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Abstract   

Catalytic upgrading (with HZSM-5 zeolite) of the fast pyrolysis volatiles obtained from 

soybean hulls, a low cost and highly available biomass waste, has been investigated. The 

composition and yield of solid, liquid and non-condensable gas fractions obtained in the 400-

600 ºC range during fast pyrolysis (FP) and catalytic fast pyrolysis (CFP) have been 

compared. The solid, liquid and non-condensable gas fraction obtained during FP and CFP 

have been characterized and compared. FP of soybean hull delivers liquid yields from 38 to 

45 % as temperature increases, while CFP slightly decreases the liquid yield to 37-42 %. 

The characterization of the bio-oil has revealed that CFP increases more than 21 % the 

amount of high-value species such as phenols, along with improvements of 30 % in the 

heating value and reduction of the total acidity number by 15 %. The biogas yield increase 

in CFP due to the deoxygenation and cracking reactions catalyzed by zeolite HZSM-5. The 
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composition in FP shifts from being mostly CO2 and CO at 400 ºC towards a higher presence 

of hydrogen, methane and C2-C3 hydrocarbons at 500-600 ºC. CFP at 500 °C and 600 °C 

enhances the formation of hydrogen, methane and paraffinic C2-C3 hydrocarbons, which 

boosts the heating value of the gas to more than 15 kJmol-1. CFP does not cause any 

substantial changes in char composition, which is enriched in carbon while losing volatile 

matter as pyrolysis temperature increases and with char heating values between 25-27 MJ 

Kg-1. The presence of narrow microporosity has been confirmed by CO2 physisorption, while 

SEM images of the char reveal the presence of macropores. These results highlight the 

benefits of CFP for enhancing the production of bioenergy and bioproducts from soybean 

hulls. 
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1. Introduction  

Fossil fuels satisfies the demand for energy that is required today, with coal, crude oil, and 

natural gas (account for more than 80% of the world's primary energy) being the main 

sources of energy [1]. However, concerns about the sustainability of fossil fuels and the 

environmental problems that derive from their use have prompted the search for new 

sources of renewable energy.  

Renewable energies are mainly used in three sectors: electrical, heat generation, and 

transportation. In the transport sector, the energy used is produced by ethanol and biodiesel 

obtained from biomass [2].  Renewable energy represents 11 % and energy from biomass 

represents 6.9 % of total final energy consumption in the word in 2018 [3], with increasing 

shares in all sectors, demonstrating the importance of biomass to obtain energy.  

One of the most important crops in the world is soybeans with a production in 2020/2021 of 

362.1 million metric tons [4] .Within the constituents of soybeans, soybean hulls represents 

almost 5% (w/w) of production [5], which is equivalent to 17-18 million tons of said residue. 

The soybean hulls are used as feed of animals or burned in the fields after harvest [6]. The 

low cost, availability, and abundance of soybean hulls make this feedstock attractive to use 

for obtaining high-quality liquid fuel or high added-value chemicals [5].  

Biomass from agroindustry and forestry wastes, wood, and energy crops is an inexpensive 

and renewable source, with reduced environmental impacts. It can be transformed through 

biochemical and thermochemical processes to obtain electrical, thermal, or chemical energy 

and other products of high value for the chemical industry [7]. Among the thermal processes, 

pyrolysis stands out because its ability to obtain compounds similar to fossil fuels (oil, coal, 

biogas), enabling their use as feedstock in current refinery and petrochemical processes. 

Lignocellulosic biomass pyrolysis is defined as the thermal decomposition of cellulose, 

hemicellulose, lignin and other minor plant components in the absence of oxygen at 
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temperatures between 400–800 °C. As a result, bio-oil and non-condensable gases are 

produced by cooling pyrolytic vapors [8], with a solid residue, charcoal, being obtained as 

by-product, which could be further processed by gasification to increase the liquid and gas 

yields [9], or by physical activation to produce activated carbons [10]. The heating rate is an 

important variable in pyrolysis because it defines the yields and composition of the products. 

Fast pyrolysis produces greater fragmentation, increasing the volatile yield and by 

condensation obtain high bio-oil yields than conventional or slow pyrolysis [11]. The latter is 

used for obtaining char as the main product, with fast pyrolysis being preferred when 

focusing in the production of bio-oil [12].  

Bio-oil is a complex mixture of oxygenates, saturated and unsaturated hydrocarbons, and 

oxygenated compounds derived from the degradation of the biopolymers present in the 

biomass. The  bio-oil contains a large number of chemical species of high value in other 

industrial processes such as cyclopentanone used in the pharmaceutical and cosmetic 

industry [13], furfural and derivates used in chemical, pharmaceutical, agricultural and 

industrial products [14,15], and phenols used for the production of resins and other value-

added compounds [16]. However, the oxygenated compounds present in the bio-oil, such 

as water, acids, aldehydes, and ketones, are responsible for the drawbacks of the oil for 

their use or processing into energy products, such as its high viscosity, corrosion, low 

calorific value, instability in storage conditions and prolonged transport. Consequently, it is 

necessary to reduce the presence of oxygenated compounds. For instance, they can be 

transformed into useful chemicals such as hydrocarbons, furans, and phenols used in 

different industries. 

In this sense, catalytic cracking can lead to increased production of desirable compounds, 

such as hydrocarbons, and decreased content of oxygenates, improving oil characteristics 

such as acidity, viscosity, and calorific value. Among the different catalysts studied are 
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inorganic salts, metal oxides, and zeolites [17]. Zeolites have already shown outstanding 

results in catalytic cracking of bio-oil obtained from pyrolysis [18]; pyrolytic vapors react at 

acid active sites where deoxygenation and decarboxylation of the adsorbed molecules 

occurs, improving the properties of the bio-oil [4]. More concretely, Paysepar et al. [19] 

reports that HZSM-5 zeolite promotes the deoxygenation of pyrolytic vapors through 

dehydration, decarboxylation, and decarbonylation reactions obtaining species of low 

molecular weight and releasing oxygen in the form of CO2, CO, and H2O.  

Recently, several works have studied the deoxygenation of pyrolysis vapors of different 

biomasses using zeolite as a catalyst. For example, Wang et al. [20] reported high 

deoxygenation values of the pyrolytic vapors from cellulose, hemicellulose and lignin 

biomass using zeolite HZSM-5. Kelkar et al. [21] mentioned that the use of HZSM-5 zeolite 

improves the deoxygenation of lignin pyrolysis vapors by increasing the CO2 and CO 

evolution, also increasing the concentration of aromatic organic species and decreasing 

oxygenated species in the bio-oil. Similarly, Paysepar [19] related the deoxygenation of 

pyrolysis vapors as depicted by the increase of CO2 and CO in the gas phase, with the 

increase of aromatic species in the bio-oil.   

Interestingly, there is a lack on the literature concerning the effect of catalytic fast pyrolysis 

of soybean hulls with HZSM-5. There are some studies on the non-catalyzed pyrolysis of 

soybean hulls. In a previous work, Toro-Trochez et al. [22] carried out conventional pyrolysis 

of soybean hulls at 600 °C, obtaining a yield in oil and char of around 37 % and 27 %, 

respectively. Oliveira et al. [23] performed fast pyrolysis of soybean hulls, improving the yield 

to bio-oil up to 45 %. Bio-oil from soybean hulls showed the presence common species such 

as acids, ketones, and furans. However, they did not use catalysts to reduce the presence 

of oxygenated species and improve the bio-oil properties. Differently, Uzun et al. [24] and 
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Santos et al. [25] performed catalytic fast pyrolysis of soybean residues, reducing the 

concentration of acidic species, however, soybean hulls where not used in these works.  

This work proposes for the first time to the determine the effect of using HZSM-5 zeolite as 

a catalyst to improve the bio-oil properties obtained in the fast pyrolysis of soybean hulls. 

Bearing this goal in mind, a catalytic layer of zeolite is added to the fast pyrolysis reactor to 

catalyze deoxygenation and cracking reactions of the generated vapors. The effect of the 

zeolite on the product distribution and composition is reported through the detailed 

characterization of the solid, liquid and non-condensable gas fractions, including the 

evaluation of their energy contents. As a result, the sustainability of the catalytic fast 

pyrolysis process using soybean hulls as an alternative and renewable feedstock can be 

addressed. 
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2. Experimental 

2.1 Material 

Soybean hulls (SH) currently listed as agro-industrial waste were obtained from an oil 

industry in northern Mexico. Biomass residues were grounded and sieved to a particle size 

between 0.5-0.4mm. The sieved samples were dried at 105 °C in an air-dry oven for 12 h to 

remove moisture and then stored in closed bottles for later use. SH had already been used 

in previous works, reporting a composition by weight of 18.5 ± 0.3% hemicellulose, 52.3 ± 

0.5 % cellulose, and 3.7 ± 0.4 % lignin [22]. The ultimate analysis of SH revealed a 82.2 ± 

0.6 % of volatile material (MV), 2.5 ± 0.1% in inorganic matter (ash), 14.3 ± 0.4 % of fixed 

carbon and 6.8 ± 0.3 % of moisture  

2.2 Catalyst characterization  

Zeolite HZSM-5 was obtained from zeolite International (CBV 2314). The zeolite was 

activated by calcination in air at 600 °C, for 4 hours. The calcined zeolite was analyzed by 

Fourier transform infrared spectroscopy (FTIR) in a Perkin Elmer Frontier Instrument, 

equipped with an attenuated total reflectance (ATR) accessory. The spectra were recorded 

from 4000 to 400 cm -1 with 64 scans and a resolution of 0.5 cm-1. To identify the crystalline 

phase of the calcined zeolites at different temperatures, a D2-Phaser (Bruker) X-ray 

diffraction kit (XRD) with Cu Kα radiation (λ = 1.5406 Å) was operated at 35 kV and 25 mA, 

using a 2θ range of 2-50° with a step time of 1 second. The elemental composition of the 

zeolite and char surface was determined by X-ray fluorescence (XRF), using a 

PANALYTICAL kit, model EPSILON 3. The porosity of the solids were obtained by nitrogen 

physisorption at -196 °C and CO2 at 0 °C, adsorption using a ASAP 2020 equipment 

(Micromeritics). Before measurement, the samples were degassed for 12 hours at 200 °C 

in a vacuum. From the N2 adsorption isotherm, the specific surface area �𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵
𝑁𝑁2 � was 

determined by the Brunauer Emmet and Teller (BET), the micropore volume �𝑉𝑉𝐷𝐷𝐷𝐷
𝑁𝑁2� was 
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obtained by using the Dubinin-Radushkevich equation, the mesopore volume was 

determined as the difference between the adsorbed volume of N2 (P/Po=0.95) and the 

micropore volume. From the CO2 adsorption data, surface area (𝑆𝑆𝐷𝐷𝐷𝐷
𝐶𝐶𝐶𝐶2)  and the narrow 

micropore volume (𝑉𝑉𝐷𝐷𝐷𝐷
𝐶𝐶𝑂𝑂2)   were calculated using the Dubinin-Radushkevich. The 

characterization of coke deposited on the wasted catalysts was carried out by Raman 

spectroscopy, using an Invia Qontor Raman Confocal Microscope (RENISHAW), using two 

excitation beams: 514 nm and 785 nm wavelength, and subtracting the fluorescence caused 

by coke. 

2.3 Fast pyrolysis experiments 

For the fast pyrolysis (FP) and catalytic fast pyrolysis (CFP) experiments, 5 grams of 

soybean hulls were used; the sample was placed in a dropper that was connected to the 

reactor through a ball valve. Once loaded with sample, the dropper was purged using 

nitrogen. The sample was released into the hot reactor (SS316L, inner diameter: ½”, length 

of the isothermal regime zone: 4 cm) by opening the ball valve. A porous quartz layer at the 

bottom of the isothermal zone acted as sample holder, retaining the solid product while 

allowing the volatiles and gases to diffuse towards the reactor outlet. Pyrolysis temperatures 

were set to 400 °C, 500 °C and 600 °C, and they were tracked by means of a thermocouple 

placed on top of the quartz layer. A condenser system equipped with a chiller working at -

20 ºC was attached to the reactor outlet. For the CFP experiments, a layer of 0.5 g of 

calcined zeolite at 600 ºC was placed on top of the quartz wool support inside the reactor. 

A second quartz wool layer was located on top of the catalyst to avoid that the char is mixed 

with the catalyst during the recovery of the sample (see fig. S1). The pyrolysis run was 

ended after 10 minutes. At that point, the oil obtained from the condensation of the vapors 

was diluted with ethanol (HPLC grade, signa brand Aldrich USA) and characterized by mass 

coupled gas chromatography (GC-MS), with an Agilent 6890 series, coupled to an Agilent 
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5973 Network Mass Selective Detector. The column used was an HP5-MS (Agilent) in a m/z 

range of 30-550 and helium was used as the eluting gas. The Total Acid number (TAN) 

value of the bio-oil was calculated following the recommendations on ASTM 664. 

The analysis of the non-condensable gases of the FP and CFP at different temperatures 

(400 °C, 500 °C, and 600°C) was performed by tracking the gases exiting the condenser 

system. The evolution of CO, CO2, CH4 and H2 was continuously analyzed in a Siemens 

Ultramat 23 and Calomat systems. Light hydrocarbons (i.e. ethane, ethene, propane, and 

propane) were collected at the outlet of the condenser using a Tedlar gas sampling bag and 

quantitatively determined in a Perkin Elmer Autosystem gas chromatograph (GC) equipped 

with a Hayesep Q (80/100) column and a FID detector. The high heating value (HHV) of the 

bio-oil samples was obtained using an isoperibolic calorimeter (Parr, model 6200). 

Approximately 0.2 g of sample was manually introduced inside a calorimetric bomb (Parr, 

model 1108). Each measurement was repeated at least three times. The HHV of the gas 

was calculated based as the sum of the HHV of the individual gas components by their molar 

composition.  

2.4 Biomass and char characterization  

For the thermogravimetric analysis (TGA) experiment, 10 mg of sample was loaded into the 

platinum pan, then heated from ambient temperature to 900 °C under dynamic conditions 

with a heating rate of 5, 10, 30 °C min-1. The carrier gas of the test was nitrogen with a flow 

rate of 60 mL min-1. The TGA was analyzed with a thermogravimetric analyzer (Q500, TA 

Instruments, USA). The same equipment was employed for determining the proximate 

analysis of soybean hulls and char, which was done according to the standard ASTM D3172-

07a [26]. The morphology of the char was studied by scanning electron microscopy (SEM) 

using a Jeol JSM-840 microscope working at 20 kV voltage. The elemental analysis was 

conducted in a TruSpec micro CHNSO (Leco) analyzer to determine the mass fractions of 



10 

 

carbon (C), hydrogen (H), nitrogen, sulfur and oxygen (O, estimated by difference). The 

higher heating values calorific values were calculated by Dulong formula [27]: 

QGCV = 33.83C + 144.3 �H − O
8
�  (MJkg−1)                                                                              (1) 

3. Results and discussion 

3.1 Characterization of zeolite HZSM-5 

The characteristic bands of the zeolite HZSM-5 in the range of 400 cm-1-1200 cm-1 are 

showed in Fig. S2; the bands in 450 cm-1 and 550 cm-1 are characteristic of the crystallinity 

in ZSM zeolites [28]. The band at 450 cm-1 was due to the reflection vibration of the 

𝐴𝐴𝐴𝐴𝐴𝐴 4−5 and 𝑆𝑆𝑆𝑆𝑆𝑆 4−4  tetrahedra, while the band close to 793 cm-1 was attributed to the 

symmetric stretching of the Si-O. A wide band at 1100 cm-1 was observed due to the 

symmetric stretching of Si-O-T (where T can be either Si or Al) [29]. The bands at 560 cm-1 

and 1232 cm-1 were attributed to symmetric and asymmetric stretch vibration, respectively, 

of the double ring tetrahedrons of the HZSM-5 zeolite; these bands are characteristic of the 

HZSM-5 zeolite [28].  

The DRX at different calcination temperatures of the HZSM-5 zeolite was illustrated in the 

Fig. 1 In the XRD patterns at different temperatures the characteristic peaks of the 

orthorhombic structure of the HZSM-5 zeolite were observed, a doublet at 2θ = 7.9 ° and 

8.8° (planes [011] and [200])  , a triplet at 2θ = 23.0°, 23.7° and 24.0° (planes[051], [033] 

and [313]), the characteristic peaks correspond to JCPDS 44-0003) [30,31]. This analysis 

confirmed the identity of the zeolite used (HZSM-5) and when working at temperatures 

below or equal 600 °C the zeolite maintains the crystallinity in its structure. Therefore, the 

structure does not collapse and can be used for thermal processes, such as fast pyrolysis, 

when working at a temperature of around 600 °C. 
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Fig. 1. XRD of the HZSM-5 zeolite at different calcination temperatures 

 

The Si/Al (w/w) ratio was of 42.9 in the zeolite (as revealed by XRF); this can vary between 

10 and 140 [32], with the relationship directly affecting the acidic points where ion exchange 

and different reactions necessary for deoxygenation of pyrolytic vapors occur. A lower Si/Al 

ratio increases the acidity of the zeolite, and also modifies the particle size and surface area 

[29]. Future research about CFP of soybean hulls could be focused in using zeolites with 

different Si/Al ratio. 

The N2 adsorption and desorption isotherm in the HZSM-5 zeolite calcined at 600 °C was 

reported in Fig. S3. In it a point of inflection is observed at low relative pressures and a 

hysteresis loop, characteristic morphology of type I adsorption isotherms according to the 

IUPAC classification, typical of microporous solids [33,34]. This behavior is accompanied by 

a small increase in N2 adsorbed at medium and high pressures, and a H4 hysteresis loop 

during desorption that closes at a relative pressure value of 0.45, associated with the 

presence of narrow slit mesopores. Table S1 shows the textural characteristics of zeolite 

HZSM-5. The textural values confirms the prevalent presence of microporosity in this zeolite 

(micropore volume of 0.16 cc g-1), with a low contribution of mesoporosity. Indeed, the 

crystalline structure of microporous zeolite HZSM-5 is composed of straight channels (5.3 × 

5.6 Å ) and zigzag channels (5.1 × 5.5 Å), features which are known to play a relevant role 

in the catalytic activity and deactivation of zeolites [35]. The textural properties of zeolite 

have been calculated from the N2 physisorption measurement. BET surface area close to 

450 m2g-1 is obtained, which is in agreement with the values reported by other authors [36].  

3.2 Fast pyrolysis and catalytic pyrolysis of soybean hulls  

Previous works have demonstrated that SH are a feasible material to use in thermal 

pyrolysis processes due to the content of volatile matter (VM) of 82 % and low inorganic 
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content (ash) of 2.6 %, obtaining a high yield of bio-oils and biogas [22]. The high volatile 

matter in SH is related to the cellulose (52.3 ± 0.5%) and hemicellulose (18.5 ± 0.3%) 

content, both of them showing high volatilization rates [37], and the lower concentration of 

lignin (3.7 ± 0.4), i.e. the biopolymer having the largest char yield during pyrolysis. Fig. 2 

shows the weight evolution upon thermal decomposition of SH at three different heating 

rates. The first derivate of weight (DTG profile, right axis) reveals the presence of a clear 

peak around 350 ºC (heating rate of 5 ºC min-1, black lines in Fig. 2) preceded by a wide 

shoulder starting at around 240 ºC. These features are shifted to higher temperatures as the 

heating rate increases (red and blue lines in Fig. 2), and they are the result of the 

simultaneous thermal degradation of three main biopolymeric components [38,39]. The first 

shoulder can be related to the hemicellulose decomposition, taking place in a temperature 

range of 200 °C to 315 °C (weight loss of 21 %) [40]. It is followed by the thermal 

decomposition of cellulose between 315 °C to 415 °C (weight loss of 45 %) [41]. The higher 

homogeneity and crystallinity of cellulose with respect to hemicellulose explains why the 

decomposition reaction takes place in a narrower temperature range. Afterwards, the weight 

loss at temperatures above 415 °C is mainly attributed to decomposition and charring 

reactions of lignin, which is reported to take part at a wide range of temperature, from 200 

to 900 °C [27]. The percentages of thermal degradation of biopolymers vary depending on 

the rate of heating. As previously mentioned, the experiments conducted at increasing 

heating rates confirmed that the decomposition reactions shift to higher temperatures with 

the heating rate. The Kissinger method has been applied to the cellulose decomposition 

reaction, obtaining an activation energy of only 25.5 kcal mol-1 [42]. The low activation 

energy value is probably the outcome of the thermal lag on the sample [43], with partial 

control of the reaction by thermal transfer rate, leading to different rates of release of volatile 

substances along the particle [38]. Consequently, the temperature range for ensure fast and 

full release of volatiles during fast pyrolysis has been set to 400-600 °C. 
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Fig. 2. TG (solid lines) and DTG (dotted lines) profiles of SH at different heating rates of 5, 
10, 30 °C min-1 

 

The yields of FP and CFP of SH at three different temperatures are compiled in the Fig. 3. 

The lowest yield in bio-oil and the highest yield of char was recorded at 400 °C, attributed to 

the fact that the biomass had not yet completely volatilized. An increase in temperature 

promotes the devolatilization of the material, increasing the performance of non-

condensable gases and pyrolytic vapors, which by rapid condensation are collected as bio-

oil. 

Fig. 3. Product distribution from FP and CFP experiments of the SH at different pyrolysis 
temperatures 

 

Fig. 3 also shows a decrease in the oil yield obtained by CFP at different temperatures (36.5 

%, 39.5 % and 41.7 %) compared to the oil obtained with FP (38.1 %, 43.5 %  and 45.1 %) 

due to cracking and deoxygenation reactions at the active sites, allowing the pyrolysis 

vapors to break into non-condensable gaseous species [44]. Indeed, the decrease in oil 

yield comes along with the increase of non-condensable gases for CFP in the whole 

temperature range. Solid yield also decreased in CFP probably due to the removal of the 

most reactive oxygenated hydrocarbons by the zeolite, which would otherwise have been 

deposited through secondary condensation reactions forming oligomers and pyrolytic char. 

Apart from the gas, liquid, and solid fractions, some coke is formed in the CFP. This coke is 

produced by the decomposition, repolymerization and condensation reactions of  thermally-

unstable oxygenates such as aldehydes, phenols, ketones, and acid [45]. At 400°C, 

cellulose and hemicellulose produces oxygenated species such as furans [46]. So, the coke 

formed at 400°C is probably produced from the polymeric derivatives and oligomers 
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resulting from the polymerization of furan by hydrogenation and transfer of hydrogen that 

occurs at the active sites of the zeolite [47]. Further increase in the pyrolysis temperature 

produces higher coke deposition in the zeolites. At 500°C, lignin undergoes thermal 

decomposition [48], releasing phenolic compounds with high re-polymerization capacity. 

Therefore, the increase in coke content is possibly attributed to repolymerization on the 

catalyst of lignin derivatives [45,49]  

Fig. 4 shows the Raman spectra in the region from 1800 to 1100 cm-1, recorded on wasted 

zeolite HZSM-5 after CFP process at 400 °C (Z-400) and 600 °C (Z-600). The band around 

1350 cm-1 is attributed to disordered aromatic compounds (D) produced throughout the 

studied temperature range, while the G band is attributed to ordered or graphitic condensed 

aromatic structures [50]. At 400 °C, coke is mainly composed by amorphous structures, as 

depicted by the predominant presence of the D band [51]. With the increase in pyrolysis 

temperature, the peaks of the G-band shifted from 1575 to 1600 cm-1, which indicates the 

proliferation of aromatic structures. Figure 4 also shows the ratio of intensities G and D of 

the Raman spectrum bands (IG/ID). The IG/ID ratio increases from 1.1 to 1.35 with 

temperature, suggesting an increase in both the particle size of the coke and the presence 

of organized aromatic structures [52]. The surface area of the wasted zeolite obtained at 

600 ºC was analyzed by N2 adsorption at -196 ºC, revealing the decrease in the surface 

area from 450 to 230 m2g-1. This strong blockage of porosity is probably explained by the 

increase in the coke yield and particle size. 

 

Fig. 4. Raman spectra of the coke deposited on the HZSM-5 zeolite used at 400 ° C (Z-
400) and 600 ° C (Z-600) 
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3.3 Chemical Species of soybean hulls pyrolytic oil 

Table 1 and Fig.5 summarizes the most abundant species found by GC-MS in the oil 

obtained from FP and CFP of SH. It can be seen that oxygenated compounds are the most 

abundant compounds in both FP and CFP oil, an expected result given that pyrolytic oil can 

have more than 400 oxygenated species [53]. These compounds have been grouped into 

families attending to their functional groups (ketones, furans, phenols, and carbohydrates), 

however, other functional groups that are part of the soybean hull pyrolytic bio-oil have been 

reported, such as acids, alcohols, and hydrocarbons [22]. Also, in the pyrolytic bio-oil other 

functional groups like Hydroxyacetaldehyde, esters, among others, can be present [23]. The 

difference between the species reported in this study and other studies, can be attributed to 

the heating rate, operation conditions, the type of biomass, and the analytical conditions of 

the method used to study the liquid phase [49].In accordance with the SH composition, 

which is rich in cellulose and hemicellulose, furans and ketones were the main compounds 

found in the bio-oil. However, compounds that also have a high value in other processes 

such as cyclopentanone, furfural and phenol were also found [36]. As was previously 

mentioned, the chemical species with the highest presence in the bio-oil were furans and 

ketones, which are attributed to the degradation of holocellulose. C5 oxygenated 

compounds such as furfural or furfuryl alcohol are obtained from hemicellulose 

decomposition, while C6 oxygenates such as 2-acetylfuran or 5-methylfurfural arises from 

cellulose. Another important contributor to the formation of furans is the breakdown of 

levoglucosan molecules produced during the thermal decomposition of cellulose [23]. The 

presence of levoglucosan and other carbohydrates is also clear, being the most abundant 

compounds at 400 °C, Fig. 5. Further increase on pyrolysis temperature enhances the 

thermal decomposition of carbohydrates, explaining the decline on their amount and the 

generation of additional furans and ketones, Fig. 5 and Table 1. As for the phenol group, it 

is seen that their total concentration increases with temperature. The presence of phenol, 



16 

 

cresols and other phenolic species is attributed to the thermal decomposition of lignin, which 

degrades in a wide temperature range [54]. The increase of phenols at higher pyrolysis 

temperature is thus explained by the higher thermal stability of lignin. CFP seems to promote 

the decomposition of lignin oligomers, increasing the formation of phenols and phenolic 

species (i.e derived from monomeric lignin units). 

 

Table 1. Main compounds and composition (%) as determined by GC-MS obtained from 
the FP and CFP of SH 

 

Fig. 5. GC-MS derived distribution of chemical compounds in the bio-oil obtained by FP 
and CFP at different temperatures 

 

It is now clear that the bio-oil was composed mainly of ketones and other oxygenated 

species, no matter what pyrolysis temperature is used. For this reason, the use of a catalytic 

process is necessary to improve its properties [55]. When comparing CFP to FP, a decrease 

in oil yield down to 8% was observed. However, according to the composition data in Fig. 

5, ketones in the CFP bio-oil show a decline between 37 % to 49 % with respect to FP, while 

the group of phenols and phenolic compounds increased more than 46 %. Besides, CFP 

produces several aromatics and cyclic hydrocarbons accounting up to 9 % of the total GC-

MS. Table 2, compounds were not detected in FP. This is possible because HZSM-5 zeolite 

has shown selectivity to the formation of alkenes and aromatic hydrocarbons in bio-oil 

upgrading [56]. Furthermore, the microporous zeolite HZSM-5 has a 10-membered pore 

system that has straight (5.3 Å x 5.6 Å) and sinusoidal (5.3 Å x 5.5 Å) channels [53], 

restricting the formation of molecules with an effective folded size smaller than trimethyl 

benzene [57], possibly giving rise to species that were not formed during FP, such as 

phenols and furans with alkyl radicals. 
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Table 2. Main compounds and composition (%) as determined by GC-MS in the CFP 

 

Besides the compounds reported in Table 1, it has been reported that acids are the main 

family of species in pyrolytic soybean hull oil [23], with acetic acid reaching the highest 

concentration [22], due to the rupture of the acetyl group of hemicellulose during pyrolysis, 

which represents more than 10 % by weight of hemicellulose [46]. The total acid number 

(TAN) analysis explains quantitatively how the temperature and the catalyst affect the family 

of acids obtained in the bio-oil. Fig. 6 shows the TAN and the higher heating value (HHV) of 

the bio-oil obtained at different pyrolysis operating conditions. TAN of the bio-oil produced 

by FP of SH at 400 °C was the highest, with a value of 37 ± 2 mg KOH g-1, due to the thermal 

decomposition of hemicellulose, and the release of the acetyl group  produces acetic acid 

[46]. Lower TAN values are obtained by increasing the pyrolysis temperature to 500 °C (22 

± 1 mg KOH g-1) and 600 °C (28 ± 2 mg KOH g-1), as more non-acidic compounds are added 

to the bio-oil, diluting the acids. Interestingly, TAN of bio-oil obtained in CFP is reduced 

between 14 and 19% depending on the temperature. A similar result was observed in the 

catalytic deoxygenation of vapors obtained by pyrolysis of wheat straw [58]. This result is 

probably related to the promotion of catalytic dehydration reaction by HZSM-5. In fact, acetic 

acid is cracked by HZSM-5 producing intense coke deposition, and steam reforming 

operating conditions with excess of steam and temperatures over 600 ºC are needed to 

regenerate the zeolite and allow continuous operation [59]. 

 

Fig. 6. Total acid number (TAN) and the higher heating value (HHV) of the FP and CFP of 
SH. 
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The increase observed in the HHV of CFP bio-oils (around 30%) is probably related to the 

larger number of aromatic compounds such as phenols and hydrocarbons produced by the 

catalytic activity of the zeolite. As for the higher heating value of the liquids, the highest value 

is obtained by CFP treatment at 600 ºC, reaching 23.1 MJ kg-1. This value is somehow lower 

than the bio-oil obtained from cellulose [60], however, it is higher than the reported HHV of 

the bio-oil from corn cob (22.38 MJ kg-1) [61]  or wood (16-19 MJ kg-1) [62]. The differences 

are possibly attributed to the conditions and nature of the feedstock. 

 

3.4 Composition of the non-condensable gas fraction  

The Fig. 7 and Fig. 8. Shows the molar composition of FP and CFP gases at different 

temperatures, respectively. Table S2 compiles the molar composition values for the sake of 

clearness. It must be highlighted that CO2 and CO are the species with the highest 

concentration in the entire temperature range studied, although hydrogen, methane, and 

light hydrocarbons (C2H6, C2H4, C3H8, and C3H6) increases their concentration with pyrolysis 

temperature.  

The composition of pyrolysis biogas at 400 °C was 71.0 % CO2, followed by 27.4 % CO and 

very low quantities of CH4 and C2-C3 hydrocarbons. The formation of CO2 under these 

conditions is attributed to the decomposition of the carboxyl groups present in hemicellulose 

[57]. As previously discussed in the TGA analysis, hemicellulose is thermally decomposed 

by pyrolysis process at temperatures below 400 °C. Even though some more CO2 could be 

released during pyrolysis at higher temperatures via secondary cracking reactions of 

volatiles, it is reasonable to consider that CO2 concentration should decline as the evolution 

of other gases increases, as observed in Fig. 7. 
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Fig. 7. Molar composition of the gas of the FP of SH 

 

Differently, the CO concentration profile remains constant in the temperature range studied. 

CO is formed from the decomposition of the carbonyl groups of cellulose and hemicellulose 

[63], which decompose into different zones and temperatures. In addition, CO at 

temperatures above 500 °C can be obtained by the decomposition of the carbonyl and 

carboxyl alkoxyl groups of the lignin side chains [64]. The evolution of CO at the full range 

of pyrolysis temperature explains the lack of dependence of CO concentration with 

temperature. Finally, the concentration of hydrogen, methane and light hydrocarbons (C2-

C3) increases with the operating temperature. The concentration of hydrogen at 400 °C was 

very low, since H2 is only released at higher temperatures during cracking and reforming of 

longer-chain hydrocarbon species and aliphatic or aromatic structures in volatile vapors 

through side reactions [65,66]. These reactions are also responsible of the formation of 

paraffinic and olefinic C2 and C3 hydrocarbons. As for methane, the concentration increases 

from 0.8% at 400 ºC up to 10.4% at 600°C. The formation of CH4 was mainly related to the 

thermal decomposition of aromatic compounds and the breakdown of methoxy groups (O-

CH3) associated with lignin. The Fig. 8, the gases in PFC vary similarly to FP. 

Fig. 8. Molar composition of the gases of the CFP of SH 

 

To our knowledge, this is the first report of the composition of pyrolysis gases produced in 

the FP of SH. For this reason, they are compared with other results with similar 

lignocellulosic composition. The profiles of the non-condensable gases in the FP of SH were 

similar to those obtained by Zhao et al. [67] and Chang et al.  [68] for the pyrolysis of 

cellulose and wheat straw, respectively. In addition, the HHV of the gas obtained from 

pyrolysis at 650 °C of wheat straw (11.45 kJ/m3) reported by Chang et al. [68] was only 
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slightly higher than the HHV reported by this study at 600 °C, Table 3 with the differences 

probably being explained by the preferential release of H2 and CH4, species having higher 

calorific value, as pyrolysis temperature increases [69].  

 

Table 3 shows the mass concentration of non-condensable gaseous species in the FP and 

CFP of soybean hulls at different temperatures. Catalytic fast pyrolysis produced 

deoxygenation reactions such as dehydration, decarboxylation, and decarbonylation, 

increasing the content of CO and CO2 in up to 14 and 30 g per 100 g of SH, respectively. In 

addition, by breaking down low molecular weight molecules such as alcohols and acids, it 

can form other species such as CH4 and C2-C3 [64]. This scenario may facilitate the 

formation of H2 by secondary reactions, increasing the concentration of H2 at temperatures 

higher than 500 ºC. Thus, CFP increased the concentration of H2, CH4, C2 and C3. In 

accordance with this finding, a proportional increase in the HHVs of non-condensable gases, 

is observed, Table 3. It can be noted that the presence of higher hydrogen concentration 

also enables the preferential formation of ethane and propane over ethylene and propylene, 

Table 3. 

Table 3. Mass yield and HHV of gases in the FP and CFP of the SH at different 
temperatures 

 

3.5 Characterization of char 

Even though some studies report the physicochemical characterization of the carbon 

obtained from the pyrolysis of soybean at 500 °C [70], there are no studies related to the 

pyrolytic carbon obtained in the pyrolysis of soybean hull owing to the physicochemical 

characteristics of the feedstock (material with high volatility and a low percentage of ash) 

making it more attractive for bio-oil production. As temperature increases char formed during 

pyrolysis undergoes devolatilization and cracking reactions, delivering an enhanced 
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formation of the liquid and gaseous product yields [27]. Consequently, the amount of volatile 

matter as determined by proximate analysis decreases with temperature, Table 4, whereas 

the fixed carbon and ash content slightly increases.  

The elemental composition of the char obtained at different temperatures is also included in 

Table 4, revealing that carbon content increases with temperature, while hydrogen and 

oxygen decreases. It also revealed the presence of nitrogen (2.2-1.6 % wt.), probably as the 

result of the present of proteins, with the pyrolysis of their amino acids producing the nitrogen 

doping of the resulting char. These composition results are close to those reported for the 

pyrolysis of soybean, which produces char useful for agricultural applications, such as a 

complement to improve nitrogen fertilizers [70]. 

The calorific value of the chars obtained at different temperatures are summarized in Table 

4. The HHV of the char (27.2 MJ kg-1) was 60 % higher and 4% lower than that reported in 

rice husk [71] (17.0 MJ kg-1) and soybean hull (28.1 MJ kg-1) obtained from conventional or 

slow pyrolysis at 600 °C [22], respectively. The differences were possibly due to the 

conditions of the experiments such as temperature, heating rate, and the chemical 

composition of each feedstock. 

 

Table 4. Elemental, proximal and inorganic material analysis of char obtained at different 
temperatures 

 

Table 4 also shows the inorganic material of the chars obtained at different temperatures. 

K and Ca were the elements with the highest concentration, with 7.4% and 4.8%, 

respectively and traces of metals of Mg, Fe, P (less than 1%). The composition on these 

elements increases after carbonization since they remain in the solid fraction. It has already 

been reported that K and Ca can act as a catalyst by increasing the release of CO2 and CO 
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from carbon in pyrolysis [72,73]. In addition, K could also promote char gasification reactions 

for the production of physical activated carbons of high surface area [73]. 

The development of porosity is another feature sometimes observed in char, which enables 

environmental applications as adsorbents. Fig. S4 reports the N2 adsorption isotherms at -

196 ºC, whereas Table 5 shows the textural properties derived from the N2 and CO2 

adsorption isotherms of the chars obtained at different temperatures. The N2 adsorption 

isotherm revealed that these chars have very low nitrogen uptake at low relative pressures, 

followed by an inflection point at medium-high relative pressures. According to the IUPAC, 

the shape of the isotherms is similar to the type II isotherm of non-porous or macroporous 

materials [33]. As for the derived porosity parameters, specific surface area increases with 

pyrolysis temperature up to 7 m2 g-1, while pore volume increases from 0.002 to 0.004 cm3 

g-1. The higher micropore volume measured by CO2 adsorption in all samples, Table 5, 

points out that all of them have a narrow microporosity, with average pore sizes lower than 

0.7 nm, in where N2 adsorption at -196 ºC is hardly measurable [74]. Therefore, these chars 

have an incipient pore structure resembling in pore size distribution to those of carbon 

molecular sieves [75]. In addition, CO2 physisorption shows similar trends than N2 

physisorption with pyrolysis temperature, with an increase in micropore volume from 0.06 

m3g-1 to 0.10 m3g-1. Pore development with the increase in pyrolysis temperature can be 

related to the decomposition of adsorbed tars, which polymerize and condense on the 

surface of the char particle during pyrolysis at low temperatures, blocking or even filling the 

pores [76]. In any case, the observed surface area and pore volume is low for practical 

applications. For this reason, if applications based on adsorption processes are envisaged 

for the char obtained under the reported conditions, a subsequent activation stage with 

physical or chemical methods is necessary [77].   
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Table 5. Textural parameters of chares obtain at different temperatures  

Fig 9 shows the SEM micrographs of the char obtained at different temperatures. Images 

taken at low magnification reveals that the char consist of long and thin eroded pieces and 

fragments of the soybean hull. The size of the char particles is lower than those of soybean 

hulls due to the shrinkage caused by the devolatilization of the biomass during pyrolysis. 

Furthermore, char particles shows surface cavities of different and irregular sizes (see red 

circles in Figure 9a), ideal for symbiotic microorganisms such as bacteria (0.3 to 3 µm), fungi 

(2 to 80 µm), and protozoa (7 to 30 µm), which indicates a possible utility as a fertilizer. 

These macropores cannot be directly related to the texture results in Table 5, since N2 and 

CO2 physisorption are related to the presence of micropores (<2nm) and mesopores (2-50 

nm). The origin of such macropores can be related to the structure of the starting biomass. 

Soybean hulls have a three-layer structure consisting of a thick outside layer composed by 

pectin and waxy compounds, an intermediate layer composed by cellulose fibers, and a thin 

internal layer richer in hemicellulose [78]. SEM images taken at higher magnification, Figure 

9b to d, confirms that, after carbonization, the morphology still resembles the original 

structure of soybean hulls, with some changes related to the different stability of the 

biopolymers. At 400 ºC, the inner layer is already degraded, probably as an outcome of the 

low thermal stability of hemicellulose, while the outer and intermediate fiber layers are more 

or less preserved. At higher pyrolysis temperatures (Fig. 9c and 9d), the fibers of the 

intermediate layer are emptied, and hollow fibers with lengths between 50 and 100 µm can 

be clearly seen after pyrolysis at 600 ºC. At these temperatures, the morphology of the lignin 

shell cementing the external surface of the fibers of the intermediate layer is barely 

degraded, unlike cellulose and hemicellulose. Thus, the decomposition of the cellulose in 

the core of the fibers generates the microtubes, Fig. 9d.  
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Fig. 9. Scanning electron micrographs of the char obtained from pyrolysis of SH at a) 
lower magnification of char obtained at 500 ºC, b) 400 °C, c) 500 °C and d) 600 °C. 

 

4. Conclusion 

The catalytic upgrading of the products obtained from fast pyrolysis of soybean hulls, a 

low cost and highly available biomass waste, using zeolite HZSM-5 has been 

investigated for the first time. Fast pyrolysis and catalytic fast pyrolysis experiments have 

been carried out at temperatures from 400°C to 600 °C.. Similar liquid yields were 

obtained from FP and CFP (38 to 45% and 37-42%, respectively). Interestingly, the 

phenol family of products increased more than 16% after CFP. Additionally, increases of 

5 % to 9 % are obtained in the hydrocarbon species, whereas the ketone family 

decreased around 37-49 %. Consequently, a 14 % to 19 % decrease in the TAN is 

observed owing to the cracking of acetic and other organic acids. This change in the 

composition of the bio-oil increased the HHV around 30% after CFP. Gas yield increased 

in CFP due to the deoxygenation and cracking reaction catalyzed by zeolite HZSM-5. In 

addition, the biogas and the char can be used to generate energy, showing maximum 

HHV values of 15.6 MJ mol-1 and 24.2 MJ Kg-1, respectively. CFP does not cause any 

substantial changes in char composition.  

These results highlight the benefits of CFP for enhancing the production of bioenergy 

and bioproducts from soybean hulls. In addition, the characterization of the porosity and 

morphology of the char obtained as a co-product enables its possible application as 

adsorbent or fertilizer. Furthermore, considering the results obtained in this studio, 

additional research could explore the use of new catalysts and improvements in the 

zeolite to optimize the CFP process and maximize the energy output of the products. 
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Fig. 1. XRD of the HZSM-5 zeolite at different calcination temperatures 

  

Fig. 2. TG (solid lines) and DTG (dotted lines) profiles of SH at different heating rates of 5, 

10, 30 °C min-1 
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Fig. 3. Product distribution from FP and CFP experiments of the SH at different pyrolysis 
temperatures 

 

 

Fig. 4. Raman spectra of the coke deposited on the HZSM-5 zeolite used at 400 °C (Z-
400) and 600 °C (Z-600) 
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Fig. 5. GC-MS derived distribution of chemical compounds in the bio-oil obtained by FP 
and CFP at different temperatures 

 

Fig. 6. Total acid number (TAN) and the higher heating value (HHV) of the FP and CFP of 

SH. 
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Fig. 7. Molar Composition of the gases of the FP of SH 

 

Fig. 8.  Molar composition of the gases of the CFP of SH 
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Fig. 9. Scanning electron micrographs of the char obtained from pyrolysis of SH at a) 

lower magnification of char obtained at 500 ºC, b) 400 °C, c) 500 °C and d) 600 °C. 
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Table 1. Main compounds and composition (%) as determined by GC-MS obtained from 

the FP and CFP of SH 

Classification Compound Type of pyrolysis-Temperature (°C) 
    FP400 FP500  FP600 CFP400 CFP500  CFP600 
Ketones Cyclopentanone 0.5 0.8 1.9 1.4 0.6 2.7 
  2-Cyclopenten-1-one 6.1 4.2 5.5 1.6 7.9 2.1 
  2-Cyclopenten-1-one, 2-Methyl- 2.6 3.4 5.1 3.7 0.0 4.5 
  1,2-Cyclooctanedione 0.9 1.1 0.5 1.5 0.0 0.6 
  2-cyclopenten-1-one, 3-Methyl- 1.2 4.3 9.0 0.3 3.5 4.2 
  1,2-Cyclooctanedione 0.0 1.1 0.5 1.5 0.0 0.6 

  
2-Cyclopenten-1-one, 2-hidroxy-
3-methyl  3.3 9.3 14.2 1.7 13.6 3.0 

  1,2-Cyclopentadione, 3-methyl- 3.4 5.5 9.0 3.5 0.0 2.1 
  1,2-Cyclopentadione, 3-methyl- 0.0 7.8 0.0 3.5 0.0 0.0 

  
2-Cyclopenten-1-one, 2-hydroxy- 
3,4 dimethyl 11.0 4.1 2.1 6.4 0.0 1.6 

  
2-Cyclopenten-1-one, 3-Ethyl-2-
hydroxy 9.1 7.4 2.5 8.5 8.2 5.3 

Furans 2-Furaldehyde (Furfural) 0.0 0.7 1.4 1.0 1.7 0.9 

  
2-Furanmethanol (Furfuryl 
alcohol) 11.3 8.1 9.5 3.5 5.1 5.3 

  2-Acetylfuran 1.6 2.6 1.4 2.2 0.0 0.5 
  2(5H)-Furanone  1.4 6.9 4.9 4.8 4.2 5.2 
  2(5H)-Furanone, 5-methyl- 0.0 0.9 0.9 0.9 0.0 1.4 
  5-Methylfurfural 0.0 2.9 3.2 0.7 1.1 1.6 
  Other furans 0.0 0.0 0.0 4.1 11.8 9.4 
Phenol Phenol 2.6 1.4 3.3 0.7 5.2 9.4 
  Phenol, 2-methyl (o-cresol) 9.3 6.2 8.2 10.5 5.3 2.8 
  Phenol, 3-methyl- (p-cresol) 3.7 6.7 5.6 3.4 5.8 7.2 
  Phenol, 4-methyl- (m-cresol) 1.3 3.0 3.8 4.8 4.2 9.6 
  Other phenols 0.0 0.0 0.0 5.3 8.6 3.9 

Carbohydrates 
1,4,3,6-Dianhydro-D-
glucopyranoce 19.6 10.5 4.5 9.5 3.1 1.3 

  Levoglucosan 11.1 1.0 3.1 9.6 0.9 2.2 
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Table 2. Main compounds and composition (%) as determined by GC-MS CFP 

 

Classification Compound 
Type of pyrolysis-
Temperature (°C) 

    
CFP-
400 

CFP-
500 

CFP-
600 

Furans Furfural 0.2 0.6 0.2 
 Furan, 2-methyl- 0.5 3.5 1.3 
 Furan, 3-methyl- 1.6 3.6 2.4 
 Furan, 2-ethyl 1.7 2.3 5.2 
 5-Methylfurfural 0.1 1.1 1.5 

Hydrocarbons Ethylbenzene 0.4 1.5 0.6 
 p-Xylene 2.7 1.5 4.2 
 1,3,5,6,7-Cyclooctatetraene 0.6 2.1 0.6 
 1-Methylcyclopentene 1.6 2.0 2.0 
 Cyclohexene 0.4 1.4 0.7 

Phenols  Phenol, 3,5-dimethyl 1.3 2.4 2.6 
 Phenol, 2,5-dimethyl 3.0 4.8 3.4 

  Phenol, 2-ethyl-6methyl- 1.1 0.9 6.9 
 

Table 3. Mass yield and HHV of gases in the FP and CFP of the SH at different 

temperatures. 

                      *Value < 0.1 % g·g-1 
 

 

 

 

 

Pyrolysis CO CO2 H2 CH4 C2H6 C2H4 C3H8 C3H6 HHV 

Mass yield, % wt (kJ/m3) 
FP 400 3.81±0.17 15.34±0.84 * * * * * * 4.4 
FP 500 4.92±0.11 18.91±0.20 0.11±0.01 0.78±0.05 0.20±0.01 0.18±0.01 0.22±0.01 0.16±0.01 9.2 
FP 600 6.09±0.45 19.65±0.16 3.61±0.01 1.62±0.11 0.65±0.03 0.47±0.02 0.57±0.04 0.18±0.01 14.8 

CFP 400 3.99±0.18 18.00±0.32 * 1.10±0.10 0.60±0.02 0.70±0.03 0.80±0.03 * 4.9 
CFP 500 5.27±0.13 20.53±0.30 0.44±0.01 0.82±0.03 0.36±0.01 0.42±0.02 0.45±0.03 0.20±0.01 11.2 
CFP 600 8.04±0.47 21.09±0.71 0.58±0.03 2.13±0.11 1.18±0.02 0.63±0.05 0.71±0.04 0.28±0.01 15.6 
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Table 4. Elemental, proximal and inorganic material analysis of char obtained at different 
temperatures 

 

 
Temperature (°C) 

Sample 400 500 600 
Ultimate analysis (wt. %) 
C 67.9 70.5 74.4 
H 3.8 3.1 2.4 
O 14.2 12 7.6 
N 2.2 1.9 1.6 
Calorific value (MJ kg-1) 
HHV  25.9 26.2 27.2 
Proximate analysis (wt. %) 
V.M.  45 39 36 
bF.C  43 47 48 
Ash 12 13 15 
Inorganic elements (wt. %) 
K2O 6.1 6.1 7.4 
CaO 3.9 4.1 4.8 
MgO 0.6 0.7 0.7 
Fe2O3 0.4 0.4 0.5 
P2O5 0.3 0.4 0.5 
BaO 0.2 0.2 0.3 

VM: volatile matter; FC: fixed carbon. b Calculated by difference. 

 

Table 5. Textural parameters of chares obtained at different temperatures  

 

 

 

 

 

 

 

 

Temperature (ºC) 
𝐒𝐒𝐁𝐁𝐁𝐁𝐁𝐁
𝐍𝐍𝟐𝟐  

cm3g-1 
 

𝐕𝐕𝐓𝐓
𝐍𝐍𝟐𝟐 

 cm3g-1 

𝐒𝐒𝐃𝐃𝐃𝐃
𝐂𝐂𝐂𝐂𝟐𝟐 

m2g-1 

𝐕𝐕𝐃𝐃𝐃𝐃
𝐂𝐂𝐂𝐂𝟐𝟐 

cm3g-1 

400 1.2 0.002 143 0.06 

500 5.7 0.003 190 0.08 

600 7.2 0.004 259 0.10 
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CATALYTIC FAST PYROLYSIS OF SOYBEAN HULLS: FOCUS ON THE 

PRODUCTS 
Jose Luis Toro-Trocheza,b, David Alejandro De Haro Del Ríoa, Ladislao Sandoval-

Rangelc, Diana Bustos-Martíneza, Francisco José García-Mateosb, Ramiro Ruiz-

Rosasb, José Rodríguez-Mirasolb, Tomás Corderob, Eileen Susana Carrilo-Pedrazaa,*  
a Universidad Autónoma de Nuevo León, Facultad de Ciencias Químicas, Ave. 
Universidad S/N, Cd. Universitaria, San Nicolás de los Garza, N.L., C.P. 
66455, México. 
bUniversidad de Málaga, Andalucía Tech, Departamento de Ingeniería 

Química, 29010 Málaga, Spain. 

c Tecnológico de Monterrey, Escuela de Ingeniería y Ciencias, Ave. Eugenio 
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Fig. S1. Diagram scheme Catalytic Fast pyrolysis. 

mailto:eileen.carrillopd@uanl.edu.mx
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Fig. S2. FTIR of HZSM-5 zeolite 

 

  

Fig. S3. HZSM-5 zeolite N2 adsorption-desorption isotherm at -196 ºC 
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Fig. S4. N2 Adsorption isotherm at -196 ºC of char obtained at different pyrolysis 

temperatures 

 

Table S1. Textural properties of the HZSM-5 zeolite  

Sample 
STotala VTb Vmicc smid  Vmesoe 
 m2g-1 cm3g-1 cm3g-1 m2g-1 cm3g-1 

HZSM-5 450 0.22 0.16 415 0.06 
Z-600  232 0.17 0.08 198 0.04 

a BET surface area. c Total Volume pore obtained the N2 isotherm. c Micropore volume obtained from the t-
plot. e Mesopore volume calculated as Vmeso = VT (P/P0 = 0.95) − Vmic  

 

Table S2. Molar concentration of non-condensable gases of FP and CFP at different 
temperatures. 

Pyrolysis 

CO CO2 H2 CH4 C2H6 C2H4 C3H8 C3H6 
HHV 

(kJ/molN) 
 

(mol%) 
 

FP 400 27.4±1.2 71.0±3.9 0.0±0.0 0.80±0.03 0.21±0.01 0.29±0.01 0.14±0.01 0.11±0.01 4.4 
FP 500 21.2±0.6 62.4±1.0 7.1±0.4 6.4±0.4 0.9±0.02 0.9±0.02 0.7±0.03 0.5±0.01 9.2 
FP 600 22.7±1.4 43.6±3.2 18.0±0.2 10.1±0.6 2.2±0.07 1.7±0.07 1.3±0.08 0.4±0.02 14.8 

CFP 400 25.2±1.1 72.1+1.3 0.17±0.01 1.2±0.1 0.34±0.01 0.46±0.02 0.31±0.02 0.10±0.01 4.9 
CFP 500 19.4±0.4 48.2±0.7 22.7±0.5 5.4±0.2 1.3±0.06 1.5±0.06 1.1±0.06 0.5±0.06 11.2 
CFP 600 22.5±1.3 37.6±3.1 23.0±0.2 10.4±0.5 3.1±0.1 1.8±0.1 1.3±0.07 0.6±0.05 15.6 
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