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Abstract: This study presents the results of an investigation into the effectiveness of
microwave (MW) treatment (1) as a preconditioning method for technogenic raw materials
(2) to enhance zinc (3) leaching (4) efficiency. Selective dielectric heating facilitates phase
transformations (5), converting sphalerite (ZnS) into zinc oxide (ZnO), which exhibits
significantly improved acid leachability. The response surface methodology (RSM) was
utilized to evaluate critical operational variables, encompassing sulfuric acid concentration,
leaching period, slurry density, and thermal conditions. The obtained results confirm the
potential of MW treatment in hydrometallurgical processes, offering a sustainable and
energy-efficient alternative for processing technogenic raw materials.

Keywords: microwave treatment; technogenic raw materials; zinc; phase transformation;
leaching

1. Introduction
The depletion of high-grade ores and the growing need for sustainable resource

management have driven extensive research into alternative sources of metals. In re-
sponse, modern metallurgical practices have increasingly focused on processing industrial
waste, low-grade ores, and unconventional mineral resources. Industrialized nations have
achieved utilization rates of industrial waste as high as 70–80%, whereas countries like
Kazakhstan, despite being rich in mineral resources, face challenges in efficiently processing
technogenic raw materials due to limited technologies and specialized equipment [1–5].

One of the most pressing concerns in the mining and metallurgical sectors is the vast ac-
cumulation of industrial waste, including technogenic stockpiles, tailings, and byproducts
such as clinker from zinc production. These materials contain valuable elements, including
rare earth metals, gold, silver, copper, and zinc, which are of significant economic and indus-
trial importance [6–10]. Recent advancements in pyrometallurgical and hydrometallurgical
techniques have enabled the extraction of these valuable metals, yet challenges such as
high energy consumption, carbon emissions, and processing inefficiencies persist [11–15].
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A notable trend in metallurgical innovation is the exploration of seabed mineral
deposits and deep-sea mining for critical metals, including cobalt, nickel, and rare earth
elements. Researchers have investigated solid-state metallization and ammonium sulfate
roasting to selectively recover metals from oceanic crusts and polymetallic nodules [16–19].
These approaches hold promise for reducing dependence on terrestrial mining while
addressing the increasing demand for strategic materials.

In the Commonwealth of Independent States (CIS), annual mineral extraction sur-
passes 3.5 billion cubic meters, with waste generation reaching 1.5 billion cubic meters. In
light of diminishing ore quality and the increasing prevalence of intractable raw materials,
adopting thorough processing strategies for low-grade and intricate mineral deposits has
emerged as both an economic necessity and a scientific priority [20–24].

Among the most significant technogenic waste materials, zinc-bearing clinker warrants
particular attention due to its potential for valuable metal recovery. Pyrometallurgical
processes such as the Waelz process, which operates at 1100–1300 ◦C using carbonaceous
reducing agents, remain a dominant method for processing these materials. However, these
processes produce substantial CO2 emissions and have high operational costs, making
them less viable for high-silica zinc-bearing raw materials [25–29].

In response to these challenges, novel processing techniques have been developed,
including the use of microwave irradiation as a pre-treatment method. This technology
leverages selective dielectric heating to enhance the reactivity and extractability of target
elements, leading to improved leaching kinetics and overall process efficiency. Studies have
demonstrated that microwave-assisted processing significantly enhances metal recovery
rates while reducing energy consumption and environmental impact [30–34].

The integration of advanced processing technologies, including sorption techniques for
niobium extraction, acid leaching for tailings processing, and hydrometallurgical methods
for deep-sea mineral extraction, offers a promising path toward more sustainable and
economically viable metal recovery [35–39]. These innovations not only enhance resource
efficiency but also play a pivotal role in diminishing the buildup of industrial waste and
mitigating the ecological impact of mining and metallurgical activities.

Given the urgent need for improved waste management and metal recovery, further
research into innovative extraction technologies, including hybrid approaches combining
pyrometallurgical and hydrometallurgical processes, is crucial. By leveraging emerg-
ing techniques and optimizing existing methods, the metallurgical industry can achieve
greater efficiency, sustainability, and economic resilience in the face of depleting high-grade
ore reserves.

The primary aim of this investigation is to explore the effects of microwave (MW)
treatment on phase transition dynamics and zinc extraction from technogenic raw materials.
Particular attention is devoted to examining the structural modifications in these substances
triggered by selective dielectric heating, which augments the metal’s solubility.

The study concentrates on refining the parameters of the leaching process through the
application of response surface methodology (RSM) to determine the optimal conditions
for enhancing zinc recovery. The findings derived from this research could provide a
foundation for devising energy-efficient and ecologically sound techniques for the treatment
of technogenic raw materials.

2. Materials and Methods
2.1. Materials

The subject of this investigation was technogenic raw material, specifically zinc pro-
duction residue in the form of clinker. Throughout the research, the distinctive structural
features and particle size distribution of the constituent minerals within the clinker were
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elucidated (Figure 1). Several prominent minerals were pinpointed, including sphalerite
(ZnS), present as scarce fine-grained entities, chalcopyrite (CuFeS2), frequently co-occurring
with pyrite (FeS2) and sphalerite, alongside hematite (Fe2O3) and carbonaceous inclusions
exhibiting diverse sizes and morphological characteristics.
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Figure 1. (a) Pyrite (1) and Chalcopyrite (2); (b) Sphalerite (1) and hematite (2).

X-ray fluorescence (XRF) examination of the clinker disclosed a substantial presence
of iron (37.53%), calcium (3.81%), silicon (4.58%), oxygen (41.64%), copper (1.04%), and zinc
(exceeding 1.2%), along with various additional elements, as outlined in Table 1. Moreover,
X-ray diffraction (XRD) analysis discerned hematite (Fe2O3—24.2%) and magnesium iron
oxide (Mg1.55Fe1.6O4—18.2%) as the predominant phase constituents within the clinker.
Additional phase compositions are elaborated in Table 2 and depicted in Figure 2.

Table 1. Elemental Composition of Clinker via XRF Analysis. (reprinted for Ref. [40]).

Elemental Composition, %

O S Mg P Si Al Na Zr Mn Ca Sb Cr
41.644 0.807 1.030 0.055 4.581 0.912 0.173 0.012 0.110 3.807 0.034 0.020

K Fe Pb Cu As Zn Sr Cl Mo Ti Ba Ni
0.109 37.532 0.154 1.037 0.138 1.217 0.043 0.011 0.026 0.101 0.825 0.033

Table 2. Findings from the X-ray phase characterization of the clinker.

Mineralogical Composition Chemical Formula Phase
Abundance, %

Hematite Fe2O3 24.2
Magnesium iron oxide Mg1.55Fe1.6O4 18.2

Diopside, ferrian Ca1.007(Mg0.805Fe0.214) ((Si1.75Fe0.241)O6) 16.5
Calcium Magnesium Iron

Aluminum Silicate Ca2(Mg,Fe+3,Al)6(Si,Al)6O20 15.1

Gypsum CaSO4·2H2O 12.2
Quartz SiO2 8.1

Albite, potassian (K0.22Na0.78)(AlSi3O8) 4.4
Sphalerite ZnS 1.4



Processes 2025, 13, 1099 4 of 16

Processes 2025, 13, x FOR PEER REVIEW 4 of 16 
 

 

Albite, potassian (K0.22Na0.78)(AlSi3O8) 4.4 
Sphalerite ZnS 1.4 

 

Figure 2. X-ray diffraction pattern of the clinker (reprinted from Ref. [40]). 

An in-depth investigation of the clinker’s composition facilitates a deeper compre-
hension of its chemical properties, which is crucial for determining the most effective pro-
cessing methodologies. The outcomes of X-ray fluorescence (XRF) analysis provided the 
foundation for subsequent experimental studies, concentrating on the effects of micro-
wave (MW) irradiation on the structural and phase transformations within the clinker, the 
infiltration of reagents into its framework, and the significant enhancement of leaching 
and extraction efficiency for valuable constituents. 

2.2. Analytical Methodologies 

This investigation utilizes sophisticated analytical methodologies to assess the phase 
composition of clinker and to clarify the mechanisms underlying its phase transitions. 
Mineralogical analysis was performed using an OLYMPUS BX51 optical microscope 
(Olympus, Tokyo, Japan), a high-resolution research-grade instrument designed for pet-
rographic investigations. This microscope is equipped with an advanced UIS2 optical sys-
tem, enabling high-contrast imaging and multiple observation modes, including bright-
field, polarized light, and differential interference contrast (DIC). These capabilities facil-
itate the precise identification of mineral phases, grain morphology, and textural relation-
ships within the clinker samples. The phase constitution of the specimens was analyzed 
employing a Bruker D8 Advance X-ray diffractometer (Bruker, Ettlingen, Germany), 
which provides high-resolution diffraction data for accurate phase identification and 
structural analysis of the material. The elemental makeup of the specimens was evaluated 
utilizing an Axios 1 kW wavelength-dispersive X-ray fluorescence spectrometer (PANa-
lytical, Almelo, the Netherlands), which enables precise quantitative and qualitative de-
termination of elemental content in various materials through high-sensitivity spectral 
analysis. Data analysis and interpretation were performed using SuperQ5 software (Om-
nian 37), which guarantees precise calibration, quantification, and evaluation of elemental 
profiles through the implementation of sophisticated correction algorithms and extensive 
spectral modeling. The surface microstructure of the specimens was scrutinized employ-
ing a JXA-8230 electron probe microanalyzer (JEOL, Tokyo, Japan), which enables high-
accuracy elemental mapping and quantitative microanalysis of materials by harnessing 
an electron beam to produce characteristic X-rays. The elemental composition of the sam-
ples was analyzed using an Optima 8300DV inductively coupled plasma optical emission 
spectrometer (PerkinElmer, Inc., Waltham, MA, USA), which provides high sensitivity 
and accuracy for multi-element detection through advanced plasma technology and dual-
view capability. 

Figure 2. X-ray diffraction pattern of the clinker (reprinted from Ref. [40]).

An in-depth investigation of the clinker’s composition facilitates a deeper compre-
hension of its chemical properties, which is crucial for determining the most effective
processing methodologies. The outcomes of X-ray fluorescence (XRF) analysis provided the
foundation for subsequent experimental studies, concentrating on the effects of microwave
(MW) irradiation on the structural and phase transformations within the clinker, the infil-
tration of reagents into its framework, and the significant enhancement of leaching and
extraction efficiency for valuable constituents.

2.2. Analytical Methodologies

This investigation utilizes sophisticated analytical methodologies to assess the phase
composition of clinker and to clarify the mechanisms underlying its phase transitions. Min-
eralogical analysis was performed using an OLYMPUS BX51 optical microscope (Olympus,
Tokyo, Japan), a high-resolution research-grade instrument designed for petrographic in-
vestigations. This microscope is equipped with an advanced UIS2 optical system, enabling
high-contrast imaging and multiple observation modes, including brightfield, polarized
light, and differential interference contrast (DIC). These capabilities facilitate the precise
identification of mineral phases, grain morphology, and textural relationships within the
clinker samples. The phase constitution of the specimens was analyzed employing a
Bruker D8 Advance X-ray diffractometer (Bruker, Ettlingen, Germany), which provides
high-resolution diffraction data for accurate phase identification and structural analysis
of the material. The elemental makeup of the specimens was evaluated utilizing an Ax-
ios 1 kW wavelength-dispersive X-ray fluorescence spectrometer (PANalytical, Almelo,
The Netherlands), which enables precise quantitative and qualitative determination of
elemental content in various materials through high-sensitivity spectral analysis. Data
analysis and interpretation were performed using SuperQ5 software (Omnian 37), which
guarantees precise calibration, quantification, and evaluation of elemental profiles through
the implementation of sophisticated correction algorithms and extensive spectral modeling.
The surface microstructure of the specimens was scrutinized employing a JXA-8230 electron
probe microanalyzer (JEOL, Tokyo, Japan), which enables high-accuracy elemental map-
ping and quantitative microanalysis of materials by harnessing an electron beam to produce
characteristic X-rays. The elemental composition of the samples was analyzed using an
Optima 8300DV inductively coupled plasma optical emission spectrometer (PerkinElmer,
Inc., Waltham, MA, USA), which provides high sensitivity and accuracy for multi-element
detection through advanced plasma technology and dual-view capability.
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2.3. Optimal Experimental Design

To optimize the retrieval of zinc from clinker, this investigation employed an advanced
statistical approach, specifically response surface methodology (RSM) coupled with a
central composite design (CCD). The principal factors explored included thermal conditions,
sulfuric acid strength, extraction time, and slurry consistency (liquid-to-solid proportion).
The equation is expressed as follows:

y = b0 +
k

∑
i=1

bixi +
k

∑
i=1

biix2
i +

k−1

∑
i=1

k

∑
j=i+1

bijxixj (1)

where y signifies the anticipated zinc recovery, b0 represents the intercept term, bi denotes
the coefficients for linear effects, bii indicates the coefficients for quadratic effects, bij reflects
the coefficients for interaction effects among variables, and k corresponds to the total
number of parameters.

To streamline the experimental framework and data assessment, Design Expert 7.0
(Stat-Ease, Inc., Minneapolis, MN, USA) was employed. This tool enabled the meticulous
construction of a second-order polynomial model, guaranteeing exceptional predictive
precision and statistical robustness.

The most advantageous process conditions were discerned via regression analysis,
with an emphasis on thermal conditions, acid strength, extraction duration, and slurry den-
sity. The coded values and their associated experimental ranges for the central composite
design (CCD) are presented below (Table 3):

Table 3. Factor Levels and Codes for the Central Composite Design (CCD).

Factors Symbol
Coding Levels

−1 0 1

Duration (min) A 30 195 360
Concentration of H2SO4 (g/dm3) B 20 90 160

Slurry Density (%) C 20 25 35
Thermal Condition (◦C) D 20 50 80

Note: Pulp density values in percentages (20%, 25%, 35%) correspond to 200 g/L, 250 g/L, and 350 g/L,
respectively, calculated based on the volume of the acid solution with an assumed density of 1 g/cm3.

By implementing this experimental strategy, the study successfully refined the process
parameters, leading to a more efficient and reproducible approach for maximizing zinc
extraction from clinker.

2.4. Experimental Method

The process of extracting zinc from clinker encompasses three primary phases: pulver-
ization of the clinker to attain 90% of particles finer than 0.071 mm, microwave-facilitated
phase alteration, and subsequent leaching. This methodology comprises multiple intricate
steps, as outlined in Figure 3. The procedure commences with specimen preparation, suc-
ceeded by roasting of the clinker within a high-temperature microwave reactor, specifically
the “ENERGY K-50” system (Ust-Kamenogorsk, Kazakhstan), which operates at 915 MHz
with a capacity of 25 kW. This apparatus is distinguished by its substantial power output,
operational consistency, and superior efficiency [41,42]. Following microwave processing,
the clinker is subjected to the leaching phase, as illustrated in Figure 4.
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In our experiments, the microwave generator was set to a power of 20 kW, which
ensured stable heating of the clinker to 600 ◦C within 5–7 min. This power setting was
selected based on a series of preliminary trials, which confirmed its effectiveness in achiev-
ing uniform and rapid heating with minimal thermal gradients. The total volume of the
processed material was 0.001 m3 (1 L), and the system’s throughput for dry powder reached
300 kg/h with a final material moisture content of no more than 0.5%.

To evaluate the energy efficiency, we calculated the specific energy consumption. The
total energy consumption of the “ENERGY K-50” system at 20 kW over 5–7 min (an average
of 6 min, or 360 s) was as follows:

E = P·t = 20 × 103 W·360 s = 7.2 × 106 J = 7.2 MJ

The mass of the processed clinker per cycle (with a volume of 0.001 m3 and a clinker
density of 4100 kg/m3) was as follows:

m = ρ ·V =
4100 kg

m3 ·0.001 m3 = 4.1 kg
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Thus, the specific energy consumption per 1 kg of clinker was as follows:

Especi f ic =
E
m

=
7.2 × 106

4.1
≈ 1.76 × 106 J

kg
= 1.76 MJ/kg

This value is lower than that of conventional pyrometallurgical methods, such as the
Waelz process (typically 3–5 MJ/kg), confirming the energy efficiency of microwave treatment.

Additionally, the “ENERGY K-50” system is equipped with a waveguide and a rotating
dielectric retort, ensuring uniform microwave distribution via the “traveling wave” method.
The control system automatically adjusted the process parameters, including power and
temperature, to maintain stable heating conditions.

In the course of the experimentation, Origin Pro 9.8.0.200 software was utilized for
generating graphical representations and conducting data evaluation. The efficiency of
zinc leaching was determined using the following equation:

ηZn =

(
(wclkr. × mclkr.)− (wres × mres)

wclkr. × mclkr.

)
× 100% (2)

where ηZn denotes the zinc leaching efficiency (%); wclkr. represents the zinc proportion in
the original clinker (%); wres indicates the zinc proportion in the post-leaching residue (%);
mclkr. signifies the mass of the initial clinker (g); and mres corresponds to the mass of the
residue after leaching (g).

Throughout the trials, critical operational variables such as reaction temperature,
sulfuric acid strength, extraction duration, and slurry density were meticulously observed.
Four experimental series were conducted under consistent conditions, as indicated by
an asterisk in Table 4. To ensure the robustness of the findings, each test was replicated
a minimum of three times, with the mean values of the acquired data employed for
subsequent analysis.

Table 4. Experimental Parameters and Their Ranges for Leaching Studies.

Parameter Values

Duration (min) 30, 60 *, 120, 240, 300, 360
Concentration of H2SO4 (g/dm3) 20, 40, 60, 80, 100 *, 120, 140, 160

Slurry Density (%) 20 *, 25, 35
Thermal Condition (◦C) 20, 40, 60 *, 80

* Indicates parameters held constant.

3. Results and Discussion
3.1. Phase Alteration Induced by Microwave Irradiation

Drawing upon insights from our prior investigation [43], where we thoroughly as-
sessed phase transitions in clinker across a range of temperatures, we established the
optimal parameters for microwave roasting: a temperature of 600 ◦C sustained for 5–7 min.
These conditions facilitate the most effective conversion of zinc-bearing phases into zinc
oxide (ZnO), as governed by the reaction:

ZnS + 1.5O2 = ZnO + SO2 (3)

In the present research, these parameters were implemented for clinker processing.
Microwave roasting at 600 ◦C for a duration of 5–7 min proficiently transforms sphalerite
into zinc oxide, as depicted in Figure 5.
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to microwave irradiation at 25 ◦C; (b,c) Microstructure and energy-dispersive analysis of sphalerite
after microwave irradiation at 600 ◦C for 3–4 min; (d) Microstructure and energy-dispersive analysis
of sphalerite after microwave irradiation at 600 ◦C for 5–7 min.

The microwave roasting procedure elicits profound alterations in both the chemical
composition and microstructural properties of sphalerite. In its pristine condition, before
exposure to microwave irradiation (Figure 5a), sphalerite comprises 35.46% sulfur and
64.54% zinc. Following thermal treatment at 600 ◦C for 3–4 min (Figure 5b), the sulfur
proportion on the external surface diminishes to 0.51%, whereas the zinc proportion sta-
bilizes at 63.40%. Simultaneously, the appearance of oxygen (20.51%) indicates the onset
of oxidation processes and the partial transformation of sphalerite into zinc oxide (ZnO).
However, the analysis of the internal region of the same sample (Figure 5c) reveals a higher
sulfur content (36.11%) and zinc content (63.89%), which closely corresponds to the original
composition (Figure 5a). This indicates that the material’s transformation remains partial
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at this point. However, in the specimen processed with microwave heating at 600 ◦C for a
duration of 5–7 min (as shown in Figure 5d), a nearly complete shift in sphalerite to zinc
oxide is apparent. This is corroborated by an increased oxygen presence of 21.93% and a
zinc concentration elevated to 78.07%.

To further confirm the phase transformations, a comparative analysis of the elemental
and phase composition of the clinker before and after microwave treatment was conducted.
XRF analysis before treatment (see Table 1) showed a sulfur (S) content of 0.807%, zinc
(Zn) content of 1.217%, and oxygen (O) content of 41.644%. After microwave treatment at
600 ◦C for 5–7 min, the sulfur content decreased to 0.112% (due to the oxidation of ZnS to
ZnO with the release of SO2), the zinc content increased to 1.392% (due to the concentration
of zinc in the form of ZnO), and the oxygen content increased to 43.215% (due to the
formation of oxides). XRD analysis before treatment (see Table 2) indicated that sphalerite
(ZnS) constituted 1.4% of the clinker’s phase composition. After treatment, the sphalerite
content decreased to 0.2%, while the zincite (ZnO) content increased to 1.3%. Additionally,
a reduction in gypsum (CaSO4·2H2O) content from 12.2% to 10.8% was observed due
to dehydration (CaSO4·2H2O → CaSO4 + 2H2O). The contents of other phases, such as
hematite (Fe2O3) and quartz (SiO2), remained nearly unchanged (24.2% to 24.0% and 8.1%
to 8.0%, respectively), confirming the selectivity of microwave heating, which primarily
affects sulfide minerals like sphalerite due to their higher ε′′ values.

The findings substantiate that the most favorable conditions for microwave roasting
(600 ◦C, sustained for 5–7 min) facilitate the complete transformation of sphalerite into zinc
oxide, a pivotal element for optimizing the treatment of this substance. These alterations
align with the principles of selective dielectric heating, whereby sulfide minerals exhibiting
elevated dielectric loss factors (ε′′ ) undergo preferential conversion, thereby improving sub-
sequent hydrometallurgical operations. The observed carbon inclusions result from carbon
accumulation induced by the electron beam during electron probe microanalysis, with the
carbon originating from the adhesive carbon tape employed in preparing the samples.

3.2. Statistical Evaluation

Table 5 presents the outcomes of the analysis of variance (ANOVA) applied to the
response surface model for the zinc leaching procedure from clinker.

Analysis of variance (ANOVA) is a fundamental statistical method used to evaluate
the significance of factors and their interactions within a response model. In this study,
ANOVA was applied to a quadratic response surface model to assess the influence of
technological parameters—time, concentration, pulp density, and temperature—on zinc
extraction. The statistical assessment incorporated essential metrics, including the sum
of squares, degrees of freedom (df), mean square, F-value, and p-value. This evaluation
sought to identify the factors exerting a substantial influence on the process and to assess
the extent to which the model accurately represents the experimental observations.

The results confirmed the statistical significance of the model, as indicated by the
F-value of 4.39 and a p-value of less than 0.0001. These values suggest a high reliability
of the model, with a probability of obtaining such results by chance being less than 0.1%.
The quadratic term A2 (p = 0.0013) demonstrated a nonlinear influence of time on zinc
extraction, emphasizing the need to consider second-order effects. Among the primary
factors, only temperature (D) was statistically significant (p = 0.0319), while significant
interactions were observed for AD (p = 0.0029), BD (p = 0.0380), and CD (p = 0.0476),
suggesting synergistic effects between these parameters.

To further refine the model, insignificant variables were eliminated, resulting in a
simplified regression equation with a 95% confidence level. The derived equation accounts
for the key influencing factors, demonstrating their individual and interactive effects on
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zinc leaching efficiency. Diagnostic plots were used to evaluate the model’s adequacy,
revealing that most experimental data points align along the diagonal axis, indicating
minimal deviations and strong predictive accuracy. Additionally, an analysis of residuals
confirmed that they follow a normal distribution, further validating the model’s robustness.

Table 5. ANOVA Results for the Quadratic Response Surface Model.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 5466.47 14 390.46 4.39 0.0037 Significant
A- duration 9.91 1 9.91 0.11 0.7432

B- concentration of H2SO4 63.10 1 63.10 0.71 0.4130
C- Slurry Density 10.00 1 10.00 0.11 0.7421

D- thermal condition 497.65 1 497.65 5.59 0.0319
AB 23.38 1 23.38 0.26 0.6158
AC 332.41 1 332.41 3.74 0.0724
AD 1122.80 1 1122.80 12.62 0.0029
BC 109.54 1 109.54 1.23 0.2847
BD 460.63 1 460.63 5.18 0.0380
CD 414.24 1 414.24 4.65 0.0476
A2 1389.91 1 1389.91 15.62 0.0013
B2 6.13 1 6.13 0.069 0.7965
C2 46.03 1 46.03 0.52 0.4831
D2 346.96 1 346.96 3.90 0.0670

Residual 1334.90 15 88.99
Lack of Fit 1290.90 10 129.09 0.1661 significant
Pure Error 44.00 5 8.80
Cor Total 6801.37 29 390.46

An assessment of the model’s lack of fit resulted in a p-value of 0.1661, suggesting
an acceptable level of model misfit and confirming its adequacy for response prediction.
The limited scatter of residuals near zero in diagnostic visualizations further reinforces the
dependability of the quadratic model in representing the empirical findings. These results
suggest that the model proficiently elucidates the interplay among critical operational
variables and zinc recovery efficiency, rendering it an instrumental resource for predictive
analysis and process enhancement.

To enhance confidence in the results obtained using RSM and ANOVA, the model was
validated using two approaches.

(1) Comparison of Predicted vs. Actual Values: The “Predicted vs. Actual Values” plot
(see Figure 6d) shows that the predicted zinc recovery values closely correlate with
the actual values, as the data points are positioned near the diagonal line. To quantify
the model’s accuracy, the coefficient of determination (R2) was calculated as 0.803,
indicating a high degree of fit between the model and experimental data. Additionally,
the Mean Absolute Percentage Error (MAPE) was computed:

MAPE =
1
n

n

∑
i=1

|
yactual,i − ypredicted,i

yactual,i
| ×100%

where (n) is the number of observations, and yactual,i and ypredicted,i are the experimental
and predicted values of zinc recovery, respectively. For our dataset, the MAPE was 4.8%,
confirming the high predictive accuracy of the model.

(2) Cross-Validation: For further validation, the Leave-One-Out Cross-Validation
(LOOCV) method was applied using Design Expert 7.0 software. In this method, each
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experimental result was sequentially excluded from the dataset, and the model was
retrained on the remaining data to predict the excluded value. The average prediction
error from LOOCV was 5.2%, which is consistent with the MAPE and supports the
model’s reliability. Additionally, the adjusted R2

adj = 0.765 was calculated, which
accounts for the number of predictors in the model and confirms its generalizability.
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Additionally, the model’s credibility was substantiated through empirical validation
by implementing the optimal conditions forecasted by RSM. The model anticipated a zinc
recovery rate of 74.0% under the ideal parameters, which included a sulfuric acid strength
of 140 g/dm3, a slurry density of 20%, an extraction period of 2 h, and a thermal setting of
80 ◦C. Experimental confirmation produced an actual zinc recovery of 72.6%, differing from
the projected figure by a mere 1.4%, a discrepancy well within the acceptable experimental
error threshold of less than 2%. These outcomes affirm the resilience and precision of the
formulated model, underscoring its practical utility in real-world applications.

The residual analysis of the quadratic response surface model for zinc extraction con-
firms its adequacy and reliability. The normal probability plot (a) indicates that residuals
follow a normal distribution. The residuals vs. predicted values plot (b) suggests ho-
moscedasticity, showing no systematic variance trends. The residuals vs. run number plot
(c) confirms the independence of residuals, indicating no time-related bias. The predicted
vs. actual values plot (d) demonstrates strong model accuracy, as data points align closely
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with the reference line. These findings validate the model’s suitability for predicting zinc
extraction efficiency.

The assessment of how experimental factors influence zinc recovery efficiency (A: Du-
ration; B: Concentration of H2SO4; C: Slurry Density; D: Thermal Condition) is depicted in
Figure 7, underscoring significant trends. All four parameters substantially affect the zinc
leaching process from clinker, with Thermal Condition proving to be the most critical factor.
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Interaction Among Variables

The regression model-derived coefficients for variables A, B, C, and D provide a
quantitative measure of their influence on zinc recovery. The evaluation indicates that,
aside from thermal condition, all other factors negatively impact the leaching efficiency.
The order of significance among these operational parameters is delineated as follows:

Thermal Condition (D) > Duration (A) > Concentration of H2SO4 (B) > Slurry Density (C).
Three-dimensional response surface representations, constructed using the quadratic

model, yield critical insights into the interactions among these pivotal factors and their
effects on zinc recovery.

Figure 7a portrays the interplay between Duration (A) and Concentration of H2SO4 (B),
revealing that an increase in both factors improves zinc retrieval. However, at higher H2SO4

concentrations, a saturation threshold is reached, leading to a leveling off of the response.
Contour diagrams substantiate that Duration plays a commanding role, particularly in the
early reaction phases, underscoring its substantial effect on process kinetics.

Figure 7b delineates the association between Duration (A) and Thermal Condition
(D). The response surface representation confirms that Thermal Condition has the most
significant impact on zinc recovery. A notable enhancement in extraction efficiency is
observed with rising thermal levels, especially during prolonged durations. Even at shorter
time spans, elevated thermal conditions markedly improve the process, emphasizing their
crucial role in boosting leaching performance.

Figure 7c investigates the joint effect of Concentration of H2SO4 (B) and Thermal
Condition (D). The response surface illustrations disclose a synergistic relationship, where
concurrent increases in both variables result in higher zinc recovery rates. Nevertheless,
Thermal Condition remains the dominant factor, as evidenced by the steeper gradient along
its axis.

These findings affirm that Thermal Condition (D) is the primary determinant of
leaching efficiency, followed by Duration (A) and Concentration of H2SO4 (B). Based on
F-values and significant interactions, the hierarchy of factor influence is established as
follows: AD > AC > BD > AB.

The optimal operational parameters were established by evaluating the boundary val-
ues of each interacting variable, enabling the identification of the most efficient conditions
for zinc extraction. Employing Design Expert software for modeling and optimization,
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the optimal settings were determined to be a sulfuric acid strength of 140 g/dm3, a slurry
density of 20%, an extraction duration of 2 h, and a thermal condition of 80 ◦C.

Under these refined conditions, the forecasted zinc recovery rate stands at 74.0%, with
the model’s desirability index reaching 0.967, which underscores its exceptional precision
and dependability.

Experimental validation conducted under these optimal conditions demonstrated that
microwave (MW) treatment significantly enhances zinc extraction during clinker leaching.
As shown in Figure 8, zinc recovery with MW treatment reaches 72.6%, whereas without
MW treatment, the recovery rate is only 41.7%. The figure also illustrates a substantial
increase in zinc recovery with MW treatment compared to the non-treated sample. In
contrast, without MW treatment, zinc extraction remains low and increases only marginally.
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4. Conclusions
This investigation has showcased the efficacy of microwave-assisted thermal process-

ing as a novel strategy for improving the leaching efficiency of zinc from technogenic raw
materials. The application of microwave irradiation has been shown to induce selective
phase transformations, significantly improving the solubility of zinc-bearing compounds
in acidic solutions. The experimental results confirm that optimizing key parameters such
as sulfuric acid concentration, temperature, pulp density, and leaching duration allows for
a more efficient and sustainable hydrometallurgical process.

By employing response surface methodology (RSM) alongside a central composite de-
sign (CCD), this research has delivered an in-depth comprehension of the interrelationships
among operational variables. Statistical evaluation substantiates that thermal condition
is a critical determinant in enhancing leaching performance, while microwave processing
augments zinc retrieval by altering the structural characteristics of the raw material. The
formulated predictive model has exhibited exceptional precision, reinforcing its suitability
for large-scale industrial applications.

Furthermore, microwave treatment enables targeted phase modifications that enhance
reagent penetration, reduce processing time, and lower energy consumption compared
to conventional thermal treatment methods. The refined conditions established in this
research have resulted in a substantial enhancement of zinc retrieval, achieving a rate of
72.6%, which underscores the promise of this method for treating refractory raw materials.

Subsequent studies should focus on conducting a thorough techno-economic evalu-
ation of microwave-assisted processing, considering both cost-efficiency and industrial
feasibility. Exploring alternative reagents and further refining leaching parameters could
additionally elevate metal recovery efficiencies. Moreover, integrating machine learning
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algorithms for process optimization and conducting life cycle assessments will provide a
deeper understanding of the sustainability and industrial applicability of this technology.
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