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A B S T R A C T   

A preliminary assessment has been carried out on the integration of an anoxic biotrickling filter and a nitrifi-
cation bioreactor for the simultaneous treatment of ammonium-rich water and H2S contained in a biogas stream. 
The nutrient consumption in the biotrickling filter was as follows (mol− 1 NO3

− -N): 6.3⋅10− 4 ± 1.2⋅10− 4 mol PO4
3− - 

P, 0.04 ± 0.05 mol NH4
+-N and 0.04 ± 0.03 mol K+-K. Furthermore, it was possible to supply a mixture of 

biogenic NO3
− and NO2

− into the biotrickling filter from the nitrification bioreactor to obtain a maximum elim-
ination capacity of 152 gH2S–S m− 3 h− 1. The equivalence between the two compounds was 1 mol NO3

− -N equal 
to 1.6 mol NO2

− -N. The biotrickling filter was also operated under a stepped variable inlet load (30–100 gH2S–S 
m− 3 h− 1) and outlet H2S concentrations of less than 150 ppmV were obtained. It was also possible to maintain the 
outlet H2S concentration close to 15 ppmV with a feedback controller by manipulating the feed flow (in the 
nitrification bioreactor). Two stepped variable inlet loads were tested (60–111 and 16–102 gH2S–S m− 3 h− 1) 
under this type of control. The implementation of feedback control could enable the exploitation of biogas in a 
fuel cell, since the H2S concentrations were 15.1 ± 4.3 and 15.0 ± 3.4 ppmV. Finally, the anoxic biotrickling filter 
experienced partial denitrification and this implied a loss of the desulfurization effectiveness related to SO4

2−

production.   

1. Introduction 

Biotrickling filters (BTFs) have proven to be efficient and viable for 
biogas desulfurization (Andriamanohiarisoamanana et al., 2020). The 
biological desulfurization can be carried out under aerobic or anoxic 
conditions. Aerobic desulfurization is a low-cost technology because O2 
is used as the electron acceptor. The main drawback of aerobic processes 
is the low solubility of O2, which causes S0 accumulation on the packed 
bed. However, the use of an external device such as jet-venturi and 
control of the trickling liquid velocity (TLV) enhances the O2 mass 
transfer in aerobic BTFs (López et al., 2018). In any case, the air supply 
can lead to biogas dilution or, in the case of malfunction, an explosive 
atmosphere concentration can be reached. In contrast, anoxic desul-
furization does not suffer from these operational issues and the main 
drawback is the need for a source of NO3

− or NO2
− . It has been shown that 

the best alternative is the use of NO3
− or NO2

− from an available nitrifi-
cation bioreactor (Cano et al., 2018). 

Nitrification is a two-step process in which NH4
+ is initially oxidized 

to NO2
− by ammonia-oxidizing bacteria (AOB) and the NO2

− is then 

oxidized to NO3
− by nitrite-oxidizing bacteria (NOB). AOB and NOB have 

different optimum operating conditions, so the nitrification process can 
be controlled to produce NO3

− , NO2
− or both (Pedrouso et al., 2017; Reino 

et al., 2017). 
Anoxic desulfurization is also a two-step process. The H2S is oxidized 

to S0 and then to SO4
2− . In this case, the product selectivity depends on 

the nitrogen (NO3
− -N or NO2

− -N)–H2S–S (N/S) ratio (Cano et al., 2019; 
Mora et al., 2015; Soreanu et al., 2008). In previous studies (Almenglo 
et al., 2016; Brito et al., 2019; Cano et al., 2019) the use of NO3

− or NO2
−

has been successful regardless of the type of electron acceptor added to 
the medium. The amount of NO2

− -N required to desulfurize 1 mol of 
H2S–S is higher than the one required for NO3

− -N, since the higher 
oxidizing power of the latter one. Therefore, in order to normalize the 
electron acceptor supply to the desulfurization bioreactor, 
González-Cortés et al. (2021) have introduced the NO3

− equivalent 
([NO3

− ]eq) term. This NO3
− equivalent is calculated as the sum of the 

concentration of NO3
− and the concentration of NO2

− corrected with an 
adjustment factor to take into consideration its lower oxidizing power. 
The determination of the [NO3

− ]eq is expressed by Equation (1), where 
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‘a’ is the adjustment factor: 

[
NO−

3

]

eq =
[
NO−

3

]
+

[
NO−

2

]

a
(1) 

Autotrophic denitrification using HS− to remove NO3
− or NO2

− has 
been extensively described in the literature for wastewater treatment 
(Fajardo et al., 2012). However, the number of studies concerning the 
use of nitrified effluents for biogas desulfurization is limited (Deng et al., 
2009; González-Cortés et al., 2021; Guerrero et al., 2020; Pirolli et al., 
2016; Tanikawa et al., 2018; Wang et al., 2009; Xu et al., 2020; Zeng 
et al., 2019). As an example, González-Cortés et al. (2021) suggested a 
two-stage process for the commercialization of S0. Guerrero et al. (2020) 
compared two different ways of carrying out the nitrification process 
coupled to a denitrification-desulfurization reactor, i.e., in the same 
reactor and in two different reactors. The systems employed were a 
bench scale aerobic horizontal fixed-bed reactor coupled with an anoxic 
vertical fixed-bed reactor (AHFBR-AVFBR) and a bench scale mixed 
aerobic-anoxic horizontal fixed-bed reactor (MAAFBR). 

In the study described here, a continuous stirrer tank reactor (CSTR) 
with biomass recirculation and a BTF were used for the oxidation of NH4

+

to NO3
− and/or NO2

− and subsequent autotrophic denitrification and HS−

oxidation, respectively. The bioreactors were operated using a contin-
uous feed of ammonium-rich synthetic effluent to the CSTR, with the 

nitrified effluent subsequently fed to the BTF. The effect of an effluent 
nitrified with NO3

− and NO2
− on the H2S removal efficiency (RE) was 

determined. Moreover, the operation of the system had feedback control 
to keep the outlet H2S concentration constant and this was achieved by 
manipulation of the NH4

+ feed to the CSTR. In addition, the effect of a 
NPK (nitrogen/phosphorus/potassium) fertilizer as a nutrient source 
was evaluated. Finally, it was tested where should be applied this NPK 
fertilizer (BTF or CSTR). 

2. Materials and methods 

2.1. Experimental setup 

A schematic diagram of the BTF and CSTR is shown in Fig. 1. It can be 
seen that the BTF was fed with the nitrified effluent from the settler 
(number 19, Fig. 1) of the nitrification system. The pump P5 (Fig. 1) 
provided the same flow rate to feed the nitrification bioreactor 
(ammonium-rich source) and to feed the BTF. The flow rate could be 
controlled manually (open-loop) or by using control loop (supplemen-
tary Figure S1), which uses as the control variable the outlet H2S con-
centration (number 13, Fig. 1) and as the manipulated variable the 
liquid flow rate of pump P5 (Fig. 1). 

The anoxic BTF was made of transparent polyvinyl chloride (PVC) 

Fig. 1. Experimental setup. (1) Anoxic BTF, (2) Inlet gas (BTF), (3) Outlet gas (BTF), (4) ORP probe, (5) pH probe (BTF), (6) Liquid flow meter, (7) Heat exchanger 
(BTF), (8) Liquid purge (BTF), (9) N2 cylinder, (10) H2S cylinder, (11) Mass flow controller (BTF), (12) Thermostatic bath (BTF), (13) H2S sensor for the control loop, 
(14) Compressed air stream, (15) Air flow meter for the proper performance of the H2S sensor, (16) Mineral medium dosing tank (BTF), (17) Base dosing tank (BTF), 
(18) Acid dosing tank (BTF), (19) Settler, (20) Nitrification bioreactor, (21) pH probe (nitrification bioreactor), (22) DO probe, (23) Air Diffuser, (24) Heat exchanger 
(nitrification bioreactor), (25) NH4

+ rich water tank (nitrification bioreactor), (26) NaHCO3 tank (nitrification bioreactor), (27) Air flowmeter (nitrification biore-
actor), (28) Thermostatic bath (nitrification bioreactor), (P1) Recirculation pump (BTF), (P2) Mineral medium dosing pump (BTF), (P3) Base dosing pump (BTF), 
(P4) Acid dosing pump (BTF), (P5) Variable speed pump controlled by voltage (BTF and nitrification bioreactor), (P6) Purging pump (nitrification bioreactor), (P7) 
Biomass recirculation pump (nitrification bioreactor), (P8) Base dosing pump (nitrification bioreactor). 
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(internal diameter 71.4 mm) and the packed bed was divided into three 
sections, with a total bed height of 500 mm: 200, 200 and 100 mm. The 
packing material was polypropylene Pall rings 5/8" (Pall Ring Company, 
UK) and the total bed volume and the volume of medium under recir-
culation were 2.1 and 3.7 L, respectively. A digital Multimeter 44 (Hach 
Lange Spain, S.L.U, Spain) was used for oxide-reduction potential (ORP) 
monitoring and pH was controlled (7.3–7.5) by the addition of NaOH (1 
M) or H3PO4 (0.33 M). The temperature of the BTF was kept at 30 ◦C 
using a thermostatic bath (number 12, Fig. 1) and a heat exchanger 
(number 7, Fig. 1) in the inlet stream of the medium to the BTF. 

The BTF was fed with substitute biogas (mixture of H2S and N2). The 
gas was supplied from two compressed gas cylinders (numbers 9 and 10, 
Fig. 1): N2 (quality 99.9%) and mixture (50% H2S, balance N2) by means 
of mass flow controllers (Bronkhorst F–201C). The empty bed residence 
time (EBRT) was constant at 158 s and the substitute biogas was fed in 
co-current flow mode with a TLV of 10 m h− 1. These operational con-
ditions were previously optimized by the authors (Cano et al., 2019). 

An autoclavable glass bioreactor (Applikon Biotechnology, B.V., 
Netherlands) was used as the CSTR (number 20, Fig. 1). The total and 
working volumes were 7 and 5 L, respectively. Air was fed into the 
bioreactor at 0.1 vvm (vessel volume per minute) and the stirring speed 
was 200 rpm (revolution per minute). The pH was controlled at 7.3 
(days 0–111) and 7.8 (days 112–354) by the addition of NaHCO3 (0.6 M) 
in conjunction with a pH controller (AX466, ABB, S.A., Spain) and a pH 
electrode (TB551, ABB, S.A., Spain). The dissolved oxygen (DO) was 
measured periodically using a multimeter (6603, Mettler Toledo, LCC, 
Switzerland) equipped with an InPro 6050 probe. The temperature was 
controlled by a thermostatic bath (number 28, Fig. 1) using an internal 
coil (Fig. 1) at 20 or 30 ◦C (Table 1b). The outlet liquid stream was 
pumped (P6, Fig. 1) to a settler with a volume of 6 L. The clarified liquid 
from the settler was introduced into the BTF and the concentrated solid 
stream was returned to the CSTR by a peristaltic pump (P7, Fig. 1). 

The whole system was controlled and monitored using a cDAQ 
chassis (NI-9184) equipped with three modules; current input (NI- 
9264), digital I/O module (NI-9375) and voltage output module (N- 
9264), with control achieved with LabVIEW™ 2015 (National In-
struments Corp., USA). 

2.2. Experimental conditions 

The experimental conditions for the BTF and the CSTR are provided 
in Table 1a and 1b, respectively. Different mineral media were used in 
the two bioreactors. In the BTF, during the first 185 days of operation a 
dilute solution (1:400) prepared from NPK (6-4-6) fertilizer (Biovert, 
Manvert, Spain) at 306 mL h− 1 was employed. The nutrient dosage was 
carried out in the nitrification bioreactor from day 185 to day 354. The 
NPK fertilizer composition was (g L− 1): K+-K (26.9), SO4

2–-S (4.6), PO4
3− - 

P (7.8), NH4
+-N (20.7), NO2

− -N (2.8) and NO3
− -N (20.2). In addition to the 

mineral medium, NaHCO3 solution (50 mg L− 1) was provided as a car-
bon source. In the nitrification bioreactor a synthetic eluent (ammo-
nium-rich water) was used. The nitrogen concentration was in the range 

600–800 mg NH4
+-N L− 1 and its composition (Jubany et al., 2005) was 

(mg L− 1): KH2PO4 (20.0), NaCl (16.0), MgCl2⋅7H2O (18.0), FeSO4⋅7H2O 
(0.4), MnSO4⋅H2O (0.3), ZnSO4⋅7H2O (0.4), CuSO4⋅5H2O (0.2), H3BO3 
(2.0⋅10− 2) and CaCl2⋅H2O (8.0). From day 198, the mineral medium was 
replaced by dilute solutions of the NPK fertilizer from 1:40 to 1:200. 

In experiment 1 the BTF performance was analyzed on using NPK 
fertilizer as a replacement for the conventional mineral medium re-
ported by Cano et al. (2019). The nitrification bioreactor was fed with 
ammonium-rich water (805.7 ± 37.5 mg NH4

+-N L− 1). 
In experiment 2 changes were made to the nitrification bioreactor to 

enhance the partial nitrification of NH4
+ to NO2

− . In this experiment four 
periods were identified (Table 1b). In the first period, the temperature 
was increased up to 30 ◦C. This value is optimum to achieve a higher 
growth of AOB in comparison to NOB (Pedrouso et al., 2017). In the 
second period (discontinuous mode, Table 1), the nitrified effluent was 
stored in a tank with the aim of allowing modifications to the feed N:S 
ratio in the BTF. In the third period, the CSTR was operated in contin-
uous mode and, finally, in the fourth period the pH was increased from 
7.3 to 7.8 with the aim of reducing the free nitrous acid (FNA) con-
centration and increasing the free ammonia (FA) (Jianlong and Ning, 
2004). As far as the NH4

+ fed in the CSTR is concerned, the NH4
+ con-

centration and the NH4
+ load in the continuous and discontinuous pe-

riods were 816.2 ± 120.8 mg NH4
+-N L− 1 and 375–425 g NH4

+-N m− 3 

d− 1, respectively. 
The H2S concentration value in a biogas plant is not constant 

throughout the day (Tomàs et al., 2009). Therefore, experiment 3 con-
cerned an analysis of the BTF response under a stepped variable H2S 
Inlet Load (IL) according to Equation (2) (sinusoidal profile) under 
open-loop conditions. The Equation (2) has been studied in previous 
studies (Brito et al., 2017, 2018; López et al., 2016), where ‘[H2S]’ and 
“t” are respectively the H2S concentration (ppmV) and time (hours). Two 
different cases were assessed: hydraulic residence times (HRT) of 32 and 
8 h for the CSTR and BTF (Case 1) and HRT of 48 and 9 h for the CSTR 
and BTF (Case 2). The NH4

+ concentration was between 600 and 800 mg 
NH4

+-N L− 1. 

[H2S] = 1170 ⋅ sin
(

2Π
24

⋅ t
)

+ 2181 (2) 

In Experiment 4, two tests were carried out using feedback control 
based on the previous removal results obtained in experiment 3, since 
this experiment was useful to identify the removal limits in the BTF. In 
both tests the controlled parameter was the outlet H2S concentration 
and the manipulated parameter was the flow rate of ammonium-rich 
water (concentration of 600–800 mg NH4

+-N L− 1). The NPK fertilizer 
was fed into the anoxic BTF in the first trial (dilution of 1:400 and flow of 
306 mL h− 1). NPK fertilizer was also fed into the nitrification bioreactor 
in the second trial by an additional peristaltic pump (dilution 1:40 and 
flow of 38 mL h− 1). Finally, the IL were modified using two sinusoidal 
equations (60–111 and 16–102 gH2S–S m− 3 h− 1), i.e., Equations (3) and 
(4) for the first and second test, respectively. The modification of the IL 
using Equation (4) allowed to test the effect of a lower H2S inlet con-
centration (up to 500 ppmV), whereas using Equation (3) the minimum 
H2S concentration was (1890 ppmV) (Table 1a). 

[H2S] = 860 ⋅ sin
(

2Π
24

⋅ t
)

+ 2840 (3)  

[H2S] = 1430 ⋅ sin
(

2Π
24

⋅ t
)

+ 1980 (4) 

Experiment 5 involved a study of the effect of NPK fertilizer dosage in 
the nitrification bioreactor. Experiment 5 consisted of three distinct 
periods (Table 1b). In the first period, the NPK fertilizer was fed into the 
CSTR using an additional peristaltic pump (dilution of 1:40 and flow of 
38 mL h− 1). In the second and third periods, the NPK fertilizer was 
added with the ammonium-rich water (dilutions of 1:40 and 1:200 in the 

Table 1a 
Experimental conditions (BTF).  

Exp. Days Time 
(days) 

Mineral 
Medium 

HRT (h) IL (gS-H2S 
m− 3 h− 1) 

[H2S]in 

1 0–43 43 NPK 
Fertilizer 

8.0 78.1 2620 
2 44–139 96 23.7–156.2 796–5210 
3 140–163 14 30.0–100.0 1040–3350 

10 9.0 
4 164–197 22 Variable 60.0–111.0 1980–3720 

12 Nonea 16.0–102.0 500–3400 
5 198–354 65 26.7 0–142.0 0–4740 

23 35.5 16.0–102.0 500–3400 
69 32.6  

a The mineral medium was dosed in the CSTR. 
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second and third periods, respectively). The IL in the anoxic BTF was 
varied manually in the range 0–142 gH2S–S m− 3 h− 1 according to sup-
plementary Figure S2 in the first period. In the second and third periods 
(Table 1b) the H2S IL was varied according to Equation (4). 

2.3. NO3
− equivalent 

According to Soreanu et al. (2008) and Mahmood et al. (2007), the 
partial HS− oxidation is described by the following equations: 

5H2S+ 2NO−
3 →5S0 + N2 + 4H2O + 2OH− (5)  

3HS− + 2NO−
2 + 5H+→3S0 + N2 + 4H2O (6)  

5H2S+ 8NO−
3 →5SO2−

4 + 4N2 + 4H2O + 2H+ (7)  

3HS− + 8NO−
2 + 5H+→3SO2−

4 + 4 N2 + 4H2O (8) 

Therefore, the N:S molar ratios needed to obtain a SO4
2− production 

of 100% are 1.6 and 2.67 mol mol− 1, using NO3
− and NO2

− , respectively. 
Otherwise, 0.4 and 0.67 mol mol− 1 are needed if 100% oxidation to S0 is 
desired. Equations (5)–(8) are considered as kinetic 1. 

Mora et al. (2015) consider a more complex stoichiometry, including 
biomass production and carbon and nitrogen assimilation (Eqs. (9)– 
(12)): 

HS− + 0.350 NO−
3 + 1.40 H+ + 0.059 HCO−

3 + 0.004 CO2

+ 0.013 NH+
4 →0.013 C5H7O2N + 1.21 H2O + 0.175 N2 + S0 (9)  

HS− + 1.23 NO−
3 + 0.537 H+ + 0.438 HCO−

3 + 0.027 CO2

+ 0.093 NH+
4 →0.093 C5H7O2N + 0.866 H2O + 0.614 N2 + SO2−

4 (10)  

HS− + 0.587 NO−
2 + 1.63 H+ + 0.057 HCO−

3 + 0.004 CO2

+ 0.012 NH+
4 →0.012 C5H7O2N + 1.326 H2O + 0.293 N2 + S0 (11)  

HS− + 2.36 NO−
3 + 1.53 H+ + 0.215 HCO−

3 + 0.013 CO2

+ 0.046 NH+
4 →0.046 C5H7O2N + 1.30 H2O + 1.18 N2 + SO2−

4 (12) 

Therefore, the N:S molar ratios for 100% of SO4
2− production are 1.23 

and 2.36 mol mol− 1, for NO3
− and NO2

− , respectively. Otherwise, 0.35 
and 0.587 mol mol− 1 are needed for 100% oxidation to S0. Equations 
(9)–(12) are considered as kinetic 2. 

The adjustment factor “a” of Equation (1) can be calculated by doing 
a linear regression between NO3

− and NO2
− concentration for both ki-

netics (supplementary Figure S3 and Figure S4). 1.67 and 1.91 mol NO2
− - 

N (mol NO3
− -N)− 1 can be predicted for kinetics 1 and 2, respectively. 

In addition, the same BTF was previously operated using chemical 
NO3

− to report complete production of S0 and SO4
2− (kinetic 3) under N:S 

ratios equal to 0.32 and 1.46 mol N–NO3
– mol– H2S–S (Cano et al., 2019). 

This kinetic was adjusted by means of varying the “a” parameter in 
Equation (1) from 1.1 to 1.7 mol NO2

− -N (mol NO3
− -N)− 1 to find the one 

with the lowest error between the experimental SO4
2− concentration and 

estimated SO4
2− concentration. The estimated SO4

2− concentration was 
obtained as follows (Fig. 2): 

2.4. Analytical methods 

The major cations and anions in the liquid phase were determined on 
an ion chromatograph (Metrohm, 930 Compact IC Flex, Switzerland) 
equipped with a conductometric detector (ASTM, 2017; ASTM, 2016). 

The outlet H2S concentration was measured by two different specific 
H2S sensors. The H2S samples were taken in discontinuous (GasBadge 
Pro Gas Detector, Industrial Scientific, USA) and in continuous (Euro- 
Gas Management Services Ltd, UK) mode in experiments 1 and 2 and 3 
to 5, respectively. 

3. Results and discussion 

3.1. Effect of NPK fertilizer on the biotrickling filter 

In experiment 1 the RE kept almost constant (in the range 
97.0–99.8%) (supplementary Figure S5). Therefore, differences were 
not detected due to the type of mineral medium. In fact, the H2S removal 
in this experiment (NPK fertilizer usage) was similar to that obtained in a 
previous study in which the same medium was used (Cano et al., 2019). 

The feed N:S ratio was 1.6 ± 0.1 mol NO3
− -N mol− 1 S–H2S as a 

consequence of the nitrified liquid from the CSTR (around 1.3 mol NO3
− - 

N mol− 1 S–H2S) plus the additional dosage contribution from the NPK 
fertilizer (around 0.3 mol NO3

− -N mol− 1 S–H2S). The mean SO4
2− pro-

duction was 98.3 ± 3.4% (supplementary Figure S5) and it was only 
different (58.4%) on day 1 as a result of the NPK fertilizer dose 
acclimatization. 

The CSTR had an average NH4
+ removal rate of 433.5 ± 33.8 g NH4

+-N 
m− 3 d− 1. The main final product was NO3

− (99.1 ± 0.1%) because NOB 
was not limited as a consequence of the optimal conditions employed, 
namely the low free HNO2 concentrations (1.7⋅10− 5 – 2.5⋅10− 4 mg 
HNO2–N L− 1) and the fact that the system was operated at room tem-
perature (Svehla et al., 2017). 

Table 1b 
Experimental conditions (CSTR).  

Exp. Days Duration (days) Mineral Medium HRT (h) T (◦C) pH Operation Mode 

1 0–43 43 Mineral medium 32.0 20.0 7.3 Continuous 
2 44–139 28 30.0 

18 Discontinuous 
22 Continuous 
28 7.8 

3 140–163 14 
10 48.0 

4 164–197 34 Variable 
5 198–354 65 NPK fertilizer 28.2 20.0 

23 48.0 
69 44.1  

Fig. 2. Procedure for calculation of the adjustment factor “a”.  
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Macro-element consumption is rarely reported in studies on anoxic 
biogas desulfurization. However, the importance of this parameter has 
been demonstrated (Almenglo et al., 2016; Moon et al., 2008). The 
PO4

3− , K+ and NH4
+ consumption levels in the BTF were as follows (mol− 1 

NO3
− -N): 6.3⋅10− 4 ± 1.2⋅10− 4 mol PO4

3–-P, 0.04 ± 0.05 mol NH4
+-N and 

0.04 ± 0.03 mol K+-K. Additionally, the maximum consumption levels 
were (mol− 1 NO3

− -N): 7.35⋅10− 4 mol PO4
3–-P, 0.18 mol NH4

+-N and 0.10 
mol K+-K. As a consequence, the phosphorus uptake was negligible, 
although the effect of phosphorus on autotrophic denitrification has 
been reported (Fan et al., 2018; Moon et al., 2008). For instance, Moon 
et al. (2008) used a S0-based column to evaluate the autotrophic deni-
trification of contaminated groundwater. It was found that NO3

− removal 
did not occur during the first 60 days because PO4

3− was not available. 
The system was later dosed with KH2PO4 and this enhanced the NO3

−

removal. Furthermore, it has been reported that there is a group of 
sulfur-oxidizing bacteria (large sulfur bacteria) that uptakes phosphorus 
by accumulation as polyphosphate (Lin et al., 2018). The ions NH4

+ and 
K+ showed the highest consumption rates. K+ is the major intracellular 
cation in bacteria and it can play four roles: (i) an osmotic solute, (ii) a 
regulator of internal pH, (iii) an activator of intracellular enzymes and 
(iv) a second messenger (Epstein, 2003). Nitrogen from NH4

+ is an 
important source of nitrogen for bacteria, since most bacteria can 
assimilate this cation. NO3

− is also efficiently assimilated but not as well 
as NH4

+. In this sense, 15% of the weight of dry cells is nitrogen because 
of the presence of high levels in proteins and nucleic acids (Morgenroth 
et al., 1996). The unstable consumption of NH4

+ could be due to the use 
of NH4

+ and NO3
− as the nitrogen source. In fact, different anoxic 

desulfurization kinetics have been reported for biomass growth on using 
both NO3

− and NH4
+ as the nitrogen source (Mora et al., 2015; Munz 

et al., 2015). For instance, Mora et al. (2015) described the anoxic 
desulfurization kinetics with cellular growth and they found NH4

+

assimilation of 0.0756 mol NH4
+-N mol− 1 N–NO3

– (anoxic) for complete 
oxidation to SO4

2− . Furthermore, it has been reported that (NH4)2SO4 
was deposited on the packing of one biofilter that was used to assess the 
simultaneous removal of H2S and NH3 (Kim et al., 2002). 

The K+ ion has been studied previously, but only under heterotrophic 
conditions (Wang et al., 2020), where the denitrification rate increased 
1.15–1.88-fold. In this sense, they found an increase in the diversity and 
abundance of microorganisms for concentrations below 229.78 ± 25.8 
mg K+-K L− 1, since this value involved biomass inhibition. They also 
found that the genera Pseudomonas (1.86%) and Thiobacillus (1.52%) 
only showed functional species for a K+ concentration near 150 mg K+-K 
L− 1. This value exhibited the highest NO3

− removal. Moreover, the high 
variability of K+ uptake could be due to the generation of solid deposits 
(Filho et al., 2010). In any case, this solid formation is probably not 
significant compared to the S0 formation, because anoxic BTFs have 
been operated using KNO3 without operational problems due to solid 
accumulation (Fernández et al., 2014). 

3.2. Nitrification bioreactor performance: partial nitrification 

During operation of the CSTR in experiment 2 the NO2
− concentra-

tions were kept high during the continuous operations (days: 44–71 and 
89–139). The average values of the volumetric uptake during these 
periods were 392.0 ± 78.7 and 455.0 ± 80.2 g NH4

+-N m− 3 d− 1, 
respectively. 

The average free HNO2 concentration in this period was 0.04 ± 0.01 
mg HNO2–N L− 1. A similar value has been reported to suppress growth 
of NOB (Pedrouso et al., 2017). The pH during the second continuous 
period was changed on day 111 from 7.3 to 7.8 and this had a significant 
influence on the HNO2 concentration (supplementary Figure S6). This 
change coincided with a slight increase in the NO3

− concentration in the 
CSTR (from 104.6 to 150 mg NO3

− -N L− 1). Therefore, the lower HNO2 
concentration could cause NOB proliferation (Pedrouso et al., 2017). 

3.3. Effect of a combined NO3
− and NO2

− feed in the anoxic BTF 

In experiment 2 the IL for the BTF varied in the range 23.7–156.2 
gH2S–S m− 3 h− 1 (supplementary Figure S7) during the 96 days of 
operation. The RE oscillated in the range 92.4–100%. Hence, a limita-
tion was not found in the BTF for the use of biogenic NO2

− /NO3
− . The 

coupling of a CSTR to an anoxic BTF for nitrification and desulfurization 
is therefore a promising approach that is worth pursuing. 

The critical and maximum elimination capacities (ECCRIT and the 
ECMAX) were 119.5 (RE of 99.1%) and 151.9 (RE of 97.3%) gH2S–S m− 3 

h− 1, respectively (Fig. 3). 
To our knowledge, the ECMAX obtained in the current work is the 

highest value reported for an anoxic desulfurization bioreactor in which 
biogenic NO3

− and NO2
− have been used (Deng et al., 2009; Lu et al., 

2012; Wang et al., 2009; Zeng et al., 2019). For instance, 
González-Cortés et al. (2021) (blue squares in Fig. 3) tested the coupling 
of a CSTR for landfill leachate nitrification and a gas-lift reactor to 
desulfurize substitute biogas while promoting S0 production at labora-
tory scale, with an ECMAX of 141.2 gH2S–S m− 3 h− 1 reported. 

The results reported here are comparable to those obtained in studies 
carried out under commercial NO2

− and NO3
− feeds. For instance, the ECs 

obtained by Fernández et al. (2013), Almenglo et al. (2016), 

Fig. 3. EC versus IL under biological NO3
− and NO2

− feeds in Experiments 2 and 
5 along with comparative data from studies by other authors using biogenic 
NO2

− /NO3
− (subfigure 3a) and chemical NO2

− /NO3
− (subfigure 3b). 
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Khanongnuch et al. (2019) and Watsuntorn et al. (2020) are shown in 
Fig. 3b. 

3.4. NO3
− equivalent ratio 

For kinetics 1 and 2, the value of term “a” in equation (1) was of 1.67 
and 1.91 mol NO2

− -N (mol NO3
− -N)− 1, respectively (supplementary 

Figure S3 and Figure S4). However, Kinetic 3 had an equivalence of 1.6 
mol NO2

− -N equal to 1 mol NO3
−

eq-N (supplementary Figure S8). 
Therefore, the adjustment value was similar to the kinetic 1. 

The removal of NO2
− and NO3

− in the BTF is represented in Fig. 4. 
Almost complete removal of both species was achieved during the first 
20 days of this experiment (days 43–63) because there had been pre-
vious accumulation of S0. The N:S ratios in this time period were very 
high (1.5–4.3 mol NO3

−
eq-N mol− 1 H2S–S). 

The accumulation of NO2
− took place later (from day 63–89) in the 

BTF because the N:S ratios remained very high and the accumulated S0 

had already been oxidized. In this context, better removal of NO3
− was 

achieved because the anoxic BTF had been using NO3
− as an electron 

acceptor up to this point (500 days of operation) (Cano et al., 2019). 
Nevertheless, other authors have found that NO2

− is removed more 
efficiently than NO3

− (Moraes et al., 2012; Zeng et al., 2019). 

3.5. Integrated system performance under a stepped variable IL feed 
(open-loop conditions) 

The CSTR and BTF were operated under a stepped variable H2S IL 
(sinusoidal profile) in the BTF in experiment 3 in order to study the H2S 
RE. Two different conditions were assessed, namely Case 1 (HRT in the 
CSTR and BTF of 32 and 8 h, respectively) and Case 2 (HRT in the CSTR 
and BTF of 48 and 9 h, respectively). The NO2

− contribution was 
important in Case 1 (Fig. 5a) (the NO3

− equivalent ratio was determined 
to be 1.6 mol NO2

− -N equal to 1 mol NO3
− -N, based on kinetic 3). In this 

context, the average values of the NH4
+ volumetric uptake in Case 1 were 

434.0 ± 20.1 g NH4
+-N m− 3 d− 1. It was promoted NO2

− over NO3
− pro-

duction. As a matter of fact, the concentrations were 323.3 ± 15.2 mg 
NO2

− -N L− 1 and 246.2 mg NO3
− -N L− 1, respectively. In contrast, the NO2

−

contribution was practically null in Case 2 because the CSTR was pro-
ducing mainly NO3

− during this period as a consequence of the excessive 
HRT (48 h) in the CSTR and the low levels of HNO2 present 
(8.5⋅10− 6–0.01 mg HNO2–N L− 1) (Fig. 5b). In fact, the NO2

− and NO3
−

concentrations were equal to 130.6 ± 77.9 mg NO2
− -N L− 1 and 460.9 ±

82.6 mg NO3
− -N L− 1 (NH4

+ volumetric uptake equal to 295.1 ± 28.6 g 

NH4
+-N m− 3 d− 1). Nevertheless, RE were similar, since the N:S ratios did 

not differ much (Fig. 5). 

3.6. Utilization of a feedback controller to maintain the H2S 
concentration below 20 ppmV 

The feedback control was type PI based on preliminary tests per-
formed on the integrated system (CSTR coupled to the BTF) to avoid a 
delay effect. Consequently, the 2 parameter tunings that characterize PI 
controllers, proportional gain (Kp) and integral gain (Ki), were found 
according to the method reported by Astrom and Hägglund (1995). 
Hence these values were 0.02025 (Kp) and 5.19231⋅10− 5 (Ki). 

Experiment 4 involved the implementation of a feedback controller 
under two stepped variable IL (sinusoidal profiles): the first one was 
60–111 gH2S–S m− 3 h− 1 and the second one was 16–102 gH2S–S m− 3 

h− 1. 
The feedback controller was capable of maintaining the H2S con-

centration close to 15 ppmV (15.1 ± 4.3 ppmV) in the IL range 60–111 
gH2S–S m− 3 h− 1, as shown in Fig. 6a. 

The test with the IL profile in the range 16–102 gH2S–S m− 3 h− 1 also 
gave a concentration in the outlet that was close to 15 ppmV (15.0 ± 3.4 
ppmV), as shown in Fig. 6b. 

The ORP values fluctuated significantly in this experiment. For 
instance, the minimum ORP value was − 424 mV at 29.3 gH2S–S m− 3 

h− 1. This very low ORP value was due to the NPK fertilizer fed into the 
CSTR, in contrast to the other trial performed in the current study with 
feedback control (under a stepped variable H2S variation of 60–111 
gH2S–S m− 3 h− 1). Low ORP values are undesirable because they can lead 
to H2S accumulation in the liquid phase of the BTF. 

Feedback control was applied in the current study to reach H2S 
concentrations that would be suitable to valorize the desulfurized biogas 
in a fuel cell, i.e., type Phosphoric Acid Fuel Cell (PAFC) coupling two 
sequential continuous bioreactors (Awe et al., 2017). 

3.7. Effect of the nutrient dosage into the nitrification bioreactor in the 
integrated system 

The NPK fertilizer was dosed into the BTF in experiments 1–4. 
Finally, the dose point was changed to the CSTR in experiment 5 and this 
did not have any adverse effect on performance. In fact, the maximum 
NH4

+ removal was 401.5 ± 72.7 g NH4
+-N m− 3 d− 1. The final oxidation 

product was NO3
− in all periods (Table 1b, experiment 5). 

The accumulation of NO2
− was detected in the BTF for the first HRT of 

Fig. 4. N:S ratio (NO2
− and NO3

− ), NO2
− and NO3

− concentrations and SO4
2− production versus time (Experiment 2).  
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26.7 h (Table 1a, experiment 5) as a result of partial denitrification in 
the bioreactor (days 198–263, Table 1). The partial denitrification did 
not lead to a decrease in H2S removal and RE varied in the range 
92.7–100% (Fig. 3). Nevertheless, the partial denitrification led to a 
decrease in the effectiveness due to SO4

2− production, i.e., 36.6–94.4% 
for N:S feed ratios of 0.7–2.0 mol NO3

−
eq-N mol− 1 H2S–S. Therefore, the 

predicted SO4
2− production rates according to the three kinetics dis-

cussed in section 3.3 were compared to the experimental SO4
2− value. 

The best approach in this respect was again provided by kinetic 3 
(supplementary Figure S9). 

Chen et al. (2018) have suggested all existing NO3
− should be reduced 

to NO2
− before the NO2

− reduction. In fact, the NO2
− accumulation was 

associated with an excess of NO3
− concentration. Therefore, the NO3

−

concentration must be as low as possible to promote the further NO2
−

reduction. Hence, NO3
− and NO2

− concentrations have to be controlled to 
avoid partial denitrification. 

Other authors have previously detected NO2
− accumulation as a 

result of partial autotrophic and heterotrophic denitrification in anoxic 

desulfurization (Oberoi et al., 2021; Pan et al., 2013). As far as auto-
trophic denitrification is concerned, Oberoi et al. (2021) found a sig-
nificant influence of the supply of electrons by the reduced sulfur 
compound (H2S or S0) during their oxidation and the competition for 
electrons between all reductases involved in the nitrogen compound 
(NO3

− , NO2
− , NO and N2O) reduction. This influence could be the cause of 

the NO2
− accumulation in the case reported here. 

4. Conclusions 

The results of the current study prove the possibility of successfully 
coupling a nitrification bioreactor and an anoxic BTF for the simulta-
neous treatment of ammonium-rich water and H2S contained in a biogas 
flow. 

The BTF performance is not affected by the electron acceptor from 
the nitrification bioreactor, since biogenic NO2

− and NO3
− can be simul-

taneously supplied. In this sense, the equivalence between these two 
species is 1 mol NO3

− -N equal to 1.6 mol NO2
− -N. Moreover, the ECMAX 

Fig. 5. H2S concentration and N:S ratio for a stepped variable H2S IL of 30–100 gS-H2S m− 3 h− 1. Legend: IL and inlet concentration (blue), N:S ratio considering 
NO3

−
eq (red), N:S ratio considering NO3

− and excluding NO2
− (dotted line) and outlet concentration (black). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the Web version of this article.) 
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obtained on using biogenic NO2
− /NO3

− was 152 gH2S–S m− 3 h− 1. In re-
gard to the nutrient consumption in the BTF were (mol− 1 NO3

− -N): 
6.3⋅10− 4 ± 1.2⋅10− 4 mol PO4

3− -P, 0.04 ± 0.05 mol NH4
+-N and 0.04 ±

0.03 mol K+-K. 
The H2S concentration was maintained close to 15 ppmV by means of 

a control strategy that involved manipulating the feed flow (in the 
nitrification bioreactor) based on the H2S concentration in the outlet. 
Two IL were tested: 60–111 and 16–102 g H2S–S m− 3 h− 1. The use of this 
control strategy could enable subsequent biogas exploitation in a PAFC. 

Finally, the anoxic BTF suffered from partial denitrification, which 
led to a decrease in the effectiveness of the desulfurization process due to 
SO4

2− production drop. 
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