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Abstract  12 

Energy-lean nitrogen removal, such as partial nitritation/anammox, often 13 

encounters effluent issues by accumulated nitrate and residual ammonium. This study 14 

proposed a novel autotrophic polishing strategy by coupling sulfur-driven denitratation 15 

with anammox. To explore the opportunities in obtaining stable and sufficient nitrite 16 

accumulation, the effects of pH alternation, residual nitrate level, and biomass-specific 17 

nitrate loading rate (BSNLR) were investigated in an S0-packed bed reactor at low 18 

hydraulic retention time (i.e., 0.2 h). Implementing pH and residual nitrite control 19 

strategies would be easier than BSNLR control in the practical polishment of secondary 20 

effluent. The alkaline pH could realize successful nitrite accumulation under 0 residual 21 

nitrate, and further intensify the accumulation under the increased residual nitrate level. 22 

The residual nitrate level was found to be positively correlated with the nitrite 23 

accumulation efficiency. At pH 8.5 and residual nitrate of 1.0±0.8 mg N L-1, sulfur-24 

driven denitratation could successfully maintain nitrite accumulation of 6.4±1.0 mg 25 
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NO2
--N L-1, ideally for the downstream anammox containing residual ammonium of 26 

around 5 mg N L-1. Since Thiobacillus members play a key role in managing nitrite 27 

accumulation, their abundance should be guaranteed in the practical application. 28 

Keywords: sulfurotrophic denitratation; low nitrate strength; nitrite reductases; 29 

biomass nursing; biofilm reactor;  30 

1. Introduction   31 

Partial nitritation/anammox (PN/A) is considered a resource- and cost-effective 32 

technology for autotrophic nitrogen removal from organic carbon-lean wastewater [1]. 33 

However, mainstream PN/A processes, operated on sewage, have frequently met 34 

effluent issues by excessive accumulation of nitrate (NO3
-) above 10 mg N L-1 [2-5]. 35 

Besides, some residual ammonium (e.g., around 5mg N L-1) is required in mainstream 36 

PN/A systems to provide kinetic superiority for aerobic and anoxic ammonium-37 

oxidizing bacteria over nitrite-oxidizing bacteria (NOB) [6]. Therefore, to satisfy the 38 

increasingly stringent discharge limitation of total nitrogen concentrations in the world 39 

(e.g., from 10-15 mg L-1 to 6 mg L-1 in the European Union) [7, 8], an additional 40 

polishing step is essential to remove both ammonium and nitrate in mainstream PN/A 41 

effluent.  42 

Recently, an innovative denitratation/anammox technology has been proposed, 43 

where the nitrite (NO2
-) anoxically reduced from nitrate would be removed together 44 

with NH4
+ via the anammox process. Sufficient and stable nitrite accumulation via the 45 

denitratation process is the crucial prerequisite for a desirable polishing performance, 46 

as the anammox process could be readily steered as long as nitrite is available [9-11]. 47 

Various carbon sources such as acetate, ethanol, and methanol were studied to realize 48 

heterotrophic denitratation [9, 12, 13]. In addition, reduced sulfur compounds (e.g., 49 

sulfide and thiosulfate) were demonstrated to be alternative electron donors for 50 



denitratation processes [14]. However, those carbon resources were more costly than 51 

those sulfur-based electron donors. For example, the NO2
--N production by using 52 

sodium acetate as an electron donor was approximately 1.1 € kg-1, while that of sodium 53 

thiosulphate pentahydrate was 0.83 € kg-1 (Table S3). Moreover, the sludge yields of 54 

heterotrophic denitratation (0.4-0.9 g cell g-1 nitrate ) are higher than that of autotrophic 55 

denitratation (0.4-0.5 g cell g-1 nitrate) [15, 16]. Thus, autotrophic denitratation should 56 

be advocated as a more promising alternative.  57 

Compared to the well-investigated sodium thiosulfate and the dangerous sodium 58 

sulfide, elemental sulfur (S0 ) could be another appealing electron-donor candidate for 59 

autotrophic denitratation. Sulfur particles are more readily available, handleable, and 60 

inexpensive (i.e., around 0.06 € kg-1 NO2
--N production, Table S3), and can even serve 61 

as biofilm carriers of packed bed reactors [14, 17]. There are several significant 62 

advantages of attached growth against suspended systems, such as automatic liquid and 63 

solid separation, ease of biomass growth, longer sludge retention time (SRT), high 64 

feasibility of short hydraulic retention time (HRT) control, and robustness against 65 

external stress [1]. Although a few studies have combined S0-driven denitratation with 66 

the Anammox process in a single reactor [18, 19], the feasibility of S0-packed-bed 67 

denitratation in polishing low N strength secondary effluent has not been reported. 68 

Moreover, the specific denitratation performance, influence factors, and mechanisms 69 

of the sulfur-driven denitratation are still not clear.  70 

The bulk pH has a strong impact on both the heterotrophic and autotrophic 71 

denitrification processes, and the alkaline pH of 7.8-9.2 could benefit the nitrite 72 

accumulation (i.e., denitratation) [20-24]. This was probably related to the reductase 73 

activities, as the activity of nitrate reductases could outcompete that of nitrite reductases 74 

for electrons at alkaline conditions. Medium to high-strength nitrate medium (e.g., 100-75 

2200 mg NO3
--N L-1) has been tested to realize denitratation [21, 24, 25]. However, the 76 



denitratation feasibility of low-strength secondary effluent has not yet been reported. 77 

Based on the balance between the effects of alkaline pH on denitratation and the cost 78 

in maintaining the bulk alkalinity, medium alkaline pH (e.g., pH 8.5) would probably 79 

be more promising in practical application. Moreover, since neutral pH (e.g., pH 7.0) 80 

was generally applied in mainstream PN/A [2, 26, 27], it could be set as a baseline to 81 

better understand the performance of medium alkaline pH on the denitratation of low-82 

strength secondary effluent. 83 

According to a substrate counter-diffusion model, the soluble sulfur species 84 

diffuse from the S0 surface into the attached biofilm, while nitrate diffuses from the 85 

bulk liquid into the biofilm [28]. Thus, when nitrate is reduced in the S0-based biofilm, 86 

nitrite may accumulate and diffuse into the bulk liquid. In the S0-driven denitrification 87 

process, the maximum specific substrate utilization rate of nitrate is around 1.8 times 88 

higher than that of nitrite [29]. In other words, the residual nitrate levels could affect 89 

the extent of nitrite accumulation [28-31]. The inherent features of sewage (e.g., 90 

fluctuant nitrogen strength and loading rates) and the dynamic changes of NOB activity 91 

in the mainstream PN/A process could result in the fluctuation of nitrate level in the 92 

secondary effluents [2, 32, 33]. Thus, the nitrate level in the influent of S0-packed bed 93 

reactors would fluctuate, which may further affect the residual nitrate and even the 94 

accumulated nitrite levels. Since the nitrate reductases have a greater affinity for 95 

reduced electron carriers than that of nitrite reductases [34], the diffusion extent of 96 

nitrate and reduced electron carriers in biofilm may influence nitrite dynamics. 97 

However, it is rarely feasible to maintain the desired biofilm thickness due to its growth, 98 

detachment, and predation over time [29]. The specific NO3
--N loading rate based on 99 

biomass could be a more accessible alternative to manipulate the substrate counter-100 

diffusion, consequently to the nitrite accumulation. Therefore, it is possible to realize 101 

sulfur-driven denitratation by controlling the residual nitrate level and biomass-specific 102 



nitrate loading rate (BSNLR). 103 

Considering that previous studies focused on the medium- to high-strength 104 

denitratation in long HRT (e.g., 0.5-24 h) (Table S1), it is necessary to fill in the gaps 105 

of low-strength denitratation in short HRT (e.g., ≤ 0.2 h) that could be coupled to the 106 

downstream anammox process for autotrophically polishing the secondary effluents in 107 

reality. To the best of our knowledge, there is hardly any study looking into the 108 

feasibility of S0-driven denitratation for stable and sufficient nitrite accumulation in the 109 

polishing process of secondary effluent (e.g., 15 mg NO3
--N L-1). In this study, three 110 

control parameters, i.e., the bulk pH, residual nitrate level, and BSNLR were 111 

implemented to investigate the long-term feasibility (max. 130 days) of a successful 112 

sulfur-driven denitratation process in an S0-packed bed reactor. Unlike most previous 113 

denitratation studies (Table S1), the reactor temperature here was controlled relatively 114 

low (i.e., 21±1 °C) to further broaden its applicability in practice. The correlation 115 

analysis of the control parameters (residual nitrate level and BSNLR) and nitrite 116 

accumulation efficiency (NAE) was implemented. Additionally, the evolution of 117 

microbial community composition in the biofilm was analyzed to investigate the key 118 

microbial species that play a key role in realizing the ideal sulfur-driven denitratation 119 

process.  120 

2. Materials and methods  121 

2.1 Reactor setup 122 

An S0-packed bed reactor was set up independently in this study, with a total 123 

volume of 1 L (inner diameter 7.4 cm and height 23.3 cm) and a bed volume of 0.8 L 124 

(including void volume). Pure S0 particles of 3-4 mm diameter were used as both 125 

electron donors and biofilm carriers. The reactor was operated in up-flow mode. During 126 

the long-term operation, two continuous influent flowrates (43 and 86 L d-1) were 127 



employed by a peristaltic pump (Seko Peristaltic Pumps, PR7), and the influent flow 128 

rate of 86 L d-1 was only imposed for short periods (days 109-124) to raise the nitrate 129 

loading rate (NLR). Based on the S0 void volume and free reactor volume (tubing 130 

volume and upper space of S°bed), two HRT settings (i.e., 0.1 and 0.2 h) were involved. 131 

In addition, a recirculation rate of 1382 L d-1 was imposed to give entirely mixed 132 

conditions, via a peristaltic pump (Etatron BH3-V Peristaltic Pump) [15, 28].  133 

2.2 Chemicals and influent 134 

The low-strength synthetic influent contained 5.6±0.7 mg NH4
+-N L-1 and 135 

12.9±0.6 mg NO3
--N  L-1 to mimic the poor-quality secondary effluent of mainstream 136 

PN/A processes. It should be noted that the nitrate concentration once increased to 137 

17.7±0.1 mg NO3
--N L-1 (days 81-88) and 22.4±1.0 mg NO3

--N L-1 (days 89-94), which 138 

were in the normal range of some mainstream PN/A effluent [2, 35]. Sodium 139 

bicarbonate (130 mg HCO₃⁻ L-1), sodium dihydrogen phosphate (1 mg P L-1), and 0.1 140 

mL L-1 of trace element solutions A and B were added into influent to mimic the 141 

alkalinity of general effluent and avoid the limitation of microbial growth [36, 37]. To 142 

simulate the realism of the anoxic effluent, especially of two-stage PN/A systems [1], 143 

the influent tank was sealed, and the influent was maintained anoxic by regularly 144 

sparging with nitrogen gas (N2). 145 

2.3 Reactor operation 146 

The reactor was inoculated with 1 g VSS L-1 activated sludge from a municipal 147 

wastewater treatment plant (WWTP, Aquafin Antwerpen-Zuid, Belgium) to enrich 148 

sulfur-oxidizing bacteria [38, 39]. It was operated in a temperature-controlled room at 149 

21±1 °C and continuously fed with anoxic influent. Thus, the reactor could maintain an 150 

anoxic condition and suppress ammonium consumption via aerobic ammonium-151 

oxidizing bacteria.  152 



The reactor pH was controlled at neutral (7.1±0.1) or alkaline (8.5±0.1) conditions 153 

by indirectly dosing sodium hydroxide into the influent. The pH in the reactor was 154 

periodically monitored with a Hanna Edge pH meter (HI2002-02) equipped with a 155 

Hanna pH electrode (HI-12301). The whole operation period (130 days) was divided 156 

into seven phases based on different pH setpoints in the reactor, which were highlighted 157 

in Fig.2. The alteration of pH setting points between each phase aimed to benefit the 158 

investigation of pH 8.5 on the S0-driven denitratation process. The HRT of 0.1 h was 159 

implemented during days 109-124 of phase VII, while that of 0.2 h was used in all the 160 

other periods. The residual nitrate level in the reactor was controlled by adjusting the 161 

influent nitrate concentrations (12.9-22.4 mg NO3
--N L-1, phase VI), and flowrates of 162 

influent (43 and 86 L d-1, phase VII) as mentioned in section 2.2 and 2.1, respectively. 163 

Since the BSNLR was determined by the volumetric NLR and biomass concentration 164 

in the reactor, controlling the residual nitrate level would inevitably affect the BSNLR. 165 

In the S0-packed bed reactor, no suspended biomass (i.e., flocs) was observed in the 166 

effluent, so the biomass level monitoring and control were implemented every week, 167 

by taking 5 ml out of the total 800-ml well-mixed S0 particles and using anoxic water 168 

to wash off the biofilm attached to S0 particles. The sampled biomass was preserved at 169 

4 °C for further concentration and community analysis.  170 

2.4 Analytical and calculation methods 171 

To monitor the reactor performance, influent and effluent samples were collected 172 

periodically from the outlets of the influent and effluent pumps, respectively. These 173 

samples were immediately filtered using 0.2 µm filters (CHROMAFIL Xtra PVDF), 174 

and stored at 4 °C until analysis. NH4
+-N, NO2

−-N, and NO3
−-N were measured with 175 

the San++ Automated Wet Chemistry Analyzer [2, 40]. The biomass level in the reactor 176 

was measured in triplicate based on volatile suspended solids (VSS) using standard 177 

methods [41] and calculated based on the S0-bed volume of 0.8 L. 178 



The calculations used to determine the nitrate removal efficiency (NRE), NAE, 179 

NLR, BSNLR, and biomass-specific nitrite accumulation rate (BSNAR) were shown 180 

in eq. (1)-(5). NRE was calculated based on the influent NO3
--N concentration (InNO₃⁻-181 

N) and effluent NO3
--N concentration (EfNO₃⁻-N). NAE refers to the ratio of the produced 182 

NO2
--N (PNO₂⁻-N) and the reduced NO3

--N concentration. The NLR calculation was 183 

based on InNO₃⁻-N, influent flow rate (Qin), and S0-bed volume (Vs⁰). BSNLR refers to 184 

the ratio of NLR and biomass concentration (CBM) in the reactor. The BSNAR 185 

calculation was based on PNO₂⁻-N, influent flow rate (Qin), S0-bed volume (Vs⁰), and CBM. 186 

For all the measured and calculated data in relevant operating phases, Spearman’s 187 

correlation was analyzed (IBM® SPSS® Statistics 26) to explore the correlation of 188 

control parameters (BSNLR and residual nitrate level) with NAE. Statistical 189 

significance was defined as a p-value of less than 0.05 [42]. 190 

𝑁𝑅𝐸 =  𝐼𝑛𝑁𝑂₃⁻−𝑁 − 𝐸𝑓𝑁𝑂₃⁻−𝑁𝐼𝑛𝑁𝑂₃⁻−𝑁  × 100%                                                                                         (1) 191 

𝑁𝐴𝐸 =  𝑃𝑁𝑂₂⁻−𝑁𝐼𝑛𝑁𝑂₃⁻−𝑁 − 𝐸𝑓𝑁𝑂₃⁻−𝑁  × 100%                                                                                         (2) 192 

𝑁𝐿𝑅 =  𝐼𝑛𝑁𝑂₃⁻−𝑁 × 𝑄𝑖𝑛 𝑉𝑆0                                                                                                        (3) 193 

𝐵𝑆𝑁𝐿𝑅 =  𝐼𝑛𝑁𝑂₃⁻−𝑁 × 𝑄𝑖𝑛 𝑉𝑆0  × 𝐶𝐵𝑀                                                                                                  (4) 194 

𝐵𝑆𝑁𝐴𝑅 =  𝑃𝑁𝑂₂⁻−𝑁 × 𝑄𝑖𝑛 𝑉𝑆0  × 𝐶𝐵𝑀                                                                                                  (5) 195 

2.5 Microbial community analysis 196 

To analyze the evolution of microbial community composition, biomass samples 197 

were collected from the S0 reactor for microbiome analysis during the operation period. 198 

Samples were stored at −20 °C before DNA extraction. According to the 199 

manufacturer’s instructions, DNA was extracted using a PowerFecal® DNA isolation 200 

kit (QIAGEN, Germany). The DNA extracts were sent to Novogene (UK) Co., Ltd for 201 



microbial community analysis like our previous studies [43]. 16S rRNA genes of 16S 202 

V3 were amplified using specific primers 338F (5’- ACT CCT ACG GGA GGC AGC 203 

AG -3’) and 518R (5’- ATT ACC GCG GCT GCT GG -3’). Moreover, the alpha 204 

diversity (Shannon’s) and beta diversity (Bray-Curtis dissimilarity) were analyzed in 205 

every sample and between different samples to characterize the variation in the 206 

microbial community, respectively. 207 

3. Results and discussion   208 

The sulfur-driven denitratation of the synthetic secondary effluent was carried out 209 

in an S0-packed bed reactor. Due to the anoxic condition in the reactor, the NH4
+-N loss 210 

was negligible, with a ratio of 2±2%, and the NH4
+-N concentration in the effluent was 211 

at 5.2±0.4 mg L-1 (Fig. 1). The anoxic conditions successfully inhibited the activity of 212 

ammonium-oxidizing bacteria (AOB) in the sulfur reactor. As shown in Fig. 2b, the 213 

NAE is always below 100%, indicating that the sulfur-driven denitrification (i.e., NO3
-

214 

-N to N₂) existed during the whole experiment. Since no carbon sources were added to 215 

the prepared influent, heterotrophic denitratation was suggested to be negligible in this 216 

S0-based reactor [24, 38]. To achieve the stoichiometric ratio of 1.3 NO2
-/1 NH4

+ for 217 

the downstream anammox treatment, stable nitrite accumulation at approximately 6.5 218 

mg N L-1 is necessary for the bulk ammonium of around 5 mg N L-1 [1].  219 

3.1 Effects of pH control 220 

The pH control strategy was implemented over the whole operation period. In the 221 

start-up stage (phase I), the reactor pH was controlled at around 7.1±0.1 as a baseline. 222 

The effluent nitrate stabilized at around 0 within 10 days and no nitrite was detected, 223 

indicating the S0-based reaction approached the complete denitrification (Fig. 2a). Then 224 

the reactor pH was increased to alkaline pH condition (i.e., 8.5±0.1) to evaluate its 225 

effect on nitrite accumulation performance.  226 



After switching to pH 8.5, both nitrite accumulation and residual nitrate appeared 227 

immediately. The pH shock observably disturbed the denitratation and denitritation 228 

(e.g., from NO2
--N to N2) processes, with NRE decreasing from 96±2% to 26% but 229 

NAE increasing from 0 to 48% on day 10 (Fig. 2b). With the recovery of nitrate removal, 230 

the nitrite concentration gradually increased to 6.8 mg N L-1 at day 16 (Fig. 2a). 231 

Combining with the effluent NH4
+-N level, the accumulated NO2

--N could reach the 232 

ideal anammox ratio (i.e., 1.3 NO2
-/1 NH4

+, Fig. 3) [1]. However, the nitrite 233 

accumulation declined in the later phase II. Surprisingly, after changing the pH back to 234 

neutral, the nitrite accumulation level and efficiency immediately turned into a growing 235 

trend, which was different from its no accumulation performance in phase I (pH 7). In 236 

phase IV, switching back to pH 8.5 made the nitrite accumulation performance thrive 237 

again. Successful S0-driven denitratation was achieved with stable nitrite accumulation 238 

concentration and rate at 6.4±1.0 mg N L-1 and 353±51 mg N L-1 d-1, respectively (Fig. 239 

2). When switching to pH 7.1±0.1in phase V, the previously ideal nitrite level 240 

unexpectedly declined. The contradictory nitrite accumulation performance of phase III 241 

and phase V is probably attributed to the different levels of residual NO3
--N, which 242 

were 1.6±0.4 mg N L-1 and 0.4±0.2 mg N L-1, respectively. Based on the successful 243 

alkaline-pH-promotion of denitratation in phase II and phase IV, the decreasing trend 244 

of nitrite accumulation in phase V was reversed in phase VI by switching to pH 8.5.  245 

From phase I to phase VI, switching pH from neutral to alkaline level could always 246 

promote nitrite accumulation. The dynamic changes of the denitratation and 247 

denitritation processes are closely related to the nitrate and nitrite reductases, 248 

respectively [44, 45]. It was proposed that nitrite could accumulate at high pH because 249 

the activity of nitrate reductases could outcompete that of nitrite reductases for electrons, 250 

and the nitrite reductases were more sensitive to alkaline environments than nitrate 251 

reductases [24, 46]. Previous studies about facultative autotrophic denitrifiers 252 



suggested that the protons (H⁺) required for nitrate reduction come from the inside of 253 

cytoplasmic membrane, whereas nitrite reductases receive the protons from the outside 254 

[47, 48]. At pH 8.5, protons could be relatively scarce outside the cytoplasmic 255 

membrane, inhibiting nitrite reduction [20, 49]. The nitrite reductases could not readily 256 

adapt to the pH 8.5-shock. In contrast, based on the nitrate removal performance from 257 

phase I to phase VI, the nitrate reductases adapted to the pH 8.5-shock in 4 days (phase 258 

II). Subsequently, the NRE sustained almost untouched in phase III-VI (Fig. 2b), 259 

suggesting that the nitrate reductases could easily adapt to pH shock. Compared to the 260 

up and down of NAE (0-72%) in phase II, the relatively stable NAE (54±9%) in phase 261 

IV means that the stimulation efficacy of pH 8.5-shock on nitrite accumulation became 262 

long-acting, namely, the capacity of denitrifiers in adjusting the adaptation speed of 263 

nitrite reductases presumably weakened.  264 

It was suggested that alkaline conditions (i.e., pH 7.8-9.2) could facilitate the 265 

denitratation process [20-24]. Chen et al. (2018) investigated the effects of different pH 266 

setpoints (i.e., 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0) on nitrite accumulation in the sulfur 267 

denitrification process, and found that bulk pH of 8.5 could realize the highest NAE 268 

[24]. Huo et al. (2022) dosed siderite to stabilize the pH of an anammox-coupled sulfur-269 

driven denitrification (ASD) reactor at around 8.5, achieving efficient nitrogen removal 270 

from leachate [18]. Since the secondary effluents after the mainstream PN/A treatment 271 

were generally close to near-neutral pH [2, 26, 27], additional alkalis would be required 272 

to sustain the alkaline environment for the subsequent denitratation process. Given the 273 

expenditure of alkali dosage, medium alkaline pH of 8.5±0.1 was adopted in the S0-274 

packed bed reactor, which was consistent with the suggested optimum pH for 275 

autotrophic denitratation. As a result, the long-acting denitratation of low-nitrate-276 

strength wastewater was realized under this alkaline pH in a short HRT of 0.2h.  277 



3.2 Effects of residual nitrate level 278 

The residual nitrate concentration in the S0-packed bed reactor was controlled by 279 

separately adjusting the NLR, involving the influent nitrate concentrations (12.9-22.4 280 

mg NO3
--N L-1 in phase VI) and flowrates (43 and 86 L d-1 in phase VII).  281 

In phase VI, the influent nitrate concentration stepwise increased from 12.3±0.2 282 

mg N L-1 to 17.7±0.1 mg N L-1 and 22.4±1.0 mg N L-1, then decreased back to 12.3±0.2 283 

mg N L-1. Accordingly, the effluent nitrate concentration stepwise increased from 284 

1.1±0.5 mg N L-1 to 3.3±2.2 mg N L-1 and 5.2±0.9 mg N L-1, then decreased back to 285 

1.0±0.9 mg N L-1 (Fig. 2a). After switching the neutral pH in phase V to alkaline pH in 286 

phase VI, the effluent nitrite level gradually increased from 2.0±0.7 mg N L-1 to 5.1±0.6 287 

mg N L-1 at the residual nitrate of 1.1±0.5 mg N L-1 (day 71-day 82). With the gradual 288 

increase of residual nitrate concentration, the nitrite accumulation further increased to 289 

10.8±1.3 mg N L-1 (day 83-day 88) and 13.2±1.2 mg N L-1 (day 89-day 94). 290 

Interestingly, once the residual nitrate level decreased to 1.0±0.9 mg N L-1 (days 95- 291 

105), the nitrite level fell to 4.3±0.7 mg N L-1. Thus, increasing the residual nitrate 292 

concentration benefited the nitrite accumulation, which was consistent with the 293 

previous sulfur-driven denitrification studies [29, 31]. In phase VII, instead of raising 294 

the influent nitrate concentration, the influent flow rate was doubled (day 108-day 124), 295 

increasing the residual nitrate concentration from 1.6±0.2 mg N L-1 to 4.9±0.6 mg N L-
296 

1. The increased residual nitrate level contributed to the promotion of nitrite 297 

accumulation from 3.2±0.4 mg N L-1 to 4.9±0.8 mg N L-1. 298 

In this study, controlling the residual nitrate level was regarded as a strategy in 299 

obtaining S0-driven denitratation for secondary effluent polishment, while the residual 300 

nitrate level itself was an indicator or “result”. To further understand the relationship 301 

between residual nitrate level and NAE, Spearman’s correlation analysis was 302 

implemented for the entire and separate phases (Table 1a). The correlation coefficient 303 



(ρ) of the whole experiment (phases I-VII) was moderately positive (ρ= 0.49, p< 304 

0.0001). At the same pH condition of 8.5, the period lengths of phase IV and phase VI 305 

were relatively close, with 34 and 31 days, respectively. The fair correlation coefficient 306 

in phase IV (ρ= 0.39, p= 0.05) and the strong correlation coefficient in phase IV (ρ= 307 

0.87, p= 0.02) further revealed that the residual nitrate level and NAE were positively 308 

correlated. 309 

In the sulfur compound (e.g., S2- and S2O3
2-)-driven denitratation process, the S/ 310 

NO3
--N ratio was an important factor affecting the performance of nitrite accumulation 311 

[25, 50, 51]. When the sulfur beads were used as electron donors, the reaction-dose 312 

control depended on the activity of sulfurotrophs and the counter-diffusion rate. In this 313 

case, only the available sulfur (i.e., the solubilized sulfur) can be taken into account, 314 

which is not facile to control, especially in an S0-packed bed reactor [28, 52, 53]. 315 

Therefore, controlling the S/NO3
--N ratio via adjusting the residual nitrate level was 316 

more flexible in practical operation. Based on the declined performance of nitrite 317 

accumulation in phase V, switching the alkaline pH (phase VI) to neutral pH (phase 318 

VII) should have caused the collapse of nitrite accumulation, whereas the stable and 319 

high nitrite level was actually obtained, attributed to the effect of high residual nitrate 320 

concentration. Although the residual nitrate level of phase VI (day 89-day 94) and phase 321 

VII (day 108-day 124) were similar (i.e., around 5 mg N L-1), the effluent nitrite 322 

concentration of the former was over two times of the latter, indicating the nitrite 323 

accumulation potential could be further reinforced by alkaline pH. When zooming into 324 

phase IV, it is remarkable to find that the performance of nitrite accumulation was not 325 

always affected by the residual nitrate level. This seeming paradox is exactly the reason 326 

why the positive correlation in Phase IV was weaker than that in Phase VI. During day 327 

48-day 55 (phase IV), the ideal nitrite level of 6.7±0.2 mg N L-1 under 0 residual nitrate 328 

further demonstrated the capability of alkaline pH 8.5 on the stimulation of the 329 



denitratation process.   330 

3.3 Effects of BSNLR control 331 

The dynamic changes of BSNLR were controlled based on the volumetric NLR 332 

and biomass concentration in the reactor. The biomass concentration in the S0-packed 333 

bed reactor was monitored and controlled during the whole experiment and maintained 334 

in a range of 2.3-6.2 g VSS L-1 (Fig. S1). The successful nitrite accumulation (i.e., 335 

6.4±1.0 mg N L-1) for anammox was obtained at BSNLR of 150±42 mg N g-1 VSS d-1 336 

in phase IV. To understand the association between BSNLR and the corresponding 337 

NAE more explicitly, Spearman’s correlation analysis was implemented (Table 1b). 338 

There was a strong positive correlation between the BSNLR and NAE (ρ= 0.6, p< 339 

0.0001). Besides, there was also a very strong positive correlation between the BSNLR 340 

and BSNAR (ρ= 0.78, p< 0.0001). The positive correlation indicated that increasing the 341 

BSNLR could potentially benefit the nitrite accumulation performance.  342 

However, under the neutral pH conditions, the BSNLR of phase VII (491±25 mg 343 

N g-1 VSS d-1) was roughly two times higher than that of phase III (244±8 mg N g-1 344 

VSS d-1), whereas they obtained similar levels of nitrite accumulation and NAE (Fig. 345 

2). Since S0 is poorly soluble in water, sulfur-oxidizing bacteria (SOB) producing 346 

extracellular enzymes can convert S0 into soluble polysulfides (Sn²⁻), which then diffuse 347 

into the biofilm as electron donors [29, 54]. As shown in Fig. 2a, the residual nitrate 348 

level of phase VII (4.9±0.6 mg N L-1) was much higher than that of phase III (1.5±0.4 349 

mg N L-1), hence the nitrite accumulation performance of phase VII was more likely 350 

due to the decreased S/NO3
--N ratio in the attached biofilm [25, 50, 51]. Moreover, 351 

based on the same biomass levels (3.0±0.2 g VSS L-1) in phase III and phase VII, it was 352 

suggested that the relative abundance of sulfurotrophic communities related to S0-353 

driven denitratation became insufficient in phase VII. 354 



According to the counter-diffusion theory, raising BSNLR means the 355 

intensification of nitrate penetration into the attached biofilm via increasing the nitrate 356 

loading and/or decreasing the biomass concentration [28]. It is noted that there was a 357 

high positive correlation between BSNLR and residual nitrate level (ρ= 0.73, p< 0.0001) 358 

(Table 1b). Actually, the presence of residual nitrate is not only a control strategy but 359 

also an indicator of nitrite accumulation. Since the nitrate and nitrite reduction reactions 360 

occur in series, if the consumption reaction of nitrate is faster than that of nitrite, the 361 

presence of nitrate could imply the accumulation of nitrite. All the analyzed parameters 362 

(i.e., pH, residual nitrate, and BSNLR) are related to the kinetics of these processes. In 363 

each period of operation, the system will have a certain capacity to reduce nitrate and 364 

nitrite, which will depend on both the pH value, the biomass concentration, and its 365 

abundance of sulfurotrophic communities. On the other hand, the nitrogen load applied 366 

varied in some periods of operation (e.g., phase VII). Thus, nitrite buildup would occur 367 

when the applied nitrogen load exceeded the denitritation capacity of the reactor. 368 

Considering the complexity of BSNLR control via managing the biomass level and the 369 

abundance uncertainty of denitrifying bacteria, the pH control and the residual nitrate 370 

control were more facile and explicit to obtain S0-driven denitratation in such packed-371 

bed-biofilm reactors. 372 

3.4 Evolution of the microbial community in the long term 373 

The microbiome analysis in the S0-packed bed reactor was implemented to 374 

evaluate their contribution to sulfur-driven denitratation during the long-term operation. 375 

Based on the Bray-Curtis dissimilarity analysis, the variation in the microbial 376 

community between the first sample and each subsequent sample became more 377 

significant over time, indicating the community shift during the experiment (Fig. 4 and 378 

Fig. S2). The Shannon index showed a decreasing trend from 1.8 to 0.9, meaning 379 

richness and diversity reduced over the long-term operation. Among all the putative 380 



sulfurotrophs shown in Fig. 4, Thiobacillus, Sulfurimonas, and 381 

Chlorobi_bacterium_OLB5 were the three most abundant genera. Thiobacillus and 382 

Sulfurimonas belong to the sulfur autotrophic denitrification bacteria that could use 383 

elemental sulfur as electron donors to reduce nitrate or nitrite [55]. 384 

Chlorobi_bacterium_OLB5 could be a type of green sulfur bacteria that uses sulfur and 385 

carbon dioxide (CO2) as the electron donor and acceptor respectively to produce 386 

organic matter [56]. Compared to the day-24 sample (phase I), the day-30 sample 387 

showed a visible increase in the abundance of Thiobacillus (from 11.8% to 14.4%), 388 

indicating their enrichment at pH 7.1±0.1. From day 30 to day 126, the relative 389 

abundance of Thiobacillus decreased stepwise from 14.4% to 0.8% (Fig. 4), probably 390 

ascribed to the adverse effect of pH 8.5 on their proliferation. In other words, the pH 391 

alternation between 7.1 and 8.5 resulted in the inevitable change of microbial 392 

community structure over the whole experimental period.  393 

From the angle of nitrite accumulation, the NAE became more stable and enduring  394 

(54±9% over 30 days) in phase IV compared to that of phase II, indicating the 395 

sulfurotrophs got weaker in adjusting the adaptation speed of nitrite reductases to pH 396 

8.5-shock. The self-adjusting capacity of microbes could be positively correlated to 397 

their relative abundance [57]. Since the relative abundance of Thiobacilus showed a 398 

decreasing trend after phase III, it could be a key species in obtaining successful 399 

denitratation. As shown in phase VII of Fig. 2c, the roughly two-fold BSNLR of phase 400 

III could not contribute the same fold of nitrate accumulation rate. This could be related 401 

to the relative abundance of Thiobacillus, which in phase VII (0.8%, day 126) was less 402 

than 6% of that in phase III (14.4%, day 30). Hence, the higher BSNLR in phase VII 403 

means that the NLR was beyond the capability of Thiobacillus to accumulate more 404 

nitrite. By the way, the high residual nitrate level indicates the capacity of denitrifiers 405 

was insufficient under the high NLR in phase VII. 406 



According to Spearman’s correlation analysis between the relative abundance of 407 

Thiobacillus and nitrite accumulation performance, there was a very high positive 408 

correlation between its relative abundance and NAE (ρ= 0.9, p= 0.004, Table S2). Thus, 409 

the genus Thiobacillus was the critical community to control nitrite accumulation. Bulk 410 

pH is considered a decisive factor in bacteria survival. The optimum growth pH of 411 

Thiobacillus was demonstrated to be 6.8-7.4 [55], thus the long-term operation out of 412 

their optimum pH range probably caused the shrinkage of their relative abundance. 413 

Additionally, Sulfurimonas is one of the most commonly reported sulfur-based 414 

autotrophic denitrifying genera as well [38, 55, 58]. They competed with Thiobacillus 415 

for substrate and became the dominant genera in phase VII. To our knowledge, this is 416 

the first time that the long-term effect of pH on microbial community shift in sulfur-417 

driven denitratation has been reported.  418 

3.5 Application potential 419 

The S0-driven denitratation under the low-nitrate-strength wastewater of around 420 

13 mg N L-1 was investigated in the packed-bed biofilm reactor for the first time, which 421 

realized 54±9% of NAE under the NLR of 0.71g N L⁻1 d⁻1. There are several studies on 422 

nitrite accumulation via heterotrophic or autotrophic denitratation for medium-strength 423 

nitrate-containing wastewater (e.g., 50-101 mg N L⁻1) under the NLR of 0.1-2.4 g N 424 

L⁻1 d⁻1 (Table S1) [9, 24, 25, 51, 59]. Besides, high-strength nitrate denitratation (i.e., 425 

364-2200 mg N L⁻1) was also reported in previous studies when using organic carbon 426 

sources as electron donors [21, 60]. Although the heterotrophic denitratation process 427 

could obtain a relatively high NCE of 75-97% (Table S1), the higher sludge production 428 

rate would further increase the operating expense via sludge disposal, which could be 429 

more suitable for treating the high chemical oxygen demand wastewater. Compared to 430 

sulfide or thiosulfate for autotrophic denitratation, elemental sulfur is less expensive 431 

and more user-friendly in practice. With the biofilm grown on carrier materials (i.e., S0 432 



particles), flocs were neither observed either in the packed-bed reactor nor in its effluent. 433 

In practice, the flocs containing AOB and NOB that came from the mainstream PN/A 434 

system would not affect system performance, mainly due to the anoxic condition in the 435 

S0-packed bed reactor [61]. During the whole experiment, the anoxic environment 436 

enabled sulfur-driven denitrification as the amount of the produced nitrite could not 437 

match that of the removed nitrate (i.e., NAE<100%). Thus, the denitrification efficiency 438 

was negatively related to the NAE. Nevertheless, in whole phase IV, the produced NO2
-

439 

-N (around 6.5 mg N L-1) together with the intrinsic NH4
+-N (around 5 mg N L-1) could 440 

satisfy the metabolism of anammox bacteria, converting around 10 mg N L-1 to N₂ gas 441 

and 1.3 mg N L-1 as nitrate [1, 62]. Combined with the residual nitrate of 1.0±0.8 mg 442 

NO3
--N L-1, there would be only 2.3±0.8 mg NO3

--N L-1 1 as total inorganic nitrogen 443 

left in the final effluent. 444 

As aforementioned, the implementation of pH and residual nitrite control 445 

strategies would be easier than the BSNLR control in the practical polishment of 446 

secondary effluent. Although the nitrate strength is quite low and even fluctuates in 447 

real-world scenarios, successful nitrite accumulation could win the opportunity for 448 

downstream anammox polishment. The individual alkaline pH control with low/no 449 

residual nitrate level could be sufficient for relatively low nitrate and ammonium 450 

strength scenarios (e.g., phase IV), while combining the alkaline pH and relatively high 451 

residual nitrate level (by increasing NLR) could produce more nitrite, which is suitable 452 

for high nitrate and ammonium strength scenarios. 453 

Although the alkaline pH control could effectively stimulate and maintain the  S0-454 

driven denitratation process, it has the potential to reduce the relative abundance of 455 

Thiobacillus, which could be a critical community in realizing nitrite accumulation. It 456 

can be predicted that its relative abundance would further decrease to 0 under the 457 

alkaline condition. Due to the beneficial effects of neutral pH on Thiobacillus 458 



enrichment, Thiobacillus could be nursed at pH 7 and stored at 4 °C under nitrate 459 

preservation [1]. In the full-scale application, updating the reactor with the stored 460 

biomass is a possible backup when the efficacy of the alkaline control gets weaker. 461 

Considering the long-term operation of the system, the replenishment of sulfur particles 462 

would be inevitable. In the design of a full-scale packed-bed reactor, a certain number 463 

of side openings along the reactor height would benefit the biomass updation and/or 464 

sulfur replenishment. To further reduce the occupied area and the costs of basic 465 

construction and operation, the integration of S0-driven denitratation and anammox 466 

processes in a single-stage packed-bed reactor can be expected in the future study. The 467 

anoxic and alkaline environment together with the S0 carriers could support the growth 468 

of anammox bacteria [2, 63, 64]. Besides, to avoid microbial adaptation to the persistent 469 

alkaline pH environment, directly switching the neutral pH could be a possible strategy 470 

when the influent nitrate loading is relatively high like that in phase VII. However, the 471 

frequency and duration of pH alternation may depend on the practical situation and 472 

require further investigation. 473 

The autotrophic denitratation/anammox process could be more energy-saving than 474 

the nitrification/denitrification process in nitrogen removal from the wastewater 475 

containing both ammonium and nitrate, because the latter process requires extra 476 

aeration to complete nitrification. Since the mainstream PN/A process itself is 477 

considered an energy-neutral or energy-positive wastewater treatment process, the 478 

proposed polishment strategy here could strengthen and even promote the application 479 

of mainstream PN/A. Moreover, it is tricky to precisely consume the dosed carbon 480 

resources in the heterotrophic denitratation process, probably causing secondary 481 

pollution of the organic substances in the effluent [38]. Previous studies suggested that 482 

sulfate was the sulfur species that would be released into the bulk environment during 483 

the S0-driven denitratation process [14, 24]. Currently, there is no discharge limitation 484 



of sulfate in the legislative regulation of the European Commission [7]. In contrast to 485 

heterotrophic denitratation, the S0-driven denitratation could avoid the release of 486 

greenhouse gas (i.e., CO2) into the environment, contributing to the reduction of the 487 

overall environmental footprint and climate impact of wastewater treatment. Compared 488 

to carbon sources added in the heterotrophic denitratation process, the element sulfur 
489 

used in autotrophic denitratation is much cheaper (Table S3). Therefore, the S0-driven 490 

denitratation in a packed-bed reactor has the potential to polish the secondary effluent 491 

in wastewater treatment plants with low nitrate levels but high volumetric loading due 492 

to its short HRT (i.e., 0.2 h). 493 

4. Conclusions  494 

The pH control and the residual nitrate control should be more facile and explicit 495 

than the BSNLR control to obtain S0-driven denitratation in the packed-bed reactor. 496 

The alkaline pH of 8.5 could effectively stimulate and maintain nitrite accumulation 497 

over the long-term operation. The residual nitrate level was controlled by adjusting the 498 

influent nitrate loading rate and positively correlated to the NAE. The nitrite 499 

accumulation performance could be reinforced by the combination of the alkaline pH 500 

and residual nitrate control. Under pH 8.5 and residual nitrate of 1.0±0.8 mg N L-1, 501 

stable and sufficient nitrite accumulation could be obtained for the downstream 502 

anammox treatment at a short HRT of 0.2 h. The genus Thiobacillus played a crucial 503 

role in S0-driven denitratation and should be maintained in sufficient abundance. 504 

Overall, it is possible to apply the S0-driven denitratation/anammox process to polish 505 

the secondary effluents in practice. 506 

Appendix A. Supplementary data 507 

E-supplementary data of this work can be found in the online version of the paper. 508 
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Table 1. Correlation analysis of (a) the residual NO3
--N, and NAE during different operational phases; (b) BSNLR with NAE, BSNAR, NRE, and 

residual NO3
--N. The p-values and Spearman's ρ are reported.  

(a) 

Phase I-VII I II III IV V VI VII 

p-value < 0.0001 0.31 0.38 0.20 0.05 0.07 < 0.0001 0.02 

ρ 0.48 0.41 0.34 0.44 0.39 0.77 0.87 0.47 

 

(b) 

 NAE BSNAR NRE Residual NO3
--N 

p-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 

ρ 0.61 0.78 0.7 0.75 



Figure Captions 

Figure 1. NH4
+-N concentration in influent (“in”), effluent (“ef”), and the 

ratio of NH4
+-N loss to influent NH4

+-N concentration during the 

experiment.  

Figure 2. (a) NO3
--N concentration in the influent (“in”) and effluent (“ef”), 

and the accumulated NO2
--N in the effluent (“ef”); (b) NO3

--N removal 

efficiency (NRE) and NO2
--N accumulation efficiency (NAE) under pH 

control condition; (c) NO3
--N loading rate (NLR) and conversion rate, NO 2

-

-N accumulation rate, and biomass-specific nitrate loading rate (BSNLR) 

from day 0 to day 130. The blue shadings in phases II, IV, and VI mean pH 

control at around 8.5.  

Figure 3. The ratio of accumulated NO2
--N to NH4

+-N in the effluent, and 

the ideal ratio (i.e., 1.3) for anammox. The blue shadings in phases II, IV, 

and VI mean pH control at around 8.5.  

Figure 4. The relative abundance of the sulfurotrophic community at genus 

levels during the reactor operation. BC dissimilarity represents the Bray -

Curtis dissimilarity between the first and each subsequent sample.  
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Figure 4. The relative abundance of the sulfurotrophic community at genus 

levels during the reactor operation. BC dissimilarity represents the Bray -

Curtis dissimilarity between the first and each subsequent sample.  
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