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Abstract
Nowadays, phosphorus natural reserves are being depleted, while P fertilizers demand is increasing. Phosphorus is well 
contained in waste materials such as sewage sludge. Only a small amount (1–3%) of the soil total phosphorus is bioavailable 
for plant nutrition. More in detail, the present study focuses on the determination of the kinetics of bioavailable phosphorus 
concentrations in a sandy calcareous soil after the application of sewage sludge. A centrifuged (C) and dried (D) anaerobic 
digestate from sewage sludges obtained from the same wastewater treatment plan were separately tested to fertilize a calcare-
ous sandy soil. Falcon tubes (50 mL) containing negative control (T) and soil treated with C and D were incubated from 1 
to 90 days. Soil phosphorus fractionation was performed with the SMT method and bioavailable-P was extracted through 
the Olsen method. Phosphorus was spectrophotometrically quantified by the molybdovanadate method. Lastly, kinetics 
of bioavailable-P on soils were evaluated using four kinetic models. Phosphorus fractions were constant throughout the 
experiment. Conversely, the bioavailable-P significantly decreased from day 1 to day 90 in C treatment (from 34.9 ± 2.9 to 
23.8 ± 1.5 ppm) and T treatment (from 4.2 ± 1.2 to 0.3 ± 0.6 ppm). This decrease might be due to the precipitation of P with 
calcium; in fact, high concentration of  Ca2+ ions and the alkaline soil pH can induce the sequential formation of calcium 
phosphates, even less soluble over time. Whereas D treatment showed a peak of bioavailable-P concentration on day 14 
(26.6 ± 3.0). This trend could be due to organic carbon compounds, competitive sorption and metal bridging. The fitting 
of experimental data revealed that the Elovich model best described the adsorptive-precipitate process of bioavailable-P in 
T (r2 = 0.90) and C (r2 = 0.93). Conversely, none of the models satisfactorily described the behavior of bioavailable-P in D 
samples. This study increases the knowledge on P-related phenomena for designing and optimizing fertilizers and reducing 
their drawbacks such as eutrophication.

Keywords Sewage sludge anaerobically digested · Calcareous soil · Bioavailable phosphorus · Elovich equation · SMT

1 Introduction

Phosphorus (P) is fundamental in plant nutrition and, in 
general, in many vital life processes [1]. Nowadays, phos-
phorus reserves are being depleted [2], while P fertiliz-
ers demand increases [3]. Furthermore, the phosphorus 
used in fertilizers is mainly derived from non-renewable 

resources (such as phosphate rocks) [4, 5] with heavy envi-
ronmental costs of extraction [6]. Also, it is well contained 
in renewable resources such as sewage sludge anaerobi-
cally digested (SSAD). To better explore this feedstock 
as a phosphorus source, this paper will explain how and 
how much of the phosphorus contained in SSADs can 
effectively increase phosphorus availability in soils. Other 
studies have already demonstrated that an increase in soil 
P could happen with SSAD addition [7]. In the present 
study, the experiment focuses on phosphorus changing 
over time. Total phosphorus (P-Tot) in soil surfaces is 
less abundant than nitrogen and potassium, and (P-Tot) 
in soil surfaces can range from about 0.005 to 0.15% [8]. 
Moreover, the quantity of P-Tot in soils has little or no 
relationship with the availability of plant nutrition [9] and 
just a little part of this percentage (1–3%) is bioavailable 
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[10]. In fact, plants can take up only the inorganic forms 
of P as anions, namely dihydrogen phosphate  (H2PO4

–) 
and monohydrogen phosphate  (HPO4

2–). The ionic form 
of P depends on the pH of soil solution: at pH 7, they 
are in equilibrium; in acid soil solution pH,  H2PO4

–is 
the predominant form; at alkaline pH, the most frequent 
form is  HPO4

2− [1]. P-bioavailability is related to many 
soil characteristics: soil texture, organic matter content, 
moisture content, pH, diffusion rates and relative rates of 
adsorption–desorption, precipitation dissolution reactions 
[11], soil chemical composition, amount of silicate clays, 
 CaCO3, presence of Fe or Al oxides, P addition rates and 
times [12] and soil temperature [13]. Some authors claim 
that soil P can be described in terms of three generic pools 
[10, 14]:

This subdivision is usually used to describe phosphorus 
pools in soils in relation to plant nutrition: Solution-P is 
the pool with readily available P, with soluble phosphates 
in soil solution; Labile-P (or Active-P) is the pool with 
solid inorganic and organic phosphates that are relatively 
easy to release in the soil solution; Non-Labile-P pool (or 
Fixed-P) is a slow-releasing source of phosphates, and it 
contains very insoluble inorganic phosphates as well as 
organic compounds resistant to mineralization. The reac-
tions ruling this process are many: mineralization, des-
orption, dissolution, weathering, adsorption, precipitation, 
leaching, runoff and erosion. The experiment attempts to 
determine which reactions are the most important in a 
controlled environment. Undoubtedly, great importance 
is due to the method of P quantification. Many methods 
are available to measure phosphorus forms in soils, but in 
the last years the SMT methods (Standards Measurements 
and Testing) [15, 16] has increased in popularity due to 
the repeatability, the easiness of procedures (compared to 
other methods) and the non-sequential extraction of P [17]. 
In particular, this last peculiarity drove the choice for its 
application in this work. In fact, with three independent 
procedures, it is possible to measure P-Tot, to estimate 
organic (P-Org) and inorganic phosphorus (P-Inorg), and 
to quantify apatite (AP; the form associated with calcium) 
and non-apatite phosphorus (NAIP; the form associated 
with oxides and hydroxides of Al, Fe and Mn). There are 
many other methods currently available for P fractionation 
[18–20] but this was the only one proposed and selected 
by the European Community to have comparable results: 
in fact, a lack of uniformity in methods makes it diffi-
cult to compare the outcomes from different studies [21]. 
This technique is normally applied for P-fractionation in 
freshwater sediment [15, 22], but it can be easily adapted 
and applied on soils and sewage sludges [21, 23–25]. As 

(1)Solution−P ↔ Labile−P ↔ Non−labile−P

regards bioavailable-P, many methods are well-known for 
quantification. The Olsen method [26] is considered the 
benchmark of P bioavailability due to its suitability with 
calcareous and alkaline soil [11]. Finally, this work aims 
to determine and understand all these different P fractions' 
changes over time. Although soil P chemistry has been 
studied more intensively than that of any other element 
(excluding nitrogen), quantitative predictions of phosphate 
concentrations in soil are still lacking [27]. Nevertheless, 
some kinetic studies exist, and, taking advantage of models 
and kinetic studies already determined and supported by 
literature, the experimental data of this work have been fit-
ted with the equations of the models. The study of kinetics 
of P-related phenomena are certainly a key factor to design 
fertilizers and to optimize their efficiency and, hence, to 
reduce unwanted drawbacks (e.g., eutrophication) [28]. 
Although kinetic can suggest retention mechanisms, soil-
P behavior's complexity makes this prospect challenging 
to obtain [27]. Nevertheless, it will be tried to understand 
and interpret the physico-chemical processes that took part 
during this experimental campaign. Finally, aims of this 
study can be summarized as follows: a) to compare, in 
terms of P-content and fractions, two SSAD derived from 
the same wastewater treatment plant (WWTP); b) evaluate 
the P-fractions changings over time after the addition of 
SSAD on sandy alkaline soil; c) evaluate which is the best 
model to describe the behavior of P fractions on sandy 
alkaline soil after the addition of SSAD.

2  Materials and methods

2.1  Sewage sludge and soil analysis

The SSADs used in this experiment came from a large-
scale wastewater treatment plant (3,800,000 population 
equivalents) located in north-west Italy. Two types of 
digestates were used: a centrifuged solid digestate (C) 
derived from a mix between primary and secondary diges-
tate and a dried pulverulent digestate (D), obtained by the 
thermal treatment at 200 °C of C. Physical and chemical 
analysis were performed on the digestates according to 
Cristina et al. [29], and results are summarized in Table 1.

The soil used in this study was sampled in Grugliasco 
(TO), Italy (45°03′58.4"N, 7°35′32.9"E). It was collected 
within 20 and 100 cm depth, sieved at 2 mm, and steri-
lized at 105 °C. It was a sandy, calcareous and alkaline 
soil, poor in macronutrients as well as in organic matter. 
Physical and chemical analyses were performed according 
to Cristina et al. [30]. Detailed results of soil analysis are 
shown in Table 2.
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2.2  Methods of phosphorus analysis in soil 
and sewage sludge

Phosphorus in SSADs and soil was extracted using the SMT 
method (Standards, Measurements and Testing Programme), 
a standardized method developed and approved by the Euro-
pean Commission [15, 16]. This is a modified version of the 
Williams protocol [31] and it allows, with three independent 
procedures, five P fractions to be extracted: total phosphorus 
(P-Tot), inorganic phosphorus (P-Inorg), organic phospho-
rus (P-Org), non-apatite inorganic phosphorus (NAIP) and 
apatite phosphorus (AP). For P-Tot extraction, a dry sample 
(200 mg) was calcined in a porcelain crucible at 450 °C for 
3 h. Once the porcelain crucible was cooled down, ashes 
were transferred into centrifuge tubes and 20 ml of 3.5 mol 
 L−1 HCl were added. After that, centrifuge tubes were 

covered and stirred overnight (all overnight stirrings were 
performed for 16 h). After 16 h, samples were centrifuged at 
2000 g for 15 min. The extract was collected and analyzed 
for determining P-Tot. Inorganic phosphorus was determined 
by adding 20 ml of 1 mol  L−1 HCl to a centrifuge tube con-
taining 200 mg of the dried sample of SSADs or treated 
sand. After an overnight stirring, the tubes were centrifuged 
at 2000 g for 15 min. The extract was used to determine 
P-Inorg and the residue was used for P-Org extraction. In 
fact, demineralized water (12 ml) was added two times to 
wash the residue, centrifuged at 2000 g for 15 min and the 
supernatant was discarded. The residue was dried at 80 °C 
and then transferred to a porcelain crucible. After a calcina-
tion of 3 h at 450 °C, ashes were put into centrifuge tubes 
with 20 ml of 1 mol  L−1 HCl. Centrifuge tubes were closed 
and stirred overnight. After an overnight stirring of 16 h, 
the tubes were centrifuged at 2000 g for 15 min and the 
extract was collected and analyzed for P-Org determina-
tion. To extract AP and NAIP, a sequential extraction pro-
cedure was applied: firstly, 20 ml of 1 mol  L−1 NaOH were 
added to 200 mg of dried sample. After stirring overnight, 
samples were centrifuged at 2000 g for 15 min. From this 

Table 1  Physical and chemical characterization of the centrifuged (C) 
and dried (D) SSADs used in the present work

Parameter Unit of measure Centrifuged (C) Dried (D)

pH (1:10) 7.3 6.8
Electrical  

conductivity
mS/cm 1069 1.575

N-Tot (Kjeldahl) % d.m.b 6.3 5
N- Org % d.m.b 5.33 4.75
N-NO3

− % d.m.b  < 0.01  < 0.01
N-NH4

+ % d.m.b 0.97 0.25
N-org/N-Tot % 84 94
Dry matter % 25.8 88.8
Humidity % 74.2 11.2
Organic matter % d.m.b 63.9 64.4
TOC % d.m.b 37.1 37.3
C/N 5.9 7.4
Ashes % d.m.b 36.1 35.6
Ca % d.m.b 5.02 4.64
Mg % d.m.b 1.45 1.16
Na % d.m.b 0.34 0.19
K % d.m.b 0.39 0.18
P % d.m.b 6.74 6.26
Fe % d.m.b 3.99 3.48
Mn mg/kg d.m.b 268 228
Cu mg/kg d.m.b 406 396
Zn mg/kg d.m.b 849 719
B mg/kg d.m.b 52 41
Pb mg/kg d.m.b 92 79
Cr mg/kg d.m.b 245 217
Cd mg/kg d.m.b 0.8  < 0.1
Ni mg/kg d.m.b 155 137
As mg/kg d.m.b 0.9  < 0.1
Hg mg/kg d.m.b  < 0.1  < 0.1
Cr6+ mg/kg d.m.b  < 0.1  < 0.1

Table 2  Physical and chemical characterization of the sandy soil used 
in the present work

Parameter Unit Value

Stones - Absent
Sand (2.0–0.020 mm) % 94 ± 2
Silt (0.020–0.002 mm) % 3 ± 1
Clay (< 0.002 mm) % 3 ± 1
Texture - Sandy
pH - 8.2 ± 0.16
Electrical conductivity dS/m 0.131 ± 0.018
Organic matter % 0.38 ± 0.12
Organic carbon % 0.22 ± 0.07
N-Tot (Kjeldahl) g/kg 0.29 ± 0.09
N-NO2

− mg/kg  < 0,2
N-NO3

− mg/kg 6.33 ± 1.53
N-NH4

+ mg/kg 3 ± 1
N-Org g/kg 0.29 ± 0.09
C/N 7.6 ± 0.2
P-Olsen mg/kg 1.8 ± 1.3
Kexchangeable mg/kg 18 ± 1
Mgexchangeable mg/kg 15 ± 5
Caexchangeable mg/kg 675 ± 27
Naexchangeable mg/kg 6 ± 3
Feavailable mg/kg 6.7 ± 1.1
Mnavailable mg/kg 6.5 ± 3.0
Cuavailable mg/kg 0.69 ± 0.29
Znavailable mg/kg 0.47 ± 0.29
CEC cmol/kg 3.65 ± 0.35
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point, 10 ml of the extract were collected and used for NAIP 
extraction while the cake of centrifugation was used for AP 
extraction. Four ml of 3.5 mol  L−1 HCl were added to the 
10 ml of the extract and then stirred for 20 s. The samples 
were let stand for 16 h in a covered centrifuge tube and then 
at centrifugation at 2000 g for 15 min was applied. NAIP 
was measured on the supernatant. The cake of extraction 
previously obtained was used for AP extraction. For two 
times a volume of 12 ml of 1 mol  L−1 NaCl was added then 
stirred for 5 min, then centrifuged at 2000 g for 15 min and 
finally discarded the supernatant. After that, a volume of 
20 ml of 1 mol  L−1 HCl was added to the solid part and the 
tube was covered and stirred overnight. After centrifugation 
at 2000 g for 15 min, the extract was used for apatite phos-
phorus measuring. The accuracy of results obtained with the 
protocol was tested by comparing the sum of single fractions 
as suggested by Xie et al. (2011) [25], according to Eq. (2):

Available-P (Olsen-P) was extracted using Olsen method 
[26], a procedure suitable for acidic, alkaline soils, and also 
for soils with a high presence of  CaCO3. Two grams of 
dried sample were placed into a plastic container following 
the method. Then, 0.5 g of activated carbon and 40 mL of 
0.5 mol  L−1 of  NaHCO3 (with a pH of 8.5) were added. Pre-
viously, the activated carbon was washed with the solution 
of sodium bicarbonate to eliminate residual P on the acti-
vated carbon. Afterward, the plastic container was kept in 
agitation for 30 min and the solution was filtered with filters 
Whatman® n° 42. A volume of 20 ml of the liquid solution 
was collected in a plastic tube and 10 ml of  H2SO4 1 N were 
slowly added. After 24 h from the addition of  H2SO4, the 
bioavailable-P contained into the partially covered tube were 
determined. The method relies on the presence of carbon-
ate ions in the solution that reduces the activity of  Ca2+ and 
 Al3+ with a consequent increase of phosphorus solubility. 
In calcareous soils, the addition of carbonate ions reduces 
the activity of  Ca2+ which precipitates in the form of  CaCO3 
and, in this way, the solubility of the calcium phosphate 
increases along with the decrease of the  Ca2+ in solution.

Phosphorus quantification, in the form of orthophosphate 
 PO4

3−, was determined spectrophotometrically at 430 nm 
using a Hach DR5000 spectrophotometer through the Hach 
molybdovanadate method (Yellow method—8114) adapted 
from Standard methods for the examination of water and 
wastewater [32]. In this method, the  PO4

3− reacts with 
molybdate in an acid medium to give a phosphomolyb-
date complex. Vanadium in the sample causes a yellow 
vanadomolybdophosphoric acid to form. The intensity of 
the yellow color is proportional to the phosphate concentra-
tion. All reagents used had high purity (> 99.5%) and all 
glassware, plasticware and laboratory tools were cleaned 

(2)P−Tot = P−Inorg + P−Org = NAIP + AP + P−Org

with HCl 6 M, rinsed 3 times with deionized water, one 
time with milliQ water to remove all impurities and finally 
air-dried at 60 °C.

2.3  Climatic chamber

A climatic chamber was built to have a constant temperature. 
An insulating box was used to insulate the system thermally 
and a Peltier cell was exploited to maintain the chamber at a 
constant temperature of 25 °C ± 0.2 °C. In addition, a beaker 
full of water was left into the chamber to keep an elevated 
relative humidity into it. A thermometer and a hygrometer 
were placed inside the chamber to monitor temperature 
and humidity percentage; all these data were measured and 
recorded into an SD-card every 2 min.

2.4  Experimental setup

The soil was collected, sieved at 2 mm and air-dried at 
105 °C for 48 h. After that, three different treatments were 
performed: in C case, 3 kg of sandy soil were mixed with 
centrifuged digestate (C); in D case, 3 kg of sandy soil were 
mixed with dried digestate (D); in T case, 3 kg of sandy soil 
were used as control (T). After that, the digestates treatments 
were thoroughly and accurately mixed. Finally, a proper 
mass (70 g) of the mixed sand was inserted into sterilized 
plastic tubes and milliQ water was added to each plastic tube 
to reach field capacity, according to Benton Jones (2012) 
[1]. The concentration of P-Tot added with treatments was 
estimated in about 100 ppm of P. The quantity of centri-
fuged digestate in C was 0.88 g on average and the quan-
tity of dried digestate in D was 0.27 g on average. Samples 
were incubated in the climatic chamber for 1, 3, 7, 14, 28, 
45, 60 and 90 days. At these times, three replicates of each 
treatment were randomly selected and sampled. The central 
part of the sand contained in the plastic tubes was firstly 
air-dried at 105 °C and then P-Tot, P-Inorg, P-Org, NAIP, 
AP and bioavailable-P were evaluated. A completely rand-
omized disposition was used for plastic tubes in the climatic 
chamber. All samples stayed at 25 °C ± 0.2 °C and relative 
humidity was between 90.0% and 99.9%. Every seven days 
all samples were weighed and taken back to the field capac-
ity thanks to the new milliQ water addition.

2.5  Kinetic modeling

Kinetics of bioavailable-P (kinetic of  NaHCO3 extracta-
ble-P) on soils with T, C and D treatments were analyzed 
using four kinetic models: first order, second order, Elovich 
and power function equations according to Sparks (1989) 
[33] and Sinegani et al. (2011) [13] and summarized in 
Table 3. Excluding the power function equation, in all other 
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equations,the boundary conditions t = 0 to t = t and  Pt =  P0 
to  Pt =  Pt were applied, in which t represents the time and  Pt 
the bioavailable phosphorus.

Usually, the first-order equation is expressed as [33] in 
Eq. (3):

Pt represents the bioavailable phosphorus at time t 
expressed in ppm, and k1 (expressed in  h−1) represents the 
rate constant of first-order sorption. The integrated form of 
Eq. (3) is expressed in Eq. (4):

The second-order kinetic equation is expressed as [33] 
in Eq. (5):

Pt represents the bioavailable phosphorus at time t 
expressed in ppm, and k2 represents the rate constant of 
second-order sorption. The integrated form of Eq. (5) is 
expressed in Eq. (6):

Elovich kinetic equation is expressed as [33] in Eq. (7):

Pt represents the bioavailable phosphorus at time t 
expressed in ppm; α represents the initial adsorption rate, 
and β is the desorption constant [13]. Assuming that α β 
t>>1 [34], the equation becomes as expressed in Eq. (8):

Power function equation is expressed as [33] in Eq. (9):

(3)
d
(

Pt

)

dt
= −k

1
⋅ Pt

(4)ln(Pt) = ln(P
0
) − k

1
⋅ t

(5)
d
(

Pt

)

dt
= −k

2
⋅

(

Pt

)2

(6)
1

Pt

=
1

P
0

+ k
2
⋅ t

(7)
d
(

Pt

)

dt
= � ⋅ e−�⋅Pt

(8)Pt =
1

�
⋅ ln(� ⋅ �) +

1

�
⋅ ln(t)

(9)Pt = a ⋅ tb

Pt is the bioavailable phosphorus at time t; a and b are 
equation constant [13]. The linearized form is expressed in 
Eq. (10):

All equations used to describe kinetics were evaluated 
according to their coefficient of determination (r2) and stand-
ard error of the estimate (SE) [8, 28, 33, 34]. Due to the no 
systematic attempt of literature to interpret the parameters 
resulting from P kinetics [35], these parameters data will 
not be shown.

2.6  Statistical analysis

One-way ANOVA was performed separately on P-Tot and 
bioavailable-P results of control, centrifuged, and dried treat-
ments. After the ANOVA, Tukey’s post hoc test (p < 0.05) 
was performed. The statistical software R (version 3.5.1—
Feather Spray—2018) was used for all statistical analyses.

3  Result and discussion

3.1  Total phosphorus

Total phosphorus was measured on the sandy soil and on 
SSADs before the experiment. P-Tot in sandy soil was 
478 ± 12 ppm, a normal value if referred to calcareous soils 
[28]. Phosphorus in centrifuged SSAD resulted 2.82 ± 0.02% 
(d.m.b.). and in dried SSAD was 2.98 ± 0.01% (d.m.b.). In 
Fig. 1, the time course of phosphorus in non-treated soil 
(control) and treated with centrifuged and dried SSADs is 
shown. Firstly, it is worth noting that from day 1, there was 
an increase in phosphorus of around 100 ppm in C and D, 
thanks to the addition of digestate treatments. Apparently, 
the mean concentration of P-Tot seems to change in different 
times of sampling; however, the statistical analysis allowed 
this possibility to be rejected. In fact, the Tukey test revealed 
that no significant changes (at p < 0.05) occurred during 
experiment time. As expected, P-Tot remained constant for 
90 days in all the three soils under investigation and it was in 
line with the literature (100–3000 ppm [36]). In fact, phos-
phorus is poorly soluble in the soil system (< 0.01 mg P  L−1 
[36]). For instance, it can be lost by erosion and runoff or 
absorbed by plants, which are all phenomena not appear-
ing in a closed system such as the falcon tubes used in this 
experiment. In the closed system designed for this experi-
ment, it could be “lost” only for leaching, moving from the 
upper part of the tube to the lower part: anyway, statistical 
analysis disclaimed this hypothesis (data not shown).

(10)ln(Pt) = ln(a) + b ⋅ ln(t)

Table 3  The kinetic equations used in the present work to fit bioavail-
able-P data

Model Linear form Equation

First order ln(P
t
) = ln(P

0
) − k

1
⋅ t P

t
= P

0
⋅ e

−k1⋅t

Second order 1

P
t

=
1

P0

+ k
2
⋅ t P

t
=

P0

1+k2⋅P0⋅t

Simple Elovich P
t
=

1

�
ln(� ⋅ �) +

1

�
ln(t) P

t
=

1

�
ln(� ⋅ �) +

1

�
ln(t)

Power function ln(P
t
) = ln(a) + b ⋅ ln(t) P

t
= a ⋅ t

b
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3.2  Phosphorus fractionation

The fractionation of the P contained in SSADs revealed that 
most of P was in the inorganic form: 85.3% (24,033 ppm) 
in centrifuged digestate and 83.9% (25,050 ppm) in dried 
digestate. P-Org was 9.9% (2779 ppm) in centrifuged and 
7.1% (2107 ppm) in dried digestate (Fig. 2a). In both cen-
trifuged and dried SSAD, there was a missing percentage of 
4.8% and 9.0%, respectively. Due to the sequential extraction 
process of the method, the SMT usually does not disclose 
residual P fractions [15]. On the other hand, it is possible to 
broadly compare these results to other studies on SS with 
similar residual parts. A study on different forms of P con-
tained in sewage sludge of 46 cities and measured with the 
SMT method has revealed that more than 60% of P-Tot was 
inorganic and about 26% was organic [37]. Another work 

exploiting SMT method [25] has reported that in their sew-
age sludges, P-Inorg ranged from 75.9 and 87.6% of P-Tot 
and P-Org ranged from 11.5 and 22.1% of P-Tot. Garcia-
Albacete et al. (2012) [21] have analyzed heat SS with SMT 
method and have revealed that 87.6% of P was inorganic 
and 2.56% was organic [21]. This comparison revealed that 
results obtained on SS are in line with other literature stud-
ies, with P-Inorg ≫ P-Org. The different proportions of P 
fractions may depend on the origin and the treatment process 
of sludge [38], as was the case in our study. Due to the heat 
treatment imposed on the Dried SSAD, both total P-Org and 
its percentage to the total were lower than in Centrifuged 
SSAD and control [38, 39].

Concerning NAIP and AP in SSADs, the application of 
SMT method overestimated the results probably due to an 
underestimation of P-Inorg: in fact, the sum of NAIP and 
AP should give P-Inorg. In this study, there was an over-
estimation of 2.5% in centrifuged SSAD and 5.4% in dried 
SSAD. Mean percentages of NAIP referred to P-Inorg were 
68.6% (16,497 ppm) and 79.4% (19,909 ppm) in centri-
fuged and dried SSADs, respectively. Mean percentages 
of AP related to the inorganic one were 33.9% (8137 ppm) 
and 25.9% (6499 ppm) in centrifuged and dried digestates, 
respectively (Fig. 2b). As before, it is possible to broadly 
compare this work to the ones in the literature, since other 
studies have shown similar residual parts. The research on 
the sludges of 46 cities cited above [37] has mentioned that 
the mean percentage (referred to as P-Inorg) of NAIP and 
AP were about 78% and 26% respectively. Xie et al. (2011) 
[25] have reported that in their SS, NAIP ranged from 32.4 
to 68.0% of P-Tot and AP ranged from 37.1 to 69.7%. The 
work of Garcia-Albacete et al. (2012) [21] has revealed that 
32.0% of inorganic P was NAIP and 51.5% was AP. In the 
work of Nobile et al. (2019) [38], a dewatered SSAD had 
75.3% of AP and 4.8% of NAIP; in the same work, the same 
SSAD received a heat treatment that changed that propor-
tion to 63.4% of AP and 18.7% of NAIP. Those different 
proportions of AP and NAIP could be ascribed to different 

Fig. 1  Mean soil P-tot (ppm) under anaerobically digested sewage 
sludge (centrifuged and dried) treatments and control at 1, 3, 7, 14, 
21, 28, 45, 60, and 90 days after the beginning of the experimental 
campaign. Error bars represent standard deviation (n = 3). No signifi-
cant differences (p < 0.05, Tukey HSD) have been assessed within the 
same treatment over different times

Fig. 2  P fractionation under 
anaerobically digested sewage 
sludge (centrifuged and dried) 
treatments (n = 3). a P-Tot 
fractionation in the P-Inorg and 
P-Org components. b P-Inorg 
fractionation in the AP and 
NAIP components
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chemical and thermal treatments in WWTPs. For what it 
concerns chemical treatments, a large proportion of AP may 
be attributed to the addition of lime to improve dewatering 
efficiency during the sludge treatment process [25], while, 
on the contrary, a high presence of NAIP could be related to 
the iron content of the sludge [21]. Such as before, it is pos-
sible that the different percentages between centrifuged and 
dried SSADs in terms of NAIP and AP could be motivated 
by the heat treatment of the dried SSAD [38, 39]: it was 
demonstrated that in sludges, the heat treatment between 
120° and 220 °C could increase NAIP % and decrease AP 
%, while above 220 °C NAIP and AP exchange rapidly their 
percentages [39]. SSADs used in this work derived from the 
same raw material; dried SSAD derived from centrifuged 
digestate thermally treated at around 180 °C: this treatment 
probably increased P-Inorg % and NAIP %.

Unfortunately, the application of the SMT method to 
treated and non-treated soils did not give the expected 
results. The sum of P-Inorg and P-Org did not reach P-Tot. 
If in SSADs there was an “acceptable” “missing part of P” 
(< 9%), during 90 days of soil study, the “missing P” had 
an average percentage of 23.7%, 26.0%, and 19.9% in con-
trol, centrifuged, and dried samples, respectively. Although 
some authors revealed that an underestimation of the val-
ues of P-Inorg + P-Org with respect to P-Tot (between 0 and 
22% [21, 22]) is normal, it is not correct to find any vari-
ation on these P fractions. By the way, in Fig. 3, the time 
course of P-Inorg and P-Org fractions compared to P-Tot 
is represented. Literature supports the thesis that after the 
addition of sludge to the soil, the transformation of P-Org 
contained in sludge into P-Inorg takes place [40]. Concern-
ing NAIP and AP changes during the 90 days, measures 
were recorded on day 1, 28, 60, and 90. Nevertheless, the 
sum of average values of NAIP + AP was 96.1%, 98.8%, 
and 86.3% of P-Inorg mean values measured on C, D, and 

T samples, respectively: for this reason, it is not correct to 
comment on these data. In fact, if there was an underestima-
tion of P-Inorg, it was also possible that NAIP or AP was 
underestimated. Anyway, a graphical representation of the 
sum of NAIP + AP compared to P-Inorg is reported in Fig. 4.

3.3  Bioavailable‑P

Bioavailable-P  (NaHCO3 extractable P) in soil before the 
experiment was 4.4 ± 1.3 ppm. This is a very low value if 
compared to other soils [41]. Considering that the extrac-
tion of bioavailable-P with the Olsen method is appropriate 
and precise only in soils, bioavailable-P was not extracted 
on SSADs. On the other hand, some authors assume that 
the bioavailable-P can be represented by the sum of NAIP 
and P-Org (only partially available) measured with SMT 
method [17, 25, 42]: in this way, the 68.5% and the 73.8% 
of P-Tot of centrifuged and dried SSADs can be considered 
as potentially bioavailable. Surely, due to the residual-P not 
determined in P fractionation, it is not correct to compare 
these two percentages. It is only possible to observe that 
using the SMT method, most of the P contained in SSADs 
can be considered bioavailable. Furthermore, because of the 
different methods of analysis, this data cannot be directly 
compared to Olsen ones.

Figure 5 shows the time course of average bioavail-
able-P during the 90 days of the experiment. Data analy-
sis revealed that the SSAD addition to soil increased the 
bioavailable-P. This result confirmed the fertilizing prop-
erties of SSADs, and it supported the results obtained in 
treated soils in previous experiments. This increase was sup-
ported by other studies in the literature [35, 38, 43]. The day 
after the addition of SSADs (Day 1), the quantity of mean 
bioavailable-P increased from 4.4 ± 1.3 ppm of the not-
treated soil before the addition of SSAD to 34.9 ± 2.9 ppm 

Fig. 3  Sum of mean values of inorganic and organic P fractions 
compared to mean values of P-Tot at 1, 3, 7, 14, 21, 28, 45, 60 and 
90 days after the beginning of the experimental campaign (n = 3). a 

The time course of control. b Time course of treatment with centri-
fuged SSAD (C). c Time course of treatment with dried SSAD (D)
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of centrifuged-treated soil and to 22.2 ± 1.5 ppm of dried-
treated soil. Considering that 100 ppm of P-Tot were added 
with SSAD application, a great percentage of that can be 
considered as bioavailable: around 30% and 18% in cen-
trifuged and dried SSADs, respectively. These values were 
lower than was expected to be bioavailable-P calculated as 
the sum of NAIP and P-Org. This difference can be due 
to two different reasons: firstly, they were extracted with 
two different methods, and, secondly, they were extracted 
after one day from P addition and a loss of bioavailable-P 
could have happened meanwhile. In the following days, a 
decrease in bioavailable-P in control and centrifuged treat-
ments seemed to happen. Statistical analysis confirmed these 
decreasing trends (Fig. 6).

Figure 6a shows the bioavailable-P gradual decrease in 
control soil from 4.2 ± 1.2 ppm of day 1 to 0.3 ± 0.6 ppm 
of day 90. Figure 6b shows the bioavailable-P decrease 
of soil treated with centrifuged SSAD: it decreased from 
34.9 ± 2.9 ppm of day 1 to 23.8 ± 1.5 ppm of day 90. Similar 
decreasing of bioavailable-P over time is well supported in 
the literature: in fact, similar decreasing trends were found 
using organic soil improvers (such as farmyard manure, 
processed city waste, and poultry litter [44]) and using min-
eral fertilizers such as  KH2PO4 [13, 45]. The decrease in 
P-bioavailability could be motivated by many processes: 
immobilization, adsorption, precipitation, leaching, runoff, 
and erosion. Runoff and erosion must be excluded because 
of the closed system of the experiment. The measure of 
bioavailable-P in the upper, medium, and lower parts of the 
samples demonstrated that leaching did not appear (data not 
shown). Immobilization, due to the sterilization of sandy 
soil at 105 °C, should be excluded at least in control; on the 
other hand, it is possible that some microorganisms survived 
in centrifuged and dried SSADs. Moreover, net immobili-
zation can occur if the substances added to soil have a C/P 
ratio greater than 300:1, while net mineralization is likely 
not happening if the ratio is below 200:1 [46]. The C:P ratio 
of SSADs was below 200. Hence, it was also possible that 
the mineralization process appeared causing an increase in 
P availability, but, due to the non-increase of bioavailable 
P, this option was not observed here. The most probable 
processes that could have happened were adsorption and 
precipitation.

Different trends appeared in the bioavailable-P of 
dried SSAD (Fig.  6c). Data analysis highlighted that 
from day 1 (22.2 ± 1.5 ppm) to day 90 (the lowest mean 
value, 19.6 ± 0  ppm), there was a peak on day 14 in 
which the concentration of bioavailable-P was the highest 
(26.6 ± 3.0 ppm). This different trend could be due to the 

Fig. 4  Sum of mean values of NAIP and AP fractions compared 
to mean values of P-Inorg at 1, 28, 60, and 90 days after the begin-
ning of the experimental campaign (n = 3). a Time course of control. 

b Time course of C treatment with centrifuged SSAD (C). c Time 
course of D treatment with dried SSAD (D)

Fig. 5  Mean soil bioavailable P (ppm) under anaerobically digested 
sewage sludge treatments and control at 1, 3, 7, 14, 21, 28, 45, 60, 
and 90 days after the beginning of the experimental campaign. Error 
bars represent standard deviation (n = 3)
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presence of organic matter (OM) in SSADs. It is known that 
OM can enhance P bioavailability: after addition of OM to 
soil, there is an inhibition of P sorption, thanks to dissolved 
organic carbon compounds — DOC (humic acids, fulvic 
acids, tannic acids, aromatic acids, low molecular weight 
organic acids, polysaccharides, amines, and other C com-
pounds [47]). DOC can release phosphorus by decreasing 
sorption sites on colloid surfaces by metal complexation, 
dissolution reaction (on Fe and Al oxides), competitive 
sorption, and metal bridging [48]. In soil treated with dried 
SSAD, probably, the DOC contained in the sludge acted 
slowly with one or more of these modalities. However, this 
explanation does not clarify why the same phenomenon did 
not appear in soil with centrifuged SSAD. It is possible that 
in C treatment, the effects of OM addition were rapid (in 
the first 24 h), while in D treatment, these reactions were 
postponed due to the heat treatment. In fact, it is known that 
also OM characteristics changed after heat treatments [49, 
50]. It is possible that the thermal treatment of SS could 
change carbon functional groups and, hence, also their affin-
ity with bioavailable-P. Another conceivable hypothesis to 
justify this peak may be a possible anoxic condition in the 
sample analyzed: in fact, the release of P is favored under 
anaerobic conditions as a consequence of Fe reduction. 
These hypotheses on bioavailable-P changed over time will 
be better explored in the next paragraph.

3.4  Decreasing kinetic of phosphorus 
bioavailability

Results of the coefficients of determination (r2) and the stand-
ard error of estimate (SE) for kinetic equations, which were 
used to describe phosphorus bioavailability in the poor, alka-
line and sandy soil, are represented in Table 4. Firstly, the 
kinetic of control bioavailable-P can be well described by the 
first-order equation due to the high r2 and low SE values and, 
secondly, by simple Elovich equation. Concerning the kinetic 
of bioavailable-P in the soil treated with centrifuged SSAD, 
the Elovich equation seems to be the best model for fitting 
these data due to the high r2 (0.93). On the other hand, this 
model had a high SE (1.05). As well, the power equation suc-
cessfully described this kinetic, with a high r2 (0.91) and very 
low SE (0.04). Similarly, Sinegani et al. (2011) [13] have also 
found that the Elovich model best described the P kinetics 
in a sterile soil treated with  KH2PO4. As introduced in the 
previous paragraph, the most probable processes that could 
cause a decrease in  NaHCO3 extractable-P were precipitation 
and adsorption. Precipitation can be caused by  Ca2+,  Fe3+, 
and  Al3+ ions. From previous analyses on the sandy soil, it 
resulted that total limestone was 369 g/kg, active limestone 
was 10 g/kg, and the exchangeable calcium was 950 ppm. 
With these high values of  Ca2+ and a soil pH > 8,  Ca2+ turned 
out to be the predominant cation and the soluble phosphorus 

Fig. 6  Mean bioavailable-P (ppm) under anaerobically digested sew-
age sludge treatments at 1, 3, 7, 14, 21, 28, 45, 60, and 90 days after 
the beginning of the experimental campaign. a The time course of 
control. b The time course of treatment with centrifuged SSAD (C). 

c The time course of treatment with dried SSAD (D). Different letters 
indicate differences between ppm levels significant at p < 0.05 (Tukey 
HSD). Each error bar represents one standard deviation (n = 3)

Table 4  Values of coefficient of 
determination (r2) and standard 
error of estimate (SE) for 
each kinetic equations used to 
describe the bioavailable-P data 
over the untreated control and 
treatments with centrifuged and 
dried SSAD

Treatment First order Second order Simple Elovich Power function

r2 SE r2 SE r2 SE r2 SE

Control 0.91 0.25 0.73 0.49 0.90 0.42 0.64 0.50
Centrifuged 0.79 0.06 0.82 0.00 0.93 1.05 0.91 0.04
Dried 0.28 0.10 0.30 0.00 0.01 2.59 0.01 0.11
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can reasonably precipitate forming Ca phosphates [8, 10]. As 
well as the increase of pH in soil solution, for the principle 
of Le Chatelier, the formation of Ca phosphates is favored by 
the increasing of  Ca2+ and P concentrations in soil solution. 
Many reactions could have occurred, but, at this soil pH, it 
is very probable that  HPO4

2− quickly reacted with calcium 
forming a sequence of products with decreasing solubility 
immediately after the addition of P to the soil [46]. Firstly, the 
dicalcium phosphate (slightly soluble) was formed followed 
by the tricalcium phosphate (very low soluble). The reactions 
are expressed in Eq. (11):

The solubility of these compounds and, consequently, 
bioavailable-Pdecreases as the phosphorus changes from 
 HPO4

2− ion to tricalcium phosphate. After that, the for-
mation of more insoluble compounds could have contin-
ued forming (in order of decreasing solubility): oxyapatite 
 [3Ca3(PO4)2]·CaO, hydroxyapatite  [3Ca3(PO4)2]·Ca(OH)2, 
carbonate apatite  [3Ca3(PO4)2]·CaCO3, and finally fluorapa-
tite  [3Ca3(PO4)2]·CaCO3 [46].

As introduced before, also, cations of Fe and Al can pre-
cipitate with P forming Fe and Al phosphates such as vari-
scite and strengite [14] (Eqs. (12) and (13)):

These reactions are common in acidic soils with P addi-
tions due to the instability of Fe and Al cations at low pH, 
but in alkaline soils are rare. On the other hand, the addition 
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of Fe salts (such as  FeSO4·7H2O) is adopted in WWTPs 
as a strategy to remove P from the water via precipitation 
and, hence, an accumulation of Fe phosphates in SS likely 
occurred [43, 51, 52]. In this way, the used SSADs were 
rich in terms of Fe phosphates and their addition to a moist 
alkaline soil could have caused the dissolution of Fe phos-
phates, enhancing P in the soil solution [52]. Huang et al. 
(2012) [43] found that after some days from SSAD applica-
tion (chemically stabilized with  FeSO4·7H2O) to an alkaline 
soil was observed an increase of bioavailable-P, due to P 
mineralization or mineral transformations. That could be 
another hypothesis explaining the enhancement of bioavail-
able-P after some days from the application of dried SSAD 
treatment. The other phenomenon that might have happened 
was the adsorption to Al and Fe oxides and hydroxides and 
the adsorption on the edges of alumino-silicate minerals. On 
the other hand, adsorption on oxides and hydroxides of Fe 
and Al and on alumino-silicate minerals tends to decrease 
with the increase of pH [14]. Differently, it was highly pos-
sible that adsorption on calcite has occurred in a calcareous 
soil with a basic soil pH, rich in calcium carbonate [53, 54]. 
Regarding bioavailable-P kinetic with dried SSAD addition, 
none of the kinetic models proposed had a satisfactory fit-
ting. On the other hand, similar results were obtained in 
the work of Sinegani et al. (2011) [13]: in that work, the 
same models tested here were satisfied for sterilized soil 
with P addition. Furthermore, in that work, there was a 
treatment that was not satisfied by any of the tested mod-
els: after around 20 days from P addition to an unsterilized 
soil, there was an increase in P-bioavailability. This increase 
was very similar to what happened in the soil treated with 
dried SSAD in the present study. In that case, the authors 
motivated the increase of P with the release of organic acids 
(e.g., α-keto glucuronic acid [55]) by phosphate solubilizing 

Fig. 7  Kinetic of bioavailable-P in soils over 2160  h (90  days of 
experimental campaign). a Control (not treated soil). b Treatment 
with centrifuged SSAD. c Treatment with dried soils. Black dots 
stand for the mean values of bioavailable-P (experimental measures), 

while colored lines represent the fitting to the four different kinetic 
models taken into account in the present study for the simulation of 
bioavailable-P trends
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microorganisms. These organic acids can chelate Ca, Fe, 
and Al, causing an increase in the concentration of P in soil 
solution. This motivation can further explain the peak, but it 
is probably unrealistic for this case study due to the steriliza-
tion of soil combined with heat treatment of SSAD.

In Fig. 7, the experimental mean values of bioavailable-
P compared with values of bioavailable-P applying different 
kinetic models are graphically represented. It is possible to 
note that especially in centrifuged-treated soil, the P decreas-
ing occurred in two stages: firstly, a rapid stage of loss of 
bioavailable-P and secondly, a gradual decreasing stage in 
which it seems that bioavailable-P reaches equilibrium. Many 
works reported that after an addition of P, the equilibrium was 
reached in different times: in laboratory conditions from only 
15 s [53] to 60 days [56] and until 15 years in field conditions 
[57]. According to the literature, the same two different stages 
of P-sorption by soils were observed in this work [13, 33]. The 
first quick stage was attributed to adsorption (ligand exchange) 
and the second slow stage by precipitation into increasingly 
less soluble states as time increases [27]. Moreover, if P con-
centration is high (such as in centrifuged-treated soil), ligand 
exchange and surface precipitation can be considered as a con-
tinuum because of a rapid P precipitation [12, 14, 56]. These 
motivations can justify the bioavailable-P decreasing kinetic 
obtained in control and centrifuged-treated soil. Furthermore, 
the use of Elovich model to describe this kinetic is totally in 
line with previous motivations: in fact, the Elovich model is 
often used to describe soils reactions (such as  PO4

3− sorption 
and desorption) that could be described only by the combi-
nation of two or three first-order reactions [33, 34]. Hence, 
the Elovich equation can describe the probable adsorptive/
precipitate process that appeared in control and centrifuged 
treated soils. Finally, in a study with similar SSADs added to 
a similar soil, it was suggested that the rate-determining step 
was the precipitation of Ca-phosphates [43].

4  Conclusion

In this experiment, phosphorus transformations under the 
addition of SSADs in an alkaline soil were evaluated for 
a total of 90 days. However, the novelty of this work was 
to study and compare the kinetic of release of P-fractions 
added to the soil by the addition of two SSAD derived 
from the same WWTP and differently treated. Prior to this, 
fractionation of P in SSADs was performed and it revealed 
that most of it was in the inorganic form and the majority 
of this last was formed by NAIP, the most bioavailable 
fraction of P-Inorg. As expected, the addition of SSADs 
to soil resulted in an increase of approximately 100 ppm 
in soil P-Tot. The P-Tot content remained constant for all 
three months of the experiment. Differently, the bioavaila-
ble-P decreased from day 1 to day 90 in control and in soil 

treated with centrifuged SSAD. This decrease could be 
due principally to the precipitation of P with calcium: in 
fact, at alkaline pH and with a great presence of  Ca2+ ions, 
the formation of sequential calcium phosphates, even less 
soluble over time, appeared to be the principal phenom-
enon. Furthermore, it was even possible that P adsorption 
occurred at a lesser extent. Due to the high pH of soil solu-
tion, it unlikely occurred on Al and Fe oxides and hydrox-
ides and alumino-silicates since it was probably adsorbed 
on calcite surfaces. These explanations are in line with 
other literature studies [8, 10, 13, 46] and with some of 
the models tested (Elovich equation, power function). In 
particular, the Elovich model, due to the high r2 and low 
SE, seems to best describe the adsorptive-precipitate pro-
cess of bioavailable-P in control and centrifuged-treated 
soils. None of the models tested described satisfactorily 
the behavior of bioavailable-P in dried SSAD tested soil. 
In fact, on day 14 from treatment addition, there was an 
increment in P-bioavailability. The same behavior was also 
found in other works and could be caused by an anoxic 
environment, microorganisms, or organic matter. Heat 
treatment of dried SSAD probably changed organic mat-
ter functional groups, and, hence, organic matter reactiv-
ity with P. Future works will be directed on improving 
the techniques for phosphorus fractionation with the SMT 
method in order to reduce the “missing parts” of P. In 
this way, it will be possible to create specific time courses 
for all P fractions. Finally, it would be also important to 
deeply investigate the behavior of dried SSADs, in order to 
unequivocally define which was the cause of the enhancing 
of bioavailable-P 14 days after SSAD addition. In conclu-
sion, it was possible to assess the trend of bioavailable-
P in a calcareous sandy soil fertilized with SSAD. This 
work paves the way for further studies related to kinetics 
of P-related phenomena. Indeed, they are not only crucial 
to design fertilizers and to optimize their efficiency, but 
also to reduce drawbacks resulting from unwise fertiliza-
tion such as eutrophication.
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