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TIIVISTELMÄ 

Maailman väestön ja kaupungistumisen kasvu on lisännyt jätevesien käsittelyn tarvetta 
sekä huolia jätevesilietteen loppusijoituksen vaikutuksista. Samalla ravinteiden talteenotto on 
tullut tärkeämmäksi ruokapulan ja fossiilisiin polttoaineisiin perustuvien lannoitteiden käytön 
vuoksi. Puhdistamoliete sisältää suuria määriä fosforia, jota voidaan ottaa talteen ja käyttää 
lannoitteena. Lietteen hyödyntämiseen liittyy haasteita sen korkean kosteuspitoisuuden ja sen 
sisältämien epäpuhtauksien vuoksi. Hydroterminen prosessointi tarjoaa kestävän 
vaihtoehdon, sillä se kuluttaa vähemmän energiaa kuin pyrolyysi ja poltto. 

Tässä väitöskirjassa tutkitaan hydrotermisen prosessoinnin soveltuvuutta jätevesilietteen 
käsittelyyn, keskittyen fosforin talteenottoon ja mikromuovien hajoamiseen. Kun 
hydrotermistä käsittelyä verrattiin polttoon ja pyrolyysiin, hydrotermisesti tuotetusta hiilestä 
saatiin uutettua 80 % fosforista rikkihapon avulla 60 min ajassa, kun taas pyrolyysilla ja 
poltolla tuotetuille hiilille sama tulos vaati 360 min käsittelyajan. Fosforin liukeneminsessa 
diffuusio oli pääasiallinen liukenemista rajoittava tekijä. Fosforin talteenottoa tehostettiin 
käyttämällä happo- ja emäsesikäsittelyä ennen hydrotermistä prosessia. Kun tehtiin 
esikäsittely orgaanisella hapolla, fosforista saatiin talteen yli 90 % ja hieman vähemmän 
käytettäessä emästä esikäsittelyssä. Raskasmetallien liukeneminen pysyi alle 10 % niiden 
kokonaispitoisuudesta, kun tehtiin esikäsittely emäksellä, mikä oli 5-15 kertaa vähemmän 
kuin happoa käytettäessä. Uuttoliuosta voitiin kierrättää vähentäen kemikaalikulutusta. 
Hydrotermisessä käsittelyssä mikromuovit alkoivat hajota 240 °C asteessa ja niiden 
hajoamisnopeus kasvoi nelinkertaiseksi kun lämpötilaa nostettiin 300 °C asteeseen. Vaikutus 
havaittiin sekä vettä että metalliliuosta käytettäessä. Tutkituista metalleista Fe katalysoi 
mikromuovien hajoamista lisäten niiden hajoamisnopeutta.  

Tämä tutkimus osoittaa hydrotermisen käsittelyn potentiaalin jätevesilietteen hallinnassa 
ja resurssien talteenotossa ja osoittaa, että korkealaatuista fosforia voidaan ottaa talteen 
samalla hajottaen mikromuoveja. Orgaanisella hapolla tehdyn esikäsittelyn integrointi 
hydrotermiseen käsittelyyn ja fosforin uttamiseen hiilestä tukee kiertotaloutta ja kestävää 
resurssien talteenottoa. Tulevaisuudessa tulisi keskittyä prosessiolosuhteiden optimointiin 
talteenoton tehokkuuden parantamiseksi ja ympäristövaikutusten vähentämiseksi. 
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1.2 Dissertation structure 

Section 1: Introduction - This section provides an overview of the research topic, 
highlighting its scientific and practical significance. It outlines how the study addresses gaps 
in literature and offers novel insights. The research goals and questions are presented, 
followed by an overview of the dissertation structure to guide the reader through the work. 

Section 2: Research background - This section provides an in-depth review of the existing 
knowledge on SS status, as well as the presence of nutrients and pollutants. It also explores 
advancements in thermochemical treatment methods for SS. Subsequently, it examines 
recent research on P recovery techniques and the degradation of microplastics through HTP. 

Section 3: Research Methodology - This section details the materials and methods employed 
in Publications I, II, and III, offering an integrated summary of the research approach. The 
interconnections between these publications are highlighted to illustrate their contribution 
to the overall research framework. 

Section 4: Results and Discussion - This section presents the principal findings of the 
research, accompanied by an in-depth discussion of the results. Key outcomes from each 
publication are summarized and analyzed to provide a cohesive interpretation of the 
research's contributions. 

Section 5: Conclusions - This section integrates the dissertation's findings to form broad 
conclusions. It highlights the main contributions of the research, considers their 
implications, and proposes possible avenues for future research. 
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2 RESEARCH BACKGROUND 

2.1 Sewage sludge generation and current situation 

SS is a semi-solid byproduct generated from the municipal wastewater treatment plants 
(WWTPs) [30]. The treatment process typically includes physical, chemical, and biological 
processes, corresponding to flotation/sedimentation, flocculation and microbial treatment, 
respectively [31]. SS consists of a combination of primary sludge, derived from the physical 
and chemical removal of suspended solids, and secondary sludge, which results from 
biological treatment processes [30,31]. Initially, SS has a high moisture content of 
approximately 98 wt.%, and can be reduced to around 80 wt.% by mechanical dewatering 
[1]. Key challenges associated with SS management include its large volumes and high 
moisture content which poses challenges for its handling and disposal [1]. SS also contains 
of diverse contaminants, including microplastics, heavy metals, other organic and inorganic 
pollutants, and pathogens [4,7]. The composition and content of various components in SS 
can vary significantly due to the diverse of wastewater sources and the different treatment 
processes used in WWTPs. Therefore, the components of SS are categorized to six main 
groups (1) N- and P-containing components; (2) inorganic compounds; (3) nontoxic organic 
carbon compounds; (4) pathogens; (5) toxic pollutants and (6) water [32].  

Recent advancements in wastewater treatment focus on minimizing SS volumes through 
innovative strategies. Anaerobic digestion enhancements include pre-treatment methods 
such as thermal treatment, sonication, and ozonation, which improve organic matter 
solubilization and enhance anaerobic digestion efficiency [33]. Advanced anaerobic digestion 
techniques involve thermophilic and two-stage processes that optimize sludge reduction and 
biogas production [34]. Technologies like microaerobic digestion introduce small amounts 
of oxygen to control hydrogen sulfide levels and enhance the degradation of complex 
compounds [35]. Besides, the anaerobic digestion with digestate post-thickening and recycle 
increases the solids retention time in the digester, promoting better sludge hydrolysis and 
higher biogas yields [33]. These technologies aim to make SS management more sustainable 
by reducing the quantity of SS produced, facilitating its disposal, and enhancing resource 
recovery. 

Current SS treatment and disposal practices vary globally and encompass a range of 
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other unidentified particles [53]. Microplastics not only act as pollutants themselves but also 
exacerbate contamination by adsorbing other substances, including organic matter, 
biomolecules, and bacteria, due to their hydrophobic surfaces. This property allows 
microplastics to interact with and carry other pollutants, such as heavy metals, thereby 
increasing their persistence and potential for bioaccumulation [52,53].  

2.2 Sewage sludge thermochemical treatments  

Thermochemical conversion techniques including incineration, gasification, pyrolysis, and 
hydrothermal processing, are widely utilized for SS treatment to recover materials and energy 
[1]. These techniques aim to convert SS into valuable products while mitigating disposal 
challenges. Notable advantages include significant volume reduction and effective pathogen 
deactivation [54]. Those techniques are influenced by various factors, such as the 
characteristics of SS and the specific operational conditions, which can pose certain 
limitations [1,54]. The comparison of thermochemical treatment techniques of SS is 
presented in Table 1. 
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2.2.2  Gasification 

Gasification is a thermochemical process, in which organic matter is partial oxidized using 
various gasifying agents such as O2, air, steam, or their combinations [69]. It is widely 
recognized for producing syngas, a mixture primarily composed of H2 and CO, with 
additional components including CO2, CH4, H2O, tar, and light hydrocarbons [69]. The 
process is typically carried out at temperatures exceeding 800 °C [59]. The gasification 
mechanism involves four distinct stages including drying, pyrolysis or devolatilization, 
combustion, and char gasification or reduction [31].  

Gasification of SS is primarily used to generate electricity, with an energy conversion 
efficiency ranging from 14% to 30% (Fig. 2) [57]. This emphasis on electricity, rather than 
syngas production, arises from the need for syngas-cleaning stages to remove contaminants 
[31]. The gasification of SS is primarily limited by the gasification of char, as devolatilization 
occurs rapidly and volatile reforming proceeds at a faster rate than char conversion [70]. 
High moisture and ash content of SS impede efficient conversion [54]. Additionally, the N 
and S-containing compounds in SS contributes to the formation of pollutants, further 
lowering the energy value and quality of the produced syngas [70]. Excessive tar content 
compounds these challenges by decreasing syngas heating value, reducing cold gas efficiency, 
and increasing the risk of mechanical system failures [54]. To address these challenges, steam 
gasification is typically employed to enhance syngas production under high-moisture 
conditions [71], while co-gasification with complementary feedstocks is often used to 
mitigate pollutant emissions and improve overall process stability [72]. Operational issues 
such as fouling, agglomeration on reactor grates, and ash removal present further challenges, 
affecting reactor technology choices [54]. However, integrating the recovery of valuable 
nutrients, including P, N, and K, from ash is critical for advancing circular economy practices 
in SS gasification. The P2O5 content in gasification-derived SA is approximately 20%, slightly 
lower than that of incineration-derived SA [58]. Consequently, wet-chemical extraction 
remains the standard method for P extraction from gasification SA [68]. 





 

13 
 

[79]. While co-pyrolysis has been explored to enhance the value of pyrolysis products, 
addressing denitrification and deoxidation during the process remains a significant challenge 
(Table 1) [54]. Furthermore, pollutant emissions, including NH3, SO2, HCN, HCl, and 
particulate matter, pose a barrier to achieving high-heating-value oil and clean syngas 
recovery during SS pyrolysis [54,80]. BC is considered a main product after SS pyrolysis. 
Higher BC yield can be obtained in slow pyrolysis compared to fast pyrolysis [79]. BC has 
diverse applications (e.g., fertilizer, remediation sorbent) [77]. However, BC yield and quality 
are primarily influenced by pyrolysis temperature [81]. Heavy metals (e.g., Pb, Cr, Cu, and 
Zn) are enriched in BC since they are not volatilized during the process. Consequently, the 
direct application of such BC to soil may pose significant environmental risks, including 
potential contamination of soil and groundwater [82]. Co-pyrolysis with suitable additives or 
feedstocks has been proposed as a strategy to mitigate these risks by immobilizing heavy 
metals or altering their speciation to reduce mobility and bioavailability [83]. Similar to SA 
from incineration and gasification, BC contains high P content (more than 90%) [61]. 
However, the carbon-rich composition of BC expands its utility beyond P extraction. BC is 
particularly valuable as a soil amendment [84] and as a P adsorbent in wastewater treatment 
processes [85].  

 
Figure 3. Diagram of a typical pyrolysis system for SS treatment, adapted from [1,54,57,60]. 
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alkaline leaching after organic acid assisted hydrothermal treatment to enhance P leaching 
from HC. By optimizing this sequential method, the research seeks to improve P leaching 
efficiency while minimizing heavy metal, offering a sustainable and scalable solution for P 
reclamation from SS thermochemical derivatives. 

 
Table 2. P extraction using HTP and wet-chemical extraction. 

Sample Hydrothermal processing Leaching condition Leaching agent 

P leaching 
efficiency (%) 

Reference 

Type 
P 
conc. 
(mg/g) 

Temperature 
(°C) 

P 
recovery 
(mg/g) 

L/S 
ratio 
(mL/g) 

Contact 
time (h) 

Acid 
Conc. 
(M) 

          

Primary 
digestion 
sludge 

- 350 92.2% 20/0.1 2 H2SO4 0.3 98.7 [101] 

Digested 
sludge 

40 215 60 10/0.25 2 C2H2O4 0.25  ~100 [102] 

Digested 
sludge 

34.4 220 - - 0.5 H2SO4 
2.01-
2.67 

83.8 [103] 

Dewater 
digestate 

45.8 200 53.2 50/1 6 HCl 1 92 [104] 

Digested 
sludge 

31 190 74% 50/5 1 HCl 4 71 [105] 

2.3 Microplastic degradation via hydrothermal processing 

In addition to heavy metals, microplastics have become a significant contaminant in SS, 
complicating P recovery. Their porous surfaces and negative charges enable them to absorb 
heavy metals [110,111], acting as vectors for toxins and contributing to their persistence in 
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microplastics from its impact on other components such as heavy metals. Furthermore, the 
role of heavy metals in microplastic degradation remains unclear. Encapsulated microplastics 
and co-leached metals may reduce P purity during extraction, necessitating further 
investigation into their catalytic or inhibitory effects. This dissertation bridges the gap on 
how heavy metals affect microplastic breakdown under HTP, assessing their catalytic or 
inhibitory effects and the extent to which microplastic degradation enhances impurity 
removal. By elucidating these mechanisms, this dissertation aims to optimize P recovery by 
minimizing contamination in SS thermochemical derivatives. 
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3 RESEARCH METHODOLOGY 

3.1 Experimental design 

The experimental design is structured to address the outlined objectives, focusing on the 
application of thermochemical techniques for SS management, particularly in enhancing P 
extraction. A combination of experimental and analytical approaches was employed, 
supported by insights from key publications, to establish a cohesive and comprehensive 
framework. Thermochemical treatments, including HTP, pyrolysis, and incineration, were 
selected for their demonstrated potential to transform SS and their suitability for P 
extraction. The kinetics of these processes were studied to understand the interactions 
between the leaching solution and solid samples, as well as the leaching mechanism 
(Publication I) (Fig. 5). HTP was emphasized as the core treatment method, with its role in 
promoting efficient P extraction through organic acid assisted hydrothermal treatment 
analyzed to address shortcomings found in previous kinetics studies and recirculation using 
the same SS (Publication II). Additionally, HTP was applied for microplastic degradation, 
examining the effects of heavy metals under controlled conditions. The microplastics and 
heavy metals studied were common types found in previous SS samples to better understand 
the degradation mechanisms (Publication III). This integrative design ensures a systematic 
evaluation of the interconnected impacts of SS hydrothermal treatments on P extraction and 
pollutant mitigation (Fig. 5). 
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Gaithersburg, MD, USA. These analyses elucidated microplastic transformation and 
degradation pathways under hydrothermal conditions (Publication III). 

 
Figure 7. Summary of methods used in the dissertation. 
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4 RESULTS AND DISCUSSION 

4.1 Comparative thermochemical techniques for enhancing phosphorus leaching from 
sewage sludge 

4.1.1  Physicochemical properties of sewage sludge and thermochemical derivatives 

The physicochemical properties of HC, BC, and SA play a crucial role in determining the 
extent of P extraction. Therefore, the first step in assessing P extraction is to understand 
how thermochemical treatments modify the composition of SS in terms of elemental 
composition, functional structures, and P concentration.  

HTP and pyrolysis increased the fixed carbon and ash content in HC and BC, while 
incineration fully oxidized organic compounds, leaving only ash. Specifically, fixed carbon 
and ash content increased in HC (3.4% and 48.1%) and BC (4.0% and 52.5%) compared to 
the original SS (2.3% and 46.9%). Additionally, the rise in fixed carbon content contributed 
to an overall increase in C content. (Table 4). The explanation could be the decomposition 
of volatile matter, which generates volatile gases and soluble intermediates in the gaseous 
and liquid phases, respectively, and the transformation of soluble intermediates into fixed 
carbon through surface carbonization and condensation reactions in SS during HTP 
[19,118,119]. During pyrolysis, intermediates and char are produced by the release of volatile 
matter occurs via devolatilization, while fixed carbon represents the residual solid 
combustible material remaining after the complete volatilization process [1,75]. The high 
volatile matter of BC could be attributed to the low pyrolysis temperature (350 °C), which 
limits secondary carbonization and results in incomplete devolatilization [120]. The complex 
organic composition of SS, rich in proteins and lipids, further contributes to the high VM 
[120]. 

Ash content refers to inorganic elemental compounds. P concentration in SS (22.4 mg/g) 
increased to HC (26.7 mg/g), BC (33.5 mg/g) and reached the highest P concentration in 
SA (56.5 mg/g) with the highest metal concentrations found in SA, following by BC and HC 
(Table 4). This increase is attributed to volume reduction during thermochemical processes, 
which enriches P and heavy metals in all derivatives [17,102]. Elevated temperatures further 
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concentrate metals in the solid residues [9,121]. The presence of Al, Ca, Mg, and Fe in SS 
aids P recovery through metal dissolution and destabilization of metal-phosphate bonds [13], 
retaining P in HC as insoluble phosphates [109], while soluble phosphates dissolve into 
process water [102]. Additionally, Ca contributes to forming Ca-P compounds, such as 
whitlockite and hydroxyapatite, during pyrolysis [22]. In incineration, P bonds with Al and 
Fe in SA [17], with Fe influencing P extraction through oxidation, forming insoluble iron 
oxides and soluble phosphate compounds [108]. 

 
Table 4. Main characteristics of SS, HC, BC, SA and acid treated HCs (Publication I, II). 

Parameter SS HC BC SA HC-OA HC-FA 

Proximate 
analysis 
(wt.%) 

Fixed 
carbon a 2.3 ± 0.2 3.4 ± 0.2 4.0 ± 1.1 - 3.7 ± 1.1 3.5 ± 0.9 

Volatile 
matter 50.8 ± 1.7 48.4 ± 1.8 43.5 ± 2.8 - 45.2 ± 2.3 45.8 ± 2.2 

Ash 46.9 ± 1.5 48.1 ± 0.5 52.5± 2.9 - 51.1 ± 2.4 50.7 ± 1.4 

Ultimate 
analysis 
(wt.%) 

C 26.1 ± 0.8 27.3 ± 1.9 25.6 ± 1.5 - 34.9 ± 2.4 34.7 ± 1.5 

H 5.1 ± 0.2 4.6 ± 0.5 3.6 ± 0.7 - 4.8 ± 1.1 4.6 ± 1.1 

N 3.6 ± 0.7 2.4 ± 1.1 3.2 ± 0.9 - 2.0 ± 0.7 2.3 ± 0.3 

S 0.5 ± 0.1 0.5 ± 0.2 0.6 ± 0.1 - 0.4 ± 0.1 0.4 ± 0.1 
O b 17.9 ± 1.1 17.0 ± 0.5 14.5 ± 1.1 - 12.2 ± 0.8 11.7 ± 0.5 

Major 
elements 
(mg/g) 

P 22.4 ± 2.5 26.7 ± 2.5 33.5 ± 2.8 56.5 ± 3.5 32.2 ± 2.8  27.2 ± 2.0 

Ca 37.1 ± 4.8 44.6 ± 5.5 44.3 ± 6.1 100.1 ± 6.8 39.3 ± 5.4 34.5 ± 5.0 
Mg 1.7 ± 0.4 1.8 ± 0.1 1.8 ± 0.3 4.4 ± 1.2 1.3 ± 0.4 1.3 ± 0.4 

Al 7.5 ± 1.7 9.4 ± 1.2 11.7 ± 2.1 20.6 ± 1.5 6.9 ± 1.3 7.5 ± 1.9 

Mn 0.4 ± 0.2 0.4 ± 0.1 0.4 ± 0.1 1.1 ± 0.1 0.5 ± 0.2 0.4 ± 0.1 

Fe 88.7 ± 10.5 111.2 ± 9.8 113.8 ± 18.9 204.3 ± 32.2 134.2 ± 9.5 112.7 ± 9.5 

Minor 
elements 
(mg/g) 

Co 0.006 ± 0.002 0.007 ± 0.003 0.070 ± 0.020 0.129 ± 0.050 0.012 ± 0.005 0.007 ± 0.002 

Ni 0.040 ± 0.010 0.055 ± 0.013 0.396 ± 0.130 0.554 ± 0.001 0.067 ± 0.006 0.064 ± 0.007 

Cu 0.201 ± 0.120 0.226 ± 0.080 2.222 ± 0.540 4.069 ± 0.001 0.315 ± 0.010 0.250 ± 0.050 

Zn 0.327 ± 0.150 0.328 ± 0.090 3.675 ± 0.680 6.743 ± 0.430 0.528 ± 0.032 0.525 ± 0.060 

Cd 0.001 ± 0.001 0.001 ± 0.001 0.006 ± 0.002 0.006 ± 0.002 0.002 ± 0.001 0.001 ± 0.001 

Pb 0.007 ± 0.003 0.010 ± 0.008 0.058 ± 0.023 0.11 ± 0.0230 0.016 ± 0.003 0.013 ± 0.007 

Note: 
-, not applicable. 
�D���&�D�O�F�X�O�D�W�H�G���E�\���G�L�I�I�H�U�H�Q�F�H���X�V�L�Q�J�����������í volatile matter���í�$�V�K���� 
�E���&�D�O�F�X�O�D�W�H�G���E�\���X�V�L�Q�J�������������í�&���í�+���í�1���í�6���í�$�V�K���� 
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Table 5. Deconvolution results of SS and thermochemical derivatives (Publication I). 

Absorption band 

(cm�í��) 

Functional 

group 

Peak center 

(cm�í��) 

Peak area 

SS HC BC SA 

3000-2800 

CH3 2981 - - 95.3 67.1 

CH3 2975 - 1.3 8.2 10.7 

CH2 2921 3.1 39.8 - - 

CH3 2885 - 15.7 27.8 31.4 

CH2 2852 9.0 7.3 - - 

1800-1000 

C=O 1660 32.9 98.3 7.7 - 

Aromatic Vibration 1586 - 6.2 37.2 - 

Aromatic Vibration 1564 31.4 115.5 15.6 - 

C=O 1438 43.5 43.1 14.5 5.4 

C-O 1350 - 100 68.6 14.7 

C-O 1257 38.1 49.25 47.6 35.2 

C-O 1181 - 8.1 - 119.4 

C-O 1093 - 429.9 56.9 142.2 

Aromatic vibration 1026 114.8 151.3 - 44.2 

1300�±800  
[126�±128] 

Ca3(PO4)2 1042, 1030  1042, 
1030 

1095, 
1030 - 1095, 1030 

AlPO4 1115 1115 1095 - 1095 

Mg3(PO4)2 980 980 - - 995, 978 

H3PO4 - - 1005 1011 - 

H2PO4�í 940 940 
1164, 
1061, 
964 

1159, 
958 

1141, 1064, 
940 

SiO2 1076 1076 1061 1069 1064 

4.1.2 Effect of physicochemical properties of phosphorus products on leaching efficiency 

Thermochemical treatments induced distinct physicochemical transformations in SS, as 
detailed in the preceding section. As shown in Fig. 9, HC exhibited markedly higher P 
leaching efficiency than raw SS, BC, and SA. At 1440 min, the highest P leaching efficiencies 
were observed for H2SO4 and C2H2O4, reaching 82.2%. Among the tested materials, HC 
consistently exhibited superior P leachability, with efficiencies of 80.8% (H2SO4) and 80.3% 
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(C2H2O4), followed by BC (80.7% and 75.2%) and raw SS (75.9% and 64.7%), respectively. 
This higher performance is linked to the partial hydrolysis of organic matter during HTP, 
where acid interactions with hydrolysable bonds facilitate the release of bound P species [24]. 
Additionally, the pre-removal of water-soluble compounds from HC during HTP minimizes 
interference, allowing acids to focus on inorganic dissolution [15,24]. Conversely, BC 
exhibited the greatest resistance to P leaching, as suggested by elemental and FTIR analyses, 
which revealed enhanced the recalcitrance and reduced chemical reactivity, reducing its 
susceptibility to acid extraction. The leaching behavior of thermochemically treated SS 
products is governed by their compositional and structural characteristics.  

Leaching efficiency is also influenced by the type of leaching agent and contact time. In 
this study, H2SO4 outperformed C2H2O4 for P leaching from SS, HC, and BC but was less 
effective for SA. Extended contact time significantly improved P leaching, as prolonged 
interaction allowed greater dissolution of P into the leachate [107]. However, shorter contact 
times, which yield comparable results (within 10% difference) are preferable as they offer 
more efficient processing without substantial loss in leaching efficiency. HC achieved 
optimal leaching efficiency of 79.1% in 60 min using H2SO4, whereas BC, SS, and SA 
required 360 min for similar efficiencies. SS and BC reached efficiencies of 74.1% and 76.2%, 
respectively, with H2SO4, while SA achieved 80.9% with C2H2O4 (Fig. 9a). Previous studies 
suggest 2 h as the optimal leaching time for P extraction from SS, HC, BC, and SA with 
H2SO4 [15,22,23,25,108,109], after which further gains are negligible. This plateau could 
result from processes such as crystallization or precipitation of insoluble compounds (e.g., 
iron phosphates) forming resistant chemical bonds [129]. Alternatively, adsorption of 
charged ions onto particle surfaces may alter surface charges, impacting the rheological 
behavior of sludge in the leachate [23].  
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surface reactions, diffusion control and P solubility. These findings align with previous 
studies, such as Li et al., 2021 [131], which identified similar kinetics in phosphate ore 
leaching, highlighting the universality of the biphasic pattern under varying conditions and 
leaching agents. 

 

 
Figure 10. P leaching second-order kinetics of (a) SS, (b) HC, (c) BC and (d) SA in H2SO4 and 

C2H2O4 (Publication I). 

SCM was applied to identify the rate-limiting step in P leaching process. There are three 
main rate-limiting steps including (1) liquid film diffusion - the initial step where the leaching 
agent diffuses through the liquid film surrounding the particles, (2) chemical reaction - a 
chemical reaction occurs between the acid and the surface P-bearing compounds, leading to 
the release of phosphates and (3) product layer diffusion - the diffusion of the soluble 
reaction products through the solid product layer that forms during the leaching process 
[132].  

In this study, product layer diffusion was defined as the primary rate-limiting step in P 
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Figure 13. Comparative P leaching efficiency of HC, HC-OA and HC-FA in (a) NaOH �± 0.25 M, (b) 

H2SO4 �± 0.25 M, (c) NaOH �± 0.5 M, (d) H2SO4 �± 0. 5 M, (e) NaOH �± 1 M and (f) H2SO4 �± 1 M 
(Publication II). 

4.2.3  Potential of leachate recirculation in condensing phosphorus leaching with low heavy 
metals 

This study evaluates three different recirculation scenarios. Among these, HC-FA 
consistently presented the highest P leaching efficiency, followed by HC-OA and HC. 
NaOH leaching efficiency is approximately 10% lower than H2SO4 for both HC-FA and 
HC, and 20-25% lower for untreated HC. In Scenario 1, P leaching efficiency declines by 
around 20% per cycle, reaching below 10% by the fifth cycle due to leachate saturation and 
insufficient H+ and OH- [15,16,149]. In Scenarios 2 and 3, where the leaching solution is 
replenished after the third cycle, efficiency improves. Scenario 2 shows a rapid decline after 
cycle 3, while Scenario 3 demonstrates a more gradual reduction, with HC-FA dropping from 
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87.9% in cycle 3 to 69.6% by cycle 5 (Fig. 14). Scenario 3 achieves the highest accumulated 
P efficiency after leachate recirculation, reaching 96.7% in H2SO4 and 84.4% in NaOH. This 
is followed by Scenario 2 (88.6% and 76.6%), the original method (90.3% and 84.6%), and 
Scenario 1 (45.9% and 36.7%) (Table 7). These results are based on the total P concentration 
from 5 g of HC. Leachate recirculation reduces the use of leaching agents by 25% in 
Scenarios 1 and 2, and by 35% in Scenario 3, compared to the original method, which 
consumed 100 mL (L/S: 20 mL/ g) (Table 7). The slightly higher agent use in Scenario 3 is 
attributed to the addition of a 1 M leaching agent.  

Leachate recirculation poses challenges due to the release of heavy metals during P 
leaching from HC with acidic agents. While higher acid concentrations enhance P recovery, 
they also dissolve more heavy metals. In contrast, alkaline leaching selectively dissolves P 
while significantly limiting heavy metal release. NaOH effectively minimizes heavy metal 
release, with all scenarios showing less than 10% heavy metal accumulation (excluding Al 
and Cu) (Table 7). The release of Cr and Zn in H2SO4 was approximately 20 times higher 
compared to NaOH, while other metals like Zn, Cd, Cu, and Ni showed a release increase 
of less than five times (Table 7). Pérez et al. [150] observed significant heavy metal release 
(Zn >80%, Mn 70%, Cu ~44.8%) during H2SO4 leaching of HC treated at 215 °C, with 
heavy metal extraction efficiency lower than HCl and HNO3 [101]. Limited studies have 
focused on heavy metal release from HC using H2SO4, with most research investigating SA 
leaching [16]. These findings suggest that Scenario 3 is the most effective strategy for 
sustaining P leaching efficiency through leachate recirculation with relatively minimal heavy 
metal release. The choice between H2SO4 and NaOH should align with the objectives of P 
recovery and heavy metal management, with leachate recirculation serving as a valuable 
approach.  

The organic acid assisted hydrothermal treatment approach proves to be an efficient 
method for high-efficiency P extraction from HC with low impurity, exhibiting superior 
performance compared to conventional wet-chemical extraction methods. This process 
enhances P leaching efficiency, achieving nearly 100%, while simultaneously minimizing the 
leaching of heavy metals, with their release remaining below 10%. 
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Figure 14. P leaching recirculation over 5 cycles using H2SO4 and NaOH: (a) Scenario 1, (b) 

Scenario 2 and (c) Scenario 3. (Publication II). 
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