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Whey, a by-product from the manufacture of cheese and
casein, contains about 5% lactose, 1% protein, 1% salts,
and 0.1-0.8% lactic acid. The annual production of liquid
whey in the U.S. has continuously increased to about
57 billion pounds in 1988.' Recovery of whey proteins by
ultrafiltration has become a relatively well-established pro-
cess. However, the lactose stream (whey permeate), hav-
ing a biological oxygen demand (BOD) of greater than
3.2 X 10* mg/L, remains a major disposal problem. Re-
cently, growing concern about environmental pollution has
generated interest in producing methane from whey and
whey permeate through anaerobic digestion.””* The major
advantages of this process are low costs, high energy effi-
ciency, and process simplicity as compared to other waste
treatment methods. In addition, the produced biogas
(methane) may be used as a process fuel in cheese manu-
facturing, or used in a power plant to generate electricity.’
However, despite the waste reduction and energy potential,
anaerobic digestion is not a highly regarded process in the
dairy industry, largely due to the problems of slow reaction
rate and poor process stability. In order to solve these
problems and to develop a better methanogenic process, it
is necessary to understand the fermentation kinetics of the
methanogenic process first.

The anaerobic methanogenic process degrades organic
matter to the gaseous products, CH, and CO," which oc-
curs as a result of three distinct but simultaneous metabolic
phases.”>" First, in the hydrolytic phase, large, complex
organic matter is hydrolyzed and fermented to C, to C; or-
ganic acids, alcohols, H,, and CO,. In the second (aceto-
genic) phase, C; to C; organic acids and alcohols are
further reduced to acetate, formate, methanol, CO,, and
H,. These products are then used for methane formation in
the last (methanogenic) phase. The interspecies hydrogen
transfer between H, producers and H,-utilizing methan-
ogens is a key to allow some organic compounds, such as
propionate, to be completely degraded to CH, and CO,."*'®
In general, acetic acid is the major immediate precursor for
methane formation,"’ accounting for more than 70% of
total methane formed in anaerobic digesters.’”® The other
30% is mainly from CO, reduction with H,. In addition to
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acetate, propionate and butyrate are two major intermediary
products most frequently found in anaerobic digesters.'>*
Lactate and ethanol were also found as important interme-
diates in some anaerobic digesters.” ™’

The kinetics of anaerobic digestion of whey and whey
permeate has been extensively studied, recently.”?"***
However, the intermediary products found in these sudies
are not consistent,”?""** and varied with reactor startup pro-
cedures and operating conditions.”** This variation could
be attributed to the variation in bacterial populations in the
digesters. The predominant populations in whey digestors
reported from two different research groups are quite dif-
ferent.”®?” Apparently, the fermentation kinetics largely
depends on the environmental conditions and the seeding
cultures used. Although the complex nature of methan-
ogenic fermentation is now well appreciated, to date, the
detailed fermentation kinetics has not been completely es-
tablished. Most works were done on the free cells system;
very little is known for the immobilized cells system. Fur-
thermore, all the previous kinetic studies provided, more
or less, only qualitative information, lacking in quantita-
tive data required for engineering modeling and design.

The purpose of this study was to elucidate the fermenta-
tion kinetics of methane production from whey permeate in
packed bed immobilized cell bioreactors. The major inter-
mediary products formed and key biological reactions
taking place during whey permeate fermentation were
identified by studying batch fermentations of various key
compounds, including lactose, lactate, butyrate, propi-
onate, and acetate. A three-step reaction mechanism was
proposed for modeling methanogenesis of whey permeate
and was tested in this work.

MATERIALS AND METHODS

Reactor Construction, Startup, and Operation

Three packed bed immobilized cell bioreactors were used
in this work. Each bioreactor had a total volume of 1.5 L
before packing, and was made from a water-jacketed glass
column. These bioreactors were packed with 0.25-in. ce-
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ramic intalox saddles (U.S. Stoneware, Inc.) for cell im-
mobilization. After packing, the void volume of each
bioreactor was ~1000 mL. These reactors were operated
with external liquid recirculation to provide complete mix-
ing, and at a constant temperature between 30 and 37°C
(£0.5°C) controlled by a water circulating bath. Unless
otherwise noted, the reactor pH was maintained at
7.0 *+0.5 with a pH controller. The produced gas was col-
lected and measured in an inverted plastic 4-liter graduate
cylinder floating in acidified water.

These reactors were seeded with sewage sludge origi-
nally obtained from an anerobic digester in a municipal
waste treatment plant at West Lafayette, IN. About 600 mL
sludge and 400 mL diluted whey permeate (~1.2% lactose,
reconstituted from dry whey permeate powder obtained
from Food Ingradient, Inc.) were added to each reactor
initially. After four days, fresh diluted whey permeate
(0.6-2.0% lactose) was added intermittently to gradually
bring the reactors to a steady operation, as monitored from
the reactor pH and gas production rate. Thereafter, they
were operated at continuous mode (retention times: 4 h to
4 days) for about a year. Before these reactors were con-
verted to batch reactors for the kinetic study, they were op-
erated on and off for several years with a longest shut-off
time being six months.

Batch Kinetic Study

To study the fermentation Kinetics, the bioreactors were
fed with concentrated sweet whey permeate (from Kraft,
Inc.), which contained about 10% lactose, 0.1% lactic acid,
and very little (<0.1%) protein, at a fed-batch mode until
the reactors reached pseudosteady state. About 50 mL
whey permeate was added to each reactor at the beginning
and it took 3-5 days to complete each batch cycle, which
was determined as gas production ceased. After whey ad-
dition, 0.5 mL liquid sample was collected at every 0.5—
1.0 h for the first 5 h and every 2-6 h thereafter. These
liquid samples were stored in a freezer for future high-per-
formance-liquid-chromatography (HPLC) analysis. The pH
value in the reactor was measured as liquid samples were
collected. Also, gas production was monitored by the ac-
cumulated gas volume in the gas collector, and a 0.5-mL
gas sample was withdrawn from the head space of the
bioreactor and analyzed for methane content by a gas chro-
matographic method.

Similar batch experiments were also conducted with lac-
tose, acetate, propionate, lactate, and butyrate as growth
substrates. To each batch experiment, 2—-5 g of one sub-
strate were added in the solution form. Between two batch
experiments, at least one 20-mL whey permeate was added
and the reactors were given 2-3 days to restore pseudo-
steady-state conditions. Experiments with each growth
substrate were at least duplicated.

Sample Analyses

Concentrations of lactose, organic acids, and alcohols in
liquid samples were analyzed by the HPLC method de-

scribed elsewhere.” Gas composition was analyzed with a
gas chromatograph (Varian 3300) equipped with a thermal
conductivity detector (TCD) and two 0.125-in. stainless-
steel columns, 2-m Porapack N (80/100 mesh), and 4-m
molecular sieve 5A (40/60 mesh), in series operated at
100°C. The carrier gas was He at a flow rate of 30 mL/min.
The detector polarity was switched after CO, was eluted
from the first column (about 3 min after injection).

The cell concentration in the bioreactor was determined
from cell dry weight as well as optical density at 660 nm
{ODge). Liquid samples (200 mL each) were centrifuged
at 1.3 x 10* rpm in a centrifuge (Beckmen J2-21) at 4°C
for 40 min. The cell precipitates were then collected and
dried overnight at 103°C. The value of OD.,, was mea-
sured with a spectrophotometer (Turner model 350) in a
cuvette of 10-mm light path length. Samples were diluted
to the ODy, range of lower than 0.45, where one unit of
ODy, was approximately equivalent to 0.65 g/L cell. The
amount of cell attached to the ceramic packing was also
determined after completing all the batch experiments. Part
of the packing material was removed from the reactor,
washed with tap water until the washing water was nearly
clear, and then cells present in the washing water were col-
lected and determined by measuring either the dry weight
or OD.

RESULTS AND DISCUSSION

Reactor Startup

Figure 1 shows the dynamic concentration changes of vari-
ous intermediary products in a bioreactor during reactor
startup. Initially, butyrate, propionate, and acetate were
three major intermediary products accumulated as lactose
was fermented. Large amounts of iso-valerate and some
formate and other unidentified C;—C; organic acids were
also detected in the first 24 h, but they disappeared soon
after they were formed. After continuously feeding the re-
actor at a dilution rate of 0.02 h™' for 10 days, butyrate
was no longer detected in the reactor, indicating the occur-
rence of dynamic microbial population changes. It is
known that bacteria with a long doubling time would be
washed out if the dilution rate was high. The butyrate-
producing bacteria could have been washed out during
startup. It has been reported that the formation of mixed-
culture aggregates during startup of an anaerobic gas-lift
reactor was coupled with a general metabolism change
from acetate-butyrate production to acetate-propionate pro-
duction, and this change was attributed to a selection by
washout at a high dilution rate, which favored propionate-
producing bacteria with superior adhesive properties.™

It was also found that the bacteria immobilized in these
reactors could recover their methanogenic activity within a
week even after several months without feeding them with
any organic substrates. However, whether the predominant
populations have changed after the starvation period is not
known.
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Figure 1. Concentration changes of intermediary products in methanogenic fer-

mentation of whey permeate during reactor startup. The arrow indicates when the
reactor was fed continuously with whey permeate.

Batch Fermentation Kinetics

To avoid population changes during the experiments, batch
fermentations using reactors that had been operated at a
low dilution rate (~0.02 h™") were conducted to elucidate
the methanogenic kinetics. The population changes during
batch experiments were negligible as the amounts of sub-
strate added were so low that the increased cell mass was
negligible as compared with the total cell mass present in
the reactors. The total cell mass in each reactor was ap-
proximately 5-10 g, of which less than 5% was free cells
suspended 1n the liquid phase.

The intermediary products formed during batch fermen-
tation of whey permeate were studied first. Two typical
batch fermentations of whey permeate are shown in Figure 2.
As shown in Figure 2, in addition to the initial substrates
lactose, propionate and acetate were the only two major
compounds found throughout the anaerobic digestion of
whey permeate. Low concentration of lactate was also de-
tected initially, as lactate was also present in whey perme-
ate. There were some unidentified C,—C; organic acids
(which were similar to those belonging to the TCA cycle,
and were possibly produced by aerobic bacteria) formed
from lactose initially, but they were soon degraded (but
slower than lactose) to smaller compounds like acetate and
propionate. Only very low concentrations of butyrate and
ethanol were occasionally detected. Significant amounts of
butyrate were found only when propionate concentration
was high (>2 g/L) and the pH value was low (<6.0).
Neither formate nor methanol was found throughout these
batch fermentations.

As also shown in Figure 2, propionate and acetate were
produced simultaneously from lactose; they were then con-
verted to biogas (~50% CH, and 50% CO,). At pH values
around 7.0, the concentration of propionic acid was always
higher than that of acetic acid throughout the fermentation.

The conversion of propionate was also slower than acetate.
These results suggest that the conversion of propionic acid
to acetic acid was the rate-limiting step in this methanogenic
fermentation. The lactose consumption rate ranged from
2.1-4.8 g/h - L. The large variation in the reaction rate
was mainly due to the difference in cell density in different
reactors.

The apparent yields of propionic acid and acetic acid
were found to be respectively ~0.28 and 0.18 g/g lactose
fermented. However, since both propionic and acetic acids
were also consumed to form other compounds during the
fermentation, the actual yields of propionic and acetic
acids from lactose fermentation should be higher than
these values. The total biogas volume collected in the gas
collecting device was lower than expected. This was largely
due to gas leak and gas retention in the bioreactor system
and gas (CO,) dissolution in liquid (both in the reactor and
in the gas collector). It was noted that less biogas was col-
lected when the reactor pH was higher, due to large solu-
bility of CO, in water at pH > 7. The produced biogas
contained about 50% of methane and the methane yield
from lactose was about 300 mL/g lactose or 80% of the
theoretical yield.

Based on the intermediary products identified in these
batch fermentations, it is conceivable that whey lactose
was mainly converted to propionic acid, acetic acid, CO,,
and (presumably) H, by the hydrolytic fermentative bac-
teria. Lactate, butyrate, ethanol, methanol, and formate
were not produced in significant amounts, and thus may be
assumed to be unimportant in the methanogenic system
studied. Based on these results, a three-step reaction
mechanism for methanogenic fermentation of whey permeate
(lactose and lactate) is proposed and shown in Figure 3.
Lactate is also present in whey permeate, although in
much lower amount, and was found to follow the same re-
action mechanism as the lactose.
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Figure 2.
reactor II.

Further batch fermentation experiments were conducted
with lactose, acetate, and propionate as the initial sub-
strate, respectively, to evaluate the proposed methanogenic
mechanism and to show that propionic and acetic acids
were the only two major intermediates formed during an-
aerobic lactose fermentation. Lactate and butyrate were
also used as the growth substrate, respectively, to show
that these two organic acids were not produced in signifi-
cant amounts during anaerobic lactose fermentation. The
results from these experiments are shown in Figure 4 and
are discussed in the following sections.

Lactose Fermentation

As shown in Figure 4(a), lactose, added as the initial growth
substrate, was fermented to propionic acid, acetic acid,

Batch methanogenic fermentation of whey permeate in (a) reactor I and (b)

CO, and CH,, with yields similar to those found in whey
permeate fermentation. The conversion of propionic acid
was also slower than that of acetic acid.

Lactate Fermentation

Whey permeate usually contains some lactic acid, which
also can be used as a methanogenic substrate. Lactic acid
was also reported as a major intermediary metabolite of
lactose fermentation during anaerobic degradation of
whey.” As shown in Figure 4(b), lactate, added as the initial
growth substrate, was converted to propionate, acetate,
and biogas. However, concentrations of propionate and
acetate were quite low as compared to the initial lactate
concentration. This implies that significant amounts of
propionate and acetate formed from lactate might have
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Figure 3. Proposed three-step reaction mechanism for methanogenesis
of whey permeate (lactose and lactate).

been further degraded to methane soon after they were
produced.

The methanogenic mechanism for lactate fermentation is
thus similar to that for lactose fermentation and involves at
least the following reactions:

propionic acid
acetic acid

Lactic acid — — acetic acid —>

CH, + CO,

The lactate consumption rate was slow, only ~1.0 g/h + L
initially and 0.18 g/h - L afterwards. The dramatic drop in
lactate consumption rate might be caused by propionate in-
hibition. The lactate consumption rate was much slower
than those for lactose and acetate. If significant amounts of
lactate were also produced during methanogenic fermenta-
tion of whey permeate (lactose), some lactic acid would
have been accumulated before acetic acid accumulation oc-
curred since the consumption rate of lactate was slower
than that for acetate. Therefore, it can be concluded that
lactate was not an important intermediary product formed
in these reactors. However, it should be noted that lactate
may become a major product from lactose acidogenesis
when the reactor pH was low (pH 4.5) and the dilution rate
was high.”?'" The methane yield from lactate was similar
to that from lactose, ~300 mL/g lactic acid fermented or
80% of the theoretical yield.

Butyrate Fermentation

Butyric acid is another intermediate acid usually found
during anaerobic digestion of organic wastes including

whey.® Butyrate methanogenesis was reported to be faster
than that of acetate and much faster than that of propi-
onate.” Significant amounts of butyrate might have been
produced during whey fermentation but were immediately
converted to acetate and biogas. As a result, only very low
butyrate concentrations, often below detectable limits,
were found in stable, continuous digesters. However, re-
sults from batch experiments with butyrate as the initial
growth substrate indicated that butyrate was not readily
consumed for methane production [Fig. 4(c)]. This sug-
gests that butyrate was not produced in significant amounts
during methanogenesis of whey permeate in the bioreactor
system studied. This finding is also consistent with our
previous observation that butyrate was no longer detected
after 10 days from the reactor startup. Apparently, both
butyrate-producing and butyrate-degrading bacteria had
been washed out during reactor startup.

Propionate Fermentation

It is known that the methanogenic mechanism for propionate

fermentation generally involves the following reactions:***®

Propionic acid — acetic acid + H, + CO, —
CH, + CO,

Experimental results with propionic acid as the initial
substrate are shown in Figure 4(d). Only very low concen-
trations of acetic acid were detected throughout the fer-
mentation. The consumption rate of propionate was
<0.22 g propionic acid/h - L, which was smaller than the
acetate consumption rate found in the experiment with ace-
tate as the initial growth substrate [Figure 4(e)]. Appar-
ently, most of acetic acid produced from propionic acid
was immediately converted to methane and CO,. This sug-
gests that the conversion of propionate was the rate-limit-
ing step in the methanogenic system studied. These results
are consistent with previously reported work on propionate
degradation using methanogenic consortia.” The total
biogas yield from propionic acid was ~510 mL/g propionic
acid fermented, of which 75% was methane. This corre-
sponds to 72% of the theoretical yield.

Acetate Fermentation

In a methanogenic environment, acetate is converted to
equal molar methane and carbon dioxide by acetoclastic
methanogens.”” Results from experiments with acetic acid
as the initial substrate are shown in Figure 4(e). About
720 mL biogas were produced from each gram of acetic
acid consumed. The methane content was about 50%. The
methane yield was close to the theoretical yield, 373 mL
methane/g acetic acid. The consumption rate of acetate
was ~0.3 g acetic acid/h - L, which was much faster than
the consumption rate for propionate. It is clear that the
conversion of acetate to methane was not the rate-limiting
step in the methanogenic system studied.
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Factors Affecting Fermentation Kinetics

The nature of fermentation kinetics is determined by the
populations as well as the growth conditions. The environ-
mental factors, including pH value,” temperature, reten-
tion time,* oxidation—reduction potential, E, ,” and partial
pressure of H,,' have profound effects on methanogenic
fermentation. It is known that all anaerobic digesters have
a marked pH optimum somewhere around 7, and a pH be-
low 6 adversely affects waste degradation and methane
formation. Depending on the growth conditions, the distri-
bution of fermentation products could be quite different,
even the same seeding culture was used. Cohen et al.”
suggested that two fermentation types occurred comple-
mentary to each other in anaerobic acidogenesis of glu-
cose. The first one (butyric acid type) was characterized by
the production of butyrate, acetate, hydrogen, and carbon
dioxide as the main fermentation products. The second one

©)

(propionic acid type) showed the formation of mainly pro-
pionate and acetate, with little gas production. They also
found that high butyrate production were related to low E,
values of about —300 mV, while high propionate forma-
tion coincided with high E, values of around —120 mV.
In a study of acidogenic fermentation of lactose, Kisaal-
ita et al.** reported that no gaseous products (CO, and H,)
were formed from lactose if the reactor pH was kept above
4.5 during startup, but there was gas production even at
higher operating pH values if the reactor pH fell below 4.5
during startup. They also found that butyrate and acetate
were two main acid products, with butyrate predominated
at pH < 5.0 and acetate predominated at pH > 5.5. More
recently, Kissalita et al.**? reported that acetate, propi-
onate, n-butyrate, and lactate were the major products
from lactose acidogenic fermentation in a continuous
stirred tank digestor, with their concentrations strongly de-
pendent on the dilution rate. Lactate appeared and then be-
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bioreactor.

came predominant with increasing the dilution rate. A
similar change in product distribution effected by the pH
was also reported for glucose acidogenesis.”” However,
these studies were conducted at low pH values (<6.5) and
under the conditions of no methane formation.

Under methanogenic conditions and at pH values around
7, the product distribution from lactose degradation could
be very different due to the occurrence of interspecies hy-
drogen transfer.'® In a laboratory chemostat study of whey
biomethanation, Chartrain and Zeikus®' found that lactose
was metabolized primarily into lactate, ethanol, acetate,
formate, and CO, when the retention time was 100 h and
the reactor pH was maintained at 7.1, but as the retention
time decreased to lower than 25 h, acetate and propionate
were the first intermediary metabolites to accumulate,
followed by formate and butyrate and then lactate and

434

Batch methanogenic fermentation of (a) acetate and (b) lactose in a newly started

ethanol. In another whey biomethanation study using fixed-
bed reactor, Winter and his co-workers® found that acetate
and propionate started to accumulate at a hydraulic reten-
tion time (HRT) lower than 6.25 days (pH 6.5), while bu-
tyrate accumulation occurred only when HRT decreased to
3.75 days and pH value was 5.25 or lower. However, they
identified butyrate as an important intermediary product
produced from whey protein (not whey lactose).”® They
also pointed out the butyrate produced by Eubacterium
limosum can be prevented by a well-functioning interspe-
cies hydrogen transfer and low acetate levels.’

In this work, the reactor pH was always maintained at
6.0 or higher, and whey permeate was used as the sub-
strate, which contained very little protein (<0.1%). There-
fore, the conclusion from this work that butyrate and lactate
are not among the major intermediates in the methanogenic
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fermentation of whey permeate (lactose) is in agreement
with aforementioned studies.

The change in product distribution could be attributed to
changes in the metabolism and the composition of the bac-
terial population. In a newly started bioreactor, acetate
consumption rate was slow [Fig. 5(a)] and large amounts
of acetate was accumulated before propionate [Fig. 5(b)].
However, after running the same reactor for several months,
methanogenic population was greatly enriched and acetate
accumulation became less significant than propionate.

The relative amounts of propionate and acetate accumu-
lated during whey permeate fermentation were largely af-
fected by the pH. In the same reactor, the propionate levels
were found to be much lower at pH = 8 than at pH =~ 7.
This is because the pH influences on different groups of
bacteria are not the same. In studying propionate degrada-
tion by a methanogenic enrichment culture, Boone and
Xun® reported that propionate oxiders had a wide optimal
pH range for growth (pH 6.8-8.5) while acetate-degrading
populations had a narrow pH optima (pH 6.8-7.2). They
also found that during propionate fermentation, large
amounts of acetate were accumulated at pH 8.4, but not at
pH 7.2. Apparently, the relative conversion rate of propi-
onate to acetate increases with increasing the pH. This
may partially explain the observed low propionate concen-
tration at pH values higher than 8. The amounts of propi-
onate produced from lactose (and lactate) degradation also
decrease with increasing the pH value since most propi-
onate producers have an optimal pH between 6.5 and 7.0.%

In anaerobic digesters, propionate may be converted to
acetate by syntropic association of obligate proton reducers
such as Syntrophobacter wolinii*®* and hydrogenophilic
methanogens, or by sulfate reducers belonging to the
genus Desulfobulbus.”*' However, acetogenesis from pro-
pionate is only feasible, thermodynamically, at a very low
partial pressure of hydrogen.'®** Inhibition of propionate
degradation may result in propionate accumulation to a
level toxic to anaerobic digestion. Complete inhibition of
anaerobic methanogenesis was observed in a reactor con-
taining 10 g/L propionate at pH <6.0. The acetogenic
population in a whey digester was also found to be very
low, only consisted of ~5% of the total population, in
comparison to 55% for fermentative bacteria and 41% for
methanogens.” These may explain why the conversion of
propionate to acetate was the slowest reaction. About 10%
of propionate also may be converted to butyrate by reduc-
tive carboxylation occurred in methanogenic ecosystem.®
Some butyrate formation observed at high levels of propi-
onate accumulation in several experiments can be partially
explained by this reaction.

This study was supported in part by a seed grant from the Office
of Research and Graduate Studies, The Ohio State University.
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