
A

P
p
s
h
o
c
©

K

1

i
p
s
w

a
i
a
p
a
r
s

o
t
g

h
p
P

1
d

Chemical Engineering Journal 141 (2008) 67–74

Struvite precipitation assessment in anaerobic digestion processes

N. Marti a, A. Bouzas a, A. Seco a,∗, J. Ferrer b

a Dpto. Ingenierı́a Quı́mica, Universidad de Valencia, Doctor Moliner 50, Burjassot, 46100 Valencia, Spain
b Dpto. Ingenierı́a Hidráulica y Medio Ambiente, Universidad Politécnica de Valencia, Camino de Vera s/n, 46022 Valencia, Spain

Received 11 April 2007; received in revised form 15 October 2007; accepted 18 October 2007

bstract

Struvite precipitation causes important operational problems during the sludge treatment process, especially when EBPR sludge is treated.
redicting struvite formation is critical to be able to design process alternative that best minimises struvite precipitation. With this aim, phosphorus
recipitation in an anaerobic digestion pilot plant was studied using experimental data and mass balance analysis. The results obtained showed

ignificant phosphorus precipitation as struvite (58% of the fixed phosphorus) and a low precipitation of calcium phosphates (15%), forming mainly
ydroxyapatite (HAP). The rest of the phosphorus fixed in the digester (27%) was attributed to adsorption processes on solid surfaces. The effect
f pH and available phosphorus concentration on phosphorus fixation in the digester was also studied, indicating that a decrease of available PO4-P
oncentration in the digester can minimise phosphorus precipitation, reducing the maintenance problems associated with struvite deposits.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Water quality legislation has increased the standards regard-
ng nutrient removal in order to overcome eutrophication
roblems in receiving waters. Therefore, in recent years con-
iderable attention has been paid to removing phosphorus from
astewaters.
The number of wastewater treatment plants (WWTPs) oper-

ted for enhanced biological phosphorus removal (EBPR) has
ncreased worldwide. In EBPR processes, the application of an
naerobic–aerobic sequence enables the growth of polyphos-
hate accumulative microorganisms (PAO), which store great
mounts of P as polyphosphates (Poly-P). Hence, the phospho-
us load is transferred from the wastewater to the waste activated
ludge which is later stabilized in a digestion process.

Stabilisation of sludge at large WWTPs is usually carried

ut by anaerobic digestion (AD). In this process, organic mat-
er is transformed into CH4 and CO2 by the action of different
roups of bacteria. The main advantages of this process are

Abbreviations: EBPR, enhanced biological phosphorus removal; HAP,
ydroxyapatite (Ca5(PO4)3OH); MAP, struvite (MgNH4PO4·6H2O); P, phos-
horus; PAO, polyphosphate accumulating organisms; Poly-P, polyphosphate;
PS, pre-fermented primary sludge; WWTP, waste water treatment plant.
∗ Corresponding author. Tel.: +34 963544326; fax: +34 963544898.
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he reduction in the volume of waste sludge and the produc-
ion of methane gas that can be utilized to supply energy in the

WTP.
During anaerobic digestion of EBPR sludge, most of the

hosphorus stored as Poly-P and part of the phosphorus present
n the organic matter is released. The phosphorus that is released
n the anaerobic digester may precipitate as metal phosphates
ausing operational problems in the sludge line. Accumulation
f struvite (MgNH4PO4·6H2O) on pipe walls and equipment
urfaces of anaerobic digestion and post-digestion processes is a
requent problem in the wastewater treatment industry [1]. Stru-
ite deposits cause pipe blockages and fouling pumps, leading
o an important increase in the cost of the sludge management
perations.

Struvite precipitation occurs when the combined concentra-
ions of Mg2+, NH4

+ and PO4
3− exceed the struvite solubility

roduct. Struvite solubility is a function of the pH. As pH
ncreases, struvite solubility decreases. Anaerobic digestion pro-
esses, which show a higher pH than the previous stages of the
astewater treatment, are more susceptible to struvite formation.
Struvite precipitation is not simply a problem of BNR treat-

ent works [2]. EBPR processes, which produce a Poly-P rich

aste sludge, exacerbate struvite deposit problems in anaero-
ic sludge digestion. Therefore, in these cases, special attention
ust be paid to minimise struvite deposits in order to reduce the

ost of the sludge treatment line maintenance.

mailto:aurora.seco@uv.es
dx.doi.org/10.1016/j.cej.2007.10.023
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Nomenclature

TCOD total chemical oxygen demand (mg/l)
TP total phosphorus concentration (mg/l)
TS total solids (mg/l)
TVS total volatile solids (mg/l)
VFA volatile fatty acid concentration (mgHAc/l)

Subscripts
av available
ef effluent
fix fixed
in influent
ORGrel release from organic matter degradation
PAOrel release from Poly-P hydrolysis
prec precipitated
rem remove
TOTrel total release
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The reduction of uncontrolled struvite precipitation in
igesters also increases the efficiency of a possible post-
igestion phosphorus recovery process. The crystallization of
truvite is one of the most widely recommended technologies
or recovering phosphorus from sludge digester liquors.

The aim of this work is to assess phosphorus precipitation
n anaerobic digesters from routine experimental analysis and
imple mass balances. Predicting struvite precipitation is crit-

cal to be able to design sludge management alternatives that
est minimises uncontrolled phosphorus precipitation, reduc-
ng operational costs and enhancing phosphorus recovery in

WTP.
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ig. 1. Anaerobic digestion pilot plant. EBPR sludge: waste activated sludge from E
P: recirculation sludge pump; ST: storage tank for digested sludge.
ng Journal 141 (2008) 67–74

. Materials and methods

.1. Pilot plant

Pre-fermented primary sludge (PPS) from a fermenta-
ion/elutriation pilot plant [3] and waste activated sludge from
n EBPR pilot-scale process [4] were fed to the anaerobic diges-
ion pilot plant. The three plants were located in the WWTP of
arraixet, which is near the city of Valencia (Spain).

The anaerobic digestion pilot plant, as shown in Fig. 1, con-
ists of three main components: a gravity thickener, an anaerobic
igester, and a secondary digester. The anaerobic digester was
completely mixed type reactor of 160 l of effective volume. It
as provided with five effluent discharges in order to provide
road operational flexibility in accordance with the working
olume chosen. The content of the digester was completely
ixed by the recirculation of the tank content using alterna-

ive pumping cycles. The reactor was equipped with redox, pH,
nd temperature electrodes. A data acquisition program was
sed to continuously store the monitored information of the
rocess. A positive displacement diaphragm gas meter quan-
ified the volume of biogas produced in the reactor. Digested
ludge was collected in a 61-l storage tank for later dewatering
y centrifugation.

.2. Experimental procedure

The start up of the process was carried out in January 2004,
ith sludge from the anaerobic digester of the Carraixet WWTP.
t the end of March, experimental analyses (specific gas pro-

uction, SGP, TVS and COD removal) showed that steady
tate conditions had been reached. From March to June (3
onths) steady conditions were maintained. In this period anaer-

bic digestion and precipitation processes were studied in the

BPR process; PPS: primary pre-fermented sludge; FP: feed peristaltic pump;
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Table 1
Experimental data of digester influent and effluent

Influent Effluent

Average S.D. Average S.D.

TS (mg/l) 37,257 8444 18,554 3024
TVS (mg/l) 23,194 4403 10,484 1683
TCOD (mg/l) 40,650 8129 16,600 2623
TP (mg/l) 1,020 102 985 22
PO4-P (mg/l) 71 20 152 26
NH4-N (mg/l) 104 52 617 69
K+ (mg/l) 72 17 237 27
Mg2+ (mg/l)) 60 17 12 7
Ca2+ (mg/l) 151 42 50 16
VFA (mgHAc/l) 762 272 120 45
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H – – 7 –

.D.: standard deviation.

igester. Results showed in this work belong to the stationary
peration of the digester.

The working volume in the digester was set at 135 l and the
etention time was set at 20 days. The anaerobic digestion pro-
ess was operated at mesophilic conditions (T = 35 ± 1 ◦C) and
t a solids retention time (SRT) of 20 days.

PPS and EBPR sludge were first thickened separately and the
ixed together (51% and 49%, respectively) in the influent pipe

ust before entering the reactor. Table 1 shows the experimental
ata of the feed sludge (influent) and the digested sludge (efflu-
nt) for the experimental period. The characteristics of the feed
ludge varied widely during the experiment due to the variability
f the sewage water.

.3. Experimental analysis

Total solids (TS), total volatile solids (TVS), total COD
TCOD), and total phosphorus (TP) were performed in accor-
ance with the standard methods [5]. The volatile fatty acids
nd alkalinity were measured daily using the five-point titration
ethod [6]. The composition of VFA was analyzed using a gas

hromatograph (6890N Agilent Tech.) equipped with a FFAP
apillary column employing flame ionization detector (FID)
nder the following conditions: injector temperature 200 ◦C,
etector temperature 250 ◦C and carrier gas He with a gas flow
ate of 15.5 ml/min. The injected sample volume was 1 �l. Ini-
ial oven temperature was fixed at 80 ◦C for 1 min and then
amped at 20 ◦C/min until 120 ◦C, which was maintained for
min. Finally, a temperature of 220 ◦C was achieved in order to
urge the column.

Soluble Ca2+, Mg2+, K+ in the sludge samples were per-
ormed by means of atomic absorption spectrometry according
o standard methods [5]. PO4-P and NH4-N were determined
sing spectrophotometry according to the standard methods
5]. Biogas composition (CO2, N2, and CH4) was analyzed
y gas chromatography separation (6890N Agilent Tech.) with

wo capillary columns (HP-PLOT Molesieve and HP-PLOT Q)
nd thermal conductivity detector (TCD). Injector and detec-
or temperatures were fixed at 110 ◦C and 25 ◦C, respectively.
ven temperature was maintained at 40 ◦C for 12.5 min. The

•
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arrier gas was He and the flow rate used was constant at
ml/min.

. Results

.1. Digestion process performance

The average organic loading rate (OLR) during the experi-
ental period was 1.2 ± 0.2 gTVS/(l day). The average values

chieved for TVS removal and COD removal were 55 ± 8% and
0 ± 9%, respectively.

The specific gas production (SGP) was around
.94 ± 0.27 l/gTVSrem. A wide range of values in the biogas
roduction was obtained as a consequence of the variation in
he loading of volatile solids. Biogas composition was also
etermined obtaining 64 ± 1% of CH4, 31 ± 1% of CO2,
± 1% of N2 and 1 ± 0.5% of SH2.

Process stability in the digester was assessed by means of
H, VFA concentration and alkalinity in the reactor. pH evolu-
ion was continuously monitored showing values in the range
f 6.8–7.2. Average VFA concentration was 120 ± 52 mgHAc/l
nd the acetic acid percentage (%HAc) was 59 ± 7%. Total alka-
inity (AlkT) was over 2000 ± 315 mgCaCO3/l throughout the
hole experimental period, which is a reference value for a well-

tabilized digester [7]. VFA alkalinity (AlkVFA) generated from
FA showed an average value of 255 ± 62. The average ratio
lkVFA/AlkT was 0.11 ± 0.06.

.2. Precipitation assessment in the digester

An intensive analytical campaign was carried out on the influ-
nt and effluent digester stream during the steady state period.
he evolution of Ca2+, Mg2+, K+, and PO4-P concentrations are
hown in Fig. 2.

As Fig. 2 shows, Ca+2 concentration decreased in the digester
ue to the precipitation of calcium salts. There was a similar
ecrease for Mg+2 which proves that magnesium precipitation
lso occurred. Unlike calcium, magnesium is a Poly-P coun-
erion so an increase in Mg+2 concentrations due to Poly-P
ydrolysis was expected. K+ concentration increased because of
oly-P hydrolysis and also because there is no potassium chem-

cal fixation in the digester. Finally, PO4-P concentration in the
ffluent was higher than in the influent. Since phosphorus release
nd precipitation are simultaneous processes during anaerobic
igestion, the presence or absence of phosphorus precipitation
annot be concluded with the data obtained.

Therefore, in order to study the fate of phosphorus in the
igester, a simple method based on PO4-P, Ca2+, Mg2+, and
+ mass balances has been developed based on the following

ssumptions:

Phosphorus stored as Poly-P is completely hydrolyzed during
anaerobic digestion [8,9].

The release of phosphorus is followed by a release of potas-
sium and magnesium at the same ratio as observed during the
phosphorus uptake [9]. Previously determined experimental
values of 0.354 gK/gP and 0.283 gMg/gP were used [10].
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potassium struvite does not precipitate under the current con-
ditions in the digester, the potassium struvite saturation index
(SI) was calculated. The SI was used to describe the saturation
state of the aqueous phase composition for different solids (Eq.

Table 2
Organic P, K, Mg and Ca in primary, secondary and mixed sludge

Primary sludgea Biomassb,c Mixed sludge

P (mgP/mgTVS) 0.013 0.020 0.016
K (mgK/mgTVS) 0.003 0.008 0.005
Mg (mgMg/mgTVS) 0.005 0.004 0.005
ig. 2. Influent and effluent digester concentrations (a) Ca2+, (b) Mg2+, (c) K+

nd (d) PO4-P.

Organic matter degradation produces a release of phospho-

rus, potassium, magnesium, and calcium associated with the
content of each element in the organic matter (see Section
3.2.1).

C

ng Journal 141 (2008) 67–74

There is no chemical fixation of the potassium released in the
digester. Different authors [11,12] have observed that potas-
sium struvite (KMgPO4·6H2O) could precipitate instead of
ammonium struvite (MAP) in the case of low ammonium
concentrations. However, in this study there was a high con-
centration of ammonium in the anaerobic digester (see Section
3.2.2).

.2.1. P, K, Mg and Ca content in the organic matter
Phosphorus, magnesium, potassium, and calcium are present

n wastewaters [13], as organic or inorganic forms, so they can
e found in the sludge. During anaerobic digestion, part of the
rganic P, K, Mg, and Ca are released as a consequence of
rganic matter degradation. This makes it necessary to determine
he organic content of P, K, Mg, and Ca in the sludge.

Since the anaerobic digester was fed with a mixture of PPS
nd EBPR sludge, it was necessary to distinguish the organic
hosphorus, potassium, magnesium, and calcium content in the
wo types of substrate.

Experimental analyses of PPS (data not shown) and previous
tudies on the process [3] were used to estimate P, K, and Mg
ontent in the organic fraction of the primary sludge (Table 2).
alculations were made taking into account that the suspended
, K, and Mg were associated to organic matter. This assumption
an be made since no precipitation of P, K, and Mg was found
n the primary sludge. However, it is impossible to accurately
etermine the calcium content in the organic matter of primary
ludge due to its high inorganic content.

In the EBPR sludge, it is not possible to distinguish between
he organic P, Mg, and K content and the content associated
ith Poly-P structure. Also, the organic matter in EBPR sludge

s mainly biomass. Therefore, reported values for biomass com-
osition [14] were assumed in the EBPR sludge (Table 2).

In accordance with the above discussion, the organic content
f P, K, Mg, and Ca in the mixed influent sludge was calculated
sing the 51–49% proportion of PPS and EBPR sludge, and the
alues shown in Table 2.

.2.2. Potassium struvite precipitation
The low participation of potassium in precipitation or adsorp-

ion reactions in wastewater and sludge treatment has been
reviously stated [15]. However, to confirm the assumption that
a (mgCa/mgTVS) – 0.004 0.002

a Experimental data from the fermentation/elutriation pilot plant.
b [14].
c These values are used for EBPR sludge.
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Table 3
SI in the anaerobic digestion for potassium struvite, MAP and HAP

KSP SI

Potassium struvite 2.4 × 10−11 −2.389
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%Caprec = Caprec

Cain + CaORGrel
× 100 (9)

The mass balance results are shown in Table 4. As this
table indicates, 403 mg/l of phosphorus were fixed in the
truvite (MAP) 5.8 × 10−14 1.462
ydroxyapatite (HAP) 4.7 × 10−45 12.497

1)). When SI = 0, the solution is in equilibrium; when SI < 0,
he solution is undersaturated and no precipitation occurs; when
I > 0, the solution is supersaturated and precipitation occurs
pontaneously. Therefore, the SI values can be used to evaluate
he effect of the solution conditions on the tendency and extent
f the precipitation.

I = log
IAP

KSP
(1)

here IAP represents the ion activity product and KSP represents
he thermodynamic solubility product.

The potential precipitation of potassium struvite was eval-
ated through thermodynamic calculations according to the
omposition in the digester. The value of KSP used for potas-
ium struvite was 2.4 × 10−11 [16]. Table 3 shows the SI for
otassium struvite, MAP, and HAP. The results prove that sludge
omposition in the digester is supersaturated for MAP and HAP
ormation whereas it is undersaturated for potassium struvite.

XRD analyses were also carried out with struvite and potas-
ium struvite patterns to determine the precipitated solid found
n a digester sludge pipe. The results obtained proved the pres-
nce of struvite (MgNH4PO4·6H2O) in the recovered precipitate
Fig. 3(a)). Although both patterns are similar, the diffraction
eaks of the solid that was formed better match the struvite
attern.

.2.3. Mass balances
Mass balances were carried out in the anaerobic digester in

ccordance with the assumptions stated above and taking into
ccount the average concentrations of the influent and effluent
treams (Table 1).
Phosphorus release by PAO (PPAOrel) was calculated from
issolved potassium mass balance.

TOTrel(mg/l) = Kef − Kin (2)

d
i
1
c

Fig. 3. XRD analyses for the solids formed in the digestion syst
ng Journal 141 (2008) 67–74 71

PAOrel(mg/l) = KPAOrel

0.354
= KTOTrel − KORGrel

0.354
(3)

Phosphorus fixed (Pfix) was calculated from the dissolved
hosphorus mass balance (Eq. (4)). The percentage of fixed
hosphorus (%Pfix) was also obtained (Eq. (5)).

fix(mg/l) = Pin + PORGrel + PPAOrel − Pef

= Pin + PTOTrel − Pef (4)

Pfix = Pfix

Pin + PTOTrel
× 100 = Pfix

Pav
× 100 (5)

The precipitated magnesium was calculated from the dis-
olved magnesium mass balance (Eq. (6)). The amount of Mg
eleased by PAO (MgPAOrel) was estimated as 0.283PPAOrel. The
ercentage of precipitated magnesium (%Mgprec) was obtained
rom Eq. (7).

gprec(mg/l) = Mgin + MgPAOrel + MgORGrel − Mgef (6)

Mgprec = Mgprec

Mgin + MgTOTrel
× 100 (7)

Finally, taking into account that calcium is only released by
iomass organic solid degradation, the dissolved calcium mass
alance was carried out to calculate calcium precipitation in the
igester.

aprec(mg/l) = Cain + CaORGrel − Caef (8)
igester, which represents 73% of the available phosphorus (i.e.,
nfluent + release during anaerobic digestion). For magnesium,
84 mg/l were fixed (94% of the available magnesium). For
alcium, 126 mg/l were fixed (72% of the available calcium).

em. (a) Struvite pattern and (b) potassium struvite pattern.
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Table 4
Potassium, phosphorus, magnesium and calcium balance in the digester

KTOTrel (mg/l) 166
KORGrel (mg/l) 68
KPAOrel (mg/l) 98
PPAOrel (mg/l) 276
PORGrel (mg/l) 209
PTOTrel (mg/l) 485
Pfix (mg/l) 403
%Pfix 73
MgPAOrel (mg/l) 78
MgORGrel (mg/l) 57
MgTOTrel (mg/l) 136
Mgprec (mg/l) 184
%Mgprec 94
CaORGrel (mg/l) 25
Caprec (mg/l) 126
%Caprec 72
%P-MAP 58
%
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P-ad 27

According to the literature, four possible phosphate mag-
esium salts can precipitate from a solution containing Mg2+,
H4

+, and PO4
3−. These are: struvite (MgNH4PO4.6H2O);

agnesium hydrogen phosphate trihydrate or newberyite
MgHPO4·3H2O); trimagnesium phosphate in two states of
ydration (Mg3(PO4)2·22H2O and Mg3(PO4)2·8H2O). These
agnesium salts precipitate at different pH regions. Struvite

recipitates at neutral and higher pH and at Mg/Ca molar ratios
6 [17]; newberyite at pH < 6 [18]; trimagnesium phosphates,
hich are reported to have a low precipitation rate [18], have
ever been identified in the pH range 6 < pH < 9. Also, precip-
tation of magnesite (MgCO3) has not been considered due to
ts high solubility when compared to struvite. Therefore, mag-
esium was considered to precipitate in the digester mainly as
truvite, which allowed us to estimate the amount of phosphate
recipitated as struvite (%P-MAP), 58%.

The precipitated calcium in the digester was considered
o form calcium phosphates. According to the Ostwald rule
f stages, calcium phosphate formation takes place as a two-
tage process. The phase that is thermodynamically less stable
orms before the most stable phase, which is hydroxyapatite
Ca5(PO4)3OH). In this work hydroxyapatite (HAP) was formed
ue to the high process retention time, i.e. 15% of fixed phos-
horus was HAP.

The rest of the phosphorus fixed in the digester was consid-
red to be adsorbed on the surface of the solids [8]. The results
hown in Table 4 indicate that 27% of fixed phosphorus was
dsorbed on the solid surface (%P-ad).

.3. Influence of pH and available P concentration on P
recipitation

The influence of pH and available phosphorus concentration

Pav) on phosphorus fixation in the digester was also been stud-
ed. Fig. 4 shows the phosphorus fixation (Pfix) as a function of
perational pH. Given the high variability of the phosphorus
vailable in the digester, three levels of available phospho-

r

t
r

ig. 4. Influence of pH and available phosphorus on phosphorus fixation.

us concentration in the digester (∼600 mg/l, ∼500 mg/l, and
400 mg/l) were considered. For similar Pav concentrations,

hosphorus fixation increased for pH values above 7.10. For
alues below 7.10, no dependence was found. An increase in
fix was also found in the digester at higher levels of Pav. These
esults suggest that decreasing the pH or the Pav in the digester
ill reduce, thereby reducing precipitation problems.

. Discussion

With regard to the performance of the anaerobic diges-
ion process performance, a high TVS and COD removal
as achieved (55 ± 8% and 60 ± 9%, respectively) when com-
ared with the typical values observed in anaerobic mesophilic
igesters treating mixed sludges [19]. This fact was attributed to
he high mixing power provided by the agitation pump, 0.1 W/l.
ypical values for the power input required for mechanically
ixed anaerobic digesters are in the range 0.005–0.008 W/l for

ormal agitation and 0.02 W/l for high agitation [19]. The high
ixing power used in this experiment may cause higher bacterial

tructure destruction, thereby increasing volatile solid removal.
The specific gas production (SGP) was around 0.94 ± 0.27 l/

TVSrem, in agreement with the literature data of 1 l/gTVSrem
bserved when digesting primary and secondary sludges. Biogas
omposition showed 64% of methane content, a typical value
ound for proper anaerobic digestion processes.

Volatile fatty acid concentration (VFA) in the influent digester
tream was high due to the great VFA concentration in the pri-
ary sludge as a consequence of the fermentation/elutriation

rocess. However, VFA in the digester showed an average value
f 120.0 mgHAc/l, which is a normal value for this parame-
er [7]. The composition of the VFA in the digester pointed
ut that acetic acid was the main constituent (59%). The ratio
lkVFA/AlkT, which is used as an indicator of the possible VFA

ccumulation in the reactor, was below 0.3. This value ensures
he operational stability of the process, whereas an increase
bove 0.3–0.4 would indicate stability problems requiring cor-

ective actions.

The results obtained concerning precipitation assessment in
he digester showed a high phosphorus fixation as struvite. This
esult suggests that important operational problems and high
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aintenance costs associated with struvite precipitation could
e expected when working in an industrial WWTP under similar
onditions.

Calcium phosphates were also precipitated in the digester.
s explained above, HAP is thermodynamically the most sta-
le phase. However, it has been established that other calcium
hosphates, such as an amorphous calcium phosphate (ACP), act
s precursors to the precipitation of HAP. Experimental studies
ave shown that the required time for the total conversion of
CP in HAP for a pH value of 7 is around 130 min [20]. There-

ore, due to the high retention time in the digester (20 days),
n our study, most of the calcium phosphates precipitated in the
orm of HAP.

Although calcium carbonate (CaCO3) formation is also pos-
ible, it is not expected to precipitate in the digester due to crystal
ormation inhibition by phosphate [21,22]. Therefore, in the
resent work, due to the high phosphorus concentration in the
igester, CaCO3 was not considered to be a possible precipitate.

Our results also indicate that part of the fixed P was not pre-
ipitated but adsorbed on the solid surface. Although adsorption
echanisms in anaerobic digesters are difficult to quantify, dif-

erent authors have suggested the possibility of this phosphorus
xation mechanism in anaerobic digesters [8,9].

The results concerning the influence of pH and available
hosphorus concentration on phosphorus fixation showed that
n increase in both parameters increases phosphorus fixation
n the digester. Therefore, it would be possible to reduce P
xation by controlling these two parameters. However, since

he operational pH in the digester cannot be easily modified
ecause it is controlled by bacteria population in the reactor
nd by the bicarbonate buffering system, available phosphorus
ontrol should be used. Available phosphorus in the digester
onsists of the dissolved P concentration in the influent stream
Pin) and the P released during the anaerobic digestion process
ue to Poly-P hydrolysis (PPAOrel) and organic solid degradation
PORGrel). To decrease Pav in the digester, Poly-P hydrolysis can
e enhanced in a previous stage of the sludge treatment process,
uch as the gravity thickener. Mixed thickening of prefermented
rimary sludge (PPS) and EBPR sludge should be carried out.
oreover, the supernatant obtained in this thickener could be a

uitable stream for phosphorus recovery by struvite crystalliza-
ion. Our focus for further research will be focus on planning the
est strategy for the sludge treatment in order to reduce struvite
recipitation problems in digesters.

. Conclusions

In this paper, a complete research study on the anaerobic
igestion process at pilot scale has been carried out. Phosphorus
elease and precipitation in the system as well as an estimation
f the possible inorganic compounds formed have also been
ssesed. The main conclusions are shown below:
The anaerobic digestion process of PPS and EBPR sludge
showed high efficiencies on TVS and COD removal (55% and
60%, respectively) due to the high mixing power provided
by the agitation pump. Biogas production and composition

[

[
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showed typical values for proper anaerobic digestion of mixed
sludge.
The precipitation study in the digester showed a high phos-
phorus fixation, mainly as struvite.
Calcium phosphates were also precipitated in the digester.
Due to the high retention time in the digester (20 days), most
of them were in the form of HAP.
Phosphorus adsorption on solid surfaces was also detected
in the digester. More research is needed to determine to
what extent phosphate adsorption takes place in anaerobic
digesters.
Phosphorus fixation in the digester increased with pH and
available phosphorus concentration. The reduction of Pav in
the digester can be considered as an alternative method for
avoiding phosphorus precipitation. Phosphorus release from
Poly-P hydrolysis prior to digestion by mixed thickening of
sludges could be a strategy of sludge treatment to minimise
precipitation problems in anaerobic digesters.
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