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Phosphorus is an essential but finite and scarce element, which is used extensively in pig farming. For recovering
phosphorus from pig manure, we hypothesize that calcium addition during anaerobic treatment can trigger
calcium phosphate granulation and enable efficient phosphorus recovery. In this study, we tested the recovery of
phosphorus from pig manure by adding calcium during anaerobic treatment. Size–separated (<200 µm) pig
manure was treated in two identical up-flow anaerobic sludge blanket reactors for 456 days. Calcium was
supplied to one of the reactors to study calcium phosphate granulation.
Calcium addition showed a positive effect on treatment stability and efficiency, increasing chemical oxygen
demand and phosphorus removal. Phosphorus removal increased from 60% without calcium addition to 74%
with calcium addition. The addition of calcium increased the phosphorus concentration in significantly larger
particles, calcium phosphate granules, (79% >0.4 mm compared with 11% without calcium addition) in the
reactor with calcium addition, which enables separation and a transport reduction of 85% for the recovered
phosphorus. The main phosphorus phase in the reactor sludge bed changed from struvite to calcium phosphate
with calcium addition. The Mg:P molar ratio was 0.09 with calcium addition and 0.88 without calcium addition
in particles >2.5 mm. Thus, calcium addition enhances the treatment of pig manure and enables phosphate
recovery as calcium phosphate granules.

1. Introduction

inferior fertilization with less crop growth if overestimated, and to a
surplus of phosphorus and pollution of the environment if under
estimated [8–11]. Furthermore, the redistribution of phosphorus from
secondary sources is costly because of the low phosphorus concentra
tions and the distance between excessive phosphorus and arable land
requiring phosphorus application [12].
Livestock manure is the largest secondary phosphorus source, but its
application on soils is limited to protect the environment from nutrient
leaching; this limitation leads to an to an excess of manure [5]. In the
European Union, the application of livestock manure is limited to 170 kg
of nitrogen per hectare per year, but there is no direct application limit
for phosphorus from manure [13]. Only a few member states including
the Netherlands have established a national regulation for limiting the
phosphorus application from manure. In the Netherlands the

Phosphorus is a key nutrient to produce food, but its natural re
sources are finite [1]. Phosphorus has been mined for decades and
brought to countries with intense agricultural activity to enhance soil
fertility and crop yield [2]. In 2018, soils in the EU-27 received 1.1
million tons of imported mineral phosphorus fertilizer [3]. In regions
with intense agricultural activity, the phosphorus accumulates in soils
and waste streams, also called secondary phosphorus sources. The
phosphorus from secondary phosphorus sources needs to be reused and
redistributed geographically to avoid future phosphorus scarcity and
pollution [4–6]. However, the phosphorus availability is often less
predictable and varies more in secondary sources than in mineral fer
tilizer [7]. The unpredictability of phosphorus availability can lead to
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phosphorus application is limited to 75 kg P2O5 per hectare of grassland
per year and 40 kg P2O5 per hectare of arable land per year [14,15]. Any
amount of manure exceeding the nutrient application limits for nitrogen
and phosphorus needs to be transported to treatment facilities or areas
where it can be applied. Furthermore, in the Netherlands, livestock
farmers are obliged by law to treat 10 to 59% (dependent on the manure
production of the region) of the excessive manure either themselves or
have a contractor who agrees beforehand to treat or export their excess
of manure [16,17].
In the Netherlands, most pig farms have insufficient land for their
produced manure, so they need to pay for the transportation and
application or treatment of their excessive manure. In 2019, in the
Netherlands, a pig farm had on average an excess of about 3100 tons of
manure a year which cost about €64 K (roughly €20 tonmanure-1) for
transport and treatment, the largest manure-handling costs in the Dutch
livestock sector [18]. However, each ton of pig manure contains about
€10 worth of nutrients, which are of very low value when present in raw
pig manure [18]. Therefore, more efficient recovery and reuse of nu
trients from pig manure has enormous potential to provide relief for the
pig-farming sector financially and significantly mitigates the environ
mental impact of those nutrients. Furthermore, in the Netherlands, in
2019, mineral phosphorus fertilizer made up about 13% of phosphorus
fertilization, but mineral nitrogen fertilizer made up about 47% of ni
trogen fertilization [18]. As a consequence, in the Netherlands, less
mineral phosphorus fertilizer could be replaced by nutrients originating
from pig manure than mineral nitrogen fertilizer. Separating the nutri
ents originating from pig manure could allow a more economical
geographic redistribution of phosphorus to regions where it is needed

and more application of nitrogen within the Netherlands.
This study aims to treat pig manure and recover phosphorus from pig
manure as calcium phosphate granules during 456 days of anaerobic
digestion in an up-flow anaerobic sludge blanket (UASB) reactor with
calcium addition. This is an analogous strategy for treatment of black
water and phosphorus recovery from black water [19]. We hypothesize
that calcium addition will increase phosphorus removal in the UASB
reactor by inducing particle aggregation. The aggregated particles are
expected to be rich in calcium, leading to calcium phosphate precipi
tation and granulation. Increased particle size with higher phosphorus
content will simplify phosphorus separation, ultimately improving re
covery efficiency from pig manure. Calcium phosphate granulation in
pig manure would open a large secondary source for efficient phos
phorus recovery. Such recovered calcium phosphate could relieve the
use of primary phosphorus sources as fertilizer in agriculture and allow
individual use of phosphorus without other nutrients, which is an
advantage over other recovery products such as struvite [20]. Further
more, the recovered phosphorus can be reused and transported better
and cheaper than raw pig manure because it is standardized and more
concentrated.
2. Materials and methods
2.1. Experimental setup
Two similar double-walled 45 L UASB reactors were anaerobically
digesting pig manure at 55 ◦ C for 456 days (Fig. 1). The pig manure was
collected directly from a pit of a fattener stable accommodating 4400
Fig. 1. Schematic representation of the
setup including the UASB reactor with
heating in a double wall. A cone-shaped
bottom piece is for accumulation and har
vesting of potential phosphorus-rich parti
cles. On top, a gas–liquid solid separator was
placed made from polypropylene. The gas
was led towards the gas exhaust, the liquid
towards the overflow and solids remain in
the reactor through inclined plates. The
reactor shown here represents RCa with cal
cium addition, while RR is identical but
without calcium addition. pH measurements
in the sludge bed were in situ, while influent
and effluent pH were measured at room
temperature during weekly analysis.
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animals in Marum, the Netherlands. Immediately after collection, the
pig manure was manually sieved through a sieve bend with a grid size of
200 µm (Estrad sieve bend, Fig. A.1). After separation, the thin manure
(filtrate) was stored in jerry cans in a climate room at 4 ◦ C. This sepa
rated pig manure was used to fill a continuously stirred container placed
inside a fridge next to the reactors. Both reactors were fed from the same
influent container, and piping to the reactors was equal length.
The influent was pumped every 2 h for 1 min to reach a feeding of
1200 mL day− 1, which corresponds to an organic loading rate (OLR) of
1 g chemical oxygen demand (COD) L-1 d-1. A shared programmable
logic controller (PLC; Siemens Logic) controlled master timer coordi
nated pumping. The effluent of each reactor was collected in 10 L jerry
cans. The produced biogas went through a sampling point with a rubber
septum towards a water lock followed by a drum gas flow meter before
entering the gas exhaust.
For testing the effect of calcium addition, one UASB reactor was
supplied with calcium addition (RCa), while the second served as a
reference reactor (RR) without calcium addition. The calcium in RCa was
added as CaCl2⋅2H2O solution through a pipe with five 5 mm diameter
openings. The openings were horizontally distributed for spreading the
calcium inside the reactor. The added calcium solution was kept at 8%
volume of the incoming pig manure to minimize dilution of the reactor
content. The concentration of the calcium solution was adapted weekly,
based on the influent total calcium and phosphorus concentrations, to
supply a total molar ratio of Ca:P of 2. That molar ratio should ensure a
supply of sufficient calcium to allow formation of the most stable cal
cium phosphate hydroxyapatite (HAP), which has a Ca:P molar ratio of
1.67. Previous research has shown that a total molar ratio Ca:P of at least
2 could induce calcium phosphate precipitation in black-water treat
ment [19]. The calcium solution was pumped for 30 sec every 2 h
together with the influent. The PLC timing the influent pumping also
timed the calcium solution pumping to assure simultaneous inflow of
both streams.
Both reactors had five vertically distributed sampling points for the
sludge bed as shown in Fig. 1. During sludge bed sampling, the valves
were briefly completely opened to sample 200 mL from sampling points
1 to 4 and 500 mL from sampling point 0. The order of sampling was
from top to bottom, because sampling at the lower sampling locations
affects sampling at the upper sampling points, but not vice versa.
pH, redox and temperature were measured online with three verti
cally distributed sensors that reached the reactor center with their tips
(Memosens CPS16D-1014/0 Orbisint). The sensors entered the reactors
through three 45◦ inclined valves with rubber tightening to enable
maintenance without stopping the reactor’s operation. The online
measurements were logged digitally every hour. The online measured
temperature did not vary >1–2 ◦ C, at the three locations sensors were
placed. The biological reactions could have let to little heat release but
were likely inhibited and insignificant [21].

the inlet pumps were started. The effluent was collected in 1 L flasks over
24 h to have fresh effluent, minimizing the loss of volatile and timesensitive compounds before analyses. Temperature-sensitive com
pounds had been considered and none of them was significantly changed
to influence our main goal of studying calcium phosphate granulation.
Both samples were analyzed in duplicate for pH, and total solids,
volatile solids, total suspended solids and volatile suspended solids (TS,
VS, TSS and VSS, respectively). The solids were incinerated at 550 ◦ C to
determine the volatile fraction according to the standard method [22].
The suspended solids were determined by using paper filtration with a
black ribbon ashless filter (Whatman, Grade 589/1, 12–25 µm). The
paper filtrate was collected and used for total carbon, total organic
carbon, and inorganic carbon (TC, TOC, and IC, respectively) analyses
with a Shimadzu TOC analyzer. Further, the paper filtrate was filtered
with a 0.45 µm glass fiber Whatman filter. The membrane filtrate was
used to determine:
• Soluble elements (phosphorus, calcium, magnesium, sulfur, iron,
sodium and potassium [Psol Casol Mgsol Ssol Fesol Nasol and Ksol,
respectively]) with inductive coupled plasma optic emission spec
troscopy (ICP-OES; Perkin Elmer Optima 5300 DV with an internal
yttrium standard);
• Anions and cations (PO43-, SO43- Cl-, and Ca2+, Mg2+ and NH4+,
respectively) with ion chromatography (Metrohm 930 Compact IC
flex with a conductivity detector and Metrosep A supp 5 150/4 mm
column for anions and Metrosep C4 150/4 mm column for cations);
• Volatile fatty acids (VFA) such as acetic, propionic and butyric acid
with IC (Metrohm 930 Compact IC flex with a conductivity sensor
and a Phenomenex Synergi 4u hydro-RP 80A column).
COD was analyzed in the raw, paper filtrate, and membrane filtrate
(CODtot, CODpap, and CODsol, respectively) with Hach Lange kits
LCK014. Total elements (Ptot, Catot, Mgtot, Stot, Fetot, Natot, and Ktot) were
analyzed from raw samples with ICP-OES after performing a microwaveinduced (Milestone Ethos Easy) acid digestion with 69% HNO3.
On operation days 70, 98, 139, 165, 221, 229, 237, 244 and 341 and
after stopping the operation, the sludge bed of both reactors was
sampled and analyzed in duplicate for solids (TS, VS, TSS, and VSS) and
total elements (Ptot, Catot, Mgtot, Stot, Fetot, Natot, and Ktot) as described
before. Furthermore, crystallographic characteristics were analyzed by
X-ray diffraction (XRD) with a Bruker D8 Advance with a diffractometer
of 280 mm measurement radius using Cu radiation, Linear PSD 3◦ de
tector opening, divergence slit at 0.58◦ , and a soller slit at 2.5◦ , scanning
electron microscope (SEM) JEOL JSM-6480LV coupled with NORAN
Systems SIX energy dispersive X-ray (EDX) and thermogravimetric an
alyses (TGA; Mettler Toledo, TGA 2). The TGA operated at a heating rate
of 10 ◦ C per minute and under nitrogen atmosphere until 550 ◦ C, where
it was switched to oxygen to combust organic material. Additionally, the
liquid of the sludge bed was analyzed for the same analytes as during the
weekly analysis on operation day 165. On day 165, the samples were
prepared for analysis within 4 h. After operation day 165, the sampling
of the bottom of RCa (tap 0) was not representative because accumula
tion of large solids blocked the sampling port and only allowed sampling
of liquid. The clogging of the lowest sampling valve must have happened
between operation day 165 and 221 (see section 4.2). The sludge bed
samplings considered as non-representative were not used for this study.
For the solid retention time (SRT) determination of phase 3, the con
centration of solids at tap 1 was used as estimate for tap 0 which could
have led to an underestimation of the actual SRT during phase 3. After
the operation stopped, both reactors were opened from the top and the
sludge bed was removed stepwise from top to bottom with a large spoon
to retrieve representative samples of each height. These samples un
derwent a particle size distribution analysis in addition to the previous
mentioned analysis for sludge bed samples. For the particle size distri
bution, the sludge bed was sequentially sieved with analytical sieves of
mesh sizes 2.5, 2, 1.4, 0.9 and 0.4 mm supplied by VWR. The separation

2.2. Analysis and sampling program
The analysis and sampling program was designed to get detailed
insights into both reactors and their differences in performance. The
high frequency and variety of measurements allows parameters to be
cross-checked and their viability to be proofed for each reactor indi
vidually and in comparison.
The flows of effluent, calcium solution, and produced biogas were
measured daily. The amount of produced effluent and consumed cal
cium solution were measured gravimetrically. The densities were tested
but did not vary significantly from 1 kg L-1. The produced biogas was
noted from the drum flow meter.
The composition of influent, effluent, and biogas were analyzed
weekly. The influent was sampled for analyses at a t-connection just
before entering each reactor, to ensure an accurate representation of
influent entering the reactors. For sampling, the reactor inlet valve was
closed, and the sampling valve at the t-connection was opened before
3
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experiment resulted in six fractions of >2.5 mm, 2.5–2 mm, 2–1.4 mm,
1.4–0.9 mm, 0.9–0.4 mm and <0.4 mm (Fig. D.1).

cumulative data were taken for influent and effluent, and the difference
determined the removal. The deviation in cumulative removal was
determined by cumulating the errors of measurement between the du
plicates. The cumulative removal results were reset for each operational
phase.

2.3. Calculations
The OLR, SRT and methanization were calculated as described by
Halalsheh et al. [23] and De Graaff et al. [24]. Suspended COD (CODsus)
was determined as the difference of CODtot and CODpap. Colloidal COD
(CODcol) was determined as the difference of CODpap and CODsol. The
suspended species of elements (Psus, Casus and Mgsus) were determined as
the difference of total elements (Ptot, Catot and Mgtot) and soluble ele
ments (Psol, Casol and Mgsol).
For the cumulative removal, the daily flow data were multiplied with
the respective weekly measured concentration of influent and effluent to
receive the total amounts entering and leaving the reactors. The

3. Results
3.1. Treatment performance
3.1.1. Anaerobic digestion
The experiment was carried out over 456 days where both reactors
were continuously operated and fed with real pig manure collected from
a local pig farm. Additionally, the experiment was long enough to
include the seasonal impact on the manure composition. The
Fig. 2. Average influent, effluent of RR and
effluent of RCa concentrations of phosphorus,
calcium, and magnesium over four opera
tional phases where error bars represent the
fluctuation in a phase. The elements are
represented in total (Ptot, Catot, Mgtot), sus
pended (Psus, Casus, Mgsus), soluble (Psol,
Casol, Mgsol) and reactive (PO4-P, Ca2+,
Mg2+). *The suspended fractions are calcu
lated as the difference of total and soluble,
but their variation is not shown because of
the partly excessive size of the error bar due
to the variation in the soluble fractions.
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operational time of both reactors was divided into four phases (Fig. 2,
Appendices B and C). Phase 1 (day 0–119) was the start-up phase of the
reactors with pig manure collected during spring. The concentration of
all analytes increased from early to later spring, represented by TS
hereafter (59 ± 8 gTS L-1). Phase 2 (day 120–175) coincided with pig
manure collected during the summer, which was more concentrated in
all analytes (68 ± 2 gTS L-1) compared with pig manure collected during
phase 1. Phase 3 (day 176–287) coincided with pig manure collected
during autumn and start of winter, having lower concentration of all
analytes compared with phases 1 and 2 (51 ± 12 gTS L-1). Phase 4 (day
288–456) coincided with pig manure collected during the end of winter,
spring and early summer, having higher concentration in all analytes
than in phase 3 (61 ± 13 gTS L-1). Both reactors received the same
influent and the variation of analytes between influents measured just
before entering the reactors was within 5%, assuring the comparability
of both reactors.
The desired OLR was 1gCODtotLreactor–1d–1 for both reactors but
fluctuated with the CODtot concentration in pig manure because the HRT
was kept close to 40 days. The removal of CODtot remained below 50%
for both reactors, but RCa had higher removals than RR (Table B.1 and
B.2). The CODtot mostly corresponded to removed CODsus in line with
the high TSS removal. RCa removed more TSS and removed it in a more
stable fashion than RR as shown in the fluctuation of average effluent
concentration and the cumulative TSS removal in Table B.1 and B.2.
Accordingly, the SRTs throughout the phases were higher in RCa than RR
(Table B.1 and A.2).
The CODsol consisted for both reactors partly of VFA that were pro
duced but barely consumed to form CH4 inside the reactors (Table B.3
and B.4). Accordingly, the methanization inside both reactors was only
about 5% (Table B.1 and B.2). It is likely that the high ammonium
concentration inhibited the methanization (Table B.3 and B.4).
Furthermore, RCa removed more IC than RR (Table B.3 and B.4). The pH
dropped at the bottom of RCa during phases 3 and 4, which did not occur
in RR (Table B.5 and B.6).

–4 in both reactors, but the lower influent concentrations decreased the
removal in phase 3 and 4. In the effluent of RCa, the Psol and PO4–P made
up 7% and 16% less, respectively, of Ptot than in the effluent of RR. The
removal of PO4–P was considerably better in RCa than in RR.
3.1.2.2. Calcium (EF). In RCa an average load of 1.5 –4.0 gCa2+ L–1 of
influent manure was supplied to stimulate accumulation of phosphorus
by precipitating calcium phosphate and triggering calcium phosphate
granulation (Table C.3 and C.4). Despite the additional Ca2+, the total
calcium (Catot) concentration in the effluent was lower and more stable
for RCa (0.64 g L–1 with intrinsic standard deviation of 15%) when
compared with RR (0.85 g L–1 with intrinsic standard deviation of 48%)
(Fig. 2). Notably, the soluble concentration of calcium (Casol) in the
effluent was similar for both RCa and RR (3.47 ± 0.02 g L–1 and 3.47 ±
0.05 g L–1, respectively). Overall, the calcium removal was higher for
RCa (87 ± 2%) than for RR (66 ± 3%).
3.1.2.3. Magnesium (EF). The influent magnesium was on average for
99% present as Mgsus. The removal of total magnesium (Mgtot) over the
whole operation was 76 ± 3% in RR and 82 ± 3% in RCa (Fig. 2,
Table C.5 and C.6). Once more, the variance of the effluent magnesium
concentration was much higher for RR than in RCa. Soluble magnesium
(Mgsol) in the influent was barely detected (7 ± 4 mgMgsol L–1) for both
reactors. However, a considerable increase to on average 85 ± 0.1
mgMgsol L–1 was observed in the effluent of both reactors, but the con
centrations did not significantly differ between the effluents.
3.2. Distribution of solids and elements in sludge bed
3.2.1. Distribution of solids
The removed TSS accumulated in both UASB reactor sludge beds the
most at the bottom and the least at the top of either reactor (Fig. 3). At
the top of the reactors, the concentrations were similar: the sludge bed of
RCa contained 49 ± 1 gTSS L–1 and the sludge bed of RR 51 ± 1 gTSS L–1.
At the bottom of the reactors, however, the TSS concentration was
higher in RCa (242 ± 1 gTSS L–1) compared with RR (163 ± 1 gTSS L–1).
The VSS made up 54% of TSS in RCa and 52% in RR at the bottom and
58% for both reactors at the top.

3.1.2. Elemental flows (EF)
3.1.2.1. Phosphorus (EF). The total phosphorus (Ptot) removal over the
whole operation time was 60 ± 3% in RR and 74 ± 2% in RCa (Fig. 2,
Table C.1 and C.2). Furthermore, the removal was more stable in RCa
than in RR, indicated by double the deviation of Ptot in the effluent of RR
(40%) compared with RCa (20%). For both reactors, the average con
centration of Ptot in the effluent remained similar throughout phases 2

3.2.2. Phosphorus distribution
A noticeable difference in the phosphorus distribution and concen
tration was observed between the two reactors (Fig. 4). In both, the
highest fraction of phosphorus was found at the bottom, but a higher

Fig. 3. The vertical distribution of TSS and VSS in the sludge bed of the UASB reactors RR without and RCa with calcium addition together with the influent (bottom)
and effluent (top) TSS and VSS concentrations at operation day 165 (phase 2).
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Fig. 4. The vertical distribution of total phosphorus (Ptot), soluble phosphorus (Psol) and phosphorus as phosphate (PO43––P) in the sludge bed of the UASB reactors
RR without and RCa with calcium addition together with the influent (bottom) and effluent (top) concentration at operation day 165 (phase 2).

concentration was found in RCa (13.6 ± 0.5 gPtot L–1) when compared
with RR (11.1 ± 0.1 gPtot L–1). By contrast, a higher concentration was
found at the top of RR (3.4 ± 0.0 gPtot L–1) than at the top of RCa (2.1 ±
0.5 gPtot L–1). The enrichment of phosphorus at the bottom of the sludge
bed compared with the influent was 4.5 times for RR and 6.5 times for
RCa. At the top, the Ptot concentration was 3.8 times higher in the sludge
bed of RR than in its effluent and 4.9 times for RCa, indicating the better
removal of phosphorus by RCa than RR. At the same time, Psol is
considerably less in the sludge bed of RCa than in the sludge bed of RR. It
can be concluded that addition of calcium promoted precipitation and
accumulation of phosphorus in the sludge bed.

3.2.4. Magnesium distribution
The removed magnesium accumulated mostly at the bottom of the
sludge beds of RCa and RR and the least at the top of either reactor
(Fig. 6). At the bottom of the sludge bed, the Mgtot concentration was
higher in RCa (8.9 ± 0.3 gMgtot L–1) than in RR (7.8 ± 0.0 gMgtot L–1).
Interestingly, at the bottom of RCa, magnesium was solubilized because
Mgsol and Mg2+ were detected even though no Mgsol was in the influent
or added. At the same positions, Casol was detected.
3.3. Particle size distribution, elemental composition and characterization
of precipitates at the bottom of the reactors

3.2.3. Calcium distribution
The removed calcium accumulated mostly at the bottom of the
sludge beds of RCa and RR and the least at the top of either reactor
(Fig. 5). At the bottom of the sludge bed, the Catot concentration was
higher in RCa with 25.1 ± 0.8 gCatot L–1 than in RR (11.5 ±
0.0 gCatot L–1). At the top of the sludge bed, the Catot concentration was
higher in RR (3.9 ± 0.0 gCatot L–1) than in RCa (3.0 ± 0.7 gCatot L–1).
Notably, little Casol and no Ca2+ was available in RR, but in RCa both
were mostly present at the bottom.

3.3.1. Particle size distribution at the bottom
After 456 days of operation, more and larger particles occurred at the
bottom of RCa than at the bottom of RR (Fig. 7). At the bottom of RR, 92%
± 1% of the particles were <0.4 mm in diameter; however, at the bottom
of RCa, only 37% ± 4% of the particles were <0.4 mm in diameter. At the
bottom of RR, there was a negligible occurrence of size fractions between
0.4 mm and 2.5 mm, and particles >2.5 mm made 6% ± 1% of the TSS.
At the bottom of RCa, the size fraction between 0.4 mm and 2.5 mm
made on average 19% ± 3% of the TSS, and particles >2.5 mm made
44% ± 1%.

Fig. 5. The vertical distribution of total calcium (Catot), soluble calcium (Casol) and calcium ions (Ca2+) in the sludge bed of the UASB reactors RR without and RCa
with calcium addition together with the influent (bottom) and effluent (top) concentration at operation day 165 (phase 2).

6

C. Schott et al.

Chemical Engineering Journal 437 (2022) 135406

Fig. 6. The vertical distribution of total magnesium (Mgtot), soluble magnesium (Mgsol) and magnesium ion (Mg2+) in the sludge bed of the UASB reactors RR without
and RCa with calcium addition together with the influent (bottom) and effluent (top) concentration at operation day 165 (phase 2).

3.3.2. Phosphorus at the bottom
The phosphorus concentration was the lowest in the particles <0.4
mm in diameter: 29.7 mgP gTSS–1 for RR and 17.8 ± 1.1 mgP gTSS–1 for
RCa. Particles >2.5 mm contained 42.6 ± 5.5 mgP gTSS–1 at the bottom
of RCa. At the bottom of RCa, most phosphorus (59%) occurred in par
ticles >2.5 mm, and 21% occurred in particles <0.4 mm. At the bottom
of RR, most phosphorus (89%) occurred in particles <0.4 mm (Fig. 7).

particles <0.4 mm from RCa.
3.3.5.2. XRD. The XRD analyses showed that the crystalline fraction at
the bottom of RR contained 70% struvite, but no struvite was detected in
the sludge bed from RCa. CaCO3 made up 24% of the crystalline phases at
the bottom of RR and 97% in RCa (Fig. F.1, F.2 and F.3). No crystalline
calcium phosphate was detected, but broadened peaks on positions
common for HAP were found in the sample from RCa, representing
amorphous calcium phosphate (ACP).

3.3.3. Calcium at the bottom
The particles recovered from the bottom of RCa contained more
calcium than those from the bottom of RR. Particles >2.5 mm and <0.4
mm from the bottom of RCa contained 178 ± 15 mgCa gTSS–1 and
76 mgCa gTSS–1, respectively (Fig. D.2). Particles >2.5 mm and <0.4
mm from the bottom of RR contained 59 ± 9 mgCa gTSS–1 and 38 ±
6 mgCa gTSS–1, respectively. The molar ratio of calcium to phosphorus
for particles >2.5 mm was 3.38 for RCa and 0.95 for RR, based on the ICP
measurement after acid digestion. The molar ratio of calcium to phos
phorus for particles <0.4 mm was 3.31 for RCa and 2.38 for RR.

3.3.5.3. TGA. The TGA indicated the presence of 9.8 wt% and 37.7 wt
% struvite in particles >2.5 mm in RCa RR, respectively (Fig. G.1). The
TGA overestimated the presence of struvite because of the loss of
ammonia and crystal water, but also left-over sample moisture at
80–100 ◦ C. CaCO3 made up 12 wt% at the bottom of RR and 14 wt% at
the bottom of RCa (Fig. G.2).
4. Discussion

3.3.4. Magnesium at the bottom
The particles from the bottom of RR contained more magnesium than
those from the bottom of RCa (Fig. D.3). Particles >2.5 mm and <0.4 mm
from the bottom of RCa contained 2.87 ± 0.26 mgMg gTSS–1 and 2.00 ±
0.03 mgMg gTSS–1, respectively. Particles >2.5 mm and <0.4 mm from
the bottom of RR contained 33.0 ± 5.4 mgMg gTSS–1 and 17.6 ±
0.3 mgMg gTSS-1, respectively. The molar ratio of magnesium to phos
phorus for particles >2.5 mm was 0.09 for RCa and 0.88 for RR. The
molar ratio of magnesium to phosphorus for particles <0.4 mm was 0.14
for RCa and 0.74 for RR.

4.1. Effect of calcium addition on treatment performance
Calcium addition enhances the treatment stability of the UASB re
actors with lower fluctuation of phosphorus, solids and COD in the
effluent. Without additional calcium, the effluent of RR fluctuates
because of the seasonal change in pig manure composition shown over
456 days of continuous operation. Throughout the seasons, changes in
level in the manure storage pits below the stables are likely affecting the
composition of the influent taken from the top of the pit. In a full pit
during autumn and winter, when regulations forbid manuring, particles
can settle and create a vertical concentration gradient, decreasing from
bottom to top of the manure pit. In a nearly empty pit during summer,
the concentration gradient is less, and the influent concentration is
higher [25,26]. The variation in influent concentration could cause
loading shocks. According to literature, loading shocks can disturb
removal efficiencies and microbial activities through physically washing
out compounds meant to be retained or converted in the UASB reactor
[27–29]. The retention is less affected by loading shocks in RCa than in
RR because calcium helps to retain compounds by inducing aggregation
in RCa through bridging negatively charged species [30,31]. This phe
nomenon is similar to that found by Yu et al. [32] and Cunha et al. [19],
who described increased solid retention and aggregation in their UASB
reactors with calcium addition. The resistance to loading shocks in RCa
could indicate that the reactor ran under capacity and the loading rate
could be increased without compromising its treatment performance.
Methanization is the conventional performance indicator for

3.3.5. Mineral and crystal characterization at the bottom
3.3.5.1. SEM–EDX. The phosphorus accumulated in RR as struvite and
in RCa as calcium phosphate according to the SEM-EDX analysis. In Fig. 8
a) and b), the SEM images showed the presence of coffin-shaped crystals
of about 50 µm in size in particles <0.4 mm from RR. The related EDX
images showed the presence of phosphorus as yellow and magnesium as
purple. Combined, the SEM-EDX images suggested the presence of
MgNH4PO4⋅6H2O. In Fig. 8 (c) and (d), the SEM images show spherical
crystals of about 1 µm in size in particles >2.5 mm from RCa. The related
EDX images showed the presence of phosphorus as yellow and calcium
as cyan. Combined, the overlap of phosphorus as yellow and calcium as
cyan gave green, indicating the presence of Cax(PO4)y species. Struvite
crystals were not observed with SEM or EDX in particles from RCa. In
Fig. D.1, the green EDX image represented calcium phosphate in
7
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Fig. 7. Particle size distribution after sieving based on gTSS L-1 (top) with the phosphorus concentration for each size fraction (middle) and the total phosphorus
distribution (bottom) based on the combination of abundancy of particle size fraction and its phosphorus concentration for RR (left) and RCa (right).

anaerobic digestion but was low (for both reactors about 5%) and not
clearly enhanced by calcium addition in this study. Previous studies
focusing on anaerobic digestion of pig manure show low methane yield
because of the excessive ammonia concentration (>1.1 gNH3-N L–1) and
consequent toxicity [33–35]. While calcium addition improved the
retention of solids and biodegradation, the high ammonium and
consequent ammonia concentration (1.7 ± 0.5 gNH3-N L–1) in pig
manure impedes methanization, leading to accumulation of organic
acids (Table B.3 and B.4). Conventionally applied anaerobic digesters
treating pig manure are continuous stirred tank reactors (CSTRs),
mainly focusing on methane production through co-digestion [36].
CSTRs barely retain nutrients and solids requiring additional treatment
steps for nutrient removal or recovery [37–39]. Existing practices and
research on phosphorus recovery from pig manure focuses on chemical

precipitation assisted by mechanical separation from digestate or raw
pig manure [40–42]. However, in the present study, phosphorus re
covery succeeded in a single UASB reactor while treating pig manure.
4.2. Effect of calcium on phosphorus recovery
The key for phosphorus recovery from pig manure is to concentrate
phosphorus by optimizing solid–liquid separation, because most phos
phorus is present in very fine particles in pig manure [43]. The UASB
technology allows solid–liquid separation and enables accumulation and
recovery of phosphorus from the sludge bed, which is not possible with
conventional CSTR digesters [19,37,44]. Even without calcium addi
tion, the UASB reactor RR could already retain on average 60 ± 3% of
the total phosphorus input in the sludge bed. By adding calcium, the
8
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Fig. 8. Scanning electron microscope (left) and energy dispersive X-ray (right) of the most abundant size fractions from RR (<0.4 mm, a and b) and RCa (>2.5 mm, c
and d). (a) and (b), and (c) and (d) show the same particles, respectively, at different magnifications.

retention of total phosphorus increased to 74 ± 2% in RCa. While cal
cium addition improves retention of solids and concentrated particulate
phosphorus, this also induces precipitation of PO43- and CO32– as shown
by the lower concentration of PO43- and IC in the effluent of RCa than in
RR (Table C.1, C.2, B.1 and B.2, respectively). In the sludge bed, the
concentration of Psol and PO43- was lower in RCa than in RR (Fig. 4.),
proving the precipitation of phosphorus. Cunha et al. [19] also reported
phosphorus precipitation with calcium addition during treatment of
source-separated black water. Similarly, the effluent contained less
PO43- with calcium addition during black-water treatment and most
inorganic solids accumulated at the bottom of the reactor.
Calcium addition triggered calcium phosphate granulation, as
demonstrated in previous research [19,32,45–47]. For instance, at the

bottom of RCa 63% of the solids were present as particles >0.4
mm diameter (of which 70% were >2.5 mm diameter) while in RR only
8% of the solids were >0.4 mm diameter. The solids >0.4 mm in RCa
were possibly underestimated because the harvesting point clogged
between operation day 165 and 221: the efficient working volume of the
UASB reactor might have been reduced. The size of the reactor and
harvesting valves are decisive to prevent clogging. Clogging is not likely
to happen in a full-scale reactor. A full-scale reactor will possibly have
more calcium phosphate granulation than the bench-scale UASB reactor
of this study. Regarding the phosphorus distribution at the bottom of
RCa, 79% of the phosphorus was in particles >0.4 mm diameter
compared with only 11% at the bottom of RR. Accordingly, 1.19 gP L-1 of
pig manure (58%) could be recovered by sieving the sludge bed from the
9
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harvesting location as calcium phosphate granules (i.e., particles >0.4
mm diameter).
The mechanisms behind the calcium phosphate granulation are
likely aggregation of particles promoted by calcium bridging, calcium
precipitation with PO43- and CO32– and subsequent crystal growth and
maturation in the center of the granules. At the bottom of RCa during
phase 3 and 4, the pH is 6 on average whereas the pH was 8.2 at the
bottom of RR (Table B.6). The pH possibly dropped in RCa because of the
CO32– precipitating with added calcium and the consequent removal of
its buffer capacity. Calcium addition can also lower the pH because
calcium can complex with hydroxide ions, facilitating a release of pro
tons [48]. At a pH of 6 the solubility of calcium phosphates increases and
could reduce precipitation. However, high concentrations of calcium
and phosphorus still can result in calcium phosphate supersaturation
and precipitation [49,50]. The amount of total calcium (including
additional calcium) retained in RCa was 87%. Considering a Ca:P molar
ratio of 1.67 for the formed calcium phosphate precipitate, 65% of the
retained calcium was used for phosphorus precipitation. The other 35%
likely precipitated as calcium carbonate as shown by the XRD mea
surements (Fig.F.3). Although up to 4 gCa L-1 manure were additionally
supplied to RCa, the calcium concentration in the effluent of RCa and RR
was similar. That indicates a large calcium uptake capacity of the sludge
bed, leaving the calcium concentration in the effluent unaffected. In
addition, hydrogenotrophic methanogenesis could support the forma
tion of calcium phosphate by locally increasing the pH, because
hydrogenotrophic methanogens are more resistant to ammonia toxicity
and no H2 was found in the biogas at any point [51]. Precipitation of
calcium phosphate and carbonate and the involvement of calcium were
similarly described in Cunha et al. [19,20,52,53], Yu et al. [54] and
Chen et al. [55] also showing the formation and growth of granules with
high inorganic content. The ash content of granules >2.5 mm diameter
from RCa was 49%, which is higher than the common ash content of
anaerobic granules (15–40% ash [56,57]) and confirms the incorpora
tion of precipitates.

bottom of RCa, by releasing phosphate to solution and triggering Cax(
PO4)y formation.
Yet, the magnesium that was solubilized at the bottom of RCa did not
leave with the effluent. The magnesium retention of RCa was about 6%
higher than in RR because more suspended magnesium was retained.
Similarly, the release of ammonium from struvite dissolution was not
notable in the effluent of RCa compared with RR (5.2 gNH4 L-1effluent at
average pH 8.9 for both reactors). However, the ammonium concen
tration was 10.2 gNH4 L-1sludge bed at average pH 7.5 (Fig.H.1) at the
bottom of RCa, while at the bottom of the sludge bed of RR were only 7.5
gNH4 L-1sludge bed at average pH 7.9. The influent for both reactors
contained 6.0 gNH4 L–1manure at average pH 8.2, which is the same ni
trogen concentration as the effluent when considering the pH. It is not
likely that ammonia made part of the biogas stream. The solubility of
ammonia is considerably higher than the concentration in RCa and the
low gas production provided low stripping forces [61]. The absence of
the released ammonium (from dissolution of struvite and degradation of
N-containing organic matter) and magnesium in the effluent of RCa
suggests a reprecipitation of ammonium and magnesium at the upper
part of the reactor, probably with carbonate as calcium and phosphate
were not in solution at the top of the sludge bed. Magnesium ammonium
carbonate was previously found under similar concentrations [62].
Coprecipitation of magnesium and calcium as CaMg(CO3)2 could also
have occurred [63].
Calcium phosphate granulation and Cax(PO4)y crystallization from
struvite has not been previously reported to the best of our knowledge in
a single unit treating pig manure. For forming Cax(PO4)y during pig
manure treatment, Szogi and Vanotti [64] acidified manure to a pH
between 3 and 5 to solubilize all particulate phosphorus. In a second
process step, the pH was increased through CaOH addition which also
supplies calcium for Cax(PO4)y precipitation. In a third process step,
polymers are added to agglomerate the Cax(PO4)y nuclei and enhance
their size and sedimentation [42]. In RCa, the growth and sedimentation
of Cax(PO4)y particles (calcium phosphate granules) occur in a single
step, facilitating efficient phosphorus recovery and enabling the appli
cation of simple processes based on size or density separation.

4.3. Effect of calcium on phosphorus crystallization
Calcium addition caused the formation of larger particles, containing
more phosphorus and calcium than smaller particles. In RCa, phosphorus
and calcium enriched 2.3 and 2.0 times, respectively, in particles >0.4
mm diameter (4.2 ± 0.8 wt% P and 15.2 ± 2.7 wt% Ca) compared with
particles <0.4 mm diameter (1.8 ± 0.1 wt% P and 7.6 ± 0.2 wt% Ca),
confirming the calcium-induced precipitation and growth of calcium
phosphate [19,54]. However, in RCa, magnesium enriched only 1.2
times in particles >0.4 mm diameter (0.25 ± 0.06 wt% Mg) compared
with particles <0.4 mm diameter (0.20 ± 0.01 wt% Mg). When
comparing RCa with RR, particles from RR (2.5 ± 0.7 wt% Mg) contained
considerably more magnesium than particles from RCa. The low con
centrations of magnesium in RCa indicate the loss of magnesium from the
solid phase, which is in line with the detected Mg2+ in the bulk liquid at
the bottom of RCa . Similarly, Cunha et al. [19] reported an increase in
magnesium leaving the reactor. The addition of calcium created a suf
ficient supersaturation for calcium minerals to dissolve magnesium
minerals that are naturally occurring in pig manure.
Struvite was found in pig manure and in the sludge bed of RR.
Similarly, struvite was previously found in raw and treated pig manure
[58–60]. In particles from the bottom of RCa, struvite crystals were not
found with SEM-EDX nor with TGA analyses, which is in line with the
low residual magnesium concentration (2.6 mgMg gTSS-1) in particles
from the bottom of RCa. In particles from the bottom of RCa, the molar
ratio of Mg:P is significantly lower than in RR (Mg:P 0.09 in RCa and 0.88
in RR), indicating that magnesium phosphate precipitates dissolved.
XRD confirmed the presence of an amorphous phase of calcium phos
phate and the absence of struvite at the bottom of RCa. According to
XRD, the main phosphate phase at the bottom of RR was struvite
(Fig. F.1). Therefore, struvite certainly recrystallized to Cax(PO4)y at the

4.4. Mechanism for agglomeration and growth of Cax(PO4)y
Without calcium addition, struvite is the main phosphoruscontaining mineral in pig manure, as shown in Figs. 7 and 8 for RR,
but the low particle size limits phosphorus extraction and recovery from
the sludge bed [65,66]. In synthetic and controlled solutions, struvite
crystals grow mostly in needle shapes reaching sizes of 30 – 120 µm
[67–69]. The size of struvite crystals barely surpasses 120 µm because of
the crystal’s negative zeta potential and smooth surface [70,71]. Wei
et al. [72,73] and Li et al. [74] show that polymers such as humic sub
stances and extracellular polymeric substances (EPS) commonly found
in wastewater and especially in manure decrease the size of struvite
crystals. The polymers increase the negativity of the zeta potential and
block active growing sites, causing smaller, coffin-shaped crystals as
seen in this study (Figs. 7 and 9, stage 1) and in Wei et al. [72,73] and Li
et al. [74].
Larger crystals appeared when Le Corre et al. [67] added calcium to
the solution. Similarly to the current study, the added calcium caused an
increase in soluble magnesium and decreased the purity of struvite by
precipitating ACP [75]. However, at a total molar ratio up to 0.5 Ca over
Mg (Ca:Mg), struvite crystals could still grow with ACP on their surface.
The spherical-shaped ACP precipitate possibly decreases the surface
smoothness and mitigates the activation energy for crystal growth and
aggregation (Fig. 9, stage 3) [76,77]. In RCa, the growth of struvite was
not observed, but Cax(PO4)y formed at a total molar ratio close to 2.9 Ca:
Mg. Yan and Shih [75] showed that addition of calcium stopped the
growth of struvite at 1 Ca:Mg but enhanced the formation of ACP and
eventually caused the dissolution of struvite at 2 Ca:Mg. Therefore, the
abundance of calcium in RCa certainly led to dissolution of struvite and
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Fig. 9. Scheme of mechanism of calcium phosphate granulation in pig manure. (1) Representation of pig manure and sludge bed of RR (without calcium). (2) Ca2+
addition and consequent saturation of binding sites. (3) Aggregation of polymers and particles including struvite crystals and start of ACP formation on polymers and
recrystallization of struvite. (4) Aggregated growth (merging of aggregates). (5) Agglomeration and cementation of aggregates forming stronger and denser particles
(calcium phosphate granules).

formation of ACP (Fig. 9, stage 4).
Phosphorus release from struvite dissolution promoted the formation
of ACP in RCa. ACP is the first Cax(PO4)y species precipitating before
eventually maturing to HAP [78,79]. Three aspects of the Cax(PO4)y
formation mechanism found in medical research are potentially relevant
to this study:

clusters were previously observed in black water treatment [20]. In
manure, however, the transitioning of ACP to HAP might be hindered by
the high abundance of inhibitors such as organic polymers and
magnesium.
4.5. Recovered phosphorus and its use in agriculture

(1) ACP is known to accumulate on carboxylic groups of body fluids
and simulated body fluids [80]. Body fluids barely occur in
manure however it does contain plenty of polymers with car
boxylic groups. The carboxylic groups of EPS, humic substances
or organic acids could serve as calcium saturated sites to initiate
ACP precipitation and later cluster formation [81].
(2) Researchers found that magnesium ions can lower the solubility
of ACP [82–84]. The Mg2+ found in solution at the bottom of RCa
could have then induced ACP precipitation by lowering its
solubility.
(3) The carboxylic groups and other non-calcium cations such as
magnesium, aluminum and iron can stabilize ACP and elongate
the induction time of transitioning into HAP [85–87].

Considering the pig population and the available arable land for
phosphorus application in the Netherlands, exporting phosphorus orig
inating from pig manure is a necessity [18]. The transportation of
phosphorus as phosphorus-rich sludge or CaP granules is a lot more
economical and environmentally sustainable than as raw pig manure.
The phosphorus is 6.5 times more concentrated in the sludge bed from
the bottom of RCa than in raw pig manure. Thus, transporting sludge bed
from the bottom of RCa reduces transportation by 85% compared to raw
pig manure, considering the phosphorus concentration. Currently, the
transport costs of excessive pig manure are about €20 per m3. The
reduction of transport by adding 2.9 kg of calcium per m3 of pig manure
could enable savings of roughly €14 (Table I.1) per m3 of pig manure
(about €43 K for an average-sized pig farm per year) treated in the UASB
reactor [18,89]. The UASB reactor with calcium addition treating pig
manure enables 1.3 kgP year− 1 pig− 1 to be recovered as Cax(PO4)y.
Cax(PO4)y is similar to the natural resource of phosphorus, suiting cur
rent fertilizer production and agricultural needs better than struvite
[20,90].
Potassium and nitrogen as ammonia left the reactor as aqueous
species in the effluent. Splitting phosphorus from nitrogen and

Thus, ACP formed on EPS and other polymers could continue
growing, aggregating and finally agglomerating, allowing the formation
of a large ACP precipitation cluster before transitioning towards crys
talline HAP (Fig. 9, stage 5). The grown ACP cluster could transform into
HAP through surface nucleation where a gel like layer of ACP turns into
HAP [88] and result in a large, crystalline HAP cluster. Crystalline HAP
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potassium enables the individual application of phosphorus and the
other two major plant nutrients. The three major nutrients are needed
differently by crops. Crops mainly require different amounts and timing
of nitrogen and phosphorus application, which is hard to control when
applying raw manure [91,92]. Raw manure contains all nutrients
together; the state of nutrients varies, as they can be bound in organic
material or be present as minerals or in solution, which affects nutrient
ratios and availabilities. The treatment in the UASB standardized the
form of the nutrients, overcoming one of the major complaints of crop
farmers against fertilization with pig manure. Therefore, treated pig
manure has the potential to be applied inside the Netherlands.
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5. Conclusions
Calcium addition enhanced phosphorus removal from 60% to 74%
and enabled the formation of calcium phosphate granules during
anaerobic treatment of pig manure. Additional calcium induced the
aggregation of particles and increased the phosphorus in particles >0.4
mm from 11% to 79%. In the aggregated particles, struvite dissolved,
and the released phosphate precipitated with calcium as ACP. Calcium
phosphate granules are simple to recover by size separation and enable
efficient phosphorus recovery from pig manure. The six times higher
phosphorus concentration in calcium phosphate granules compared
with raw pig manure could allow phosphorus to be redistributed with
85% less transport. The process proposed in this study has the potential
to provide economical relief to farmers, reduce emissions during manure
management and enhance nutrient, especially phosphorus, circularity.
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