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Abstract: Precipitation and accumulation of calcium phosphate in granular sludge has attracted research
attention recently for phosphate removal and recovery from wastewater. This study investigated calcium
phosphate accumulation from granulation stage to steady state by forming heterotrophic granules at
different COD/N ratios at 21 and 32 ◦C, respectively, followed by the transformation of heterotrophic
granules to partial nitrifying granules. It was found that mature granules accumulated around 60–80%
minerals in granules, much higher than young granules with only around 30% ash contents. In addition,
high temperature promoted co-precipitation of hydroxyapatite and calcite in granules with more calcite
than hydroxyapatite and only 4.1% P content, while mainly hydroxyapatite was accumulated at the
moderate temperature with 7.7% P content. The accumulation of minerals in granules at the high
temperature with 75–80% ash content also led to the disintegration and instability of granules. Specific
ammonium oxidation rates were reduced, as well, from day 58 to day 121 at both temperatures due to
increased mineral contents. These results are meaningful to control or manipulate granular sludge for
phosphorus removal and recovery by forming and accumulating hydroxyapatite in granules, as well as
for the maintenance of microbial activities of granules.

Keywords: nitrifying granules; hydroxyapatite; calcite; stability; microbial activity; phosphorus
removal and recovery

1. Introduction

Aerobic granular sludge is a promising technology to replace suspended sludge for
wastewater treatment. Basically, granular sludge is a kind of self-immobilized biofilm
without carriers, which was developed in the 1980s in Upflow Anaerobic Sludge Blanket
(UASB) systems for anaerobic wastewater treatment, and in the 2000s in Sequential Batch
Reactor (SBR) systems for aerobic wastewater treatment. Compared with suspended
sludge, granular sludge possesses a compact structure and large size, which is believed
to be favorable to inorganic precipitation and accumulation in granules. High inorganic
content in aerobic granules, anaerobic granules, and ANAMMOX granules under some
operational conditions have been widely observed and reported [1–3]. Reactor operation
mode might affect inorganic mineral accumulation in granules. It was found that, after
the operation mode was changed from sequential batch to continuous, the ash content
of aerobic granules increased from 20 to 84% with inorganic minerals identified by XRD
analysis as CaCO3, although Ca2+ concentration in wastewater as low as 19 mg L−1 [4].
Since heavy and large granules are more easily retained in reactors, particularly at the
bottom of the reactors, the ash content of ANAMMOX granules at the reactor bottom was
60%, while it was only 10% at the reactor top [5]. Juang et al. [6] hypothesized that calcium
and/or iron precipitates in the granule interior substantially enhanced the structural
stability of aerobic granules under continuous operation mode, while Liu et al. [7] reported
a significantly reduced microbial activity of biomass under continuous operation mode with
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the excessive precipitation of CaCO3, although granules maintained excellent structural
stability. From these studies, it looks as if the inorganic precipitation and accumulation
in granules are conducive to the structural stability of granular sludge. Furthermore, it
was reported that the granulation period was shortened by adding extra metal ions, such
as Ca2+ [8] Mg2+, Al3+ [9], Fe3+ [10], and Mn2+. It was speculated that metal ions could
form metal precipitates which could become the nucleus for bacteria to attach to form
granules with a similar mechanism for biofilm growth. This theory seems to be partially
supported by the phenomenon that inorganic precipitates were mostly found in the core of
granules [11,12]. However, so far, there are no reports about the comparison between the
newly formed granules and mature granules regarding the spatial distribution of inorganic
precipitates to fully validate biofilm growth theory.

Biologically induced precipitation in granules is another mechanism proposed to
explain mineral precipitates in granules [3,13]. It was believed that a three-dimensional
compact structure working together with biological activities inside, such as nitrification,
denitrification, and biological phosphorus removal, could change the chemical environment
in granules, thus benefiting metal precipitation [13]. Although the mechanism of mineral
precipitation in granules is unclear, there is no doubt that divalent or trivalent metal ions
could accelerate granulation, increase granule compactness, and decrease SVI. The long-
term stability of granules with high mineral precipitates is unclear. Reduced microbial
activities of granules with high mineral precipitates have been reported [4,14–16], but it
is unclear how high mineral precipitate contents affect microbial activities of nitrifying
bacteria in granules with varied pH in SBR cycles.

Temperature is another factor that needs to be investigated for its effect on precip-
itation in granules because temperature affects biomass growth rate, nitrification rate,
precipitation speed, the solubility of mineral precipitates, and the stability of granules.
Aerobic granulation, granule stability, COD, N, and P removal could be achieved from a
wide range of temperatures, i.e., from 8 ◦C to 50 ◦C, although sludge characteristics and
treatment performance could be different [17,18]. With the development and implementa-
tion of ANAMMOX for nitrogen removal, partial nitrification under high temperatures,
such as 30–35 ◦C, was demanded before ANAMMOX. How mineral precipitates in nitrify-
ing granules at different temperatures affect granule stability and microbial activities of
nitrifying bacteria is still unknown.

Furthermore, in practice, it is less likely to dose extra Ca2+, Mg2+, Al3+, or Fe3+ as
research was done in labs to stimulate granulation or maintain granule stability because it
involves the extra cost of chemicals, handling, and storage. However, in different regions,
water hardness levels are different with a wide range of Ca2+ and Mg2+ concentrations. For
example, in the east and south of England, Ca2+ concentration in water reaching as high
as 150 mg L−1 and 50–100 mg L−1 of Ca2+ in water is very common. How a high water
hardness level with a high Ca2+ concentration affects mineral precipitation in granules and
reactor performance is important for the implementation of granular sludge technology in
these regions.

Thus, this study aims to investigate mineral precipitates and their effects on the
formation, activity, and stability of nitrifying granules at moderate and high temperatures
in regions with a high water hardness level. It is expected that this study would provide
some practical guidance on the operation of nitrifying granule reactors. Meanwhile, it could
shed light on the possible mechanisms involved in mineral precipitation and accumulation
in granules, as well as granule stability.

2. Materials and Methods
2.1. Reactors Operation and Inoculum

Four Perspex columns (R1, R2, R3, and R4), each with a working volume of 2.6 L and
a column height to diameter ratio of 20 (Ø 60 mm), were operated sequentially with a cycle
time of 4 h. The cycle consisted of 10-min feeding, 227–199 min aeration, 2–30 min settling
time, and 1-min discharging. The effluent was discharged from the middle port of the
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reactors, corresponding to a volumetric exchange ratio of 50%. The air was provided from
the reactor bottom with a flow rate of 5 L min−1, corresponding to a superficial velocity
of 3.0 cm s−1.

The reactors were started up at two different temperatures, i.e., ambient temperature
at 21 ◦C and high temperature at 32 ◦C, by inoculating 3.2 g L−1 activated sludge from
Portswood Wastewater Treatment Plant, Southampton, UK, which was only for COD
removal without nitrification capability. The reactor operation was divided into four phases:
(i) In phase 1, the inoculated activated sludge was converted into heterotrophic granules
by providing high OLR and short settling time; (ii) in phase 2, the nitrifying bacteria were
enriched within heterotrophic granules by decreasing COD/N ratio until no organic carbon
was provided; (iii) in phase 3, NH4

+ concentration was quickly elevated to speed-up the
AOBs enrichment; and, (iv) in phase 4, long-term stability of nitritation systems was tested.
The specific operational conditions for four reactors are listed in Table 1.

Table 1. Specific operational conditions of four reactors for granulation and nitrification.

Units R1 R2 R3 R4

Temperature ◦C 21 ± 3 32 ± 2 21 ± 3 32 ± 2

Phase 1
(0–21)

COD mg L−1 1000 1000 1000 1000
NH4

+ mg N L−1 50 50 200 200
COD/N 20 20 5 5

Phase 2
(22–37/49 a)

COD mg L−1 1000 to 0 1000 to 0 1000 to 0 1000 to 0
NH4

+ mg N L−1 50 to 400 50 to 850 200 to 150 200 to 750

Phase 3
(38/50 a–107) NH4

+ mg N L−1 Varied influent ammonium concentration b

Phase 4
(108–171) NH4

+ mg N L−1 500 65 650 850

a Phase 2 lasted until day 37 for R2 and R4 and until day 49 for R1 and R3. b The influent NH4
+ concentrations to 4 reactors were varied to

ensure more than 90% ammonium-nitrogen removal until the values in phase 4 (R2 collapsed so influent NH4
+ concentration was reduced).

By designing experiments for the operation of 4 reactors under conditions listed in
Table 1, we can compare granulation and stability of nitrifying granules for (i) effects of
COD/N ratios (i.e., 20 and 5) on heterotrophic granulation at ambient temperature, i.e.,
21 ± 3 ◦C, between R1 and R3; (ii) effects of COD/N ratios (i.e., 20 and 5) on heterotrophic
granulation at high temperature, i.e., 32 ± 2 ◦C, between R2 and R4; (iii) effects of tempera-
ture (i.e., 21 ± 3 ◦C and 32 ± 2 ◦C) on heterotrophic granulation at COD/N of 20 between
R1 and R2; and (iv) effects of temperature (i.e., 21 ± 3 ◦C and 32 ± 2 ◦C) on heterotrophic
granulation at COD/N of 5 between R3 and R4. In addition, once heterotrophic granules
were completely converted into nitrifying granules, we can compare (i) activity and the
long-term stability of nitrifying granules at two different temperatures, between R3 and R4
or between R1 and R2; and (ii) effects of initial COD/N ratios on the long-term stability of
nitrifying granules between R1 and R3 or between R2 and R4.

2.2. Medium

Synthetic wastewater was prepared with tap water, in which sodium acetate, am-
monium sulphate, and mono-potassium phosphate were added as carbon, nitrogen, and
phosphorous sources, respectively, with COD, NH4

+-N concentrations, as shown in Table 1,
and phosphorous concentration as 15 mg PO4

3−-P L−1. In phase 2, for nitrifying bacteria
enrichment, the organic carbon concentration was reduced stepwise, along with a concur-
rent increase in ammonium and NaHCO3 concentrations with a ratio of 1 mg NH4

+-N to
14 mg NaHCO3. The bicarbonate was used as the inorganic carbon source for autotrophic
nitrifying bacteria, as well as a buffer for pH. In phase 4, the ammonium concentrations
were kept constant since the nitrifying granules had reached the process stability.
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Apart from carbon, nitrogen and phosphorus sources, micronutrients were added as
(per liter prepared): 25 mg CaCl2·2H2O, 20 mg MgSO4·7H2O, and 10 mg FeSO4·7H2O.
The trace elements were (per liter prepared): 0.12 mg MnCl2·4H2O, 0.12 mg ZnSO4·7H2O,
0.03 mg CuSO4·5H2O, 0.05 mg (NH4)6Mo7O24·4H2O, 0.1 CoCl2·6H2O, 0.1 mg NiCl2·6H2O,
0.05 mg AlCl3·6H2O, and 0.05 mg H3BO3. From phase 3 (day 47), both CaCl2 and MgSO4
were removed from feedstock after excessive inorganic precipitation, and accumulation
within the granules was observed. The synthetic wastewater pH was not adjusted, but it
was around 7.2–7.4.

2.3. Analytical Methods

COD, mixed liquor suspended solids (MLSS), mixed liquor volatile suspended solids
(MLVSS), sludge volume index (SVI), and ash content were measured in accordance with
standard methods [19]. For the measurement of SVI5, the settled sludge volume was
recorded after 5-min settling in a 100-mL graduated cylinder, as opposed to 30 min for
SVI30 [20]. After granules formed, the density method used by Beun et al. [21] was
employed to measure MLSS due to difficulty in homogenous sampling. Ammonium
was measured spectrophotometrically by following the procedure in accordance with
that described in the manual BSI [22], using the UV-Visible spectrophotometer Cecil
3000 series (Cecil Instruments Ltd., Cambridge, UK). The pH in the reactors (during aer-
ation), and from the effluent, was daily monitored by using a bench pH-meter (Mettler
Toledo, Columbus, OH, USA).

Anions (NO2
−, NO3

−, PO4
3−) and cations (Ca2+ and Na+) were measured by the

ionic chromatographer 882 Compact IC plus (Metrohm, Switzerland). For the measure-
ment of anions, a Metrosep A Supp 5-150/4.0 column was used with the eluent con-
taining 1 mM NaHCO3 and 3.2 mM Na2CO3. For the measurement of cations, a Met-
rosep C4 250/4.0 column was used with the eluent containing 1.7 mM HNO3 and 0.7 mM
C7H5NO4 (dipicolinic acid or Pyridin-2,6-dicarboxylic acid).

The morphologies of granule external surface and internal parts were observed by using
the Quanta 250 scanning electron microscopy (SEM) (FEI, Hillsboro, OR, USA). Represen-
tative granules were halved and fixed overnight with a solution of 3% glutaraldehyde + 4%
formaldehyde in 0.1 M PIPES buffer with a pH of 7.2. Then, the specimens were washed
twice with each for 10 min by 0.1 M PIPES buffer with a pH of 7.2, followed by a series
of dehydration steps of 10-min washes with ethanol 30%, 50%, 70%, and 95%, respectively.
After these, two rinses with absolute ethanol, lasting 20 min each, were conducted. The
granules samples were then dried by a Balzers CPD 030 Critical Point Drier, before being
carbon coated by a high-resolution sputter and high vacuum carbon coater (Quorum, Q150T
ES. West Sussex, UK) for morphology observation. In addition, the energy dispersive X-ray
spectroscopy (EDX) coupled with SEM (EDAX, Mahwah, NJ, USA) was used to qualitatively
analyze the chemical elements present in the granules.

Crystals in granules were analyzed by XRD (Bruker D2 phaser, Bruker AXS Gmgh,
Karlsruhe, Germany). The granule samples were first washed thoroughly with deionized
water to remove any soluble chemicals from the feedstock, and then it was kept at −20 ◦C
overnight before being freeze-dried (lyophilized). Before XRD analysis, the dry granules
were ground into a fine powder.

The elemental composition of granules was analyzed quantitatively by using a multi
collector inductively coupled plasma (ICP) emission spectrometer (X-SERIES 2 ICP-MS,
Thermo Fisher Scientific, Bremen, Germany). Before the analysis, the samples were dried
at 105 ◦C overnight and then ground into powder. Fifty milligrams of it was digested by
adding 2 mL of aqua regia (a 1:3 mixture of 68% nitric acid and 36% hydrochloric acid) and
0.5 mL perchloric acid (68%) in a Teflon digestion vessel on a hotplate (150 ◦C) overnight.
After the digestion, 10 mL of concentrated HCl (36%) was added to the completely dry
samples. After this solution went dry by evaporating the acid, 3% nitric acid was added to
the samples for the analysis by ICP-MS. The data were processed using Plasmalab software.
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3. Results and Discussion
3.1. Formation of Heterotrophic Granules with Different COD/N Ratios at Different Temperatures

Temperature effects on granulation were studied at two different influent COD/N
ratios, i.e., 5 and 20. It was found that temperature effects at COD/N ratio of 5 were
the same as that at COD/N ratio of 20. Thus, only the results of temperature effects on
granulation at COD/N ratio of 5 (i.e., the comparison between R3 and R4) are presented
in Figure 1. It can be seen that SVI5 increased sharply in both reactors in the first 3 days
and then decreased quickly to less than 100 mL g−1 after day 7. This phenomenon is in
agreement with those reported by Liu et al. [23] and Liu et al. [24], indicating a typical
change of SVI5 for fast granulation. Once SVI reduced to less than 100 mL g−1, the average
sludge size started to increase quickly (Figure 1d), along with the decrease in sludge
volume percentage with particle size smaller than 200 µm (Figure 1c). Although SVI5 in
both reactors is similar, sludge size increased more quickly in R3 at 21 ◦C (Figure 1d),
resulting in a higher biomass concentration in R3 (Figure 1b). On day 21, MLVSS in R3 at
21 ◦C reached 4.6 g L−1, while it was 3.0 g L−1 in R4 at 31 ◦C. Based on the definition of
granulation by Liu and Tay [25] that sludge volume percentage with particle size smaller
than 200 µm below 50% represents the formation of granule dominant sludge, granular
sludge formed on day 9 in R3 at 21 ◦C, while this occurred on day 11 in R4 at 32 ◦C.
Thus, it can be said that granulation speeds at two different temperatures are almost the
same, although moderate temperature seems slightly better than high temperature. It was
reported that the time needed for total granule formation at 8 ◦C approximated twice the
time that is normally needed at 20 ◦C [17], while there was no difference when granules
were formed at 30 ◦C and 40 ◦C [18]. From these literature reports and our own results
presented here, it could be reasoned that temperature range from 20 to 40 ◦C does not affect
granulation speed.
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Figure 1. Profiles of SVI5 (a), MLVSS (b), sludge volume percentage with a size smaller than 200 µm
(c), and sludge mean size (d) over the time during phase 1 in R3 (21 ◦C) and R4 (32 ◦C) at COD/N of
5 with NH4

+-N concentration of 200 mg L−1.

Figure 2 shows the effects of COD/N ratios on granulation at 32 ◦C, which is the same
with those at 21 ◦C (data not shown). As in Figure 1, with the effects of temperature on gran-
ulation, SVI5 in both reactors (i.e., R2 and R4) had the same changing patterns (Figure 2a),
but sludge size and biomass concentration showed a slight difference after day 13. Based
on the definition of granule dominant sludge mentioned above, granular sludge formed
on day 11 in R4 with 200 mg NH4

+-N L−1, while on day 13 in R2 with 50 mg NH4
+-N L−1.



Processes 2021, 9, 1710 6 of 14

Because of slightly faster granulation, R4 achieved higher biomass accumulation with a
concentration of 3.0 g MLVSS L−1 on day 21, whereas it was 1.8 g MLVSS L−1 in R2. The
results suggested that granulation speed was not affected too much by influent ammonium
concentration, although it seems that higher ammonium concentration was slightly better.
This result is different from that reported by Yang et al. [26] that initial ammonium concen-
tration of 200 mg L−1 inhibited granulation, while granules formed when COD/N ratios
were above 6. The key difference between this study and Yang et al., in 2004, is that we
employed a short settling time, while 20-min settling time was used by Yang et al. [26]
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temperature of 32 ◦C.

From Figures 1 and 2, it could be concluded that, as long as the strong hydraulic
selective pressure, such as short settling time, was employed to start up granular sludge
reactors quickly [27,28], COD/N ratios and temperature have only negligible effects on
granulation. This is meaningful for the start-up of the granular sludge reactors under
different conditions.

3.2. Mineral Accumulation in Nitrifying Granules Converted from Heterotrophic Granules at
Different Temperatures and Minerals Effects on Granules’ Long-Term Stability

As shown in Figure 3, the sludge in four reactors showed excellent settleability with
SVI5 lower than 70 mL g−1 after 1-week operation, and less than 40 mL g−1, except for R2
after granulation. At the same time, the ash content in sludge increased slightly and slowly
from an average value of 18% on day 0 to 19–35% in 4 reactors on day 21, i.e., the end of
phase 1 for graduation (Figure 3a), indicating granulation might promote ash accumulation
in granules due to the retention of granular sludge. Once granules became dominant
with granule percentage higher than 95%, ash contents of granules increased steeply in
phase 2, resulting in dense granules with SVI5 of 14, 5, 23, and 8 mL g−1, respectively, on
day 59 (Figure 3b). The comparison between day 21 and day 59 demonstrates that mature
granules had much higher ash contents compared with young granules which were just
formed. This might be related to granule retention time, and a longer granule retention
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time allows more mineral accumulation in granules. A similar high ash accumulation
within aerobic granules coupled with such low SVI5 was also described by other research
in literature [7].
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Based on the ash content and its increasing rate during the whole operational period,
the ash content curves in Figure 3a can be divided into three distinct stages, from the
early days to the stable state with granule ash content increased slightly, dramatically, and
negligibly, respectively, as indicated with vertical dotted lines in Figure 3a.

Although ash content in granules showed similar changing trends, it is still very
obvious that ash content increasing rates and granule ash contents in 4 reactors were
different. Granule ash contents in R2 and R4 at 32 ◦C increased more dramatically than
those in R1 and R3 at 21 ◦C before day 60 and then stabilized at 80% and 70%, respectively,
while it took a longer time for granule ash contents in R1 and R3 at 21 ◦C to stabilize at
58%. Since the main difference in this phase between R1 and R3, and R2 and R4 is the
temperature, it can be believed that the difference in granule ash content increasing rates
and stable ash contents were mainly attributed to temperature with higher temperature in
R2 and R4 benefiting quicker and more ash accumulation.

During the first 21-days, apart from the temperature difference, there was also a
COD/N difference. It can be seen that granule ash content increased more quickly with
COD/N of 20 in R1 than COD/N of 5 in R3 at 21 ◦C. A similar trend was observed with
COD/N of 20 in R2 and COD/N of 5 in R4 at 32 ◦C. Thus, it can be seen that a higher
COD/N ratio with little nitrifying activity is favorable to ash accumulation in sludge, which
is probably due to a slight pH difference caused by nitrification at low COD/N ratios.

Due to a steep ash content increase in R2 at 32 ◦C, granule ash content reached 78%
on day 50. With such high granule ash content, granule disintegration was observed and
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granules broke into pieces, which resulted in a quick biomass wash-out and a very low
biomass concentration (less than 0.5 g L−1), as shown in Figure 3c. The influent ammonium-
nitrogen concentration had to be dropped to 65 mg L−1 to respond to significantly reduced
nitrification capacity and performance, as shown in Figure 4. R2 operation basically
collapsed, although we still maintained its operation. At 32 ◦C, since granule ash content
increasing rate and ash content at stable state in R4 was slightly lower than R2, probably
due to the low COD/N ratio in Phase 1, R4 maintained stable operation for more than
110 days with stable biomass concentration at 5–6 g L−1; however, granule disintegration
was observed after day 110, which led to the biomass washout and reduced biomass
concentration, as shown in Figure 3c. Both R2 and R4 at 32 ◦C experienced granule
disintegration, which should not be a coincidence. For R1 and R3 at 21 ◦C, nitrifying
biomass concentrations were stable until the end of operation after 153 days, and ash
contents were at around 58%. By comparing two different temperatures and ash contents,
it can be seen that higher temperatures resulted in higher ash contents, which might lead
to the instability of nitrifying granules in the short term or long term. The stability of
granules with high ash contents is seldom studied. However, Xue et al. [29] observed the
deteriorated settling velocity of anammox-HAP granules, sludge bulking, and flotation
when ash content was as high as 80%, an ash content close to those in R2 and R4 at 32 ◦C
with instability in this study.

Processes 2021, 9, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 3. Profiles of ash content (a), SVI5 (b), and MLSS-MLVSS (c) in R1 and R3 (at 21 °C), R2 and R4 (at 32 °C) over the 
operation time. 

 
Figure 4. Profiles of nitrogen species over the time during phases 2–4, with COD reduced quickly to 0, and NH4+-N in-
creased to certain values in R1 and R3 at 21 °C (a), and R2 and R4 at 32 °C (b). 

Figure 4. Profiles of nitrogen species over the time during phases 2–4, with COD reduced quickly to
0, and NH4

+-N increased to certain values in R1 and R3 at 21 ◦C (a), and R2 and R4 at 32 ◦C (b).

3.3. Performance of Nitrifying Granules at Different Temperatures and Their Specific Ammonium
Oxidization Activities

On day 21, all sludge in 4 reactors was almost pure granules. From day 22, the in-
fluent NH4

+-N concentration was increased step-wise, alongside the concurrent decrease
in COD concentration to transform newly formed heterotrophic granules to nitrifying
granules, as shown in Figure 4. By the end of phase 2 (Table 1), heterotrophic granules
were completely transformed into autotrophic nitrifying granules with the higher influent
ammonium increasing rates in R2 and R4 at 32 ◦C than R1 and R3 at 21 ◦C. Meanwhile,
by comparing R1 and R3, and R2 and R4 with two different COD/N ratios at the same
temperatures, it was found that initial low COD/N ratio and high ammonium concentra-
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tion did not help the enrichment rate of nitrifying bacteria in granules. It is well known
that the nitrifying bacteria growth rate is higher at a higher temperature than a lower
temperature. From the results in this study, it looks as if the enrichment of nitrifying
bacteria in heterotrophic granules was highly dependent on temperature instead of initial
ammonium concentrations in the influent. However, the maximum influent ammonium
concentration reached 1300 mg N L−1 in R4 with the initial COD/N ratio of 5 in phase 1,
higher than 1000 mg N L−1 in R2 with the initial COD/N ratio of 20 in phase 1 at 32 ◦C.
Similar results were obtained at 21 ◦C in R3 (850 mg N L−1) as shown in Figure 4b and R1
(800 mg N L−1) as shown in Figure 4a. These results suggest that higher initial ammonium
concentration might be conducive to the enrichment of nitrifying bacteria that are capable
of withstanding higher free ammonia concentrations and, thus, can treat higher influent
ammonium concentration. During the whole operation period at 21 ◦C, the influent ammo-
nium concentration in R3 was always higher than that in R1, indicating further that higher
initial ammonium concentration in phase 1 was beneficial for the tolerance of nitrifying
granules to high ammonium concentration in the long run.

It was observed, however, that ammonium removal efficiencies in all reactors dropped
after they reached the maximum influent ammonium concentrations which had to be re-
duced to ensure more than 90% ammonium removal efficiencies. R2 collapsed completely
due to granule disintegration and biomass wash-out. The free ammonia (FA) concentra-
tions, as shown in Figure S1, increased quickly and reached close to 180 mg N L−1 in R2
and R4 at 32 ◦C and 80 mg N L−1 in R1 and R3 at 21 ◦C, which were higher or close to the
maximum FA concentration that AOB could tolerate [30]. The inhibition from FA might be
one of the main reasons that nitrifying granules could not deal with the maximum influent
ammonium concentration applied to reactors, i.e., 800, 1000, 850, 1300 mg N L−1, for the
long run.

Furthermore, it was found from Figure 5 that specific ammonium oxidization rates
of nitrifying granules in all reactors dropped from day 58 to day 121, suggesting reduced
nitrifying activities. During this period, ash content increased in nitrifying granules, as
shown in Figure 3. This phenomenon in nitrifying granules is similar to that reported
by Liu et al. [7] that the increased ash content in heterotrophic granules led to reduced
microbial activities. Meanwhile, it could be seen from Figure 5 that the specific ammonium
oxidization rates of nitrifying granules in R4 at 32 ◦C were lower than those in R1 and R3
at 21 ◦C, which is contradictory to the common report that nitrifying bacteria had a higher
nitrification rate at a higher temperature. For example, it was reported that a temperature
increment at 20 ◦C resulted in a nitrification rate increase of 4.275% per ◦C by nitrifying
biofilm [31]. Therefore, the most reasonable explanation is that the higher ash content in
R4 at 32 ◦C resulted in the reduced specific ammonium oxidization rate. The reduced
microbial activities with the accumulation of inorganics in granules were reported in other
studies with other types of granules, as well [15,16,32].

In all 4 reactors, ammonium was mainly oxidized to nitrite with negligible nitrate
production (less than 10 mg L−1), and the stable nitritation was maintained during the
whole operation period without special controls. High influent ammonium concentration
to around 1000 mg L−1 might not be the reason for partial nitrification because Chen
et al. [28] reported complete nitrification with similar influent ammonium concentration
and operational conditions, except for lower calcium concentration and lower ash content.
Poot et al. [33] found that the control of the residual ammonium concentration had proven
to be effective for repression of Nitrospira spp. at 20 ◦C, and the stratification of an outer
AOB layer in the granule structure was found to be highly important to maintain stable
partial nitritation in the long term. Thus, it is speculated that relatively high residual
ammonium concentration (10 mg N L−1) and high ash content in granules contributed to
the maintenance of stable nitritation by increasing mass transfer resistance in granules with
ammonium oxidizing bacteria grown in the outer layer of granules.
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Within 37 days, heterotrophic granules were completely transformed into partial
nitrifying granules to treat nitrogen-rich wastewater with influent NH4

+-N concentration
as high as 950 mg L−1 at 32 ◦C and 650 mg L−1 at 21 ◦C. Similar results were also reported
by Chen et al. [5], where nitrifying granules could treat 1000 mg NH4

+-N L−1 in less
than 55 days from reactor start-up by activated sludge. However, nitrifying sludge was
inoculated in their reactors, while activated sludge without nitrification capability was
inoculated in our study. The strategy used in this study to form heterotrophic granules
rapidly first and then to transform heterotrophic granules to nitrifying granules resulted
in the quicker formation of partial nitrifying granules, compared with 70 and 146 days
reported in other studies [34–36].

3.4. Calcium Precipitation and Accumulation in Partial Nitrifying Granules at Moderate and
High Temperatures

To understand the mineral accumulation in nitrifying granules, metal elements and
phosphorus in granules from R3 at 21 ◦C and R4 at 32 ◦C were analyzed and shown in
Table 2. It can be seen that the inorganic elements contributing to accumulated ash in
granules are mainly phosphorus and calcium, with calcium contents up to 17–25% and
phosphorus contents up to 4.1–7.7%. According to Table 2, calcium concentration in tap
water was 102 mg L−1 due to chalk aquifer in Southampton, UK. This hard water is one of
the main reasons for the excessive precipitation and accumulation of calcium precipitates in
nitrifying granules. Ca/P molar ratio in granules from R3 was 1.74, which is very close to
the Ca/P ratio of pure hydroxyapatite (i.e., 1.67). XRD analysis results shown in Figure S2
proved that the main inorganic precipitate in granules from R3 was hydroxyapatite. Based
on phosphorus content in Table 2, the calculated hydroxyapatite content of granules in R3
would be 42%, close to the actual ash content of 55%, as shown in Figure 3. Ca/P molar
ratio in granules from R4, however, was much higher than 1.67, which reached 4.83. XRD
analysis showed the presence of both hydroxyapatite and calcite. Based on the phosphorus
content of granules in R4, the calculated hydroxyapatite content was 22%, and, based on
calcium content after deducting calcium in hydroxyapatite, the calculated calcite was 42%,
resulting in a total ash content of 64%, close to the actual ash content of 73% in Figure 3. The
small percentage difference between calculated ash content and actual ash content might be
due to a small percentage of other types of amorphous calcium precipitates, which might
not yet convert to crystals. It is very interesting to note that higher temperature did not
only promote more mineral precipitation and accumulation in granules but also stimulated
co-precipitation and accumulation of hydroxyapatite and calcite.
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Table 2. The contents of main metal elements and phosphorus in granules from R3 at 21 ◦C and R4 at 32 ◦C on day 107 at
the end of phase 3.

Unit Na Mg P K Ca Fe Ca/P

R3 mg g−1 TSS 12.79 0.59 76.80 0.94 172.30 2.94 1.74
R4 mg g−1 TSS 11.42 0.91 40.86 0.36 254.40 3.05 4.82

Tap water mg L−1 13.95 2.18 0.10 1.70 102.70 0.027
Feedstock elements mg L−1 7210.00–3285.71 4.15 15.20 19.28 110.46 2.00 5.63

A typical P content in activated sludge is usually less than 1% [37], but, in this
study, P content in granules from R3 and R4 reached 7.7% and 4.1%, respectively, which
are comparable to the phosphorus content in sewage sludge incineration ash ranging
between 4 and 9% [38]. Thus, hydroxyapatite precipitation and accumulation in nitrifying
granules could be beneficial for phosphorus removal and recovery. From this perspective,
the moderate temperature is more beneficial because hydroxyapatite would be more
dominant with a higher phosphorus content at moderate temperature compared with high
temperature.

EDX was then conducted to observe the distribution of calcium precipitates on the
granule surface and cores by halving granules. It can be seen from Figure 6 that, for
granules in both R3 and R4, calcium phosphate and other calcium precipitates were mainly
located in the cores of granules, while there were no calcium precipitates on the granule
surface. Thus, it is less likely for calcium precipitate to form in bulk liquid and then deposit
on the granule surface. The similar element distribution was previously described for both
heterotrophic aerobic granules [12] and EBPR granules with 30–35% of ash contents by
other researchers [13], who reported that external layers of granules were mainly composed
of microorganisms with high contents of C, N, and O, whereas inorganic contents, such as
Ca and P, were much higher toward the core of the particles.
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There are two assumptions to explain this phenomenon. One is that inorganic pre-
cipitates form in the wastewater first, which then act as carriers for bacteria to attach and
form granules [11]. The other possibility is that granule structure and high EPS content
in granules could provide favorable micro-environment for biomineralization due to mi-
crobial activity, causing biologically induced mineral precipitation in granules [3,13]. It is
less likely that mineral precipitation in granules is species-specific, but potential bacteria
associated with precipitation of calcium carbonate and calcium phosphate were detected
in granular sludge in the co-precipitated calcite and hydroxyapatite [39]. No matter which
assumption is tenable, the bacteria tend to grow on the granule surface due to easy access
to nutrients and oxygen in water with less mass transfer resistance.

4. Conclusions

Mineral precipitation and accumulation in nitrifying granules were investigated with
hard water and two different temperatures, i.e., the moderate temperature at 21 ◦C and the
high temperature at 32 ◦C. The key findings were summarized as below:

• Initial ammonium concentration and temperature from moderate 21 ◦C to 32 ◦C had
negligible effects on the speed of heterotrophic granules.

• Mature granules had much higher calcium precipitates accumulated inside compared
with newly formed granules, and suspended sludge, indicating the importance of
long sludge retention time for the accumulation of calcium precipitates.

• Higher temperature promoted more mineral precipitates in granules, in general.
Specifically, high temperature promoted co-precipitation and accumulation of hy-
droxyapatite and calcite, while moderate temperature was more beneficial for the
dominance of hydroxyapatite in granules.

• Increased calcium precipitates in nitrifying granules resulted in reduced microbial
activities.

• High mineral content in granules led to the instability of nitrifying granules at a higher
temperature in the short or long run.

Overall, mature granules have much higher calcium precipitate contents than young
granules due to the long retention time. The temperature has significant effects on calcium
precipitation, precipitate species, ash accumulation, ash content, microbial activity, and
long-term stability when ash content is high.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9101710/s1, Figure S1: Concentrations of free ammonia (FA) (a) and free nitrous acid
(FNA) (b) over the operation time with the inreased influent NH4+-N concentration. Figure S2: The
inorganic solid phases present within granules from R3 and R4 on day 121 by XRD analysis.
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