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Abstract 

 With appropriate pretreament, sugars can be a major product from fast pyrolysis of 

lignocellulosic biomass. Analytical pyrolysis of pure cellulose can produce up to 60 wt.% yield of 

levoglucosan although yields are significantly lower in continuouos pyrolysis at larger scales. 

Secondary reactions of vaporized levoglucosan are thought to be responsible for this loss of sugar 

yield, suggesting changes in the design and operation of pyrolysis reactors to minimize these 

reactions. Micropyrolysis experiments were performed to better understand the mechanism of 

sugar degradation in the presence of biochar. A 57% loss in levoglucosan yield was observed for 

cellulose overlain with untreated biochar powder compared to the pure cellulose control sample. 

The addition of biochar derived from pyrolysis of untreated corn stover to a fluidized bed pyrolyzer  

reduced sugar yields from cellulose from 61.3 wt.% to 21.3 wt.% and 41.5 wt.% to 11.6 wt.% for 

conventional and autothermal operation, respectively. The significant drop in sugar yield due to 

biochar interaction inspired change in feeder configuration for the fluidized bed pyrolyzer to 

reduce vapor-char interactions. Biomass feeding was changed from in-bed to above-bed injection, 

which allowed signficant devolatilization to occur above the layer of biochar that exists at the 

surface of the bed. By reducing secondary reactions, bio-oil and sugar yields increased by 7.9% 

and 14%, respectively, for autothermal pyrolysis.  

 

 

1. Introduction 
 

 Fast pyrolysis of biomass is a promising approach to producing renewable fuels and 

chemicals. Fast pyrolysis produces three main products: bio-oil, biochar and non-condensable 

gases (NCG). The composition of these products relies on both the composition of the biomass 

and operating conditions of the pyrolyzer. Sugars are not usually thought to be a major product of 
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biomass pyrolysis although removing or passivating the alkali and alkaline earth metal (AAEM) 

content of biomass can dramatically increase sugar yields [1,2]. Thermal depolymerization of 

cellulose produces anhydrosugars instead of the more familiar monosaccharides from acid or 

enzymatic hydrolysis [3]. This suggests an alternative approach for the production of cellulosic 

sugars that is much faster and potentially more economical than hydrolysis.[4] More closely 

approaching the maximum sugar yields observed during analytical pyrolysis would advance the 

prospects for this approach for cellulosic sugar production. 

 Cellulose comprises the largest portion of lignocellulosic material. For example, red oak is 

comprised of approximately 50% cellulose with smaller amounts of hemicellulose, lignin and 

extractables [5]. Fast pyrolysis of pure cellulose can produce levoglucosan yields as high as 53-

60% at 500°C [6–8]. However, pyrolysis of native biomass yields significantly less levoglucosan 

than might be expected from the cellulose content.  

AAEM found naturally in biomass are known to drastically reduce anhydrosugar yields 

during pyrolysis by catalyzing furanose and pyranose ring fragmentation [9]. Different methods 

have been used to mitigate the impact of AAEM on pyrolysis [9]. Water washing can be used to 

remove select AAEM content. However, water washing is unlikely to be economical due to the 

large amount of water required to thoroughly remove AAEM and the energy consumption to dry 

the biomass prior to pyrolysis [10]. Instead of removing the AAEM, sulfuric and phosphoric acid 

can be used to treat the biomass, passivating the metals to thermally stable salts and improving the 

yield of levoglucosan [2]. Passivation of the AAEM through acid infusion has been shown to 

enhance levoglucosan yields from woody biomass by up to 80% [2]. A closely related technique 

employs ferrous sulfate instead of mineral acids to passivate AAEM with the advantage of 

eliminating the biochar agglomeration observed with acid infusion or washing of biomass [11].  

 Biochar formed during pyrolysis in a fluidized bed reactor will accumulate in the reactor 

until a steady state char loading is reached, representing a balance between biochar production and 

biochar removal through attrition and elutriation (or biochar overflow in some reactor designs).  

Low density biochar naturally accumulates on the surface of the fluidized bed [12]. Pyrolysis 

vapors released in the fluidized bed must pass through this hot layer of biochar, which potentially 

can decompose the vapors [13]. Cracking of pyrolysis vapors will unfavorably impact sugar yields.  

 In conventional pyrolysis, inert gases are used to ventilate or fluidize pyrolysis reactors to 

avoid oxidation of products. However, Kim et al. [14] showed that introducing small amounts of 



oxygen can actually increase levoglucosan yields. This was a promising finding which motivated 

the autothermal pyrolysis research of Polin et al. [15] Air was introduced at low equivalence ratios 

of approximately 0.10 to partially oxidize some of the products of pyrolysis and provide the 

enthalpy for pyrolysis without significantly impacting the yields of the most valuable compounds 

in bio-oil [15]. Depending on how biomass is injected into the reactor, biochar could be 

preferentially oxidized preserving the more valuable pyrolysis vapors. Although many of the 

technical challenges of fast pyrolysis have been solved, the interaction of biochar and pyrolytic 

vapors has received little attention. In particular, the interaction between biochar and pyrolytic 

vapors in fluidized bed reactors has yet to be addressed. 

 We hypothesize that limiting the interaction of pyrolytic vapors with hot biochar in 

fluidized bed reactors will reduce secondary reactions and increase yields of levoglucosan in bio-

oil. The study has two parts. First, a micropyrolyzer was used to quantify the interaction between 

biochar and pyrolytic vapors. This included quantifying the difference in levoglucosan yield 

between untreated and ferrous sulfate (iron-rich) biochar. Second, this information was used to 

modify a continuous, laboratory-scale fluidized bed pyrolyzer to minimize gas-solid interaction 

and reduce secondary cracking and oxidation of pyrolytic sugars.   

 

2. Methodology 

 2.1. Materials 

 

Red oak (Quercus rubra) wood chips were obtained from Wood Residuals Solutions 

(Montello, WI) with a moisture content under 10%. Wood chips were hammer milled through a 

1/8-in. screen and then knife milled through a 1/16-in. screen to provide appropriately sized 

particles for pyrolysis experiments. A full proximate and ultimate analysis of this red oak has been 

previously reported [15]. Preliminary experiments were performed using Sigmacell Type 50 

(Sigma-Aldrich) cellulose. Biochar was sourced from fluidized bed pyrolysis of corn stover under 

autothermal operating conditions (equivalence ratio of 0.11) [11]. Biochar produced from both 

untreated corn stover and corn stover pretreated with ferrous sulfate were evaluated. The method 

for pretreating biomass is described in Reference 11. 

 

 



 

2.2. Micropyrolyzer sample preparation  

 

Mixtures and layers of cellulose and biochar were prepared consisting of 85 wt.% cellulose 

and 15 wt.% biochar as shown in Fig. 1. Mixtures were prepared by loading the appropriate 

proportions of cellulose and biochar into centrifuge tubes. The tubes were vortexed for two minutes 

in order to produce a homogenous mixture of cellulose and biochar. Layers of cellulose and biochar 

were prepared by first loading cellulose into the bottom of a sample cup followed by a thin round 

of quartz wool upon which the biochar was loaded. This configuration forced volatiles released 

from the pyrolyzing cellulose to flow through the biochar before escaping the sample cup. The use 

of layers was intended to simulate the passage of pyrolysis vapors through the layer of biochar 

known to accumulate at the surface of a fluidized bed pyrolyzer [12]. 

 
Fig. 1. Biochar loading into the sample cup during micropyrolysis experimentation. The figure (a) 
showcases only the cellulose and biochar mixture; (b) demonstrates pure cellulose with a biochar 
layer; (c) has both a cellulose/biochar mixture and a layer of biochar 

 

2.3 Micropyrolysis system 
 

Fast pyrolysis of cellulose and cellulose/biochar mixtures were performed in a Frontier 

single-shot micropyrolyzer system (Rx-3030 TR, Frontier Laboratories, Japan) illustrated in Fig. 

2. For these tests, the furnace and interface were heated to 500°C and 450°C, respectively. A 

sample of reactants weighing approximately 150 µg was loaded into a stainless-steel sample cup 



fixed with a sample hook and inserted into the sample holder. These relatively low loadings assured 

that the gas chromatography (GC) (7890A, Agilent Technologies, USA) system connected to the 

micropyrolyzer was not overwhelmed by the relatively high yields of levoglucosan anticipated. 

 

 
Fig. 2. Schematic of micropyrolyzer with GC analysis of products.  Pyrolysis vapors released from 
the sample in the furnace are swept into one of three GC columns for identification via MS or 
quantification via Polyarc/FID, or TCD. 

 
 Prior to dropping a sample into the preheated furnace, a blank run of 16 minutes was 

performed with helium sweep gas in order to remove any air and other impurities from the system. 

Upon completion of the blank test, the GC was allowed to cool to 35°C before a sample was 

dropped into the furnace. Vapors released from the pyrolyzing sample were swept into the attached 

GC system and through a deactivated guard column (1 m x 0.25 mm) before entering a three-way 

splitter which sent the vapors into three separate GC columns. The GC injector operated at 280°C 

with a split ratio of 30:1. The GC program was set to start at 35°C and hold for 3 minutes. The 

temperature then ramped from 35°C to 280°C at 5°C min-1, with a six minute hold. Two matching 

Agilent DB-1701 (60 m x 0.25 mm ID, 0.25 µm film thickness) were used to separate compounds 

into a mass spectrometer (MS) (5975C, Agilent Technologies, USA) and flame ionization detector 



(FID) system. Compounds were identified with the MS and quantified with the FID system and a 

Polyarc reactor (Activated Research Company). A Porous Layer Open Tubular (PLOT) column 

(60 m x 0.320 mm) (GS-GasPro, Agilent, USA) is setup to a thermal conductivity detector (TCD) 

to analyze NCG but was not used in this experimentation. A four-point levoglucosan calibration 

curve was made in order to determine the yields. Replicate cellulose trials were periodically 

performed ensuring repeatable results. The GC and micropyrolyzer system are described in more 

detail in our previous publications [16–18].  

 

 2.4. Fluidized bed pyrolysis system 

 

 Continuous pyrolysis trials were performed with a fluidized bed reactor capable of running 

either in conventional or autothermal mode as previously described by Rollag et al. [11] 

Conventional pyrolysis was performed with nitrogen as the fluidizing gas. Autothermal pyrolysis 

was performed with a mixture of nitrogen and air to fluidize the bed and allow partial oxidation of 

pyrolysis products, providing the enthalpy for pyrolysis without an external source of energy [12]. 

The 3.8 cm dia. fluidized bed reactor was fluidized with 20 SLPM of nitrogen or air and nitrogen 

for conventional and autothermal operation, respectively, unless otherwise specified. Gas flow 

rates were controlled with Alicat Scientific mass flow controllers. Biomass feed rate was 500 g 

hour-1 for 20 minutes to bring the system to operating conditions followed by 1000 g hour-1 for 50 

minutes of steady state operation.  

 Optimal reactor temperature for maximum bio-oil yield was between 400-600°C. 

Accordingly, experiments were performed at 500°C. For conventional pyrolysis trials, two Watlow 

clam-shell ceramic heaters were used to provide thermal energy for pyrolysis. For autothermal 

pyrolysis, the role of the heaters was limited to overcoming parasitic heat losses while partial 

oxidation of pyrolysis products provided the enthalpy for pyrolysis, as described by Polin et al. 

[15] Autothermal conditions were held at an equivalence ratio of 12% with a mixture of air and 

nitrogen. Pyrolysis products exited the fluidized bed reactor through a 2.3 cm diameter tube at the 

top of the reactor and entered the product collection system. 

 The product collection system was comprised of several unit operations in series collecting 

multiple stage fractions (SF): two char cyclones, a heavy ends condenser (SF 1) followed by a hot 

electrostatic precipitator (ESP) to collect aerosols referred to as SF 2, a light ends condenser 

precipitated (SF 3) and a cold electrostatic precipitator recovered (SF 4). The heavy end condenser 



consisted of a single shell condenser maintained at 90°C cooling the vapors in a single pass tube 

to an exit temperature of 120°C. The ESP designated as SF2 operated at 15 kV at 120°C for the 

purpose of capturing heavy aerosols. SF1 and SF2 collect most of the anhydrosugars and phenolic 

compounds produced in the pyrolyzer. The light ends condenser operated at 0°C while the ESP 

designated as SF4 operated at 15 kV and -15°C to collect light ends of bio-oil, which includes 

water, furans, organic acids, and other low molecular-weight oxygenated compounds [19]. NCG 

passed through a wet test meter to determine total gas flow while a sample was extracted to a gas 

chromatograph (GC) (Agilent Varian CP-4900 Micro-GC model) to determine NCG composition. 

The MicroGC measured the yield of CO2, CO, and several light alkanes and alkenes. 

 The pyrolysis reactor was modified to allow injection of red oak at the base or the top of 

the fluidized bed, as shown in Fig. 3. Temperature and pressure gradients across the bed were 

closely monitored to assure adequate fluidization and isothermal operation of the bed, especially 

when biomass was injected above the bed. In test with above bed biomas injection gas flow rate 

was a variable. To avoid excessive elutriation of bed material, the average particle size of sand 

was increased as fluidization velocity was increased, as detailed in Table 1. The ratio of 

fluidization velocity (U) to the minimum fluidization velocity (Umf) was calculated based on the 

volumetric flow rate within the reactor and average sand sizes. This velocity ratio (U/Umf), ranging 

from 2.68 to 8.02,  served as a measure of the extent of fluidization in the reactor. A plug flow 

reactor (PFR) model was used to calculate gas residence time as a function of gas flow velocity. 

 

 

Fig. 3. Cross sectional view of the fluidized bed reactor showing location of biomass injection 
for in-bed feeding (left) versus above bed feeding (right). 
 

 

 



 

 

Table 1  

Test conditions for evaluating the efficacy of above-bed feeding of biomass into the fluidized 
bed pyrolyzer. Control test at 20 SLPM was in-bed feeding while all other tests were above-bed 
feeding. Particle size of bed media (sand) was increased with increasing gas flow rate to mitigate 
its elutriation from the bed. All tests were performed at a set point temperature of 500°C and 
with an equivalence ratio of 12%. 
 

Gas flow rate 

(SLPM) 

Sand 

Mesh Size 

Avg. 

Particle Size 

(µM) 

Umf  

(cm/s) 

U  

(cm/s) 

U/Umf Residence 

time (s) 

Control (20) 16/30 741 22.67 78.23 3.45 0.438 

6 30/50 417 5.85 23.47 4.01 0.595 

12 30/50 417 5.85 46.94 8.02 0.298 

14 20/40 565 20.47 54.76 2.68 0.255 

15 20/40 565 20.47 58.68 2.87 0.238 

16 20/40 565 20.47 62.59 3.06 0.223 

18 16/30 741 22.67 70.41 3.11 0.198 

20 16/30 741 22.67 78.23 3.45 0.179 

 

2.5. Sugar quantification 

 Sugar quantification was determined by acid hydrolysis of the heavy ends of bio-oil 

following the method established by Johnston et al. [20] Sixty milligrams of bio-oil was mixed 

with 6 mL of 400 mM sulfuric acid, sealed in a glass vial, and heated to 125°C for 44 minutes 

[21]. The sample was then cooled to room temperature and filtered through a 0.45 µm Whatman 

filter into a 2 mL glass vial using a syringe. The samples are analyzed using a Dionex Ultimate 

3000 series High Performance Liquid Chromatography (HPLC) with a water mobile phase and 

Shodex refractive index detector to measure the levels of glucose and xylose present [13]. 

 

 

 

 



3. Results and discussion 

3.1. Effect of biochar on micropyrolysis of cellulose  

 

The effect of biochar mixed and layered with cellulose in sample cups on levoglucosan 

yield for micropyrolysis experiments is shown in Fig. 4.  

 

Fig. 4. Micropyrolyzer showed that untreated biochar reduced yields of levoglucosan while 
pretreated biochar did not substantially degrade levoglucosan yields at 500°C. All tests are 
performed with helium as carrier gas. 
 

 Levoglucosan yield from pure cellulose was 60.3 wt.%, comparable to yields reported by 

previous researchers.  The presence of biochar generated from untreated corn stover significantly 

reduced levoglucosan yields, regardless of how biochar was incorporated into the sample cup. 

Char layered over the cellulose sample reduce levoglucosan yield to 44.5 wt.%; the mixture of 

cellulose and char reduced levoglucosan yield to 38.4 wt.%; the combination of layering and 

mixing char in the sample cup dropped levoglucosan yield to only 25.2 wt.% - over a 50% 

reduction in levoglucosan.  

On the other hand, the use of biochar generated from corn stover pretreated with ferrous 

sulfate produced only minor losses in levoglucosan upon pyrolysis of the samples: about 8% loss 



for both the layered and mixed samples and 11.3% loss for the combination of layered and mixed 

biochar. The difference between biochar from untreated and ferrous sulfate pretreated biomass 

does not arise from the presence of iron in the later but from the conversion of alkali and alkaline 

earth cations to thermally stable sulfate salts by the reaction with ferrous sulfate, as described by 

Rollag et al. [11]   

 Ronsse et al. [13] reported a similar result using a Pyroprobe microreactor to pyrolyze 

cellulose in combination with a small, fixed bed to hold biochar. Instead of passivating AAEM in 

biomass with ferrous sulfate, they removed it through acid washing of the biochar. For 

temperatures above 300°C, the presence of acid washed biochar increased levoglucosan yield by 

64% compared to unwashed biochar [12]. The difference was attributed to the removal of AAEM, 

which catalyzed secondary decomposition reactions.   

 

3.2. Effect of biochar on sugar yields during continuous pyrolysis of cellulose in a fluidized 

bed reactor 

 

In order to understand the impact of biochar on levoglucosan yields during continuous 

pyrolysis, both pure cellulose and a mixture of 85 wt.% cellulose and 15 wt.% biochar (biochar 

from untreated corn stover pyrolysis) were injected into a fluidized bed pyrolyzer operated at 

500°C.  The tests were performed under both conventional and autothermal (oxidative) operating 

conditions with cellulose/biochar mixture injected into the bottom of the bed using an auger feeder 

(normal configuration). The yields of various stage fractions of bio-oil for these tests are shown in 

Figure 5.   

 Addition of biochar into the pyrolyzer resulted in 5% and 12% decreases in bio-oil yield 

for nitrogen-blown and autothermal operation, respectively. In the absence of biochar, heavy ends 

(combination of SF1 and SF2) accounted for 83.3% and 64.2% of the oil yield for conventional 

and autothermal operation, respectively. In the presence of biochar, heavy ends comprised only 

56.1% and 44.4% of the oil yield, respectively. The shift from heavy ends to light ends (SF3 and 

SF4) is attributed to enhanced secondary cracking of vapors, producing more low molecular 

weight compounds.  

As shown in Fig. 6, sugar yield decreased of 65% during conventional pyrolysis. The lower 

yield of levoglucosan from autothermal pyrolysis of cellulose without the addition of biochar (41.5 

wt.%) reflects the loss of levoglucosan through oxidation. In pyrolysis of lignocellulosic biomass, 



other pyrolysis products especially biochar are oxidized to provide the energy to support 

autothermal pyrolysis [12]. Thus, it was surprising that addition of biochar during the autothermal 

pyrolysis trial caused levoglucosan yield to drop further. Clearly, biochar is a powerful catalyst for 

the decomposition of levoglucosan.  

 

 
Fig. 5. Yield of heavy ends (SF1 and 2) and light ends (SF3 and 4) from pyrolysis of cellulose in 
a continuous fluidized bed reactor under conventional (N2) and autothermal (AT) conditions 
(12% equivalence ratio). The tests with biochar consist of 85 wt.% cellulose 15 wt.% untreated 
corn stover biochar while the without biochar tests are pure cellulose. All tests were done at a 
reactor temperature setpoint of 500°C. 
 

Cellulose pyrolysis generally produces little biochar (1-2 wt.%) [22]. The lack of biochar 

in autothermal trials with pure cellulose created difficulties in maintaining stable operating 

temperatures as well as contributing to loss of sugars. In trials with biochar added to the reactor, 

the loading of biochar in the bed can decrease over the course of an experiment due to oxidation 

or attrition/elutriation, the latter of which is a function of the superficial gas velocity in the bed 

[23].  

For nitrogen-blown pyrolysis, there was an 8.7% loss of the original loading of 15 wt% 

biochar into the reactor, while for autothermal pyrolysis there was a 24.7% decrease in the original 

loading. The loss of biochar for nitrogen-blown pyrolysis was the result of elutriation while the 



large loss of biochar for the air-blown case demonstrates significant oxidation occurred. Oxidation 

of biochar is an exothermic process, providing thermal energy for maintaining autothermal 

operation. This explains why the tests with added biochar maintained steady temperatures while 

tests without biochar struggled to hold temperature. 

 

Fig. 6. Result of adding untreated corn stover biochar to pure cellulose in a fluidized bed reactor 
for autothermal and conventional pyrolysis. Autothermal runs maintained an equivalence ratio of 
12% and a temperature setpoint of 500°C throughout testing but temperatures were unable to stay 
steady without biochar addition to the reactor. 
 

3.3. Effect of biomass feed location  

 

Having established the deleterious effects of biochar accumulation in the fluidized bed, we 

explored ways to segregate volatiles and biochar in the fluidized bed pyrolyzer. We hypothesize 

that injecting biomass below the bed results in volatiles passing through the biochar layer that 

accumulates at the surface of the bed. Based on results described in the previous experiments, 

significant cracking of vapors is expected. Considering that devolatilization is substantially 

completed in a matter of seconds, [24] we explored the possibility of moving the biomass injection 

location from the bottom of the bed to above the bed. In this way, at least some of the volatiles 

would escape without passing through the biochar layer on the bed surface. However, pyrolysis 

takes minutes to completely devolatilize, suggesting that volatiles slow to release still will have to 

pass through the biochar layer [17] . 



Fluidization velocities in the range of 6-20 SLPM were tested for pyrolysis of red oak 

biomass to find the optimal fluidization conditions. Operation at 6 SLPM was unsuitable as the 

bed was insufficiently fluidized to achieve good mixing creating cold and hot zones at the top and 

bottom of the bed, respectively. At the other extreme, 20 SLPM entrained both biomass and 

biochar from the bed, causing the bed temperature to quickly drop since not enough biochar burned 

within the bed to heat it. While testing 18 SLPM, it was found that temperature stabilized at 460°C, 

which is well below the desired set-point temperature of 500°C.  

 Ideally, the optimal operating condition would achieve a combination of short vapor 

residence time and long solids residence time in the reactor, thus promoting complete 

devolatilization of biomass and significant oxidation of biochar. Stable temperatures were 

achieved for gas flows of 12-16 SLPM. These tests were performed in duplicate to check for 

repeatability. Figure 7 illustrates the effect of volumetric gas flow on yields of heavy and light 

ends of bio-oil.  

 

Fig. 7. Comparison of heavy ends and light ends oil yields for in-bed injection at fluidization 
velocity of 20 SLPM and above-bed injection of untreated red oak at different fluidization 
velocities under autothermal conditions of 12% equivalence ratio and reactor temperature of 
500°C.  The dashed lines represent the results for in-bed injection.  Error bars are not shown for 
light ends data points for above-bed injection tests as they were less than 0.5 wt.%. 



All the stable fluidization points resulted in fewer light ends and more heavy ends of bio-

oil, a highly desirable outcome. The greatest improvement in this respect occurred at 12 SLPM 

with a 31% increase in heavy ends and 8% decrease in light ends compared to the in-bed injection 

(control) test.  

Interestingly, overall oil increased a modest 8% in moving biomass injection to a location 

above the bed. The in-bed test gave 65 wt.% bio-oil yield while for over-bed injection the best 

overall bio-oil yields were 70 wt.% for gas flow rates of 12, 15 and 16 SLPM. This suggests that 

the main effect of moving the injection point above the bed was reducing cracking of heavy ends 

to light ends rather than generating more non-condensable gases or biochar.  

As shown in Fig. 8, sugar yield for in-bed injection at 20 SLPM (control) was 4.2 wt.%. 

The highest sugar yield obtained with overbed injection of biomass was 4.8 wt.% at 12 SLPM (a 

similar yield was obtained at 16 SLPM but with much larger standard deviation). Although this 

0.6 wt.% increase in heavy ends represents a 14% increase in sugar yield compared to the control, 

it only represents 19% of the gain in heavy ends at this flow rate (see Fig. 7). This suggests that 

moving the feed location to above the bed also increases the yield of phenolic oil, the other major 

component of the heavy ends. As shown in Figure 9, phenolic oil yields in fact increased for most 

cases of above bed injection of biomass, increasing 19% for the 12 SLPM case compared to the 

control case. This indicates that overbed feeding was just as important in preserving phenolic 

compounds formed from lignin as sugars from carbohydrate. 

Feeding biomass from the top of the reactor by reducing vapor residence times clearly 

reduces the extent of gas-phase reactions that crack the primary products of pyrolysis. However, 

this is only a partial explanation, as the following calculation illustrates. Cracking of levoglucosan, 

for example, can be described by first-order kinetics, which predicts the decay in levoglucosan 

mass M as a function of residence time t according to the following expression: 

 

���� = ���	
�          (1) 

 

where Mo is the mass of levoglucosan from primary pyrolysis and k is the decomposition rate 

constant. The relative difference in mass of levoglucosan between in-bed feeding with residence 

time tib and above bed feeding with residence time tab can be expressed as: 



 

Fig. 8. Hydrolyzed sugar yield comparison of untreated red oak under autothermal conditions 
(12% equivalence ratio) to the different fluidization velocities used during the above bed feeding 
tests. Temperature was maintained at 500°C. The yellow point ( ) (18 SLPM) shows a test that 
had temperatures drop below ideal running conditions, but still able to continue. Green points ( ) 
(12-16 SLPM) show tests that are stable and do not have issues with temperature or fluidization. 
The blue control point ( ) (20 SLPM) is a test that was performed under the original in-bed 
configuration. Non-stable points (6 and 20 SLPM) were not included due to lack of repeatability.  
 

 

Fig. 9. Bio-oil heavy ends water-soluble fraction and phenolic oil composition produced from 
untreated red oak testing of over bed feeding at 500°C and an equivalence ratio of 12%. 
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Fukutome et al. [24] measured the first-order rate constant for gas-phase decomposition of 

levoglucosan at 500°C to be 0.21 s-1. From Table 1, gas residence times for in-bed feeding and 

above bed feeding (at 12 SLPM) are tib = 0.438 s and tab = 0.298 s, respectively. From Eq. 1 the 

expected increase in levoglucosan for above bed feeding is only 3%. The fact that the measured 

increase was 14% suggests that catalytic cracking of levoglucosan over char particles is 

responsible for most of the difference in net levoglucosan yield between in-bed and above bed 

feeding of biomass into the pyrolyzer. 

In all but one case, above bed feeding reduced biochar yields compared to in-bed feeding 

(Figure 10). The exception occurred at the highest bed fluidization rate (18 SLPM), which 

increased biochar yield by 16%. Likely, this aberration was the result of incomplete 

devolatilization of biochar before it was elutriated from the reactor at this high flow rate. At 

lower bed fluidization rates biochar yield decreases 22-24% compared to the control case. Since 

biochar is derived primarily from lignin, we might expect mass loss of biochar to correspond to 

mass gain for phenolic oil. For gas flow between 12 and 16 SLPM, the average reduction in 

biochar mass was 3.0 wt.% while the average gain in phenolic oil was 2.9 wt.%, suggesting that 

above bed feeding promoted devolatilization vs dehydration of lignin. 

 

Fig. 10. Overall biochar yield from the high injection untreated red oak testing at 500°C with 12% 
equivalence ratio. 
 



4. Conclusions 

 

Biochar plays a significant role in degrading the pyrolytic vapors released during fast 

pyrolysis. Micropyrolysis experiments showed that biochar negatively impacted levoglucosan 

yields. Our results indicate that alkali and alkaline earth metals in the biochar catalyzes 

secondary reactions of levoglucosan decomposition. To reduce the gas-solid reactions of 

pyrolysis vapors with the layer of biochar known to reside at the surface of the fluidized bed 

pyrolyzer, the biomass feed location was moved from below to above the bed. Under appropriate 

fluidization conditions, biochar was still retained in the reactor long enough to be partially 

oxidized and support autothermal pyrolysis while significant devolatilization of biomass 

occurred above the surface of the bed, reducing secondary reactions that degraded pyrolytic 

vapors. This allowed for the sugar yield in the bio-oil to increase while maintaining optimal 

temperature running conditions in the modified reactor. Our experiments suggest that gas solid 

reactions of pyrolysis vapors and biochar in the fluidized bed are more important to the 

degradation of sugar yields than gas-phase secondary reactions in the bed and the free board of 

the reactor. We also found evidence that above bed feeding increased phenolic oil yield at the 

expense of biochar yield by favoring devolatilization vs dehydration of lignin. These results 

encourage further research on the catalytic action of biochar on pyrolysis vapors and 

development of strategies to mitigate its negative impact on bio-oil yields.  
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