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Abstract

This paper presents the experimental results in five months operation from a combined anaerobic/oxic system treating swine waste with average
concentrations in organic matter and nitrogen of 7,930 mgCOD/L and 671 mgTKNY/L, respectively. The system was formed using an upflow anae-
robic sludge blanket (UA SB) reactor and oxic reactor connected in series with arecycling line of oxic effluentsto UASB for its denitrification. The
UASB reactor was operated at an organic volumetric loading rate (VLR) of 2.1~4.5 kgTCOD/m®/day and the removal efficiency of TCOD was
66.3~85.4%. The overall removal efficiency of TCOD was more than 99%. The oxic reactor was operated at anitrogen VLR of 0.10~0.20 kgTKN/
m?day and the nitrification efficiency was 75%. However, the complete denitrification was observed in the UASB reactor that was due to the
optimal temperature and sufficient carbon source. The overall removal rate of TN was about 80%. About 76.2% of the influent COD mass was
accountable in a COD mass balance at a level of VLR 3.64 kgCOD/m/day. The production rate of methane was 0.32 L CH4/gCOD emoves When
influent organics, VLR, were recorded by 3.4~4.5 kgCOD/m’/day.
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1. Introduction

A UASB reactor has been used increasingly in recent years
to treat variousindustrial and municipal wastes.*? Moreover, as
the UASB process contains granules, swine waste can be treated
using this process. However, anaerobic digestion has proved
to be highly efficient in the remova of organic matter but is
inherently inadequate for nutrient removal. Therefore, the post-
treatment of anaerobic process effluent appears to be mandatory
in most situations. In particular, nitrification and denitrification
steps are necessary to after anagrobic treatments for nitrogen
removal. Furthermore, anaerobic digestion requires the intro-
duction of anaerobic/aerobic steps or a chemical process for
phosphorus removal. In particular, in the case of the durry-type
swine wastewater, a nutrient removal process is necessary to
after anaerobic digestion because it contains a high concentra-
tion of nutrients. These process configurations and operation
models have been tested for the removal of organic and nitro-
gen removal from landfill leachate.*® Im et a.? used an anae-
robic-aerobic system including simultaneous methanogenesis
and denitrification for the treatment of leachate using an upflow
anaerobic biofilm reactor and aerobic-activated dudge reactor.
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This paper presents and discusses the results of the experi-
ment in a lab-scale system composed of a UASB reactor fol-
lowed by oxic reactor treating swine waste. The main of the
research was to invedtigate the technica feasibility of the
UASB/oxic system for organic matter removal and nutrients.

2. Material and Methods

2.1. Snvine Waste and Granular Sudge

This study used swine waste from a waste storage tank. The
concentrations of ammonium nitrogen (NH,4"-N) and total solids
(TS) were 5,350 mg/L and 89,170 mg/L, respectively. These
concentrations were too high to examine directly. Thus, the
swine waste was diluted by ten times of its origin using distilled
water. Table 1 represents the characteristics of the swine waste
used in this study.

Non-biodegradable COD (NBDCOD) was estimated by exclu-
ding BODu from TCOD and the fraction of NBDCOD was esti-
mated based on TCOD and NBDCOD. NBDCOD was estimated
to be 7% of TCOD. After filtering out swine waste, we have
measured BODu of soluble fraction and calculated the soluble
and particulate portions of NBDCOD. The particulate and solu-
ble portions were 76.6% and 23.4%, respectively. Thus, it was
determined that 425 mg/L particulate COD and 130 mg/L solu-
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ble COD could not be removed using a biological manner. The
total kjeldahl nitrogen (TKN) of swine waste was composed of
78% ammonium nitrogen and 22% organic nitrogen. The ratio
of influent PO,-P/TP was operated within a range of 0.12~0.30
(average 0.20), and the percentage of particulate phosphorus
was 78%. Particulate phosphorous has been calculated after
excluding dissolved phosphorous from total phosphorous. The
TCOD/TKN ratio of influent wastewater was in the range of
9.2~14.8 (average 11.8) and the carbon source for the denitri-
fication was sufficient.

The UASB reactor was inoculated with 2 L of granular sludge
from an anaerobic reactor used to treat the swine waste.

2.2. Experimental Equipment Setup and Operation

The laboratory-scale equipment used in this study consisted
of two reactors. The flow chart of the reactorsis shownin Fig. 1.
The UASB reactor with an internal diameter of 70 mm and a
height of 1,000 mm was used. The UASB reactor included a
Gas solid Separator (GSS) equipment, which separates sludge
from gas, and was equipped with a gas outlet. Influent waste-
water was fed into the reactor through a feed distributor using a
masterflux pump (USA). The outlet gas was collected using a
gas collector and its composition (CH4 and CO, contents, %)

Table 1. Chemical properties of swine waste

was analyzed using an Infrared Gas Analyze Instrument (model
GA %A, U.K). The temperature of the reactor was controlled at
3521°C by a thermostat connected to the water jacket of the
reactor.

After ingaling the UASB reactor, an oxic reactor was placed.
The oxic reactor and a settling tank of sufficient volume were
16 L and 4 L, respectively. For a denitrification process, the eff-
luent of settling tank was recycled into the UASB reactor.

The mixed liquor volatile suspended solid (MLV SS) concen-
tration for the oxic reactor was between 1,770 and 2,014 mg/L
and the solid retention time (SRT) was controlled over 25 days.
The hydraulic retention time (HRT) was 2.5 and 8 days (based
on the influent flow) in the UASB and aerobic step, respectively.
Table 2 shows the operating condition of this system (UASB-
Oxic process).

Table 2. Operational conditions of UASB-Oxic process

Item UASB Oxic
Reactor volume (L) 5 16
HRT (days) 25 8
Nitrate recycle ratio - 1Q
Sludge recycleratio - 0.5Q
Organic VLR (kgCOD/m/d) 21~45 -
Nitrogen VLR (kgTKN/m/d) 0.20~0.36 -
Temperature (°C) 3B+l 21~32

Influent waste water

Item Range Average + S.D (N=40)
pH 6.49 ~ 7.36 6.84+0.24
TS, mg/L 7,268 ~ 12,492 8,917+ 1,374.4
TCODc¢, mg/L 5310~11,180 7,930 £ 1,019.9
SCODc¢, mg/L 2,080 ~ 5,010 3,414 £ 100.3
TKN, mg/L 497 ~ 897 671+112.7
NH4"-N, mg/L 346 ~ 736 535+ 93.2
TP, mg/L 123~ 212 172+ 27.6
PO4-P, mg/L 18.6 ~57.6 345+124
Alkalinity, mg/L (as CaCOs) 1,654 ~ 4,375 2,854 +973.3
TCOD/TKN 9.2~1438 11.8+15
Gas
17
. R | Effluent
oh, °%, = - -
'Y L)
2% -
Gas colloctor Sludge recycle
v
Sludge
Wasting
Nitrate recycle

Influent

Fig. 1. Schematic diagram of UASB- Oxic process.



3. Results and Discussion
3.1. Removal of Organic Matter

The UASB reactor could be operated for high-rate organics
VLR. Won et a.? have reported that when swine waste is used
as a substrate, the UASB reactor can be operated for high orga
nics VLR of 10 kgTCOD/m*/day. However, in this study, the
UASB reactor was operated ranged from 2.1 to 4.5 kgTCOD/
m’/day organics VLR in order to reduce organic VLR in the
nitrification reactor. Then, the organics VLR for the overall
process was operated at arate of 0.51~1.06 kgTCOD/m’/day.

Fig. 2 shows the effluent concentration at each stage in the
entire process and total removal efficiency of COD. In this study,
the VLR was increased not by varying the HRT, but by increas-
ing the influent concentration. As the VLR increased, the efflu-
ent concentration of COD (TCOD and SCOD) gradually incre-
ased, but the removal efficiency of COD was stabilized by the
characteristics and activity of the granular sludge. Within the
VLR range (UASB reactor), the removal efficiency of TCOD
was ranged from 66.3 to 85.4%. However, the overal effluent
concentration of TCOD (UASB-Oxic) was 608 mg/L and the
remova efficiency of TCOD was 92.0%.

Fig. 3 shows the effluent concentration and total removal
efficiency of COD with an average organic VLR. It indicates
that most of the organic materials removed from the UASB
reactor during the operation period. We speculate that the high
removal efficiency in the anaerobic reactor was due to the high
microbial activity of the granule sludge. We also suggest that
organic materias in the anaerobic zone was removed by the
uptake of organic carbon aong with the denitrification of the
nitrified effluent from the settling tank.

As the organic VLR increased, the remova efficiency of
TCOD gradually increased, but the removal efficiency of SCOD
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Fig. 2. Variations of COD concentrations and total removal efficien-

cies with operating time.
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Fig. 3. Effluent COD concentrations and total removal efficiencies
with VLR.
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Fig. 4. Gas and CH, production rate with VLR in UASB reactor.

decreased. The overall organic VLR was obtained by the total
removal efficiency of 91~94% for the TCOD. In addition, the
remova efficiency of SCOD was 88% approximately. Consi-
dering that the concentration of inflow waste was 555 mg/L, the
values 306.2~531.8 mg/L, the measured effluent SCOD concen-
tration from the settling tank, was considered as NBDCOD.

The rate of methane gas production in the UASB reactor was
estimated on the basis of the gas production rate versus VLR as
shown in Fig. 4. The rate of methane production was 0.32 LCH,/
gTCODemoved When influent organics VLR were determined as
3.4~4.5 kgTCOD/m?day at a mass balance. In this study, the
gas content was determined for the whole period and the aver-
age percentage of CH,4 was about 76%. However, the percentage
of N2 in the gas was lower than 1%. The percentage of CO, was
maintained at around 20%. According to the results, it can be
seen that the recycling of the effluent oxic reactor and denitrifi-
caiton in the UASB reactor did not affect the gas quality.

3.2. Removal of Nitrogen

Fig. 5 shows the variation in the total concentration of NH,'-
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Fig. 5. NH,"-N concentration with operating time.

N during the operating period. The concentration of the influent
NH,"-N was lower than alevel which can inhibit anaerobic bac-
teriain the UASB reactor. In general, the NH,;-N in the UASB
reactor rather increased, or decreased more or less, but the con-
centration of the NH4"-N in the UASB reactor was low because
of the recycled effluent, and most of the NH4"-N removal was
performed in the oxic reactor.

Fig. 6 shows the nitrification rate in the oxic reactor with VLR.
The average nitrification rate of ammonium nitrogen was about
75%. We speculate that the incomplete nitrification in the oxic
reactor was due to the insufficiency of akalinity. In the oxic
reactor, the average influent TKN concentration was 385 mg/L.
Therefore, for completing the nitrification, it required a 2,738
mg/L of akalinity as CaCOs (7.14 kg adkalinity per 1 kg TKN
destroyed). In this study, however, the average effluent alka
linity concentration of the UASB reactor was 2,027 mg/L and
the insufficient alkainity was about 700 mg/L as CaCOs. Then,
the insufficient alkalinity value was approximately consistent
with considering the effluent NH,"-N concentration of the oxic
reactor as shown in Fig. 5. The specific nitrification rate wasin
the range of 0.024~0.031 (avg. 0.028) gN/gV SS/day.

Fig. 7 shows the effluent concentrations of NOx-N, pH, and
NO>-N/NOx-N ratios in the fina effluent for the UASB-Oxic
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Fig. 6. Nitrification rate versus nitrogen loading rate in oxic reactor.
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process. The concentration of NO.-N and NOs-N were mainta:
ined at approximate levels of 50 mg/L and 120 mg/L for 30 days,
respectively, and the ratio of NO,-N/NOx-N was lower than
0.5. After 30 days, the NOs-N concentration sharply decreased
because of the recycle of the final effluent from the settling tank
to the UASB reactor. Thisindicated that the denitrification reac-
tion was achieved in the UASB reactor. After 30 days, the con-
centration of the NO,-N was ranged from 42.8~ 80.3 mg/L and
the ratio of NO.-N/NOx-N gradually increased over time.

Sometimes the swine waste causes an nitrite accumulation
due to obstruction of nitrification by free ammonia (FA) in an
oxic reactor.”® Randall and Buth™” reported that a nitrite build-
up was the results of the sensitivity of nitrite oxidizers to envi-
ronmental factors, such as temperature, pH, and dissolved oxy-
gen (DO) concentration. In this study, the nitrite accumulation
have happened to the oxic reactor in spite of the low influent
NH."-N VLR. It was demonstrated that a high level of pH plays
an important role in a nitrification step. As shown in Fig. 7, the
pH of the effluent in the oxic reactor was 7.0~8.5 (average 7.9).
The results were in accord with those of Villaverde et al..”?

Fig. 8 shows the NOx-N removal efficiency versus that of
NOx-N loading rate in the UASB reactor. The UASB reactor
was operated at a ratio of 50~200 C/Nitrate and the removal
efficiency of NOx-N was more than 99%. It was considered
that the dissimilatory nitrate reduction to ammonium (DNRA)
did not occurred. Akunna et al.*® reported that DNRA was a
pathway in the nitrate reduction with glucose as a carbon source
and the denitrification occurred when acetate was used as an
external carbon source. Also they mentioned that denitrification
reaction occurred at a ratio of C/Nitrate below 53, but DNRA
could occur at a ratio of C/Nitrate above 53.* In this study,
DNRA did not occur in spite of the high C/Nitrate ratio. This
result was considered to be due to the enough VFA concentration
of durry-type swine waste.? Thus, we speculated that the high
denitrification rate was due to the denitritation performed at
optimal denitrification conditions (35°C, interna carbon source)
in the UASB reactor. Consequently, a high rate of denitrification
and organic remova was achieved by recycling of the effluent
into the UASB reactor.
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Fig. 9 shows the removal efficiency of organic carbon accom-
panied with the denitrification in the UASB reactor. In generdl,
the process of the denitrification requires external organic car-
bon sources including methanol and acetate. Barnes™ have
reported that when methanol is used as a organic carbon source,
the denitrification of 1 mg of NOs-N requires 2.47 mg of metha-
nol that can be equivaent to 3.7 mg of COD. In this study, the
influent was utilized as the internal carbon source for the deni-
trification. This resulted in the complete denitrification during
the operating period while no external carbon sources were
supplied.

Asshown in the literature (Fig. 10), the TN removal efficiency
depended on the influent TCOD/TN ratios and shape of the re-
actor. In a sequencing batch reactor (SBR), over 80% of the TN
removal rate was observed at a TCOD/TN ratio more than 3.9.
Han™ reported that the TN removal rate was 69.3~78.5% at a
TCOD/TN range of 4.5~5.8. In this study, a 79.5~80.5% of the
total TN removal rate was achieved within a TCOD/TN range
of 10.1~12.6. We speculate that a low TN remova rate was
insufficient for the nitrification and few nitrifies were presented
in the oxic reactor.”?
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3.3. Removal of Phosphorus

Fig. 11 shows the concentration change in the influent and
effluent of phosphorus versus operation time. The data shows
that the total phosphorus (TP) was removed from the UASB
reactor with anaerobic and anoxic conditions. This was due to
the fact that the swine waste is composed of a large amount of
granule phosphorus so that the phosphorus was removed by
physical adsorption and trapping in the reactor. Total removal
of TP was in the range of 45~67%. However, the removal rate
of PO4-P was 15~56 (37) %.

100 60
80 ] r 50
04 r 40
cEn 60 -
5'_' r 30
s 40 1 § -
o S
-9 r20 <
2
20 4 F10 8
—e— Influent £
0 : - -0+ Effluent of UASB —o o
300 —-w— Effluent of Oxic — 70 §
—— Total removal efficiency g
250 ~ F 60 E’
)
L o
__ 200 08
o
) r 40
E 150 4
= o S —r | 30
100 1 e, 060D 04,0.0-QO"y g ¥¥y ¥y AN E 20
v v vy ‘*v#’
50 1 haad F 10
0 T T T T 0
0 30 60 90 120 150

Operating time(days)
Fig. 11. Phosphorus concentrations and total removal efficiency with
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3.4. COD Mass Balance

In each process of the treatment processes employed in this
study, the mass balance can be accounted for as follows. In the
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Table 3. Results of COD mass balance calculation in UASB-Oxic

process
Items Vaue

Input COD mass, mgCOD/d 19,648 (100%)
Output COD mass, mgCOD/d 14,978 (76.2%)
Effluent COD mass 1,620 (8.2%)
Wasting COD mass 1,747 (8.9%)
Oxidized COD massin oxic reactor 3,903 (19.9%)
Denitrification COD massin UASB reactor 400 (2%)
Methane conversion COD massin UASB reactor 7,308 (37.2%)

100%

Unknown COD mass

80% 1

Denitrification COD mass in UASB |

60% 1 1

[ Methane COD mass in UASB |

40% :/\/r—————"/\/\/\/

Oxidized COD mass

20% A
Wasting COD mass
Effluent COD mass
0% -+ T T T T

84 87 90 93 98 102 104 107 114 117 120 123 126 133 135 138
Operating time(days)

Influent COD mass

Fig. 12. COD mass balance.

UASB reactor, organic materials can be used to the cell synthe-
sis of anaerobic bacteria, denitrification, and its conversion to
methane. In an aerobic reactor, organic materials may be con-
sumed by cell synthesis and oxidation processes for metabolic
energy. A mass balance was calculated using the data collected
for 54 days over 2.5 days of HRT and 3.64 (0.87 based on total
process) kgCOD/m*/day VLR (based on UASB reactor).

Table 3 and Fig. 12 represent the COD mass balance. In this
study, 76.2% of the input COD mass was explainable in the COD
mass balance. Under this condition, the conversion to methane
in the UASB reactor accounted for a 37.2% of the total COD
mass and 2% of denitrification COD mass. Cell synthesis and
conversion to energy in the aerobic reactor accounted for 19.9%,
and it indicated that organic materials from the preceding reac-
tor were limited, and the limitation was beneficial for the nitri-
fication. Waste and effluent COD mass were recorded as less
than 10%.

4. Conclusions

In this study, anaerobic/oxic treatment of swine waste in a
sequential two-step UASB/Oxic reactors was investigated. The
UASB/Oxic system was found to be afeasible process for treat-
ing the swine waste. A UASB reactor was used with total organic
VLR ranging from 2.1~4.5 kgTCOD/m’/day. Removal efficien-
cy of TCOD was 66.3~85.4%.

Oxic reactor was operated within the range of 0.10~0.20
kgTKN/m?day, an ammonium nitrogen can be converted to
nitrate in the oxic reactor via nitrification. The NH4-N removal
efficiency of the total system was about 75%, and the denitrifi-

cation rate of UASB reactor was 99%. Tota phosphorous removal
efficiency was within the range of 45~67%.

Total COD mass balance was 76.2% when organics VLR was
3.64 kgTCOD/m’/day.
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