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Abstract 16 

Combining multiple bioprocesses in a single membrane-aerated biofilm reactor (MABR) unit 17 

for wastewater treatment is an emerging research focus. This study investigated the feasibility 18 

of coupling thiosulfate-driven denitrification (TDD) with partial nitrification and anammox 19 

(PNA) in an MABR for the treatment of ammonia-containing wastewater. The integrated 20 

bioprocess was tested over a continuous operation (>130 d) in two MABRs: one with a 21 

polyvinylidene fluoride membrane (MABR-1), and the other with micro-porous aeration 22 

tubes covered with non-woven polyester fabrics (MABR-2). After start-up, the MABR-1 and 23 

MABR-2 based on the TDD–PNA process achieved satisfactory total nitrogen removal 24 

efficiencies of 63% and 76%, with oxygen utilisation efficiencies of up to 66% and 80% and 25 

volumetric nitrogen removal rates of 140 and 180 gN/(m3·d), respectively. Moreover, 26 

AQUASIM-based biofilm modelling was conducted to predict the effects of various operating 27 
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parameters on the performance of the combined process which verified the new integrated 28 

bioprocess. 29 

Keywords: Membrane-aerated biofilm reactor, autotrophic nitrogen removal, partial 30 

nitrification and anammox (PNA), thiosulfate-driven denitrification (TDD) 31 

 32 

1. Introduction 33 

Conventional biological nitrogen removal (BNR), which comprises autotrophic nitrification 34 

and heterotrophic denitrification (AN-HDN), is characterised by significant energy 35 

consumption (~2.4 𝑘𝑊ℎ/𝑘𝑔. 𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑; Figueroa et al., 2012) and CO2 emission (2.6 36 

𝑘𝑔. 𝐶𝑂2/𝑘𝑔. 𝑁𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑; Snip, 2010). The AN–HDN process requires organic carbon as the 37 

electron donor for denitrification (2.86 𝑔𝐶𝑂𝐷𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑/𝑔𝑁𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑; González-Tineo et al., 38 

2022), leading to the generation of undesired secondary sludge (0.7–1.0 𝑔𝑉𝑆𝑆/𝑔𝑁𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑; 39 

Celmer‐ Repin et al., 2010), and the sludge incineration post-treatment process is expensive 40 

and space-consuming. In recent years, anaerobic ammonia oxidation (anammox)-based 41 

nitrogen removal has been introduced to overcome the limitations of AN-HDN (Cao et al., 42 

2017). Compared with the conventional BNR technology, partial nitrification integrated with 43 

anammox (PNA), reduces the oxygen demand by 60%, the external carbon source demand by 44 

100% (carbon source from air is sufficient) and sludge production by 80% (Cao et al., 2017). 45 

The membrane-aerated biofilm reactor (MABR) can accommodate multiple reactions 46 

simultaneously. The membrane acts as a carrier to immobilise the functional bacteria and, 47 

through diffused aeration, supplies oxygen to the biofilm formed on the membrane surface. 48 

Compared with conventional micro-bubble aeration, MABR allows for the counter-diffusion 49 

of the substrates (oxygen is diffused from the membrane base into the biofilm, and the to-be-50 

treated substrate is diffused from the bulk liquid into the biofilm), leading to the formation of 51 
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a stratified microbial structure containing nitrifiers, denitrifiers and anammox bacteria in the 52 

aerobic and anaerobic zones (Martin and Nerenberg, 2012; Terada et al., 2007). Moreover, the 53 

diffusion aeration mode in the MABR can achieve a much higher oxygen transfer rate per unit 54 

energy (~19.6 𝑘𝑔𝑂2/𝑘𝑊ℎ) than conventional micro-bubble aeration (Castrillo et al., 2019), 55 

while micro-bubble aeration provides an oxygen transfer rate of only approximately 10%–56 

15% (2.56 𝑘𝑔𝑂2/𝑘𝑊ℎ; Vaxelaire et al., 1995). Given the abovementioned advantages of 57 

anammox-based nitrogen removal, its implementation in MABR systems has received 58 

considerable attention (Gilmore et al., 2013; Mehrabi et al., 2020; Pellicer-Nacher et al., 59 

2010; Bunse et al., 2020; Zeng et al., 2020; Siddiqui et al., 2022). 60 

 MABR technology can also be applied in sulfur–nitrogen cycle-based autotrophic 61 

BNR, in which sulfur-oxidising bacteria (SOB) can use the reduced sulfur compounds, 62 

including sulfide, elemental sulfur and thiosulfate (S2−, S0 and S2O3
2−), to completely reduce 63 

nitrate to N2 or partially reduce it to nitrite for anammox (Delgado et al., 2021). These SOBs 64 

are autotrophically grown bacteria, with a low biomass yield of 0.59–0.65 𝑔𝑉𝑆𝑆/𝑔𝑁𝑂3 − 𝑁 65 

(Koenig & Liu, 2001). Therefore, compared with heterotrophic denitrifiers, the SOBs 66 

compete less with anammox bacteria for nitrite or space in the biofilm. Among the 67 

abovementioned reduced sulfur compounds, thiosulfate (S2O3
2−) can be utilised for sulfur-68 

based denitrification with less toxicity than sulfide and a higher reaction rate than elemental 69 

sulfur (S0; Cardoso et al., 2006). Through thiosulfate-based denitrification combined with 70 

anammox, Deng et al. (2019) achieved a total nitrogen (TN) removal efficiency of 82.5%, 71 

higher than that achieved via sulfide-based denitrification combined with anammox (80%; 72 

Deng et al., 2021b). Thiosulfate commonly exists in wastewater generated from the 73 

petrochemical, metallurgical, photography and dye-manufacturing industries (Ahmad et al., 74 

2015); however, in certain situations, it needs to be added externally. In actual operations, 75 

however, the cost of thiosulfate addition can be approximately 22%–26% less than that of 76 
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organic matter addition for denitrification (Di Capua et al., 2019). Moreover, several studies 77 

have coupled thiosulfate-driven denitrification (TDD) and anammox in a single system. 78 

Through the TDD–anammox process, Yang et al. (2020) and Deng et al. (2019) treated 79 

nitrate- and ammonium-containing synthetic wastewater, while Qian et al. (2018) treated 80 

nitrite- and ammonium-rich wastewater. Yet no ammonia oxidation was studied in the above-81 

mentioned researches. It will be greatly interested to have experimentally assessment on the 82 

feasibility of coupling TDD-anammox with partial nitrification together in MABR system.  83 

In this study, we conducted experiments to examine the possibility of developing the 84 

TDD–PNA process in an MABR system with two types of membrane materials: one with 85 

polyvinylidene fluoride (PVDF), and the other with a nano-porous micro-aeration tube 86 

covered by non-woven polyester fabric. The objectives were to i) investigate the feasibility of 87 

achieving the integrated TDD–PNA process in a single MABR system, ii) assess the 88 

simultaneous nitrogen and sulfur removal performance in the MABR and iii) develop a 89 

mathematical model to evaluate the integrated bioprocess in the MABR and find the 90 

conditions that would provide the maximum nitrogen removal rate. 91 

 92 

2. Material and methods 93 

2.1. Reactor setup and operation  94 

Two 4 L-working-volume MABRs made of plexiglass and with different configurations and 95 

membrane modules (see Supplementary Materials) were used for the experiments. MABR-1 96 

was a vertical cylindrical reactor (10 cm diameter, 60 cm height) containing a PVDF micro-97 

porous 200-fibre membrane (OXYMO TECHNOLOGY, China) with a length of 30 cm, 98 

surface area of 0.375 m2, pore size of <0.05 µm, inner diameter of 1.0 mm and outer diameter 99 

of 2.0 mm. MABR-2 was a horizontal rectangular reactor with three 30-cm-long micro-100 

porous aeration tubes covered with 8-mm-thick non-woven polyester fabrics for growing the 101 
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biofilm; the outer and inner diameters of the MABR-2 membrane were 16 and 10 mm 102 

respectively, and its pore size was 0.2–0.4 µm.  103 

Both reactors were operated in continuous-mode aeration, and air was supplied 104 

through an air pump (HAILEA ACO-5505, China), while pressure gauges (SMC Automation 105 

Limited, Hong Kong) and regulating valves were used to monitor and control the influent and 106 

effluent airflows through the membranes, respectively. Peristaltic pumps (HUIYU WEIYE 107 

Fluid Equipment Co., Ltd, China) were used to feed the reactors with synthetic wastewater, 108 

and another pump (SICCE SYNCRA Silent pump, Italy) was used for circulation inside the 109 

reactor for uniform sludge distribution. In the first week of operation, air pressure was 110 

maintained at ~10 kPa, and in week 2 , it was reduced to approximately 1–2 kPa, which was 111 

maintained until the end of the operation, with an airflow rate of approximately 10–15 112 

mL/min. The hydraulic retention time (HRT) was maintained at 24 h, and the liquid 113 

recirculation rate was ~10 times the feed flow rate (~30 mL/min). During the experiment, the 114 

influent pH was maintained at 7–8 through the periodic addition of NaHCO3, and the reactors 115 

were kept at a temperature of approximately 28–30 °C using small aquarium heaters. 116 

The reactors were inoculated with activated sludge taken from the Sha Tin wastewater 117 

treatment plant in Hong Kong, with a mixed liquor suspended solid concentration of 4.3 g/L. 118 

No anammox biomass was introduced into the reactors, and the anammox activity was 119 

allowed to be established in the presence of activated sludge via controlled aeration. The 120 

operation was conducted in two phases: First, only NH4-N (100–150 mg/L) was supplied as 121 

the main influent, and KH2PO4 (27.2 mg/L), MgSO4‧ 7H2O (300 mg/L), CaCl2‧ 2H2O (180 122 

mg/L) and 1 mL of trace element solutions were supplied for anammox growth, as described 123 

by Van de Graaf et al. (1996). Second, after stable TN removal was achieved, thiosulfate was 124 

added to the reactors at different S2O3
2-S/NH4-N ratios (hereafter referred to as S/N ratio) to 125 
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examine the possible biological reactions at different operating conditions (see Supplementary 126 

Materials). Neither of the MABRs was supplied with organic matter. 127 

2.2. Chemical analysis  128 

The influent and effluent samples were filtered using 0.45-μm filters, and the NH4-N, 129 

NO2-N and NO3-N concentrations were measured using a spectrophotometer (UH5300 130 

UV/VIS) according to standard methods (APHA, 2017). Thiosulfate and sulfate analysis was 131 

conducted using an ion chromatography system (SHIMADZU, LC-20AD) with an SIL-20A 132 

auto-injector, CTO-10A column oven and CDD-6A conductivity detector. The dissolved 133 

oxygen (DO) and pH were measured daily using a portable DO meter and pH meter, 134 

respectively. Dissolved sulfide was preserved by NaOH and Zn (CH3CO2)2 according to 135 

standard methods and analysed via the methylene blue method, while the sulfite concentration 136 

was analysed via the iodometric method (APHA, 2017). The biofilm samples from both 137 

reactors were analysed via Raman spectroscopy (Raman Micro 300, Perkin Elmer) to obtain 138 

the chemical composition of the biofilm and determine whether sulfur-related intermediates 139 

(S0) were deposited in the biofilm, which could affect the substrate mass transfer. Raman 140 

spectra from 200 to 3000 cm−1 were recorded within an exposure time of 100 s. The mixed 141 

liquor suspended solid concentration in the system with inoculated sludge was determined 142 

according to the standard method (APHA, 2017) before the reactors were seeded. 143 

2.3. Biofilm model development 144 

Several mathematical models have been developed for sulfur-driven denitrification 145 

(Kostrytsia et al., 2018; Mora et al., 2015; Xu et al., 2016) and the combined process of 146 

sulfur-driven denitrification and anammox (Deng et al., 2021(a); Huo et al., 2022). However, 147 

no model has been developed for the integrated process of PNA and thiosulfate-based 148 

denitrification in a single reactor. Hence, using AQUASIM 2.0 (Reichert, 1998), we 149 

developed a model to describe and predict the performance of the MABR-based TDD–PNA 150 
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process. Constructing this model is helpful for determining the operating conditions to 151 

achieve maximum nitrogen removal via the integrated TDD–PNA process in an MABR. 152 

Two compartments of the reactor were simulated: a biofilm compartment (containing 153 

the biofilm and the bulk liquid) and a completely mixed gas compartment. These two 154 

compartments were connected by a diffusive link. The oxygen flux from the gas compartment 155 

to the biofilm compartment was modelled according to Fick’s law of diffusion and the 156 

concentration gradient as described by Terada et al. (2007). 157 

 𝐽𝑂2 = 𝑘𝑖 × 𝐴 × (𝐶𝑂2,𝑔 𝐻𝑖⁄ − 𝐶𝑂2)      (Eq. 1) 158 

where 𝐽𝑂2 denotes the oxygen flux (gO2/d); 𝐶𝑂2,𝑔 and 𝐶𝑂2 are the oxygen concentrations in the 159 

gas and biofilm matrix compartments (gO2/m3), respectively; 𝑘𝑖 is the overall mass transfer 160 

coefficient of oxygen (m/day); 𝐴 is the surface area of the membrane (m2); and 𝐻𝑖 is the non-161 

dimensional Henry coefficient. 162 

Moreover, four functional bacterial populations were simulated: ammonia-oxidizing 163 

bacteria (AOB), nitrite-oxidizing bacteria (NOB), anammox and sulfur-oxidizing bacteria 164 

(SOB). The growth was modelled according to standard Monod kinetics, and the decay 165 

process was modelled according to first-order reaction kinetics. Because anammox is 166 

sensitive to oxygen concentrations even as low as 0.01 mg/L (Strous et al., 1997), the rate 167 

equation of anammox growth includes an oxygen-switching function (Terada et al., 2007). 168 

The initial value of the biofilm thickness was set at 20 μm (Terada et al., 2007). Furthermore, 169 

the bulk volume and the biofilm surface area of the reactor were empirically set at 1 m3 and 170 

250 m2, respectively, to achieve a specific surface area of 250 m2/m3, and the coefficient of 171 

the mass transfer of oxygen from the membrane lumen to the biofilm was assumed to be 6 172 

m/day (Ma et al., 2017). According to Deng et al.’s (2019) results, intermediates were formed 173 

during S2O3
2− oxidation: S2O3

2− was converted to SO4
2− and S0, followed by the oxidation of 174 
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S0 to SO4
2−. This metabolism pathway was considered for S2O3

2− oxidation in the developed 175 

AQUASIM model. The model was constructed considering the following reactions in the 176 

single reactor: aerobic NH4-N oxidation to NO2-N, NO2-N oxidation to NO3-N, anammox, 177 

S2O3
2−-based denitratation, S2O3

2−-based denitritation, S0-based denitratation, S0-based 178 

denitritation, aerobic S2O3
2− oxidation and aerobic S0 oxidation. Biofilm detachment (𝑈𝑑𝑒) 179 

was modelled according to the following equation (Lackner et al., 2008): 180 

𝑈𝑑𝑒  =  𝑈𝑓 × (𝐿𝑓 / 𝐿𝑓,𝑚𝑎𝑥)2  × 𝑑       (Eq. 2) 181 
 182 
where 𝑈𝑓, 𝐿𝑓 and 𝐿𝑓,𝑚𝑎𝑥 are the growth velocity of the biofilm (m/d), biofilm thickness (m) 183 

and maximum biofilm thickness (m), respectively. 𝐿𝑓,𝑚𝑎𝑥 was kept at a constant value of 184 

0.001 m, and 𝑑 denotes the detachment intensity coefficient.  185 

The liquid boundary layer formed between the biofilm and the bulk liquid causes 186 

resistance to substrate diffusion. This resistance could be provided as L_L/D_S (Reichert, 187 

1998), with L_L as the liquid boundary layer thickness (m) and D_S as substrate diffusivity 188 

(m2/d). The liquid boundary layer thickness was set to a constant value of 100 µm and was 189 

only varied when its effect on the reactor performance was assessed. The values of some 190 

kinetic parameters and diffusivities of substrates were taken from previous modelling studies 191 

(Terada et al., 2007; Mora et al., 2015; Decru et al., 2022; Ma et al., 2017; Xu et al., 2013; see 192 

Supplementary Materials). Other parameters were estimated via batch tests. 193 

 The reactor performances under various values of parameters such as HRT, inlet NH4-194 

N concentrations, the biofilm thickness, the liquid boundary layer thickness and the 195 

oxygen/NH4-N loading ratio were assessed to determine the conditions that would provide the 196 

maximum nitrogen removal performance, and simulations were conducted under an operation 197 

time of 1000 days. Table 1 summarises the simulation scenarios. 198 
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2.4. Batch experiments for model calibration and validation 199 

Batch tests were conducted in MABR-2 for model calibration and validation. When 200 

the reactor performance reached a steady state, the continuous operation was stopped to 201 

conduct the batch test. Batch tests A and B were conducted for model calibration, while batch 202 

test C was conducted for model validation. Tests A and B were performed to estimate the 203 

parameters of the PNA process and S2O3
2−-based denitrification, respectively. Test C was 204 

conducted to validate the model of the combined PNA and S2O3
2−-based denitrification 205 

process using the estimated parameters. The air supply to the MABR was turned off, and 206 

fresh influent was continuously introduced into the reactor. After all of the influent was 207 

introduced into the reactor, the air supply was switched on again for test A, and test B was 208 

performed anaerobically. Approximately 10 mL of the samples were collected every 1 h, and 209 

their NH4-N, NO2-N, NO3-N, S2O3
2−, S2−, SO3

2− and SO4
2− concentrations were measured. 210 

The operating conditions used in the batch tests are provided in Table 2. 211 

2.5. Model calibration and validation 212 

Model calibration and validation were conducted using the AQUASIM 2.0 model 213 

(Reichert et al., 1998). The model was calibrated by fitting the simulation results to the 214 

experimental data of batch tests A and B. The sum of least squares method was used for 215 

model calibration and parameter estimation. The model was validated using calibrated 216 

parameters and the experimental data of batch test C. Sensitivity analysis was conducted to 217 

determine the biokinetic parameters with the greatest influence on the process performance. 218 

The mean absolute value of the sensitivity function was used for comparison. 219 

2.6. Analysis of nitrogen conversion by different bacteria in biofilm  220 

The mass balances of nitrogen and thiosulfate for the continuous operation were 221 

assessed. The stoichiometries of the nitrification, anammox and thiosulfate-based 222 

denitrification reactions were obtained according to Ma et al.’s (2022) calculations. For 223 
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calculation simplicity, it was assumed that oxygen supplied through the membrane was 224 

entirely consumed by nitrifiers. 225 

The following assumptions were also made: (1) Only NO3-N and NO2-N were used as 226 

electron acceptors by SOB; (2) two-step denitrification (NO3-N reduction to NO2-N and NO2-227 

N reduction to N2) occurred; (3) heterotrophic bacterial growth due to organic carbon 228 

produced by biomass decay was negligible (Ma et al., 2022); (4) nitrogen loss as gaseous 229 

nitrogen oxides was considered negligible during the TN removal calculation; (5) the 230 

branched pathway of S2O3
2− oxidation to S0 and SO4

2− followed by S0 oxidation to SO4
2− 231 

occurred. The nitritation, nitratation and anammox reactions are expressed in Eqs. (3), (4) and 232 

(5), respectively. S2O3
2− oxidation to S0 and SO4

2− and S0 oxidation to SO4
2− are described by 233 

Eqs. (6) and (7), respectively. Equations (8) and (9) show the final products of the branched 234 

S2O3
2− oxidation pathway with NO3-N and NO2-N as electron acceptors. 235 

𝑁𝐻4
+ + 1.5 𝑂2 →  𝑁𝑂2

− +  𝐻2𝑂 +  2 𝐻+     (Eq. 3) 236 

𝑁𝑂2
− + 0.5 𝑂2 →  𝑁𝑂3

−          (Eq. 4) 237 

𝑁𝐻4
+ + 1.32 𝑁𝑂2

− + 0.066 𝐻𝐶𝑂3
− + 0.13 𝐻+ → 1.02 𝑁2 + 0.26 𝑁𝑂3

− +238 

0.066 𝐶𝐻2𝑂0.5𝑁0.15 + 2.03 𝐻2𝑂             (Eq. 5) 239 

𝑆2𝑂3
2− + 𝐻2𝑂 → 𝑆𝑂4

2− + 𝑆𝑜 + 2 𝐻+ + 2𝑒−     (Eq. 6) 240 

𝑆𝑜 +4𝐻2𝑂 → 𝑆𝑂4
2− + 8 𝐻+ + 6𝑒−      (Eq. 7) 241 

4 𝑁𝑂3
−  + 𝑆2𝑂3

2− + 𝐻2𝑂 → 2 𝑆𝑂4
2− +  4 𝑁𝑂2

−  + 2 𝐻+    (Eq. 8) 242 

8 𝑁𝑂2
−  + 3 𝑆2𝑂3

2− + 2 𝐻+  → 6 𝑆𝑂4
2− +  4 𝑁2 + 𝐻2𝑂    (Eq. 9)  243 

The mass balance for the TDD-PNA combined process is given by Eqs. (10)–(14).  244 

NH4-N mass balance: 𝑄 × ( 𝑁𝐻4
+

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑁𝐻4
+

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡) =  𝑅𝑁𝐻4
+𝐴𝑂𝐵 +  𝑅𝑁𝐻4

+𝐴𝑀𝑋 245 

          (Eq. 10)  246 
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NO2-N mass balance: 𝑄 × (𝑁𝑂2
−

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 −  𝑁𝑂2
−

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡) =  𝑅𝑁𝐻4
+𝐴𝑂𝐵 +247 

 𝑅𝑁𝑂3
−𝑆𝑂𝐵 – 𝑅𝑁𝑂2

−𝑆𝑂𝐵 −  𝑅𝑁𝑂2
−𝑁𝑂𝐵  −  1.32 ×  𝑅𝑁𝐻4

+𝐴𝑀𝑋                     (Eq. 11)                                                                          248 

NO3-N mass balance: 𝑄 × (𝑁𝑂3
−

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 −  𝑁𝑂3
−

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡) =  𝑅𝑁𝑂2
−𝑁𝑂𝐵 + 0.26 ×249 

𝑅𝑁𝐻4
+𝐴𝑀𝑋 – 𝑅𝑁𝑂3

−𝑆𝑂𝐵                   (Eq. 12)  250 

TN removal: 𝑄 × (𝑁𝐻4
+

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 +  𝑁𝑂2
−

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 +  𝑁𝑂3
−

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑁𝐻4
+

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 −251 

 𝑁𝑂2
−

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 −  𝑁𝑂3
−

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡)  =  2.04 × 𝑅𝑁𝐻4
+𝐴𝑀𝑋  + 1 ×  𝑅𝑁𝑂2

−𝑆𝑂𝐵 (Eq. 13)  252 

S2O32-S mass balance: 𝑄 ×  (𝑆2𝑂3 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
2− −  𝑆2𝑂3 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

2− ) = 1.14 × 𝑅𝑁𝑂3
−𝑆𝑂𝐵  + 1.71 ×253 

𝑅𝑁𝑂2
−𝑆𝑂𝐵         (Eq. 14)   254 

𝑅𝑁𝐻4
+𝐴𝑂𝐵, 𝑅𝑁𝐻4

+𝐴𝑀𝑋, 𝑅𝑁𝑂2
−𝑁𝑂𝐵, 𝑅𝑁𝑂3

−𝑆𝑂𝐵 and 𝑅𝑁𝑂2
−𝑆𝑂𝐵  are the NH4-N consumption rate by 255 

AOB, NH4-N consumption rate by anammox, NO2-N consumption rate by NOB, NO3-N 256 

consumption rate by SOB and NO2-N consumption rate by SOB (mg-N/d), respectively; 257 

𝑁𝐻4
+

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡, 𝑁𝐻4
+

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡, 𝑁𝑂2
−

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡, 𝑁𝑂2
−

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡, 𝑁𝑂3
−

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡, 𝑁𝑂3
−

𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡, 258 

𝑆2𝑂3 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
2−  and 𝑆2𝑂3 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

2−
 are the influent and effluent nitrogen and sulfur concentrations 259 

(mg/L); and Q is the influent/effluent feed flow rate (L/d). The equations were solved using 260 

the MINVERSE and MMULT functions in Excel, and the activities of microbial groups were 261 

evaluated. 262 

2.7. Calculation of oxygen utilisation efficiency 263 

The oxygen utilisation efficiency (OUE) measures how much of the oxygen supplied to the 264 

MABR is utilised by the microbes. For calculation simplicity, it was assumed that the 265 

supplied oxygen was only consumed by the nitrifiers (AOB and NOB). NH4-N consumption 266 

by AOB and NO2-N consumption by NOB were calculated from the mass balance (Section 267 

2.5). According to the results, the OUE was calculated using Eqs. (15)–(17) (Wei et al., 268 

2012). 𝑄𝐿 is the influent liquid flow rate (m3/d), and 𝑄𝑎𝑖𝑟 is the air flow rate (m3/d). 𝑁𝐻4 ,𝐴𝑂𝐵
+  269 

and 𝑁𝑂2 ,𝑁𝑂𝐵
−  represent NH4-N consumption by AOB and NO2-N consumption by NOB, 270 
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respectively (g/m3). The volumetric oxygen content in the influent air was 0.2095, the molar 271 

mass of O2 (g/mol) was 32 and the volume of 1 mol of air at standard conditions (298 K, 1 272 

atm) was 22.4 L. 273 

  𝑔𝑂2𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑  = 𝑄𝐿 × [3.43 ×  (𝑁𝐻4 ,𝐴𝑂𝐵
+ ) + 1.14 × (𝑁𝑂2 ,𝑁𝑂𝐵

− )]  (Eq. 15) 274 

  𝑔𝑂2𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑  =  (0.2095 × 32 × 𝑄𝑎𝑖𝑟) / (22.4 × 0.001)    (Eq. 16) 275 

OUE = (𝑔𝑂2𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑  𝑔𝑂2𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑  ⁄ )×100            (Eq. 17)   276 

 277 

3. Results and discussion  278 

3.1. Nitrogen and sulfur conversions in MABRs 279 

The performances of MABR-1 and MABR-2 are illustrated in Fig. 1. In phase 1, aeration 280 

control was performed to realise PNA in the MABR systems. In the early days (up to day 30), 281 

low TN removal (<10%) was achieved in both MABR systems (Fig. 1a and Fig. 1d); this was 282 

attributable to inadequate biofilm formation during that period, which promotes oxygen 283 

penetration into the bulk liquid, limiting anammox activity. This is evident from the high DO 284 

concentrations (approximately 1.5–2 mg/L) of the bulk liquid at this stage. Subsequently, the 285 

DO concentration of the bulk liquid was reduced to 0.1–0.2 mg/L, increasing the TN removal 286 

efficiency and indicating the activity of anammox bacteria. 287 

During the PNA phase, the NH4-N removal efficiencies in both reactors were 288 

increased to ~50% (Fig. 1b and Fig. 1e). In MABR-1 and MABR-2, TN removal efficiencies 289 

of approximately 20%–30% (Fig. 1a) and 30%–40% (Fig. 1d) were achieved during the PNA 290 

period, respectively. Non-woven polyester material has strong bacterial immobilisation 291 

characteristics owing to its high porosity and large specific surface area (Gong et al., 2007; 292 

Furukawa et al., 2003; Fujii et al., 2002). Therefore, the improved nitrogen removal efficiency 293 
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in MABR-2 was due to thick biofilm accumulation on the surface and in the pores of the 294 

membrane. 295 

The TN removal during the PNA phase is attributable to anammox bacterial activity, 296 

as no organic carbon was introduced in either of the reactors. After the TN removal was stable 297 

in both reactors, S2O3
2−-S was added. With an increasing S/N ratio from 0.1 to 0.4, the TN 298 

removal efficiency increased in both MABR systems (Fig. 1a and Fig. 1d). With a further 299 

increase in the S/N ratio, the TN removal efficiency generally decreased in both MABR 300 

systems. The decrease in the removal efficiency is attributable to the inhibition of anammox 301 

and AOB activities by the increased S2O3
2−-S concentrations, as discussed in Sections 3.2 and 302 

3.3. In MABR-1, at S/N ratios of 0.1–0.4, approximately 40%–63% TN removal efficiencies 303 

were achieved. The maximum efficiency (63%) was achieved under an S/N ratio of ~0.15 304 

(Fig. 1a). In MABR-2, approximately 50%–76% TN removal efficiencies were achieved at 305 

S/N ratios of 0.1–0.4 (Fig. 1d). The maximum efficiency (76%) was achieved under an S/N 306 

ratio of 0.17, indicating that MABR-2 exhibited a higher nitrogen removal efficiency than 307 

MABR-1.  308 

Over time, the NH4-N removal efficiencies improved in both MABR systems owing to 309 

the increased activities of anammox and AOB (Fig. 1b and Fig. 1e). At S/N ratios of 0.1–0.4, 310 

NH4-N removal efficiencies of approximately 60%–77% and 70%–90% were achieved in 311 

MABR-1 and MABR-2, respectively. Maximum volumetric nitrogen removal rates of 140 312 

and 180 g-N/(m3∙d) were achieved in MABR-1 and MABR-2, respectively (Fig. 1a and 313 

Fig. 1d). Compared with previously reported MABRs based on only the PNA process, which 314 

achieved volumetric nitrogen removal rates of 31–120 g-N/(m3∙d) (Li et al., 2016; Augusto et 315 

al.,2018; Lin et al., 2015; Zeng et al., 2020), the investigated systems, particularly MABR-2, 316 

exhibited excellent performance. 317 
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 Figures 1(c) and 1(f) showed the influent and effluent concentrations of SO4
2− and 318 

S2O3
2− in MABR-1 and MABR-2, respectively. The influent S2O3

2− concentration was 319 

adjusted to achieve the required S/N ratio in the feed. In both MABR systems, S2O3
2− was 320 

almost completely consumed throughout the entire operation and was not detected in the 321 

effluent. In the influent, the sulfate concentration was approximately 40–50 mg/L owing to 322 

the addition of MgSO4·7H2O to the growth medium for anammox bacteria. The mass balance 323 

for sulfur showed that >95% of the thiosulfate was oxidised to sulfate. Approximately 1%–324 

5% of the sulfur loss can be attributed to S0 formation because either sulfide or sulfite was not 325 

detected in the effluent. However, the Raman spectra of the biofilms in both MABR systems 326 

(See Supplementary Information) showed that there were no significant peaks in the range 327 

assigned to elemental sulfur (S0, 153–474 cm−1; Cui et al., 2019), indicating that no major S0 328 

accumulation occurred in the biofilms.  329 

3.2 Speculative contributors to nitrogen removal and oxygen utilisation  330 

In both MABR systems, NH4-N conversions by AOB and anammox were almost the 331 

same, particularly at S/N ratios of <0.4 (Fig. 2a and Fig. 2b). Both NO2-N and NO3-N were 332 

used by SOB as electron acceptors. In both MABR systems, at S/N ratios of >0.3, most of the 333 

supplied S2O3
2− was used for denitratation. At S/N ratios of 0.4–0.5, approximately 70%–80% 334 

and 60%–90% of S2O3
2− were consumed for denitratation in MABR-1 and MABR-2, 335 

respectively. Although SOB utilised NO2-N, anammox activity was not significantly inhibited 336 

by the introduced S2O3
2−, particularly at S/N ratios of <0.4. At S/N ratios of >0.4, both AOB 337 

and anammox activities were inhibited to some extent in both MABR systems. Irrespective of 338 

DO control, NOB activity was observed in the biofilm throughout the continuous operation. 339 

The variations in 𝑔𝑂2𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑔𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑⁄  in the two MABR systems are shown in 340 

Fig. 3. It was assumed that only AOB and NOB were responsible for oxygen consumption 341 

throughout the operational period. In MABR-1, the 𝑔𝑂2𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑔𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑⁄  ratio was high 342 
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until around day 45 (Fig. 3a) because the TN removal from the start of the operation to day 343 

45 was low owing to the lower enrichment of anammox bacteria. After day 45, the ratio 344 

dropped to approximately 1.5–2 with increasing volumetric nitrogen removal (>60 g-345 

N/(m3∙d); Fig. 3a). To achieve nitrogen removal, MABR-1 required only 1.5–2 346 

𝑔𝑂2 𝑔𝑁𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑⁄ , which is 35%–40% of the oxygen requirement of the conventional N 347 

removal process (~4.57 𝑔𝑂2  𝑔𝑁𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑⁄ ). MABR-2 exhibited similar results (Fig. 3b). 348 

However, at S/N ratios of >0.4, MABR-2 exhibited approximately 10–12 349 

𝑔𝑂2𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑔𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑⁄ , owing to the sharp drop in TN removal compared with that at S/N 350 

ratios of <0.4.  351 

Figures 3(c) and 3(d) illustrate the variation in OUE in the two MABR systems. 352 

MABR-1 and MABR-2 exhibited average OUEs of 30%–50% and 40%–60%, respectively. 353 

The maximum OUEs of MABR-1 and MABR-2 (i.e., 66% and 80%, respectively) were 354 

achieved at S/N ratios of 0.15 and 0.26, respectively. At S/N ratios of 0.1–0.3, over 80% of 355 

the supplied oxygen was used by AOB, while the rest was consumed by NOB. At S/N ratios 356 

of >0.4, oxygen consumption by AOB was reduced to 50%–70%, owing to the slight 357 

inhibition of AOB caused by sulfur overloading. The OUEs of MABR-1 and MABR-2 show 358 

that a high TN removal could be achieved with a comparatively low oxygen loading in the 359 

MABR based on this novel integrated bioprocess. 360 

3.3 Model development and analysis 361 

3.3.1 Model calibration and validation 362 

As shown in Fig. 4, the developed model adequately describes the combined process of PNA 363 

and S2O3
2−-based denitrification in the MABR. When the parameters estimated from batch 364 

tests A and B were applied to batch test C, a good fit between the model and experimental 365 

results was achieved (R2 > 0.78; Fig. 4). S2O3
2− was oxidised to S0 and SO4

2−, and then S0 was 366 
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oxidised to SO4
2−. Several biokinetic parameters related to the PNA process and S2O3

2−-based 367 

denitrification were estimated from batch tests A and B, respectively (see Supplementary 368 

Materials). The estimated maximum specific growth rates of S2O3
2- and S0-based SOB 369 

(µ𝑁𝑂3
𝑆2𝑂3, µ𝑁𝑂2

𝑆2𝑂3, µ𝑁𝑂3
𝑆0  and µ𝑁𝑂2

𝑆0 ) were 6.89, 3.72, 0.0027 and 0.02 d−1, respectively. The µ𝑁𝑂3
𝑆2𝑂3 370 

and µ𝑁𝑂2
𝑆2𝑂3 values were higher than the µ𝑁𝑂3

𝑆𝑜  and µ𝑁𝑂2
𝑆𝑜  values, which indicates that S2O3

2− 371 

provided a larger contribution as an electron donor than S0, consistent with Deng et al.’s 372 

(2021a) results. Moreover, the higher µ𝑁𝑂3
𝑆2𝑂3 than µ𝑁𝑂2

𝑆2𝑂3 proves that the nitrate reduction rate 373 

by S2O3
2−-based SOB was higher than the nitrite reduction rate. This is also confirmed by the 374 

satisfactory nitrite accumulation in batch test B when S2O3
2−-S and NO3

−-N were provided as 375 

the influent substrates at an S2O3
2−-S-to-NO3

−-N ratio of 1.5. 376 

Sensitivity analysis showed that the NH4-N removal efficiency was most sensitive to 377 

the AOB- and anammox bacteria-related biokinetic parameters (see Supplementary 378 

Materials). The maximum specific growth rates and yield coefficients of AOB, SOB and 379 

anammox; the oxygen affinity constant for AOB; the oxygen inhibition coefficient for 380 

anammox; and the S2O3
2− affinity constants for SOB directly affected the effluent NO2-N, 381 

NH4-N and NO3-N concentrations. 382 

3.3.2 Model-based analysis 383 

Figure 5 demonstrates the combined effect of the S/N ratio and the oxygen/NH4-N 384 

loading ratio on the biofilm composition. The results demonstrate the co-existence of AOB, 385 

anammox and SOB in the biofilm. At all S/N ratios, AOB were attached to the membrane 386 

surface, while SOB and anammox bacteria were located away from the biofilm attachment 387 

surface. This indicates the successful establishment of anaerobic ammonium oxidation and 388 

anaerobic thiosulfate oxidation with NO2-N and NO3-N as the major electron acceptors. At all 389 

S/N ratios and oxygen/NH4-N loading ratios, AOB dominated the biofilm, followed by 390 

anammox and SOB. The anammox fraction in the biofilm reduced from 0.15 to <0.05 with 391 
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the increase in the oxygen/NH4-N loading ratio from 1.71 (the theoretical oxygen requirement 392 

for the PNA process) to 2.5, owing to anammox inhibition by excess oxygen supply. 393 

Moreover, the AOB fraction increased from 0.65 to >0.7, and the aerobic region was extended 394 

from 100 to 150 µm. With the increase in the S/N ratio from 0.1 to 0.8, the AOB fraction in 395 

the biofilm decreased, indicating that the high S2O3
2--S concentrations inhibited AOB, while 396 

no such effect on anammox activity was observed. At all considered S/N ratios, the SOB 397 

fraction in the biofilm was significantly lower than the AOB fraction. Even at an S/N ratio of 398 

0.8, the SOB fraction in the biofilm was only ~0.025, attributable to the low supply of 399 

electron donors for SOB (theoretically, only 0.26 × [NH4-N consumption by anammox] of 400 

NO3-N concentration was produced by anammox, and SOB must also compete with 401 

anammox for NO2-N).  402 

Figure 6 depicts the modelling results for the effects of biofilm thickness, liquid 403 

boundary layer thickness, oxygen/NH4-N loading ratios, specific surface area, HRT inlet 404 

NH4-N concentration and S/N ratios on TN removal efficiency. At biofilm thicknesses of 405 

170–900 µm, 80%–100% TN removal efficiencies were achieved, irrespective of the S/N 406 

ratios (Fig. 6a). At thicknesses of >1300 µm, mass transfer limitation of the substrates 407 

occurred, reducing the TN removal efficiency. The simulation results showed that even after 408 

500 days of operation, the biofilm thickness increased to only 700 µm, indicating that MABR 409 

operation based on the TDD–PNA process requires no biofilm thickness control for over 1 410 

year. In a membrane-aerated biofilm, substrate diffusion from the bulk liquid to the biofilm is 411 

affected by the liquid boundary layer formed at the biofilm/bulk liquid interface. Figure 6(b) 412 

shows that at liquid boundary layer thicknesses of 0.00001–0.001 m, the boundary layer did 413 

not significantly affect nitrogen removal at all S/N ratios, as optimum nitrogen removal 414 

(80%–100%) was achieved. At liquid boundary layer thicknesses of >0.001 m, the TN 415 

removal efficiency dropped to <80% irrespective of the S/N ratio. This indicates that at a high 416 
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liquid boundary layer thickness, substrate transfer between the bulk liquid and the biofilm was 417 

interrupted. Figure 6(c) demonstrates that 1.71 gO2/NH4-N (the theoretical oxygen 418 

requirement for the PNA process) was the optimum oxygen loading to achieve 80%–100% 419 

TN removal at all S/N ratios. Moreover, 60%–80% TN removal was achieved with a limited 420 

oxygen supply of 1 gO2/NH4-N under S/N ratios of up to 0.4. This indicates that the TDD–421 

PNA process allows for achieving significant nitrogen removal under minimum oxygen 422 

supply. As shown in Fig. 6(d), a specific surface area of 100–250 m2/m3 combined with an 423 

S/N ratio ≤0.4 is ideal for achieving high TN removal efficiencies (80%–100%). Even at a 424 

lower specific surface area of ~50 m2/m3, the TDD–PNA process achieved approximately 425 

60%–80% TN removal efficiency. Figure 6(e) illustrates the combined effect of HRT, inlet 426 

NH4-N concentration and S/N ratio on TN removal efficiency. At an HRT of 12 h and inlet 427 

NH4-N concentration of 25–200 mg/L, 80%–100% TN removal efficiencies were achieved, 428 

irrespective of the feed S/N ratios. A similar TN removal efficiency was achieved at an HRT 429 

of 6 h, inlet NH4-N concentrations of 25–100 mg/L and S/N ratios of <0.4. At an HRT of 3 h 430 

and inlet NH4-N concentrations of 25–100 mg/L, 60%–80% TN removal efficiencies were 431 

achieved. These results indicate that HRT considerably influences the TN removal 432 

performance in our combined TDD–PNA process in an MABR.  433 

The modelling results show that (i) at a biofilm thickness of 170–900 µm, a limited 434 

oxygen supply of 1.71 gO2/gNH4-N, liquid boundary layer thickness of <0.001 m, specific 435 

surface area of 100–250 m2/m3 and S/N ratio ≤0.4 are ideal for achieving 80%–100% TN 436 

removal efficiencies. (ii) Even at a low HRT of 3 h, >60% TN removal efficiencies were 437 

achieved at 25–100 mg/L inlet NH4-N concentrations. Both the modelling and experimental 438 

results demonstrate that the PNA process combined with S2O3
2−-based denitrification yielded 439 

improved nitrogen removal efficiency in the MABR with low aeration energy and zero 440 

organic carbon addition requirement. 441 
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4. Conclusion 442 

A new bioprocess, TDD combined with PNA, was studied using two MABRs for the 443 

treatment of NH4-N-containing wastewater. MABR-1, with a PVDF membrane, and MABR-444 

2, with a micro-porous aeration tube covered with non-woven polyester fabric, achieved TN 445 

removal of 63% and 76%, respectively. The mass balance and modelling results demonstrated 446 

the co-existence of nitrifiers, anammox and sulfur oxidisers in the biofilm. The modelling 447 

results also showed that an S/N ratio of ≤0.4, specific surface area of 100-250 m2/m3 and 448 

limited oxygen supply of 1.71gO2/gNH4-N are ideal for achieving TN removal efficiencies of 449 

80%–100% in the novel MABR system(s). 450 
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Figure 2. Nitrogen consumption by different bioprocesses in MABR-1 and MABR-2.609 
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 619 

Figure 5.  Modelling results for biofilm composition at different oxygen/NH4-N 620 
loadings and S/N ratios. 621 

 622 
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 623 

Figure 6.  Modelling results for variation in TN removal efficiency with the combined 624 
effects of (a) biofilm thickness and S/N ratio; (b) oxygen/NH4-N loading ratio and S/N 625 
ratio; (c) liquid boundary layer thickness and S/N ratio; (d) specific surface area and 626 
S/N ratio; (e) HRT, inlet NH4-N concentration and S/N ratio. 627 
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Table 1: Overview of the simulation scenarios 629 

Scenario Biofilm properties Operational conditions 

Effect of biofilm thickness  
(50-1300 µm) combined with 
S/N ratio (0.1-0.8) 

Boundary layer thickness 
=0.0001 m 
Initial biofilm thickness = 
20 µm 
 

Initial NH4-N concentration=50 g/m3 
HRT=24h 
O2/NH4-N ratio=1.71 
specific surface area=250 m2/m3 

Effect of boundary layer 
thickness (0.00001-0.001 m) 
combined with S/N ratio  
(0.1-0.8) 

Biofilm thickness =200 µm 
 

Initial NH4-N concentration=50 g/m3 
HRT=24h 
O2/NH4-N ratio=1.71 
specific surface area=250 m2/m3 

Effect of O2/NH4-N ratio (0.5-
3) combined with S/N ratio  
(0.1-0.8) 

Biofilm thickness =200 µm 
Boundary layer thickness 
=0.0001 m  

Initial NH4-N concentration=50 g/m3 
HRT=24h 
specific surface area=250 m2/m3 
 

Effect of specific surface area 
of membrane (25-250 m2/m3) 
combined with S/N ratio  
(0.1-0.8) 

biofilm thickness =200 µm 
Boundary layer thickness 
=0.0001 m  

Initial NH4-N concentration=50 g/m3 
HRT=24h 
O2/NH4-N ratio=1.71 
 

Effect of HRT (3-24 h) 
combined with S/N ratio (0.1-
0.8) and inlet NH4-N 
concentration (25-500 g/m3) 

biofilm thickness =200 µm 
Boundary layer thickness 
=0.0001 m  

O2/NH4-N ratio=1.71 
specific surface area=250 m2/m3 
 
 

 630 
 631 

  632 
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Table 2: Batch experimental conditions 633 

 

 NH4-N 
(mg/L) 

NO2-N 
(mg/L) 

NO3-N 
(mg/L) 

S2O32- 

(mg/L) 
Air 
pressure 
(kPa) 

Calibration 

A (only PNA) 117  

   

1 

B (S2O3
2- based 

denitrification) 
  70 106 No aeration 

Validation C (PNA+S2O3
2- based 

denitrification) 
117   42 1 
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