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Introduction

Phosphorus is one of the main constituents of fertilizers used in 
agriculture despite the environmental problems arising from its presen-
ce at high concentrations. Most of the used phosphorus comes from na-
tural deposits found in phosphate rock mines. However, these deposits 
are located only in some regions of the planet. The demand for phospha-
te fertilizers in Brazil has increased significantly and currently, around 
60% of the used inorganic P is imported due to the large increase in 
agricultural areas in recent decades (Associação Nacional para Difusão 
de Adubos, 2018).

Direct digestate application to the soil can be performed to take 
advantage of the fertilizer potential of this fraction, which is rich in ni-
trogen, phosphorus, and potassium. Bachmann et al. (2016) compared 
the use of digestate with untreated effluent and commercial fertilizer 
and found a higher P absorption by plants (corn, amaranth, and sor-
ghum) from the digestate than from other fertilizers. However, the cost 
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involved with transporting the digestate to the farm makes its direct use 
difficult. Thus, the conversion of this nutrient into a solid form followed 
by separation from the digestate can be advantageous because it signifi-
cantly reduces the volume to be transported. In this sense, phosphorus 
removal from the digestate for later use as a fertilizer, called second-ge-
neration fertilizer, is a sustainable solution (Withers et al., 2018).

The phosphorus removal processes can be classified into chemical, 
physical, and biological. The removed phosphorus is converted into a 
solid fraction in almost all processes, and the purity in P content depends 
on the process and the treated effluent composition.

The main processes used to remove phosphorus from digestate 
are summarized in Table 1, which compares their main characteristics.

Table 1. Comparison of the main processes used to remove phosphorus from digestate.

Treatment

Optimal 

pH

Advantages Disadvantages

Crystallization

Quicklime > 9.0

• Relatively cheap
• Allows P recovery for use as 

fertilizer or in industry
• Allows inactivation of patho-

gens (Viancelli et al., 2015)

• Requires high pH
• Additional neutralization 

step may be required
• Relatively high generated 

sludge volume

Struvite 7.5 – 9.0
• Simultaneous removal of N 

and P
• Mg addition is usually 

required

Fe > 7.0
• Relatively cheap
• Effective in P precipitation

• Precipitate unsuitable for 
use as a fertilizer

Al > 6.3

• Effective in P precipitation
• Biological process can be as-

sociated with Al precipitation 
at pH 6

• Expensive process
• Precipitate unsuitable for 

use as a fertilizer

Physical processes

• Good P removal efficiency
• Use as little studied fertilizer
• Expensive process

EBPR

Enhanced 

Biological 

Phosphorus 

Removal

• Used associated with crystalli-
zation processes (struvite and 
quicklime)

• Sustainable process
• Requires little or no addition 

of chemicals

• Requires higher control of 
operating conditions com-
pared to other processes

• Complexity of facilities
• Requires more physical 

space
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Chemical processes are most suitable for phosphorus removal and 
recovery from the digestate due to their low cost, ease of setup and ope-
ration, and high efficiency (Peng et al., 2018). The most used consist of 
precipitation processes in the form of calcium phosphate and struvite. 
Some precipitation processes use iron and aluminum salts (Raptopou-
lou et al., 2016). Biological processes, also known as EBPR (Enhanced 
Biological Phosphorus Removal), are the most suitable for phosphorus 
recovery from the point of view of process sustainability, although the 
higher complexity and operational difficulties make their use difficult 
(Enhanced…, 2005). In general, physical processes present a good phos-
phorus removal efficiency although process costs are usually high.

Phosphorus removal by chemical processes

Most of the phosphorus present in the digestate is in the chemical 
form of soluble orthophosphate. Orthophosphates form insoluble com-
pounds with metals such as calcium, magnesium, iron, and aluminum, 
allowing crystallization reactions to occur in water. These crystallization 
reactions are pH-dependent, as shown in Figure 1 (Stumm and Morgan, 
1996). Thus, the pH adjustment of the process is essential to obtain hi-
gher P removal efficiencies.

Source: Stumm and Morgan (1996).

Figura 1. Diagram of the solubility of Fe, Al, and Ca phosphates as a function of pH. 
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The main crystallization processes used to remove phosphorus 
from digestate consist of the reaction with calcium at alkaline pH and 
formation of struvite, according to the following reactions:

𝟓𝟓𝟓𝟓𝟓𝟓𝟐𝟐+ + 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟒𝟒𝟐𝟐−𝟑𝟑𝟑𝟑− → 𝟓𝟓𝟓𝟓𝟓𝟓(𝟑𝟑𝟑𝟑𝟒𝟒)𝟑𝟑𝟑𝟑𝟑𝟑         Equation 1

𝑪𝑪𝑪𝑪𝟐𝟐+ + 𝑯𝑯𝑯𝑯𝑯𝑯𝟒𝟒𝟐𝟐− → 𝑪𝑪𝑪𝑪𝑯𝑯𝑯𝑯𝑯𝑯𝟒𝟒 
        Equation 2

𝟑𝟑𝑪𝑪𝑪𝑪𝟐𝟐+ + 𝟐𝟐𝑷𝑷𝑷𝑷𝟒𝟒𝟑𝟑− → 𝑪𝑪𝑪𝑪𝟑𝟑(𝑷𝑷𝑷𝑷𝟒𝟒)𝟐𝟐         Equation 3

𝑴𝑴𝑴𝑴𝟐𝟐+ + 𝑯𝑯𝒏𝒏𝑷𝑷𝑷𝑷𝟒𝟒𝒏𝒏−𝟑𝟑 + 𝑵𝑵𝑯𝑯𝟒𝟒+ + 𝟔𝟔𝑯𝑯𝟐𝟐𝑷𝑷 → 𝑴𝑴𝑴𝑴𝑵𝑵𝑯𝑯𝟒𝟒𝑷𝑷𝑷𝑷𝟒𝟒. 𝟔𝟔𝑯𝑯𝟐𝟐𝑷𝑷 + 𝒏𝒏𝑯𝑯+ 
     

Equation 4

Where:
n = 1, 2, 3, etc. corresponds to the solution pH

Phosphorus removal through precipitation with Ca

Phosphorus removal with calcium compounds is a relatively low-
cost process that can be implemented without much difficulty using 
slaked lime as a calcium supply. In addition, the sludge generated has 
potential use as a fertilizer (Melia et al., 2017). In addition to removing 
P, the use of slaked lime also works to clarify the effluent if it has parti-
culate material capable of coagulation/flocculation.

The treatment with slaked lime consists of adding a volume of 
Ca(OH)2 solution necessary for P (orthophosphates) precipitation. Ac-
cording to Fernandes et al. (2012), the phosphorus removal efficiency is 
higher than 90% with the addition of Ca(OH)2 solution up to pH 8.5 and 
higher than 96% at pH 9. In this study, the treatment with slaked lime 
was applied to the effluent that underwent an anaerobic digestion pro-
cess in a UASB reactor, followed by treatment in a nitrification reactor. 
The treatment with the addition of slaked lime is advantageous, as it 
allows satisfactory phosphorus removal, and the pH of the final effluent 
does not need to be adjusted. This effluent has characteristics that enable 
its use for cleaning of facilities and irrigation (reuse water), for example.
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Another advantage of using precipitation with slaked lime for 
phosphorus removal is the inactivation of pathogens, which occurs due 
to an increase in pH. This effect was demonstrated by Viancelli et al 
(2015), who observed total inactivation of E. coli, Salmonella, and P. circo-

virus type 2 at pH 10.

Factors that interfere with the phosphorus removal process 

with slaked lime

Considering that P is in the form of orthophosphate and accor-
ding to the reaction below:

𝟑𝟑𝟑𝟑𝟑𝟑(𝑶𝑶𝑶𝑶)𝟐𝟐 + 𝟐𝟐𝑷𝑷𝑶𝑶𝟒𝟒𝟑𝟑− → 𝟑𝟑𝟑𝟑𝟑𝟑(𝑷𝑷𝑶𝑶𝟒𝟒)𝟐𝟐(𝒔𝒔) + 𝟔𝟔(𝑶𝑶𝑶𝑶)− 
       Equation 5

Three moles of Ca2+ are required for two moles of PO4
3−, 

that is, a Ca/P ratio of 1.5. The reaction of Ca with PO4
3− can lead 

to the formation of several compounds, including hydroxyapati-
te [Ca10(PO4)6(OH)2], tricalcium phosphate [Ca3(PO4)2], octacalcium 
phosphate [Ca8(HPO4)2(PO4)4.5H2O], dicalcium phosphate [CaHPO4], 
and calcium hydrogen phosphate dihydrate [CaHPO4.2H2O], in increa-
sing order of solubility. In addition to the formation of these compounds 
with a crystalline structure, an amorphous compound known as amor-
phous calcium phosphate, with an approximate formula of Ca3(PO4)2.
xH2O, similar to tricalcium phosphate, can be formed. The Ca/P molar 
ratio ranges from 1.3 to 2 for all these compounds. However, the diges-
tate usually has high alkalinity mainly due to carbonate and bicarbonate 
ions. These ions also react with Ca2+, as shown in the following reac-
tions, causing a higher consumption of slaked lime than calculated by 
the Ca/P molar ratio:

𝑪𝑪𝑪𝑪𝟑𝟑𝟐𝟐− + 𝑪𝑪𝑪𝑪(𝑪𝑪𝑶𝑶)𝟐𝟐 → 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟑𝟑 + 𝟐𝟐(𝐎𝐎𝐎𝐎)− 
       Equation 6

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟑𝟑− + 𝑪𝑪𝑪𝑪(𝑪𝑪𝑪𝑪)𝟐𝟐 → 𝟐𝟐𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟑𝟑 + 𝟐𝟐𝑪𝑪𝟐𝟐𝑪𝑪 
       Equation 7
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The solubility product constant (ksp) of the CaCO3 precipitation 
reaction (ksp = 3.36 x 10−9) is higher than the ksp of the Ca3(PO4)2 pre-
cipitation reaction (ksp = 2.07 x 10−33), that is, under this aspect, it could 
be assumed that the carbonate ion precipitation would only occur after 
the total precipitation of PO4

3−. However, it is known that the reaction 
between Ca(OH)2 and bicarbonate is complete above pH 9.5 while the 
reaction between Ca(OH)2 and PO4

3− starts above pH 7 and is very slow 
below pH 9. Therefore, the precipitation of carbonate and bicarbonate 
ions occurs concomitantly since the addition of quicklime up to a pH hi-
gher than 9 is necessary for treatments that use slaked lime to remove P.

The presence of ammonia, which also occurs in the digestate, is 
another factor that causes an increase in Ca(OH)2 consumption. NH4+ 
ions react with Ca(OH)2 according to the reaction:

𝑪𝑪𝑪𝑪(𝑶𝑶𝑶𝑶)𝟐𝟐 + 𝟐𝟐𝟐𝟐𝑶𝑶𝟒𝟒
+ → 𝟐𝟐𝟐𝟐𝑶𝑶𝟑𝟑 + 𝑪𝑪𝑪𝑪𝟐𝟐+ + 𝟐𝟐𝑶𝑶𝟐𝟐𝑶𝑶 

       Equation 8

Thus, a larger amount of quicklime is needed to raise the pH until 
the complete precipitation reaction of orthophosphates (Szogi; Vanotti, 
2009).

Furthermore, a high carbon concentration in the digestate causes 
co-precipitation of part of the organic matter, reducing the purity of 
sludge and, consequently, its added value for reuse as fertilizer or other 
products.

Considering the interferences of alkalinity, ammonia, and organic 
matter, the process of removing phosphorus from the digestate using 
precipitation with slaked lime must be implemented after an ammonia-
cal nitrogen removal process, especially if the alkalinity consumption 
also occurs in this process (Vanotti et al., 2003).

Phosphorus removal through struvite formation

Phosphorus precipitation in the form of struvite occurs when 
concentrations of the chemical species Mg2+, NH4+, and PO4

3− exist in 
a 1:1:1 molar ratio and exceed the solubility product constant, respecti-
vely (Peng et al., 2018). Struvite crystallization has a low impurity con-
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tent, which is important for phosphorus recovery and reuse (Zhou et al., 
2015). This process occurs when the PO4

3− concentration is between 100 
mg.L−1 and 200 mg.L−1 and pH above 7.5. As can be observed, simulta-
neous phosphorus and ammonia removal occur in this case, which may 
be advantageous for some types of effluents.

𝑴𝑴𝑴𝑴𝟐𝟐+ + 𝑵𝑵𝑵𝑵𝟒𝟒
+ + 𝑷𝑷𝑷𝑷𝟒𝟒

𝟑𝟑− + 𝟔𝟔𝑵𝑵𝟐𝟐𝑷𝑷 → 𝑴𝑴𝑴𝑴𝑵𝑵𝑵𝑵𝟒𝟒𝑷𝑷𝑷𝑷𝟒𝟒.𝑵𝑵𝟐𝟐𝑷𝑷(𝒔𝒔) 

Equation 9

The Mg2+ concentration in most effluents is lower than necessary 
for struvite crystallization and, therefore, its addition is necessary, which 
is normally carried out by adding magnesium chloride.

Struvite can also precipitate undesirably in the lines that transport 
the digestate, which can lead to their obstruction, as shown in Figure 12 
of Chapter III. To prevent this from happening, it is not recommended 
that the effluent remain stationary in the transport line. Washing it in 
an acidic medium (e.g., muriatic acid) will contribute to its solubilization 
and subsequent unblocking.

Phosphorus removal through crystallization with Fe 

and Al ions

Fe3+ and Al3+ ions react with phosphate to form FePO4 and AlPO4, 
as shown in the following equation:

𝑿𝑿𝟑𝟑+ + 𝑯𝑯𝒏𝒏𝑷𝑷𝑷𝑷𝟒𝟒𝟑𝟑− → 𝑿𝑿𝑷𝑷𝑷𝑷𝟒𝟒(𝒔𝒔) + 𝒏𝒏𝑯𝑯+ 
       Equation 10

Where:
X = Al3+ or Fe3+

Iron and aluminum compounds are widely used in wastewater 
treatment due to their properties as flocculants for particulate material 
removal by coagulation/flocculation. Regarding phosphates, the phase 
separation after the precipitation reaction is performed after floccula-
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tion and sedimentation. The phosphorus removal efficiency obtained 
with the use of Fe or Al is considered high. Usually, iron or aluminum 
sulfate or chloride are used. Another advantage of using Fe and Al in 
phosphorus removal is the wide application range since precipitation 
occurs at any phosphorus concentration range, different from what oc-
curs in the struvite formation process.

Fe3+ has been used due to its lower cost. The ideal pH for the use 
of Fe3+ ions is above 7. The colloidal characteristic of FePO4 requires 
an excess of Fe3+ for the colloidal precipitate formation which, in turn, 
will aggregate other FePO4 colloids and adsorb other chemical P species 
(Loehr et al., 1973).

Satisfactory results have been reported up to pH 7.5 when using 
Al3+ although the ideal pH for the AlPO4 formation reaction is around 
6.3, which in many cases avoids the need to adjust the pH of the digestate 
before the treatment.

The main disadvantage of phosphorus precipitation with Fe or Al 
is related to the possibility of phosphorus reuse. The formed compounds 
are not suitable for use as a fertilizer, as they prevent the solubilization 
of phosphorus in the soil, making it unavailable to plants. The use of 
tannin, a natural polymer, as a coagulation aid, can increase the sedi-
mentation rate of precipitates and also enable the reuse of the generated 
sludge as fertilizer (Zhou et al., 2008).

Types of reactors used in chemical phosphorus remo-

val processes

The crystallization reactions of orthophosphate with metal ions 
occur quickly and hence fast-mix, continuous, or batch reactors, equi-
pped with a stirring system, are normally used.

The mixing time is greatly reduced depending on the reaction 
speed, but a complete homogenization needs to be ensured. Therefore, 
a hydraulic retention time of one minute is sufficient for the mixture 
between the effluent to be treated and the Ca(OH)2 solution to be carried 
out.



Chapter VII - Digestate treatment:phosphorus removal 193

The added reagent volume for crystallization with slaked lime can 
be determined by controlling the pH (Fernandes et al., 2012; Vanotti et 
al., 2009), that is, crystallization will occur keeping the pH above 9 and, 
consequently, precipitation.

Although pH is the main control parameter, Suzin (2016) de-
monstrated that the use of 7.3 mL.L−1 of a 10% (m/v) Ca(OH)2 solution 
in effluent from a nitrifying reactor with alkalinity below 300 mg.L−1 of 
CaCO2 allowed maintaining phosphorus removal above 90%. Therefore, 
the injection of 8 mL of solution per liter of effluent to be treated can be 
safely indicated for effluents with low alkalinity and ammonia.

The separation of phases (sludge and supernatant) can be conduc-
ted in a slow mixing unit or even a settler, which can be installed after 
the fast mixing unit, as shown in Figure 2. Studies have shown that three 
hours of hydraulic retention time at this stage are enough for phospho-
rus precipitation and elimination of several pathogens that may be pre-
sent in the effluent (Viancelli et al., 2015; Suzin, 2016).

 

Source: Adapted from Suzin (2016).

Figure 2. Representation of a phosphorus removal system. 1 and 4: mechanical stirrer; 
2: tank for preparation of Ca(OH)2 solution; 3: Ca(OH)2 metering pump; 5: pH con-
troller; 6: quick mixing unit; 7: settler; 8: reuse water reservoir; 9: sludge drying bed.
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Case study: dimensioning of a phosphorus removal system by 

chemical precipitation

A covered lagoon digester (CLD) is fed with a flow of 220 m3.d−1 
and 8 m3.sludge.d−1 is discarded. The digestate is treated by the nitri-
fication/denitrification process, from which 6 m3.sludge.d−1 is discar-
ded. The effluent from the nitrogen removal process should be sent to a 
phosphorus removal system by chemical precipitation through the cal-
cium hydroxide (Ca(OH)2 addition. Considering that the CLD has a total 
phosphorus removal efficiency of 86% and nitrification/denitrification 
has a phosphorus removal efficiency of 75%, dimension a phosphorus 
removal system as shown in Figure 3. Assume that the total phospho-
rus concentration in the CLD feed is 1.33 g.L−1 and the alkalinity and 
ammoniacal nitrogen concentrations at the outlet of the nitrification/
denitrification system are negligible. Calculate the demand for Ca(OH)2 

(assuming 90% purity) in kg.d−1 so that the phosphorus removal efficien-
cy is 90% in the phosphorus removal module.

Initially, the concentration of total phosphorus (P) at the outlet 
of the nitrification/denitrification system needs to be determined. The-
refore, the phosphorus concentration at the digester outlet is estimated 
considering that 86% of the P is naturally transferred to the CLD sludge.

  [[PP]]oouuttlleett ddiigg =  [[PP]]iinnlleett ddiigg − ([[PP]]iinnlleett ddiigg . EEffPP  rreemmoovvaall ddiigg)    

[P]outlet-dig = 1.33 g
L − (1.33 g

L . 0.86) 

[P]outlet-dig = 0.186 g
L = 0.186 kg

m³
 

 

Equation 11

Considering that the total phosphorus concentration at the diges-
ter outlet is equal to the concentration on the inlet of the nitrification/
denitrification system.
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[[PP]]oouuttlleett ddiigg =  [[PP]]iinnlleett nniitt ddeenniitt           

[P]inlet-nit-denit = 0.186 kg
m³ 

 

        Equation 12

The concentration at the outlet of the nitrification/denitrification 
system is calculated considering a total phosphorus removal efficiency of 
75% in the nitrification/denitrification system.

[[PP]]oouuttlleett nniitt ddeenniitt = [[PP]]iinnlleett nniitt ddeenniitt − ([[PP]]iinnlleett nniitt ddeenniitt . EEffPP  rreemmoovvaall nniitt ddeenniitt)  
        

Equation 13

[P]outlet-nit-denit =  0.186 kg
m³ − (0.186 kg

m³ . 0.75)

[P]outlet-nit-denit =  0.0466 kg
m³ . 1000

[P]outlet-nit-denit =  46.6 mg
L

 

The final concentration of total phosphorus can be estimated from 
the total phosphorus concentration at the outlet of the nitrification/de-
nitrification system, based on the phosphorus removal efficiency of the 
removal system of 90%.

[P]final =  46. 6 mg
L − (46.6 mg

L . 0.90) 

[P]final =  4.66 mg
L  

 
The calculation of the quick mixing unit and settler volumes is 

carried out by the outflow of the nitrification/denitrification system 
and HRT of one minute for the quick mixing unit and six hours for the 
settler. For this, the outflow of the nitrification/denitrification system 
needs to be known.
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QQoouuttlleett--ddiigg  ==  QQiinnlleett--ddiigg  −   QQsslluuddggee  ddiissppoossaall--ddiigg 
        Equation 14

Qoutlet-dig = 220 m3

d −  8 m3

d

Qoutlet-dig = 212 m3

d
 Qinlet-nit-denit = Qoutlet-dig

 Qoutlet-nit-denit = Qinlet-nit-denit  −  Qsludge disposal nit-denit

 Qoutlet-nit-denit = 212 m3

d −  6 m3

d

 Qoutlet-nit-denit = 206 m3

d
 Qoutlet-nit-denit =  Qinlet-P removal

 
QQuuiicckk  mmiixxiinngg  uunniitt  vvoolluummee  ((mm33))  ==    QQiinnlleett--PP  rreemmoovvaall . HHRRTT𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒𝒒 𝒎𝒎𝒒𝒒𝒎𝒎𝒒𝒒𝒎𝒎𝒎𝒎        

Equation 15

Quick mixing unit volume (m3) = 206 m3

d  . 1 min

Quick mixing unit volume (m3) = 206 m3

d  . min . 1 d
1440 min . 1000 L

m³
Quick mixing unit volume (m3) = 143 L

 
SSeettttlleerr  vvoolluummee  ((mm33))  ==    QQiinnlleett--PP  rreemmoovvaall . HHRRTTsseettttlleerr 

Equation 16

Settler volume (m3) = 206 m3

d  . 6 h . 1 d
24 h

Settler volume (m3) = 51.5 m³
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The dosage of slaked lime is a function of the stoichiometry of the 
reaction between Ca2+ and PO4

3− ions to form Ca3(PO4)2. Thus, 3 moles 
of Ca2+ are required to precipitate 2 moles of PO4

3−. Thus, 3 moles of 
Ca(OH)2 = 222 g and 2 moles of P = 62 g, considering the atomic masses 
of these chemical species and that we are working with P concentration 
and not with the orthophosphate ion. The Ca(OH)2 dosage at 10% (m/v) 
(equivalent to 100 g.L−1) can be calculated:

𝑪𝑪𝑪𝑪(𝑶𝑶𝑶𝑶)𝟐𝟐 𝒅𝒅𝒅𝒅𝒅𝒅𝑪𝑪𝒅𝒅𝒅𝒅 ( 𝑳𝑳
𝒎𝒎𝟑𝟑) =   (

𝒎𝒎𝑪𝑪𝒅𝒅𝒅𝒅 𝟑𝟑 𝒎𝒎𝒅𝒅𝒎𝒎𝒅𝒅𝒅𝒅𝑪𝑪𝑪𝑪(𝑶𝑶𝑶𝑶)𝟐𝟐.  [𝑷𝑷𝒅𝒅𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒅𝒅𝒆𝒆𝒆𝒆]
𝒎𝒎𝑪𝑪𝒅𝒅𝒅𝒅 𝟐𝟐 𝒎𝒎𝒅𝒅𝒎𝒎𝒅𝒅𝒅𝒅𝑷𝑷

  

𝟏𝟏𝟏𝟏𝟏𝟏 𝒅𝒅
𝑳𝑳

) . 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 𝑳𝑳 

Equation 17

Ca(OH)2 dosage ( L
m3) =   (

222 g.  0.0466 g
62 g   

100 g
L

) . 1000 L

Ca(OH)2 dosage ( L
m3) =   1.7 L

m3 

The quicklime dosage allows calculating the daily requirement for 
Ca(OH)2, considering the Ca(OH)2 purity of 90%.

DDaaiillyy  CCaa((OOHH))22  rreeqquuiirreemmeenntt ((kkgg
dd ))   ==    QQiinnlleett--PP  rreemmoovvaall  ..  [[ssoolluuttiioonn]]  ..  ddoossaaggee

ppuurriittyy  

Equation 18

Daily Ca(OH)2 requirement (kg
d )  = 

206 m3

d  . 10% . 1.7 L
m3

0.9

Daily Ca(OH)2 requirement (kg
d )  = 

206 m3

d  . 100 kg
m³  . 1.7 L

m³  . m³
1000 L

0.9

Daily Ca(OH)2 requirement (kg
d )  = 38.91 kg

d  
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Phosphorus removal by physical processes

Some physical processes have been studied for phosphorus remo-
val. The main ones consist of the use of membranes (Bolzonella et al., 
2018), electrodialysis, and adsorption processes (Kunaschk et al., 2015). 
However, their high costs still limit the full-scale application despite the 
good efficiency in phosphorus removal.

Phosphorus capture and recovery with biochar have also been 
studied (Shepherd et al., 2017). In this case, phosphorus adsorption oc-
curs through the interaction with Fe or Mg. There is the possibility of 
reusing the adsorbed material, but no information on the phosphorus 
bioavailability can be found in the literature.

Bolzonella et al. (2018) compared different nutrient recovery sys-
tems (P and N) used on a commercial scale in northern Italy. These sys-
tems combine physical and chemical processes: drying followed by acid 
recovery, stripping followed by acidic recovery, and membrane separa-
tion. The authors observed that the use of membranes allowed obtaining 
a high purity liquid effluent (reuse water) although it is the treatment 
with the highest cost among those studied. The digestate in the treat-
ment with membranes and stripping initially undergoes a centrifugation 
process and most of the phosphorus remains in the solid fraction at this 
stage. The solid residue undergoes an acid treatment to recover nitrogen 
in the form of ammonium sulfate in the drying and stripping processes. 
Moreover, the digestate is subjected to a water evaporation process at 
drying.

Phosphorus removal by biological processes

Biological phosphorus removal is performed by microorganisms 
or some types of aquatic plants. The process known as EBP has been 
used to recover phosphorus, mainly in sanitary sewage effluents. This 
process consists of the intracellular bioaccumulation of polyphosphates 
by phosphate-accumulating organisms (assimilation and disassimilation 
processes) under aerobic and anaerobic conditions. In the anaerobic 
phase, bacteria assimilate volatile fatty acids, which are stored as polyhy-
droxyalkanoates and then metabolized in the aerobic phase to provide 
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the energy needed for the phosphate accumulation process. In addition 
to bacteria, microalgae have also been investigated for their phospha-
te assimilation capacity (Melia et al., 2017). The EBPR process has also 
been used to concentrate phosphorus in the sludge for further chemical 
treatment for struvite crystallization, in the case of effluents with lower 
phosphorus concentrations. P concentration must be between 100 and 
200 mg.L−1 for struvite crystallization.

Phosphate-accumulating microorganisms are heterotrophic and, 
therefore, a sufficient amount of bioavailable carbon is required for the 
operational success of a treatment system that uses the EBPR process. 
The availability of an electron acceptor, which can be nitrate or oxygen, 
is another determining factor for the process. Furthermore, the presen-
ce of cations, such as magnesium and potassium, is also important to 
facilitate phosphate assimilation and disassimilation by microorganisms. 
Phosphorus is released together with cations of magnesium and potas-
sium in the anaerobic phase, while the assimilation of these chemical 
species occurs in the aerobic phase

Referências

ASSOCIAÇÃO NACIONAL PARA DIFUSÃO DE ADUBOS. Estatísticas. macroin-
dicadores. São Paulo, SP, 2018.  Disponível em: http://anda.org.br/wp-content/uplo-
ads/2018/10/Principais_Indicadores_2018.pdf. Acesso em: 20 fev. 2019.

BACHMANN, S.; UPTMOOR, R.; EICHLER-LÖBERMANN, B. Phosphorus dis-
tribution and availability in untreated and mechanically separated biogas digestates. 
Scientia Agricola, v. 73, n. 1, p. 9–17, 2016. DOI: 10.1590/0103-9016-2015-0069.

BOLZONELLA, D., FATONE, F., GOTTARDO, M., FRISON, N., 2017. Nutrients 
recovery from anaerobic digestate of agro-waste: Techno-economic assessment of full 
scale applications. Journal of Environmental Management, v. 216, p. 111–119, 
jun. 2018. DOI: 10.1016/j.jenvman.2017.08.026.

ENHANCED biological phosphorus removal. In: WATER ENVIRONMENT FE-
DERATION. Biological nutrient removal (bnr) operation in wastewater tre-

atment plants. New York: Mc Graw Hill, 2005. (WEF Manual of Practice, 30) p. 

105–157.



Fundamentals of anaerobic digestion, biogas purification, use and treatment of digestate200

FERNANDES, G. W.; KUNZ, A.; STEINMETZ, R. L. R.; SZOGI, A.; VANOTTI, M.; 
FLORES, E. A. de; DRESSLER, V. L. Chemical phosphorus removal: a clean strategy 
for piggery wastewater management in Brazil. Environmental Technology, v. 33, n. 
14, p. 1-7, 2012. DOI: 10.1080/09593330.2011.642896.

KUNASCHK, M., SCHMALZ, V., DIETRICH, N., DITTMAR, T., WORCH, E., 2015. 
Novel regeneration method for phosphate loaded granular ferric (hydr)oxide - A con-
tribution to phosphorus recycling. Water Research. https://doi.org/10.1016/j.wa-
tres.2015.01.001.

LOEHR, R. C.; PRAKASAM, T. B. S.; SRINATH, E. G.; YOO, Y. D. 1973. Develop-

ment and demonstration nutriet removal from animal wastes. Whashington, 
DC: Environmental Protection Agency, 1973.

MELIA, P. M.; CUNDY, A. B.; SOHI, S. P.; HOODA, P. S.; BUSQUETS, R. Trends in 
the recovery of phosphorus in bioavailable forms from wastewater. Chemosphere, v. 
186, p. 381–395, 2017. DOI: 10.1016/j.chemosphere.2017.07.089

PENG, L.; DAI, H.; WU, Y.; PENG, Y.; LU, X. A comprehensive review of phospho-
rus recovery from wastewater by crystallization processes. Chemosphere, v. 197, p. 
768–781, 2018. DOI: 10.1016/j.chemosphere.2018.01.098.

RAPTOPOULOU, C.; KALAITZIDOU, K.; TOLKOU, A.; PALASANTZA, P. A.; 
MITRAKAS, M.; ZOUBOULIS, A. Phosphate removal from effluent of secondary 
wastewater treatment: characterization of recovered precipitates and potential re-use 
as fertilizer. Waste and Biomass Valorization, v. 7, n. 4, p. 851,860, 2016. DOI: 
10.1007/s12649-016-9516-2.

SHEPHERD, J. G.; JOSEPH, S.; SOHI, S. P.; HEAL, K. V. Biochar and enhanced phos-
phate capture: mapping mechanisms to functional properties. Chemosphere, v. 179, 
p. 57–74, 2017. DOI: 10.1016/j.chemosphere.2017.02.123.

STUMM, W.; MORGAN, J. J. Aquatic chemistry: chemical equilibria and rates in na-
tural waters, 3rd ed. [s.l.]: Wiley Interscience, 1996.

SUZIN, L. Remoção química de fósforo de efluente suinícola: implicações da 

qualidade do efluente sobre a eficiência do processo. 2016. 51 f. Dissertação (Mes-
trado - Programa de Pós-Graduação em Engenharia Agrícola) - Universidade Estadual 

do Oeste do Paraná, Cascavel, 2016.



Chapter VII - Digestate treatment:phosphorus removal 201

SZOGI, A. A.; VANOTTI, M. B. Removal of phosphorus from livestock effluents. 

Journal of Environmental Quality, v. 38, p. 576–586, 2009. DOI: 10.2134/

jeq2007.0641.

VANOTTI, M. B.; SZOGI, A. A.; HUNT, P. G. Extraction of soluble phosphorus from 

swine wastewater. Transactions of ASAE, v. 46, p. 1665–1674, 2003.

VANOTTI, M. B.; SZOGI, A. A.; MILLNER, P. D.; LOUGHRIN, J. H. Development 

of a second-generation environmentally superior technology for treatment of swine 

manure in the USA. Bioresource Technology. v. 100, p. 5406–5416, 2009. DOI: 

10.1016/j.biortech.2009.02.019.

VIANCELLI, A.; KUNZ, A.; FONGARO, G.; KICH, J. D.; BARARDI, C. R. M.; SU-

ZIN, L. Pathogen inactivation and the chemical removal of phosphorus from swine 

wastewater. Water, Air and Soil Pollution, v. 226, p. 263-271, 2015. DOI: 10.1007/

s11270-015-2476-5.

WITHERS, P. J. A.; RODRIGUES, M.; SOLTANGHEISI, A.; CARVALHO, T. S. de; 

GUILHERME, L. R. G.; BENITES, V. D. M.; GATIBONI, L. C.; DE SOUSA, D. M. G.; 

NUNES, R. D. S.; ROSOLEM, C. A.; ANDREOTE, F. D.; OLIVEIRA, A. DE; COU-

TINHO, E. L. M.; PAVINATO, P. S. Transitions to sustainable management of phos-

phorus in brazilian agriculture. Scientific Reports, v. 8, p. 1–13, 2018. DOI: 10.1038/

s41598-018-20887-z.

ZHOU, Y.; XING, X. H.; LIU, Z.; CUI, L.; YU, A.; FENG, Q.; YANG, H. Enhanced coa-

gulation of ferric chloride aided by tannic acid for phosphorus removal from wastewa-

ter. Chemosphere, v. 72, p. 290–298, 2018. DOI: 10.1016/j.chemosphere.2008.02.028.

ZHOU, Z.; HU, D.; REN, W.; ZHAO, Y.; JIANG, L. M.; WANG, L. Effect of humic 

substances on phosphorus removal by struvite precipitation. Chemosphere, v. 141, p. 

94–99, 2015. DOI: 10.1016/j.chemosphere.2015.06.089.


