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Abstract

Hydrocracking catalysts (HCC) are widely used in petrochemical refinery catalytic processes. Although these
catalysts are frequently reusable, the efficacy of HCC gradually declines. This procedure leads to the production of a large
amount of spent hydrocracking catalyst (SHCC), which contains valuable metals as well as hazardous chemical wastes.
The pyro-hydro-metallurgical approach for metal restoration from catalyst waste is insufficient for environmental
sustainability. The application of biological techniques is a more environmentally friendly strategy. Fungal leaching has
emerged as an alternative method for the recovery of metals. Although metal recoveries were moderate, the use of cell-
free fungal filtrate enabled rapid leaching under mild conditions, highlighting its potential as a greener and operationally
simpler alternative to conventional whole-cell bioleaching. Aspergillus aculeatus was isolated from contaminated soil of
a gold mine located in Thailand. The filtrate of the fungal culture medium was utilized for metal leaching, and this
experiment was carried out using a Box-Behnken experimental design. The optimum processes included a spent catalyst
density of 10% (w/v), a temperature of 50 °C, and a shaking rate of 148 rpm for 180 min, with the catalyst powder size
being less than 150 um. The predicted highest metal recovery rates of 7.98% for Al, 5.27% for Ni, 24.55% for Mo,
11.92% for Fe, and 0.93% for Zn aligned precisely with the actual experimental results. The comprehension of kinetics
through the application of the shrink core model indicates that the mechanism of reactions is predominantly influenced
by the surface chemical control reaction rather than the diffusion process. The leaching rates of Mo, Fe, Al, Ni, and Zn

followed a descending order from highest to lowest.

Keywords: Fungal leaching, Heavy metal, Box-behnken experimental design, Spent hydrocracking catalyst, Shrink core
model

Introduction

The world’s petroleum fuel consumption has
grown considerably, as has Thailand’s. Since 1970, the
capacity of crude oil refineries worldwide has been
rising steadily. Following the COVID-19 pandemic in
2023, the global oil refinery capacity stood at
approximately 101 million barrels per day International
Energy Agency, [1]. Meanwhile, the daily capacity of

crude oil refineries in Thailand was around 1.2 million
barrels [1]. Petroleum oil refining processes have hiked
the demand for and consumption to produce the finished
goods. Among various catalysts, hydro-processing
catalysts contribute significantly to the processes of
petroleum products. The hydro-processing operation
cluster typically comprises reaction units, gas separation

units, sulfur removal units, and product fractionation
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units. Approximately 80% of petroleum streams are
thought to go through hydro-processing operation units.
The hydrotreating operations are used strictly, they
mostly refer to eliminating undesirable contaminants
(sulfur, oxygen, nitrogen, and metals). In addition, the
hydrocracking operations refer more precisely to
decomposing complex hydrocarbon molecules into
simpler ones. Fuels are refined to enable a lower sulfur
concentration. The process of hydrocracking has two
stages: Catalytic cracking and hydrogenation. Refineries
use hydrocracking catalysts (HCC) to transform heavy
oil fractions into middle distillates of superior quality
and light products such as naphtha, diesel, and liquefied
petroleum gas [2].

The spent catalysts have been a significant source
of waste from petroleum refineries. These spent
catalysts are considered hazardous materials due to the
significant concentrations of different toxic metals they
contain [3]. Several strategies can be employed to
address the environmental issues associated with spent
catalysts. These include reducing waste generation
through regeneration and reuse, recovering metals,
utilizing spent catalysts to create valuable materials, and
implementing treatment methods for safe disposal [4].
Generally, molybdenum or tungsten, in conjunction
with a nickel promoter, are the principal materials
employed in the making of HCC, supported on a porous
ALO3/Si0; structure. The HCC becomes deactivated
and needs to be renewed or replaced if it is unable to
provide the desired quality of product. Metal poisoning,
active phase sintering, metal alloying, and carbon (coke)
fouling are the four major mechanisms of catalyst
deactivation. The analysis conducted using the surface
area and porosity analyzer (BET) indicated that the
specific surface area of the used catalyst was lower than
that of the fresh catalyst [4,5]. This difference could be
attributed to fouling by contaminating metals. The
factors mentioned above play a crucial role in
substantially enhancing the occurrence of spent
hydrocracking catalysts (SHCC), necessitating their
treatment before disposal to ensure adherence to
environmental regulations or laws such as the
notification of the Ministry of Industry (The
management of waste or spent materials B.E. 2566) of
Thailand. The fundamental constituents of spent
catalysts were analyzed through inductively coupled
plasma (ICP) following a digestion method. The

existing proportion of metals presents opportunities for
recovery from SHCC. Nowadays, the two main
metallurgical methods used to extract metals from waste
petroleum  catalysts are hydrometallurgy and
pyrometallurgy. Strong bases or strong acids are used in
the hydrometallurgical process, either alone or together
with oxidants such as H,O, and KMnO4 [6]. The
pretreatment procedures, including heating and
crushing, are essential for eliminating surplus
compounds from the spent catalyst. The selection of the
processing method is contingent upon the desired purity
and the ultimate value of the product. However,
recovery methods focus not only on the attainment of
optimal recovery but also on the environmental
challenges. Bioleaching represents an environmentally
sustainable solution for the extraction of metals from
used catalysts. Utilizing microorganisms like fungi and
bacteria to change solid substances is the basis for
bioleaching. The process of this transformation yields
recoverable, soluble components by generating either
inorganic or organic acids [7,8]. The current research
trend emphasizes the potential of organic acids
produced by microbes as a viable alternative to
traditional methods in the recycling sector, including the
mining industry [9]. In earlier times, most experiments
used whole fungal cells, listed in Table 1, and these
leaching processes required many days. Aspergillus spp.
is acknowledged as one of the most extensively utilized
fungi in various processes of leaching [5,10-18]. This
filamentous fungus has been utilized in the production
of citric acid, gluconic acid, and oxalic acid [8]. The
metals from the catalyst waste were extracted using the
acids mentioned above. Based on everything mentioned
above, bioleaching is thought to be more economical
and environmentally benign than other traditional
leaching techniques. Despite the environmental benefits
associated with bioleaching compared to the pyro-
hydro-metallurgical leaching methodologies, prior
investigations into bioleaching have exhibited
deficiencies within the leaching process itself, which is
notably in duration. This provided an opportunity in this
study because it chose to employ fungal medium filtrate
rather than complete fungal cells in the extraction
process. The goal of this research is to optimize and
investigate the kinetics to enhance the bioleaching

process of valuable metals from SHCC by applying the
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fungal culture medium filtrate of Aspergillus aculeatus,
which was isolated from contaminated soil.

Table 1 Fungal leaching studies carried out on spent refinery catalysts for metal recovery.

Processing and/or study

Maximum metals leaching

Fungal strain . References
approach capacity
) ) One-step bioleaching and )
Aspergillus niger ) . Pt37% H Malekian et al., [10]
Two-step bioleaching
Aspergillus niger,
Aspergillus foetidus, )
T Batch culture processing Al 88.43% S Das et al., [5]
and Aspergillus
carbonarius
) ) . . . MH Muddanna and SS
Aspergillus niger One-step bioleaching Al 50%, Ti32%, and V 42%
Baral, [11]
) . . . . ) MH Muddanna and SS
Aspergillus niger Spent medium bioleaching Ni 4.7% and V 18%
Baral, [12]
) ) Kinetics and process Mo 99.5%, Ni 45.8%, and Al .
Aspergillus niger o F Amiri et al., [13]
optimization 13.9%
Penicillium o Mo 97.6%, Ni 45.7%, and Al .
o Process optimization F Amiri et al., [14]
simplicissimum 14.3%
Penicillium . . W 100%, Fe 100%, Mo 92.7%, o
o Two-step bioleaching . F Amiri et al., [15]
simplicissimum Ni 66.43%, and Al 25%
Aspergillus niger . . Ni 78.5%, Mo 82.3%, and Al D Santhiya and YP
One-step bioleaching .
65.2% Ting, [16]
Aspergillus niger One-step bioleaching and Al 54.5%, Ni 58.2%, and Mo D Santhiya and YP
Two-step bioleaching 82.3% Ting, [17]
Aspergillus niger i Ni 9%, Fe 23%, Al 30%, V 36%, KMM Aung and YP
Batch culture processing .
and Sb 64% Ting, [18]

Materials and methods

Spent hydrocracking catalyst powder

The received SHCC was supplied by NICS
Innovation Company. It was collected from refineries in
the Eastern Economic Corridor (EEC) of Thailand.
Initially, the metal composition of the raw SHCC will be
evaluated utilizing a Vanta® handheld XRF analyzer.
However, this SHCC is inappropriate for the leaching
stage because of the presence of coke and oil covering
its surface. Pre-treatment: The black-covered spent
catalyst was heated at 600 °C for 6 h in a furnace [19].
It was carefully powdered and sieved with a stainless-
steel wire mesh. Spent catalyst with particle size less
than 150 um was used in this experiment [15]. A sample

weighing between 0.02 and 0.05 g was subjected to

digestion for 2 h in a mixture of 10 milliliters of
concentrated nitric acid and 10 milliliters of
concentrated hydrofluoric acid. Following this, the
sample was subjected to a temperature of 120 °C for an
additional 2 h. The majority of the sample dissolved in
the digestion solution [15]. After cooling, the digestate
was subjected to filtration and subsequently brought to
a final volume of 100 milliliters with water that had been
purified or deionized. Subsequently, the sample
underwent chemical analysis via an ICP-AES (ICPE-
9820® Shimadzu).

Isolation, screening, and identification of fungi
Fungi were isolated from polluted soil gathered

from a gold mine in Phichit province, Thailand. The soil
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sample was kept in a sterile plastic bag and stored at 4
°C for fungal isolation. A total of 50 g of soil was
combined with 100 mL of sterile 85% NaCl solution and
mixed thoroughly by shaking. The fungi were isolated
from the soil solution by the serial dilution plating
method as described in the report by Aziz [20]. After
evenly spreading the solution across the potato dextrose
agar (PDA) plate, the solution was incubated for 7 days
at room temperature (25 °C). After incubation time,
fungal colonies from the original culture were moved to
new medium plates in order to obtain a pure culture of
fungi. PDA medium supplemented with 0.5% (w/v)
SHCC was used to cultivate all isolate fungal strains for
seven days at room temperature. The pure cultures of
any fungal isolates that were able to grow were collected
for further research [21,22]. In the morphology-based
identification techniques, the fungi were examined
through the analysis of fungal characteristics using light
microscopy [23]. For molecular genetics identification,
the isolate was identified by confirmation through
molecular techniques. A modified cetyl trimethyl
ammonium bromide (CTAB) extraction method was
used to separate total genomic DNA from fungal strains
[24]. A polymerase chain reaction (PCR) was performed
on the extracted DNA samples to amplify the internal
transcribed spacer (ITS) regions. The following
universal primers will be used: ITS1 (Forward Primer):
TCC GTA GGT GAA CCT GCG G, and ITS4 (Reverse
Primer): TCC TCC GCT TAT TGA TGA TAT GC.
PCR was carried out at 94 °C for three min, followed by
30 cycles of denaturation at 94 °C for 30 s, annealing at
56 °C for one min, and extension at 72 °C for one min.
In the final step, each isolate’s ITS and 18S rRNA genes
were amplified and sequenced at 72 °C for 10 min [8].
Subsequently, these sequences were compared against
the GenBank databases and aligned with the reference
sequences.

Fungal culture medium filtrate preparation

In a conical flask containing potato dextrose broth
(PDB) at pH 6.5, isolated fungi were cultured and
incubated on a rotary shaker at a speed of 150 rpm and
a temperature range of 30 to 35 °C for 9 days. After the
incubation period, the mycelium was filtered, and the
culture medium filtrate was centrifuged for 10 min at a
speed of 10,000 rpm. During the incubation period,
samples of the culture medium were monitored to assess

the levels of organic acids and to measure changes in

pH. The citric and oxalic acid measurements were
performed using a Prominence HPLC system
(Shimadzu, Japan), operated via a workstation utilizing
Lab Solutions software. This system had a UV/VIS
diode array detector adjusted to a wavelength of 210 nm
[25].

Leaching process optimization and kinetics

The leaching process took place in 250 mL
Erlenmeyer flasks filled with SHCC powder in 100 mL
autoclaved culture filtrate. Before sterilization, the
filtrate was modified to a pH of 6.5 by adding 2 N HCI.
The experiments were performed using an orbital
shaking incubator, in which several parameters,
including catalyst pulp density, shaking rate, and
temperature, were methodically altered for 180 min,
following the Box-Behnken design [26]. The proportion
of catalyst to volume was modified at pulp densities of
3%, 6%, and 10% (w/v). Shaking rates of the incubator
were varied at 120, 150, and 180 rpm. The temperature
of experiments in an incubator was changed from 30, 40,
to 50 °C. Three replicates were employed to examine
these various leaching studies. A control experiment
was carried out with a pulp density of 10% w/v (SHCC
powder in free-cell culture medium), a shaking rate of
180 rpm, and a temperature of 50 °C.

Upon completion of the incubation period, a
filtration process was used to obtain culture filtrates.
These filtrates have been determined using an ICP-AES
(ICPE-9820® Shimadzu) for metal ions. The proportion
of metal recovery was calculated using the formula
provided in Eq. (1) [5].

% Rmeta1 = (Cm / Csnec) %X Vi x 100 (D)

where % Rmett 1 the percentage of metal recovery from
the SHCC. Cy (mg/L) is the concentration of the leached
metal in the medium filtrate; Vi is the volume of the
medium, which is 100 mL (0.1 L); Csuce (mg) is the
metal content in the SHCC, which has been determined
by ICP-AES of pretreated SHCC, in this study.

The experimental design and statistical data
analysis of this study were conducted by MINITAB
version 21.4.1. The optimization process with the RSM
method consists of three primary phases: The statistical
experimental design, the estimation of coefficients

within a mathematical model, and the prediction of
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responses along with an evaluation or validation of the
model’s adequacy. However, the Box-Behnken
approach’s experimental design is implemented to
identify and evaluate the significant factors or
parameters affecting the response [27]. Three factors (4,

Table 2 Factors and levels as “coded” and “uncoded”.

B, and C) were incorporated for selection, with each
factor represented at 3 different levels. These levels
must be designated as either “coded” or “uncoded” as
shown in Table 2.

Level
Factors Coded
-1 0 1
A, Pulp density (mg/L) 3 6 10 uncoded
B, Temperature (°C) 30 40 50 uncoded
C, Shaking rate (rpm) 120 150 180 uncoded

A second-order model can be represented through
Eq. (2), which facilitates the estimation of its
parameters. Y (metal) represents the anticipated value of
the response variable, while A, B, and C denote the
influencing factors. The coefficients of the model are
represented as ag, a, az, as, a.i, az2, ass, a2, d23, and

aj.3.

Y=ap+a;A +a:B +a;C +a; 1 A’ +az > B’ +az 3 C? +a, . AB
+a>3BC +a;3AC 2)

In the current SHCC, it is understood that metals
will exist in oxide form to cover the alumina matrix
(ALLO3) of the catalyst support. As indicated, the metals
will be extracted through the action of organic acids
generated by Aspergillus fungi; however, the alumina
matrix remains unreactive to these acids. The process of
metal leaching from the SHCC is characterized as a
heterogeneous phenomenon that occurs at the boundary
between solid and liquid phases. A chemical reaction or
a diffusion mechanism may influence the kinetics of this
heterogeneous reaction. The concept of shrink core
format was utilized to assess the kinetics of leaching
under optimal conditions. This model provides a
mathematical framework for understanding solid-state
reactions, wherein a solid material (in this case, metals)

is progressively consumed through a chemical reaction,

while the diffusion of reactants (organic acids) occurs
through a diminishing core that envelops the unreacted
material (alumina matrix). The simultaneous occurrence
of the mechanisms through chemical interaction and/or
the process of diffusion can be represented by Egs. (3) -
(4), respectively [13]. Where x is the leaching efficiency
(ko) refers to the rate constant of the chemical reaction
(min"); kq represents the rate constant of the diffusion

process (min!), and t is the leaching time (min).
1 - (1—=x)" =kt (3)
1= 3(1-x)2% + 2(1—x) = kgt o

Spike recovery test for the analysis method of
metal elements in culture medium using ICP-AES

To wvalidate the accuracy of the analytical
approach, a spike recovery test was performed on a
high-matrix medium.
Spiked samples were prepared by adding single-element
standard solutions and diluting culture media 20 times
with 1 v/v% nitric acid. Unspiked samples were
generated by diluting culture media 20 times with 1
v/v% nitric acid [28]. The results are presented in Table
3. The spike recovery rates for all elements were within
+ 5%.
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Table 3 Spike recovery test for metal analysis in high-matrix culture medium using ICP-AES.

Spiked

Spike recovery

Elements Detectior{ 1limit concentration Unspiked iample Spiked szi:nple rate
(ng L™ (ng L) (ng L™ (ng L™ %)

Al 0.04 0.5 1.36 1.88 104

Ni 0.008 0.25 0.112 0.352 96
Mo 0.007 0.1 0.039 0.14 101
Fe 0.01 5 0.90 5.69 96

Zn 0.02 10 1.7 11.6 99

Note: Spike recovery values within 95% - 105% indicate negligible matrix interference and confirm the accuracy of the

ICP-AES measurements.

Results and discussion

Composition of SHCC

Analysis of the metal composition of the raw
SHCC was examined using a handheld XRF analyzer,
as detailed in Table 4. It is essential to highlight that this
analyzer did not evaluate aluminum because of the
naturally high limits of detection (LODs) related to this
particular element. The analysis of the elements of the
pretreated SHCC performed through ICP-AES indicated
that aluminum (39%), molybdenum (15%), iron
(14.2%), and nickel (14.1%) are the predominant

Table 4 Metal composition of SHCC.

elements present. Additionally, zinc was detected as a
minor component at a concentration of 640 ppm. The
analysis revealed that the metal content determined by
the XRF analyzer consistently exceeded that obtained
through ICP-AES. This difference occurs because XRF
evaluates the metal content directly from the solid
catalyst, whereas ICP-AES necessitates the extraction of
metal content via acid digestion. The total extraction of
metal content from the catalyst through acid digestion
could not be accomplished [15,29].

Metals Raw SHCC* (%) Pretreated SHCC** (%)
Al -— 39.00 £0.55
Mo 19.6 +2.20 15.00+0.75
Ni 19.88 £2.50 14.10+0.30
Fe 18.78 £1.50 14.20+0.62
Zn 0.07+0.02 0.064 £0.04
*XRF analyzer **ICP-AES

Identification of fungi

From soil samples, five fungal species with
different morphotaxa were isolated; however, only one
strain was able to grow in PDA medium containing
0.5% (w/v) SHCC; hence, this strain was selected for
morphological and molecular investigation. The
morphological characteristics of the selected strain are
that the fungus produces dark brown to black external
conidiosphores with a subspheroidal shape. For the
molecular confirmation of the selected strain, the

nucleotide sequence of PCR products was determined

by comparing the sequence data with the National
Center for Biotechnology Information (NCBI) database.
The nucleotide sequence of the selected strain exhibited
100% identity with Aspergillus aculeatus (GenBank
accession number NR 111412.1). Filamentous fungi
that are resistant to heavy metals are often found in soil
samples taken from mine tailings because these
organisms have adapted to live in contaminated
environments. These fungi have enormous potential for
biohydrometallurgy and bioremediation. Specifically,

those belonging to the genus Aspergillus exhibited
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varying levels of tolerance to different metals across a
range of concentrations [28,29]. Because of this, fungi
of this genus are commonly utilized in bioleaching to
recover valuable metals from a variety of sources,
including battery wastes, spent catalysts, and electronic

waste, or e-waste [5,30,31].

Characterization of culture medium filtrate
and leaching mechanism

The results indicate that A. aculeatus lowers the
pH of its nutritive environment as it grows during the
cultivation period, while the two main organic acids
present in the medium at this time were citric acid and
oxalic acid (Figure 1). Fundamental mechanisms are
primarily involved in creation of these acids by 4.
aculeatus were (a) the emission of protons through the
action of the ATPase which is responsible for proton
translocation across the plasma membrane, which can
serve as an indicator of growth; (b) the absorption of
nutrients in return for protons; (c) the secretion of
organic acids; and (d) the acidity condition from carbon
dioxide generated during the fungal respiration. Citric
acid is synthesized via the glycolytic pathway. The
pathways of the pentose phosphate and glycolytic
pathways enable Aspergillus species to utilize glucose
and various carbohydrates for biosynthesis and cellular
upkeep. It has been established that pyruvate kinase
plays a crucial regulatory role in the synthesis of citric
acid. In Aspergillus spp., oxalic acid biosynthesis
primarily takes place through the transformation of
oxaloacetate. This compound is generated by the
enzyme pyruvate carboxylase acting on pyruvate, as a

glycolysis product [34-39].

According to the findings of this study, oxalic acid
and citric acid are fungal metabolites that are crucial for
leaching. The mechanism of metal dissolution in this
leaching occurs through two reactions. The first reaction
entails substituting metal ions with hydrogen ions,
commonly referred to as acidolysis, whereas the second
reaction relates to the creation of complexes, known as
complexolysis [12,13,40]. The hydrogen ions produced
by these acids facilitate the movement of metal ions,
whereas the chelation of metals ensures their
stabilization within the solution. Organic acids
significantly contribute to the enhanced detachment of
metals from the surfaces of spent catalysts. The
processes of hydrogen dissolution and complexolysis
for these acids can be illustrated as follows, with Met™"
representing a metallic ion of a particular valence [41].
Eq. (5) through 10 depict the reactions related to the
acidolysis and complexolysis processes of citric acid.
The acid dissociation constants, represented as pKa
values, for reactions 5 - 7 are 3.09, 4.75, and 6.40,
respectively. The product entities present in Egs. (8) -

(10) are citric metallic complexes [41,42].

CsHgO7 ———» (C¢H,07) + H' (®)]
(C6H7O7)' E— (C6H607)2' +H" (6)
(C5H507)2' —» (C5H507)3" +H* @)

n[(C¢H;07)7] + Met™——» Met [(CsH707)]n ®)

n[(C¢HsO7)*] + 2Met™ ———» Meto[(CsHsO07)]n  (9)

n[(CsHs07)*] + 3Met™ ——» Mets[(CsHsO7)]a (10)
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Figure 1 Alterations in organic acids concentrations and pH levels throughout the incubation period of 4. aculeatus.

The reactions related to the acidolysis and
complexolysis of oxalic acid are described in equations
11 through 14. The pKa values, which indicate the acid
dissociation constants for reactions 11 and 12, are 1.25
and 4.14, respectively. Met[(C;HO4)]n  and
Met,[(C204)]n took place in Eqgs. (13) - (14), are oxalic
metallic complexes [41].

C,H,04 —_— (C2H04)’ +H" (1 1)

(CHO4 ——» (C204) + H* (12)

n[(C,HO4) ] + Met™——» Met[(C;HO4)]n (13)

n[(C204)*] + 2Met™———» Met[(C204)]a (14)

Process optimization and kinetics study

The variables employed in this study included
pulp density, temperature, and shaking rate, each
evaluated at three coded levels/tiers (—1, 0, and +1). To
identify the optimal tier of variables, RSM or response
surface methodology was implemented, utilizing the
BBD approach. The comprehensive experimental plan
detailing the actual and coded values, along with the
corresponding results from the BBD experiments, is
presented in Table 5. The values of the response (Y) for
all trials represent the mean value of the triplicate
measurements. In this controlled experiment, the metal
recoveries for Al, Ni, Mo, Fe, and Zn were 0.05%,
0.08%, 0.03%, 0.03%, and 0.02%, respectively. These

values were considered insignificant, caused by the
medium condition, which was controlled at pH 6.5. The
statistical results provided by MINITAB indicate that
the ANOVA for all response surface models is
illustrated in Table 6. The value of prop > F for all
models, which are below 0.05, confirms their statistical
significance with a 95% confidence interval. The F-test
values for the models of Yai, Yni, YMo, Yre, and Yz, were
determined to be 24.52, 16.87, 6.70, 4.95, and 8.72,
respectively. To assess the effectiveness of a statistical
model in predicting an outcome, the coefficient of
determination, commonly referred to as R’. According
to Table 6, every R’ value supports how well equations
15 through 19 represent the data, showing the model’s
adequacy in fitting the data. The coefficient of variation
percentage (C.V.%) for all models ranges from 10% to
20%, indicating a satisfactory fit of the models [43,44].
The “Lack of fit” in equation Y shows the difference
between the real measurements and the model’s
predicted values. “Lack of fit prop > F for nearly all
models is greater than 0.05, indicating that the models
fit sufficiently, except for model Ya;, which fits poorly
at 0.018. The model form may not be appropriate for Al
leaching, or the regression equation of Al might not
accurately represent the underlying connection in the
data. The detailed second-order polynomial equations
related to metal leaching are represented by Egs. (15) -

(19).
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Yar=7.961 + 1.5884 - 0.167B + 0.376C - 0.9884° - 0.3745B° -
0.334C? - 0.0294B - 0.510BC + 0.2514C (15)

Yni = 4.728 +0.8114 + 0.065B + 0.200C - 0.55842 - 0.0978°
-0.352C? +0.3294B + 0.020BC - 0.0124C (16)

YMo=16.531+3.4034+0.280B +0.135C+2.7794% - 0.1145°
- 1.781C? + 1.4524B - 0.310BC + 0.2854C a7
Yre = 10.829 + 1.4144 + 0.179B - 0.021C - 1.0114% + 0.7015°
- 0.050C? - 0.2094B - 0.380BC + 0.1234C (18)

Yz0=0.694+0.1274 +0.05858 +0.003C + 0.0614% + 0.0075°

-0.021C?-0.0164B - 0.004BC +0.0024C (19)
Table 5 Box-Behnken design and results of metal recovery yield.
A B C % Metal recovery
Run Pulp density (mg/L)  Temperature (°C) Shaking rate (rpm) Al Ni Mo Fe Zn
1 -13) -1 (30) 0 (150) 5.07 3.64 16.09 843 0.57
2 1 (10) -1 (30) 0 (150) 8.25 439 21.55 11.72 0.90
3 -1(3) 1 (50) 0 (150) 5.01 3.09 14.40 9.74 0.66
4 1 (10) 1 (50) 0 (150) 8.07 5.17 25.66 12.19 0.93
5 -13) 0 (40) -1 (120) 5.15 2.60 15.17 8.58 0.64
6 1 (10) 0 (40) -1 (120) 7.88 4.40 19.86 11.11 0.85
7 -13) 0 (40) 1 (180) 4.90 321 14.63 8.18 0.61
8 1 (10) 0 (40) 1 (180) 8.63 5.06 20.46 11.20 0.83
9 0 (6) -1 (30) -1 (120) 6.39 4.14 14.34 11.15 0.57
10 0 (6) 1 (50) -1 (120) 6.86 425 14.87 11.74 0.75
11 0 (6) -1 (30) 1 (180) 8.66 4.27 15.47 11.98 0.62
12 0 (6) 1 (50) 1 (180) 7.09 4.46 14.77 11.05 0.78
13 0 (6) 0 (40) 0 (150) 7.96 4.84 15.03 10.18 0.69
14 0 (6) 0 (40) 0 (150) 7.90 4.80 16.06 11.98 0.71
15 0 (6) 0 (40) 0 (150) 8.02 454 18.50 10.33 0.68
Table 6 ANOVA for RSM.

Yy i vio Y. Yzu

Model F-value 24.52 16.87 6.70 4.95 8.72

Model prob > F 0.001 0.003 0.025 0.047 0.014

R? 0.98 0.97 0.92 0.90 0.94

CV.% 19.90 17.83 19.62 12.73 16.04

Lack of fit prob > F 0.018 0.306 0.672 0.891 0.060

The leaching levels of metals are represented in
the surface plots shown in Figure 2. The gradient of the
surface reflects how much the experimental factors
affect the response value. A high gradient value signifies
a substantial impact of the experimental factor on the
response [45]. A spent catalyst density (a density of

pulp) is important for affecting the leaching of Mo, Fe,
Al, Ni, and Zn, arranged in descending order of their
leaching rate. Temperature and shaking rate exhibit a
limited interaction with pulp density in improving the Al
leaching rate; the relationship between temperature and

shaking rate greatly affects the leaching of Al. The
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impact of temperature and shaking rate on the process. The temperature has a combined effect on pulp
interaction with the density of pulp is relatively limited, density in the leaching of Zn, whereas the shaking rate
akin to the leaching of Ni. Additionally, there is no exhibits minimal interaction with both pulp density and
interaction between temperature and shaking rate temperature. According to the response optimization,
throughout the recovery process. The recovery rate of which was analyzed using MINITAB, the projected
Mo, Fe, and Zn is primarily influenced by pulp density. maximum recoveries for Al, Ni, Mo, Fe, and Zn were
In Mo leaching, the temperature remains unaffected by determined to be 7.98%, 5.27%, 24.55%, 11.92%, and
the shaking rate, and conversely, the shaking rate does 0.93%, as detailed in Table 7.

not impact the temperature during the Fe leaching

y 544 ‘ 5 14
i ‘ ‘ “ Beo ) = “ 140 Clpm) i + ‘ <140 C(rpm)
6 R 3 6 < 1) 0 LY
8 30 8 120 120
Amgy) 10 Amgy 1 B(Q) 50
Al Leaching

|

J %R 4 |
| 7 180 . v 10
|/ 160 =1 l | <160
P T 140 Clpm) 30 ‘ " 140 C(rpm)
6 g 40 o 12
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.
=
‘ 180
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q

y
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7 L “ 140 C(pm) 8 “'«j, < ? t “ 140  C(pm)
6 8 0 120 - 10 > 120
A (mgl) B(*C) 50
Fe Leaching
3
09 | ! 09
%R 08 ] %R 08
07 { | 7 180 L
06 | /160 06 T
: ra ol g UL 0 ‘140 Clpm)
0 S 8 10 il s 120
A(mgl) A(mgL) B(*C) 50

Zn Leaching

Figure 2 Surface plots: Impact of the density of pulp (A), temperature (B), and shaking rate (C) on metal leaching (% R).
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Table 7 Predicted values and experimental values.

Predicted E 1 C lled Confidence
redicte Xxperimenta ontrolle
Metal recovery Goal P Interval (95%)
value (%) value (%) value (%) -
Low High
Al Maximum 7.98 8.10+0.20 0.30+0.03 7.205 8.763
Ni Maximum 5.27 4.98 +£0.20 0.35+0.03 4769 5.763
Mo Maximum 24.55 22.95+£0.80 0.35+0.07 21.08 28.02
Fe Maximum 11.92 12.02 £ 0.35 0.32+0.15 10.311 13.519
/n Maximum 0.93 0.92 £0.05 0.03+0.01 0.8268 1.0374
Cptimal A Pulp B: Termpe C: Ehaki
oosas Y0 e aoses
Lowe 1.0 1.0 1.0
Composte — 1]
Diesirability
D 0.9381
e | A |
Flaximum
¥ = 0,831
d = 1.0000
Feleach - L ==
Pelaxirmum
¥ = 119152
d = 083183
wown | T |
Mlaximum
¥ = 24,5400
d = D.S000g
T s e o
Flaximum
¥ = 53661
d = 1.0000
T L o S —
Flaximum
y = 70618
d = 0ES3

Figure 3 Response optimization for maximum recoveries of Al, Ni, Mo, Fe, and Zn.

According to the response optimization chart
presented in Figure 3, at a composite desirability (D) of
0.9281, the recognized optimal conditions for these
recoveries, expressed in coded form, were (1), (1), and
(—0.0505) corresponding to pulp density, temperature,
and shaking rate, respectively. The optimal parameters
determined were a spent catalyst density of 10% (weight
per volume), a temperature of 50 °C, and a shaking rate
of 148 revolutions per min. Independent leaching
experiments were conducted under optimal conditions

to validate this prediction. The experiment results

indicate that the validation experiments are closely
aligned with the predicted values derived from the fitted
correlations, maintaining a 95% confidence interval.
The amount of metal recovery from the control
experiment could be attributed to the pH level of the
culture broth, which was refined to 6.5 using
hydrochloric acid (2 N) during the preparation process
of the culture medium filtrate. This research is
consistent with previous findings on the extraction of
platinum from spent refinery catalysts through a hybrid
method involving oxalic acid produced by A. niger [9].
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Additionally, it supports the recovery of nickel,
molybdenum, and iron from wused hydrocracking
catalysts with the aid of modified A. niger [14,15].
Furthermore, this study is in agreement with the
bioleaching of aluminum from spent fluid catalytic
cracking catalysts using various Aspergillus species.
The findings from the experiments conducted in this
study align with previous research that utilized 4. niger
for optimizing processes and modeling the extraction of
heavy metals from a molybdenum-rich spent catalyst
through response surface methodology [46]. The
prediction of the leaching mechanism will be made
using the intended model based on experimental data.
The decision-making process can be streamlined by
using these models to supply trustworthy data for initial
feasibility studies.

The study of reaction control on the surface of
catalysts is important because the chemical reactions, or
dissolving metals with organic acids, and the diffusion
or movement through pores/catalyst layers, are key
processes in metal leaching, with one often being the
rate-limiting step or a combination of both dictating
efficiency by controlling how quickly valuable metals
separate from catalyst waste. Reactions break down the
solid matrix, while diffusion transports dissolved ions
away, forming a dynamic interplay for metal recovery.
In this study, kinetic analysis was conducted by fitting
experimental data to the shrinking core model. The
surface chemical reaction control model provided higher
coefficients of determination compared with the
diffusion-controlled model, indicating that surface
reactions were the dominant rate-limiting step under the
studied conditions. Kinetic rate constants were obtained
from the slopes of the fitted linear plots. Although
uncertainty estimates were not explicitly reported, the
consistency of model fitting supports the reliability of
the kinetic interpretation. This kinetic study is based on
the principles of the shrinking core model [47,48].
According to the data in Table 8 and the graph in Figure
4, a comparative analysis of the correlation coefficients
(R?) reveals that the chemical control reaction,
represented by the graphs in group A, exhibits a closer
approximation to linearity than the diffusion process
depicted in group B. The equations representing the
lines of best fit are arranged in a descending sequence
according to the elements Ni, Zn, Al, Fe, and Mo, such
that the arrangement in group A aligns with that in group

B. The k. (surface chemical reaction rate constant) and
the kq (the rate constant of the diffusion process) can be
ascertained through the gradient or slope of the line. The
metals molybdenum, iron, aluminum, nickel, and zinc
demonstrate varying rates of leaching that can be
organized in descending order, starting with the highest
and progressing to the lowest.

Although 4. niger has been widely investigated in
fungal bioleaching systems, the present study
emphasizes the use of a cell-free culture filtrate of 4.
aculeatus, which enables clearer mechanistic
interpretation without interference from fungal biomass
adsorption or surface binding effects. This simplified
chemical environment allows more direct evaluation of
acidolysis and complexolysis driven dissolution
mechanisms compared to whole-cell systems.

The metal recovery efficiencies obtained in this
study were moderate relative to previous whole-cell
bioleaching reports. However, the present work was
designed to evaluate the feasibility and kinetic behavior
of metal dissolution using a cell-free culture filtrate
under controlled and mild conditions. The
comparatively lower recoveries likely reflect the
absence of direct fungal solid interactions and biomass
associated mechanisms. Therefore, the proposed
approach should be regarded as a complementary or pre-
treatment strategy rather than a standalone high-
efficiency recovery process. From a practical
perspective, although detailed techno-economic
analysis was beyond the scope of this study, the use of a
cell-free culture filtrate under mild operating conditions
may offer potential advantages in terms of lower energy
demand and simplified downstream processing
compared to conventional high-temperature
hydrometallurgical treatments.

In terms of mechanistic interpretation, the
proposed dissolution mechanism is supported by
consistent evidence from organic acid identification, pH
evolution, and kinetic modeling using the shrinking core
model. These complementary findings indicate that
metal leaching is predominantly governed by surface
chemical reactions. Nevertheless, direct surface
characterization techniques such as SEM/EDS analysis
before and after leaching would further strengthen
experimental validation of the proposed mechanism.
This aspect is recognized as a limitation of the present

study. Moreover, a comprehensive thermodynamic
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evaluation of metal organic acid interactions, such as under controlled conditions. Incorporation
Eh-pH diagram analysis or Gibbs free energy thermodynamic modeling would further improve
assessment, was beyond the scope of the present study. understanding of metal speciation and stability and is
The current work primarily focused on experimentally therefore recommended for future investigations.

observed leaching behavior and kinetic interpretation

Table 8 Best-fit equations and correlation coefficients by shrink core model.

Surface chemical reaction — Graph A

Diffusion — Graph B

Metal leaching . .
Best-fit equation Best-fit equation
Mo y=0.0827x-2.1449 (R*=0.9119) y=10.0184x - 0.648 (R? = 0.8018)
Fe y=0.0418x-1.0122 (R?=0.9273) y =0.0048x - 0.1627 (R?=0.8317)
Al y =0.0297x - 0.6991 (R’ =0.9367) y =0.0025x - 0.0801 (R’ =0.8535)
Ni y=0.0173x-0.4216 (R = 0.9440) y =0.0008x - 0.0262 (R’ = 0.8704)
Zn y =0.0038x - 0.0876 (R =0.9412) y =0.00004x - 0.0013 (R’ = 0.8676)
16.0
]
A
14.0 " Mo i
12,0 L -
; 10.0 A A
= @ Ni
td
. 8.0 ] N
e’ il 7n e
6.0
— i} & A
4. -
0 s .//’7,‘
20 B ™ e i
2 i ”/’::I—”"_‘_——’
0.0 & i—""” - ’f e i
0 30 60 90 120 150 180
Time (min)
4.00
(B)
3.50 B Mo N
%
—~ 3.0 ¢ Fe
&
+ 250 A Al =
= 200 ® Ni
S 150 W Zn o
00 - .
0.50 S0
B gl k=" i
0.00 & e T o g ‘ 2 s |
0 30 60 90 120 150 180
Time (min)

Figure 4 (A) Surface chemical reaction equation [1-(1-x)"?] versus time, and (B) diffusion equation [1-3(1-x)** + 2(1-

x)] versus time for bioleaching of Al, Ni, Mo, Fe, and Zn from SHCC by culture medium filtrate of Aspergillus aculeatus.
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Conclusions

In this research, 4. aculeatus is a fungus that was
isolated from soil contaminated with heavy metals in
gold mine tailings in Thailand. The filtrate derived from
the culture medium of these isolated fungi was utilized
to extract heavy metals from SHCC. Fungus produces
citric acid and oxalic acid throughout the incubation
phase. Organic acids are essential in the processes of
acidolysis and complexolysis, which are fundamental
reactions in the metal leaching process. The
optimization of the leaching process with the Box—
Behnken design led to enhanced extraction effectiveness
of Al, Ni, Mo, Fe, and Zn from the SHCC. Notably, the
impact of parameters pulp density, temperature, and
shaking rate during the leaching process exhibited
significant variability, as evidenced by the differing
response values obtained. The response values indicated
in each metal trial’s polynomial equations (Y) were
verified using an ANOVA approach. Except for the
model of Al leaching, which fits poorly, the models of
Fe, Mo, Ni, and Zn fit well. Future research should
consider different model structures, such as non-linear
ones, to better fit the data. In the optimal conditions
established for the process, a culture filtrate ratio of 10%
(w/v) of SHCC, a temperature of 50 °C, and a rotation
rate of 148 rpm yielded the following order of metal
leaching recoveries from highest to lowest: Mo, Fe, Al,
Ni, and Zn. The investigation of kinetics through the
shrinking core model revealed that the mechanism of
metal leaching is mainly governed by surface chemical
reactions rather than diffusion processes.

Although the metal recovery yields obtained in
this study were moderate and lower than those reported
in studies employing whole fungal cells, the use of cell-
free fungal culture filtrate enabled substantially shorter
leaching times and simplified operational control. These
results suggest that the proposed approach is more
suitable as a complementary or pre-treatment step rather
than a standalone large-scale metal recovery process.
Future studies should explicitly address scale-up
challenges by investigating strategies such as increasing
organic acid concentrations, repeated or continuous use
of culture filtrate, integration with mild pretreatment
methods, and evaluation under continuous or semi-
continuous reactor systems. Such investigations are

necessary to better assess the industrial applicability of

fungal culture filtrate-based leaching as an alternative to
conventional pyro-hydro-metallurgical processes.
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