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Abstract 

Background The aim of this article is to explore possible pathways for the synergistic optimization of bio‑oil by the 
catalytic fast co‑pyrolysis of almond shell (AS) and plastic residues (polyethylene, PE, and polystyrene, PS). Pyrolysis 
was carried out at 650 °C at a heating rate of 20 °C/ms at a residence time of 20 s. Hydrogen from the plastic pro‑
moted the decarboxylation of acids and decarbonylation of carbonyls and sugars from biomass waste.

Results Co‑pyrolysis results showed a fall in oxygen in the AS/plastics blends, whereas carbon yields increased as did 
the calorific value of the oil. As expected, AS/PE blends enhanced production of hydrocarbon fractions, especially ole‑
fins, with yields reaching 81.1%, whereas AS/PS blends enhanced formation of aromatic compounds. HZSM‑5 assisted 
the increase of monocyclic aromatics content in AS/PE blends. AS/PS blends favoured the increased of aromatics 
(45% of total hydrocarbons for 1:2 AS/PE‑HZ). For AS/PS‑HZ blends toluene was enhanced as was the production of 
1,3,5‑cycloheptatriene.

Conclusions These findings helped to gain a great insight into how catalytic co‑fast pyrolysis of feedstocks can 
enhance the formation of value‑added products, promoting their economic potential for agricultural exploitations.
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Graphical Abstract

Background
Climate change and energy crises caused by depend-
ence on fossil fuels are a constant concern. Against this 
backdrop, harnessing renewable energy sources that can 
easily be replenished should be evaluated easily [1]. The 
use of biomass as a promising option for thermochemi-
cal conversion has gained interest due to the produc-
tion and disposal rates of various residues. Nut shells, 
in particular, have caught attention not only for their 
abundant production but also for their internal chemi-
cal composition [2]. Almond shells, for instance, are 
biodegradable residues from the processing of almonds 
[3], the most abundant crop worldwide in the 2020/2021 
harvest, with 1.7 million metric tons of kernels produced 
[4]. Currently, almond shells are either discarded or used 
for livestock bedding, dairy feed, and electricity genera-
tion through combustion. Thermochemical conversion of 
almond shells is a beneficial alternative to produce value-
added products such as biofuels, bio-chemical chains, 
and functional biocarbon materials [5–7].

Different thermochemical methods such as pyroly-
sis offer one possible solution. Fast pyrolysis leads to 
high bio-oil yields (approximately 75  wt%) and occurs 
at high heating rates, moderate temperatures, and short 
residence times [8]. One possible option for use as an 
abundant, renewable feedstock in fast pyrolysis is lig-
nocellulosic biomass which contains aromatic hydro-
carbons [9]. However, its hydrogen-deficient nature 
results in undesirable features in the bio-oil properties: 
low calorific value, high viscosity, and thermal instabil-
ity. This is because it consists of a mixture of oxygen-
ated compounds (acids, phenols and short chain oxygen 

compounds) and as such it is of limited use in industry 
[10]. Therefore, one simple way of producing high yields 
of bio-oil of better quality is to use hydrogen-rich mate-
rial in co-pyrolysis. One solution put forward by Sut et al. 
[11] was to add hydrogen-rich solid wastes (such as plas-
tics) to the biomass in co-pyrolysis to promote decarbox-
ylation and decarbonylation. In these processes, acids and 
other oxygenated organic compounds in the bio-oil are 
removed, thus increasing its calorific value. Furthermore, 
plastic waste is presented herein as a solid feedstock. It 
can be blended with lignocellulosic biomass residues, 
which would raise its financial and environmental value. 
Abnisa et al. found yields rose from 46.1 to 61.3 wt% on 
adding polystyrene (PS) to palm shells [12]. Yang et  al. 
investigated the co-pyrolysis of low-density polyethylene 
(LDPE) with three types of biomasses and found that the 
inorganic elements in the biomass facilitated the decom-
position of LDPE. However, they observed an increase 
in larger organic molecules (> C12) due to the reaction 
between the decomposition products of LDPE and bio-
mass [13]. Al-Maari et al. studied the co-pyrolysis of bio-
mass wastes with polyethylene (PE). They had a positive 
synergistic effect on the formation of aliphatic hydrocar-
bons and overall all feedstocks decreased the amount of 
oxygenated compounds in this potential fuel substitute 
[14]. Van Nguyen et  al. demonstrated that the water 
content and acetic acid concentration decreased as the 
hydrocarbon production increased in the obtained bio-
crude oil from the co-pyrolysis of pine sawdust and PS 
[15]. However, co-pyrolysis improves oil quality, since 
the synergistic effects enhance oil stability, promote 
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hydrocarbon formation and reduce reactive oxygenates 
compounds [16]. Furthermore, unprecedented growth 
in mixed plastic and biomass wastes such as plastic bags, 
drinking water bottles, agro- and forestry-waste, along 
with COVID-19 driven waste have obliged the scientific 
community to look for technologies that can process and 
convert both biomass and plastic wastes together into 
useful end-products [17].

To upgrade the oil from co-pyrolysis, it must first be 
subjected to a catalyst. For this purpose, efficient catalysts 
are used for reducing oxygen content and heavy hydro-
carbons [18]. Catalysts may be added in co-pyrolysis and 
oxygen is removed via decarboxylation, dehydration and 
decarbonylation which results in upgraded bio-oil. Tra-
ditional zeolites vary in porosity and acidity which may 
influence their cracking catalytic effect in biomass pyrol-
ysis [19]. Among these, protonic type Zeolite Socony 
Mobil-5 (HZSM-5) is the most active deoxygenation 
catalyst. It has high selectivity in terms of producing aro-
matic hydrocarbons such as BTX (benzene, toluene and 
xylene) and PAHs (polycyclic aromatic hydrocarbons) 
[20]. Lazaridis et al. found that phenol branches can eas-
ily be removed with Brønsted acids and transformed into 
olefins (ethylene, propylene). These could directly form 
monocyclic aromatic hydrocarbons through aromati-
zation [21]. Lin et  al. reported a synergistic increase in 
yields of aromatics and valuable mono-aromatic selec-
tivity during the catalytic co-pyrolysis of corn stover and 
waste plastic with a HZSM-5 zeolite [22]. However, Dyer 
et al. investigated the effect of zeolite ZSM-5 impregnated 
with different metals on the co-pyrolysis of biomass and 
waste PS. The results showed that the different added 
metals had a different impact on the yield, deoxygena-
tion pathways, and composition of the product oils and 

gases [23]. This study used plastics and biomass wastes in 
equal measure. In other words, the biomass content was 
changed from 100 to 0% in the blends and the same was 
performed for plastics, although this marked a digression 
from the goal of using renewable biomass sources. More-
over, using a common catalyst (and modified versions of 
it) to upgrade fast-pyrolysis bio-oil by reducing the oxy-
gen in it incurs additional expenses or large changes to 
operating conditions [24].

In this study, almond shell as the oxygen-rich biomass 
waste, polyethylene (PE) and polystyrene (PS) were used 
as hydrogen donors. Its aim was to research what effect 
catalytic fast co-pyrolysis had on the selectivity of hydro-
carbon products, and to enhance production of value-
added compounds, such as benzene, toluene and xylene 
(BTX). The catalytic effect of zeolites on yield and the 
composition of the bio-oil produced is compared and 
discussed. Furthermore, the joint effect of inherent alkali 
and alkaline earth metals (AAEMs) in the biomass and 
adding zeolite to the yields of aromatics is evaluated.

Methods
Feedstock samples
In this paper, an agricultural biomass residue, almond 
shell (AS), collected in Castilla-La Mancha (Spain) was 
mixed with polyethylene (PE) and polystyrene (PS)—
both typical agricultural plastic wastes—and underwent 
catalytic fast co-pyrolysis. Beforehand, the samples were 
oven-dried for 24  h at 100  °C, milled and sieved. An 
average particle size ranging from 100 to 150  µm was 
obtained. PE and PS were purchased from Sigma-Aldrich, 
ground and sieved to a particle size under 0.1 mm.

Table 1 Feedstock characteristic data analysis

*daf: dry and ash free basis; O*diff: % of oxygen calculated from the difference in C, H, and N; fixed carbon*diff: % in fixed carbon calculated from difference in 
moisture, ash and volatile matter; *db: dry basis

Sample Proximate analysis (wt%)*daf Ultimate analysis (wt%)*daf HHV (MJ/kg) H/Ceff

Moisture Ash Volatile matter Fixed carbon*diff C H N O*diff

AS 3.11 4.24 78.48 14.16 47.21 5.71 0.45 46.6 18.3 0.3

PE 0.45 0.22 99.27 0.06 85.70 14.20 0.05 0.05 46.63 1.98

PS 0.26 2.39 97.30 0.04 92.31 7.72 0 0 41.27 1.01

Mineral content (wt%)

Ca K Mg Na

AS 0.29 1.16 0.032 0.058

Chemical composition (wt%)db

Lignin Cellulose Hemicellulose

AS 13.4 28.1 39.7
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Sample characterization
An ultimate and proximate analysis were carried out 
according to UNE 15104:2011, UNE-EN ISO18123:2016, 
UNE 32-004-84 and UNE 32-002-95 standards in a 
Thermo Fischer Scientific Flash 2000 elemental analyser, 
equipped with a thermal conductivity detector. The prox-
imate analysis provided data on moisture, ash, volatile 
matter and fixed carbon content. Also, an ultimate analy-
sis was carried out to find the concentrations of carbon, 
hydrogen, nitrogen, oxygen and sulphur in the sample. In 
addition, metal content was determined by inductively 
coupled plasma-optical emission spectrometry (ICP-
OES) with Varian 720-ES equipment (previously cali-
brated using an ICP multi-element standard solution IV, 
Merck).

From the ultimate analysis, the hydrogen-to-carbon 
effective molar ratio (H/Ceff) was determined with the 
following equation (Eq. 2) [25]:

where H, C, O and N are the moles of hydrogen, carbon, 
oxygen and nitrogen.

The higher heating value (HHV) shown in Table 1 was 
calculated from the elemental analysis based on the ulti-
mate data analysis with the following empirical correla-
tion (Eq. 1) [26]:

where C, H, S, O, N and A are the weight percentages of 
carbon, hydrogen, sulphur, oxygen, nitrogen, and ash, 
respectively.

For AS, lignin, hemicellulose and cellulose content 
were calculated with an experimental methodology 
reported by López-González et  al. [27]. Solvent extrac-
tion (100 ml acetone for 1 g of dried biomass sample) at 
60  °C was used to determine the amount of extractives. 
Then, the sample was dried at 110  °C until the weight 
was constant. The solid residue was then cooled to room 

(1)H/Ceff =
H − 2 · O − 3 · N − 2 · S

C
,

(2)
HHV

(

MJ

kg

)

= 0.3491 ·C+1.1783 ·H+0.1005 ·S−0.1034 ·O−0.0151 ·N−0.0211 ·A,

temperature and weighed. The weight difference before 
and after extraction equalled the quantity of extractives. 
For determining hemicellulose content, 150 ml of NaOH 
(20 g  l−1) was added to 1 g of extractive-free material and 
boiled for 3.5 h with recycled water. Next, it was filtered 
and repeatedly washed until all  Na+ had been removed 
and dried at 110  °C for 1  h. The difference in weight 
after treatment determined the amount of hemicellu-
lose. Regarding the quantity of lignin, this was assessed 
using the Klason method (TAPPI T 222 om-02) [28]. 
The sample of extractive-free material was then added 
to 3  ml of  H2SO4 (72%) at 30  °C for 1  h and diluted to 
3% w/w  H2SO4. The resulting mixture was boiled for 4 h 
with recycled water. After that, the residue was filtered, 
washed and dried. Once again, the difference in weight 
accounted for the lignin. Finally, the amount of cellulose 
was calculated by the differences in weight in extractives, 
hemicellulose, and lignin. The results are given in Table 1.

Thermogravimetric characterization
Thermogravimetric analysis (TGA) and the correspond-
ing differential thermogravimetric analysis (DTG) were 
carried out in a TGA apparatus (TGA 2, Mettler Toledo). 
The experiments were performed at temperatures rang-
ing from 25 to 1000  °C at a heating rate of 10  °C   min−1 
and a constant flow of 90 ml  min−1 under an inert atmos-
phere  (N2). The initial sample weight was fixed at 20 mg, 

each of which was analysed at least three times and 
average values were recorded. The experimental stand-
ard deviation was ± 0 0.5% in weight loss and ± 2  °C in 
temperature.

Catalyst preparation
The zeolite ZSM-5 was supplied in ammonium form by 
Zeolyst International (Si/Al = 25). In order to change it 
to protonic form HZSM-5, it was calcined at 550  °C for 
15  h and the sodium form NaZSM-5 was obtained by 
ion-exchange with 5  M  NaNO3 (35  ml   g−1). Next, the 
slurry was filtered, washed with deionized water, dried at 
110  °C and left overnight. This procedure was repeated 
three times after which the sample was calcined for 4 h at 
550  °C. Total sodium content in NaZSM-5 (determined 
by atomic absorption spectrophotometry using a Spectra 
220FS analyzer) was 2.04 wt%

The surface area for BET was found by calculat-
ing the adsorption and desorption data acquired with a 
Micromeritics ASAP 2010 apparatus. Then, the degree 
to which acid sites were concentrated was found by a 

Table 2 Characterization data of NaZSM‑5 and HZSM‑5

Sample NaZSM-5 HZSM-5

SBET  (m2/g) 437 441

Total acidity (mmol  NH3/g) 0.39 0.61

Weak acid (mmol  NH3/g) 0.39 0.02

T desorption (°C) 295

Strong acid (mmol  NH3/g) 0.00 0.59

T desorption (°C) 400
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temperature-programmed desorption of ammonia using 
a Micromeritics TPD/TPR analyzer. For further details 
on both techniques, see Dorado et al. [29]. The results are 
given in Table 2.

Catalytic co-pyrolysis procedure analysis
The catalytic fast co-pyrolysis tests for AS mixed with PE 
and PS were performed in a Py-GC/MS (CDS Pyroprobe 
6200 g and Agilent Technologies 7890B/5977B GC/MS).

In different experiments biomass and plastic wastes 
(PE and PS) were mixed. The ratio of AS to plastic was 
optimized as in a previous study [30] which was 1.5:1 
for AS/PE and 1:1.5 for AS/PS blends. To study the 
catalytic effect, zeolites were blended with the bio-
mass–plastic mixture by varying the biomass/plastic–
zeolite mass ratio (2:1, 1:1 and 1:2). Here, sample 1:2 
AS/PS-HZ was a mixture of almond shell/polystyrene 
(1:1.5 AS/PS) and HZSM-5 (HZ) zeolite in a ratio of 1:2. 
In all the experiments the total feedstock mass was kept 
at 1  mg ± 0.05  mg and placed in the middle of a quartz 
tube (2  mm diameter and 20  mm long) with a quartz 
wool base. The sample was weighed on an analytical bal-
ance at an accuracy of 0.001  mg (XSR105DU, Mettler-
Toledo, Switzerland). Fast pyrolysis was conducted at 
650 °C at a heating rate of 20 °C  ms−1 at a residence time 
of 20 s. These operational conditions as well as the ratio 
of biomass/plastic mass had been optimized in previous 
research [30].

For the analysis, the GC/MS injector temperature 
was kept at 280  °C. An Elite-35MS capillary column 
(30 m × 0.25 µm) was used for chromatographic separa-
tion. Helium (99.999%) was used as the carrier gas at a 
constant flow rate of 1  ml   min−1 with a 1:80 split ratio 
which enabled the chemicals in the oil to be separated 
and identified. The oven temperature was set from 40 
to 280  °C at a heating rate of 5  °C   min−1. The chroma-
tograms were integrated, and the relative peak areas 
were calculated. These peaks were identified using the 
National Institute of Standards & Technology (NIST) 
library as a reference and only those with a matching 
quality of over 80% were taken into consideration. The 
FGA used a 1/8″ packed column and a thermal conduc-
tivity detector to analyse the gases produced during fast 
pyrolysis that were not easily assayed using capillary GC/
MS. The absorbent trap of the pyrolizer collected the 
organic products from pyrolysis and transferred them 
to the GC/MS as usual. All analyses were carried out in 
triplicates to ensure reproducibility.

The peak area based on a Py-GC/MS and Py-FGA 
analysis could not reveal the real contents of the target 
compounds. However, if the sample masses matched 
in each fast pyrolysis experiment, the corresponding 

chromatographs could be compared to reveal the propor-
tions and selectivities of the components in the oils.

Results and discussion
Characterization of feedstock materials
The physicochemical properties of the materials used 
herein can be found in Table  1. From the proximate 
analysis, almond shell biomass contained the most fixed 
carbon in comparison to polyolefins (PE and PS). These 
plastic wastes were fundamentally formed by volatile 
matter, which indicates they may be good materials to be 
pyrolyzed [31]. However, these materials contained the 
highest amount of carbon: 85.7 and 92.3 wt% for PE and 
PS, respectively. Both plastic feeds gave a greater HHV, 
which was 41 MJ/kg, similar to that in commercial fuels 
such as gasoline and diesel [32]. Alkali and alkaline earth 
metals (AAEMs) content (mineral content in Table  1) 
were a key factor to consider, as they can act as indige-
nous catalysts in fast pyrolysis and in this way can alter 
the final composition of the oil [33]. Potassium, with 
1.16  wt%, was the most abundant metal. Regarding the 
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chemical composition, hemicellulose was the main frac-
tion obtained with AS, as expected [34].

The effective hydrogen-to-carbon molar ratio (H/Ceff) 
in Table 1, shows the potential of the feed to be converted 
economically into hydrocarbons. Moreover, it enabled 
overall yields of olefin and aromatic compounds [35] to 
be estimated. The H/Ceff ratio for petroleum-derived 
feedstocks was between 1 and 2 and that for lignocel-
lulosic biomass was between 0 and 0.3 [30, 36, 37]. The 
ratios for our feed lay within the same range. However, 
a catalyst is important for converting rich oxygen waste 
biomass (with a H/Ceff ratio under 1) into valuable hydro-
carbons [38].

Thermal performance with the raw materials under an 
inert atmosphere was determined by thermogravimetric 
tests. The results, and the corresponding DTG curves, are 
shown in Fig. 1.

The main pyrolysis degradation step for AS took place 
at temperatures between 120 and 450  °C. However, 
pyrolysis was broken down into three common degrada-
tion stages: water drying/evaporation (stage I: 0–150 °C), 
devolatilization (stage II: 150–500 °C) and char formation 
(stage III: > 500 °C) [39]. The slight peak observed on the 
AS DTG curve at stage I reveals that the remaining mois-
ture content of the sample was removed. At stage II, the 

DTG curve for AS displayed three clear shoulders: peak 
1 was mainly attributed to the thermal decomposition of 
hemicellulose (250–340 °C), while peak 2 was largely due 
to cellulose decomposition (340–450  °C). Finally, peak 
3 was attributed to lignin decomposition at higher tem-
peratures (400–550  °C). This indicated that lignin had 
greater thermal stability compared to hemicellulose and 
cellulose due to its highly cross-linked structure. These 
results closely matched the chemical composition of AS 
(Table  1). Stage III was related to the carbonization of 
the biomass sample. Furthermore, the thermogravimet-
ric analysis revealed the thermal stability of AS was lower 
than that for the plastics during pyrolysis. PE degraded at 
a higher temperature range (410–520 °C) as did PS (350 
to 440 °C, while remaining components degraded in the 
temperature range of 440–550 °C [40]). In general, most 
synthetic polymers (such as PE and PS) thermally decom-
posed by random scission and radical mechanisms: 
initiation, propagation and termination [30, 41]. The 
carbon-to-hydrogen (C–H) bonds in primary, second-
ary and tertiary carbon atoms, and the carbon-to-carbon 
(C–C) sigma bond are the only ones that makes probabil-
ity distribution in bonds selected from radical formation 
or breakage [42]. However, from straight chain polymers 

Fig. 2 Bio‑oil product yield obtained from fast pyrolysis of a AS, b AS and PE blends, c AS and PS blends and d raw PE and PS
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hydrogen gas and hydrocarbon compounds were formed 
from straight chain polymers [8].

According to the TG/DTG results, AS was less ther-
mally instable than plastics (PE and PS). Furthermore, 
those polymers could provide hydrogen, a chemical ele-
ment which AS lacked, due to the range of fast pyrolysis 
temperatures used.

Bio-oil distribution of almond shell and plastic waste 
blends
The fast pyrolysis product distribution for AS and 
the blends with PE and PS is shown in Fig.  2. Firstly, 
almond shell was pyrolyzed at 650  °C to observe how 
oxygenated products were distributed. The compounds 
detected were separated into functional groups of alco-
hols, aldehydes, carboxylic acids, ketones, phenols, sil-
icates and alkanes, as shown in Fig.  2a. Phenols, with 
yields of up to 48.3% and which mostly came from lignin 
decomposition [39] were the main groups detected. 
However, the inherent AAEMs in samples, such as K 
(1.16  wt%), helped phenolic compounds to form [43]. 
Carboxylic acids, whose yields came to 20.1%, were one 
of the main products obtained. According to the litera-
ture, such a high yield of acids may be explained by the 
fact the raw biomass was rich in hemicellulose (Table 1) 
which underwent ring scission to produce the acid [44]. 
Silicates with the bio-oil distribution could be observed 
after fast pyrolysis of AS and this might have been due 
to soil contamination, from gathering the biomass, 
transportation or transformation [26, 45]. In addition, 
nut shells generally contain some amounts of silicon in 
its chemical structure [46, 47].

Fast pyrolysis PE product distribution was mainly 
based on hydrocarbons in which alkanes, whose yield 
was 64.2%, were the main group. Most olefins observed 
were in the  C11–C20 carbon range and accounted for 49% 
of the total condensable compounds. Singh et  al. [40] 
have also reported that the pyrolytic oil obtained from 
LDPE is producing a fraction of 21.30% and 67.76% in 
the carbon range of  C6–C12 and  C13–C22, respectively. 
Other hydrocarbons found were cyclic hydrocarbons: 
26.5% of cycloalkanes and 0.4% of cycloalkenes. As for 
the product distribution for the fast pyrolysis of PS, solely 
hydrocarbons were produced, whose yields of olefins, 
cyclic hydrocarbons and aromatic compounds came to 
11%, 24.4% and 64.54%, respectively. As expected from 
aromatics, styrene was largely detected as main compo-
sitional monomer of PS [48, 49]. Among detected aro-
matics, benzene and toluene were obtained with yields of 
2.5% and 8.8%, respectively.

PE reduced the amount of oxygen in the blend with AS, 
whereas carbon yields increased. This is because PE had a 
higher HHV than the biomass waste (Table 1). However, 

as expected, a synergistic effect was obtained for blends 
of AS/PE in fast pyrolysis (Fig. 2b) and reflected by higher 
amounts of hydrocarbons. Yields of hydrocarbons, all 
of which were alkanes, increased to 81.1%. Synergy was 
positive to produce aliphatic compounds and negative to 
produce aromatic compounds [13]. Aliphatic compound 
yields were distributed as follows: 27.2% for light olefins 
 (C6–C11) and 53.9% for long chain olefins  (C11–C20). In 
short, the AS and PE blends altered the reaction mecha-
nisms, removing oxygenates by substituting decarbon-
ylation and decarboxylation with dehydration [42]. This 
synergy could have been due to hydrogen abstraction of 
AS oxygenates and reactive radicals, which helped PE to 
degrade and boosted yields of aliphatic hydrocarbons [50, 
51].

Regarding Fig. 2c, in the AS/PS blend there were higher 
yields of hydrocarbons in comparison to pure AS. Here, 
the relative content of hydrocarbons accounted for 83.7% 
of carbon yields, in which 44.2% of the condensable com-
pounds detected were aromatics. Nonetheless, all these 
components were monocyclic aromatic compounds 
(MAHs), and not valuable hydrocarbons such as BTX. 
The pyrolytic environment of biomass and PS favoured 
alkylated benzene generation due to the interactions 
of PS-derived aromatics [17]. Reshad et  al. conducted a 
study on the production of pyrolytic oil and char from a 
blend of seed cake and waste PS and found that the pro-
duction of aromatic compounds increased with a higher 
proportion of PS in the mixture [52]. Van Nguyen et al. 
demonstrated that the water content and acetic acid 
concentration of bio-crude oil from co-pyrolysis of pine 
sawdust and PS decreased almost proportionally with the 
increasing PS ratio. Moreover, the production of hydro-
carbon compounds increased, indicating that a syner-
gistic effect was achieved during co-pyrolysis [15]. These 
findings are consistent with previous works, which have 
shown that adding PS to lignocellulosic biomass blends 
can improve the quality of the oil by transforming oxy-
genated compounds into aromatics.

Catalytic fast pyrolysis of almond shell and polyethylene 
blend (AS/PE)
Product yields from the catalytic fast co-pyrolysis of AS 
in the PE blend are shown in Fig.  3. Here, plastic was 
expected to reduce oxygen at the organic phase whilst 
carbon yield increased which resulted in a higher calo-
rific value [53]. The components observed in the oil were 
split into two groups: hydrocarbons and oxygenates. 
Hydrocarbons were mainly composed of olefins, cyclic 
hydrocarbons and aromatics. These, in turn, were split 
into monocyclic aromatic hydrocarbons (MAHs), mainly 
benzenes rings; and polycyclic aromatic hydrocarbons 
(PAHs), categorized as naphthalene and its derivatives, 
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indene and its derivatives, and multi-ring aromatic 
components with over two rings. In addition, oxygen-
ates were produced from alcohols, aldehydes, carboxylic 
acids, esters, ketones and phenols.

Aliphatic hydrocarbons derived from the pyrolysis of 
PE could interact with the oxygenated fraction in AS by 
cracking, cyclization and isomerization. This increased 
hydrocarbon diversity (alkenes and cyclic hydrocarbons) 

Fig. 3 a Bio‑oil catalytic fast co‑pyrolysis and b aromatic selectivity of 1.5:1 AS/PE over NaZSM‑5 (AS/PE‑NaZ) and HZSM‑5 (AS/PE‑HZ) zeolites
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[42]. Without a catalyst, approximately 80% of that pro-
duced from 1.5:1 AS/PE was hydrocarbon compounds, 
most of which were aliphatic in the  C6–C20 range. On 
adding NaZSM-5 (NaZ), the amount of hydrocarbon 

compounds fell, and oxygenated products increased 
slightly from 18.9 to 26.6% for pure AS and 1:2 AS/PE-
NaZ. This led to an increase in phenolics and acids frac-
tions. This could be attributed to the catalytic effect of 

Fig. 4 a Bio‑oil catalytic fast co‑pyrolysis and b aromatic selectivity of 1:1.5 AS/PS over NaZSM‑5 (AS/PS‑NaZ) and HZSM‑5 (AS/PS‑HZ) zeolites
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inherent metals (AAEMs) and the additional sodium in 
the NaZ zeolite, which hindered the formation of hydro-
carbons. The extra  Na+ in the blend promoted cracking 
and dehydration, which favoured the formation of light 
compounds such as carboxylic acids [26, 54]. As shown 
in Fig. 3a, an increase in NaZ content did not have sig-
nificant effects on aromatic production, consistent with 
the findings of Ghorbannezhad et  al., who investigated 
the effects of sodium-based catalysts on co-pyrolysis [55]. 
The only hydrocarbons detected were olefins  C6–C20, and 
more than half of these were in the  C7–C10 range.

After adding HZSM-5 (HZ), the amount of hydrocar-
bons increased in a wide range of compounds. Yields in 
AS/PE blends increased from 70.7 to 90% as the amount 
of HZ in the blend increased. Furthermore, the total per-
centage of hydrocarbons also increased in comparison 
to the blends without a catalyst, as, HZ clearly enhanced 
production of aromatics. In Fig. 3a, it was observed that 
aromatic selectivity increased at the expense of the pro-
portion of aliphatic compounds. Aromatics were the 
main product (accounting for over 45% of total hydro-
carbons) for 1:2 AS/PE-HZ. Results revealed that yields 
of xylene were 2.1% (2:1 AS/PE-HZ) and 1.4% (1:2 AS/
PE-HZ). Dorado et  al. observed for switchgrass and PE 
blends in presence of HZSM-5 yielded less toluene than 
would be predicted for the non-interacting blend. How-
ever, these blends show increases over the predicted 
values of the blends for p-xylene and ethylbenzene. This 
indicates that the change in selectivity in the conversion 
to aromatics for cellulose in the presence of the PE is the 
opposite of what is observed for lignin [56]. As shown in 
Fig. 3b, the sum of benzene compounds was higher than 
that of PAHs compounds (an undesirable group) [30, 49].

Catalytic fast pyrolysis of almond shell and polystyrene 
blend (AS/PS)
The effect of zeolites (NaZSM-5 and HZSM-5) in AS/PS 
blends on bio-oil product distribution is shown in Fig. 4. 
The composition of the oil from the fast pyrolysis of PS 
was oxygen-free. In comparison to PE, PS is low in ali-
phatics due to the aromatic nature of the styrene mono-
mer [15]. The general catalytic effect on the 1:1.5 AS/PS 
blend was to increase yields of aromatics, in which tolu-
ene was enhanced in comparison to the pure feedstock. 
On adding NaZSM-5, toluene yields increased to 12% for 
1:2 AS/PS-NaZ. It was reported that the metal-modified 
ZSM-5 catalysts increased oil yield and single-ring aro-
matic content of the product oil compared to unmodi-
fied HZSM-5 catalyst, like toluene. 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 [23]. The catalytic effect of Na tended to 
be higher due to the sum of the sodium inherent in AS 
and that added from NaZSM-5. The AAEMs altered 
the co-pyrolysis intermediates by increasing yields of 
mono-aromatics while PAHs fell. They could promote 
intermolecular and intramolecular dehydration, proto-
nation, and aromatization. With HZSM-5 hydrocarbon 
yields increased in the blend to nearly 100% of total con-
densable compounds. HZSM-5 acted as a catalyst which 
enhanced production of aromatics in the AS/PS blend, in 
which the main group detected was aromatics. As cited 
above, toluene production was enhanced greatly, fol-
lowed by benzene and 1,3,5-cycloheptatriene for cyclic 
hydrocarbons. Here, more PAHs than MAHs were 
obtained, as observed in Fig. 4b. A large amount of naph-
thalene was obtained from the PAHs in 1:2 AS/PS-HZ, 
which accounted for 3.4% of aromatic yields. The fraction 
of naphthalene derivates (NAPHs) increased with the 
higher presence of HZ in the AS/PS blends (as shown in 
Fig. 4b, it accounted yields of 11.7, 13.3 and 10.3% for 2:1 
AS/PS-HZ, 1:1 AS/PS-HZ and 1:2 AS/PS-HZ, respec-
tively). The same was true for indenes which reached 
yields of 3.9, 5.2 and 3.6% for AS, PS and HZ, respec-
tively. As expected, vapours from co-pyrolysis of AS/PS 
diffused into the pores of HZSM-5 and underwent deox-
ygenation, isomerization, and oligomerization at the acid 
sites in order to form aromatics [57].

Conclusions
Results showed that zeolites acted as a catalyst in the 
co-pyrolysis of AS/PE and AS/PS blends to enhance 
hydrocarbon selectivity. The oil yielded from AS was 
mainly formed by oxygenated components, with phe-
nolics amounting to 48.3%. For the AS/PE blends 
hydrocarbons, all of which were alkanes, increased to 
81.1%. Aliphatic compounds were distributed in 27.2% 
of light olefins  (C6–C11) and yields of long chain olefins 
 (C11–C20) amounted to 53.9%. For AS/PS, more hydro-
carbons were produced than in pure AS (83.7%). As 
for the zeolite catalytic effect, it was found that NaZ in 
blends with PE enhanced alkene production. In general, 
hydrocarbon selectivity was greatly enhanced after add-
ing HZSM-5 zeolite. For AS/PE blends, this increase 
from 70.7 to 90%, resulted in a rapid change in aromat-
ics, being up to 45% of total hydrocarbons for 1:2 AS/
PE-HZ. In general, it was observed that in the case of 
AS/PE-HZ blends, the production of MAHs was higher 
compared to PAHs (38.7% and 9.2%, respectively), and 
there was a reduction in the production of cyclic hydro-
carbons. On the other hand, in the case of AS/PS-HZ 
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blends, the hydrocarbon yield was nearly 100% of total 
condensable compounds, and it was observed that 
HZ had no significant effect on the aromatic content. 
In this study, plastics were used as a source of hydro-
gen-rich material in co-pyrolysis with biomass. This is 
one way of reducing waste from plastic. In conclusion, 
catalytic co-pyrolysis of AS and plastics was found as a 
promising solution to improve bio-oil composition.
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