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Sulfur autotrophic denitrification (SAD) process, as an alternative to heterotrophic denitrification (HD) filter,
receives growing interest in polishing the effluent from secondary sewage treatment. Although individual studies
have indicated several advantages of SAD over HD, rare study has compared these two systems under identical
condition and by using real secondary effluent. In this study, two small pilot scale filters (SAD and HD) were
designed with identical configuration and operated parallelly by feeding the real secondary effluent from a
WWTP. The results showed SAD filter can be started up without the addition of soluble electron donor, although
the time (14 days) was about 3 times longer than that of HD filter. The nitrate removal rate of SAD filter at HRT
of 1.4 h was measured as 0.268 ± 0.047 kg N/(m3∙d). Similar value was observed in HD filter with supple
menting 90 mg/L COD. The COD concentration of effluent always kept lower than that of influent in SAD filter
but not in HD filter. In addition, SAD filter could maintain a stable denitrification performance without backwash
for 15 days, while decline of nitrate removal rate was observed in HD filter just 2 days after stopping the
backwash. This different behavior was further confirmed as the SAD filter had a better hydraulic flow pattern.
Analysis according to high-throughput 16S rRNA gene-based Illumina MiSeq sequencing clearly showed the
microbial community evolution and differentiation among the samples of seed sludge, SAD and HD filters.
Finally, the economic assessment was carried out, showing the operation cost of SAD filter was over 50% lower
than that of HD filter.

1. Introduction
In order to protect water environment, the Chinese government has
set stricter total nitrogen (TN) discharge standards for wastewater
treatment (Wang et al., 2015a). Since the traditional secondary treat
ment processes, such as Anaerobic/Anoxic/Aerobic process and cyclic
activated sludge system, cannot meet the new TN nitrogen discharge
standard (≤10 mg/L) in the case of the influent sewage with low
COD/TN ratio, tertiary denitrification process represented by hetero
trophic denitrification (HD) filter has been widely applied. As known,

HD filter works relying on dosing organic carbons as the electron donor.
The stoichiometric demand of COD to fully convert 1 kg nitrate nitrogen
to nitrogen gas is 2.86 kg. However, due to the electrons partition to
support biomass formation and the loss caused by inlet oxygen and
backwashing operation, the actual COD demand in full scale HD filter
was reported as 2 times to even 5 times more (Koch et al., 1997).
Therefore, the operation of HD filter is not cost-effective. Another
concern about the HD filter is the COD break-through that could be
occur in the case of organic carbon overdosing or the unexpected
biomass loss during backwash operation (Koch et al., 1997). As there is
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usually no process that following the HD filter can further remove COD
in the wastewater treatment plant (WWTP), this could bring about the
risk of COD concentration in the effluent over the limitation.
Sulfur autotrophic denitrification (SAD) has been considered as an
attractive emerging alternative process to HD process, as element sulfur
as electron donor is cheaper than organic carbons. In addition, SAD
process has no demands of complicated and expensive dosing control
system and sidestep the risk of overdose of soluble carbon source that
may be suffered in HD process (Boley et al., 2000; Li et al., 2016).
However, the existing comparative statements of SAD and HD processes
are normally based on individual studies of these two systems, in which
the reactor configuration and operation conditions were different.
Therefore, it would be interesting to take the comparison of these two
processes under identical condition, such as reactor configuration,
wastewater parameters, inoculum, etc. Besides, using the real secondary
effluent from wastewater treatment plant for testing is of great desired,
which would bring about the results closer to the reality and may further
shed some lights on the alternative engineering application of SAD
process.
In this study, two small pilot scale filters (SAD and HD) were
designed with identical configuration (except the fillers that element
sulfur particles were used for SAD, while ceramsite particles for HD),
started up by seeding the sludge from the same source and operated
parallelly by feeding the real secondary effluent from a WWTP. The
performance of the two types of systems were compared in terms of the
lag time of start-up, denitrification rate at different hydraulic retention
time (HRT) and organic carbon dosing intensity (only for HD), and the
behavior of COD concentration change under aforementioned condi
tions. To further understand the clogging behavior of these two system,
the reactors were operated without backwash for a period of time with
the analysis of filler bed pressure change and the hydraulic flow pat
terns. Additionally, high-throughput 16S rRNA gene based Illumina
MiSeq sequencing were carried out to understand the microbial com
munities differentiation between two systems. Finally, economical
assessment was performed based on the experimental results.

The whole experiment was separated into 6 stages (Table 1). Stage I
was startup. The SAD filter and HD filter were inoculated with 20 L of
activated sludge at a concentration of 4000 mg/L taken from the
anaerobic tank of WWTP. The continuous flow with empty bed hy
draulic retention time (HRT) of 3h was used for the denitrification
biofilm accumulation (Rodríguez et al., 2017; Zhu et al., 2019). Stage II,
III, V, and VI were operated in continuously flow with regular back
washing. Except for stage II which has been run with a HRT of 3h, the
other stages have performed with a HRT of 1.4 h. When investigating the
hydrodynamic characteristics of SAD filter and HD filter with and
without backwashing, there was no backwashing during the stage IV. All
experiments were conducted at temperature of 20–25 ◦ C over 69 days
(Table 1). During the backwash process, the gas flow rate was 10
L/(m2⋅s) and the water flow rate was 5 L/(m2⋅s) (Li et al., 2016; Shi et al.,
2016).
2.2. Hydrodynamics test and modelling
Residence time distribution (RTD) analyze was essential to show the
different hydraulic flow pattern of packed bed. The RTD analysis was
performed according to the stimulus-response method by using Li+ ions
as the tracer because they are easy to be detected and it also represents
the actual flow condition in denitrification filters (Gao et al., 2019;
Wang et al., 2015b). The theoretical HRT (tHRT, which was calculated
based on the porosity of the filter and water area at the top of the fillers)
of the filter was calculated as 1.8 h. About 20 mL 2 M lithium sulfate
solution was injected into the filter via a water inlet pipe in a short time
by pulse injection. After that, 30 samples were taken from the drain of
the filter. The first 15 samples were taken every 10 min, while the other
15 samples were taken every 20 min.
The recovery rate of the Li+ ions was confirmed to be more than 90%
in the RTD experiment. The exit age-distribution function (E(θ)) was
used to analyze the flow pattern (Eq. S9), while the normalized mean
residence time (MRTθ) was used to characterize the measured HRTs of
the denitrification filters (Eq. S10). The square of the standard deviation
(σ2θ ) was used to characterize the back mixing strength in the two filters
(Eq. S11). The details of RTD analysis and model development were
described in the Supporting Information (SI).

2. Materials and methods
2.1. Denitrification filters, inoculation and operation
The denitrification filters systems were conducted in an industry
zone sewage treatment plant in Zhejiang Province of China. In order to
make the comparison of the actual wastewater denitrification perfor
mance between SAD and HD, the two filters were designed and fed by
the biochemical secondary effluent. The secondary effluent was taken to
two buffer tanks in which alkalinity (for SAD filter) or acetate (for HD
filter) were externally supplemented to keep both filters working in good
condition. Two sets of filters with a total working volume of 338 L were
designed to make the comparison between the SAD and HD (Fig. S1).
Each set of the filter had a buffer tank and a biofilter to treat secondary
effluent of wastewater treatment plant. At the bottom of the filters, there
were pressure gauges to monitor the performance of the bed pressure.
Three sampling ports were set along the height of the filters. Tubes with
gas flowmeter and liquid flowmeter for backwash were also set at the
bottom of the filters (Fig. S1). One of the filter (SAD filter) was filled
with sulfur up to 147 L, and the other filter (HD filter) was filled with
ceramicists in the same volume of sulfur. These two fillers were about
3–6 mm in diameter. The filters were fed in up-flow mode.
The SAD and HD filters were fed with secondary effluent with nitrate
concentration of 16 ± 2.57 mg/L as influent. In order to keep the pH
under a proper condition, 60 mg/L total alkalinity as an external sup
plement was added into the influent of SAD, meanwhile dosage of about
90 mgCOD/L external acetic acid byproduct was added into the influent
of HD to make sure the adequate supplement of organic electron donor.
The alkalinity provided by NaHCO3 was normalized to a total CaCO3
alkalinity.

2.3. Analytical methods
Water samples were collected from the three sampling ports and the
effluent tube. After collecting the water samples, cellulose acetate sy
ringe filters with pore size of 0.45 mm were used to filter the samples
and collected in the centrifuge tube of 50 mL. The nitrate was deter
mined by using the method from national standard of China (HJ/T
346–2007). The TN, nitrate nitrogen, sulfate and alkalinity were
measured by using HACH pre-installed reagent (HACH Co., USA). The
pH was determined by pH sensor (pH-Electrode SenTix 940–3, WTW
GmbH, Germany). The Li+ ion, which was used as tracer, was deter
mined by ICP-OES (OPTIMA 8300, PerkinElmer Co., USA).
Table 1
Operation conditions of SAD and HD filters.
Stage

I
II
III
IV
V
VI

2

HRT

3
3
1.4
1.4
1.4
1.4

SAD

HD

External
Alkalinity (mg/
L)

External Carbon
Source (mg COD/
L)

60
60
60
60
60
60

90
90
90
70
50
60–80

Period
(d)

Backwash
（✓ yes, ×
no）

1–14
15–21
22–29
30–39
40–53
54–69

×
✓
✓
✓
✓
×
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2.4. Microbial community analysis

delayed the acclimatization process. In order to promote the generation
rate of SAD bacteria, some soluble electron donors such as thiosulfate
(Chung et al., 2014) and sulfide (Yang et al., 2016) could be used. Erkan
Sahinkaya achieved a steady startup state in the SAD reactor inoculated
with activated sludge and thiosulfate within 7 days of acclimation
(Sahinkaya et al., 2014). Although the startup time could be decreased,
the cost of thiosulfate addition system and chemical fee would be
expensive. Our results showed that the SAD filter could startup in 14
days without external thiosulfate addition, which was acceptable in
WWTP.

Samples were collected from top, middle and bottom of SAD and HD
filters for the microbial community analysis, and then pretreated as
described previously (Zhai et al., 2020). The collected mixture of par
ticles was taken for total genomic DNA extraction using the protocol of
the FastDNA SPIN Kit for soil (Sangon Biotech Co., Ltd., Shanghai,
China) according to the manufacturer’s instructions. All extracted DNA
samples were stored at − 80 ◦ C for further amplifications. The primers
ArBa515F (GTGCCAGCMGCCGCGGTAA) and Arch806R (GGAC
TACVSGGGTATCTAAT), which target V4 hypervariable regions of
microorganism 16S rRNA genes, tagged with paired barcode sequence
(12 mer) for pooling of multiple samples in one sequencing run. All
primers were synthesized by Sangon Biotech (Shanghai, China). The raw
sequencing data were generated with a MiSeq sequencing machine in
fastq format. All sequencings were clustered at a 97% similarity level,
and taxonomic assignments were made online by analyzing the MiSeq
data on the I-Sanger platform (https://www.i-sanger.com/). The alpha
diversity of the microbial community was calculated by Chao1, Shan
non, Simpson, Ace and sobs. The beta diversity of the microbial com
munities was described using the principal coordinate analysis (PCoA).

3.2. Denitrification performance and COD in discharge
During the steady-run stage (day 15–53), as shown in Fig. 2, the
nitrate nitrogen removal rate of the SAD achieved 0.135 ± 0.021 kgN/
(m3∙d) and 0.268 ± 0.047 kgN/(m3∙d) with HRT of 3h and 1.4h,
respectively. Sahinkaya et al. reported maximum denitrification rate of
0.3 kgN/(m3∙d) (Sahinkaya et al., 2014) in a pilot scale sulfur auto
trophic denitrification packed bed reactor, which was similar to the
denitrification rate observed here. For the HD filter, by dosing external
COD of 90 mg/L, the nitrate removal rates were measured as 0.128 ±
0.022 kgN/(m3∙d) and 0.266 ± 0.019 kgN/(m3∙d) at HRT of 3 h and
1.4 h, respectively, which were comparable to that obtain in SAD (P
value = 0.313 and 0.468, respectively, >0.05). In the stage IV and V, the
external COD dosing for HD was decreased to 70 mg/L and 50 mg/L,
leading to the obvious decline of nitrate removal rates to 0.231 ± 0.03
kgN/(m3∙d) (P value = 0.045, <0.05) and 0.171 ± 0.02 kgN/(m3∙d) (P
value = 0.00001, <0.05), respectively. This could be a result of lacking
sufficient electron donor to support the efficient denitrification. Addi
tionally, when the shortage of external organic carbon became serious
(in stage V), the effluent nitrate concentration of HD started to fluctuate
along with the influent concentration, while SAD kept low effluent
concentration because the electron donor in the solid form (i.e., sulfur
particles) is sufficient (i.e. the filled sulfur particles can support the
reactor running for about 7 years according to the stoichiometry that
2.5 g S is demanded to fully convert 1 g nitrate nitrogen to nitrogen gas,
assuming 10 mg/L nitrate is removed under experimental setting con
ditions here).
For further understand the nitrate removal rate in filter, samples
were taken from the sampling ports (Fig. S1) which were set along the
height and tested the nitrate concentration to inspect the different
denitrification rate. At the bottom sampling port (A1) which was set 10
cm higher than the supporting layer, the nitrate nitrogen concentration
in the HD filter was 9.72 mgN/L lower than the SAD filter. At the second
sampling ports (A2) of HD and SAD filters, 11.87 and 12.99 mgN/L
nitrate nitrogen had been removed. At the third sampling port (A3), only
0.09 mgN/L (HD filter) and 0.15 mgN/L (SAD filter) were left. The HD
filter performed higher denitrification rate than SAD filter when the
COD was abundant.
COD is another important water quality indicator. In SAD, element
sulfur was the dominant electron donor rather than external organic
matter supplement. As a result, the concentration of COD in SAD effluent
was 18.06 ± 9.04 mg/L, which was slightly lower than that of 26.43 ±
12.55 mg/L in the CASS effluent (Fig. 2(B)). But for HD filter, 90, 70 and
50 mg/L external COD was dosed during stage III, IV and V, respectively,
and the COD in effluent was found to be 11.2 ± 5.19, 11.75 ± 2.28 and
10.00 ± 4.08 mg/L more than that in the CASS effluent. When the
fluctuation of COD in CASS effluent was occurred, the HD filter had
more risk of COD value exceeding the standard limits than the SAD filter.

3. Results and discussion
3.1. Startup
Stage I was used to launch the HD and SAD filters. The quality of the
influent and effluent in terms of nitrate nitrogen was shown in Fig. 1.
The HD filter took less time to startup than SAD filter. In 5 days, the
nitrate nitrogen concentration in effluent of HD filter had decreased
from about 16 mgN/L to 0.11 mgN/L. But at day 5, the nitrate nitrogen
in SAD effluent was 12.1 mgN/L. After 14 days, the nitrate nitrogen in
effluent was decreased to 0.14 mgN/L which gained the same denitri
fication performance to HD filter. It showed that under normal condi
tion, the SAD filter took two times longer time for startup than HD filter.
The startup time has been reported determining mainly on genera
tion time of bacteria and the bioavailability of different electron donor
(Sahinkaya and Kilic, 2014; Sierra-Alvarez et al., 2007). The generation
time of autotrophic denitrification bacteria was longer than heterotro
phic denitrification bacteria. Moreover, the solid sulfur particles used as
electron donor in the SAD filter had limited solubility since the sulfur
could be used only by the biofilm covered on the surface which further

3.3. The effect of non-backwash operation
During stage VI operation, there were no backwash in both SAD and
HD filters and the dosage of external COD for HD filter was about 90 mg/
L. In the first day of non-backwash operation, the SAD and HD keep high
denitrification rate. However, the denitrification capacity of HD was

Fig. 1. Nitrate-N concentrate of influent, HD effluent and SAD effluent in
stage I.
3
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had penetrated the packed bed. The robust of the HD filter became
deteriorate since the nitrate and COD in the effluent began to fluctuate
violently with the content of nitrate in the influent. While the SAD filter
was not affected by the non-backwash operation, and the denitrification
rate remained at 0.249 kgN/(m3∙d). The above results indicate HD is
more likely to be negatively affected by non-backwash operation
compared to SAD, which is might due to their different clogging char
acterization (Fig. 3).
In order to understand the clogging characterization of the two
different biofilters without backwash, the bed pressure was monitored
during this experimental stage and hydrodynamic analysis was operated
by using Li+ ion as the tracer. As shown in Fig. S3, the bed pressure of HD
biofilter was increased from 4.85 kPa to 7.46 kPa, while it was increased
from 4.46 kPa to 4.51 kPa in the SAD filter. The rapidly increased bed
pressure might be due to the clogging of filter. The RTD curves based on
the Li+ ion tracer experiments were shown in Fig. S4.
The RTD curves can be mathematically featured by two key pa
rameters, the mean residence time (MRTθ) and the square of the stan
dard deviation (σ2θ ), which were calculated according to Eq. (1), Eq. (2)
and Eq. (3) (Wang et al., 2015b, 2017) respectively and showed in
Table 2. Before backwash, the HD had a lower MRTθ which was less than
1, indicating that the short flow was present. After the backwash, the
MRTθ increased to 1.044, which showed a better hydraulic flow condi
tion with less short flow. As the comparison, the MRTθ of SAD filter was
1.024 before backwash, which showed more smooth flow channel and
less short flow. The short flow could be recovered by backwash, so that
less backwash was needed for SAD during the operation.

Fig. 2. (A)The nitrate nitrogen and (B) COD concentration in the influent and
effluent from stage II to V. The influent was the secondary effluent of WWTP
that had no acetic acid byproduct in it, and the HD filter was fed by 90, 70, 50
mg/L external COD addition. (C) Nitrate nitrogen removal rate and nitrate
removal rate of SAD and HD which was fed by 50–90 mg/L external COD at
HRT 1.4h.

decreased to 0.189 kgN/(m3∙d) from the second day without backwash,
which was significantly lower than the nitrogen removal rate gained
during stage III operation. Meanwhile the nitrate nitrogen and COD in
the effluent increased from 1.98 mgN/L and 34 mg/L in stage III to 7.26
mgN/L and 50 mg/L, respectively, which suggested the nitrate and COD

Fig. 3. (A) Nitrate nitrogen in influent and effluent of SAD and HD, (B) COD in
the CASS effluent, HD influent (influent with external COD), HD effluent and
SAD effluent. During this period there was no backwash.
4
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accompanied by the decrement of biodiversity.
The dominant phyla in SAD filter were Proteobacteria (73.87%),
Bacteroidetes (6.31%), Acidobacteria (4.90%), Firmicutes (2.29%), Acti
nobacteria (1.29%) and Cyanobacteria (1.19%) (Fig. 4(B)). In HD filter,
the dominant phyla were Proteobacteria (62.88%), Chloroflexi (12.06%),
Bacteroidetes (9.85%), Acidobacteria (2.19%). Plenty of strains in Pro
teobacteria, Bacteroidetes, Firmicutes have been identified as dinitrifers
(Fernando et al., 2008; Lili et al., 2015; Lopez-Lopez et al., 2015) which
indicated that these two kinds of filters offered enough denitrification
ability.
At genus level (Fig. 4(C)), the main denitrification community
composition in the SAD filter was Sulfurimonas (22.86%), Ferritrophicum
(12.84%), and Thiobacillus (6.11%). The Sulfurimonas are species of
autotrophs that could use sulfur as electron donor and actuate nitrate
reduction process (Ming-Fei et al., 2010; Zhang et al., 2015). Ferri
trophicum also could consume element sulfur as electron donors while
using nitrate as electron acceptor (Sobolev and Roden, 2001; Weiss
et al., 2007). Some researchers found that the Thiobacillus could
metabolize sulfur and gain electrons for denitrification (Fernández et al.,
2009; Zhang et al., 2018). It suggested that these three bacteria played a
vital important role in SAD autotrophic denitrification process. For HD
filter, the microbial community at genus level was visually different
from that of SAD filter. The dominant species in HD filter were Dech
loromonas (9.44%), Zoogloea (8.41%), Thauera (6.20%) and unclassified
Rhodocyclaceae (15.87%). Plenty of genera belonging to family Rhodo
cyclaceae were identified as denitrifiers (Dong et al., 2019). The un
classified genus of family Rhodocyclaceae might play an important role
in HD filter. The Dechloromonas, belonging to Rhodocyclaceae, was re
ported as a kind of heterotrophic denitrifying genus (Guo et al., 2019;
Papirio et al., 2014). The Zoogloea, which were identified as aerobic
denitrifiers, might consume the DO enter into the filter with the influent
and benefited other anaerobic denitrification bacteria in the packed-bed
or inner biofilm (Pishgar et al., 2019; Sun et al., 2019). The Thauera had
been confirmed as facultative anaerobic denitrifier which could remove
nitrate and some kinds of organic nitrogen together (Binbin et al., 2010;
Zhao et al., 2013). In conclusion, on one hand the dominant species in
HD filter were entirely different from that of SAD filter, on the other the
dominant communities were quiet related to the nutrition of the filter.

Table 2
Hydromechanics parameters of HD filter and SAD filter.
HD filter
SAD filter

E(θ) =

Status

σ2θ

MRTθ

Pe

Before backwash
After backwash
Before backwash
After backwash

0.783
0.356
0.414
0.365

0.749
1.044
1.024
1.106

2.55
5.61
4.82
5.47

Q × tHRT × C(θ)
M

∫θ
θE(θ)dθ
MRTθ = ∫0 θ
E(θ)dθ
0

σ 2θ =

σ 2t
τ2

(1)
(2)

(3)

To measure the representing of the ratios of mass transport attributed
to advection and dispersion, the peclet (Pe) numbers were calculated
based on the LD model (Eqs. S5-S7). The larger the Pe number was, the
greater the contribution of advection to mass transport than axial
dispersion. The Pe number for SAD and backwashed-HD filter were
larger than that for clogged HD, which indicated higher degree of mixing
by axial dispersion in clogged HD. More advection can make sure that
the concentration on each surface in the direction of the flow was
maximum. Higher concentration of substrate might make the filter to
perform higher reaction rate and better denitrification performance. The
short flow of HD, which might occur because of bed clogging, leaded to
lower concentration of nitrate and acetic acid for each slice of filter and
retarded the denitrification performance.
Bed clogging is usually due to denitrification gas production and
microbial growth (Li et al., 2016). In current study, the SAD reduced
25% more nitrate nitrogen than HD, which signified 25% more nitrogen
gas produced in SAD. Although more gas was generated in SAD, lower
bed pressure improvement showed than the gas trap was not the key
reason of bed clogging in this filter. As a result, the biomass generation
might contribute more than nitrogen gas generation in HD filter
clogging.
According to section 3.2, an average nitrate nitrogen removal of
15.74 mgN/L and 12.41 mgN/L were achieved by SAD and HD with 6
mg/L dissolved oxygen (DO) consumed in stage VI. When calculated
based on the stoichiometric number in SI and Table S1, the SAD
generated 278.10 g biomass in the filter while the HD generated 601.97
g biomass within 15 days. Not only the HD generated 116.46% more
biomass than SAD, but also the distribution of biomass in HD might have
effect on bed clogging. As shown in Fig. S2, the HD filter reduced 62.8%
of nitrate nitrogen in 33% volume of filter bed while the SAD reduced
65.1% nitrate nitrogen in 66.6% volume of filter bed when operated
under backwash condition. This indicated that the HD filter hold 378.04
g biomass in 49 L volume of filter bed (7.72 g/L) while the SAD sepa
rated 149.73 g biomass in 98 L volume of filter bed (1.85 g/L). The
generated biomass probably blocked the flow channel in the filter bed
and increasing the bed pressure.

3.5. Economic analysis
The operational cost, which was consisted of chemical consumptions
fee, sludge treatment fee and electricity fee is vital investment cost
required for all the WWTPs to meet the emission standard. The chemical
consumption fee of SAD was calculated based on the external alkalinity
addition and sulfur consumption which was calculated by the increasing
of aqueous sulfate (Eq. S1), while the chemical consumption fee of HD
was calculated based on the consumption of external COD which was
determined by the actual addition of acetic acid byproduct. The excess
sludge production of SAD and HD for treatment fee was calculated based
on the Table 3 under same nitrate removal rate. The operation param
eters for economic analysis were set as the same denitrification rate and
HRT as the operation condition of stage III with nitrate nitrogen removal
of 15 mgN/L and HRT of 1.4 h. Table 3 provided economic cost com
parison between the HD biofilter and SAD biofilter based on US dollar
(USD).
For chemical consumption fee, the studied WWTP used acetic acid
byproduct as external COD source. The price of the acetic acid byproduct
was 198.12 USD/t (including transportation expense, the same below)
referred to the price of domestic products in China. During the experi
ments, the acetic acid byproduct was accurately pump to the filter by
peristaltic pump (Longer Precision Pump Co., Ltd) and the consumption
rate was recorded. The actual consumption of acetic acid byproduct was
about 343 g/d. Meanwhile, the SAD used element sulfur as electron
donor and added NaHCO3 to provide about 60 mg/L total alkalinity to
neutralize the hydrogen ions. The price of element sulfur particles was

3.4. Microbial community analysis
At 97% cut values, the detected operational taxonomic units (OTUs)
of bacterial sequences were 1269, 2102 and 1755 for SAD, HD and seed
sludge, respectively. Although, the same seed sludge was used for the
SAD filter and HD filter, only 630 OTUs were shared among these
samples. The PCoA analysis showed distinguish difference between the
HD and SAD samples. These results indicated that different electron
donors (such element sulfur for SAD and acetic acid for HD) leads to
varied evolution directions of microbial communities. Shannon index
(5.87, 4.90 and 3.49 for seed sludge, HD filter and SAD filter, respec
tively, shown in Table S2) further showed the evolution was
5
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Fig. 4. (A)PCoA analysis of the Seed sludge, microbial community structure of seed sludge, SAD and HD at the (B)phylum level and (C)genus level.

152.4 USD/t and the waste NaHCO3 was 76.2 USD/t referred to the price
of domestic products in China. Based on the actual consumption and the
prices above, the cost based on the consumables of HD was 2.23 times
higher than SAD. To evaluate the operating cost by tons-of-water-cost
(USD/t water), the chemical consumption fee was 0.027 USD/(t
water) for HD filter and 0.012 USD/(t water) for SAD filter.
The sludge treatment fee accounts for a large proportion in the
operating cost. The HD filter and SAD filter would generate 47 g and 18 g
biomass in one day under the set conditions, equivalent to producing
233 g and 89 g excess sludge with 80% moisture content, which signified
the operating cost of SAD filter in excess sludge treatment was 161.80%
lower than HD filter. The WWTP cost about 106.68 USD/t for dry sludge
harmless treatment, the excess sludge treatment cost of HD filter and
SAD filter were 0.010 USD/(t water) and 0.004 USD/(t water).
Combining the sludge treatment fee with the electron donor consump
tion fee, the SAD filter and HD filter cost 0.016 USD and 0.037 USD per
ton of sewage, respectively, which was also lower than the acetate
driven HD process reported by Park (Park and Yoo, 2009). For a WWTP
that treated 50,000 tons of sewage a day with 15 mgN/L nitrate removal,
the cost of applying HD filter for advanced denitrification was 0.67
million USD/a while the cost of applying SAD for advanced denitrifi
cation was 0.29 million USD/a, which mean 0.38 million USD could be
saved every year and showed better economic benefit.
Besides these two facts, the backwash cost also showed significant
gap. The HD filter should carry out backwash at least once a day with 5

Table 3
Comparison cost of HD and SAD under same denitrification condition.
HD filter

SAD filter

Operational conditions

HRT: 1.4h
External Acetate:
90 mg/L
Nitrate removal:
15 mgN/L
DO removal: 6
mgO2/L

HRT: 1.4h
External Alkalinity: 60 mg/L
Nitrate removal: 15 mgN/L
DO removal: 6 mgO2/L

Consumables

Acetic acid
byproduct
198.12
343
0.027

Sodium
Carbonate
76.20
200
0.012

0.010

0.004

0.037

0.016

2.458

1.067

Unit Price (USDa/t)
Consumption (g/d)
Chemical consumption
(USD/t Water)
Excess sludge treatment
(USD/t Water)
Total cost of tons of water
(USD/t Water)
Denitrification Cost (USD/
kgN)
a

Element
Sulfur
152.40
101.17

Calculated based on the exchange rate of 1 RMB exchange 0.1524 USD.
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min air washing, 5 min air-water-combined washing and 5 min water
washing, while the SAD filter backwash every day with 5mins water
washing only. For a WWTP that treated 50,000 tons of sewage a day
with 75 kW backwash fan and 37 kW backwash water pump, the elec
tricity cost of HD filter was 866.8 USD/a while the SAD filter was 85.76
USD/a, which could save 781.04 USD/a cash and thrift the cost of the
backwash fan. In all, compared to the HD filter, the SAD filter was much
cost-effective and had high industrial application value.
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4. Conclusion
In this work, by setting identical reactor configuration and feeding
real secondary effluent, the performance of SAD filter and HD filter were
compared in the way straightforwardly and closed to the reality. In
startup stage, SAD filter could be successfully developed by directly
seeding secondary sludge from the WWTP and without adding thiosul
fate that was commonly used in laboratory studies, although the time
(14 days) was about 3 times longer than that of HD. In steady-run stage,
SAD filter achieved the nitrate removal rate of 0.268 ± 0.047 kg N/
(m3∙d) at HRT of 1.4 h. Nitrate removal rate in HD filter is positively
correlated to the COD dosing concentration. Under 90 mg/L COD dosing
condition, HD filter was shown similar denitrification performance as
that of SAD filter. However, COD breakthrough became serious when
increasing COD dosing concentration. Additionally, SAD filter was
found to be more tolerant to no-backwash operation because of its feeble
clogging behavior, suggesting it can be operated more effectively. Mi
crobial community analysis showed the structure differentiation be
tween SAD filter and HD filter, which were respectively predominated
by autotrophic denitrifier and heterotrophic denitrifier. The economic
assessment showed the operated cost of SAD filter was just 1.067 USD/
kgN, over 50% lower than that of HD filter.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgments
This research was found by the National Science Foundation of China
(No. 51878652 and No. 5190080686), Beijing Science and Technology
Plan Project (No. Z181100005518004).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2021.111029.
Credit author statement
Shu-sen Wang: Conceptualization, Methodology, Formal analysis,
Investigation, Data curation, Writing-Origianl Draft, Writing – review &
editing; Hao-yi Cheng: Resources, Funding acquisition, Conceptualiza
tion, Writing – review & editing, Supervision; Hao Zhang: Data curation,
Visualization; Shi-gang Su: Validation, Formal analysis, Writing – re
view & editing; Yi-lu Sun: Project administration; Hong-cheng Wang:
Writing – review & editing, Formal analysis, Visualization; Jing-long
Han: Writing – review & editing, Visualization; Ai-jie Wang: Funding
acquisition, Supervision; Awoke Guadie: Writing – review & editing.
References
Binbin, L., et al., 2010. Thauera and Azoarcus as functionally important genera in a
denitrifying quinoline-removal bioreactor as revealed by microbial community
structure comparison. FEMS Microbiol. Ecol. 55, 274–286.

7

