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Abstract Preserving active anaerobic ammonium oxidation
(anammox) biomass is a potential method for securing suffi-
cient seeding biomass for the rapid start-up of full-scale
anammox processes. In this study, anammox granules were
cultured in an upflow anaerobic sludge blanket (UASB) reac-
tor (Ry), and then the enriched anammox granules were pre-
served at 35, 20, 4, and —30 °C. The subsequent reactivation
characteristics of the granules were evaluated in four UASB
reactors (denoted Ry, Ry, R3, and Ry, respectively) to investi-
gate the effect of preservation temperature on the characteris-
tics of anammox granules and their reactivation performance.
The results demonstrated that 4 °C was the optimal preserva-
tion temperature for maintaining the biomass, activity,
settleability, and integrity of the anammox granules and their
cellular structures. During the preservation period, a first-
order exponential decay model may be used to simulate the
decay of anammox biomass and activity. The protein-to-
polysaccharide ratio in the extracellular polymeric substances
and the heme ¢ content could not effectively indicate the
changes in settleability and activity of the anammox granules,
respectively, and a loss of bioactivity was positively associat-
ed with the degree of anaerobic ammonium-oxidizing bacteria
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cell lysis. After 42 days of storage, the anammox granules
preserved at4 °C (R3) exhibited a better recovery performance
than those preserved at 20 °C (R,), =30 °C (Ry), and 35 °C
(R}). The comprehensive comparison indicated that 4 °C is the
optimal storage temperature for anammox granular sludge be-
cause it promotes improved maintenance and recovery perfor-
mance properties.

Keywords Anammox - Granular sludge - Preservation
temperature - Reactivation - Granule characteristics

Introduction

The anaerobic ammonium oxidation (anammox) process re-
fers to the oxidization of ammonium to nitrogen gas using
nitrite as the electron acceptor in the absence of oxygen
(Ding et al. 2013). As an innovative and sustainable biological
nitrogen-removal alternative to traditional nitrification-
denitrification technology, the anammox process has several
advantages, including negligible excess sludge production,
low energy consumption, and no external organic carbon re-
quirement (van der Star et al. 2007). Applying the anammox
process to remove nitrogen from municipal sewage allows for
wastewater treatment plant procedures that promote net ener-
gy production (Kartal et al. 2010). Energy-positive wastewater
treatments have the potential to increase societal sustainability,
and anammox is a key process in achieving this goal (Lotti et
al. 2015; Xu et al. 2015).

Although the anammox process has many advantages, one
of its disadvantages is related to the long system start-up pe-
riod, which is caused by the slow growth rate of the anammox
consortium (typical doubling time of 15-30 days) (Ali and
Okabe 2015; Lotti et al. 2015; Strous et al. 1998; van der
Star et al. 2007). The start-up of the anammox process was
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significantly accelerated in the presence of mature anammox
seeds (van der Star et al. 2007; Wett 20006). Sequential bio-
mass additions have been shown to be an effective method for
increasing the development and growth of anammox bacteria
(Jin et al. 2013a). Adding fresh anammox sludge to the
anammox reactor, which is referred to as bioaugmentation,
increases the biomass and reduces the unit-sludge loading rate
over a short time and may also introduce growth factors that
favor regrowth after inhibition (Jin et al. 2012). Additionally,
in terms of the working mode, the wastewater flow could be
stopped for several weeks or even months because of seasonal
closure of the industry and annual maintenance or vacation
periods, which are common in biological wastewater treat-
ment industries (Leitdo et al. 2006). Therefore, the preserva-
tion of anammox biomass is an inevitable technical issue
when applying the anammox process (Al et al. 2014).

Anammox granules have several advantages over floccu-
lent sludge, such as a denser and stronger aggregate structure,
more likely solid-effluent separation, higher biomass concen-
tration, and greater ability to withstand shock loadings and
toxicity. The granule-based process is applied in more than
20 % of all full-scale partial nitritation-anammox systems
(Lackner et al. 2014). However, the properties of anammox
granules are important factors that affect the performance and
robustness of the process. The biomass and specific anammox
activity (SAA) together determine the performance of the
anammox process. The particle size of the anammox granules
affects their mass transfer and settleability, and extracellular
polymeric substances (EPS) influence the stress tolerance of
the granules (Xing et al. 2015). Therefore, it is essential to
track the sludge characteristics and reactivation performance
of the anammox process during preservation.

Temperature is a key condition for bacteria preservation.
High temperatures are not conducive to long-term microbial
storage because of the high microbial decay rate without an
adequate supply of substrates. However, the structure of an-
aerobic ammonium-oxidizing bacteria cells may be destroyed
under low temperatures. Therefore, the storage temperature
must be optimized for the development and utilization of mi-
crobial resources.

Previous studies have investigated the storage of anammox
bacteria under different temperatures (e.g., =200, —20, and
4 °C). In one study, the anammox activity of oxygen-limited
autotrophic nitrification/denitrification (OLAND) biomass
was lost after 2 months of storage at —20 °C (Vlaeminck et
al. 2007), whereas in another study, pre-freezing with liquid
nitrogen (=200 °C) was required for the long-term preserva-
tion of anammox bacteria via lyophilization (Rothrock et al.
2011). Moreover, Ji and Jin (2014) studied the impact of pres-
ervation conditions (at 4 °C) on the reactivation performance
of an anammox reactor. Furthermore, a moderate temperature
of 36 °C was also been investigated for the preservation of
anammox granular sludge (Wu et al. 2015). However, few
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systemic studies have been performed to determine the im-
pacts of storage temperature on the properties of anammox
granular sludge.

Therefore, the goal of this study is to determine the optimal
preservation temperature for the storage of anammox granular
sludge over a long period and the subsequent reactivation of
the system. In this study, we investigated the effects of storage
for up to 6 weeks under different preservation temperatures
(35,20, 4, and —30 °C) on the properties of anammox granules
(e.g., SAA, granule diameter, sludge settling properties, EPS,
heme ¢ content, and granular sludge morphology). The sub-
sequent reactivation performance and properties of the
anammox granules were also investigated.

Materials and methods

Synthetic wastewater, anammox granule origins,
and operation strategies

To prepare the synthetic wastewater, ammonium and ni-
trite were added to the mineral medium at a molar ratio of
1:1 in the forms of (NH,4),SO,4 and NaNO,, respectively.
The composition of the synthetic wastewater was reported
in Jin et al. (2013b). Anammox granular sludge for seed
sludge was collected from a 2.8-L laboratory-scale
anammox upflow anaerobic sludge blanket (UASB) reac-
tor as reported by Xing et al. (2014). This bioreactor,
hereafter called the parent bioreactor (R,), was operated
in a thermostatic room at 35+ 1 °C. The bioreactor sam-
pled was operated in a laboratory site in Hangzhou (30°15
N, 120°10 E). Hangzhou is located in northwestern Zhe-
jiang province in the south-central portion of the Yangtze
River Delta in southeast China. The Ry was continuously
operated for approximately 2 months. During this period
(period A: days 1-65), the nitrogen loading rate (NLR)
was increased from 2.23 to 6.39 kg N m > day ' by
adjusting the hydraulic retention time (HRT) and influent
nitrogen concentration (7Nj,r). During the subsequent
preservation period (period B: days 65-109), four 1.0-L
ground-glass stoppered flasks were applied and each vial
was inoculated with 800 mL of 25.89 g VSS L'
anammox granular sludge. Four vials were emptied with
argon in 5-10 min, sealed with Vaseline to maintain the
anaerobic conditions, covered with black cloth to avoid
light interaction, and then placed in thermostat incubators
at 35, 20, 4, and —30 °C. The anammox granules of the
four vials were sampled every 2 weeks to determine the
properties of the granules (e.g., SAA, granule diameter,
sludge settling properties, EPS, heme ¢ content, and gran-
ular sludge morphology). The anammox granules stored
at —30 °C were removed and thawed in a 35 °C water bath
for 1 h to measure the granule properties. The applied
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temperature and procedure of the measurement of the
granules stored at other temperatures were consistent and
carried out simultaneously. During the reactivation period
(period C: days 109-129), approximately 73 % of the
preserved sludge by volume was transferred into four
identical 500 mL (working volume) UASB reactors (de-
noted Ry, R,, R3, and Ry for the sludge preserved at 35,
20, 4, and —30 °C, respectively). The four bioreactors
were recovered by feeding relatively low 7N;,r (140 mg
N L') and HRTs of 3.0 h in a thermostatic room at 35
+1 °C. Then, the TN;,r was increased in steps of
28 mg L' when the effluent nitrite concentrations were
lower than 5 mg L™ and the 3-day average deviation was
less than 10 %. During period C, the SS and sulfide con-
centration in the effluent were measured every 2 days, and
granule samples were collected to measure the granule
characteristics when the nitrogen removal performance re-
covered to its original level. The detailed experimental
conditions are shown in Table 1. Vials A, B, C, and D
include different treatments that were used for Ry, R,, R3,
and Ry, respectively.

First-order exponential decay model

The decay rate of the biomass during the starvation phase
(period B) was determined by fitting an exponential function
to the measured biomass as a function of time (Eq. (1))
(Scaglione et al. 2009; Zhang et al. 2015):

Y = doe o) (1)

where Yis the remaining biomass (i.e., VSS) as a percentage
of'the starting value (%), A is a constant, by is the decay rate

(day "), and ¢ is the starvation time (day). From the exponen-
tial decay (Eq. (1)), we can define the half-life time (#) as
follows:

In2
1 = — 2
=g (2)
Analytical methods

The influent and effluent samples were routinely collected and
either analyzed immediately or stored in a refrigerator at 4 °C
until the analyses were conducted. The SS, VSS, NH, -N,
NO; -N, and NO; -N were measured according to standard
methods (APHA 2005). The sulfide (S*7) concentration was
determined using flow injection analysis (FIA) and the spec-
trophotometric method (AutoAnalyzer 3; Norderstedt, Ger-
many). The pH and temperature were determined using a pH
meter (Mettler Toledo Delta 320, Switzerland) and a mercury
thermometer, respectively. The SAA assays and granule di-
ameter measurements were performed according to the
methods described by Xing et al. (2015). EPS extraction was
performed using the “heating” method, and the amounts of
carbohydrate and protein in the EPS were estimated as de-
scribed by Ma et al. (2012). Heme ¢ was characterized accord-
ing to the method described by Berry and Trumpower (1987).
The morphological properties of the granules were observed
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) according to the methods de-
scribed by Xing et al. (2015). Digital imaging was performed
using SteREO discovery stereomicroscopes (Nikon SMZ800,
Japan) and a digital single-lens reflex camera (Sony NEX-C3,
Thailand). The settling velocity was measured by recording

Table 1 Operating conditions

and reaction molar ratios in this Period  Days Reactor HRT (h) Temp. TNing Reaction molar ratio
study °C) (mgN L™
R Ry®
A 1-65 Ry 3.02-1.58 351" 280-420° 1.80+£0.69  0.29+0.10
B 65-106 VialA (Ry) —° 35 - -
Vial B (R,) 20
Vial C (Rs) 4
Vial D (R4) -30
C 106-129 R, 3.00 35+1 140-196 0.83+0.43  0.46=0.35
R, 3.00 35+1 140476 1.43+£0.53  0.28+0.16
R; 3.00 35+1 140-532 1.03+£040  0.13+0.08
Ry 3.00 35+1 140-308 1.29+0.28  0.18+0.12

 Average value *standard deviation

® The molar ratio of ammonium to nitrite was 1:1

¢ Without nitrogen substrates supplied

4 The ratio of nitrite consumption to ammonium consumption

€ The ratio of nitrate production to ammonium consumption
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the time required for the individual granules to fall from a
certain height in a measuring cylinder (Jin et al. 2013c). The
C, H, and N contents of the granules were measured using an
elemental analyzer instrument EA3000 (EuroVector, Italy).
The oxygen content was calculated as follows:
0%=100 % —(C+H+N)%.

Results

Changes in the characteristics of the anammox granular
sludge during periods B and C

Biomass and decay kinetics

The seeding sludge in the parent reactor (Ry) was cultured for
more than 2 years, and the digital images and optical micros-
copy images of the anammox granules were published in a
previous paper (Xing et al. 2014). The changes in the biomass
in the four vials are shown in Table 2. The exponential fitting
curves of R;-R, under different preservation temperatures are
provided in Fig. 1. The results indicated that the amount of
biomass in the four vials clearly decreased during period B,
and the endogenous decay coefficient decreased in the follow-
ing order: R; (35 °C, 0.01726 day ') > R, (20 °C,
0.01346 day ') > Rs (4 °C, 0.01228 day ') > R, (-30 °C,

0.00323 day ). Therefore, the endogenous respiration rate
increased as the preservation temperature increased. With an
increase of 1 °C for the preservation temperature, the value of
the endogenous decay coefficient for the anammox consor-
tium was increased by 0.00021 day ™' from the beginning of
period B (R*=0.9732, Fig. S1). Based on the simulation curve
equation (Fig. S1), the endogenous respiration of anammox
bacteria can be neglected at preservation temperatures below
—48 °C, although this result must be confirmed in a future
study. According to Eq. (2), the corresponding #; values for
R1, Ry, R3, and Ry were 40, 51, 56, and 215 days, respectively,
which indicated that lower temperatures might be more appro-
priate for preserving anammox biomass during long-term stor-
age. In addition, the R? regression coefficients for Ry and Ry
were 0.9819 and 0.9201, respectively, indicating that the first-
order exponential decay model was more suitable for describ-
ing the biomass decay process of anammox granules under
lower storage temperature from 4 to —30 °C.

SAA and heme ¢ content

Figure 2a shows the SAA changes in Ry, R,, R3, and Ry
during the storage periods under preservation temperatures
of 35, 20, 4, and —30 °C, respectively. The bioactivities were
decreased during the entire preservation period (days 65—106)
of approximately 6 weeks, and the SAA decreased in the order

Table 2 Characteristics of the anammox granules under different preservation temperatures during periods B and C

Time Sludge SS Biomass SAA Heme ¢ content  Soluble EPS Bound EPS
(days) (gL (L) (mgTNg' (umolg ' VSS)
VSS h7hyP PS(mgg' PN(mgg' PN/PS PS(mgg' PN(mgg ' PN/PS
VSS) VSS) VSS) VSS)

65 Ro 4219 2589  6.72+029 3.70+0.04 031+£0.25 051+0.06 2.69+2.09 20.5+039 874+16.8 4.26+0.74

79 R, 3136 1506  2.69+0.04 8.55+0.14 1844242 8.19+0.63 125+094 60.6+1.12 210+33.1 3.48=0.57
R, 3142 1899  6.54+0.01 7.01+0.13 452+0.75 3.74+038 0.83+0.08 64.2+866 269+15.6 4.24+0.59
R; 3866 2236  6.53+037 3.65+0.02 1.10£0.06 133+029 121+024 251+1.84 122+497 4.88+0.26
R, 4703 2405 349+0.15 4.62+0.06 128+0.15 451+1.15 3.49+055 41.6+£0.56 196+25.0 4.72+0.63

93 R, 3418 1466  0.87+0.16 4.96+0.05 4.03+0.42 498+040 124+0.05 354+1.13 122+13.3 3.44=031
R, 3229 1856 651071 7.76+0.00 6.75+0.43 4.82+130 0.71+£0.16 48.0+424 179+7.84 3.76+0.51
R, 2885 17.80  5.80+0.19 4.25+0.00 3144045 121+1.61 035+£043 262+1.15 861149 3.30£0.70
R4 3890 23.63  2.84+0.00 4.55+0.07 408+024 251+1.61 0.61+037 48.1+2.09 163+3.71 3.39+0.17

106 R, 3090 1460  071+032 11.7+0.09 257+0.81 596+0.06 246+0.66 47.0+£1.82 152+183 3.24+048
R, 3328 1434  332+0.11 9.77+0.06 1.89+£029 3.72+£027 1.99+023 51.1+7.02 147+132 2.90+0.38
R; 3231 1601  2.82+0.61 5.08+0.04 127+0.14 3.65+0.54 294+070 298+126 115129 3.86+0.60
R, 39.49 2251  2.68+0.19 8.93+0.08 139+0.57 554+082 426+105 865+282 358+10.0 4.15+024

129 R, 5203 2413  072+0.11 4.98+0.17 0.71£023 278+052 442+240 31.7+£1.62 138+550 4.37+0.13
R, 5276 37.69  3.75+0.05 3.43+0.04 091+0.07 325+048 3.59+044 21.7+081 92.7+18.8 4.25+0.71
R; 5772 3191  493+041 7.31+0.06 141£021 0.60£040 041+021 26.1+£138 122+104 4.66+0.20
R, 51.14 3028 2794022 3.04+0.01 0.59+0.10 0.00 0.00 40.0+3.01 1944624 4.85+024

*Equal to the value of VSS
® Average value + standard deviation.
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Fig. 1 Decay kinetic simulation (a)
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R, > R3 > Ry > Ry. For R; and Ry, the SAAs initially de-
creased rapidly but decreased slightly after storage for approx-
imately 4 weeks, whereas in R, and Rj;, the SAAs initially
decreased slowly, although this decrease slowed rapidly after
storage for approximately 4 weeks. The process that reduces
the specific activity of biomass was a key factor in the degree
of cell decay, although it was not responsible for reducing the
biomass weight. The first-order exponential decay model was
also suitable for describing the SAA decay of R; and Ry, and
the corresponding modeling equations are as follows:

SAA emaining = 7268.3¢ 0066074224 R2 — (.9933 (3)
SAAremaining — 578.086(*0.02787#1.784)’RZ — (.8289 (4)

where SAA,opaining is the remaining SAA as a percentage of
the starting value (%). The by rates of the SAA decay in Ry
and R4 were 0.0660 and 0.02787 day ', respectively. Accord-
ing to Eq. (2), the half-life time (#;; ) of SAA decay in R4 was
26 days, which is lower than the #;; value (215 days) during
the biomass decay process. Therefore, the apparent activity
decay was notably greater than the biomass decay in R4. In

addition, the SAA and biomass together determine the nitro-
gen removal potential rates (NRR,ax). As shown in Fig. 2b,
the nitrogen removal capacities in the four vials were different
with increased storage time. After approximately 23 days of
storage (from 64 to 87 days), the NRR,,,.x decreased in the order
R3 >R, > R4 >R;. During a storage time of approximately 23—
40 days, the NRR, .« of R, was better than that of R3. As the
storage time increased to more than 40 days, the freezing tem-
perature of —30 °C became the optimal preservation tempera-
ture for maintaining the nitrogen removal capacity.

Heme c is a cofactor of cytochrome enzymes and peroxi-
dase, and it is widely present in the metabolism of anammox
bacteria. Figure 2c shows the changes in heme ¢ content with-
in the particles from the four vials. The heme ¢ contents of the
anammox granules from the four vials have different incre-
ments compared with the initial values, which is inconsistent
with the change tendency of the SAA during period B (Fig. 2).
Therefore, the heme ¢ content cannot be used to evaluate the
activity of anammox granular sludge during the storage peri-
od. This different trend may have been caused by the produc-
tion of hydrogen sulfide by the anaerobic fermentation of

@ Springer
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Fig. 2 Variations in the SAA (a), nitrogen removal potential rates
(NRR,2x) (b), and heme ¢ content (¢) of the anammox granules from
R-R4 during the preservation period at different temperatures

granules during long-term storage. To confirm this assump-
tion, the effluent sulfide concentrations of the four reactors
during the reactivation period were measured every 2 days,
and the results are listed in Table S1. As expected, the sulfide

@ Springer

Fig. 3 Cumulative distribution of anammox granular sludge atP
preservation temperatures of 35 °C (a), 20 °C (b), 4 °C (c¢), and —30 °C
(d) during the experiment

concentration in the four vials at the end of period B decreased
in the order R; > R, > R4 > R;.

Granule diameter and sludge settling properties

Figure 3 shows the cumulative distributions of the granules
under different storage temperatures during periods B and C.
After 14 days of storage at 35 °C (79 days), the cumulative
distribution of granule diameters between 2.25 and 3.25 mm
was increased by approximately 0.08-2.26 %. In addition, for
granule diameters larger than 3.25 mm, the corresponding
cumulative distribution was reduced by approximately 0.86—
1.93 % (Fig. 3a). These results illustrate that the granules were
separated under a storage temperature of 35 °C. For granule
diameters less than 2.25 mm, the cumulative distribution de-
creased by approximately 0.44-6.10 %, which is mainly be-
cause of the anammox biomass decay, as noted above
(Fig. 1a). After 28 days of storage at 35 °C (93 days), the
cumulative distribution of granule diameters between 0.75
and 3.25 mm was increased. In addition, the cumulative dis-
tribution of granule diameters >3.25 mm was also reduced
(Fig. 3a), and the cumulative distribution of granule diameters
<0.75 mm was decreased by approximately 0.61 %. These
results indicate that the granule breakage and biomass decay
continued and co-occurred. By the end of period B (106 days),
the granule breakage and biomass decay had progressed fur-
ther, and similar phenomena were observed at the storage
temperatures 20, 4, and =30 °C (Fig. 3). The degree of change
in the granule diameter increased in the order of R; > R4 > R;
> R,, which was closely related to the storage temperature and
corresponding biomass decay rate. Therefore, the preservation
temperature has a significant effect on the granule diameter.
During period C, the cumulative distribution in R, which
had a storage temperature of 35 °C, was increased for granule
diameters larger than 5.25 mm. However, the cumulative dis-
tribution of granule diameters between 2.75 and 5.25 mm was
decreased, which was inconsistent with the changes during
period B. The cumulative distribution of granule diameters
less than 2.75 mm was increased by approximately 1.0—
13.6 %. These results illustrate that the granule diameter re-
covered gradually. For Ry, the cumulative distribution of the
granule diameter increased overall, whereas for R,, the cumu-
lative distribution was nearly reduced overall, which may
have been caused by the larger amount of nitrogen gas pro-
duction leading to high values of SS.¢ as shown in Table S1.
For R3, the cumulative distribution of granule diameters larger
than 4.75 mm was increased by approximately 0.17-1.36 %,
suggesting that the diameter also recovered with a continuous
supply of substrates. Moreover, the cumulative distribution of
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granule diameters less than 4.75 mm decreased by approxi-
mately 0.5-24.0 %. These results indicate that the preserva-
tion temperature of 20 °C (R,) and 4 °C (R3) promoted greater
effluence compared with that of Ry (35 °C) and R4 (=30 °C)
after the same preservation time (42 days) and HRT (3.0 h)
during the 22-day reactivation period. Thus, a longer HRT
should be applied to reduce the loss of anammox biomass
via effluent in practical applications.

Compared with the settling velocity during the initial stage
of period B, the settling velocities of the granules in Ry, R,,
R;, and Ry decreased by different degrees, and the reduction
for R, was larger than that of the other vials (Table 3). More-
over, an increasing number of floating granules were observed
after storage for approximately 14 days at =30 °C (Ry4). The
upward floating velocity of floating granules was approxi-
mately 66.34+39.06 m h™', and the corresponding volume
percentage of the floating granules in R4 increased gradually
over the storage period (Fig. S2). During the subsequent reac-
tivation period, the settling velocities in R;, R,, and R, were
increased, whereas that in R did not increase because of the
large amount of EPS in R; during period C. However, the
volume percentage of floating granules in R4 was approxi-
mately 50 % during the reactivation period as shown in
Fig. S2. Preservation at a freezing temperature of =30 °C is
difficult in practice and requires considerable energy, whereas
granules stored at 20 °C achieve excellent settleability after
reactivation (R, > R; > R4 > Rj3); thus, the improved
settleability in R, may be one of the inherent causes for the
relatively good nitrogen removal performance.

EPS

The EPS composition for these bacterial cultures was
studied to investigate the EPS production and degradation
behavior of the anammox consortium at different preser-
vation temperatures. The results are shown in Table 2 and
Fig. 4. The results indicated that bound EPS was the ma-
jor component of the EPS (versus the soluble EPS), and
the final EPS results were dependent on the bound EPS
results (Table 2). The protein (PN) and polysaccharide
(PS) contents of the annex granules in the total EPS in-
creased in all vials after 6 weeks of storage. However, the
increase in EPS decreased the permeability of the
anammox granules, which promoted decreased settling
velocities of the granules in Ry, R,, Rz, and R4. A similar
phenomenon occurred in R3 during the subsequent reacti-
vation period. In this study, the settling velocities of R;-
R4 were consistent with the EPS content throughout the
entire experiment. Therefore, the total EPS can be used to
indicate the settling velocities of the anammox consortium
during periods B and C. Additionally, the EPS in Ry, Ry,
and Ry decreased rapidly, which was mainly because the
sludge with poor settling properties was washed out.
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Table 3 Settling properties of

anammox granules in R;-R4 Time  Settling Ri (35 °C) R, (20 °C) R; (4 °C) R4 (=30°C)
during the experiment (day)  velocity
mh™
65 Maximum 208.4
Minimum 30.46
Mean+SD  65.12+25.14 (81)*
79 Maximum 110.4 105.5 97.65 1354
Minimum 27.80 28.26 31.48 10.27
Mean+=SD  59.39+16.66 (49) 62.45+16.16 (75)  60.84+15.44 (72)  52.40+22.04 (77)
93 Maximum 106.7 129.7 199.8 71.80
Minimum 31.61 29.17 35.58 18.75
Mean+SD  63.52+17.71 (49) 63.21+20.05 (61) 81.74+30.26 (45)  39.74+16.25 (13)
106 Maximum 94.27 105.5 112.0 110.1
Minimum 37.68 28.71 20.58 37.78
Mean+=SD  65.19+14.34 (49) 62.72+18.13 (54) 61.50+21.13(52) 61.29+17.34 (39)
129 Maximum 107.0 109.2 90.71 102.8
Minimum 39.38 35.99 29.44 41.44
Mean+SD  71.14+£19.97 (25) 73.76+£22.59 (34) 59.87+15.15(26) 67.12+16.91 (43)

#Values between brackets represent the number of granular sludge tested

However, the reasons for the increased EPS content in R;
must be investigated in a future study.

The protein to polysaccharide (PN/PS) ratios were reduced
during period B at the storage temperatures 35 and 20 °C, and
the corresponding settling velocities decreased, which was
mainly because of the degradation of anammox granules.
Moreover, variations in the PN/PS ratios in vials C and D were
complicated and exhibited a similar trend. The PN/PS ratios in
vials C and D increased from their initial value of 4.22+0.75
to 4.73+0.24 and 4.69+0.62, respectively, after 2 weeks of
storage, and the corresponding PN/PS ratios decreased to 3.86
+0.60 and 4.15+£0.24, respectively, at the end of period B (on
106 days). Based on the above results, the PN/PS ratio of the

PN/PS: @ R (35°C) @ R, (20% A R (4°C) *® R (-30°C)
ps:[ R (35°C) | R, (20°C) R, (4°C) R, (-30°C)
500 PN:EZZ) R (35°C) [EEH R, 20°0) 550 R (4°0) R, (-30°C il
— -] - 5
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_;' o Ak .J
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o
.
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Time (day)

Fig. 4 Variations in the amount and composition of the EPS during the
storage and reactivation periods
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EPS is not a suitable indicator of the settleability of anammox
granules during the storage period.

Morphology of the granular sludge

To monitor changes in the morphology and structure of the
granular sludge, the anammox granules were studied at the
beginning and end of the storage period and at the end of the
reactivation period via SEM and TEM (Figs. 5 and 6). As
shown in Fig. 5a, the majority of spherical and elliptical bac-
teria were surrounded by EPS and bacillus or filamentous
bacteria. To protect microbes in harsh environments from im-
pairment, large amounts of EPS were excreted in the four vials
as shown above (Figs. 4 and 5b). After the substrate supply
was recovered, the EPS contents were reduced and the sur-
rounding cells observed as shown in Fig. 5c. However, hon-
eycomb structures emerged in the anammox granules in R
and R,, particularly in R, as shown in Fig. 5c, which suggests
that more anammox bacteria were dissolved in R; than in R,
during the preservation period. For R3, the anammox bacteria
were observed in clusters after 21 days of reactivation, where-
as in Ry, several random anammox cells were distributed
throughout the anammox granules with a large surplus of EPS.

The TEM analysis performed on the enriched anammox
granules collected from Ry at the end of the start-up period
revealed that the dominant cells in both enrichments displayed
typical ultrastructural features of anammox bacteria (Fig. 6a).
After 42 days of preservation, the volume of anammox cells in
R;-R,4 was reduced compared with the volume in Ry (Fig. 6b).
A large number of the anammox cells in R;-R, exhibited an
irregular shape, with a number of wrinkled areas formed on
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Fig.5 SEM images of the cross-sectional morphology of anammox granules from R;-R4 samples collected 1 day before preservation (a), 42 days after
preservation (b), and after 21 days of reactivation (c)

the anammoxosome edge, whereas the anammox cells in Ry,  regular shapes. In R;-Ry, because of the irregular shape of the
which had an adequate substrate, supply exhibited relatively ~ anammox cells, the surface area of the anammox bacteria cells

" st

Fig. 6 TEM images of the anammox granules from the R;-R4 samples collected 1 day prior to preservation (a), 42 days after preservation (b), and after
21 days of reactivation (¢) (bar=10.5 pm)
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was increased and the substrate transfer rate was enhanced
under the storage conditions. However, after 42 days of pres-
ervation, cell degradation was considerable, particularly in Ry,
R,, and Rj, and the degree of degradation decreased in the
order of Ry > R, >R3> R, (Fig. 6b), which is consistent with
the biomass decay rates of R|-R4. However, the anammox
cells in R3 were further degraded during the subsequent reac-
tivation period as shown in Fig. 6¢. The structures of
anammox bacteria cells in R; were almost completely recov-
ered after 21 days of reactivation, and these results are consis-
tent with the phenomenon observed in the cross-sectional
SEM images shown in Fig. Sc. In addition, the microbe bac-
teria changed because of changes in the anammoxosome
structure (Fig. 6a, c) and alterations to the stoichiometric ratios
during periods A and C.

Elemental analysis

To determine whether changes in the element composition of
the anammox granules occurred under the preservation and
reactivation conditions, the anammox granular sludges of Ry
and R;-Ry4, which were collected as experiment schemes, were
analyzed, and the results are shown in Table S2. With respect
to the theoretical values of the anammox bacteria cells, the
anammox granules at the end of period A (65 days) had higher
O contents and H/C, C/N, and O/C ratios and lower C, H, and
N contents. After approximately 42 days of storage, the C, H,
and N contents of the anammox granules all increased, where-
as the O content and C/N and O/C ratios decreased. The am-
plitude variation of the elemental composition of the
anammox granules from R;-R, increased in the order O > C
>N > H. Bubbles were also produced in R|-Ry (after 79 days)
and easily observed, particularly in Ry, R,, and Ry (Fig. S2),
and they were related to the degree of dissolution of anammox
bacteria cells in R;-R4 as noted above. Therefore, the percent-
ages of C, H, N, and O in the granular sludge changed because
of the dissolution of cellular compounds into the liquid phase.
After 21 days of reactivation, the shifts in elemental compo-
sition and atomic ratios within the anammox particles from the
four reactors were not notable (Table S1), indicating that a
long period of time was needed for recovery to the initial
elemental composition.

Inoculation and recovery reactor performance
during periods A and C

Figure 7 presents the daily changes in the 7N;,;, HRT, NLR,
and NRR of Ry and R;-Ry over the entire 129-day operation
period. During period A, the parent bioreactors were gradually
started up and then operated at steady-state conditions. After
approximately 65 days of operation, a stable and robust
anammox performance was maintained and the average
NRR of Ry was 5.24+0.23 kg N m > day ', with an HRT of
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Fig.7 Nitrogen loading/removal rate, applied 7Nj,cand HRT in a UASB P>
reactor (Rg) during the cultivation of anammox granules and the operation
of Ry (a), R; (b), R; (¢), and R4 (d)

1.58 h. During period C, the four bioreactors were recovered
by feeding relatively low TNy (140 mg N L") and HRTs of
3.0 h in the thermostatic room at 35+ 1 °C. After 21 days of
reactivation, the 7N;,r of Ry, R,, R3, and Ry increased gradu-
ally from 140 mg L' to 196, 476, 532, and 308 mg L',
respectively, and the corresponding NRRs of R;-R4 were
0.42+0.06, 2.90+0.69, 3.78+0.31, and 2.03+0.16 kg
N m > day ', respectively (Fig. 7). These results indicate that
the reactivated capabilities increased in the order R; >R, >Ry
> R;. Moreover, the modified Stover-Kincannon model was
appropriate for describing R,, R3, and R4 and produced high
correlation coefficients (0.9131, 0.9959, and 0.8679, respec-
tively). Ry produced an irregular cellular structure and a faint
anammox reaction. According to the kinetic analysis results
using the modified Stover-Kincannon model, the maximum
substrate utilization rate (Upnax) of Ry, Rz, and Ry was 19.50,
169.50, and 9.25 kg m > day ', respectively (Fig. S3). More-
over, the nitrogen removal potential increased in the order Ry
> R, > R4 > Ry, which is consistent with the NRRs noted
above. In addition, the experimental values for the reaction
ratios of nitrite to ammonium (Rg) and nitrate to ammonium
(Rp) throughout the entire working stage of the reactor are
shown in Table 1. The reaction ratios of R,, R3, and R4 were
all close to the reported values, whereas that of R; was con-
siderably higher. These results indicate that other bacteria
were dominant in R;, whereas the anammox bacteria was
the dominant population in R,, R3, and Ry.

Discussion

The longer required start-up period is still the main challenge
preventing the practical application of anammox-based treat-
ment processes at full scale (Ali and Okabe 2015). Preserva-
tion of the anammox biomass could be one of possible solu-
tions to securing a sufficient seeding biomass and achieving
the rapid and stable start-up of the anammox process. Several
studies have been published regarding the long-term storage
of various types of anammox sludge under different preserva-
tion temperatures (Ali et al. 2014; Heylen et al. 2012; Ji and
Jin 2014; Vlaeminck et al. 2007; Wu et al. 2015; Zhang et al.
2015). Zhang et al. (2015) reported that the b, of anammox
granules was 0.0062 day ' based on decreasing VSS levels
during a 30-day period of anaerobic starvation, and this value
is lower than the value that was obtained here at the same
starvation temperature (35 °C) using the same determination
method. This discrepancy may have been caused by several
factors, such as the starvation time, storage anammox granular
sludge, and preservation liquid. Moreover, the decay rate
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decreased with decreases in the storage temperature. Under
ambient and mesophilic storage temperatures, the biomass
decay rate was higher than that of the SAA under the long-
term preservation temperature without the application of sub-
strates. However, the SAA decay rate was larger than the
biomass decay rate under the freezing temperature, which
may have been caused by higher temperature promoting sub-
strate transport rates and heterotrophic bacteria growth rates
when dissolved anammox bacteria cells are used as an organic
substrate. Under short-term substrate deficits, maintaining the
SAA should be a top priority. The potential nitrogen removal
rate and biomass retention can be used as the main perfor-
mance criteria when selecting preservation conditions for stor-
age processes, especially for the long-term preservation of
anammox bacteria.

This study systematically investigated the evolution of
anammox granule properties and their subsequent recovery
performance after long-term storage under different preserva-
tion temperatures. Appropriate preservation methods should
be identified to protect the morphological and structural char-
acteristics of the anammox bacteria and their subsequent reac-
tivation performance as much as possible. The results demon-
strated that 4 °C was the best preservation temperature for
maintaining the biomass, activity, settleability, and integrity
of the anammox granules and the cellular structure of the
anammox bacteria. The PN/PS ratio and heme ¢ content could
not effectively indicate changes in the settleability and activity
of the anammox granules, respectively, and the loss of bioac-
tivity was positively correlated with the degree of anammox
bacteria cell lysis. After 42 days of storage, the performance of
Ri, Ry, R;, and R, and the particle characteristics from the
activity recovery test revealed the advantages and disadvan-
tages of the different preservation temperatures. During the
preservation period, the anammox granules preserved at
4 °C (R3) exhibited a better recovery performance than those
preserved at 20 °C (R,), =30 °C (Ry4), and 35 °C (R;). The
comprehensive comparison indicated that 4 °C was the opti-
mal storage temperature in terms of property maintenance and
recovery performance of the anammox granular sludge. Ad-
ditionally, the preservation temperatures can be ranked in the
following order: 4 °C >20 °C>-30 °C> 35 °C. This outcome
is consistent with the research of Vlaeminck et al. (2007), who
determined that the optimal storage temperature for the long-
term storage of OLAND biofilm biomass was 4 °C.

The Typ of anammox granules was longer than that of
flocculent sludge under the same preservation temperature,
which may have been caused by the accumulation of EPS.
Heylen et al. (2012) found that storage at 4 °C was not suitable
for single-cell cultures of “Candidatus Kuenenia
stuttgartiensis” and the marine anammox species “Candidatus
Scalindua” sp. because the cells lysed within days, which may
have been related to the lack of the protective polymeric ma-
trix present in aggregated cultures. Ji and Jin (2014) found that
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the preservation temperature (4 and —40 °C) has a relatively
small impact on the recovery activity of anammox granules
and recommended storage at 4 °C without cryoprotectant.
However, lyophilization and cryopreservation may be imprac-
ticable at a mass scale because of the complex procedures and
expensive chemicals required (Ali and Okabe 2015).
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