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Location and chemical composition of microbially induced phosphorus precipitates
in anaerobic and aerobic granular sludge
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This work focuses on combined scanning electron microscopy and energy dispersive X-ray analysis (SEM-EDX) applied to
granular sludge used for biological treatment of high-strength wastewater effluents. Mineral precipitation is shown to occur
in the core of microbial granules under different operating conditions. Three dairy wastewater effluents, from three different
upflow anaerobic sludge blanket (UASB) reactors and two aerobic granular sequenced batch reactors (GSBR) were evaluated.
The relationship between the solid phase precipitation and the chemical composition of the wastewater was investigated with
PHREEQC software (calculation of saturation indexes). Results showed that pH, Ca:P ratios and biological reactions played
amajor role in controlling the biomineralization phenomena. Thermodynamics calculations can be used to foresee the nature
of bio-precipitates, but the location of the mineral concretions will need further investigation as it is certainly due to local

microbial activity.
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1. Introduction

Nitrogen and phosphorus are responsible for eutrophica-
tion, which affects more than 50% of lakes and reser-
voirs worldwide [1]. High-strength wastewaters generated
by the agro-food industry contribute significantly to this
phenomenon. Because of its high biodegradable—organic
content, this type of wastewater is an ideal candidate for
intensive biological treatment based on granular sludge,
either anaerobic or aerobic [2]. Upflow anaerobic sludge
blanket (UASB) reactors based on granular sludge have
been reported to be robust, efficient systems for reducing
the high organic loads that the agro-food industry pro-
duces [3]. However, anaerobic digestion is not effective for
nutrient removal and should be followed by a process deal-
ing with nitrogen and phosphorus. Anaerobic effluents are
rich in ammonium due to the hydrolysis of proteins, and
need further treatment by conventional biological nitrifica-
tion/denitrification or by partial nitrification combined with
the Anammox process. Precipitation of phosphorus in the
form of struvite (magnesium ammonium phosphate) is fea-
sible in a crystallizer reactor with reagent dosing. MgCl,,
MgOH or NaOH are usually required in specific crystal-
lization reactors for struvite precipitation because dairy
wastewater effluents are usually deficient in Mg?* com-
pared with NHJ or PO; ™. In our case, [Mg>*] in dairy

effluents was between 10-20mg/L. Considering that, for
struvite precipitation, the stoichiometry is 1 mol Mg”* to
1 mol of NHJ and 1 mol of PO:~, the lack of Mg?™ limits
the precipitation of struvite relative to other phosphate min-
erals. Thus reagents are used because effluents are usually
deficient in Mg and strict control of the pH is required
[4]. Aerobic granular sludge in sequenced batch reactors
(GSBR) has been developed more recently, and it has
proved its ability to withstand high organic loads and per-
form simultaneous nitrogen and phosphorus removal [5,6].
For example, biological phosphorus removal was success-
fully performed in a granular sludge process treating effluent
from a slaughterhouse [7].

Since industrial wastewaters also contain significant
amounts of dissolved salts, precipitation can be observed in
granular sludge processes. On the one hand, solid precipi-
tation can be disadvantageous for granular sludge as it can
reduce biological activities, increase the energy needs for
mixing, and clog pipes [8,9]. On the other hand, phosphate
precipitation can constitute a removal process functioning
in synergy with biological P removal [10]. Hence, for differ-
ent positive and negative reasons, these processes need to
be controlled and predicted as accurately as possible. Both
types of granules (aerobic and anaerobic) consist of macro-
aggregates made up of a wide range of different bacterial
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consortia, which can induce local pH and ion concentra-
tion gradients, leading to mineral precipitation inside the
granules [11,12]. A variety of analytical techniques (Raman
spectroscopy, scanning electron microscopy and energy dis-
persive X-ray analysis (SEM-EDX), X-ray diffraction and
chemical extractions) have been applied to aerobic gran-
ules from a GSBR. They revealed that calcium phosphate
precipitated inside granules in the form of hydroxyap-
atite (Cas(PO4)3(OH)), causing up to 46% of the total P
removal in the process [13]. Calcium carbonate precipi-
tation inside aerobic granules has also been demonstrated
with SEM-EDX analysis [14—16], but little information on
its formation and location is provided in the literature. In
the field of anaerobic granules, Langerak investigated the
parameters that could control the location of calcium car-
bonate either in the liquid phase or in the microbial biofilm
of the granules [17].

Precipitation of phosphate minerals has been mainly
investigated through analyses of the ash content of gran-
ular sludge but, as far as we know, no exhaustive local or
chemical analyses have been conducted [8,17,18]. More-
over, the prediction of this phenomenon using geochemical
models and a thermodynamic database for precipitation has
not yet been evaluated. Knowledge of the biomineralization
phenomena inside granules and their further control is also
important regarding the value-added use of sludge, as well
as the long-term stability of UASB and GSBR, which is a
problematic issue in these processes.

Therefore, this work is specifically dedicated to the
study of the solid mineral compounds found in granular
sludge processes (aerobic and anaerobic) applied in high-
strength wastewater treatment. A set of characterization
analyses was carried out on different granule samples col-
lected in different anaerobic (UASB) or aerobic (GSBR)
processes treating dairy or synthetic wastewaters, respec-
tively. The nature and location of the bio-precipitation
process was investigated and its pros and cons will be
pointed out. In an attempt to explain how the supernatant
conditions can affect bio-precipitation, the characteristics of
the wastewaters were analysed extensively and PHREEQC

(@) (b)

modelling software was used to calculate the saturation
indexes (SI) of the minerals involved.

2. Materials and methods
2.1. Solid characterization and sample preparation

Anaerobic granule samples from three different UASB reac-
tors treating wastewaters produced by cheese factories in
southern France were studied. They are referred to as indus-
trial sites 1, 2 and 3. Anaerobic granules came from the
anaerobic digester mixed liquor separated from the super-
natant by settling (5 min). No purge was made between
start-up and the time granule samples were taken; hydraulic
retention times (HRTs) were 5, 5 and 2.6 days and organic
loading rates (ORLs; kgCODm™3d!) were 8.5, 8 and
8kgCODm™3 d~! for sites 1, 2 and 3, respectively.
Aerobic granules were sampled from two different
GSBR processes (at the end of the aerobic reaction phase)
fed with synthetic wastewater. Granular sludge had been
inoculated more than 1 year before sampling, and the pro-
cesses were operated for more than 100 days with different
operating conditions: in anoxic/aerobic batch cycles for
Laboratory_R1 and anaerobic/aerobic cycles for Labora-
tory_R2. The latter was seeded from R1 for quick start-up,
as described elsewhere [19]. OLRs and HRT were identi-
cal in both aerobic reactors: 3 KgCODm 3 h~! and 8.5h,
respectively. GSBR cycles were composed of a 15 min feed-
ing, 20 min anoxic or anaerobic (mixed with nitrogen gas
blowing) period, a 145 min aerobic period, 30 min settling
and 30 min withdrawal. More details concerning the reactor
operating conditions can be found elsewhere [11]. Gran-
ules were classified according to their size and colour, as
described in Igbal Bhatti ef al. [18]. Granule samples are
shown in Figure 1, and Table 1 summarizes their character-
istics. Owing to the great heterogeneity of granules from
industrial sites (different colours and sizes), three gran-
ules were analysed for each type of aggregate according
to their colour: grey, brown, black or white. Conversely,
aerobic granules were homogeneous and more than 10
granules were collected from each aerobic reactor, showing

Figure 1. Images of the different granules sampled from: a) GSBR Laboratory_R1; b) UASB Industrial Site 1; ¢c) GSBR Laboratory_R2;

d) UASB Industrial Site 3. Scale bar = 2 mm length.



Table 1. Classification of the granules sampled.

Diameter Legend in
Sample name Site Condition (Dg, mm) Color Figure 2
S1_ana#01 Industrial Site 1 UASB Anaerobic 3.1 white 2a
S1_ana#02 2.7 white 2b
S1_ana#03 2.5 grey 2c
S1_ana#04 1.2 brown 2d
S1_ana#05 2.6 black 2e
S2_ana#06 Industrial Site 2 UASB Anaerobic 1.6 brown 2f
S2_ana#07 3.1 grey 2g
S2_ana#08 34 black 2h
S3_ana#09 Industrial Site 3 UASB Anaerobic 4.0 grey 2i
S3_ana#10 2.1 grey 2j
S3_anat#ll 2.5 black —
S4_aer#12 Laboratory_R1 GSBR Alternating anoxic/aerobic 24 brown 2k
S4_aer#13 1.2 brown 21
S4_aer#14 1.5 brown 2m
S5_aer#l15 Laboratory_R2 GSBR Alternating anaerobic/aerobic 3.7 brown 2n
S5_aer#16 2.8 brown 20
S5_aer#17 32 brown 2p

repeatable results. Therefore, only some of them are shown
in Table 1. Mean diameters (Dg) of individual granules
varied from 1-4 mm.

All granules sampled were cut into 100 pm slices with
a cryo-microtome (Leica CM 30505 Kryostat) and then
analysed with a photon X analyser (Quantax Technology
Silicon Drift) which was coupled with a scanning electron
microscope.

The EDX probe was directed onto at least seven differ-
ent locations in each granule section (see green marks in
Figure 2) in order to ensure the repeatability of the results.
The ash content of granules was measured according to
standard methods. Samples were taken in triplicate for each
site and were washed with distilled water to ensure that the
supernatant did not interfere in the measurement.

2.2. Characterization of liquid phases and calculation
of saturation index

The influent and effluent of each reactor were character-
ized according to standard methods [20]. The analytical
results provided the input data for the geochemical soft-
ware PHREEQC® version 2.17, which was used to calculate
the concentration of the chemical species in equilibrium for
each liquid phase (acid, base, ion pairs). The SI for each min-
eral under study was calculated according to Equation (1),
which considers the term j (in contrast to the default calcu-
lation with PHREEQC®) representing the number of ions
contained in the mineral formula concerned [21,22].

IAP> Vi

sp

SI:10g< (1)

where IAP is the ionic activity product of the ion activities
involved in the mineral precipitation, and K, refers to the

thermodynamic mineral precipitation constant at a given
temperature.

Deviation from the default database (Minteq v4) was
proposed in order to include the thermodynamic data
of some important minerals: struvite (MAP), amorphous
calcium phosphate (ACP), hydroxydicalcium phosphate
(HDP) and magnesium whitlockite (MWH) as shown in
Table 2 [23-29].

3. Results
3.1. Wastewater and process characteristics

The influent and effluent of each reactor were analysed and
characterized as described in section 2, and the results are
shown in Table 3. The processes could be considered to
have reached the steady state as they had been operating for
more than 1 year before the sampling period. All the biore-
actors showed high organic removal efficiency, as more
than the 95% of the chemical oxygen demand (COD) was
removed in these systems. Whey and dairy wastewaters are
rich in phosphate and proteins, reflected by a high organic
nitrogen content [30]. In anaerobic digesters, proteins are
hydrolysed, explaining the decrease of COD and volatile
suspended solids (VSS) and the increase of ammonium
concentration in the effluents of each site.

In the aerobic reactors, organic compounds were oxi-
dized to carbon dioxide, and ammonium was converted
into nitrite and nitrates (nitrification), which were fur-
ther converted into gaseous N; (denitrification). Phosphates
were partially removed by enhanced biological phosphorus
removal (EBPR).

Alkalinity increased in the anaerobic reactors during
methane production and in the aerobic reactors during the
denitrification processes. This contributed to the pH rise,
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Figure 2. Scanning electron microscopy images from the granules samples. a) S;_ana#01; b) S;_ana#02; ¢) S;_ana#03; d) S;_ana#04;
e) Si_ana#05; f) Sy_ana#06; g) Sp_ana#07; h) S;_ana#08; i) S3_ana#09; j) Sz_ana#10; k) S4_aer#12; 1) S4_aer#13; m) S4_aer#14;
n) Ss_aera#15; 0) Ss_aer#16; p) Sp_aer#17. Scale bar = 800 um for (a, b, c, f, g, 1, j, k, n, 0, p); 600 wm for h, e, 1, m; 400 pm for d.

which was also encouraged by stripping processes (carbon
dioxide) in the aerobic reactors. Phosphate removal was
observed in all the systems, probably due to precipitation
processes in the anaerobic reactors, whereas both precip-
itation and biological phosphorus removal were shown to
occur in the aerobic reactors [13].

For all sites, the mineral content of the suspended solids
was higher in the effluent than in the influent and, simul-
taneously, calcium concentration in the liquid decreased in
all the systems.

The high quantity of suspended solids in UASB
processes was linked with the high mineral content
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Figure 2. (continued)

(42.6-80%). In these reactors, mineral content seemed to be
correlated to pH: the highest pH, for site 2, corresponded
to the highest mineral content (80%); the lowest pH, for
site 1, corresponded to the lowest mixed liquor mineral
content (42.6%). Microscopic observations of the anaerobic
effluent from site 2 showed that precipitated particles were
visible in the reactor liquid phase (results not shown). In
contrast, no minerals were found in the supernatant of the
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aerobic reactors. Finally, the ash content (sludge mineral
fraction, SMF) of the different granules has been quantified
in Table 3, indicating that, in aerobic systems, the quantity
of minerals embedded in granules is strongly influenced by
the process, as illustrated in GSBR 1 and GSBR 2: both reac-
tors had similar mineral fractions in the mixed liquor (33.7%
and 38.7%, respectively), but GSBR 2 had a higher (dou-
bled) mineral content in the granules. At the same time, this



Table 2. Thermodynamic constants of the main minerals considered for this study (modifications on the Minteq v4 database are indicated).

Parameter Chemical formula Ksp value in modified database Ca/P Ca/O Mg/P
CAL CaCO; 6.35!23for Ic>0.02 8.48123for Ic<0.02 - 0.33 -
ARAG CaCO; 8.3[24] - 0.33 -
DOL (ordered) CaMg(C03), 17.090*+] - 0.17 -
MWH* Ca1sMgrHz(PO4) 14 104.41231
MAP* MgNH4PO4:6H,0 13.26120] - - 1.00
NEW MgHPO4:3H,0 5.8123.27]

DCPD CaHPOy4 : 2H,0 6.62123] 1.00 0.25 -
DCPA CaHPO4 6.91281 1.00 0.25 -
OCP Cag(HPO4)2(PO4)4):5H20 49,6128 1.33 0.33 -
HDP* CapHPO4(OH), 22.601291 2.00 0.33 -
ACP* Caz(PO4)2:xH,0 28.921231 1.50 0.38 -
TCP Caz(PO4)2 32.631271 1.50 0.38 —
HAP Cas(PO4)3(OH) 58.33123:26] 1.67 0.38 -

reactor was the one in which the EBPR process was most
remarkable [31]. In anaerobic sites, the sludge ash content
was also different, varying from 28-81%. In UASB where
SMF achieved the highest values (sites 1 and 2), removal
efficiency problems were reported and the reactors needed
to be re-seeded.

3.2. Analysis of mineral bioliths in granules

Figure 2 shows the SEM images taken from the different
sectioned granule samples. SEM and EDX probes testing
at different locations on the samples confirmed that almost
all of the granules (except two: the black ones) presented
inorganic mineral concretions. These precipitates were eas-
ily detectable due to their geometrical shape, brightness and
low organic matter content. In the photographs, crystallized
minerals appear lighter than the organic fraction. They were
mainly observed inside the granules but, in some cases, pre-
cipitates were formed at the surface, as in Figure 2a and 2b,
in which a mineral layer envelops the anaerobic microbial
granule. Finally, samples shown in Figure 2e and 2h did not
present any sign of mineral deposition either embedded in,
or surrounding, the bio-aggregate.

Bioliths found in the anaerobic granules were randomly
distributed (Figure 2c, 2d, 2f, 2g, 2i and 2j), although they
formed a biofilm of at least 400 um beyond the aggregate
surface. The bioliths in aerobic granules (Figure 2k—2p)
constituted a large solid fraction centred on the core, at
least 300 um from the surface layer for Figure 2k and 21,
and 800 wm for Figure 2m—2p.

In the case of the granules in Figure 2a and 2b, the
mineral shell that covered the aggregates was around 400—
800 wm thick on average, which represented a considerable
fraction of the minerals present, probably affecting the
diffusion of nutrients and bacterial activity.

Analyses were carried out with EDX probes directed at
the mineral clusters (marked with small crosses), reveal-
ing the major element composition and indicating the
nature of the mineral formed (Table 4). A number of local

analyses (at least seven) were carried out for each granule
at different locations in the mineral clusters. Average values
and standard deviations are shown in Table 4.

It was clear that, after oxygen, calcium was the major
constituent of the mineral fraction, varying from 22-49%
for anaerobic granules and from 17—38% for aerobic gran-
ules. The other major constituent was phosphorus, except
for the granules collected in UASB reactor 2. Phosphorus
content varied from 0.06-24% and from 7—15% for anaer-
obic and aerobic granules, respectively. The magnesium
content of the clusters was smaller (<1%) and nitrogen was
sparsely found in variable concentrations (0—4%) in some
granules.

The data indicate that the molar Ca:P ratio varied from
1.25-1.68 in the different granules (except for those from
site 2, in which no significant amounts of phosphorus
were found). These values are evocative of several calcium
phosphates with varying theoretical Ca:P ratios: octacal-
cium phosphate [Cag(HPO4),(PO4)4):5H,0] (OCP) (1.33);
amorphous calcium phosphate [Caz;(PO,),: xH,0] (ACP)
(1.5); tricalcium phosphate [Ca3;(PO4),] (TCP) (1.5); and
hydroxyapatite [Cas (OH)(PO4);(OH)] (HAP) (1.67). For
some samples, Ca:O ratios were also of the same order of
magnitude as theoretical values of calcium phosphate or cal-
cium carbonate (0.33—0.38, see Table 2), but the Ca:O ratio
showed much greater variation than that of Ca:P, making
its interpretation more difficult.

The solid phase most probably formed in the granules,
according to their Ca:P and Ca:O molar ratios, are suggested
in the last column of Table 4. Calcium phosphates ACP,
TCP, HAP were the most probable solids in the granules,
except for those from UASB 2, which seemed to contain cal-
cium carbonate (Aragonite [CaCO;] (ARAG) or calcium
carbonate, calcite [CaCO3;] (CAL)). Almost all the aero-
bic granules had Ca:P ratios close to that of HAP, except
for one sample from GSBR-2, in which the Ca:P ratio was
closer to ACP (or TCP). As ACP and TCP are both possible
precursors of HAP, further work [32] revealed that ACP was
the hydroxyapatite precursor in aerobic granules.



Table 3. Characterization of the influent and effluent streams of each bioreactor.

Site 1 Site 2 Site 3 Site 4 Site 5
UASB UASB UASB GSBR-1 GSBR-2
anaerobic anaerobic anaerobic anoxic/aerobic anaerobic/aerobic

Influent Effluent Influent Effluent Influent Effluent Influent Effluent Influent Effluent

Liquid Cl™ mg/L 652 658 754 641 464 451 181 164 175 170
phase N-NO; mg/L 1.10 — 1.20 — 0.21 0.29 — 0.095 0 0.08
N-NO3 mg/L 4.60 3.30 6.20 2.35 6.41 1.08 111 16.14 1.13 0.25
P-POEC mg/L 191 118 121 114 107 73.0 31.2 17.04 31.25 15.9
Na* mg/L 145 515 304 410 302 710 391 348 209 208
N-NHI mg/L 122 323 71.7 315 0.86 320 64.6 0 59.08 9.93
KT mg/L 167 442 441 415 418 512 45.1 339 45.2 35.1
Mg+ mg/L 15.55 32.53 22.7 21.95 19.39 11.04 439 3.63 4.19 2.98
Ca’t mg/L 80.9 76.5 132 90.9 150 88.7 46.0 29.1 43.6 243
TKN mg/L 831 968 558 422 nd nd 64.6 nd 59.1 nd
COD mg/L 29120 240 16380 120 23760 2705 1000 45 1000 75
TIC mg/L — 363 — 919 — nd 233 — 24.00 50.7
pH — 3.62 6.67 3.54 7.4 3.61 6.88 7.54 8.22 7.6 7.9
T °(C) 15 33 15 30 15 29 12 21 12 21
Ca/P mol/mol 0.33 0.50 0.85 0.62 1.08 0.94 1.14 1.32 1.08 1.18
Ca/Na mol/mol 0.56 0.15 0.43 0.22 0.50 0.12 0.12 0.08 0.21 0.12
Ca/Mg mol/mol 3.16 1.43 3.53 2.51 4.71 4.87 6.35 4.85 6.31 4.94
Suspended SS g/L 20.8 5.59 18.28 3.15 12.86 5.42 — 0.3 — 0.4
solids VSS g/L 17.64 3.21 15.98 0.63 10.07 2.12 — 0.1 — 0.2
MF % (mass) 15.19 42.58 12.58 80.00 21.70 60.89 — 33.65 — 38.70

Granular sludge ~ SMF Ash content % of dry mass 81.0+£0.4 71.7£12 282+0.5 335+04 68.4+£22




Table 4. EDX analysis of mineral clusters found in anaerobic and aerobic granules (average values from at least seven analyses for each granule): elemental composition
(percentage in mass), molar ratios, most probable solid phase.

Ca/P Ca/O Mineral
Sample % Ca % P %Mg %N %0 (molar) (molar) (probable)
S1_ana#l 27.77 £5.70 11.62 £2.53 0.35+£0.19 1.71 £ 1.46 4433 +6.22 1.40 £0.05 2.86 £ 0.30 ACP/TCP
S1_ana#2 3191 £7.21 13.37+£2.42 0.51 £0.15 2.86 £3.55 39.29 £ 4.14 1.47 £0.01 0.52£0.11 ACP/TCP
S1_ana#3 46.92 + 17.36 0.17£0.16 0.02 £0.06 0.51 £0.60 48.81 +4.66 — 0.99 £0.28 CAL/ARAG
S1_ana#4 48.99 +5.93 24.02 £+ 1.65 — — 33.36 + 16.81 1.25£0.12 0.68 £0.25 OCP
S1_ana#5 — — — — — — — —
S2_ana#6 31.25 £8.57 0.06 £0.14 0.06 £0.10 — 49.59 +3.38 — 0.26 £0.03 CAL/ARAG
S2_ana#7 2943 £7.11 0.26 £0.18 024 £0.17 2.06 £1.80 47.65 +1.88 110 £ 59 0.28 £0.12 CAL/ARAG
S2_ana#8 — — — — — — — —
S3_ana#10 26.28 £4.29 11.10 £2.29 0.19+£0.14 — 31.64 £4.27 1.44 £0.08 0.33 £0.01 ACP/TCP
S3_anat#ll 22.40 £8.90 9.36 £2.99 0.39 £0.05 — 42.89 +0.00 1.42 £0.12 0.21 £0.08 ACP/TCP
S4_aer#12 32.18 £ 8.68 13.42 +£2.61 0.34£0.16 — 40.55 +0.15 1.65 £0.10 0.38£0.18 HAP
S4_aer#13 32.55+4098 12.37 £ 1.94 0.24 £0.28 — 41.07 £ 0.89 1.68 £ 0.04 0.39+£0.21 HAP
S4_aer#14 38.17 £ 11.61 14.45 +3.07 0.67 £0.19 - 46.05 + 14.32 1.62 +0.05 0.64 +£0.20 HAP
S5_aer#15 25.80 +3.07 11.38 +1.01 0.43 +£0.13 — 46.65 +3.46 1.64 +0.04 0.31 £0.07 HAP
S5_aer#16 16.46 + 1.58 7.19 +0.49 0.31+1.20 4.26 +1.51 39.9 +£0.07 1.53 £ 0.07 0.17 £0.02 ACP/TCP
S5_aer#17 32.73 £5.07 11.96 + 1.64 0.10 +0.09 0.42 +0.55 34.43 +5.86 1.60 & 0.04 0.31 +£0.07 HAP

—: mineral not found or element not detectable



At the anaerobic sites, results showed heterogeneity in
the chemical composition of the different granules sampled
for each site. Granules from anaerobic sites were different
in colour and size (see Table 1), and the nature of miner-
als found inside aggregates were also different in a given
reactor. For instance, at site 1 we found different granules
containing calcium carbonate and calcium phosphates. At
site 2, all granules containing mineral bioliths appeared to
be made up of calcite or aragonite. Anaerobic granules from
site 3 all contained calcium phosphates, probably ACP or
TCP.

3.3. Calcium phosphate distribution during granule
growth: the case of GSBR

By focusing on the granular sludge from aerobic sys-
tems (GSBR), it was observed that small granules were
continuously generated in the reactor and grew progres-
sively with microbial activity (this process is much slower
in the case of anaerobic methanogenic bacteria, whose

growth rate is more than 10 times lower than those
of aerobic bacteria). Therefore, different aerobic gran-
ules with different sizes were sampled from two GSBR
reactors (R1 = site 4, and R2 = site 5), assuming
that the biggest granules would be more mature than
the small ones. Only the central sections are shown in
Figure 3, illustrating the evolution of the mineral forma-
tion inside the microbial aggregates from small granules to
mature ones.

It can be noted that the solid mineral precipitated in
the centre of the small granules and increased progres-
sively, at the same time as microbial biofilm developed at
the surface of the granule. In the biggest granules, succes-
sive rings of mineral were finally visible, indicating past
growing periods (reminiscent of the rings of a tree trunk).
Different mature granules from both reactors presenting a
mineral ring-distribution were analysed with an EDX probe,
as shown in Figure 4.

A detailed analysis with EDX probes was performed
in two different zones of the mineral core of the granules:

Figure 3. Binocular images of central slices from different granules of GSBR, classified from smallest to largest; a) S4 aer#18;
b) S5_aer#19; c) S4_aer#20; d) S5_aer#21; e) S4_aer#22; f) S5_aer#23. Scale bar is 2 mm length.
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Figure 4. EDX analysis of the mineral layers in granules from GSBR. a) granule from R1; b) granule from R2; ¢) Inner () and outer ()

layer-patterns with EDX analysis from Figure 4a.

in the central zone and in the external rings, as indicated
in Figure 4. The results show that mineral precipitates had
slightly different compositions in the inner part compared
with the external layer. In the granule shown in Figure 4a,
the mean value of Ca:P ratio of the internal layer was close
to that of HAP (1.69 4 0.19) whereas the mineral in the
outer layer showed a lower mean Ca:P ratio of 1.52 + (.20,
close to that of the precursor ACP (theoretical Ca:P = 1.5).
In the second example, shown in Figure 4b, there are three
concentric layers. A lower Ca:P ratio was found in the outer
layer of mineral (1.29 &£ 0.05) whereas the inner part had a
Ca:P molar ratio of 1.50 & 0.16.

These results indicate a possible conversion from cal-
cium phosphate precursors with lower Ca:P ratio (ACP,
TCP or OCP) to the more stable calcium phosphate hydrox-
yapatite (HAP), with the highest ratio found in the centre
(theoretical Ca:P ratio = 1.67). These results are consistent
with the traditional idea that HAP formation is not the result
of spontaneous nucleation but of a progressive conversion
of less-stable calcium phosphates, indicating that a minimal
retention time in the granule is necessary to convert the
precursor phases (probably ACP, TCP, or OCP) into HAP.

3.4. Calculation of saturation index in the different
reactors

The SI of the minerals that could precipitate were
calculated with PHREEQC software according to the
liquid composition of each reactor stream. The pH and
temperature values used in the calculations were those of the
reactor outputs. It was assumed that the conditions inside
each reactor were similar to those of the outlet if proper
mixing was imposed in the reactor, which, considering the
different scale, is more realistic in the case of laboratory-
scale reactors (sites 4 and 5) than in the full-scale UASB
reactors (sites 1, 2 and 3).

The results (shown in Table 5) indicate the compounds
with a positive SI, which were likely to precipitate. Con-
cerning calcium phosphate, results confirmed that HAP,
ACP, TCP and ordered dolomite (DOL) were systematically
supersaturated in all the samples, which is in accordance
with the analysis of the solid phase.

Calculations also showed that MAP was under-saturated
in all the reactors, as were newberite [MgHPO,: 3H,0]
(NEW), MWH and OCP. Finally, brushite [CaHPOy:
2H,0](DCPD) and phosphate dicalcic anhydrous, monetite



Table 5. SI values for the mineral phases calculated with PHREEQC in the effluent.

Mineral phase UASB_site 1 UASB_site 2 UASB_site 3 GSBR_site 4 GSBR_site 5
ARAG —0.09 0.44 0.18 0.23 0.20
CAL —1.08 —0.55 —0.81 0.33 0.29
DOL(ord) 0.02 0.49 0.15 0.18 0.14
MWH —2.72 —2.50 —2.78 —2.45 —2.48
MAP —0.27 —0.10 —0.45 — —0.61
NEW —0.37 —0.46 —0.73 —0.94 —0.98
DCPD 0.06 0.09 —0.04 —0.18 —0.20
DCPA 0.18 0.22 0.10 —0.03 —0.05
OCP —5.63 —-5.27 —=5.71 —-5.27 —-5.33
HDP —0.24 0.00 —0.26 0.15 0.13
ACP 0.25 0.55 0.26 0.73 0.70
TCP 1.04 1.32 1.02 1.45 1.41
HAP 0.92 1.23 0.92 1.44 1.41
Ic 0.05 0.10 0.08 0.02 0.01
pH 6.67 7.4 6.88 8.41 7.85
T(°C) 33 30 29 21 21

Figure 5. Scanning electron microscopy images of aerobic granules. Scale bar = 8pum.

[CaHPO4] (DCPA), both precursors of HAP, were found
to be supersaturated in some anaerobic reactors but not in
aerobic ones (GSBRs). Calcium carbonates, be they calcite
(CAL) or aragonite (ARAG), were supersaturated in most
of the systems, except for UASB 1. The highest SI value
achieved was at site 2, where calcium carbonates had been
detected in the solid phase. Crystals were never observed
in the supernatant of the aerobic granular sludge process,
in contrast to anaerobic sites where solid crystals were
detected in some samples from site 2 (results not shown
here).

Carbonate saturation is encouraged by the accumulation
of mineral carbon produced by microbial reactions. Higher
SIvalues were observed for anaerobic site 2, at which the pH
(7.4) was slightly higher than in other anaerobic processes
(sites 1 and 3). In aerobic systems, because aeration encour-
aged carbon dioxide stripping and nitrification consumed
alkalinity, inorganic carbon concentration was lower than
in anaerobic reactors. However, the relatively high pH at
which both GSBRs worked explained the super-saturation
of calcium carbonate at sites 4 and 5.

The SI values in the effluent indicate the mineral that is
still supersaturated after the process. However, due to a long
retention time and possible rapid precipitation (especially

in anaerobic systems), equilibrium can be reached in the
reactors, leading to a reduction of SI (stabilized around
zero). Thus, the variation of SI (namely ASI) was calcu-
lated between the SI calculated for outlet concentrations and
the SI calculated for the inlet concentrations of the volume
control (each reactor).

ASI = SIeﬁ‘luent'SIirgﬂuent

Of all the minerals included in the simulation, only
those with positive SI in least one stream were consid-
ered for the ASI calculation in Figure 5. Thus, a ASI < 0
could indicate a possible SI decrease in the effluent due
to precipitation. Although alkalinity was produced during
the anaerobic processes, a decrease of SI was observed in
UASB 2, which indicated that calcium carbonate should
precipitate, in accordance with previous local observations.

4. Discussion

4.1. Nature of precipitates: consistency between the
local observations and the S

SEM-EDX analysis demonstrated that calcium phosphates
were the major precipitates found in the granules, both



aerobic and anaerobic. More specifically, solid composition
was close to those of HAP, ACP or TCP. This was consis-
tent with the analyses of SI in the liquid phase, indicating
that these minerals were systematically saturated.

Concerning other calcium phosphate precursors, only
one sample (brown-type, S;_ana#4) showed Ca:P and Ca:O
ratios that could implicate an OCP precursor. This seems
consistent with the fact that pH was the lowest at site 1, and
Gao and co-workers [33] have reported the formation of
HAP through OCP precursor at acidic pH. However, of all
the calcium phosphate precursors proposed in the literature
for acidic pH (DCPD, DCPA and OCP), only OCP was not
observed to be saturated in the liquid phase according to
PHREEQC calculations.

Calcium carbonates were only observed in some gran-
ules, mainly at site 2, coinciding with the highest pH and
alkalinity values among the anaerobic sites. In the aero-
bic reactors, despite pH values higher than in the anaerobic
ones, alkalinity was reduced by the nitrification reactions,
explaining the lower carbonate precipitation potential. Car-
bonates are well-known competitors with phosphates for
calcium binding, competing for the active nucleation and
crystal growth sites [17,34]. Moreover, it is known that this
competition is severely influenced by pH [35]. Working
with digester supernatant, Battistoni ef al. [36] reported that
apH between 7.0 and 8.5 would favour phosphate precipita-
tion, whereas a higher pH (9—11) would favour carbonates.
At dissolved concentrations higher than 20 pmol/L (which
is the case at all industrial sites), P is assumed to inhibit
calcite or aragonite precipitation [34]. In this study, P and
Ca concentrations measured in the liquid phase were rela-
tively similar in all industrial reactors but pH, and alkalinity,
was slightly higher at site 2. The simultaneous presence of
carbonate or phosphate in the same reactor was also possi-
bly due to local heterogeneities. Therefore carbonate would
preferentially precipitate in granules, where the microbial
activity would induce the right pH for carbonate deposition
(or in zones were alkalinity accumulated). In contrast with
calcium precipitates, no significant magnesium phosphate
or magnesium carbonate was observed in the microbial
granules. The case of struvite deserves particular attention.
Struvite was never found in the granules despite the high
concentration of ammonium and phosphorus in the anaer-
obic effluents. It was thermodynamically under-saturated
in all of the liquid phases of the (aerobic or anaerobic)
processes studied, due to relatively low magnesium concen-
tration in the effluents. This can also be explained by the fact
that pH in the UASB was not high enough to permit struvite
precipitation. In contrast, struvite crystal formation was sys-
tematically observed in the UASB supernatant sample after
aeration, during which pH rose to 8 due to carbon diox-
ide stripping (results not shown). Therefore struvite was
observed in the supernatant of UASB granular sludge only
when a transient pH increase was generated [26].

It must also be noted that either CAL or ARAG was
supersaturated in the GSBR (sites 4 and 5), whereas no

calcium carbonates were found in the aerobic granules.
This indicated either (1) the possible effect of precipitation
inhibitors (e.g. phosphates coming from the EBPR process),
or (2) ARAG or CAL precipitation in another zone (reactor
walls, recirculation pipes) but not in the microbial granules.
Another possibility would be the precipitation of calcium
carbonate in the liquid phase, with possible nucleation on
suspended solids or free bacteria (flocs), but this has not
been demonstrated.

Regarding precursors of HAP in aerobic granules, the
SI of calcium phosphates (DCPD, DCPA, HDP, ACP, TCP
and HAP) decreased in all the aerobic systems, which can be
explained by the precipitation of some of these compounds,
also confirmed by previous granule analysis. Similarly, in
the case of the anaerobic sites, it seems that HDP precipita-
tion is to be discarded, contrary to the assumption of Maurer
etal. [29].

4.2. Location of mineral bioliths: a possible role of
microbial reactions?

The discussions above suggest that another important aspect
is the location of the inorganic deposits in the different gran-
ular sludge processes. By modelling calcite precipitation,
Langerak and co-workers [8] established different physi-
cal or chemical conditions for operating a UASB favouring
precipitation in the liquid phase rather than in granules: 1) a
low Ca:Na ratio; 2) small granule diameter; 3) a high min-
eral crystallization rate constant; and 4) an influent [Ca2+]
< 390mg/L. In our case, information provided about the
industrial effluents of the different sites and the number of
samples were not sufficient to confirm most of these state-
ments (Ca:Na, granule size, etc.). However, from a general
point of view, the location of mineral crystals certainly
depends on both physicochemical and biological phenom-
ena. The major one, as stated by Langerak et al., is probably
the crystallization rate constant.

It should be noted that the mineral crystallization rate
of HAP is clearly lowest in calcium phosphate according
to the literature, and this form was shown to accumulate
in the core of granules here. In contrast, the other forms
(ACP, TCP, OCP), which could be formed rapidly, were
mainly observed at the periphery of aggregates, and could
also be formed rapidly in the supernatant [37]. A first exam-
ple was provided by the ‘white’ granules from UASB site 1
(S1_ana#01 and S1_ana#02), in which a mineral concretion
was precipitated at the surface (ACP or TCP). This was
also illustrated by the detailed analysis of granules from
GSBR (sites 4 and 5), revealing that Ca:P ratios similar to
those of HAP were mainly found in the central part of gran-
ules whereas more unstable but more rapidly formed phases
(ACP, TCP, OCP) were found at the periphery.

Precipitation can be also related to the local con-
ditions imposed by microbial reactions. Bacterial activ-
ity contributes to biomineralization by modifying local
super-saturation, because ion and proton exchanges in



the environment generate some gradients within the
bio-aggregates. The spatial distribution of mineral clus-
ters in the granules seems to show that local conditions
in the core of microbial granules are favourable for calcium
phosphate accumulation (especially HAP). Another obser-
vation (Figure 2) is that, for granules from aerobic reactors
(GSBR), precipitates (bioliths) are found in the central part
of the aggregates, whereas they are randomly distributed in
the granules from anaerobic processes (UASB). A possible
explanation is that local microbial modification of pH, and
carbonate and phosphate concentrations could encourage
this precipitation.

According to microbial analysis over cross-sections
of anaerobic granules [38,39], these bacteria are strati-
fied as follows: acidogens are located in the outer part of
the granules, while acetoclastic methanogens tend to form
clusters in the central part. Hydrolysis, acidogenesis and
acetogenesis release protons, while methanogenesis con-
sumes protons (0.25 mmolH™ release/1 mmol acetate or
H, uptake). These observations lead us to think that a pH
increase in the environment of methanogen clusters could
generate favourable conditions for precipitation.

Similarly, in aerobic granular sludge processes, whereas
nitrification takes place in aerobic zones of granules,
denitrification consumes protons in their anoxic zones
[11,12]. Calcium phosphate precursors initially formed at
the periphery are progressively converted into a stable
form (HAP) in the core. Further work would be neces-
sary to discover how microbial reactions could modify
the local pH and so play a role in this precipitation phe-
nomenon. In addition, another possible interaction would be
due to polyphosphate accumulating bacteria (PAQO), whose
ability to release phosphate during anaerobic periods tran-
siently increases the calcium phosphate saturation in their
environment.

4.3. Consequences of precipitation

From a general point of view, the role of biomineralization
in microbial functions remains a matter of debate. Some
authors maintain that it is the accidental effect of a metabolic
by-product that can cause cell disruption [40], while others
are convinced that it is a specific process with ecological
benefits, such as providing better strength and resistance
[41-43]. Accident or not, this phenomenon is reported to
contribute favourably to the bioremediation field, where
several applications for ion removal from wastewaters can
be highlighted: removal of heavy metals from groundwater
[44], and removal of radionucleotides [45] and calcium [46]
from water.

In aerobic GSBR, the biomineralization of calcium
phosphates is a side process of dephosphatation that takes
place simultaneously in these aggregates, contributing to an
increased settling velocity and to the P removal yield [13].
Encouraging the precipitation inside granules instead of in
the liquid phase could lead to other advantages, such as
the ability to control spontaneous precipitation in pipelines
and on walls, thus reducing fouling and operating costs
[9]. Langerak [17] found that, in anaerobic processes, the
development of a high ash content in sludge contributed to
biomass cementation and stabilization, which is an impor-
tant parameter for operating UASB reactors. However, this
process should be accurately controlled as negative conse-
quences have also been reported. Kettunten and Rintala [47]
noted losses of biomass methanogenic activity with high
ash content in the sludge, constituting a deterrent for the
long-term stabilization of UASB reactors. In the industrial
cases studied, when precipitation took place at the surface of
the aggregates the methane production efficiency decreased,
and the UASB reactor had to be restarted with new gran-
ules if sludge was not extracted regularly. In our case, both
UASBs containing the higher SMF sludge were found to
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Figure 6. ASI for the different minerals that can precipitate in the different reactors considered.



lose removal efficiency and thus needed to be restarted with
fresh granules. This stresses the importance of removal effi-
ciency losses relative to the bioavailability losses that occur
athigher mineral fractions. At aerobic site 5, the sludge min-
eral content was also relevant (68%), and some instability
problems (VSS decrease) were noted.

SEM observations of the mineral fraction of aerobic
granules revealed a porous honeycomb structure as can be
seen in Figure 6.

The holes in the bioliths may have been due to bac-
terial colonies that disappeared (the diameters of the small
holes in Figure 6b are evocative of the pore sizes that would
be produced by such a phenomenon) or may have been
formed by gaseous metabolite exchanges (CO,, Nj, etc.).
Thus, a compromise should be adopted and regular gran-
ule extraction ensured in order to operate stable, efficient
GSBR systems. Thermo-chemical databases can be used
to estimate SIs and give an indication of the precipitation
potential. Nevertheless, predicting the location of precipita-
tion is still a complex task involving both physicochemical
driving mechanisms (kinetics) and microbially induced
phenomena. Two recent reviews highlight some of the pro-
teins and enzymes involved in biogenic mineral formation
in bacteria [48,49]. From a modelling point of view, more
work will be needed before we are able to predict the
exact calcium phosphate precursors that finally form HAP
and to control microbially induced phosphorus precipitation
(MIPP) through the operating conditions in the reactor.

5. Conclusions

Local analysis of mineral precipitation in microbial gran-
ules from anaerobic and aerobic reactors allowed the
following conclusions to be drawn:

e Calcium phosphates were the major precipitates
found in the granules. SEM—EDX analysis demon-
strated that their solid composition was close to those
of hydroxyapatite (HAP), amorphous calcium phos-
phate (ACP) or tricalcium phosphates (TCP). This
was consistent with the analysis of the SI in the lig-
uid phase, which indicated that these minerals were
systematically saturated in the liquid phase.

e Calcium carbonate was only found in the granules
from the anaerobic UASB 2 with the highest operat-
ing pH (treating industrial wastewater). Struvite was
not found in the granules and it was thermodynam-
ically under-saturated in all the processes studied,
whether they were aerobic or anaerobic.

e The spatial distribution of mineral clusters in the aer-
obic granules seemed to indicate that local conditions
in the core of microbial granules were favourable for
calcium phosphate accumulation (especially HAP),
whereas other minerals (such as calcium carbonates)
tended to appear in the supernatant. Results also
indicate that calcium phosphate precursors initially

formed at the periphery were progressively converted
into a more thermodynamically stable form (hydrox-
yapatite) on the core. These phenomena could be
explained not only by differences in the crystalliza-
tion kinetics but also by the local pH modifica-
tion within the granules due to microbial activity
(anaerobic or anoxic).

To sum up, the supernatant composition can help to predict
the nature of the bioliths developed in granular sludge, but
it is not the sole determining factor as it does not explain
the differences found among granules grown in the same
reactor. This emphasizes the role of microbial reactions in
all the mechanisms contributing to the biomineralization
phenomenon.
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