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As specified by this contract, investigations into the viability of
wheat straw as a feed stock for methane production have been undertaken.
Baled straw was obtained from a commercial supplier who has the contract
to suppiy the University of I11inois with this material. Approximately
five tons were obtained in August']978; This straw was harvested from the
1978 wheat crop. The straw was stored inside to protect it from the
weather. Since it was dry, it can~be stored indefinitely without decompo-

sition. ;

1. Particle Size Distribution
The straw is not chopped during harvest. Therefore, it was necessary
to mill it prior to slurry preparation. The particles were milled through

a 3.2 mm (1/8 in.) screen in order to facilitate feeding of this material

to the fermentation system.- A sieve analysis of the dry milled straw (see -

Figure 1) showed that 97 percent passed the #10 sieve (1.98-mm) with

essentially 0 percent passing the #200 sieve (74 um). In fact, only

approximately 5 percent of the mf]]ed straw passed the #50 screen (297 um).

This milling resulted in a rather narvow size range.

When the material was wetted, the paftic1es swelled substantially
as a result of the absorbed moisture. Using a wet sieving technique, over
65 percent of the total solids were retained on the #10 sieve. At the
same time, 30 percent of the total solids passed the #200 sieve. Essen-
tially all of this 30 percent was soluble solids. Upon fermentation, the
total solids passing the #200 sieve increased to 41 percent. However,
only 48 pefcent éf the total solids passed the #10 sieve. These data

are also shown-in Figure 1.. This size distribution certainly facilitates

dewatering of the fermented slurry by simple passagé over a 10 mesh screen.
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Better than 90 percent of the solids of a size greater than 74 um can be

recovered. The moisture content of the screened solids will be approximately

85 to 90 percent. Additional dewatering can be obtained by appropriate

presses.

2. Straw Slurry Characteristics

This straw slurry has unique characteristics. With a solids content
of 12 to 13 percent, the straw and water mixture has absolutely no fluid
properties. It has an angle of repose that approaches 90 degrees. Mixing
by conventional fluid mixers is impossible. The power required by a
ribbon mixer designed to mix concentrated slurries exceeded 2 KW/m3 (75 HP-
per 1000 cu ft). This slurry could only be mixed at significantly lower
solids céncentrations.

Pumping of @ slurry contairing 10 percent solids wés impossibie. It
was necessary to dilute the solids to about 3 percent. Even at these
concentrations, it was extremely difficult to pump the slurry. To faciii—
tate pumping, the Moyno pump speeds were increased to 300 rpm. Various
other procedures were tried in hopes that it would be possible to operate
the pumping system with the time clocks to approximate continuous operation.
Steam heating of the straw-water mixture at 115°C (240°F) did improve the
water absorption. It was possible to wet the straw more easily with the
heat trestment It also appeared to ease the pumping problems slightly.
However, the feeding‘had to be accomplished manually. Thé pumps would not
start without flushing with water prior to turning on the pumps.

After completing a run with straw pretreated as above, a thermo-
chemical pretreatment was initiated. Water containing 0.25 normal sodium

hydroxide was added to the straw to produce a 12.5 percent solids concen-
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tration. The resultant pH of the s]&rry was 12.2 to 12.3. This slurry
was heated at 115°C (240°F) for a total time of 4 hours. The physical
characteristics of this slurry drastically changed. Mixing and pumping
with a solids concentration of 12.5 percent was possibie. Dilution of
the slurry with tap water to 6.3 percent solids yielded a slurry having
the appearance of cooked oatmeal. The pH of this dilution is approxi-
mately 10. Pumping was easy and feéd to the fermentation systém Was
possible with the pumps operating on the time clocks. As with the corn
stover, the slurry characteristics of the straw susgension is unique.

Special considerations must be given to handling of these siurries in

any system.

3. Gas Production Data
The data presented in Table 1 show the gas production obtained at

various retention times. Each reactor was operated at the specified . |

condition for at least 3 retention times before these data were collected. |

These data are for a fermentation temperature of 55 + 1°C {138 + 2°F).

The stréw é]urfy had been heat treated priok to addition to the slurry

holding tanks. As discussed previously, this treatment was necessary to

alter the characteristics of slurry so that it was rossible to pump it.
Problems in pumping of this slurry were encountered. It was not

possible to startApumping without first flushing the pipes with water.

The time cycle pump activation system could not be used. Approximately

50 Titers of slurry were added each time the pumps were activated. At

the short retention time (3.8 days), four such pump per?ods were used

daily. Unfortunately, this resulted in addfng a_substantial feed volume

(200 1i£ers into 750 1iters)”over a period of 4 to 6 hours. “This mode

of feeding resulted in an unstable system.
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Table 1. Gas Production Data for Wheat Straw

1

Week - ~ Gas Vol.-Solids CH, Produced
h % CH, kg/day m°/kg Vol. Solids

1 3.8 23.5. 57.5 3.73 0.087

2 3.8 25.7 56.7 3.90 0.090

3 3.8 21.1 57.0 4.06 0.071

42 5.0 17.8 60.8 3.39 0.077

1 5.0 18.4 56.6 2.97 0.084

2 5.0 19.2 57.3 3.02 0.087

3 4.9 22.1 56.1 2.93 0.101

4 5.1 17.1 58.0 2.86 0.083

1 7.5 16.6 - '56.6 1.96 0.115

2 7.4 16.2 58.7 ' 2.02 0.113

3 7.3 16.7 54.5 2.00 0.109

4 7.5 14.2 57.5 1.94 0.101

1 13.1 10.7 58.6 1.12 0.134

2 13.2 12.6 5.7 1.18 0.150

33 13.2 9.7 54.1 1.20 0.104

4 14.2 9.7 59.5 1.06 0.131

5 14.3 10.0 (58.9)" 1.04 0.136

1
2

To obtain scf/1b multiply by 16 '
pH drop to 5.9 due to drop in alkalinity and volatile acid increase
36as 1eak in reactor



Wheat straw does not produce adequate natural alkalinity when fermented.

Consequently, additional alkalinity must be added with the feed. As a
result of the fnstabi]ity in the short retention time reactor. the volatile
acids incieased. With an alkalinity in the 900 mg/1 as CaCO3 range, the

pH dropped as the volatile acids increased. During Week 4, the pH in the
short retention time reactor dropped to less than 6.0. The feed was stopped
for two days and lime added to the reactor for pH control. A rapid

recovery was experienced. The gas data for this week were not used in
subsequent calculations.

During Week 3, the reactor with the longest retention time experienced
a gas leak in the feed piping. This resulted in incorrect gas readings.
Consecuently, the gas data for this week were excluded in the subsequent
data analyses.

The gas production in Table 1 1s expresged in ‘terms of the gas
(methane) generated per unit of volatile solids added. When processing
straw, a 1iquid recycle stream is employed. The fermented slurry 1is
passed over a screen to remove most of the suspended solids. The total
solids of this stream was reduced from approximately 20 g/& to 6 g/%
by this éimp]e screening process. The liquid fraction is used as make-up
water for the new feed slurry. Conseguently, a measurable guantity of
solids is recycled with this system. The gas production ianab1e 2 1is
the average for the data shown in Table 1 and is expressed in terms of
the total volatile solids fed (including recycle solids) and in terms of
the volatile solids added with the straw on]y,‘the latter being the data

in the adjusted CH4 production column.



Table 2. Gas Production Data for Straw

8 CH4 Production AdJusted CH4 Product1onv
Days m3/kg V.S. Fed m /kg V. S Fed

3.8 0.083 (1.31)* - 0.100 (1. 58) -
5.0 . 0.089 (1.41) 0.109 (1.72) = "
7.4 0.110 (1.74) 0.134 (2.12)

13.7 0.138 (2.18) 0.167 (2.64) "

K
( ) Data expressed as SCF/1b V.S. fed

The adjusted methane production was used to determine tﬁe_ﬁe?céntage
of volatile solids that are degradable. This is accomplished by‘exfrapo-
lating the gas production data to an infinite retention time. A Sem{flog 
plot of methane production against the reciprocal of the rétention time
(Figure 2) yields a straight line. The y- 1ntercept 13 the methane producL1on .
at an infinite retention time, or the biodegradability of the organ1c
material Based on the data in Figure 2 the maximum poss1b1e methane
productwon would be 0.22 m /kg volatile solids added (3.52 scf/]b)
one assumes that the organic mater1a1 being fermented. is cel]u]ose the
methane production per kg of ce|1u1ose fermented would be 0 44 n3 at a gas A
temperature of 15°C. Based on this maximum gas product1on, the vo]at11e
solids in the straw would be 50 percent biodegradable. |

The rate of conversion is determined from a simple first'or6eri
kinetic relationship in which the substrate removal rate (dS/dt)lis“a |
function of the biodegradable substrate remaining. | |

ds _
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A mass balance on a complete-mix reactor without sludge recycle yields

the following equation:

S =Sy () (2)
where:
S = biodegradable substrate remaining
5@ = initial biodegradable substrate
& = reactor retention time - days
K = rate constant - day"]

~Using a value for Ss as determined from Figure 2, and the values of
S0 - § {methane produced per kg of volatile solids) from Table 2, Figure 3
can be constructed. This is a linear form for Equation 2. A least squares
fit. including the y-intercept value (0,1), yields a line with a slope of
0.23 day-i‘ This is the rate constant, K, in Equation 2.
This rate constant (temperature of 59 + 1°C) corresponds closely

with the values found for manure (0.25 day-]) and corn stover (0.25 day-1).

g, Disoussi

trn

on

Review of the cata obtained for wheat straw and corn sfover can be
used to identify the major Timitation of these materials as substrate for
methane production. The poor conversion efficiency results in extreme
penaltias for residue disposal. A thermophilic system (58-60°C) operating
at a 10-day residence would generate the results shown in Table 3.
Tee corn stover and straw would be harvested with a moisture content of
Yess than 25 percent. After fermentation, 71.4 and 62.9 percent of the

corn stover and straw velatile solids (dry weight}), respectively, would
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Table 3. Fate of the Volatile Solids During
Fermentation - Initial Weight = 100 kg

S Snb* S Cells . Protein S

0 nb *S
Corn Stover 40 60 11.4 2.9 2.0 71.4
Corn Stover 77 23 22.0 5.5 3.8 45.0
(Pretreated)
Wheat Straw 53 47 15.9 3.7 2.6 62.9
*%

Snb denotes the nonbiodegradable volatile solids

remain as residue. Mechanical dewatering processes can reduce the moisture
content in this residue to about 70 percent. Therefore, for each ton of
material harvested from the field (25 percent moisture), approximately
1.8 and 1.6 tons, respectively, of corn stover and straw residue would
have to be adequately disposed. ' |
This residue does not have any va]ue.as an animal- feed. Using a
cell growth ratio for the above system equal to 10 percent of the carbo-
hydrate fermented, the cell yield can be calculated. The cell yield dgta
have been extrapclated from Speece and McCarty (1964). The results are
shown ih Table 3. Clearly, the rcsulfing protein production is low. The
guality of the residue (dry solids) as an animal feed is shown in Table 4.
For corn ‘stover, 84 percent of the volatile solids in the residue are
refractory. or unavailable in the rumen. At most, some 13 percént‘might
be considered to be digestible. The protein content of this residue
would be about 2.3 percent. This is hardly a quaiity feed. |
The cemposition of the residual volatile solids from Qheat straw is
slightly better. The straw was more biodegradable than stover. Conse-
quentiy, the proportion of refractory solids was less. Aiso, the protein.

content of tha residus was calcuiated to be 4.1 percent.
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Table 4. Composition of Residual Volatile Solids - % by Dry Weight

- Corn Stover Wheat Straw
No Pretreat Pretreat o Pretreat Pretreat

Nonfermentable

Volatile Solids 84.0% C51.1% 74.7% -
Fermentable :

Volatile SQ]jds . 13.2% 40.5% 21.2% -
Protein 2.8% 8.4% 4.1% -

A mild thermochemical pretreatment'of the corn prior‘to fermentation
substantially improved the conversion efficiency of the system. As shown
in Table:.3, only 45 percent of the volatile solids remained in the residue.
The wet weight of the residue would be approximately 1.1 times.the weight
of the corn stover as harvested from the fields. The value of this residue
as an animial feed is-also improved. Only.51.1 percent of the residual
volatile solids are refractory. About £0 percent of these residual solids
are digestible carbohydrates. The protein content increases to 8.4 perceht.
| from this discussion, it is quité clear that pretreatment of both
stover‘énd straw is essential if this system is to have any chance to be
economically feasible. Improvement of this pretreatment process can be

expected to substantially increase the probability of success.
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