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Digestibility of Aspen Poplar

Steamed under Various Conditions
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DIGESTIBILITY OF EXPLODED WOOD

INTRODUCTION

In order to determine how various treatments of wood 

affect the possible utilization of the material for animal 

feed a simple inexpensive method of assay is required. In 

v i t Ao digestilities in which rumen fluid from a fistulated 

cow is used as an inoculum in a test tube is considered to be 

the best method for this determination. After the incubation 

period with rumen fluid the digestibility of the material 

studied may be assessed in different ways. Dry matter 

digest i b l i t y  (DMD) is merely the amount of material made 

soluble by the rumen micro-organisms. In v ltA o  cellulose 

d i g e s t i b i l i t y  (IVCD) is obtained by d e t e rmination of 

cellulose in the samples before and after the rumen fluid 

digestion. Another measure of digestibility is determined 

by the amount of volatile fatty acids (VEA) produced by the 

m i c r o - o r g a n i sm s  as they m e t a b o l i z e  the sugars produced or 

present in the sample. T h e o retically this would be the 

most accurate measure of d i g e s t i b i l i t y  but it was found to 

be rather tedious for routine analysis and did present some 

problems in practice. For this reason it was used as a 

s u p p l e m e n t a r y  method along with dry matter digestibilities 

for d e t ermination of digest i b i l i t y  of the various exploded 

wood samples. The IVCD m ethod is not reported in this work. 

Since it measured only the amount of cellulose solubilized 

by the rumen fluid, it did not take into account the amount



of h e m i c elluloses and sugars in the e x p l o d e d  wood which 

should also be considered as digestible.

Development of DMD Analyses for Wood

The method described by Pritchard and Macintosh (1) for 

determining Zn vZtAo dry matter d i g e s t i b i l i t ie s  of forage 

required some modifi c a t i o n s  when used with s t e a m - t r e a t e d  

exploded wood.

(1) Drying - The samples were either air-dried or 

dried at temperatures no higher than 40°C. There 

were indications from p r e l i m i n a r y  work that drying 

at 105°C would lower digestibilities.

(2) Grinding - It was found necessary to grind all 

samples in a Wiley Mill to pass a 40 mesh screen. 

Larger particles required a longer time to be 

digested.

(3) Inoculum Size and Inoculation Period - The 

method specified used 24 ml of buffer and 5 ml of 

inoculum (rumen fluid) for 48 hours. With the 

wood samples it was found n e c e ssary to use 12 ml 

of inoculum and 24 ml of buffer for 0.23 gm of 

sample. Although slightly higher values were 

obtained when the digestion p e r i o d  was i n c r e a s e d  

to 72 hours the extra time was c o n s i d e r e d  to be 

inconvenient and compa r a t i v e  values could be obtained 

in 48 hours. M e l l e n b e r g e r  etal (2) showed that there
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was a lag of 10-16 hours before their wood samples 

started to digest and they required 96 hours for 

complete digestion. However, in our work the 

digestibility of the s t e am-treated wood levelled off 

at about 72 hours.

(4) Addition of Nitrogen - Suggestions that additional

nitrogen might be required when treating wood samples 

with rumen fluid were investigated - but the 

addition of urea had no effect.

(3) O ther Possible Improvements - Mellenberger etal (2)

reported that, in their work, digestibilities reached 

their maximum more rapidly if the samples were 

prewetted and if the tubes in which the incubation 

took place were sealed and placed in the bath 

horizontally. These techniques did not produce any 

improvement in our work.

S t a n d a r d i z a t i o n  of Inoculum

The problem of obtaining a consistent inoculum did present 

some difficulty. The amount of solid material in the collected 

rumen fluid varied considerably. Although filtered through 

several layers of cheese cloth as recommended (1 ,2 ) the amount 

of insol u b l e s  in the filtrate still varied from time to time. 

Blanks contai n i n g  no substrate (exploded wood) were used to 

correct for this insoluble material. The activity of the 

inoculum also varied occasionally, giving inconsistent results. 

In an attempt to obtain a consistent inoculum some rumen



fluid was passed through a sintered glass filter to remove all 

the i n s o luble solids. The d i g e s t i b i l i t ie s  obtained with 

this clear inoculum were quite low after 48 hours indicating 

that a consid e r a b l e  amount of the o r g a n i s m s  adhered to the 

solid p a r t icles in the rumen fluid. Thus it was still 

considered best to use the standard t e c h n i q u e  of filtering 

through cheese cloth and using blanks to c o r r e c t  for 

insoluble solids. With the same person u s i n g  the same 

technique for filtering every time the r e s u l t s  have become 

more consistent. A standard forage of known digestibility 

was used in each run to check the activity of each collected 

inoculum.

D e t e r m i n a t i o n  of Indigestibles after I n c u b a t i o n

After the 48 hour incubation p eriod at 39°C the amount of 

material left was subtracted from the amount of wood 

originally used as substrate and the d i f f e r e n c e  was considered 

to be d i g e s t i b l e s  and calculated as a p e r c e n t  of the original 

substrate. The suggested method was to add 0.5 gm of filter 

aid (Hyflo Supercel) to the contents of the incubation tube 

and filter the contents through weighed glass fiber filter 

paper. The filtrate in all cases was turbid and it was feared 

that small particles of wood had passed t h r o u g h  the filter.

When some digested samples were c e n t r i f u g e d  at 15,000 rpm 

the supern a t a n t  was clear but the rumen m i c r o o r g a n i s m s  packed 

with the residual wood so that it a p p eared that the amount of
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wood which became soluble was low (by the w eight of the 

microorganisms). At lower speeds (2,000 rpm) some of the 

wood particle's did not pack down and were d e c anted with the 

s u pernatant liquor. After these attempts to improve the technique 

it was still considered best to use the filtering method. 

Inspection of the filtrate by microscopic e x a m i n a t i o n  showed 

very few wood particles and the weight of these was considered 

to be insignificant. The turbidity was due to the m icroorganisms 

not, as originally feared, to fine wood particles.

Volatile Fatty Acid Deter m i n a t i o ns

As the rumen micro o r g a n i s ms  metabolize sugars they produce 

acetic, propionic, isobutyric, butyric, isoval e r i c  and valeric 

acids. These acids were determined q u a n t i t a t i v e l y  by gas 

chromatography. The acidified filtrates from the DMD d e t e r m i n a t 

ions were injected onto a 1/4" column of 15 p e r cent SP 1220 

with 1 percent H-jPO^ on 100/120 Chromosorb IT A Vi in a FM 700 gas 

chroma t o g r a p h  equipped with a flame i o n i z a t i o n  detector. A h elium 

flow rate of 40 ml/minute and an oven t e m p e r a t u r e  of 125°C were 

used. The method is described in more detail by Ottenstein and 

Bartley (3). The total amount of acids p r o d u c e d  was determined 

by s u b s t r a c t i n g  the amount found in a sample of rumen fluid 

without any wood substrate. From the total number of micromoles 

of acid produced the amount of glucose e q uivalents could be 

calculated. In the a c c o m p a n y i n g  tables in this report these 

glucose equivalents will be reported as m i c r o m o l e s  produced 

by 250 mg of the substrate (exploded wood). The glucose
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equivalents in the dry matter digested can also be calculated 

and the percent accounted for from the VFA is calculated.

This value should be close to 100 percent if all the water 

solubles are digestible and produce volatile fatty acids. 

However this was found not to be the case. It was also found 

that even glucose itself did not produce the theoretical 

amount of fatty acids - values of 70-80 percent were obtained.

A further error is introduced when one assumes that the fatty 

acids are p r o duced only from glucose and everything is 

calculated as glucose equivalents. In actual fact a c o n s i d e r 

able amount of xylose is produced from the hemicelluloses in 

the wood and this xylose is also m e t a b o l i z e d  and produces fatty 

acids. The amount of digestible xylans in each sample of 

exploded wood was not determined so that corrections could 

not be made. However, for the present the VFA values were 

calculated as glucose equivalents and the results were in 

most cases compar a t i v e  and c o mplemented and verified the 

DMD values. A molec u l a r  weight of 171 was used to calculate 

"glucose" e quivalents from the dry matter digested. This 

assumed that appro x i m a t e l y  70 percent of the digestible 

material was glucose and the rest xylose.

Yield of Exploded Wood

In all the work reported here no account has been taken 

of yield of exploded wood. These yields were found to 

decrease as more drastic treatments were used. At 560 psi 

the yields for the 32-second, 80-second and 120-second cooks
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were 96.9 percent 89.8 percent and 83.7 percent respectively. 

The d i g e s t i b i l i t y  values reported in all cases are based on 

exploded wood recovered since no accurate data were avail a b l e  

on the recovery yield of the samples supplied for analyses.

It is quite likely that a mild cook could give a higher 

d i g estibility based on original wood than another cook with 

a higher DMD or IVCD but lower yield of exploded wood. For 

example, based on original wood, a DMD value of 60 percent 

for a cook at 360 psi for 32 seconds would be a p p roximately 

the same as 64.6 percent for the 80-second cook.

N o n - D i g e s t i b le s  in Water Solubles

The most serious problem in the DMD d e t e rmination of 

cooked wood is the presence of n o n - d i g e s t i b le  w a t e r-soluble 

material. This poses no problem with forage which has very 

little w a t e r - s o l u b l es  and any material which is solubilized by 

the rumen m i c r o o r g a n i s m s  is considered to be digestible. 

However, the exploded wood was found to have 20-27?o water- 

solubles which could contain lignin or lignin products, 

furfural products, dehydrated c a r b o h ydrates, sugars and 

sugar polymers. The proportion of d i g e s t i b l e s  in this mixture 

would have to be determined in order to obtain a true DMD.

The percent w a t e r - s o l u b l es  reported in Tables 3-7 were 

obtained using exactly similar condit i o n s  to those used 

for DMD dtermi n a t i o n s  but with no inoculum added. The 

values were practi c a l l y  the same as those obtained by treating 

5 percent suspen s i o n s  of exploded wood in water at 50°C for
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1 hour or 40°C for 30 minutes (Table 1). Thus it was 

considered that chemical analyses done on any of these extracts 

would be appli c a b l e  to the other water solubles. Table 1 

also shows that further water extractions removed more material 

but this would not interfere in the DMD analyses and was not, 

for the present, investigated.

The amount of pentosans in the water solubles decreased 

as more drastic conditions were used in cooking the wood (Table 2) 

On the other hand, the glucosans increased. The latter were 

determined by glucose determination of the enzymatically 

hydrolyzed water-solubles. Both these fractions were c o n s i d e r 

ed to be digestible and the remainder would most likely 

be n o n - d i g e s t i b l e s . Thus the percen t a g e  of possible non- 

digestibles in the w a t e r -solubles i n c r e a s e d  with more drastic 

cooking condit i o n s  but the yield of w a t e r - s o l u b l es  decreased.

Based on the exploded wood the p e r c e n t a g e  of possible non- 

digestibles in the water solubles ranged from 8.6 to 9.6 

percent. Thus, over a broad range of cooks it appeared that 

the DMD values reported were approx i m a t e l y  9 to 10 percent 

too high. More work on the c o m p o s i t i o n  of the w a t e r -solubles 

would be necessary if true DMD values are required, but the 

values given are comparable and large differences in 

d i g e stibility are highly significant. Volatile fatty 

acid deter m i n a t i o ns  indicated that in many samples most of 

the w a t e r - s o l u b l es  were actually digestible.

Samples Used For Analyses

Many of the samples analyzed for d i g estibility and reported
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here were prepared by Iotech Corp. in their 1.1 cu-ft digester 

and provided to us for analyses. Other samples were prepared 

in our small digester which has a capacity of 15.28 cu inches 

(250cc). The products obtained from this digester had 

d i g e s t i bilities c omparable to those of products prepared in the 

larger digester under similar conditions of time and pressure.

Effect of Time at Various Pressures

Table 3 and figures 1-5 show the effect of cooking 

times for aspen at various pressures. At 552-564 psi (the 

pressure used most frequently in this work) the maximum 

digestibility occurred at about 70 seconds but unlike the 

I VCD results the DMD values for the shorter cooks were not 

a great deal lower. As mentioned before, the presence of 

more h e m i c e lluloses and sugars in the milder cook would off-set- 

the lower c e l l ulose digestibility to some extent. If the 

higher yield of exploded wood at 32 seconds is taken into 

account the digestibility, at that time, based on original 

wood was as good if not better than at 70 seconds. After 

70 seconds there was a definite decline in digestibility.

This decline has been attributed to production of toxic 

material which inhibits the activity of the rumen microorganisms. 

However results of further work done here does not indicate 

toxicity. This will be described in more detail later in this 

r e p o r t .
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At higher pressures (650-695 psi) the maximum appeared 

to be between 50 and 60 seconds and the decline in digestibility 

was very rapid after that maximum was reached. After a 

treatment ■ for 100 seconds the DMD had dropped to less than 

30 percent (fig 2 ) .

At 460-480 psi the maximum DMD was obtained at about 

120 seconds. The exact time was not determined since no : 

samples were obtained between 60 and 120 seconds. However 

the peak was obviously not as sharp as at higher pressures 

and there would have been very little changes between those 

two times. At this lower pressure the decline in DMD was 

also much slower as longer times were used. After 240 seconds 

the DMD value only dropped to 60 percent (fig 3).

As even lower pressures were used (fig 4) the maximum 

was attained after a much longer time. However there was no 

sharp maximum and no rapid decline in DMD after the maximum.

At 195-205 psi (fig 5) it took 8 minutes to reach the 

m a x i m u m  and the decline after that was so slow that even 

after 15 minutes the DMD of the resulting product was almost 

as high as that from the 8-minute cook.

In all cases a maximum digestibility was attained for 

each pressure at a certain time. These m a x i m a  were similar at 

the higher pressures but at pressures below 400 psi the 

maximum values were slightly lower. If the times and pressures 

required to obtain maximum digestibility (DMD) were plotted, the 

curve shown in figure 6 was obtained and a similar curve 

(fig 7 ) was obtained when the times required at various
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temperatures were plotted. It was evident that below 470 psi 

or 240°C much longer times were required for small changes 

in pressure or temperature to give a product with maximum 

digestibility.

The VFA values obtained on the samples cooked at 560 

psi are plotted on fig 1. These values were calculated as 

micromoles of glucose equivalents from the fatty acids from 

250 mg. of sample. They clearly follow the same pattern as 

the DMD values.

Effect of Storage

The sample used in these tests was prepared at 560 psi 

for 90 seconds. Storage at 40°C and 65°C appeared to have 

no damaging effect up to 7 days but at 95°C the digestibility 

dropped dramat i c a l l y  between 23 hours and 7 days. After 7 

days the d i g e s t i b i l i t y  was the same or less than that of 

untreated aspen wood (Table 4).

Storage at various pHs did not cause any loss in 

digestibility (Table 5). Actually at pH 5, 6 , 7 and 11 the 

values, strangely enough, were higher than those obtained 

from material stored at the other pHs. The water solubility 

of the samples stored at pH 8 , 10 and 11 were a little higher 

(.2-3% ) than those stored at lower pHs.

Effect of Water and Methanol Extractions

The DMD values obtained for samples treated with cold 

water were lower by the amount of water solubles; the samples
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treated with hot water gave DMD values a little higher than 

those for c o l d - w a t e r - t r e a t e d  samples. It is possible that 

hot water removed some non-digestible material which was 

not soluble in cold water (Table 6 ).

The samples treated with methanol all gave high values, 

especially since the water-solubles were also removed during 

the extraction. Evidently the n o n-digestibles were removed 

leaving a higher c o n c e n t r a t i o n  of digestible material (Table 6 ).

Effect of Drying at 10 5 0 C or Acetone-Water Extraction

A series of cooks at 535-570 psi which were dried at 

105°C and washed with 9:1 acetone-water were analyzed (Table 7). 

The low values obtained were due either to the drying at the 

high temperature (which was noted in early work) or to removal 

of a great deal of digestibles by the solvent. The high 

temperature, we feel, was the main contributor to the low 

v a l u e s .

Effect of Chips Size

Three sizes of chips we re cooked for varying times at 

550 psi. These chips were all 23.4 mm long (average length), 

but average widths were 19.2 mm, 6.4 mm and 3.2 mm r e s p e c t i v e 

ly for the large, medium and small chips and average thicknesses 

were 4.3 mm, 2.8 mm and 1.7 mm respectively. The DMD values 

of the cooked samples are shown in Table 8 and figure 8 . There 

is very little significant difference in the results but the
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small chips did give a slightly higher maximum DMD than the 

large chips but on the other hand the smaller chips were

more quickly overcooked - the DMD dropped more rapidly after 

the m a x i m u m  was reached. VFA values also indicated that a 

s l i ghtly higher digestibility could be attained with the 

small chips. A better p e n e t r a t i o n  of steam and more even 

heat in the small chips could be the e x p l a n a t i o n  for these 

results. In all cases the m a ximum DMD was reached at the 

same time - at approximately 90-95 seconds.

Effect of Moisture Content o f C h i p s

When chips with moisture content of 12.4 percent were 

coooked at 560 psi the maximum DMD was reached in 50 seconds 

which was earlier than the 80 seconds required for samples 

with 28 and 35 percent moisture. The maximum DMD reached 

by the drier chips was slightly lower than that from 

the chips with the 28 and 35 percent MC. The drier chips 

were also more readily overcooked. The DMD in 120 seconds 

dropped to 37.5 percent when chips with 12.4 percent MC were 

used but only dropped to 58.6 percent when chips with 35 

percent MC were used (Table 9, and figure 9).

In Table 10 the effect of cooking chips with 6 percent, 

36 p e rcent and 50 percent m o i s t u r e  at 640-695 psi is shown. 

These samples were not s y s t e m a t i c a l ly  prepa r e d  with varying 

m o i s t u r e  contents as the ones at 560 psi but definite trends 

are clearly shown. The 55-se c o n d  treatment of chips with 

36 and 50 percent MC gave similar DMD values but from the
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dry (6% MC) chips the DMD value was very low (34.3 percent 

as compared to 68.7 and 66.6 percent). Similarly after a 

7 0 - s econd cook the dry (6% MC) chips yielded a product with 

22.9 percent DMD while the wetter chips (36% MC) gave a 

material with 35.9 percent DMD. However, with a short (40 

second) treatment the DMD from a dry sample was quite high 

(62.4%). Thus, as indicated at 560 psi the dry chips reached 

their maximum DMD earlier than the wetter chips but then 

lost DMD very rapidly after their maximum was reached. This 

occurred even more rapidly at the higher pressure. At 640- 

695 psi the m a ximum DMD would probably have been obtained 

after slightly less than 40 seconds rather than the 55 seconds 

for the wetter samples.

A possible explanation for this phenomenon is that the 

chips with higher MC take a longer time to heat up to 

temper a t u r e  and are to some extent protected from the high 

heat by the water within them. The curve for the wettest 

sample is more like that of a sample treated at lower 

temper a t u r e  - it is much flatter. Air-dry samples cooked 

in the small digester for 300 seconds at 545 psi yielded 

material with 43.9 percent DMD but similar samples with 

60 percent water cooked in the same way yielded products with 

66.5 percent DMD - the wet sample was not overcooked in 

300 seconds. The shorter cooks (80 and 35 seconds) gave 

lower values of 63.0 and 62.4 percent.
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Effect of Age of Wood

The core and 4 outer layers of a 10" aspen log (obtained 

by peeling on a veneer lathe) were chipped and subjected to 

cooks for various times at 650 psi in order to determine the 

p o s sible effect of age of wood on the resulting digestibility 

The results, recorded in Table 11 indicate very little effect 

due to age differences. The youngest wood appears to attain 

a slightly higher d i g e s t i b i l i t y  at its maximum but the 

d i f f e r e n c e  is small and not highly significant (Figure 10). 

However, the VFA values also indicate a slightly higher 

m a x i m u m  for the youngest wood. The wood from the core has 

much lower digestibilities than the younger wood when cooked 

for short times (5, 15 and 30 seconds) but does reach its 

m a x imum at the same time as the others. However, its 

m a x i m u m  DMD is a little lower than those from the younger 

wood samples.

Effect of Presteaming of Green, Frozen and Dry Aspen Chips 

When air-dried chips were cooked at 650 psi and 55 

seconds in the Iotech digester the dry-matter d i g estibility 

was low whereas with frozen or green chips the values were 

c o n s i d e r a b l y  higher and in the range expected. As shown 

before (Table 10) 55 sec at 650 psi is already beyond the 

optimum treatment for dry chips whereas for the wetter 

chips these conditions are close to optimum. As mentioned 

previously, the wet chips are not over-cooked as quickly 

due to possible slower build-up of temperature. In an
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effort to improve the digestibility of the dry chips they 

were steamed for various times at 150 psi before the cook at

650 psi. However the low value was not increased by any of 

these pretr e a t m e n t s  (Table 12). There even appeared to be 

a drop in digestibility after the 40 s econd presteaming t r e a t 

ment (Fig 11) but his cannot be explained and may not be 

significant. The DMD of the frozen and green chips after 

the various pretreatments and cook was not affected at all 

it remained between 63.2 and 66.0 percent.

The presteaming evidently did not introduce the moisture 

required to produce the same results as with green chips. It 

is quite possible that at 150 psi not enough moisture would 

be condensed to raise the MC of the wood high enough to get 

the higher DMD under the conditions used. It is also possible 

that much of the condensed moisture did not penetrate into 

t h e c h i p s .

Possible Toxicity in Overcooked Chips

In all cases, long periods of cooking at various pressures 

produced low digestibilities and this was even more marked in 

cooks at higher pressures (Fig 3-7). The p r o d u c t i o n  of toxic 

m a t e rials by the more severe treatments had been considered 

to be the cause of the lower d i gestibilities. Since any 

possible toxics would probably be water soluble, this fraction 

from an overcooked sample (560 psi and 300 seconds) was added
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to a sample with a normal high DMD and then the sample was 

analyzed for DMD - no drop in digestibility was evident 

(Table 13). The water - e x t r a c te d  o v er-cooked sample still 

had a low DMD - there was no improvement by removing any 

possible w a t e r - s o l u b l e  toxic material. An acetone e x t r a c t 

ion also did not improve digestibility. As a final proof 

that toxic m a t e rials were not present in the overco o k e d  sample 

a 1:1 mixture of this sample and the sample with high DMD was 

analyzed for d ry-matter digestibility. The resulting DMD was 

almost exactly the same as the average DMD of the two samples 

done separately. Thus there was no toxic mater i a l  present 

to damage the good material. The VFA values also showed 

the same results - the average value from the two samples 

done separately was almost the same as the value from the 

mixture. The VFA value obtained when the water extract was 

added to the good cook was even higher due to the addition 

of some digestible water solubles from the o v e r c o o k e d  sample. 

Again further proof that no toxic material was present.

The low d i g e s t i b i l i t y  of the overcooked sample must be 

due to damage or change of the cellulose - p o s s i b l y  recond e n s a t  

ion or dehydration of the sugar units. This was further 

confirmed by analyzing various holocellulose samples for DMD. 

Aspen wood h o l o c e l l u l o s e  had a DMD value of 89.2 percent and 

this went up to 92.3 percent for the h o l o c e l l u l o s e  from 

material cooked for 32 seconds at 560 psi. However, 

holocellulose from the sample prepared at 560 psi for 300
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seconds ( the over cooked sample) had a value of only 62.6 

percent (Table 14).

Several chemicals, some of which could be present in 

exploded wood, were suggested as being toxic to rumen 

microorganisms. In order to test their p o s s i b l e  toxicity 

each of them was added to a sample of known DMD (68.1?o) 

and then the sample analyzed for d i g estibility in the usual 

way. As shown in Table 15 none of them were found to be 

highly toxic. Quinone, in concentrations of more than 1 percent 

(based on the weight of sample) did lower the DMD of the 

sample slightly but required at least 2 p e r c e n t  to make a 

significant difference. Only formaldehyde in c o n c e n trations 

greater than 0.75 percent appeared to be h i g h l y  toxic to the 

rumen microorganisms.

Effect of Slow Pressure Release

The effect of explosive decompression on DMD was studied 

with the small digester. Aspen wafers were treated at 450 psi 

for 1 min., 2 m i n.and 3 min. and at 545 psi for 35 sec. 80 sec. 

and 120 sec. and then explosively ejected from the digester 

by opening the ball valve very quickly. Other samples were 

treated in the same way but instead of the rapid release of 

pressure it was released through another valve over a period 

of about 30 seconds. When the pressure r e ached 25-50 psi 

(in about 30 seconds) the ball valve was o pened and the sample 

was blown out of the digester. The latter samples were more 

fibrous than the ones released explosively and the ones from
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shorter cooks had long large fibers intact. However the dry 

matter d i g e s t i b i l i t y  of these fibrous samples was the same 

as the DMD of the shorter-fibered samples obtained under 

similar condi t i o n s  but with explosive decompression (Table 16). 

Thus, e x p l osive decompression does not appear to be necessary 

in order to attain a high DMD.

Effect of Ammonium Hydroxide in Cooks

The d i g e stibility of aspen treated at 450 psi and 545 psi 

for varying times was not improved by addition of ammonium 

hydroxide. Varying amounts of concentrated solution were 

added to the wood wafers prior to the cook to give the 

c o n c e n t r a t i o ns  shown in Table 17. The pH of the wood after 

the cooks varied from 3.9 to 8.25. The digestibilities after 

2 minute cooks, were not affected by relatively small amounts 

of ammonium hydroxide. Even when the pH of the exploded 

product was as high as 6 the digestibility remained as high 

as the control without the ammonium hydroxide. However as the 

pH approa c h e d  neutrality or higher the DMD was a little lower 

than the controls. This indicated that at the temperature of 

the cooks digestible products were obtained at almost all pHs 

with the m a ximum occurring in acidic solutions, even though 

very little acidity was necessary.

Effect of Sodium Hydroxide and Alkaline Sodium Salts

Unlike the effect of ammonium hydroxide the use of



20

sodium hydroxide in the cooks had a marked effect on the 

products as shown in Table 18. With a small amount of 

alkali so that the final pH was 4.2 there was no real effect 

on the DMD but as the pH increased to 4.8 and 5.6 with the 

use of more alkali the DMD value increased. Larger increases 

were evident as more alkali was used and the final pH was 

higher. Around the neutral range the values obtained were 

around 70 percent and this increased further as the final 

pH went up to 10 or more. These high values were not 

necessarily due to high digestibility but most likely due 

largely to s o l u b i l i t y  of much more lignin under alkaline 

conditions. This was further indicated by high water 

solubility of these samples,much of which would be due to water 

soluble lignin. However the high values of some samples in 

which the final pH was around neutral may be due to actual 

high digestibility. It would be necessary to do VFA tests 

on these samples to verify this possibility.

The fact that ammonium hydroxide did not give any of 

the high values obtained with sodium h y d r oxide may be due 

to the p o s s i b i l i t y  that at the high t e m p e r a t u r e s  of the 

digester the latter is much more basic and thus produces 

more hydrolysis. Similarly with sodium c a r b o n a t e  or sodium 

bicarbonate (Table 19) they were less basic at the high 

temperatures and thus did not cause as much hydrolysis as the 

sodium hydroxide, even when the final pHs at room temperature 

were the same. The use of the sodium salts seemed to have no
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effect on DMD values.

It can be seen in Table 18 that with the same amount 

of sodium hydroxide present the final pH was lower in 

cooks that were treated longer or at higher pressure. It 

would be interesting to try more cooks with less alkali 

at lower pressures or shorter times to see what DMD values 

these would give. In all cases in any further work with 

alkali VFA tests would be required to check actual 

digestibilities.

Effect of Sulfuric Acid

The addition of sulphuric acid in the digester caused 

a break-down of the wood fibers; the resulting products were 

dark coloured and completely defibered. However the 

diges t i b i l i t y  was lowered if sufficient acid was added 

(0.9%) to bring the pH down to 2.6 when c o oking at 450 psi 

for 2 minutes (Table 20), With the same amount of acid in a 

cook for a shorter time the DMD was not lowered significantly 

but there was no apparent advantage to adding the acid. With 

less acid (0,1 - 0,2%) the DMD values were high but not 

signif i c a n t l y  higher than when no acid was present. The 

slightly higher value obtained with the use of 0,1 percent 

sulfuric acid in the 2 -minute cook may not be significant.

Effect of Ammonium Salts

The only serious significant effect of adding ammonium
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salts was caused by a relatively large amount (2,5%) of 

ammonium chloride which caused a drop of pH to 2,5 and at 

450 psi for 2 minutes produced a degraded material with low 

DMD (Table 21), This was the same as when sulfuric acid 

was added to a similar cook (Table 20), The addition of 

small amounts of the salts (0,5%) appeared to produce a 

slight increase in digestibility in the 2 minute cooks. Further 

tests would be required to determine if this was significant.

Effect of Gases in Digester

In order to determine if the presence of nitrogen, carbon 

dioxide, or ammonia in the cooks had any effect on dry matter 

digestibility each of these gases was either flushed through 

the digester or put in under pressure before the steam pressure 

was applied (Table 22), Nitrogen had no effect on mild cooks 

but appeared to prevent the degradation caused by drastic 

treatments. Normally a cook at 545 psi for 300 seconds would 

produce a material with DMD values around 40 percent or less 

but in the presence of nitrogen the value was close to 60 

percent. In the presence of CC^this p r o t e c t i o n  did not 

appear to take place - the DMD value dropped to 43,6 percent 

at 545 psi for 300 seconds. In general carbon dioxide did 

not appear to have any important effect on the cooks.

In the presence of ammonia the DMD values were all 

a little lower than without the gas. The results obtained 

were similar to those when using enough a m m o n i u m  hydroxide 

solutions to obtain neutral or alkaline c o n d i t i o n s  (Table 17)
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All the products, like those from cooks with ammonium hydrox i d e ,  

were dark coloured.

Effect of Solvents in Digester

dhen the aspen wafers were cooked in the presence of 50 

percent or 95 percent ethanol the resulting products were 

light brown and there appeared to be less degradation with more 

drastic conditions of cooking. As shown in Table 23 the DMD 

values were all relatively high and cooks for 4 minutes at 

450 or 545 psi which would normally produce products with 

low values still yielded light coloured material with DMD 

values from 64.3 to 6 6 .4 °° • All of these values were in the

range expected as maximum for samples p r e pared without any 

additives .

D i g e s t i b i l i t y  of the Water Solubles from Exploded Aspen

After the explosion a certain amount of the exploded 

aspen wood was water soluble (Table 1 and Tables 3-7). As

m e n t ioned previously these w a t e r -solubles contain sugars and 

various o l i g o s a ccharides which are most likely digestible

and only a relatively small amount would be n o n - d i g e s t i b le  

lignin and lignin-like products. Attempts were made to 

determine more accurately how much of the w a t e r - s o l u b l es  

would actually be metabolized by the rumen m i c r o o r g a n i s ms  

by d e t e r m i n a t i o n  of volatile fatty acids produced. Large 

amounts of acid were found - more than would be e x p ected if 

all the water solubles were glucose or xylose. For the
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present this could not be explained without knowing how the 

rumen micro o r g a n i s ms  behave with the various unknown 

materials in the water-solubles. It is known that a great 

deal of the c a r b o h y d r a t e  in this fraction is a xylan or xylose 

itself but other oligo s a c c h a r id e s  may also be present. In any 

case this fraction is definitely highly digestible and, of the 

samples prepared at 560 p s i , the one done for 32 seconds 

produced a fraction with the highest digestibility but the ones 

cooked for 5, 15 and 80 seconds were almost as good. However, 

the 120-second cook produced a product with lower value and the 

300-second one had a still lower value. Further work is necessary 

to determine what is present in this fraction and how it is 

digested by rumen microorganisms. Work done by H. Brownell (4) 

has indicated that only a p p roximately 11 percent of the original 

lignin becomes water soluble during the cook. Thus approximately 

10 percent of the total water solubles would be lignin and as 

indicated earlier in this report the rest of the water solubles 

would probably be digestible.

SUMMARY

Untreated aspen wood is essentially non-digestible 

by ruminants. In vi.tK O  dry-matter digestibilities give 

it a value of around 20 percent. However by treating the 

chips with steam at pressures ranging from 200 psi to 650
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psi digestible products can be produced with DMD values 

over 60 percent. The length of treatment required to attain 

maximum digestibility at the various pressures d e c r eases as the 

the pressure increases but the maximum DMD in all cases is 

almost the same. After the maximum is reached longer t r e a t 

ments cause a decline in digestibility. This decline is 

very rapid at higher pressures and slower as lower pressures 

are used. Actually at 200 psi there is no sharp maximum.

The yield of exploded wood decreases as more drastic 

condit i o n s  of pressure and time are used. M a x i m u m  

digestibility based on original wood appears to occur in 

cooks which are milder than those which give m a x i m u m  

digestibility based on exploded wood.

The use of green chips is advantageous - if dry chips 

are used the same m a x i m u m  digestibility can be obtained but 

shorter steaming time is necessary and the chips are more 

rapidly overcooked, with subsequent drop in DMD. The 

exact time required for maximum DMD is very c r i tical at 

higher pressures with dry chips.

The drop in diges t i b i l i t y  after the m a x i m u m  is reached 

appears to be due to a change in the c a r b o h y d r a t e  and not 

due to production of toxic material.

The size of the chips is not critical as long as they 

are not too large to prevent even heating t h r o u g h o u t  the 

whole chip. Age of woody in the sample analyzed, also does 

not appear to be important.
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The results obtained inidcated that explosive 

d e c o m p r e s s i o n  is not necessary to attain high digestibility. 

Samples steamed for a spcified time and explosively ejected 

from the digester gave the same -in v i tA .0  d i g e s t ibilities as 

samples treated similarly but with the steam pressure released 

s l o w l y .

The addition of sodium hydroxide ( 5?o or more based on 

original wood) to the cook in the digester caused an increase in 

the solubility of the resulting product in the rumen fluid 

(supposedly an increase in DMD). However some of this increase 

is due to increased solub i l i t y  of lignin produced by this 

treatment. Ammonia, a m m o n i u m  hydroxide or alkaline sodium 

salts do not produce similar results. Actually ammonia or 

ammonium hydroxide appeared to decrease Df'ID values slightly.

The addition of a small amount of acid (0.2 - 0.5?o 

based on original wood) to a mild cook produced a possible 

small increase in digestibility. However with more acid in 

a harsher cook the DMD dropped. Any possible advantage 

obtained by adding acid was slight.

The presence of nitrogen in place of air in the 

digester prevented some of the degradation and drop in DMD 

caused by overcooking the wood. Alcohol in the digester 

also appeared to prevent loss of DMD when more drastic 

condit i o n s  were used to cook the wood.

The water-soluble fraction of exploded wood has a 

high digestibility, e s p e c i a l l y  from mild cooks (32 seconds
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at 560 psi) but the actual c o mposition of this fraction 

is not as yet completely known.
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TABLE 1 - Percent Water Solubles - Based on

Exploded V/ood

Sample 5% Suspension 
60 Min. 50°C

Sample with 
no inoculum 
in DMD 
analysis

3 consecutive treatments of b°/a 
suspension for 30 min 40°C

1st 2nd 3rd Total

560 psi 32 sec 24.3 23.9 23.6 4.5 1.0 29.1

60 21.3

70 20.1

80 20.1 20.0 3.7 0.8 24.5

90 19.6 19.9 19.9 3.5 0.9 24.3

100 17.9 *

120 17.5 17.3 17.6 2.5 0.6 20.7

240 11.2

300
. S



TABLE 2. Analyses of Water Solubles of Cooked Aspen

Conditions Yield of
water
solubles

X %  of
exploded
wood)

Pentosan 
in water 
solubles

(S O

Glucosans in 
water solubles

(S O

Glucosans + 
Pentosans

(S O

Possible 
Non-digestibles 
in water 
solubles

(S O

Possible 
Non-digestibles 
(?o of exploded 
wood)

Lignin 
in water 
solubles

(S S )

Unknowns 
in water 
solubles

(so

560 psi

32 sec 24.3 58.4 5.8 64.2 35.8 8.7 9.8 26.0

70 sec 20.1 47.7 9.6 57.3 42.7 8.6

90 sec 19.6 40.7 11.8 52.5 47.5 9.3 15.8 31.7

100 sec 17.9 35.7 13.5 49.2 50.8 9.1

120 sec 17.5 29.8 15.3 45.1 54.9 9.6 18.5 36.4



TABLE 3. Dry Matter Digestibilities of Steam-treated
Exploded Aspen, Effect of Various Pressures

and Times

Sample Cond Ltions % DMD O'/0 Water Solubles

psi Sec. Duplicates Avg. Duplicates Avg.

Pressure - 552-565 p si

W790914-1 560 5 54.0 49.7 51.9
-2 560 15 55.9 59.2 57.5

W790621-20+21 561 32 60.3 59.6 60.0 23.2 24.5 23.9
63.3 63.3]

18+19 564 70 63.3 64.6j 63.6 20.5 21.2 20.9

22+23 560 80 62.6 62.7 62.7 19.5 20.7 20.1

W790426-16 550 90 62.0 62.5 62.3
24+23 565 90 65.3 61.1 61.0 18.9 20.1 19.9
26+27 554 100 59.8 58.2 59.0 19.5 19.1 19.3
28+29 557 120 48.7 47.6 48.1 17.2 17.3 17.3

W790622 5+6 552 220 30.6 32.5 31.6 18.7 20.0 19.4

W790625 1+2 553 300 34.2 33.5 33.9 21.8 20.1 21.0

Pressure - p50-695 ps:
59.6 60.0]

W790417-2 650 20 61.8 61.6 ) 60.8 27.4 26.7 27.1

W790302-08E 650 54 63.1 66.5 64.8

W790621-14+15 690 40 59.6 62.0 60.3 23.0 21.3 22.2
16+17 695 100 29.9 28.2 29.1 20.9 20.6 20.8

Pressure - ‘1^60-480 ps:
W790710-12 470 30 55.7 57.4 56.6

4 460 60 66.4 68.5 67.5
15 470 120 67.1 68.6 67.9
16 465 240 60.3 59.8 60.1
17 465 300 47.5 46.8 47.2
18 470 360 34.3 35.6 35.0
19 480 480 31.3 22.8 31.8
20 475 960 22.8 26.8 24.8
21 470 1800 36.9 41.7 39.3

Pressure - <1-20-440 ps:

790710-5 430 120 68.7 69.1 68.9
6 440 240 69.1 68.5 68.8
7 420 300 68.2 66.2 67.2
8 430 360 63.7 66.7 65.2
9 430 480 55.1 53.8 54.5

10 430 960 41.2 41.4 41.3
11 430 1800 44.2 46.2 45.2



Table 3. (Con't)

Sample Conditions

psi Sec. Duplicates Av<

Pressuré 400-401 psi

W790622-1+2 400 60 56.9, 56.9 56.
61.4, 64.3 7

3+4 401 240 61.4, 61.6j 62.

Pressure - 370--390 psi

W7 90503-12 390 30 58.3 56.4 57.4
11 382 60 58.1 58.2 58.2
10 375 120 62.6 62.0 62.3

W790711-2 370 240 64.1 66.1 65.1
3 385 480 59.4 58.8 59.1
5 390 1800 37.0 37.0 37.0

Pressure - 275--290 psi

W7 904 26-6 290 146 59.8 58.5 59.2
7 285 240 63.6 62.6 63.1

W790303-8 280 240 64.4 66.8 65.6
W7 90426-8 275 480 65.7 63.8 64.8

9 285 700 61.7 61.6 61.7
55.5 56.11

10 285 960 60.5 62.3j 58.6

Pressure - 250 psi

W790503-6 250 60 52.8 52.8 52.8

Pressure - 1 ?5--205 psi

Aspen Wood C 17.7 16.7 17.2

W790503-7 205 60 47.2 45.1 46.2
5 195 120 47.3 46.4 46.9
4 200 240 62.3 60.0 61.2
3 200 480 66.7 65.0 65.9
1 200 900 64.5 66.21 66.4

67.0 67.9J
2 200 1800 63.3 62.3 62.8

W7 90711-6 200 3600 60.9 59.8 60.4

DMD ?o Water Solubles

Duplicates Avg.

22. 6 , 22.2

20. 8 , 20.0

22.4

20.4



TABLE 4. Dry Matter Digestibilities of Steam-treated
Exploded Aspen, - Effect of Storage at 40DC,

65°C and 95°C

Sample Storage 0/0DMD
Temp. Time Duplicates Avg -

0621-20+21 40°C 8.75 hr 61.7 63.1 62.4
561 psi-32 sec 40°C 7 days 65.3 64.4 64.9

65°C 2 hr 60.1 61.9 61.0
8 .5 hr 65.8 65.4 65.6 .
23 hr 64.9 64.6 64.8
7 days 61.0 63.5 62.3

95°C 2 hr 67.4 67.4
8.5 hr 68.4 66.8 67.6
23 hr 65.1 63.5 64.3
7 days 21.1 21.9 21.5

0621-24+25 65°C 7 days 65.8 65.1 65.5
565 psi-90 sec 95°C 23 hr 63.0 63.7 63.4

7 days 12.4 11.1 11.8



75
9

81
12
85
65
84
7

93
59
22
61
71
82
20
6
3

80
62
79
53
58
72
89
16
64
10
55
63
86
54
56
69
13
83
78
60
74
23
91

Dry Matter Digestibilities of Steam-treated Exploded Aspen
(560 psi for 90 sec.)

Effect of Storage at pHs from 1.5 to 11.0

pH

Storage % DMD /o Water So

Time Duplicates Avg. Duplicates

0 hr 64.1 63.7 63.9
— 4 63.8 64.1 64.0
_ 8 65.8 64.1 64.8
_ 24 64.5 63.8 64.2
_ 48 62.8 63.4 63.1
— 96 58.0 61.3 59.6
_ 0 hr 66.1 67.4 66.8
_ 4 65.3 65.5 65.4
_ 8 64.0 65.7 64.9
_ 24 67.4 65.0 66.2
_ 48 64.3 65.1 64.7
_ 96 64.6 63.4 . 64.0
_ 0 hr 68.5 67.7 68.1 21.3, -
_ 4 67.5 67.8 67.7 20.9, 23.8
_ 8 65.1 63.9 64.5 21.0, 21.9
_ 24 67.1 68.7 67.9 19.9, 19.9
_ 48 69.3 68.9 69.1 20.6, 21.9
_ 96 68.7 66.2 67.4 21.5, 19.7
__ 0 hr 69.2 69.2 69.2 19.7, 19.7
_ 4 69.1 68.3 68.7 21.0, 20.9

8 67.5 70.6 69.0 19.5, 21.0
_ 24 68.0 68.3 68.2 19.6, 19.7
_ 48 68.4 68.6 68.5 20.5, 18.1

96 65.8 67.1 66.4 19.9, 19.1
_ 0 hr 68.9 67.4 68.2 20.5, 21.7
_ 4 70.0 69.2 69.6 21.0, 22.1
__ 8 68.4 68.4 68.4 23.4, 21.3
_ 24 69.3 70.7 70.0 22.4, 22.5
_ 48 70.5 68.9 69.7 20.8, 21.2
— 96 68.7 69.2 69.0 24.1, 22.9
— 0 hr 70.3 69.5 69.9 22.7, 23.1
- 4 70.7 70.7 70.7 23.0, 22.9
- 8 69.3 69.8 69.6 22.3, 20.9
- 24 70.1 69.4 69.8 20.5, 20.6
- 48 70.7 68.0 69.3 20.6, 21.4
- 96 67.6 68.3 68.0 22.1, 22.0
- 0 hr 65.7 64.5 65.1 25.0, 26.1
- 4 63.2 67.8 65.5 24.3, 25.3
— 8 68.2 67.9 68.1 23.9, 23.3
- 24 67.0 62.5 64.8 23.1, 25.7
- 48 61.8 68.9- 65.4 23.0 - ’ “
- 96 70.7 70.5 70.6 22.5, 23.0
- 0 hr 70.5 68.0 69.3 25.7, 24.9

1.5 -

3.0

4.0 -

8.0

10.0



14
76
67
4

73
52
18
57
70
68
2

’d)

Storage % DMD ?o Water Solubles

pH Time Duplicates Avg. Duplicates Avg.

- 4 hr 66.9, 68.5 67.7 22.8, 23.6 23.2
- 8 67.5, 67.8 67.7 21.5, 23.6 22.6
- 24 66.6, 68.5 67.6 23.8, 23.1 23.5
- 48 66.8, 65.8 66.3 22.3, 24.8 23.6
- 96 67.2, 70.7 69.0 23.8, 25.3 24.6

11.0 - 0 hr 73.0, 67.8 70.4 26.0, 26.0 26.0
- 4 67.3, 70.2 68.8 25.5, 25.9 25.7
- 8 67.3, 67.5 67.4 26.3, 25.9 26.1
- 24 68.2, 68.9 68.5 24.8, 25.1 25.0
- 48 69.5, 69.8 69.7 25.5, 25.6 25.6
- 96 69.2, 71.0 70.1 24.2, 23.7 24.0



Table 6. Dry Matter Digestibilities of Steam-treated Exploded Aspen
Effect of Storage after Water and Methanol Washes

Sample wash Storage
i

% DMD ' % Water Solutîles
560 psi 90 sec. Time Duplicates Avg. Duplicates Avg.

48 Cold W.W 0 hr 49.7, 49.7 49.7 3.7, 3.7 3.7

5 _ 4 51.9, 51.3 51.6 3.7, 2.5 3.1

29 8 54.8, 53.2 54.0 1.7, 2.5 2.1

28 _ 24 52.4, 49.3 50.9 2.1, 3.7 2.9

38 __ 48 48.2, 48.2 48.2 0.8, 1.7 1.3

27 _ 96 49.9, 52.2 51.1 1.2, 1.7 1.5

42 Hot W.W. — 0 55.0, 54.0 54.5 2.1, 0 1.0

49 4 53.5 53.1 53.3 1.7, 1.7 1.7
46 8 51.7, 53.8 52.8 0.8, 0.8 0.8

45 24 54.6, 54.4 54.5 2.1, 0.8 1.5

21 48 51.0, 53.3 52.2 1.7, 0.4 1.1

39 96 51.5, 52.9 52.2 0.4, 2.5 1.5

Cold W.W
31 +Me0H W. — 0 hr 68.9, 69.3 69.2
47 — 4 61.5, 61.3 61.4 2.1, 0.4 0.9

26 _ 8 60.9, 61.5 61.2 0.8, 1.3 1.5

35 _ 24 63.5, 58.8 61.2 0.8, 0 0.4

19 — 48 59.4, 61.0 60.2 2.1, 1.3 1.6

34 - 96 64.9, 66.1 65.5

Hot W.W.
17 +Me0H W. — 0 hr 58.0, 55.7 56.9 2.5, 0.4 1.1

33 — 4 67.4, 63.0 65.2
43 — 8 64.1, 66.8 65.5
40 — 24 65.6, 64.1 64.9
44 _ 48 66.4, 61.7 64.1
1 - 96 59.1, 59.4 59.3 1.3, 0.8 1.1

Hot
36 MeOH W. — 0 hr 63.7, 64.4 64.1
25 — 4 63.0, 64.0 63.5
15 — 8 65.1, 64.0 64.6
51 — 24 74.3, 56.7 65.5
24 - 48 64.8, 62.3 63.6
11 - 96 59.8, 63.8 61.8

Cold
30 MeOH W. - 0 hr 72.2, 74.8 73.5
41 - 4 73.8, 64.4 69.1
50 — 8 71.9, 74.2 73.1
32 — 24 75.6, 74.3 75.0

37 - 48 71.9, 74.1 73.0

8 - 96 68.9, 76.0 72.5



Table 7 Effect of Drying at 105°C - Acetone-water (9:1) washed

Sample Conditions of Cook % DMD
psi seconds Duplicates Avg.

W790322-1 535 20 30.8, 32.1 31.5
2 550 40 35.1, 36.3 35.7
3 550 60 37.2, 38.7 38.0
4 560 80 36.0, 37.2 36.6
5 570 100 35.7, 35.7 35.7
6 565 120 32.9, 29.6 31.3
7 570 160 32.4, 33.5 33.0



Table 8. - Effect of Chip Size on Digestibility of Exploded Aspen

Sample Chip Size Condi tions % DMD GL. equiv. in % accounted for
» VFA from in VFA

psi Time
(sec)

Duplicates Avg 250 mg 
(jj moles)

W791009-1 20 60.2 57.0 58.6

-2 Big 40 64.3 62.8 63.6

-3 4.3 mm 60 65.4 64.3 64.9
-4 X 70 64.4 68.4 66.4

-5 19.2 mm 550 80 67.5 67.4 67.5

-6 X 85 69.3 68.8 69.1 758.2 74.8

-7 23.4 mm 90 69.2 69.6 69.4

-8 95 69.9 70.6 70.3

-9 100 68.6 69.5 69.1

-10 120 69.6 68.5 69.2 689.0 67.7

W791004-9 Medium 20 63.3 64.0 63.7

-10 40 64.6 65.1 64.92.8 mm
-11

X
60 66.7 66.7 66.7

-8 70 65.8 66.8 66.3

-7
6.4 mm 
x

550 80 68.8 70.3 69.6

-12 23.4 mm 85 70.3 69.6 70.0 751 .3 73.1

-13 90 71 .8 72.4 72.1 c->' ‘

-14 95 73.2 71.4 72.3

-15 100 70.7 70.3 70.5

-16 105 70.6 70.0 70.3

-17 120 64.2 64.6 64.4 648.1 69.0

W791009-11
Smal 1

20 59.8 60.8 60.3
-12 40 63.1 65.4 64.3
-13 1.7 mm 60 67.5 65.7 66.6
-14 X 550

70 67.7 66.0 66.8
-15

3.2 mm
80 65.7 65.7

-16 85 70.8 73.1 71 .9 768.3 74.2
-17 X 90 71.9 75.3 73.6

W791010-01 23.4 mm 95 69.8 72.8 71.3
-02 100 70.6 70.7 70.7
-03 120 68.3 67.5 67.9 679.3 68.0



Table 9. Effect of Moisture Content of Chips on Digestibility of Exploded Aspen
(Cook at 560 psi)

Sample Conditions of Cook % DMD Glucose equiv. % accounted
%MC Time (Sec.) Duplicates Avg. in VFA from 

250 mg
for in VFA

W790712-02 13 54.2 57.1 55.7
-03 25 57.5 58.1 58.0 764.7 89.5
-04 12.4 43 64.9 66.7 65.8
-05 56 6 6 . 2 66.5 66.3
-06 8 6 62.0 58.7 60.4 641.1 74.7
-07 1 2 0 37.9 37.1 37.5
-08 180 33.8 31.0 32.4

W790716-01 13 55.4 55.7 55.6
- 0 2 25 65.8 6 6 . 0 65.9 C

O
 

—
1 81.8

-03 28.0 43 6 8 . 6 67.7 67.1
-04 56 68.4 68.5 68.5
-05 8 6 60.5 61.2 60.9 663.8 74.2
-06 1 2 0 43.8 46.7 45.3

W790712-09 13 61.7 60.0 60.9
- 1 0 25 63.5 62.9 63.2 762.2 74.7
-1 1 43 67.4 66.5 67.0
- 1 2 35.0 56 68.5 68.5 68.5
-13 8 6 6 6 . 0 67.7 66.9 651.8 • 65.9
-14 1 2 0 58.6 58.6 58.6
-15 180 53.8 51.5 52.7



Table 10. Effect of Moisture Content of Chips on Digestibility
of Exploded Aspen (Cooks at 640-695 psi)

Sample % MC
Conditions of Cook % DMC!

psi Time (Sec.) Duplicates Average

W790417-6 6 650 40 62.1 62.8 62.4
9 6 660 55 33.3 35.2 34.3
8 36 648 55 67.9 69.5 68.7
7 50 640 55 67.2 66.0 66.6
15 6 660 70 22.5 23.3 22.9
14 36 650 70 55.7 56.0 55.9
16 6 675 100 17.8 17.4 17.6



Table 11. Effect of Age of Wood on Digestibility of
Exploded Aspen

Sample
Layers
from
Log

Conditions of Cook %  DMD Glucose equiv 
in VFA from 
250 mg 

(g moles)

% acctd 
for in 

VFApsi time
(sec)

Duplicates Avg

W790518-01
-02 Outer Most 650 5

15
56.3 
61.7

55.4
62.5

55.9
62.1

705.8
787.5

87.1
86.2

-03 V 3/4 ) 30 65.2 64.7 65.0
-04 45 68.9 66.4 67.7 763.1 78.6
-05 55 65.4 64.4 64.9
-06 80 51.7 52.5 52.1

W790518-08
-11 2nd & 3rd 650 5

15
54.3
64.3

55.8
64.9

55.1
64.6

672.1
749.1

82.4
78.9

-10 U/2 ; 30 65.3 65.6 65.5
-12 45 64.6 67.1 65.9 692.2 70.6
-13 55 62.3 61 .2 61 .8
-14 80 50.2 50.6 50.4

W790518-15 
-16 
-17

4th, 5th & 
6th (1/2")

650 5
15
30

56.4
64.3
65.2

56.6
62.3
63.9

56.5 
63.3
64.6

646.5
674.1

78.1 
81.3

-18 45 64.4 65.3 64.9 705.5 73.9
-19 55 61.9 62.2 62.0
-20 80 50.6 52.1 51 .4 •

W790522-01
-02
-03

7th, 8th & 
9th (1/2")

650 5
15
30

53.3
64.1
66.9

51 .2 
63.9 
66.0

52.3 
64.0
66.4

543.9
714.8

72.7
76.5

-04 45 66.7 67.1 66.9 791.8 80.7
-05 55 63.9 63.2 63.5
-06 80 52.7 52.5 52.6

W790517-18 c cn 5 55.2 56.0 55.6 580.4 70.9
-19
-20

Core
(5" diam)

bou 15
30

53.6 
61 .4

53.1
62.9

53.4
62.2

529.5 68.2

-21 45 63.2 67.4 65.3 721 .8 73.2
-22 55 62.5 63.5 63.0
-24 80 52.7 55.6 54.0



Table 12. Effect of Pretreatment at 150 psi on Digestibility
of Exploded Aspen (Cooks at 650 psi for 55 sec.)

Sample Chip Condition Pretreatment 
Time (Sec.)

% DMD

Duplicates Avg.

W790430-08 green chips 0 66.7 65.3 66.0
-11 20 66.1 63.9 65.0
-12 40 62.6 63.7 63.2
-13 60 65.4 64.3 64.9

W790430-09 ai r dry chi ps 0 45.6 46.7 46.2
-17 20 46.3 44.6 45.5
-18 40 38.3 41.7 40.0
-19 60 42.9 42.2 42.6

W790430-10 frozen chips 0 65.4 66.4 65.9
-14 20 65.3 67.2 66.3
-15 40 65.3 64.7 65.0
-16 60 63.2 64.6 63.9



Table 13. Possible Toxicity in Overcooked Aspen Chips

Sample

W790621-22 & 23 

W790625-1 & 2

Condi tions

psi

560
560

sec

80
300

1:1 mixture of above samples

W790621-22 & 23 & water ext. 
of W790625-1 & 2

Acetone extracted W790621-1 & 2 
Water extracted W790625-1 & 2

% DMD

Duplicates Avg.

64.6 65.3 
39.2 41.8

65.0 )
40 5 l5^'8 )Avg.

53.5 50.5 52.0

67.1 66.1 66.6

22.0 25.0 23.5

19.8 17.0 18.4

Glucose equiv. in 
VFA from 250 mg

855.6 ! 652.1 
448.5 j Avg.

698.9

925.7

196.0



Table 14. Digestibility of Hoiocellui oses from Exploded Aspen

Conditions of Cook Yield of 
Holocelluloses 
(% of expl. wood)

%  DMD Glucose equiv 
in VFA from 
250 mg

%  Acctd 
for in 

VFApsi sec Duplicates Avg.

560 80 52.1 92.8 90.5 91.7 993.8 74.1
560 32 52.1 92.0 92.5 92.3 900.3: 66.7
560 120 52.3 78.0 78.5 78.3 669.0 58.4
560 300 52.4 63.2 62.0 62.6
695 100 66.8 66.8 494.2 50.6
Aspen wood 89.2 89.1 89.2



Table 15. Effect of Addition of Chemicals on Digestibilities
of Exploded Wood with DMD of 68.1%

Chemical Added % of
Exploded Wood % DMD

vanillin 10 68.9
syringaldéhyde 10 70.0
cinnamic acid 10 70.0

p-hydroxybenzaldehyde 10 65.4
catechol 10 66.1

p-hydroxyci nnami c 10 61 .9
hydroquinone 10 61.3
pyrogai loi 10 54.0
pyrogai loi 5 66.7, 67.4
qui none 5 12.7, 11.3
qui none 2 56.5
qui none 1 68.4, 68.6
furfural 15 65.7, 68.6
levulinic acid 15 68.9, 67.7
formic acid 8 68.9, 68.2
formaldehyde 10 7.9, 5.1

1.5 56.0
0.75 62.9, 63.0



Table 16. Effect of Slow Pressure Release as Compared to Explosive Decompression

conditions %DMt) G1. equiv.in 
VFA from
250 mg. (y moles)

% acctd. 
for in VFApsi Time (Sec) Release Duplicates Avg.

450 60 Explosive 62.9, 63.2 63.1 755.3 82.1
450 60 Slow 65.6, 65.0 65.3 734.0 77.2

64.1, 62.9 63.5 )
450 120 Explosive 69.6, 67.0 68.3 ) 787.6 78.9
450 120 Slow 64.9, 68.2 66.6 717.8 73.7

450 180 Explosive 66.5, 67.1 66.8 748.5 ' 76.6
450 180 Slow 64.7, 66.5 65.6 759.1 79.2

545 80 Explosive 65.1, 66.0 65.6
545 80 Slow 65.0, 65.2 65.1

545 35 Explosive 64.5, 63.4 64.0
545 35 Slow 64.2, 64.3 64.3

545 120 Explosive 65.3, 64.1 64.7
545 120 Slow 64.9, 64.9 64.9



Table 17. Effect of Ammonium Hydroxide in Cooks on Digestibility of Exploded Aspen

conditions %nh4oh
(%nh3

on AD wood)

Final
pH

% DMD G1. equiv. in 
VFA from 
250 mg.

%  acctd. 
for in VFA

psi
time
(sec) Duplicates Avg.

450 120 0.0 3.25 64.1, 62.9 63.5
450 120 1.5 3.9 61.8, 60.1 61.8 686.1 75.9
450 120 4.5 5.2 62.0, 61.3 62.0 692.9 76.4
450 120 6.0 6.0 61.5, 66.0 63.8 693.1 74.3
450 120 7.5 7.85 58.9, 59.7 59.3 673.2 78.2
450 60 0.0 62.9, 63.2 63.1
450 60 15.0 8.25 59.8, 59.0 59.4
545 35 0.0 64.5, 63.4 64.0
545 35 7.5 6.9 58.2, 57.8 58.0
545 35 15.0 8.1 59.6, 58.3 59.0



Table 18. Effect of Sodium Hydroxide in Cooks on Digestibility of Exploded Aspen

conditions % NaOH 
(on AD wood)

Final
n H

% DMD

% water solubility 
(on expl. wood)

psi time
(sec)

pn
Duplicates Avg.

450 120 2.5 4.2 64.0, 63.0 63.5 16.9, 13.1
450 120 5.0 4.8 67.0, 67.0 67.0
450 120 10.0 5.6 68.9, 67.0 68.0 21.7
450 120 11.0 6.9 71.5, 71.5 71.5 24.5
450 120 12.5 8.3 71.2, 72.9 72.1 30.0
450 120 15.0 10.0 75.0, 75.2 75.1 34.4
450 60 11.0 9.5 74.2, 72.0 73.1
450 60 12.5 9.4 71.6, 70.3 71 .0
450 60 15.0 10.0 73.4, 71.7 72.6
450 60 20.0 10.5 74.9, 74.7 74.8
450 60 25.0 11.0 79.9, 78.6 79.3 60.5
450 30 11.0 10.5 70.2, 71.7 71.0 29.0
450 90 10.0 7.5 70.0, 70.8 70.4 21.3
545 90 10.0 5.6 72.0, 71.9 72.0 30.9
545 60 12.5 7.9 72.8, 70.0 71 .4 30.0
545 60 10.0 6.9 70.6, 70.3 70.5
545 30 11.0 9.1 69.9, 70.8 70.4



Table 19. Effect of Sodium Salts in Cooks on Digestibility of Exploded Aspen

conditions Salt l salt
(based on AD wood)

PH 35DMD
Duplicates Avg.

psi time 
(sec.)

450 120 Na ? CO ̂ 0 3.3 65.0, 64.1 64.6
450 120 I I 10 6.3 65.7, 64.8 65.2
450 120 I I 10.5 7.5 61.9, 62.3 62.1
450 120 I I 11 7.8 62.9, 62.9 62.9
450 120 I I 12.5 8.5 64.2, 66.0 65.1
450 120 I I 15 9.2 69.8, 70.5 70.2
450 180 I I 10 6.4 67.9, 67.8 67.9
450 60 I I 10 9.1 65.6, 65.2 65.4

450 120 NaHC03 15 8.1 60.1 , 60.3 60.2
450 120 I I 20 9.2 65.0, 65.0 65.0
450 60 I I 15 8.7 62.2, 62.0 62.1
450 60 I I 20 9.4 61.4, 62.7 62.1
450 30 I I 15 9.2 59.0, 57.9 58.5
450 30 I I 20 9.5 60.6, 61.4 61.0



Table 20. Effect of Sulphuric Acid in Cooks on Digestibility of Exploded Aspen

Condi tions

psi time 
(sec)

%
HzSO^

(on AD wood)

Final
pH

% DMD

Duplicates Average

450 120 0.0 3.25 64.1 62.9 63.5
450 120 0.9 2.6 54.5 55.3 54.9
450 120 0.1 3.3 67.4 67.1 67.3
450 120 0.2 3.15 65.4 65.4 65.4
450 60 0.1 3.45 62.6 62.2 62.4
450 60 0.6 2.4 66.5 63.8 65.2
450 60 0.9 2.4 61.1 61.4 61.3
545 30 0.1 3.4 61.2 60.4 60.8
545 30 0.2 3.1 63.5 59.7 62.3
545 30 0.6 3.1 62.9 62.6 62.8
545 30 0.9 2.6 61.4 60.5 61.0



Table 21. Effect of Ammonium Salts in Cooks on Digestibility
of Exploded Aspen

Conditions
Salt % Salt 

(on AD wood)
Final
PH

% DMD

psi time
(sec)

Duplicates Average

450 120 0.0 3.25 64.1 62.9 63.5
450 120 NH^Cl 0.5 3.0 66.0 66.4 66.2
450 240 NH^Cl 0.5 3.3 62.8 63.6 63.2
450 120 NH4C1 2.5 2.5 42.1 43.8 43.0
450 120 NHi+Ac 0.5 3.4 61 .8 63.0 62.4
450 240 NH4Ac 0.5 3.2 64.4 66.1 65.3
450 120 NHt+Ac 2.5 3.75 61 .4 63.3 62.4
450 120 (NHjzCOg 0.5 3.4 67.3 66.2 66.8
450 30 (NHtf)2C03 0.5 3.7 56.8 57.1 57.0



Table 22. Effect of Addition of Gases in Cooks on
Digestibility of Exploded Aspen

Conditions
Gas

Pressure 
of gas 
(psi)

Final
pH

%  DMD

psi time
(sec)

Duplicates Average

450 120 n 2 atmos 3.55 64.3 65.0 64.7

450 240 n 2 atmos 3.5 62.7 62.0 62.4

545 300 n 2 atmos 3.2 59.8 58.5 59.2

450 120 C02 25 3.5 63.1 62.4 62.8

450 120 C02 50 3.3 62.2 62.2 62.2

450 240 C02 25 3.5 65.3 63.8 64.6

450 300 CO 2 25 3.5 64.2 60.3 62.3

545 300 c o 2 25 3.2 44.4 42.7 43.6

545 35 c o 2 50 3.5 62.7 61 .6 62.2

450 30 n h 3 25 8.55 58.8 60.7 59.8

450 30 n h 3 50 8.6 54.0 57.7 55.9

450 120 n h 3 25 8.4 57.3 58.8 58.1

450 120 n h 3 50 8.§5 58.3 59.1 58.7

450 240 n h 3 25 7.4 59.5 59.7 59.6

545 30 n h 3 25 8.8 55.5 55.5 55.5

545 30 n h 3 50 8.9 56.1 56.1 56.1

545 80 n h 3 25 7.5 57.6 58.3 58.0

545 80 n h 3 50 8.9 55.9 53.4 54.7



Table 23. Effect of Solvents in Digester on Digestibility
of Exploded Aspen

Conditions
Solvent %

(on AD wood)

% DMD

psi time
(sec)

Dupli cates Average

450 120 95% EtOH 20 67.9 66.3 67.1

450 240 II 20 66.4 66.4 66.4

450 120 II 40 67.6 68.8 68.2

450 240 11 40 63.6 68.9 66.3

450 120 50% EtOH 20 64.7 66.0 65.3

450 240 II 20 65.6 66.0 65.8

450 120 II 40 64.7 65.0 64.9

450 240 40 67.6 64.7 66.2

545 35 95% EtOH 20 62.9 63.8 63.4

545 80 II 20 65.8 63.4 64.6

545 120 II 20 63.8 62.1 63.0

545 240 II 20 65.0 63.5 64.3

545 35 II 40 62.7 65.0 63.9

545 80 II 40 66.7 65.3 66.0

545 120 II 40 65.0 65.6 65.3

545 240 II 40 68.8 66.5 67.7



Figure 1. Percent Digestibility (DMD) and VFA of Aspen steamed at 
552-565 psi.
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Figure 2. Percent Digestibility (DMD) of Aspen steamed at 650-695 psi.



Figure 3. Percent Digestibility (DMD) of Aspen steamed at 460-480 psi
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Figure 4. Percent Digestibility (DMD) of Aspen steamed at: 
275-290 psi 
370-390 psi 
420-440 psi



Figure 5. Percent Digestibility (DMD) of Aspen steamed at 195-205 psi.



i
!

Figure 6. Time and steam pressure required to obtain maximum 
digestibility (DMD) of Aspen.



Figure 7. Time and steam temperature required to obtain maximum 
digestibility (DMD) of Aspen



%
 D

M
D

i
i

Figure 8. Effect of chip size on DMD of Aspen steamed at 550 psi



Figure 9. Effect of Moisture Content of chips on DMD of Aspen 
steamed at 560 psi.
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. Effect of age of Aspen on DMD of wood steamed at 650 psi.Figure 10
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FOLLOWED BY 55 s AT 650 psi

I

Figure 11. Effect of presteaming on QIC of Aspen steamed for 
55 seconds at 650 psi.
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