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Abstract  

This study focuses on understanding the effects of a CO2 atmosphere on the 

pyrolysis of Salicornia bigelovii by performing a detailed kinetic analysis and investigating 

the pyrolysis products. In comparison to N2 pyrolysis, CO2 pyrolysis increased the amounts 

of acids, phenols, amines/amides and N-aromatics in the bio-oil. Biochar showed a 6.5% 

increase in carbon and a 5.8% decrease in oxygen due to the presence of CO2 in the 

pyrolysis atmosphere. CO2 also inhibited the volatilization of certain functional groups, 

such as phenols, tertiary alcohols and aromatics from the biochar, and the surface area of 

the biochar was 12 times larger than pyrolysis in N2 atmosphere. Pyrolysis in CO2 led to an 

increase in the average apparent activation energy from 146.5 kJ mol
-1

 in N2 to 163.4 kJ 

mol
-1

. The kinetic equation was found to conform to a three dimensional diffusion 

mechanism. Finally, the pre-exponential factor was determined for each reaction. 

Graphical Abstract 
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1. Introduction  

Increasing population growth has fueled the global demand for more energy. To meet 

this demand, the world’s fuel consumption has relied largely on fossil fuels, coal and 

natural gas (BP, 2020), causing increased greenhouse gas emissions which leads to global 

warming (IPCC, 2014). Investigation of more sustainable, cleaner energy sources is 

required to limit the impact of greenhouse gasses on the climate. To stop global warming 

from rising above 1.5 °C (Jacobson et al., 2017), researchers have recommended the need 

to reach 80% net-zero CO2 emission energy by 2030 and 100% by 2050. This goal can be 

achieved by advancing the use of renewable energy. According to BP’s Statistical Review 

of World Energy 2020 (BP, 2020), the use of renewable energy has increased in the past 

year, accounting for over 40% of growth in primary energy. Among the various renewables 
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explored thus far, bioenergy has been shown to significantly contribute to achieving net- 

zero emissions. Utilization of biomass for energy generation is considered a carbon neutral 

process because CO2 released during burning can be utilized by plants during the 

photosynthesis process.  

Not only can biomass be used to generate heat and power, but it can also be used to 

derive biofuels as well as other chemicals such as acids and oils that can benefit many 

industries (Singh et al., 2021a). In the past, biofuels were derived from conventional food 

crops such as sugar, starch, and vegetable oil (Naik et al., 2010). However, utilization of 

arable land and edible crops for energy purposes have triggered food vs fuel debates due to 

supply shortages and inflationary price. This issue could be diminished if food crops were 

avoided and non-edible biomass was used instead. Nonetheless, the availability of 

resources, arable land and fresh water, required to grow non-edible biomass, remains a 

concern. Global cropland area per capita has decreased continuously since 1961 (FAO, 

2020). Moreover, water scarcity remains an issue worldwide, with agriculture being the 

major sector affected. Therefore, exploring plants that do not require arable land or 

freshwater to grow is vital. Halophytes are heat and salt-tolerant plants that thrive under 

extreme conditions (Flowers & Colmer, 2008); they can grow on marginal soils and be 

irrigated with saline water. Hence, halophytes have promising properties that make them an 

exceptional biomass for harnessing energy. SB has been successfully grown and cultivated 

in the coastal deserts of many countries including the Middle East, Mexico, India, Africa, 

Southeast China and the United States (Glenn et al., 1991). 

Salicornia bigelovii (SB) is especially interesting among the halophyte species, due to 

its multiuse potential. The oil content of SB seeds is about 32% and is comparable to 
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conventional oil crops, allowing them to function as a crop for vegetable oil as well as 

biofuel (Glenn et al., 1991). Pyrolysis is one of the promising single-step methods for 

producing fuel directly from biomass. Pyrolysis is a thermochemical decomposition process 

performed in the temperature range of 350–700 °C in an inert atmosphere to produce a 

solid (biochar), liquid (bio-oil) and gaseous product (Durak et al., 2019; Yücedağ & Durak, 

2019). Pyrolysis can be classified into slow and fast pyrolysis. This classification is based 

on the heating rate employed during the pyrolysis. Slow pyrolysis usually uses heating rates 

less than 10 ᵒC/min and is used when the solid product is the main desired product. Fast 

pyrolysis, on the other hand, employs much higher heating rates and very short residence 

times and is used when the liquid product is the primary desired product (Amenaghawon et 

al., 2021). Pyrolysis has also been utilized to convert a common fungus affecting trees, 

Phellinus pomaceus (Durak, 2015).           

The detailed product and kinetic analyses of the pyrolysis of SB under N2 environment 

have previously been reported (Dzidzienyo et al., 2018; Iaccarino et al., 2021; Makkawi et 

al., 2021). However, studies on the pyrolysis of SB under CO2 atmosphere are somewhat 

scarce. Pyrolysis under CO2 atmosphere has many effects on the process. CO2 can enhance 

the cracking of tar, which limits secondary char formation and polymerization reactions 

(Shen et al., 2017). Many studies have explored this effect on different biomass sources and 

found that the presence of CO2 resulted in syngas generation enhancement (Cho et al., 

2016a; Cho et al., 2016b), production of high surface area biochar (Cho et al., 2016a), and 

increased thermal efficiency (Kim et al., 2019). Yang et al. (2018) investigated the effect of 

varying the concentration of CO2 on the pyrolysis of rape straw in the temperature range of 

450–650 °C (Yang et al., 2018). Jindarom et al. (2007) found that CO2 provided an 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



oxidative environment and increased oxygenated compounds such as carbonyls and acids in 

liquid products during the pyrolysis of sewage sludge (Jindarom et al., 2007). The pyrolysis 

of pinewood and sawdust in CO2 and N2 atmosphere was investigated and higher volatile 

yields were observed in CO2 atmosphere (Farrow et al., 2015). Lee et al. (2017a) studied 

the effect of CO2 on the pyrolysis of Chlorella vulgaris, corn stover and oakwood, along 

with fundamental components: cellulose, hemicellulose and lignin, to reveal enhancement 

of thermal cracking of volatiles due to presence of CO2  (Lee et al., 2017a). Pyrolysis under 

CO2 atmosphere has the potential to produce CO, a primary syngas constituent, by 

enhancing char gasification. In the pyrolysis of red pepper stalk, researchers found that the 

formation of CO increased by 3000% in CO2 atmosphere compared to N2 (Lee et al., 

2017b). 

Due to the biomass composition, the inherent oxygen present in the molecules results in 

the formation of CO2 as a major product during pyrolysis. Recycling CO2 back to the 

process can improve the economic viability of pyrolysis. Furthermore, pyrolysis under CO2 

atmosphere can aid in mitigating CO2 emissions released to the environment. This study 

investigates the pyrolysis of SB under CO2 and N2 atmosphere. The objectives of this 

investigation are as follows: (1) to study the composition of the bio-oil and characteristics 

of the biochar obtained from the pyrolysis under CO2 and N2 atmosphere at 550 °C, and (2) 

to study non-isothermal kinetics, utilizing the mass loss profiles acquired from the 

thermogravimetric analyzer (TGA) experiments under CO2 and N2 atmosphere.  

2. Materials and methods  

2.1. Biomass preparation and characterization 
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SB plants were harvested from the KAUST greenhouse, where they were grown from 

its seeds; the entire plant was utilized in this study. Day and night temperatures were 

maintained at 28 and 24 °C, respectively. In addition to sunlight, LEDs were used for 

lighting, and relative humidity of 50–60% was maintained during the growth period. Before 

harvesting, the plants were allowed to grow for six months. The biomass was harvested, 

dried, threshed, and milled. The biomass was pretreated to reduce the mineral content using 

a water washing method. This method was performed following optimum conditions 

reported elsewhere (Iaccarino et al., 2021). A proximate analysis following ASTM E 1131-

08 standard was performed to characterize SB biomass (ASTM-International).The 

proximate analysis was carried out in a TGA Q5000 (TA Instruments, USA) with a sample 

of 4-5 mg and N2 gas flow of 100 mL min
-1

. The temperature ranged from room 

temperature to 105 °C at a heating rate of 20 °C min
-1

 and was held constant for five 

minutes. The temperature was then increased to 900 °C at a heating rate of 10 °C min
-1

. 

Once 900 °C was reached, the N2 gas was switched to O2 at the same flow rate and held 

constant for 45 min. An elemental analysis was also carried out using a CHNS elemental 

analyzer using Thermo Flash 2000 (Thermo Fisher Scientific, U.S.A.). A sample of 2-3 mg 

of the biomass was used. The instrument was calibrated to detect the relative amounts of 

carbon, hydrogen, nitrogen and sulfur. The oxygen content was calculated by difference. 

The results of the characterization are summarized in Table 1. 

2.2. Experimental setup 

A customized reactor was used to perform the pyrolysis experiments. The reactor 

chamber consisted of a quartz tube with stainless steel fittings for the gas inlet and exit. 

This chamber was placed in an electrically heated furnace CY-O1200-50ICS (CY Scientific 
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Instrument, China). The pyrolysis experiments were performed in isothermal heating and 

the temperature was maintained at 550 ᵒC. Approximately  5g of sample was loaded into a 

stainless steel tube, with both ends covered in steel mesh to confine the biomass. The 

sample tube was then placed in the reaction chamber outside the furnace. After ten minutes, 

the tube was pushed to the center of the chamber. This ensured that the desired temperature 

(550 °C) and an inert environment, was achieved. A two-stage condenser was used at the 

exit to collect the liquid product. The pyrolysis experiments were performed in two 

different atmospheres, N2 and CO2. The gas flow rate was maintained at 300 mL min
-1

 for 

both gases. This reactor set up was adopted from a previous study used to investigate the 

effect of temperature on pyrolysis of SB; a detailed description of the reactor can be found 

in that study (Iaccarino et al., 2021). 

Once the pyrolysis was completed and no more vapors were generated (~20 min), the 

furnace was shut down. The system was allowed to cool and the vapors to continue 

condensing with the gas flowing in the reactor (~45 min). This also avoided oxidation of 

char which would otherwise have occurred, since the reactor would remain at higher 

temperature after switching off the furnace. Product yields were calculated on a dry mass 

basis using the following equations  

                            𝑌𝑏𝑖𝑜𝑐ℎ𝑎𝑟 (%) = (𝑀𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑀𝑓𝑒𝑒𝑑⁄ ) 𝑥100                                     (1) 

                              𝑌𝑏𝑖𝑜−𝑜𝑖𝑙 (%) =  𝑀𝑏𝑖𝑜−𝑜𝑖𝑙 𝑀𝑓𝑒𝑒𝑑⁄  𝑥100                 (2) 

                              𝑌𝑔𝑎𝑠 (%) = 100 −  𝑌𝑏𝑖𝑜𝑐ℎ𝑎𝑟 − 𝑌𝑏𝑖𝑜−𝑜𝑖𝑙                                       (3) 

Where 𝑌𝑥 is the yield of 𝑥 and 𝑀𝑥 is the mass of 𝑥.  

2.2.1. Bio-oil characterization 
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The organic phase of the bio-oil collected from pyrolysis experiments was analyzed in 

an Agilent 7890A gas chromatograph/mass spectrometer (GC/MS). The bio-oil was diluted 

with dichloromethane in a 3:7 ratio (v/v) (bio-oil:dichloromethane). One µL of diluted bio-

oil was injected at 250 °C into a capillary column for separation (Agilent HP-5MS capillary 

column 60 m length x 0.25 mm diameter x 0.25 𝜇m film thickness). Pure helium 

(99.9995%) carried the vapors at a column flow rate of 2 mL min
-1

 and a split ratio of 25:1. 

The GC oven started heating from 35 °C to 325 °C at a heating rate of 10 ᵒC min
-1

 and held 

the final temperature for five minutes. The National Institute of Standards and Technology 

(NIST) and Wiley libraries were used to identify the separated compounds; compounds 

with a match factor above 85% were considered for classification. The percent of the 

relative peak area was used to quantify the abundance of each compound. 

 

Table 1: Proximate and ultimate analysis of raw biomass and biochar obtained from the 

pyrolysis of SB in N2 and CO2. (data represented as: mean (s.d.)). 

 Proximate Analysis Ultimate Analysis 

 Moisture (%) Volatile  

Matter (%) 

Fixed  

Carbon (%) 

Ash (%) C (%) H (%) N (%) O (%) H/C O/C 

Raw biomass  2.22 

(0.4) 

84.12 

(0.3) 

9.88 

(0.6) 

3.78 

 (0.5) 

48.53 

(1.4) 

7.38 

(0.2) 

5.02 

(0.2) 

39.07 

(1.76) 

1.82 0.60 

N2-biochar 3.67 20.80 55.47 20.06 51.09 

(0.9) 

2.42 

(0.03) 

5.51 

(0.09) 

20.91 

(0.78) 

0.57 0.31 

CO2-biochar 3.00 23.76 54.71 18.52 57.6 2.52 6.26 15.1 0.53 0.2 
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(0.6) (0.14) (0.10) (0.56) 

 

2.2.2 Biochar characterization 

The biochar obtained from pyrolysis was characterized via proximate and elemental 

analysis, Fourier transform infrared spectroscopy (FTIR) and Brunauer Emmett Teller 

(BET) porosimetry. The proximate and elemental analyses were performed following the 

method described in section 2.1. Functional groups of the char were investigated using a 

Thermo Scientific Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific Inc., USA) in 

attenuated total reflectance (ATR) mode. The biochar was hand ground and spread over a 

diamond crystal. The spectra were acquired in the wave number range of 4000-750 cm
-1

 at 

a resolution of 2 cm
-1

. Finally, the surface area of the char was measured using a surface 

area and porosity analyzer, ASAP 2420 (Micrometrics Instrument Corp., USA). To remove 

the gasses, vapors and volatile compounds from the pores of the char, the samples were 

degassed at 350 °C for 24 h. Approximately 600 mg of the biochar samples were used in 

this analysis; this was performed to ensure that no alteration on the adsorption tests were 

made by these compounds. Physisorption was performed using nitrogen gas at 77 K over a 

relative pressure range P/Po of 0.01 to 0.99.   

2.3. TGA experiments 

The thermal stability of SB was studied in N2 and CO2 atmosphere using a TGA. 

Experiments were carried out in a TGA Q5000 (TA Instruments, USA) in temperatures 

ranging from ambience to 800 C at different heating rates, viz., 5, 10, 15 and 20 K min
-1

. 

N2 and CO2 gas flowrates were maintained at 100 mL min
-1

, ensuring that the volatiles 
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were carried away and condensation at the outlet was limited. The mass of the samples used 

was approximately four mg in all the experiments.  

2.4. Pyrolysis kinetics  

The general rate expression for a solid-state thermal decomposition with an 

Arrhenius temperature dependence is given as 

                             𝑑𝛼 𝑑𝑇⁄ =  1 𝛽⁄  (𝐴 exp(− 𝐸𝑎 𝑅𝑇)⁄ ) 𝑓(𝛼)                                   (4) 

where 𝑇 is the pyrolysis temperature (K), 𝛽 is the heating rate (K min
-1

), A is the pre-

exponential factor (min
-1

), Ea is the activation energy (J mol
-1

), R is the universal gas 

constant (J mol
-1

 K
-1

) and 𝑓(𝛼) is the kinetic model function. 𝛼 is the conversion rate, 

defined as 

                                              𝛼 =  𝑚0 − 𝑚 𝑚0 − 𝑚∞⁄                                                   (5) 

where 𝑚0, 𝑚, 𝑚∞ are the initial, transient, and final masses (in mg), respectively, of the 

sample during the pyrolysis process.  

2.4.1. Activation energy  

The Friedman method is the simplest and most common iso-conversional differential 

method for finding the apparent activation energy 𝐸𝛼. It is mathematically exact; it does not 

use approximations or assumptions and therefore, it is assumed to be more accurate. It can 

be obtained by taking the natural logarithm both sides of equation (4) and rearranging as 

(Friedman, 1964):   

                                ln(𝛽 (𝑑𝛼 𝑑𝑇)⁄ ) = ln(𝐴𝑓(𝛼)) −  𝐸𝛼 𝑅𝑇⁄                                        (6) 

according to this equation, plotting ln(𝛽 (𝑑𝛼 𝑑𝑇)⁄ ) versus 1 𝑇⁄  data was plotted for a 

conversion, 𝛼, and straight lines were fitted with −𝐸𝛼 𝑅⁄  as the slope. Thus, the activation 
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energy can be calculated from the slope. To understand the number of reaction mechanisms 

governing the thermal decomposition in each environment, the trends observed in the 

slopes of the plotted lines at different 𝛼 were compared. If the slopes did not vary over the 

entire range of conversions, it was assumed that the process conformed to a single kinetic 

model and could be termed a single step process. On the contrary, if variation in the slopes 

was observed, indicating that the activation energy varied over the conversion rate 𝛼, then 

the kinetic model could also change throughout the process and it is a multi-step process 

(Sbirrazzuoli, 2019). 

2.4.2. Kinetic model equation 

Once the activation energy was obtained using the technique above and the process was 

shown to obey single-step kinetics, a model-free mothed was used to find the kinetic model. 

The 𝑧(𝛼) masterplots method was used to readily determine the kinetic equation 

(Vyazovkin et al., 2011). Starting with the integral form of the reaction rate given as 

                                 𝑔(𝛼) = (𝐴 𝛽⁄ ) ∫ exp(−𝐸𝛼 𝑅𝑇⁄ )𝑑𝑇
𝑇

0
                                      (7) 

replacing the temperature integral with an approximation 𝜋(𝑥), the following is obtained:  

                                            𝑔(𝛼) = (𝐴𝐸𝑎 𝛽𝑅⁄ ) exp(−𝑥)[𝜋(𝑥) 𝑥⁄ ]                                    (8) 

where 𝑥 = 𝐸𝛼 𝑅𝑇⁄ . Combining equation (4) and (8) with some rearrangement, 𝑧(𝛼) can be 

written as  

                                    𝑧(𝛼) = 𝑓(𝛼)𝑔(𝛼) = (𝑑𝛼 𝑑𝑡⁄ )𝛼 𝑇𝛼
2 [𝜋(𝑥) 𝛽𝑇𝛼⁄ ]                             (9) 

the term in brackets of equation (9) was determined to have a negligible effect on the shape 

of the 𝑧(𝛼) (Málek, 1995) and therefore it was dropped from the equation to obtain the 

following expression:     
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                                  𝑧(𝛼) = (𝑇 𝑇0.5⁄ )2 (𝑑𝛼 𝑑𝑡⁄ )

(𝑑𝛼 𝑑𝑡⁄ )0.5
=  

𝑓(𝛼)∗𝑔(𝛼)

𝑓(0.5)∗𝑔(0.5)
                                 (10) 

The division by the mid-point data in equation (10) is simply to normalize the data and 

allow for a better comparison. 𝑓(𝛼) and 𝑔(𝛼) are the most common kinetic model 

equations for solid state reactions (Jiang et al., 2010). The definition function 𝑧(𝛼) was 

calculated from experimental data by considering the left side of equation (10). The right 

side gives the standard definition function and was calculated from 𝑓(𝛼) and 𝑔(𝛼) function 

table. The two 𝑧(𝛼) curves were plotted against 𝛼 and compared.  𝑓(𝛼) and 𝑔(𝛼), the pair 

that represent the best fit, were the potential kinetic equations of the reaction in question. If 

multiple sets of equation 𝑓(𝛼) and 𝑔(𝛼)  presented a good fit to the experimental curve, a 

method by Wang et al. (2020) could be used to further test and eliminate the sets of 

functions with the best fit (Wang et al., 2020). This method began by integrating equation 

(4) and taking the natural logarithm of both sides to obtain the following equation:  

                      𝑙𝑛(𝑔(𝛼)) = (𝑙𝑛 (𝐴𝐸𝑎 𝑅) + 𝑙𝑛 (𝑝(𝜇))) − 𝑙𝑛𝛽⁄                                (11) 

The value of the first term on the right side, (𝑙𝑛 (𝐴𝐸𝑎 𝑅) + 𝑙𝑛 (𝑝(𝜇)))⁄ , would be a 

constant if the same 𝛼 at the same temperature and different heating rates was used in the 

equation. At this condition, if the chosen 𝑔(𝛼) presented a good representation of the 

pyrolysis reaction, then the slope of the curve of 𝑙𝑛(𝑔(𝛼)) vs. 𝑙𝑛𝛽 should be -1.  

2.4.3. Pre-exponential factor 

The pre-exponential factor was calculated using the Flynn-Wall-Ozawa (FWO) 

equation, after obtaining the activation energy and the kinetic model. The FWO equation 

relies on the integral form of the kinetic model and has the following form (Flynn & Wall, 

1966; Ozawa, 1965) 
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                         𝑙𝑛 𝛽 = 𝑙𝑛(𝐴𝐸 𝑅𝑔(𝛼)⁄ ) − 5.3308 − 1.0516 (𝐸𝑎 𝑅𝑇)⁄                       (12) 

𝑔(𝛼) refers to the integral kinetic equation applicable from the typical reaction mechanisms 

for solid-state reactions (Jiang et al., 2010).  

3. Results and discussion  

3.1. Effect of CO2 on products yields 

Figure 1 shows the effect of CO2 and N2 atmosphere on the pyrolysis product yields. 

The liquid and solid yields were calculated by directly measuring the collected products. 

Gas yields were accounted for by the remaining difference. The use of CO2 for pyrolysis 

enhanced the liquid yield by 10%, compared to N2 atmosphere. The increase in bio-oil may 

be attributed to enhanced thermal cracking, as well as dehydration reactions. The 

dehydration reactions were visibly apparent as condensed vapor on the inside walls of the 

glassware used to collect the bio-oil. A TGA experiment was also performed to investigate 

the water content in the organic phase of the bio-oil. The mass loss profile indicated a 

slightly higher (~3%) water content in the CO2-bio-oil (bio-oil obtained under CO2 

atmosphere) compared to N2-bio-oil (bio-oil obtained under N2 atmosphere). This also 

agrees with the results reported by Wang et al. (2018) as CO2 atmosphere increased the 

yield of pyrolytic water from the pyrolysis of lignite (Wang et al., 2018). In another study 

on the pyrolysis of corncob, it was also found that water content increased in the liquid 

product from pyrolysis in CO2 (Zhang et al., 2011). 

The environment had little or no effect on the overall solid yields, revealing a decrease 

in the gas yield for the pyrolysis performed in CO2. It is notable that a similar solid yield 

was also obtained in the TGA experiments in both environments. This study focuses on 

investigating the characteristics of the bio-oil and biochar only. However, analysis of the 
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gases as an independent future work will shed more light on the effect of a CO2 

environment on the pyrolysis process. 

 

 

Figure 1: Effect of pyrolysis environment on product yield. 

 

3.2. Effect of CO2 on bio-oil composition  

The compounds present in the bio-oil were classified according to their functional groups in 

the following categories: carbonyls, phenols, nitriles/cyano compounds, N-aromatic 

compounds, carboxylic acids, amides/amines, aromatic hydrocarbons and aliphatic 

hydrocarbons. Figure 2 shows the distribution of the compounds identified in the bio-oil, 

based on the above categorization. CO2 aided in the pyrolysis-assisted extraction of fatty 
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acids, which was made evident by a significant increase in the selectivity towards acids in 

the bio-oil. The area percent of acids in CO2-bio-oil almost doubled compared to N2-bio-

oil, as shown in Figure 2. The major acids found in the CO2-bio-oil were linoleic acid 

(8.6%) and palmitic acid (5.4%), whereas the N2-bio-oil was composed of lauric acid 

(7.28%) in larger amounts, as well as linoleic acid (1.3%). This indicated that the presence 

of CO2 facilitated the extraction of larger molecules from the biomass, while this was not 

observed in N2 atmosphere. Zhang et al. (2011) have also reported an increase in the yields 

of acids and ketones from performing corncob pyrolysis in CO2 (Zhang et al., 2011). 

The CO2 atmosphere also enhanced the oxygenated groups in the bio-oil, with an increase 

of about 2%, compared to N2 environment. CO2 provided an oxidative environment that 

helped in the cracking of cellulose and hemicellulose, as well as lipids present in SB into 

carbonyls. CO2 also assisted in the conversion of amino acids into amines/amides and N-

aromatics. The amount of amines/amides and N-aromatics increased by 6% collectively in 

the CO2-bio-oil, compared to N2-bio-oil. The major compounds observed in the bio-oil 

were oleamide (5.5%), 8-methyl-6-nonenamide (1.3%), 5-methyl-2-phenyl indole (2.0%) 

and 2-ethylacridine (5.6%). 
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Figure 2: Effect of CO2 on bio-oil composition. 

 

It was also observed that the presence of CO2 inhibited the decarboxylation of 

carboxylic acids into aliphatic hydrocarbons, unlike N2 atmosphere. The amount of 

aliphatic hydrocarbons decreased by almost 7% in the CO2-bio-oil. Yang et al. (2018) 

studied the pyrolysis of rape straw at 550 °C in N2 and CO2 atmospheres and observed a 

very similar phenomenon (Yang et al., 2018). In this study, an increase in acids, carbonyls, 

and benzene derivatives, along with a decrease in alkanes, was observed in the bio-oil from 

pyrolysis in CO2 atmosphere, which agreed with the results of SB pyrolysis (Iaccarino et 

al., 2021). However, a contrasting trend in the N-containing compounds was observed as 
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0 10 20 30

Aliphatic
hydrocarbons

Aromatic
hydrocarbons

Amides/Amines

Carboxylic acids

N-aromatic
compounds

Nitriles/cyano
compounds

Phenols

Carbonyls

Selectivity %  

N2 CO2 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



The carbon number distribution of the compounds in the bio-oil was also considered in 

the analysis. The compounds in the bio-oil with C1-C10 in amides/amines, aliphatic 

hydrocarbons, alcohols, carboxylic acids and carbonyls were compared in both 

atmospheres. The selectivity to these compounds was 5.3% in CO2-bio-oil, whereas in N2-

bio-oil the selectivity observed was 2.9%, indicating that the CO2 environment enhanced 

cracking of compounds into smaller carbon molecules. It was noted that the effect of CO2 

was more pronounced at higher temperatures, so investigating the effect of temperature on 

the pyrolysis process under CO2 atmosphere can be beneficial. Better understanding of the 

biomass pyrolysis under CO2 atmosphere can also be developed by studying surrogates of 

different constituents of the biomass: lignin, cellulose, hemicellulose, proteins and lipids. 

3.3. Effect of CO2 on biochar  

3.3.1. Elemental and proximate analysis  

The proximate and elemental analyses of biochar obtained from the pyrolysis of SB in 

the two different environments are presented in Table 1. The proximate analysis revealed a 

slight increase of about 3% in volatile matter in the CO2-biochar (biochar from pyrolysis in 

CO2 atmosphere), whereas the ash content decreased by about 1.5% in the CO2-biochar. 

The moisture and fixed carbon content did not show any significant difference as a result of 

changing the environment. From the elemental analysis, there was no strong effect on the 

hydrogen content of the biochar as it was similar in both atmospheres. However, the carbon 

content increased in the CO2-biochar by 6.5%, compared to N2-biochar (biochar from 

pyrolysis in N2 atmosphere). The nitrogen content also increased slightly in the CO2-

biochar (6.3%) compared to N2-biochar (5.5%). This was attributed to CO2 inhibiting some 

reactions that would allow for the volatilization of carbon or nitrogen containing 
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compounds. On the contrary, the oxygen content in the CO2-biochar decreased by 5.8%. It 

was observed that CO2 generally had a higher affinity for reacting with groups containing 

hydrogen and oxygen (Shen et al., 2017). This can be understood as CO2 facilitating the 

volatilization of groups containing oxygen, and inhibiting the volatilization of groups 

containing carbon leading to a biochar that is richer in carbon and lower in oxygen. The 

literature on pyrolysis under CO2 atmosphere also reports an increase in carbon and a 

decrease in oxygen content in the biochar (Guizani et al., 2014; Luo et al., 2019).  

The H/C and O/C ratios of the CO2-biochar were lower compared to N2-biochar. 

Materials with a lower H/C and O/C ratio are graphite-like materials and therefore more 

stable (Budai et al., 2013; Masiello, 2004), so CO2 aided in increasing the stability of the 

biochar by decreasing these ratios. In comparing both biochars to the raw biomass, a 

notable decrease in the oxygen and hydrogen content was observed in the biochar, 

indicating an enhancement of hydroxyl volatilization during the pyrolysis process, and 

attributed to dehydration reactions.   

3.3.2. Effect of CO2 on functional groups in biochar  

The two FTIR spectra have a very similar functional group backbone. The following 

functional groups were identified: aromatic ring stretch/secondary NH bend (1575 cm
-1

), 

skeletal C-C vibration/phenol/tertiary alcohol OH bend (1396 cm
-1

), skeletal C-C 

vibration/cyclohexane ring vibration/-C-O-C bend/aromatic C-H in plane bend (1030 cm
-1

) 

and aromatic C-H out of plane bend (873 cm
-1

). The band at 1396 cm
-1

 appeared only in the 

CO2-biochar spectra, which inferred the presence of phenols/tertiary alcohols in the CO2-

biochar. A clearer and more defined band at 873 cm
-1

 in the spectra of CO2-biochar 

indicated that the presence of CO2 inhibited the volatilization of some groups from the char. 
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This was also corroborated by the increased percentage of C, H and N in the CO2-biochar. 

This peak also indicated the presence of more polycyclic aromatic compounds in the CO2-

biochar. The lack of the hydroxyl band in both chars (typically found in the wavenumber 

range 3200-3600 cm
-1

) confirmed the enhancement of hydroxyl volatilization during the 

pyrolysis process, along with dehydration of the biomass. Wang et al. (2018) have also 

observed an increase in hydroxyl volatilization at high pyrolysis temperatures (600 and 800 

ᵒC) in both atmospheres (Wang et al., 2018). Similar functional groups have previously 

been reported, in terms of the peaks identified for N2-biochar from SB (Iaccarino et al., 

2021). 

3.3.3. BET porosimetry  

The BET surface area of the N2-biochar was found to be 0.17 m
2
 g

-1
. While this surface 

area was relatively low, switching to CO2 atmosphere produced a biochar with 12 times the 

specific surface area (2.17 m
2
 g

-1
). It is notable that SB has a very low specific surface area 

to begin with and may have decreased even further due to pore clogging during the 

pyrolysis process (Al Marzooqi & Yousef, 2017). A similar result was noted in a study by 

Granodos et al. (2017), where torrefaction of poplar wood decreased the specific surface 

area from 1.33 m
2
 g

-1
 in the raw biomass to 0.48 m

2
 g

-1
 in the biochar (Granados et al., 

2017). Low surface area might also be a result of the pyrolysis temperature chosen for the 

study, as temperature has a strong effect on the surface area. The specific surface area of 

biochar from SB pyrolysis in N2 at three different temperatures was explored (Iaccarino et 

al., 2021), it was found that the surface area increased at 700 °C, compared to 600 °C, but 

then decreased at 800 °C. Despite inherent low surface area of the SB biomass, CO2 

pyrolysis significantly enhanced the surface area. This result has been confirmed in many 
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studies and displays the benefit of using CO2 instead of N2 as the pyrolysis environment for 

enhancing the surface area (Cho et al., 2016a; Guizani et al., 2014; Luo et al., 2019). Due 

to its low surface area, SB biochar might not be a good candidate for adsorption 

applications, but it can be expected to have great potential in soil remediation applications 

due to the C:N ratio. Both biochars have a C:N ratio (mass basis) of around nine. For fast 

mineralization and release of N to the soil, the optimum C:N ratio is one to 15 (Brust, 

2019). A lower ratio is preferred as it results in faster release of nitrogen (Watson et al., 

2002). 

3.4. TGA and DTG curves  

The thermogravimetric (TGA) and differential thermogravimetric (DTG) profiles had 

typical characteristics of lignocellulosic biomass (Figure 3). The DTG was used to indicate 

the maximum mass lose rate at different temperatures, which was then used to identify the 

decomposition regimes of the major components of SB. Hemicellulose decomposition 

occurs at lower temperatures (220-315 °C). Proteins were also found to decompose in the 

range of 200-330 °C (Gautam & Vinu, 2019). Cellulose decomposes at higher temperatures 

(300-400 ᵒC). Lignin, on the other hand, has a wider decomposition temperature range 

(150-900 ᵒC), therefore, it decomposes over a wider 𝛼 interval (Yang et al., 2007). The 

lipids present in SB are expected to decompose in the temperature range of 290-540 ᵒC 

(Gautam & Vinu, 2019). The curves obtained from SB pyrolysis in both environments 

indicate a similar mass loss profile and show very little effect of the change in environment. 

The curves match the typical trends reported in literature and the peaks in the DTG curve 

fall into the previously mentioned temperature intervals. 

3.5. Pyrolysis kinetic analysis 
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The pyrolysis process is determined to be kinetically complex and cannot be adequately 

described by a single-step model. Therefore, the process can be split into multiple steps to 

determine the apparent kinetic parameters. In this study, the number of reactions to be 

considered during the pyrolysis of SB under CO2 and N2 atmospheres were studied by 

plotting ln (𝛽 𝑑𝛼 𝑑𝑇⁄ ) versus 1 𝑇⁄ . The slopes of the iso-conversional lines represent the 

change in the activation energy 𝐸𝛼 at different conversion rates 𝛼. The process was split 

into intervals of 𝛼, based on observed changes in the trend of the lines’ slope.  

Non-isothermal mass loss data was used to perform the kinetic analysis. For pyrolysis of 

SB under CO2 atmosphere, the process was split into three conversion intervals: 𝛼 =

0.05 − 0.55, 𝛼 = 0.55 − 0.75, and 𝛼 = 0.75 − 0.95. The slopes observed in the lines in 

each interval were nearly the same, indicating that the process can be described by a single 

kinetic model in that interval. Note that the slopes of the lines at lower conversions 

(𝛼 = 0.05, 0.1), as well as those at high conversions (𝛼 = 0.95), did not match the trend 

observed in their respective intervals; this can be attributed to the non-linearity in the TGA 

profiles obtained experimentally. However, this was expected as the models used to study 

the decomposition of biomass did not necessarily represent the reactions taking place at 

those conversions. At low conversions, the mass loss was attributed to moisture loss, a 

vaporization process. Whereas at high conversions, the process reached a stagnant 

decomposition regime in which no significant mass loss was observed. The same analysis 

method was applied to SB pyrolysis in N2 atmosphere, and the same intervals were 

observed in the iso-conversional lines.  
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Figure 3. TGA curve for SB pyrolysis in (a) N2 and (b) CO2 at different heating rates. 

 

3.5.1. Apparent activation energy 

Figure 4 shows the change in 𝐸𝛼 as a function of 𝛼 for the three reactions, as well as the 

overall pyrolysis process of SB in both CO2 and N2 atmospheres. The apparent activation 

energy, 𝐸𝛼, was calculated for each reaction at different conversions, using the Friedman 

method mentioned in equation (3). As shown in Figures 4 (a) and (b), 𝐸𝛼 in both 

atmospheres varied widely across the conversion 𝛼, indicating that multiple reaction 

mechanisms were valid, and thus the pyrolysis a complex process.  It can also be seen that 

after splitting the process into three reactions, 𝐸𝛼varied less over the range of conversions 

in all cases, except for Figures 4 (d) and (g).  The first reaction in N2 (Figure 4 (d)) shows a 

stable 𝐸𝛼 beyond low conversions (i.e., 𝛼 = 0.3), therefore, it can be reasonably assumed 

that 𝐸𝛼 did not vary and could be used as a constant for finding the appropriate kinetic 
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model of the reaction. The variation of 𝐸𝛼 in Figure 4 (g), however, is indicative of 

multistep kinetics in the high temperature regime. This behavior was also observed in the 

TGA curves at temperatures between 440 and 560 °C as a variation in the slope. 

Looking at the overall process (Figure 4 (a) and (b)), the initial increase in the 

activation energy over the range 𝛼 = 0.05 − 0.55 indicated overcoming the energy barriers 

associated with hemicellulose decomposition. The next interval was 0.55 − 0.75 , in which 

the energy barrier to cellulose decomposition was surpassed. The activation energy started 

to decrease in the last interval, 𝛼 = 0.75 − 0.95, indicating that the energy barriers were 

overcome and the degradation process was complete. This can also be seen in the mass loss 

profiles as the rate of mass loss slows down beyond this. The same overall trend was 

observed in both atmospheres, which was expected since the decomposition process is 

generally similar. This was also evident from both the mass loss profiles. 

The average Ea of all three reactions in CO2 and N2 was calculated as 163.4 kJ mol
-1

 

and 146.5 kJ mol
-1

, respectively. The values obtained after splitting were likely more 

reliable and better captured the true process kinetics. The apparent average 𝐸𝛼 in N2 

atmosphere of the pyrolysis of SB, after splitting, agreed with the value (146 kJ mol
-1

) 

previously reported by Dzidzienyo et al. (Dzidzienyo et al., 2018). It can be noted that the 

Ea values obtained in this study were lower than observed for pyrolysis of rice straw (~174 

kJ mol
-1

) by Sawarkar and coworkers (Singh et al., 2021b). In a recent study, Ea of corn cob 

pyrolysis was significantly higher (~245 kJ mol
-1

) (Singh et al., 2021c). In the same study, 

it is worthwhile to mention that the co-pyrolysis of corn cob with polyethylene reduced the 

Ea by 10% (Singh et al., 2021c). No results were previously published for SB pyrolysis in 
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CO2 atmosphere. The two activation energy values did not differ substantially, indicating 

that CO2 had only a weak influence on the overall mass loss during pyrolysis in the 

investigated temperature regime. However, it should be noted that the activation energy 

analysis did not hold for reaction three in CO2 (Figure 4(g)), as it has been established that 

this reaction displays multistep kinetics. 
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Figure 4: 𝐸𝛼 vs. 𝛼 diagram for different reactions in CO2 and N2 atmospheres. 

 

3.5.2. Theoretical kinetic model 

The pyrolysis process of SB in CO2 and N2 atmospheres was split into three reactions, 

as mentioned in section 3.4. Each reaction was analyzed individually to obtain a suitable 

reaction mechanism. The left side of Equation (7) was calculated from experimental data 

and the right side was calculated using standard reaction functions for solid state 

decomposition. The experimental and standard 𝑧(𝛼) were plotted against 𝛼 for comparison. 

The standard model that represented the best fit was further modified by using 

parameterization methods, as discussed in the next section.  

 The model stated below represented the best fit model for reaction 1 in CO2 conditions. 

                                     𝑓(𝛼) = (3/2)[(1 +  α) − 1/3 − 1]                                 (13) 

                                        𝑔(𝛼) = 1 + 2/3𝛼 − (1 + 𝛼)2/3                                    (14) 

In fact, this model was the best fit model observed for all six reactions in both N2 and 

CO2 atmospheres. This agreed with our assertion that CO2 only weakly influences the 

reaction mechanism. Other models were tested to check for multiplicity, however, none 

represented a better fit than the model presented here. Therefore, no further testing was 
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needed to eliminate models. This indicated that the decomposition reactions of SB 

conformed to a three-dimensional diffusion mechanism, which agrees with previous studies 

on halophyte and lignocellulosic biomass pyrolysis (Al-Farraji et al., 2017; Alshareef & 

Ali, 2020).  

3.5.3. Model parameterization  

As mentioned previously, equations (13) and (14) represented the standard kinetic 

equation for all six reactions and had the following general form 

Differential form:                                 𝑓(𝛼) =  
1

𝑛+1
 [(1 + 𝛼)𝑛 − 1]−1                             (15) 

Integral form:                                 𝑔(𝛼) = (1 + 𝛼)𝑛+1 − (𝑛 − 1)𝛼 − 1                          (16) 

The standard model was parameterized to find the value of 𝑛 for each reaction. Starting 

with the pre-exponential factor, determined by using the FWO equation, equation (1) was 

used to solve for 𝑓(𝛼). Once obtained, MATLAB® was used to determine the parameter 

(n) for each reaction.  

Table 2 summarizes the results of the parameterization step for all six reactions in both 

atmospheres. The parametrized model represented a very good fit to the experimental data, 

evident from the high R-squared value (>0.99). The pre-exponential factor can be further 

modified after the model parameterization step, using the FWO equation. The pre-

exponential factor was consistently higher for pyrolysis in CO2 compared to N2 

atmosphere. This is in agreement with the high Ea values under CO2 atmosphere and can be 

attributed to the existence of a linear relationship between Ea and lnA for similar processes, 

which is known as the kinetic compensation effect (Agrawal, 1989). 
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Table 2: Parameterization results and pre-exponential factor for all three reactions in CO2 

and N2 atmospheres 

 CO2 atmosphere  N2 atmosphere 

 n R
2 

A (min
-1

) n R
2 

A (min
-1

) 

Reaction 1 3.2264 0.99 1.257*10
19

 2.4664 0.99 3.443*10
16

 

Reaction 2 2.5247 0.99 1.688*10
13

 2.5454 1 3.076*10
12

 

Reaction 3 2.5818 0.99 1.250*10
14

 2.5861 0.97 3.366*10
11

 

 

4. Conclusion 

This study demonstrated the potential benefits of using CO2 for biomass pyrolysis. CO2 

atmosphere inhibited decarboxylation and promoted dehydration reactions resulting in a 

bio-oil with higher amounts of acids, carbonyls and N-containing compounds. The CO2 

atmosphere increased the stability of the biochar by decreasing the H/C and O/C ratios. It 

also significantly enhanced the specific surface area of the biochar. Furthermore, pyrolysis 

under CO2 atmosphere required a higher average apparent activation energy compared to 

N2 pyrolysis. The kinetic equation was found to conform to a three dimensional diffusion 

mechanism and was parameterized for each reaction. 
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Highlights 

 Bio-oil yield was enhanced by 10% with CO2 environment.  

 Oxygen and nitrogen containing groups in the bio-oil were enriched due to CO2. 

 Stability and specific surface area of the biochar were enhanced in CO2 atmosphere.  

 Average apparent activation energy was higher in CO2 (163 kJ/mol).  

 Kinetic model conforms to a three dimensional diffusion mechanism. 
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