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Abstract
The sustainable management of municipal solid waste incineration (MSWI) fly ash (FA) and air pollution control (APC) 
residues remains challenging due to their hazardous nature and underutilized valuable metal content. This study evaluates 
sulfuric acid digestion for selective metal extraction method that minimizes calcium dissolution, supporting ash valorization. 
The process parameters (temperature, solid-to-liquid ratio, H2SO4 concentration, digestion time) were investigated for five 
different ashes (A–E) resulting from different MSWI technologies (rotary kiln, grate furnace and fluidized bed furnace). At 
40 °C, a liquid-to-solid ratio of 5 and 98% H2SO4, > 99% copper extraction was achieved for ashes B and C, while other sam-
ples showed 45–75% extraction. For ash E, highest copper recovery was obtained at 70–80% acid concentrations. Zn extrac-
tion exceeded 90% in all ashes except for Ash D, where the extraction was 42.5%. Calcium dissolution remained negligible 
(< 1%) across all samples, with XRD confirming anhydrite (CaSO4) as the main phase in residues, which could be further 
processed into gypsum. The process also prevented silica gel formation and yielded amorphous aluminum sulfate, offering 
potential for conversion to valuable products like gibbsite (Al(OH)3) or boehmite (AlOOH). These findings demonstrate the 
feasibility of a tailored acid digestion approach for recovering metals and valorizing FA/APC residues.
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Introduction

Fly ash (FA), a byproduct of the incineration of municipal 
solid waste (MSW), is a fine particulate matter collected 
from the flue gas using electrostatic precipitators or fabric 
filters [1]. The composition of FA depends on the incinera-
tion technology employed, such as grate furnaces, fluidized 
beds, or rotary kilns, as well as the feedstock composition. 
FA accounts for approximately 1–5 wt% of the input waste 
[2]. To enhance pollution control, sorbents or reagents are 
often added to the flue gas, resulting in the production of 
air pollution control (APC) residues, which are commonly 
mixed with FA on-site and treated collectively [3]. The FA/
APC is characterized by a complex composition, containing 
valuable metals, such as copper (Cu) and zinc (Zn), toxic 
elements like lead (Pb), cadmium (Cd), and chromium (Cr), 
and bulk components such as calcium (Ca), aluminum (Al), 
and silicon (Si), mainly as chlorides, sulfates, and oxides. It 
is classified as hazardous due to its elevated levels of heavy 
metals and toxic compounds [4–8].

Globally, incineration processes manage around 11% of 
MSW, and with MSW expected to increase from 2.01 bil-
lion tons in 2020 to a projected 3.8 billion tons by 2050, 
there is an urgent need for effective management strategies to 
mitigate environmental risks and recover valuable resources 
from such waste materials [9, 10]. Landfilling regulations, 
particularly within the European Union, have evolved to 
address these challenges. The Landfill Directive 1999/31/
EC and subsequent Council Decision 2003/33/EC estab-
lished stringent leaching limit values and technical stand-
ards for waste acceptance, emphasizing the critical need to 
control hazardous substances such as heavy metals in MSWI 
FA [11, 12]. Building on these, Directive (EU) 2018/850 
establishes ambitious goals to minimize municipal waste 
landfilling, including prohibiting landfilling waste suitable 
for recycling or other recovery by 2030 and mandating that 
Member States should reduce the share of municipal waste 
landfilled to 10% or less by 2035 [13].

Numerous studies have explored hydrometallurgical tech-
niques for extracting heavy metals from MSWI FA using a 
variety of reagents, including mineral acids, organic acids, 
and alkaline solutions [14–17], with studies of acid leach-
ing approaches summarized in Table 1. research on metal 
extraction from MSWI FA/APC shows that mineral acids 
generally achieve higher efficiencies than organic acids, with 
extraction performance and selectivity strongly influenced 
by the choice of reagent, pH, and process conditions. At 
the industrial scale, the FLUWA process is recognized as 

the state-of-the-art technology for recovering metals from 
MSWI FA/APC. This process employs scrub water from 
wet flue gas cleaning, combined with hydrochloric acid 
(HCl) for pH regulation. HCl has been extensively studied 
and is effective particularly for copper recovery, due to its 
ability to solubilize copper-bearing phases. For example, 
Turan et al. [18] demonstrated that an HCl system was able 
to selectively leach copper from copper slag. Currently, over 
60% of Switzerland’s fly ash is processed through FLUWA 
process, where 30% and 67% extraction for Cu and Zn is 
achieved, respectively [19–21]. In parallel, research has also 
focused on the potential reuse of leached or stabilized ash in 
construction materials, such as incorporating it as a gypsum 
substitute in concrete or as a component in geopolymer for-
mulations [1, 22–24].

Acid digestion, or acid baking, is widely utilized as a 
hydrometallurgical process to dissolve solid materials in 
strong acids for extracting or quantifying specific compo-
nents, such as metals. Traditionally applied to quantify heavy 
metals in environmental matrices like sediments and soils 
(e.g., USEPA, 1996), the technology has also been playing 
a key role in recovering metals from various waste streams 
[36, 37]. Ma et al. (2018) demonstrated the effectiveness 
of sulfuric acid dry digestion for extracting zirconium (Zr), 
hafnium (Hf), and niobium (Nb) from eudialyte residue. 
Using concentrated sulfuric acid (H2SO4) at  110 °C for 4 
h, the process converted metals into soluble sulfate phases 
while limiting silicon dissolution. Subsequent water leach-
ing, enhanced by hydrogen peroxide (H₂O₂), achieved recov-
ery rates of 89.1% Zr, 81.2% Hf, and 71.2% Nb. Ngenda 
et al. (2009) highlighted the method’s efficiency in recover-
ing valuable metals from hydrometallurgical residues at the 
Kolwezi Zinc Plant in the Democratic Republic of Congo. 
These residues, containing Zn (19.5%), Cu (2.7%), and Cd 
(0.12%), posed both environmental risks and economic 
potential. The process involved digestion with 48% H2SO4, 
roasting at 750 °C to convert iron sulfates into insoluble 
hematite, and water leaching, achieving recovery efficien-
cies of 98.7% zinc, 99.9% copper, and 100% cadmium. This 
approach minimized iron contamination, enabled sulfur 
dioxide recycling for acid production, and promoted sustain-
ability. Wei et al. (2018) investigated aluminum extraction 
from high-aluminum coal fly ash (CFA) using concentrated 
sulfuric acid at elevated temperatures. The study detailed the 
mineralogical transformations during acid digestion, where 
crystalline phases like mullite and corundum decomposed 
into aluminum sulfate (Al2(SO4)3) and leachable metal ions. 
Optimized conditions—300 °C, a reaction time of 110 min 
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Table 1   Studies on metal recovery from MSWI FA/APC using acid leaching methods. Unless otherwise specified, experiments were conducted 
at room temperature

Reagent Experimental parameters Extraction (%) Ref

HCl, EDTA, acetic acid, formic acid, lactic 
acid, oxalic acid

1) 3 M HCl, L/S = 5, 24 h* Cu (100), Zn (77), Pb (100) [25]
2) 0.1 M EDTA, L/S = 5, 24 h* Cu (100), Zn (40), Pb (94)
3) 0.1 M Acetic acid, L/S = 5, 24 h* Cu (< 1), Zn (< 1), Pb (32)
4) 0.1 M Formic acid, L/S = 5, 24 h* Cu (< 1), Zn (< 1), Pb (25)
5) 0.1 M Lactic acid, L/S = 5, 24 h* Cu (< 1), Zn (< 1), Pb (30)
6) 0.1 M Oxalic acid, L/S = 5, 24 h* Cu (< 1), Zn (< 1), Pb (< 1)

HCl (pH adjusted) Concentrated HCl (pH= 1), L/S = 20, 5 min* Cu (62), Zn (98), Pb (86) [26]
Citric acid, malic acid, acetic acid, lactic 

acid, oxalic acid, tartaric acid (pH 
adjusted)

(1) 0.1 M Citric acid (pH= 3), L/S = 40 
(ml/g), 20 min*

Cu (100), Zn (100), Pb (96) [27]

(2) 0.1 M Malic acid (pH= 3), L/S = 40 
(ml/g), 20 min*

Cu (100), Zn (100), Pb (97.0)

(3) 0.1 M Acetic acid (pH= 3), L/S = 40 
(ml/g), 20 min*

Cu (100), Zn (100), Pb (70.1)

(4) 0.1 M Lactic acid (pH= 3), L/S = 40 
(ml/g), 20 min*

Cu (100), Zn (100), Pb (62.0)

(5) 0.1 M Oxalic acid (pH= 3), L/S = 40 
(ml/g), 20 min*

Cu (45.8), Zn (44.9), Pb (2.7)

(6) 0.1 M Tartaric acid (pH= 3), L/S = 40 
(ml/g), 20 min*

Cu (32.7), Zn (35.7), Pb (4.0)

HCl, H2SO4, NaOH (1) 1 M HCl, L/S = 100 (ml/g), 7 days Cu (100), Zn (100), Pb (100) [28]
(2) Stage 1: 3 M NaOH, 60 min, 80 °C Cu (40), Zn (75), Pb (84)
Stage 2: 2 M H2SO4, 60 min, 80 °C Cu (96), Zn (95), Pb (90)

HNO3, HCl, H2SO4 (pH adjusted) (1) 1.5 M H2SO4 (pH = 2), 20 h, L/S = 20 Cu (50.9 ± 0.3), Zn (80.0 ± 1.5), Pb 
(2.2 ± 0.2)

[29]

(2) 3 M HCl (pH = 2), 20 h, L/S = 20 Cu (67 ± 5.6), Zn (74.2 ± 5.5), Pb (35 ± 6.8)
(3) 3 M HNO3 (pH = 2), 20 h, L/S = 20 Cu (47.5 ± 5.6), Zn (65 ± 1.2), Pb (9.2 ± 0.1)

HCl, NaCl Stage 1: HCl (5%), L/S = 4, 60 °C, 1 h* Cu, Zn (70–80), Pb, Cd (⩾90); [19]
Stage 2: NaCl (300 g/L), L/S = 5, 85 °C, 1 h*

HCl, H2SO4, oxalic acid, citric acid, acetic 
acid

(1) 0.2—7 M H2SO4, L/S = 50, 24 h, 33 °C Cu (100), Zn (> 80), Pb (~ 5)—at 2 M 
concentration

[30]

(2) 0.2—7 M HCl, L/S = 50, 24 h, 33 °C Cu (100), Zn (> 80), Pb (~ 90)—at 7 M 
concentration; Cu (~ 80), Zn (~ 65), Pb 
(100)—at 3 M concentration

(3) 0.5—1 M oxalic acid, L/S = 50, 24 h, 
33 °C

Cu (< 30), Zn (< 30), Pb (~ 0)

(4) 0.5—3 M citric acid, L/S = 50, 24 h, 33 
°C

Cu (> 80), Zn, (50), Pb (98) – at 3 M con-
centration

(5) 0.5—5 M acetic acid, L/S = 50, 24 h, 33 
°C

Cu (70), Zn (40), Pb (65) – at 5 M concen-
tration

Lactic acid, lactic acid broth (LAB) (1) 46.9 g/L (≈ 0.52 M) lactic acid, L/S = 10, 
3 h

Cu (~ 19.5%), Zn (~ 0.1%), Pb (~ 2.4%) [31]

(2) 46.9 g/L (≈ 0.52 M) LAB, L/S = 10, 3 h Cu (~ 21.8%), Zn (~ 0.2%), Pb (~ 3.0%)
HNO3 Stage 1: 1 M HNO3, L/S = 50 (ml/g), pH = 7, 

3 h
Extraction was not measured, both residue 

and leachate used in the following stages
[32]

Stage 2: 0.2 M HNO3, pH = 4, 3 h Cu (80), Zn (61.3), Cd (93.7)
Stage 3: SX with Cyanex Zn (91)
Stage 4: 3.0 g/L HAP, Ph = 5, < 30 min Cu (> 95), Cd (> 95)
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and an acid:ash molar ratio of 1.2—yielded an aluminum 
leaching efficiency of 86%.

This study investigates the H2SO4 digestion of FA/APC 
for the first time, an approach to convert metal compounds 
into water-soluble sulfate phases, followed by dissolving 
these metal sulfates in water medium selectively. This study 
brings attention to the specific behavior of Ca, a major com-
ponent in the ash, where calcium is transformed into CaSO4, 
a water-insoluble compound with potential for repurposing 
as anhydrite, a key material for gypsum production. By com-
bining the objectives of improving metal recovery and the 
reuse of ash residues, this study offers valuable insights into 
the valorisation of MSWI FA.

Materials and Methods

Materials

The FA/APC samples for this study were supplied by NOAH 
AS, a Norwegian waste treatment company, in large barrels 
weighing 60–80 kg. Samples were divided into 250 g por-
tions using a stepwise universal splitting method. Five ash 
samples were included in the study: rotary kiln ash (ash A), 
grate furnace ashes (ash B, ash C, and ash D), and circular 
fluidized bed ash (ash E). Ashes B, C, and D were sourced 
from separate facilities, each operating a grate furnace. 
NOAH as supplied each of these samples in individual bar-
rels, each representing a distinct production batch. Ash E 
used for parameter optimization and the others evaluated for 
the applicability of the optimized conditions. The samples 
were prepared by water washing (using 2–4 cyclic washes) 
to eliminate soluble salts, followed by drying overnight at 
80 °C. The elemental composition of the dried samples 
was analyzed using High-resolution inductively coupled 
plasma mass spectrometry (HR-ICP-MS; ALS, Sweden). 
The elemental analysis results for the washed samples 

are summarized in Table 2, with a comprehensive list of 
elements available in the online supplementary material 
Table S1. Phase identification was carried out using X-ray 
diffraction (XRD, Bruker D8 Advance). The main crystal-
line phases are summarized in Table 3, with a complete 
compound list in Table S2. XRD, however, is limited in 
detecting trace metal compounds due to their low concen-
tration, incorporation in matrix phases, and the high amor-
phous fraction of the ash. Apart from (Zn,Fe)S identified at 
2 wt% in ash D (Table S2), XRD could not reliably resolve 

*With prior water washing before acid leaching, (SX = Solvent extraction)

Table 1   (continued)

Reagent Experimental parameters Extraction (%) Ref

HCl, NaOH (for pH adjustment before 
Zn-SX)

Stage 1 (for Zn leaching): Dilute HCl, 
L/S = 20, pH = 4, 20 h

Zn (75), Sb (12) [33]

Stage 2 (for Sb leaching, residue): 6 M HCl, 
L/S = 10, 60 °C, 24 h

Sb (> 80)

Stage 3 (Zn-rich leachate): SX with Cyanex 
572

Zn (> 99)

Stage 4 (effluent after Zn recovery): HAP@
CoFe2O4;

Sb (> 98)

H2SO4 1.5 M H2SO4, L/S = 1/150 (g/L), 30 °C, 2h Zn (~ 92) [34]
Citric acid (1) 0.3 M citric acid, L/S = 3/1,10 min* Cu (11.9), Zn (43.6), Pb (39.6) [35]

Table 2   Elemental composition of washed ash samples measured by 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Ash A Ash B Ash C Ash D Ash E

Ppm
 Al 35,000 77,000 42,000 47,000 100,000
 Ba 33,000 1300 1000 3300 2100
 Ca 66,000 230,000 290,000 240,000 220,000
 Cd 25 150 200 32 40
 Cl 3600 3100 3600 1500 3800
 Cr 1600 670 330 700 450
 Cu 4900 720 940 780 5700
 Fe 60,000 24,000 18,000 25,000 26,000
 K 25,000 5600 3400 6600 4500
 Mg 12,000 15,000 15,000 20,000 20,000
 Mn 3000 840 1100 1600 1300
 Mo 1900 13 17 39 19
 Ni 2100 80 170 140 160
 P 110,000 7100 7800 8800 4700
 Pb 4400 1200 2000 2000 2100
 S 10,000 24,000 40,000 80,000 18,000
 Sb 140 140 260 330 110
 Si 66,000 110,000 75,000 84,000 120,000
 Ti 22,000 10,000 10,000 16,000 17,000
 Zn 45,000 13,000 15,000 23,000 6000
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mineral phases of trace elements such as Cu, Zn, and Pb. 
To complement XRD, scanning electron microscopy with 
automated mineralogy (SEM-AM) was applied. Details on 
characterization and sample preparation are reported else-
where using the same samples [41]. SEM-AM detected Zn 
in 1–5% area phases, often associated with matrix phases 
such as Zn–Al–Ca–O and Zn–P–Na–O, whereas Cu was not 
observed above the 1% area threshold. Additional scans (< % 
area) revealed Cu and Zn in various matrix phases with Ca, 
Si, Al, and Fe (Table S3). These results, however, should 
be treated as indicative since <1% area lies at the reliability 
limit of the method. For trace element mineralogy, X-ray 
absorption near-edge structure (XANES) remains the most 
reliable technique for determining oxidation states and asso-
ciated phases, though its high cost and need for specialized 
expertise restrict routine use. In this study, due to such limi-
tations, literature XANES data were compiled (Table S4) to 
support interpretation of experimental trends. Particle size 
distribution of the samples is provided in Table 4.

Methods

The study consists of three main parts: In the first part, 
ash E was digested using concentrated sulfuric acid (98% 
H2SO4) at different solid/liquid ratios, temperatures and 
reaction times. Ash E was selected for parameter screen-
ing due to its relatively high copper content. The results 
of the first set of experiments were analyzed using sur-
face response analysis in MINITAB® to determine the 

optimal extraction conditions and understand parameter 
interactions. MINITAB® is chosen due to its user-friendly 
interface, robust DOE capabilities, and established use in 
similar hydrometallurgical process optimization studies. 
In the second set of experiments, Ash E was treated under 
these optimal conditions with reduced acid concentrations 
(60%, 70%, and 80%), to assess the potential of minimiz-
ing acid use. Furthermore, optimized conditions from set 
1 (98% H2SO4) were tested on different ash types, which 
have some variances in mineralogical composition, to test 
the robustness of the process across varying feedstocks.

Experimental Design

For the first section of the study, experimental design 
approach was employed using MINITAB® Statisti-
cal Software, utilizing a surface response methodol-
ogy (Box–Behnken design) to explore the effects of 
varying solid-to-acid ratios (Lacid/S), digestion dura-
tion (30 min–1 h), and temperature (20–60 °C) on metal 
extraction from ash. The Box–Behnken design was cho-
sen primarily because of its efficiency and effectiveness 
in optimizing complex chemical reactions with fewer 
experimental runs [42–44]. Table 5 shows the experi-
mental matrix generated with MINITAB®, Box–behnken 
function.

Table 3   Major crystalline compounds in ash samples detected by 
X-ray diffraction (XRD)-Rietveld refinement method. (Phases: Aker-
manite [CaMgSi2O6], Alluaudite [(Na,Ca)Mn2+(Fe3+, Mn2+, Fe2+, 
Mg)2(PO4)3], Anhydrite [CaSO4], Calcite [CaCO3], Sodium Sulfate 
[Na2SO4], Quartz [SiO2])

Ash Main crystalline compounds (wt.%)

Ash A Alluaudite (23.5), Sodium Sulfate (21.3, anhydrous-20.4),
Ash B Calcite (61.7), Anhydrite (11.4), Quartz (9.2)
Ash C Calcite (50.0), Anhydrite (28.2), Quartz (7.4)
Ash D Anhydrite (60.9), Akermanite (25.8)
Ash E Calcite (36.7), Akermanite (23.7), Anhydrite (10.5), Quartz 

(9.0)

Table 4   Particle size distribution of the ash samples

d10 (μm) d50 (μm) d90 (μm)

Ash A 1.9 14.0 124.0
Ash B 3.6 13.7 97.9
Ash C 3.2 27.1 168.0
Ash D 9.1 54.2 216.0
Ash E 4.2 21.6 74.2

Table 5   MINITAB® DOE (Design of experiments) experimental 
matrix (RT = room temperature) carried out on washed Ash E, using 
concentrated sulfuric acid (98% H2SO4)

Experiment 
No

Lacid/S Digestion time 
(minutes)

Leaching 
temperature(°C)

1 4 30 40
2 4 45 60
3 4 45 RT
4 4 60 40
5 5 30 60
6 5 30 RT
7 5 45 40
8 5 45 40
9 5 45 40
10 5 60 60
11 5 60 RT
12 6 30 40
13 6 45 60
14 6 45 RT
15 6 60 40
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Experimental Procedure

Each test involved collecting 5 g of ash from the 250 g of 
washed samples previously prepared using sample splitters, 
which was then subjected to acid digestion. Fly ash is highly 
heterogeneous in nature and providing homogenous repre-
sentative samples is challenging. In the scope of this study, 
both aiming at practicality of the proposed method and con-
sidering ineffectiveness of further splitting for increased 
homogeneity, parallel experiments under the same condi-
tions were applied to investigate the reliability of the results. 
The digestion step was conducted using concentrated sulfu-
ric acid (98% H2SO4 EMSURE®) and stirred magnetically 
at 300 rpm in a Carousel leach reactor (Radleys Carousel 
6 Plus Reaction Station™) to ensure consistent conditions 
across all trials. Following the conversion of metal com-
pounds to sulfates, the solid matrix was subjected to water 
leaching to dissolve and extract the newly formed metal sul-
fates. The water leaching step was implemented by adding 
35 ml of distilled water and magnetically stirring (300rpm) 
the mixture for one hour. A representative illustration of the 
process set-up is shown in Fig. 1.

The mixture was subsequently vacuum-filtered using a fil-
ter paper(qualitative filter paper—413, VWR® International 
BVBA), and the solid residue dried at 80 °C for over 24 h 
before X-ray diffraction (XRD) analysis. Metal concentra-
tions in the leachates were determined by sampling 1 ml 
of filtered leachate with a 0.45-μm Polytetrafluoroethylene 
(PTFE) syringe, diluting it to 10 ml, and analyzing it using 
inductively coupled plasma mass spectrometry (ICP-MS). 
Extraction efficiencies were determined by comparing the 

metal concentrations found in the leachates to the theoretical 
maximum concentrations that could be extracted based on 
the initial composition of the ash (Eq. 1).

where Cleachate = metal concentration in leachate (mg/L). 
Leachates = leachate volume (L). Cinitial = initial solid-phase 
metal content (mg/kg). Msolid = solid sample mass (kg).

The data presented may be affected by multiple sources 
of error, including experimental variability and systematic 
biases, such as potential inaccuracies in ICP-MS measure-
ments and the inherent heterogeneity of ash samples. In cer-
tain leaching experiments, extraction efficiencies exceeded 
100%, which can likely be attributed to the aforementioned 
error sources. In full quantitative ICP-MS, errors typically 
remain below 10% [45], but complex matrices like MSWI fly 
ash can introduce higher inaccuracies due to matrix effects 
and interferences. In this study, to enhance accuracy, solid 
samples were analyzed using high-resolution ICP-MS (HR-
ICP-MS) [46].

Results and Discussion

Design of Experiments (DOE)

The main goal of the dry digestion method was to extract 
economically valuable metals like copper (Cu) and zinc 
(Zn), while minimizing calcium (Ca) extraction. Table 6 
shows the extraction rates of Zn, Cu, and Ca from Ash E 

(1)Extraction (%) =
C
leachate

× V
leachate

C
initial

× m
solid

× 100,

Fig. 1   Schematic illustration of 
experimental procedure
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when using the DOE matrix. DOE experiments showed that 
Ca extraction remains low (<1%) in all trials. Zn consist-
ently exhibited high extraction efficiency, suggesting that 
zinc extraction is less affected by changes in the solid-to-
liquid ratio, digestion time, and temperature. The highest Cu 
extraction was achieved at 40 °C (notably in Experiments 1, 
7, 8, 9, and 12), while increasing the leaching temperature 
to 60 °C led to lower recovery. This drop in Cu extraction at 
60 °C, despite the likely formation of CuSO4 during diges-
tion, can be explained by copper re-precipitating and becom-
ing trapped in less soluble forms. Moderate heating to 40 °C 
improves Cu solubility and leaching efficiency, but higher 
temperatures facilitates the formation of secondary cop-
per phases, such as basic copper sulfates (e.g., brochantite, 
Cu4(SO4)(OH)6) or hydroxides, which are known to form 
at mildly acidic pH in sulfate-rich conditions. This is con-
sistent with thermodynamic findings that brochantite and 
similar basic copper salts are stable at elevated temperatures 
and mildly acidic to neutral pH, particularly when sulfate 
is abundant [47, 48]. Although the leach solution remained 
strongly acidic overall, local pH rises—caused by neutrali-
zation of residual ash alkalinity—combined with the higher 
temperature likely promoted precipitation, reducing dis-
solved Cu. Similarly, experiment with higher liquid-to-solid 
ratio and longer digestion time (Experiment 15) at 40 °C also 
showed lower Cu extraction. This was likely because longer 
digestion allowed CuSO4 to crystallize more fully or become 
trapped deeper within the ash particles, while oversatura-
tion of sulfate promoted the formation of dense, sulfate-rich 
surface layers that hindered further leaching.

Further, the predictive performance of the model was 
evaluated by comparing predicted and experimental extrac-
tion percentages for Cu, Zn, and Ca across all experimental 
runs. For Cu, the model significantly underestimated extrac-
tion in several experiments, suggesting that key factors influ-
encing Cu leaching were not fully captured by the model. Zn 
extraction was consistently high in the experiments (>72% 
in all cases), whereas the model predicted moderate recov-
eries (51–69%), underestimating the observed performance 
but still reflecting the trend of high Zn mobility under the 
tested conditions. For Ca, both predicted and experimental 

values were uniformly low (≤1%), and the model accurately 
reproduced this limited solubility.

The varying extraction rates of these elements can be 
explained by the relative solubilities of their sulfate com-
pounds in water. It can be assumed that these elements ini-
tially exist mainly as oxides resulting from oxidative con-
ditions during incineration (after salts have been washed 
away). During the digestion step, these oxides convert to 
sulfates, as shown in Eqs. 2, 3, 4. The subsequent dissolution 
of these sulfates follows the reactions in Eqs. (5–7).

The dissolution of CaSO4 is characterized by a low-sol-
ubility product constant (Ksp20°C=228.10–4) and a positive 
Gibbs free energy change (∆G°20°C=20.78 kJ/mol). This 
suggests that CaSO4 is only sparingly soluble and its dis-
solution is thermodynamically unfavorable, resulting in low 
extraction efficiency. In contrast, zinc sulfate (ZnSO4) has 
a Ksp20°C of 12.74 and a negative Gibbs free energy change 
(∆G°20°C =− 6.31 kJ/mol), which makes ZnSO4 highly solu-
ble in water yielding highs extraction rates. The dissolution 
of CuSO4 has a Ksp20°C of 1.90 and ∆G°20°C = − 1.59 kJ/mol. 
While the process is still favorable, the solubility is signifi-
cantly lower than that of ZnSO4, resulting in moderate water 
solubility and variable extraction efficiencies across different 
experiments. Table S5 shows the temperature dependence 
of the sulfate solubilities where high temperatures typically 
result in higher Cu- and Zn sulfate solubilities.

(2)CaO(s) + H2SO4(l) → CaSO4(S) + H2O(l)

(3)ZnO(S) + H2SO4(l) → ZnSO4(S) + H2O(l)

(4)CuO(S) + H2SO4(l) → CuSO(4) + H2O(l)

(5)
CaSO4(s) ⇌ Ca2+

(aq)
+ SO2−

(aq)
;Ksp = 2.28 × 10−4,ΔG = 20.78kJ/mol

(6)
CaSO4(s) ⇌ Ca2+

(aq)
+ SO2−

(aq)
;Ksp = 2.28 × 10−4,ΔG◦ = 20.78kJ/mol

(7)CuSO4(s) ⇌ Cu2+
(aq)

;Ksp = 1.90,ΔG = −1.59kJ/mol

Table 6   Predicted and 
experimental extraction (%) 
of Cu, Zn, and Ca when 
DOE (design if experiments) 
experimental matrix applied, 
using ash E

(pred = predicted, exp = experimental)

Extraction %

Exp.No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cu-pred 2.2 0.3 0.0 0.2 2.5 0.0 12.9 7.6 0.0 2.4 0.0 6.5 12.9 2.4 12.9
Cu-exp 14.4 0.1 0.1 0.1 0.1 0.2 15.5 21.8 17.9 0.1 0.1 12.3 0.1 0.1 <0.1
Zn-pred 68.3 67.4 67.7 66.3 57.7 60.0 51.5 56.9 65.1 65.6 68.9 58.9 51.5 60.8 51.5
Zn-exp 75.8 94.3 95.3  >99.0 91.2 92.7 75.3 72.8 72.7 90.3 97.5 77.5 86.7 93.3 87.8
Ca-pred 0.7 0.5 0.6 0.7 0.4 0.4 0.5 0.5 0.3 0.4 0.5 0.3 0.5 0.5 0.5
Ca-exp 0.8 0.9 0.8 0.9 0.6 0.7 0.5 1.0 0.8 0.9 0.6 0.6 0.5 0.5 0.5
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Statistical Evaluation and Optimization with MINITAB

Figure 2 presents the contour plots for the extraction rates of 
Cu, Zn, and Ca under the investigated conditions, illustrating 
the combined effects of key process variables on extraction 
efficiency. These plots were generated using the Box–Behnken 
design (BBD), where the design efficiently fits a quadratic 
model (Eq. 8) by selecting midpoints and factorial combina-
tions, avoiding extreme conditions. The model assumes that 
the response follows a second-order polynomial, factors are 
independent, residuals are normally distributed with constant 
variance, and there is no significant lack of fit.

where Y = Response variable, β₀ = Intercept, βi = Coefficients 
of linear terms, Xi = Independent variables, βii = Coefficients 

(8)Y = �0 +
∑

�iXi +
∑

�iiX
2
i
+
∑

�ijXiXj + �

of quadratic terms. βij = Coefficients of interaction terms. 
ε = Error term.

The results indicate that Cu extraction was relatively 
low, not exceeding approximately 12.5%, and reached its 
maximum at intermediate values of temperature, diges-
tion time, and L/S ratio. This suggests that while moderate 
temperature and time promote Cu leaching, excessively 
high values may favor the re-precipitation of secondary 
Cu-bearing phases. This behavior contrasts with that of 
Zn, which showed substantially higher extraction (ranging 
from about 52% to over 68%) and achieved its maximum 
efficiency at higher temperatures and extended digestion 
time. The improved Zn extraction under these conditions 
reflects its greater solubility under acidic environments 
and a lower tendency to re-precipitate compared to Cu. By 
comparison, Ca extraction remained minimal (below 0.7%) 
across all settings, with a slight dependence on the L/S 

Fig. 2   Counterplots of extraction rates analyzed based on Box–Behnken model for Cu, Zn, and Ca
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ratio and negligible sensitivity to temperature or diges-
tion time, consistent with the expected low solubility of 
Ca-bearing phases under the given leaching conditions.

Table 7 presents the calculated t values and p values, 
along with the model summary for the response surface 
regression analysis of Ca, Zn, and Cu recovery. The t value 
represents the strength of the effect that an independent 
variable (such as temperature or acid concentration) has 
on the response variable. A higher absolute t value indi-
cates a stronger influence, while a lower t value suggests a 
weaker or negligible effect. The p value, on the other hand, 
determines the statistical significance of these effects. A p 
value lower than 0.05 suggests that the factor has a signifi-
cant impact on the recovery of Ca, Zn, or Cu, whereas a p 
value greater than 0.05 implies that the factor’s effect may 
not be statistically significant and could be attributed to 
random variation. For Ca, the L/S ratio exhibited a statisti-
cally significant negative effect on its recovery (t = − 3.01, 
p = 0.03). A negative t value indicates that as the L/S ratio 
increases, Ca recovery decreases, meaning there is an 
inverse relationship between these two variables. How-
ever, other predictors, including interaction terms (which 
assess how two factors combined influence the response) 
and quadratic terms (which capture non-linear relation-
ships), were not statistically significant (p>0.05), suggest-
ing they do not strongly impact Ca recovery.

For Cu and Zn, a significant quadratic effect of tempera-
ture was observed (p=0.02 for Cu and p=0.00 for Zn). A 
quadratic effect means that the relationship between tem-
perature and metal recovery is not simply linear but poly-
nomial, meaning there is an optimal temperature range for 
extraction rather than a continuous increase or decrease. 
The t values for Cu (3.26) and Zn (− 5.11) indicate that 
temperature has opposing effects on their recovery, where 
temperature shows positive parabole (concave-down) for 
Cu extraction (positive t value), while it shows negative 
parabole (concave-up) for Zn extraction (negative t value).

The model exhibited R2 values of 72.34%. 79.34, and 
88.30% for Ca, Cu, and Zn, respectively. The moderate R2 
values observed reflect the inherent heterogeneity of MSWI 
fly ash and the dynamic nature of the leaching process. Such 
variability, which cannot be fully captured by the quadratic 
model, is typical for heterogeneous materials and limits the 
model fit despite correctly identifying key trends. Nedkvitne 
et al. [3] concluded that MSWI APC residues exhibit sig-
nificant chemical heterogeneity, with within-plant variation 
averaging ~ 30%. As shown in Table S6, replicate analyses of 
our samples also revealed substantial intra-batch heterogene-
ity, with relative standard deviations (RSDs) of up to ~ 22% 
for Ca, ~ 18% for Cu, and ~ 19% for Zn, supporting previous 
findings of high within-plant variability in MSWI ashes. 
This inherent heterogeneity, even within a single batch, 
contributes to the low R2 values observed in the leaching 
optimization models.

The lower adjusted R2 values of 22.55%, 67.25%, and 
42.14% for Ca, Cu, and Zn, respectively, further shows the 
considerable effect of variability arising from factors not 
accounted for by the model. The predicted R2 values were 
effectively zero for all cases, indicating that the fitted model 
exhibits negligible predictive capability for unseen experi-
mental conditions. This suggests that, although the model 
adequately describes the general trends within the observed 
data, its robustness and generalizability are limited by the 
substantial random variability inherent in the system.

Based on the DOE experimental matrix results of 15 
experiments, parameters were optimized using the opti-
mization function in Minitab for the cases of maximized 
Cu(Cumax) and Zn(Znmax) extractions separately, and simul-
taneously (Cu and Zn)max. Figure 3 shows the response opti-
mization parameters for all cases.

Figure 4 shows the extraction rates of Cu, Zn, and Ca 
for model-predicted optimized conditions, where the extrac-
tion rates represent the average of 3 parallel experiments 
for each element. Cu extraction peaked (66.9%) under 
Cumax condition (L/S ratio: 5, 40 °C, 40 min), significantly 

Table 7   Calculated t and p 
values and model summary of 
the response surface regression 
analysis for Ca, Zn, and Cu

Term Ca Cu Zn

t value p value t value p value t value p value

L/S ratio − 3.01 0.03 − 1.11 0.32 − 0.16 0.88
Digestion time(DT) 1.22 0.28 1.33 0.24 − 2.01 0.10
Temperature(T) 1.25 0.27 − 0.79 0.47 − 0.01 1.00
L/S ratio*L/S − −0.26 0.81 1.39 0.22 − 2.40 0.06
DT*DT − −0.42 0.69 1.76 0.14 − 2.39 0.06
T*T − −0.38 0.72 3.26 0.02 − 5.11 0.00
L/S ratio*DT − −0.67 0.53 − −1.17 0.30 0.22 0.84
L/S ratio*T − −0.21 0.84 − −0.36 0.73 0.01 1.00
DT*T − −0.38 0.72 0.32 0.76 0.00 1.00
Model summary: R2 72.34% R2 79.34% R2 88.30%



4623Journal of Sustainable Metallurgy (2025) 11:4614–4633	

Fig. 3   Response optimization 
for cases of a) Cumax, b) Znmax, 
and c) (Cu and Zn)max, using 
Ash E. (RT = room temperature)
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surpassing the extraction observed in the DOE experimental 
set and under Znmax and (Cu and Znmax) conditions. This 
finding underscores the critical role of digestion time and 
temperature in optimizing Cu recovery, emphasizing cop-
per’s heightened sensitivity to these parameters compared 
to other metals. Within the DOE experiments, the highest 
Cu extraction was achieved at an L/S ratio of 5, 40 °C, and 
45 min, yielding an extraction rate of 15–21%. The extend-
ing digestion time beyond 40 min led to a decline in Cu 
extraction. This trend may reflect the prolonged exposure to 
concentrated sulfuric acid promoting the formation of more 
stable and less soluble Cu-containing phases, such as basic 
copper sulfates (e.g., brochantite or antlerite) or hydrated 
Cu(II) sulfates [49, 50]. However, given the heterogeneous 
nature of the ash and the difficulty of detecting trace metal 
compounds, this remains a plausible hypothesis that war-
rants further investigation with advanced phase-specific 
characterization techniques. On the other hand, Zn extrac-
tion (91.0–96.0%) was consistently high across all condi-
tions, indicating highly efficient Zn recovery, with Cumax 
conditions performing equally good for Zn extraction as the 
Znmax conditions. Ca extraction remained negligible (~ 0.2%) 
throughout, suggesting the predominance of insoluble Ca 
compounds (e.g., CaSO₄). When conditions targeted simul-
taneous maximum extraction of Cu and Zn (L/S ratio: 5.2, 
30 °C, 30 min), a trade-off was observed, with neither ele-
ment achieving its individual maximum.

Table 8 presents extraction percentages and standard 
deviations for various elements under Cumax conditions, 
highlighting trends for bulk and toxic elements. Like Ca, Si 
exhibited a negligible extraction rate (0.03% ±0.01), indicat-
ing the process’s high selectivity against these compounds, 
likely due to their stable, insoluble forms. Minimizing Si 
extraction is crucial to preventing silica gel formation, a 
major constraint in acid leaching of silica-rich materials, 
as it negatively affects process efficiency, metal recovery, 
and solid–liquid separation [51–53]. Al and Fe, classi-
fied as bulk elements, exhibited relatively high extraction 
rates of 82.37%±4.76 and 63.36%±4.84, respectively. Ni 
and Cr showed moderate recovery rates of 61.69%±5.04 
and 47.70%±3.50, respectively. These values still sug-
gest that a significant portion of these toxic elements was 
removed. Other toxic elements such as Cd, As, and Pb had 
limited extraction rates of 3.73%±0.32, 13.97%±2.44, and 
0.70 ±0.19, respectively.

Element Extraction Rates from Different Ash Types

Different ash types, varying in composition and source, 
were subjected to experiments under optimized conditions 
(L/S ratio: 5, 40 °C, 40 min) at 98% H2SO4. Figure 5 illus-
trates the extraction rates of elements from these ash sam-
ples. Zn consistently exhibited high recovery rates (>80%) 
across all ashes, except for ash D, while Cu extraction was 
more variable, reflecting differences in mineral speciation. 

Fig. 4   Extraction rates of Cu, Zn, and Ca (on the right axis) at differ-
ent optimization conditions, using Ash E

Table 8   Average extraction 
values and standard deviations 
for major and minor elements 
under Cumax conditions, using 
ash E

STD   Standard deviation

Al Ca Fe Si As Ba Cd Cr Cu Ni Pb Zn

Extraction % 82.4 0.2 63.4 0.03 14.0 0.11 3.7 47.7 66.9 61.7 0.7 90.9
STD(±) 4.8 0.02 4.8 0.01 2.4 0.02 0.3 3.5 6.3 5.0 0.2 6.0

Fig. 5   Extraction rates (%) of Cu, Zn, and Ca from different ash sam-
ples at Cumax conditions at 98% H2SO4
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Although H2SO4 digestion is expected to convert Cu and Zn 
compounds into their soluble sulfate forms, the observed 
extraction trends indicate that this conversion was incom-
plete in certain ashes due to the mineralogical resistance of 
specific host phases. In Ash A, high Zn extraction but rela-
tively low Cu extraction suggests that Zn-rich phosphate and 
alkali phases were readily converted to sulfates, whereas Cu 
occurred in more refractory forms. The absence of detect-
able Cu phases in SEM-AM (Table S3) does not imply their 
absence, as bulk analyses confirmed a relatively high Cu 
concentration (~ 4700 ppm). Instead, this reflects the limita-
tions of SEM-AM, since Cu is likely finely dispersed in the 
amorphous matrix or occurs in sub-microscopic domains 
below the method’s resolution. In Ash B and Ash C, Cu was 
recovered to a greater extent than Zn, reflecting that much of 
the Cu was present in more reactive forms such as oxides/
hydroxides, whereas Zn was partly retained in refractory 
spinels (ZnFe2O4, ZnAl2O4) and silicates (ZnSiO4) identi-
fied in literature and SEM-AM analysis. ash D exhibited the 
lowest extraction for both metals, which can be attributed to 
the presence of (Zn,Fe)S detected by XRD and additional 
Cu–Al/Fe and Zn–Fe associations identified in SEM-AM, 
all of which resist conversion to sulfates without an oxidant. 
In addition, XANES literature (Table S4) indicates that Cu 
and Zn–silicate associations, though not detected in SEM-
AM, may also contribute to incomplete sulfate conversion 
in this ash. In ash E, both Cu and Zn extractions were lower 
than ash A–C. SEM-AM identified Cu mainly in interme-
tallic phases (e.g., Al–Cu, Cu–Fe–Mg–Ca–O) and Zn in 
Zn–Al–Ca–O and Zn–Al–O, which are not necessarily more 
refractory than hosts in other ashes. Lower recoveries are 
therefore more plausibly attributed to the greater abundance 
of Ca–Mg silicates and other crystalline matrices identified 
by XRD, which can encapsulate metal-bearing grains and 
limit acid access. This encapsulation mechanism in MSWI 
fly and bottom ash has been documented previously [54, 55].

Moreover, low extraction rates of Cu and Zn in Ash 
D can be also attributed to relatively large particle size 
(d50 = 54.2 μm) as shown in Table 4 and high initial CaSO4 
(61 wt%) content of ash D as shown in Table S2. As it is 
expected, the larger the particle size, the lower the contact 
area with acid, resulting in lower extraction. Furthermore, 
the high initial CaSO4 content in Sample D likely caused 
rapid saturation of sulfate ions (SO4

2-) in the leaching solu-
tion. According to solubility product principles, the presence 
of excess SO4

2- ions shifts the equilibrium toward precipita-
tion: Cu/Zn2+ + SO4

2−↑ = Cu/ZnSO4. Saturation limits the 
dissolution of newly formed metal sulfates (e.g., ZnSO4, 
CuSO4), as their solubility is inversely related to sulfate 
concentration. In contrast, the initially high CaSO4 content 
may contribute to greater Ca extraction, as observed in the 
results. Exposure to concentrated H2SO4 affects the stabil-
ity of anhydrite by reducing its transformation temperature, 

facilitating partial conversion into gypsum (CaSO4·2H2O) 
or hemihydrate (CaSO4·0.5H2O), both of which exhibit 
higher solubility in water. Moreover, elevated sulfuric 
acid concentrations promote bisulfate (HSO4⁻) formation 
over sulfate (SO₄2-), altering the dissolution equilibrium 
(CaSO4(s) + H+ = Ca2⁺ + HSO4

-) and enhancing Ca2+ release 
when diluted [56, 57]. Additionally, as shown in Table 9, 
the extraction rates of Ca, Pb, Ba, and Si were negligible 
for all ash types, likely due to their stabilization in insoluble 
phases.

Extraction Rates at Lower Acid Concentrations

Given the combined best performance for both Cu and Zn 
extraction under the Cumax conditions, in the subsequent phase 
of the study, lower acid concentrations were also tested for 
Ash E under Cumax conditions, at 60%, 70%, and 80% H2SO4 
concentrations. Figure 6 shows the extraction rates of ele-
ments at these concentrations. While Zn showed consistent 
extraction across all acid concentrations, Cu extraction was 
notably low at 60% H2SO4. Ca exhibited consistently low 
extraction efficiency across all tested concentrations. Increas-
ing the acid concentration from 60 to 80% H2SO4 resulted 
in a significant improvement in Cu recovery and a marginal 
effect on zinc extraction. However, at 98% H2SO4, the extrac-
tion rates of both Cu and Zn declined compared to the opti-
mal 70% and 80% concentrations, likely due to saturation 
effects. In highly concentrated acid, the reduced availability 
of water can limit the solubility of dissolved metal sulfates. 
As shown in Table 10, this trend was observed for most met-
als, with 70–80% H2SO4 emerging as the optimal range for 
efficient metal recovery. Metals like Pb and Ba, along with 

Table 9   Average extraction values and standard deviations for major 
and minor elements under Cumax conditions at 98% H2SO4

STD   Standard deviation

Ash A Ash B Ash C Ash D Ash E

Extraction%±STD
 Al 34.51±1.8 22.8±2.5 41.3±5.2 42.5±9.1 82.4±4.8
 As 34.80±1.3 18.2±13.1 16.6±0.4 46.2±2.2 14.0±2.4
 Ca 1.6±0.5 0.2±0.01 0.2 ± 0.01 5.2 ± 0.04 0.2±0.01
 Cd 74.7±4.0 26.3±3.3 40.1±4.3 63.2±0.3 41.9±3.6
 Co 55.2±1.2 65.0±3.6 58.4±5.9 14.4±10.6 81.5±5.9
 Cr 25.3±1.5 17.8±1.1 19.5±1.1 114.4±2.5 47.7±3.5
 Cs 34.4±1.0 22.9±1.5 4.4±0.1 99.5±14.3 53.0±4.0
 Cu 75.0±1.1 118.6±4.4 101.3±4.7 44.9±14.1 66.9±6.3
 Fe 28.1±1.5 43.7±3.6 50.7±4.6 60.6±9.7 63.4±4.8
 Ni 41.6±1.8 58.2±4.2 50.0±4.4 0.5±7.3 61.7±5.0
 Pb 0.2±0.001 0.5±0.3 0.4±0.1 0.3±0.2 0.7±0.2
 Si 0.2±0.1 0.1±0.02 0.04±0.02 0.03±0.04 0.01±0.01
 Zn 90.6±1.1 82.6±4.8 87.2±2.7 42.5±9.6 91.0±6.0
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bulk elements like Ca and Si, remain largely insoluble across 
all concentrations due to the formation of stable sulfates (e.g., 
PbSO4 and BaSO4) or inert oxides (e.g., SiO2). This under-
scores the selective nature of sulfuric acid digestion for certain 
metals while highlighting the limitations for elements prone to 
forming insoluble compounds.

Prospects on Utilization of Leach Products

Solutions

Table 11 illustrates the solution compositions resulting 
from the H2SO4 digestion/water leaching of Ash E using 
various concentrations of sulfuric acid, alongside com-
parable data for other ash types. A key observation from 
these results is the substantial solubilization of elements 
beyond the target metal (Cu and Zn) which might poses 
challenges for selective recovery and downstream purifi-
cation. Notably, S concentrations in all leachates exceed 
100,000 ppm, indicating an extremely high sulfate load. 
Al levels frequently exceed 10,000 ppm, and although Fe, 
Mg, and Ti are present in lower amounts, they still con-
sistently surpass Cu and Zn. These elements can interfere 
with recovery through complexation, co-precipitation, or 
adsorption, underscoring the importance of selective sepa-
ration strategies for Cu and Zn. Additionally, final solution 
pH values are extremely low (below 0), which must be 
considered when selecting compatible downstream treat-
ment methods.

Amorphous aluminum sulfate formation

After a resting period, a white precipitate was observed in 
the leachates derived from Ash E solutions, which contained 
considerably higher Al content compared to other ash sam-
ples. Elemental analysis of the precipitate (Table 12) con-
firmed its Al- and S-rich nature, containing 54,200 mg/kg Al 
and 152,000 mg/kg S, with smaller amounts of Cu (206 mg/
kg), Zn (371 mg/kg), Fe (726 mg/kg), and Ti (396 mg/kg), 
suggesting co-precipitation of trace metals. Following the 
precipitation, the aluminum content in the solution dropped 
by roughly 50%. In sulfur- and aluminum-rich solutions, 
amorphous aluminum sulfate gradually precipitates as 
Al3+ ions slowly hydrolyze, forming polymeric hydroxy-
aluminum species that combine with sulfate ions to create 
low-solubility compounds. Even under highly acidic condi-
tions, sulfate ions facilitate aluminum precipitation by form-
ing inner-sphere complexes and linking Al3+ ions, which 
encourages the early development of mixed aluminum sul-
fate hydroxide phases [58]. To enhance aluminum removal 
via aluminum sulfate precipitation, controlled aging can be 
applied by gradual pH adjustment to 4.5–5.5, moderate heat-
ing (25–65 °C), and sufficient aging time. These conditions 
accelerate Al3+ hydrolysis, promote interaction with sulfate 
ions, and support the formation and crystallization of low-
solubility aluminum sulfate precipitates.

The aluminum sulfate precipitates can be further pro-
cessed via a two-step method that includes controlled 

Fig. 6   Extraction rates (%) of Cu, Zn, and Ca at varying acid con-
centrations (60%, 70%, 80%, and 98% H2SO4), using Ash E at Cumax 
conditions

Table 10   Extraction rates (%) of major and minor elements at varying 
H2SO4 concentrations for ash E

60% H2SO4 70% H2SO4 80% H2SO4 98% H2SO4

Extraction (%)

 Al 91.0 95.2  >99.9 82.4
 As 6.0 56.6 17.8 14.0
 Ca 0.3 0.3 0.3 0.2
 Cd 46.9 72.1 68.5 41.9
 Co 91.0  >99.9  >99.9 81.5
 Cr 44.5 63.3 59.1 47.7
 Cs 53.3 72.7 67.8 52.9
 Cu 1.1 86.3  >99.9 66.9
 Fe 72.7  >99.9 98.0 63.4
 Ni 59.5 94.1 84.9 61.7
 Pb 0.4 1.0 1.2 0.7
 Si  <0.1  <0.1  <0.1  <0.1
 Zn 98.5  >99.9  >99.9 91.0
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neutralization and aging. Neutralizing the impure alu-
minum sulfate with Ca(OH)2 leads to formation of CaSO4 
and initiates hydrolysis, resulting in the formation of alu-
minum oxyhydroxide gels. When these gels undergo ambi-
ent or mild heat aging, they gradually convert into stable, 
crystalline aluminum phases such as gibbsite (Al(OH)3) or 
boehmite (AlOOH), which have market value. As shown 
in the work of Guo and Demopoulos, such aluminum 
hydroxyl gels, once transformed into crystalline Al(OH)3 
and AlOOH, can serve in applications for stabilizing heavy 
metals [59].

Several recovery strategies can be considered for Cu 
and Zn in the leachate. Solvent extraction (SX) offers high 
selectivity and is well suited to sulfate-rich, acidic environ-
ments. Cu can be extracted using oxime-based reagents like 
LIX  984 N [60] at very low pH, while Zn can be selectively 
recovered at slightly higher pH (~ 2 to 3) using D2EHPA 
[61]. This method is widely established in hydrometallur-
gical circuits and offers scalability and efficiency. Another 
approach is sequential precipitation via pH control, where 
Fe is removed first at pH ~ 2.5 as Fe(OH)3, followed by Cu 
precipitation at pH 5–6 and Zn at pH 8–9. However, due to 
the strong buffering capacity of the sulfate-rich solutions, 
this method may require significant amounts of neutralizing 

agents. Another highly effective route is sulfide precipitation, 
which allows Cu and Zn to be selectively recovered as CuS 
and ZnS even under highly acidic conditions. Controlled 
dosing of sulfide (e.g., NaHS) enables precipitation of Cu 
at pH<2 and Zn at pH 3–4, with minimal interference from 
Fe, Mg, or Ti. This method is compatible with the sulfate 
matrix and offers high selectivity, though it requires careful 
gas handling. Considering the composition of the leachates 
and the operational challenges, a combined approach using 
sulfide precipitation for Cu and solvent extraction for Zn 
appears to be the most effective, balancing selectivity, cost, 
and process feasibility.

In all proposed recovery routes, the behavior of Fe, Al, 
Mg, and Ti significantly influences process performance and 
selectivity. In solvent extraction, Fe and Al can co-extract 
with Zn, especially when using D2EHPA, requiring prior 
removal by pH adjustment. Mg remains in solution and does 
not interfere, while Ti may co-extract at higher pH but is 
generally manageable at low pH <2). During selective pre-
cipitation, Fe and Ti can be effectively removed at pH ~ 2–3, 
followed by Al at pH ~ 4–5; Mg stays soluble up to pH 9 
and poses minimal interference. In sulfide precipitation, Cu 
and Zn can be selectively recovered as sulfides under acidic 
conditions, while Fe may partially precipitate as FeS and 

Table 11   Elemental 
composition of solutions (in 
ppm) after digestion process for 
varying acid concentrations of 
ash E and different ash types

Element Ash E Ash A Ash B Ash C Ash D

60% H2SO4 70% H2SO4 80% H2SO4 98% H2SO4

ppm ppm

Al 13,000 13,600 14,600 12,700 2013 2927 2890 3327
As 0.3 2.8 0.9 0.9 23.2 0.5 1.7 8.5
Ca 97.7 100.0 90.6 72.6 173.7 69.4 82.0 94.4
Cd 2.7 4.1 3.9 2.7 3.1 6.6 13.4 2.6
Co 11.7 15.3 15.3 11.4 26.7 2.2 3.7 4.2
Cr 28.6 40.7 38.0 33.8 70.2 19.8 10.7 16.8
Cu 9.2 703.0 827.0 615.0 612.3 142.3 158.7 129.3
Fe 2700 3720 3640 2570 2813 1747 1520 1870
K 208 306 287 220 1957 293 228 470
Mg 2560 3910 4310 2690 1012 1290 1137 1823
Mn 147 208 200 142 289 87 108 187
Mo 1.6 2.2 2.1 1.7 174.0 1.0 1.2 2.8
Na 325 466 431 365 6007 191 179 319
Ni 13.6 21.5 19.4 15.6 145.7 7.8 14.2 14.1
P 542 703 706 501 11,767 588 628 948
Pb 1.3 3.0 3.6 2.2 1.2 1.0 1.5 1.6
S 128,000 232,000 178,000 269,000 332,667 203,667 201,333 244,667
Sb 27.5 52.9 33.7 36.8 7.2 15.6 47.9 39.3
Si  <0.004  <0.004  <0.004 4.2 26.6 18.9 4.5 43.8
Sn 23.0 37.2 33.5 26.1 2.6 39.5 55.3 24.5
Ti 695 1690 1190 1230 693 527 551 962
Zn 844 1180 1130 838 6793 1790 2180 3330
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consume sulfide, and Al, Mg, and Ti remain mostly in solu-
tion and do not form sulfide compounds, making this method 
particularly selective under controlled conditions.

Leach Residue

Figure 7 presents the XRD diffractograms of solid residues 
of Ash E treated with 98%, 80%, 70%, and 60% H2SO4 
acid concentrations. The treatment of Ash E with increas-
ing H2SO4 concentrations (70%, 80%, and 98%) resulted in 
significant phase transformations, with anhydrite (CaSO4) 
emerging as the dominant crystalline phase. The 98% H2SO4 
treatment significantly improved the crystallinity, where 
60–80% H2SO4 did not give such effect. However, CaSO4 
(COD 9004096) peaks were still detectable in 70% and 80% 
treatment samples. In 60% treatment residue, peaks were not 
apparent and the sample was highly amorphous.

While XRD analysis revealed no additional crystalline 
phases beyond CaSO4, elemental analysis confirmed the 
presence of trace metals, such as Fe, Pb, Zn, Cu, Al, Ti, 
and Mg, as well as ash as shown in Table 13. Most of these 
elements, particularly Zn, Cu, and Mg, form water-soluble 
sulfates, indicating they are likely present in amorphous or 

adsorbed forms. Pb, although capable of forming an insolu-
ble sulfate (PbSO4), was not detected in crystalline form, 
suggesting low concentrations. Considering the elemental 
composition of the residue, it may not satisfy the stringent 
purity requirements for high-grade construction gypsum, 
particularly in applications where whiteness and low trace 
metal content are essential. However, the material’s high 
CaSO4 content makes it a promising candidate for conver-
sion into gypsum through hydration under controlled condi-
tion, either by steam treatment to produce β-gypsum or by 
autoclaving for α-gypsum. Prior to hydration, a basic puri-
fication step involving mild acid leaching can effectively 
reduce the concentration of soluble metal contaminants. In 
particular, Pb possesses the most significant environmen-
tal and regulatory concern. Its removal can be enhanced 
through targeted acetic acid or dilute HCl leaching, which 
are effective in Pb extraction.

The presence of other trace elements such as Fe, Al, and 
Ti, which may impart a gray or off-white coloration to the 
final product, makes this material less suitable for esthetic 
or high-purity applications. Nonetheless, these color attrib-
utes are not critical for agricultural gypsum, used as a soil 
conditioner, or industrial plasters, where functionality out-
weighs appearance. Therefore, with minimal processing, this 
CaSO4-rich residue can be transformed into a value-added 
secondary raw material, contributing to both waste valoriza-
tion and environmental remediation by diverting potentially 
hazardous ash from landfilling and enabling its beneficial 
reuse.

The summary of the proposed recovery route is shown 
in Fig. 8.

Conclusion

This study demonstrated that sulfuric acid digestion is an 
effective method for extracting valuable metals such as 
Cu and Zn, from FA/APC residues while simultaneously 
facilitating calcium sulfate formation in the treated sol-
ids. For conditions set to 40 °C, a liquid-to-solid ratio of 
5 (denoted Cumax conditions), and 98% H2SO4, complete 
Cu extraction was achieved in ash B and C, with extrac-
tion levels ranging from 45 to 75% in the other ash sam-
ples. Zn extraction exceeded 90% in all ashes, except Ash 
D, where it was 42.5%. When lower acid concentrations 
(60–80% H2SO4) were tested on ash E at Cumax condi-
tions, Zn showed consistent high extraction across all acid 
concentrations, Cu extraction was notably low (1.1%) at 
60% H2SO4, while reaching complete extraction at 80% 
H2SO4 compared to 67% at 98% H2SO4. As a comparison, 
the industrially implemented FLUWA process achieves 
approximately 30% Cu and 67% Zn extraction. The extrac-
tion of hazardous elements such as Pb, As, and Cd was, 

Table 12   Elemental composition of amorphous Al precipitate meas-
ured by inductively coupled plasma mass spectrometry (ICP-MS)

98% H2SO4 ash E solution Precipitate

Before filtration of 
precipitate

After filtration of 
precipitate

Element ppm mg/kg

Al 12,700 5450 54,200
Ca 72.6 53.9 436
Cd 2.68 2.2  < 1
Co 11.4 10.3 4.59
Cr 33.8 23.4 30.1
Cu 615 496 206
Fe 2570 2440 726
K 220 194 282
Mg 2690 1850 49.4
Mn 142 136 131
Mo 1.74 1.44 8.29
Na 365 186 284
Ni 15.6 12.9 6
P 501 473 284
Pb 2.2 1.1 6
S 269,000 222,000 152,000
Sb 36.8 25.7 12.3
Si 4.2  <0.04  <0.3
Sn 26.1 23.5 8.93
Ti 1230 835 396
Zn 838 801 371
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however, limited. Additionally, this study observed inhib-
ited silica gel formation, which is a critical factor for pro-
cess efficiency. Increasing H2SO4 concentrations (70%, 
80%, 98%) induced significant phase transformations, with 
anhydrite (CaSO4) becoming the dominant phase in the 
treated residue. Crystallinity peaked at 98% acid concen-
tration, indicating potential industrial applications for the 

residue as anhydrite is readily hydrated to form gypsum. 
The amorphous aluminum sulfate precipitates formed from 
leaching of Ash E can be further treated using a two-step 
process involving controlled neutralization followed by 
aging. Given the leachate composition and operational 
constraints, a hybrid strategy such as employing sulfide 
precipitation for copper and solvent extraction for zinc 

Fig. 7   X-ray diffraction (XRD) 
patterns of solid residues of Ash 
E with 98%, 80%, 70%, and 
60% H2SO4 acid concentrations

Table 13   Elemental composition of ash E after 98%H2SO4 digestion process

Element Al As Ba Ca Cd Co Cr Cu Fe K Mg

ppm 6300 8.7 104 34,400 5.8 8.2 57.2 2220 2050 623 1410

Element Mn Na Ni P Pb S Sn Sr Ti Zn

ppm 98.4 950 26 128.3 839 111,000 13.1 97.3 2860 635
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can be employed for metal recovery from the solutions. 
Additional research is required to experimentally validate 
the proposed metal recovery and solid residue utilization 
pathways, as well as to evaluate their economic feasibility.
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