produced the highest yield of
PAH. However, the Co—ZSM-5, Cu—ZSM-5, Fe—ZSM-5 and
Ni—-ZSM-5 all improved the yield of single-ring aromatic
compounds compared to the unmodified ZSM-5.
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Other researchers have reported the influence of metal
addition to zeolite ZSM-5 for the improvement of bio-oil
quality in relation to biomass pyrolysis. Veses et al. [41]
studied the upgrading of bio-oil using 1 wt.% metal-impreg-
nated ZSM-5 catalysts (Ga, Cu, Ni, Mg and Sn) and found
that the aromatic fraction (phenols, primary aromatics and
polycyclic aromatic hydrocarbons) determined by semi-
quantitative GC-MS analysis increased from ~59% in the
raw bio-oil to between 74 and 79% in the metal-impregnated
catalysts. Che et al. [42] found that the addition of a range of
metals (Zn, Fe, Ca, Le and La) to ZSM-5 produced a reduc-
tion in two-ring naphthalene and methylnaphthalene for all
the metal-ZSM-5 catalysts. Zhang et al. [43] investigated
various loadings (0-8 wt.%) of Fe-modified ZSM-5 for the

Fig.6 Single-ring aromatic 80%
compounds in the product oil
from the co-pyrolysis catalysis 70%

of biomass and polystyrene
60%

Oil content (TIC peak area%)

X

50%
40%
=
30%
20%
10%
0

Catalyst type

catalytic pyrolysis of risk husks. The increase in iron loading
increased benzene and toluene yield whilst also increasing
the yield of naphthalenes and naphthalene derivatives.
Figure 6 shows the individual single-ring aromatic com-
pounds in the product oil with the different types of metal
catalyst. Clearly, the dominant single-ring aromatic com-
pound is styrene, derived from the polystyrene. Pyrolysis
of polystyrene alone can produce high yields of oil, of over
95%, with a composition of mostly styrene with lower con-
centrations of styrene oligomers and other aromatic com-
pounds, mainly toluene and ethylbenzene [10, 44, 45].
Consequently, it would be expected that the co-pyrolysis
of biomass and polystyrene would produce a product bio-
oil with a significantly higher concentration of aromatic

B Ethylbenzene
Xylene

Toluene

Styrene

Ga-ZSM-5 Co-ZSM-5 Cu-ZSM-5 Fe-ZSM-5 Ni-ZSM-5 ZSM-5

Catalyst type
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compounds. Indeed, Reshad et al. [19], co-pyrolysed bio-
mass and polystyrene in a semi-batch reactor and reported
high concentrations of styrene, methyl styrene, xylene and
also high concentrations of aliphatic compounds in the prod-
uct bio-oil. Kumar and Srinivas [27] also reported a product
oil containing abundant styrene, methylstyrene, toluene and
ethylbenzene for the co-pyrolysis of biomass and polystyrene
in a semi-batch reactor. Muneer et al., [26] reported a syn-
ergistic increased oil yield for the co-pyrolysis of biomass
and polystyrene in a fixed bed reactor above that expected by
calculation of the individual feedstock pyrolysis which was
attributed to donation of hydrogen and the cross-reaction
between the biomass and the polystyrene.

Compared with the unmodified ZSM-5, the impregna-
tion of metals onto the ZSM-5 resulted in an increase in
the concentration of the single-ring compounds, except for
Ga-ZSM-5. However, it should be noted that the GC-MS
total ion chromatogram peak areas shown in Fig. 6 on oil
composition should also be related to the total oil yield data
for each metal-ZSM-5 catalysts shown in Table 4. Apart
from Co—ZSM-5, all the metal-impregnated catalysts showed
an increase in ethylbenzene formation. The pyrolysis—cataly-
sis of polystyrene with ZSM-5 has previously been shown to
produce benzene rather than ethylbenzene [45], suggesting
the presence of the biomass in co-pyrolysis—catalysis pro-
motes ethylbenzene formation.

Zeolite catalysts are acid catalysts which promote dehy-
dration, decarboxylation, decarbonylation, hydrodeoxy-
genation, cracking and aromatisation reactions [7, 46, 47].
Zeolites are porous crystalline lattice structures, generally
composed of silicon, aluminium and oxygen, in a tetrahedral
structure. The acidity of zeolite catalysts and hence their
catalytic activity is related to the ratio of silicon and alu-
minium with a higher relative surface alumina concentra-
tion and thereby lower Si:Al ratios producing higher surface
acidity and thereby increased catalyst activity [48, 49]. In
particular, the strong acid sites of the zeolite ZSM-5 with
its associated microporous structure mainly promote aro-
matisation reactions to produce high yields of single-ring
aromatic hydrocarbons [7, 23]. Zeolites are not only cata-
lytically active but also very selective. The selectivity is due
in large part to the ability of zeolites to constrain reactions
by restricting products to those which can be produced and
diffuse through the geometric limitations of the pore struc-
ture [48, 50]. For example, zeolite ZSM-5, contains medium
sized pores allowing for hydrocarbon rings of up to 10 car-
bon atoms to diffuse into the structure for reaction, whereas
larger molecules are constrained. In addition, it is also pos-
sible for reactions to take place on the surface of the zeolite
catalyst (external active sites). These external reactions are
not constrained in the same way as compounds which react
within the pores, however, many of the reactive sites will
only be available in the internal framework of the zeolite
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[48, 51]. Table 2 shows that the addition of the metals to the
ZSM-5 resulted in a decrease in surface area and also pore
volume, particularly for the addition of Cu, Co and Ga to
the ZSM-5; suggesting some constraint of the hydrocarbon
reactants accessibility to the catalyst active sites for reaction.
For example, the lowest production of aromatic compounds
was with Ga—ZSM-5, Co-ZSM-5 and Cu—ZSM-5 catalysts,
which also showed the largest reduction in surface area and
pore volume compared to the unmodified ZSM-5 catalyst;
suggesting that steric effects of surface area and porosity
may also influence the access to active metal catalytic sites
[30].

Liu et al. [48] have reviewed the catalyst parameters that
influence the composition of bio-oil from the fast pyroly-
sis—catalysis of biomass, including the influence of metal
additives to zeolite. They reported that metal-impregnated
zeolites, such as Fe—ZSM-5, Ni/Co—ZSM-5 and Ga—ZSM-5,
increase the selectivity towards the formation of aromatic
hydrocarbons. They suggested that the presence of metal
enhances the hydrocarbon yield by ensuring available hydro-
gen for the formation of hydrocarbon molecules. Zheng et al.
[30] reported the effect of 1% loading of Zn, Mg, Ga, Ni,
Co, and Cu on ZSM-5, for catalytic pyrolysis of pine wood.
When Ga—ZSM-5 catalyst was used, an increase for both
single-ring and two-ring aromatic compounds was found.
In terms of individual aromatic compounds, they reported
different selectivities between the investigated metal-ZSM-5
catalyst for toluene, benzene and xylene.

For the co-pyrolysis of biomass and plastics coupled
with ZSM-5 catalysis, it has been reported that the addi-
tion of metals to the zeolite ZSM-5 improves the quality
of the upgraded bio-oil, by enhancing hydrogen transfer
from the plastic volatiles to the biomass volatiles result-
ing in improved aromatisation reactions. For example, it
has been reported that Fe-ZSM-5 produced higher lev-
els of deoxygenation and higher aromatisation efficiency
associated with enhanced hydrogen transfer compared
with unmodified ZSM-5 catalyst [6]. In addition, Lee et al.
[52] reported that co-pyrolysis—catalysis with Co—ZSM-5,
Ni—-ZSM-5, Zn—ZSM-5 and Fe—ZSM-5 catalysts produced
lower catalyst coke formation compared with unmodified
ZSM-5. Ni-ZSM-5 catalyst was also reported to increase
the formation of aromatic hydrocarbons and alky phenols
with reduced formation of alkoxy phenols due to induced
increased hydrogen transfer from the plastic due to the nickel
metal [52]. Figures 5 and 6 also show enhanced yields of
single-ring aromatic hydrocarbons with Ni-ZSM-5 and
Fe-ZSM-5 catalysts compared to the other metal-modified
and unmodified ZSM-5 catalysts.

The addition of metal to ZSM-5 catalysts has been shown
to assist aromatic formation via favouring of dehydrogena-
tion reactions as well as by reducing the number of Brgnsted
acid sites and at the same time causing more Lewis acid
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sites to form [53, 54]. Catalytic cracking occurs on the cata-
lyst acidic surface on Lewis or Brgnsted acid sites, where
the polymer fragments arising from pyrolysis are cracked
to form a range of carbon cations [46, 49]. These acidic
sites form where there are defects in the crystalline structure
and by necessity are at the surface of the material to ena-
ble interaction with the reactants. A Brgnsted acid site is a
strong acid site which forms where a silicon—oxygen—silicon
bridge is altered through the exchange of one silicon atom
for an aluminium atom. This produces an uneven charge on
the bridging oxygen which will then gain stabilisation as a
hydroxide group. The hydroxide bridge may lose this pro-
ton relatively easily with stabilisation of the negative charge
on the oxygen [49, 55]. Lewis acid sites can be formed by
delamination of the zeolite framework on external surfaces.
These acid sites are much weaker than Brgnsted acid sites.
However, a Lewis acid site positioned near a Brgnsted acid
site may help withdraw electrons from the bridging OH
which in the Brgnsted acid site and lead to a superacidic
Brgnsted acid site [56].

Catalyst surface effects will also be crucial in the for-
mation of aromatic compounds, with internal surfaces
templating aromatic compounds whilst external surfaces
may produce polycyclic aromatic compounds. The ratio
of internal to external surfaces will also depend on metal-
catalyst loading amongst other factors [51]. Cheng et al.
[57] investigated Ga—ZSM-5 catalysts for the production
of aromatic compounds from lignocellulosic biomass and
suggested that whilst the metal atoms could replace protons
within the material and encouraged decarbonylation of furan
molecules leading to aromatisation of alkenes (olefins) this
was hindered if Brgnsted acid sites were unavailable. It was
proposed that the metal functions in conjunction with the
catalyst acid sites to promote aromatic formation. In addi-
tion, research by Zheng et al. [30] suggested that the rela-
tionship between catalyst acid sites and metal atoms was
complex, with the possibility of synergy between Lewis acid
sites, Brgnsted acid sites and metal atoms as well as com-
petition between them. This is further complicated by the
introduction of the metal atoms leading to both increases
and decreases in the strength of these acid sites within a
material. Steric effects for the ZSM-5 catalysts enhances
selectivity, these solid acid catalysts, constraining reactions
by the geometric limitations of the pores [50]. The mesopo-
rosity of ZSM-5 resulting in reaction selectively producing
single-ring aromatic compounds such as p-xylene, benzene
and toluene with larger compounds becoming too large to
pass through the internal pores of the zeolite. Steric effects
may also be introduced during metal impregnation with a
potential reduction in internal surface, external surfaces or
pore blocking.

Razzaq et al. [6] used a two-stage fixed bed pyroly-
sis—catalysis reactor using biomass (wheat straw) and

polystyrene co-pyrolysis with ZSM-5 and metal-modified
ZSM-5 (Co-ZSM-5, Ni-ZSM-5, Zn-ZSM-5 and Fe-ZSM-
5) catalysts in a downstream reactor. They reported an
increase in styrene content in the presence of all the
metal-ZSM-5 catalysts compared with the unmodified cat-
alyst. This was attributed to the reduction in catalyst acid-
ity by addition of the metals resulting in reduced catalytic
cracking of the pyrolysis gases. The results reported here
also showed an increase in styrene formation in the pres-
ence of the metal-ZSM-5 catalysts (the exception being
Ga—ZSM-5). The increase in styrene formation was at a
much greater extent compared to the results of Razzaq et al.
[6]. However, the feedstock ratio to catalyst in their work
was 1:0.5, whereas in this work there ratio was 1:2, resulting
in higher catalytic cracking. The Ga—ZSM-5 catalyst showed
the lowest yield of aromatic compounds from the co-pyroly-
sis of biomass and polystyrene (Figs. 5, 6). However, Cheng
et al. [58] reported that Ga—ZSM-5 was effective in produc-
ing aromatic compounds from the catalytic fast pyrolysis of
biomass. It was suggested that gallium increases the rate of
decarbonylation and alkene aromatisation and the ZSM-5
acts to catalyse other reactions such as oligomerisation. They
also suggested that the presence of Ga decreases the cata-
lyst acidity, resulting in low coke formation and enhanced
catalytic activity. Therefore, the results reported here sug-
gest that the Ga—ZSM-5 is less effective in promoting aro-
matisation reactions for the polystyrene pyrolysis vapours
compared to the other metal-catalysts investigated during co-
pyrolysis. For example, Iftikhar et al. [25] suggested that the
formation of compounds from the decomposition of biomass
was suppressed by polystyrene decomposition intermediates
during the co-pyrolysis of biomass (sugarcane bagasse) and
polystyrene with metal-ZSM-5 catalysis.

Influence of higher biomass:polystyrene ratio (4:1)
on product yield and gas composition

The co-pyrolysis—catalysis of biomass:polystyrene was stud-
ied in the previous sections at a biomass:polystyrene ratio
of 1:1. To extend the work, the influence of a lower con-
tent of polystyrene in the mixture of biomass:polystyrene
used for co-pyrolysis—catalysis was investigated. A
biomass:polystyrene ratio of 4:1 was used and the prod-
uct oil and gas yield and composition was determined in
relation to different metal-ZSM-5 catalysts. Only a selec-
tion of metal-ZSM-5 catalysts were used, the Cu—ZSM-5,
Ga—ZSM-5 and Co—ZSM-5 catalysts were used in the com-
parison with unmodified ZSM-5.

Table 5 shows the product yield from the co-pyroly-
sis—catalysis for the 4:1 ratio of biomass:polystyrene. Com-
parison with the product yield data in Table 4 for the 1:1
ratio of biomass:polystyrene shows a proportional increase
in the yield of char for all the catalysts, commensurate with
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Table 5 Product yields from

. . Char (wt.%) Liquid (wt.%) Gas (wt.%) Water (wt.%) QOil (wt.%)

the catalytic co-pyrolysis of

biomass with polystyrene at 4:1 biomass:plastic ratio

a mixing ratio of 4:1 with :

different ZSM-5 catalysts ZSM-5 22.0 59.5 22.3 34.1 25.4
Ga-ZSM-Ga 21.5 51.0 28.5 29.7 21.3
Co-ZSM-5 22.0 41.5 34.0 27.3 14.2
Cu-ZSM-5 22.5 48.5 27.5 279 20.6

® H, ® CH ® CH, m CO m CO, B Oil&char @ H,0 ® CO ® CO,

7.0
6.0
5.0

4.0

iﬂdhﬂ

Cu-ZSM-5  Ga-ZSM-5 Co-ZSM-5 ZSM-5

Gas composition (mmol g?)

Catalyst type

Fig.7 The composition of the gas collected during co-pyrolysis of
biomass and polystyrene at a ratio of 4:1 with catalysis using various
metal-ZSM-5 catalysts

the increased amount of biomass. Figure 2 shows that bio-
mass provides the char during co-pyrolysis with polysty-
rene producing no char. Table 5 also shows that increased
amounts of biomass in the feedstock leads to lower liquid
yield, including lower oil yield and higher gas yield com-
pared to the co-pyrolysis of the biomass:polystyrene at the
ratio of 1:1 (Table 4). Figure 7 shows the gas composition for
the co-pyrolysis catalysis with the Cu—ZSM-5, Ga—ZSM-5
and Co—ZSM-5 catalysts. Addition of cobalt to the ZSM-5
produced the highest yield of hydrogen and also CO and
CO,, suggesting higher levels of deoxygenation by carbon-
ylation. The use of Co—-ZSM-5 with co-pyrolysis of biomass
and polystyrene at a ratio of 1:1 also produced enhanced H,,
CO and CO, yield.

Figure 8 shows the distribution of oxygen through deoxy-
genation reactions in the form of water, carbon monoxide,
carbon dioxide and the oxygen content of char and oil for
the co-pyrolysis of biomass:polystyrene (ratio 4:1). The
high deoxygenation indicated by the decarbonylation and
decarboxylation of oxygenated compounds to produce CO
and CO, and hydrodeoxygenation to produce H,O. For the
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Fig.8 Distribution of oxygen through deoxygenation reactions in
the form of water, carbon monoxide, carbon dioxide with the oxygen
content of char and oil from the co-pyrolysis catalysis of biomass and
polystyrene at a ratio of 4:1

unmodified ZSM-5, the oxygen was removed mainly as
H,O0 via hydrodeoxygenation with lower levels of CO and
CO, compared with the metal-ZSM-5 catalysed process.
As also, shown in Fig. 8, the Co—ZSM-5 catalyst produced
the highest CO and CO,, indicating higher decarbonylation
and decarboxylation.

Influence of higher biomass:polystyrene ratio (4:1)
on product oil composition

The upgraded bio-oil from the co-pyrolysis of
biomass:polystyrene at a ratio of 4:1 with the Cu—ZSM-5,
Ga-ZSM-5 and Co-ZSM-5 catalysts was analysed for the
various aromatic ring containing compounds and the results
are shown in Fig. 9. Increasing the biomass:polystyrene
ratio to 4:1 for the unmodified ZSM-5 catalyst produced
a reduced amount of single-ring aromatic compounds and
PAH compared to the 1:1 ratio. In relation to Cu—ZSM-5 and
Co-ZSM-5 catalysts, the yield of single-ring aromatic com-
pounds produced from the 4:1 ratio of biomass:polystyrene
was decreased in comparison with the 1:1 ratio mixture
(Fig. 5). However, for the Ga—ZSM-5 catalyst, the content
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Fig. 10 Single-ring aromatic compounds in the product oil from the
co-pyrolysis catalysis of biomass and polystyrene at a ratio of 4:1

of single-ring aromatic compounds in the product oil showed
an increase with a reduction in PAH compared to the 1:1
ratio mixture.

The relative proportions of the single-ring aromatic
compounds identified in the product bio-oil (total ion
chromatogram peak area) from the 4:1 co-pyrolysis of
biomass:polystyrene are shown in Fig. 10. The results show
that compared to the 1:1 ratio of biomass:polystyrene,
the yield of styrene and toluene was reduced. In addition,
the content of xylenes was increased and benzene rather
than ethylbenzene was produced. When metal-ZSM-5
catalysts were used with the 4:1 biomass:polystyrene co-
pyrolysis ratio, the yield of styrene for the Co—ZSM-5 and
Cu-ZSM-5 catalysts was reduced, but for the Ga—ZSM-5, it
was increased in the bio-oil. It should be noted that Table 5

shows that the yield of bio-oil was markedly reduced for
the 4:1 ratio of biomass:polystyrene compared with the 1:1
ratio oil yields shown in Table 4. The oil yields using the
Ga-ZSM-5, Co-ZSM-5, and Cu—ZSM-5 catalysts were
21.3 wt.%, 14.2 wt.% and 20.6 wt.% for the 4:1 ratio but
significantly higher at 50.3 wt.%, 52.7 wt.% and 47.9 wt.%,
respectively, for the 1:1 ratio biomass:polystyrene.

Upgraded biomass:polystyrene derived bio-oils
as potential liquid fuels and chemical feedstocks

The catalytically upgraded bio-oils from the co-pyrolysis
of biomass and polystyrene with ZSM-5 catalysts were
also analysed for their liquid fuel properties by simulated
distillation (ASTM method D3710) using the total ion gas
chromatograms to determine their boiling range distribution.
The results are shown in Fig. 11 for selected bio-oils for
clarity and compared with the simulated distillation of EO
grade gasoline obtained from the processing of petroleum.
The crude biomass pyrolysis oil contained a high propor-
tion (~75%) of compounds with a boiling range distribution
above 200 °C representing a high content of high molecular
weight, oxygenated compounds. Only approximately 25%
of the crude bio-oil compounds evaporated below 200 °C,
compared to EO range gasoline with 95% of compounds
with a boiling range below 200 °C. The influence of adding
unmodified zeolite ZSM-5 catalyst to the co-pyrolysis of
biomass and polystyrene produced a marked change in the
distillation range of the upgraded bio-oil. The proportion
of compounds in the product bio-oil with a boiling range
distribution below 200 °C increased to 65%. Decreasing
the amount of polystyrene in the co-pyrolysis mixture (4:1
biomass:polystyrene ratio) with the unmodified ZSM-5
catalyst produced an oil with a lower boiling range. The
introduction of metal (Ga) to the ZSM-5 caused a decrease
in the proportion of boiling range compounds below 200 °C
to 60% (Bms:Ps Ga-ZSM-5). But at the higher 4:1 bio-
mass polystyrene ratio, the upgraded oil showed the closest
boiling range distribution to gasoline, with~75% of com-
pounds boiling below 200 °C. The upgraded bio-oil from
the co-pyrolysis of biomass:polystyrene with the Ga—ZSM-5
(1:1) catalyst also showed the lowest content of single-ring
aromatic compounds (Figs. 5 and 6) and the 4:1 ratio for
Ga-ZSM-5 showed the highest content of single-ring com-
pounds (Figs. 9 and 10). However, again it should be noted
that the oil yield using Ga—ZSM-5 for the 4:1 biomass poly-
styrene ratio was only 21.3 wt.% compared with the 1:1 ratio
where the oil yield was 50.3 wt.%.

The co-pyrolysis—catalysis of the biomass:polystyrene
mixture produces a high yield of oil which contains high
concentrations of styrene, and also toluene, and ethylben-
zene which are regarded as valuable chemical feedstocks in
high demand [59]. Styrene is mainly used for the production
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of plastics such as polystyrene plastic, expanded polystyrene,
styrene acrylonitrile, high impact polystyrene, acrylonitrile
butadiene styrene and also for the production of synthetic
rubbers such as styrene—butadiene rubber. The annual global
consumption of styrene (2017) was estimated at 29.4 million
tonnes [60]. Co-pyrolysis of biomass and polystyrene also
produces ethylbenzene, where the main chemical feedstock
application is for the production of styrene and thereby ulti-
mately polystyrene plastics and rubbers. Toluene, may also
be used to produce benzene followed by styrene production,
also toluene itself is mostly used as a component of gasoline.

Conclusions

A two-stage co-pyrolysis-catalyst reactor system with a
biomass:polystyrene feedstock mixture was used to pro-
duce an upgraded bio-oil in the presence of different
metal-impregnated ZSM-5 catalysts (Ga, Co, Cu, Fe, Ni).
The product oils and gases were analysed in detail. The
results showed that, compared with unmodified ZSM-5
catalyst, the introduction of metal to the ZSM-5 vari-
ously influenced the yield of oil, with little effect for the
Cu-ZSM-5 and Fe—-ZSM-5 catalysts, increased oil yield
for the Co—ZSM-5 and Ga-ZSM-5 and lowered oil yield
for the Ni-ZSM-5 catalysts. The main gases produced
were CO and CO, produced from biomass decomposition
whereas hydrogen and hydrocarbons were derived mainly
from the decomposition of polystyrene, but also from bio-
mass. Deoxygenation of the bio-oils was produced with
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the metal-modified ZSM-5 catalysts, with Ga—ZSM-5,
Cu-ZSM-5 and Fe—ZSM-5 mainly via hydrodeoxygena-
tion and the Ni-ZSM-5 and Co-ZSM-5 catalysts mainly
via decarboxylation and decarbonylation.

The yield of single-ring aromatic compounds in the
product oil was increased for the Co-ZSM-5, Cu-ZSM-
5, Fe—ZSM-5 and Ni-ZSM-5 catalyst compared to the
unmodified ZSM-5, and these catalysts also produced
increased styrene content. However, the single-ring aro-
matic compounds in the product oil with the Ga—ZSM-5
catalyst showed reduced content of single-ring aromatic
compounds and also reduced styrene content, but the
highest yield of PAH. Increasing the amount of biomass
compared to polystyrene (4:1 ratio) produced a signifi-
cantly lower oil yield and higher gas yield compared to
the co-pyrolysis catalysis of the biomass:polystyrene at
the ratio of 1:1.
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