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Feasibility of conventional and single-stage anaerobic
ammonium oxidation processes for treating
chlortetracycline wastewater
Miaomiao Liu, Hong Yao, Hao Liu, Jing Xu and Lushen Zuo

ABSTRACT
Conventional and single-stage anaerobic ammonium oxidation (ANAMMOX) was carried out in
bench-scale reactors to treat chlortetracycline (CTC) wastewater. The total nitrogen (TN) removal
efﬁciency and rate for conventional ANAMMOX was 66.6 ± 5.9% and 2.7 ± 0.2 kg N/(m3·d),
respectively, which was 58.6 ± 3.8% and 1.2 ± 0.1 kg N/(m3·d) for single-stage ANAMMOX. Singlestage ANAMMOX showed higher tolerance to CTC than conventional ANAMMOX. The nitrogen
removal of conventional and single-stage ANAMMOX began to deteriorate when CTC was added, to
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40 and 80 mg/L, respectively, with the former totally inhibited at 120 mg/L CTC and the latter at
140 mg/L CTC. TN removal rates were recovered to 1.2 and 0.7 kg N/(m3·d), respectively, when CTC
concentration was reduced to 20 mg/L for 8 days. This study implied that ANAMMOX could be
efﬁciently used to treat pharmaceutical wastewater, with single-stage implementation being more
stable under antibiotic pressure.
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INTRODUCTION
In the past two decades, anaerobic ammonium oxidation
(ANAMMOX) has been regarded as a promising and sustainable nitrogen removal strategy compared to the
conventional nitriﬁcation/denitriﬁcation process because it
is a completely autotrophic process with no carbon source
demand and less oxygen consumption (Strous et al. ;
Schmidt et al. ). An ANAMMOX process involves two
steps: (i) ammonium is oxidized to nitrite by ammonium oxidation bacteria (AOB) with oxygen as the electron acceptor
and then (ii) nitrite is reduced to nitrogen gas by anaerobic
ammonium oxidation bacteria (AnAOB) using ammonium
as the electron donor (Francis et al. ). The implementation of ANAMMOX processes included conventional
ANAMMOX which segregated partial nitriﬁcation and
ANAMMOX in two separated reactors (Van Dongen et al.
) and single-stage ANAMMOX which combined partial
nitritation and ANAMMOX in one oxygen-limited reactor.
The conventional ANAMMOX process was considered
beneﬁcial for the separated growth of AOB and AnAOB
since oxygen inhibition was avoided (Francis et al. ).
Single-stage ANAMMOX processes are easier to operate
doi: 10.2166/wst.2014.308
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and have been successfully implemented with suspended
activated sludge (Kuai & Verstraete ; Sliekers et al.
), bioﬁlms (Vlaeminck et al. ), and granular
sludge (Vlaeminck et al. ).
ANAMMOX processes are promising in nitrogen
removal of various ammonium-rich wastewater, such as
sludge digestion liquid (Strous et al. ; Furukawa et al.
), landﬁll leachate wastewater (Valencia et al. ),
animal manure (Figueroa et al. ), and pharmaceutical
wastewater (Tang et al. ). However, there are some difﬁculties hindering the application of ANAMMOX in
pharmaceutical wastewater treatment, mainly the inhibitive
effects of the matrix. Tang reported a performance collapse
caused by toxic pollutants during 42 days’ operation of a conventional ANAMMOX process (Tang et al. ). However,
there have been few reports about the feasibility of singlestage ANAMMOX to treat pharmaceutical wastewater.
In this work, actual chlortetracycline (CTC) production
wastewater with 160–244 mg/L of ammonium was treated
with conventional and single-stage ANAMMOX processes
in bench-scale reactors. The feasibility of ANAMMOX
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processes to treat actual CTC wastewater was evaluated. In
addition, impacts of CTC on the nitrogen removal performance were investigated.

MATERIALS AND METHODS
Chemical analysis
Mixed liquids were collected and immediately ﬁltered
through 0.45 μm cellulose microﬁber ﬁlters (Millipore,
USA). Dissolved oxygen (DO) and pH were monitored on
site four times every day by a potable analyzer (HACH,
USA). Nitrogen compounds (ammonium, nitrite, and nitrate)
and mixed liquor suspended solids (MLSS) were determined
according to the US national standard methods (APHA ).
Samples were ﬁltered by 0.45 μm acetate cellulose membranes before analysis. Overall data about the nitrogen
removal performance are shown in Table A.2 (available
online at http://www.iwaponline.com/wst/070/308.pdf).
Wastewater and sludge sources
Synthetic wastewater was used as the inﬂuent to start up the
ANAMMOX processes. Ammonium (200–300 mg/L) was
the only nitrogen substrate for the single-stage ANAMMOX
process, while ammonium and nitrite (both 200–300 mg/L)
were provided simultaneously for the conventional
ANAMMOX process. KHCO3 (J&K Bailingwei Co.,
China) was added to provide alkalinity of 50–60 mM/L
and maintain pH at 8.0. CTC production wastewater was
collected from a full-scale wastewater treatment plant in a
pharmaceutical production facility in the Inner Mongolia
Autonomous Region, China. Anaerobic digestion (upﬂow

Figure 1

|

Flow chart of (a) conventional ANAMMOX and (b) single-stage ANAMMOX.
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anaerobic sludge blanket – UASB) and aerobic units
(cyclic activated sludge system (CASS) and anoxic–oxic
reactor) were employed to remove chemical oxygen
demand (COD) and nitrogen compounds (Figure A.1, available online at http://www.iwaponline.com/wst/070/308.
pdf). Efﬂuent from the CASS reactor (CASS-eff), which contained 160.0–238.0 mg/L NHþ
and 400–900 mg/L
4 –N
CODCr, was used as the inﬂuent for the single-stage ANAMMOX process. A pilot-scale short-cut nitriﬁcation process
was operated on-site at the pharmaceutical production facility
to treat CTC production wastewater. Its efﬂuent (SHARON
eff) contained 199–244 mg/L NHþ
4 –N, 198–232 mg/L NO2 –
N, and 300–500 mg/L CODCr and was used as the inﬂuent
for the conventional ANAMMOX process (Table A.1, available online at http://www.iwaponline.com/wst/070/308.pdf).
ANAMMOX sludge inoculated were collected from
conventional and single-stage ANAMMOX processes of
Gaobeidian wastewater treatment plant located in Beijing,
China. The single-stage ANAMMOX sludge was red bioﬁlm
on Raschig rings from a CSTR (continuous stirred-tank
reactor) ANAMMOX reactor, while the conventional ANAMMOX sludge was red granules with a diameter of
approximately 3 mm from a UASB ANAMMOX reactor
(Figure A.2, available online at http://www.iwaponline.
com/wst/070/308.pdf).
Operation of bench-scale ANAMMOX process
(conventional and single-stage)
To beneﬁt the operation, conventional and single-stage
ANAMMOX processes were carried out in a UASB and
CSTR, respectively, with a total volume of 0.8 L (Figure 1).
For conventional ANAMMOX, inoculated sludge was
added until MLSS reached 4,600 mg/L. For single-stage
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ANAMMOX, inoculated Raschig rings were added to a
compaction rate of 20%. Each experimental operation
lasted for 86 days, with the main procedures shown in
Table A.3 (available online at http://www.iwaponline.
com/wst/070/308.pdf). When the ANAMMOX processes
were successfully started up with synthetic wastewater, the
inﬂuent was gradually replaced with actual CTC production
wastewater. Temperature was maintained at 32–35 C using
electronic heating rods. pH was kept in the range of 8.0–8.3
by addition of KHCO3. For the conventional ANAMMOX
process, no aeration was employed, to guarantee the anaerobic condition. For the single-stage ANAMMOX process, DO
was maintained at 0.8–1.0 mg/L by adjusting aeration rate
according to the DO monitoring results.
W

CTC inhibition experiments
For the inhibition experiments, another two UASB and
CSTR reactors were operated in parallel with the above conventional and single-stage ANAMMOX systems. The
processes were initiated with synthetic wastewater as
described above. When stable performance was achieved,
CTC was added into both reactors with gradually increasing
concentrations (5–140 mg/L). The nitrogen removal of both
ANAMMOX processes was determined under each CTC
level to evaluated the inhibition effect of CTC.

RESULTS AND DISCUSSION
Concentration of CTC in the wastewater
According to the results from ultra-performance liquid chromatography tandem mass spectrometry, CTC was detected in
the range of 20–100 mg/L in the raw inﬂuent of the full-scale
CTC production wastewater. However, CTC was always
below the detection limit (5 μg/L) in the CASS-eff and
SHARON-eff, possibly due to its keen hydrolysis and sludge
adsorption (Loftin et al. ). Similarly, CTC was undetectable in the efﬂuent from both conventional and single-stage
ANAMMOX processes during the inhibition experiments.
Nitrogen removal performance of the conventional
ANAMMOX system treating actual pharmaceutical
wastewater
Synthetic wastewater with ammonium and nitrite at 198.0–
225.0 mg/L was initially fed to the ANAMMOX system.
After 33 days of this start-up procedure, the efﬂuent
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ammonium and nitrite were reduced to about 60 mg/L
(Figure 2(a)) and the total nitrogen (TN) removal rate gradually increased from 1.5 kg N/(m3·d) to 2.6 ± 0.1 kg N/(m3·d)
along with an increase of inﬂuent TN load (Figure 2(b)).
From day 34 onward, the inﬂuent was replaced with partially
nitritated CTC wastewater (SHARON-eff, Table A.1). The
nitrogen removal performance was well maintained, with
the TN removal rate of 2.2–2.3 kg N/(m3·d). This was further
improved with the increase of inﬂuent TN load (from 3.0 to
3.9 kg N/(m3·d)) after the system adjusted to the matrix of
the actual wastewater. The ﬁnal TN removal rate was maintained at 2.7 ± 0.2 kg N/(m3·d) (Figure 2(b)). However,
there was a performance ﬂuctuation when the inﬂuent TN
load was raised to 4.2–4.7 kg N/(m3·d), which resulted in a
sudden increase of the efﬂuent ammonium and nitrite from
40 mg/L to 80–100 mg/L. When the inﬂuent TN load gradually decreased to below 4.2 kg N/(m3·d), the efﬂuent
ammonium and nitrite decreased to 50 mg/L. At this point,
the TN removal efﬁciency was 66.6 ± 5.9% and the TN
removal rate was 2.7 ± 0.2 kg N/(m3·d) (Figure 2).
The concentrations of CODCr during the conventional
ANAMMOX process were slightly reduced by about
100 mg/L during the whole operation period (Figure A.3,
available online at http://www.iwaponline.com/wst/070/
308.pdf). This further assured that autotrophic ANAMMOX
was the main nitrogen removal process other than heterotrophic denitriﬁcation. It also indicated that organics
present in the pharmaceutical wastewater had limited
effects on ANAMMOX bacteria.
Tang et al. () reported a reduced efﬁciency of conventional ANAMMOX in treating nitritated pharmaceutical
wastewater containing colistin sulfate and kitasamycin,
where ammonium removal decreased from 85% to zero
and nitrite removal decreased from 97 to 25–57%. Fernandez
et al. () found that TN removal of conventional
ANAMMOX decreased from 100 to 75% when exposed to
20 mg/L chloramphenicol or 50 mg/L tetracycline. Our
work suggested the feasibility of the conventional
ANAMMOX process in treating CTC wastewater.
Inhibition of CTC on conventional ANAMMOX processes
The effect of CTC on the conventional ANAMMOX process
was investigated using synthetic wastewater added with
different levels of inﬂuent CTC (Figure 3). The conventional
ANAMMOX process was stabilized using synthetic wastewater containing 200–225 mg/L ammonium and nitrite.
With no CTC addition, the TN removal efﬁciency reached
70%, while the TN removal rate increased to 2.4 kg N/(m3·d).
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Figure 2

|

(a) Concentrations of nitrogen compounds in the conventional ANAMMOX system treating synthetic and real wastewater. (b) Removal and production rates of nitrogen
compounds in ANAMMOX process treating synthetic and real wastewater.

Figure 3

|

(a) Concentrations of nitrogen compounds during the conventional ANAMMOX process under different CTC concentrations. (b) Removal and production rates of nitrogen
compounds during the conventional ANAMMOX process under different CTC concentrations.
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Inﬂuent CTC was added from 5 mg/L to 120 mg/L, with
the dosing time for each CTC concentration at 5–7 days. As
shown in Figure 3, the efﬂuent ammonium and nitrite were
44–63 and 32–48 mg/L when the system was exposed to
5–20 mg/L CTC. The TN removal efﬁciency was 63.3–64.2%
and the TN removal rate was 2.6–2.9 kg N/(m3·d), indicating
that the conventional ANAMMOX process could function
normally under relatively low CTC levels. However, the nitrogen removal performance signiﬁcantly decreased when CTC
level was increased to 40–120 mg/L. The efﬂuent ammonium
and nitrite gradually increased to 185 and 178 mg/L, respectively. The TN removal efﬁciency and TN removal rate
stepped down to 15.8% and 0.7 kg N/(m3·d). When CTC was
reduced to 20 mg/L, the nitrogen removal performance partially recovered, with TN removal efﬁciency and rate
increasing to 27.2% and 1.2 kg N/(m3·d) after 7 days.
There have been several reports about antibiotic inhibition on the ANAMMOX process. In general, short-term
inhibition studies showed high inhibition thresholds of antibiotics for ANAMMOX processes. For example, Fernandez
et al. found that 200 mg/L tetracycline and 400 mg/L chloramphenicol only caused 50% inhibition to the speciﬁc
ANAMMOX activity (Fernandez et al. ). Lotti et al.
found that the 50% inhibition concentrations to speciﬁc
ANAMMOX activity were as high as 650 and 1,100 mg/L
for sulfathiazole and tetracycline (Lotti et al. ). However,
inhibitive effects during long-term operations were quite
different. It was reported that the cumulative toxicity from
toxic pollutants in pharmaceutical wastewater resulted in a
performance collapse of conventional ANAMMOX during
long-term operation (42 days), although no inhibition was
found during short-term operation (Tang et al. ).
Noophan et al. found that 5 ± 3.5 mg/L oxytetracycline
could completely inhibit ANAMMOX activities in 5 weeks
(Noophan et al. ). The discrepancy in results of CTC
inhibitive effects was possibly due to various operation conditions such as biomass and inﬂuent nitrogen load (Liu &
Horn ). The inhibition effect of 20 mg/L CTC was not
signiﬁcant in this work, indicating that the conventional
ANAMMOX process could be used to treat pharmaceutical
wastewater under the operational conditions tested.
Nitrogen removal performance of single-stage
ANAMMOX system treating actual CTC pharmaceutical
wastewater
The nitrogen removal performance during single-stage
ANAMMOX treatment is shown in Figure 4. The singlestage reactor was fed with synthetic wastewater with
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200–225 mg/L ammonium during the start-up period. The
inﬂuent ammonium load gradually increased from 1.5 to
2.2 kg N/(m3·d). Ammonium was reduced to 80–100 mg/L,
and the TN removal rate was around 0.9 kg N/(m3·d) once
Raschig rings with red bioﬁlm were inoculated. With the
increase of inﬂuent ammonium load, the TN removal rate
increased to 1.4 kg N/(m3·d) at the end of the start-up
period. The efﬂuent ammonium was reduced to approximately 50 mg/L. Also, nitrite was between 4.8 and
24.8 mg/L and nitrate was in the range of 16.0–26.5 mg/L.
From day 34, inﬂuent of the single-stage ANAMMOX
was replaced with efﬂuent from the CASS reactor
(CASS-eff, Table A.1). In order to avoid operation shock,
the inﬂuent ammonium load was kept at 1.4 kg N/(m3·d)
when the inﬂuent was shifted from synthetic wastewater
to CASS-eff. During the initial 22 days of treating CASSeff, the TN removal rate showed a slight decrease from
1.2 to 1.0 kg N/(m3·d), possibly because of the inhibitive
matrix compounds in CASS-eff. The TN removal rate
gradually increased to 1.3 kg N/(m3·d), nearly the same
level as when treating synthetic wastewater. The nitrite
and nitrate production loads were 0.05–0.24 and 0.13–
0.26 kg N/(m3·d), indicating little nitrite accumulation or
nitriﬁcation.
As shown in Table 1, the nitrogen removal rate was in
the range of 0.06–1.5 kg N/(m3·d) for single-stage
ANAMMOX implemented with different reactor types. Sliekers et al. obtained a TN removal rate of 0.06 kg N/(m3·d) in
a CANON (completely autotrophic nitrogen removal over
nitrite) reactor in which simultaneous partial nitriﬁcation
and ANAMMOX were ﬁrst found to happen (Sliekers
et al. ). Their group reported a TN removal efﬁciency
of 1.5 kg N/(m3·d) in a gas-lift CANON system treating
high ammonium wastewater (Sliekers et al. ). De Clippeleir et al. reported a TN removal efﬁciency of 1.1 kg N/
(m3·d) in a sequential batch reactor (SBR) with low volumetric exchange (De Clippeleir et al. ). Cho et al.
found a TN removal efﬁciency of 0.35 kg N/(m3·d) in an
up-ﬂow bioﬁlm ANAMMOX reactor (Cho et al. ). The
high nitrogen removal efﬁciency in this study implied that
single-stage ANAMMOX is an efﬁcient process to treat
pharmaceutical wastewater.
Inhibition of CTC on single-stage ANAMMOX system
To examine the effects of CTC on the single-stage
ANAMMOX, additional CTC solution (ﬁnal concentrations of 20–140 mg/L, 6–8 days at each concentration)
was added to the system. As shown in Figure 5, TN removal
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(a) Concentrations of nitrogen compounds during the single-stage ANAMMOX process treating synthetic and real wastewater. (b) Removal and production rates of nitrogen
compounds in the single-stage ANAMMOX process treating synthetic and real wastewater.

Overview of nitrogen removal rates in single-stage ANAMMOX reactors

TN removal rate
Single-stage ANAMMOX

Reactor type

Type of inﬂuent

Inﬂuent ammonia (mg/L)

(kg N/(m3·d))

Reference

CANON

SBR

Synthetic wastewater

131

0.06

Sliekers et al. ()

CANON

Gas-lift

1545 ± 62

1.5

Sliekers et al. ()

OLAND

SBR

100–300

1.1

De Clippeleir et al. ()

OLAND

Up-ﬂow bioﬁlm

40–300

0.35

Cho et al. ()

CANON

CSTR

160–238

1.2

This study

Pharmaceutical wastewater

CANON: completely autotrophic nitrogen removal over nitrite; OLAND: oxidation and oxygen-limited autotrophic nitriﬁcation–denitriﬁcation; SBR: sequential batch reactor; CSTR: continuous stirred-tank reactor.

efﬁciency and rate were 62.5% and 1.2–1.3 kg N/(m3·d)
when no CTC was added into the system. When CTC was
added up to 20–60 mg/L, the nitrogen removal performance was maintained with the TN removal efﬁciency and
rate reaching 53.1–63.8% and 1.2 ± 0.1 kg N/(m3·d). However, the efﬂuent ammonium sharply increased to as high
as 190 mg/L when the CTC level was further raised to
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60–140 mg/L. Meanwhile, the TN removal efﬁciency and
rate gradually decreased to 2.4% and 0.1 kg N/(m3·d).
When the CTC level was reduced to 20 mg/L, the efﬂuent
ammonium gradually decreased to 90 mg/L and TN
removal rate recovered to 0.7 kg N/(m3·d) within 10 days.
The above results showed that CTC could strongly inhibit
the functional bacteria responsible for nitrogen removal
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(a) Concentrations of nitrogen compounds during the single-stage ANAMMOX process under different CTC concentrations. (b) Removal and production rates of nitrogen
compounds during the single-stage ANAMMOX process under different CTC concentrations.

in the single-stage ANAMMOX process at relatively high
CTC levels (60–140 mg/L), which could be reversed to
some degree if the CTC exposure is reduced to a lower
level (20 mg/L).
The single-stage ANAMMOX could withstand higher
CTC exposure levels (60 mg/L) compared to the conventional ANAMMOX process (20 mg/L) according to our
inhibition experiments. Based on this result, single-stage
ANAMMOX may be superior in treating ammoniumrich pharmaceutical wastewater containing antibiotics
and other toxic materials. One possible reason is the
layer distribution of the bioﬁlm in single-stage ANAMMOX, which provides a differentiated microenvironment for AOB and AnAOB, the functional
microbes of ANAMMOX. AOB tend to grow in the external aerobic layer while AnAOB tend to grow in the inner
anaerobic layer (Vlaeminck et al. ; Liu & Horn ).
Due to the substrate transfer resistance, the CTC level
was lower in the inner layer than that in the external
layer. Correspondingly, the inhibitive pressure of CTC
on AnAOB was less than that on AOB. The attenuated
adverse effect on AnAOB was favorable to the single-
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stage ANAMMOX, considering that AnAOB are more
vulnerable to CTC due to their slower growth rate (doubling
time: 11–14 days) (Strous et al. ). More research is
needed to better understand the stability of single-stage
ANAMMOX under the stress of antibiotics and other inhibitive factors.

CONCLUSIONS
In this work, bench-scale conventional ANAMMOX and
single-stage ANAMMOX processes were found efﬁcient for
nitrogen removal from actual pharmaceutical wastewater
under proper conditions. The single-stage process was
found to be more tolerant to CTC than conventional
ANAMMOX, implying that single-stage ANAMMOX possesses a higher potential for nitrogen removal from
pharmaceutical wastewater. Both processes showed a tendency of recovery when CTC was reduced to 20 mg/L,
suggesting that bacteria present in both systems can regain
the nitrogen removal ability possibly due to their resistance
to antibiotics.
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