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ABSTRACT

Anaerobic digestion of calf skin collagenous waste was optimized
for a batch process based on accelerated maximal methane yield per
gram of input volatile solid. A kinetic analysis with respect to changes
in the levels of volatile solid, collagen, amino sugars, amino acids,
hydroxyproline, ammonium ions, and volatile fatty acid were followed
for a period of 80 d. Distinct metabolic phases included an initial high
rate collagenolysis for 4 d, with 50% degradation and was followed by
an acidogenic phase between 4-12 d with voltatile fatty acids levels
increasing to 215 mmol/L. Subsequently methanogenesis ensued and
was maximal between 12-24 d when volatile fatty acids attained steady
state levels. During the period of 80 d, the overall decrease in volatile
solid level was 65%, whereas the collagen level declined by 85% with
0.45 L of methane yield/g of volatile solid degraded. Based on the
levels of various metabolites detected, the concept of interactive met-
abolic control earlier proposed has been validated.

Index Entries: Biomethanation, of tannery waste; anaerobic
digestion, skin collagen; metabolic control; pollution control; meth-
anogenesis, mixed culture; tannery waste, skin collagen; biomethan-
ation; anaerobic digestion; pollution control; bioenergy, metabolic
control; mixed culture; methanogenesis, collagenolysis.
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INTRODUCTION

Research and development have been intensive in recent times in the
area of nonpolluting renewable energy sources in response to the ever
increasing global energy demands (1-5). Renewable biomass is classified
into primary, secondary, and tertiary sources and among the conversion
technologies available, the biological process of anaerobic digestion offers
several advantages, such as:

1. Complete conversion of available organic matter, with con-
comitant energy recovery;

2. A stabilized solid sludge which does not undergo any further
spontaneous degradation; and

3. Effective recycling of inorganic nutrients.

The process of anaerobic digestion is comprised of the conversion of bio-
polymers to gaseous products rich in methane and carbon dioxide in the
absence of oxygen brought about by the simultaneous action of a complex
microbial consortium (6, 7). Anaerobic digestion of secondary and tertiary
wastes, viz., of agricultural residues, industrial wastes, urban refuse, and
sewage sludge has become important to control the release of toxic pollu-
tants into the environment (8-12). A comparison of the composition and
methane fermentation of some primary biomass, such as grasses and other
traditional tertiary biomass substrates under mesophilic conditions, was
reported by Klass (13).

Leucaena leucocephala, a drought-resistant legume, was identified in
earlier studies from this laboratory as a high rate-biomethanating substrate
and a viable energy farm based on a plantation of L. leucocephala was pro-
posed (14).

Biomass substrates being complex, attempts have been made to explain
some of the microbiological and biochemical aspects of cellulose degrada-
tion by culture enrichment method (15-17), and coculture studies of pure
methanogen with fermenting bacteria by Lathan and Wolin (18) and Weimer
and Zeikus (19). Even for pure cellulosic substrates, assessments were
made only on the extent of degradation and biomethanation over specified
periods. Studies on the kinetic analysis has been restricted to cow manure
degradation by Hashimoto (20). In view of the complex chemical nature
and the extent of biodegradability varying among different biomass sub-
strates, the need for kinetic analysis and related chemical and biochemical
investigations has become increasingly important, since such an approach
has not been seriously attempted. In the present investigation the anaerobic
digestion of a proteinaceous biomass is described for the first time, to
understand the biochemical nature of the process. Indication of the regula-
tory nature of biomethanation earlier noted with the cellulosic substrate
L. leucocephala (21) is confirmed in the present investigation and results
are presented for the operation of interactive metabolic control during
active biomethanation.
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MATERIALS AND METHODS

Glucose, galactosamine, leucine, hydroxyproline, gelatin, and nin-
hydrin were from Sigma Chemical Co. (St. Louis, MO). All other chemicals
used were of AR grade and solvents were distilled prior to use.

Substrate Feedstock

Calf skin shreddings procured from local tanneries were suitably
desalted, scudded, dehaired by enzymatic treatment, cut into small pieces,
dried, and pulverized before using as input feed stock.

Source of Inoculum

Anaerobic sediments from tannery effluents contained in a tank situ-
ated in a local tannery was the main source of inoculum. A suitable mixed
inoculum was formulated using the tannery effluent and slurry from an
ongoing semicontinuous digestor degrading leafy biomass. This inoculum
was stored up to 2 mo at 4°C in airtight plastic cannisters.

Experimental Design

Laboratory studies were carried out in 2-L glass reactors equipped
with input and output ports, gas collection tube with a pressure head to
adjust the level of water in the collection tube, and provided with a gas
vent tube. Batch reactors were operated at 30 + 5°C with pulverized skin
shreddings as input feed at four different volatile solid load rates, viz.,
7.5,15.1, 18.9, and 22.7 g vs per unit volume of the digester designated as
1, 2, 3, and 4, respectively. Mixed inoculum described above, was added
to one-third of the digestor volume and adjusted to 1.8 L with 0.01M potas-
sium phosphate buffer, pH 7.4. Gas production and methane yield was
monitored for a period of 80 d. Kinetics of degradation of solid tannery
waste was studied in 1-L saline bottles operated with one-third volume of
mixed inoculum and skin material as input feedstock at 20 g (dry wt)/L
medium. Total volume was made up to 0.9 L. Anaerobicity was maintained
by purging nitrogen into the bottles and then sealing them airtight. Bio-
chemical and gas analysis was carried out corresponding to the first 10 d,

subsequently once in 2 d up to the 26th d, and then at 4-d intervals up to
the 40th d.

Chemical and Biochemical Analysis

Collagen was estimated from the hydroxyproline content of the acid
hydrolysate of the remaining undigested solid waste. The contents of the
saline bottle were centrifuged at 7000g for 20 min and the supernatant
was stored and used for other analysis, whereas the pellet was suspended
in 10 mL of 6N HCI, flushed with nitrogen and hydrolyzed at 100°C for
12 h. The acid hydrolysate was separated from the particulate matter by
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centrifugation at 7000g for 10 min, evaporated to remove all the acid and
reconstituted in 2 mL of deionized water, and hydroxyproline content
was estimated using the method of Neuman (22). Protein was estimated
by the Biuret method (23), using gelatin as the standard. Estimation of
total solids (TS), volatile solids (VS), and volatile fatty acids (VFA) were
done by standard methods (24). The VFA level is reported as acetic acid
equivalents in mmole/L. Amino sugars (25), amino acids (26), and ammo-
nium ions (27) were estimated in the clarified supernatant of the digestor
slurry after a low spin centrifugation to remove undigested feed material
and other particulate matter. Gas analysis was done using a Tracor
(Austin, TX) model 540 gas chromatograph attached to a Nelson interface
for online quantification of peak area. Methane was detected using flame
ionization detector, whereas hydrogen and carbon dioxide were analyzed
using the thermal conductivity detector.

RESULTS AND DISCUSSION

Proteinaceous wastes from tanning industry and slaughter houses
form a major pollutant. Proteinaceous wastes have not so far been con-
sidered systematically for anaerobic digestion, whereas a report on gelatin
degradation is related to studies on the effect of addition of other polymers
on the extent of its degradation (28). Skin protein collagen is structurally
unique compared to other proteins and occurs as an enmeshed network
of collagen fibers embedded in a proteoglycan assemblage. Although pro-
teins in general are degraded by specific classes of proteases, collagen
along with its ground substance is degraded by collagenases and other
accessory matrix degrading enzymes. The present study was undertaken
to understand the nature and kinetics of anaerobic digestion of solid tan-
nery waste. The sample was prepared carefully by removing extraneous
matter in order to ensure meaningful correlations between the amount of
input substrate and the course of degradation.

A preliminary assessment of the anaerobic digestion of solid tannery
waste in a batch process and the effect of different mixed inocula on the
biomethanation efficiency was presented earlier and a viable inoculum for
degrading solid tannery waste has been formulated (29). Using this inoc-
ulum, results on the optimization of the input load rate for batch process
are reported here. Also, at the optimal VS load rate, detailed kinetic anal-
ysis of proteinaceous waste has been done based on chemical and bio-
chemical parameters.

For assessing the optimum VS load rate, batch reactors were operated
at four different input VS level ranging from 7.5-23.0 g/L reactor and
degradation over a period of 80 d was monitored by estimating the remain-
ing VS in the digester and correlating with the total gas and methane con-
tent thereof. The gas yields from the four reactors designated as 1, 2, 3,
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Fig. 1. Gas yields during anaerobic digestion of calf skin trimmings. Batch
reactors were operated for 80 d at four different input VS load rates. A, 7.5; B,
15.1; C, 18.9; and D, 22.7 g per unit volume of the digester. One unit on x-axis
represents 8 d. Shaded regions denotes carbon dioxide rich phase.

and 4 with an input VS of 7.5, 15.1, 18.9, and 22.7 g/L reactor, respectively,
is shown in Fig. 1. During the initial period, which varied from 4 d for
reactor 1, to 12 d for reactor 4, the output gas had a maximal carbon dioxide
content (90%). Methanation commenced immediately after this period at
a low rate, reaching maximal levels at different periods for the reactors at
varying load rates. Reactors at the lowest and highest load rates attained
maximal methanation between 40-48 d, with gas yields of 0.96 and 1.82
L/L reactor during this peak period, before declining gradually and these
VS load rates were not at optimal level. In contrast, in reactors 2 and 3,
after an initial phase of carbon dioxide generation that was 0.83-1.1 L/L
reactor in the first 8 d, a high rate of methanation commenced immediately
after, reaching maximal methane output within 24 d and thereafter attained
a steady level of output per day for a prolonged period that was 24-60 d at
15.1 g of VS load rate, whereas methane output extended up to the entire
period of observation of 80 d at 18.9 g of VS load rate. Subsequently, meth-
anation declined abruptly to almost negligiable levels in these two reactors.
The results, given in Table 1, indicate that the total gas and the methane
yield increased proportionately with increasing load rate, except that at
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Table 1
Anaerobic Digestion of Solid Tannery Waste
at Different Input Load Rates, Batch Process”

Reactors with different input load

Evaluated parameters 1 2 3 4
Input, g dry wt 8.0 16.0 20.0 24.0
TS, input, g 7.59 15.19 18.98 22.78
VS, input, g 7.56 15.12 18.9 22.68
VS, in inoculum, g 3.7 3.8 3.6 3.9
Decrease in VS, g 4.52 9.93 14.4 11.99
Input VS degraded, % 59.8 65.7 76.2 52.9
Total gas yield, L 3.9 9.8 12.0 12.6
Methane yield, L 2.8 6.2 8.4 7.9
Biomethanation efficiency, 0.38 0.42 0.45 0.35

methane yield/g input VS

7Batch reactors of 2-L capacity were operated and monitored for 80 d.

the highest substrate input of 24 g/L reactor there was a decline in the
methane yield. The biodegradation of the given input after 80 d, appro-
priately correlated with biomethanation efficiency (measured as methane
yield per gram of VS input) with different reactors and was maximal for the
initial VS input of 18.9 g for reactor 3. The biomethanation index dropped
from 0.45 to 0.35 when the initial VS input was increased to 22.7 g in reactor
4. From these results, the optimum load rate for the batch process was
confirmed at 18.9 g VS per unit volume of reactor, whereas reactors 1 and
2 were at suboptimal level and reactor 4 was at a slightly overloaded level.

Anaerobic digestion is known to be brought about by an initial hydrol-
ysis of the biopolymer followed by a further acidogenic conversion,
before proceeding to the terminal step of methanogenesis. The rate of
hydrolysis of collagen and the proteoglycan matrix were followed by ana-
lyzing the hydrolysis products namely amino acids and amino sugars,
respectively. Changes in the level of amino sugar during the anaerobic
digestion of skin material is shown in Fig. 2. Within 1 h of the onset of
hydrolysis, the amount of amino sugar released reached a maximum con-
centration of 1 g/L, which was followed by a rapid decrease in the level by
76% to 0.24 g/L within 24 h and by 96% by the 10th d, which remained
steady at 0.04 g/L between 12-24 d. A similar observation with respect to
soluble sugars, had been made during the anaerobic digestion of cellulose,
which also showed an initial rapid decrease and a steady state during
active methanation (21). The changes in the level of undegraded collagen
present in the digestor, estimated from the hydroxyproline levels after
acid hydrolysis is shown in Fig. 3. The degradation commenced after 24 h
and 50% was degraded within 8 d. Significantly, free hydroxyproline in

Applied Biochemistry and Biotechnology Vol. 47, 1994



Biomethanation

]

1

10001
~ 240
@
£
. 180
[}
g
(2]
'8 120
€
L~
60—
1
0 10

20 30
Time (d)

A4

40

79

Fig. 2. Changes in the level of amino sugars during anaerobic degradation

of skin collagen matrix.
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Fig. 3. Rate of collagenolysis of calf skin trimmings in anaerobic batch reactors.
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Fig. 4. Change in the free hydroxyproline concentration during the
degradation of skin collagen.

the medium shown in Fig. 4, was at low levels and not detectable after 4
d, suggesting a faster turnover of this amino acid. Subsequently, colla-
genolysis became decelerated and by 20th d, 65% of the initial collagen
had been degraded. While correlating collagenolysis with the pattern of
gas yield it was observed that when methane yield declined, there was a
renewed spurt in the rate of collagenolysis around the 22nd d. The trend
of degradation of the skin macromolecule is biphasic and is similar to the
earlier report on controlled hydrolysis of cellulose observed during the
anaerobic digestion of L. leucocephala (21), wherein a negligible rate of
cellulolysis during active methanation, increased during the late metha-
nogenic phase, resulting in the hydrolysis of the small amounts of
polymer remaining.

The degradation of the input VS is given in Fig. 5. During the first 8
d, there was a 38% decline in the input VS and during the next 30 d, the
rate declined with an overall decrease of 60% of input VS during this
period. This trend in the decrease of the total input VS is very similar to
the decrease in the VS of L. leucocephala during anaerobic degradation at
optimal load rate in batch reactors (21).

The level of amino sugars and the rate of collagenolysis observed dur-
ing the anaerobic digestion of solid tannery waste indicate that it is the
matrix proteoglycan that is amenable for initial hydrolytic action by the
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Fig. 5. Overall decline in input VS during the anaerobic digestion of calf
skin trimmings.

microbial consortium mediated probably by glycosidases and neutral pro-
teases (30). This is not surprising, since the metabolic requirements for
the cells would be provided by the immediate energy readily recoverable
from the sugars. It is imperative that the microbial consortia in the inoc-
ulum used had specific enzymes capable of mediating such sequential
hydrolysis. The matrix depolymerization effected by these enzymes
enables the collagen fibers to be exposed for the action of collagenases
and other proteases, resulting in the formation of oligopeptides that
would then be converted to amino acids.

The time course of changes in aminonitrogen level reflecting the total
concentration of both amino acids and amino sugars and that of ammonium
ion formed subsequently during amino acid fermentation are presented
in Fig. 6. There was an initial decrease within 24 h in the level from 1.16 to
0.5 g/L for aminonitrogen and 1.4 to 0.4 g/L for ammonium ion, indicating
their rapid utilization by the hydrolytic bacteria. During the next 7 d,
although aminonitrogen increased to reach a maximum of 1.42 g/L, the
level of ammonium ion was almost steady. This is probably because of
continued collagenolysis and further growth of the acidogenic and meth-
anogenic bacteria. The level of aminonitrogen decreased by the 9th d,
whereas that of ammonium ion increased to 0.74 g/L during the same
period. This is when collagenolysis decelerated, whereas organisms
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Fig. 6. Changes in the level of aminonitrogen and ammonium ions during
the anaerobic degradation of skin collagen matrix. —® —, aminonitrogen; —O—,
ammonium ion.

utilizing amino acids increased in number. Subsequently, during the
period between 12-26 d, there was a constantly alternating pattern of
oscillation between aminonitrogen and ammonium ion levels in an in-
verse proportion indicating that ammonium ion probably controlled the
utilization of amino acids by the bacteria. The level of ammonium ions
reached a peak value on the 16th d, followed by an immediate decrease,
indicating effective amino acid fermentative conversion. There was a
renewed spurt in the level of aminonitrogen reaching 3.2 g/L on the 30th
d coinciding with the second phase of collagenolysis on the 24th d. The
ammonium ions did not accumulate in the medium during the initial
period up to 12 d, probably because of their utilization for generating
bacterial biomass. The inverse proportion of ammonium ion to aminonit-
rogen level during the period between 12-26 d, explains the rate of amino
acid fermentation being metabolically regulated, perhaps by ammonium
ions among other things, and studies reveal the controlled formation of
amino acids and their utilization thereof.

The major product of amino acid utilization by the action of acidogenic
bacteria results in the formation of VFA, carbon dioxide, and ammonia,
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Fig. 7. Volatile fatty acid levels during biomethanation of skin collagen matrix.

Variations in the level during the anaerobic digestion of solid tannery waste
is given in Fig. 7. There was a gradual increase in the level of volatile fatty
acid during the first 4 d, reaching 80 mmol/L, and then a steep rise to 215
mmol/L during the next 5 d, indicative of the increase in the acidogenic
bacterial population. Subsequently, the level of volatile fatty acid declined
to 120 mmol/L by the 12 d, which was indicative of the growth of the meth-
anogens and remained steady during the period between 12-24 d, coin-
ciding with active methanation with methane yield around 70 mmol/L.
This phase denotes coexistence of the different groups of bacteria deriving
maximal energy by substrate conversion. Following a decrease in methane
yield around the 25th d, the VFA levels started to increase and reached up
to 260 mmol/L by the 29th d, which is owing to further collagenolysis
during the same period. The results show that the level of VFA during
active methanation attain a steady state, in contrast to the oscillatory pattern
of earlier reported during cellulose degradation (21).

The results with respect to the changes in the concentration of amino
sugar, amino acid, ammonium ion and VFA are given in Table 2. It can be
seen from these results that collagenolysis was biphasic, which, after an
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Table 2
Summary of the Changes in the Levels of Biochemical Parameters
During Anaerobic Digestion of Calf Skin Trimmings

Period of digestion, d

Parameter 0 4 8 12 16 19 24 33

VS, g 18.98 1378 1243 12.05 1045 9.97 9.34 7.88
Amino sugar, g 0.054 0.09 0.052 0.04 0.04 0.04 0.04 0.01
Hydroxyproline in pellet, g 0.72  0.48 0.38 0.26 0.26 0.25 0.20 0.15
Aminonitrogen, g 1.16 1.03 0.70 0.35 0.59 1.2 0.67 1.16
Ammonium ion, g 14 0.38 0.74 0.68 2.0 1.34 1.24 0.6
Volatile fatty acids, mmol 20 840 1660 1220 116.0 104.0 138.0  150.0
Methane yield, mmol 0 220 38.0 56.0 60.0 78.0 63.0 58.0

initial high rate of degradation, became controlled during the later period
before a renewed spurt during the late methanogenic phase. The level of
amino acids released during the hydrolysis showed an oscillatory pattern
during the period of active methanation. The decrease in aminonitrogen
coincided with the increase in VFA, indicative of the start up of the acido-
genic phase. Methanogenesis was found to ensue when the VFA level
was between 120-160 mmol/L. Active consumption of VFA by the meth-
anogens results in a drop in its levels that triggers further conversion of
aminonitrogen thus ensuring its steady state concentration during active
methanation. The level of aminonitrogen itself may be regulated by ammo-
nium ions, thus ensuring the effective and complete digestion and bio-
methanation of skin material.

The results of the present study are suggestive of four distinct phases
operative during the anaerobic digestion of solid tannery waste, viz., a
hydrolytic phase followed by acidogenic phase, then active methanogenic
and late methanogenic phases. During active methanation, there is a
steady state level of VFA indicative of comparable rates of its formation
and utilization thereof. Normally, a steady state with respect to substrate
concentration is characteristic of a chemostat, whereas in semicontinuous
operations of a biostat the substrate level decreases for a short period,
although some of the intermediary metabolites assume oscillatory or steady
state levels. In a batch process, on the other hand, the substrate is utilized
over a prolonged period and steady state concentrations have never been
considered nor reported for such situations. Interestingly, the prevalence
of steady state concentration with respect to some of the key intermediary
metabolites and the oscillatory levels of certain other metabolites within a
narrow range of concentration has been reported for the first time in studies
on anaerobic digestion of a cellulosic substrate, L. leucocephala (21), and
also in the present investigation involving the degradation of proteinaceous
skin collagen matrix. These results signify that optimal yield of a product
by a mixed culture will necessarily be achieved only when all the bacterial
population involved in the biochemical conversions grow efficiently. This
occurs only at the optimal VS load rate and not at extremely low or high
VS load rates, owing to either lack of a metabolite or attainment of inhibitory
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concentration of an intermediate being the cause for the disbalance in the
growth of the microbial population concerned. Our investigations reveal
that at the optimum input concentration sustained growth of the bacterial
population ensued, and the interesting feature of the present study is the
revalidation of the concept of interactive metabolic control proposed earlier
(21). Metabolic control mechanisms operative in eukaryotic species have
been understood in a limited context and these mechanisms comprise of
many levels of organization, but mainly hormonal and genetic levels,
involving expressions and control of various enzymes mediated by signal
transduction. But the concept of steady state levels mediated outside the
cellular milieu and also involving the interaction of entirely different groups
of bacterial population reported here is novel and very interesting. It is
tempting to speculate that some of the intermediate metabolites themselves
could function as metabolic control elements binding to or signaling at the
individual cellular surface level. It is also likely that certain of these metab-
olites can also act as regulators in the extracellular interactions between
metabolites themselves or with some of the extracellular enzyme thereof.

During the anaerobic digestion of solid tannery waste, the rate of col-
lagenolysis was controlled by the aminonitrogen level, which itself was
regulated by ammonium ion, formed during the further conversion of
amino acids to VFA. Significantly, the level of VFA itself, was at a steady
state during methanogenesis. It emerges from these results that an inter-
active metabolic control regulates the overall rate of collagenolysis, which
is operative only at the optimal VS load rate. In contrast, at load rates
slightly above optimal, the concentration of short chain fatty acids pro-
duced is high, resulting in the delayed onset of the methanogenic phase.
If the system is overloaded, it results in reactor instability, manifested by
a marked and rapid increase in VFA concentration, which is detrimental
to the methanogenic population (31). In addition, the elevated ammonia
concentration can also be a major cause for operational failure. A digestor
that has not been previously acclimated to high ammonia loadings or a
reactor operating near the limits of its design capacity, shock loadings of
high ammonia concentration were reported to cause rapid production of
VFA such that the buffering capacity of the system is unable to compensate
for the decrease in pH (32). These may be some of the irreversible con-
sequences resulting in depletion in one or more of the bacterial populations
involved. The study thus underscores the importance of initially assessing
the optimal load rate for any biomass substrate per unit volume of the
reactor. The present investigation has highlighted some of the interesting
biochemical parameters that are of importance and useful in assessing
and understanding the course of the process of anaerobic digestion and
of the interacting species thereof.

Studies on the nature of anaerobic digestion in order to rationalize
the design and optimization of biological waste treatment systems have
been made by many researchers. Some of the studies included: acidogene-
sis of glucose and sewage waste (33), VFA conversion to methane in ana-
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erobic upflow sludgebed (34), and generalized kinetic treatment involving
a fermentative and methanogenic bacterial groups based on the Monod's
model or the application of Contois equation, to a complex substrate, cow
manure (35-38). The biochemical nature of the intermediary metabolites
during conversion of various wastes has not been considered by these
researchers in general. But in a limited context, defined cocultures of a
methanogen or cellulolytic organism and/or acidogenic bacteria was studied
(15-17), which may explain individual interaction but have limited rele-
vance to the natural anaerobic habitats or biogas reactors, wherein many
different groups of bacteria thrive with maximal economic efficiency in
utilizing varied complex biopolymers.

Interspecies hydrogen transfer mechanisms have been shown to be
responsible for the controlled flow of reducing equivalents in well-studied
synthrophic methanogenesis as reported for ethanol conversion by M.
omelianskii mixed culture (39). Further, Thiele and Zeikus have suggested
that, during methanogenesis of complex organic matter, interspecies
electron transfer was mediated via formate and not through hydrogen
(40). However, the apparent importance of interspecies transfer of
metabolites related to syntrophic methanogenesis in a natural and artificial
ecosystem has not been taken into serious consideration. It is in this con-
text that the present study assumes significance in demonstrating the
operation of an interactive metabolic control during anaerobic digestion
mediated by the organisms themselves, which results in steady state levels
of some metabolites and interesting alternating oscillations with respect
to certain others, reflected outside the cellular environment. More studies
are needed in clarifying the nature of these interactions between the micro-
bial communities and the regulating metabolites. The study revealed the
existence of control mechanisms in the environment related to coexistence
of different groups of bacteria which assumes ecological significance.
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