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A B S T R A C T

Using organic wastes as an alternative to commercial carbon sources could be beneficial by reducing costs and
environmental impacts. In this study, food waste-recycling wastewater (FRW) was evaluated as an alternative
carbon source for biological denitrification over a period of seven months in a full-scale sewage wastewater
treatment plant. The denitrification performance was stable with a mean nitrate removal efficiency of 97.2%.
Propionate was initially the most persistent volatile fatty acid, but was completely utilized after 19 days.
Eubacteriacea, Saprospiraceae, Rhodocyclaceae and Comamonadaceae were the major bacterial families during
FRW treatment and were regarded as responsible for hydrolysis (former two) and nitrate removal (latter two) of
FRW. These results demonstrate that FRW can be an effective external carbon source; process stabilization was
linked to the acclimation and function of bacterial populations to the change of carbon source.

1. Introduction

Removal of nitrogen is one of the important objectives in modern
wastewater treatment systems. If nitrogen compounds are discharged at
high loading without appropriate treatment, they can lead to critical
environmental problems such as water pollution and eutrophication.
Biological denitrification process is a proven technology to treat nitrite
and nitrate-contaminated wastewater. During denitrification in anoxic
conditions, nitrates are reduced to harmless nitrogen gas. This process
is mediated by heterotrophic bacteria that use organic carbon as an
electron donor (Fernández-Nava et al., 2010).

Previous studies suggested that to achieve complete denitrification,
the influent should have a ratio of carbon to nitrogen (C/N) ≥ 13, and a
ratio of influent chemical oxygen demand to nitrogen (COD/N) ≥ 15 in
full-scale pre-denitrification (Beccari et al., 1983; Komorowska-
Kaufman et al., 2006). However, the C/N ratio of wastewater is often
lower than these values, so nitrogen removal is limited by the lack of
organic carbon. (Sun et al., 2010). Therefore, to achieve complete ni-
trogen removal, the supply source of organic carbon should be suffi-
cient. In many commercial wastewater treatment plants (WWTPs), ex-
ternal carbon sources such as methanol, ethanol and acetate are used to
increase denitrification efficiency (Zhang et al., 2016a). Methanol has

been the most commonly-used external carbon source because of its low
cost ($0.33/kg) (Sun et al., 2010) but causes a long lag phase during the
start-up of methanol-fed denitrifying system (Fernández-Nava et al.,
2010; Nyberg et al., 1992). Ethanol and acetate improve denitrification
reaction almost instantaneously when used, but their costs are too high
(ethanol: $0.84/kg; acetate: $1.03/kg) (Sun et al., 2010; Zhang et al.,
2016a). Thus, many studies have been conducted to test alternative
carbon sources for denitrification, such as crude syrup, industrial
wastewater from ice cream production or beet-sugar processing, and
solid carbon sources like wheat straw and plant prunings (Karanasios
et al., 2016; Zhang et al., 2016b). However, the pre-treatment required
was complicated and lengthy; furthermore, the number of studies that
have been conducted for application in practical wastewater treatment
plants is limited (Karanasios et al., 2016). Therefore, an inexpensive
and readily-available carbon source is still needed.

Food waste-recycling wastewater (FRW) is generated during the
recycling of food waste to produce animal feedstock or fertilizer. FRW
contains high levels of organic materials, and therefore may be a good
carbon source (Shin et al., 2015). The biodegradability of FRW in
anaerobic digestion has been estimated to be 90.0% (Shin et al., 2015).
Thus, the use of FRW by anaerobic/anoxic heterotrophs in biological
denitrification process could achieve organic waste reduction and
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waste-to-resources conversion. One study has reported successful use of
a fermentative product from FRW as a denitrification carbon source in a
laboratory-scale batch process (Kim et al., 2016). However, use of FRW
in a commercial WWTP has not been validated as an alternative ex-
ternal carbon source in the long term, which should inevitably involve
variation in FRW characteristics (coefficient of variation (CV) > 20%)
(Shin et al., 2015). In addition, little is known about how the microbial
community of heterotrophic denitrifying bacteria responds to use of
FRW.

Therefore, this study aimed to investigate denitrification perfor-
mance in a full-scale WWTP that treats sewage wastewater by using
FRW as external carbon source. Bacterial populations associated with
the biological denitrification process were also investigated in relation
to the change of carbon source, because utilization of each organic
component in FRW may cause changes in bacterial community struc-
tures and growth of specific microorganisms. The relationship between
bacterial populations and the use of different carbon sources may im-
prove understanding of the denitrification process.

2. Materials and methods

2.1. Full-scale WWTP operation

A full-scale WWTP that treats sewage generated by the steel-making
industry in Pohang, South Korea was chosen for this study. The biolo-
gical nitrogen removal system in this facility consists of an Anaerobic-
Anoxic-Aerobic (A2O) process (Fig. 1), and temperature was maintained
at 25 °C by a heating system. The WWTP was designed to treat up to
4000 m3 sewage/d, and treated an average of 2300 m3 sewage/d
sewage during this study. It utilized 2 ton/d of a butanol- and me-
thanol-rich commercial product called recovered carbon source 45
(RCS45) as the sole external carbon source until the end of October
2015 (day 0). This WWTP diversified the carbon source by using 8 ton/
d of FRW generated from a local facility that recycles food waste to
animal feed, as the main carbon source from November 2015 to May
2016 (days 1–220). Therefore, over a period of seven months, waste-
water was collected from the storage tank and the FRW was sampled
regularly from the food waste-recycling plant upon transport.

2.2. Sampling and DNA extraction

Samples were collected three times a week from the A2O process at
each of the anaerobic tank, the anoxic tank and the internal recycling
port. All samples were distributed in 200-mL sterile plastic bottles,
transported to the laboratory within 1 h and stored in a refrigerator at
4 °C. The total genomic DNA was extracted from the anoxic tank sam-
ples in duplicate using an automated nucleic acid extractor (Magtration
System 6GC, Precision System Science, Chiba, Japan). Before extraction
of genomic DNA, the raw samples were centrifuged at 16,000g for
5 min, then washed three times to remove cell debris or residual was-
tewater materials. The purified DNA was eluted with 100 μl nuclease-

free water and stored at −20 °C before being used in further molecular
analysis.

2.3. Physicochemical analyses

The pH of each sample was measured using a benchtop pH meter
(Cole Parmer, Vernon Hills, IL). COD and solid (total solids, TS and
volatile solids, VS) contents were quantified using Standard Methods
(APHA-AWWA-WEF, 2005). Total nitrogen and phosphorus con-
centrations were determined respectively using the Total Nitrogen HR
kit and Total Phosphorus kit (C-MAC, Daejeon, South Korea) based on
the Standard Methods. The samples were filtered through Ministar-RC
membrane filters (Sartorius, porosity 0.45 μm) for solubility measure-
ments, such as ionic compound and volatile fatty acids (VFAs).
NH4

+and NO3
- were quantified on two identical ion chromatographs

using METROSEP C4 250/4.0 Metrohm and a METROSEP A Supp 5
100/4.0 columns (Personal 790 IC, Metrohm, Switzerland). Ethanol
and VFAs (C2–C6) were measured using a gas chromatograph (6890
Plus, Agilent, Palo Alto, CA) equipped with an Innowax capillary
column (Agilent) and a flame ionization detector. The carrier gas was
He at a flow rate of 2.5 mL/min with a split ratio of 10:1. All analytical
methods were performed in duplicate, and results are presented as
means.

2.4. 16S rRNA sequencing and metagenomics analysis

To reveal the bacterial populations in the anoxic tank, the 16S rRNA
gene was sequenced using an Ion Torrent PGM™ System (Life
Technologies, Carlsbad, USA) according to the manufacturer’s instruc-
tions. For each DNA sample, the V4 hypervariable region of the 16S
rRNA gene was PCR-amplified (initial denaturation at 95 °C for 5 min,
followed by 30 cycles at 95 °C for 30 s, annealing at 57 °C for 30 s, and a
final extension 72 °C for 7 min) using the bacterial universal primers
518f (CCAGCAGCCGCGGTAATACG) and 805r GACTACCAGGGT
ATCTAAT). Results were barcode-labeled using the Ion Plus fragment
library kit (Life Technologies). For clonal amplification of the library,
emulsion PCR was performed using an Ion PGM™ Hi-Q™ template kit
and a OneTouch™ 2 instrument (Life Technologies). The template-po-
sitive ion sphere particles enriched with Ion OneTouch™ ES were loaded
on a 316™ chip using the Ion PGM™ Hi-Q™ sequencing kit, and se-
quenced in the Ion PGM™ sequencer operated by Torrent Suite™ soft-
ware (version 5.0.4). A total of 278,283 sequence reads was obtained
and analyzed by the Ion Reporter™ software with default parameter
settings. Ion Reporter software was used to match the results to re-
ference databases (MicroSEQ(R) 16S Reference Library version 2013.1;
Greengenes version 13.5). Sequence reads <200 bp were discarded.

2.5. Statistical analysis

Non-metric multidimensional scaling (NMDS) was performed based
on the 16S rRNA gene quantification results sequenced by Ion Torrent

Fig. 1. Plug-flow of the biological nitrogen removal process.
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