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Abstract

The lack of interest in the reuse of phosphorus in agriculture is mainly due to the high abun-
dance of pathogens, organic pollutants, microplastics, and possibly toxic metals. Therefore,
different forms of treatment are necessary to take advantage of phosphorus recovery poten-
tial, one of which is the use of ash from incinerated/calcined biological sludge. A high rate
of conversion of the non-apatite inorganic phosphorus fraction into apatite phosphorus
was obtained in this study because of the use of commercially pure CaO additive in the
dry sludge calcination tests, which is more bioavailable to plants. The obtained phospho-
rus pentoxide content ranged from 12 to 17%, surpassing several phosphorus-based raw
materials and fertilizers. In addition, the ashes have been shown to contain toxic metals
far below those recommended by Brazilian and international environmental legislation, so
they can be applied directly to the soil for crop fertilization, or be used in P extraction and
separation technologies for fertilizer production.

Keywords: phosphorus apatite; sewage sludge; toxic heavy metals and nutrients; calcination;
ashes

1. Introduction
The impact of climate change on environmental preservation has been analyzed more

intensively in recent years. The environment has always been treated as a supplier of
infinite natural resources and consequently a depository for waste, and it is not sustainable
to coexist with this type of situation. Humanity has begun to realize the need to reuse,
recycle, and treat waste generated due to environmental chaos and public health, which
is identified by the absence of environmentally correct measures. The indiscriminate
exploitation of natural resources is also a concern, as its growth may impact, in the absence
of essential resources, the survival of humanity in a shorter period; that is, sustainable
development must be the primary objective of world leaders.

Faced with such an environmental problem, it is alarming to see the growing demand
for and accelerated extraction of ores, such as phosphorus mineral resources, and the
consequent risk of depletion of deposits, which is estimated to occur around 50 to 100 years
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from now. In addition, 75% of the phosphorus extracted worldwide comes from Morocco;
that is, the country holds more than half of the world’s viable reserves of extraction, which
can generate high food insecurity for countries in the event of wars or problems in trade
relations. There are no other substitute chemical elements, as the element is an essential
macronutrient for plants along with nitrogen and potassium, and it is even necessary
in the form of an additive for livestock feed in a considerable amount, as reported by
Cordell et al. [1,2] and Ye et al. [3].

Phosphorus also has a polluting potential, as it is a limiting agent in the blooms of
algae such as cyanobacteria frequently observed in water sites around the world, and the
occurrence is facilitated both by transporting fertilizers to the water site, and mainly by
non-treated sewage, rich in phosphorus and nitrogen, naturally discharged into water
resources (Rosa et al. [4] and Sawska et al. [5]).

Although there are considerable amounts of phosphorus, nitrogen, and organic matter
in domestic sewage owing to the mixture of urine and feces, the use of untreated sewage
for fertilization and crop irrigation purposes is not recommended, as there are, for example,
many pathogenic microorganisms present. The use of treated sewage is a viable alternative
(Eagle et al. [6], Lima et al. [7], Ye et al. [3], Kominko et al. [8], and Olasupo et al. [9]).

Domestic sewage has a high influent Biochemical Oxygen Demand (BOD); that is,
there is a high amount of biodegradable organic matter, so it is necessary to apply biological
treatments in effluent treatment plants (ETPs) at affordable costs. The major drawback
of this technique is the amount of waste generated in the form of biological sludge that
grows at the expense of the assimilated food, which is rich in pathogens, organic micro
pollutants, microplastics, partially and/or stabilized organic material, and toxic metals
(depending on the influx of industrial sewage the station), and also contains nutrients such
as nitrogen, phosphorus, calcium, and potassium (Cieslik et al. [10], Husek et al. [11], and
Sawska et al. [5]).

The phosphorus load in an ETP comes from the large quantity of powdered deter-
gents, urine, and feces that are disposed of in domestic sewage. Thus, there are normally
considerable concentrations of the element in the sludge formed (solid phase) and a smaller
part in the liquid phase (treated effluent), with the concentration in the solid phase being
approximately 70 to 98%. This is mainly because of the ability to incorporate phosphorus
into solid biomass particles and the need for phosphorus consumption by the cells of
microorganisms (Chrispim et al. [12], Eagle et al. [6], and Gerardi [13]).

The high generation of biological sludge provided by ETPs has become a problem in
the vast majority of cases because the costs for disposal in landfills are very high. Owing to
the high amount existing, it is estimated that the biggest cost for a waste water treatment
plant (WWTP) in operation is the disposal and transportation of this biological sludge,
which can reach up to 60% of operating expenses.

Although several studies have addressed the issue of the direct application of sanitized
biological sludge—for example, in some crops as a soil conditioner, including improving
soil compaction due to the presence of organic matter—its use is becoming increasingly
restricted. With the technological advances in ETPs, it was verified in the analyses carried
out that the sludge has presented a very large amount of pathogens, microplastics, and
organic pollutants, and also the possibility of high concentrations of potentially toxic
metals, making its use inadvisable, due to the possibility of environmental contamination.
Furthermore, the phosphate present in excess STP sludge is present in high proportions in
organic and non-apatite inorganic forms, which is a problem for plants since such forms
can be absorbed directly in very limited quantities, or simply cannot be absorbed; thus,
sewage sludge has low phosphorus bioavailability for plants when directly applied to
crops (Hudcová et al. [14] and Li et al. [15]). A possible alternative for disposing of this
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high quantity of contaminated biological sludge is incineration. In this process, there is a
considerable reduction in the volume, mass, and elimination of pathogens, microplastics,
and organic micropollutants from the solid phase. Due to recent studies on the impacts
of sludge contaminants on soil, many countries are gradually restricting their legislation
regarding land application, with incineration increasingly being used as a method of
sewage sludge disposal. The ash from incineration contains a large amount of concentrated
nutrients, such as phosphorus, on the order of 14% to 25%. The inconvenience that can be
observed is the maximization of the toxic metal contents if the sludge comes from an ETP
that receives industrial sewage in a large part of the influent flow; therefore, it is necessary
to use an additive in incineration to overcome this problem, for example, MgCl2 or CaCl2
(Husek et al. [11], Li et al. [15], Yang et al. [16], Kominko et al. [8], and Olasupo et al. [9]).

According to the National Mining Agency, Brazil is the fourth largest consumer of
fertilizers based on nitrogen, phosphorus, and potassium. Unfortunately, the majority of
fertilizers used in Brazilian crops are imported products, as arable areas have increased
every year; however, the production of phosphorus-based fertilizers has not increased in
the same way. The use of phosphorus recovered from sewage sludge brings several benefits
to sustainable development, such as extending natural phosphorus reserves, eliminating
potentially contaminated sludge disposed in landfills, generating heat during burning,
and reducing the operating cost of a WWTP due to expenses related to transportation
and disposal of sludge, among others, such as meeting the United Nations Sustainable
Development Goal 2 (SDG 2) in the areas of food security and sustainable agriculture
(Eagle et al. [6], and Law and Pagilla [17]).

Therefore, this work is essential for the continuation of studies related to the transfor-
mation of NAIP (non-apatite) phosphorus into AP (apatite), as it innovatively investigates
the transformation of NAIP phosphorus into AP using commercially pure quicklime con-
taining 37% MgO, 54% CaO, and 12% other impurities. Furthermore, the study examines
the behavior of toxic metals and nutrients after the application of commercial lime, con-
tributing significantly to potential industrial applications.

2. Materials and Methods
The sludge sample was collected in the last week of April 2021 at ETP-Pitico of SAAE

(Serviço Autônomo de Água e Esgoto) in Sorocaba, São Paulo, Brazil (Figure 1a) and then
frozen to stop microbiological activity. The ETP-Pitico treats mainly domestic sewage with a
maximum design flow of 251 L/s, and the treatment is carried out using an activated sludge
system by prolonged aeration with moisture removal through horizontal axis centrifuges.
A moisture content of 79.5% was found in the sludge collected at the centrifuge outlet,
as measured with a moisture meter (Quimis model Q533M). The moisture content found in
the centrifuged sludge from ETP-Pitico is within what is expected from the literature, which
predicts 77.5 to 81.5% water and 18 to 22.5% ST. The sludge was thawed for approximately
12 h at room temperature (Figure 1b) and placed in a drying and sterilization oven for 48 h
at 105 °C to eliminate the water present in the sludge (Figure 1c). After drying, the sludge
was stored in a desiccator to prevent moisture reabsorption (Li et al. [15,18]).

2.1. Sample Preparation and Calcination

The sludge removed from the desiccator was crushed and passed through a 500 µm
particle size sieve. The sludge was then placed in porcelain crucibles (Figure 2a) with a
mass varying between 6 and 15 gr, and calcined in a muffle furnace at the chosen tempera-
tures, with and without the commercial quicklime additive. For calcination without lime,
temperatures from 650 ºC to 1050 ºC were chosen, and in the treatment with lime, three
intermediate temperatures were chosen—650, 750, and 950 ºC—in relation to treatments

https://doi.org/10.3390/resources15020022

https://doi.org/10.3390/resources15020022


Resources 2026, 15, 22 4 of 21

without commercial quicklime. The calcination temperatures used are listed in Table 1. In
the samples with lime, the proportions of lime weight in relation to the weight of sludge
were chosen as 3, 6, and 12%, homogenized (Figure 2b) to investigate the conversion rate
of non-apatite inorganic phosphorus (NAIP) into apatite phosphorus (AP). The samples
were left for 1 h in a muffle furnace at the defined temperatures after the temperature was
reached. The muffle does not allow adjustment of the heating rate; however, it starts at a
heating rate of 22.8 ºC/min from 0 to 10 min, and then from 10 min onward it stabilizes at
4.8 ºC/min (Figure 2c). The average mass loss for each calcination temperature was in the
range of 70%.

Figure 1. The sludge sample. (a) Sample collected. (b) Sample after thawing. (c) Dry sample.

Figure 2. The sludge sample. (a) Crushed dry sludge. (b) Added quicklime (without homogenization).
(c) Ash obtained after calcination.

Table 1. Temperatures used in sludge calcination and % lime per sample weight.

Reference Calcination Temperature
[°C]

Commercial Quicklime
Additive [%]

650 650 0
700 700 0
750 750 0
800 800 0
850 850 0
900 900 0
950 950 0

1000 1000 0
1050 1050 0

650 3% 650 3
650 6% 650 6

650 12% 650 12
750 3% 750 3
750 6% 750 6

750 12% 750 12
950 3% 950 3
950 6% 950 6

950 12% 950 12
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2.2. Sample Characterization

The amount of P in the forms apatite phosphorus, non-apatite inorganic phosphorus,
and total phosphorus (TP) was determined using the spectrophotometer colorimetric
method. In addition, scanning electron microscopy (SEM-EDX) and inductively coupled
plasma optical emission spectrometry (ICP-OES) were performed.

2.2.1. Phosphorus Extraction and Quantification

To obtain the P fractions, pulverized samples of dry sludge and ash with/without
additives were subjected to acid and basic extraction processes. All analyses were per-
formed in triplicate, and the results obtained had a relative standard deviation of less than
1%. For the dry sludge sample, the organic phosphorus (OP) fraction was also analyzed,
which was chemically linked to organic compounds. The non-apatite inorganic phosphorus
fraction consists of the Mn/Al/Fe-P compounds, apatite phosphorus fraction, Ca/Mg-P
compounds, and total phosphorus the sum of all fractions. The harmonized Standards,
Measurements, and Testing (SMT) protocol was used, as summarized in Pardo et al. [19]
(Figure 1) and Ruban et al. [20] (Figure 2). Pre-digestion was not carried out in the TP of
the harmonized protocol for the analysis of calcined sludge (ash), with direct extraction
being carried out with 20 mL of HCl 3.5 mol/L since there was no organic matter to digest
in the ash. Ethik Tecnology’s Dubnoff 304 TPA bath equipment (Ethik Technology, Sao
Paulo, Brazil) was used with reciprocal agitation for acidic/basic extraction of P, which was
recovered in the form of PO4

3− (phosphate). The extraction time was 20 h at 25 ºC and a
stirring speed of 220 rpm.

Total phosphorus—The acidic extract of TP (HCl 3.5 mol/L) and the residue were
placed in Falcon tubes for centrifugation for 12 min at 3000 rpm to separate the residue
from the extract and enable color analysis in a spectrophotometer of the liquid phase (TP).

Non-apatite inorganic phosphorus—The basic NAIP extract (NaOH 1.0 mol/L) and
the residue were separated by filtration through medium filter paper, with the residue
carrying the AP fraction being retained in the filter, and the liquid collected in the beaker,
the extract NAIP. Ten milliliters of NAIP extract was discarded, and the remaining 10 mL
was neutralized with 4 mL of HCl 3.5 mol/L. The NAIP extract was then centrifuged to
extract the supernatant for color analysis using a spectrophotometer.

Phosphorus apatite—The acid extract of AP (HCl 1.0 mol/L) with the residue was
placed in Falcon tubes and centrifuged for 12 min at 3000 rpm, and the supernatant was
collected for color analysis.

P quantification was carried out using the Vanadomolybdophosphoric Acid spec-
trophotometric method described in the manual of official analytical methods for fertilizers
and correctives of the Ministry of Agriculture, Supply and Livestock of Brazil, using at
Shimadzu UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). From the
concentrated solution of 500 mg/L of KH2PO4 (Monopotassium phosphate), dilutions were
made to create an analytical curve of absorbance (ABS) and concentration, with 10 points
chosen to guarantee greater precision of the method [21]. When carrying out the analysis
on the spectrophotometer, from the dry/calcined sludge extract, the concentration of P
(mg/g) was obtained through PO4

3− (mg/L), and the content of phosphorus pentoxide
(P2O5).

2.2.2. Metal Analysis

The method used for digestion and extraction was described by Melo and Silva [22],
with DMF (digestion in a muffle furnace), with adjustments. The pre-digestion step at
550 °C for 2 h was eliminated from the ash samples, as they were calcined at a minimum
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temperature of 650 °C. The dry sludge and ash samples were crushed until they reached
250 µm, for a higher contact area during solubilization.

To carry out multi-element analysis of 15 metals (potentially toxic and nutrients)
by inductively coupled plasma atomic emission spectroscopy (ICP-OES), multi-element
standards were read according to spectral lines, and the respective analytical analysis curves
were prepared for each, one with low concentration and the other with high concentration,
where seven points were chosen for each calibration curve. All data were acquired in
triplicate, similarly to samples P, maintaining the same precision error with a relative
standard deviation of less than 1%.

3. Results
3.1. Phosphorus Analysis
3.1.1. Dry Sludge

As shown in Table 2, the amount of TP, 25.66 mg/g, found in the dry sludge was quite
similar to the amounts reported by Bairq et al. [23] and Li et al. [15], which were 25.29 and
25.68 mg/g, respectively. The values obtained in the phosphorus fractions demonstrated
that more than half of the phosphorus content of the sludge was in the form of NAIP
(Al/Fe/Mn-P) and OP (organic phosphorus) compounds, which have low bioavailability
for plants, whereas the fraction AP (Ca/Mg-P), the most important because of the possibility
of being directly absorbed by plants, is present in small quantities. Previous studies by
Li et al. [15] and Li et al. [18] also confirmed this trend of low AP values in the analyzed
sewage sludge, with approximately 2.5 mg/g of the AP fraction, which is still approximately
1/3 lower than the value found in this study.

Table 2. Phosphorus results obtained from the spectrophotometer.

Fraction Average Content [mg/g]

TP 25.66
NAIP 11.43

AP 7.54
OP 3.39

3.1.2. Calcined Sludge

After analysis in the spectrophotometer, the elemental phosphorus content in the ash
was obtained, as shown in Figure 3, for the different temperatures studied. Analyzing the
results regarding the P fractions in the ash, it is possible to verify that as the calcination
temperature increases, there is a substantial loss of recovery of the NAIP fraction and a
slight loss of AP, implying a reduction in the TP fraction, but this behavior becomes more
significant from 850 °C onward in the analyzed samples. It is also noticeable that the AP
fraction has a much lower tendency to volatilize during the sludge-burning process at the
different temperatures studied, as reported in previous studies, which is highly desirable
from the point of view of reusing ash in agriculture [15,18,23].

The results obtained for the fractions presented a certain disagreement with the
findings of Li et al. [15,18], who showed that at high temperatures, similar to that used in
this work, there is a conversion of a large part of the NAIP fraction into AP, and that as the
temperature increases up to the limit of 900 °C there is a slight increase in the TP fraction in
the ashes.

The difference from the work of Li et al. [15] can occur, for example, when using a
fluidized bed furnace, which has a highly oxidizing atmosphere caused by the abundance
of oxygen gas, or unlike the laboratory muffle furnace used, which does not have an
air injection system. Thus, we tend to have a less oxidizing atmosphere. Han et al. [24]
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tested both an inert nitrogen atmosphere and an air-oxidizing atmosphere in their sludge
heat treatment experiments and found that the inert atmosphere greatly favors the loss
of phosphorus by volatilization compared to the oxidizing atmosphere. Therefore, it is
assumed that the more oxidizing the atmosphere inside the furnace, the greater the quantity
of phosphorus that can be retained in the ash. In addition, Li et al. [15] observed there was
no loss of fly ash due to the furnace’s capture and retention system, which found around
6% of the sample’s total phosphorus retained in this portion of the ash.

Figure 3. Quantity of elemental P recovered from the fractions as a function of the heat treatment
temperature.

Regarding the findings of Li et al. [18], despite using identical calcination conditions,
the pulverized dry sludge samples were 150 µm in diameter, whereas in this work a
maximum diameter of 500 µm was used. According to Li et al. [15], the smaller the particle
size during calcination, the greater the favorability of the NAIP to the AP transformation
mechanism because of the greater contact area between the particles.

3.1.3. Sludge Calcined with Commercial Lime

The results for elemental phosphorus at each temperature and the respective amounts
of lime are shown in Figure 4. It can be seen that the introduction of commercial CaO
causes the transformation of the NAIP phase into AP even at the lowest temperature
of 650 °C with 3% additive. The AP content recovered at this temperature without the
addition of the additive was approximately 40 mg/g and with 3% almost 45 mg/g, that
is, there was a gain of approximately 11% in phosphorus apatite content. Li et al. [15,18]
observed identical trends in their experiments but used an additive CaO of analytical purity.
The highest AP content was obtained at a temperature of 650 °C with 12% of additive,
around 62 mg/g, thus there is an enrichment of approximately 35% of the fraction in the
ash, while at temperatures of 750 and 950 °C it is notable a small reduction in the AP fraction
was observed, demonstrating that it is more stable and less subject to volatilization losses,
as described by Li et al. [15]. However, a slight increase in the content of the AP mineral
phase with increasing temperature and maintaining the additive proportion was observed.
These discrepancies in the results can be explained by the reasons mentioned before and
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mainly by the use of analytical purity CaO, unlike this work, which used commercial purity
CaO with 37% MgO and 54% CaO in its composition.

Figure 4. Quantity of elemental P recovered from the fractions as a function of the heat treatment
temperature and quantity of quicklime additive.

It is also evident that the conversion of NAIP to AP is dependent on the temperature
and amount of additive added; however, this dependence has been shown to have a greater
impact on the amount of additive than on temperature. For example, at a constant 650 °C
and varying the additive (%) between 3, 6, and 12%, the recovered AP content started
at approximately 45 mg/g at 3%, reaching approximately 62 mg/g in 12%. In addition,
at high temperatures such as 950 °C it is not possible to obtain the same amounts of AP at
lower temperatures, even by increasing the amount of additive. This behavior suggests
greater volatilization of the AP phase at 950 °C, probably due to the high concentration of
MgO in the additive.

In the NAIP fraction, high dependence on the additive for conversion to AP was clearly
observed. By analyzing the temperature of 650 °C and varying the weight percentage
of commercial CaO by 3, 6, and 12, it was verified that the NAIP content starts from
approximately 35 mg/g at 3% to approximately 2 mg/g at 12%, which demonstrates the
high conversion of NAIP to AP and greater volatilization of NAIP, as cited by Li et al. [15]
and Li et al. [18]. The influence of temperature on the conversion of NAIP to AP was
reduced, corroborating the formation of the AP phase. There was a significant and beneficial
decrease in the NAIP phase, in the experiments with 3, 6, and 12% in weight percentage of
commercial CaO: very little of the NAIP phase remained, and the values did not exceed
2 mg/g, demonstrating that the addition of commercial lime was extremely viable for
NAIP to AP phase conversion.

According to the chemical reactions presented by Li et al. [18], in the transformation of
aluminum NAIP phases into calcium AP at different temperatures, calcium pyrophosphate
and calcium phosphate are formed in the products, which are calcium AP and the con-
sumption of aluminum phosphate and phosphite NAIP. In the case of the transformation
of iron NAIP phases into calcium AP, the consumption of iron NAIP results in calcium
phosphate and hypophosphate products that are AP. According to Li et al. [18], during the
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calcination/incineration process using CaO as an additive, several chemical reactions occur
that transform NAIP phosphorus into AP, as follows:

Aluminum NAIP to calcium AP:

Al(PO3)3 + 2 CaO → Ca2P2O7 + AlPO4

AlPO4 + 3 CaO → Ca3(PO4)2 + Al2O3

2 AlPO4 + CaO → Ca2P2O7 + Al2O3

Iron NAIP to calcium AP:

2 FePO4 + CaO → CaP2O6 + Fe2O3

3 FePO4 + CaO → CaP2O6 + Fe3PO7

2 Fe3PO7 + 3 CaO → Ca3(PO4)2 + 3 Fe2O3

CaP2O6 + 2 CaO → Ca3(PO4)2

Considering that phosphorus compounds containing magnesium are also apatites,
and that magnesium belongs to the same family as calcium in the periodic table, similar
reactions are expected to occur, leading to the formation of magnesium-containing apatites.

For the TP phase, there was a drop in the TP content in relation to the condition
without additive, proportional to the percentage of weight of commercial lime added to
the sludge before calcination; this drop presented values of the order of up to 30% for the
three temperatures investigated with the maximum percentage of 12% lime added. Such
complications may be related to the use of commercial lime and the consequent greater
volatilization of the AP and NAIP phases, contributing to the decrease in TP. This loss from
the point of view of agronomic use is not desirable due to the lower P content per unit mass
of ash.

The percentages of P2O5 obtained for the different temperatures and additive propor-
tions studied are presented in Table 3, and it was found that the levels varied between 12%
and 17%, with these values being slightly below the range proposed in the literature, which
varies from 14% to 25%, as mentioned by Li et al. [15].

Table 3. Content in % of phosphorus pentoxide as a function of temperature and quantity in % of
commercial CaO.

Temperature [°C] Fraction CaO [%] P2O5 [%]

650 TP 3 17.06
650 TP 6 16.13
650 TP 12 13.14
750 TP 3 16.88
750 TP 6 15.55
750 TP 12 13.48
950 TP 3 15.67
950 TP 6 14.51
950 TP 12 11.91

The P2O5 values follow exactly the same trend previously demonstrated with elemen-
tal P. For example, for a constant % of additive of commercial quicklime, there is a decrease
in the percentage of P2O5 with an increase in temperature, occurring in the same way when
the temperature is maintained constant , and varying the weight % of commercial CaO.
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3.2. Analysis of Potentially Toxic Metals and Nutrients

The contents of the different metals obtained at different calcination temperatures and
percentage of commercial CaO additives are presented and discussed in the following sec-
tion. The metals analyzed were aluminum, sodium, calcium, potassium, iron, magnesium,
copper, zinc, molybdenum, nickel, arsenic, cadmium, chromium, lead, and barium.

For aluminum, calcination at 650 °C resulted in a significant mass loss of the initial
sludge due to volatilization, leading to a concentration of the element in the resulting
ashes, as observed in Figure 5a. In the absence of the additive, a slight decrease in Al
content was observed with increasing temperature, suggesting a greater susceptibility of
the non-apatite inorganic phosphorus phase, potentially P-Al, to volatilization, as reported
by Li et al. [15,18] and Bairq et al. [23]. At temperatures between 650 °C and 950 °C, with ad-
ditive weight percentages of 3%, 6%, and 12%, this trend was more pronounced, indicating
that aluminum may be partially substituted by calcium and/or magnesium in the apatite
phase, with residual aluminum potentially volatilized. For sodium, a similar concentra-
tion trend was observed in the ash post incineration, albeit less pronounced, as shown in
Figure 5b. Without the additive, the sodium content increased up to 750 °C, which was
likely due to the formation of acid-soluble compounds or the release of sodium bound
to organic matter after combustion. Beyond 750 °C, the sodium content decreased, likely
due to volatilization, as sodium has a boiling point of approximately 883 °C, within the
temperature range studied. With the additive, enhanced sodium fixation was observed
at 750 °C and 950 °C for 3% and 6% additive conditions, resulting in higher recovery.
However, at 12% additive, this effect was not observed, indicating a lower sodium recovery
compared to the no-additive condition. Calcium exhibited a significant concentration in
the ashes at 650 °C, with minimal variation at higher temperatures, and remained nearly
constant. With the CaO additive in both temperature ranges, increasing the additive per-
centages led to a slightly lower calcium recovery. This suggests that the newly formed
calcium apatite may be less soluble in concentrated nitric acid under these experimental
conditions, contrary to expectations due to calcium addition. For potassium, a slight concen-
tration increase was observed at 650 °C compared to dry sludge, remaining stable at 750 °C.
From 850 °C onward, a significant decrease in potassium content was observed, likely
due to volatilization, as potassium has a boiling point of approximately 758 °C. With the
additive, enhanced potassium recovery was observed at 650 °C, with the highest recovery
at 12% additive. However, at 950 °C, increasing the additive percentage slightly reduced
the potassium content. Sodium, calcium, and potassium are considered agronomically
beneficial parameters for soil fertilization because of their proven benefits to crops [25–27].

The iron concentration did not increase at the lowest calcination temperature, as shown
in Figure 6a. The recovered iron content decreased with increasing temperature, with a
sharp decline at 850 °C and a less pronounced decrease thereafter. As iron compounds
typically have boiling points well above the studied temperature range, the reduced re-
covery is likely due to the formation of less acid-soluble oxides rather than volatilization.
With the additive at 650 °C, increasing the additive percentages reduced the recovered
iron content, whereas at 950 °C, a slight increase was observed with higher additive levels.
For magnesium, a slight increase in concentration was noted at 650 °C compared to dry
sludge, with minimal variation and a slight decrease at higher temperatures, as observed
in Figure 6b. With the additive, higher CaO percentages increased magnesium recovery at
both temperatures, likely due to the 37% MgO content in the commercial CaO and the poten-
tially higher solubility of magnesium apatite in the acid used for solubilization. Magnesium
is also considered an agronomically beneficial parameter for soil fertilization [25,26]. As
shown in Figure 6c, no concentration increase was observed for copper at 650 °C; instead,
a slight decrease in the recovered copper was noted, continuing at 750 °C and 850 °C.
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At 950 °C and 1050 °C, this trend was reversed, suggesting the formation of more acid-
soluble copper compounds. With the additive, increasing percentages slightly increased
the copper recovery at 650 °C and 950 °C compared to the no-additive condition. For zinc,
no concentration increase was observed at 650 °C compared to dry sludge (see Figure 6d),
with a significant decrease occurring up to 950 °C. At 1050 °C, zinc recovery increased
slightly but remained below the 650 °C level, suggesting partial volatilization of metallic
zinc or its compounds (boiling point 907 °C) and the formation of more acid-soluble
compounds at 1050 °C. With the additive, increasing percentages reduced zinc recovery
at both temperatures, indicating enhanced volatilization or formation of less acid-soluble
compounds. Copper and zinc have maximum limits of 1500 mg kg−1 and 2800 mg kg−1,
respectively, for sewage sludge used in soil fertilization, and the concentrations in the ashes
were below these Brazilian legislative limits [25,26].

Figure 5. Content recovered as a function of temperature variation and percentage by weight of
commercial CaO additive. (a) Aluminum. (b) Sodium. (c) Calcium. (d) Potassium.

Molybdenum exhibited a concentration at 650 °C, with a pronounced increase at
750 °C, likely due to the elimination of residual organic matter bound to the metal or the
formation of more acid-soluble compounds. As observed in Figure 7a, the concentrations
remained relatively stable at subsequent temperatures until a significant decrease at 1050 °C,
approaching dry sludge levels, suggesting the formation of less acid-soluble compounds.
With 3% and 6% additives, no significant impact on molybdenum recovery was observed
compared to the no-additive condition. However, at 12% additive, the reduced recovery
indicated increased insolubility or the formation of more volatile compounds. In Figure 7b,
we can observe that for nickel, no concentration increase was observed at 650 °C; instead,
the recovered nickel decreased by nearly half compared to dry sludge, continuing to decline
up to 950 °C, suggesting the formation of less acid-soluble compounds, as nickel and its
compounds have boiling points well above the studied range, reducing the likelihood of
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volatilization losses. At 1050 °C, a significant increase in the recovered nickel was observed,
approaching 750 °C levels, indicating the formation of more acid-soluble compounds.
With the additive at 650 °C, increasing percentages reduced nickel recovery, suggesting
less acid-soluble compounds, whereas at 950 °C, a slight increase in recovery with higher
additive percentages suggested more soluble compounds. Molybdenum and nickel have
maximum limits of 50 mg kg−1 and 420 mg kg−1, respectively, for sewage sludge used in
soil fertilization, and their concentrations in the ashes were below these Brazilian legislative
limits [25,26]. Arsenic exhibited a significant concentration from 650 °C to 950 °C, with a
slight increase compared to the initial calcination condition, suggesting the formation of
more acid-soluble compounds, as observed in Figure 7c. At 1050 °C, a considerable decrease
in the recovered arsenic was observed, likely due to the low boiling point of elemental
arsenic (613 °C), allowing for the volatilization of certain compounds or the formation
of less acid-soluble compounds. With the addition of the additive at 650 °C, varying
percentages had no significant impact on the recovered arsenic. At 950 °C, the additive
reduced the recovered arsenic, particularly at 3%, with further reductions of 6% and 12%
compared with the no-additive condition. For cadmium, a significant concentration was
observed at 650 °C compared to dry sludge (see Figure 7d), which was attributed to a 70%
mass loss during calcination–incineration. At 750 °C, 850 °C, and 950 °C, the recovered
cadmium decreased progressively, increasing slightly at 1050 °C to levels similar to those
in dry sludge. This behavior suggests partial volatilization owing to the low boiling point
of cadmium (767 °C) and the formation of less acid-soluble compounds, with a reversal at
1050 °C favoring more soluble compounds. Arsenic and cadmium have maximum limits
of 41 mg kg−1 and 39 mg kg−1, respectively, for sewage sludge used in soil fertilization,
and their concentrations in the ashes were below these Brazilian legislative limits [25,26].

Figure 6. Content recovered as a function of temperature variation and percentage by weight of
commercial CaO additive. (a) Iron. (b) Magnesium. (c) Copper. (d) Zinc.
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In Figure 8a, it can observed that chromium showed no concentration increase at
650 °C. This slight decrease in the recovered chromium indicates the possible formation
of less acid-soluble compounds after significant organic matter elimination. This trend
persisted up to 1050 °C, resulting in a very low recovery of chromium at the highest
temperature. The formation of less acid-soluble compounds is more likely than significant
volatilization losses, as chromium and its compounds have high boiling points well above
the studied range. With the additive at 650 °C, the recovered chromium increased by
3%, but the recovery decreased by 6% and 12% compared to the no-additive condition.
At 950 °C, the additive significantly increased the recovered chromium, particularly at 3%,
with that trend continuing less intensely at 6% and 12%, suggesting the formation of more
acid-soluble chromium compounds. For lead, a slight concentration was observed at 650 °C
(see Figure 8b), followed by a significant decrease up to 950 °C, likely due to the formation
of less acid-soluble compounds, as volatilization is unlikely to occur given the high boiling
points of lead and its compounds. With the additive at 650 °C, 3% had no effect, but 6%
and 12% reduced the recovered lead, suggesting less soluble compounds. At 950 °C, 3%
slightly increased the recovered lead, with minimal changes at 6% and 12%, indicating a
negligible influence on compound solubility. Barium exhibited a slight concentration at
650 °C after the significant elimination of organic matter, as observed in Figure 8c. At 750 °C,
the recovered content remained stable, followed by a significant decrease from 850 °C to
1050 °C. This behavior is likely linked to the formation of less acid-soluble compounds,
as barium and its compounds have boiling points well above the studied range, reducing
the likelihood of volatilization losses. With the additive at 650 °C, minimal interference
was observed across all percentages, with recovered values similar to those in the no-
additive condition. At 950 °C, increasing the additive percentage significantly increased the
recovered barium, indicating the formation of more acid-soluble compounds. Chromium,
lead and barium have maximum limits of 1000 mg kg−1, 300 mg kg−1, and 1300 mg kg−1,
respectively, for sewage sludge used in soil fertilization, and the concentrations in the ashes
were below these Brazilian legislative limits [25,26].

Figure 7. Content recovered as a function of temperature variation and percentage by weight of
commercial CaO additive. (a) Molybdenum. (b) Nickel. (c) Arsenic. (d) Cadmium.
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Overall, the commercial CaO additive generally increased the recovery of potentially
toxic heavy metals such as barium, lead, chromium, and cadmium, for the range of studied
weight percentages. These findings align with those of Han et al. [24], who reported
that CaO enhances the metal retention in ash during combustion. Given the high boiling
points of these metals and their compounds, CaO likely promotes greater solubility and
bioavailability rather than solely preventing volatilization because only metal chlorides
have boiling points below the maximum temperature studied. For potentially toxic micro-
nutrients such as nickel, copper, magnesium, and iron, a similar effect was observed,
particularly at 950 °C, when additives were used. However, this was not the case for
molybdenum, zinc, potassium, calcium, sodium, and aluminum [28,29].

Figure 8. Content recovered as a function of temperature variation and percentage by weight of
commercial CaO additive. (a) Chromium. (b) Lead. (c) Barium.

3.3. Scanning Electron Microscopy (SEM)

The surface morphology of the calcined sludge was examined using scanning electron
microscopy (SEM) at magnifications of 1000 across the range of temperatures from 650 °C
up to 1050 °C and different proportions of commercially pure CaO additive, as shown in
Figures 9–11.

In the absence of the additive, the micrographs at 650 °C (Figure 9) reveal a highly
porous grain surface, which progressively decreases with increasing calcination tempera-
ture. At 1050 °C (Figure 11), the grains appeared more agglomerated and rounded, with less
porosity, as observed in the circled regions in the figure. These changes can be attributed to
the gradual elimination of organic matter with rising temperature, volatilization of metals
and their compounds with lower boiling points, and other processes such as dehydration,
dehydroxylation, and decomposition of carbonates into oxides, leading to densification
of calcinated sludge grains [30]. In addition, potential sintering was observed, which
was characterized by reduced porosity and the formation of nearly non-porous crystals.
Morais [31] reported similar sintering effects with greater clarity, likely due to a higher
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magnification (5000×) compared to the 1000× used in this study and a longer calcination
time of 3 h versus 1 h, which may have influenced crystal formation.

When additives were used at 650 °C (Figure 9), the increase of percentage proportions
(3%, 6%, and 12%) resulted in reduced porosity and apparent densification compared with
the no-additive condition. At 950 °C (Figure 10), this effect was observed only for the
3% and 6% additive percentages; for the 12% additive, the calcinated material was finely
pulverized with highly porous grains. The presence of non-reacted CaO and MgO particles
in apatite formation likely adheres to the ash pores, smoothing the surface topography
with increasing additive percentages. At 12% (Figure 10d), the excess non-reacted additive
may have filled most pores, creating an appearance of increased porosity at this proportion
and temperature.

(a) (b)

(c) (d)

Figure 9. Micrographs of ashes after calcination at 650 °C during 1 h with percentage of commercial
CaO additive. (a) 0%. (b) 3%. (c) 6%. (d) 12%.

3.4. Energy-Dispersive X-Ray Spectroscopy (EDS)

Qualitative and semi-quantitative elemental analyses of the calcined samples were per-
formed using energy-dispersive X-ray spectroscopy (EDS) coupled with SEM, as presented
in Tables 4–6.

The analysis of the atomic percentages revealed minimal variation with increasing
calcination temperature, with a slight increase in the detected quantities closer to 1050 °C,
particularly for silicon and aluminum. This trend is likely due to the elimination of greater
organic matter at higher temperatures, concentrating elements in a smaller surface area.
Morais [31] reported carbon contents of 0.236% at 550 °C and 0.152% at 1010 °C in calcinated
sludge from the Barueri WWTP, approaching near-zero at 1050 °C. Sulfur volatilization
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began at 550 °C, with near-zero percentages at 1000 °C, consistent with the non-detection
of sulfur at 950 °C and 1050 °C in this study. However, trace sulfur may persist within the
grain interior, which is undetected by surface-limited EDS analysis. Sulfur is considered an
agronomically beneficial secondary macronutrient for soil fertilization [25–27].

(a) (b)

(c) (d)

Figure 10. Micrographs of ashes after calcination at 950 °C during 1 h with percentage of commercial
CaO additive. (a) 0%. (b) 3%. (c) 6%. (d) 12%.

Table 4. Elemental atomic percentages in calcinated sludge ashes at various temperatures.

Element
Atomic Percentage (%)

650 °C 750 °C 850 °C 950 °C 1050 °C

Na 0.41 0.43 0.42 0.43 0.59
Mg 1.28 1.41 1.36 1.69 1.88
Al 8.63 8.18 8.44 9.29 10.43
Si 7.51 8.23 9.20 10.08 13.63
P 3.68 3.63 3.70 3.94 3.91
S 0.19 0.17 0.14 N/D N/D
K 0.43 0.38 0.45 0.52 0.60
Ca 1.82 1.84 2.14 2.58 2.40
Ti 0.29 0.30 0.26 0.38 0.49
Fe 1.58 1.43 1.59 1.89 2.29
Br N/D N/D 2.24 N/D N/D
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Figure 11. Micrographs of ashes after calcination at 1050 °C during 1 h without commercial CaO
additive.

Table 5. Elemental atomic percentages in calcinated sludge ashes at 650 °C with varying commercial
CaO additive percentages.

Element
Atomic Percentage (%)

650 °C 650 °C (3% CaO) 650 °C (6% CaO) 650 °C (12% CaO)

Na 0.41 0.32 0.35 0.27
Mg 1.28 2.67 5.19 5.67
Al 8.63 8.04 7.11 6.15
Si 7.51 6.84 8.60 6.24
P 3.68 3.52 2.97 2.52
S 0.19 0.60 0.57 0.67
K 0.43 0.43 0.56 0.48
Ca 1.82 3.44 6.74 8.31
Ti 0.29 0.28 0.35 0.27
Fe 1.58 1.30 1.70 1.26

At 650 °C with the additive, increasing the CaO percentages slightly reduced the
atomic percentages of most elements, likely due to masking by non-reacted CaO that
was not incorporated into phosphorus apatite. Aluminum showed a slight reduction,
consistent with the partial volatilization of the NAIP aluminum phase, as discussed in
Section 3.2. Sulfur exhibited a slight increase in atomic percentage with higher CaO levels,
likely due to enhanced fixation in the ashes, as the commercial CaO used (San Francisco
manufacturer) contained no sulfur. A significant increase in calcium and magnesium with
higher CaO levels was expected, given the additive composition of 37% MgO and 54%
CaO. The phosphorus atomic percentages decreased with increasing CaO, corroborating
the volatilization losses discussed in Section 3.2.
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Table 6. Elemental atomic percentages in calcinated sludge ashes at 950 °C with varying commercial
CaO additive percentages.

Element
Atomic Percentage (%)

950 °C 950 °C (3% CaO) 950 °C (6% CaO) 950 °C (12% CaO)

Na 0.43 0.45 0.34 N/D
Mg 1.69 4.50 7.17 9.55
Al 9.29 4.17 6.64 N/D
Si 10.08 9.19 7.24 2.40
P 3.94 3.75 2.92 1.09
S N/D 0.54 0.49 0.70
K 0.52 0.49 0.38 N/D
Ca 2.58 5.16 7.60 12.53
Ti 0.38 0.32 0.29 N/D
Fe 1.89 1.86 1.89 0.77
Br N/D 2.57 N/D N/D

At 950 °C, increasing CaO percentages resulted in a similar trend of reduced atomic
percentages for most elements, which was attributed to masking by non-reacted CaO
and MgO from apatite formation. This effect was pronounced for titanium, potassium,
and sodium, with no atomic percentages detected at 12% CaO, although ICP-OES analysis
confirmed their presence, highlighting the surface-limited nature of EDS. The calcium and
magnesium concentrations increased with higher CaO levels, as expected from the additive
composition. Phosphorus followed the same trend as at 650 °C, with greater reductions
at 950 °C, particularly at 12% CaO, consistent with the significant phosphorus loss at this
temperature and proportion, as demonstrated in Section 3.2.

3.5. X-Ray Diffraction (XRD)

The sewage sludge ashes were investigated using X-ray diffraction (XRD) to clarify
the changes induced by thermal treatment and the addition of commercial quicklime
(containing 54% CaO and 37% MgO). This analysis provides complementary evidence to
the phosphorus recovery, confirming the conversion of non-apatite inorganic phosphorus
(NAIP, primarily Al/Fe/Mn-P) to more bioavailable apatite phosphorus (AP, Ca/Mg-P).

Figure 12 presents the XRD patterns for ashes calcined at 650 °C and 750 °C with a
3% commercial CaO addition. These were chosen because of the higher AP recovery (up
to about 45–50 mg/g) and a low TP loss (less than 10%), as shown by spectrophotome-
try. The patterns show that there are calcium–magnesium phosphate phases, including
whitlockite (β-Ca3(PO4)2), which is structurally similar to apatite and may take in Mg2+

ions since the additive has a lot of MgO in it. Figure 12a shows that the whitlockite peaks
are stronger than the quartz peaks at 650 °C. This suggests that phosphate minerals form
more easily in less intense circumstances, where volatilization losses are reduced (as seen
in Figure 4). At 750 °C (Figure 12b), however, there are fewer phosphate phases, but TP
retention still high.

The phosphate peaks show that adding commercial CaO speeds up the interaction
between NAIP and Ca2+ and Mg2+ to make stable apatite-like structures. This transfor-
mation is favored at temperatures around 650–750 °C, where CaO decomposes to provide
reactive Ca2+, facilitating the substitution of Al/Fe-bound P with Ca/Mg-P bonds. The Mg
incorporation stabilize the apatite phase against volatilization at higher temperatures,
which is in line with the AP enrichment (up to 35% increase at 650 °C with 12% addition).
These results confirm earlier research by Li et al. [15,18], which documented analogous
NAIP-to-AP conversions with CaO in fluidized bed or muffle furnaces. However, us-
ing commercial CaO here adds MgO, which could make magnesium-substituted apatites
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(like ((Ca,Mg)5(PO4)3(OH)), which could make P more available in Brazil’s acidic soils.
The SEM-EDX results support this evidence, demonstrating that the percentages of Ca and
Mg went higher (up to 8.3% Ca and 5.7% Mg at 650 °C with 12% CaO), which means that
phosphate minerals are becoming more concentrated on the surface. The XRD data show
that calcining commercial CaO makes ashes that are high in bioavailable phosphate phases.
These ashes can be used directly in agriculture or as a source of P fertilizer.

Figure 12. XRD patterns of ashes after calcination at different temperatures with 3% of commercial
CaO additive. (a) 650 ◦C. (b) 750 ◦C.

4. Conclusions
This study demonstrated that calcination with commercially pure CaO effectively

induces the conversion of non-apatite inorganic phosphorus to apatite phosphorus, en-
hancing the agronomic value of the resulting ash for phosphorus recycling or extraction for
phosphate fertilizer production. The ashes from the Pitico WWTP exhibited low concentra-
tions of potentially toxic metals, well below the limits set by the Brazilian legislation for
sewage sludge application in agricultural soils [25,26], allowing direct soil application with-
out additional treatment. The ash contained significant levels of primary macro-nutrients
(phosphorus and potassium, with phosphorus as P2O5 ranging from 12% to 17%), sec-
ondary macro-nutrients (calcium, magnesium and sulfur), and essential micronutrients
(copper, zinc, molybdenum and nickel) for crops. However, incineration at high tem-
peratures (1050 °C without additives) induces sintering, potentially hindering nutrient
release in the soil. Phosphorus recycling from sewage sludge ashes is highly promising,
particularly with the expanding sanitation infrastructure in Brazil, which will increase
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sludge production. Current landfilling practices for most sludge are unsustainable due to
limited landfill capacity and the loss of valuable nutrients, especially phosphorus, which
faces projected scarcity.
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