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Abstract: In this study, a sulfur-based autotrophic denitrifying filter (SADF) was developed for the 
purpose of removing nitrate from simulated recirculating mariculture wastewater. Results showed 
that over 90% of the nitrate could be effectively eliminated by utilizing thiosulfate as the electron 
donor, with a molar ratio of thiosulfate-S to nitrate molar ratio of 2:1 or greater. Additional batch 
tests confirmed that thiosulfate was a suitable sulfur source for nitrate removal even without prior 
accumulation of the biomass to nitrite. Excess thiosulfate had a minor impact on N-removal effi-
ciency, so an external sulfur source was not required for nitrate removal, however, it could still help 
to reduce nitrate accumulation and water replacement to some extent. High-throughput sequencing 
results illustrated that Thiomicrospira and Thioalkalivibrio were the dominant autotrophic denitrifying 
genera in the SADF, while Thiomicrospira was more significantly affected in the case of insufficient 
sulfur sources. As the issue of nitrate accumulation in the mariculture recirculating system has been 
resolved, only a small amount of water needs to be added to the system daily. Therefore, the thio-
sulfate-based SADF process has the potential to be implemented for nitrate removal in mariculture 
systems, which could present a promising sustainable solution to the nitrate pollution issue. 
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1. Introduction 
In recent years, the mariculture industry has experienced rapid growth, resulting in 

the discharge of significant amounts of mariculture wastewater into the ocean. These 
wastewaters often contain residual feed and animal excreta, which introduce potential 
pollutants such as organic carbon, nitrogen, and phosphorus into the water. These pollu-
tants can cause harm to marine life and degrade water quality, resulting in adverse envi-
ronmental impacts [1,2]. To address these concerns, sustainable recirculating mariculture 
systems (RMAS) are being developed to replace traditional aquaculture practices. RMAS 
employs physical filtering technology to remove most of the solid organic matter, while 
the remaining pollutants are converted to components such as carbon dioxide, nitrate, 
and activated phosphorus [3]. Although recirculating mariculture can save up to 90% of 
the fresh seawater that would otherwise be used in traditional aquaculture, chemical pol-
lutants such as nitrate can be accumulated over time [4]. The discharged nitrate can lead 
to issues, including blue-green algae and harmful algal blooms, making the removal of 
these pollutants necessary for compliance with mariculture wastewater discharge [5]. dur-
ing mariculture and to further minimize the environmental impact of the discharged 
RMAS wastewater. 
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Biological denitrification is a widely used approach for removing nitrates from mar-
iculture wastewater [6–9]. Nevertheless, high levels of salt and low availability of electron 
donors can hinder the efficiency of this process [10]. In the case of recirculating maricul-
ture wastewater with high salt concentrations, the activities of denitrifying bacteria can be 
directly reduced. To facilitate an optimal environment for denitrifying bacteria to grow 
and replicate, it is recommended to apply anaerobic denitrifying filters, fixed/moved bed 
biofilm reactors, or other biofilm-based processes [11]. The low level of electron donors 
can also limit the activity of denitrifying bacteria, which can be addressed by adding ex-
ternal electron sources, such as organic carbon and reduced sulfur, etc. [12]. However, the 
organic carbon in seawater may combine with high levels of sulfate to produce toxic sul-
fides [13], making it necessary to consider non-toxic sulfur for autotrophic denitrification 
to reduce nitrate levels in mariculture wastewater. 

Sulfur-based autotrophic denitrification (SAD) is a process that involves the use of 
reduced sulfur as an electron donor by sulfur-oxidizing bacteria (SOB) to reduce nitrate 
to nitrogen gas (as shown in Equation (1)) [14]. The process requires a source of reduced 
sulfur, which includes elemental sulfur (S0), sulfide (S2−), or thiosulfate (S2O32−). Elemental 
sulfur has the disadvantage of being insoluble in water and having a slow decomposition 
rate when exposed to microorganisms, leading to the accumulation of nitrite, which is 
toxic to the environment [15]. Sulfide is unstable in wastewater and can be easily con-
verted to bio-refractory elemental sulfur or hydrogen sulfide, a gas readily evaporates 
from water [16,17]. Therefore, nitrite and sulfide are both byproducts that can be produced 
during the SAD process using sulfur or sulfide as electron donors, and both can be toxic 
to the environment if they are present in high concentrations [18,19]. Thiosulfate is a sul-
fur-containing compound that is non-toxic and biodegradable, making it an environmen-
tally friendly option for removing nitrate from wastewater [15,20,21]. Commonly, the op-
timum molar ratio of thiosulfate to nitrate-N was about 0.89:1 for nitrate reduction to ni-
trogen gas according to the stoichiometric equation (Equation (2)) [22]. In the ecological 
floating beds, an S/N molar ratio of 0.7:1–1:1 was also demonstrated to be sufficient for 
effective nitrate removal without the formation of nitrite [23]. If the S/N ratio is not optimal 
(i.e., if there is excessive N or S), the process can be hindered. 

1.1S0 + NO3− + 0.76H2O + 0.4CO2 + 0.08NH4+ → 0.08C5H7ON + 1.1SO42− + 0.5N2 + 1.28H+  (1)

1.25S2O32− + 1.41NO3− + 0.64CO2 + H2O 0.129C5H7O2N + 0.64N2 + 2.5SO42− + 1.09H+  (2)

The study aims to develop a denitrifying filter to investigate the feasibility of using 
thiosulfate as an electron donor to remove nitrate from recirculating mariculture 
wastewater. The effects of S/N molar ratio and hydraulic retention time (HRT) on sulfur-
based nitrate removal were also examined. Based on batch tests and DNA sequencing, the 
pathways and mechanisms of nutrient removal were analyzed. Furthermore, the study 
discussed the application of the thiosulfate-based SAD process in RMAS, emphasizing its 
ability to effectively remove nitrate and save seawater. This insight could play a crucial 
role in the development of sustainable mariculture practices. 

2. Materials and Methods 
2.1. Experimental System and Operation 

Figure 1 displays a denitrifying filter that has a working volume of 3 L. The filter 
utilizes bio-carriers in the form of ceramic particles that have a diameter of 5 mm, which 
account for two-thirds of the total volume. To facilitate batch experiments and microbial 
DNA sequencing, several small sponges were placed on top of the ceramic particles to 
enhance biomass attachment. The temperature was controlled between 20 and 25 °C. Ad-
ditionally, the reactor was completely shielded from light to impede any algae growth on 
the surface of the bio-carriers and the walls. 
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Figure 1. Flowchart of the denitrifying filter. 

The whole experiment was conducted in three stages, which involved different 
S2O32−-S/NO3−-N molar ratios (S/N). During the initial stage, which was conducted from 
day 1 to day 45 and named Stage I, the HRT was set to 6.7 h, and the S/N molar ratio was 
3:1. This ratio provided more sulfur sources than required for SAD. To study the impact 
of S/N molar ratios on autotrophic denitrification, the molar ratio was lowered to 2:1 in 
Stage II, which was conducted from day 46 to 80. The molar ratio was further decreased 
to 1:1 in Stage III, which was conducted from day 81 to 123. Both Stage II and III had a 
decreased HRT of 4.8 h in order to increase the nitrogen removal load of the system. 

The mariculture tail wastewater was prepared using offshore seawater with a salinity 
of 2.8%. Sodium nitrate and sodium thiosulfate were added as nitrogen and sulfur 
sources, respectively. The wastewater contained approximately 14 mg/L of NO3−-N and 
0.5 mg/L of PO43−-P, while the thiosulfate concentration varied at different stages. Addi-
tionally, potassium bicarbonate was used as an inorganic carbon source (final concentra-
tion of 0.5 g/L) and pH buffering agent (maintained at 7.8). 

The inoculated sludge was obtained from a terrigenous outfall near the coast. This 
outfall may release a large amount of organic matter, causing anaerobic fermentation of 
the sediments in the area and leading to the growth of a significant number of anaerobic 
bacteria, including sulfur-cycle and nitrogen-cycle anaerobic bacteria. Prior to use, the 
seeding sludge was pre-cultivated in a 2-L container with weekly doses of nitrate and 
thiosulfate for a period of about four weeks. 

2.2. Batch Test of Autotrophic Denitrification at Different S/N Molar Ratios 
Batch experiments were carried out to identify the effect of S/N molar ratios on nitrate 

removal. The nitrate concentration was about 20 mg/L, while the thiosulfate concentra-
tions varied according to S/N molar ratios, i.e., 3:1, 2:1, and 1:1 (Table 1). Activated sludge 
was taken from the sponge bio-carriers. After three times of cleaning, the activated sludge 
was evenly divided into three airtight bottles. Nitrogen gas was used for agitation and to 
provide an anaerobic environment. After 5 min of batch testing, wastewater samples were 
taken at different time intervals for the analyses of NH4+-N, NO2−-N, and NO3−-N accord-
ing to standard methods [24]. Before determination, the wastewater samples were filtered 
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with 0.22 µm filters. The nitrogen was detected in an ultraviolet/visible light spectropho-
tometer (MAPADA, Shanghai, China). The nitrate removal efficiency was calculated based 
on nitrate concentration in the influent and effluent, i.e., (NO3−-Nin–NO3−-Nout)/NO3−-Nin 
×x100%. 

Table 1. The main components of batch experimental wastewater. 

Stage S/N  
Molar Ratio 

S2O32−-S  
mg/L 

NO3−-N  
mg/L 

NaHCO3  
g/L 

I 3:1 144 21 0.5 
II 2:1 96 21 0.5 
III 1:1 48 21 0.5 

2.3. Microbial Analysis 
On the 46th day, a high-throughput sequencing technique was employed to analyze 

the microbial community. This involved collecting sludge samples on the sponge carrier 
for sequencing. Two primer pairs 341F/534R and 515F/805R were used to amplify the V3-
V4 regions of the universal 16S rRNA gene. The 16S rRNA gene is a highly conserved gene 
in bacteria, and its variable regions can be used to identify bacterial taxa. The high-
throughput sequencing was performed on an Illumina MiSeq platform by Sangon Biotech 
Co., Ltd. (Shanghai, China). High-throughput sequencing allows for the generation of mil-
lions of reads, providing a comprehensive view of the microbial community. These reads 
were then analyzed using bioinformatics tools to identify the taxa present in the sample, 
as well as their relative abundance. 

3. Results and Discussion 
3.1. Performance of Thiosulfate-Based Autotrophic Denitrifying Filter 

Throughout the entire experiment, the concentration of ammonium and nitrite in the 
effluent were measured (Figure 2). The effluent pH was always stabilized between 8.1 and 
8.2. However, it was found that both of these two inorganic nitrogen compounds were 
always below the detection limit, indicating that nitrate was the dominant nitrogen in the 
effluent. Especially, insufficient thiosulfate did not result in an obvious accumulation of 
nitrite in stage III. The reason might be that the rate constant of nitrate to nitrite (0.02–
0.1/gVSS−1 min−1) was lower than that of nitrite to nitrogen gas (0.14–0.91/gVSS−1 min−1) 
[22]. 

Stage I was the initial stage of the experiment, mainly aimed at enriching sulfur-based 
nitrate denitrifiers. Suspended sludge was intercepted by sponges at the end of the SADF 
outlet (Figure 1), and then manually collected and added to the bottom of the SADF on a 
daily basis. This operation effectively promoted the attachment and enrichment of micro-
organisms on the surface of the bio-carrier. Over the first three weeks of stage I, there was 
a fluctuation in the effluent nitrate levels, which increased along with the influent nitrogen 
loading (Figure 1). Specifically, the nitrate concentration increased gradually from 10 to 
14 mg/L, while the HRT decreased from 12 to 6.7 h. In fact, as the nitrate removal efficiency 
surpassed 80%, the influent nitrogen loading could gradually be increased. During days 
21–45 with the same HRT of 4.8 h, the average nitrate removal efficiency reached 94.1% ± 
2.2%, indicating that the thiosulfate-based autotrophic denitrification process was success-
fully established within the bio-filter system. 

During Stage II, the nitrate concentration was maintained at about 14 mg/L, while the 
thiosulfate concentration gradually decreased, leading to the molar ratio of thiosulfate-S 
to nitrate-N decreased from 3:1 to 2:1. Figure 1 shows that the nitrate removal efficiency 
remained remarkably high at 94.5 ± 5.6%. This demonstrated that the sulfur-based nitrate 
denitrifiers had adequate sulfur sources to facilitate nitrate reduction, as indicated by the 
thiosulfate-S to nitrate-N ratio being maintained within the range of 2:1 to 3:1. 
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During Stage III, the molar ratio of thiosulfate-S to nitrate-N ratio was further re-
duced to 1:1. Consequently, there was a significant decrease in the nitrate removal effi-
ciency. The average nitrate removal efficiency recorded was only 55.4 ± 3.3%, which indi-
cated that such an S/N ratio was inadequate to sustain a thiosulfate-based autotrophic 
denitrification process. Meanwhile, the concentration of nitrite and ammonia in the efflu-
ent were always below the detection limits, but occasionally the nitrite concentration 
reached 0.02 mg/L. This small amount of nitrite nitrogen could be easily oxidized in the 
aeration biological filter of the RMAS system. 

 
Figure 2. Nitrate removal efficiency in the SADF at different stages. 

3.2. Batch Tests of Autotrophic Denitrification at Different S/N Molar Ratios 
In order to determine the optimal conditions for the growth of SOB, a batch experi-

ment was conducted to test their activity under different S/N molar ratios. Figure 3 shows 
that, in the first 4 h, the highest activity, at approximately 3.2 mgN/(L·h), was observed at 
an S/N molar ratio of 3:1. This was slightly higher than the activity observed at an S/N 
molar ratio of 2:1, which was approximately 2.9 mgN/(L·h). In the last 2 h, the nitrate re-
moval rate (3.3 mgN/(L·h)) at an S/N molar ratio of 3:1 was still a little higher than that 
(2.8 mgN/(L·h)) at an S/N molar ratio of 2:1. In another group with a low S/N molar ratio 
of 1:1, the denitrification rate was only maintained at 2.1–2.5 mgN/(L·h). This result clearly 
showed that S/N molar ratios had a significant impact on the nitrate removal rate, and it 
was also anticipated that a low nitrogen removal efficiency would be observed, as seen in 
the continuous experiment (Figure 2). 
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Figure 3. Nitrate concentration profiles at different thiosulfate-S/nitrate-N ratios. 

Moreover, the nitrate removal rate remained similar as the S/N molar ratios increased 
from 2:1 to 3:1, which was in line with the results obtained from the continuous experi-
ment. Thus, the optimal molar ratio for nitrate removal from RMAS wastewater was no 
more than 2:1. A higher sulfur ratio would result in an excessive amount of sulfur in the 
wastewater, while little nitrate accumulation could still reduce daily fresh seawater re-
placement. 

3.3. Microbial Composition in Stages II and III with Different S/N Ratios 
The bacterial abundance during the 68th day of stage II and the 99th day of stage III 

was determined using high-throughput sequencing methods (Figure 4). The results re-
vealed a slight shift in the dominant community with a decreasing signal-to-noise ratio 
from stage II to stage III. However, a Venn diagram analysis showed that there were 138 
common species, while the number of unique species in the 68th sample was much lower 
than that in the 99th. These findings suggested that the bacterial species became more 
diverse without sufficient sulfur sources. 

In stage II, Proteobacteria and Bacteroidetes were the dominant phyla, accounting for 
87.3% of the entire community. In stage III, the abundance of these two phyla decreased 
to 77.7%. The abundance of Deinococcus-Thermus (also known as Deinococcota), a phylum 
that possessed the function of DNRA (Dissimilatory Nitrate Reduction to Ammonium) 
that were highly resistant to environmental hazards, increased from 1.6% to 5.6% [25]. 

At the family level, the study found that Rhodocyclaceae and Gammaproteobacteria were 
the most dominant families in both stages II and III. As the S/N ratio decreased, the abun-
dance of Chromatiales and Bradymonadaceae decreased. Genera and species affiliated with 
these two families are SOB known to utilize the accumulated sulfides, or thiosulfates using 
nitrate as an electron acceptor [26]. On the other hand, Trueperaceae, Alphaproteobacteria, 
Desulfobacteraceae, and Vibrionaceae showed significant increases. The most notable 
changes were observed in Trueperaceae and Desulfobacteraceae which experienced a de-
crease of over 230%. Furthermore, the abundance of Bradymonadaceae almost disappeared, 
declining from 0.93% to 0.06%. 
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Figure 4. Heatmap of dominant bacterial phylum and genus at stages II and III. 

At the genus level, Thiomicrospira and Thioalkalivibrio were found to be the dominant 
autotrophic denitrifiers in the SADF. As the S/N molar ratios decreased from stage II to 
stage III, their abundance also decreased from 2.1% to 1.6% and from 1.8% to 1.7%, respec-
tively. This suggests that Thiomicrospira species with a higher growth rate were more af-
fected in case of insufficient sulfur sources [27,28]. 

3.4. A Proposed Recirculating Mariculture Model with SAD 
Recirculating aquaculture, including mariculture technology currently faces chal-

lenges in managing high levels of nitrate produced by mariculture operations. To address 
this issue, ammonium should be oxidized to nitrate, without potential toxicity to animals, 
in the aerobic bio-filter system that treats RMAS wastewater, resulting in nitrate accumu-
lation. According to the results of this study and the results of the publications [29,30], 
thiosulfate-based denitrification is a good option to efficiently remove nitrate and prevent 
the production of nitrite and hydrogen sulfide (Figure 5). For instance, if the total nitrogen 
released from residual feed and excreta is about 30 mg/L, the thiosulfate-based denitrify-
ing filter needs to remove about 8 mg/L nitrate while producing approximately 96 mg/L 
of sulfate as a byproduct [31], which is about 1/28 of that of the seawater. Excessive sul-
phate accumulation can be reduced by daily adding a small amount of fresh seawater. 
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Alternatively, the sulfate produced by SAD can be continuously removed or absorbed by 
a calcium-carbonate-based shell [32,33]. 

 
Figure 5. A new RMAS design that incorporates a thiosulfate-based denitrifying filter. 

Figure 5 illustrates that the assimilation rate of feed for mariculture animals is typi-
cally ranging from 20% to 30% [34], and the remaining feed and fish secretion enter the 
wastewater. The mariculture wastewater first undergoes physical filtration, removing 
about 40% of pollutants, and the remaining pollutants are decomposed and transformed 
into nitrate and phosphorus in the aerobic bio-filter system, where a small amount of ni-
trogen is converted into nitrogen gas through simultaneous nitrification-denitrification. 
Then, over 90% of the residual nitrate nitrogen in the water can be removed by a thiosul-
fate-based autotrophic denitrification filter, which also functions to filter microbial flocs. 
Thiosulfate-based autotrophic denitrification generates a small amount of sulfate, which 
needs to be removed by adsorption with alkaline shells and chemical precipitation to pre-
vent excessive accumulation of sulfates. Thus, the problem of nitrate nitrogen accumula-
tion in the system is solved, and the marine aquaculture circulating water system only 
needs to supplement a small amount of uncontrollable loss of water every day. 

4. Conclusions 
This study aims to evaluate the efficiency of a thiosulfate-based SADF system for re-

moving nitrate from RMAS wastewater, as well as to demonstrate its practicality. The re-
search findings suggest that by optimizing the S/N molar ratio, the SADF system can ef-
fectively lower the levels of nitrogen in wastewater while reducing the frequency of daily 
seawater replacement. As nitrate is daily removed via SADF from the mariculture recir-
culating system, only a small amount of freshwater needs to be daily added to the system. 
These findings have important implications for the RMAS wastewater treatment field and 
provide alternative methods for mariculture industries to adopt more sustainable and en-
vironmentally friendly wastewater management practices. 
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