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Savoie, P., de Halleux, D., Belkacemi, K., Turcotte, G., Nadeau, P. and
Chiquette, J. 1998. Enzymatic hydrolysis of forage and straw
pretreated with ammonia. Can. Agric. Eng. 40:207-212. Three
forages (alfalfa, timothy, reed canary grass) and two cereal residues
(barley straw, corn stover) were chopped at 3 to 5 mm length,
pretreated with ammonia, and hydrolyzed in the presence of a
commercial enzyme mixture. Between 42 and 51% of total biomass
was solubilized. The liquid hydrolyzate contained soluble sugars
composed on average of 49% glucose, 25% xylose, and 26% other
sugars. The non-hydrolyzed residue had a low fibre content, indicating
a potentially good feed energy value, but its protein value was low
because a high proportion of nitrogen was bound to the fibre.
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Trois fourrages (luzerne, fléole, alpiste) et deux résidus de céréale
(paille d’orge, tiges de mais) ont été hachés a une longueurde 3 4 5
mm, traités & I'ammoniac et hydrolysés en présence d’un complexe
d’enzymes commercial. Entre 42 et 51% de la biomasse a été
solubilisée. L’hydrolysat liquide contenait des sucres solubles
composés en moyenne de 49% de glucose, 25% de xylose et 26%
d’autres sucres. Le résidu non-hydrolysé avait un contenu en fibres
relativement faible, indiquant possiblement une bonne valeur
énergétique en alimentation animale, mais sa valeur protéique était
basse a cause d’une proportion élevée d’azote liée 2 la fibre. Mots-
clés: fourrage, paille, hydrolyse, enzymes, éthanol.

INTRODUCTION

Ethanol production from corn and other cereal grains is an
important industry in North America with a yearly output
greater than 4 billion litres, representing 1% of liquid fuel
consumption (Bothast et al., 1996). Lignocellulosic crops such
as forage, straw, or wood also can be used to produce ethanol
(Ballerini et al. 1994). However, the main constituents of these
crops, cellulose and hemicellulose, are more difficult to
hydrolyze than starch from grain. Hydrolysis of lignocellulosic
crops requires severe physical, thermal, or chemical
pretreatments and subsequent enzymatic or acid treatments to
produce a mixture of sugars, mainly glucose and xylose (Harris
and Rosen 1992). Xylose is more difficult to ferment into
ethanol than glucose; it requires specialized yeasts such as
Pachysolen tannophilus or genetically modified
microorganisms which are still mostly at the development stage
(Wyman 1994). Technological breakthroughs to reduce the cost
of hydrolysis and facilitate fermentation of mixed sugars are
expected in the next 10 to 20 years (Brown 1996). Since
lignocellulosic crops are more abundant and can be produced
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at a lower cost than cereal crops, they are likely to be preferred
in the long run to produce bio-fuels.

A systems approach has been proposed to analyse ethanol
production from forage crops and cereal residues such as straw
in eastern Canada (Alvo et al. 1996). Forage crops were chosen
because they are cultivated throughout the region, they are
generally perennial and well adapted to local soils and climate,
they require low chemical and fossil energy inputs, and there is
an actual surplus estimated at over one million tonnes per year
in the province of Quebec only. Before a forage-based system
can be promoted for ethanol production, it must meet several
requirements: technical and economical feasibility, complete
use of by-products, and environmental sustainability. The
present work was concerned mainly with technical feasibility,
notably hydrolysis of locally grown biomasses. Ammonia fibre
explosion pretreatment, known as AFEX, and enzymatic
hydrolysis using cellulases were chosen because of their proven
potential with semi-tropical crops such as bermudagrass and
switchgrass (Dale and de la Rosa 1992).

The objective of this paper was to provide an overall mass
balance of actual hydrolysis of three forage crops (timothy,
alfalfa, and reed canary grass) and two cereal residues (barley
straw and corn stover) grown in eastern Canada. The feedstocks
were converted into two main products: soluble fermentable
sugars and a solid residue for animal feeding. Comparisons
between biomasses were intended to identify a feedstock which
might be more easily hydrolyzed and whose solid residue
would retain good feed characterisitics.

METHODOLOGY

Feedstock and experimental design

Mature hay was baled during the first cutting in July 1995 from
relatively pure stands of timothy (Phleum pratense), alfalfa
(Medicago sativa), and reed canary grass (Phalaris
arundinacea). Barley (Hordeum vulgare) straw was harvested
in August 1995 and corn (Zea mays) stover was harvested in
October 1995 after the grain had been combined.

The five feedstocks were stored at an average moisture
content of 8% until March or May 1996 when material was
hydrolyzed for blocks 1 or 2, respectively. The two blocks
represented two repetitions separated by a 2-month interval to
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assess stability of treatment over time. Within each block,
hydrolysis was replicated three times for each of the five
feedstocks; the 15 experimental units (EU) were carried out
sequentially in a completely randomized design. Each EU
required one day for chopping and water impregnation, half a
day for ammonia treatment, one day for hydrolysis, one day for
decantation, and three days for freeze-drying of the solid
residue, as described below. Generally two new EU were
carried out each day.

Pretreatments and hydrolysis

The feedstocks were finely chopped by passing material five
times through a stationary chopper (Forano, Plessiville, QC).
Mean particle length was measured by sieving according to
ASAE (1995) standard method S424; hay particles averaged 3
mm and cereal residues averaged 5 mm. A sample of 550 g (an
average of 506 g dry matter - DM) was wetted with 112 g of
water and left to impregnate for 24 h. The wet biomass was
placed in a 7.6 L stainless steel autoclave (Autoclave Engineers
Inc., Erie, PA) in which anhydrous ammonia (99.5% purity,
Prodair, Quebec, QC) was poured at a mass ratio of 1:1
(ammonia:dry biomass). Temperature was raised to 90°C at
3.65 MPa and maintained for 30 min. Ammonia was then
released quickly which caused freezing and swelling of the
forage fibre. Volatile ammonia in the fibre was allowed to
evaporate overnight under a fume hood. Treated material was
then transferred to an aerated zone to continue ambient air
drying at 22°C for 24 h. The residual moisture content of
treated fibres after aeration was between 6 and 10%.

Approximately 50 g of ammonia treated forage were
removed for subsequent analysis. The rest, about 500 g at 10%
moisture, was mixed in 10 L of a buffered solution containing
3 g/L of sodium acetate and 2.6 g/L of acetic acid. Two enzyme
mixtures with predominantly cellulase and xylanase activity
were added at concentrations based on previous work
(Belkacemi et al. 1996). The first enzyme, Cellulase Multifect
300, was a soluble powder applied at a concentration of 5
Genencor Cellulase Units (GCU)/g of dry biomass, equivalent
to a mass ratio of 0.028 (enzyme/biomass). The second enzyme,
Spezyme CP, was a solution applied at a concentration of 2
puL/g of dry biomass. Enzymes were obtained from Genencor
International, Rochester, NY. ‘

The biomass, enzymes and buffered solution were mixed
continuously for 30 h in a hot water bath maintained at 50 °C
with a pH in the range of 4.85 to 5.10. At the end of the
hydrolysis period, the mixture was autoclaved at 120 °C for 10
min to deactivate microorganisms. The mixture was then left
overnight at 4 °C to allow decantation of non-hydrolyzed or
non-solubilized solids. Approximately half the solution, the
clearer upper part or hydrolyzate, was removed with a
peristaltic pump and centrifuged at 10,000 g for 10 min. The
extracted volume was measured with a graduated cylinder (+ 1
mL), frozen, and conserved at -17 °C. The hydrolyzate was
subsequently thawed and homogenized by mixing. One sample
per EU was dried at 103 °C for 24 h to measure non-volatile
dry matter concentration. Another sample per EU was
centrifuged at 13,000 g for 5 min and analyzed for sugar
composition by high pressure liquid chromatography (HPLC,
Waters Assoociates Inc., Milford, MA) using two different
columns. One HPLC column was a Sugar-Pak model which

separated hexoses from di-, tri-, and tetrasaccharides. The other
column was a Bio-Rad Model HPX-87P (Bio-Rad Laboratory,
Hercules, CA) which separated pentoses. After removing the
hydrolyzate, the remaining volume of sludge containing
solubles and the decanted residue was freeze-dried with a Lyo-
Tech drier (Lyosan Inc., Lachute, QC) during 72 to 96 h until
the solid residue reached a moisture content of 2%.

The original biomass, the ammonia treated biomass, and the
dried residue were analyzed for total nitrogen (N), acid
detergent fibre (ADF), neutral detergent fibre (NDF), and N
bound to ADF. Determinations of ADF and NDF were done
following the procedure of Van Soest and Robertson (1985).
Total N and bound N were measured by procedure 2.057 of the
AOAC (1980). The potentially hydrolyzable sugars and the
actually hydrolyzed fraction were estimated as described below.

Potential sugars

Hemicellulose and cellulose are the two main structural
carbohydrates of forages and straw that can be hydrolysed into
simple sugars (McDonald et al. 1991; Grethlein and Dill 1993).
Hemicellulose is estimated as the diffeence betwen NDF and
ADF. Hemicellulose is a heterogeneous polymer composed
mainly of pentosans with some hexosans. After hydrolysis, the
mixture of sugars is about 80% xylose (a five-carbon sugar) and
some minor sugars such as mannose and galactose (two six-
carbon sugars), and arabinose (a five-carbon sugar). The
hydrolysis of hemicellulose can be simplified as:

[Ci(H,0),], +nH,0 — nC,H,,0, (1)

One mole of xylose CsH,,O5 has a mass of 150 g formed by
132 g of hemicellulose and 18 g of water. The increase of mass
of sugar (+14%) with respect to the original mass of
hemicellulose after hydrolysis occurs because of the association
of hydrogen and oxygen bonds from water.

Cellulose is estimated as the difference between ADF and
lignin. Lignin was not measured in this experiment but it is
relatively stable for mature grasses (6%) and mature alfalfa
(8%), according to extensive data collected by Gervais (1991,
1994) and is about 8% for corn stover and 4% for barley straw
(Belkacemi et al. 1997). The cellulose which is a homogeneous
polymer (glucan) is converted into glucose, a six-carbon
monomer.

[Co(H,0);], +nH,0 — nC,H,,0, )

One mole of glucose C¢H,,0,4 has a mass of 180 g formed by
162 g of cellulose and 18 g of water. The increase of mass of
sugar with respect to the original mass of cellulose after
hydrolysis was 11%.

The potential sugars from a given crop or feedstock were
therefore estimated as 1.14 times the hemicellulose plus 1.11
times the cellulose. The actual sugars hydrolysed were
measured as described above and the following mass balance
was used to estimate the fraction hydrolyzed.

Mass balance

The pretreated biomass, mg, was mixed with a mass of
enzymes, mg, in a measured volume of a buffer solution, V,.
Enzymes were completely solubilized at a concentration ¢,
equal to mg / V, . The buffered solution contained sodium
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acetate and acetic acid at concentrations cy, and c,,,
respectively. At the end of hydrolysis, the concentration of non-
volatile soluble solids, cg, was measured by dehydration at 103
°C. During dehydration, acetic acid was completely volatilized
while sodium acetate and solubilized biomass remained. The
actual quantity of biomass solubilized, mg, was estimated as:

m, =[c, —(c,, +c IV, 3)

The ratio of solubilized solids over original biomass (mg /
mg) provides a practical approximation of original biomass
solubilized. This ratio is an approximation because it does not
take into account the association of hydrogen and oxygen bonds
from water during the hydrolysis of hemicellulose and cellulose
explained above. It is a practical ratio because it does not
require precise information on the proportion of hemicellulose,
cellulose, and other constituents hydrolyzed or solubilized in
the final hydrolyzate.

RESULTS AND DISCUSSION

The original feedstocks were not homogeneous over time
(Table I). The three forages from block 2, with relatively high
N and low fibre contents, were of higher feed quality than
forages in block 1. This reflects inherent variability in feedstock
composition despite nearly identical harvesting and storage
procedures. The only known difference was that block 2 was
stored two months longer than block 1, which would not
explain such a change in quality.

Table 1. Chemical composition of original feedstocks
expressed as percent of dry matter (average of two

samples).
Total Nitrogen =~ NDF ADF
Nitrogen  bound to
ADF

Block 1
Reed canary grass 1.032 0.485 723 48.9
Timothy 1.129 0.450 65.9 41.9
Alfalfa 1.753 0.522 60.0 47.8
Corn stover 0.662 0.403 79.5 51.8
Barley straw 1.103 0.483 79.1 52.0

Block 2
Reed canary grass 1.531 0.585 67.8 46.2
Timothy 2.004 0.505 55.9 35.1
Alfalfa 2.334 0.612 47.4 36.5
Corn stover 0.825 0.286 76.0 49.1
Barley straw 1.089 0.541 80.6 52.0

The ammonia treatment resulted in permanent impregnation
of nitrogen in the crops (Table II). Total nitrogen more than
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Table II. Chemical composition of feedstocks after
ammonia (AFEX) treatment expressed as percent
of dry matter (average of two samples).

Total Nitrogen = NDF ADF
Nitrogen  bound to
ADF
Block 1

Reed canary grass 240 0.597 57.7 443

Timothy 3.18 0.561 50.8 41.3

Alfalfa 3.62 0.804 43.7 38.6

Corn stover 2.55 0.348 56.2 44.7

Barley straw 2.13 0.659 64.3 48.6
Block 2

Reed canary grass 2.53 0.693 60.2 46.0

Timothy 353 0.601 48.7 36.9
Alfalfa 3.48 0.680 474 404
Corn stover 2.69 0.391 57.6 4.9
Barley straw 2.16 0.727 64.0 494

Table ITI. Chemical composition of dried residue after
removal of the hydrolyzate, expressed as percent
of dry matter (average of two samples).

Total Nitrogen  NDF ADF
Nitrogen  bound to
ADF

Block 1
Reed canary grass 2.49 1.20 50.6 40.8
Timothy 3.41 1.31 46.8 37.1
Alfalfa 3.47 1.38 46.2 383
Corn stover 2.30 0.94 43.6 39.7
Barley straw 2.23 1.38 53.1 437

Block 2
Reed canary grass 2.64 1.36 479 38.9
Timothy 3.51 1.40 35.1 28.2
Alfalfa 3.47 1.28 43.6 37.6
Corn stover 2.50 0.95 39.1 344
Barley straw 2.25 1.38 49.1 41.0

doubled when averaged over all crops, from 1.34 to 2.83%.
Therefore, about 15 g of N were permanently bound per 1000 g
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Table I'V. Estimation of hemicellulose, cellulose, and potential
sugars from five original biomasses, ammonia treated

biomasses (AFEX), and residues obtained after

hydrolysis and partial separation of the hydrolyzates.

Table III shows the chemical composition of the
dried residue, i.e. after AFEX treatment, enzymatic
hydrolysis, separation of the hydrolyzate, and
freeze-drying the remaining sludge. Average total N
was the same as in the ammonia treated forage

(2.83%). However, the availability of N for

Feedstock NDF ADF Lignin  Hemicell Cellulose Potential ruminant digestion was reduced as N bound to ADF

(%) (%) (%) (%) (%) Sugars increased to 1.26 from 0.61% in the ammonia

(g/ke) treated forage. Meanwhile, average NDF (45.5%)

Reed canary grass and ADF (38.9%) decrea-sed by about 10 and 5

percentage units, respectively, compared to the

Original 70.1 476 6.0 225 41.6 718 ammonia treated forage (55.1 and 43.5%,

respectively). The decrease in fiber content in the

AFEX 590 452 6.0 13.8 39.2 592 residue compared to the original or AFEX treated

. crops was a result of the enzymes’ action and also

Residue ~ 49.3  39.9 - 94 - . theppresence of soluble sugaﬁs in the freeze-dried

Timothy residue, due to incomplete separation. The dried

residue had a potentially higher energy value but a

Original 609 385 6.0 224 325 616 lower protein value than the ammonia treated
forage.

AFEX 498 391 6.0 10.7 331 489 Table IV summarizes results from the first three

Residue - 41.0 327 3 83 ) ) tables and provides estimates for hemicellulose,

cellulose, and potential sugars in the original and

Alfalfa AFEX treated crops. Barley straw and corn stover

contained the highest potential sugars because of

Original ~ 53.7 422 8.0 115 342 511 their high cellulose and hemicellulose contents. As

indicated previously, AFEX reduced the

AFEX 456 395 8.0 6.1 315 419 hydrolyzable sugars (average reduction of 152 g/kg

Residue 49 380 . 6.9 } i} over the five crops) by causing a partial hydrolysis.

Corn stover had the highest hydrolysis due to

Corn stover ammonia (237 g/kg) and alfalfa, the least (92 g/kg).

L. : Table V shows the actual amounts of dissolved

Original 778 505 80 273 425 783 solids observed in the hydrolyzate after enzymatic

AFEX 569 448 8.0 12.1 36.8 546 action. When averaged over the two blocks, the least

amount of solubles was found in grass hydrolyzates

Residue 414 371 - 43 - - (reed canary grass and timothy, 420 g/kg of original

feedstock) and the highest amount of solubles was

Barley straw found in the corn stover hydrolyzate (508 g/kg). The

. fraction of feedstock solubilized over the potential

Original 799 52.0 40 279 48.0 8l sugars was 59% for reed canary grass, 68% for

AFEX 64.2 49.0 40 15.2 45.0 673 timothy, 95% for alfalfa, 65% for corn stover, and

_ 55% for barley straw. The solubilized fraction could

Residue 51.1 414 - 9.7 - - contain soluble components other than sugars so the

of biomass after treatment. It should be noted that ammonia was
added at a ratio of 1:1 (1000 g NH,/1000 g biomass).
Approximately 98.5% of ammonia should be recuperated and
recycled as suggested by Dale and de la Rosa (1992). The
ammonia treatment increased the concentration of N bound to
ADF from 0.49 to 0.61%, when averaged over all crops.
Although this bound N is not digestible, more N would
nonetheless be available from AFEX treated crops compared to
original crops because total N increased from 1.34 to 2.83%.
The ammonia treatment decreased NDF by an average 13
percentage units (68.5% in the original feedstocks and 55.1%
after AFEX) while it decreased ADF by 3 percentage units
(46.1 and 43.5%, respectively). Therefore AFEX caused an
average 10 percentage units decrease of hemicellulose (NDF
minus ADF), which represented a partial hydrolysis or
solubilization.

210

actual efficiency of sugar hydrolysis was likely
lower than these ratios.

From Table IV, it was estimated that an average of 152 g of
sugars per kg of biomass were hydrolyzed by the ammonia
treatment. An average total of 460 g of solubles was observed
after enzymatic hydrolysis (Table V). Therefore AFEX
contributed to about a third of hydrolysis and enzyme action
about two thirds.

The amounts of dissolved solids observed, between 42 and
51% of the original biomass, implied that a large proportion, in
the range of 50 to 60% of the original biomass, would remain
in a sludge after removal of the liquid hydrolyzate. This sludge
would become an important byproduct that could potentially be
used as an animal feed, as seen from results in Table III.

The hydrolyzates were analyzed for monomeric and dimeric
(sucrose) sugar content (Table VI). Glucose and xylose were
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Table V. Initial concentrations (t = 0 h) of AFEX treated biomass
and enzymes, concentration of dissolved solids after 30 h
of enzymatic hydrolysis, and biomass solubilized (g/kg of
original dry matter, average of three replications).

t=0h t=30h
Biomass  Enzymes Non-volatile Biomass
(g/L) (g/L) dissolved solid solubilized
(g/L) (g/lkg DM)
Block 1
Reed canary grass 46.2 1.29 24.8 444
Timothy 46.8 1.29 232 404
Alfalfa 46.9 1.30 28.0 506
Corn stover 46.9 1.32 279 502
Barley straw 46.9 1.32 27.5 494
Block 2
Reed canary grass 427 1.39 21.3 396
Timothy 46.4 1.23 24.5 434
Alfalfa 422 1.40 25.9 461
Corn stover 46.3 1.40 28.2 514
Barley straw 422 1.40 23.4 450

the two most important sugars, representing 49 and
25% of total sugars measured, respectively. The
corn stover hydrolyzate had a higher concentration
of sugars (16 g/L) than the average hydrolyzate of
the four other crops (11 g/L). The hydrolyzates are
likely to contain other solubles such as
oligosaccharides, nitrogen compounds, and
minerals which were not measured but could be
useful nutrients for subsequent fermentation. The
conventional yeast Saccharomyces cerevisiae,
which uses only glucose as a fermentation
substrate, would convert about half the soluble
sugars. Hydrolyzates from forage and straw would
require more versatile microorganisms that can
transform sugars other than glucose.

CONCLUSIONS

1. Locally grown forage crops and cereal residues
in eastern Canada can be partially decomposed
into fermentable sugars by ammonia treatment
and enzyme hydrolysis. Measured sugars
averaged about 50% glucose, 25% xylose, and
25% other sugars.

2. Between 420 and 510 g of solubles were
observed per kg of original biomass after the
ammonia treatment and enzymatic hydrolysis.
Solubilization was highest for corn stover and
lowest for reed canary grass and timothy hays.
About one third of hydrolysis was explained by
the ammonia treatment and two thirds by the
enzyme activity.

Table VI. Simple sugars (g/L) measured in the hydrolyzate (average of three replications).

Glucose Xylose Arabinose Sucrose Maltose Fructose Total
Block |
Reed canary grass 4.03 2.39 043 1.18 0.42 0.00 8.45
Timothy 4.96 3.26 0.57 1.71 048 0.00 10.98
Alfalfa 3.71 3.13 0.40 1.26 0.61 0.03 9.14
Com stover 7.08 3.25 0.68 320 0.72 0.14 15.07
Barley straw 6.03 3.14 0.55 1.38 0.60 0.20 11.90
Block 2
Reed canary grass 5.96 2.82 0.51 1.30 0.46 0.03 11.08
Timothy 6.03 2.57 0.53 1.61 048 0.08 11.30
Alfalfa 5.79 3.00 0.39 1.90 0.54 0.12 11.74
Corn stover 7.76 3.47 0.81 3.56 0.72 0.18 16.50
Barley straw 7.32 3.55 0.70 2.02 0.62 0.17 14.38
CANADIAN AGRICULTURAL ENGINEERING Vol. 40, No. 3 July/August/September 1998



3. After separation of the liquid hydrolyzate, between 50 and
60% of the original biomass remained in a sludge. This
residue or byproduct was found to have a high energy value
(relatively low fibre content) but a poor protein content
because a large fraction of the nitrogen was bound to the
fibre. In vivo animal research would be necessary to confirm
the actual feed value of the byproduct for meat and milk
production.
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