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Abstract
Utilization o f  biomass as a co-feed in coal and biomass co-firing and co-gasification requires size 
reduction o f  the biomass. Reducing biomass to below 0.2 mm without pretreatment is difficult and costly 
because biomass is fibrous and compressible. Torrefaction is a promising thermal pretreatment process 
and has the advantages o f  increasing energy density, improving grindability, producing fuels with more 
homogenous compositions and hydrophobic behavior. Temperature is the most important factor for the 
torrefaction process. Biomass grindability is related to cell wall structure, thickness and composition. 
Thermal treatment such as torrefaction can cause chemical changes that significantly affect the strength o f  
biomass. The objectives o f  this study are to understand the mechanism by which torrefaction improves the 
grindability o f  biomass and discuss suitable temperatures for thermal pretreatment for co-gasification/co- 
firing o f  biomass and coal. Wild cherry wood was selected as the model for this study. Samples were 
prepared by sawing a single tangential section from the heartwood and cutting it into eleven pieces. The 
samples were consecutively heated at 220, 260, 300, 350, 450 and 550°C for 0.5 hr under flowing 
nitrogen in a tube furnace. Untreated and treated samples were characterized for physical properties 
(color, dimensions and weight), microstructural changes by SEM, and cell wall composition changes and 
thermal behaviors by TGA and DSC. The morphology o f  the wood remained intact through the treatment 
range but the cell walls were thinner. Thermal treatments were observed to decompose the cell wall 
components. Hemicellulose decomposed over the range o f  ~200 to 300°C and resulted in weakening o f  
the cell walls and subsequently improved grindability. Furthermore, wood samples treated above 300°C 
lost more than 39% in mass. Therefore, thermal pretreatment above the hemicelluloses decomposition 
temperature but below 300°C is probably sufficient to improve grindability and retain energy value.



Introduction
The U.S. has abundant coal and biomass resources. Biom ass is a renewable and carbon-neutral energy 
source. Biomass/coal co-firing at existing power and co-gasification plants are innovative technologies 
for reducing CO2 emissions. Adding biomass to coal-based energy production processes could enable 
biomass to be utilized on a larger scale. However, utilization o f  biomass as a co-feed requires size 
reduction o f  the biomass. Reducing biomass to below 0.2 mm without pretreatment is difficult and costly 
because biomasses are fibrous and compressible [1] .Torrefaction is a promising thermal pretreatment 
process and has the advantages o f  increasing energy density, improving grindability, producing fuels with 
more homogenous compositions and hydrophobic behavior [2]. In torrefaction, biomass is treated at 200  
to 300°C in the absence o f  oxygen near atmospheric pressure. During the process, biomass is partly 
decomposed generating various types o f  volatile compounds. The remaining solid is known as “torrefied 
biomass”. After torrefaction, biomass becomes brittle and friable so its grindability is improved [3, 4]. 
For wood treated at 240°C for 0.5hr and ground, the percentage o f  particles less than 415 pm and 150 pm 
were double that o f  untreated wood [5]. Temperature is the most important factor for the torrefaction 
process. Biomass grindability is related to cell wall structure, thickness and composition [6, 7]. Wood 
and wood residues are one o f  the major sources o f  biomass along with agricultural residues, energy crops, 
municipal solid wastes (M SW ), and industrial wastes and co-products [8]. Wood is basically a series o f  
tubular fibers or cells cemented together [6, 7]. Each cell w ell is composed o f  various quantities o f  three 
polymem: cellulose, hemicelluloses, and lignin. Cellulose is primarily responsible for the strength o f  
wood. H em icellulose acts as a matrix for the cellulose and increases the packing density o f  the cell walls. 
Lignin holds wood fibers together. Thermal treatment such as torrefaction can cause chemical changes 
that significantly affect the strength o f  biomass. The objectives o f  this study are to understand the 
mechanism by which torrefaction improves the grindability o f  biomass and discuss suitable temperatures 
for thermal pretreatment for co-gasification/co-firing o f  biomass and coal.

M aterials and Experiments
Cherry wood (American black), obtained locally in Pittsburgh, PA, was selected as a model for this study. 
The wood samples used in this study were prepared by the follow ing method. First, a 16 mm thick slice 
o f  wood was cut across the grain (longitudinal cell); second, a 7 mm tangential section was cut from the 
heartwood in the slice; and, finally, eleven pieces having dimensions o f  about 16 mm x 7 mm x 5 mm 
(length, width, thickness) were obtained from the section. The purpose o f  taking the samples from a 
single tangential section in the heartwood was to limit the natural variability o f  the wood and improve the 
reproducibility o f  results.

In the sample treatment, the samples were consecutively treated at 220, 260, 300, 350, 450 and 550°C for 
0.5 hr for each temperature under flowing nitrogen in a tube furnace. After each treatment, the samples 
were characterized. Untreated samples were used as a reference. Two samples were used to follow  
microstructural changes throughout the treatment by scanning electron microscope (SEM). Two samples 
were used to characterize physical property changes (colors, dimensions and weights). These four 
samples were taken through all the temperature treatments. The remaining seven samples were analyzed 
by thermogravimetric analyzer (TGA) (Perkin Elmer model Pyris 1 TGA) and by differential scanning 
calorimetry (DSC) (Perkin Elmer model Pyris Diamond DSC) to investigate cel! wall composition  
changes and thermal behaviors. One sample was removed after each temperature treatment in the 
sequence; therefore, each sample at a given temperature was cumulatively exposed to all the thermal 
treatments at lower temperatures. For the SEM analyses, three plane sections (tangential, radial, and 
transverse) for each sample, and twelve spots for each section were examined using six magnifications for 
each spot resulting in a total o f  216 images. In the TGA test, a non-isothermal method was used at a 
2°C/min heating rate from 25 to 800°C under nitrogen. Model compounds representing typical cell wall 
compositions were analyzed by TGA to aid in indentifying cell wall component changes in the treated 
wood samples. Cellulose (fibrous, long), xylan (used as a model o f  hemicelluloses) from birchwood and



beeclnvood, and lignin (alkali) were selected as the model components. For DSC, the samples were 
tested at a 2°C/min heating rate from 25 to 600°C under nitrogen.

Results and Discussion
Physical properties o f  untreated and treated w oods. Table 1 shows the physical properties o f  untreated 
versus treated wood at 220, 260, 300, 350, 450 and 550°C. Thermal treatments were found to darken the 
wood samples, as expected. The samples were essentially black after the 260°C treatment. The 
dimensions o f  the wood were reduced in all directions and shrinkage increased as treatment temperature 
increased. The shrinkage along radial direction was more than in the axial direction. Losses o f  weight 
and volume increased as treatment temperature increased. At 350°C, the weight loss (62.07%) and 
volume loss (37.39 %) were much higher than the weight loss (39.21 %)  and volume loss (15.11%) at 
300°C. The densities o f  the wood samples decreased with increasing temperature over the temperature 
range o f  220 to 300°C but changed little over the range o f  350 to 550°C.

Table /. Physical property changes o f  untreated and treated woods at each treatment temperature

T r e a te d  te m p  (°C ) 25 2 2 0 2 6 0 3 0 0 3 5 0 4 5 0 55 0
C o lo r I H B H i B H l i
W e ig h t lo s s  (% ) 0 15.84 27.57 39.21 62.07 69.70 73.22
L o n g  sh r in k a g e  (% ) 0 0.09 0.06 0.41 6.48 12.51 15.34
W ide sh r in k a g e  (% ) 0 3.85 6.64 10.72 22.54 26.95 29.53
H ig h  sh r in k a g e  (% ) 0 1.06 2.31 4.52 13.57 19.44 22.24
V o lu m e lo s s  (% ) 0 4.96 8.85 15.11 37.39 48.52 53.60

D e n s ity  (g /cm 3) 0.54 0.48 0.43 0.39 0.33 0.32 0.31
D e n s ity  ch a n g e  (% ) 0 -11 .44 -20.54 -28 .39 -39.43 -41 .16 -42.29

M orphological study o f  untreated and treated w oods by SEM . Figure 1 shows the SEM images 
(horizontal field width =  1.28 mm; vertical as images are presented) o f  tangential section views o f  
untreated and treated woods at 260 and 550°C. The overall morphological features o f  the wood remain 
intact during wood shrinkage in both the radial and axial directions; however, there was more shrinkage

a. Untreated b. 260°C c. 550°C
Figure 1. SEM images (horizontal fie ld  width = 1.28 mm; vertical as images are presented) o f  tangential section

views o f  untreated and treated cherry wood samples.



a. Untreated b. 550°C
Figure 2. SEM images (horizontal field width = 320 /on) o f  transverse section views o f  untreated and treated cherry

wood samples.

along the radial direction than the axial one. Figure 2 shows the SEM images (horizontal Field width =  
320 |Jm) o f  transverse sections o f  untreated and treated woods at 550°C. The cell walls were thinner after 
thermal treatments.

Cell w all com ponent decom position study o f  untreated and treated woods by TG A and DSC. Figure 
3 shows the differential thermogravimetry (DTG) curves vs. temperature for long and medium cellulose  
Fibers, xylans from beech and birch wood (representing hem icelluloses) and lignin (alkali). The DTG 
curves show a distinct primary peak for each model component. Xylan from birchwood and xylan from 
beechwood mainly decomposed over the range o f  about 200 to 300°C with peak maximums o f  269°C and 
274°C, respectively. The long and medium cellulose Fibers mainly decomposed over the range o f  about
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Figure 3. Differential thermogravimetry (DTG) curves vs temperature fo r  the pure model components 

(xylan/hemicelluloses, cellulose, and lignin) o f  biomass cell wall components.



300 to 360°C with peak maximums o f  330°C and 328°C, respectively. Lignin slowly decomposed over 
the range o f  about 200 to 500°C with a peak maximum o f  353°C. The peak maximums o f  celluloses 
measured by both TGA and DSC were comparable (data not shown). The peak maximums observed for 
the xylans and lignin by TGA were slightly lower than those measured by DSC but still fell in a similar 
decomposition temperature ranges. All decompositions o f  celluloses, xylans, and lignin were 
endothermic in temperature range up to 600°C. The order o f  energy required from high to low were 
cellulose, xylan and lignin.

Figure 4 show DTG curves vs. temperature for the untreated and treated w oods at 220, 260, 300, 350, 450 
and 550°C. The DTG curve o f  the untreated wood showed a shoulder and a primary peak. Compared to 
the DTG curve o f  the model biomass cell wall components, the shoulder is likely due to the 
decomposition o f  hemicelluloses present in the wood. The primary peak is likely due to the 
decomposition o f  cellulose. The DTG curve o f  the 220°C treated wood was similar to the untreated wood  
but the weight loss rates were lower than those observed for the untreated sample over the 200 to 280°C 
range. This suggests that som e hem icelluloses in the wood were decomposed during the thermal 
treatment at 220°C. The treated woods at 260, 300, 350, 450 and 550°C had only one peak in their DTG 
curves. This indicates that the hem icelluloses in the samples were decomposed essentially completely 
during these thermal treatments. The DTG decomposition peaks o f  the 350, 450 and 550°C treated woods 
were in the lignin composition range. This suggests that the cellulose in the samples was essentially all 
decomposed at those thermal treatment temperatures. These results compared well with the DSC results 
(not shown). During DSC tests, the amount o f  energy absorbed (heat o f  decomposition) for treated 
samples at 350, 450 and 550°C was much less than observed for the lower temperature treated woods at 
220, 260 and 300°C since cellulose has the highest heat o f  decomposition o f  all the cell wall components 
o f  biomass. The DTG and DSC results show that thermal treatments decompose the cell wall components. 
Lignin and hemicellulose are the structural matrix for cellulose, therefore, as they are decomposed by the 
thermal treatment, the cell walls weaken and grindability subsequently improves. Cellulose itself 
decomposes in the range o f  300 to 360°C. Therefore, thermal pretreatment at a high enough temperature 
to decompose the hem icellulose but below 300°C is probably sufficient to improve grindability. 
Furthermore, wood treated at 300°C and higher lost more than 39% o f  its mass which results in a 
reduction o f  energy value (Table 1).
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Figure 4. Differential thermogravimetry (DTG) curves vs temperature for untreated wood and woods treated at

220, 260, 300, 350, 450 and 550(‘C fo r  0.5 hr.



Conclusions
Samples o f  a model hardwood (cherry) were consecutively treated at 220, 260, 300, 350, 450 and 550°C 
for 0.5 hr at each temperature under nitrogen. The thermal treatments changed the physical properties, 
chemical compositions and microstructures o f  the wood. The wood samples darkened increasingly at 
each temperature and were essentially black after 260°C. The dimensions o f  the wood were reduced in all 
directions and shrinkage increased with increased treatment temperature. The shrinkage along the radial 
direction was more than along the axial direction. Losses o f  weight and volume increased with increased 
treatment temperature. The morphologies o f  the wood samples remained essentially intact over the 
treatment temperature range but the cell walls were observed to be thinner. Thermal treatments 
decompose the cell wall components o f  hem icelluloses (~200 to 300°C), cellulose (-3 0 0  to 360°C) and 
lignin (200 to 500°C). In the 260 and 300°C treated woods, hem icellulose was mostly decomposed but 
cellulose and lignin remained. Lignin and hem icelulose are the structural matrix for cellulose, therefore, 
as they are decomposed by the thermal treatment, the cell walls weaken and grindability subsequently 
improves. The wood samples treated at 350, 450 and 550°C had more than a 39% mass loss. This results 
in a large reduction o f  energy value since both hemicelluloses and cellulose were decomposed. 
Therefore, thermal pretreatment at a high enough temperature to decompose the hemicellulose but below  
300°C is probably sufficient to improve grindability.
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