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Abstract: The typical characteristics of wastewater produced from seafood, chemical, textile, and
paper industries are that it contains ammonia, sulfate, and a certain amount of chemical oxygen
demand (COD). The sulfate-reducing ammonium oxidation process is a biochemical reaction that
allows both ammonia and sulfate removal, but its low growth rate and harsh reaction conditions
limit its practical application. Due to the adsorption properties of the iron sponge and its robust
structure, it provides a suitable living environment for microorganisms. To reduce the negative
impact on the environment, we employed 4.8 kg of sponge iron in a 2.0 dm3 anaerobic sequencing
batch reactor (ASBR). We investigated the effects of the type and concentration of carbon sources
on the performance of the sulfate-reducing ammonium oxidation (SRAO) process. The results
demonstrated that during a start-up period of 90 days, the average ammonium removal efficiency
and the sulfate conversion efficiency of the reactor containing the sponge iron were 4.42% and 8.37%
higher than those of the reactor without the sponge iron. The addition of the sponge iron shortens the
start-up time of this greenhouse gas-free denitrification process and reduces future costs in practical
applications. The removal of total nitrogen (TN) significantly increased after adding organic carbon
sources and then declined sharply, while the most considerable reduction of ammonium removal
efficiency from 98.4% to 30.5% was observed with adding phenol. The performance of the group
employing glucose as the carbon source was recovered on the 28th day, with the average ammonium
removal efficiency increasing from 49.03% to 83.5%. The results of this simulation study will help the
rapid start-up of SRAO in the water treatment industry and can precisely guide the application of the
SRAO process for wastewater containing different organic carbon sources.

Keywords: anaerobic ammonium oxidation (anammox); sulfate reduction; carbon source; sponge
iron; microbial community structure

1. Introduction

In order to control the negative impact of climate change, many countries have reduced
the emissions of greenhouse gases (GHG) [1]. China plays a crucial role in resisting
climate change and has promised to reach its peak total GHG emissions by 2030 [2].
Although carbon dioxide (CO2) constitutes most of the greenhouse gases, other gases such
as nitrous oxide (N2O) cause a physical effect known as radiative forcing (RF), which is
the main driving force behind climate change [3]. Nitrogen removal from wastewater
chiefly relies on biological processes: nitrification and denitrification. Either nitrification or
denitrification inevitably produces N2O, the greenhouse effect of which is 265 times higher
than CO2 [4]. Current estimates consider that humans cause 40% of N2O emissions, and
global wastewater is the fifth largest contributor to N2O emissions [5] and continuously
increases as the population grows and the industry develops.

The typical sulfate-reducing ammonium oxidation (SRAO) is an environmentally
friendly denitrification process that converts ammonium (as the electron donor) and sulfate
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(as the electron acceptor) into nitrogen in an anaerobic environment, as expressed in
Equation (1) [6]:

2NH4
+ + SO4

2− → S + N2 + 4H2O ∆G0 = −47.8 kJ/mol (1)

As autotrophic bacteria, anaerobic ammonia-oxidizing (anammox) bacteria do not
generate other greenhouse gases in the anaerobic ammonium oxidation. However, the
growth rate of the anammox bacteria is slow, and their nitrogen removal performance is
unstable. Some studies have demonstrated that adding a 30% filling degree of zerovalent
iron (ZVI) in the reactor strengthens their growth rate and stability [7]. Sponge iron is
a raw material for steel making, which is made from reducing iron ore to metallic iron,
easy to obtain, and inexpensive. Sponge iron is a suitable carrier for nitrogen removal and
enhances biological nitrogen removal [8]. Moreover, it is a standard filler, which has the
characteristics of a large specific surface area, a substantial reduction ability, and a loose and
porous internal structure. Iron scraps can also stimulate both catabolism and anabolism in
the presence of anaerobes [9].

Multiple factors, especially carbon sources, influence the coupling of ammonium
oxidation and sulfur recycling. Various organic materials have different effects on the
system, such as affecting sulfate reduction, denitrification, and other processes [10]. Further,
the concentration of the carbon source significantly impacts nitrogen removal [11]. It
has also been found that under organic conditions, a chemical oxygen demand (COD)
of 160–5400 mg/L could improve heterotrophic processes, such as sulfate reduction and
denitrification, thereby promoting the denitrification process [12]. A deep understanding
of the influences of the species and quantities of the carbon source is essential for the
nitrogen and sulfur removal processes in SRAO to enhance some biological reactions and
the efficiency of nitrogen removal.

Glucose, representing fatty acids, is a well-utilized organic carbon source for sulfate-
reducing bacteria (SRB) [13] that are heterotrophic [14]. As an incompletely oxidized
carbon source, sodium acetate promotes the growth of both sulfate-reducing bacteria and
denitrifying bacteria [15]. Phenol is chosen as the last group of organic carbon sources since
it is a poisonous organic substance and has an inhibitory effect on many microorganisms;
however, it is uncertain whether phenol has a negative impact on the SRAO and whether
this effect is reversible. It is reported that when the concentration of the organic matter
exceeds 300 mg/L, the activity of anammox declines due to the competitive inhibition
between heterotrophic and autotrophic bacteria in the SRAO system [16]. Therefore, the
prerequisite to ensuring the effectiveness of nitrogen removal is to control the concentration
and type of organic matter in the process.

Therefore, we try to address the challenges of the practical application of SRAO by
two means. First, this study develops a new method to shorten the start-up time by adding
sponge iron. Second, previous studies have not been conducted on how specific carbon
source types affect the SRAO system; thus, this work explores new perspectives by looking
at the changes in contaminants with the addition of different organic substances to the
system and trying to explain them. This paper employs 4.8 kg of sponge iron in a 2.0 dm3

anaerobic sequencing batch reactor to enhance the start-up stage and the simultaneous
removal of nitrogen and sulfate. Three organics, namely phenol, sodium acetate, and
glucose, were chosen as the typical organic sources in the range of 75–200 mg/L and
added into the sludge-seeded serum bottles to investigate the effect of different organics
on the SRAO process. Moreover, it aims to explain the cooperative relationships of the
various bacterial species by examining the microbial community structure and investigating
the influence of the organic carbon source on the microbial community by the relative
abundance at a genus level. This work also supplements the application of the SRAO
process to convert industrial wastewater containing nitrogen and sulfur elements and
provides a reference for a similar range of applications containing anaerobic ammonia
oxidation processes.
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2. Materials and Methods
2.1. Sponge Iron Treatment and Synthetic Wastewater

The sponge iron was purchased from Henan Zhengjie Environmental Protection
Material Company (Zhengzhou, China). The materials were sieved to collect the fractions
with a particle size of 1–2 mm. The sponge iron was soaked first in a 0.5% NaOH solution
for 1 h to remove the organics on its surface and then in 1 mol/L of HCl for 0.5 h to remove
inorganic impurities and metal oxides on its surface. Afterward, the treated sponge iron
was cleaned with distilled water until the pH of the cleaning effluent was neutral. Finally,
it was rinsed with absolute ethanol three times, dried in a ventilation system, sealed, and
kept for further use. To expand the specific surface area of the sponge iron as much as
possible, we chose particles with a size in the range of 1–2 mm. On the basis of the reactor
specifications previously reported, the volume of the sponge iron added to each reactor was
0.6 dm3 [17,18]; thus, the mass of the sponge iron was 4.8 kg. Inoculated sludge was added
into reactors ASBR1 and ASBR2, but the sponge iron was only added into reactor ASBR2.

The synthetic wastewater contained no nitrite but did contain sulfate to donate and
accept electrons. Table 1 describes the composition of the synthetic wastewater [19]. We
used NH4Cl and K2SO4 as the primary influent substances and controlled NH4

+ and SO4
2−

in the range of 25.2–42.1 and 186.7–311.1 mg/L, respectively. The different carbon sources,
namely phenol, sodium acetate, and glucose, were added into anaerobic serum bottles A1,
A2, and A3, respectively. The chemical oxygen demand also ranged from 167 to 447 mg/L.

Table 1. The composition of the synthetic wastewater.

Chemicals Concentration (mg/L)

KH2PO4 27
CaCl2 180

MgSO4·7H2O 300
NaHCO3 1250
NH4Cl 125
K2SO4 444
H3BO3 0.14

MnCl2·4H2O 009.9
CuSO4·5H2O 2.5
ZnSO4·7H2O 4.3
NiCl2·6H2O 1.9

Na2MoO4·2H2O 2.2
CoCl2·6 H2O 24

EDTA 5
FeSO4 5

2.2. Reactor Setup and Operation

Anaerobic sequencing batch reactors were employed to culture the bacteria for SRAO
and investigate the effect of the sponge iron. The sludge used in the experiments was
composed of the conventional anaerobic ammonium oxidation sludge preserved by the
research group and the sludge from the anaerobic section of the Changchun Southeast
sewage treatment plant (China). Seed sludge (0.5 L) was added into each ASBR, resulting
in an initial value of the mixed liquor suspended solids (MLSS) equal to 2200 mg/L. The
experiments were conducted using two sets of laboratory-scale ASBRs for sulfate-type
anaerobic ammonium oxidation during the start-up process, as shown in Figure 1. The
experimental setup was cylindrical with an adequate volume of 2.0 dm3. The reactor
was equipped with an external, constant-temperature water jacket, and the water jacket
compartment was 2 cm-thick and wrapped in black insulation cotton, which could protect
the reactor from light and reduce heat loss to maintain a constant temperature. To control
the dissolved oxygen (DO) content, we purged the influent containing the target elements
by nitrogen gas before entering the reactor, and a dissolved oxygen meter measured the
DO content. The ASBR reactor was operated in 48 h cycles consisting of 4 phases: an
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influent phase (single influent for 1 h), a reaction phase (intermittent stirring for 24 h),
a sedimentation phase (22 h), and a drainage phase (1 h). The reactor received water
through a peristaltic pump, and each reactor was equipped with a mechanical stirrer with
a controllable speed. The stirring duration was 24 h per cycle, and the rotation speed of
the stirrer was 150 rpm. Further, the whole process operated autonomously through a
program controller, and the reactor temperature was set at 35 ◦C [20] using the water jacket.
A volume of 1.0 dm3 of the supernatant drained per cycle was taken as the testing sample,
and new synthetic wastewater was added to the system.
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2.3. Sequencing Batch Experiments

The modified anaerobic serum bottle method was used in this work [21]. To this end,
three 250 mL serum bottles were firstly sterilized, and their neck was plugged with a butyl
rubber stopper for ready use. After 90 days of cultivation, the ASBR was successfully
started up, and the effect of nitrogen and sulfur removal was stabilized. Each time, 200 mL
of the mixture was removed from the ASBR and subjected to centrifugation at a speed of
4000 rpm for 10 min under anaerobic conditions. Next, the supernatant was removed, and
the retentate was washed with an equal volume of the nutrient stock solution, followed by
a second centrifugation to turn the culture into a suspension. The substrate was then added
to a 250 mL serum bottle with the target components [22]. The bottles containing phenol,
sodium acetate, and glucose were marked A1, A2, and A3, respectively, depending on the
added organic substance. Like the ASBR reactor, after each addition of synthetic wastewater,
the serum bottle was shaken in the shaker at 150 rpm for 24 h, and the supernatant was
discharged after 22 h of sedimentation in one cycle. The environmental conditions were
consistent with the ASBR, and 100 mL of the supernatant was extracted with a medical
syringe for testing every 48 h.

2.4. Measurements

The various organic masses in water were uniformly measured according to the mea-
surement method of COD. The standard method also measured COD, NH4

+, SO4
2−, NO2

−,
and NO3. The mixed liquor suspended solids and the mixed liquid volatile suspended
solids (MLVSS) were determined gravimetrically. The above analytical methods were
derived from the fourth edition of the Water and Wastewater Monitoring and Analysis
Method [23]. The TN was also calculated as the sum of the concentrations of nitrate, nitrite,
and ammonium nitrogen. The dissolved oxygen and pH were measured manually by a
dissolved oxygen meter (HQ30D, Hach, Loveland, CO, USA) and a pH meter (Phs-25,
LiDa, Shanghai, China), respectively. The ultraviolet-visible (UV-vis) spectroscopy was
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conducted by a spectrophotometer model UV2400 (Hengping, Shanghai, China). Origin
8.5 performed data plotting and statistical analysis.

2.5. Analysis of Microbial Community

The microbial community structures of the tested systems were analyzed via the
Illumina high-throughput sequencing technology. To this end, the sludge samples were
taken from the three anaerobic serum bottles of phenol, sodium acetate, and glucose at
a period of 60 days and marked A1, A2, and A3, respectively. The total genomic DNA
was also extracted using a PowerSoil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad,
CA, USA). Bacterial 16S rRNA gene fragments were amplified via the polymerase chain
reaction (PCR) with the primer set 338F (ACTCCTACGGGAGGCAGCAG)/806R (GGAC-
TACHVGGGTWTCTAAT) [24]. Majorbio Biotech Co., Ltd., Shanghai, China, analyzed
the microbial community structures. The data from the measurement results were statisti-
cally analyzed using the SPSSAU platform (Qing Si Technology Ltd, Beijing, China) and
computational analysis.

3. Results and Discussion
3.1. Effect of Sponge Iron during Start-Up of SRAO System

Figure 2a,b delineate the concentration of NH4
+-N, NO2

−-N, NO3
−-N, and SO4

2− of
the two anaerobic sequencing batch reactors under the conditions of adding no organic
carbon source: ASBR1 without the sponge iron and ASBR2 containing the sponge iron. The
functional bacteria of the system were cultured by gradually increasing the concentration
of ammonium nitrogen and sulfate. In both ASBR1 and ASBR2, there was no significant
nitrate and nitrite accumulation within 90 days. In the first stage (0–20 days), only a tiny
amount of ammonium nitrogen and sulfate was removed, indicating that various bacteria
did not proliferate in large numbers. During the second stage (from day 20 to 60), the
NH4

+-N concentration of the effluent changed from 55.37 to 23.24 mg/L in reactor ASBR1
without the sponge iron, and its removal percentage increased from 30% to 58%. The
percentage of the SO4

2− removal also rose from 5% to 26%. Nevertheless, the NH4
+-N

concentration of the effluent decreased from 40.0 to 30.7 mg/L in reactor ASBR2 containing
the sponge iron, and its removal efficiency enlarged from 40% to 79%. The percentage of the
SO4

2− removal also increased from 8% to 28%. Furthermore, in the third stage (60–90 days),
the percentage of the NH4

+-N and SO4
2− removal increased from 58% to 87% and from

26% to 37%, respectively, in ASBR1 without the sponge iron and from 79% to 90% and from
34% to 41%, respectively, in ASBR2 containing the sponge iron.
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In the retardation stage of SRAO bacteria activity (0–20 days), the average removal
rate of NH4

+-N and SO4
2− was 40% and 8%, respectively. The nitrogen removal effect was

significantly better in ASBR2 than in ASBR1. However, the treatment effect of the reactor
on SO4

2− was still at a relatively low level, indicating that the sulfate-reducing anaerobic
ammonia-oxidizing bacteria in the reactor have not yet shown activity, and the removal
of nitrogen in the wastewater primarily relies on the joint action of nitrifying and denitri-
fying bacteria in the system. Further, in the process of reactor operation, some activated
sludge is discharged from the reactor with the effluent, decreasing the concentration of
sludge in the reactor and reducing the ammonia nitrogen removal rate. During the active
performance stage (21–60 days) of sulfate-reducing anaerobic ammonia-oxidizing bacteria,
reactor ASBR2 showed a significant increase in the removal of NH4

+-N and SO4
2−. Reactor

ASBR2 presented a significant increase in the removal of NH4
+-N and SO4

2−, both of which
increased to 79% and 28%, respectively.

Moreover, the removal effect of TN in the system gradually became better with the
extension of the reactor operation time. After 60 days of continuous operation, the NH4

+-
N and SO4

2− in the reactor effluent significantly declined compared with the influent,
indicating that sulfate-type anaerobic ammonia-oxidizing bacteria had formed in the reactor.
With the extension of the reactor operation time, the dominant species in the reactor changed
and was gradually replaced by sulfate-type anaerobic ammonia-oxidizing bacteria. The
removal effect of both reactors for each pollutant gradually stabilized during the activity
enhancement stage (60–90 days). During days 60 to 64, the concentrations of NH4

+-N
and SO4

2− in the reactor effluent also showed fluctuating changes with an increase in
the concentration of the influent. The activity of sulfate-reducing anaerobic ammonia-
oxidizing bacteria in the reactor was still gradually increasing, and the effluent water
quality was slowly becoming better and stabilizing. During the operation of the reactor,
nitrate did not accumulate; indeed, although nitrite occasionally accumulated in ASBR1,
it did not accumulate in ASBR2, indicating that the sponge iron injection not only has a
better treatment effect on NO2

−-N but also promotes the initiation of sulfate-type anaerobic
ammonia oxidation.

Two main factors affect the rapid start-up of the SRAO system: the low growth rate
of the functional bacteria limits the rapid start-up of the SRAO [25], and the loss of the
target microorganisms caused by the effluent reduces microbial enrichment. The reactor
supplemented with the sponge iron lost fewer target microorganisms than the one without
the sponge iron. Moreover, in the later stages of the process, the original packing formed
a new biofilm in the anaerobic sequencing batch reactor with the sponge iron. When a
similar weight of the seed sludge was added to both reactors, the mixed liquor suspended
solids of the reactor with the sponge iron (2416 mg/L) was 15.98% higher than that of
the reactor without the sponge iron (2083 mg/L) after about 150 days. Sponge iron is
considered a material that can remove the organic matter in the water treatment due to
its physical properties, thereby reducing the chromaticity of water [26]. The experimental
results demonstrated that adding the sponge iron as a filler to the reactor could provide a
suitable living environment for the sulfate anammox bacteria, perhaps due to its physical
properties, and further confirmed that adding a suitable filler could enhance the growth of
the sulfate anammox bacteria.

In addition, the selection of the filler depends on many factors, including biocom-
patibility, availability, cost, and potential conductivity. As a nanoparticulate, iron-based,
conductive material, sponge iron can directly accelerate the direct interspecies electron
transfer (DIET) [27]. The DIET is a syntrophic metabolism in which free electrons flow
from one cell into another through shared electrical connections without the requirement of
reduced electron carriers [28]. The SRAO is also an electron transfer process, in which the
electron transfer is essential for the substances participating in the reaction, where SO4

2−

and NH4
+ act as an electron acceptor and electron donor, respectively. In the preliminary

reaction stages, when the microorganisms were not fully adapted to the influent environ-
ment, the removal rates of the ammonium nitrogen and sulfate were higher in ASBR2 than
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in ASBR1, which may be because the sponge iron is a conductive material and participates
in the electron transfer of the SRAO system.

Moreover, the addition of the conductive material improved the resistance of the
biological system to disturbances such as variations in the pH, temperature, and shock load.
Comparing the removal efficiency of the two reactors revealed that the sponge iron could
shorten the start-up time by enhancing the treatment effect. Therefore, it can be presumed
that the microorganisms are attached to the sponge iron and undergo electron transfer.

Although the understanding of different carbon, nitrogen, and sulfur recycling systems
is limited, and the low growth rate of functional bacteria is one of the main challenges
affecting the practical application of the SRAO system, adding appropriate fillers may
balance the complex mechanism of the SRAO and the specific environmental conditions to
promote bacterial growth and enhance the nitrogen removal efficiency.

3.2. Influence of Organic Carbon Source in SRAO System

This paper added the sludge of the ASBR into three anaerobic serum bottles, and the
biomass ratio of each serum bottle was similar to that of the anaerobic sequencing batch
reactor. The influent substance, the temperature of the serum bottles, and the influent
N/S were also maintained similar to those of the ASBR. The three anaerobic serum bottles
reacted simultaneously for 60 days.

The dissolved oxygen content of bottle A1 containing phenol ranged from 0.1 to
0.7 mg/L during 60 days of reaction. Further, the average rate of ammonium nitrogen
removal was 33.16 mg/(L·day), and the efficiency of ammonium nitrogen conversion was
within the range of 30.5% to 98.4% (see Figure 3a). The average rate of sulfate removal
was 28.66 mg/(L·day), and the efficiency of sulfate conversion ranged from 3.7% to 37.4%.
According to Figure 3a, the efficiency of COD removal also increased from 20% to 69.3%.
The pH slightly declined from the initial value of 8.17 to 7.26. In the initial stages of
adding the organics, the efficiency of ammonium nitrogen removal markedly improved
and reached a maximum of 98.4%. In the first 14 days, the rate of COD conversion did
not exceed 34%, but as the efficiency of ammonium nitrogen conversion decreased in the
system, the efficiency of COD removal gradually fluctuated around 50% after 36 days. After
40 days, the efficiency of ammonium nitrogen removal began to increase. However, as the
concentration of the COD of bottle A1 containing phenol increased to 400 ± 17 mg/L, the
efficiency of ammonium nitrogen removal began to decline again, and this trend continued
until day 60.
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When the added organic substance was sodium acetate (i.e., bottle A2), pH slightly
decreased from 8.18 to 7.4 ± 0.3 after adding the synthetic wastewater, and the DO content
ranged from 0.1 to 0.7 mg/L. Figure 3b demonstrates that the efficiency of COD removal
increased from 11.6% on the first day to higher than 80% in the later stages of the pro-
cess. Figure 4b demonstrates that the average rate of ammonium nitrogen removal was
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40.29 mg/(L·day), and its average conversion efficiency was 70%. The average rate of
sulfate removal was 41.78 mg/(L·day), and its average conversion efficiency gradually rose
from the initial value of 14.1% to 40% ± 2% and stabilized. In the first eight days, when the
organic substrate was initially added, the efficiency of ammonium nitrogen removal peaked
at 98.9%, a small amount of nitrate and nitrite accumulated, and the efficiency of total
nitrogen removal reached 84.2%. However, due to the change of the influent environment,
the rate of nitrogen removal decreased remarkably from day 10 to day 30, and the efficiency
of nitrogen removal increased steadily from 44.1% to 80% ± 2.5%.
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On the contrary, the efficiency of sulfate removal improved after the addition of the
organic carbon source changed the influent conditions and fluctuated with the efficiency of
total nitrogen removal from day 36. From the beginning of day 40, the COD increased to
400 mg/L by raising the concentration of sodium acetate. Despite the improvement in the
COD influent, the efficiency of sulfate removal was still stable at above 80%.

In the presence of glucose as the added organic carbon source (bottle A3), although
the range of variation in pH was the narrowest after the addition of the synthetic substrate,
a slight decrease in pH from a mean value of 8.26 to 7.5 ± 0.18 was seen, and the dissolved
oxygen content ranged from 0.1 to 0.9 mg/L. The efficiency of COD removal decreased
gradually from 47.9% on day 1 to 34.4% on day 6, followed by a sudden increase to 57.9%
on day 38. The efficiency of COD removal was basically stable over 80% from day 40 to day
60. Moreover, Figure 4c shows that the average rate of ammonium nitrogen removal was
43.66 mg/(L·day), and its average conversion efficiency was 76.6%. The average rate of
sulfate removal was also 42.27 mg/(L·day), and its average conversion efficiency gradually
increased from the initial value of 19.4% to 50% ± 1.1%. In the first 12 days, the efficiency
of ammonium removal noticeably increased and was not lower than 92.03%.

Further, the efficiency of ammonium nitrogen removal followed a decreasing trend
until day 30, and the efficiency of ammonium nitrogen conversion soared from 40.8% to
70.8% from day 32. However, as the influent condition stabilized, from day 50 to day 60, the
efficiency of ammonium nitrogen removal again stabilized at 83.5% ± 1.5%. In contrast to
the ammonium nitrogen, the overall trend of the sulfate removal was constantly increasing,
from 5.6% on day 2 to 51.1% on day 60. The COD and sulfate removal efficiency tended to
be stable from day 50 to day 60, but the efficiency of total nitrogen and ammonium nitrogen
removal improved.

The efficiency of pollutant removal and the activity of the various strains in the
sulfate-reducing ammonium oxidation system change when the organic substance is added
to the system. The organic carbon source also changes pH at a specific concentration.
Heterotrophic bacteria coexisted with anaerobic ammonia-oxidizing bacteria (AAOB),
improving and competing with each other under the conditions of different carbon sources
in the first 10 days, but anammox was significantly inhibited during the stable period.
On day 28, the activity of the denitrifying bacteria in the process using glucose as the
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carbon source recovered, proving that glucose was the most effective organic carbon
source. Compared with nitrogen removal, sulfur removal also improved by adding organic
substances under anaerobic conditions [29]. The addition of glucose raised the average
conversion of sulfate from 39.5% in stage 3 of the ASBR (day 60 to day 90) to 47.5% in the
stabilization period (day 50 to day 60) of group A3. In general, the efficiency of ammonium
nitrogen removal was enhanced in the short term with the addition of the organic carbon
source, but the activity of the denitrification-related bacteria decreased after a period. It
took about 30–40 days for the system to return to its normal state. The organic utilization
efficiency of the heterotrophic bacteria differed in the presence of various organic materials.
Due to their metabolic types, sulfate-reducing bacteria could better use glucose and sodium
acetate. The efficiency of sulfate removal and the recovery time of the nitrogen removal
level of glucose were superior to those of phenol. Therefore, this work confirms that the
type and dose of the organic carbon source remarkably affect the efficiency of nitrogen
removal, probably due to the distinct metabolic types of the bacteria and the various organic
utilization rates of the functional bacteria.

3.3. Analysis of Microbial Community

Figure 5a,b show the relative abundance of the major phyla and genus, respectively,
in the presence of different organic carbon sources on day 60, where the legend ‘others’
includes the bacterial communities with a relative abundance of below 1%. Proteobacteria
were the most abundant phylum in the three samples and an essential component of the
microbial community. The relative abundance of Proteobacteria in A1 (phenol), A2 (sodium
acetate), and A3 (glucose) was 37.05%, 33.17%, and 43.52%, respectively. Proteobacteria
widely exist in anammox consortia and the nitrification reactors [30]. Some Proteobacteria
may potentially perform SRAO (Sulfammox) [31]. Other dominant phyla were Chloroflexi,
Actinobacteriota, Firmicutes, Bacteroidota, Acidobacteriota, Desulfobacterota, Gemmatimonadota,
and Cyanobacteria. The proportion of Chloroflexi in the reactors containing phenol, sodium
acetate, and glucose as the organic carbon source was 23.24%, 29.66%, and 19.31%, respec-
tively. Chloroflexi have been found in seabed denitrification environments and generally
exist under experimental denitrification conditions [32]. The abundance of Actinobacteriota
in the phenol (A1), sodium acetate (A2), and glucose (A3) groups was 31.41%, 17.99%, and
7.98%, respectively. The phylum Actinobacteriota is generally considered an important taxon
of microorganisms widely involved in sulfur reduction reactions [33], and Firmicutes are
also capable of denitrification in heterotrophic denitrifying systems [34].

At a genus level, Pseudomonades were the dominant bacteria in the phenol (A1) and
glucose (A3) groups, accounting for more than 15%; however, only 5.03% of the total
effective sequences were in the sodium acetate group (A3), which might be due to the
higher dose of the COD in group A2 than in the two other groups. In the later stages of the
process, the denitrification efficiency of groups A1 and A3 was higher than that of group A2.
The denitrification performance was related to Pseudomonades, which could be considered
the nitrogen removal bacteria in the system. In addition, the typical anaerobic ammonium-
oxidizing bacteria, namely Candidatus Brocadia and Candidatus Kuenenia, were present in
the system under organic conditions, albeit in small proportions. Norank_o_SBR1031 also
accounted for 7.25% to 15.7% of the total sequences. This type of bacteria has been widely
reported in anaerobic ammonium oxidation systems [35]. Ottowia (5.8% ± 0.41%) and
Thauera (2.7% ± 1.7%) are adaptable to phenolic compounds and use aromatic or terpenoid
hydrocarbons as the only carbon source [36]. The relative abundance of Desulfuromonadaceae
in the presence of glucose (group A3) was 2.6% and 1.1% higher than that in phenol (A1)
and sodium acetate (A2) groups, respectively. Desulfuromonadaceae is also a major genus of
sulfate-reducing bacteria [37], and the rate of sulfate conversion of groups A2 and A3 was,
respectively, 9.8% and 9.9% higher than that of group A1 throughout the batch experiment.
Luteococcus also had a higher abundance in the presence of glucose, which played a potential
role in the conversion of sulfate [38]. However, probably due to its possible competition
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with other heterotrophic bacteria for the carbon sources and the inhibitory effect of phenol,
group A1 had the lowest rate of COD conversion among the three groups.
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Nitrate and sulfide were rarely detected in the reactors with the different organic
substrates, and nitrite occasionally accumulated; however, as the stability of the system
improved, this phenomenon diminished, so it was temporary. Therefore, nitrite accu-
mulation might be related to other biological processes involved in the system. Further,
the sulfate conversion was higher under organic conditions than inorganic conditions,
indicating that adding the organic carbon source enhances the heterotrophic processes,
such as sulfate reduction. Therefore, the metabolic function interactions between anaerobic
ammonium-oxidizing bacteria and heterotrophic bacteria are substantial [39].

From the analysis of the phyla and genera of the bacteria and the processes influenced
by the organic carbon sources, we deduced that there is a potential relationship between
the various bacteria in this work, as illustrated in Figure 6. The application of conventional
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nitrite-based anaerobic ammonia oxygen (ANAMMOX) technology to mainstream biologi-
cal denitrification processes primarily focuses on coupled nitrification and denitrification
processes. The stable conversion of ammonia nitrogen to nitrite is achieved by inhibit-
ing the growth of nitrite-oxidizing bacteria (NOB). However, a small amount of nitrate
accumulation still occurs in this process, causing great difficulty for the actual wastewater
denitrification treatment process [40]. In contrast, the heterotrophic/autotrophic denitrifi-
cation process can produce nitrite as an intermediate product with nitrate as a substrate,
which alleviates nitrate accumulation and provides a substrate for the anaerobic ammonia
oxidation–denitrification process [41]. Related studies have found that sulfide-dependent
autotrophic denitrifying bacteria accumulate in the outer layer of sludge particles.
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In contrast, anaerobic ammonia-oxidizing bacteria are located in the inner space of
sludge particles, which may explain why sulfides can mitigate the adverse environmental
effects of nitrate-nitrogen produced by the anaerobic ammonia oxidation process. Sulfur
heterotrophic denitrification–anaerobic ammonia oxidation refers to the anaerobic am-
monia oxidation (ANAMMOX, SRAO) reaction to degrade NH4

+-N and SO4
2− in water,

producing NO3
−-N and HS− as intermediate products, and the sulfur autotrophic denitri-

fication reaction uses HS− to reduce NO3
−-N to N2 and produce SO4

2−. This process can,
on the one hand, improve the total rate of nitrogen removal and optimize the denitrification
effect; on the other hand, it can circulate the elemental sulfur in the system and reduce
the effect of elemental sulfur in water on the toxic effect of anaerobic ammonia-oxidizing
bacteria and mass transfer efficiency. It can be inferred from the above results that the
difference in the carbon source significantly impacts the heterotrophic sulfate reduction
process. Furthermore, it can even proliferate other bacteria that are otherwise present in
small numbers, affecting the system equilibrium.

4. Conclusions

If the processes related to anaerobic ammonia oxidation can be applied in practice,
reducing their start-up time is currently seen as undoubtedly the best way to accelerate
large-scale applications. This study developed a method to accelerate the start-up of the
SRAO process using the addition of a filler to an anaerobic reactor. The addition of a sponge
iron filler accelerated the growth rate of associated bacteria, resulting in a 15.98% increase in
MLSS during the start-up. It also improves the removal of the target pollutant. The removal
efficiency of ammonia nitrogen can be increased by 4.6% within 90 days, helping the
SRAO process resist shocks in industrial wastewater treatment and enriching the theory of
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sustainability of nitrogenous wastewater treatment to cope with greenhouse gas emissions.
Sponge iron is a means to improve the treatment effect and enrich microorganisms in the
sulfate-reducing ammonium oxidation process. Although adding the different organic
materials in the initial stages of the process can enhance the nitrogen removal efficiency,
various organic carbon sources negatively affect the SRAO process in the subsequent stages
due to the distinct types of metabolism utilized by the microorganisms. In addition, the
autotrophic bacteria in the SRAO system can coexist with other heterotrophic bacteria and
have the potential to simultaneously transform organic compounds, ammonium nitrogen,
and sulfate.

In short, the concept of reducing greenhouse gas emissions has been accepted, and
the SRAO process is an environmentally friendly way of treating wastewater to reduce
greenhouse gas emissions. Efficient, economical, and environmentally friendly nitrogen
and sulfur removal technologies are needed for fermentation, pharmaceuticals, and even
countries that need to develop their economies. In the policy framework, adding readily
available sponge iron filler into low-COD wastewater appears practical.

Author Contributions: Investigation, Y.Z.; writing—original draft preparation, Y.Z.; conceptualiza-
tion and supervision, S.Y.; formal analysis, W.W.; methodology, L.M.; writing—review and editing,
J.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request. And data archived datasets analyzed or generated during
the study and presented in Figures 2–4.

Acknowledgments: The authors wish to thank the Jilin Science and Technology Agency for support-
ing the Jilin Provincial Science and Technology Development Plan (20150101090JC and 20200301030RQ)
and the Department of Education of Jilin Province for the support of the Science and Technology
Research Project (JJKH20210102KJ).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Madaleno, M.; Moutinho, V. Analysis of the new Kuznets relationship: Considering emissions of carbon, methanol and nitrous

oxide greenhouse gases—Evidence from EU countries. Int. J. Environ. Res. Public Health 2021, 18, 2907. [CrossRef] [PubMed]
2. Liu, D.; Yang, D.; Huang, A. Leap-based greenhouse gases emissions peak and low carbon pathways in China’s tourist industry.

Int. J. Environ. Res. Public Health 2021, 18, 1218. [CrossRef] [PubMed]
3. Olivia, A.; Cheng, Z.Z.; Thomas, P.; Lie, S.R.; Gurney, K.R.; Liang, J.; Roeste, G.; He, L.; Yung, Y.L.; Sander, S.P. Estimating nitrous

oxide (N2O) emissions for the Los Angeles Megacity using mountaintop remote sensing observations. Remote Sens. Environ. 2021,
259, 112351.

4. Massara, T.M.; Malamis, S.; Guisasola, A.; Baeza, J.A.; Noutsopoulos, C.; Katsou, E. A review on nitrous oxide (N2O) emissions
during biological nutrient removal from municipal wastewater and sludge reject water. Sci. Total Environ. 2017, 596–597, 106–123.
[CrossRef]

5. Ramírez-Melgarejo, M.; Reyes-Figueroa, A.D.; Gassó-Domingo, S.; Güereca, L.P. Analysis of empirical methods for the quan-
tification of N2O emissions in wastewater treatment plants: Comparison of emission results obtained from the IPCC Tier 1
methodology and the methodologies that integrate operational data. Sci. Total Environ. 2020, 747, 141288. [CrossRef]

6. Fdz-Polanco, F.; Fdz-Polanco, M.; Fernandez, N.; Uruena, M.A.; Villaverde, S. New process for simultaneous removal of nitrogen
and Sulphur under anaerobic conditions. Water Res. 2001, 35, 1111–1114. [CrossRef]

7. Liu, T.; Tian, R.; Li, Q.; Wu, N.; Quan, X. Strengthened attachment of anammox bacteria on iron-based modified carrier and its
effects on anammox performance in integrated floating-film activated sludge (IFFAS) process. Sci. Total Environ. 2021, 787, 147679.
[CrossRef]

8. Li, J.; Zeng, W.; Liu, H.; Wu, Y.; Miao, H.H. Performances and mechanisms of simultaneous nitrate and phosphate removal in
sponge iron biofilter. Bioresour. Technol. 2021, 337, 125390. [CrossRef]

9. Hao, X.; Wei, J.; Van Loosdrecht, M.; Cao, D. Analyzing the mechanisms of sludge digestion enhanced by iron. Water Res. 2017,
17, 58–67. [CrossRef]

http://doi.org/10.3390/ijerph18062907
http://www.ncbi.nlm.nih.gov/pubmed/33809113
http://doi.org/10.3390/ijerph18031218
http://www.ncbi.nlm.nih.gov/pubmed/33572995
http://doi.org/10.1016/j.scitotenv.2017.03.191
http://doi.org/10.1016/j.scitotenv.2020.141288
http://doi.org/10.1016/S0043-1354(00)00474-7
http://doi.org/10.1016/j.scitotenv.2021.147679
http://doi.org/10.1016/j.biortech.2021.125390
http://doi.org/10.1016/j.watres.2017.03.048


Int. J. Environ. Res. Public Health 2022, 19, 2283 13 of 14

10. Bi, Z.; Wanyan, D.; Li, X.; Huang, Y. Biological conversion pathways of sulfate reduction ammonium oxidation in anammox
consortia. Front. Environ. Sci. Eng. 2020, 14, 38–48. [CrossRef]

11. Tang, L.; Li, J.; Li, Y.; Zhang, X.; Shi, X. Mixotrophic denitrification processes based on composite filler for low carbon/nitrogen
wastewater treatment. Chemosphere 2021, 286, 131781. [CrossRef]

12. Kumar, M.; Lin, J.G. Co-existence of anammox and denitrification for simultaneous nitrogen and carbon removal-strategies and
issues. J. Hazard. Mater. 2010, 178, 1–9. [CrossRef] [PubMed]

13. Singh, N.K.; Singh, R. Modeling and statistical analysis of heat-shocked sulfate-reducers and methanogens rich consortiums for
hydrogen and methane production in a bio-electrochemical cell. Int. J. Hydrog. Energy 2021, 46, 25819–25831. [CrossRef]

14. Lei, Z.; Ping, Z.; He, Y.H.; Jin, R.C. Performance of sulfate-dependent anaerobic ammonium oxidation. Sci. China Ser. B Chem.
2009, 52, 86–92.

15. Liu, X.; Dang, Y.; Sun, D.Z.; Holmes, D.E. Identification of optimal parameters for treatment of high-strength ammonium leachate
by mixed communities of heterotrophic nitrifying/aerobic denitrifying bacteria. Bioresour. Technol. 2021, 336, 125415. [CrossRef]

16. Chamchoi, N.; Nitisoravut, S.; Schmidt, J.E. Inactivation of anammox communities under concurrent operation of anaerobic
ammonium oxidation (anammox) and denitrification. Bioresour. Technol. 2008, 99, 3331–3336. [CrossRef]

17. Zhang, J.; Ren, L.; Zhang, D.; Li, J.; Peng, S.; Han, X.; Ding, A.; Lu, P. Reduction of no to N2 in an autotrophic up-flow bioreactor
with sponge iron bed based Fe(ii) EDTA complexation. Fuel 2019, 254, 115631. [CrossRef]

18. Li, J.; Wei, L.; Li, Y. Cadmium removal from wastewater by sponge iron sphere prepared by hydrogen reduction. J. Environ. Sci.
2021, 23, 114–118. [CrossRef]

19. Sliekers, A.O.; Derwort, N.; Gomez, J.; Strous, M.; Kuenen, J.G.; Jetten, M. Completely autotrophic nitrogen removal over nitrite
in one single reactor. Water Res. 2002, 36, 2475–2482. [CrossRef]

20. Liu, L.Y.; Xie, G.J.; Xing, D.F.; Liu, B.F.; Ren, N.Q. Sulfate dependent ammonium oxidation: A microbial process linked nitrogen
with sulfur cycle and potential application. Environ. Res. 2020, 192, 110282. [CrossRef]

21. Liu, T.; Ou, H.; Su, K.; Hu, Z.; He, C.; Wang, W. Promoting direct interspecies electron transfer and acetoclastic methanogenesis
for enhancing anaerobic digestion of butanol octanol wastewater by coupling granular activated carbon and exogenous hydrogen.
Bioresour. Technol. 2021, 337, 125417. [CrossRef] [PubMed]

22. Xiao, S.J.; Herbert, H.; Fang, P. Methanogenic Characteristics of Formate-Utilizing Sludge. J. Environ. Eng. 1999, 125, 596–601.
23. Wei, F.; Bi, T. Water and Wastewater Monitoring and Analysis Methods, 4th ed.; China Environmental Science Press: Beijing, China,

2002; pp. 156–162.
24. Nan, X.; Tan, G.; Wang, H.; Gai, X. Effect of biochar additions to soil on nitrogen leaching, microbial biomass and bacterial

community structure. Eur. J. Soil Biol. 2016, 74, 1–8.
25. Kartal, B.; Niftrik, L.V.; Keltjens, J.T.; Camp, H.; Jetten, M. Anammox-growth physiology, cell biology, and metabolism. Adv.

Microb. Physiol. 2012, 60, 211–262. [PubMed]
26. Wen, C.; Xu, X.; Fan, Y.; Xiao, C.; Ma, C. Pretreatment of water-based seed coating wastewater by combined coagulation and

sponge-iron-catalyzed ozonation technology. Chemosphere 2018, 206, 238–247. [CrossRef] [PubMed]
27. Gahlot, P.; Ahmed, B.; Tiwari, S.B.; Aryal, N.; Tyagi, V.K. Conductive material engineered direct interspecies electron transfer

(diet) in anaerobic digestion: Mechanism and application. J. Environ. Technol. Innov. 2020, 20, 101056. [CrossRef]
28. Nguyen, L.N.; Vu, M.T.; Johir, M.A.H.; Pernice, M.; Ngo, H.H.; Zdarta, J.; Jesionowski, T.; Nghiem, L.D. Promotion of direct

interspecies electron transfer and potential impact of conductive materials in anaerobic digestion and its downstream processing—
A critical review. Bioresour. Technol. 2021, 341, 125847. [CrossRef]

29. Jiang, Y.; Qin, Y.; Yu, F.; Li, H.; Liu, K. Is cod/SO4
2− ratio responsible for metabolic phase-separation shift in anaerobic baffled

reactor treating sulfate-laden wastewater? Int. Biodeterior. Biodegrad. 2018, 126, 37–44. [CrossRef]
30. Ji, X.; Zheng, C.; Wang, Y.L.; Jin, R.C. Decoding the interspecies interaction in anammox process with inorganic feeding through

metagenomic and metatranscriptomic analysis. J. Clean. Prod. 2020, 288, 125691. [CrossRef]
31. Makinia, J.; Grubba, D.; Majtacz, J. Sulfate reducing ammonium oxidation (sulfammox) process under anaerobic conditions.

Environ. Technol. Innov. 2021, 22, 101416.
32. Zanaroli, G.; Balloi, A.; Negroni, A.; Borruso, L.; Daffonchio, D.; Fava, F. A Chloroflexi bacterium dechlorinates polychlorinated

biphenyls in marine sediments under in situ-like biogeochemical conditions. J. Hazard. Mater. 2012, 209–210, 449–457. [CrossRef]
[PubMed]

33. Niu, Z.S.; Yan, J.; Guo, X.P.; Xu, M.; Yang, Y. Human activities can drive sulfate-reducing bacteria community in Chinese intertidal
sediments by affecting metal distribution. Sci. Total Environ. 2021, 786, 147490. [CrossRef] [PubMed]

34. Cai, M.H.; Luo, G.; Li, J.; Li, W.T.; Li, Y.; Li, A.M. Substrate competition and microbial function in sulfate-reducing internal
circulation anaerobic reactor in the presence of nitrate. Chemosphere 2021, 280, 130937. [CrossRef] [PubMed]

35. Cui, B.; Yang, Q.; Liu, X.; Wu, W.; Gu, P. Achieving partial denitrification-anammox in biofilter for advanced wastewater treatment.
Environ. Int. 2020, 138, 105612. [CrossRef]

36. Kim, E.; Yulisa, A.; Kim, S.; Hwang, S. Monitoring microbial community structure and variations in a full-scale petroleum refinery
wastewater treatment plant. Bioresour. Technol. 2020, 306, 123178. [CrossRef]

37. Wang, Q.; Zhou, G.; Qin, Y.; Wang, R.; Li, H.; Xu, F.; Du, Y.; Zhao, C.; Zhang, H.; Kong, Q. Sulfate removal performance and
co-occurrence patterns of microbial community in constructed wetlands treating saline wastewater. J. Water Process Eng. 2021,
43, 102266. [CrossRef]

http://doi.org/10.1007/s11783-019-1217-1
http://doi.org/10.1016/j.chemosphere.2021.131781
http://doi.org/10.1016/j.jhazmat.2010.01.077
http://www.ncbi.nlm.nih.gov/pubmed/20138428
http://doi.org/10.1016/j.ijhydene.2021.05.097
http://doi.org/10.1016/j.biortech.2021.125415
http://doi.org/10.1016/j.biortech.2007.08.029
http://doi.org/10.1016/j.fuel.2019.115631
http://doi.org/10.1016/S1001-0742(11)61090-5
http://doi.org/10.1016/S0043-1354(01)00476-6
http://doi.org/10.1016/j.envres.2020.110282
http://doi.org/10.1016/j.biortech.2021.125417
http://www.ncbi.nlm.nih.gov/pubmed/34166933
http://www.ncbi.nlm.nih.gov/pubmed/22633060
http://doi.org/10.1016/j.chemosphere.2018.04.172
http://www.ncbi.nlm.nih.gov/pubmed/29753286
http://doi.org/10.1016/j.eti.2020.101056
http://doi.org/10.1016/j.biortech.2021.125847
http://doi.org/10.1016/j.ibiod.2017.08.013
http://doi.org/10.1016/j.jclepro.2020.125691
http://doi.org/10.1016/j.jhazmat.2012.01.042
http://www.ncbi.nlm.nih.gov/pubmed/22325634
http://doi.org/10.1016/j.scitotenv.2021.147490
http://www.ncbi.nlm.nih.gov/pubmed/33975107
http://doi.org/10.1016/j.chemosphere.2021.130937
http://www.ncbi.nlm.nih.gov/pubmed/34162109
http://doi.org/10.1016/j.envint.2020.105612
http://doi.org/10.1016/j.biortech.2020.123178
http://doi.org/10.1016/j.jwpe.2021.102266


Int. J. Environ. Res. Public Health 2022, 19, 2283 14 of 14

38. Yao, J.; Wei, L.; Dong, O.D.; Lei, L.; Muhammad, A.B.; Liu, Y. Performance and granular characteristics of salt-tolerant aerobic
granular reactors response to multiple hypersaline wastewater. Chemosphere 2021, 265, 129170. [CrossRef]

39. Kosugi, Y.; Matsuura, N.; Liang, Q.; Yamamoto-Ikemoto, R. Nitrogen flow and microbial community in the anoxic reactor of
“sulfate reduction, denitrification/anammox and partial nitrification” process. Biochem. Eng. J. 2019, 151, 107304. [CrossRef]

40. Ali, M.; Okabe, S. Anammox-based technologies for nitrogen removal: Advances in process start-up and remaining issues.
Chemosphere 2015, 141, 144–153. [CrossRef]

41. Sun, X.; Du, L.; Hou, Y.; Cheng, S.; Zhang, X.; Liu, B. Endogenous influences on anammox and sulfocompound-oxidizing
autotrophic denitrification coupling system (A/SAD) and dynamic operating strategy. Bioresour. Technol. 2018, 264, 253–260.
[CrossRef]

http://doi.org/10.1016/j.chemosphere.2020.129170
http://doi.org/10.1016/j.bej.2019.107304
http://doi.org/10.1016/j.chemosphere.2015.06.094
http://doi.org/10.1016/j.biortech.2018.02.081

	Introduction 
	Materials and Methods 
	Sponge Iron Treatment and Synthetic Wastewater 
	Reactor Setup and Operation 
	Sequencing Batch Experiments 
	Measurements 
	Analysis of Microbial Community 

	Results and Discussion 
	Effect of Sponge Iron during Start-Up of SRAO System 
	Influence of Organic Carbon Source in SRAO System 
	Analysis of Microbial Community 

	Conclusions 
	References

