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1. Abstract  

Thermal and catalytic fast pyrolysis of Prosopis juliflora (P.juliflora), fractions namely wood, 

seed pods, leaves and their mixtures (wood: seeds: leaves at 80:10:10, and seeds: leaves at 

50:50) were investigated. Fast pyrolysis tests were performed in a py-GC/MS to study the 

product distribution at 450, 500 and 550 °C. Further catalytic tests at 500 °C, used HZSM-5, 

1wt.% Ni-HZSM-5 and 5wt.% Ni-HZSM-5, and the wood fraction as feedstock. For all the 

non-catalytic thermal tests, significant proportions of acids, ketones, aldehydes, sugars, 

alcohols, phenols, nitrogenous compounds (NITs) and other oxygenates were observed. Out of 

the three Prosopis fractions studied, the wood at 500 °C yielded the highest amount of ketones, 

aldehydes and phenolics (78.67%), whilst the mixture (wood: seeds: leaves at 80:10:10), 

yielded 83.04%. This suggests that Prosopis feedstock can be processed as a mixture thus 

eliminating the need for pre-separation. The catalytic tests were completed at 500 °C with 

catalyst: biomass ratios (C/B) of 3:1, 6:1 and 9:1. The use of zeolite-based catalysts, improved 

the product distribution by forming aromatic hydrocarbons (monocyclic) and polycyclic 

aromatic hydrocarbons (PAHs) thus reducing the proportion of oxygenates detected in the 

thermal tests. The addition of nickel to the zeolite catalyst (9:1 C/B ratio; 5 wt.% Ni-HZSM-

5), resulted in aromatics and polyaromatic hydrocarbons (PAHs) yields of 60.28% and 27.50%, 

respectively. Overall, the tests using Ni-loaded zeolites showed selectivity towards aromatics, 

as higher proportions were obtained when compared to PAHs. Our results correlated the 
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influence of specific components in the individual fractions of Prosopis (wood, seeds, and 

leaves) on the pyrolysis products. We established the potential of using an invasive plant to 

yield aromatics, which are main components for biofuels production, thus proposing a 

sustainable pathway to manage its spread and to yield a high-value product. 

Key words: P. juliflora, catalytic fast pyrolysis, py-GC/MS, zeolite, HZSM-5, aromatics 

2. Introduction 

Prosopis (Mesquite) is a leguminous plant of over 40 different species [1]. It is native to tropical 

America and has been adopted and introduced to countries with arid regions to improve fodder 

resources and combat desertification [1]. Such countries include Botswana, South Africa, 

Namibia and India. However, Prosopis plants tend to proliferate and become a threat to plant 

biodiversity [2]. As a result, Prosopis species are considered invasive in these countries and a 

species of concern in other territories such as the UK [3-5]. As these plants are available 

abundantly and grow at a considerable rate, with a growth rate of 25 km2/ year reported  [6], 

they could be utilized as a biomass resource for biofuel production which would provide a way 

of managing their spread or removal [3]. Prosopis juliflora (P. julifora) is the most common  

Prosopis species and will be explored in the present study as a biomass resource for high value 

products via pyrolysis [2].  

Pyrolysis is a thermochemical conversion process which entails heating a material in an oxygen 

deprived environment. The pyrolysis products are a liquid (bio-oil) consisting of acids, sugars 

and oxygenated hydrocarbons (aldehydes, alcohols, ketones, esters, ethers, phenols, moisture), 

a solid fraction (char), and a gas fraction (pyrolysis gas) [7-9]. The properties of crude bio-oil 

inhibit its use as an alternative to petroleum fuel due to high acidity, high oxygen, and moisture 

content, high viscosity, and low heating value [10, 11]. 

Bio-oil can be upgraded to more stable hydrocarbons using catalysts. Different catalysts have 

been studied for bio-oil upgrading, however zeolite-based catalysts have been widely 
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researched in catalytic cracking of bio-oil as they have shown better performance in terms of 

facilitating the target reactions such as dehydration, decarboxylation, decarbonylation and 

aromatisation compared to other catalysts [12, 13]. Zeolites have high selectivity towards 

hydrocarbon production and can limit unwanted products like oxygenated compounds and 

carboxylic acids [12, 14, 15].  

Zeolite Socony Mobil-5 (ZSM-5) has been researched as a potential candidate for upgrading 

fast pyrolysis vapours in catalytic fast pyrolysis due to its impressive shape selectivity and 

excellent deoxygenating capability [12]. Thangalazhy-Gopakumar et al. [16] reported an 

increase in aromatic hydrocarbons with increased catalyst load from pyrolysis of algal biomass 

using ZSM-5. The highest content was 50.8 wt.% of aromatic hydrocarbon from a catalyst: 

biomass (C/B) ratio of 9:1 at a temperature of 650°C in a pyroprobe was obtained due to the 

increased number of active sites in the catalyst.  

Another zeolite which has commonly been explored is HZSM-5, the protonated version of 

ZSM-5. When used, it significantly reduced the oxygen content in the bio-oil [14]. HZSM-5 is 

reported to have better thermal and hydrothermal stability as well as better shape selectivity 

and stronger acidity compared to ZSM-5, thus it is more effective at producing aromatics than 

the latter [14]. It is reported to successfully reduce oxygen content, increase the higher heating 

value, and reduce bio-oil acidity [8, 17, 18]. HZSM-5 has a unique pore structure which results 

in its heightened selectivity of aromatics; showing better selectivity to monocyclic aromatics 

which promotes the yield of aromatics in the process [19]. In the pyrolysis of pine over HZSM-

5 in bench scale a fluidised bed reactor for in-situ and ex-situ upgradation, Iisa et al. [19] found 

that the upgraded bio-oil was ~45 wt. % lower in oxygen content that non-upgraded oils. They 

reported similar reduced oxygen and water contents in the oil, similar oil yields of 14 – 17 wt. 

% but more catalyst deactivation due to coke formation in the in-situ reactor set up than ex-situ 

[19]. 
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Zeolites can be modified to improve their performance in upgrading bio-oil. Studies have 

reported that metal loaded zeolite catalysts demonstrate enhanced acidity, reduced oxygenate 

production as well as a higher resistance to the formation of coke [20-23]. Nickel loaded H-

ZSM-5 has particularly shown selectivity towards aromatics for fuel [20, 22]. French and 

Czernik [24] in their study of catalytic pyrolysis of Aspen wood at 600 °C with metal loaded 

ZSM-5 observed the highest yield of upgraded bio-oil, containing hydrocarbons when using 

Ni as the metal compared with other metals which included Ga, Co, Fe, Ce, Cu and Na. They 

attributed this to the high catalytic activity coupled with higher reaction temperature leading to 

more volatiles. Yung et al. [20] found that adding Ni improved the performance of ZSM-5 in 

that it exhibits strong hydrogenation activity which enables it to hydrogenate some of the 

compounds to convert them to hydrocarbons. They reported that the addition of Ni to the 

surface and pores of the support prevents the pores to be clogged by coke through enhanced 

hydrogenation reactions, their tests were performed on southern pine [20]. Veses et al. [21], 

reported a reduction in phenolics with the use of Ni-ZSM-5 in the upgrading of bio-oil from 

pyrolysis of woody biomass. The highest production of hydrocarbons in comparison to other 

metals like Cu, Mg, Sn and Ga was observed with the use of Ni, however Ga also displayed a 

comparable reduction of phenolics to Ni [21].  

Pyrolysis-gas chromatography and mass spectroscopy (py-GC/MS) is a technique adopted to 

study the behaviour of biomass under different experimental conditions as well as the influence 

of these conditions on the product distribution obtained in the pyrolysis volatiles while 

providing simplicity in operation [25, 26]. It gives insight into the proportion of compounds 

contained in the pyrolytic volatiles and is reported to detect compounds which form the 

condensable (liquid) fraction more efficiently than in GCMS of the fraction which would 

require full condensation prior to analysis [26]. Work using py-GC/MS in studying the 
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performance of zeolites such as HZSM-5 in catalytic biomass pyrolysis has reported that these 

catalysts can effectively convert oxygenated hydrocarbons into aromatics [27].  

In the present work, the thermal pyrolysis of three of the fractions of the P. juliflora plant 

(wood, seed pods and leaves) and their mixtures (wood, seeds and leaves: WOSDLV; seeds 

and leaves: SDLV), was performed in a py-GC/MS at three temperatures 450, 500 and 550 °C. 

To the best of the authors’ knowledge, there has been no work on thermal and catalytic 

pyrolysis of these three fractions of P. juliflora as well as their mixtures, especially using py-

GC/MS. The catalytic tests were carried on the wood sample (main plant component), at 500 

°C, and at three catalyst: biomass (C/B) ratios (3:1, 6:1, 9:1). The catalysts used were HZSM-

5 and two nickel loaded HZSM-5 catalysts (1wt.% and 5 wt.% nickel loadings). Details on the 

characterisation techniques used for samples, products, and catalysts, can be found in the 

methods section. This work will contribute to work that promotes the utilisation of this invasive 

plant as a means of managing their spread. 

3. Materials and methods 

3.1 Biomass samples 

The three fractions of the P. juliflora tree, leaves, seed pods and wood, were collected from the 

Kgalagadi district, Botswana on 9th January 2022. The latitude and longitude of the site are 

24.89156° S, 23.23316° E. The tree was selected according to the field guide of identifying 

Prosopis species by Pasiecznik et al. [1], which suggests to undertake a comparison of the seed 

pods, leaves and tree structure (height, branches, whether it has a trunk or not) to distinguish it 

from other Prosopis species like Acacia, and Mimosa. The selected tree, satisfied the described 

characteristics of P. juliflora as per Table 1 [1]. The reported guide was also used to 

differentiate and collect the leaves, seed pods and wood fractions. Each of the fractions were 

manually separated with a panel hacksaw, then air-dried at room temperature for 24 h, and 

finally placed in a drying oven at 60 °C for 24 h to reduce excess moisture. They were then 
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grinded using an IKA WERK M20 grinder, following a sieve shaker to obtain a particle size 

distribution of 106 – 250 µm (analytical fraction). The mixtures of the individual samples were 

prepared by measuring out quantities of the components to obtain desired proportions of 

80:10:10 for wood, seed pods, and leaves (WOSDLV); and 50:50 for seed pods, and leaves 

(SDLV). These proportions were adopted as they were representative of the quantities of 

fractions on the plant. 

Table 1: Characteristics of P. juliflora [1]. 

Height (m) Trunk Branches 

Thorn type & 

length (cm) 

Foliage 

Flower/ raceme 

length (cm) 

3 – 12 – 

Spreading/ 

shrubby 

Solitary/ paired 

(0.5 – 5) 

Glabrous/ 

pubescent 

7 – 5 

 

3.2 Catalyst preparation 

HZSM-5 was obtained in ammonium form (NH4
+) from Alfar Aesar by Thermo Fischer 

Scientific (Si/Al ratio = 30). It was transformed to protonic form (H+) by calcining in a muffle 

furnace at 600 °C for 6 h with a ramp rate of 10 °C/min. Modified Nickel/HZSM-5 (Ni-HZSM-

5) at 1wt.% and 5 wt.% loading was prepared by incipient wetness impregnation method. 

Appropriate amounts of Ni(NO3)2•6H2O (99.999% Sigma Aldrich, UK) were dissolved in de-

ionised water at room temperature to prepare aqueous precursor solutions of nickel (II) nitrate 

hexahydrate to obtain the 1wt.% and 5wt.% Ni loadings. The precursor solutions were 

introduced to the protonated ZSM-5 catalyst, the mixture was stirred with a magnetic stirrer at 

room temperature for 4 h, following which it was left to air dry for 15 h. The slurry was then 

placed in a drying oven at 110 °C for 5 h, then calcined at 550 °C in air atmosphere under static 

conditions for 5 h in a muffle furnace (ramp rate of 5 °C/min), to decompose the nickel nitrate 

and obtain nickel oxide. The resulting catalysts were crushed in a ceramic mortar and pestle 
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and sieved to obtain a particle fraction of 106 – 250 µm, to ensure uniformity with the biomass 

P. juliflora sample particle size. The final catalysts were assigned as 1wt.% Ni-HZSM-5 and 

5wt.% Ni-HZSM-5. 

3.3 Catalyst characterisation 

X-ray diffraction (XRD) was performed to study the crystalline structure of the catalyst, this 

was completed using an X-ray Diffractometer (Malvern Panalytical Empyrean, Netherlands) 

with Cu Kα radiation (λ=1.5418Å) operating at 40 mA and 40 kV, scanning from 5 to 80° 2θ 

every 0.02° (2θ) with counting time 2s per step. The Nova 4000 porosimeter equipped with an 

Automatic Volumetric Sorption Analyzer, used the Brunauer–Emmett–Teller (BET) and the 

Barrett, Joyner, and Halenda (BJH) methods at -196 °C with liquid nitrogen, to determine the 

surface area (SBET), pore volume and mesopore size distribution of the catalysts. The samples 

were degassed for 5 h at 120 °C under 5 × 10-9 Torr vacuum. The pore size distribution was 

obtained by applying the BJH modified by Kruk, Jaroniec and Sayari (BJH–KJS) model to the 

adsorption branch of the isotherm. The T-plot method was used to discriminate between micro- 

and meso/microporosity. The meso/macropore volume was determined by subtracting the 

micropore volume (from T-plot analysis) from the total pore volume (at P/Po = 0.99). This 

analysis was carried out in duplicate. 

3.4 P. juliflora characterisation 

Elemental analysis of the ground sample was performed on a CHNS-O Flash 2000 Organic 

elemental analyser from Thermo-Scientific on a sample of ca. 3mg mass. The operating 

conditions were 900 °C for the furnace temperature, and 50 °C for the oven; the carrier gas was 

high purity oxygen at 3.5 bar and 140 mL/min flowrate. A thermal conductivity detector (TCD) 

with a filament was used with ~1000 μV intensity. The calibration was undertaken using 

standard sulphamide and vanadium pentoxide as oxidising agent. The analyses were carried 

out in triplicate. The proximate analysis was performed on a thermogravimetric analyser 
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(TGA/DSC 2 STAR system, Mettler Toledo, with alumina 70 μl crucible) in N2 and O2 

atmospheres on a sample size of ca. 3mg. The temperature increased from 25 to 900 °C at 10 

°C/min ramp rate under nitrogen atmosphere, followed by isothermal conditions at 900 °C for 

20 minutes under oxygen. 

3.5 Py-GC/MS experiments  

Analytical pyrolysis (thermal and catalytic) of the P. juliflora samples (wood, leaves, seed 

pods, WOSDLV and SDLV), was carried out in a Single-shot Pyrolyser PY-3030S (Frontier 

lab) close-coupled to a Shimadzu QP2010E Gas Chromatograph Mass Spectrometer (GC-MS) 

(Shimadzu Corporation, Kyoto, Japan). All pyrolysis experiments used 0.5 mg of P. juliflora 

sample weighed into stainless-steel crucibles (Frontier lab, Eco-cup LF). The thermal 

experiments were performed at temperatures of 450, 500, 550 °C for each sample. The catalytic 

experiments were performed at 500 °C, using three catalyst to biomass (C/B) ratios of 3:1, 6:1 

and 9:1. Appropriate amounts of biomass and catalyst were weighed in the crucibles and mixed 

uniformly using the Eco-stick SF, to finally ensure the desired C/B ratios were achieved. 

All the pyrolysis experiments (thermal and catalytic) were performed at 20 °C/ms heating rate, 

15 s hold time under He carrier gas flow at 1.91 mL/min. The components were separated using 

a Perkin Elmer Elite-1701 column (cross-bond: 14% cyanopropylphenyl and 85% dimethyl 

polysiloxane; 30 m, 0.25 mm inner diameter, 0.25 µm film thickness). The GC oven was held 

at 45 °C for 1 minute, then heated at 5 °C/min to 275 °C and held at this temperature for 3 

minutes leading to a total time of 50 minutes for the experiment. The separated components 

were identified in mass spectra of 45-300 m/z every 0.2 secs. The NIST 2011 MS library was 

used to assign individual peaks in the chromatogram from the pyrolysis vapours with a match 

factor of 80% and quantification was made using peak areas in the chromatogram. The thermal 

tests were performed in duplicate at 450 °C to ensure repeatability. The resulting 

chromatograms showed high comparability as there was negligible difference between them. 
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The same was done for catalytic tests at the same C/B ratio (3:1) and the chromatograms for 

these tests showed consistency. 

4. Results and Discussion 

4.1 Feedstock characterisation 

In this section, the results of the proximate and ultimate analysis of P. juliflora fractions (wood, 

leaves, seed pods) and the fractions mixtures (WOSDLV, SDLV) will be discussed. 

4.1.1 Proximate and ultimate analysis 

Table 2 shows a comparison between the proximate and ultimate analysis of the P. juliflora 

wood from this work with data from literature. The results from the wood sample (present 

study) either show a slight variation or close similarity depending on the parameter when 

compared to those from other studies which tested P. juliflora wood. Close similarity is 

observed in the ultimate analysis data, while variation is noticed in the proximate analysis. For 

example, the volatile matter of the wood sample, the present study is 79.75% while the highest 

value from the literature is 69.80% [28]. This variation in data between the current study and 

that from literature can be attributed to the use of different analytical methods and differences 

in plant growth due to varied soil compositions at the different locations from which the plants 

grew [29].  

The properties of seed pods (Table 3), and P. juliflora leaves, WOSDLV and SDLV and 

mixtures (Table 4) are assessed and linked to their thermal degradation behaviour. In Table 3, 

values for seed pods show a significant variation, which can also be due to different analysis 

methods and plant growth conditions. So far in the literature, it has not been reported details 

on P.juliflora leaves or WOSDLV and SDLV mixtures, therefore no comparison is reported 

(Table 4) [28, 30, 31]. The volatile matter for wood sample (79.75%, Table 2) is followed by 

the WOSDLV mixture at 79.12 wt.% (Table 4), which could be due to the influence of the 

wood fraction in the sample. Fixed carbon content is observed to be highest in the seed pods at 
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18.80 wt.% (Table 3) and is least in the leaves at 10.44 wt.% (Table 4). The carbon content 

ranges between 43.50 wt.% and 45.83wt.% for all the samples (Tables 2-4). Both the fixed 

carbon and the carbon content have been reported to be directly proportional to the higher 

heating value [29, 30]; whereas the oxygen content in all samples is high which would 

potentially reduce their heating values [30]. The leaves have the highest ash content (6.70 

wt.%) suggesting it would have the lowest energy content whilst the lowest ash content is 

observed in the wood at 2.08 wt.%. 

Low nitrogen and sulphur content deem P. juliflora a more environmentally benign energy 

source compared to fossils as it will produce low SOx and NOx during conversion. The highest 

nitrogen and sulphur content is found in the leaves which is consistent with them containing 

chlorophyll. The mixed samples show values comparable with the individual fractions 

indicating a clear influence of individual fractions properties on the studied mixtures. 

4.1.2 Thermogravimetric analysis 

To assess the pyrolysis behaviour of P. juliflora individual fractions and mixtures, a 

thermogravimetric analysis (TGA) was performed. The TGA and DTG curves are shown in 

Figures 1(a) to (e). Figure 1(a), (c) and (d) show that degradation occurs in three stages which 

agrees with what has been reported in other work [6, 30]. However, Figures 1(b) and (e) for 

seed pods and SDLV mixture, show more than three stages of decomposition, this can be 

attributed to individual degradation of seeds and the pods (seed covers), this is more evident in 

the mixture sample containing seed pods (SDLV, Figure 1e). In Figure 1(a), and (d) it is 

observed that the first stage (40 – 235 °C) of moisture removal occurs as well as the release of 

lighter volatiles as hemicellulose starts to degrade. The derivative thermograph (DTG) for this 

stage shows numerous small peaks as the loss of moisture is an endothermic process [30]. The 

second stage (235 – 440 °C) is characterised by a rapid decline in thermographs due to the 

breakdown of hemicellulose from 235 – 305 °C, and cellulose from 305 – 400 °C. The peaks 
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linked to hemicellulose degradation are visible as small shoulders on all the samples (Figure 

1) on the DTG curves, which is as others have reported [30, 32]. The third and final stage above 

440 °C, is linked to lignin decomposition and char formation [33, 34]. There is a visible mass 

loss decline above 440 °C, with no further weight loss after 500 °C for all the graphs. Figure 1 

(d) follows a similar trend to (a) which can be expected due to the prevalent proportion of wood 

in WOSDLV. Figure 1(c), degradation curve for leaves displays peaks in the DTG curve during 

the devolatilization stage which is consistent with the decomposition of the different 

components.  

The DTG curves for the seed pods and SDLV mixture indicate more than three major 

degradation stages, which can be attributed to different degradation behaviour between both 

the seeds and the pods as they would have different structures. The pods which act as a cover, 

differ from the seeds in that they are presumed to consist of a protective material for the seeds. 

The first two degradations observed in Figure 1 (b) and (e) occur during temperatures of 190 – 

285 °C (loss of hemicellulose) and the next during 285 – 345 °C (loss of cellulose) and the 

final degradation at ~385 °C which would be the loss of cellulose as it takes place from 315 – 

390 °C [33]. This behaviour is observed in SDLV as well due to the impact of the seed pods, 

as they affect the overall degradation profile of the sample. The seeds and pods may therefore 

be analysed as individual fractions to be able to study their degradation behaviour and confirm 

the reason for the observed trend. 

 

Table 2: Proximate analysis (on dry basis) and ultimate analysis of P. juliflora wood. 

 Proximate Analysis (wt. %) Ultimate Analysis (wt. %) 

Reference 

Moisture 

a content 

Volatil

e 

matter 

Fixed 

Carbo

n 

Ash 

Conte

nt 

C H O* N S 
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Present study 

4.93 ± 

0.04 

79.75 ± 

0.29 

13.21 

± 0.31 

2.08 ± 

0.02 

45.57 

± 0.21  

5.89 

± 

0.06 

47.75 

± 0.25 

0.79 

± 

0.02 

0.00 

Suriapparao 

et al. [35] 

9.00 – 

12.50  

62.70 – 

67.90  

16.80 – 

24.80 

1.00 – 

5.50 

43.01 

– 

44.97 

6.27 

– 

7.06 

45.99 

– 

48.67 

1.39 

– 

1.89 

0.09 

– 

0.38 

Chandran et 

al. [30] 

6.70 – 

6.90 

64.50 – 

65.10 

- 

2.40 – 

2.70 

45.60 6.20 47.10 0.90 0.30 

Chandraseka

ran et al. [28] 

7.90 – 

11.20 

68.30 – 

69.80 

17.90 – 

19.10 

2.40 – 

3.02 

44.68 

– 

47.32 

5.96 

– 

8.08 

42.69 

– 47.6 

1.58 

– 

1.83 

0.06 

– 

0.08 

 

a Dried sample; * Obtained by difference on present study. 

 

Table 3: Proximate analysis (on dry basis) and ultimate analysis of P. juliflora seed pods. 

  Proximate Analysis (wt. %) Ultimate Analysis (wt. %) 

Reference 

Sa

mp

le a 

Moistur

e 

content 

Volatil

e 

matter 

Fixed 

Carbo

n 

Ash 

Conte

nt 

C H O* N S 

Present 

study 

See

d 

pod

s 

3.20 ± 

0.18 

74.20 ± 

0.17 

18.80 

± 0.07 

3.80 ± 

0.22 

43.72 

± 

0.35 

6.18 

± 

0.03 

48.19 

± 

0.27 

1.78 

± 

0.08 

0.13 

± 

0.02 

Gayathri & 

Uppuluri 

[29] 

See

d 

pod

s 

7.90 ± 

0.002 

87.67 ± 

0.002 

4.23 ± 

0.002 

0.21 ± 

0.002 

41.77 6.55 21.8 3.59 

26.3

0 

a Dried sample; * Obtained by difference on present study. 
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Table 4: Proximate analysis (on dry basis) and ultimate analysis of mixtures of P. juliflora leaves, 

WOSDLV, and SDLV. 

 Proximate Analysis (wt. %) Ultimate Analysis (wt. %) 

Samp

le a 

Moisture 

content 

Volatile 

matter 

Fixed 

Carbon 

Ash 

Conten

t 

C H O* N S 

Leave

s 

4.91 ± 

0.01 

77.95 ± 

0.13 

10.44 ± 

0.20 

6.70 ± 

0.25 

45.83 

± 0.13 

6.22 ± 

0.10 

43.70 

± 0.19 

3.82 ± 

0.05 

0.42 ± 

0.01 

WOS

DLV 

(80:1

0:10) 

5.20 ± 

0.07 

79.12 ± 

0.12 

12.58 ± 

0.26 

3.11 ± 

0.11 

44.18 

± 0.18 

6.05 ± 

0.10  

48.65 

± 0.13 

1.12 ± 

0.30 

0.00  

SDL

V 

(50:5

0) 

3.98 ± 

0.10 

76.20 ± 

0.05 

14.69 ± 

0.06 

5.13 ± 

0.09 

43.50 

± 0.77 

6.38 ± 

0.77 

47.80 

± 1.16 

2.17 ± 

0.18 

0.15 ± 

0.20 

a Dried sample; *Obtained by difference. 
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Figure 1: Thermal degradation profiles (TGA and DTG) of P. juliflora: (a) wood; (b) seed pods; (c) 

leaves; (d) WOSDLV (80:10:10); (e) SDLV (50:50). 

4.2 Catalyst characterisation 

Results from the X-ray diffraction and N2 porosimetry of HZSM-5, 1wt.% Ni-HZSM-5 and 

5wt.%Ni-HZSM-5 catalysts, are presented and discussed below. 

4.2.1 X-ray diffraction (XRD) 

Figure 3 shows the XRD patterns for HZSM-5, 1wt.% Ni-HZSM-5 and 5wt.% Ni-HZSM-5. 

The diffraction pattern for all the catalysts are indicative of a Mobil-type 5 (MFI) zeolite 

structure, which includes peaks between 7° and 9°, and between 23° and 25° [36]. These peaks 

are well defined in the Ni-loaded catalysts, indicating the crystallinity was maintained even 

after being subjected to impregnation, calcination and loading of nickel species [36, 37]. It was 

not possible to distinguish the Ni-loaded characteristic diffraction peaks from the non-loaded 

ones, suggesting uniform dispersion on the HZSM-5 surface [36, 37]. This is desirable as it 
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will suggest more accessibility and availability of Ni active sites. However, the triplet of peaks 

between 23° and 25° linked to ZSM-5 seemed to be reduced when the nickel is added, and 

further decreased for a higher nickel loading (5wt.%). This reduction might suggest that the 

metal ions penetrated the pores of the zeolite altering its pore structure [37], or by nickel 

replacing some of the alumina (Al) in the zeolite framework as suggested by Zhou et al. [38]. 

 

Figure 2: Powder XRD patterns for all samples of fresh zeolite catalysts. 

4.2.2 N2 porosimetry 

The physiochemical properties of the fresh zeolite catalysts (HZSM-5, 1wt.% Ni-HZSM-5 and 

5wt.% Ni-HZSM-5) are shown in Table 5. Introducing Ni resulted in an increase of the surface 

area from 410.901 m2/g (HZSM-5) to 440.889 m2/g in 1wt.% Ni-HZSM-5 but it reduced to 

380.462 m2/g in 5wt.% Ni-HZSM-5. 1wt.% Ni-HZSM-5 displays the highest surface area, 

suggesting that the metal species dispersed uniformly on the catalyst surface and may have 

caused the formation of additional mesopores which resulted in increased surface area [39, 40]. 

However, increasing the Ni load to 5wt.% caused a reduction in the surface area, which can be 

attributed to blockage of catalyst pores due to the higher quantity of the metal species [41]. The 

pore volume appears to increase with the incorporation of Ni, from 0.100 cc/g for HZSM-5, to 

0.102 cc/g for 1wt.%Ni-HZSM-5, which is the highest value of the three. This phenomenon 
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was described by Zhong et al. [42] who attributed this to Ni metal layers being overlaid on each 

other on the catalyst surface thus enlarging the pore volume. The pore volume then reduces to 

0.077 cc/g with higher metal loading of 5wt.% Ni. This agrees with the prior suggestion that 

the metal species were evenly dispersed on the catalyst surface, however the higher metal 

loading resulted in pore blockage as the pore volume reduced with 5wt.%Ni. The pore diameter 

for HZSM-5 was determined as 3.080 nm, and slightly increased when adding nickel to 3.082 

and 3.088 nm for 1wt.% and 5wt.% Ni respectively, which indicates the nickel loadings are not 

blocking the pores accessibility in the catalyst. These values fall within the mesoporous 

materials range of 2.0 – 50.0 nm [43]. 

The BET isotherms for all the catalysts (Figure 3) appear to obey type IV of the IUPAC 

(International Union of Pure and Applied Chemistry) classification, which would be classified 

as mesoporous materials which is consistent with the pore diameter reported prior. 

Furthermore, the hysteresis loop is consistent with H4 hysteresis which suggests existence of 

micropores and mesopores amongst the zeolite particles, this is also supported by the overlap 

in the absorption and desorption isotherms [40, 44]. This indicates that the initial structure of 

the micropores and mesopores was maintained even following the addition of Ni [45]. The pore 

distribution demonstrated by the three catalysts are favourable of formation of aromatics from 

pyrolysis products. Addition of Ni enhances the pore distribution by formation of mesoporous 

structure which would enhance the effectiveness of the catalyst in the production of aromatics, 

hence a higher proportion of aromatics is expected in the Ni modified zeolites [37].  

Table 5: Physiochemical properties of fresh zeolite catalysts 

Catalyst SBET (m2/g) Pore volume (cc/g) Pore diameter (nm) 

HZSM-5 410.901 ± 18.366 0.100 ± 0.025 3.080 ± 0.006 

1wt.%Ni-HZSM-5 440.889 ± 51.516 0.102 ± 0.010 3.082 ± 0.008 

5wt.%Ni-HZSM-5 380.462 ± 26.285 0.077 ± 0.001 3.088 ± 0.015 
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Figure 3: N2 physisorption isotherms of fresh zeolite catalysts 

4.3 Py-GC/MS analysis 

Results on thermal pyrolysis of P. juliflora fractions (wood, leaves, seed pods) and mixtures of 

the fractions (WOSDLV, SDLV) at 450, 500 and 550 °C, and catalytic pyrolysis of wood 

fraction at 500 °C will be discussed in this section. 

4.3.1 Thermal pyrolysis 

The pyrolysis of P. juliflora (wood, seed pods, leaves and mixtures: WOSDLV and SDLV) 

were carried out in a py-GC/MS at three different temperatures 450, 500 and 550 °C. The 

temperature influence on products distribution was studied. Chromatograms from the pyrolysis 

of P. juliflora wood, seed pods, leaves (WOSDLV) (80:10:10) mixture at 500 °C is available 

in the supplementary material (Figure S1). Following identification of compounds in the 

pyrolysis products through NIST library, compounds were grouped into major compound 

classes as shown in Table 6. Furthermore, some compound classes were grouped into one major 

class named ‘compounds of interest (COI)’ for the purpose of this study which is interested in 

compounds that lead to higher yields of aromatics for the application of transportation fuel. 

These compounds include oxygenated aromatics, ketones, aldehydes, ethers, alcohols, esters, 
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acids, and phenols. Figure 4 - 8 show the proportions of functional groups from the thermal 

pyrolysis of P. juliflora. There is a slight variation observed in the product distribution of 

pyrolysis vapours at the three temperatures across all the samples. This could be because the 

difference in the temperatures was not substantial enough to cause a notable change in the 

product distribution as was reported by Arabiourrutia et al. [46] who observed a moderate 

change in product distribution for thermal pyrolysis of date palm seeds in a pyGC/MS at 450 

and 500 °C. However, although the change is moderate, some trends can be observed regarding 

the products identified at these conditions. This is expected as temperature has been found to 

be an important parameter in influencing the products obtained from biomass pyrolysis, which 

has also been observed in some work involving biomass testing in py-GC/MS [25, 26, 46, 47].  

It is observed that the compound class with highest proportion in the wood sample across all 

temperatures was oxygenated aromatics (OxyAR). There was a slight increase in the OxyAR 

proportions with the rise in temperature, from 28.69% at 450 °C to almost equal proportions at 

500 and 550 °C, of 33.46% and 33.25% respectively. The prevailing compounds in OxyAR are 

a variety of phenol derivatives such as 2,6-dimethoxy-phenol which would be products 

evolving from lignin decomposition [48]. The higher proportion of this compound group at 

higher temperatures is due to the enhanced fragmentation and depolymerization reactions 

experienced by the biomass building blocks, cellulose, hemicellulose, and lignin at higher 

pyrolysis temperatures [49, 50]. The proportion of phenols was similar in the wood at all 

temperatures with the highest quantity of 5.12% observed at 500 °C. Products which evolve 

mostly from cellulose and hemicellulose including ketones, acids, and aldehydes, 

anhydrosugars, alcohols, ethers, and esters were identified as well, with the first four mentioned 

having more significant quantities compared to the others. The quantity of aldehydes like 

furfurals and sugars such as levoglucosan slightly decreased with increased temperature, while 

ketones increased as was also observed by Bensidhom et al. [26]. Aliphatics (alkanes and 
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alkenes) and aromatics were detected in little to no proportions in wood as seen in Figure 4. 

Aromatics were detected only at 550 °C (0.42%) and aliphatics were found to be highest at 500 

°C at 1.77% while no polycyclic aromatic hydrocarbons (PAHs) were found, indicating the 

need for upgrading of pyrolysis vapours. 

Acids that were identified included methoxyacetic acid, formic acid and propanoic acid, with 

the former being the most abundant in the acids group. A notable decline in the proportion of 

acids with higher temperature was observed with 16.99% observed at 450 °C and 10.50 % and 

13.63% at 500 and 550 °C, respectively. This can be attributed to the higher temperatures 

having an influence on the decomposition reactions of cellulose and hemicellulose as was the 

case in Bensidhom et al. [26] who used date palm waste as the biomass, and Xin et al. [25] 

where pine wood was the feedstock. As mentioned before, in this study, all these compounds 

will be considered as COI for the potential synthesis of aromatics. When the products are 

considered in this manner, the highest quantity of 78.67% is observed at 500°C, however there 

is only a small difference compared to the other temperatures which were 76.42% at 450 °C 

and 76.44% at 550 °C.  

Nitrogenous compounds (NITs) were produced in all samples; however, less were detected in 

wood compared to the seed pods and leaves. These NITs include amides, nitriles, and N-

containing heterocycles which have been found in bio-oil from other biomass especially those 

deemed to be protein-rich [51-53]. Prosopis is described to be a nitrogen fixing plant, which 

can be linked to the proportion of NITs found in its pyrolysis vapours [54]. The quantities of 

NITs increase with elevated temperature, implying that higher temperature promotes their 

production which is reported to be through the decarboxylation and cracking of amino acids to 

form amines, amides and nitriles, as well as dehydrogenation, dehydration and cyclisation of 

the latter compounds to form their derivatives [51, 55, 56].  
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The highest proportion of COI in the seed pods at 82.51% was observed at 450 °C, followed 

by 77.48% and 75.72% at 500 and 550 °C respectively (Figure 5). This is unexpected as the 

opposite should have occurred due to molecule degradation at higher temperature. A 

contributing factor to this could be that the proportions of unknown compounds were higher at 

the higher temperatures, and some compounds of these unknowns could potentially belong to 

the OxyARs. Unknowns in this study were assigned to peaks which had no compound matched 

to it from the NIST library. The high unknowns at higher temperatures may be due to large 

molecules cracking to smaller fragments which could not be matched. The proportion of acids 

noticeably reduced with increased temperature as was the case with wood, and the sugars 

showed an upward trend with temperature rise suggesting increased depolymerisation reactions 

of holocellulose (cellulose/hemicellulose) [57]. Aliphatics were detected in highest quantity at 

450 °C (3.89%) but diminished with the rise in temperature to 1.31% (500 °C) and 0.45% (550 

°C). Aromatics were detected only at 500 °C (0.70%) and 550 °C (0.83%) while no PAHs were 

detected in the seed pods. 

Overall, the leaves showed the least quantity of COI when compared to the other samples, 

which could be linked to their structure. The composition of biomass components of leaves is 

not available for comparison; however, it is noted that leaves contain the highest ash content 

thus reducing their energy potential (Table 4). The highest proportions of NITs were observed 

in the leaves compared to the other samples; this is expected due to the characteristics of leaves 

as they contain N-containing compounds such as tryptamine and phenethylamine as reported 

by Dahms et al. [58] which upon decomposing would lead to NITs formation. The nitrogen 

content is also highest in leaves as seen in Table 4.  

Aliphatics were in notably high proportions in the leaves, compared to the wood and seed pods. 

This may be due to the catalytic action of the ash constituent which promoted reactions which 

formed aliphatics. The highest proportion detected was at 500 °C (11.13%) and lowest at 550 
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°C (9.44%) suggesting that at higher temperature, aliphatics could have depleted due to 

contributed to the formation of other compounds through reactions such as aromatisation [50]. 

These were mainly long chain aliphatics ranging from C16 – C21 such as Heneicosane. 

Aromatics such as ethyl benzene and styrene were observed to be at higher quantities in the 

leaves than other samples, the quantity increases from (2.33%) (450 °C) to 3.49% observed at 

both 500 and 550 °C suggesting that the composition of leaves supports the production of 

aromatics. 

Products from the mixture samples show the highest proportion of COI in the WOSDLV 

sample at 83.04% at 500 °C as seen in Figure 7. It could be because there were less unknowns 

in this test as more peaks were effectively assigned compounds, which was not the case for the 

wood sample as it had more unknowns. It may be concluded that if P. juliflora fractions were 

to be pyrolysed as a mixture, it would yield a significant quantity of products that could 

effectively be converted to aromatics. The proportions of sugar and acids reduced with the rise 

in temperature due to increased thermal cracking as was observed by [25, 26].  

The SDLV mixture (Figure 8) had the highest proportions of aliphatics which could be 

contribution of leaves to the products. The COI were less compared to WOSDLV with highest 

amount observed at 550 °C (76.37%) followed by 450 °C (70.41%) and lastly 500 °C (64.17%). 

This suggests that it may be beneficial to mix all fractions of the plant as pyrolysis raw material 

as opposed to separating them which would simplify the harvesting and production process, 

thus aiding to save on production costs. 

Table 6: Functional groups assigned to products of py-GC/MS 

Functional group Abbreviation 

Acids AC 

Alcohols AL 

Aliphatics ALI 
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Functional group Abbreviation 

Aldehydes ALD 

Aromatics AR 

Ethers ETH 

Esters EST 

Ketones KET 

Oxygenated aromatics OxyAR 

Phenols PH 

Polyaromatic hydrocarbons PAHs 

Nitrogenous compounds NITs 

Sugars SUG 

Unknown UN 

 

 

Figure 4: Products obtained from thermal pyrolysis of P. juliflora wood at 450, 500 and 550 

°C. 
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Figure 5: Products obtained from thermal pyrolysis of P. juliflora seed pods at 450, 500 and 

550 °C. 

 

Figure 6: Products obtained from thermal pyrolysis of P. juliflora leaves at 450, 500 and 550 

°C. 
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Figure 7: Products obtained from thermal pyrolysis of P. juliflora wood, seed pods, leaves 

mixture (80:10:10) at 450, 500 and 550 °C. 

 

Figure 8:  Products obtained from thermal pyrolysis of P. juliflora seed pods and leaves 

mixture (50:50) at 450, 500 and 550 °C. 

4.3.2 Catalytic pyrolysis 

The products obtained from performing catalytic py-GCMS of P. juliflora wood at 500 °C and 

C/B ratios of 3:1, 6:1 and 9:1, were studied for the formation of aromatics from the upgrading 

reactions. This was the optimum temperature observed for products that can be converted to 

aromatics for application in transportation fuel i.e., compounds of interest (COI). Catalytic tests 

were conducted on the wood sample as it gave the highest yield of COI at 500 °C. The catalysts 

used were HZSM-5, 1wt% Ni-HZSM-5 and 5wt.% Ni-HZSM-5 to evaluate the performance 
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of each catalyst and the effect of metal loading in the production of aromatics at each condition. 

Figure 9 to 11 show the proportions of functional groups from the thermal and catalytic 

pyrolysis of P. juliflora wood. The chromatogram obtained from catalytic pyrolysis of P. 

juliflora wood at 500 °C with 5wt.% Ni-HZSM-5 is available in supplementary material 

(Figure S2). As observed in the previous section, compounds obtained from thermal pyrolysis 

of P. juliflora are predominantly oxygenates (acids, ketones, aldehydes, phenols, furans and 

sugars) which would lead to high acidity, low heating value and instability of bio-oil [7]. 

Zeolite catalyst activity over pyrolysis vapours promotes important reactions in upgrading 

including deoxygenation, decarboxylation, dehydration, cracking, oligomerization, alkylation, 

isomerization, cyclization, and aromatization over its acid sites [8, 22].  

The catalyst characterisation data (Table 5, Figure 5) demonstrates the micropore and mesopore 

distribution in the catalysts would promote formation of aromatics [37]. PAHs were also 

detected which is in line with work reported about the performance of these catalysts [11, 20, 

22, 48]. The highest C/B ratio (9:1) resulted in the highest proportion of aromatics for all the 

catalysts. 5wt% Ni-HZSM-5 gave the highest proportion of aromatics (60.28%) followed by 

1wt.% Ni-HZSM-5 (56.50%) and lastly HZSM-5 yielded 53.90% indicating that addition of 

Ni improved aromatics formation. The addition of Ni is reported to cause transition metal-

assisted hydrogenation of compounds to form aromatics [59]. This is consistent with the 

findings of Yung et al. [20] and Veses et al [21] who attributed this to the presence of strong 

Lewis sites at the surface of the zeolite. The increased SBET and pore volume (Table 5) from 

the characterisation of the Ni-loaded catalysts improved the effectiveness of the catalyst in 

producing aromatics [60]. Yung et al. [20] also noted a decrease in oxygenates with the Ni 

loaded catalysts compared to the HZSM-5, this is contrary to the findings of this study as higher 

proportions of oxygenates were obtained when Ni was present, which could be linked to the 

presence of Ni species on the catalyst surface which affected activity of acid sites on the zeolite 
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supports. They however noted that there was no noticeable trend with the increase of Ni loading 

with regards to the reduction of oxygenates [20]. Comparing the C/B ratio in all the catalysts, 

the least quantity of oxygenated compounds was found in HZSM-5. In the case of PAHs, less 

proportions were detected in the Ni loaded zeolites than in non-metal loaded as indicative in 

Figure 10 and 11 showing selectivity was towards aromatics. This would be preferred as it 

would prevent coke formation from PAHs’ inability to go through the catalyst pores due to 

their size, which ultimately blocks catalyst pores and causes deactivation [27]. 

An increase in catalyst loading across all tests enhanced performance in terms of deoxygenation 

reactions and formation of aromatics which is due to high availability of acid sites with the 

increased quantity of catalyst [22, 46]. The aromatics included benzene and its derivatives such 

1-ethylene-2-methylbenzene, also toluene, xylenes, styrene and Indane/Indene and its 

derivatives (2,3-dihydro-5-methyl-1H-Indene). The PAHs detected were naphthalene and its 

derivatives like 1-methylnaphalene and 2,6-dimethylnaphthene, phenanthrenes (phenanthrene, 

3-methylphenanthrene and 2,7-dimethylphenanthrene), and Flourenes (flourene and 1-methyl-

9H-fluorene). Oxygenates were mostly furanic compounds which can be linked to their 

formation as intermediates from the decomposition reactions of holocellulose and lignin which 

lead to aromatic formation under further catalytic activity [17, 46]. The reduction of these 

furanic compounds with increased C/B ratios show greater catalyst presence enhanced their 

contribution to formation of aromatics [17, 46]. The compounds detected in this study have 

been reported in upgraded pyrolysis vapours using HZSM-5 [17, 20-22, 46, 48, 52]. Some NITs 

were detected in all the catalytic tests, these were mainly amides, it was observed that they 

decreased in proportion as the C/B ratio increased because of increased catalyst dose and thus 

enhanced catalytic activity. The reduction of NITs in bio-oil has also been observed by Maisano 

et al. [53] and Campanella & Harold [61] who reported the denitrogenation of bio-oil in the 
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presence of zeolite catalysts. The significant reduction in acid proportions across all tests shows 

the action of the zeolites in decomposing the acids to form smaller molecules [46]. 

The use of zeolites has proven to improve the product distribution of pyrolysis vapours from 

the pyrolysis of P. juliflora. This is due to the significant reduction in the proportion of acids 

and other oxygenates which are the causes of the limitations of bio-oil as it is corrosive, highly 

viscous, has low stability and heating value. The catalysts promote the production of aromatics 

such as benzene, toluene and xylene which are desired compounds in transportation fuel. The 

Ni-loaded resulted in higher proportions of monocylic aromatics than PAHs which is what 

would be preferred as it would result in less coke formation due to less proportion of large 

molecules of PAHs which promote coke deposition as they block catalyst pores due to their 

size [27]. As there would be reduced PAHs formation, there would be less coke formation, 

resulting in longer catalytic activity and thus better performance as there will be low 

deactivation [27]. 

 

Figure 9: Products obtained from catalytic pyrolysis of P. juliflora wood at three catalyst: 

biomass ratios at 500 °C with HZSM-5. 
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Figure 10: Products obtained from catalytic pyrolysis of P. juliflora wood at three catalyst: 

biomass ratios at 500 °C with 1wt.% Ni-HZSM-5. 

 

Figure 11: Products obtained from catalytic pyrolysis of P. juliflora wood at three catalyst: 

biomass ratios at 500 °C with 5wt.% Ni-HZSM-5. 

5. Conclusions 

This work provides an insight on the characteristics of three P. juliflora fractions, wood, seed 

pods, leaves, and their mixtures (WOSDLV; SDLV); and studies the pyrolysis product 

distribution from thermal and catalytic tests (using zeolite and zeolite-nickel catalysts). To date, 

there has been no previous work reporting the composition of the leaves and mixtures. Thermal 

py-GC/MS tests were conducted on these samples at 450, 500 and 550 °C; whereas catalytic 

tests were conducted on the wood sample at 500°C in the presence of HZSM-5, 1wt.% Ni-

HZSM-5 and 5wt.% Ni-HZSM-5 at catalyst: biomass (C/B) ratios of 3:1, 6:1 and 9:1. The 

following conclusions were drawn: 
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1. A high proportion of compounds of interest (COI: 83.04%) were obtained from the 

wood, seed pods and leaves mixture (WOSDLV) at 500 °C.  

2. Considerable percentages of acids, sugars, oxygenates, and nitrogenous compounds 

(NITs) were detected in the thermal tests, suggesting pyrolysis vapours need to be 

upgraded.  

3. The catalytic tests showed a remarkable reduction in oxygenates, NITs and acids, whilst 

producing significant amounts of aromatics (i.e., benzene, toluene, xylenes) and PAHs 

(i.e., naphthalene, fluorene, and their derivatives). Aromatic production is important 

due to their application in transportation fuels. 

4. Aromatics and PAHs yields were greater at a higher catalyst loading (C/B = 9:1) for all 

catalysts; whilst the addition of nickel resulted in higher selectivity towards aromatics 

by increasing its yield and reducing PAHs. The highest proportion of aromatics 

(60.28%) was attained using the 5wt.% Ni-HZSM-5, which also reduced acids and 

oxygenates. 

5. P. juliflora is a viable candidate for biofuel production, and therefore these invasive 

species can be utilized for bioenergy, whilst their spread is being managed. These 

results can propose alternatives for regions around the world dealing with this invasive 

species. 
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Highlights 
 

• Prosopis invasive plant can be converted to aromatics (biodiesel 

precursors). 

 

• Fast pyrolysis of Prosopis leaves, seeds, wood, and their mixtures was 

evaluated. 

 

• Ash and fixed carbon considerably varied in Prosopis individual 

fractions. 

 

• Thermal and catalytic fast pyrolysis (CFP) of Prosopis can yield 

aromatics. 

 

• CFP of Prosopis wood and 5wt%Ni-HZSM-5 catalyst yielded 60.3% of 

aromatics. 
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