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ABSTRACT
Herein we present the influence of sample density on the microwave induced pyrolysis of crystalline cellulose, with heating rate, bio-char and bio-oil yields investigated. The article demonstrates that sample density is a fundamental parameter influencing microwave-assisted biomass pyrolysis, with a direct impact on heating rate, the speed of volatiles diffusion through the sample matrix and distribution of products. Of significant interest was that the maximum heating rate and bio-oil yield corresponded to an optimum sample density as a result of heat and mass transfer effects. Increase in density above this value stimulated a rise in bio-char yield. The increased understanding of the mechanisms influenced by sample density in a microwave field give increased ability for users to produce bio-oil or bio-char, giving rise to improved microwave-based biorefineries for future energy and chemical needs. 
INTRODUCTION
Biorefineries are most commonly based on two mechanisms: hydrolytic or pyrolytic treatment, where the principle aims are to either hydrolytically liberate monosaccharides 1, 2, 3 or to thermochemically degrade lignocellulosic biomass into useful organic decomposition products4. However, these technologies are yet to be demonstrated commercially5-7 due to the high price of reﬁnery-scale infrastructure, commercially unviable operating costs and complex compositions of bio-oil, making biorefineries to date economically unfeasible 8-10.
Hydrolysis in some cases can lead to a more specific product distribution, but the large quantities of water needed, longer plant times and the limited variety of biomasses that can be processed, makes pyrolysis a potentially more attractive route, especially when dealing with lignocellulosic material.

It has been previously found that increases in bio-oil yield and product specificity can be achieved if pyrolysis is carried out within specific temperature ranges, with volumetric/uniform heating and high heating rates 11-13  These improvements to the pyrolysis process help its industrial viability, with further fine tuning of the process reducing energy consumption and increasing the potential to make high value chemicals. Diversifying from the typical route of attempting to produce products with comparable properties to crude or fuel oils and treating them as products in their own right will also help towards commercialisation. A significant advancement in this technology has come over the last 10-15 years from the use of low temperature microwave processing of biomass.14-17This technology provides potential increases in efficiencies of energy,18 greater degrees of feedback/control and superior uniformity of sample heating.19,20 

Nonetheless, the design of a microwave reactor presents its own challenges when attempting to scale up from the laboratory to industrial scale,21 with a distinct lack of fundamental experimental testing examining the variables that influence the mechanism of microwave pyrolysis. From conventional pyrolysis investigations it is already known that heating rate is a key parameter of bio-oil yield optimisation, with higher heating rates giving much greater yields of oil.22 As such, the influence of microwave pyrolysis conditions on heating rate is a logical place to target research in the area of microwave pyrolysis.23,24 The rate of a sample’s heating within a microwave cavity can be generally described through the dielectric loss factor (ε’’), which is a function of sample density (ρ)  (ε’’=aρ2 +bρ),25. Microwave heating rate could be represented as a function of permittivity (ε), specific heat capacity Cρ, the electrical field strength (E) and the sample density according to equation (1) below.26



According to equation 1, the rate of microwave heating of a gram of material can be increased by only changing either microwave power or sample density, as all other factors are a constant. The first approach, increasing power input, would not only be limited by the ability of the sample to interact with microwave radiation, but also the propensity of pyrolysis decomposition products to interact with the radiation as well, leading to secondary reactions and reducing the bio-oil yield and the process selectivity.  

However, changes in the sample density have the potential to regulate sample heating rate without altering the mechanism of pyrolysis or the required microwave energy input.  Herein we report the results of microwave pyrolysis of cellulose (a major biomass component; available in high purity)27 as a model compound for the investigation into the influence of the sample density on microwave heating rate profiles and bio-oil yield. 
EXPERIMENTAL SECTION
Microwave experiments were carried out using a “SRL Milestone RotoSYNTH” multimode batch microwave at 1200W (see Fig. 1A). The sample was heated at a rate of 17 oC/min to a maximum temperature of 200 oC; process pressure was monitored at all times. Liquid fractions were collected via the vacuum unit, which condensed vapours produced during the process. Microcrystalline cellulose tablets with different densities (ranging from 0.67 to 1.24 g cm-3) and with a fixed diameter of 4cm (Fig. 1B) were prepared by applying a 6.3 to 50kN pressure to 7g of cellulose.

For GC-MS analysis, samples were prepared at a concentration of 20mg/mL of pyrolysis oil in methanol. A sample of 0.5μL was injected on to a Perkin Elmer Clarus 500 Gas chromatography and Clarus 560S Mass spectrometer at an injector temperature of 350oC and a column flow rate of 1.0ml/min with a 1:10 split ratio applied. The oils were passed onto a Phenomenex Zebron DB5-HT column (30m × 0.25m × 0.25μm) at a temperature of 60oC. The column was held for 1 minute at this temperature and then ramped to 360oC at 8oC/min. It was then held for further 10 minutes. 

For each experiment 14 pellets (98 g ±1.5 g of cellulose) were used.  In preliminary experiments it was found that the pyrolysis process was complete within 10 minutes, with no further bio-oil observed after this time.  Microwave experiments for each density were therefore varied in duration, from 2.5 to 10 minutes in 2.5 minute increments.  After each run, bio-oil and bio-char yield was measured, with bio-gas yield calculated by difference.  Temperature was measured using a Calex IR pyroprobe (Fig. 1A). As heating rate is a key parameter, temperature is crucial to the microwave pyrolysis process. It has been proved that the precision of the IR detector is accurate to ±5°C during the microwave pyrolysis of biomass.28

Macroporosity of the samples was investigated using both a scanning electron microscope Hitachi S-2400 (samples were Au coated on a high resolution sputter SC7640 at a sputtering rate of 1500 Vmin-1, up to a 7 nm thickness) and a Pascal 140 mercury porosimeter.
RESULTS AND DISCUSSION
An increase in density of the cellulose tablets from 0.67 to 1.04gcm-3 was found to lead to a linear improvement in the yield of bio-oil during microwave pyrolysis, from 18±1% to 28±1.5% respectively. However, the linear relationship of density with bio-oil does not continue past a density of 1.04 gcm-3, and decreases to 22±1% at a density of 1.24 gcm-3. Therefore, it can be seen that the relationship between cellulose density and bio-oil yield has non-linear character with a maximum bio-oil and minimum bio-char yield observed at a density of ~1 g cm-3 (see Figure 1C), with yields of bio-oil or char either falling away or increasing respectively either side of this. Despite the change in the yield of char or oil with change in density, the yield of bio-gas remains constant.

[image: ]Figure 1: A) Microwave setup with vacuum pump and vapour collection vessels; B) cellulose tablets; C) bio-char, bio-oil and bio-gas yields for different density prepared cellulose tablets after microwaving for 10 minutes. The mass balance measurement experimental error was found to be around of one percent.  

[bookmark: _Ref307558074]To find if there is a correlation between bio-oil yield and rate of heating (ROH), the heating profiles of cellulose were studied (see Figure 2A). Derivatives of these traces that represent the heating rate profile of cellulose pyrolysis, consist of two rapid periods of heating (ca. 40s and 200s), which are in good agreement with previously reported data.29,30  The first peak demonstrates the heating rate from ambient temperature to 100°C and is attributed to the heating of residual moisture contained within the tablets, with no discernible relationship observed with sample density. The second peak intensity and time to reach the maximum intensity are strongly dependent on the sample density and is associated with cellulose decomposition.

The influence of the sample density on MW-assisted pyrolysis of cellulose is further verified from investigation of bio-oil production rate, measured as the derivative of the bio-oil yield with time.  To visualise the process of the microwave cellulose pyrolysis in more details, the rate of the bio-oil production was represented as a 2D graph of the function of the sample 
[image: ]
Figure 2: A) Stacked kinetic profile traces showing the influence of initial density of cellulose on the heating rate of cellulose; B) maximum heating rate as a function of density; C) 2D plot of oil production rate with sample density and temperature; and D) total oil yield vs maximum heating rate.  

density and temperature (Figure 2D). It can be seen that a maximum rate of oil production is achieved at approximately 170oC and a density of around 1.05gcm-3 (Figure 2C). The optimum temperature is in a good correlation with the temperature of cellulose activation under microwave conditions, reported previously31 while the optimum density for bio-oil production is close to that found for the maximum cellulose heating rate (Figure 2B).  
 
The latter observation points to a strong correlation between  bio-oil production and the sample heating rate which, is verified in Figure 2D. The linear trend between oil yield and heating rate with an R2 value of 0.9957, demonstrates clearly that the efficiency of the microwave-assisted pyrolysis is mainly controlled by the heating rate. However, the heating rate was restricted by other processes when the densities of the cellulose samples were above approximately 1 gcm-3. For example, in the case of pyrolysis of the prepared 1.24 gcm-3 cellulose sample, following Equation 1, a rate of 130 Kmin-1 would be expected to produce the maximum yield of the bio-oil, nearly double the experimental value (see Figure 2B). 
[image: ]Figure 3: Influence of the samples density on their porosity before and after pyrolysis: A) SEM images; B) Mercury porosimeter traces; C) Pore radius of the original cellulose and obtained chars; D) Change in pore radius of the samples after microwave pyrolysis.

This reduction in rate reduces significantly the bio oil yield from 35 to 27 wt% accordingly to the extrapolation shown on the Figure 2D. It can be seen from both the scanning electron microscopy images and the mercury porosimeter traces that the macropore radius of the original cellulose samples is larger after pyrolysis (Figures 3A, B &C). Moreover, the pore distribution of the solid char residues changes from mono to bimodal for the highest density sample. This could be a result of micro-level non-homogeneous packing of the cellulose powder under high pressure. For example, the cellulose is compressed in the direction of the applied force but the table diameter does not change (perpendicular direction), leading to a possible explanation of the bimodal trend at high pressure. The increase in macropore radius of the sample after pyrolysis is evidence of substantial gas and volatile compound production, resulting in sample volume expansion. This adiabatic expansion process is endothermic, with the intensity of the process being proportional to the mass of the produced bio-oil.  
Therefore, in case of high sample density, greater yields of bio-oil will result in higher heating rate suppression. This becomes even more pronounced due to the Joule–Thomson (JT) effect of gas expansion that describes the temperature change of a real gas when it is forced through a capillary. As such, it is established that the temperature change is proportional to the difference of the pressures before and after the gas is forced through the capillary with the proportional coefficient μJT represented in equation 2:



where, T is the gas temperature, V the gas volume, CP heat capacity at constant pressure, and α its coefficient of thermal expansion. According to the equation 2, the cooling effect is much more pronounced in the case of the high density samples due to both the larger volumes of gases and volatiles produced and the smaller radius of pores, resulting in higher internal pressure of these gases trapped within the cellulose particles. From Figure 3D the intensity of this cooling mechanism has a non-linear dependency on the cellulose density mainly due to the exponential reduction in the pore radius, leading to a pronounced increase in the heat adsorbed via the Joule-Thomson process. For a sample above a certain density the impact of cooling induced by expansion and diffusion will become significant enough to decrease the total sample heating rate. In addition, the produced molecules in the vapour or gas phase are not microwave active, and therefore receive no energy from the microwave. The combination of these two processes, but principally the first, results in a vapour or gas that is cooler than the capillary/ pore walls, which subsequently reduces the local temperature and rate of oil production (see Figure 2C) facilitating  condensation, oligomerization and charring of the organics produced. Though, this endothermic process of gas vaporisation, expansion and diffusion could play an important role in the protection of the biomass active centres from overheating during microwave activation and significantly improve its uniformity, with density increasing its efficiency. Therefore, based on the obtained results it could be concluded that the optimum sample density for large scale microwave pyrolysis of biomass is around 1 gcm-3 under constant power and ambient conditions, achieving at this point both the maximum bio-oil yield and the best process uniformity.

The liquids produced during experimentation were examined for their composition by GC-MS, the results of which are found in Table 1. The major products of pyrolysis for all samples are high value chemicals such as levoglucosan32  and levoglucosenone.33 This makes the proposed approach very promising for a future biorefinery technology. Furthermore,    from this, it is 
Table 1: Major products of bio-oils produced during the microwave pyrolysis of cellulose samples of differing density.
	Retention Time
	Peak Area (TiC)
	Compound Name
	Empirical Formula

	7.68
	1532668
	2-Ethoxyethyl acetate
	C6H12O3

	8.40
	2186374
	Levoglucosenone
	C6H6O3

	10.13
	3740659
	1,4:3,6-Dianhydro-α-d-glucopyranose
	C6H8O4

	11.65
	1398398
	4,5-Dimethyl-3-heptanol
	C9H18O

	12.40
	1130043
	4-Oxotetrahydropyran-2-carboxylic acid
	C6H8O4

	13.90
	1297223
	D-Allose
	C6H12O6

	14.70
	26971562
	Levoglucosan
	C6H10O5

	16.18
	3656490
	1,6-Anhydro-β-D-glucofuranose
	C6H10O5



possible to determine that the mechanism of cellulose depolymerisation is essentially independent from the sample density emphasising that high biomass density increases bio-oil yield without any compromise to the product mixture quality. It is evident that little variation in bio-oi calorific values (CV) are observed in any one experiment (see Table 2). In contrast to the bio-oil, bio-char CVs were significantly changed (>than 14%) with sample density achieving values (27 kjmol-1) close to the typical CV of charcoal34 for high density samples.   

Table 2: Calorific values of solid and bio oils produced at 10 minutes microwave exposure.
	Sample density
g/cm3
	Bio-Oil CV 
MJ/Kg
	Solid CV 
MJ/Kg

	0.67
	21.7
	25.3

	0.83
	21.9
	23.6

	1.04
	20.0
	23.4

	1.17
	22.2
	26.7

	1.24
	21.2
	27.2


CONCLUSIONS
In summary, the experimental results demonstrated that the rate of heating is fundamental for microwave-assisted bio-oil production, showing a strong linear correlation between heating rate and bio-oil yield, which is in good agreement with conventional fast pyrolysis theory.35 However, microwave pyrolysis of bio-mass is a complex process which involves the production of non-ideal gases, (e.g. carbon dioxide, carbon monoxide) and volatiles with a high heat of vaporisation. Vaporisation and expansion of these molecules is highly endothermic as well as their diffusion through the capillaries/porous channels leads to cooling of the system both on micro and macro level. This causes a maximum heating rate around 1 gcm-3 and consequently an optimum pellet density for maximum oil yield. The optimum pellet density corresponds to the maximum heating rate, coupled with rapid removal of liquids from the pellet, minimising further reaction to produce chars. The major components of bio-oil are high value anhydrosugars such as levoglucosan and levoglucenone. The understanding of the optimum conditions for obtaining of maximum yield of high value chemicals makes proposed approach very promising for a future biorefinery technology. Moreover, the optimum conditions for production high calorific value char with maximum yield have been found.  Altogether, the obtained data demonstrates that biomass density is a very efficient parameter of control, enabling a very green, inexpensive method of producing MW-assisted pyrolysis products with a high quality.
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Biomass density is a very efficient parameter of control, enabling a very green, inexpensive method of producing MW-assisted pyrolysis products with a high quality
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