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Abstract

The two-stage immobilized microbe waste processor designed for sewage treatment
by Messing has been modified to process poultry manure.

The Messing reactor of 120-mL volume was modified and scaled up to a 4-L
volume.

Three different carrier materials have been investigated. Temperatures for each of
the two stages were examined, and residence time as well as feed concentration were
explored.

Analytical data has been computer analyzed using multiple variable correlations
and the results of this analysis have indicated directions for optimization.
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Introduction

It has been shown that the dimensions of microbes and the size of the pore diame-
ters of inorganic supports will allow one to predict the efficiency of cell accumula-
tion and growth inside inorganic supports (/—4). These studies demonstrated that
cells could accumulate in high levels inside the pores, be grown continuously, and
the immobilized cell supports be used in a two-stage reactor system for the anaero-
bic digestion of sewage. It was further demonstrated that this immobilized reactor
for sewage was high-rate and produced high BTU gas.

The objectives of this study were to scale up the two-stage sewage reactor and
examine its efficiency on a waste stream other than sewage, i.e., poultry waste
from laying hens.

To accommodate the particulate material found in poultry manure, it was neces-
sary to modify the immobilized cell sewage reactor. This was done by locating the
effluent port on the second stage (the anaerobic stage) at the bottom of the column.

In addition to the scale up and modification of the reactor, information was de-
sired on a variety of carrier supports. Optimal temperatures, residence time, and
feed concentration for the system on poultry manure were gathered.

Materials and Methods

The reactor utilized for these studies was a scaled-up version of the Messing two-
stage reactor (4) for processing sewage waste. The reactor consists of two stages, a
level controller, two pumps, and a check valve. The first stage, the hy-
drolytic—redox stage, is vertically mounted. The second stage, the anaerobic stage,
is horizontally mounted and connected by /4-in. tubing to the first stage. The mod-
ification of the Messing reactor for poultry manure was to put the discharge on the
end, at the bottom of the second stage to allow for passage of large particles and to
prevent plugging. The reactor is diagrammatically represented in Fig. 1. A liquid
level controller is mounted on the top of the second stage, attached to a gas pump,
and activates that pump when the level is low to remove gas buildup. A feed pump
is employed to pump through both stages and permit pressure on a check valve
mounted to the discharge line of the second stage. Both stages employ porous, in-
organic material for immobilizing the microbes.

Both stages consisted of custom-made, water-jacketed, glass columns. The
sizes of the columns were approximately 5.0 ¢cm internal diameter X 112 cm long.
Temperature was maintained and controlled by means of a separate Lauda
Brinkman circulating water bath attached to each stage. The liquid level controller,
mounted at the top of the second (anaerobic) stage, was a L.ab Monitor III. Both the
feed pump and the gas pump were Masterflex tubing pumps. The check valves
used for all of the systems were Circle-Seal, brass, 3 psi, Y2-in. diameter check
valves.

The poultry manure was all from laying hens supplied by Egg City of California,
Moorpark, California. The manure was stored at 4-6°C. Prior to use, the manure
was diluted with water, ground with a Waring blender, and then filtered through
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Fig. 1. Poultry manure processor.

burlap to remove coarse particulate matter. The filtered manure was adjusted to the
desired feed concentration with water and gently agitated on an orbital shaker to
ensure constant feed of suspended solids. The pH of the feed manure was not ad-
justed and was between 6.8 and 7.3.

Four systems were used and a total of three separate carriers were employed.
Two of the carriers were supplied by the Manville Products Corporation,
Zelienople, Pennsylvania. These two carriers were insulating bricks size
9 X 4 X 22 in. They were identified as a Johns-Manville 23SL firebrick JM
23SL) and Johns-Manville Microbiological Reactor Media (JM MRM) brick. Both
bricks were cut in half lengthwise, turned on a lathe to 4.9 cm diameter, and then
had four Y in. holes drilled through them lengthwise. These bricks are composed
of alumina, silica, and calcium oxide, respectively. The third carrier was supplied
by the Aluminum Company of America, Alcoa Center, Pennsylvania. This carrier
was an alumina bead, '4-in. in diameter, and identified as Alcoa Controlled-Pore
Alumina #P2311-75 (Alcopal) bead. The Alcopal carrier was used as is. The reac-
tors were charged with 1640 grams of JM 23SL in each of two reactors, 1650
grams of JM MRM in one system, and 2450 grams of the Alcopal bead in the
fourth processor. The pore dimensions of the carriers were determined by Mercury
Intrusion Porosimeter Analyses and can be seen in Fig. 2. The JM 23SL brick has
an average pore diameter of 9 wm, pore distribution from 2 to 25 pm, pore volume
of 0.84 cc/g and a porosity of 67%. The JM MRM has an average pore diameter of
13 wm, a pore distribution from 2 to 25 wm, a pore volume of 1.22 cc/g and a
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Fig. 2. Carriers for cell immobilization. Mercury intrusion porosimeter analyses on
experimental carriers.

porosity of 75%. The Alcopal bead has an average pore diameter of 2 wm, pore
distribution from 0.1 to 9 wm, a pore volume of 0.25 cc/g, and a porosity of 36%.

The system volume before the carrier material was packed was 4350 mL
including tubing. The fluid volumes of the reactors were measured after the carri-
ers were packed and two were 2850 mL, while two were 3000 mL.

Gas determinations were performed with a Perkin-Elmer Sigma 1 Gas Chroma-
tograph equipped with a Sigma 10 data system and a thermal conductivity detector
through 6 ft X Y-in. stainless-steel columns packed with 100-120 mesh
Carbosieve 5 (Supelco, Bellefonte, PA.) initial temperature 50°C; temperature
program, hold initial 4 min, then 20°C/min to 175°C, hold final temperature 20
min. The flow helium was at 40 mL/min, the injector at 300°C, the detector at
300°C, and the detector voltage at 150 mA. Total carbon determinations were per-
formed with an Oceanography International Model 525 Carbon Analyzer equipped
with Horiba Infrared Gas Analyzer. COD analyses were performed with an EPA
certified procedure, the Ampule Method, employing a Perkin-Elmer Model 200
spectrophotometer for colorimetric determinations.

The seeding of two of the reactors, one JM 23SL and the Alcopal, was accom-
plished by obtaining sludge from a digestor operating at the city of Cincinnati Gest
Street Sewage Treatment Plant, mixing with fresh poultry manure and circulating
through the reactors for 1 d followed by dilute poultry manure. One reactor, M
MRM, was seeded by circulating effluent from an operating digestor for one day
before initiating feed with dilute poultry manure. One of the JM 23SL reactors was
seeded with dilute poultry manure only. All reactors were run for 40-50 d before
results were considered for final analyses.
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Results and Discussion

A matrix of experiments was run utilizing three different carrier materials, resi-
dence times from 16 to 55 h, temperature for stage 1 between 20 and 40°C, temper-
ature for stage 2 between 20 and 35°C, and feed concentrations from 1,000 to
15,000 ppm Total Carbon (TC).

Initially, the feed concentrations of manure were monitored using Chemical
Oxygen Demand (COD). We found, however, that the reproducibility of COD was
poor. It is believed that this was caused by the high level of suspended solids in the
feed solution. The Total Carbon (TC) was found to be a more satisfactory indicator
of the feed levels for the reactors. COD was monitored only as a rough indicator.
Some COD results can be seen in Table 1. It was found that reductions in COD
ranged from 67 to 22%, depending on the feed concentration. At approximately
5000 ppm COD, the reductions were the greatest, and then fell as the concentration
was increased to 35,000 ppm.

The system performance in relationship to plugging and pore diameter over time
was of great interest. The only plugging problems encountered were at the entrance
to the 1st stage. This was a result of problems with tubing, rather than the system
design itself. The inlet and outlet pressures were monitored; representative data is
summarized in Table 2. The largest pressure drop was seen across the 1st stage. It
was approximately 0.80 psi on the average, while the pressure drop across the hor-

TABLE 1
Chemical Oxygen Demand
Feed Outlet % Change
5 800 1870 —67.7
5 200 2170 —58.3
15,080 8340 —44.7
16,200 8500 —47.5
43,680 33,800 -22.6
35,750 27,750 -22.4
TABLE 2
Pressure Drop Information
Pressure 1, psi Pressure 2.° psi Pressure 3, psi
2.89 1.80 2.10
2.49 1.80 2.00
3.29 2.80 2.50
2.29 1.75 2.25
2.89 1.80 2.00
2.79 1.90 2.10

“Feed pressure into bottom of Stage #1 adjusted for head pressure.
*Qutlet pressure of Stage #1 and inlet pressure of Stage #2.
“Outlet pressure of Stage #2.
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izontal anaerobic stage was nominal. The pressure drop across the entire system
was on the average less than the drop across the vertical hydrolytic-redox stage.
After approximately 6 months continuous operation, two systems were taken
apart, one of the JM 23SL carriers and the Alcopal carrier system. About 50 g of
carrier was removed from the systems for analysis. This used carrier material was
dried at 100°C for 3 h, and porosimeter analysis was then performed on it as well as
on the original starting material. There was no appreciable change in the pore di-
ameter, as seen in Fig. 3. There was an approximate 15% decrease in the pore
volume for both materials. This is explained by the fact that the organic and cell
matter inside the pores could not be removed. This matter would reduce the pore
volume and not necessarily represent any pore reductions with regard to operation.

At the time of startup of two of the systems employed, work was done to deter-
mine the difference between seeding the digestor versus not seeding. One reactor
was seeded with a mixture of effluent from an operating digestion system and di-
lute manure. Another reactor was started with dilute manure only. These mixtures
were circulated for 24 h, and then regular poultry manure solutions were em-
ployed. The results of this work are seen in Fig. 4. The reactor which was seeded
showed better productivity initially than the unseeded system. Gas production
started in 5 d in the seeded system, whereas the unseeded system took 7 d longer to
produce measureable amounts of methane. The seeded reactor reached steady-
state in 25 d, though the reactor started on manure only did not attain steady-state
until the 40th d. Results indicate that either method of startup is acceptable after 50
d of operation. Steady-state might be reached in a shorter period of time if
operating digestor effluent was circulated for longer periods (5-10 days) when
starting a new digestor. However, fresh manure may be employed if no digestor
effluent is available.

After 9 months of continuous operation on two systems and 6 months operation
on the other two, the data was computer analyzed using multiple variable correla-
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Fig. 3. Carriers for cell immobilization. Mercury intrusion porosimeter analyses of
new vs used carriers (6 months continuous).
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Fig. 4. Digestor startup (seeded vs. unseeded start). Methane production, mmol/h.

tion techniques. Separate analyses were done for biogas production per hour and
for the methane content of the biogas produced. The intent was to optimize all vari-
ables including any multivariable interactions for these two parameters.

The biogas production is related to the carrier material used as seen in Fig. 5.
The JM MRM brick had the highest biogas productivity of the carrer materials
used. This carrier also had the highest pore volume of the three carriers tested (Fig.
2). It is consistent with earlier work done by Messing et al. (/-3) that the greatest
accumulation of cells would occur in the carrier with the greatest pore volume in
the correct range of pore diameter. The current results seem to indicate that as the
pore volume increased, so does the gas productivity, probably as a result of cell
loading. The second best productivity was with the JM 23SL brick, which had pore
volumes 40% less than the J]M MRM. The gas production for the JM 23SL is also

360 - - [ ——7—,*,—*—¥777— [N

340 -~ B e S e e S

CARRIER TYPES

A——A M. RN BRICK
B—8 JM. 235L BRICK
G—= ALCOPAL BEAD

320 {o- - - - - = -

300 -1-— B T -

2801 - - - el / . .
/

260 4 - / - . . [

BIOGAS PROBUCTION PER HOUR

/ /B/{/ RES. TM. 24.0 HR
240 /4 ~87 TEM. #1 40.0 C.
[ TEM. #2250 C
L 220 B—"" -
200 e S ey
Iy
180—/ o
6000 000 8000 9000 10000 11000 12000 13000

FEED CONCENTRATION (TOTAL CARBON)

Fig. 5. Milliliters of biogas production per hour, related to feed concentration and car-
rier type.
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from 10 to 30% less than the J]M MRM. Results also seem to indicate that as the
feed concentration increases, the effect is greater on the J]M MRM than the other
two materials. This seems to relate to porosity of that material and microbial den-
sity within the carrier in relation to the other materials tested. Gas production rates
increase on this carrier at a faster rate than on the other materials tested.

Stress on cell loading would be greater at the higher feed concentrations.

Figure 6 demonstrates the relationship between residence time and feed concen-
tration (TC). Gas productivity increases with residence time up to 23 h, falling
steadily after that point. Another increase was found in productivity after 50-h resi-
dence time, but this was not pursued. It is believed that the most easily digested
portion of poultry manure occurs in the earliest time period and further digestion
only occurs after considerably longer periods of time. The amount of gas produc-
tion is directly related to the carbon concentration in the feed (Fig. 6). Residence
times exhibited with poultry manure are much longer than those encountered with
sewage (4), but are consistent with the fact that COD concentrations worked with
were much greater than the earlier work with sewage.

A strong relationship was found between the temperature of the anaerobic stage
and feed concentration. As the temperature of stage 2 is increased, it has effect at
the higher feed concentrations (Fig. 7). Essentially, at feed concentrations up to
12,000 (TC), the temperature of the anaerobic stage impacts strongly above
28.5°C. The temperature of stage 2 must be kept lower than this if higher feed con-
centrations are to be attempted.

In order to optimize any methane digestion system, it is not only important to
improve the biogas output, but also to attempt to improve the methane content and
resulting BTU level of the gas. Figure 8 shows the comparison of methane produc-
tion in relationship to the carrier used and the feed concentration of poultry ma-
nure. As was seen earlier, the carrier with the highest pore volume, J]M MRM,
exhibits the highest levels of methane production. The other two carriers, Alcopal
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Fig. 6. Milliliters of biogas production per hour, related to residence time and feed
concentration.
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Fig. 7. Milliliters of biogas production per hour, related to temperature stage #2 (de-
grees C,) and feed concentration (total carbon).

and JM 23SL, exhibit lower methane production as the feed concentration in-
creases. These two carriers actually decrease in methane content when feed con-
centration is increased. The Alcopal carrier actually outperforms the JM 23SL car-
rier, which is not consistent with the porosity characteristics of the two materials.
At lower feed concentrations, JM 23SL and Alcopal have higher methane produc-
tion than JM MRM, but lose their performance above 6000 ppm (TC) in the feed.

As residence time increases above 14.0 h, so does the methane content. There is
a relationship between residence time and feed concentration for methane produc-
tion as is illustrated in Fig. 9. As feed concentration increases above 5000 ppm
(TC), it becomes important to increase residence time. As throughput through the
system increases in terms of carbon, methane content of the gas also increases if
feed rate of carbon is decreased.

Earlier work by one of the authors with sewage (4) indicated that temperatures
lower than 40°C were optimum for stage 1 (hydrolytic—redox stage). In this work
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Fig. 8. Percent CH, in biogas, related to feed concentration and cell carriers.
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with poultry manure, it was found that the rate of gas production increased as the
temperature of stage 1 increased. In contrasting the percentage of methane in the
gas produced, it appears that the ideal temperature for the hydrolytic-redox stage
interacts with the temperature of the anaerobic stage (Fig. 10). In order to allow for
a higher stage 1 temperature to increase gas production, it is necessary to lower the
temperature of the anaerobic stage to below 25°C to increase the methane content
of that gas. This may occur because of the solubility of carbon dioxide at the lower
temperatures and its conversion to methane. As the temperature of the
hydrolytic—redox stage is increased, methane content decreases unless the temper-
ature of the anaerobic stage is lowered. Gas analyses showed a higher content of
carbon dioxide at temperatures above 25°C for stage 2 and a lower methane content
when the temperature of the first stage was raised.
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Fig. 10. Percent CH, in biogas, related to temperature stage #1 and temperature
stage #2.
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RBON

Fig. 11. Percent CH, in biogas, related to feed concentration and temperature stage
#2.

It was necessary to lower the temperature of the anaerobic stage as the feed car-
bon concentration was increased above 9000 ppm (TC). As feed concentration in-
creases above this level (illustrated in Fig. 11), the percent methane in the gas de-
creases at temperatures above 30°C in the anaerobic stage. At feed carbon
concentrations above 10,000 ppm, the highest methane concentrations are
achieved when the temperature of the anaerobic stage is at 20°C. This also seems to
be an indicator of increased carbon dioxide solubility in the reactor stage 2 at tem-
peratures at and below 25°C.

Summary and Conclusions

The two-stage sewage reactor of Messing can be modified to process poultry ma-
nure. This modified, scaled-up system was operated for over 9 months continu-
ously. Carrier materials show no measurable amounts of destruction or pore modi-
fication. Optimization results indicate that if high carbon concentrations of poultry
manure are to be used, the temperature of the hydrolytic—redox stage should be at
or above 40°C, and the temperature of the anaerobic stage should be at or below
25°C to obtain the highest gas productivity with highest methane concentrations.
At feed concentrations of 10,000 ppm (TC) poultry manure, residence times em-
ployed should be from 22 to 24 h. Of the carrier materials tested, J]M MRM was
found to be best for both gas production and high methane concentration. A carrier
material with high porosity and pore diameter of 2-35 wm will outperform a carrier
material with similar pore diameter and lower pore volume.

The reactors that were used had equal volumes for the hydrolytic-redox stage
and the anaerobic stage. There is some indication that the size of the
hydrolytic-redox stage should be smaller in relationship to the size of the anaero-
bic stage to improve performance. More extensive work will have to be completed
to characterize this ratio.
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