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Phosphorus (P) is an essential nutrient and a Critical Raw Material for the European Union. Sewage sludge ash
(SSA), containing 5—-11 wt% P, represents a promising secondary phosphorus source; however, P is mainly
hosted in poorly soluble mineral phases and may coexist with hazardous elements such as chromium. This
study investigates a microwave-assisted thermochemical treatment of SSA with sodium bicarbonate (NaHCO3)
to enhance phosphorus bioavailability while addressing chromium speciation. Treatments were performed at
800-1000 °C for 20 min. The process promotes the conversion of whitlockite into sodium—calcium phosphates,
particularly buchwaldite (NaCaPOs), resulting in phosphorus solubilization yields up to 96% under neutral
ammonium citrate extraction. Experiments conducted under oxidizing conditions without a reducing agent led
to significant formation of hexavalent chromium (Cr(VI)). The introduction of anthracite as a carbonaceous
additive substantially reduced water-soluble Cr(VI) concentrations—by approximately 70-75%—while
preserving high phosphorus availability. Although residual Cr(VI) remains above regulatory limits, the results
demonstrate that carbon-assisted microwave processing is a promising strategy for simultaneously enhancing
P recovery and mitigating chromium oxidation. Further optimization under controlled atmospheres is expected
to enable the production of environmentally compliant phosphorus fertilizers from SSA.

1. Introduction

Ensuring long-term agricultural productivity and global food security requires a stable supply of phosphorus (P),
an essential and irreplaceable nutrient for plant growth. At present, however, fertilizer production relies
predominantly on phosphate rock, a non-renewable resource unevenly distributed worldwide. Because
economically viable reserves are concentrated in a limited number of countries, the European Union has
identified both phosphorus and phosphate rock as critical raw materials, emphasizing the strategic need to
diversify supply and develop alternative, more sustainable P sources (Ryszko et al., 2023). Sewage sludge ash
(SSA), derived from mono-combustion of municipal wastewater treatment sludge, is a promising secondary P
source within circular economy strategies, with a P content of 5-15 wt% (Zhong et al., 2023).

However, its direct agronomic use is limited because phosphorus is, mainly whitlockite-type compounds
reducing its bioavailability. However, its direct agronomic use is limited, as P is mainly present in poorly soluble
mineral phases, particularly whitlockite-type compounds (Cas-x(Mg,Fe)x(POa4)2), which significantly reduce its
bioavailability. In addition, the presence of trace elements, including heavy metals, raises environmental
concerns, making further treatment necessary (Fiameni et al., 2022).

Thermochemical treatments can enhance P availability by converting insoluble phosphates into more soluble
forms. In particular, plant-available Na—Ca phosphates, such as buchwaldite (NaCaPOQ4), can form during
thermal treatment with sodium-based additives (Fiameni et al., 2022).
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However, these processes also affect trace element behavior. Chromium is especially critical due to its redox
sensitivity: Cr(lll) is relatively stable and less toxic, whereas Cr(VI) is highly soluble and toxic. Oxidizing
conditions at high temperature can promote Cr(VI) formation, making redox control essential (Vogel et al., 2014).
In this study, microwave-assisted thermochemical treatment of SSA with NaHCO3 was first evaluated without a
reducing agent. Due to significant Cr(VI) formation, anthracite was then introduced to limit chromium oxidation.
This stepwise approach aims to enhance phosphorus recovery while minimizing environmental risks.

2. Materials and methods

The sewage sludge ash (SSA) used in this study was collected from a mono-incineration facility integrated within
a municipal wastewater treatment plant in the province of Milan (ltaly), where sludge is thermally processed in
a dedicated waste-to-energy unit. The SSA originated from sewage sludge produced predominantly by
wastewater treatment processes based on chemical phosphorus removal using ferric chloride, while biological
phosphorus removal played a secondary role.

After thickening and stabilization, the sludge was mechanically dewatered, pelletized, and subsequently
incinerated in a fluidized bed furnace operating at approximately 850 °C. The resulting ash was used as the raw
material for the thermochemical experiments conducted in this work.

2.1 The microwave thermochemical treatment

Two experimental stages were designed. In the first stage, SSA was treated with NaHCO3 without a reducing
agent to evaluate phase evolution and phosphorus availability. In the second stage, anthracite was introduced
to investigate its effectiveness in limiting Cr(VI) formation. Prior to microwave (MW) processing, SSA was initially
mixed with sodium bicarbonate (NaHCQO3) at a composition of 70 wt% SSA and 30 wt% NaHCOs3, without the
addition of any reducing agent. A second series of mixtures was then prepared by incorporating anthracite as a
reducing agent, consisting of 60 wt% SSA, 25 wt% NaHCOs;, and 15 wt% anthracite.

All mixtures were finely ground using a Mixer Mill MM 400 (Retsch) and subsequently pressed into 5 g pellets
under a pressure of 300 bar for 3 minutes. Each pellet was then placed in a ceramic crucible and subjected to
microwave heat treatment.

For both formulations (with and without anthracite), two different thermal treatments were applied. The first
treatment involved heating the samples to 800 °C over 18 minutes (maximum power: 1500 W), followed by an
isothermal holding stage of 20 minutes at an average power of approximately 580 W.

The second treatment consisted of heating to 1000 °C over 25 minutes (maximum power: 1800 W), followed by
a 20-minute isothermal hold at an average power of approximately 722 W. The nomenclature of the applied
treatments is reported in Table 1.

Table 1: Nomenclature of the thermal treatments performed.

ID Anthracite  Additive t;;e:;gi;‘:e
MW800_NaB_ A Yes NaHCOs 800°C
MW1000_NaB_A  Yes NaHCOs  1000°C
MW800_NaB No NaHCOs 800 °C
MW1000_NaB No NaHCOs 1000 °C

All thermal treatments were conducted under an air atmosphere in a PYRO Advanced Microwave Muffle
Furnace (Milestone s.r.l., Italy) with an ultrafast setup. After completion of the isothermal stage, the samples
were allowed to cool naturally to room temperature.

2.2 X-ray diffraction analysis

The mineralogical composition of the raw and microwave-treated SSA samples was investigated by X-ray
powder diffraction. Measurements were performed using an X'Pert PRO diffractometer (PANalytical, Malvern,
UK) equipped with an X'Celerator detector and CuKa radiation (A = 1.5406 A), operated at 40 kV and 40 mA.
Data were acquired within a 20 interval of 10-90°. Quantitative phase analysis (QPA) was obtained through
Rietveld refinement using Profex 5.4.1. In order to estimate both crystalline and amorphous fractions,
approximately 10 wt% alumina (Carlo Erba, CAS No. 1344-28-1) was incorporated as an internal standard.
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2.3 Bioavailable and total phosphorus determination

The phosphorus content of the investigated materials was assessed through complementary analytical
approaches aimed at determining both total and potentially available fractions. The bioavailable phosphorus
was determined on both raw and thermally treated samples through extraction in neutral ammonium citrate
(NAC).

The procedure was conducted in accordance with Regulation (EU) 2019/1009 (Regulation (EU) 2019/1009 of
the European Parliament and of the Council, 2019) and followed the UNI EN 15957 standard, which defines the
method for extracting the fraction of phosphorus soluble in neutral ammonium citrate, commonly regarded as
representative of plant-available phosphorus in fertilizer materials.

To quantify total phosphorus and assess its recovery, the as-received SSA sample was subjected to digestion
in aqua regia (70°C for 6h) and filtration. Phosphorus concentrations in the extracts and digested solutions were
measured by spectrophotometric analysis using a Hach Lange DR 3800 spectrophotometer in combination with
LCK 348 cuvette tests for orthophosphate determination.

The percentage of phosphorus extracted by NAC relative to the total phosphorus was calculated by accounting
for both the mass losses occurring during thermal treatment and the dilution of phosphorus associated with the
composition of the treated mixtures, in which SSA represented only 60-70 wt%.

2.4 Preliminary Assessment of Water-Soluble Cr VI

A preliminary evaluation of water-soluble hexavalent chromium (Cr(VI)) was carried out on both raw ash and
microwave-treated samples. In SSA-based fertilizers, Cr(VI) is generally reported to occur predominantly in the
form of soluble chromate compounds (e.g., Na2CrO4) (Mishra & Bharagava, 2016; Vogel et al., 2014). Owing to
this intrinsic solubility, a short-term leaching test was performed in Milli-Q water to assess the potentially soluble
Cr(VI) fraction.

The test was conducted at a liquid-to-solid ratio (L/S) of 10 with a contact time of approximately 5 minutes.
Following a filtration phase, the concentration of leachable Cr(VI) in the obtained eluates was determined by
spectrophotometric analysis using the Hach Lange DR 3800 spectrophotometer in combination with LCK 313
cuvette tests specific for hexavalent chromium.

3. Results and discussion

The following sections present the results obtained from X-ray diffraction analysis, as well as the determination
of total and bioavailable phosphorus and water-soluble chromium. Finally, results are discussed.

3.1 X-Ray diffraction analysis

Table 2 reports that the primary phosphate phases present in the raw sample are whitlockite, hydroxyapatite,
and minor amounts of potassium pyrophosphate. Whitlockite is the dominant crystalline phosphate phase,
although it is characterized by low bioavailability.

A considerable amount of hematite (Fe203) is also detected, attributable to phosphorus removal during
wastewater treatment at the facility, where ferric chloride (FeCls) is employed. This treatment leads to the
formation of iron-rich phases upon sludge incineration.

Additionally, several silicate-containing compounds and quartz (SiO2) are observed. Quartz originates from the
silica sand used as the fluidized bed material in the furnace for sludge mono-incineration. Other detected
crystalline phases reflect both the specific wastewater treatment operations and reactions occurring during
combustion.

Quantitative phase analysis further reveals that amorphous material represents the major fraction of the raw
ashes, underscoring the substantial presence of non-crystalline components in the samples analysed (Table 2).
In Table 3, the QPA of the MW-treated SSA is reported. A comparison between the crystalline phase
composition of the raw SSA (Table 2) and the treated samples (Table 3) shows significant mineralogical
transformations induced by the thermochemical treatment with NaHCOs.

In particular, the formation of buchwaldite (NaCaPQa4) is observed in all four treatments, with contents ranging
from 14.5 wt% in the sample treated with anthracite at 800 °C to 21.7 wt% in the sample treated without
anthracite at 800 °C. This phase is considered a relatively plant-available Ca—Na phosphate and its formation
indicates the incorporation of sodium from the bicarbonate additive into the Ca—P system (Stemann et al., 2015).
In samples treated without anthracite, sodium chromate (Na2CrOa) is detected in the sample treated at 1000 °C
(1.0 wt%), while it is not detected as a crystalline phase in samples treated with anthracite. The amorphous
fraction varies between 30.9 wt% and 48.1 wt% depending on treatment conditions.



232

Table 2: QPA of the raw SSA

Raw SSA
Phase quantity

Crystalline phase st
anhydrite CaSOq, 12.7
lime CaO <1
calcite CaCOg; 9.6
forsterite Mg.SiO, 0.4
goethite FeO(OH) 1.6
hematite Fe 03 8.9
hydroxylapatite Cas(PO4)3(OH) 2.8
tetrapotassium pyrophosphate K4P207 0.6
nepheline KNa3[AISiO4], 0.8
plagioclase monalbite NaAISi;Og 3.7
portlandite Ca(OH), 1.3
quartz SiO, 16.7
srebrodolskite CayFe,05 <1
sulfur Ss 1.5
whitlockite CagsMg(POs); 12.8
amorph 25.6
P crystalline 3.4

Refinement statistics

%2 2.09
Rwp 2.36

Table 3: QPA of the treated SSA.

Mw treated SSA

Crystalline phase (wt%)

anhydrite CaSO0,
akermanite Ca,MgSi,O7
buchwaldite NaCaPO,
forsterite Mg.SiO,
gehlenite Ca,Al(SiAl)O;
hematite Fe 0s
magnetite Fe;0,
hydroxylapatite Ca1o(PO4)s(OH),
mackinawite FeS
thenardite Na SO,
metathenardite Na,SO4
nepheline NaAISiO4
quartz SiO;
whitlockite CagsMg(POs)7
witherite BaCO;
sodium chromate Na,CrO4
amorph

P crystalline

%2

Rwp

MWB800_NaB_A

6.3
14.5

10.9
23
1.7
5.9
<1
3.0
1.2
4.6
<1

<1

48.1
4.0

MW1000_NaB_A

<1
6.6
17.4

13.7
3.2
1.6
5.9
<1

2.2
3.1
<1
1.4

43.5
4.8

Refinement statistics

2.12
2.45

2.19
2.52

MW800_NaB

6.7
21.7
4.2
6.7
4.6
2.2
9.7
<1
<1
1.0
8.4
2.3
<1

<1
30.9

6.1

2.89
2.74

MW1000_NaB

10.4
19.4
2.1
10.3
35
<1
7.7
<1

<1

2.8

<1

1.0
41.0

5.2

2.81
2.85
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3.2 Bioavailable and total phosphorus determination

Through aqua regia digestion, the total phosphorus content in the raw ash sample was determined to be 4.85 +
0.28 wt%. Comparison with the phase composition obtained from X-ray diffraction (XRD) indicates that
approximately 1.4 wt% of phosphorus is present in an amorphous form in the untreated ash.

Phosphorus bioavailability was evaluated by Neutral Ammonium Citrate (NAC) extraction for both raw and
thermally treated SSA. In the raw ash, bioavailable P was below the quantification limit, confirming its low
availability. The results obtained under the different treatment conditions are summarized in Table 4.

Table 4. Evaluation of bioavailable phosphorus through NAC leaching.
P NAC

ID Sample + P NAC [%] + Extracted P
[mg/kg]
MW800_NaB_A 43040.47 4614.52 4.30 0.46 96%
MW1000_NaB_A 40903.05 4435.67 4.09 0.44 90%
MW800_NaB 37103.77 3813.98 3.71 0.38 84%
MW1000_NaB 36616.92 3773.11 3.66 0.38 77%

The highest extraction efficiency (96%) is obtained for the sample treated at 800 °C with anthracite. Samples
treated without anthracite show lower extraction efficiencies (77-84%).

3.3 Preliminary Assessment of Water-Soluble Cr VI

Hexavalent chromium (Cr(VI)) was determined in both the raw SSA sample and the treated ashes. In the raw
sample, Cr(VIl) was below the quantification limit. After microwave treatment, Cr(VI) concentrations in water
leaching allowed the calculation of a concentration ranging from approximately 35.6 to 39.5 mg/kg in samples
treated with anthracite at 1000 °C and 800 °C, respectively. Significantly higher concentrations were observed
in ashes treated without anthracite, with values between 138.7 and 142.9 mg/kg at 800 °C and 1000 °C,
respectively. Thus, the introduction of anthracite reduces water-soluble Cr(VI) concentrations by approximately
a factor of four.

3.4 Discussion

Figure 1 shows the relationship between the amorphous content and the phosphorus extraction efficiency for
all samples investigated in this study, compared with literature data obtained on the same SSA source under
acidic leaching conditions (Massa et al., 2025). In the previous work, a strict positive correlation between
amorphous fraction and P extraction was observed, with extraction efficiencies increasing from less than 1% to
more than 50% as the amorphous content increased from approximately 15 wt% to 42 wt%. This behaviour was
attributed to the higher reactivity of amorphous P-bearing phases compared to crystalline phosphates such as
whitlockite. In the present study, a similar trend is observed: samples with higher amorphous contents (43-48
wt%) show the highest NAC-soluble P fractions, reaching up to 96% extraction efficiency. However, unlike acidic
leaching, the relationship is not strictly linear, indicating that under NAC extraction P availability is also influenced
by the crystalline phases formed during treatment. In particular, NaHCO3; promotes the transformation of
whitlockite into Na—Ca phosphates such as buchwaldite (NaCaPOQ4), which are more agronomically available.
Thus, high extraction efficiencies result from both partial amorphization and formation of soluble Na—Ca
crystalline phases.

100%

90% OP extraction (%) - this work O O
80% @ P extraction (%) - literature o O
F 0%
pu 60%
S
T 50% | u
3 40% B ]|
30%
20%
10%
0%
0% 10% 20% 30% 40% 50%

Amorph content (wi%)

Figure 1: Relationship between amorphous content and phosphorus extraction efficiency in NAC and acidic
leaching data from (Massa et al., 2025) on similar SSA source.



234

The stepwise experimental design highlighted the importance of redox control. Treatments in air without a
reducing agent led to significant Cr(VI) formation, including Na2CrO4 crystallization at 1000 °C, confirming that
oxidizing, Na-rich conditions favor chromium oxidation. The addition of anthracite effectively mitigated Cr(VI)
formation, likely by creating local reducing conditions, reducing water-soluble Cr(VI) by ~70-75%. Importantly,
phosphorus availability was not affected, with the highest recovery achieved at 800 °C, showing that P activation
and Cr(VI) mitigation can be simultaneously optimized. However, residual Cr(VI) levels still exceed regulatory
limits for fertilizers, requiring further optimization. Future work may include microwave treatment under inert
atmospheres (N2 or COgz), optimization of carbon dosage, alternative reducing agents, post-treatment
stabilization strategies for chromium, and control of cooling rate to stabilize amorphous P phases and prevent
recrystallization into poorly soluble Ca-phosphates. These approaches could enable full suppression of Cr(VI)
while maintaining or enhancing P bioavailability.

4. Conclusions

This study shows that microwave-assisted thermochemical treatment of SSA with NaHCO3 effectively enhances
phosphorus bioavailability by converting poorly soluble phosphates (e.g., whitlockite) into more available Na—
Ca phases such as buchwaldite, achieving up to 96% P extraction in NAC. The two-step approach highlighted
the importance of redox control: treatments without a reducing agent caused significant Cr(VI) formation,
whereas the addition of anthracite reduced water-soluble Cr(VI) by ~70-75% while preserving high P availability.
Overall, the results demonstrate that phosphorus recovery and chromium mitigation can be simultaneously
optimized. Although Cr(VI) levels remain above regulatory limits, carbon-assisted microwave processing
represents a promising route for upgrading SSA, with further improvements expected through controlled
atmospheres and refined redox management.
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