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ARTICLE INFO ABSTRACT

Keywords:
Denitrification kinetics

Seeking available and economical carbon sources for denitrification process is an intractable issue for wastewater
treatment. However, no study compared different types of waste sludge as carbon source from denitrification
mechanism, organics utilization and microbial community aspects. In this study, primary and secondary sludge
were pretreated by thermophilic bacteria (TB), and its hydrolysis or acidogenic liquid were prepared as carbon
sources for denitrification. At C/N of 8-3, the variations of NO3-N and NO,-N were profiled in typical cycles and
denitrification kinetics was analyzed. Primary sludge achieved a competitive NOx-N removal efficiency with less
dosage than secondary sludge. Fourier transform infrared (FTIR) spectroscopy was introduced to analyze organic
composition from functional-group perspective and the utilization of organic matters in different sludge carbon
sources was investigated. To further analyze the microbial community shift in different denitrification systems,
high-throughput sequencing technology was applied. Results showed that denitrifier Thauera, belonging to
Proteobacteria, was predominant, and primary sludge acidogenic liquid enriched Thauera most intensively with
relative abundance of 47.3%.
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1. Introduction

For a long time, it has been a common issue that lack of available
carbon sources restricts denitrification in WWTPs (wastewater treat-
ment plants). Denitrification is the microbial process by which fixed
nitrate and nitrite are reduced to gaseous forms of nitrogen, by use of
electrons and energy provided by carbon sources. Various, alternative
carbon sources, including chemical pure carbon sources, solid carbon
(Kiani et al., 2020) and concentrated organic wastewater (Fernandez--
Nava et al., 2010; Zheng et al., 2018b) have been identified. However,
the disadvantages of the carbon sources mentioned above, such as high
cost, secondary pollution, requirements for long retention time and
acute change of wastewater characteristics, impede their extensive
application. Use of fermentation liquid formed during treatment of

organic wastes is an attractive, alternative carbon source for denitrifi-
cation, due to not only enhancement of nitrogen removal, but also
reduction of wastes that need to be treated or disposed of to minimize
their release into the environment (Frison et al., 2013; Lee et al., 2014;
Zheng et al., 2018b). Large amounts of waste sludge need to be treated
annually, which occupies 60% cost of operation for WWTPs (Coma et al.,
2013). Fortunately, organic substances in waste sludge can be degraded
through anaerobic digestion to simple molecules, that can be carbon
sources to drive denitrification (Sun et al., 2016).

Primary and secondary sludge are two main by-products during
operation of WWTPs. Primary sludge, in which the organics are con-
tained in large separate particles, is produced in the primary settling
tank (Ji et al., 2010; Wu and He, 2012). Due to the limited removal of
organic matters in primary settling tank in WWTPs, it is often assumed
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that the organic content of primary sludge is small (Li et al., 2020).
However, particulate material in primary sludge can be hydrolyzed into
more readily biodegradable organics and serve as carbon source during
removal of nutrient. Hydrolyzed primary sludge afforded similar
removal efficiency of nitrogen with pure methanol (Gali et al., 2006).
Addition of primary sludge fermentation liquor was also proved to
improve nitrogen removal efficiency (Huang et al., 2020). Secondary
sludge, in which a great deal of biomass exists with organic matter
wrapped by cell walls, is produced during biological treatment (Ji et al.,
2010; Song et al., 2010). Many pretreatments were applied to strengthen
the degradation of glycan strands of cell walls to release more organics
(Kim et al., 2009; Ruiz-Hernando et al., 2014). These released sub-
stances exhibited an excellent enhancement of heterotrophic denitrifi-
cation (Kim et al., 2009; Tong and Chen, 2009). In our previous
research, the utilization of organics in secondary sludge carbon source
was analyzed and the optimal operation conditions were selected (Guo
et al., 2017, 2018). However, specific differences between primary and
secondary sludge as carbon source during denitrification remained un-
clear. Specifically, the denitrification dynamics, utilization of various
organic compounds in the sludge carbon source and characteristics of
the microbial community remained to be elucidated.

During denitrification, availability of sludge carbon source has a
close affinity with denitrification rates (Zhang et al., 2016). Thermo-
philic bacteria (TB) treatment was applied to enhance the availability of
sludge carbon source. It is a novel process that the thermostable protease
excreted from thermophilic stains is used to enhance the sludge solu-
bilization and accelerate the pathogens removal (Lee et al., 2009; Yang
et al., 2015). It exhibited much superiority in inactivating pathogen,
releasing organics from sludge, reducing solid content and producing
biogas (Guo et al., 2012; Kavitha et al., 2016). In our previous study, a
bacterial strain Bacillus sp. ATO7-1 was isolated to enhance sludge sol-
ubilization and hydrogen fermentation (Guo et al., 2012), but was not
further applied in denitrification. To investigate the optimum condition
of denitrification when using the sludge carbon source pretreated by TB,
two factors were selected. First one is amounts of carbon present,
measured as the C/N ratio. It is recognized that denitrification inter-
mediate NO5-N accumulates when C/N is low and the effluent COD
increases when excess carbon source is supplied (Krishna Mohan et al.,
2016; Sahinkaya et al., 2013). The amount of carbon supplied influences
not only the electron donor for denitrification, but also growth of mi-
crobes. Secondly, carbon generated from hydrolysis or acidogenesis of
sludge also affects its availability. Hydrolysis and acidogenesis are the
first two steps of anerobic fermentation (Zamri et al., 2021). VFAs,
which are regarded as the preferable electron donor for denitrification,
is generated primarily during acidogenesis (Yuan et al., 2019; Zamri
et al., 2021). However, organic matters, including proteins and carbo-
hydrates, released during hydrolysis can also act as carbon source for
denitrification, although they were utilized after VFAs had been
exhausted (Guo et al., 2017, 2018). Consequently, C/N and the origin of
sludge carbon source were selected as two influencing factors during this
study.

In this study, primary and secondary sludge hydrolysis or acidogenic
liquid, which were pretreated by TB, were selected as carbon sources.
With carbon source derived from different types of waste sludge, the
nitrogen variations at different C/N (8-3) were profiled. Parameters
characterizing kinetics of denitrification, including the NO3-N to NO3-N
transformation ratio (NTR), rate of denitrification (Vpy), potential for
denitrification (Ppy) and heterotroph anoxic yield (Yy), were deter-
mined. Fourier transform infrared (FTIR) spectroscopy was used to
characterize functional groups of various carbon sources. The utilization
of organic matters such as chemical oxygen demand (COD), proteins,
carbohydrates and volatile fatty acids (VFAs) was quantified. To further
explore functional groups of bacteria during denitrification, microbial
communities in reactors were characterized by use of high-throughput
sequencing.
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2. Materials and methods
2.1. Sludge carbon source

Waste sludge, which was used as carbon source and seeding sludge
for denitrification, was collected from Haibohe WWTP (Qingdao,
China). Sludge was concentrated by settling for 24 h, at 4 °C and then the
supernatant was discarded. Sludge characteristics are listed in Table 1.
The thermophilic bacterial strain Bacillus sp. AT07-1 (registration
number: FJ231108), which was used to pretreat sludge, was inoculated
in broth medium at 65 °C, 120 rpm for 24 h in a shaking bath (Guo et al.,
2012).

Primary or secondary sludge was mixed 50:1 (v/v) with bacteria
suspension and then hydrolyzed at 65 °C, 120 rpm for 12 h in a shaking
bath in microaerobic environment. The mixture was centrifuged at
2862xg for 10 min, and the supernatant collected was defined as the
hydrolysis liquid. In order to obtain the acidogenic liquid, the hydro-
lyzed sludge was fermented at 35 °C, 120 rpm for 60 h in a shaking bath
in anaerobic environment, and then centrifuged at 2862xg for 10 min.
The hydrolysis or acidogenic liquid were stored at 4 °C for use. The
characteristics of sludge carbon source are shown in Table 2.

2.2. Operation of reactors

Simulated nitrate-containing wastewater, which contained potas-
sium nitrate (50 mg/L NO3-N), dipotassium hydrogen phosphate (COD/
phosphorus was 20:1), sodium bicarbonate (pH 7.0 to 7.5), trace
element, and sludge carbon source, was synthesized in this study. The
trace element comprised MgSO4, FeSO4-7H50, CaCly-2H20, MnCly,
NiC12-6H20, H3B03, ZHSO4'7H20, CHSO4~5H20 and COC12~6H20 (Sun
et al., 2016). The C/N, which ranged from 8 to 3, was adjusted by the
amount of sludge carbon source added. Nitrogen gas was pumped for 5
min to build anoxic environment in synthetic wastewater. Denitrifica-
tion was carried out in four plastic cylinders (2.0 L working volume)
operated as a sequencing mode. R, Ry, R3 and R4 represented reactors
with primary sludge hydrolysis liquid, secondary sludge hydrolysis
liquid, primary sludge acidogenic liquid and secondary sludge acido-
genic liquid as carbon source, respectively. All reactors were operated
with the following cycles controlled by a timer: filling (7 min); mixing
(7 h); settling (40 min); decanting (3 min) and idle (10 min). One liter
supernatant was discharged during the decanting period with an equal
volume of fresh synthetic wastewater added to reactors during filling
phase. The whole operating process was conducted for 60 days. Samples,
to determine whether the reactors become stable at each C/N, were
collected every two days. When reactors become stable, a specific
operating cycle was chosen to measure variations in concentrations of
NO3-N and NO3-N, during which the samples were taken every 15 min
in the first 90 min, and every 30 min in the rest time. Samples were taken
in triplicate.

2.3. Determination of chemical properties
Concentrations of NO3-N, NO5-N and NHj-N were determined ac-

cording to the standard methods (APHA, 2005). Concentrations of
proteins and carbohydrates were detected by Lowry’s method and

Table 1
Characteristics of sludges.

Sludge type COD/ Protein/ Carbohydrate/ TSS/ VSS/ pH
(mg/L) (mg/L) (mg/L) (g/L)  (g/L)
Primary 3567.2 565.4 + 60.7 + 5.4 12.5 7.5 7.2
sludge + 125.3 37.5 +0.3 + 0.4 +
0.1
Secondary 3326.9 605.6 + 40.5 + 6.7 11.8 7.2 7.1
sludge +132.1 54.3 + 0.2 +02 +

0.2
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Table 2
Characteristics of sludge carbon sources.
Carbon source COD/ Protein/ Carbohydrate/ VFAs/
(mg/L) (mg/L) (mg/L) (mg/L)
Primary sludge 7399.7 + 2704.2 + 308.6 + 10.7 NA
hydrolysis liquid 313.2 108.9
Secondary sludge 6931.8 + 2454.2 + 268.0 + 13.6 NA
hydrolysis liquid 324.6 124.4
Primary sludge 6463.9 + 1995.8 + 270.3 +£12.2 3121.4 &+
acidogenic liquid 297.8 98.6 140.4
Secondary sludge 5929.1 + 2120.8 + 283.8 +11.9 2678.6 +
acidogenic liquid 288.6 105.8 129.6

phenol-sulfuric acid method, respectively (Sun et al., 2016). Suspended
solid (SS) and volatile suspended solid (VSS) were quantified gravi-
metrically (He, 1998). COD was estimated after digestion as described
by (Knechtel, 1978). VFAs were identified and quantified by use of a Gas
Chromatography (GC 2010, Shimadzu, Japan), which was equipped
with a capillary column (DB-FFAP, 30 mm x 0.25 mm x 0.25 mm) and a
flame ionization detector (FID). The sample was acidified with 3%
H3PO4 to pH 3.0 and the injection volume was 1.0 pL. The parameters
set has been described previously (Guo et al., 2017). All assays were
performed in triplicate.

To further characterize and compare organic constituents, among
sludge carbon sources, FTIR spectroscopy was applied. The sludge car-
bon source was freeze-dried to powder via a vacuum freeze-drier (Lab-
conco7670530, USA) Tensor 27, and then was mixed with KBr at 100:1
in an agate grinder. Samples were then examined by use of FTIR spec-
trometer (Bruker Optics, Ltd, Germany) after being pressed into tablets.
The scanning wavenumber ranged from 4000 to 400 cm ™.

2.4. Kinetics of denitrification

During denitrification, NO3-N is first transformed to NO3-N and then
reduced to Na. NO3-N is an intermediate product and its toxic potency is
greater than NO3-N (Zhang et al., 2020a). NTR is often used to measure
NOj3-N to NO3-N transformation ratio, which is calculated as following
equation (Du et al., 2016):

NTR = (NO; =N, —NO; —N;)/(NO; —N; — NOj —N,) x 100% @

Where: NO3-N; and NO5-N; are the initial NO3-N and NO5-N concen-
tration, respectively (mg/L); NO3-N; and NO3-N; are the NO3-N and
NO3-N concentration at sampling time, respectively (mg/L).

To comprehensively describe removal of NO3-N and NO3-N, NOx-N,
which was calculated by NO3-N+0.6 NO3-N theoretically (Sage et al.,
2006), was introduced to evaluate denitrification performance in the
presence of various sludge carbon sources. According to NOx-N removal
curve (Sage et al., 2006), deduced some denitrification parameters that
could be used to characterize kinetics of denitrification, including Vpy
(mg NOx-N/g VSS-h), Ppy (g NOx-N/g COD) and Yy (g COD/g COD):

Vo = (NOx—N; — NOx—N,)/(VSS x t) @
PDN = (NOx—N; — NOx—N,)/(COD; — COD,) 3)
1= Yiu=2, 86Ppy )

Where: NOx-N; and COD; are the initial NOx-N and COD concentration,
respectively (mg/L); NOx-N. and COD, are the NOx-N and COD con-
centration at the end of denitrification reaction, (mg/L); t is the deni-
trification reaction time (h); VSS is the concentration of volatile
suspended solids in reactors (g/L).

2.5. Analysis of microbial community

Samples of sludge were collected at the end of every C/N stage to
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ensure the bacteria adaption. Eight samples of sludge Riopt, R2opt; R3opts
Raopt; R1lows R21ow, R3low and Ryjow were selected to investigate microbial
community. The markers ‘opt’ and ‘low’ represented the optimal C/N (5
for primary sludge carbon source and 6 for secondary sludge carbon
source) and the lowest C/N (C/N = 3), respectively. The analysis
included extraction and detection of DNA, amplification by use of Po-
lymerase Chain Reaction (PCR), purification of PCR products, library
preparation, test on Illumina HiSeq and analysis of sequence data.
Briefly, DNA was extracted by PowerSoil DNA® Isolation Kit (MoBio
Laboratories, Carlsbad, CA, USA) and the quality was monitored by 1%
agarose gel electrophoresis. The primers 515 F and 806 R in V4 region
were chosen for amplification of 16 S rRNA gene by PCR and the
amplified products were monitored with 2% agarose gel electrophoresis.
Sequencing of PCR products was carried out on the HiSeq 2500 PE 250
platform in Novogene (Beijing, China).

3. Results and discussion
3.1. Denitrification performance with different sludge carbon sources

3.1.1. The removal of NOx-N during the whole process

Efficiency of removal of NOx-N with various carbon sources derived
from different types of waste sludge was analyzed (Fig. 1). Initially
(0-18 d), at C/N of 8 or 7, approximately 98% of NOx-N was removed,
without fluctuation in four reactors, except that the effluent NOx-N
accumulated accidently in R4 at 8 d and R; at 16 d. These results were
superior to those of a previous study in which denitrifiers achieved
98.1% NO3-N removal after 40 d accommodation with alkaline
fermentation liquid as carbon source (Sun et al., 2016). This indicated
that denitrification bacteria adapted faster to the TB pretreated carbon
source. When it is introduced to be carbon source, pretreatment of
sludge not only influences the content of released organics, but also
denitrification. Results of previous study had shown that the liquid
product of alkaline fermentation of sludge contained significant
amounts of soluble organics, but resulted in lesser removal of nitrate
than when the fermentation liquid was added without pretreatment
(Cao et al., 2019a). As C/N decreased to 6, the effluent NOx-N initially
increased to 12.9, 6.4 and 20.6 mg/L, respectively, in R;, Rz and Ry.
Then, the NOx-N was removed completely with reactors operating. This
result suggested that at C/N of 6, denitrification bacteria with primary
sludge hydrolysis liquid, secondary sludge hydrolysis liquid and sec-
ondary sludge acidogenic liquid needed cultivation before achieving
excellent denitrification. In comparison, using primary sludge acido-
genic liquid as carbon source (R3), excellent and stable denitrification
was obtained in the range of C/N from 8 to 5. This demonstrated that, in
terms of stable complete denitrification, primary sludge acidogenic
liquid was the best of four sludge carbon sources.

As C/N further decreased to 4 and 3, serious deterioration in NOx-N
removal was observed in R; and Rs. This result demonstrated that there
were insufficient electron donors for complete denitrification at C/N of 4
and 3 with primary sludge carbon sources. Thus, the optimal C/N was 5
for primary sludge carbon sources. In Ry and R4, complete denitrifica-
tion was obtained at C/N of 6 or higher, whereas significant amounts of
residual NOx-N remained in effluents of reactors with C/N ratios of 5 or
less. Thus, the optimal C/N was 6 for secondary sludge carbon sources.
The different optimum C/N ratios between the primary and secondary
sludge carbon source were caused by the structural distinction. The
organic substances in primary sludge exist in separate large particles and
are more available, while the secondary sludge is mainly formed by
microorganisms and organic matters are primarily in the form of poly-
mers (Ruiz-Hernando et al., 2014; Ucisik and Henze, 2008).

3.1.2. The variations of NOx-N during the specific cycle

In the profile of NO3-N and NO;-N during a specific operating cycle,
regardless of which carbon source was used, NO3-N was rapidly
removed in the initial 75 min at optimal C/N or higher (Fig. 2). It was
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Fig. 1. Removal of NO4-N with different sludge carbon sources as C/N decreasing

(Ry: Primary sludge hydrolysis liquid; Ry: Secondary sludge hydrolysis liquid; R3: Primary sludge acidogenic liquid; R4: Secondary sludge acidogenic liquid).

faster than with thermal fermentation liquid, which required 180 min to
remove all the NO3-N at optimal C/N of 7 (Guo et al., 2018). This
indicated that sludge carbon source pretreated by TB could enhance
NOj3-N removal more efficiently with less dosage.

In all reactors, obvious accumulation of NO3-N occurred temporarily
(at optimal C/N or higher) or permanently (at low C/N) during a typical
operating cycle. This was due to the presence of nitrate respiring bac-
teria, which were not true denitrifiers and only converted NO3-N to
NO3-N (Ge et al., 2012). The over-competition of nitrate reductase,
which inhibited nitrite reductase activity for substrate electrons, also
caused the imbalance in reduction of NO3-N and NO3-N (Ge et al.,
2012). As C/N decreased, accumulation of NO5-N increased and time
required to remove nitrogen increased. This result demonstrated that
competition between nitrate reductase and nitrite reductase was more
intense when carbon was scarce, and that nitrite reductase was more
sensitive to decreases in the amount of carbon. Regardless of whether
the carbon source was through hydrolysis or acidogenesis, primary
sludge carbon source achieved a lower NO3-N accumulation and a
shorter removal time. This result indicated that primary sludge carbon
source more efficiently provided electrons for reduction of NO3-N than
secondary sludge carbon source.

3.1.3. Denitrification kinetics

In order to compare the carbon sources derived from different
sludge, avoiding the influence of insufficient carbon source supply,
denitrification parameters were calculated at optimal C/N or greater
(Egs. (1)-(4)) (Table 3). NTR at NO3-N accumulation peak, calculated
by Eq. (1), represented the ratio of NO3-N transformed to NO3-N
without further reduction at the maximal NO3-N accumulation point. At
each C/N, NTR in R; and R3 were lower than that in Ry and Ry,
respectively. Especially at C/N of 7, the NTR at NO5-N accumulation
peak in R3 was 16.6 percentage points lower than in R4. This indicated
that with primary sludge carbon source, there was more NO3-N imme-
diately reduced after conversion from NOg3-N. Primary sludge mini-
mized accumulation of NO3-N more efficiently than did secondary

sludge. This result was consistent with the results mentioned above.
Some researchers also found that primary sludge carbon source showed
a desirable NO2-N reduction capacity at optimal dosage (Cao et al.,
2020a).

Comprehensive reduction of NO3-N and NO5-N was represented by
denitrification rate (Vpy), which was calculated by Eq. (2). Vpy in Ry
was 1.4-, 2.0- and 4.3-fold of that in Ry at C/N of 8, 7 and 6, respectively,
and Vpy in R3 was 2.8-, 1.9- and 2.5-fold of that in R4. Carbon derived
from primary sludge increased Vpy more efficiently than did secondary
sludge. This was due to readily available organics in the primary sludge
rather than the carbon being present as polymers in the secondary
sludge (Ucisik and Henze, 2008). In addition, the Vpy with acidogenic
liquid was higher than with hydrolysis liquid, which was due to the more
degradable organic matter in acidogenic liquid.

Ppn, represented denitrification potential, was deduced by Eq. (3) to
evaluate denitrification ability (measured by NOx-N removal) with
equivalent amounts of carbon source (measured by COD) (Sage et al.,
2006). That is, with the same amount of different sludge carbon sources,
greater NOx-N removal resulted in higher Ppy. Compared with optimal
C/N ratio, Ppy decreased by 0.02-0.09 g NOx-N/g COD at high C/N with
different sludge carbon sources. This result demonstrated that excess
carbon did not enhance denitrification. Some researchers have sug-
gested that surplus COD would support some other pathways in de-
nitrifiers, such as assimilation, or some other bacteria, such as
methanogens (Ge et al., 2012; Zhang et al., 2020a). Heterotroph anoxic
yield (Yy), which represented the “lost” COD consumed in other path-
ways rather than used for denitrification (Sage et al., 2006), showed
coherent results. Thus, it was unwise to raise C/N blindly.

3.2. Utilization of organic matter in different sludge carbon sources

3.2.1. Consumption of COD

During denitrification, simultaneous consumption of COD from
various sludge with C/N from 8 to 3 was observed (Fig. 3). Initially (0-6
d at C/N = 8), efficiency of utilization of COD in R;-R4 fluctuated, which
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Fig. 2. Reduction curves of NO3-N and NO5-N in typical cycles with different sludge carbon sources with range of C/N of 8 to 3
(a: Primary sludge hydrolysis liquid; b: Secondary sludge hydrolysis liquid; c: Primary sludge acidogenic liquid; d: Secondary sludge acidogenic liquid).

Table 3
Denitrification parameters with different sludge carbon sources at optimal C/N
or higher.

Parameters Reactor” C/N
8 7 6 5
NTR (%) R; 21.9 29.1 43.9 50.0
Ry 36.2 32.6 45.9 -
R3 50.3 42.2 55.2 63.5
R4 59.4 58.8 53.8 -
Vpn (mg NOx-N/g VSS-h) Ry 10.37 8.55 8.42 7.13
Ry 7.62 4.16 1.95 -
Rs 15.62 10.17 10.51 7.20
R4 5.61 5.28 4.15 -
Ppn (g NOx-N/g COD) Ry 0.16 0.18 0.20 0.24
Ry 0.16 0.20 0.25 -
R3 0.15 0.18 0.24 0.23
R4 0.18 0.20 0.20 -
Yu (g COD/g COD) Ry 0.55 0.47 0.42 0.31
Ry 0.56 0.42 0.28 -
R3 0.56 0.47 0.32 0.33
R4 0.48 0.44 0.43 -

@ Ry: Primary sludge hydrolysis liquid; R,: Secondary sludge hydrolysis liquid;
Rg3: Primary sludge acidogenic liquid; R4: Secondary sludge acidogenic liquid.

indicated unstable reactor performance. However, it didn’t affect NOx-N
removal (Fig. 1) due to the excess carbon source supply at C/N of 8. With
reactors operating (6-30 d at C/N = 8, 7 and 6), utilization of COD
tended to be similar and stable no matter with which carbon source. As
C/N further decreased to 5, efficiency of utilization of COD in R; and R3
was 9.1 and 6.8 percentage points higher than in Ry and Ry, respectively.
This facilitated greater removal of NOx-N with primary sludge carbon
source at C/N of 5 (Fig. 1). At C/N of 4, COD was further utilized in Ry
and R4 while its utilization efficiency decreased in R; and R3. As C/N
decreased to 3, efficiency of utilization of COD decreased in all reactors,
but Ry and R4 was still higher than R; and Rs. This was attributed to that
some refractory organics in secondary sludge carbon source such as
building blocks were degraded when the carbon source was insufficient
(Cao et al., 2019b). However, due to the extreme scarcity of carbon at
C/N of 4 and 3, removal of NOx-N in Ry and R4 was unsatisfactory.

3.2.2. Analysis of specific organic matters

Fig. 4a shows the organic components in different sludge carbon
sources at functional-group level by FTIR. The broad absorption region
with peaks at 3150-3186 em ! and 2968-2972 cm ™!, which are due to
O-H stretch, N-H stretch and C-H antisymmetric stretch of carboxyl,
amide and alkyl group, respectively, represent several types of organic.
The weak peak at 2353-2360 cm ™ is related to the CO, absorbed from
surrounding environment (Kumar et al., 2006). The sharp absorption at
1568-1570 cm ™! is attributed to the N-H deformation vibration in
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amide II (Zhang et al., 2015). Another strong absorption appeared at
1406-1412 cm ™!, which is formed by C-N stretch in amide and C-H
deformation vibration in alkyl or allyl group. Pronounced peaks near
3150, 1570 and 1410 cm ™! demonstrate the existence of proteins. C-O
stretching vibrations in carbohydrates cause the absorption at
1020-1057 cm™!. Bands lower than 1000 cm™! in the “fingerprint re-
gion”, are attributed to unsaturated bonds. Characteristic peaks were
located at similar wavenumbers in R;-R4 (Fig. 4a), which was indicative
of presence of similar organic constituents in various sludge carbon
sources. These results further illustrated that it was not the type, but
proportions of various organic matters influenced denitrification in the
presence of different carbon sources.

Various organic components in sludge, including proteins (Fig. 4b),
carbohydrates (Fig. 4c) and VFAs (Fig. 4d), can be used as carbon
sources. A remarkable increase in protein and carbohydrate utilization
was observed in R4 at C/N lower than 5, which was higher than Rs. It
demonstrated that proteins and carbohydrates in secondary sludge
acidogenic liquid could be further degraded at low C/N, which caused
the increasing utilization of COD at low C/N. It has been reported that
proteins and high-molecular-weight carbohydrates in alkaline fermen-
tation liquid of secondary sludge could be further reduced during pro-
longed hydraulic retention time (HRT>12 h) (Cao et al., 2019b). The
HRT in this study was 16 h. This could explain why the efficiency of
removal of NOx-N in R4 at C/N of 4 and 3 (65.4 and 41.3%) was higher
than in R (54.3 and 27.4%) as shown in Fig. 1. Nevertheless, better
denitrification was observed in R3 than R4 at C/N of 5, which was due to
sufficient available carbon, without further utilizing refractory organic
matter, in primary sludge acidogenic liquid at C/N of 5. Compared with
acidogenic liquid (Rs and R4), hydrolysis liquid (R; and Ry) exhibited
greater utilization of proteins and carbohydrates at C/N higher than 5.
This was due to the fact that more preferred organic matter, such as
VFAs, for denitrification bacteria were available in acidogenic liquid
(Fig. 4d). More than 90.0% of VFAs was utilized in R3 and R4, which
indicated that VFAs in acidogenic liquid were preferentially utilized by
denitrifiers than proteins and carbohydrates.

3.3. Microbial community analysis

The major phyla and patterns of relative proportions of genera varied
among sludge carbon sources (Fig. 5). Proteobacteria, which contains a
number of denitrification bacteria (Cao et al., 2020a), was the most
dominant phylum and accounted for 48.6-68.7% among sludge samples
(Fig. 5a). The genus Thauera, belonging to the phylum Proteobacteria,
was predominant with relative abundance of 22.2-47.3% among sludge
samples (Fig. 5b). It had been reported that Thauera can act as de-
nitrifiers (Liu et al., 2017). Primary sludge acidogenic liquid (R3opt)
intensively stimulated growth of Thauera (47.3%) compared with other
carbon sources (Fig. 5b and c). Sample Ryjow showed a higher relative
abundance of Paracocccus (3.5%) and Defluviimonas (2.9%), both of
which were also denitrifiers (Sun et al., 2018; Zhou et al., 2017). It
indicated that Paracocccus and Defluviimonas had a low threshold for
C/N with secondary sludge hydrolysis liquid as carbon source. Chrys-
eobacterium, Shinella and Hyphomicrobium with mean, relative abun-
dances less than 1.0% could also contribute to denitrification (Chen
etal., 2018; Guo and Liu, 2020; Li et al., 2016). From the above results, it
can be concluded that Thauera was absolutely dominant. In addition, the
total relative abundance of the denitrifying bacteria varied from 28.2 to
51.1% among different sludge samples and the maximum value was also
obtained with primary sludge acidogenic liquid. The relative abundance
of denitrifying bacteria determines the denitrification performance.
That was why the primary sludge acidogenic liquid achieved the most
efficient denitrification.

In addition to denitrifing bacteria, fermentative bacteria were also
observed. For example, Thermobrachium and Anaerolinea can utilize
proteins and carbohydrates as energy sources and transform them (Qiu
et al., 2011; Zhang et al., 2017). Trichococcus, Smithella, Proteiniclasti-
cum, Petrimonas and Acetoanaerobium, which were able to degrade
complex organic substrates into more simple molecules, have been re-
ported to be acid-forming bacteria (He et al., 2018; Mielcarek et al.,
2016; Zheng et al., 2018a). The existence of these fermentative bacteria
was caused by the addition of sludge carbon source and fermentation
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Fig. 4. FTIR spectra of sludge carbon source (a) and the organic matters utilization with different sludge carbon sources as C/N decreasing (b, ¢ and d) (R;:
sludge hydrolysis liquid; Ry: Secondary sludge hydrolysis liquid; Rs: Primary sludge acidogenic liquid; R4: Secondary sludge acidogenic liquid).
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occurred simultaneously with heterotrophic denitrification under
anoxic condition (Cao et al., 2019b). These fermentative genera
accounted for 4.9 and 3.7% at low and optimal C/N, respectively. This
indicated that fermentation of sludge would strengthen when the carbon
source was not sufficient. Thus, deciding an optimal carbon source
dosage is imperative.

3.4. Comparison of sludge carbon source with commercial carbon source

Commercial carbon sources, such as methanol, ethanol and acetate,
have been studied deeply and applied widely in WWTPs to enhance
heterotrophic denitrification (Wang et al., 2021). Sludge carbon source,
as an alternative, is imperative to be compared with traditional com-
mercial carbon sources. The differences between sludge and commercial
carbon sources are elucidated from the perspective of structure, deni-
trification performance and microbial community.

Commercial carbon sources are simple in structure with micro-
molecular organics, while macromolecular substances in sludge require
to be degraded into VFAs or other small molecular organic matters to
afford the denitrification (Fu et al., 2022; Wang et al., 2021). Theoret-
ically, smaller molecular organic matters are easily utilized by deni-
trifying bacteria, hence obtain better denitrification performance (Fu
et al., 2022). However, sludge carbon source exhibited higher nitrogen
removal rate than commercial carbon sources due to the more biode-
gradable organics and synergistic effects of different acids (Fu et al.,
2022; Mahmoud et al., 2022; Wang et al., 2021). Various nutrients and
specialized indigenous microorganisms in sludge carbon source can
accelerate the start-up of reaction (Wang et al., 2021). Denitrification
systems with multi-carbon organics own higher population diversity
than with single-carbon organics, which is conducive to maintain the
stability of the reaction system (Lu et al., 2014).

Primary sludge acidogenic liquid, which was selected as the best
sludge carbon source in this study, was compared with acetate under
salinity conditions in the subsequent experiment. Higher microbial
richness and diversity was observed in the system with primary sludge
acidogenic liquid than acetate, leading to a more stable respond to the
salinity change (Zhang et al., 2020b). Consequently, sludge carbon
sources have potential to achieve the sustainable concept with “turning
waste into wealth” (Cao et al., 2020b; Fu et al., 2022).

3.5. Application potential

The ultimate purpose of all the laboratory experiments is to guide the
practical application. In this study, the primary sludge carbon source,
especially primary sludge acidogenic liquid exhibited the best denitri-
fication performance based on a comprehensive evaluation, which
indicated its potential in practical application. Firstly, the primary
sludge carbon source could achieve comparable denitrification perfor-
mance with less dosage than the secondary sludge carbon source (Sec-
tion 3.1.1). With the same amount of primary and secondary sludge, the
primary sludge carbon source could treat more wastewater than the
secondary sludge carbon source, which would save the cost and time on
acidogenic digestion. Secondly, the primary sludge carbon source could
mitigate the accumulation of NO3-N (Section 3.1.2). It is vital to reduce
the intermediate product NO3-N due to its toxic potency (Zhang et al.,
2020a). Thirdly, primary sludge acidogenic liquid showed superiority in
enriching denitrifying bacteria (Section 3.3). For these reasons, primary
sludge acidogenic liquid is preferred in practical application.

However, some practical issues should be considered when the pri-
mary sludge acidogenic liquid is applied in WWTPs. The acidogenic
liquid was prepared after hydrolysis under anaerobic condition, which
was strict with the equipment and energy-cost. In contrast, the prepa-
ration of hydrolysis liquid was conducted in microaerobic environment
without further treatment, which was not very strict with dissolved
oxygen. Moreover, the higher Yy with primary sludge carbon source
(Section 3.1.3) meant the higher amount of biological sludge produced
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due to denitrification, hence extra cost of sludge treatment (Mahmoud
et al., 2022). Consequently, it is necessary to seek trade-offs between
practical cost and denitrification performance when the laboratory re-
sults are applied in practice.

4. Conclusions

It was deemed to be critical to determine the optimal carbon dosage
for each sludge used as carbon source. Surplus carbon resulted in lower
Ppn, while insufficient carbon strengthened fermentative bacteria. The
optimal C/N ratio was 5 and 6 with primary and secondary sludge as
carbon source, respectively, regardless of hydrolysis or acidogenic
liquid. Primary sludge acidogenic liquid exhibited the best denitrifica-
tion performance, with the stable and complete NOx-N removal. Primary
sludge alleviated NO3-N accumulation and elevated Vpy more effi-
ciently than did secondary sludge. VFAs was utilized preferentially no
matter in which carbon source. The denitrifier Thauera was the domi-
nant genus using sludge carbon source and primary sludge acidogenic
liquid exhibited a superior enrichment of Thauera.
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