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A B S T R A C T   

Phosphorus is a strategic resource that cannot be substituted in the foods and pharmaceutical industries. It is an 
irreplaceable macronutrient for crops, cells, humans and animals. The supply risk can lead to geopolitical 
problems, and it is urgent to encourage the development of environmentally sustainable recovery technologies of 
phosphorus from various alternative materials. Poultry manure ash produced inside fluidized bed reactor could 
constitute an alternative resource of phosphorus to phosphate ores. Therefore, the phosphorus recovery in two 
representative ash samples has been investigated by combining leaching and solvent extraction under optimal 
conditions. The mineralogy of these samples has been studied in detail to get relevant information for designing 
the phosphorus extraction process. Although the relative abundances of phases vary between the two samples, 
phosphorous is mainly present as a hydroxyapatite mineral and in similar amounts in all particle fractions. 
Potassium, magnesium, sodium are located in other mineral phases (K-Na-Mg sulfates and K-(Na)-chlorides) 
mixed with the two main Ca-phases, calcite and hydroxyapatite. The poultry manure ashes were digested by 
dilute sulfuric acid at liquid-to-solid ratios ranging from L/S = 10 mL/g to L/S = 5 mL/g. About 90 wt% of 
phosphorous in the poultry manure ashes was leached under the optimal sulfuric acid concentration with a 
liquid-to-solid ratio of 5 mL/g.   

1. Introduction 

Phosphorous (P) is a finite resource and an essential nutrient for 
living beings. It mainly occurs at mineable grades and tonnages in 
phosphate sedimentary rock at around 20–50 wt% P2O5 (9–22 wt% P), 
with Morocco and Western Sahara controlling 77% of the global reserves 
[4,33,38]. The geological reserves have estimated about 69 million 
tonnes worldwide, mainly as sedimentary phosphate deposits contain-
ing fluorapatite and detrital quartz, clays, and carbonate cements 
(calcite and dolomite). Igneous phosphate deposits constitute the second 
type of ore where apatite is the predominant phosphorus-phase, such as 
carbonatite-alkaline suites, or felsic “Kiruna-type” apatite-magnetite 
intrusions [19,33]. 

Mining phosphate rocks production has increased significantly in the 
last decade, and in 2019, the world phosphate production reached 
240,000 t. Phosphate rock is mainly used for the production of mineral 
fertilisers such as diammonium-phosphate (DAP) and triple superphos-
phate (TSP), which on average accounts for 74% of the global inorganic 
phosphate consumption [13]. As the worldwide demand for crops 

continues growing, an increasing need for phosphate fertilisers is ex-
pected in the upcoming years. However, as the phosphorus grade in 
phosphate ores continues decreasing, extraction and processing costs 
also increase [6,28]. 

Apatite and some rarer phosphates are the primary phosphate rocks 
used in the production of phosphoric acid (H3PO4) by the so-called wet 
process, i.e. chemical reaction of the phosphate rock with a mineral acid 
([41,42,37,40]). H3PO4 is the essential chemical used in the fertilizer 
and food industry, but it has also demonstrated promising results for 
metal surface treatment [34,35]. However, the large quantity of impu-
rities and the gradual reduction of phosphorus concentration in phos-
phate rocks is detrimental for the economy of current H3PO4 production 
routes. 

At present, Europe does not produce any raw phosphate ores, and it 
depends on imports of all raw phosphate and phosphate fertilisers from 
abroad. At the same time, modern agriculture continues relying on non- 
renewable resources. Consequently, the European Union (EU) has 
considered phosphate rocks as critical raw materials (EU Report COM/ 
2014/0297). Phosphorus supply risk can lead to geopolitical problems, 
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and it is urgent to encourage the development of environmentally sus-
tainable recovery technologies of phosphorus from various alternative 
materials. In this context, the utilisation of ashes produced as by- 
products of P-rich residue incineration, such as wastewater treatment 
sludge, animal manure or animal by-products, biomass ash has been 
proposed as a sustainable alternative source of phosphorus [2,14,32]. 
These ashes can have a phosphorus content between 5 and 10 wt% 
(11–23 wt% P2O5), an order of magnitude less than that present in 
minerals, and potassium content, which is slightly lower than that pre-
sent in minerals found in phosphate rocks (~ 2 wt%). The recovery of 
phosphorus from these materials has the advantage of an eventual 
decrease in the consumption of natural resources and the environmental 
and economic impact related to phosphate rocks mining besides elimi-
nating pathogens and toxic organic substances [10,32]. The presence of 
impurities, such as Cu, Zn, Al, Si, Fe, Mg, can be significantly lower (< 1 
wt%) compared to naturally occurring phosphate rocks [17,20,21,26]. 
However, certain materials can contain non-negligible amounts of heavy 
metals such as Pb or Cd, which must be managed to avoid disseminating 
in the environment by adding stabilizers [32]. Such features can facili-
tate phosphorus extraction and other subsequent purification processes. 
Notice that incineration of residues and the production of ashes rich in 
phosphorus is readily available, but they are often stockpiled and entail 
a significant management cost. Phosphorus and potassium should 
eventually be first separated from the solid matrix to enhance the val-
orisation of incineration ashes. Dilute sulfuric acid (H2SO4) and hydro-
chloric acid (HCl) are commonly used to leach phosphorus raw materials 
and produce phosphoric acid [3,8,15,18,31,39]. However, H2SO4 is 
particularly interesting as a leaching reagent for the production of 
phosphoric acid from raw material containing apatite as calcium 
released to the leaching solution is drastically reduced by calcium sul-
fate precipitation [31]. Meanwhile, phosphorus can be recovered from 
the leaching solution by precipitation of struvite phosphate mineral 
(NH4MgPO4⋅6H2O) or as hydroxyapatite (CaHPO4⋅2H2O) [7,8,20,39]. 
Although struvite crystallization is the most mature process for phos-
phorous recovery from aqueous streams [23], the production of H3PO4 
from waste residues is still under development. 

This investigation aims to evaluate phosphorus effective leaching 
from poultry manure ashes produced in a fluidised bed furnace. Firstly, 
particle size distribution, chemical composition, mineralogy, and 
morphology were determined to assess the experimental conditions for 
leaching. Secondly, ash digestion with dilute H2SO4 was studied by 
considering different acid concentrations and liquid-to-solid ratios. The 
optimal conditions for phosphorus recovery from poultry manure ashes 
were established (high dissolution yield of Phosphorus with the lowest 
possible acid concentration). 

2. Combustion installation – Production of poultry manure ash 
in fluidized bed reactor 

Laying hens, manure and ashes were collected from Güres Power 
Plant (Turkey). Poultry manure was received from laying hens kept in 
cages where the mixture of excreta and urine, broken eggshells and 
feathers fell into shallow and finally conveyed out for collection. The 
manure taken from the poultry farm was about 70 wt% moisture con-
tent, but it was reduced to ca. 20 wt% by the Organic Rankine Cycle 
(ORC) [5]. Fig. 1 provides the flowsheet description of the poultry 
manure combustion system by the biomass power plant of Güres Group. 

Fig. 1 initially shows that at the fuel feeding system (point 1), 
chicken manure with 25–35 wt% moisture content was fed homoge-
neously in the fluidized bed gasifier. Chicken manure was gasified and 
burned with a minimum of 95% efficiency at 750 ◦C in a fluidized bed 
with partial air (point 2). The secondary air supply was used to achieve 
complete combustion, resulting in a combustion gas that remained at 
850–950 ◦C for a minimum of 2.5 s (point 3). The ash-rich gas first 
passed through the radiation economizer and transferred heat to the 
thermal oil (point 4). Large particles were then caught under the radi-
ation economizer. The flue gas left at 330 ◦C, and the particles were 
trapped into the oil from the cassette type exchanger (point 5). 

Automatic cleaners were available on every cassette. The heat 
transfer of the metal surface temperature was kept below 350 ◦C. The fly 
ash in the gas from the oil economizer was held in the cyclone, and the 
cleaned combustion gas was sent to the air economizer (point 6). The air 

Fig. 1. Flowsheet description of poultry manure combustion system by the biomass power plant of Güres Group in Turkey [5]. (1): fuel feeding system, (2): fluidized 
bed, (3): combustion chamber, (4): thermal oil economizer, (5): cassette-type exchanger, (6): cyclone, (7) pre-heater, (8): wet scrubber, (9): ash silo, (10): Thermal 
oil, (11): Manure dryer system. 
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economizer pre-heated the primary and secondary fresh air to reduce 
waste gas losses to a minimum. The heated fresh air provided gasifica-
tion in the fluidized bed and stabilized the combustion reactions at the 
combustion side (point 7). The flue gas was passed through a wet 
scrubber, reducing the amount of dust below 50 mg/Nm3 (point 8). The 
ash from the fuel was collected from many different locations and 
recovered in the ash silos (point 9). The ash containing high potassium 
and phosphorus contents was regarded as an organo-mineral fertilizer 
raw material. The ORC system was used in 19% of the thermal oil energy 
for electricity generation, while 81% was used for closed cycle hot water 
in manure drying and poultry heating (point 10). The manure drying 
system used waste heat energy to dry the wet manure. It also ensures the 
necessary fuel for the co-generation system (point 11). 

3. Materials and methods 

Two types of poultry manure ash were studied: (1) FAECO obtained 
from the economiser fly ash (point 4 in Fig. 1), and (2) FACYC obtained 
from the underflow of the cyclone (point 6 in Fig. 1). Both samples were 
further dried at 105 ◦C for 24 h (moisture content 20–30 wt%) upon 
arrival in the lab. The concentrations of Mg, Ca, K, Na, P, Fe, Al, Si, and 
Mn were determined after total digestion by Inductively Couple Plasma 
Optical Emission Spectroscopy (ICP-OES). A Karl Fischer titration with 
endpoint detection potentiometry (with two impressed-current indica-
tor electrodes) was used to determine the bulk water content. The 
samples were calcined at 1000 ◦C in a tube furnace under a nitrogen 
atmosphere, and the released water vapour was transported into the 
titration vessel for analysis (fully automatic system). The total carbon 

and sulphur contents were determined by infrared measurement after 
induction heating with iron, tungsten and tin accelerators on Horiba 
EMIA-320 V2. The content of organic carbon (Corg) was determined by 
hot etching with dilute hydrochloric acid. The measuring device was the 
same for caron and sulphur. X-ray powder diffraction (XRD, D8 Discover 
Bruker) and Scanning Electron Microscope (SEM) were used for 
mineralogical and chemical determinations. 

Ash digestion with mineral acid was carried out with H2SO4 
(95–97%, Sigma-Aldrich) at liquid-to-solid (L/S) ratios of 10 and 5 in 
centrifugal tubes (15 mL capacity) under constant agitation using a 
laboratory shaker (Gerhardt incubator shaker THO500/1) at 200 rpm 
for 24 h. After agitation, the tubes were centrifuged at 4000 rpm for 4 
min to achieve efficient solid-liquid phase separation. The Pregnant 
Leach Solution (PLS) was filtered using a syringe filter (pore size of 0.45 
μm) and diluted with 2 vol% nitric acid (HNO3) to determine the con-
centrations of Si, Al, Mg, Ca, Na, K, Fe, Mn and P using a Microwave 
Plasma-Atomic Emission Spectrometry (MP-AES, Agilent 4210). The pH 
measurements were performed on each PLS before diluting the sample 
using a pH-meter pHenomenal® pH 1100 L with a pH-electrode 
pHenomenal® 221. The corresponding dissolution yields of elements 
were calculated according to Eq. (1). 

% =
Amount of element in the PLS

Total amount of metal in the sample
(1)  
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Fig. 2. (a) Particle size distribution (in vol%) and (b) distribution of major elements (P, Mg, Ca, Na and K) in the different fractions for FAECO and FACYC particles.  
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4. Results and discussion 

4.1. Characterization of poultry manure ashes 

Fig. 2a shows the particle size distribution of both two poultry 
manure ash samples. FAECO's sample (D90 = 44.7 μm, D50 = 17.5 μm, 
D10 = 6.4 μm) was composed of finer particles than FACYC (D90 = 157 
μm, D50 = 68.2 μm, D10 = 24.3 μm). Yet, their chemical compositions 
are slightly different. The chemical composition is very homogeneous, 
whatever the considered size fraction (Fig. 2b). Ca is the major 
component in both two samples (26–36 wt%), followed by P (4–8 wt%) 
and K (6–11 wt%) (Table 1). 

The highest concentration of Ca was observed in FACYC, while the 
highest concentration of K was found in FAECO. Other elements, such as 
Si, Al, Fe and Mn, were found with concentrations ≤1 wt%. FAECO ash 
contains 5.6 ppm, 1.7 ppm, 15.9 ppm, 4.3 ppm and 0.9 ppm of As, Cd, 
Cr, Pb and U, respectively. Likewise, FACYC contains 1.2 ppm, 0.6 ppm, 
13.4 ppm, 1.4 ppm and 0.5 ppm of As, Cd, Cr, Pb and U, respectively. 
Furthermore, Zn and Cu concentrations in FAECO are equal to 279 and 
189 ppm, and their concentrations in FAECYC are equal to 2433 and 
1113 ppm, respectively. Heavy metals present in the FAECO and FACIT 
ashes will be undoubtedly dissolved in the leach solution. Still, their 
concentration will be sufficiently low to avoid any the implementation 
of costly purification steps. These impurities will be transferred in res-
idues, but the concentration will be lower than those found in tailings 
from phosphate mining and processing. 

Therefore, this material is of great interest to produce phosphoric 
acid as it does not contain high amounts of heavy metals and transition 
metals, unlike phosphate rocks. It could also be a source of zinc as the 
concentration is around 1000–2000 ppm. However, the grade is much 
lower than the average grade of most Zn ores, which is about 8–10%, e.g. 
around 100 times higher than the measured concentrations. Therefore, 
the exploitation of such phosphate resources may make the purification/ 
extraction step of a hydrometallurgical process easier as heavy metal 
concentrations are low and phosphate content reaches 6%. 

Fig. 3 displays SEM-EDX images (Scanning Electron Microscopy- 
Energy Dispersive X-Ray Spectroscopy) of FAECO and FAECYC poultry 
manure ash samples. 

The FAECYC and FAECO are composed of particles sized up to 60 μm 
and a few 10 μm, respectively (images in Fig. 3(i)-a and (i)-b). Fig. 3 
shows the presence of calcite (CaCO3) and hydroxyapatite 
(Ca5(PO4)3(OH)). 

In the case of FACYC (Fig. 3(i)), Ca-phosphate was precipitated as a 
rim covering calcite (Fig. 3 (i)-a). Small hydroxyapatite grains were also 
found in low particle size fractions (20–80 μm). In that case, particles 
have an irregular shape but tend to be more rounded when particles size 
is lower than 100 μm (Fig. 3(i)-c). FAECO's particles are thinner (5 to 30 

μm) and consist mainly of clusters of irregularly shaped particles 
together with some spherical grains (Fig. 3(ii)). Other elements were 
present as chlorides (K, Na), sulfates (K, Na, Mg), hydroxides (Ca) or 
oxides (Si). Particles have an irregular shape except rounded grains 
dominated by apatite (Fig. 3(i)-a and (ii)-c). Chloride compounds 
(mostly KCl) deposited on the edge of particles are euhedral (Fig. 3(i)-b). 
Rod-shaped silica particles are elongated and constitute isolated parti-
cles. K, Mg, Na, and traces of SO4- and Cl-based compounds were also 
found onto the particle surface in both samples as mixed phases of less 
than a micron in size (Fig. 3(i) and (ii)). Likewise, the deposition of K-, 
SO4- and Cl-based compounds were also found in some spots. These 
mineralogical phases were detected by XRD analysis (Fig. 3(ii)-a) and 
confirmed by Raman spectroscopy. The main compounds containing Ca 
are hydroxyapatite (Ca5(PO4)3(OH)), lime (CaO), calcite (CaCO3), and 
portlandite (Ca(OH)2). Furthermore, S content in both two samples is 
significant (see Table 1) and corresponds to potassium bearing sulfate 
(Fig. 3(i) and (ii)) as aphthitalite (K2.25Na1.75(SO4)2) and arcanite 
(K2SO4), which XRD did not detect. 

Fig. 4(b) describes the normalized mineralogical compositions of the 
two samples, which were determined based on the chemical composi-
tion depicted in Table 1, as well as XRD and SEM-EDX analyses. 

Hydroxyapatite is the main mineral phase in both samples (ca. 38 ±
2 wt%), followed by calcite (19–23 wt%). The calculated amount of 
portlandite is higher in FACYC than in FAECO due to the relatively high 
content of OH (expressed in the bulk H2O content in the Table) and Ca 
(see Table 1). Its content in FACYC decreases with the decrease of par-
ticle size. Such a trend could occur presumably due to the gradient 
temperature in the cyclone. The aphthitalite content ranges between 11 
and 15 wt%. However, due to the high K-content, the FAECO sample 
contains more sylvite (12 ± 1 wt%) and arcanite (1.0 ± 0.6 wt%, 
especially in small particle sizes). 

4.2. Ash digestion with a mineral acid 

Phosphorus extraction from ashes can be performed by ash digestion 
using appropriate reactive such as acids. For instance, Fahimi et al. [16] 
compared several technologies to recover phosphorus from sewage 
sludge ashes based on thermo-chemical treatment, wet chemical 
leaching, and the combination of wet chemical leaching and thermo- 
chemical treatment. These authors proposed a new approach to 
directly evaluate the sustainability of the technologies to recover 
phosphorus from the secondary waste streams towards the phosphorus 
extraction from phosphate rock utilizing the sulfuric acid-based wet 
process. It is generally observed that temperature, resins for cation/ 
anion exchange, or some leaching reagents play a crucial role in the 
sustainability of technology besides the origin of the phosphorus 
resource. In the case of phosphorus recovery from sewage sludge ashes, 
these authors demonstrated no general rule to design sustainable tech-
nologies for phosphorus extraction from ashes. Still, the origin, the na-
ture and the composition of the feed material are key factors of the 
environmental impact of a process besides the unit operations imple-
mented in the process. Nevertheless, in all cases, thermo-reductive based 
dry processes such as Recophos Inducarb and Thermphos appear to be 
less sustainable than the sulfuric acid-based wet process due to the en-
ergy need for inductively thermal heating [16]. 

Therefore, in the present work, the dissolution of elements from 
FACYC and FAECO poultry manure ashes was evaluated after ash 
digestion with dilute H2SO4 as a leaching reagent. The sludge pH ob-
tained at two different L/S ratios and acid concentration is shown in 
Fig. 4(a). Both samples resulted in high alkalinity (initial pH 11.7–12.2), 
but while increasing the acid concentration, FACYC exhibited slightly 
higher pH-values than FAECO (Fig. 5(a)). The release of hydroxyl anions 
from hydroxyapatite and portlandite buffers the slurry's pH, particularly 
in FACYC. Also, different changes in L/S-ratios demonstrated a clear 
difference in the variation at pH during leaching (see Fig. 5(a)). L/S- 
ratios <10 mL/g allow increasing the consumption of solid material to 

Table 1 
Concentration of the major elements in the poultry manure ashes (SD: Standard 
Deviation).  

Element FAECO FACYC 

wt% SD wt% SD 

Si 0.7 ± 0.1 1.0 ± 0.6 
Al 0.1 ± 0.0 0.1 ± 0.02 
Mg 3.3 ± 0.1 2.7 ± 0.4 
Ca 23.1 ± 0.9 28.3 ± 1.2 
Na 1.6 ± 0.04 1.3 ± 0.1 
K 9.0 ± 0.6 4.8 ± 0.8 
Fe 0.4 ± 0.3 0.2 ± 0.01 
Mn 0.1 ± 0.0 0.1 ± 0.02 
P 6.3 ± 0.3 6.2 ± 0.2 
CO2 34.9 ± 8.7 54.1 ± 10.9 
H2O 9.6 ± 2.4 22.4 ± 4.5 
FeO 0.8 ± 0.2 0.4 ± 0.1 
S 12.1 ± 3.0 8.2 ± 1.6 
Corg 0.2 ± 0.1 0.2 ± 0.04  
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enhance the enrichment of P in solution. However, low L/S ratios can 
limit mass transfers due to an increase in pulp density. Furthermore, low 
L/S-ratios can also enhance the co-dissolution of other impurities. An L/ 
S = 5 mL/g is commonly suggested in industrial applications for an 
optimal solid and liquid streaming handle. 

Fig. 5(b) and (c) show the effect of acid concentration on the disso-
lution rates at L/S-ratios of 5 mL/g and 10 mL/g . The dissolution of 
hydroxyapatite, the only phase to release phosphorus, increased with 
increasing acid concentration. However, the highest phosphorus disso-
lution, i.e. the maximum phosphorus concentration in the solution, 
[P]max, was reached at a defined acid concentration depending on the L/ 
S-ratio. Thus, with an L/S = 10 mL/g, the [P]max for both samples (5–6 
g/L) were achieved with an acid concentration of 100 g/L. Meanwhile, 

phosphorus concentration in the PLS was multiplied by two when the 
leaching was performed at L/S = 5 mL/g instead of L/S = 10 mL/g when 
using an acid concentration of 150 g/L for FAECO 175 g/L for FACYC. 

By reducing the L/S-ratio from 10 ml/g to 5 mL/g, phosphorus was 
enriched in the solution as the ash consumption was doubled. The co- 
dissolution of Na, Mg and K phases tended to occur earlier than 
hydroxy-apatite (P) not only because they are readily soluble in acidic 
media but also because they are the first to react with the acid as they are 
deposited onto the surface of phosphorus-rich particles (see Fig. 3(i) and 
(ii)). 

The highest concentration of potassium in PLS (9–17 g/L) is obtained 
from FAECO digestion as potassium content in FAECO is higher than in 
FACYC, yielding a higher concentration in solution. Most of the Al, Fe 

Fig. 3. SEM images in backscattered electron (BSE) mode of (i) FAECYC and (ii) FAECO poultry manure ash sample. a: General view of particles, b-d: zoom-in 
particles showing the different morphologies (Ap: apatite, Cal: calcite). 
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and Mn phases were co-dissolved, but their concentrations were lower 
than 1 g/L. Meanwhile, more than 40 wt% of Si was co-dissolved at a 
relatively high acid concentration (>75 g/L H2SO4), but its solution 
concentration did not surpass 5 g/L. Presumably, the dissolution of 
silica-rich particles (Si) is related to the dissolution of Na rich glass. 

The chemical decomposition of hydroxyapatite in acidic media may 
occur in several steps through the intermediate formation of Ca3(PO4)2 
and CaHPO4 (reactions (4)–(6)) [11,12]. Further reaction of these 
compounds with H2SO4 led to CaSO4 and H3PO4, as described by re-
actions (6)–(7). Likewise, other Ca minerals, such as calcite and lime, 
also tend to form CaSO4.2H2O (reactions (8) and (9)), which exhibits 
low solubility and, consequently, precipitates [31]. Despite relatively 
high Ca content in samples, the Ca concentration in the PLS remains low 
due to gypsum precipitation (CaSO4.2H2O). 

Ca5(PO4)3OH+H2SO4 +H2O→Ca5(PO4)3⋅(H2O)+ +H3O+ + SO2−
4 (4)  

2Ca5(PO4)3⋅(H2O)+→3Ca3(PO4)2 +Ca2+ + 2H2O (5)  

Ca3(PO4)2 +H2SO4→CaSO4 + 2CaHPO4 (6)  

CaHPO4 +H2SO4→CaSO4 +H3PO4 (7)  

CaCO3 +H2SO4 +H2O→CaSO4∙H2O+H2CO3 (8)  

CaO+H2SO4 +H2O→CaSO4∙2H2O (9)  

5. Conclusions 

The leaching of poultry manure ashes produced in a fluidised bed 
furnace was investigated to extract phosphorus. FAECO's ash particles 
were formed at higher pressure and temperature than FACYC's ash 
particles, which led to the production of ashes with different particle 
sizes. Hydroxyapatite is the main mineral phase in both two samples and 
the unique phosphorus bearer. Ca is present as calcite, portlandite and 
hydroxyapatite. These phases are mixed with alkali metals sulfates (K, 
Na (Mg): arcanite-aphthitalite series), chlorides (K (Na): predominant 
sylvite), and minor periclase. Elemental analyses showed the presence of 
high content of zinc and relatively high content of copper besides the 
presence of heavy metals such as Pb, Cr, U, as well as As. Nevertheless, 
the concentration of these metals remains very low compared to typical 
concentrations in phosphate rocks. As a conclusion, poultry manure ash 
as a phosphorus source is of great interest from an economic and envi-
ronmental viewpoint since no complex purification operation will be 
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Fig. 5. Chemical dissolution of FACYC and FAECO poultry manure ash: (a) Effect of H2SO4 concentration on the pH in the chemical dissolution at two different 
liquid-to-solid (L/S) ratios; Effect of H2SO4 concentrations at (b) L/S = 5 mL/g and (c) L/S= 10 mL/g (c) (T = 25 ◦C, t = 24 h, 200 rpm). Na dissolution resulted in 
100 wt% in the whole range of acid concentration. Concentrations of Ca, Al, Fe and Mn < 1 g/L are not shown to improve readability. 
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requested after ash digestion and waste treatment will be facilitated. 
During ash digestion, as expected, Na and K were entirely dissolved. 

Meanwhile, the dissolution of phosphorus increased with increasing 
acid concentration. Thus, the phosphorus concentration in solution at an 
L/S = 5 mL/g was twice the P-concentration obtained at L/S = 10 mL/g 
when using a slightly high acid concentration (150–175 g/L H2SO4). The 
high content of K in FAECO yielded a higher concentration in solution 
(9–17 g/L), particularly at L/S = 5 mL/g. Fe and Mn also tended to be co- 
dissolved, but their concentrations in solution were lower than 1 g/L. 
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