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Sewage sludge (SS) is a major wastewater by-product that is commonly treated as waste despite being rich in 

recoverable elements such as aluminium (Al) and phosphorus (P). While chemical leaching and precipitation have 

proven effective for Al and P recovery from direct SS or ISSA (Donatello & Cheeseman, 2013; Raheem et al., 

2018), studies on gasification by-products, particularly integrated recovery systems with environmental assess-

ment remain limited. Given the heterogeneous nature of sewage sludge and the limitations inherent in single-step 

recovery processes, research into multi-step recovery systems is also particularly significant. Addressing this gap, 

the study presents a multi-step wet-extraction system for the recovery of Al and P from sewage-sludge gasification 

slag while producing a potentially useful solid by-product in the form of anhydrite–amorphous silica residue. 
 

Sludge-derived slag samples were obtained from the Waste-to-Energy Research Facility (WTERF) in 

Singapore, a solid by-product from the high temperature slagging gasification of sewage sludge (Fu et al., 2023; 

Heberlein et al., 2022). The proposed multi-step wet-extraction system (as shown in Figure 1) comprised three 

sequential sections with five main steps: (1) pretreatment (prewashing with DI water and caustic conversion using 

NaOH, CC), (2) leaching (hydrothermal acid leaching using H2SO4, HAL) and (3) separation (organic acid com-

plexation using citric acid, OAC and alkali precipitation using NaOH, AP) with the purpose of selective aqueous 

recovery of Al and P in product streams CCf  and APf. Baseline parameters, exploratory parameters (independently 

varied initial slag particle size, solution concentration and liquid-to-solid (L/S) or liquid-to-liquid (L/L) ratios) and 

subsequently optimised parameters were tested. Carbon footprint (GWP 100) and landfill contribution impact of 

solid waste generation were evaluated via a cradle-to-gate LCA with a functional unit of 1 kg slag-eq, modelled in 

openLCA using the ecoinvent v3.9.1 database and IPCC 2021 methodology. Five scenarios were assessed: baseline 

operation with grid electricity and industrial steam, 50% heat recovery (Brückner et al., 2015; Shigaki et al., 2015), 

80% reagent recycling (Gromov et al., 2018; Healy, 2022; Kinnarinen et al., 2015; Sun et al., 2017), energy sub-

stitution with solar photovoltaic energy and a combined carbon-abatement scenario integrating all measures (Sce-

narios 1, 2, 3, 4 and 5, respectively). 

 
Figure 1 Overview of system design. Blue boxes represent intermediate process products, green boxes represent 

desired aqueous products selectively containing Al and P and useful solid residue and red boxes represent final by-

products from the system. Sample nomenclature provided for individual samples for reference.  
 

In the CC step, the alkaline dissolution of Al and P from amphoteric aluminium hydroxides and aluminium 

phosphates was highly selective, but the effective dissolution was relatively low. The HAL step exhibited increased 

Al and P dissolution, though accompanied by co-dissolution of other impurities such as Fe, Mg and Ti. HAL was 

crucial for the extraction of non-alkali-soluble Al and P compounds, such as more stable aluminino-silicates, which 

were found to be the major formation in the gasification slag. Some examples of possible dissociating reactions of 

Al and P are outlined below (Equations 1 and 2). Variations in exploratory parameters were all observed to signif-

icantly increase the extraction efficiencies. Interestingly, most Si were retained as amorphous SiO₂ in HALr, 

formed via the dissolution of Si from the predominantly aluminosilicate structure into H₄SiO₄ and subsequent 

polymerisation under acidic hydrothermal conditions (pH < 3.5) (Potapov et al., 2022). SEM imaging also revealed 

newly developed crystalline CaSO₄ (anhydrite, identified with XRD) structures absent in the preceding solids (slag 

and CCr) (Feldmann & Demopoulos, 2012; Wang et al., 2020) with reduced particle sizes as a result of proton-

induced fracturing, indicating successful transformation from CCr to HALr. A simplified equation for the for-

mation of these precipitates is proposed in Equation 3. 

Al₂Si₂O₅(OH)₄ (s) + 6 H+ (aq) → 2 Al 3+ (aq) + 2 H4SiO4 (aq) + H2O (l)  (1) 

Ca3(PO4)2 (s) + 6 H+ (aq) + 3 SO4
2- (aq) → 2 H3PO4 (aq) + 3 CaSO4 (s)  (2) 

Ca3Al2(SiO4)3 (s) + 12 H⁺ (aq) + 3 SO4
2- (aq) → 3CaSO4 (s) + 2 Al 3+ (aq) + 3SiO2 (s) + 6H2O (l)  (3) 

 Subsequently, OAC and AP steps were performed for further separation to improve the selectivity of Al 

and P in the aqueous phase. In particular, the removal of metal impurities such as Fe and Mg as metal hydroxides 

in the presence of excess hydroxides was crucial to obtain a higher purity output stream.  

 The baseline system was further optimised using findings from variation testing. Combining the two 

product streams, the baseline and optimised systems achieved Al and P extraction efficiencies of 36.5% and 38.8%, 

and 68.1% and 68.0%, respectively (Figure 2a). The combined selectivity of Al and P for the baseline and 



 

optimised systems were 92.2% and 86.2%, respectively. A strong correlation between the final extraction 

efficiencies of Al and P can be observed (Figure 2b), where Al and P extraction percentages from the combined 

product streams exhibited a high R2 of 0.990. This could be due to both the system-driven selectivity and the co-

location of Al and P in the same primary amorphous phases in the original slag sample, thus shared dissolution 

mechanisms.  

 The GWP 100 global warming impacts obtained for Scenarios 1, 2, 3, 4 and 5 were 2.61, 1.83, 1.46, 1.25 

and -0.05 kg CO2-eq/kg slag treated (Figure 3a), respectively. Improvements made in Scenarios 2-5 show signifi-

cant decreases in carbon impact if upscaled with a combination of proper reagent and heat recycling streams and 

the incorporation of renewable energy, especially in Scenario 5, which saw a net carbon abatement impact with 

the prevention of conventional Al(OH)3 and H3PO4 production being the biggest abatement contributions. The 

landfill impact assessment in Figure 3b indicates that system APr has the lowest impact at 0.32 ± 0.12 kg/kg slag-

eq compared to other equivalent waste streams, even outperforming incineration sewage sludge ash (ISSA). This 

indicates successful transformation for lower landfill impact, particularly favourable for land-scarce regions. 

 
Figure 2 Illustrations of Al and P extractions, a) shows the cumulative Al and P element percentage distribution 

comparison for the baseline and optimised system parameters across final products and by-products of the designed 

system and b) shows the positive correlation between Al and P in the combined final products. 

 
Figure 3 Impact assessments, a) GWP 100 contribution tree for main carbon-consuming inventories in Scenario 

1, 2, 3, 4 and 5. b) Impact of landfilling various forms of waste with reference to 1 kg slag-eq (i.e., 1 kg gasification 

slag set as baseline), which includes mass of SS, slag, ISSA and APr from the designed system. 
 

This study demonstrates a multi-step batch system for recovering aqueous Al and P from sewage-sludge gasifica-

tion slag, achieving ~70 % extraction for both elements. Hydrothermal acid leaching was identified as the key step 

enabling Al and P dissolution while producing an anhydrite–amorphous silica residue with potential reuse value, 

supporting circular-economy objectives. Alkali precipitation improved selectivity by removing Fe and Mg, yield-

ing high-purity products. Life-cycle assessment (GWP 100) indicates a promising carbon footprint and landfill 

burden relative to untreated gasification slag and ISSA. Overall, the system is robust, environmentally advanta-

geous and scalable, with scope for further optimisation and higher efficiencies when applied to less stable sludge-

derived by-products.  
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