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An integrated system by combining the thiosulfate-driven denitritation (TDD) and anaerobic ammonia
oxidation (anammox) was established for high-rate biological nitrogen removal (BNR) and less N,O gen-
eration under 35°C. The anammox contribute to 27% nitrogen removal in the system. The anammox
activity was enhanced by four times as temperature increased from 20 to 35 °C. The less N,O emission at
35°C compared with that at 20 °C is attributed to the involvement of anammox (characterized as no N,O
generation) function rather than higher N,O reducing rate under the thermophilic condition. The pro-
duced NOs3~ in anammox can be readily reduced by thiosulfate. The results of this study could enlighten
us how to induce a high nitrogen degradation activity with lower sludge yield, in the meanwhile to
minimize the greenhouse gas emission and the nitrogenous residues in the BNR process.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Various biological nitrogen removal (BNR) processes have been
developed for wastewater reclamation [1-4]. However, the con-
ventional heterotrophic denitrification technology in BNR was
characterized as high sludge yield and greenhouse gas (i.e. N,0)
emissions [5-7]. It had been reported that the reduced sulfur-based
denitrification could play a critical role in BNR with the benefits
of minimized biomass production, no need of organic carbon [8].
Among the three commonly used sulfur species, i.e. sulfide (HS™),
elemental sulfur (S°) and thiosulfate (S,032°), S,032" has been
proven to be the most favorable electron donor for autotrophic den-
itrification (AD) due to its high bioavailability and non-toxicity to
denitrifying microorganisms [9]. The specific denitrification activ-
ity on thiosulfate was found to be 4.6 and 9.5 times of those
on sulfide and elemental sulfur, respectively in batch cultures
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[9], while much higher nitrogen removal rate could be achieved
with thiosulfate (e.g. 0.24 kg N/day/m3) than that with sulfide (e.g.
0.11 kg N/day/m3) [10]. In addition, thiosulfate could accelerate
the denitrifying sludge granulation which in turn improved the
biomass settleability [11]. These all indicate that the thiosulfate-
driven denitrification/denitritation (Eq. (1)) is a promising process
for high-rate BNR. However, it should be noted that the potential
emission of N,O from this AD process has been poorly understood
so far, which would be a major concerns for the practical application
of AD.

S,032~+2.07NO,- + 0.43H* +0.45HCO;- + 0.09NH,*
— 0.09C5H70,N + 1.03N5+0.3H,0 + 250,42~ 1)

Anaerobic ammonia oxidation (anammox) plays an essential
partin biological nitrogen cycle and is also involved in BNR (Eq. (2))
[12-16]. The nitrate production in anammox (as shown in Eq. (2))
may deteriorate the BNR performance and could not always meet
the current stringent discharge limit, such as the first class (level
A) requirement of the National Municipal Wastewater Discharge
Standards of China (i.e. total nitrogen, i.e. TN < 15 mg/L), though N, O
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Table 1
Main conditions and performances of the TDD-UASB reactor’s operation.
Stages
1 11 11 v
(Day 1-31) (Day 32-62) (Day 63-96) (Day 97-158)
HRT (hrs) 4 4 4 4
Reactor pH 7.0 7.0 8.5 8.5
Influent S;032~ conc. (mg S/L) 150 150 150 150
Influent NO,~ conc. 25 50 50 50
(mg N/L)
Influent NH4* conc. 48 48 48 48
(mg N/L)
Temperature (°C) 20 20 20 35
Influent FNA conc. 0.0064 0.0128 0.0004 0.0003
(mg N/L)
Average NO,~ removal efficiency (%) 83.6 86.3 89.1 94.1
Average NO,~ removal rate (kg N/d/m?3) 0.13 0.25 0.27 0.28
N0 emission 0.84 0.80 0.78 0.53
(% of NO,~-N load)
Average AS;032~-S/ANO,-N 2.27 2.15 2.10 1.71

Average effluent NO3~ conc. (mg N/L) Undetectable

generation could be mitigated. It has been well known that anam-
mox bacteria are unable to compete with heterotrophic denitrifying
bacteria in the presence of sufficient COD. However, it should be
realized that almost no information is available on the possible
competition between autotrophic dentrification and anammox in
the literature. Therefore, this study attempted to develop a novel
integrated thiosulfate-driven denitritation (TDD) and anammox
process for high-efficient and cost-effective nitrogen removal from
wastewater, with the aims to reduce N, O emission and sludge min-
imization. And the generated NO3~ in anammox could be readily
degraded with thiosulfate as the electron donor, thus improving
the effluent quality of BNR in terms of TN level [17].

NH4*+1.32N0, ™ +0.066HCO3 ™ +0.13H* — 1.02N,
+0.26N0O3~+0.066CH,0¢ 5Ng.15+2.03H,0 (2)

Herein, we mainly aim to establish a combined system for the
high BNR capacity and low N,O emissions with the coordination
of thiosulfate-driven denitritation (TDD) and anammox. The fac-
tors affecting the successful establishment of this combined system
were explored.

2. Materials and methods
2.1. Experimental setup and operation

A lab-scale UASB reactor with a working volume of 1.2L was
used in this study. Detailed configuration can be found in Fig.S1. The
anoxic sludge was taken from a sequential batch reactor (SBR) fed
with a synthetic wastewater containing sodium thiosulfate, sodium
nitrite and ammonia chloride for more than 8 months. After culti-
vation, the sludge was enriched with Thiobacillus-like autotrophic
denitrifiers and anammox-related bacteria (data not shown here).
500 mL of the concentrated mixed liquor taken the SBR was seeded
into the UASB reactor, resulted in the initial biomass concentration
of about 2800 mg|/L.

During 158-day continuous operation of the UASB reactor, the
hydraulic retention time (HRT) was set at 4h and an internal
recirculation flow of 4Q (Q is influent flow) was practiced to pro-
vide adequate mixing in the UASB reactor. The influent contained
150 mg S/L of Na,S,03. The detail composition of the influent fed
to the UASB reactor can be found elsewhere [11]. In addition,
48 mg N/L of ammonium was also supplied with the aim to promote
anamox in the UASB reactor. The whole operation of the UASB reac-

tor was divided into four stages and the corresponding operation
conditions were all summarized in Table 1.

During the UASB reactor’s operation, both the influent and
effluent samples were withdrawn frequently, followed by the
immediate filtration through the disposable Millipore filters
(0.22 mm pore size) before water quality analysis. Nitrate, nitrite,
ammonia, thiosulfate and sulfate were subsequently measured
within four hours. The gas samples collected from the steady-stated
UASB reactor were analyzed for N,O quantification.

2.2. Batch tests

Two sets of batch tests were performed in the 500 mL-flasks to
further evaluate the N,O reducing rates and anammox activities
under different temperatures. The sludge was taken from UASB
reactor to perform the following tests. For each batch test, the
sludge was washed, using the synthetic wastewater for three times
to remove the background materials. Analytical-graded helium gas
was purged into each batch reactor before the assay for half an hour
to exclude residual oxygen. The sludge in each batch reactor was
acclimated to each required temperature (20 or 35 °C) for at least
four hours before the assay to avoid the temperature shock to the
microorganisms. The biomass concentrations in each reactor were
450 + 20 mg MLVSS/L. Afterwards, all the flasks were sealed tightly
with butyl rubber stoppers and aluminum crimp seals. The reactors
were well mixed by the magnetic stirrers at 150 rpm. The reported
results of the batch tests were the average values in triplicate.

2.2.1. Batch Test I: N,O reduction under different ambient
temperatures

Batch Reactors 1 (under 20°C) and 2 (under 35°C) were per-
formed with nitrous oxide as the direct electron acceptor. pH in
the two batch reactors was maintained at 8.5 by Na,HPO4-NaH,PO4
buffer solution. The fresh stock nitrous oxide solution was prepared
each time by sparging 99.9% N, O gas into oxygen-free Milli-Q water
for more than 1h prior to the test. And N,O concentration in the
saturated stock solution is about 700 mg N, O-N/L. Approximately
10.7 mL as-prepared stock solution was spiked into each 500 mL-
flask, resulted in the same initial N, O of 15 mg N,O-N/L. Na,S,03 at
initial concentration of 50 mg S/L was used as the electron donor,
ensuring the N0 could be fully reduced to N,. The batch reac-
tors was well mixed by using a heating magnetic stirrer (JOANLAB
HS-17) at 150 rpm under the desired temperature (20°C in Batch
Reactor 1 and 35 °C in Batch Reactor 2). The test lasts for 3 h.
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2.2.2. Batch Test II: Anammox activities under different ambient
temperatures

Two batch reactors (Batch Reactors 3 and 4) were set up in
Batch Test II. The fresh nitrite stock solution (1.5 g NO,~-N/L) was
prepared by dissolving 7.393 g analytic grade sodium nitrite into
1L ultrapure waster, followed by pipetting 20 mL stock solution in
500 mL-flasks of the two batch reactors, obtaining the initial NO,~
concentration of 60 mg N/L in both reactors. Besides NO;~, ammo-
nia was another nitrogen source, originated from the nutrient stock
solution, feeding the biomass in both reactors. The initial NO,~
and NH4* concentrations were 60 and 48 mg N/L, respectively (see
Table 2). pH in both reactors was controlled at 8.5 by Na;HPO4-
NaH,PO4 buffer solution. The temperature was controlled at 20°C
in Batch Reactor 3 and 35°C in Batch Reactor 4. The test lasts for
36h.

2.3. Sampling and chemical/physical analysis

Mixed liquor samples from the abovementioned batch reactors
were taken at a specific time interval using a 10-mL syringe and
these were immediately filtered through disposable Millipore fil-
ters (0.22 um pore size). Nitrate, nitrite, sulfate and thiosulfate were
detected with an ion chromatograph (DIONEX-900). Ammonia
(NH4*-N+NH3-N) was determined according to the colorimetric
method of Standard Method [18]. MLSS and MLVSS were mea-
sured according to the Standard Method [18]. Total organic carbon
(TOC) and total nitrogen (TN) were determined by a TOC analyzer
(Shimadzu 5000A). The gaseous N,O was detected by a gas chro-
matograph (PE Clarus600) with an electrical conductivity detector).
Dissolved N, O in the Batch Reactors 1 and 2 in Batch Test I was
continuously monitored using a calibrated real-time inline N,O
micro-sensor probe (N,0-100, Unisense A/S, Aarhus, Denmark).

Biomass-specific N,O reducing activities in Batch Test I and
biomass-specific NO,~ reducing activities in Batch Test Il were
derived from the linear regression of N,O or NO, ~ concentrations
versus time (day) and normalized by the biomass concentration
(g MLVSS/L). The units of the presented results were mg N,O/g
MLVSS/h and mg NO,~-N/g MLVSS/h.

3. Results and discussion
3.1. Establishment of TDD for BNR

The nitrogen removal performance was illustrated in Fig. 1a.
After acclimation, the nitrite removal performance could achieve as
high as above 93% with the influent nitrogen loading rate of 0.3 kg
N/day/m3. The influent and effluent thiosulfate concentrations
were presented in Fig. 1b. Corresponding to the nitrite degradation,
thiosulfate was oxidized by the denitrifying biomass in the UASB
reactor. The average ratios of thiosulfate consumption to nitrite
degradation (i.e. AS;032~-S/ANO,-N) were between 2.10 and 2.27
in the first three stages (see Table 1). These values are very closed
to the theoretical AS;032~-S/ANO,-N mass ratio of 2.2 according
to Eq. (1), showing that nitrite reduction in the UASB reactor was
only coupled with thiosulfate oxidation at 20°C. Thus the nitrite
removal in the first stages was almost via the TDD pathway. But this
ratio dropped to 1.71 in Stage IV when temperature raised to 35°C.
Actually, this ratio could be even lower. The thiosulfate could also
be chemically or biologically oxidized when the dissolved oxygen
was involved in the UASB reactor through pumping the influent. So
nitrite must be degraded via other pathways than TDD.

3.2. Establishment of anammox for BNR

The concentration profile of ammonia was shown in Fig. 1c. In
the UASB reactor studied, it is reasonable to consider that ammo-
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Fig. 1. Profile of NO,~ removal (a), S;032 oxidation (b), NHs* consumption (c), N,O
emissions (d) during the entire period of TDD-UASB reactor’s operation.
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Table 2
Conditions and results of the Batch Tests I and II.

Batch Test |

Batch Test II

Batch Reactor 1

Batch Reactor 2 Batch Reactor 3 Batch Reactor 4

pH 8.5
Temperature (°C) 20
Electron donor $,03%~
Electron acceptor N0

Conc. of electron donor
Conc. of electron acceptor

50 mg 520327—5/[‘
15 mg NoO-N/L

Biomass-specific N,O reducing rate 15.3
(mg N/g MLVSS/h)

Biomass-specific NO,~ reducing rate NA
(mg N/g MLVSS/h)

Biomass-specific NH4* oxidation rate NA
(mg N/g MLVSS/h)

8.5 8.5 8.5
35 20 35
520327 NH4+ NH4+
N,O N,O N,O

48 mg NH,*-N/L
60 mgNO,~-N/L

14.6 NA NA
NA 5.61 1.32
NA 3.98 1.06

" NA means not available.

® 35°C

= 20°C

N,O concentration ( mg N/L)

0 50 100 150 200
Time (min)

Fig. 2. Results of Batch Test I for N,O reduction with thiosulfate as the electron
donor at 20°C (a) and 35°C (b).

nia in the influent may be utilized by (i) microbial growth in TDD
as shown in Eq. (1) and anammox reactions illustrated in Eq. (2).
The ammonia removal was not observed in Stages I to Il when
the reactor temperature was controlled at 20 °C, while nitrite was
mainly removed via TDD, evidenced by the determined ratio of
AS,0327-S/ANO,-N close to the stoichiometric value. These sug-
gested that the anammox activity was not yet established in the
reactor operated at 20 °C. However, ammonia started to be utilized
when the reactor temperature was increased from 20°C to 35°C
(Table 1), i.e. the anammox activity was gradually established in
the reactor. According to the results In Fig. 1c, it was estimated that
about 27% nitrite was removed via anammox, and the remaining by
TDD. Consequently, it appears that temperature played a decisive
role towards the successful establishment of the integrated TDD &
Anammox system.

To further verify the temperature effect on anammox activity,
the batch experiments with the sludge taken from the UASB reactor
were conducted without the presence of thiosulfate at 20 and 35 °C,
respectively (Fig. 2). It was found that the utilization ratio of ammo-
nia over nitrite was in good agreement with the stiochiometric ratio
for anammox reaction (Eq. 2). Meanwhile, the anammox activity
at 35°C was found to be 4-fold higher than that at 20°C. These
clearly confirmed that high temperature favored the establishment
of anammox activity in the integrated TD-anammox system. In fact,
the optimum temperature for anammox had been reported to be in
the range of 30 and 40 °C[19,20], while the anammox performance
could be deteriorated at the temperature below 25°C [21]. On the

contrary, the denitrification on thiosulfate was stabilized at the
temperature 20°C and above [22]. In this study, it was shown that
autotrophic denitrification with thiosulfate remained comparable
at 20°Cand 35°C (Fig. 1).

3.3. N,0 emission/accumulation and reduction

The N,O generation in the tightly-sealed UASB reactor was
recorded. Fig. 1d shows N, O emissions at the steady-state of each
stage. The N, O emissions (% of NO, ~ load) were comparable among
the first three stages (without anammox involvement) under dif-
ferent influent NO,~ concentrations and pH. In the final stage
when the temperature raised from 20 to 35 °C, the N,O generation
decreased by 29.6%, i.e. the N,O emission is 0.19% of NO,~ load.
Therefore, with the nitrogen removal rate not changed, the reduc-
tion of N,O generation was confirmed in the integrated system of
TDD with anammox.

Fig. 3 displays the N,O reduction with thiosulfate as the elec-
tron donor under 20 (Batch Reactor 1) and 35°C (Batch Reactor
2) respectively. Directly using the N,O as the electron acceptor,
the N, O was completely reduced by thiosulfate within 140 min in
both reactors (see Fig. 3). The biomass-specific nitrogen removal
activities were similar under each temperature (15.3 and 14.6 mg
N,0-N/g MLVSS/h, see Table 2). Accordingly, the temperature
rarely affected the N,O reducing rate under the TDD condi-
tion. Under the similar ambient temperature and with the N,O
as the sole electron acceptor, the autotrophic thiosulfate-driven
N,O reducing activity (at 35°C) is similar to the autotrophic
sulfide-driven N, O reducing activity (30°C) [23]. Both of them are
higher compared with the heterotrophic N,O reducing activity of
11.3mgN/g MLVSS/h (35°C) [24]. Theoretically, the denitrifying-
related microorganisms could assimilate organics as the organic
carbon source to favor the bacterial anabolism and induce a high
denitrification activity [25]. The unexpected higher autotrophic
N, O reducing activities in AD could be attributed to the different
inoculum used in each study. The well-cultivated granular sludge
was seeded in the batch reactor in the two autotrophic tests (Yang
et al. [23] and this study), but the raw sludge withdrawn from
bioreactor of the MLE process after simple washing was used in
the heterotrophic N, O reducing test in Poh et al. [24].

3.4. Implication of this study

Thiosulfate-based denitrification has been demonstrated to
be a holistic approach for BNR in municipal sewage treatment
[10,26]. It is characterized as the high nitrogen degradation
activity which is comparable with HD but with much less
sludge production [11]. Integrating the short-cut bioreactions and



72 J. Qian et al. / Biochemical Engineering Journal 139 (2018) 68-73

O NO,-N ® NH,*N A NO;N
80
)
= a
g
1 60[%
23
=
S
40
£ ol
5 e
H ®
: ¢
= 7
Z AAfLARL
AAAA n
o A 88
0 4 8 12 16 20 24 28 32 36
Time (h)

O NO,-N ® NH,~N A NOy-N
80
3 b
4
£ o Wi
E EOmm
g m
: oo - g
g 40 [ ) +
= . .
g ®
§°20
H
“ A
MM AAAA A A A A A

0 4 8 12 16 20 24 28 32 36
Time (h)

Fig. 3. Results of Batch Test II for anammox activities at 35°C (a) and 20°C (b).

thiosulfate-driven denitrification, BNR over nitrite driven by thio-
sulfate (i.e. Nitritation-TDD) was developed [27], as a result of total
nitrogen removal capacity of 0.43 kg N/d/m3. In this study, a com-
bined system by integrating the TDD with ananmox was developed
at 35°C under the nitrite-limiting condition with a high BNR capac-
ity, to further lessen the N, O emissions. Pertaining to the anammox,
one of the drawbacks of its application is the excessive NO3~ pro-
duction (see the results of Batch Test IIl in Figs. 3a and b), i.e. 11%
total nitrogen is converted to nitrate, hindering to meet the strin-
gent discharge standard with regards to TN [28], such as the first
class (level A) requirement of the National Municipal Wastewa-
ter Discharge Standards of Chinai.e. TN <15 mg/L (GB18918-2002).
Nevertheless, nitrate was almost undetectable all the time in our
UASBreactor’s effluent, owning to the high NO3 ~ reducing rate with
thiosulfate as the electron donor [9]. Hence the combined process
coordinated by TDD and anammox could ensure low GHG emis-
sion and high effluent quality simultaneously, in addition to the
advanced nitrogen biodegradation activity and low sludge yield.
Taking the high global warming potential of N,O (310 times of CO,
IPCC [29]) into consideration, the N0 reduction by 29.6% in the
integrated system (see Section 3.2) could mitigate the global warm-
ing issue to a large extent. And the involvement of anammox may
alsoreduce electron donor consumption. For example, sodium thio-
sulfate could be saved by 20% under 35 °C with the nitrite removal
efficiency of above 94% (see Section 3.1). And the sulfate levels in the
BNR effluent could be minimized in this integrated process (with
the involvement of anammox for BNR) to decrease the potential
secondary contamination caused by sulfate as much as possible,
as shown in Fig. 1b that the effluent sulfate concentrations were
always below 80mg S/L. These advantages could be highlighted
to an even huger extent in the future larger-scale application in
practice.

4. Conclusions

The combined system of thiosulfate-driven denitritation cou-
pled with anammox was established under the temperature of
35°C, in which 27% nitrogen was removed via anammox. Tem-
perature plays a decisive role in the successful establishment of
the system, as the anammox activities could be enhanced by four
times when temperature raised from 20 to 35°C. N,O emissions
were reduced by 29.6% in the integrated system compared with
TDD alone. The NO3~ produced from anammox could be readily
reduced by thiosulfate in the combined system. The co-concurrence

of anammox and TDD ensures the less GHG emission and high BNR
effluent quality.
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