Accepted Manuscript "

Chemosphere

Short- and long-term effects of manganese, zinc and copper ions on nitrogen removal
in nitritation-anammox process

Huayu Li, Hong Yao, Dayi Zhang, Lushen Zuo, Jia Ren, Jinyuan Ma, Jin Pei, Yaru
Xu, Chengyong Yang

PII: S0045-6535(17)31762-9
DOI: 10.1016/j.chemosphere.2017.11.002
Reference: CHEM 20197

To appearin: ECSN

Received Date: 29 May 2017
Revised Date: 31 October 2017
Accepted Date: 1 November 2017

Please cite this article as: Li, H., Yao, H., Zhang, D., Zuo, L., Ren, J., Ma, J., Pei, J., Xu, Y., Yang, C.,
Short- and long-term effects of manganese, zinc and copper ions on nitrogen removal in nitritation-
anammox process, Chemosphere (2017), doi: 10.1016/j.chemosphere.2017.11.002.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.chemosphere.2017.11.002

10

11

12

13

14

15

16

17
18

19

Short- and long-ter m effects of manganese, zinc and copper ions on nitrogen
removal in nitritation-anammaox process
Huayu L, Hong Yad”, Dayi Zhang, Lushen Zud Jia Reh, Jinyuan M3, Jin Pef,
Yaru Xu*, Chengyong Yarly
1 Beijing Key Laboratory of Aqueous Typical Pollata Control and Water Quality
Safeguard, Department of Municipal and EnvironmlerEmgineering, Beijing
Jiaotong University, Beijing 100044, Peoples Rejui China;

2 Lancaster Environment Centre, Lancaster Uniyenisgincaster LA1 2YQ, UK

Corresponding author:

Prof Hong Yao

Beijing Key Laboratory of Aqueous Typical Pollutan€ontrol and Water Quality
Safeguard, Department of Municipal and EnvironmlerEmgineering, Beijing
Jiaotong University, Beijing 100044, Peoples Reputll China

Phone: +86 10 51682157

Fax: +86 10 51682157

Email: yaohongts@163.com



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract

This study provided a deep insight into the impaétsace elements (M#, Zn** and
CU?") on nitritation-anammox process. For short-termasxre, all the three elements
could improve the nitrogen removal rate (NRR) amel optimal concentrations were
2.0 mg/L, 2.0 mg/L and 0.5 mg/L for Mh zr** and Cd*, respectively. Accordingly,
the NRR were enhanced 54.62%, 45.93% and 44.09%.ldrig-term experiments
were carried out in lab-scale sequencing batch@eacThe surprising results showed
that only Mrf* addition could enhance the long-term nitritatiora@mox process,
and the NRR increased from 0.35+0.01 kg N/m3/d tfobnno extra trace element
addition) to 0.49+0.03 kg N/m3/d. Vice versa, theemdment of Zfi reduced the
NRR to 0.28+0.02 kg N/m3/d, and €uhad no significant effect on the NRR
(0.36£0.01 kg N/m3/d). From the analysis of micedlmommunity structure, it was
explained by the increasing abundance of anaeraiconium oxidizing bacteria
(AnAOB) only in Mrf* treatment, whereas Znpredominantly promoted ammonium
oxidizing bacteria (AOB). Additionally, the majoyitof Mn** was identified inside
AnAOB cells, and Zfi" and CG* were mainly located in AOB. Our results indicated
the synergistic effects of trace elements on atioh-anammox, both short-term
encouraging activities of AnAOB and long-term atigr microbial community
structure. This work implies the importance of @&aelements addition in
nitritation-anammox process.
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1. Introduction

The accelerating industrialization and urbanizationecent years has resulted in the
discharge of large amounts of nitrogen-rich wastewaonsequently causing many
environmental problems and attracting increasimgcems in water quality protection
(Zhao et al., 2015). Meanwhile, energy consumptad carbon footprint are
intensively considered in the treatment of nitrogeh wastewater, and it becomes
one of the key challenges to apply sustainable cgmbres in nitrogen discharge
control around the world (Shi et al., 2013). Coneplato the conventional biological
nitrogen removal processes, the combined nitritadiopammox process in a single
reactor is suggested as an energy-efficient anthisable wastewater treatment
technology for significantly decreasing oxygen amganic carbon consumption (van
der Star et al., 2007; de Graaff et al., 2011). imrthis process, the oxygen
consumption is reduced to only 37.5% due to pactalersion of Ni'-N to NGy -N,
and the surplus sludge production is minimal fghhmitrogen removal efficiency and
low cell growth rate. In addition, it mitigates thggeenhouse gas emission by
consuming CQ@as carbon source instead of organic matters (Ketrtl., 2010). Such
nitritation-anammox process has shown remarkablardgedges in operation (Joss et
al., 2011) and is employed in over 88% of full-secaidustrial application (Lackner et
al., 2014; Zhang et al., 2015a).

In nitritation-anammox system, anaerobic ammoniwitdining bacteria (anammox
bacteria, AnAOB) show highly variable responsesthe external environment.
Therefore, it is of great interests and challerigesnhance the activities of AnNAOB in
nitritation-anammox system. Recently, some excitsigategies have been used to
increase the activities of AnNAOB and nitrogen realovate (NRR) by external

supplementary of field energy and micronutrientachs as electric technique,
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magnetic technique and ultrasonic technique (Duaal.e2011; Zhang et al., 2012;
Qiao et al., 2013). Besides, trace elements caniafsient the activities of AnAOB.
Low concentration of Mn, Zn, Cu are all essentiarnonutrients and components of
many enzymes and co-enzymes for AnAOB (Strous .et18P8). As an example,
manganese oxides were respired with formate ag@bedonor for AnAOBKuenenia
stuttgartiensis (Strous et al., 2006). Cu is important constituehnitrite reductase
involved in the catabolism of AnAOB (Hira et alQ12). Zn is also the key element
for the synthetic of AnAOB enzymes that include 2TP-dependent zinc
metal-loprotease FtsH 1 and zinc-containing dehyeinase (Strous et al., 2006).
However, excessive trace elements are toxic andtmidhibit AnAOB activities.
Huang’s work showed that 0.05 mmol/L Mn (2.8 mgélan improve the activities of
AnAOB and nearly double the removal efficiency (Hgeet al., 2014). Kimura and
Isaka found limited effects of Zn on AnAOB activigt low concentration (0.1-5
mg/L) and a dramatic inhibition behavior beyondm@/L (Kimura and Isaka, 2014).
Zhang also suggested that low concentration of<@Qu0(mg/L) promotes the AnAOB
activity (Zhang et al.,, 2015b), whereas the sumoesis observed when Cu
concentration ranges from 5 mg/L to 10 mg/L.

However, most studies on anammox process mainlyeaddAnAOB. Ammonium
oxidizing bacteria (AOB) are also the functionakrobes in the nitritation-anammox
system, and their activities have been identifiedh@ key to the nitritation-anammox
reactor stability (Joss et al., 2011). To date, #stady of metal effects on
nitritation-anammox process is still lacking. Moveg certain heavy metals, such as
manganese (Mn), zinc (Zn), copper (Cu), are fretijyestetected in nitrogen-rich
wastewater, e.g., landfill leachates, swine wastemvaand steel manufacturing

wastewater (Table 1). It is becoming significargbsential as the nitritation-anammox



95 process has been widely used for nitrogen-rich eveetier treatment.

96 In this study, we evaluated the impacts on shomrteand long-term
97 nitritation-anammox of copper, manganese and zimtal®. With comprehensive
98 analysis of the NRR and microbial community streefuwe found distinct
99 nitritation-anammox behavior, attributing to bothAROB activity encouragement and
100  microbial community structure alteration. Puttingeger insight into the forms and
101 distribution of trace elements in extracellular ymoéric substances (EPS) and
102 intracellular components of nitritation-anammoxdgja, we identified different active
103  sites for heavy metal interaction on AnAOB and AQmssibly explaining the
104 mechanisms of trace elements affecting nitritasoammox. The findings of this
105 study are beneficial to the industrial nitritatianammox practices for nitrogen-rich

106  wastewater treatment, especially pharmaceuticalemeager.
107 2. Methods

108 2.1 Inoculum and synthetic wastewater

109 The sludge used for short-term and long-term erpamis were collected from a
110 laboratory-scale continuous-upflow nitritation-amaox reactor (110 cm x 10 cm x
111 60 cm) in Beijing Jiaotong University. The react@d operated steadily for 1 year
112  and the average NRR of 0.8 kg N/thwith the hydraulic retention time of 24 h. The
113  dissolved oxygen (DO) was 0.1 to 0.2 mg/L and #ragerature was maintained at
114  32+1 °C. The values of the suspended solids (S&yalatile suspended solids (VSS)
115 of the inoculums were 7.36 g/L and 3.44 g/L, refipely. Synthetic wastewater was
116 composed of NpEHCO; as ammonium source, basic nutrients (10.0 mg/L JR&k
117 58.6 mg/L MgSQ@7H,O and 5.7 mg/L Ca@i2H,0) and trace elements (Van, 1996).
118 In 1.0 L of synthetic wastewater, the 1.25 mL et elements was supplemented and

119 the composition was listed in Table S1. KHCS»lution (1250 mg/L) was added to
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buffer the influent pH (8.0-8.4).

2.2 Short-term batch test

Short-term batch tests were performed for 24 hotarsexplore the optimal
concentration of trace elements to achieve thedsgNRR. The tests were carried out
in 250 mL serum vials containing 200 mL synthet&stewater. Biosludge was taken
from the laboratory-scale nitritation-anammox rea@nd washed three times with
mineral medium to remove residual nitrogen. Acaogdio (Daverey et al., 2014a),
the mixed liquid suspended solids (MLSS) and mitkgaor volatile suspended solids
(MLVSS) were set as 3159 and 1458 mg/L, respegtividde initial NH,"-N was 150
mg/L. Then, the vials were sealed by sealing famg the sealing film had a hole with
the diameter 1 cm to make the reactor operatedrumndacro-aerobic condition. The
vials were then placed in a thermostatic shakerdibsolved oxygen (DO) was 0.1 to
0.2 mg/L when the speed was 150 rpm. The temperatas maintained at 321 °C
and pH was controlled at 8.0-8.4 by adding KHCSIution to the influent. The
temperature, pH and DO were monitored by pH/oxi3@il corresponding probes
(WTW, Germany). Samples were obtained every thoeeshusing a syringe needle to
analyze the concentrations of NHN, NO,-N and NQ-N. The amendment of extra
trace elements ranged from 0 to 20 mg/L for’Mfin terms of MnGJ « 7H,0) and
Zn** (ZnSQ » 7H,0), and from 0 to 10 mg/L for GU(CuSQ * 5H,0).

2.3 Long-term continuous test

Four reactors were operated for 90 days to exammiedong-term effects of trace
elements on nitritation-anammox process. Four idehsequencing batch reactors
had the working volumes of 0.5 L with the innerrde&ter of 5 cm and the height of
25.5 cm. The four reactors included Control (noraxtace element addition), Mn

treatment, Zn treatment and Cu treatment. In Canne addition of trace elements
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followed the same as short-term test, and the &maents in other reactors followed
the optimal concentration obtained in short-ternpeziment (2.0 mg/L for M
(MnCl; » 7H,0), 2.0 mg/L for ZA* (ZnSQ, * 7H,0) and 0.5 mg/L for Ci (CuSQ *
5H,0)). The initial SS and VSS concentrations were 23Gthd 1326 mgl/L,
respectively. DO was controlled at 0.1-0.2 mg/Lchpnging the aeration rate and the
temperature was maintained at 32+1 °C. KHQOIlution was added to buffer the
influent pH (8.0-8.4). The temperature, pH and Dé&eavmonitored by pH/oxi340i
and corresponding probes (WTW, Germany). The hydraetention time was 24 h
and the volume exchange ratio was 0.5. The sdie@htien time (SRT) was mainly 10
d. The long-term operation was divided into twogeg(Table 2).

2.4 Calculations

2.4.1. Calculation of NRR

NH} —N(inf—eff)+NO3 —N(inf—eff)+NO3 —N(inf—eff)
tx1000

NRR (kg N/m3/d) = 1)

The NH;"-Nint, NH;"-Ner, NO;-Nins, NOz-Nei, NOs-Nins and NQ-Neyr were the
NH;-N, NO,-N and NQ-N concentration in the influent and effluent dagrin
long-term operation, respectively; t is the hydiatgtention time, (d).

2.4.2. Calculation of nitrogen transformation of B@nd AnAOB

AOB and AnAOB are the main functional microorganssifor the nitrogen
biotransformation in the reactors. Part of ammonianoxidized to nitrite by AOB
(EQ. 2). Then, the remaining ammonium and nitrie @nverted to nitrogen gas by
AnAOB (Eg. 3) (Miao et al., 2016). The ammonium wersion rate (ACR) by AOB
(AOB-ACR) (Eqg. 4) and AnAOB (AnAOB-ACR) (Eq. 5) asstimated to explain the
activity of AOB and AnAOB.

NH3+1.50,—NO; +H,0+H" 2)

NH; +1.32NQ +H"—1.02N+0.26NQ +2H,0 3)
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NHZ —N(inf—eff) NHJ —N(inf-eff)~NO3 —N(eff-inf)-NO3 —N(eff—inf)

AOB — ACR = 206 &)

tx1000

NH} —N(inf-eff)—NO3 —N(eff—inf)—~NO3 —N(eff—inf) 5)
2.06xtx1000

AnAOB — ACR =

The NH;-Nint, NHs -Nesr, NO;-Nins, NOy-Net, NOz-Nips and NQ-Neyr were the
NH;-N, NO,-N and NQ-N concentration in the influent and effluent dgrin
long-term operation, respectively; t is the hydi@uletention time, (d). It was
assumed that the nitrogen assimilation due to biketgrhic growth was neglected in
the calculations.

2.5 Microbial community structure analysis

Biosludge was collected from the four treatmenthatbeginning (0 day) and end (90
day) of long-term continuous test. The samples werdrifuged at 10,000 rpm for 10
min and the DNA of biomass pellets was extractdte @ammonia monooxygenase
encoding genes of AOBafioA) and AnAOB were amplified using the primer sets
amoA-1f/amoA-2r and Amx368f/Amx820r, respectivelyable S2). Quantitative
real-time polymerase chain reaction (QPCR) was use@mplify the targeting
ammonia monooxygenase encoding genes and the saiveacterial 16S rRNA using
the SYBR Green gPCR Kit (Liu et al., 2012). The &figation efficiencies were
between 97.63% and 105.82% following the slopesabbration curve (Table S3).

2.6 EPS extraction

A heat-extraction method was employed for extratailpolymeric substances (EPS)
extraction (Yin et al., 2015a), details in Suppletaey Materials. Polysaccharide
measurement was acquired using the anthrone meitltbca glucose standard, and
protein levels were measured using the modified lyomethod with bovine serum

albumin as a standard (Wu et al., 2009).
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2.7 Chemical analysis

The trace elements in biosludge were categoriziedsioluble fraction, EPS-absorbed
fraction and intracellular fraction. The water sd@spwere taken from each reactor at
the beginning and end of each test. The solublealm&bncentrations in the
supernatant were filtered by 0.45 um acetate cséuimembranes before analysis.
Then AnAOB and AOB were separated by modified déffeial centrifugation
method (DC) (Boelee et al., 2014)(supporting materFor intracellular metals, the
0.1 g (wet weight) of biomass washed with a modifethylenediaminetetraacetic
acid (EDTA) washing procedure to remove the solané absorbed metal ions (And
and Wilkinson, 2000; Vasconcelos and Leal, 2001;eHal., 2003). The pellets were
dissolved by nitric acid solution and then cengéd to obtain supernatant (Bi et al.,
2014). The EPS-absorbed metals were calculated fr@vdifference between the
total and the measured soluble/intracellular metadcentrations (Hu et al., 2003).
The concentrations of trace elements were detettgdinductively coupled
plasmaoptical emission spectrometry (ICP-OES) (Rétkner Optima 8300DV).

The temperature, pH and DO were monitored by pk4Bi and corresponding
probes (WTW, Germany). For other chemicals, theewsamples were centrifuged at
3000 rpm for 1 min. The supernatants were filtelgd0.45 pm acetate cellulose
membranes, followed by standard methods for thdysisaof ammonium, nitrite,
nitrate, SS, VSS, MLSS and MLVSS (APHA, 2005).

2.8 Data analysis

All samples were performed in triplicates, and tbsults were expressed as the mean
+ standard deviation. An analysis of variance (AMQWvas used to test the
significance of the results, ape 0.05 was considered to be statistically significA

statistical comparison between variables was padrusing the t-test for a normally
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distributed dataset by SPSS Version 18.
3. Results and discussion

3.1 Short-term effects of trace elements on nitritation-anammox process

The results of short-term exposure suggested thatopriate amendment of N
Zn** and CG' enhanced the performance of nitritation-anammogrcess by
increasing the NRR, as illustrated in Fig. 1. THeR\with different MA* amendment
followed the bell shape, increasing from 0.060 kignfd (0 mg/L) to the peak of
0.093 kg N/n¥d (2.0 mg/L, 54.62% higher), and then decliningt621 kg N/nVd
(20 mg/L). The residual NON at 24 hours was found when fMrconcentration was
above 5.0 mg/L, implying the strong inhibition afritation-anammox process by the
excessive Mfi. Similarly, the bell shapes of Znand CG" also indicated that the
optimal amendment of these two trace elements wasg/L and 0.5 mg/L, and the
according NRR was 0.088 kg N/ and 0.087 kg N/fitd, respectively. The
significant accumulation of NON at 24 hours was observed when %Zn
concentration was above 3.0 mg/L andCepncentration was over 2.0 mg/L. The
results suggested that appropriate addition ofetratements could significantly
improve the performance of nitritation-anammox secand the optimal amendment
was 2.0 mg/L for MA" and Zr¥*, and 0.5 mg/L for C4.

3.2 Long-term effects of trace elements on nitritation-anammox process

The nitrogen removal dynamics in the four treatreemére illustrated in Fig. 2 and
Fig. S1, and there were significant differencesnitrogen removal performance
between treatments. Without exposure to the exsessice elements in Control (Fig.
2A), the average NRR increased from 0.14+0.0134:0.01 kg N/n¥d. The ratio of
ammonium conversion concentration by AOB to ammuniuconversion

concentration by AnAOB implied the activity of AOBnd AnAOB, and the
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theoretical value was 1:1. The higher of the rdhe, higher activity of AOB. In phase
I, the ratio increased from 1.25+0.04 to 1.30+0.D2Phase Il, the NRR did not
increase, consequently causing the excessivg-NHn effluent when the influent
NH,"-N concentration was above 400 mg/L. And the ratireased to 1.38+0.02
from Day 61-71.

In Mn treatment, the effluent NGN had a slight increase from 11.54 to 39.15 mg/L
(the ratio was mainly 1.51+0.20, Fig. S1) during thitial 7 days and then sharply
dropped. It might be explained by NEON reduction to N by the reaction between
Mn?* and NQ™-N (Luther et al., 1997). The NRR increased sligfibm 0.34+0.01 to
0.37+0.01 kg N/r¥d from day 47 to 61. Subsequently in Phase Il, NRR
continuously increased and reached the maximumevafu0.49+0.03 kg N/fid,
much higher than that of Control. Furthermore, é¢ftuent NH,"-N, NO,-N and
NOs-N remained at very low concentrations. The ressiiggested that the additive
of 2.0 mg/L Mrf* significantly improved the NRR of nitritation-anamx process.
Similar phenomenon has been reported previouslgangdound that the maximum
NRR was 1.97 kg N/ftd in long-term anammox process when?¥ooncentration
was 2.8 mg/L (Huang et al., 2014). The positivedfiof MNQ on anammox process
was also proved by the 2-folds higher NRR than wititout MnG; addition (Qiao et
al., 2012).

Different from the NRR promotion in short-term &s2.0 mg/L ZA" suppressed the
anammox process in long-term experiment. In Phastael NRR (0.13+0.01 kg
N/m’d to 0.22+0.01 kg N/itd) was basically similar to Control (0.14+0.01 kg
N/m®d to 0.23+0.01 kg N/ftd) during the Day 1-30. Then, NRR gradually insezh
to 0.28+0.02 kg N/rfid from Day 31-61 which was lower than Control @*8.01 kg

N/m?d). The effluent concentrations of MHN, NO,-N and NQ-N were therefore
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relatively higher. Particularly in Phase 1l wheffiiient NH;"-N was above 400 mg/L,
the NRR declined to 0.22+0.02 kg N¥ish Our results did not fit with previous
researches, suggesting a different mechanism ofntpacts of ZA™ on anammox
process. Zfi was reported to stimulate the NRR of the simubase partial
nitrification, anammox and denitrification (SNADYygzess when the concentration
was below 10 mg/L (Daverey et al., 2014b). Meangghthe NRR of anammox
process was not affected by 2.0 mg/L*Zm influent (Kimura and Isaka, 2014). It
might be explained by the unique microbial commumidmposition and microbial
growth rates (Wang et al., 2010; Qiao et al., 20©Bxhe different characteristics in
various anammox processes (e.g., anammox proc#stion-anammox process
and SNAD process). As a consequence, a higher staten of NQ-N was
observed in Zn treatment (Fig. 2C), and it inhibithe acitivites of AnAOB and
decreased the NRR.

The trends of effluent nitrogen species and NRRCintreatment were similar to
Control without signicant differencg£0.696). The results indicated that 0.5 mg/L
CU** had no effect on nitritation-anammox process. Biryi the anammox activity
was not influenced by 0.06-2.0 mg/L €un influent from Kimura’s continuous
feeding tests (Kimura and Isaka, 2014). Low lew#€u (4.0 mg/L) did no inhibit
the anammox activity (Yang et al., 2013).

Besides, AOB-ACR and AnAOB-ACR were calculatedewaal the response of AOB
and AnAOB to metals (Fig. 3). In Mn treatment, A@Q&R increased from 0.08 to
0.33 and AnAOB-ACR increased from 0.07 kg Niinto 0.28 kg N/n¥d in Mn
treatment, both significantly higher than thos&€wmntrol. The results fitted well with
NRR results and further proved the positive proortf Mr* on the activities of

AOB and AnAOB. Similarly, AnAOB-ACR and AOB-ACR ineased to 0.15 kg
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N/m®d and 0.25 kg N/ftd in Zn treatment, respectively. The average AOBRAwas
similar to that (0.23 kg N/fd) in Control, whereas AnAOB-ACR was much lower
compared to Control reactor (0.19 kg N/d). The results hinted that Zndid not
affect the activity of AOB but strongly inhibitednAOB. It might be explained by the
specific binding of ZA" to the active sites of ammonia monooxygenase B Add
positive contribution to their growth and metabativities (Gilch et al., 2009; Lee
et al., 2011). As a consequence, a higher condemtraf NO, -N was observed in Zn
treatment (Fig. 2C), and it inhibited the acitigitef ANAOB and decreased the NRR.
In Cu treatment, there was no significant changeOB-ACR and AnAOB-ACR.

3.3 Alterations of microbial community structure

To further investigate the microbial community cban in long-term
nitritation-anammox process, the abundance of AGBAOB, nitrite oxidizing
bacteria(NOB) and denitrifying bacteria was evadaby gPCR at day 1 and day 90,
as illustrated in Fig. 4 and Table S4. As the lediDO and none organic material,
NOB and denitrifying bacteria were all below thaili of detection and these bacteria
were ignored in this study. At day 1, the 16S rRébpy numbers of total bacteria
were (1.14+0.01) x TCcopies/mg SS. AOB and AnAOB accounted for 31.80863%
and 2.41%-2.51% of the total population, respebtiv&fter 90 days experiments, the
abundance of total bacteria maintained similadyging from 1.08 x 10to 4.33 x
106° copies/mg SS. In Control, the abundance of AnA@Bained stable (2.68%),
whereas a significant increasing abundance of AGB wabserved (42.74%). In Cu
treatment, the abundance of AOB and AnAOB remasieularly as Control, 46.81%
and 2.72%, respectively. In Mn treatment, the abunod of AnNAOB dramatically
increased to 4.50% and AOB abundance was similahab of Control with no

significant difference g=0.179). In contrast, a remarkable increase of AOB



318 abundance from 42.74% to 80.66% was observed intréatment, while AnAOB
319 abundance slightly decreased to 2.46%.

320 From the different impacts of trace elements onnitr@gen removal performance in
321 both short-term and long-term experiments, we foww mechanisms explaining the
322 phenomenon. Firstly, the appropriate addition atérelements (M#, Zn** or Cf)
323 in short-term test can significantly encourage #oéivities of AnAOB, which are
324  well-known as the restriction factor in nitritattamammox system. Secondly, the
325 composition of microbial community determines theagen removal functions of
326 nitritation-anammox sludge. To gain a quantitativesight into the relative
327  contributions of these factors to NRR, three equtiwere built, as shown in Fig. 5.
328 The positive correlation of NRR with AnAOB-ACR amkhAOB abundance were
329 observed, with Rvalues over 0.9. The results provided evidencettteactivities of
330 AnAOB and abundance of AnAOB were related to NRRan@/et al. (2016) also
331 testified this phenomenon. It is also evidenced A@AOB is the key microbes in
332 nitritation-anammox process to remove nitrogen. this study, MA* not only
333 promoted the short-term activities of AnAOB (Fig) hut also enhanced their
334 long-term abundance (Fig. 4), resulting in the gicgnt increase of the NRR.
335 Though ZA" increased the activities of AnAOB and the totgbylation of the sludge
336  from (1.14+0.10) x 1Hto (4.33+0.32) x 1¥copies/mg SS, the relative abundance of
337 AnAOB decreased due to the faster growth rate oBAMany previous researches
338 demonstrated that the presence of metals couldeinfle microbial abundance in
339 wastewater treatment systems (Stasinakis et @2;Xelly et al., 2004; Qiao et al.,
340 2013). Copper was reported to influence the miedolpiopulations and NF-N
341 removal rates in wastewater biological treatmenin(&t al., 2016). For the first time,

342  we find the distinct two mechanisms of trace eletm@an simultaneously influence
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long-term nitritation-anammox by promoting AnAOBtiaities and altering microbial
community structure.

3.4 Thechangeof EPSin AOB and AnAOB

Contents and compositions of EPS are related \mggir functions in reactors, and
proteins (PN) and polysaccharide (PS) are theicgstr components (Hou et al.,
2015). The contents of PN and PS in the EPS erftatbm nitritation-anammaox
sludge were shown in Table 3. At day 1, the EPS8itotation-anammox sludge was
133.89+8.47 mg/g SS. PN and PS contents were 76.6Q0+ng/g SS and 57.28+4.77
mg/g SS, respectively. The ratio of PN to PS rarfgaah 1.31 to 1.35. After 90 days
experiments, the EPS had a slightly increase intréprMn and Cu treatments to
140.61+2.73 mg/g SS. The PN/PS ratio did not sigauitly change in Control (1.33)
and Cu (1.36) treatment, whereas it remarkablyessgd to 1.23 in Mn treatment due
to a slight increasing content of PS (62.11+2.61gn8f). In contrast, the contents of
PN and PS in Zn treatment dramatically increase®3®7+3.14 mg/g SS and
69.07£2.64 mg/g SS, respectively. And a remarkailerease of EPS from
135.22+4.39 to 162.64+4.10 mg/g SS was observedefieless, the PN/PS ratio
had no significant change (1.35). The results wdifeerent from previous study
which revealed the distinct PN/PS ratio in AnAOBiehed (2.64+0.12) and
AOB-enriched (0.56+0.03) sludge (Yin et al.,, 2015b) the present study, the
nitritation-anammox sludge was composed of both @&Aand AOB, and the EPS
came from both bacteria and were of average vaMeanwhile, the increasing EPS
in Zn treatment might be explained by the higheSEBntents in nitritaion-anammox
sludge which enhance the neighboring microbialscatihesion to cope Zn inhibition
(Zhang et al., 2015c). Additionally, the PN/PS galias a strong correlation with

sludge settleability (Basuvaraj et al., 2015). Tdecreasing PN/PS ratio in Mn
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treatment suggested that Mn could enhance theealility of nitritation-anammox
sludge.

3.5 Mechanisms of metals promoting AOB and AnAOB

The fractions and distribution of trace elementgha nitritation-anammox sludge
were shown in Fig. 6 and Table 4. In the nitritatemammox process, metal ions
were added as the EDTA coordination compounds (Stret al., 1998). The
metal-chelator could enhance the solubility and-dvailability of metal ions, and
promote the absorption and utilization by anaerabicroorganism (Vintiloiu et al.,
2013). Even though EDTA could enhance the solybidihd bio-availability, the
precipitation reactions would occurred when thealtohetal ions concentrations
reached high level. Li et al. (2015) also demonsttaéhat the precipitate reactions can
reduce the soluble levels of €uand Z&* when the concentrations were above 2
mg/L. And this part of metal precipitates could digrbe utilized by anaerobic
microorganism. In this study, the metal preciptiateere included in EPS-absorbed
fractions.

At day 1, the concentrations of the three metalsevilow the limit of detection.
After 90 days’ long-term experiment, the solubletaigeremained below the limit of
detection, whereas the EPS-absorbed and intraaefi@ctions both increased. The
results indicated that all the metals were absofediosludge. In control, M
bound to AnAOB-EPS and AnAOB-associated were 0.38x0ng/g SS (17.27% of
total MrfY) and 1.01+0.17 mg/g SS (45.91%). And #¥nn AOB-EPS and
AOB-associated were 0.32+0.01 mg/g SS (14.55%)0a4@t-0.13 mg/g SS (22.27%).
In Mn treatment, Mfi" found in intracellular fraction of AnAOB was highéhan
control (6.69+0.76 mg/g SS, 51.34%), followed byracellular fraction in AOB

(2.43+0.45 mglg SS, 18.65%). It suggested that M€ was predominantly



393 absorbed and uptaken by AnAOB, explaining the pasibles of MA* in promoting
394 enzymatic activities of AnNAOB and the NRR in naitibn-anammaox process.

395 The dominant Zfi was intracellular fraction in AOB (4.97+0.49 md&, 40.64% of
396  total Zrf") in Zn treatment which was significantly higheathcontrol (19.11%). The
397 results were consistent with the study by Gilch bad (Gilch et al., 2009; Lee et al.,
398 2011). Meanwhile, the major proportion of Znin AnAOB was identified as
399 EPS-absorbed fraction (4.55+0.24 mg/g SS, 37.208@)ilar as the previous
400 conclusion from Daverey’'s work (Daverey et al., 201 The results hinted that,
401 though Zn could encourage AnAOB activities, it viasorably uptaken by AOB cell
402 and its contribution to AnAOB was limited. Thus, AQB were not significantly
403 promoted by the additive Zn in long-term nitritatianammox process to enhance the
404 NRR.

405  In Cu treatment, the distribution of Ewas similar to Control. The intracellular €u
406  was the major component in the sludge, 3.97+0.2@ 188 (46.76% of total GJ) for
407 AOB and 2.87+0.15 mg/g SS (33.80%) for AnAOB. Tlsults showed that €U
408 was mainly located within the microbial cells, maneAOB than AnAOB to explain
409 the limited contribution of Cu addition to NRR ingwement. Due to the
410 multiple-layer structure in anammox granules (Zhangl., 2015c), Cii could be
411 rapidly internalized and attained equilibrium withd hours in floating sludge (Hu et
412 al., 2003). It therefore helped our understanditiy Wu/* in anammox reactor was
413  almost evenly dispersed, similar to previous sti#hang et al., 2015c).

414 4. Conclusions

415 In the present study, we revealed the distinct otgpaof trace elements on

416 nitritation-anammox process for the first time. Thb the short-term addition of trace

417 elements can encourage the activities of AnNAOB angdrove nitrogen removal
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efficiency, we found the second mechanisms thag-tenm exposure to trace
elements alters the microbial community structudrareammox sludge. From deeper
insight into the slurry EPS and metal distributiims phenomenon was attributed to
the different biosorption and uptake of trace eletmdetween AOB and AnAOB.
Due to such synergistic effects, trace elementsimportant and complex factors
affecting nitrogen removal performance and shoudd darefully detected, when
employing nitritation-anammox process in nitrogemrwastewater treatment and
adding nutrients to promote anammox performance. ddnclusions of this research
help our better understanding how to manage andarmeh nitrogen removal

performance in practical nitritation-anammox praces
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Figure Captions
Fig. 1. Nitritation-anammox NRR after short-term expostarérace elements. (A) Mn

treatment; (B) Zn treatment; (C) Cu treatment.

Fig. 2. Nitrogen removal rate (NRR) and nitrogen speciasatian after long-term
exposure to trace elements. (A) Control; (B) Mratneent; (C) Zn treatment; (D) Cu

treatment.

Fig. 3. Ammonia conversation rate (ACR) by AOB (AOB-ACRhda AnAOB

(AnAOB-ACR). (A) Control; (B) Mn treatment; (C) Zmeatment; (D) Cu treatment.

Fig. 4. Abundance of anammox bacteria (AnAOB) and ammorouidizing bacteria

(AOB) before and after long-term exposure to traleenents.

Fig. 5. Correlation between AnAOB abundance, NRR, AOB-A&Rl AnAOB-ACR

in different trace element treatments.

Fig. 6. Distribution of trace elements in bacterial EPSimdracellular components
before and after long-term exposure to trace elésnéA) Mn in control and Mn
treatment reactor; (B) Zn in control and Zn treatimeactor; (C) Cu in control and

Cu treatment reactor.
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Tables

Table 1. Concentrations of zinc in different nitrogen risastewater streams.

wastewater Manganese Zinc concentration Copper NH;"-N References
concentration(mg/L) (mg/L) concentration (mg/L) concentration (mg/L)
Pharmaceutical 0.01-3.5 0.05-18.01 0-33.18 45.1-3580
wastewater
Rare earth wastewater  0.8-12.4 0.6-1.92 0.037-1.14 43-4081
This study
Vitamin B12 0.046-8.37 2.67-73.11 4.69-387.63 26.5-1046.6

production wastewater

Landfill leachate 0.03-1400 0.03-1000 0.005-10 20 (Peter et al., 2002)

Swine wastewater 0.25-26.3 0.36-26.8 11-872 (\aabal., 2007)

Mine water 40.1-65.7 20-27 1050-1550 (Stankovic .,
2009)

Steel manufacturing 0.5-2100 0.002-0.03 50-600 ddy 2000)

% the four kinds of wastewater in this study anmgked from the production factories and detectetd-MS.
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Table 2. The conditions of the nitritation-anammox process during the two phases.

Phase Operation period (d) Nitrogen loading rageNkm’/d) pH DO
1-7 0.15+0.004 8.0-84 0.1-0.2
8-17 0.22+0.004 8.0-8.4 0.1-0.2
Phase | 18-30 0.27+0.005 8.0-84 0.1-0.2
31-46 0.32+0.006 8.0-84 0.1-0.2
47-61 0.40+0.006 8.0-84 0.1-0.2
62-71 0.05+0.005 8.0-84 0.1-0.2
Phase Il
72-90 0.04+0.007 8.0-84 0.1-0.2
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Table 3. The change of EPS components before and afterteongexposure to trace elements.

Treatment Time (d) Protein (mg/g SS) Polysacchgnag/g SS) EPS (mg/g SS) PN/PS
Control 1 76.48+2.32 56.76+1.82 133.24+2.95 1.35
90 79.48+4.64 59.70+1.89 139.18+5.01 1.33

Mn 1 76.01+3.85 56.65+2.65 132.67+4.68 1.34
90 76.67+3.13 62.11+2.61 138.77+4.07 1.23

Zn 1 76.66+3.72 58.56+2.32 135.22+4.39 1.31

90 93.57+3.14 69.07+2.64 162.64+4.10 1.35

Cu 1 77.27+2.96 57.16+2.21 134.43+3.70 1.35

90 81.14+2.31 59.47+1.46 140.61+2.73 1.36

Note: PN and PS refer to the protein and polysaaaespectively.



615 Table4. The concentrations of trace elements in bactBRS or intracellular components after long-termosxjpe to trace elements.

AOB-associated (mg/g SS) AnAOB-assocaited (mg/g SS AOB-EPS (mg/g SS) AnAOB-EPS (mg/g SS)

The concentration of Mfiin RO(Mn in control) and R1(Mn treatment reactor)

RO 0.49+0.13 1.01+0.17 0.32+0.01 0.38+0.02

R1 2.43+0.45 6.69+0.76 1.65+0.27 2.26+0.36

The concentration of Zfiin RO(Zn in control) and R2(Zn treatment reactor)

RO 0.43+0.06 0.52+0.03 0.37+0.08 0.93+0.07

R2 4.97+0.49 1.05+0.27 1.66+0.36 4.55+0.24

The concentration of Mfiin RO(Cu in control) and R3(Cu treatment reactor)

RO 1.47+0.13 0.74+0.05 0.24+0.02 0.56+0.02

R3 3.97+0.29 2.87+0.15 0.53+0.13 1.12+0.11

616
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Fig. 1. Nitritation-anammox NRR after short-term exposure to trace elements. (A) Mn treatment; (B) Zn treatment; (C) Cu treatment.
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Fig. 4. Abundance of anammox bacteria (AnAOB) and ammonium oxidizing bacteria (AOB) before and after long-term exposure to trace
elements.
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Highlights

1. Proper amendment of Mn, Zn and Cu enhances short-term nitritation-anammox
performance.

2. Only Mn improves nitrogen removal in long-term nitritation-anammox.

3. Trace elements simultaneously encourage activities of ANAOB and alter microbial
community in nitritation-anammox process.

4. Distinct metal impacts explained by distribution in EPS and intracellular

components



