
AIMS Energy, 3(4): 838–850. 

DOI: 10.3934/energy.2015.4.838 

Received date 14 October 2015, 

Accepted date 29 November 2015, 

Published date 03 December 2015 

http://www.aimspress.com/ 

 

Research article 

Effects of biomass particle size on yield and composition of pyrolysis 

bio-oil derived from Chinese tallow tree (Triadica Sebifera L.) and 

energy cane (Saccharum complex) in an inductively heated reactor 

Gustavo Aguilar, Pranjali D. Muley, Charles Henkel and Dorin Boldor*
 

Department of Biological and Agricultural Engineering, Louisiana State University Agricultural 

Center, Baton Rouge, LA 70803, USA 

* Correspondence: Email: DBoldor@agcenter.lsu.edu; Tel: +225-578-7762; 

Fax: +225-578-3492. 

Abstract: In the face of fluctuating petroleum costs and a growing demand for energy, the need for 

an alternative and sustainable energy source has increased. A viable solution for this problem can be 

attained by using thermochemical conversion, pyrolysis, of existing biomass sources for the 

production of liquid fuels. This study focuses on the effect that biomass particle size has on the 

conversion of biomass into liquid pyrolysis oil. Energy cane and Chinese tallow tree biomass were 

pyrolyzed at 550 °C. The particle size ranges studied were < 0.5, 0.5 to 1.4, 1.4 to 2.4 and, 2.4 to 

4.4 mm. The results indicate that the range from 0.5–1.4 mm is a better range for optimizing bio-oil 

production while keeping water content low. 

Keywords: Pyrolysis; Chinese tallow tree; energy Cane; biofuel; induction heating; particle size 

 

1. Introduction 

The use of biomass as an energy source has been around for centuries, most commonly as a 

source of heat. In modern times, biomass still sees common usage as a heat source but current energy 

sources are dominated by the use of fossil fuels. While the supply of fossil fuels was considered 

abundant at one time [1], the reserves as a whole are finite. Irrespective of market volatility, these 

resources are dwindling as energy demand increases in today’s energy-dependent infrastructures and 
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economies. A viable option for supplementing petroleum demands can be found by turning once 

again to biomass as a renewable energy feedstock [2]. 

Thermochemical conversion techniques have been demonstrated to be a feasible method for 

conversion of biomass to liquid fuels, including via pyrolysis of biomass in an induction heater [1]. 

Operating parameters for pyrolysis, a process performed at atmospheric pressure that yields a liquid 

fuel directly (as opposed to gasification), range from 300 to 700 °C and residence times of less than 

two seconds [3,4]. The major advantage over gasification and hydrothermal liquefaction is the direct 

production of liquid fuels and the lack of costly high pressure system, respectively, thus simplifying 

the reactor design [5]. When combined with proper upgrading and refining techniques, pyrolytic 

bio-oil has the potential to partially alleviate current petroleum oil and energy demands.  

In the context of fuel conversion, biomass is commonly sourced from plants, either as a 

byproduct of harvesting, as a dedicated energy crop, or as an excess waste product after processing. 

The growth of dedicated biomass sources consumes carbon dioxide, therefore combustion of 

biomass based fuels produces a net zero increase of atmospheric CO2 [6]. Pyrolysis derived bio-oil 

also has a distinct advantage in being carbon neutral as well as having low sulfur and nitrogen 

content [7]. Invasive species could also see use as potential feedstock. With invasive species costing 

millions of dollars in control methods to states such as Florida, with zero net gain, biofuel conversion 

offers a net gain from bio oil and by producing soil-enriching char [8] which would focus control 

methods and decrease costs while offering value added products. By using these existing biomasses, 

we can take advantage of a relatively untapped energy source for the production of a viable 

petroleum oil substitute and agriculture additive.  

There are multiple factors that affect the efficiency of bio-oil production process such as, 

biomass type and particle size of biomass, pyrolysis temperature, reactor efficiency, chemical 

composition of the biomass and initial moisture content. While some of these factors have been 

studied extensively, the effects of particle size are only sparsely presented in the literature [9,10]. 

Some studies have accounted for particle size as a variable in optimizing bio-oil production [11–15] 

while others have used particle size as a way to isolate other variables, such as pellet compression 

effectiveness before pyrolysis [16]. Shen et al. studied the effect of different particle sizes on fast 

pyrolysis of Mallee woody biomass and concluded that particle size has a significant effect on the 

yield and composition of bio-oil [17]. Bennadji et al. studied the effect of particle size on low 

temperature pyrolysis of woody biomass, which yielded useful reaction kinetics data in the 

centimeter ranges of particle sizes [18].  

The objective of this study was to investigate the effect of particle size on product yield and 

quality for fast pyrolysis of two different biomasses (energy cane and invasive Chinese tallow tree 

wood) using an induction-heating reactor. A key factor in the production of bio-oil is the type of 

feedstock fed into the pyrolysis system, as in the species of the biomass that is reacted. This study 

explored the use of energy cane bagasse (Saccharum complex) and Chinese tallow tree (Triadica 

sebifera L.) wood. Energy cane is a high fiber sugar cane hybrid of commercial and wild sugar cane 

varieties. Energy cane has a high tonnage of biomass per hectare by sacrificing fermentable sugars 

for high fiber content [19]. Chinese tallow tree is an invasive species found in the southern United 

States [2,20]. CTT seeds have oil content to up to 40%, which has a wide utilization in oils, varnishes, 

paints, and as a potential feedstock for the production of biodiesel [2,20,21]. Some attention has been 

given to the woody mass of the tree as a pyrolysis feedstock [22], and this study seeks to expand the 

understanding of the pyrolysis of Chinese tallow tree wood. 
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2. Materials and Methods 

2.1. Materials  

Energy cane bagasse was acquired from the Audubon Sugar Institute (Louisiana State 

University, 3845 Hwy 75, St. Gabriel, LA). The cane was received partially processed. It was ground 

and crushed for sugar extraction followed by rinsing in hot water to remove all soluble saccharides. 

The bagasse was dried at 100 ºC overnight then stored at room temperature conditions in sealed bags. 

The moisture content of the energy cane biomass before experiments was determined to be an 

average of 8.34% ± 0.49 across all particle ranges. The bagasse was then ground using a laboratory 

blender and a coffee grinder to obtain a variety of particle sizes. The particle sizes were separated 

using ASTM certified sieves then sealed in plastic bags. The range of particle sizes used in this study 

are A: 0–0.5 mm, B: 0.5–1.4 mm, C: 1.4–2.4 mm, and D: 2.4–4.4 mm. 

The Chinese tallow tree biomass was harvested locally from trees in Baton Rouge, LA in 

October 2014. The woody biomass portion (primarily twigs and small branches) was separated from 

the leaves and seeds. The biomass was further ground and stored as described above for energy cane 

bagasse. The biomass in this instance was not dried so as to simulate minimal processing in a 

commercial production environment. The moisture content of Chinese tallow tree before experiments 

was determined to be an average of 10.25% ± 0.47 across all particle ranges. 

2.2. Equipment 

The pyrolysis reactor for this experiment was a 1.5 inch nominal diameter stainless steel tube 

heated using a low frequency induction heater (RDO—Low Frequency, RDO Induction L.L.C., 

Washington, NJ). The induction heater was controlled using an infrared temperature controller 

(Omega iR2C PID, Omega Engineering Inc., Stamford, CT). Nitrogen gas was used to purge the 

system and reduce the oxygen content preceding the pyrolysis reaction (25 min at 1 L/min). The 

nitrogen also doubled as a carrier gas moving pyrolysis vapors from the reactor and into the 

collection system consisting of a gas condensing flask and stem (maintained at 0 °C in an ice bath) 

and an electrostatic precipitator (ESP). Vacuum grease was used on joints to eliminate gas leaks 

during the process. The ESP was custom made using a glass recipient manufactured by Technical 

Glass Products, INC., (Plainsville, OH) specifically for this pyrolysis system. It is a single stage ESP 

that utilizes a high voltage anode and grounded aluminum wall to generate a corona discharge. This 

charges the pyrolysis vapors and attracts them to the grounded wall, causing them to condense [23] 

where they would then fall into the collection flask to be recovered after the experiment. The ESP 

operated at 15 kV of power using a high voltage power supply (Gamma High Voltage Research, 

Ormond Beach, FL). 

2.3. Experimental procedure 

Biomass of different particle sizes were loaded and tested in the pyrolysis system operated at 

550 ºC, as this temperature was previously established as optimum for maximum yield in both 

Chinese tallow tree and energy cane [22]. Due to differences in density, the fixed volume reactor was 

loaded based on mass (25 g sample size). Moisture content was determined on a one gram subsample 
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at the same time. Liquid yields were determined by a mass difference of the collector before and 

after each experimental run (flask and joints).  

After purging with Nitrogen as described above, the reactor was operated for 35 min, including 

a start-up time of less than 1 min, based on our previous studies with a similar configuration [22]. 

Non-condensable gases passing through the ESP were directed into two liquid traps to capture 

soluble compounds. The first one used ethanol for compounds soluble in organic solvents, and the 

second one used water for water-soluble compounds. Gas samples were collected in gas bags from 

the various runs at the exit to determine gas composition. Samples of the obtained liquid fractions 

were collected in glass scintillation vials and stored at −20 ºC to reduce degradation and prevent 

secondary reactions. Char was removed from the reaction chamber, weighed, and stored. This weight 

was used to determine the char yield percentage and mass for the pyrolysis reaction. The gas yield 

was determined from the difference in initial biomass weight (25 g) and final the liquid and char 

yields.  

2.4. Characterization and analysis 

The products of pyrolysis of both energy cane and Chinese tallow tree wood were analyzed to 

determine the characteristics of the gas and liquid fractions. The liquid fraction (oil) was analyzed 

using three different techniques: CHN elemental analysis, GC-MS for compound identification and 

Karl Fischer titration for moisture content. The char fraction was characterized using CHN elemental 

analysis. The gas fraction was characterized using GC-MS analysis. 

CHN elemental analysis was performed using a 2400 Series 2 CHNS/O elemental analyzer 

(Perkins Elmer, Inc., Waltham, MA) as previously described [1]. The GC-MS analysis of the liquid 

samples was performed to identify the different occurring compound groups in the samples as 

previously described [1]. Briefly, a portion of each liquid sample was prepared using a DCM 

extraction (5:1 volume ratio of DCM to bio-oil). 1.0 µL of the extracted samples were injected into a 

Varian Saturn 2200 GC-MS (Agilent Technologies, Santa Clara, CA). The GC had a DB-5 

semi-volatiles column with a flow rate of 1.0 mL min
−1 

at initial oven temperature of 40 °C held for 

6 minutes, then heated at a rate of 4 °C min
−1

 to an intermediate temperature of 240 °C, then it was 

heated again at a rate of 20 °C min
−1

 to a final temperature of 280 °C for a total method time of 73 

minutes per sample injection. The resulting chromatograms were then analyzed to identify 

compounds and their peak areas integrated. The peak areas were used to determine relative 

occurrence in the liquid fraction. Gas samples were analyzed using a SRI 8610C GC-MS (SRI 

Instruments, Torrance, CA), as previously described [22] to determine the production of syngas 

including: CO, CO2, and CH4 which was used to determine the energy content of the gas products. 

Hydrogen was not determined due to laboratory limitations. The higher C-number compounds 

(C2-C5) were not determined, as prior studies showed that these compounds are produced in 

negligible quantities [1]. 

2.5. Energy content  

The energy content of the liquid pyrolysis products were calculated using the equation 

presented by Scholze and Meier [24] which computes higher heating value (HHV) using the CHN 

analysis results and Dulong’s formula [24]: 
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HHV(MJ/kg) =                        
   

 
         

The HHV values were not adjusted for water content as testing was not performed with a bomb 

calorimeter. With the varia provided on a percent weight basis, the initial energy content of the 

biomass was calculated using the equation provided by Demirbas et al. [25]. 

HHV (MJ/kg) = 0.3856 (C% + H%) – 1.6938. 

3. Results and Discussion 

3.1. Effect of particle size on product yield  

The product yield was quantified on weight basis of initial biomass weight (Figure 1). For the 

energy cane biomass, liquid yield slightly increased as the particle size increased from range A to 

range B with a corresponding decrease in gas and char yields. Further increase in the particle size did 

not significantly change the liquid yield. The highest yield achieved was 48% for particle size range 

B. These results were consistent with the results reported in the literature for Mallee wood at 

500 °C [17] and pine sawdust at 550 °C. For CTT wood, liquid yields also increased initially, but, as 

opposed to energy cane, at the smallest particles its yields was only 25% compared to 44%, 

respectively. The increase in liquid yield as the particle size increased was more pronounced for CTT 

wood to levels that made it comparable to energy cane at particle size range B, but followed by 

marked decrease at the largest particle size range (as opposed to energy cane where yields were 

relatively constant with particle size). 

This observation could be linked to the possibility that at smaller particle sizes (< 0.5 mm); the 

heat transfer rate is higher causing higher overall temperatures. This may result in a more thorough 

breakdown of biomass and localized superheating of biomass causing fractionation of biomass to 

form non-condensable gases such as CO and CO2 and decreasing liquid yield [26]. As the particle 

size increases, the heat transfer rate decreases reducing the effect of local superheating and increases 

the oil yield. However, particle sizes that are too large may also result in temperature gradient within 

the particle which may cause increased char yield and lower liquid yield [27]. 
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Figure 1. Liquid, char and gas yields of (a) energy cane (top) and (b) CTT (bottom). 

3.2. Water content 

Occurrence of water in pyrolysis reaction is a result of two main reaction mechanisms; 

dehydration of biomass structure and inter- or intra- particle secondary cracking of biomass. The 

dehydration of biomass has been established to be independent of the reaction temperature and 

particle size as it can occur at temperatures as low as 350 °C throughout the particle size ranges 

studied here [17]. However, secondary cracking reactions can occur for smaller particle sizes 

(< 0.5 mm) (Figure 2). 

 

Figure 2. Water content of bio-oil, quantified from Karl-Fischer volumetric 

titration of liquid oil fraction. 

As stated earlier, for particle size < 0.5 mm, the heat transfer rate is high which may result in 

localized high temperatures causing secondary fractionation reactions. This could be the reason why 

higher water content was observed at the lowest particle size range. As the particle size increased, the 

effect of secondary cracking reaction decreased, causing a decrease in water content of liquid 
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fraction. The slight increase in the water content at higher particle sizes could be due to non-uniform 

initial moisture content of the biomass. 

3.3. Elemental analysis of bio-oil 

The carbon, hydrogen, nitrogen and oxygen content of bio-oil were analyzed using Perkin 

Elmer series 2700 elemental analyzer (Figure 3).  

 

 

Figure 3. Carbon, Hydrogen, Nitrogen, and Oxygen fractions of oil from (a) Energy 

cane (top) and (b) Chinese Tallow Tree (bottom). 
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Chinese tallow tree bio-oil had higher carbon content compared to energy cane. Highest carbon 

content was obtained at range A for CTT. No specific trend was observed for carbon or hydrogen 

content of CTT bio-oil. For energy cane, the carbon content slightly increased with increase in 

particle size from range A to range B after which a stable value was obtained. The hydrogen content 

showed a similar trend as that of carbon content for bio-oil obtained from energy cane. The carbon to 

hydrogen ratio (C/H) varied from 4.0–4.8 for bio-oil obtained from energy cane whereas it was 

slightly higher (4.0–7.0) for bio oil obtained from CTT at different particle size ranges. The C/H 

ratio was higher for lower particle sizes which indicates enhanced dehydrogenation reaction and 

accelerated pyrolysis reaction [26]. Nitrogen was found only in trace amounts in both liquid sample 

sets, typically less than 0.5% for energy cane and less than 0.9% for CTT. The highest occurrence of 

note for nitrogen was a measured 2% in CTT from 0.0–0.5 mm. 

3.4. Product composition 

The oil samples were analyzed for composition using gas chromatograph. The products were 

identified using mass spectrometer. The composition of the liquid samples remained the same across 

the particle sizes of each biomass (Figures 4 and 5).  

 

Figure 4. Chromatograms of energy cane, scaled to largest peak (top) and to a lower 

value (bottom). 
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Figure 5. Chromatograms for CTT, scaled to highest peak (top) and to a lower 

value (bottom). 

The compounds found were typical of pyrolysis of lignocellulosic feedstock [17,28]. The 

compounds were grouped in six major groups (Figures 6 and 7). 

 

Figure 6. Percent occurrence of identified compounds in energy cane categorized 

into six major groups; Furans, Ketones, Aldehydes, Alcohols, Acids, Phenols, and 

Others. 
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Figure 7. Percent occurrence of identified compounds in CTT categorized into six 

major groups; Furans, Ketones, Aldehydes, Alcohols, Acids, Phenols, and Others. 
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3.5. Energy content results 

Using eqn. 1, the high heating value of biomass and products was calculated. The bio-oil from 

CTT had the highest energy content of 32.71 MJ/kg. The HHV of CTT bio-oil decreased as the 

particle size increased. For energy cane, the HHV value of bio-oil decreased as the particle size 

decreased, except for the lowest particle size. This could be due to low hydrogen content of the 

bio-oil at that particle size. The HHV of CTT and energy cane biomasses were found to be 

17.48 MJ/kg and 17.21 MJ/kg. The energy content of CTT and energy cane char were found to be 

23.7 MJ/kg and 26.10 MJ/kg for all particle size combinations  

4. Conclusions 

The effect of particle size on the pyrolysis of two different biomasses was studied using an 

advanced induction heating reactor. The products were analyzed for quality and the yields were 

quantified. By manipulation of the particle size of feedstock biomasses in pyrolysis reactions, it is 

possible to have some influence on the bio-oil and chars produced from pyrolysis reactions. The 

effect of particle size was more pronounced for liquid yields from CTT than from energy cane with a 

maximum yield of 46.20% from the 1.4–2.4 mm range. Gas yields decreased as the particle size 

increased as lower particle size biomass were more thoroughly broken down. The GC-MS results 

show that the bio-oil composition did not change significantly with the change in particle size. 

Particle size variation had a significant effect on the water content of the bio-oil, with very high 

water content at lowest particle size. However, initial moisture content of the biomass also plays an 

important role in the final water bio-oil water content. Energy cane bio-oil saw little variation in the 

CHNO composition across all four ranges. These manipulations will be useful in optimizing the 

pyrolysis process for larger or commercial grade pyrolysis oil production, especially when used in 

unison with temperature optimization and upgrading techniques to reduce cost, simplifying 

processing, and create high value products.  
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