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Air pollution control residues (APCr) generated in municipal solid waste incineration (MSWI) are classified as 
hazardous waste due to their high leachability of soluble salts and heavy metals, limiting disposal and valorization 
options (Chianese et al., 2026). Current management practices of this waste rely largely on hazardous landfilling 
or underground backfilling, highlighting the need for stabilization strategies capable of reducing hazardousness 
under realistic operational constraints  (Maresca et al., 2022). Although water washing (WW) and accelerated 
carbonation (AC) have been widely investigated as standalone treatments, their sequential integration has not been 
systematically evaluated from a process-integration perspective, particularly considering the moisture conditions  
generated by industrial solid-liquid separation.

This work experimentally investigates the coupling of WW and thin-film AC of APCr under conditions 
representative of waste-to-energy (WtE) operations. The study first establishes a performance benchmark for each 
standalone treatment before evaluating their integration through three conditioning strategies. Particular attention 
is given to the role of residual moisture after washing, identified as a potentially critical parameter governing 
carbonation feasibility.

Single-step water washing (L/S = 15 L/kg) effectively removed soluble chlorides, reducing Cl - leaching from 
20’300 to 1’500 mg/L (>90% removal) (Figure 1). Pb leaching decreased from 160 to 16 mg/L (Figure 1), yet 
remained above the EU non-hazardous landfill limit of 1 mg/L. Multi-step washing further reduced chlorides but  
did not ensure full compliance for Pb, while increasing process complexity and wastewater generation. These  
results confirm that washing alone, despite its effectiveness in salt removal, is insufficient to achieve regulatory  
stabilization.

Thin-film accelerated carbonation of raw APCr (L/S = 0.3 L/kg) promoted conversion of Ca(OH) 2 into 
CaCO3, achieving a CO2 uptake of 0.13 g CO2/g sorbent and reducing Pb leaching to 47 mg/L (Figure 1). However, 
chloride concentrations remained essentially unchanged, demonstrating that carbonation alone cannot address 
soluble salt removal. The complementary nature of WW (salt removal) and AC (metal immobilization and CO 2 

mineralization) therefore supports their integration within a combined treatment.

The integration phase revealed a critical process limitation. Direct carbonation of washed APCr under post-
filtration moisture conditions (L/S ≈ 1 L/kg) resulted in negligible carbonation (CO2 uptake of 0.03 g CO2/g). 
Thermogravimetric  analysis  confirmed  limited  Ca(OH)2 conversion,  demonstrating  that  excessive  residual 
moisture suppresses CO2 diffusion and prevents thin-film carbonation from occurring. This finding highlights a 
fundamental incompatibility between industrial washing effluent moisture levels and carbonation requirements.

To overcome this bottleneck, two pre-conditioning strategies were investigated. Fully drying the washed 
material followed by controlled rewetting to L/S = 0.3 L/kg established a laboratory benchmark, resulting in 
enhanced carbonation (0.21 g CO2/g, 61% higher than raw APCr) and substantial Pb stabilization (0.05 mg/L, 
below regulatory limits). While technically effective, complete drying and rewetting are unlikely to be viable at  
industrial scale due to energy penalties.

A  process-oriented  alternative  was  therefore  developed  based  on  partial  thermal  drying  at  180  °C, 
selected to simulate flue gas temperatures downstream of air pollution control systems in WtE facilities. This  
approach reduced the L/S ratio toward carbonation-favorable levels without complete removal of pore water. 
Under these realistic conditions, carbonation reached 0.17 g CO2/g and Pb leaching decreased below regulatory 
thresholds. The material maintained the benefits of prior chloride removal while achieving effective heavy metal 
stabilization and CO2 mineralization.
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Figure 1 - Leached concentrations of critical contaminants from raw (r-), water washed (w-), carbonated (c-) and washed, 
partially evaporated and carbonated (pe-) APCr compared with EU non-hazardous landfill acceptance limits.

From a waste management perspective, the results demonstrate that moisture content is the key bottleneck in  
integrating washing and carbonation. Industrial solid-liquid separation units typically generate filter cakes with  
L/S ratios far exceeding thin-film carbonation requirements. The introduction of partial drying using available 
low-grade process heat provides a feasible bridge between these unit operations, enabling the sequential coupling 
of WW and AC within existing WtE infrastructures. This integration reduces hazardousness, enhances CO2 uptake, 
and advances APCr management beyond isolated laboratory treatments toward implementable industrial solutions.

Although chromium leaching remained above non-hazardous landfill thresholds, indicating the need for 
additional stabilization strategies for oxyanion-forming elements, the combined process significantly reduced the 
mobility of critical contaminants and demonstrated regulatory compliance for Pb and Cl-. Overall, this study shifts 
the focus from optimizing individual treatments to engineering-compatible integration of unit operations. By 
identifying moisture control as the decisive enabling parameter, it provides a concrete framework for implementing 
APCr stabilization and CO2 mineralization under realistic waste-to-energy operating conditions.
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