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Abstract
This study investigates the efficiency of methanesulfonic acid (MSA) as an alternative, environmentally benign leaching 
agent for extracting metals from municipal solid incineration fly ash (MSWI FA). A series of experiments were conducted to 
evaluate the effects of key leaching parameters, including ash type, solid-to-liquid ratio, MSA concentration and temperature, 
on the leachability of metals. MSA combined with 1 vol.% H2O2 achieved 96.47 ± 4.3%, 89.52 ± 4.3%, and 45.89 ± 5.1% for 
Cu, Zn, and Pb, respectively. Pb extraction was significantly enhanced by elevated temperatures and higher acid concentra-
tions. Leaching efficiencies for economically valuable elements such as Cu and Zn remained consistently high across all ash 
types, indicating their broad solubility. In contrast, the extraction of elements like Pb, Ni, and Cr showed greater variability 
depending on the ash type, likely due to differences in metal speciation and phase associations. The conductivity of MSA 
solutions ranged from 0.25 to 0.34 S/cm, indicating suitability for electrowinning applications with minimal pre-treatment. 
Overall, the results demonstrate that MSA is an effective and competitive leaching agent for the recovery of Cu, Zn, and Pb 
from MSWI FA, offering performance and cost advantages comparable to other bulk organic acids.
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Introduction

Global municipal solid waste (MSW) production is pro-
jected to reach 3.4 billion tones by 2050, driven by popula-
tion growth and increasing GDP per capita [1]. Among the 
waste treatment methods, municipal solid waste incinera-
tion (MSWI) has become a key waste management strategy 
due to its ability to reduce waste volume by 85–90%, and 
eliminate organic matter [2, 3]. MSWI primarily relies on 
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three types of incinerators: grate furnaces (GF), fluidized 
bed furnaces (FB), and rotary kilns (RK). In Europe, GF is 
the most common, used in about 90% of facilities, while FB 
and RK account for approximately 5% and 2%, respectively 
[4]. The primary distinctions among these technologies are 
their combustion processes and operating temperatures. GF 
and RKs typically operate at high temperatures (~ 1100 °C), 
whereas FB systems function at a lower temperature range 
of 700–900 °C [5].

Fly ash (FA), a byproduct of the incineration process, is 
categorized as hazardous due to its high concentrations of 
leachable heavy metals and other toxic substances [6–10]. 
This fine particulate material is collected from combustion 
gases before they pass through the flue gas cleaning system 
[11]. To enhance pollution control, sorbents or chemical rea-
gents are often introduced into the flue gas, leading to the 
production of air pollution control (APC) residues, which 
are frequently combined with FA [12]. Currently, the pre-
dominant waste management strategy involves landfilling 
stabilized FA/APC. However, with growing environmental 
concerns and the implementation of new directives (e.g. 
Directive (EU) 2018/850 [13]) that limits landfilling, the 
focus has shifted towards developing effective utilization of 
FA/APC as a more sustainable alternative to disposal [1, 
13–15].

A typical mineralogical composition of MSWI FA 
includes Ca-based compounds (Ca(OH)2, CaClOH, CaCO3, 
CaSO4), chloride salts (NaCl, KCl), quartz, and amorphous 
phases. The major constituent elements of FA are Ca, Cl, Si, 
Al, K, Na, and S, with the high calcium content attributed 
to the use of Ca(OH)2 in flue gas desulfurization. MSWI 
fly ash also contains heavy metals such as Zn, Pb, Cu, Cr, 
Cd, and Ni, where they primarily occur as oxides, carbon-
ates, hydroxides, and chlorides [7, 12, 16]. Characterization 
studies reveal that Cu predominantly exists as CuCl, CuO, 
and Cu(OH)2, with relatively consistent speciation across 
samples, whereas Zn primarily occurs as K2ZnCl4, ZnFe2O4, 
and Zn5(CO3)2(OH)2, displaying greater variability across 
different ashes [17, 18].

Metals like Zn and Cu, which are vital for various 
industries, are increasingly targeted for recovery from 
various waste streams due to their limited supply and high 
economic value. With Zn and Cu concentrations compa-
rable to those found in natural ore, MSWI fly ash emerges 
as additional source for metals [19]. On the other hand, 
leaching Pb from MSWI FA/APC is essential to reduce 
its environmental toxicity, comply with regulatory limits, 
and enable safe disposal or potential reuse of the treated 
ash. To date, the state-of-the-art method for extracting 
metals from MSWI FA is the FLUgaschen-WAschen 
(FLUWA) process, which utilizes scrub water from wet 
flue gas cleaning with added HCl for pH adjustment [20]. 
Currently, over 60% of Switzerland’s fly ash is processed 

through the FLUWA process [21, 22]. Although effective, 
the reliance on mineral acids like HCl poses environmental 
and economic challenges, including hazardous by-product 
generation and high waste treatment costs. Consequently, 
common organic acids such as acetic and citric acid have 
emerged as potentially more sustainable alternative, dem-
onstrating efficient extraction of metals like Cu and Zn 
(50%–90%), although Pb leaching efficiencies remain rela-
tively low due the stability of Pb-compounds, typically 
below 30% [23, 24].

Methanesulfonic acid (MSA, CH3SO3H) stands out as a 
non-toxic alternative to conventional mineral acids such as 
hydrochloric, sulfuric and nitric acid [25]. Its biodegradabil-
ity and low environmental impact make spent MSA easier to 
handle and dispose of than mineral acids. Compared to other 
organic acids, MSA exhibits superior leaching capability 
with a strong acidity (pKa = − 1.9) [26]. One of MSA’s key 
advantages lies in the relatively high electrical conductivity 
of its aqueous solutions (0.59 × 10−3 S/cm), which is signifi-
cantly higher than that of traditional organic acids and, while 
lower than strong mineral acids, is still sufficient to support 
electrochemical processes [25, 26]. This conductivity poten-
tially enables direct electrochemical recovery of metals from 
leachate solutions without requiring additional supporting 
electrolytes, thereby reducing reagent use and making the 
process more cost-effective and energy-efficient compared to 
conventional methods such as solvent extraction. Moreover, 
recent advancements in the regeneration and reuse of MSA 
further enhance its potential within closed-loop hydrometal-
lurgical systems, supporting circular hydrometallurgy strate-
gies [26]. In addition, MSA’s ability to effectively dissolve a 
wide range of metal compounds—including oxides, hydrox-
ides, and carbonates—makes it ideal for treating complex 
matrices such as MSWI fly ash. Notably, MSA has dem-
onstrated superior efficiency in dissolving Pb compared to 
sulfuric or hydrochloric acids, due to the poor solubility of 
Pb sulfates and chlorides.

Several studies showed that MSA effectively extracts 
metals from various sources, including primary and second-
ary raw materials. Palden et al. [27] recovered Pb (100%), 
Zn (50%), and Fe (20%) from jarosite using MSA, with 
higher temperatures (up to 160 °C) enhancing Zn leaching. 
Jadhao et al. [28] extracted Cu, Zn, and Ni from printed 
circuit boards using 1 M MSA and 1 M H2O2, achieving 
nearly complete Cu and Zn recovery and 80% Ni recovery 
at 40 °C and a 2-h leaching time. Increasing MSA concen-
tration beyond 1 M had no further benefit, and 0.6 M H2O2 
was optimal. Ahn et al. [29] showed that MSA with H2O2 
improved Cu recovery from chalcopyrite (60–90%), with 
efficiency increasing at 75 °C and longer leaching times (up 
to 100 h). Wu et al. [30] recovered 98% Pb from cerussite 
concentrate (67.12% Pb) via MSA leaching, demonstrating 
scalability with solid densities from 20 to 200 g/L.
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Numerous studies have investigated kinetic models to 
understand the leaching behavior of FA. Among these, the 
shrinking core model (SCM), widely used for solid–liquid 
systems, has been applied to describe the leaching of metals 
from MSWI fly ash. Caviglia et al. [31] demonstrated that 
diffusion through the product layer is the dominant mecha-
nism, supported by low activation energies, indicative of 
diffusion control. Additionally, an empirical second-order 
model (R2 > 0.98) identified a two-step leaching process: an 
initial rapid surface dissolution phase followed by a slower, 
diffusion-driven release. Higher temperatures (80 °C) were 
found to enhance leaching rates but did not alter the underly-
ing diffusion-controlled mechanism, highlighting diffusion 
as the primary rate-limiting factor. Meer and Nazir [32] 
reported pseudo-first-order kinetics for metals like Al, Fe, 
and Zn, indicating dependency on the concentration of the 
unreacted solid, while Pb followed second-order kinetics. 
Luo et al. [33] showed leaching mechanisms in MSWI ash 
were governed by solubility and sorption controls. Solubil-
ity-driven leaching involves the dissolution of metal oxides 
(e.g., ZnO, Al2O3), influenced by pH-dependent precipita-
tion and secondary phase formation, while sorption mecha-
nisms regulate the release of metals like Pb and Cu through 
adsorption onto ash surfaces or complexation with dissolved 
organic matter. Kinetics were primarily dictated by particle 
size, with smaller fractions exhibiting faster leaching due to 
higher surface area and reactivity.

To the best of the authors' knowledge, MSA has not yet 
been studied for the extraction of metals such as Cu, Zn, and 
Pb from MSWI FA/APC, and its application to this waste 
stream remains largely unexplored. The aim of the current 
study is to optimize MSA leaching conditions to extract Cu, 
Zn and Pb, as well as determining the leachability of other 
minor elements from different types of MSWI FA, and to 
discuss its future use in MSWI FA valorization.

Materials and Methods

Materials

The FA/APC samples used in this study were collected from 
various incineration plants in Scandinavia, comprising five 
types: rotary kiln ash (Ash A), grate furnace ashes (Ash 
B, Ash C, and Ash D), and circular fluidized bed ash (Ash 
E). Except for Ash A and Ash D, all samples were a blend 
of FA/APC ashes. Additionally, Ash A was distinct as it is 
a mixture of 95% industrial waste and 5% municipal solid 
waste. The samples were provided by NOAH AS, a waste 
treatment company in Norway, and delivered in large barrels 
(60–80 kg). These were then divided into 250-g portions 
using universal splitters in a stepwise process. Before the 
experiments, the samples were water-washed to eliminate 

soluble salts and then dried overnight at 80 °C. The dried 
samples were then analyzed for elemental composition using 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 
A detailed characterization of these ashes, including miner-
alogical and morphological analyses, is available in a sepa-
rate publication [34]. The results showed that water washing 
removed most soluble salts (24.2–54.4 wt.% mass loss across 
ash types) and enriched wash waters in Na, K, Ca, S, and 
trace metals (Cu, Pb, Zn), consistent with dissolution of eas-
ily soluble salts (e.g., NaCl, KCl) and some metal sulfates/
chlorides. In this work, Table 1 summarizes the elemental 
composition of the washed samples, with mean values and 
standard deviations from replicate measurements; the cor-
responding concentration data from the specific sample bag 
used in this study for calculations are given in Table S1. 
Particle size distribution (PSD), measured with a Horiba 
Partica LA-960 analyzer, is presented in Table 2.

Methods

An experimental design following a one-variable-at-a-
time (OVAT) approach with center point replication was 
employed to assess the influence of individual factors 
on metal extraction. The matrix (Table  3) investigated 
the effects of methanesulfonic acid (MSA, 70 wt.% in 
H2O, Merck®) concentration (1 M, 2 M, 3 M), tempera-
ture (20 °C, 40 °C, 60 °C), and solid-to-liquid (S/L) ratio 
(1/10, 1/20, 1/30) on metal extraction efficiency. Ash E was 
selected for parameter screening due to its relatively high 
Cu content, making it a suitable reference for evaluating 
MSA leaching. The identified central condition (2 M MSA, 
40 °C, 1/20 S/L) was then applied to Ashes A–D to assess 
the robustness and transferability of the approach across dif-
ferent ash types. MSA leaching was tested both with 1 vol.% 
of H2O2 (30%, EMSURE®) and without an oxidant to deter-
mine the effect of oxidant in leaching of different elements. 
Leaching was conducted in Erlenmeyer flasks (300 ml) on 
top of thermostat heating elements with magnetic stirring at 
300 rpm. Lenses were placed on top of the flasks to prevent 
liquid loss from evaporation to maintain consistent condi-
tions. Samples were collected at 0.5 h, 1 h, 2 h, 3 h, and 
4 h intervals, with 1 ml of filtered leachate (0.45 μm PTFE 
syringe) diluted to 10 ml and analyzed via ICP-MS (Per-
kin Elmer Elan DRC-II). The final pH of the solutions was 
determined as highly acidic (pH =  ~ 1). Extraction efficien-
cies were determined by comparing the metal mass found 
in the leachates to the metal mass in the ash before leaching 
(Eq. 1).

where,

(1)Extraction (%) =
C
leachate

× V
leachate

C
initial

× m
solid

× 100
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Cleachate = metal concentration in leachate (mg/L).
Leachates = leachate volume (L).
Cinitial = initial solid-phase metal content (mg/kg).
Msolid = solid sample mass (kg).

Results and Discussion

MSA is not an oxidizing acid; therefore, it cannot directly 
dissolve less reactive metals, particularly precious metals, 
and necessitates the addition of an oxidizing agent. How-
ever, MSA readily dissolves metal oxides, hydroxides, and 
carbonates, forming soluble methanesulfonate salts [35]. As 

summarized in Table 4, the speciation of Cu, Zn, and Pb 
in FA/APC enables their classification into three groups: 
(I) readily soluble forms (e.g., oxides, hydroxides, carbon-
ates), (II) zero-valent metals, and (III) poorly soluble or 
inert phases such as spinels, sulfides, and silicates. In this 
study, the ash samples were water-washed prior to leach-
ing, resulting in the removal of most chlorine-bearing com-
pounds. Only Cu and Zn are reported to be found metallic, 
and due to the high reactivity of Zn it is readily soluble in 
MSA. Equations (2), (3), (4), (5), (6), (7), (8), (9), and (10) 
present the dominant reactions expected between MSA and 
the identified compounds.

Readily Leachable Compounds

These include common oxidized forms of Cu, Zn, and Pb 
such as oxides, hydroxides, and carbonates. MSA reacts 
directly with these species to form soluble methanesulfonate 
salts:

Copper compounds:

(2)CuO + 2CH
3
SO

3
H → Cu

(

CH
3
SO

3

)

2
+ H

2
O

Table 1   Average concentrations (wt.%) and standard deviations (±) of major and trace elements in five different MSWI fly ash samples (Ash 
A–E). Values represent the mean ± standard deviation from replicate measurements

Element Ash A Ash B Ash C Ash D Ash E

wt.% ± STD

Al 3.300 ± 0.173 4.197 ± 3.044 3.798 ± 3.044 4.475 ± 0.254 10.370 ± 0.998
As 0.042 ± 0.003 0.001 ± 0.001 0.006 ± 0.001 0.012 ± 0.002 0.003 ± 0.002
Ba 2.576 ± 1.522 0.136 ± 0.031 0.109 ± 0.031 0.340 ± 0.009 0.213 ± 0.005
Ca 6.553 ± 0.175 30.267 ± 6.389 29.581 ± 6.389 23.883 ± 1.179 22.560 ± 0.741
Cd 0.003 ± 0.001 0.017 ± 0.002 0.022 ± 0.002 0.005 ± 0.001 0.004 ± 0.001
Co 0.030 ± 0.001 0.002 ± 0.000 0.005 ± 0.000 0.004 ± 0.000 0.009 ± 0.000
Cr 0.140 ± 0.020 0.043 ± 0.022 0.029 ± 0.022 0.066 ± 0.006 0.040 ± 0.007
Cu 0.555 ± 0.058 0.085 ± 0.011 0.101 ± 0.011 0.082 ± 0.005 0.620 ± 0.114
Fe 4.597 ± 1.577 1.597 ± 0.723 1.593 ± 0.723 2.203 ± 0.362 2.339 ± 0.243
K 2.773 ± 0.729 0.509 ± 0.106 0.360 ± 0.106 0.643 ± 0.029 0.330 ± 0.159
Mg 1.100 ± 0.105 1.240 ± 0.251 1.329 ± 0.251 1.895 ± 0.100 2.307 ± 0.656
Mn 0.296 ± 0.006 0.071 ± 0.015 0.098 ± 0.015 0.147 ± 0.011 0.125 ± 0.011
Mo 0.156 ± 0.086 0.003 ± 0.003 0.002 ± 0.003 0.004 ± 0.001 0.002 ± 0.000
Na 7.103 ± 0.650 0.519 ± 0.160 0.611 ± 0.160 0.811 ± 0.114 0.749 ± 0.299
Ni 0.209 ± 0.001 0.006 ± 0.002 0.015 ± 0.002 0.012 ± 0.002 0.016 ± 0.001
P 10.610 ± 1.621 0.582 ± 0.248 0.743 ± 0.248 0.831 ± 0.102 0.332 ± 0.168
Pb 0.676 ± 0.206 0.185 ± 0.057 0.187 ± 0.057 0.237 ± 0.032 0.262 ± 0.045
S 0.888 ± 0.576 2.937 ± 0.836 5.133 ± 0.836 9.167 ± 1.607 2.070 ± 0.376
Sb 0.029 ± 0.039 0.025 ± 0.032 0.078 ± 0.032 0.111 ± 0.068 0.019 ± 0.024
Si 4.170 ± 3.620 5.340 ± 5.498 6.984 ± 5.498 8.031 ± 0.471 7.523 ± 6.551
Sn 0.094 ± 0.086 0.038 ± 0.033 0.078 ± 0.033 0.029 ± 0.003 0.020 ± 0.019
Ti 1.470 ± 1.264 0.597 ± 0.451 0.949 ± 0.451 1.527 ± 0.064 1.187 ± 0.720
Zn 5.403 ± 1.020 1.257 ± 0.051 1.467 ± 0.051 2.233 ± 0.058 0.634 ± 0.037

Table 2   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
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Zinc compounds:

(3)Cu(OH)2 + 2CH
3
SO

3
H → Cu

(

CH
3
SO

3

)

2
+ 2H

2
O

(4)CuCO
3
+ 2CH

3
SO

3
H → Cu

(

CH
3
SO

3

)

2 + H
2
O + CO

2

Lead compounds:

Metallic Forms (Oxidizing Agent Required)

In comparison to metallic Zn, zero-valent Cu and Pb are 
more noble and do not dissolve in MSA alone. However, 
in the presence of an oxidizing agent such as hydrogen per-
oxide (H2O2), they can be oxidized and then solubilized as 
methanesulfonates:

Stable or Acid‑Resistant Phases

Certain crystalline and thermodynamically stable phases 
identified in MSWI FA/APC, including spinel-type 
oxides (e.g., CuFe2O4, ZnFe2O4, ZnAl2O4), silicates (e.g., 
CuSiO3·H2O, Zn2SiO4), and sulfides (e.g., Cu2S, PbS), are 
not significantly soluble in MSA alone. While these species 
are largely retained in the leaching residue under standard 
conditions, dissolution can be achieved using an oxidizing 
agent in combination with elevated temperature, increased 
residence time, or with the presence of stronger redox 
couples.

Effect of H2O2 and Time on the Leachability 
of the Metals

Figure 1 illustrates the varying effects of H2O2 on the leach-
ing behavior of metals in Ash E under center-point leaching 
conditions, with a notable improvement observed only for 
Cu, where the extraction efficiency rises sharply from below 
10% to 97.6% (Table S2). The observed enhancement in Cu 
leachability with H2O2, reaching its maximum at 4 h, cor-
relates well with reports showing that oxidation facilitates 
the conversion of the less soluble Cu⁺ to the more soluble 
Cu2⁺ species, thereby improving its solubility [28, 29]. 
This suggests Cu is found in stable compound forms such 

(5)ZnO + 2CH
3
SO

3
H → Zn

(

CH
3
SO

3

)

2 + H
2
O

(6)Zn(OH)2 + 2CH
3
SO

3
H → Zn

(

CH
3
SO

3

)

2
+ 2H

2
O

(7)
Zn5

(

CO3

)

2
(OH)6 + 10CH3SO3H → 5Zn

(

CH3SO3

)

2 + 2CO2 + 8H2O

(8)PbO + 2CH
3
SO

3
H → Pb

(

CH
3
SO

3

)

2
+ H

2
O

(9)
PbCO

3
+ 2CH

3
SO

3
H → Pb

(

CH
3
SO

3

)

2 + CO
2
↑ +H

2
O

(10)
CuO + H

2
O

2
+ 2CH

3
SO

3
H → Cu

(

CH
3
SO

3

)

2 + 2H
2
O

Table 3   Experimental design matrix showing the tested parameters 
in the leaching experiments. The experiments are grouped based on 
the investigated variable: acid concentration, temperature, S/L ratio, 
H2O2 effect, and ash type

Experiment 
number

Ash S/L T (°C) C (M) H2O2 (vol.%)

Concentration
 1 E 1/20 40 1 1
 2 E 1/20 40 2 1
 3 E 1/20 40 3 1

Temperature
 4 E 1/20 20 2 1
 2 E 1/20 40 2 1
 5 E 1/20 60 2 1

S/L
 6 E 1/10 40 2 1
 2 E 1/20 40 2 1
 7 E 1/30 40 2 1

Effect of H2O2

 2 E 1/20 40 2 1
 8 E 1/20 40 2 0

Parallels
 9 E 1/20 40 2 1
 10 E 1/20 40 2 1
 11 E 1/20 40 2 1

Ash type
 12 A 1/20 40 2 1
 13 B 1/20 40 2 1
 14 C 1/20 40 2 1
 15 D 1/20 40 2 1

Table 4   Cu, Zn, and Pb speciation in MSWI FA/APC samples. 
Results from various XANES studies in literature

Metal Compound forms in MSWI FA/APC

Cu Cu (metallic) [17, 36–38], CuCl/CuCl2 [17], CuO [36, 
38, 39], Cu(OH)2 [17, 36], CuCO3 [36], CuSiO3·H2O 
[17], CuFe2O4 [17], CuSO4/CuSO4.5H2O [17, 38, 39], 
CuClOH [38], Cu3(PO4)2 [38], Cu2S [38]

Zn K2ZnCl4 [18, 40], **ZnFe2O4 [17, 18, 40], ZnAl2O4 [17, 
18, 40, 41], Zn5 (CO3)2(OH)6 [17, 18, 41], ZnSiO4 [40, 
41], Zn4Si2O7(OH)2⋅H2O [17, 18], ZnCl2 [17, 40, 42], 
ZnO/Zn(OH)2 [17], Zn5(OH)8Cl2.H2O [18], Zn (surface 
adsorbed) [18]

Pb PbCl2 [42, 43], PbO [42, 43], PbS [42], PbCO3 [42], PbO2 
[42]
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as CuSiO3·H2O, CuFe2O4, CuSO4/CuSO4.5H2O or Cu2S. 
Except during the initial stage of leaching, where kinetic 
equilibrium has not yet been fully established, Zn exhib-
ited relatively stable leachability regardless of the presence 
of an oxidizing agent. This behavior reflects the predomi-
nance of Zn2⁺ in acid-soluble forms such as ZnO, ZnCl2, 
or surface-adsorbed Zn species. While oxidizing agents do 
not directly affect the oxidation state of Zn, they may indi-
rectly influence its solubility by modifying the dissolution 
behavior of associated compounds or altering the pH of the 
leaching environment. For example, they can enhance the 
solubility of Zn-bearing sulfides or oxides, thereby facilitat-
ing Zn release into solution [44, 45]. The leaching behavior 
of Cr, Co, Ni, and Cd in the presence and absence of H2O2 
closely mirrored that of Zn, suggesting these elements may 
share similar mineral associations within the ash matrix and 
exhibit comparable leaching kinetics.

Adding H2O2 to MSA did not enhance Pb extraction; 
instead, the efficiency decreased from 59.79% with MSA 

alone to 46.97% at 4-h mark when combined with H2O2. 
Water washing effectively removes water soluble phases, 
where present, a fraction of soluble Pb species (e.g., PbCl2) 
may be co-dissolved, leaving behind more sparingly solu-
ble forms. MSA alone efficiently dissolves PbO and PbCO3. 
Conversely, PbS is resistant to dissolution in non-oxidizing 
environments but may oxidize in the presence of H2O2, 
potentially forming PbSO4, which is insoluble in MSA. 
Indeed, industrial electrowinning processes using MSA 
avoids PbSO4 due to its inadequate solubility. Consequently, 
any formation of PbSO4 during oxidizing extraction would 
hinder Pb recovery and explain the observed decline in 
extraction efficiency with H2O2 [35, 46]. The presence of 
the oxidant had a limited impact on trace metals, as extrac-
tion efficiencies after 4 h were comparable under both MSA 
and MSA + H2O2 conditions.

Fig. 1   Extraction % of a Cu, Zn, 
and Pb and b Cr, Co, Ni, and 
Cd in the leaching solution with 
time. Based on central param-
eters (1/20 S/L ratio, 40 °C, 
2 M MSA) with and without 1 
vol.% H2O2, using Ash E. For 
MSA + H2O2 values, an average 
of 3 parallel experiments is used
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Effect of S/L Ratio, Temperature and Acid 
Concentration on Leachability

Figure 2 shows the influence of various parameters (S/L 
ratio, temperature, and acid concentration) on the leaching 
efficiency of the different elements. These findings highlight 
the critical role of the S/L ratio. A decrease from 1/10 to 
1/20 led to a substantial improvement in extraction efficiency 
across all elements, likely due to increased reagent avail-
ability per unit mass of solid and improved mass transfer. 
However, further reduction to 1/30 resulted in limited addi-
tional benefits, with the most notable increase observed for 
Pb and a decline observed for Cu and Cd. This suggests that 

while lower S/L ratios can enhance leaching by minimizing 
local saturation and improving dispersion, excessively low 
solid loadings may also introduce dilution effects that limit 
reaction kinetics or reduce the driving force for leaching for 
certain elements.

Temperature exhibited a comparatively minor influence 
on overall metal extraction. While most elements showed 
limited response to temperature variation, notable increases 
in extraction were observed for Pb, Cr, and Co at 60 °C, indi-
cating enhanced dissolution under elevated thermal condi-
tions. Interestingly, a slight reduction in extraction efficien-
cies was observed for Pb and Cd when the temperature was 
increased from room temperature to 40 °C.

Fig. 2   Effect of a solid-to-liquid 
ratio, b temperature, and c MSA 
concentration on the leach-
ing concentrations of Cu, Zn, 
Pb, Cr, Co, Ni, and Cd, using 
Ash E. For each parameter 
tested other parameters as fol-
lows: a 2 M MSA + 1 vol.% 
H2O2, 40 °C, b 2/20 S/L, 2 M 
MSA + 1 vol.% H2O2, and c 
MSA + 1 vol.% H2O2, 1/20 S/L, 
40 °C
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Acid concentration demonstrated a generally positive 
effect on the extraction of metals, with a progressive increase 
in leaching efficiency observed for all investigated elements 
except Cu. Among the elements studied, the most notable 
improvements were observed for Cr and lead Pb, both of 
which responded significantly to increasing acid concen-
tration, indicating enhanced solubility under more acidic 
conditions. In contrast, Cu displayed the least sensitivity to 
further acid concentration increases, as its extraction effi-
ciency had already reached approximately 93% at 2 M. This 
indicates that Cu was effectively leached at moderate acid 
strength, and higher concentrations did not provide consid-
erable benefits.

The repeatability of the leaching experiments was evalu-
ated by performing four parallel tests at the central condi-
tions (2 M MSA, 1/20 S/L ratio, 40 °C, 1 vol.% H2O2) on 
Ash E. The mean values of extraction efficiencies and stand-
ard deviations are presented in Fig. 3. One of the replicates 
consistently showed low Cu concentrations up to the 3-h 
mark, leading to a substantial increase in data variability 
(Fig. 3a). Given the high complexity of the material and 
the focus on trace elements, it is challenging to definitively 
attribute such deviations to either analytical anomalies or 
inherent sample heterogeneity. Therefore, the results are 
evaluated using both the complete set of four replicates and 
a refined dataset excluding the deviating replicate, as illus-
trated in Fig. 3b.

In Fig. 3a, Cu exhibited considerable variation between 
parallels before the 4-h mark, as indicated by the large error 
bars at 0.5–3 h. This suggests inconsistent leaching behavior, 
likely due to heterogeneity in the Cu-containing phases or 
kinetic factors influencing the early stages of the reaction. 
Some forms of Cu (e.g., CuCl2 or surface- adsorbed Cu) 
may dissolve readily during leaching, while other forms 
(e.g., CuO or Cu in silicate matrices) are less soluble and 
require longer leaching times to release. In general, standard 
deviations were more pronounced for all elements before the 
4-h mark, indicating stronger kinetic influences during the 
initial stages of the leaching process. Such effects are com-
mon in the early phase of heterogeneous leaching systems, 
particularly when diffusion, surface reactivity, and local pH 
conditions fluctuate before reaching equilibrium. Notably, 
Cr exhibited relatively high standard deviation across all 
time points, which may be attributed to its presence in mul-
tiple oxidation states or association with phases of varying 
solubility and stability. When the replicate considered as an 
anomaly was excluded (Fig. 3b), the variation in Cu concen-
trations observed prior to the 4-h mark decreased notably, 
indicating that this replicate significantly contributed to the 
overall dispersion in the data. However, a relatively high 
degree of variation persisted before the 3-h point, which may 
be attributed to the early-stage kinetics of Cu dissolution. 
For the other elements, the exclusion of the same replicate 
did not result in substantial changes to the overall trend or 

Fig. 3   Mean concentrations 
and standard deviations of (a1, 
b1) Cu, Zn, and Pb (with slight 
horizontal offsets applied before 
the 4-h mark to minimize error 
bar overlap) and (a2, b2) Cr, Co, 
Ni, and Cd over time, based on 
a four replicate experiments and 
b three replicate experiments 
with outlier removal. All experi-
ments were conducted under the 
central leaching conditions (2 M 
MSA, 1/20 S/L ratio, 40 °C, 
1 vol.% H2O2) using Ash E
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variability. This suggests that the anomalous behavior was 
element-specific, possibly linked to the mineralogical form 
or distribution of Cu in that particular sub-sample.

In full quantitative ICP-MS, errors are typically in the 
range of maximum 10% [47]. However, in complex materi-
als like MSWI fly ash, matrix effects and interferences can 
increase error levels. High concentrations of certain ele-
ments may cause signal suppression and drift, which can be 
mitigated by sample dilution [48]. In this study, liquid sam-
ples were diluted 100-fold to reduce such effects. Spectral 
interferences also affect accuracy, especially for elements 
with lower atomic mass like Cu and Zn (masses ~ 63–68), 
which are more susceptible to polyatomic interferences than 
higher atomic mass elements like Pb (mass ~ 208) [49]. To 
address this, solid ash samples were analyzed using high-
resolution ICP-MS (HR-ICP-MS), which improves accu-
racy by resolving overlapping ions [50]. This is particularly 
effective in complex matrices like MSWI fly ash. Matrix-
matched calibration is another effective strategy to reduce 
plasma-related matrix effects; however, due to the strong 
variability among MSWI FA/APC matrices and the lack of 
suitable certified reference materials across all analytes, it 
was not applied here. Overall, analytical errors were mini-
mized through sample dilution and the use of HR-ICP-MS. 
Therefore, the variations are primarily attributed to sample 
complexity. According to a previous study, elemental con-
centration variations of MSWI FA/APC for Cu, Zn, and Pb 
range from 22 to 41%, depending on incineration technol-
ogy, season, and region. Notably, fluidized bed plants, like 
that for ash E, showed particularly high variations for Cu 
(32%) and Pb (41%) [12].

To explore the underlying leaching mechanisms, several 
widely used kinetic models were evaluated, including the 
shrinking core model, surface reaction control, chemical 
reaction control, diffusion through the product layer, and 
mixed-control models. These approaches are commonly 
applied to interpret leaching kinetics in complex solid–liq-
uid systems. However, the fitting results were inconclusive, 
and no single model adequately described the experimen-
tal data across all conditions (Figure S1, Table S3). The 
chemically diverse and heterogeneous nature of MSWI fly 
ash, which may involve simultaneous and competing dis-
solution pathways, complicates the identification of a single 
rate-controlling mechanism.

Figure 4 illustrates the average extraction efficiency and 
standard deviation at the 4-h mark based on four parallel 
experiments, where results indicate that the system varia-
tion minimized. Among the investigated elements, Cd, Cu, 
and Zn exhibited the highest extraction efficiencies, reach-
ing 98.18 ± 4.7%, 96.47 ± 4.3%, and 89.52 ± 4.3%, respec-
tively. In contrast, Pb extraction remained relatively low at 
45.89 ± 5.1%, indicating limited solubility of Pb-bearing 
compounds. Other elements resulted in higher extraction 

efficiencies compared to coper, with Cr and Co showing 
higher variation. This suggests greater sensitivity to sample 
heterogeneity or potential kinetic limitations in their dis-
solution behavior.

Overall, the differences in leaching behavior of Cu, Zn, 
and Pb from MSWI fly ash can be primarily attributed 
to their chemical speciation, which governs their mobil-
ity under acidic conditions. In addition to the commonly 
reported compounds identified by XANES in the literature, 
the widely adopted sequential extraction method [51] cat-
egorizes metals in MSWI fly ash into five operationally 
defined fractions: water-soluble/exchangeable (F1), acid-
soluble (F2), reducible (F3), oxidizable (F4), and residual 
(F5). Cu is commonly associated with the acid-soluble 
(∼ 45%) and oxidizable (∼ 28%) fractions, typically present 
as CuSO4, CuO, or metallic Cu, which explains its variable 
extraction depending on oxidant addition and reaction time. 
Upon water washing, a slight decrease in the acid-soluble 
fraction and an increase in the residual fraction suggest 
partial transformation into more stable forms [52, 53]. Zn, 
predominantly found in the acid-soluble fraction (∼63%), 
remains highly leachable due to its occurrence as ZnCl2 or 
ZnCO3, which are stable in this form even after washing 
(∼ 55–60%) [53, 54]. This accounts for the consistently high 
and stable Zn extraction observed under all conditions. Pb is 
initially concentrated in the acid-soluble fraction (F2, 48%); 
however, water washing reduces this association from 48% 
in raw FA to approximately 40% [54], which accounts for 
its limited extraction.

Fig. 4   Average extraction and standard deviation of Cu, Zn, Pb, Cr, 
Co, Ni, and Cd across four parallel experiments at 4-h mark under the 
central conditions (2 M MSA, 1/20 S/L ratio, 40 °C, 1 vol.% H2O2), 
conducted on Ash E
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Different Ash Types

Figure 5 presents the extraction % of the elements across 
different ash types under central leaching conditions (2 M 
MSA + 1 vol.% H2O2, 40 °C, 1/20 solid-to-liquid ratio), 
based on relative extraction efficiencies. Cu extraction was 
relatively consistent among the ashes, with the highest val-
ues observed in Ash B and C with > 99.9%, while Ash A 
exhibited the lowest (76.3%). A similar trend was observed 
for Zn, with Ash B and C showing the highest extraction 
efficiencies (> 99.9%), suggesting comparable leachability 
of Zn and Cu across the samples. The element heat maps 
based on scanning electron microscopy- automated minerol-
ogy (Fig. S2) revealed Zn and Fe integrated into the matrix 
phase. Zn was associated with Fe in Ashes A and D, while 
this association was less pronounced in Ash B, likely con-
tributing to the lower Zn extraction rate in Ash A (73.1%) 
and Ash D (84.8%). SEM-AM images could not detect Cu 
in the analyzed agglomerates, potentially due to the low con-
centration and heterogenous distribution of copper in ash 
particles. Although the detected percentage of areas was 
extremely low, Cu-containing phases were successfully 
identified in most samples through complete area scanning 
with SEM-AM (Tab. A.2). Cu is associated with Ca–O–Al 
phases and appeared as Al–Cu in both Ash D and Ash E.

Pb showed more pronounced variation, with Ash C yield-
ing the highest extraction (61.9%), followed by Ash D and 
Ash E with ~ 43% extraction, while Ash A was markedly 
lower (48.5%), indicating less soluble Pb phases. Cr leaching 

was the most efficient in Ash B with > 99.9%, whereas Ash 
A showed notably lower value (13.4%). Ni extraction was 
again highest in Ash B, followed by moderate values in Ash 
D (56.9%) and Ash E (54.2%). Overall, the results indi-
cate that MSA + H2O2 leaching system is broadly effective 
across a wide range of trace metals and ash matrices. For 
economically valuable elements such as Cu and Zn, leaching 
efficiencies were consistently high across all ash types. For 
other elements like Pb, Ni, and Cr, the extraction efficiency 
showed stronger dependency on ash type, likely reflecting 
differences in metal speciation or phase associations.

Prospects on Future Use of MSA Leachate

Figure 6 presents the leachates from various ash samples 
after 4 h of leaching under central conditions, while Table 5 
provides the final solution compositions for all five ash 
samples. The solubility of elements other than the target 
metals (Cu, Zn, and Pb) in MSA leachates reveals impor-
tant considerations for both process selectivity and down-
stream treatment. Bulk elements like S and Ca are present in 
extremely high concentrations, particularly S, which exceeds 
40,000 ppm in all samples. The concentrations of Na, K, 
and Mg are also considerable. Fe concentrations often sur-
pass those of Cu, Pb, and sometimes Zn, impacting process 
selectivity and downstream metal recovery due to poten-
tial complexation, precipitation, or adsorption effects. The 
oxidation state of Fe critically influences its removal strat-
egy: Fe3⁺ is commonly precipitated as jarosite or hydroxide 

Fig. 5   Extraction trends of Cu, Zn, Pb, Cr, and Ni for different ashes under central leaching conditions (2 M MSA + 1 vol.% H2O2, 40 °C, 1/20 
solid-to-liquid ratio)
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directly, whereas Fe2⁺ requires oxidation to Fe+3 prior to 
precipitation. The distinct orange coloration observed in the 
leachate from Ash D (Fig. 6) likely indicates the presence of 
Fe3⁺ species, which exhibit yellow to orange hues. In con-
trast, the colorless appearance of leachates from Ash A–C, 
and the slight green tint observed in Ash E, may suggest 
the dominance of Fe2⁺ species or the presence of transition 
metal ions like Ni2⁺ or Cr3⁺, whose coordination complexes 

can contribute green coloration. The complex nature of ash 
samples complicates definitive conclusions regarding the 
oxidation of Fe2⁺ in Ash D. However, one can argue that 
limited competing oxidation reactions such as those involv-
ing Cu, Mn, or Cr result in a higher availability of H2O2 in 
the system, facilitating the oxidation of Fe2⁺ to Fe3⁺ in Ash 
D. This is supported by the relatively lower initial copper 

Fig. 6   Leach solutions of different ash samples after 4 h leaching under central leaching conditions (2 M MSA, 40 °C, 1/20 solid-to-liquid ratio). 
From left to right solutions are in the order of Ash A, Ash B, Ash C, Ash D, and Ash E

Table 5   Solution composition 
of 5 ash samples after 4-h 
leaching measured by ICP-MS

Ash A Ash B Ash C Ash D Ash E
ppm

Bulk/matrix ele-
ments

S 41,500 48,500 52,500 52,700 49,800
Ca 2730 14,000 13,900 9390 11,600
Al 801 1110 1460 1160 6040
Si 536 1820 1760 2260 2580
Mg 394 675 726 915 1050
P 3950 359 375 475 269

Heavy metals/
trace elements

Fe 571 513 504 356 599
Cu 229 55 69.4 40.5 367
Zn 1900 674 841 933 292
Na 3000 156 148 205 204
Ti 106 153 137 178 164
K 913 166 115 200 94.4
Pb 50.8 38.7 49.5 53.4 64
Mn 108 35.3 45.2 43.4 54.4
Sb 1.4 23.3 43.4 45.0 17.3
Cr 24.1 8.6 5.2 5.1 10.3
Sn 1.7 16.5 18.9 3.6 7.6
Ba 28.7 5.2 4.5 3.0 7.4
Ni 48.1 3.3 4.5 2.8 4.2
Co 9.4 0.8 1.3 1.0 3.5
Cd 2.0 10.7 15.9 3.1 2.6
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content and final copper extraction observed in Ash D com-
pared to other samples.

The resulting MSA leachate resembles sulfuric acid 
but retains Pb in solution, enhancing its recovery poten-
tial. Due to MSA’s high acidity, ionic strength, and non-
volatile nature, the leachate is highly conductive, making 
it well-suited for direct electrowinning (EW) with minimal 
pre-treatment. MSA has a wide electrochemical window, 
extending on a platinum working electrode from about − 2 V 
to + 2 V versus the standard hydrogen electrode (SHE). The 
conductivity of the MSA solutions ranged from 0.25 to 0.34 
S/cm (Table 6). Although direct comparison is limited due 
to differences in ionic composition, previously reported 
conductivities for HCl and H2SO4 were 0.35 and 0.44 S/
cm, respectively [55]. These comparable values suggest that 
MSA possesses suitable conductivity for electro-winning 
applications, requiring minimal pre-treatment. Unlike HCl 
and HNO3, which can release hazardous chlorine or nitrogen 
oxides during EW, MSA-based systems typically evolve only 
oxygen at the anode, significantly improving process safety 
and environmental performance.

In multi-metal systems, iron must be removed prior to 
EW due to its high reduction potential (+ 0.77 V vs SHE), 
which can lead to co-deposition with copper or cathodic 
contamination through reduction. As previously noted, Fe2⁺ 
must first be oxidized to Fe3⁺ to enable selective precipita-
tion. This can be achieved by adjusting the pH with bases 
such as NaOH or NH4OH, which effectively removes iron 
from solution. Importantly, this process does not degrade 
MSA, since the hydroxide ions react only with free protons, 
leaving the methanesulfonate anion (CH3SO3⁻) intact and 
preserving the acid for reuse. Once Fe is removed, sequential 
electrowinning of Cu, Zn, and Pb becomes feasible, though 
Zn recovery remains more energy-intensive due to its more 
negative reduction potential (− 0.76 V vs SHE), often requir-
ing additives to suppress hydrogen evolution and prevent Zn 
re-dissolution. Thus, removing Cu and Pb through sequential 
electrowinning and precipitating Zn as a separate step can 
be considered. Elements like Na, K, and Mg are highly elec-
tropositive and will not plate out under typical EW condi-
tions, so they do not interfere. Al3⁺ and Si are also unlikely 
to deposit due to their very negative or complex reduction 
pathways. However, transition metals like Mn, Sb, Cr, and 

Sn may co-deposit or interfere if present in higher concen-
trations or if plating conditions (e.g., voltage, pH) are not 
tightly controlled. Their effect is usually minimal at low con-
centrations but should still be monitored.

Following metal recovery, MSA can be regenerated by 
dosing the solution with H2SO4, which precipitates Ca, 
residual Pb and Ba (in the case of Ash A) as their insolu-
ble sulfates, effectively releasing the sulfonic acid back into 
solution. Even though other bulk elements and some trace 
elements such as Mn, Sb, Cr, and Sn will stay in the solution, 
purified MSA can potentially be used for ash leaching again. 
This nearly closed-loop regeneration significantly reduces 
the need for fresh acid input and enhances the economic and 
environmental sustainability of the process. Although MSA 
is not as inexpensive as sulfuric acid, its cost is competitive 
with other bulk organic chemicals and possess operational 
advantages such as high solution conductivity and safer pro-
cess integration.

Conclusion

This study provides important insights into the applicability 
of MSA leaching, advancing the current understanding of 
organic acid applications for metal recovery from MSWI FA/
APC. The results demonstrate the strong potential of MSA 
as a greener and less corrosive alternative to traditional min-
eral acids, achieving over 89% extraction efficiency for key 
metals such as Cu and Zn. These outcomes are particularly 
noteworthy when compared to the conventional FLUWA 
process, which achieves significantly lower recoveries—
around 30% for Cu and 67% for Zn. A key conclusion is 
that the speciation of metals within the ash matrix critically 
influences leaching efficiency, underscoring the importance 
of characterization of ash samples prior to leaching.

Although MSA may currently involve higher initial costs 
compared to more established leaching agents, its techni-
cal advantages and favorable environmental profile offer 
compelling justification for its use. Nevertheless, to support 
its industrial adoption, it is essential to address cost-related 
concerns through process optimization. While MSA is non-
corrosive and ongoing developments in its production and 
regeneration are promising, comprehensive economic analy-
ses are needed to evaluate its full-scale feasibility.

Future work should prioritize refining operational param-
eters for different ash types, not only to improve extraction 
efficiency but also to reduce operational costs. Additionally, 
integrating MSA leaching with downstream processes like 
electrowinning could significantly enhance the economic 
viability of recovering high-value metals. Reusability 
of purified MSA as proposed in the paper should experi-
mentally be studied. Pilot-scale testing, continuous system 

Table 6   Final pH and 
conductivity values of leach 
solutions after 4-h leaching 
under central leaching 
conditions (2 M MSA, 40 °C, 
1/20 solid-to-liquid ratio)

pH Conductiv-
ity (S/cm)

Ash A  < 1 0.33
Ash B  < 1 0.28
Ash C  < 1 0.27
Ash D  < 1 0.34
Ash E  < 1 0.25
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development, and detailed techno-economic assessments 
will be vital for transitioning MSA-based leaching from the 
laboratory to industry.
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