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* Co-pyrolysis of grape seeds and polystyrene was performed in an Auger pilot plant. 
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* Decarboxylation,  dehydration and H2-transfer reactions promoted deoxygenation. 
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Abstract 

The catalytic co-pyrolysis of grape seeds and polystyrene was successfully scaled-up from 

thermogravimetric analysis to an auger reactor pilot plant. Agricultural residues were co-

pyrolyzed with waste polystyrene plastics (up to 20 wt%) using calcium oxide as the catalyst. 

Particularly, an upgraded organic fraction was produced where synergetic positive effects were 

observed due to both the presence of plastics and of the CaO catalyst. These effects were mainly 

reflected in the production of a more deoxygenated and practically dehydrated organic fraction, 

rich in aromatic compounds and with a remarkable heating value. The synergetic positive effect 

of these materials is mainly attached  to the promotion of the H2 transfer reactions resulting 

from the scission of polystyrene radicals, and from the decarboxylation and dehydration effects 

associated with CaO. Moreover, a non-condensable H2-rich gas stream with remarkably low 

CO2 concentration, proved potentially valuable not only for use in further energetic applications 

but also as a potential source of synthetic fuels. The great potential of this process in the 

production of bio-products was, thus, demonstrated in a representative scale.    

Introduction 

Lignocellulosic biomass is a  globally renewable available, low cost energy source [1]. 

Particularly, a great portion of this production consists of agricultural residues [2]. The use of 

these residues for energy purposes, especially for the production of bio-fuels, is considered to be 
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an important strategy in mitigating adverse environmental issues and in developing rural 

economies [3]. Grape seeds (GS), are especially considered a potential source of energy [4], 

representing up to 15-20 % of the solid residues obtained from the wine industry [5]. GS are 

mostly burnt as fuel [6] and used in other minor applications [7, 8]. However, the demand for 

wine and its production is very high [9], resulting in a considerable portion of GS ending up in 

landfills. Therefore, the potential energy content of this renewable residue [4, 10] and the 

application of energetic valorisation processes, such as pyrolysis, to produce advanced bio-

fuels, offer an attractive alternative [11, 12].  

Pyrolysis processes generate three main products: A valuable liquid fraction (bio-oil) that could 

be used as a fuel or be further processed to obtain value-added chemicals; a gas fraction, 

consisting mainly of a mixture of CO, CO2, H2, CH4 and light CxHy, that could be used to 

support the energy requirements of the process itself [13-15]; and finally, a solid carbon residue 

(char) that could be used as an energy source due to its relatively high heating value (27-29 

MJ/kg). In addition to this, due to its inherent properties (porosity, specific surface area, pore 

structure), the char produced from the pyrolysis of agricultural or forestry waste, could be 

considered a great, available, cost-effective source of activated carbon [5, 16]. Hence, the 

application of these bio-based fuels could possibly tackle several sustainability issues: the 

substantial reduction of the greenhouse gas footprint, the abundant use of non-food feedstocks 

and the production of infrastructure-compatible petroleum-equivalent drop-in fuels.  

Although a potential bio-oil can be obtained from the conventional pyrolysis of GS [6, 11, 17], 

their properties must be further upgraded in order to complement the commercial fuels currently 

available in the energy market. In this sense, upgrading cost-effective methods, such as the use 

of low-cost catalysts in the co-pyrolysis processes of lignocellulosic biomass and waste 

polymers, presents an attractive option. Indeed, several authors have demonstrated the potential 

of this process in different studies that have been reviewed in recent publications [18, 19], 

where the strategy is widely-agreed to be a simple and cost-effective approach for the 

production of high-quality bio-oils. As expected, the selection of waste polymer and the catalyst 



play a key role in the process in order to be considered a cost-effective method. Particularly, the 

use of preferably widely available low-cost and low-toxic catalysts such as metal oxides (MgO 

and/or CaO) has proved to be a cost-effective strategy for this purpose [20-26]. However, most 

of the studies currently being carried out are conducted primarily in micro or lab-scale reactors 

using biomass with pure plastics in order to produce aromatics. Therefore, although promising 

results have been obtained, a further scale-up of this process is necessary in the short-term. In 

this sense, we have recently demonstrated the huge potential of the co-pyrolysis of grape seeds 

and polystyrene in a lab-scale fixed-bed reactor for the production of drop-in fuels [12]. 

Additionally, several authors have also proposed that a mixture of laboratory-scale agricultural 

residues and PS could be an interesting route to the production of upgraded bio-oils [27-29].  

The use of catalysts in this process is mainly limited to HZSM-5 and metal-loaded HZSM-5 

zeolites [30, 31]. The application of these catalysts promotes the production of valuable 

aromatic compounds, although high amounts of PS are usually added to the process (50% or 

higher). However, the catalyst preparation process and the regeneration and lifetime of catalysts 

due to coke formation still make it difficult to consider this process a cost-effective alternative. 

Interestingly, other authors have studied dual HZSM-5 and MgO/CaO catalysts in the co-

pyrolysis of biomass and PS [24]. These catalysts were also found to promote the formation of 

aromatic compounds where the initial conversion of heavier compounds to lighter ones was 

attributed to CaO/MgO, which were then further aromatized by HZSM-5. However, higher 

amounts of PS were studied (50 wt%) and no further information regarding the lifetime of these 

catalysts was included. In this sense, we have also demonstrated at laboratory-scale that the use 

of low-cost CaO in the co-pyrolysis processes is a cost-effective strategy in producing upgraded 

bio-oils using a relatively simple and cost-effective one-step process. For this reason, the scale-

up of this catalytic combination at TRL 5 (Technology validated in relevant environment) could 

offer a real alternative to, or complement, fossil-derived fuels. To the best of our knowledge, 

there is not a single study focused on the scale-up at TRL-5 or higher of the catalytic co-

pyrolysis of GS and PS using CaO as a catalyst.  



The aim of this study is, therefore, to demonstrate the potential of the catalytic co-pyrolysis of 

GS and waste PS to produce upgraded bio-oils in a relevant environment (TRL-5). The 

experimental tests have been conducted in an auger reactor pilot plant that operates at 

atmospheric pressure. Different GS and waste PS mixtures (up to 20 wt% of PS) were tested as 

feedstock. CaO was selected as a low-cost commercial catalyst. Prior to pilot tests, several 

thermogravimetric tests were carried out to study the effects of CaO on the pyrolysis of the 

feedstocks. 

2. Materials and methods 

2.1 Biomass, polystyrene and CaO 

Lignocellulosic biomass, such as GS waste and PS waste (Acteco Productos y Servicios S.L.) 

obtained from food packaging, were used in this study. Detailed information regarding both 

feedstocks can be found in previous reports [12], but has also been included in the supporting 

information (Table S1). It is worth mentioning that particle size of both feedstocks were quite 

similar, around 3-4 mm (an image of both feedstocks can be seen in Figure S.1). It should be 

pointed out that, in order to reduce moisture levels to lower than 2 wt%, the GS samples were 

dried at 105 ºC by following standard drying methods. It should be also commented that GS 

composition was estimated from thermogravimetric analysis at pyrolysis conditions. Thus, a 

representative amount of the sample was heated at 20ºC/min from room temperature up to 700 

ºC under a N2 atmosphere. The results revealed that GS presented a remarkable extractives 

composition (24 %), as other authors have stated before [32-35]. The composition is also in line 

with that found by others authors showing a remarkable lignin content (43.4 %) followed by 

lower amounts of hemicellulose (25.9 %) and cellulose (6.7%). Interestingly, this composition, 

differs from other lignocellulosic biomasses such as forestry residues or grass [36]. 

CaO was obtained from the calcination of limestone at 900 ºC. The particle size distribution was 

in the range of 300–600 µm. X-ray diffraction (XRD), N2-physisorption, mercury porosimetry, 

temperature-programmed desorption of ammonia (NH3-TPD), temperature-programmed 



desorption of carbon dioxide (CO2-TPD), and inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) were carried out following different methods [20, 37, 38], also  

included in the supporting information.  

2.2 TGA experiments 

Thermogravimetric analyses were performed in a Netzsch Libra F1 Thermobalance. All the 

tests featured in this study were run at a constant nitrogen flow of 50 mLN/min in a reactor with 

a 13 mm internal diameter. The sensitivity of this apparatus was 0.1 µg. The samples were 

dried, crushed and sieved to a particle size of less than 250 µm prior to the experiments, and 

were then placed in an alumina crucible forming a small fixed-bed with an initial mass of 

approximately 10 mg. Experiments using GS, PS and their mixtures without (GS/PS (80/20 

wt%)) and with catalyst (CaO/GS/PS (50/40/10 wt%)) were performed at 20 ºC/min (standard 

heating rate use in kinetic studies), reaching a final temperature of 700 ºC.  

The fraction of mass remaining (x) was calculated according to the equation (1): 

      � =
�(�)

��
    (1) 

where M0 is the initial sample weight at 150 ºC and M(t) is the sample weight at any given time. 

 

 

 

 

 

 

 

 



2.3 Auger reactor plant  

 

Figure 1. Simplified process flowchart of the pilot plant used for catalytic co-pyrolysis 

experiments. 

The experiments at TRL-5 were carried out in a pilot plant equipped with an auger reactor 

operating at atmospheric pressure. N2 was used as an inert carrier gas. A simplified flowchart 

depicting this pilot plant process is shown in Figure 1. This plant is able to process up to 

approximately 20 kg/h of GS or PS. The feeding system consists of two independent stirred 

hoppers to avoid the formation of voids, each with an approximate capacity of 25 kg of GS or 

PS. One hopper is used to feed the GS and PS mixture and the other one is used to feed the 

catalyst.  



The reactor is surrounded by 3 independent electrical resistances that provide the energy 

required for the pyrolysis process to take place. The converted product continuously leaves the 

reactor through gravity at the end of the reactor. The pyrolytic gas produced within the reactor is 

cooled in a shell and tube condenser. Before flaring the gas, several samples are taken and 

analyzed by gas chromatography. The pilot plant also features a control and acquisition system 

to monitor pressure via 4 pressure transducers and temperature via 10 thermocouples found in 

different locations. 

2.4 Product profiles 

Standard methods were used for an in-depth analysis of the organic liquid phase to determine 

the physicochemical properties (ultimate analysis, heating value, pH, water content, density and 

viscosity), and a qualitative analysis of the chemical composition was carried out by GC/MS. 

Solid fraction (char) was determined by measuring its calorific value and non-condensable gases 

were identified through gas chromatography. Detailed information regarding these product 

profiles can be found in various documents recently published by our research group [12, 15, 

39] as well as in the supporting information. 

3. Results and discussion 

3.1. Characterization of catalysts 

The CaO purity and crystallinity was verified by XRD as can be seen in Figure 2. The 

characteristic diffraction peaks of calcium oxide, that corresponds with the peaks located at 2ϴ 

33°, 38°, 53°, 63° and 68°, can be observed. The diffraction patterns also showed a minimum 

diffraction peak related to Ca(OH)2, which could be associated with the fact that water was 

absorbed from the environment during handling [40]. 



 

 Figure 2. XRD patterns of the CaO. 

 

The elemental composition of the CaO determined by ICP-OES was summarized in Table 1. 

The main element found was Ca (95.1 %), that corroborate a high purity of the catalyst. It 

should be also stated that other elements found in the catalysts were identified (Mg, Al, Fe, K, S 

and Si) but in quantities lower than 1.0 wt%. Table 1 also confirms the low specific surface area 

of the CaO and an average pore diameter (520 nm), which indicated a macroporous structure. 

The values of the acidity and basicity of the CaO were also summarized in Table 1. The low 

acidity value found (0.2 µmolNH3/g) was in line with the marginal acidity also observed by 

other researchers using similar catalysts [20]. Regarding its total basicity value (0.04 

mmolCO2/g), this value, lower than other commercial CaO, could be related to its low specific 

surface area [20, 41]. For more information, TPD-CO2 and TPD-NH3 profiles were included in 

the supporting information (Figure S.2 and S.3). 

Table 1. ICP-OES, structural characterization (BET and Dp determined by N2 adsorption and porosity 

determined by Hg porosimetry) and the amount of CO2 and NH3 desorbed from the TPD-CO2 and TPD-

NH3 profiles. 

ICP-OES structural characterization TPD-NH3 TPD-CO2 

CaO  

(wt%) 

MgO 

 (wt%) 

Al2O3 

(wt%) 

Fe2O3 

(wt%) 

K2O 

 (wt%) 

SiO2 

(wt%) 

BET 

(m2/g) 

Dp 

(nm) 

Porosity 

(%) 

µmolNH3/g 

(T Peak (°C)) 

mmolCO2/g 

(T Peak (°C)) 

95.1 0.86 0.14 0.29 0.02 0.51 < 2 520 50 0.2 (630) 0.04 (550) 

 

 

 



3.2. Thermal analysis of GS/PS blends with CaO  

Five thermogravimetric tests were conducted in order to analyze the influence of CaO on the 

pyrolysis of the feedstocks. Figure 3.A shows the comparison between experimental and 

calculated rate of mass loss curves for a GS/PS (80/20 wt%/wt%) blend, that mainly takes place 

from 200 ºC to 550 ºC. The calculated results obtained for this mixture by applying the rule of 

mixtures with the additive behaviour of single solids present different trends depending on the 

temperature when compared to the experimental results. Theoretically calculated data is highly 

comparable to that obtained experimentally up to 350 ºC and the presence of the polymer in the 

mixture did not significantly change the GS decomposition curve. However, at temperatures 

between 380 ºC and 500 ºC, the experimental rate of mass loss was lower and shifted towards 

higher temperatures than the theoretically-calculated rate. In a previous study [12], it was 

concluded that the pyrolysis of the GS/PS mixture at temperatures up to 380ºC could be 

attributed primarily to the devolatilization of GS with a first decomposition peak related to the 

decomposition of extractives, and a second peak and its shoulder attributed to hemicellulose and 

cellulose decomposition. Between 380 ºC and 500 ºC, the pyrolysis of GS/PS mixture could be 

mainly attributed to the contribution of the devolatilization of PS. Therefore, the reduction and 

shift of the rate of mass loss observed can be assigned to interactions between the less reactive 

part of the GS sample and the devolatilization of the whole PS sample. These results are in 

accordance with previous conclusions reported by Jakab et al. [42] and Navarro et al. [43] 

where an interaction was reported between biomass components and PS. The PS thermal 

decomposition takes place via a depolymerisation mechanism with the release of both a high 

yield of monomers and small amounts of styrene oligomers, formed by radical transfer and its 

subsequent b-scission [12]. This thermal decomposition of PS seems to be hindered by the 

presence of solid char resulting from the biomass devolatilization process [42]. 

Figure 3.B presents the effect of CaO on the rate of mass loss for a GS/PS mixture. A mixture of 

80GS/20PS wt%/wt% and a ratio feedstock to catalysts of 1 was selected where a main step of 

devolatilization of the organic samples from 200 ºC to 550 ºC and a secondary weight loss at 



temperatures higher than 600 ºC are observed. The experimental curve of the three-component 

mixture differs from the curve of the mixture calculated by applying the rule of mixtures 

assuming an additive behaviour of the GS/PS blend with CaO. In this calculation, the effect of 

GS char hindering the decomposition of PS is not observed. However, two main differences at 

temperatures from 350 ºC to 400 ºC and at temperatures higher than 600 ºC can be observed 

between calculated and experimental patterns. The differences in the low temperature range, 

when the decomposition of GS is mainly taking place, can be explained by the hydration and 

carbonation of CaO with the H2O and CO2 generated in the pyrolysis of GS [44]. Hence, the 

mass reduction is delayed when compared to the non-catalytic GS/PS pyrolysis experiment. On 

the other hand, the experimental rate of mass loss peak observed at temperatures higher than 

600 ºC can be directly related to the calcination step of CaCO3 that decomposes to CaO and 

CO2, leading to a rapid weight decrease and the appearance of a rate of mass loss peak. 

 

  

Figure 3. A:  Experimental and calculated rate of mass loss curves of mixtures of GS and PS 
with a ratio 80/20 wt%/wt% at 20 ºC/min. B: Experimental and calculated rate of mass loss 
curves of mixtures of CaO, biomass and polymers with a ratio GS/PS of 80/20 wt%/wt% and a 
mixture to CaO ratio of 1 at 20 ºC/min. 

 

 

 

 



3.3 Auger reactor 

3.3.1 Product distribution  

Catalytic co-pyrolysis of GS and PS was carried out in an auger reactor pilot plant using 

different mixtures, adding 10 and 20 wt% of PS. A feedstock to CaO ratio of 2 was selected 

based on the maximum degree of deoxygenation reached in the organic fraction, since higher 

amounts of catalysts (feedstock to CaO ratio < 2) led to operational problems as a result of tar 

formation and lower values produced poorer deoxygenation rates. This behaviour was in line 

with previous experiments carried out with this kind of catalyst and reactor during forest 

biomass catalytic pyrolysis, where lower bio-oil yields due to the promotion of undesirable 

secondary reactions were observed when higher amounts of CaO were used [15]. In addition, 

lower amounts of CaO (feedstock to CaO ratio > 2) were found to be less active in order to 

improve the quality of the bio-oil. Thus, feedstock to CaO of 2 was selected as the optimum 

ratio to carry out the catalytic experiments. As reference, a conventional pyrolysis process of 

solely GS and PS was also conducted and non-catalytic co-pyrolysis tests were also carried out. 

Table 2, shows the solid, gas and liquid yields distribution after the process. It is worth 

mentioning that a reasonable experimental error of lower than 5.0 % was experienced in all 

cases. Thus, since similar product yields were obtained in the repeated experiments and these 

deviations do not affect the discussion, deviation values were not included in the reported data 

for the sake of clarity. Therefore, it can be observed that it is possible to obtain a remarkable 

42.5 wt% of a liquid fraction when GS are processed. This result is slightly higher 

(approximately 10 % higher) when comparing the same feedstock treated in a fixed-bed reactor 

at lab-scale [11, 12]. On the other hand, higher liquid yields, up to 93.8 wt% were achieved after 

PS pyrolysis. Interestingly, this reactor configuration again allowed higher yields 

(approximately 15 % higher) than working in a fixed-bed reactor with the same feedstock [12]. 

As a result, the fact of using temperatures already considered optimum to enhance liquid after 

PS pyrolysis [29] and the use of this type of reactor seem to favour the production of greater 

amounts of liquid fuel. 



As could be expected, and as other authors have evidenced at lower scales [11, 28, 45-47], 

liquid yields were higher when PS was incorporated into the feeding. In particular, when 20 

wt% of PS was added, liquid yield was 51.3 wt%. Accordingly, char yields were lower and non-

condensable gas production remained within the same range (see Table 4). 

Table 2 also shows that the addition of CaO to the pyrolysis of GS or PS barely affected the 

product yield distribution. Indeed, only a marginal difference was found for the catalytic 

pyrolysis of GS, where liquid yield was slightly higher than that obtained for conventional 

pyrolysis. However, the GS catalytic pyrolysis experiment entailed lower organic fraction yield. 

This is not a surprising result as other authors have already confirmed this effect on product 

yields after CaO incorporation [48, 49]. It should be remarked that the objective of any catalytic 

pyrolysis process should not only lie in maximizing the liquid yield but also in producing higher 

yields of a high-quality organic phase, also known as bio-oil. This phase, due to its properties 

and chemical composition, is the only one that is considered nowadays for use as a potential 

feedstock in the energy market. 

Table 2. Product yields in wt% and liquid phase distribution after Auger reactor experiments. 

Experiment 

Yields 

(wt%) 

 Phase distribution 

(wt%) 

 Solid Liquid   

Aqueous Organic 
Gas Char CO2 Coke 

Org. 

phase 

Aq. 

phase Total 

 

GS 23.2 31.2 0.0 0.00 16.0 26.5 96.9  62.3 37.7 
PS 2.50 0.00 0.0 0.00 93.8 0.00 96.3  0.00 100 
GS : CaO 17.5 33.9 2.4 0.07 13.7 29.4 97.0  68.1 31.9 
PS: CaO 2.4 0.0 0.0 0.01 92.9 0.00 95.3  0.00 100 
GS/PS(90/10) 25.1 30.0 0.0 0.00 24.3 19.9 99.5  45.1 54.9 
GS/PS(80/20) 22.9 25.2 0.00 0.00 36.1 15.2 99.4  29.7 70.3 
GS/PS(90/10):CaO  16.0 32.4 3.0 0.05 21.9 22.5 95.8  50.6 49.4 
GS/PS(80/20):CaO  16.3 29.8 2.6 0.33 27.1 18.9 95.2  41.2 58.8 
 1 Calculated through balance from gas chromatography analysis. 

 

As expected, the liquid fraction, after the GS pyrolysis, consisted of two layers, aqueous and 

organic [4, 11]. The aqueous fraction was predominant in the GS pyrolytic bio-oil, reaching 

values up to 26.5 wt% and relatively low values of organic fraction (16 wt%). PS pyrolytic 

liquid, on the other hand, consisted of a fully organic fraction. Thus, as can be also observed in 



Table 2, the addition of PS generated a predominantly organic phase resulting in the increase of 

organic yields, especially at the highest PS percentage, reaching up to 36.1 wt%. As previously 

mentioned for the GS catalytic experiments with CaO, the organic fraction yield was also 

reduced under catalytic co-pyrolysis conditions, regardless the PS percentage [49]. Noticeably, 

these values (21.9 wt% and 27.1 wt% when 10 and 20 wt% of PS were incorporated, 

respectively), were significantly higher in comparison with the conventional pyrolysis of GS (an 

increase of more than 23% and 40%, respectively). This result suggests that the dehydration 

effect due to the CaO is a key deoxygenation route using the auger reactor, due to the fact that 

auger reactors facilitate the contact between catalysts and feedstock [50, 51]. To support this 

statement, several thermogravimetric experiments were carried out, thus checking the 

carbonation and dehydration capacity of the CaO. These thermograms, included in the 

supporting information (Figure S.4), showed several peaks. The peak corresponding to 400 ºC, 

that is associated with the dehydration of calcium hydroxide [14], was significantly observed for 

all samples, confirming the hydration of the catalyst during the pyrolysis process.  

On the other hand, regarding the solid and non-condensable fraction yields also summarized in 

Table 2, a remarkable char (31.2 wt%) and non-condensable gas fractions (21.2 wt%) from GS 

pyrolysis experiments can be observed. PS pyrolysis tests, however, produced a small gas 

fraction (2.5 wt%), whilst no solid residue remained. This product distribution could be 

considered an expected outcome, since practically all PS samples consisted of volatile matter 

and practically no fixed carbon was corroborated from proximate analysis (see Table S1, 

supporting information). As theoretically expected, char yields decreased as the amount of PS 

increased in non-catalytic experiments. This trend was similar for catalytic experiments. 

Although overall yield values of the solid fraction were higher, this weight also accounted for 

both CO2 absorbed as carbonate (CaCO3) and coke deposited on the CaO surface. The presence 

of these species was corroborated by TGA analysis as can be observed in Figure S.4 where the 

peak located in the range of 700-800 ºC, that can be attributed to the decarbonation of 

limestone, was clearly evidenced for each experiment. Finally, non-condensable gas yields 



remained in approximately the same range after non-catalytic co-pyrolysis, decreasing down to 

nearly 16 wt% for both mixtures once catalysts were incorporated.   

3.3.2 Non-condensable gas distribution  

Detailed composition of the non-condensable gas fraction is shown in Table 3. Gas produced 

from lignocellulosic biomass pyrolysis is usually characterized by a CO and CO2-rich gas 

stream [36, 52]. GS tests following this trend showing CO2 and CO as two of the main 

components in the gas stream (34.9 and 16.0 vol%, respectively). In addition, H2 and CH4 

concentrations were also found in notable amounts (15.6 vol% and 17.5 vol %, respectively) 

while C2, C3 and C4 hydrocarbons were the minority components. This composition entailed an 

LHV of 24.1 MJ/Nm3. In addition, although these results were not shown for the sake of 

brevity, it must be pointed out that no sulphur components (COS, H2S, CS2, CH4S) were 

detected in any of the analyzed chromatograms.  

Table 3. Gas composition in vol % after pyrolytic tests in the auger reactor. 

Experiment 
Gas composition (vol %) LHV 

(MJ/Nm
3
) H2 CO2 CO CH4 C2 C3 C4 

GS 15.6 34.9 16.0 17.5 9.5 3.8 2.6 24.1 
PS 33.7 8.4 3.9 19.0 22.1 8.4 4.4 39.8 
GS : CaO 31.0 9.4 15.0 23.3 5.3 5.5 3.3 32.6 
PS: CaO 41.1 8.6 4.3 19.4 13.7 6.0 4.1 34.9 
GS/PS(90/10) 16.0 35.2 15.9 17.5 9.3 3.7 2.3 23.5 
GS/PS(80/20) 16.7 36.0 15.3 17.4 8.8 3.6 2.1 22.8 
GS/PS(90/10):CaO 32.6 9.6 14.6 22.7 12.0 5.3 3.2 32.0 
GS/PS(80/20):CaO 33.2 8.7 14.9 22.7 12.0 5.3 3.3 32.2 
 

The non-condensable gas stream from the PS pyrolysis test was completely different since the 

main components were H2 (33.7 vol %), CH4 (19.0 vol %), C2 (22.1 vol%) and C3-C4 (12.8 

vol%) whilst low amounts of CO and CO2 were also identified (3.9 and 8.4 vol% respectively). 

For that, LHV of this stream was significantly higher reaching 39.8 MJ/Nm3.  

It should be pointed out that the incorporation of low PS percentage to the feeding (10 wt%) 

barely affected the gas composition and, consequently, the LHV (see Table 3). However, we 

must also note the positive effect of CaO incorporation, which significantly reduced CO2 



production and increased both H2 and CH4. The CO2 capture accounted by CaO, favours the H2 

production from the water gas shift and methane reforming reaction [15]. This trend was similar 

for both mixtures as can be seen in Table 5. This fact implied the production of a more 

environmentally friendly gas and at the same time, a more valuable product, with a remarkably 

higher H2 concentration, and the potential to be used in energy applications as higher heating 

values of up to 32.2 MJ/m3 were obtained. 

3.3.3 Organic fraction properties 

The organic fraction obtained following pyrolysis experiments was carefully separated using the 

centrifugation-decantation method. Then, several physico-chemical properties were 

experimentally determined. Table 4 summarizes the ultimate composition and the heating value 

of this fraction. Moreover, other properties such as pH and water content as well as physical 

properties including density and viscosity were also determined. First, we would like to point 

out the potential value of the organic fraction obtained from GS pyrolysis since a relatively low 

oxygen content was obtained (11.8 wt%) in comparison with conventional lignocellulosic 

biomass pyrolysis processes [53]. Indeed, the heating value of that fraction reached significant 

values of 35.5 MJ/kg, superior when compared to other lignocellulosic bio-oils [54]. On the 

other hand, the pyrolytic liquid obtained from PS was characterized by a high carbon content 

(92.6 wt%) with a negligible oxygen value. For this, the heating value of this fraction was 42.0 

MJ/kg.  

Table 4. Elemental analysis, H/C ratio, heating value and water content of the organic layer.  

Experiment 

Properties 

Ultimate analysis (wt%) 
H/C 

HHV 

(MJ/kg) 

% H2O 

(wt%) C H N S O (diff) 

GS 77.1 8.3 2.6 0.2 11.8 1.29 35.49 5.1 
PS 91.1 8.1 0.8 0.1 0.0 1.07 42.0 <0.3 
GS : CaO 75.9 8.1 2.9 0.4 12.7 1.28 34.7 3.8 
PS: CaO 91.4 7.9 0.8 0.0 0.0 1.06 41.2 <0.3 
GS/PS(90/10) 79.2 8.7 2.7 0.2 9.2 1.32 36.9 1.72 
GS/PS(80/20) 87.8 8.5 2.0 0.2 1.6 1.16 40.4 1.04 
GS/PS(90/10):CaO  86.2 8.6 2.7 0.3 2.2 1.20 40.0 0.79 
GS/PS(80/20):CaO  88.6 8.5 1.8 0.1 1.0 1.15 40.9 0.74 

 



It is worth stressing that, although the addition of 10 wt% of PS barely evidenced a positive 

effect on the oxygen reduction (9.2 wt%), the addition of 20 wt% of PS further reduced the 

oxygen levels down to 1.6 wt%. In this latter case, the heating value can be increased up to 40.4 

wt%. The results were slightly better than those obtained in previous experiments in a fixed-bed 

reactor [12]. Therefore, auger reactors again demonstrate to be an efficient solution to enhance 

the radical interaction between feedstocks during pyrolysis processes, improving the de-

oxygenation rate over the liquids products. In line with this, it is worth commenting that lower 

oxygen reduction levels have been previously reported using PS as a quality promoter at similar 

ratios, or even higher ones, by using other types of reactors [12, 28, 55]. Therefore, as 

previously stated, due to the low oxygen content found in the organic fraction obtained from GS 

pyrolysis when compared to other types of lignocellulosic biomass, the effect of adding up to 20 

wt% seems to be sufficient to greatly reduce the oxygen content of the organic fraction. 

No remarkable differences were observed in terms of the de-oxygenation rate when CaO was 

added to the pyrolysis of sole GS or PS. Interestingly, a positive effect was currently observed 

for catalytic co-pyrolysis experiments, especially when 10 wt% of PS was added to the 

feedstock. Under this catalytic co-pyrolysis condition, a remarkable reduction of the oxygen 

level of 2.2 wt % was obtained. Thus, it is already possible to obtain a notable deoxygenated 

organic fraction by working with low quantities of waste PS in presence of CaO. Remarkably, 

the oxygen value can be further reduced (1.1 wt%) when PS was increased up to 20 wt%. This 

oxygen reduction is in line with the water content determined in the organic fractions. Water 

content for GS pyrolytic oil was 5.1 wt% while water content for the organic PS-derived oil can 

be considered negligible. As could be expected, these values decreased as the amount of PS 

increased in the feeding. However, this reduction was higher than that theoretically estimated, 

reaching values close to 1 wt% when 20 wt% of PS was added. The positive catalytic effect of 

CaO was again apparent since lower values were evidenced in the final organic fraction 

compared to the non-catalytic co-pyrolysis processes. This low water content, together with the 

significant low oxygen content, substantially enhanced the organic fraction quality, especially in 



terms of both energy value and stability. At this point, it is worth noting that the elemental 

composition of the aqueous phase was also determined (Table S.3). The carbon content of this 

phase for GS and GS:CaO experiments was similar (5.7 and 5.4 wt%, respectively). These 

values were slightly lower as the amount of PS increased in the feeding (lower than 4 wt%). So, 

although the presence of different components in the aqueous phase of each sample cannot be 

ruled out, it seems that the upgrading process is not directly related to the formation of 

additional H2O-soluble organics.  

 

Table 5. pH and physical properties (viscosity and density) of the organic fractions obtained.  

Experiment 

Properties 

pH 
Viscosity 

(mPa.s) 

Density 

(g/mL) 

GS 8.0 87.1 1.30 
PS 8.1 1.6 0.88 
GS/PS(90/10) 7.4 6.6 0.96 
GS/PS(80/20) 7.3 3.5 0.94 
GS/PS(90/10):CaO  9.2 3.1 0.95 
GS/PS(80/20):CaO  8.7 2.3 0.94 

 

Table 5 summarizes pH and physical properties such as viscosity and density. It should be 

mentioned that the pH values from GS and PS pyrolysis on their own were quite similar, around 

8. The acidic character associated to bio-oils from lignocellulosic biomass [54, 56] is not 

evidenced for this type of biomass. This could be related to the relatively high nitrogen content 

of the initial biomass in comparison with other types of biomass [36], forming nitrogen 

compounds such as amines that could increase the pH values. Thus, these results confirm yet 

again that GS are a promising feedstock to carry out pyrolysis processes for the production of 

potential liquid fuels. When co-pyrolysis was carried out, pH values decreased slightly (pH 

values between 7.3-7.4) whilst these values were higher after catalytic co-pyrolysis experiments 

(within the 8.7-9.2 range). This could be associated to the decarboxylation effect of CaO, 

promoting decarboxylation reactions of carboxylic and/or fatty acids [14, 15, 57, 58].  



Other meaningful parameters to analyze the bio-oil quality are the physical properties such as 

viscosity and density. The density parameter indicates the specific energy content of the liquid 

and provides valuable information regarding the ignition quality. The viscosity parameter is 

necessary in order to assess the internal flow resistance. Table 5 shows that these values were 

quite different for the organic fractions obtained from GS and PS pyrolysis on its own. The 

viscosity value for GS pyrolytic bio-oil was 87.1 cP, while it was 1.6 cP for PS pyrolytic oil. 

The high value found for GS pyrolytic oil was in accordance with the high values found in 

literature related to bio-oils from lignocellulosic biomass [59]. Great positive effects associated 

to these properties can be evidenced for co-pyrolysis experiments. These values reached 6.6 and 

3.5 cP when 10 and 20 wt% of PS were added to the feedstock, respectively. More interestingly, 

these values were lower after catalytic co-pyrolysis experiments, reaching 3.1 and 2.3 cP when 

10 and 20 wt% of PS were used. This latter value can be considered in a similar range to that 

obtained from solely PS pyrolysis. Interestingly, an excellent performance of CaO, particularly 

using the mixture 90 wt% GS / 10 wt% PS, can be appreciated over this parameter, reducing the 

viscosity of the bio-oil by more than 50 %. The same trend can be observed for density values. 

In this case, both non-catalytic and catalytic co-pyrolysis experiments resulted in density values 

ranging between 0.94-0.95 g/mL, values similar to those found for pyrolytic PS-derived oil. 

Thus, a notable improvement of this value from conventional GS bio-oil (1.3 g/mL) was 

achieved. It should be pointed out that the improvement obtained in these physical parameters 

could not be linked to an increase in the water content [60] as upgraded bio-oils always showed 

marginal water content. Therefore, it can be highlighted that catalytic co-pyrolysis experiments 

allowed the production of a low-water content bio-oil, whilst its physical properties were 

simultaneously improved.  

 

3.3.4 Chemical composition by GC/MS 

In order to attain a semi-quantitative chemical composition of the organic fraction obtained, a 

GC/MS characterization was carried out. Although a complete quantification of the liquid was 



not possible due to the complex nature of this fuel [12], these results provided valuable 

information regarding the chemical composition of the organic fraction. More than 80 

compounds were identified in the organic fraction. First, it is worth emphasizing that the 

chemical composition of the GS pyrolytic oil was in line with previous liquid oils obtained from 

GS pyrolysis [12, 36, 61]. This follows the same trend compared with lab-scale experiments, 

where the main components of this fraction can be grouped into phenols, fatty acids and esters 

as the main oxygenated components and, aromatic and olefins as the more valuable components 

(Figure 4A). On the other hand, PS-derived oil was mainly composed for an aromatic-rich 

fraction whereas styrene-derived compounds and ethyl-benzene were present as the majority 

components [62, 63]. A detailed list of the different compounds identified is included in the 

supporting information (Table S4). Following the addition of PS, the chemical composition of 

the organic fraction became richer in aromatic components, especially in styrene and styrene-

compounds. Interestingly, some of the undesired oxygenated compounds, such as phenols or 

fatty acids, were not identified. For clarity, GC/MS results after catalytic tests were normalized 

and are shown in Figure 4B. This trend is prevalent when higher amounts of PS are present (see 

Figure 4B). At this point, it is worth mentioning that the studies carried out by other authors 

follow the same trend as the amount of PS increases [28, 64, 65], supporting the results of this 

study.   

Regarding catalytic experiments, Figure 4B shows that, generally, the aromatic area was slightly 

superior in comparison with non-catalytic tests. Although several authors have pointed out that 

the increase in hydrocarbon components in the liquid can be linked to the Diels–Alder reaction 

(between PS derived olefins and biomass-derived furans dehydration reactions [45]), this 

tendency was also directly in line especially with the reduction of phenols and esters. Thus, due 

to the extra H2 production resulting from both the thermal scission of PS and the CaO effect, 

numerous oxygenated compounds that were identified in the GS-derived pyrolytic oil seem to 

be hydro-deoxygenated into more valuable compounds (aromatics) [12, 19, 66]. The reduction 

in the % area or even the non-detection of these components (phenols and acids) could have a 



significant beneficial impact as they could cause operational problems, mainly due to their 

undesirable re-polymerization [21, 67] during handling and storage. Interestingly, linear ketones 

such as 2-Heptadecanone and 2-Nonadecanone that were not identified after non-catalytic 

experiments, were evidenced in catalytic tests (see Table S5, Supporting information). This fact 

can be linked with the deoxygenation capacity of basic metal oxides such as CaO or MgO, 

where inherent active basic sites as those detected by CO2-TPD could enhance this specific 

deoxygenation route of acids through ketonization reactions [68, 69].  

   

Figure 4. A: GC/MS analysis of GS pyrolytic oil. B: GC/MS analysis of pyrolytic oil after 

catalytic tests (right).  

To support the results obtained from GC/MS, atomic H/C ratios were also calculated and 

summarized in Table 4. As can be seen, the H/C ratio of the organic fraction obtained from GS 

pyrolysis is 1.3 while the H/C ratio of PS pyrolytic oil is 1. This lower value confirms the 

significant amount of aromatic compounds found in this fraction [70]. Focusing on non-catalytic 

tests, it can be observed that the H/C atomic ratio was lower when 20 wt% of PS was added. 

Interestingly, regarding catalytic tests, H/C ratios were always lower (1.15-1.20), thus 

confirming a higher proportion of aromatic compounds [70]. Although a detailed quantification 

of all components was not possible, these results indicate that both the addition of PS and CaO 

synergistically improves the value of bio-oil, where a more deoxygenated and richer aromatic 

liquid is obtained at a relevant scale.  



At this point, we would like to remark that the catalytic co-pyrolysis of GS and PS with CaO in 

an auger reactor seems to follow a molecular mechanism reaction comparable to that previously 

reported for the catalytic co-pyrolysis process of GS, plastic wastes and CaO in a fixed bed 

reactor [11, 12, 66, 71]. Thus, from thermal degradation of cellulose and hemicellulose of GS, 

mainly oxygenated compounds, specially esters and ketones, would be obtained [52, 72]. These 

compounds would be produced through decarbonylation and decarboxylation reactions, as the 

main gaseous components (CO2 and CO) in the gas fraction suggest. On the contrary, lignin, the 

majority component in this biomass, would be the main source of phenols and aromatics 

compounds [73, 74]. These compounds together with fatty acids, which are characteristics of 

these kind of biomass [61], were the main components found after GC/MS. On the other hand, 

the random and chain-end scission mechanism associated to PS would produce mostly styrene-

derived compounds an extra H2 and free radicals that would be transformed into straight chain 

hydrocarbons via hydrogen transfer reactions [19]. Thus, both the H2 and free radicals produced 

from the thermal degradation of PS and the extra H2 produced by the water gas shift reaction 

enhanced by CaO would react with the biomass-derived compounds in the CaO catalyst surface 

in order to enhance the formation of desired compounds. Additionally, and according to the 

GC/MS results, the role of the catalyst should not only be related to the promotion of 

dehydration and decarboxylation reactions in order to generate high-valuable compounds [75], 

but also to the ketonization of acids over the CaO basic sites. 

3.4 Char 

The LHV of the char produced after this process was 28 MJ/kg. This value remains the same for 

all experiments since PS pyrolysis did not produce solid residue. Therefore, although other 

authors consider this by-product to be suitable for activated carbons due to its relatively low 

sulphur and ash content [5], the potential application of this product would be focused on 

supporting the energy requirements of the process [14].  

 

 



4. Conclusions 

The catalytic co-pyrolysis process of grape seeds and polystyrene using CaO as a catalyst was 

successfully conducted in a relevant environment (TRL-5). The results not only demonstrated 

the potential of grape seeds as feedstock of any pyrolysis process but also evidenced that 

polystyrene and CaO were two relatively low-cost materials that enhance both bio-oil yield and 

quality. The synergetic positive effect of these materials is attached mainly to the promotion of 

the H2 transfer reactions due to the polystyrene chain scission, and to the decarboxylation and 

dehydration effect associated with CaO. Thus, a practically dehydrated and deoxygenated 

organic fraction (oxygen levels under 2.2 wt%) can be obtained by adding low quantities of 

polystyrene (up to 20 wt%). These results entail an organic fraction rich in value-added 

compounds, mainly cyclic hydrocarbons and aromatics, with a remarkably high heating value (~ 

40 MJ/kg). Moreover, the physical properties such as viscosity and density were significantly 

improved, with an almost negligible water content. The scope of the results at this scale make 

the process a promising application for incorporating bio-oils into the energy market or for use 

directly as drop-in fuels.    
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Table 1. ICP-OES, structural characterization (BET and Dp determined by N2 adsorption and porosity 

determined by Hg porosimetry) and the amount of CO2 and NH3 desorbed from the TPD-CO2 and TPD-

NH3 profiles. 

ICP-OES structural characterization TPD-NH3 TPD-CO2 

CaO  

(wt%) 

MgO 

 (wt%) 

Al2O3 

(wt%) 

Fe2O3 

(wt%) 

K2O 

 (wt%) 

SiO2 

(wt%) 

BET 

(m2/g) 

Dp 

(nm) 

Porosity 

(%) 

µmolNH3/g 

(T Peak (°C)) 

mmolCO2/g 

(T Peak (°C)) 

95.1 0.86 0.14 0.29 0.02 0.51 < 2 520 50 0.2 (630) 0.04 (550) 

 

 

Table 2. Product yields in wt% and liquid phase distribution after Auger reactor experiments. 

Experiment 

Yields 

(wt%) 

 Phase distribution 

(wt%) 

 Solid Liquid   

Aqueous Organic 
Gas Char CO2 Coke 

Org. 

phase 

Aq. 

phase Total 

 

GS 23.2 31.2 0.0 0.00 16.0 26.5 96.9  62.3 37.7 
PS 2.50 0.00 0.0 0.00 93.8 0.00 96.3  0.00 100 
GS : CaO 17.5 33.9 2.4 0.07 13.7 29.4 97.0  68.1 31.9 
PS: CaO 2.4 0.0 0.0 0.01 92.9 0.00 95.3  0.00 100 
GS/PS(90/10) 25.1 30.0 0.0 0.00 24.3 19.9 99.5  45.1 54.9 
GS/PS(80/20) 22.9 25.2 0.00 0.00 36.1 15.2 99.4  29.7 70.3 
GS/PS(90/10):CaO  16.0 32.4 3.0 0.05 21.9 22.5 95.8  50.6 49.4 
GS/PS(80/20):CaO  16.3 29.8 2.6 0.33 27.1 18.9 95.2  41.2 58.8 
 1 Calculated through balance from gas chromatography analysis. 

 

 

Table 3. Gas composition in vol % after pyrolytic tests in the auger reactor. 

Experiment 
Gas composition (vol %) LHV 

(MJ/Nm
3
) H2 CO2 CO CH4 C2 C3 C4 

GS 15.6 34.9 16.0 17.5 9.5 3.8 2.6 24.1 
PS 33.7 8.4 3.9 19.0 22.1 8.4 4.4 39.8 
GS : CaO 31.0 9.4 15.0 23.3 5.3 5.5 3.3 32.6 
PS: CaO 41.1 8.6 4.3 19.4 13.7 6.0 4.1 34.9 
GS/PS(90/10) 16.0 35.2 15.9 17.5 9.3 3.7 2.3 23.5 
GS/PS(80/20) 16.7 36.0 15.3 17.4 8.8 3.6 2.1 22.8 
GS/PS(90/10):CaO 32.6 9.6 14.6 22.7 12.0 5.3 3.2 32.0 
GS/PS(80/20):CaO 33.2 8.7 14.9 22.7 12.0 5.3 3.3 32.2 

 

Table



Table 4. Elemental analysis, H/C ratio, heating value and water content of the organic layer.  

Experiment 

Properties 

Ultimate analysis (wt%) 
H/C 

HHV 

(MJ/kg) 

% H2O 

(wt%) C H N S O (diff) 

GS 77.1 8.3 2.6 0.2 11.8 1.29 35.49 5.1 
PS 91.1 8.1 0.8 0.1 0.0 1.07 42.0 <0.3 
GS : CaO 75.9 8.1 2.9 0.4 12.7 1.28 34.7 3.8 
PS: CaO 91.4 7.9 0.8 0.0 0.0 1.06 41.2 <0.3 
GS/PS(90/10) 79.2 8.7 2.7 0.2 9.2 1.32 36.9 1.72 
GS/PS(80/20) 87.8 8.5 2.0 0.2 1.6 1.16 40.4 1.04 
GS/PS(90/10):CaO  86.2 8.6 2.7 0.3 2.2 1.20 40.0 0.79 
GS/PS(80/20):CaO  88.6 8.5 1.8 0.1 1.0 1.15 40.9 0.74 

 

 

 

Table 5. pH and physical properties (viscosity and density) of the organic fractions obtained.  

Experiment 

Properties 

pH 
Viscosity 

(mPa.s) 

Density 

(g/mL) 

GS 8.0 87.1 1.30 
PS 8.1 1.6 0.88 
GS/PS(90/10) 7.4 6.6 0.96 
GS/PS(80/20) 7.3 3.5 0.94 
GS/PS(90/10):CaO  9.2 3.1 0.95 
GS/PS(80/20):CaO  8.7 2.3 0.94 
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Figure 1. Simplified process flowchart of the pilot plant used for catalytic co-pyrolysis 

experiments. 

 

 Figure 2. XRD patterns of the CaO. 

Figure



 

 

 

  

Figure 3. A:  Experimental and calculated rate of mass loss curves of mixtures of GS and PS 
with a ratio 80/20 wt%/wt% at 20 ºC/min. B: Experimental and calculated rate of mass loss 
curves of mixtures of CaO, biomass and polymers with a ratio GS/PS of 80/20 wt%/wt% and a 
mixture to CaO ratio of 1 at 20 ºC/min. 

 

 

 

 

   

Figure 4. A: GC/MS analysis of GS pyrolytic oil. B: GC/MS analysis of pyrolytic oil after 

catalytic tests (right).  
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