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VOLUME REDUCTION OF SOLID WASTE 
BY BIOLOGICAL CONVERSION OF CELLULOSICS 

G. W. Strandberg 

ABSTRACT 

It has been demonstrated that the types of cellulosic 
wastes generated at ORNL can be effectively degraded in an 
anaerobic bioreactor. The rate and extent of anaerobic 
microbial digestion of blotter paper, cloth, sanitary 
napkins, and pine sawdust in various types and sizes of 
bench-scale anaerobic bioreactors are described. Prelimi-
nary tests indicate that the resulting digests are amenable 
to incorporation into hydrofracture grouts. 

1. INTRODUCTION 

The problem of reducing the volume of solid radioactive wastes is 
being given greater emphasis as plans for long-term storage are reviewed 
and as environmental protection regulations, particularly for landfill 
operations, become more stringent. Although compaction and conventional 
incineration have been and are being used, each of these approaches has 
significant disadvantages and, hence, alternative approaches need con-
sideration. 

The Oak Ridge National Laboratory currently generates ^2.3 x 103 m3 

of solid radioactive wastes per year. Of this material, 3.5 x 102 m3 is 
cellulosic and potentially amenable to anaerobic biological degradation. 
Biological degradation of cellulosics under anaerobic conditions results 
in the conversion of insoluble cellulose into less complex organic com-
pounds, substantial quantities of methane (fuel gas) and carbon dioxide, 
and a greatly reduced quantity of insoluble residue (mainly biomass). 
The method used for the ultimate disposal of intermediate-level liquid 
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wastes at ORNL is hydraulic fracturing. Although the contaminated 
cellulosic materials (paper, cloth, lumber, etc.) are not suitable for 
incorporation into solid matrices for hydraulic fracturing in their 
present form, the potential exists for their disposal in this manner. 

Therefore, the objective of this project was to develop a biological 
process to convert cellulosic wastes to a form suitable for incorporation 
into solid matrices and ultimate disposal by hydraulic fracturing. 

2. EXPERIMENTAL PROCEDURES 

2.1 Substrates, Nutrient Media, and Inoculum 

Several types of cellulosic materials were used as substrates in 
this study: Solka-Floc (Brown Co., Berlin, N. H.), laboratory blotter 
paper, laboratory coat material (65% polyester, 35% cotton), sanitary 
napkins (1.8% plastic liner), and ponderosa pine sawdust. These materials 
were chosen as being representative of the types of cellulosics present 
in the wastes generated at ORNL except for Solka-Floc, which is a 
purified cellulose. 

Solka-Floc was received and used as a finely shredded preparation. 
The particle size of the blotter paper, laboratory coat material, and 

* 
sanitary napkins was reduced by grinding in a Hobart screw-type grinder. 

The compositions of the two media used are shown in Tables 1 and 2. 
Medium 1 is a highly defined preparation''" designed to satisfy the nutri-
tional requirements of a mixed culture of anaerobic, cellulose-degrading 
organisms. Because Medium 1 is difficult to prepare and of potentially 
too high a cost for use in a process situation, we employed the less 2 
defined Medium 2 in later batch digestion experiments. Cellulosics 
were added to both media at an initial level of 1 w/v %. When the 
reactors were batch fed, the amount of cellulosic material required to 
return the digester contents to a 1 w/v % cellulose level was added 
either directly or after slurrying in the appropriate nutrient medium. 

*Model 4822, Hobart Manufacturing Company, Troy, Ohio. 
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Table 1. Medium 1: defined cellulose digestion medium*3 

Component Concentration (mg/L) 

Cellulose 10,000 
NH4HCO3 3,000 
NaCl 900 
K2HP0it 450 
KHiPOit 450 
( N H ^ SO n 450 
Na 2CO 3 320 
MgSOi^HjO 210 
CaCl2'2H20 120 
FeSO/4'7H20 21 
MnS0it«H20 5 
CoCl2«6H20 1 
ZnSOif7H20 1 
CuSO ̂'51120 0.1 
AlK(S0lt) -12H20 0.1 
H3BO3 0.1 
Na2Mo01+'2H20 0.1 
Pyridoxine.HCl 0.1 
Thiamine-HC1 0.05 
Riboflavin 0.05 
Nicotinic acid 0.05 
Biotin 0.02 
Folic acid 0.02 
Vitamin B12 0.005 

aSource: A. W. Kahn, Can. J. Microbiol. 23 (12): 1700 (1977). 
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Table 2. Medium 2a 

Component Concentration (g/'L) 

Cellulose 10 
Urea 0.3 
(NHi+^SOt* 1.4 
KHjPO^ 2.0 
MgS04.7H20 0.3 
CaCl2 0.3 
FeS04.7H20 2.1 x 10"2 

MnS0l+«H20 5.0 x 10"3 

CoCl2*6H20 1.0 x 10~3 

ZnSO^.7H20 1.0 x 10~3 

CUSO1+.5H20 1.0 x 10 
A1K(S01+).12H20 1.0 x lO"4 

H3BO3 1.0 x 10-1* 
Na2Mo01+«2H20 1.0 x lO"4 

Protein^* 0.75 

a Composite of several media described in ref. 2. 
Amberex 1003 (yeast autolysate), Amber Labs, Juneau, Wis. 
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The inoculum for all experiments was anaerobic sewage sludge from 
the East End Oak Ridge Sewage Treatment Plant, Oak Ridge, Tennessee. 

2.2 Analyses 

The extent of cellulose degradation was determined by the decrease 
in dry weight of centrifuged or filterable solids. Initially, a sample 
of the digester contents was centrifuged at V5000 x g for 15 min. The 
supernatant was removed and the pellet resuspended to the original 

3 
sample volume in 8% formic acid. The formic-acid-treated solids were 
recovered by filtration through a tared 0.45-yiu filter. The increase 
in dry weight was measured after oven drying (VL00°C) overnight. The 3 
formic acid treatment reportedly solubilizes microbial cells, thus 
enabling a measurement of nonbiomass solids. Later experiments showed 
that the formic acid treatment had no effect on the dry weight of the 
solids and was discontinued. 

The composition of the gas produced during the digestion process 
was analyzed by conventional gas chromatography using a 1.8-m column 
containing molecular sieve 5A. 

Volatile fatty acids (VFAs) were also determined by gas chromato-
* * graphy using a Carbopak B/3% Carbowax 20M/0.5% H3POtj column. To a 

5-mL sample of the digester contents was added 1.0 mL of a 0.036% 
4 

phosphoric acid solution. After standing 30 min, the solids were 
removed by centrifugation (5000 x 9, 20 min), and the supernatant 
was removed and frozen until assayed. 

2.3 Bioreactors 

The biodegradation studies were conducted in 0.1-, 0.6-, and 4.0-L 
(working volume) temperature-controlled (35°C), batch-type reactors. 
The smallest bioreactor consisted of a 500-mL Erlenmeyer flask sealed 
with a rubber stopper fitted with a 2-mm-ID piece of glass tubing for 

-

Millipore Corp., Bedford, Mass. 
** Supelco, Inc., Bellefonte, Penn. 
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gas exchange. Temperature control and agitation (75 rpm) were accom-
plished with a shaking water bath. The 0.6-L reactor was a small 
commercial batch-continuous fermenter. The 4-L reactor consisted of 
a 5-L Pyrex jar sealed with a stainless steel head plate fitted with 
ports for sample removal, nutrient addition, gas exchange, etc. The 
temperature was maintained via a stainless steel U-tube submersed in 
the digester liquid that carried heated water from a temperature-
controlled water bath. Gas evolution from the 0.1- and 0.6-L reactors 
was monitored by water displacement, and a wet-test meter was used for 
the 4-L reactor. 

After inoculation or replacement of nutrients and/or cellulose, 
the head space of the reactors was flushed with nitrogen or argon to 
create an anaerobic environment. 

3. RESULTS AND DISCUSSION 

3.1 Shake Flask Experiments 

Anaerobic shake flask experiments were conducted to compare the bio-
degradability of several cellulosics. As shown in Table 3, Solka-Floc 
was more rapidly attacked than blotter paper or cloth, as evidenced by 
gas production and methane composition. However, all three celluloses 
showed substantial degradation after 14 d. The more rapid degradation 
of Solka-Floc was not unexpected since it is a more refined cellulose. 
However, it is not known whether the greater resistance of the paper 
or cloth is due to the presence of inhibitory chemical or physical 
factors resulting from the manufacturing of these materials. 

We received from E. Kobisk, ORNL Solid State Division, a preparation 
of ponderosa pine sawdust (60 g/L treated with 8 M urea in 2 M nitric 
acid at 150°C) and were asked to determine the "digestibility" of this 
material. A known volume was centrifuged to recover the residual saw-
dust. The pellet was washed three times in distilled water, dried, and 
weighed. The residual solid material had the appearance of sawdust 

*BioFlo®, New Brunswick Scientific Co., New Brunswick, N. J. 
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Table 3. Anaerobic cellulose degradation in shake flasks 

Cellulose 
substrate Days 

Total gas 
produced 

(cm3) 
Methane 

(%) 

Cellulose 
degradation 

(%) 

Solka-Floc 7 58 0.15 
8 72 0.63 
9 88 2.2 

10 91 
11 91 24.3 
14 95 32.0 73 

Blotter paper 8 0 
9 18 Trace 

10 50 
11 77 0.2 
14 84 0.8 78 

Cloth 11 0 
14 28 0 
15 35 0 
16 35 0 64 
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and was 3.3 w/v X of the original sample. If we assume that the initial 
sawdust sample was dry, the urea—nitric acid treatment reduced the weight 
of the sawdust <v50%. 

Biodegradability tests were conducted in anaerobic shake flasks 
containing fractions (liquid, solids, and mixed liquid and solids) of 
the sample supplemented with the standard cellulose digester nutrients. 
The flasks were inoculated with anaerobic sewage digester sludge and incu-
bated at 35°C. Gas evolution was monitored throughout the incubation 
period. After 31 d, the residual solids were recovered by centrifugation, 
dried, and weighed. Table 4 shows the results. 

Gas production was slow and considerably less (<50%) than that ob. .xned 
in earlier tests with other cellulosics (Solka-Floc, paper, cloth). The 
results when the treated sawdust alone was added to the flasks indicated 
an a.80% reduction in dry weight, which is consistent with the degree of 
digestion of other cellulosics. The solids content of those flasks con-
taining the liquid portion or the sawdust-liquid mixture appeared to 
increase. However, the recovered, dried solids in these instances showed 
visible evidence of urea. While it was not ascertained to what extent 
the sawdust itself was degraded, it was evident that the urea was present 
in appreciable amounts. 

3.2 Stirred Batch Bioreactors 

3.2.1 Studies with 0.6-L bioreactor 

A small bioreactor was used to examine the anaerobic degradation of 
blotter paper and cloth. An active microbial population within the bio-
reactor was established initially using Solka-Floc as the cellulosic 
substrate. After cellulose degradation and gas production were monitored 
for 30 d, the substrate was changed to blotter paper and on day 63 to 
cloth. As indicated earlier (Sect. 2.1), the reactor was fed by drain-
ing ^250 mL (42 vol %) of the reactor contents and adding the same volume 
of fresh medium (Medium 1) containing sufficient cellulose to restore 
the substrate concentration to w/v %. 

Several salient features about the performance of the bioreactor 
should be noted. Most literature reports concerning the anaerobic 
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Table 4. Biodegrade»tion of sawdust treated with urea and nitric acid 

Final Total 
Amount Initial total gas 
added total solids produced 

Fraction (per 100 mL) solids (g) (cm3) 

Liquid 25 mL 0.104 0.247 23 
10 mL 0.104 0.168 18 

Solids (sawdust) 1.0 g 1.104 0.183 29 
1.0 g 1.104 0.210 11 

Mixed liquid and solids^ 25 mL 0.929 2.920 6 
10 mL 0.434 0.494 13 

aIncludes 0.104 g solids from anaerobic digester sludge inoculum. 
b3.3 w/v % solids. 
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digestion of waste cellulosics prescribe the practice of routinely 
adding fresh sludge when the cellulosic substrate is replenished to 
maintain an active microbial population. Our bioreactor maintained an 
active population for 250 d without sludge supplementation. Throughout 
the course of bioreactor operation, the methane content of the off-gas 
averaged ^50 vol %. During the first 120 d, gas production averaged 

cm3/d (range 0—157 cm3/d). For some unexplained reason, gas produc-
tion increased dramatically between days 140 and 175, averaging 570 
cm 

3/d (range 90—865 cm3/d). Because of the physical methods of handling 
the system (i.e., opening the bioreactor) for feeding, sampling, etc., 
there were periodic large fluctuations in gas production rates and 
methane content. It is believed this was due to the introduction of 
air, which is inhibitory to the system, as well as the concomitant 
shock resulting from altered substrate/nutrient levels and depletion 
of the population (42% of reactor volume replaced). 

A summary of the cellulose degradation rates with each substrate is 
presented in Table 5. It should be noted that in the 0.6-L bioreactor 
experiments Solka-Floc exhibited a lower value of the maximum volumetric 
degradation rate than did blotter paper or cloth. This result was con-
trary to the results from the shake flask experiments and to our expecta-
tions (Sect. 3.1). We are unable to explain this apparent ambiguity. 

It was hoped that an analysis of the VFA's presence in the digester 
liquid could be used as an indicator of reactor performance. Also, it 
was of concern that high VFA levels might be detrimental to the incorpo-
ration of the digest into hydrofracture grout. Throughout the course of 
bioreactor operation, acetic acid and propionic acid predominated. The 
concentrations of both acids increased rapidly during the first 15-20 d 
to 600-700 g/m3 for propionic acid and to 2000-2400 g/m3 for acetic 
acid. After 64 d, the concentrations fell sharply and leveled off at 
100-200 g/m3 and <50 g/m3, respectively. There did not appear to be 
any correlation with substrate type, feeding, or gas production, although 
the lower levels were observed when cloth was the substrate. However, 
it was felt that the low VFA levels could be attributed to the fact that 
the reactor was operating efficiently during this period and that the 
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Table 5. Anaerobic digestion of cellulosics in a 
small-scale (0.6-L), batch-fed bioreactor 

Substrate Cellulose degradation rate (g/L«d)a 

Solka-Floc 0.3-0.7 

Blotter paper 0.2-1.1 

Cloth 0.1-1.2 

aAs determined by a decrease in centrifugable solids (see Sect. 
2.2 for details). 
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VFAs were consumed rapidly. It is also possible that the decline in 
VFAs was the result of a shift in the microbial population. These 
possibilities are not mutually exclusive. 

Two other VFAs were detected — n-butyric acid and n-valeric acid — 
both occuring at <200 g/m3. Their presence and levels generally followed 
the same pattern as acetic acid and propionic acid. 

Based on these results, calculations were performed to estimate the 
bioreactor requirements for handling low-level ORNL wastes. A cellulosic 
waste generation rate of 350 m3/y having an approximate density of 
102.8 kg/m3 (non-compacted), and a cellulose degradation rate of 
0.6 g/L'd was chosen. This degradation rate is midrange for our 
laboratory results and common to municipal waste treatment processes. 
The volume of the batch-fed bioreactor required would be 1.6 * 105 L. 
According to data in the open literature, a cellulose degradation rate 
of 1.5 g/L'd would be acheivable in a continuous-feed system.^ This 
rate would require a reactor volume of 6.6 * 10*4 L. 

3.3.2 Studies with 4-L bioreactor 

Although the small bioreactor system functioned well, it was apparent 
that it would not suffice for a study of the effects of environmental 
factors, feed types, rates, etc. on cellulose degradation. Any attempt 
to manipulate the system caused significant perturbations in performance. 
It was felt that the microbial population in a larger reactor would be 
less affected by the physical acts of sampling and feeding and that the 
larger reactor would provide sufficient material for the proposed grout 
incorporation tests. Therefore, we began using a 4-L working volume 
vessel for anaerobic cellulose degradation. 

Several runs were made using different cellulosic substrates. In 
addition to adding Solka-Floc, blotter paper, and cloth individually, a 
mixture (90:7:3) of blotter paper, cloth, and sanitary napkins was tested. 
This mixture was based on information from E. King, ORNL Operations 
Division, that the compactible waste received for burial is 90% paper 
and 7% cloth (all cotton and synthetic blends). Considerable problems 
were encountered in the operation of the reactor to achieve the desired 
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degradation. These included (1) the physical problem of proper removal 
of digester samples and introduction of fresh substrate because of the 
rapid settling properties of the cellulosic slurries (cellulosics also 
became impinged on internal reactor structures and hence were inacces-
sible), (2) the sensitivity of the microbial population to environmental 
changes resulting from physical manipulations, and (3) an apparent nutri-
ent limitation evidenced by decreased reactor performance (i.e., gas 
production and cellulose degradation). Although individual in nature, 
these problems could all be related to the substrate and system design. 
The entrainment of insolubles on internal structures was largely over-
come by eliminating or relocating the internal obstructions. The major 
difficulty was to remove digester contents and add fresh substrate 
and nutrients without significantly disturbing the internal reactor 
environment. The cellulosic materials form thick slurries, and the 
solids rapidly settle out. We are currently working on a new reactor 
system having a U-tube/siphon outlet and a rotary screw-pump for intro-
ducing substrate and nutrients, which we hope will overcome the above 
difficulties. 

Although gas production was considerably less (maximum 0.5 volume 
gas/volume reactor«d) than that obtained*with the smaller bioreactor, 
the methane content of the off-gas on occasion reached 80 vol %. Greater 
than 90% degradation was achieved with Solka-Floc, but a maximum of 
only 70% degradation was obtained with more complex cellulosics. We 
attribute the reduced performance of this bioreactor primarily to the 
problems noted above, which precluded the maintenance of a functionally 
active microbial population. 

Regarding the nutrient limitation observed, we found that when gas 
production slowed or stopped, it could be restored by the addition of 
fresh nutrient solution with or without cellulose. The potential for 
nutrient limitation was not apparent with the smaller bioreactor because 
^42% of the reactor volume was replaced with fresh nutrient solution at 
the same time fresh substrate was added. With the 4-L reactor, the 

general procedure was to replace at most only 25% of the reactor volume 
with fresh nutrient solution, and on occasion only dry cellulose was 
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added. The new system design should help overcome this problem. It 
should be noted that no difference in the ability of the two media 
(Tables 1 and 2) to support cellulose digestion was observed. 

Several samples of the digest from this reactor were tested for 
compatibility with a standard hydrofracture grout mix. The resulting 
grouts had acceptable rheological properties in the laminar flow region, 
but further investigation into the thixotropic or gelation properties 
in low-shear regions is required. These mixtures showed higher phase 
separation as compared with a control grout, and tests are required to 
determine the effects of alterations in the hydrofracture dry-mix 
composition. 

4. CONCLUSIONS 

It has been demonstrated that the types of cellulosic wastes gener-
ated at ORNL can be effectively degraded in an anaerobic bioreactor. 
Furthermore, the resulting digests appear amenable to incorporation into 
hydrofracture grouts. 

Future work should be directed at (I) a scale-up (5- to 10-fold) 
of the laboratory reactor to facilitate reactor manipulation and provide 
sufficient material for the grout incorporation studies, (2) significant-
ly expanded grout incorporation studies to critically assess the require-
ments for producing an acceptable grout using the digest, and (3) further 
refinement of the operational parameters with the bioreactor to provide 
data for process assessment and the design of a demonstration facility. 
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