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FOREWORD

This report describes the results of a research project to produce energy in
the form of methane and a high-protein feed supplement from livestock manure.
This work was jointly funded by the US Department of Agriculture, through the
Science and Education Administration, and the US Department of Energy, through
the Solar Energy Research Institute.

Mention of commercial or proprietary products in this report does not consti-
tute recommendation or endorsement of these products by the US Departments
of Agriculture and Energy or by the Solar Energy Research Institute.
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Dan Jantzen, S¢/ Project Manager
Solar Energy Research Institute
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SUMMARY

This report summarizes the research conducted at the Roman L. Hruska U.S. Meat
Animal Research Center, during calander year 1980, on the feasibility of fer-
menting manure-crop residue mixtures to methane, and on factors affecting the
rate and extent of methane production. Experiments were conducted to evaluate
effects of temperature, pH, substrate concentration, and alkaline pretreatment
on the rate and extent of hydrolysis of manure-straw mixtures. The rate of
hydrolysis, as measured by the total organic acids (TOA) productivn in
fermentors, was more rapid at 40°C compared to higher temperatures (50, 55 or
60°C), and very little TOA was produced at 60°C. This was even true when fer-
mentors were inoculated with bacteria acclimated to 55°C. Inoculating fermen-
tors with slurry from a thermophilic anaerobic fermentor decreased the time
required to reach maximum TOA production from 3 days to 1 day for the 40°C
fermentors, but had no effect on fermentors at 50, 55 or 60°C. Both pH
adjustment and alkaline treatment (120°C, 80 g NaOH/kg VS straw) of the straw
increased the extent of TOA production. However, alkaline treatment increased
the)extent of TOA production substantially more than pH adjustment (12% vs
56%).

The effect of mixing a highly carbonaceous substrate (molasses) and highly
nitrogenous substrate (beef cattle manure) on methane (CHg) production and
effluent quality was evaluated. The manure and molasses were mixed so that
they contributed varying percentages in the mixture, as follows: 100% manure
(100:0); 75% manure and 25% molasses (75:25); and 50% manure and 50% molasses
(50:50). Laboratory-scale, anaerobic fermentors (3-dm3 working volume, con-
tinously mixed) were operated at 55°C and at 6, 9 and 18-day hydraulic reten-
tion times (HRT). At similar HRT and (VS) loading rates, fermentors receiving
the 50:58 mixtuse consistently produced the highest volumetric CHq production
rates (m> CHg/m° fermentor-). The fermentor receiving only cattle manure pro-
duced the lowest rates. Kinetic evaluation showed that increased

CHgq production rates of molasses containing substrates were due only to higher
ultimate CHgq yields (Bo) of the manure-molasses mixtures, and not due to
reduced inh%bition nor increased microbial growth rate. B, were 0.325, 0.335,
and 0.360 m> CHg/ kg VS fed for the 100:0, 75:25 and 50:50 mixtures,
respectively. The addition of molasses to manure also affected fermentor
effluent characteristics. Of particular interest was a change in ammonia to
total nitrogen (NH3/TN) ratio. At a 6-day HRT, the NH3/TN ratio decreased
from 0.48 to 0.38 and to 0.23 for the 100:0, 75:25 and 50:50 mixtures,
respectively. This shift from ammonia to organic nitrogen is desirable if
fermentor effluent is used as a protein supplement in livestock feeds.

The pilot plant was modified into a two-stage fermentation system to accomo-
date manure-straw mixtures. Inputs to the system were 50% beef cattle manure
and 50% wheat straw, based on VS content. The manure-straw mixture was mixed
into a slurry and fermented in a hydrolysis tank for 1 day at 50 to 60°C. The
slurry was then separated using a vibrating screen. Approximately 37% of the
screened solids was returned to the hydrolysis tank. The screened liquid,
which accounted for 35% of the VS in the manure and straw, was pumped to the
anaerobic fermentor for conversion to CHgq. The fermentor, gperated at 8-day
HRT, 44 to 47°C, and influent concentration of 47.3 kg VS/m°, produced 1.81 m3
CHg/m3 fermentor-day.

The effects of temperature, ration gonstitutents, antibiotics and manure age
on the ultimate methane yield (B, m’ CHs/kg volatile solids fed VS¢ ) were



investigaed using 4- dm3 batch fermentors. The average B, for fermentors
maintained at 30 to 60°C (at 5°C intervals) was 0.328 m3 CH4/kg VS¢. The

Bo §t 65°C averaged 0.118 m3 CH 4/kg VS¢, but this Tow yield was attributed to
unstable fermentation rather than decreased substrate availability at that
temperature. These results agreed well with B, values estimated from daily-
fed fermentors. Chlortetracycline and monensin did not affect By; however,
monensin did delay the start of active fermentation in batch fermentors. The
average B, of mangre from cattle fed 91.5, 40 and 7% corn silage were 0.173,
0.232 and 0 290 m° CHgq/kg VS¢, respective1§ The average By for 6 to 8 week
old manure from a dirt feedlot was 0.210 m° CHg/kg VS¢.

The effects of mixing duration and vacuum on methane production rates from
anaerobically-fermented beef cattle wastes were determined. The results
showed that continuously-mixed fermentors produced significantly (P<0.05)
higher methane production rates than fermentors mixed two hour per day.
However, the rates from the continuously-mixed fermentors were only 8 to 11%
higher than the intermittently-mixed fermentors at 6~ and 4-day HRT,
respectively. There was no significant difference between the vacuum and con-
ventional fermentors at 6-day HRT, but there was a significant difference at
4-day HRT. The CHq production rate of the vacuum fermentors was 5% higher
than the conventional fermentors at 4-day HRT. The results of these experi-
ments compared well with predicted CHgq production rates. These results
suggest that there is little potential for increasing the fermentation rates
of livestock wastes by increased mixing or vacuum.
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SECTION 1.0

INTRODUCTION

Anaerobic fermentation research has been in progress since 1976 at the Roman
L. Hruska U.S. Meat Animal Research Center. The overall objective of this
project is to assess the technical and economic feasibility of recovering
methane and high protein biomass through the anaerobic fermentation of beef
cattle manure and crop residues. The major thrust of the project is to deve-
Top optimum fermentation systems that are compatible with livestock production
enterprises. The project contributes to: establishment of design criteria
and scale-up factors for efficient methane production; assesment of the econo-
mic feasibility of fermentation systems; and integration of this technology
with the livstock production sector.

This report summarizes the research conducted during calander year 1980 on the
feasibility of fermenting manure-crop residue mixtures to methane, and on fac-
tors affecting the rate and extent of methane production. This work is con-
tinuing through 1981.



SECTION 2.0

MICROBIAL HYDROLYSIS OF THERMOCHEMICALLY TREATED
AND UNTREATED MANURE-STRAW MIXTURES

Andrew G. Hashimoto

2.1 INTRODUCTION

A two-stage fermentation system that converts manure-crop residue mixtures to
methane (CHg) is being evaluated at the Roman L. Hruska U.S. Meat Animal
Research Center. A schematic diagram of the system is shown in Figure 2.1.
The first stage is a completely-mixed, heated, well-insulated tank in which
manure, crop residue and water are mixed to optimize cellulase and other
hydrolytic activity. Optimum conditions for cellulase activity are reported
to be temperatures between 55 to 60°C and pH between 5.8 to 7.2 under ther-
mophilic conditions (Pye, 1978) and between 32 to 35°C and pH of 4 under meso-
philic conditions (Ryu and Mandels, 1980). In order to prevent methanogenesis
in the first gtage volatile solids (VS) loading rate is kept high (in excess
of 30 kg VS/m°-day) and the solids retention time is kept short (less than 4
days).

Effluent from the hydrolysis tank passes over a 10-mesh screen to remove
coarse particles and allows the solubles and fines to pass to the second-stage
fermentor. The coarse particles (hair, undigested feed, residue particles,
etc.) are either recycled back to the hydrolysis tank, wasted (this could be
used as roughage in ruminant rations) and/or thermochemically treated and then
returned to the hydrolysis tank.

Potential advantages of this two-stage system are: easily hydrolyzable
material is hydrolyzed in the first stage and fermented to CHq and COy in the
second stage; more resistant substrate is hydrolyzed for longer periods; only
resistant substrate is exposed to alkaline treatment (reducing the amount
residue to be treated and therefore the chemical and energy needed to treat
the residue); the alkaline added to the system helps to maintain the pH in the
first stage at optimum levels; neutralization of the treated material is not
necessary; increased methane production rates may be achieved since the
substrate to the second stage would presumably be more biodegradable; and
problems associated with mixing and pumping the fermentor contents are mini-
mized with the removal of the coarse material.

This study focuses on some design parameters needed to optimize the
microbial hydrolysis stage. Four experiments were conducted to evaluate the

effects of temperature, pH, substrate concentration, and alkaline pretreatment
on the rate and extent of substrate hydrolysis.

2.2 METHODS

2.2.1 Experiment Design

Table 2.1 shows the parameters evaluated in the four experiments. Each treat-
ment was replicated twice. Experiment 1 compared effects of temperature

(40°C vs 60°C) and pH (6 vs no pH control) on hydrolysis of a 130 kg VS/m3,
manure-straw mixture. Experiment 2 compared effects of substrate con-
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Figure 2.1. Schematic Diagram of a Two-Stage Fermentation System for Methane Production



TABLE 2.1, VARIABLES USED IN EXPERIMENTAL DESIGN

Experiment Treatment Temperature pH VS Conc. Seeded Straw
°C Control kg/m3 Treated
1 1A 40 Yes 130 No No
1B 40 No 130 No No
1C 60 Yes 130 No No
1D 60 No 130 No No
2 2A 50 No 130 No No
2B 50 No 80 No No
2C 50 Yes 130 No No
2D 50 Yes 80 No No
3 3A 40 No 100 Yes No
3B 50 No 100 Yes No
3C 55 No 100 Yes No
3D 60 No 100 Yes No
4 4A 40 No 100 Yes No
48 40 No 100 Yes Yes
AC 55 No 100 Yes No
4D 55 No 100 Yes Yes




centration (80 vs 130 kg VS/m3) and pH (5 vs no pH control) on rate and extent
of hydrolysis. Experiment 3 compared effect of temperature (40, 50, 55 and
60°C) on rate and extent of hydrolysis of 100 kg VS/m3, manure-straw mixtures
seeded with anaerobic bacteria. Experiment 4 compared effects of temperature
(40 vs 55°C) and a]kalgne treatment of straw on rate and extent of hydrolysis
of seeded, 100 kg VS/m?, manure-straw mixtures.

2.2.2 Fermentors

Fermentors used in Experiments 1 and 2 were 4-dm3, pyrex, reaction kettles
(Corning 6947) equipped with heating mantles and variable transformers to
control temperature. FEach fermentor was mixed by a 20 watt variable-speed
mixer (220 revolutions per minute) and duel propellers (5.5-cm diameter,
3-blade propellers spaced 14 cm apart on the shaft).

Fermentors used in Experiments 3 and 4 were 5-dm3, ceramic pots (crock pots)
equipped with temperature controls and plastic covers. Mercury thermometers
were inserted in the covers to monitor and adjust the temperature to the
desired level.

2.2.3 Substrate

Manure used in this study was from beef cattle (weighing about 400 kg) fed a
ration consisting of 85% corn, 13% corn silage and 2% soybean meal-mineral
supplement (80.5% soybean meal, 11.5% limestone, 3% dicalcium phosphate, 0.8%
vitamin A, D and E, 0.2% beef trace minerals, and 3.75% salt). The manure was
less than 3 days old and scraped off concrete-floored pens. Straw used in
this study was winter-wheat straw grown in Clay County, Nebraska. The straw
was collected in the spring of 1979, stored in large (400 kg) round bales and
passed through a hammer mill equipped with 1-cm diameter mesh screen.
Alkaline treatment entailed placing a specified amount of straw in a 4-dm3
f]gsk, mixing NaOH (80 g NaOH/kg VS of straw) and diluting the mixture to 1
dm The mixture was then placed in an autoclave and heated to 120°C for 1
hour.

Table 2.2 shows the composition of the manure, straw and alkaline-treated
straw used in this study.

2.2.4 Experimental Procedures

At the start of each_experiment, each fermentor (two fermentors per treatment)
was filled with 3 dm3 of water, and the fermentor temperature adjusted to the
desired level. After 3 to 5 days for temperature equilibration, the fermen-
tors were drained, and the specified amounts of manure, straw, alkaline-
treated straw (ATS), hot water, and/or inoculum were added to the designated
fermentor. The inoculum used in Experiments 3 and 4 was 0.5 dm® of slurry
from a thermophilic (55°C) anaerobic fermentor (Hashimoto et al., 1978).

Fermentors in Experiments 1 and 2 were continuously mixed and pH was adjusted
(using 4 N NaOH) 3 times each day during the first 2 days of operation, and
once each day thereafter. The fermentor contents in Experiments 3 and 4 were
mixed manually once each day or whenever samples were taken.



TABLE 2.2. COMPOSITION3 OF MANURE, STRAW AND ALKALINE-TREATED STRAW

Alkaline

Constituent Manure Straw Treated
Straw
Total Solids 15.5 92.6 17.0
Volatile Solids 84.3 88.7 66.2
Carbon 44.7 43.8 40.4
Total Nitrogen 3.9 1.7 1.3
Chemical Oxygen Demand 130.8 62.4 82.3
Total Organic Acids 7.6 1.3 2.3
Cellulose 9.4 41.2 34.6
Hemicellulose 13.4 22.6 3.5
Lignin 3.7 8.0 5.5
Silica Ash 2.2 2.6 2.0
Phosphorous 1.1 0.2 0.2
Potassium 1.9 2.8 2.8
Sodium 0.6 0.1 2.8

4values expressed as percent of total solids except total solids.
Total solids expressed as percent of wet weight.



2.2.5 Analytical Methods

Total solids (TS), volatile solids (VS), fixed solids (FS), ammonia
(distillation method), chemical oxygen demand (COD), alkalinity (to pH 3.7),
pH, and total organic acids (TOA, silicic acid method) were determined using
the standard methods for wastewater analyses (APHA, 1975). Kjeldahl nitrogen
was determined by the method described by Wael and Gehrke (1975). Samples for
cellulose, hemicellulose, lignin, silica ash, phosphorous, potassium and
sodium determinations were freeze dried, ground and analyzed using published
procedures (AOAC, 1975). Carbon was determined on freeze dried, ground
samples using a Perkin-Elmer, Model 240, Elemental Analyzer.

Samples for TQA and individual volatile fatty acids (VFA) were prepared by
diluting 5 cm3 of sample to 100 cm3, adjusting the pH to 1.0 to 1.2 with con-
centrated H3P0s, and centrifuging at a relative centrifugal force of 12,062
for 30 minutes. Aliquots of the supernatant were used in the TOA analysis, or
transferred into vials, sealed and frozen for future analysis.

The VFA, including acetic, propionic, butyric, i-butyric, valeric, i-valeric,
and caproic acids, were imeasured using a Hewlett-Packard Model 5840A gas chro-
matograph with dual flame ionization detectors. Coiled glass columns (0.32 cm
ID by 183 cm) packed with 15% SP-1220/1% H3P0O4 on 100/120 mesh Chromosorb WAW
(Supelco, Inc., Bellefonte, PA) were gsed for the fatty acid separation.
Nitrogen carrier-gas flow was 0.67 cm®/s and injector, oven and detector tem-
peratures were 200, 125 and 250°C, respectively.

Data were analyzed by least-squares procedures outlined by Harvey (1975).
Main effects were: temperature, pH control and time for Experiment 1; VS
concentration, pH control and time for Experiment 2; temperature and time for
Experiment 3; and temperature, straw alkaline treatment and time for
Experiment 4.

2.3 RESULTS

2.3.1 Experiment 1

Figure 2.2 shows the change in TOA (expressed as g TOA/g VS) with time. It
shows that the rate and extent of TOA production is significantly (P < 0.01)
faster at 40°C than at 60°C, and with pH control than without pH control

(P < 0.05). After 4 days of fermentation, the 40°C fermentors (treatment 1B)
produced 76% more TOA than the 60°C fermentors (treatment 1D), and the 40°C
fermentors with pH control (treatment 1A) produced 12% more than the 40°C fer-
mentors without pH control (treatment 1B).

This experiment was designed to control the pH at 6 for treatments 1A and

1C. Figure 2.3 shows that the manual addition of NaOH was not sufficient to
maintain a constant pH of 6, especially during the period of maximum TOA
production rates (days 1 to 4). The total amount of NaOH added to the fermen-
tors was 58 g NaOH/kg VS for treatment 1A and 37 g NaOH/kg VS for treatment
1C.

Table 2.3 shows that, during the period of maximum TOA concentration (days 3
to 6), between 20 to 30 percent of the TOA was comprised of volatile fatty
acids. This indicates that there are significant amounts of nonvolatile orga-
nic acids {(e.g., lactate, succinate, etc.) or formate produced during the
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hydrolysis of manure and straw. Acetate accounts for 80 percent of the TVFA,
and acetate and propionate account for nearly 90 percent of the TVFA.

2.3.2 Experiment 2

Figure 2.4 shows that, after 3 to 5 days of fermentation, there was no signi-
ficant effect of substrate concentration on the extent of TOA production, and
that pH control increased the extent of TOA production (P < 0.01). Treatments
2A and 2B showed no difference in extent of TOA production beyond 5 days of
fermentation, but treatment 2C (130 kg VS/m3) showed a continued increase in
TOA production while treatment 2D leveled off after 5 days of fermentation.

The different results of treatments 2C and 2D compared to 2A and 2B could be
explained by the difficulties experienced in keeping treatment 2D mixed and
thus achieving good temperature control. This inadequate mixing caused solids
to accumulate on the fermentor walls and reduced heat transfer into the
fermentor. As a result, the temperature of the fermentor in treatment 2D
averaged about 47°C rather than 50°C. This inadequate mixing was the main
reason why the ceramic pots, which facilitated complete manual mixing, were
used as fermentors in subsequent experiments.

Table 2.4 shows results similar to Table 2.3. The TVFA comprised between 20
to 30% of the TOA, and about 80 percent of the TVFA was acetate. The total
amount of NaOH added to the fermentors for pH control was 13 and 25 g NaOH/kg
VS for treatments 2C and 2D, respectively.

2.3.3 Experiment 3

Figure 2.5 shows a significant (P < 0.025) effect of temperature on the rate
and extent of TOA production. Treatment 3A (40°C) showed maximum TOA produc-
tion after only 1 day of fermentation. Treatments 3B (50°C) and 3C (55°C)
took between 3 to 6 days to achieve maximum TOA production, while treatment 3D
(60°) showed only a slight increase in TOA production even after 7 days of
fermentation. It should be noted that all of the fermentors in Experiment 3
were inoculated with slurry from a 55°C fermentor. Thus, it is surprising
that treatment 3A produced TOA at a faster rate than treatment 3C.

Table 2.5 shows that the TVFA comprised between 25 to 30% of the TOA for
treatments 3A, 3B and 3C. However, in treatment 3D, the TVFA comprised bet-
ween 35 to 40% of the TOA. Acetate comprised about 80% of the TVFA for treat-
ment 3A and slightly less than 80% for treatments 3B, 3C and 3D.

2.3.4 Experiment 4

Figure 2.6 again shows that significantly (P < 0.01) higher initial rates of
TOA productions were achieved at 40°C than at 55°C even when the fermentors
were inoculated with bacteria adapted to 55°C. Also, the alkaline-treated
straw (ATS) significantly (P < 0.01) increased the extent of TOA production
and allowed TOA production to continue even up to 14 days of fermentation.
After 7 days of fermentation, treatment 4B produced 56% more TOA than treat-
ment 4A, and treatment 4D produced 31% more TOA than treatment 4C. The con-
tinued TOA production of the ATS treatments (4B and 4D) compared to the
untreated straw could be explained by the pH profiles (Figure 2.7). The pH
for treatments 4A and 4C (without ATS) decreased to about 4, while treatments
4B and 4D (with ATS) decreased to about 4.5. Apparently, pH at or below 4
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Figure 2.5. Total Organic Acids Profile for Experiment 3 (initial concentration = 100 g VS/m3; all
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