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In biological wastewater treatment, high lipid concentrations
can inhibit the activity of microorganisms critical to the
treatment process and cause undesirable biomass flotation.
To reduce the inhibitory effects of high lipid concentrations,
a two-phase anaerobic system, consisting of an anaerobic
sequencing batch reactor (ASBR) and an upflow anaerobic
sludge blanket (UASB) reactor in series, was applied to
synthetic dairy wastewater treatment. During 153 days of
operation, the two-phase system showed stable performance
in lipid degradation. In the ASBR, a 13% lipid removal
efficiency and 10% double-bond removal efficiency were
maintained. In the UASB, the chemical oxygen demand
(COD), lipid, and volatile fatty acid (VFA) removal efficiencies
were greater than 80%, 70%, and 95%, respectively, up to
an organic loading rate of 6.5g COD/V/day. No serious
operational problems, such as significant scum formation
or sludge washout, were observed. Protein degradation was
found to occur prior to degradation during acidogenesis.
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Lipids are the major organic component in wastewaters
from many industrial sites including dairy production
facilities, edible oil refineries, slaughterhouses, and wool
scouring factories. Through digestion by anaerobic bacteria,
lipids can be degraded via hydrolysis and B-oxidation to
acetate and hydrogen, which in turn are converted to
methane [17]. A large amount of CH, can be produced from
lipids because they are highly reduced organics. Theoretically,
1 g of glycerol trioleate (C,;H,(,04), a common lipid in
nature, can be converted to 1.08 1 of methane at standard
temperature and pressure (STP), whereas 1 g of glucose
(CgH,0¢) can be converted to only 0.37 1. However, lipid
accumulation during attached-growth anaerobic processes
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tends to cause operational problems such as clogging, scum
formation, and washout of active biomass due to the low
solubility of lipids and their adsorption onto the surface of
sludge or media [10]. Furthermore, long-chain fatty acids
(LCFAs), the intermediate step in lipid biodegradation, are
toxic to bacterial cells. The mechanism of LCFA toxicity is
related to their adsorption onto cell walls, which affects
the cell’s transport and protective functions. LCFAs are
particularly toxic to hydrogen-producing acetogenic bacteria
[8] and methanogens [20]. It has been recommended that
the chemical oxygen demand (COD) due to lipids in
wastewater should not exceed half of the total COD to
prevent operational failure of anaerobic digestion systems
[24]. Safe operation has only been guaranteed for organic
loading rates below 7.5 g COD/I/day in upflow anaerobic
sludge blanket (UASB) reactors.

Generally, phase separation has been widely studied
and applied in anaerobic digestion [27]. It can improve
operational performance throughout microbial separation
[12]. Lipid-degrading microorganisms can be classified as
acidogenic and methanogenic groups. Previous studies on
lipid-degrading bacteria have found the acidogens such as
Syntrophomonas wolfei (18], Syntrophomonas saponavida
[25], Syntrophospora bryantii |31), and Thermosyntropha
lipolytica [28). Reported methanogens include Methanobacterium
[2], Methanosarcina, Methanococcus [11], Methanobacteriales,
and Methnococcales species [16]. The main potential
advantages expected from a two-phase anaerobic digestion
are better control of both acidogenic and methanogenic
reactors, higher suspended solid removal efficiency and a
higher specific methanogenic activity in the second reactor
[7]. Moreover, potentially toxic compounds for methanogens
such as long-chain fatty acids can either be removed or
detoxified in an acidogenic reactor [15]. Kim ef al. [11]
operated a two-phase system composed of a continuously
stirred tank reactor (CSTR) and an upflow anaerobic
sludge blanket reactor, as well as a single-phase system
composed of only a UASB reactor. Both systems were fed
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with synthetic wastewater containing major LCFAs and
glucose. Enhanced performance was observed for the two-
phase system, with increased degradation (19%—-30%) and
saturation (10%-12%) of LCFAs during acidogenesis.
However, a CSTR cannot maintain high sludge activity
owing to the relatively low hydraulic retention time (HRT)
of this reactor design. Furthermore, previous studies have
found that lipids adsorbed onto the surface of sludge are
gradually mineralized [21, 26]. This implies that internal
sludge retention would be beneficial for the acidogenesis
of lipid-containing wastewaters.

Another factor influencing the treatment of wastewater
with high lipid content is the effect of other slowly
degradable components. Wastewaters from the foodstuff
industry largely consist of lipids, proteins, and carbohydrates.
Among the three major components, lipids and proteins
are known to be degraded slower than carbohydrates [30].
However, the mutual effect of lipids and proteins is not yet
clearly understood [5].

This study focuses on lipid degradation in dairy processing
wastewater. A two-phase anaerobic system composed of
an anaerobic sequencing batch reactor (ASBR) and a
UASB was operated for 153 days by controlling the HRT
and organic loading rate. In addition, a batch assay for
acidogenesis was conducted to determine the effect of
protein concentration on lipid degradation.

MATERIALS AND METHODS

Reactor Operations

An ASBR and a UASB connected in series were operated at 35°C.
The actual volumes of the ASBR and UASB were 16.71 and 50.0 ],
respectively. As shown in Fig. 1, a reservoir was designed to compensate
for the volume difference between the ASBR and UASB. After an
acclimation period, the HRT was changed to investigate the effect of
organic loading rate on the operation of the system. Operation of the

Gas collector

ASBR consisted of filling (10 min), reacting (140 min), settling
(20 min), and decanting (10 min). During the reaction period, the
reactor was mixed at a rate of 60 rpm. Activity in the reservoir was
followed by use of an acidogenic reactor, in which only mixing
(60 rpm) was conducted.

Seed and Substrate

Seed sludge used in the ASBR was taken from the municipal sewage
treatment plant in Daejeon, Korea and was acclimated prior to
operating the bench-scale system. The pH and volatile suspended solid
(VSS) concentration of the sludge were 7.6 and 8.5 g/l, respectively,
when the initial VSS concentration in the reactor was held constant
at 6.0 g/l. A synthetic wastewater containing glucose was fed during
the acclimation period. Once constant production of methane gas
was observed, the feed was switched to synthetic dairy wastewater.
Granular sludge used in the UASB was derived from treated brewery
wastewater originating in Cheongwon, Korea. Before treating the
synthetic dairy wastewater, the sludge was maintained under the
acclimation conditions described above. A total of 191 of sludge
granules was added, which filled approximately 38% of the UASB
volume. The pH and VSS concentration of the seed sludge were 7.5
and 36.5 g/l, respectively. After inoculation, the initial VSS was
started at 18.3 g VSS/I. The specific methanogenic activity for the
seed granules was 0.22 g COD/g VSS/day and 0.27 g COD/g VSS/
day for acetate and propionate, respectively.

The substrate was made by using milk, which was diluted to replicate
the characteristics of dairy wastewater. The ratio of milk to water
was determined by the COD concentration of dairy wastewater. The
COD concentration of the synthetic dairy wastewater was around
4,000 mg/l. Commercial milk from a grocery shop was used, and was
diluted with tap water. Although dairy wastewaters are known to
have a range of CODs, there was no significant variation in the
influent COD concentration in this study. As the HRT was reduced
from 60 to 20 h, the organic loading rate increased from 1.6 g COD/
l/day to 4.8 g COD/l/day.

The dairy wastewater showed a range of pH values, depending
on the characteristics of the detergent applied. In this study, alkali
treatment was conducted to control pH and to hydrolyze the
wastewater’s lipid component before use of the two-phase anaerobic

q Gas collector

Gas
sampling \
port o
|

S

!i

Granular

| a Effluent
Av4
¥ < | 1 0 de
T Y ooooo
i [ ] >
= ) R N VN - : :
Peristaltic pump Peristaltic pump Peristaltic pump
Feed ASBR Reservoir UASB

Fig. 1. Schematic diagram of the two-phase anaerobic process.
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treatment system. Briefly, 5 ml of 6 N KOH was added to each liter
of milk and stirred for 20 min. The volume was then increased to
501 by dilution with tap water. Two ml of 6 N HCI was injected
into the diluted wastewater to decrease the pH to 7-8. NaHCO, was
mixed with the diluted wastewater as a buffer. The alkalinity was
maintained at more than 3 g/l as CaCO,. Around 10% double-bond
reduction was achieved in pretreatment.

Analyses

The biogas production was measured by the water displacement
method. The biogas collected in the gas collector was sampled using
glass syringes, and gas composition was analyzed using a gas
chromatography unit (Gow Mac series 580, U.S.A.) with a thermal
conductivity detector and two columns. Methane and carbon dioxide
were detected using a column packed with Porapak Q (80/100 mesh).
The temperatures of the injector, detector, and column were kept at
80, 90, and 50°C, respectively. Helium was used as a carrier gas.
VFA was quantified using a high-performance liquid chromatography
unit (Spectrasystem P2000, U.S.A.) with an ultraviolet (210 nm)
detector and an Aminex HPX-97H (300 mmx7.8 mm) column after
pretreatment with a 0.45-um membrane filter. For the mobile phase,
0.005M H,SO, was used. Measurements of VSS and pH were
performed according to standard methods [3]. COD was measured
using the dichromate reflux method.

For the lipid analysis [1], the pH of the sample was decreased to
less than 2 by addition of 6 N HCI. To extract the lipid components,
n-hexane was mixed with the sample in a separation funnel. The
sample and the n-hexane were homogenized through 2-3 min of
vigorous shaking. Organic and aqueous layers separated after 20—
30 min of resting time. The n-hexane layer was transferred to an
Erlenmeyer flask and evaporated at 90°C for 5—6 h, leaving only
lipids in the flask. The residue in the flask was measured with the
same closed reflux titrimetric method used for the COD analysis.

The unsaturated fatty acids were measured using iodine values,
with a solution of iodine monobromide in glacial acetic acid [9].
Ten ml of sample was mixed with 1 ml of iodine monobromide in
an Erlenmeyer flask. The flask was placed in the dark for 20—
30 min. Ten ml of 1 N potassium iodide was then added to the flask
and stirred. A 0.01 N solution of thiosulfate was titrated until the
color of the solution in the flask changed to a light yellow. A starch
solution was added as an indicator. The thiosulfate solution was
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titrated until the color disappeared. The titration volume was used
to calculate the concentration of unsaturated bonds (mol/l) as in

Eq. (1).

Titrationy.— Titrationmp.
2
XNormalitymio,sulfam
Volume,, .

Unsaturated degree (mol/l)=

M

For the protein analysis, soluble protein concentration was estimated
by the Lowry method [13]. NH,-N was analyzed using standard
methods. The chromatropic acid method was used to analyze the total
nitrogen. HS-TN(CA)-L (Humas Co., Ltd) and an HS2000 wastewater
quality analysis kit were used to measure total nitrogen concentrations
in the samples.

Acidogenic Batch Assays

Batch assays were conducted to determine the extent of protein
degradation and the effect of protein degradation on lipid hydrolysis.
Sludge taken from the ASBR in the two-phase anaerobic digestion
was used as seed for these assays, whereas mixtures of synthetic dairy
wastewater and casein were used as a substrate. Casein was selected
as the representative protein present in dairy wastewater, which
consists mainly of milk [29]. Four track studies were carried out at
different casein concentrations to determine the total concentrations
of lipids, double bonds, total nitrogen, soluble proteins, VFAs, NH,'-N,
as well as the pH, gas production rate, and composition analysis for
each of the four casein concentrations studied.

RESULTS AND DISCUSSION

Operation of Two-Phase Anaerobic Digestion
Continuous operation using two-phase anaerobic digestion
was conducted for 153 days. During the operation, the
organic loading rate was changed 4 times. Phases 1, 2, 3, 4,
and 5 were divided in accordance with the change of organic
loading rate.

During the first 12 days, acclimation was carried out
with glucose feeding. After acclimation, synthetic dairy
wastewater was fed into the two-phase anaerobic digestion
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Fig. 2. HRT and organic loading rate in a two-phase anaerobic digestion system: (--) HRT; (=) loading rate.
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Fig. 3. COD removal efficiency in the system: (@) UASB; (V)
ASBR; (O) total.

system. The feed concentration was then held at 4 g COD/1
of synthetic dairy wastewater through the end of the
experiment. The organic loading rate was increased by
decreasing the HRT.

COD removal efficiency is shown in Fig. 3. Overall
COD removal performance was found to be stable over the
153 days of operation. In the ASBR, COD removal showed
fluctuations. During phase 4, COD removal in the ASBR
ceased. This may reflect the fact that lipids accumulating
in the ASBR may have been able to flow out as the organic
loading rate increased. In spite of unstable COD removal
rates in the ASBR, UASB performance was not noticeably
affected. During phase 5, as the organic loading rate was
decreased, some recovery of COD removal rates in the
ASBR was observed.

Fig. 4 shows VSS variation in the ASBR during continuous
operation. Because no artificial method was adopted to
control the volume of VSS, it was allowed to fluctuate
naturally. There was a high degree of VSS fluctuation
during phase 3, whereas the VSS concentration increased
continuously in phase 2 and decreased in phase 4. The

VSS concentration increased again in phase 5 owing to the
decreased organic loading rate during this phase. After
phase 3, VSS concentrations seemed to be stable. Increasing
the organic loading rate in phase 4 caused the residues
discharged from the ASBR to affect the rate of removal of
COD. The total COD removal after phase 2 decreased
sharply, as the VSS in the ASBR was decreased. The
relationship between the volume of VSS and the extent of
COD removal was found to be proportionate.

In phase 4, COD removal in the ASBR ceased.
However, COD removal in the UASB was not affected.
The performance of the ASBR is shown in Fig. 5. The
double-bond removal dropped to zero in phase 4. Because
acidogenesis is the process of reducing double bonds, it is
concluded that the function of the ASBR was lost in this
stage, even though there was no sign of failure in the early
stages of phase 4. After 20 days, no €OD removal and no
removal of double bonds were observed. Because there
was no significant variation in the VSS of the ASBR,
the lipids might be discharged to be balanced without
degradation as the lipid loading rate was increased. The
increase of total lipid concentration in phase 4 supported
this assumption.

Performance of the Acidogenic Reactor
The acidification was related to VFA production. Acidification
was less affected by the loading rate than were COD and
double-bond removal. Relatively constant acidification
occurred throughout the continuous operation, with the
exception of phase 4. Acidification is one of the main roles
of an ASBR designed for use in an acidogenic reactor.
From the performance data of the ASBR, the lipid
loading rates appeared to exceed the capacity of the ASBR
in phase 4, when the ASBR organic loading rate was
19.2 g COD/l/day (ASBR lipid loading rate was 8.7 g
lipids-COD/l/day). In phase 5, when the ASBR recovered,
the ASBR organic loading rate was decreased to 152 g
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Fig. 4. VSS variations: (@) inside ASBR; (O) ASBR effluent; (~ ) ASBR SRT.
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Fig. 5. Performance of ASBR.
A. Double-bond removal efficiency. B. Acidification.

COD/l/day (ASBR lipid loading rate was 6.7 g lipids-
COD/l/day), which was a condition similar to that in phase 3.
The amount of acidification was calculated using Eq. (2).

sdification (V)= YEAxssr — VEAe.

Acidification (%) COD,.. VT AL 2)

The acidogenic reactor was expected to degrade lipids
to methane, VFAs, or saturated fatty acids. Use of an
acidogenic reactor is known to reduce the toxic effect of
lipids in methanogenic reactors [14]. Until the failure
occurred, the ASBR operated successfully and as expected.
The best lipid removal rate was found in phase 3 (ASBR
organic loading rate: 14.4 g COD/l/day; ASBR lipid loading
rate: 7.0 g lipids-COD/l/day). The COD balance of the
ASBR is shown in Fig. 6. The role of the ASBR was
highlighted by the fact that VFA production occurred in all
phases. The portion of lipids in the influent COD was
about 48%, and these lipids were changed to VFAs. From
phase 3 to phase 5, the variation in percentage of lipids
followed the operating conditions of the ASBR.
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Fig. 6. COD balance in the ASBR ([} lipid; f: VFAs;
[]: others).

Methane Production Through Methanogenesis

CH, production was achieved successfully. One indicator
of stable production is the CH, composition shown in Fig. 7.
After the acclimation period, the CH, composition was
maintained in the range of 60%—70%, as compared with
much lower production rates observed during start-up,
when glucose was being fed. In terms of biogas recovery, it
can be assumed that dairy wastewater has a high potential
for biogas production.

CH, production was mainly from the UASB rather than
from the ASBR. Successful phase separation can be
explained by the fact that only a small amount of CH, was
produced in the ASBR. The majority of CH, production
was related to the performance of the methanogenic UASB
reactor, and the CH, production rate (I///day) increased
proportionally with the increase of the organic loading
rate. In Fig. 8B, it can be seen that the measured CH,
production was dependant on the theoretical CH, production,
which represents a direct conversion of CH, from organic
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A. Performance of COD and lipid removal efficiency: (@) COD removal
efficiency; (O) LCFA removal efficiency; (=) COD loading; (--) LCFA
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loading. As COD and lipid removal were maintained at
over 80%, the increase in CH, production resulted in stable
operation. In spite of the ASBR failure in phase 4, the
UASB reactor showed good treatment efficiency. In phase
4, the organic loading rate of the total system was 4.8 g
COD/l/day, and the organic loading rate of the UASB
reactor was 6.5 g COD/l/day. The rate was slightly higher
than the verified range of successful lab-scale operation
[28]. This pilot-scale experiment demonstrates the possibility
of applying this approach in the field.

The performance of the UASB is shown in Fig. 9. As
can be seen in the figure, stable operation was achieved in

Table 1. Total and lipid COD concentrations in wastewaters.
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Fig. 9. Performance of UASB.
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removal efficiency. C. VFA removal: (@) influent VFAs concentration;
(O) effluent VFAs concentration; (1) VFA removal efficiency.

all phases. No significant problems were observed until the
UASB organic loading rate was increased to 6.5 g COD/l/day.

Considerations in the Operation
The designed reactor volume ratio between the ASBR and
the UASB was 1:3. After failure in phase 4, the ratio was
changed to 1:2.5, and the reactor then operated successfully.
In two-phase anaerobic digestion, the organic loading rate and
reactor volume ratio were found to be important factors.
Many reports on scum and sludge washout have suggested
means of treating wastewater containing lipids [4, 19, 22].

Total COD (g COD/1) Lipid COD (g COD/1) .
Lipid (%)
Range Mean Range Mean
Dairy wastewater 0.8~9.5 4.5 0.9~2.5 1.5 33
Synthetic wastewater 2.5~4.8 4.0 1.1~2.4 1.9 48
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Dairy wastewater was the substrate used in the continuous operation. The
characteristics are shown in Table 1.

In this experiment, scum generation was observed on the
surface of the UASB, but it did not increase significantly.
The granular sludges washed out slightly after phase 3.
Although the height of the sludge bed was slightly
decreased, it did not affect the efficiency of dairy wastewater
freatment. From this experiment, it was concluded that
stable operation was possible with a short HRT (21.3 h),
and that land requirements can be reduced in actual field
operations through use of a two-phase anaerobic digestion
system.

Effect of Protein on Lipid Degradation

Batch assays showed that acclimated acidogens from the
ASBR preferentially degraded proteins rather than lipids.
Ammonia, the intermediate product in protein degradation,
was found to increase when initial casein concentration
was high (Fig. 10). When casein concentration was increased,
lipid degradation was reduced, both in terms of total
amount degraded and the saturation degree (Fig. 11). The
reason lipid degradation was limited when the loading rate
was increased during continuous operation was the priority
of biodegradation.

Conclusions

The two-phase anaerobic system tested in this study was
found to be effective in treating synthetic dairy wastewater,
both in terms of lipid and double-bond removal efficiencies.
During ASBR operation, lipid removal efficiency was
greater than 13%, and double-bond removal efficiency was
greater than 10% at a loading rate up to 19.2 g COD/l/day
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Fig. 11. Effect of casein concentrations on lipid degradation in
acidogenesis.

A. Double-bond removal efficiency. B. Lipid removal efficiency. Double
bond relates to the saturation degree of lipids, meaning carbon is bonded
with hydrogen atoms fully; that is, saturation by hydrogen.

(lipid loading rate up to 8.6 g COD/l/day). The maximum
lipid removal efficiency was 37% during phase 3 (ASBR
OLR: 144 g COD/l/day; ASBR LLR: 7.0 g COD/l/day),
whereas the maximum double-bond removal efficiency
reached 77% during phase 1 (ASBR OLR: 6.4 g COD/l/day;
ASBR LLR: 2.8 g COD/l/day). In the UASB, operational
problems such as scum formation and sludge washout were
insignificant during continuous operation. The maximum
CH, yield achieved was 0.41 (/g COD,¢oveq) during phase
5 (UASB OLR: 5.5g COD/l/day; UASB LLR: 2.0¢g
COD/l/day). Throughout the overall period, the COD,
lipid, and VFA removal efficiencies were more than 80%,
70%, and 95%, respectively.

Batch assays showed that acclimated acidogens from
the ASBR were more efficient at degrading proteins than

Table 2. Average VSS in the ASBR.
Phase 1 2 3 4 5
VSS (mg/l) 5,372 7,973 9,160 7,971 9,132
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lipids. High protein concentrations resulted in high acidogenesis
of proteins, and relatively low lipid degradation. Instead,
protein degradation contributed to an increase in ammonia
production.
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