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Nowadays, phosphorus naturalreservesare being depleted, while P fertilizers demand isincreasing. Phosphorusis well contained in
waste materials such as sewage sludge (the main byproduct obtained from wastewaters treatment). Only a small amount (1-3%) of
the soil total phosphorus is bioavailable for plant nutrition. In more detail, the present study focuses on the determination of the
kinetics of bioavailable phosphorus concentrationsin a sandy calcareous soil afterthe application of sewage sludge.

A centrifuged (C) and dried (D) sewage sludges anaerobically digested were tested for fertilizing a calcareous sandy soil. 50 mL
falcon tubes containing negative control (T) and soil treated with C and D were incubated from 1 to 90 days at 25 °C. Soil
phosphorous fractionation was performed with the SMT method and bioavailable-P was extracted through the Olsen method.
Phosphorous was spectrophotometrically quantified by the molybdovanadate method. Lastly, kinetics of bioavailable-P on soils were
evaluated using fourkinetic models.

Phosphorusfractionsremained constant throughout the experiment. Conversely, the bioavailable-P significantly decreased from day
1today90in C and T treatment that might be due to the precipitation of P with calcium; in fact, high concentration of Ca2*ionsand
the alkaline soil pH caninduce the sequential formation of calcium phosphates, even less soluble along time. Whereas, D treatment
showed a peak of bioavailable-P concentration on day 14. Thistrend could be due to organic carbon compounds, competitive sorption
and metalbridging. The fitting of experimental datarevealed that the Elovich model best described the adsorptive -precipitate process
of bioavailable-P in T and C. Conversely, none of the models satisfactorily described the behaviorof bioavailable-Pin D samples.
This study increases the knowledge on P-related phenomena fordesigning and optimizing fertilizers and reducing their drawbacks
such aseutrophication.

1. Introduction

Phosphorus is fundamental in plant nutrition and, in general, in many vital life processes [1]. Nowadays, phosphorus reserves are
being depleted [2], while P fertilizers demand increases [3]. Furthermore, the phosphorusused in fertilizers is mainly derived from
non-renewable resources (such as phosphate rocks)[4,5] with heavy environmental costs of extraction [6]. Also, it is well contained
in renewable resources such as sewage sludge anaerobically 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. In otherstudies, it was already demonstrated thatan increase in soil P could happen with SSAD addition [7]. In
this new case study, the experiment is entirely focused on phosphorus changing over time. Total phosphorus (P-Tot) in soil surfaces
is less abundant than nitrogen and potassium, and it 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 for plant nutrition [9] and just a little part of this percentage (1-3%) is
bioavailable [10]. In fact, plants can uptake only the inorganic forms of P as anions, namely dihydrogen phosphate (H2POs~) and
monohydrogen phosphate (HPO42-). The ionic form of P dependson the pH of soil solution: at pH 7, they are in equilibrium; in acid
soil solution pH, H2PO4-isthe predominant form; atalkaline pH, the most frequent form is HPO42- [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, CaCOs, presence of Fe or
Al oxides, P addition ratesand times [12] and soil temperature [13]. Soil P canbe considered as accruing in three compartments:
Solution-P < Labile-P <> Non-labile-P 1)

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 phosphatesin soil solution; Labile-P (or Active-P) is the pool with solid inorganic and organic phosphates
thatare relatively easy to release in the soil solution; Non-Labile-P pool (or Fixed-P) is a source of very slow release phosphatesand
contains very insoluble inorganic phosphates and organic compounds resistant to mineralization. The reactions ruling this process
aremany: mineralization, desorption, dissolution, weathering, adsorption, precipitation, leaching, runoff and erosion. The a ttemptof
the experiment is to determine which reactions are the most importantin a controlled environment. Undoubtedly, great importance
is due to the method of P quantification. Many methodsare available to measure phosphorus forms in soils, butin the last yearsthe



SMT methods (Standards Measurements and Testing) [14,15] has increased in popularity due to the repeatability, the easiness of
procedures (compared to other methods)and the non-sequentialextraction of P [16]. In particular, this last quality 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
phosphorus (P-Org), inorganic phosphorus (P-Inorg), apatite phosphorus (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 for P
fractionation [17-19] but this was the only one proposed and selected by the European Community in order to have comparable
results: in fact, a lack of uniformity in methods makes difficult to compare results [20]. This technique is normally applied for P-
fractionation in freshwater sediment [14,21], but it can be easily adapted and applied on soils and sewage sludges [20,22—-24]. As
regards bioavailable-P, many methods are well-known for quantification. Olsen method [25] is considered the benchmark of P
bioavailability due to its suitability to be used with calcareous and alkaline soil [11]. Finally, this work aims to determine and
understand all these different P fractions' changesover 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 [26].
Nevertheless, some kinetic studies exist, and, takingadvantage of modelsand kinetic already d etermined and supported by literature,
the experimental data of this work will be fitted with the equations of the models. Kinetics of P-related phenomena are certainly a
key to designing fertilizers and optimizing their efficiency and, hence, reducing drawbacks (e.g., eutrophication) [27]. Although
kinetic can suggest retention mechanisms, soil-P behavior's complexity makesthis prospect challenging to obtain [26]. Nevertheless,
it will be tried to understand and interpret the physic-chemical processes thattook part in this experimentalcampaign.

2. Materials and methods
2.1. Sewage sludge and soil analysis

The SSADs used in this experiment came from a large-scale wastewatertreatment 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 digestate and a dried pulverulent digestate (D), obtained by the thermaltreatmentat200°C of C. Physical and chemical
analysiswere performed on the digestates according to Cristina et al. [28], 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 sterilized at 105°C. It is a sandy, calcareous and alkaline soil, poor in macronutrients and poor in
organic matter. Physical and chemical analyses were performed according to Cristina et al. [29]. Detailed results of soil analysisare
shown in Table 2.

Table 1 Physical and chemical characteristics of the SSADs used in this 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 - NOs % d.m.b. <0.01 <0.01
N - NHs* % 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
CIN 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
% 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.h. 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
Cré* mg/kg d.m.b. <0.1 <0.1
Table 2 Physical and chemical characteristics of the sandy soil used in this work.

Parameter Unit Value

Stones - absent

Sand (2.0 - 0.020 mm) % 94 +2

Silt (0.020 - 0.002 mm) % 3x1

Clay (< 0.002 mm) % 3x1

Texture - sandy

pH - 82+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) a/kg 0.29 + 0.09

N - NOy mg/kg <0,2

N - NOs mg/kg 6.33+1.53

N - NH4* mg/kg 3+1

N - Org a/kg 0.29 + 0.09

C/N 76+0.2

P - Olsen mg/kg 1.8+1.3

K exchangeable mg/kg 18+1

MQ exchangeable mg/kg 15+5

Ca exchangeable mg/kg 675+ 27

Na exchangeable mg/kg 6+3

Fe available mg/kg 6.7+1.1

Mn available mg/kg 6.5+3.0

CU available mg/kg 0.69 +0.29

ZN available mg/kg 0.47 +0.29

CEC cmol/kg 3.65+0.35




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 European Commission [14,15]. Basically, it is a modified version of the
Williams protocol [30] and it allows, with three independent procedures, to extract five P fractions: total phosphorus (P-Tot),
inorganic phosphorus (P-Inorg), organic phosphorus (P-Org), non-apatite inorganic phosphorus (NAIP) and apatite phosphorus (AP).
For P-Tot extraction,200 mgof dry sample were calcinated in porcelain crucible at 450°C forthree hours. Once the porcelain crucible
was cooled down, asheswere transferred into centrifuge tubes and 20 ml of 3.5 mol L-1 HClwere added. After that, centrifuge tubes
were covered and stirred overnight (all overnight stirrings were performed for 16 hours). After 16 hours, samples were centrifuged
at2000 g for 15 minutes. The extractwas collected and analyzed for determining P-Tot. Inorganic phosphoruswas determined by
adding 20 ml of 1 mol L1 HCI to a centrifuge tube containing 200 mg of dried sample of SSADs or, alternatively, of treated sand.
After an overnight stirring, the tubes were centrifuged at 2000 g for 15 minutes. The extract was used to determine P-Inorg and the
residue was used for P-Org extraction. In fact,12 ml of demineralized water were added two times to wash the residue, centrifuged
at 2000 g for 15 minutes and the supernatant was discarded. The residue was dried at 80°C and then transferred to a porcelain
crucible. After calcination of 3 hours at 450°C, ashes were put into centrifuge tubes with 20 ml of 1 mol L-* HCI. Centrifuge tubes
were closed and stirred overnight. After an overnight stirring of 16 hours, the tubes were centrifuged at 2000 g for 15 minutesand
the extract was collected and analyzed for P-Org determination. In order to extract AP and NAIP a sequential extraction procedure
was applied: firstly, 20 ml of 1 mol L1 NaOH were added to 200 mg of dried sample. After stirring overnight, samples were
centrifuged at 2000 g for 15 minutes. From this point, 10 ml of the extract were collected and used for NAIP extraction while the
cake of centrifugation was used for AP extraction. To the 10 ml of the extract were added 4 ml of 3.5 mol L-1 HCI and then stirred
for 20 seconds. The samples were let stand for 16 hours in a covered centrifuge tube, centrifugation at 2000 g for 15 minutes was
applied. NAIP was measured on the supernatant. The cake of extraction previously obtained was used for AP extraction. For two
times were added 12 ml 1 mol L1 NaCl then stirred for 5 minutes, then centrifuged at 2000 g for 15 minutes and finally discarded
the supernatant. After that, it was added 20 mlof 1 mol L-1 HCI to the solid part and the tube was covered and stirred overnight.
After centrifugation at 2000 g for 15 minutes, the extract was used forapatite phosphorus measuring. The accuracy of results obtained
with the protocolwas tested by comparingthe sum of single fractionsassuggested by Xie and colleagues [24]:

P-Tot = P-Inorg + P-Org and P-Inorg = NAIP + AP 2)

Available-P (Olsen-P) was extracted using Olsen method [25], a procedure suitable for both acidic and alkaline soils, and also for
soils with a high presence of CaCOs. Following the method, two grams of dried sample were injected into a plastic container. Then
were added 0.5 g of activated carbonand 40 mL of 0.5 mol L of NaHCOs (with a pH of 8.5). Previously, the activated carbon was
washed with the solution of sodium bicarbonate in order to eliminate residual P on the activated carbon. Afterward, the plastic
containerwaskeptin agitation for 30 minutes and the solution was filtered with filters Whatman® n°42.20 ml of the liquid solution
were collected in a plastic tube and 10 ml of H2SO4 1 N were slowly added. After 24 hours from the addition of H2SOs, the
bioavailable-P contained into the partially covered tube were determined. The method relies on the presence of carbonate ionsin the
solution that reducesthe activity of Ca2*and AR*with a consequent increase of phosphorus solubility. In calcareous soils, the addition
of carbonate ions reduces the activity of Ca2*which precipitatesin the form of CaCOzand, in this way, the solubility of the calcium
phosphate increases with the decrease of the Ca2*in solution.
Phosphorus quantification, in the form of orthophosphate PO43-, 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 [31]. With this method, the PO4%-, reacts with molybdate in an acid medium to give a
phosphomolybdate complex. Vanadium in the sample causesa yellow vanadomolybdophosphoric acid to form. The intensity of the
yellow color is proportionalto the phosphate concentration. All reagents used had high purity (>99.5%) and allglassware, plasticware
and laboratory toolswere cleaned with HCI 6M, rinsed 3 times with deionized water, one time with milliQ water in order to re move
all impurities and finally air-dried at60°C.

2.3. Climatic chamber

A climatic chamberwas built in order to have a constanttemperature. An insulating box was used to thermally insulate the sy stem
and a Peltier cell was exploited for the purpose of maintainingthe chamberata constant temperature of 25°C £ 0.2°C. In add ition,a
beaker full of water was left into the chamber for keeping an elevated relative humidity into it. A thermometerand a hygrome ter
were indeed placed inside the chamber for monitoring temperature and humidity percentage; all these data were measured and
recorded into an SD-card every 2 minutes.



2.4. Experimental part

The soil was collected, sieved at2 mm and air-dried at 105°C for 48 hours. After that, three different treatment 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, digestates treatmentswere thoroughly and accurately mixed.
Finally, 70 g of the mixed sand were inserted into sterilized plastic tubes and milliQ water was added to each plastic tubes in order
to reach field capacity accordingto Benton Jones [1]. The concentration of P-Tot added with treatmentswas estimated in about 100
ppm of P in order to be around 200 kg of P2Os/ha application rate. 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 treatmentwere randomly selected and sampled. The central part of
the sand contained in the plastic tubes was firstly air-dried at105°C and then P-Tot, P-Inorg, P-Org, NAIP, AP and bioavailableP
were evaluated. Acompletely randomized disposition was used for plastic tubesin the climatic chamber. All samplesstayed at25°C

+0.2°C and relative humidity was between 90.0% and 99.9%. Every seven daysall sampleswere weighted and take back to the field
capacity thanksto new milliQ water addition.

2.5. Kinetic modeling

Kinetics of bioavailable-P (kinetic of NaHCOz extractable-P) on soils with T, C and D treatmentswere analyzed using four kinetic
models: first order, second order, Elovich and power function equationsaccordingto Sparks and Sinegani [13,32] and summarized
in Table 3. Excluding the power function equation, in all other equationswere applied the boundary conditionst=0 tot =tand P

= Po to Pt = Pt in which t represents the time and Py the bioavailable phosphorus.
Table 3 The kinetic equations tested in the present work
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Usually, first-order equation is expressed as [32] in equation (3):
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P: represents the bioavailable phosphorus at time t expressed in PPM and ki (expressed in h-1) represents the rate constant of first-
order sorption. The integrated form of equation (3) is expressed in equation (4):

InP, = InP — k-t @)
Second-order kinetic equation is expressed as [32] in equation (5):
da(p) )
7= ke (P) (5)
t

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 equation (5) is expressed in equation (6):

1

— = 1/P) + k, -t (6)
P
Elovich kinetic equation is expressed as [32] in equation (7):

d(r) = qe PP 7

t
Pt represents the bioavailable phosphorusattime t expressed in PPM; a represents the initial adsorptionrate and B is the desorption

constant [13]. Assuming thata B t >> 1 [33] the equation becomesasexpressed in equation (8):
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Power function equation is expressed as [32] in equation (9):
(R) = at’ )



Pt is the bioavailable phosphorusattime t; aand b are equation constant [13]. The linearized form is expressed in equation (10):
Ln(Pt) = lna + bint (10)
All equationsused to describe kinetics were evaluated accordingto their coefficient of determination (r2) and standard error of the

estimate (SE) [8,27,32,33]. Due to the no systematic attempt of literature in the interpretation of the parameters resulted from P
kinetics [34], these parametersdata will be not showed.

2.6. Statistical analysis

One-way ANOVA was performed separately on P-Tot and bioavailable-P results of control, centrifuged and dried treatments. After

the ANOVA, Tukey's post-hoctest (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
normalvalue if referred to calcareoussoils [27]. Phosphorusin centrifuged SSAD resulted 2.82 +0.02% (d.m.b.). It meansthatthe
P20s contained was 6.45% because of the conversion factor of 2.291 (2.82-2.291 = 6.45). Phosphorus in dried SSAD was 2.98 +
0.01% (d.m.b.), which meansthatthe P,Os contained was 6.84%. In Fig. 1 the time course of phosphorus in soil no treated (control)
and treated with centrifuged and dried SSADs is shown. Firstly, it worth noting that, from day 1, there was an increment of
phosphorus of around 100 ppm in C and D thanks to the addition of 200 Kg of P,Os/ha of digestate treatments. Apparently, PPM
mean values changed in different times of sampling. The statistical analysis allowed to reject this possibility (Fig. 2). In fact, the
Tukey test revealed that no significant changes occurred during experiment time. Total P remained constant for90 daysin control
soil (Fig. 2a), in soil with centrifuged SSAD (Fig. 2b) and in soil with the dried digestate (Fig. 2c). This trend revealed asexpected
and in line with the literature (100-3000 ppm [35]). In fact, phosphorushasgot a very low solubility in soil system (<0.01 mg P L!
[35]). It could be lost by erosion and runoff or absorbed by plants, all phenomena that could not appearin a closed system such as
the falcon tubes used in this experiment. In the closed system designed forthis experiment it could be "lost" only for leaching, moving
from the upper part of the tube to the lower part: anyway, statisticalanalysisdisclaim this hypothesis (data not shown).
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Fig. 2 Mean P-Tot (ppm) in soil of control (a), centrifuged (b) and dried (c) among three months. Different letters indicate differences between
ppm levels that are significant at P < 0.05 (Tukey HSD). Each error bar represents one standard deviation

3.2. Phosphorus fractionation

The fractionation of the P contained in SSADs revealed that most of it was in the inorganic form: 85.3% (24033 ppm) in centrifuged
digestate and 83.9% (25050 ppm) in dried digestate. P-Org was 9.9% (2779 ppm) in centrifuged and 7.1% (2107 ppm) in dried
digestate (Fig. 3a). In centrifuged digestate there was a missing percentage of 4.8% while in dried SSAD was about 9.0%. Due to
the sequentialextraction process of the method, the SMT usually gives notresidual partsof P [14]. On the other hand, it is possible
to broadly compare these results to the others in literature since many other studies on SS gave similar residual partsto the ones
obtained in this study. A study on different formsof P contained in sewage sludge of 46 cities and measured with the SMT method,
revealed that more than 60% of P-Tot was inorganic and about 26% was organic [36]. Another work that used SMT method [24]
reported that in their sewage sludges P-Inorg ranged from 75.9 and 87.6% of P-Tot and P-Org ranged from 11.5and 22.1% of P-Tot.
Garcia-Albacete and coworkers analyzed heat SS with SMT method and revealed that 87.6% of P was inorganic and 2.56% was
organic [20]. This comparison revealed that results obtained on SS are in line with other literature studies, with P-Inorg >> P-Org.
The different proportions of P fractionsmay depend on the origin and the treatment process of sludge [37]. Takinginto accountthis
last assertion, the two SSADs differ for the heattreatment. It may have changed the proportion between P-Inorg and P-Org: in fact,



probably because the heat treatment both the P-Org totalcontentand the P-Org percentageswere lower in Dried SSAD [37,38].
Concerning NAIP and AP in SSADs the application of SMT method gave an overestimation of results probably due to an
underestimation of P-Inorg: in fact, the sum of NAIP and AP should give P-Inorg. Inthis study, there was an overestimation of 2.5%
in centrifuged SSAD and 5.4% in dried SSAD. Mean percentagesof NAIP referred to P-Inorg were 68.6% (16497 ppm) and 79.4%
(19909 ppm)in centrifuged and dried SSADs respectively. Mean percentages of apatite phosphorusrelated to the inorganic one were
33.9% (8137 ppm) and 25.9% (6499 ppm) in centrifuged and dried digestates respectively (Fig. 3b). As before, it is possible to
broadly compare this work to the ones in the literature, since other studies show similar residual parts. The research on the sludges
of 46 cities cited above [36] mentioned that the mean percentage (referred to P-Inorg) of NAIP and AP were about 78% and 26%
respectively. Xie et al. [24] referred 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 and colleaguesrevealed that 32.0% of inorganic P was NAIP and 51.5% was AP [20]. In Nobile
and colleagues work [37], a dewatered SSAD had 75.3% of AP and 4.8% of NAIP; in the same work the same SSAD received a
heat treatmentthat changed that proportion to 63.4% of AP and 18.7% of NAIP. Thatdifferent proportion of AP and NAIP could be
due to different chemical and thermic 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 [24], while, on the
contrary, a high presence of NAIP could be related to the iron content of the sludge [20]. Such as before, it is possible that the
different percentages between centrifuged and dried SSADs in terms of NAIP and AP could be motivated by the heat treatment of
thedried SSAD [37,38]: it was demonstrated that in sludges the heat treatment between 120°and 220°C could increase NAIP % and
decrease AP %. Above 220°C, NAIP and AP exchange rapidly their percentages [38]. 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 SMT method to treated and non-treated soils did not give the expected results. Sum of P-inorg + P-
Org did not reach P-Tot. If in SSADs there was an "acceptable" "missing part of P" (<9%), during three months of soil study the
"missing P" had anaverage percentage of 23.7%, 26.0% and 19.9% in control, centrifuged and dried samples respectively. Altho ugh
some authorsrevealed thatis normal to have an underestimation of the values of P-Inorg + P-Org with respect to P-Tot (between 0
and 22% [20,21]), it is not correct to find any variation on these P fractions. By the way, in Fig. 4 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 can be occurred [39]. Concerning NAIP and AP changes during the three
monthsof the experiment, measureswere recorded in 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 control, centrifuged and dried soils respectively, and, for that
reason, it is not correct to commentthese data. In fact, if there was an underestimation 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. 5.
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3.3. Bioavailable-P

Bioavailable-P (NaHCOz extractable P) in soil before the experiment was 4.4 + 1.3 ppm. This is a very low value if compared to
other soils [40]. Considering that the extraction 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 authorsassume thatthe bioavailable-P can be represented by
the sum of NAIP and P-Org (only partially available) measured with SMT method [16,24,41]: in this way, the 68.5% and the 73.8%
of P-Tot of centrifuged and dried SSADs con be considered aspotentially bioavailable. Surely, due to the residual-P notdetermined
in P fractionation, it is not correct to compare these two percentages. Itis only possible to observe that, using SMT method , most of
the P contained in SSADs can be considered bioavailable. Furtherm ore, because of the different methods of analysis, this data cant
be directly compared to Olsen ones. Fig. 6 shows thetime course of average P-bioavailable during three months of the experiment.
Data analysisrevealed thatthe SSAD addition to soil increased the bioavailable-P. This result confirms the fertilizing properties of
SSADs and it supports the results obtained in treated soils in the previous experiment (Chapter I11). This increase is supported by



otherstudies in the literature [34,37,42]. The day afterthe 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 of centrifuged-treated soil andto 22.2 +

1.5 ppm of dried-treated soil. Considering that 100 ppm of P-Tot were added with SSADs application, a great percentage of that can
be considered as bioavailable: around 30% and 18% in centrifuged 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 methodsand, secondly, they were extracted afterone 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
treatments seemed to happen. Statisticalanalysis confirmed these decreasingtrends (Fig. 7). Fig. 7a 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. Fig. 7b 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 [43]) and using mineral fertilizers such as KH2PO4 [13,44]. 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 -Pin the
upper, medium and lower parts of the samplesdemonstrated 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 immobilization can occur if the substances added to soil
havea C/P ratio greater than 300:1, while net mineralization is likely if the ratio is below 200:1 [45]. The C:P ratio of SSADs was
below 200. Hence, it was also possible that the mineralization process appeared causingan increase in P availability, but,d ue to the
non-increase of bioavailable P, this option was not observed here. The most probable processes that could have happened are
adsorption and precipitation. Different trend appeared in the bioavailable-P of dried SSAD (Fig. 7c). Data analysis highlighted that,
fromday1(22.2 £1.5 ppm)to day 90 (the lowest meanvalue,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 presence of organic matter (OM) in

SSAD:s. Itis known that OM can enhance P bioavailability: after addition of OM to soil, there is an inhibition of P sorption thanks
todissolved organic carbon compounds - DOC (humic acids, fulvic acids, tannic acids, aromatic acids, low molecularweight organic
acids, polysaccharides,amines and others C compounds [46]). 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 [47]. In soil
treated with dried SSAD, probably the DOC contained in the sludge acted slowly with one or more of these modalities. However,
this explication does not clarify why the same phenomenon did not appear in soil with centrifuged SSAD. It is possible thatin C
treatment the effects of OM addition were rapid (in the first 24 hours), while in D treatment, these reactions were postponed due to
the heattreatment. 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 underanaerobic conditions asa consequence of Fe reduction. All these hypotheseson bio available-
P changed over time will be betterexplored in the nextparagraph.
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3.4. Decreasing kinetic of phosphorus bioavailability

Results of the coefficients of determination (r2) and the standard error of estimate (SE) for kinetic equations, which were used to
describe phosphorus bioavailability in the poor, alkaline 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 successfully described this kinetic, with a high r2 (0.91) and very low SE (0.04). Similar results were obtained in the work
of Sinegani and co-workers [13]: in thatstudy, potassium dihydrogen phosphate (KH2PO4) was added to sterile soil and the Elovich
kinetic equation was the equation that better described the processes. As introduced in the previous paragraph, the most probable
processes that could cause a decrease in NaHCOg3 extractable-P were precipitation and adsorption. Precipitation can be caused by
Ca?*, Fe3* and AR+ 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, Ca?2* resulted the
predominant cation andthe soluble phosphorus can reasonably precipitate forming Ca phosphates [8,10]. As well the increase of pH
in soil solution, for the principle of Le Chatelier, the formation of Ca phosphatesis 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 HPO42- quickly
reacted with calcium forming a sequence of products with decreasing solubility immediately afterthe addition of P to the soil [45].
Firstly, the dicalcium phosphate (slightly soluble) was formed followed by the tricalcium phosphate (very lowsoluble). The reactions
are axpressed in equation (11):

_ CaCO3 CaCoO;

HPO?~ — 2(CaHPO,, - 2H,0) + CO, T — Cay(PO,), + CO, T + 5H,0 (11)
The solubility of these compounds and, consequently, bioavailable-P, decrease as the phosphorus changes from HPO42 ion to
tricalcium phosphate. Afterthat, the formation of more insoluble compoundscould have continued forming (in order of decreasing
solubility): oxyapatite [3Ca3(PO4)2]-CaO, hydroxyapatite [3Cas(POa4)2]-Ca(OH)2, carbonate apatite [3Cas(POa4)2]-CaCOsz and finally
fluorapatite [3Ca3(PO4)z]-CaCOs [45].
As introduced before, also cationsof Fe and Al can precipitate with P forming Fe and Al phosphatessuch asvariscite and strengite
[48] (equations(12) and (13)):

AT+ H,PO, o+ 2H,0 2 Al(PO,) - 2H,0(5) + 2H*  variscite (12)

Fe’* + HPO; () + 2H,0 2 Fe(PO,) - 2H,0() + 2H* strengite (13)
These reactionsare common in acidic soils with P additions due to the instability of Fe and Al cationsatlow pH, but in alkaline soils
are rare. On the other hand, the addition of Fe salts (such as FeSO4-7H20) is adopted in WWTPs asa strategy to remove P from the
water via precipitation and, hence, an accumulation of Fe phosphates in SS likely occurred [42,49,50]. 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 phosp hates,
enhancing P in the soil solution [50]. Huangand colleagues [42] found that after some days from SSADs application (chemically
stabilized with FeSO4-7H20) to an alkaline soil, was observed an increase of bioavailable-P, due to P mineralization or mineral
transformations. That could be another hypothesis explainingthe enhancement of bioavailable -P after some days from the application



of dried SSAD treatment. The other phenomenon that might have happened wasthe adsorption to Al and Fe oxides and hydroxid es
and the adsorption on the edges of alumino-silicate minerals. On the other hand,adsorption on oxides and hydroxides of Fe and Al
andonalumino-silicate minerals tendsto decrease with the increase of pH [48]. Differently, in a calcareous soil with a basic soil pH,
rich in calcium carbonate it was highly possible that adsorption on calcite has occurred [51,52]. Regarding bioavailable-P kinetic
with dried SSAD addition, none of the kinetic models proposed had a satisfactory fitting. On the other hand, similar results were
obtained in the work of Sinegani and colleagues: in that work, the same models tested here resulted satisfied for sterilized soil with
P addition [13]. Furthermore, in thatwork there was a treatment that was not satisfied by any of the tested models: afteraround 20
daysfrom Paddition to an unsterilized soil there wasan increase in P-bioavailability. This increase wasvery similar to what happened
in the soil treated with dried SSAD. Inthatcase,the authors motivated the increasing of P with the release of organic acids (e.g. a-
keto glucorunic acid [53]) by phosphate solubilizing microorganisms. These organic acids can chelate Ca, Fe and Al, causing an
increase in the concentration of P in soil solution. This motivation can furtherexplain the peak, but it is probably unrealistic for this
case study due to the sterilization of soil combined with heat treatment of SSAD. In Fig. 8 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 decreasing 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 reach the equilibrium. Many works reported that
afteran addition of P, the equilibrium was reached in different times: in laboratory conditionsfrom only 15 seconds [51] to 60 days
[54] and until 15 years in field conditions [55]. According to the literature, the same two different stages of P-sorption by soils
observed in this work [13,32]. The first quick stage is attributed to adsorption (ligand exchange) and the second slow stage by
precipitation into increasingly less soluble statesastime increases [26]. Moreover, if P concentration is high (such asin centrifuged-
treated soil), ligand exchange and surface precipitation can be considered as a continuum because of a rapid P precipitation
[12,48,54]. These motivations can explain the bioavailable-P decreasing kinetic obtained in control and centrifuged-treated soil.
Furthermore, the use of Elovich modelto describe this kinetic is totally in line with previous motivations: in fact, the Elo vich model
is often used to describe soils reactions (such as PO43- sorption and desorption) that could be described only by the combination of
two or three first-order reactions [32,33]. 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 [42].

Table 4 Coefficient of determination (r?) and standard error of estimate (SE) for kinetic equations used to describe the bioavailable-P data

Treatment First order Second order Simple Elovich Power function
eatme r? SE 2 SE 2 SE r? 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
67 50 50
§i = Experimental data Experimental data = = Experimental data
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Fig. 8 Kinetic of bioavailable-P in soils over 2160 hours (90 days) in: (a) not treated soil, (b) treated with centrifuged SSAD soil and (c) treated
with dried SSAD soil. Black points represent the mean values of experimental bioavailable-P, while colored lines represent the fitted kinetic models
of bioavailable-P

4. Conclusion

In this experiment, phosphorus changings afterthe addition of SSADs to an alkaline soil were evaluated. Fractionation of Pin SSADs



revealed that most of it was in the inorganic form and the majority of this last was formed by NAIP, the m ost bioavailable fraction
of P-Inorg. Afterthe addition of SSADs to soil, it was seen the increment of P-Tot of around 100 ppm was supposed to be. The P-
Tot contentremained constant forallthree months of the experiment. Differently, the bioavailable-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,atalkaline pH and with a great presence of CaZ2*ions, the formation of sequential calcium phosphates, even less soluble along
time, appeared to be the principal phenomenon. Furthermore, it was even possible that P adsorption occurred at a lesser extent. Due
to the high pH of soil solution, it unlikely occurred on Al and Fe oxides and hydroxidesand alumino-silicates since it was probably
adsorbed on calcite surfaces. These explications are in line with other literature studies [8,10,13,45] 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 process 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. 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 specifics time course for all P
fractions. Finally, it would be also importantto deeply investigate onthe behaviorof dried SSADs, in order to unequivocally define
which was the cause of the enhancing of bioavailable-P 14 days after SSAD addition. In conclusion, it was possible to assess the
trend of bioavailable-Pin a calcareous sandy soil fertilized with SSAD. This work pavesthe way forfurtherstudies re lated to kinetics
of P-related phenomena. Indeed, they are not only crucial to design fertilizers and to optimize their efficiency, but also to redu ce
drawbacks resulting from unwise fertilization such as eutrophication.
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