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Abstract

Azo dyes demonstrate dose-dependent carcinogenic and mutagenic effects in exposed
cells. Among remediation approaches, microbial adsorption is the most sustainable and
environmentally friendly method for eliminating azo dyes. A novel Aspergillus terreus silica
composite was developed as a sustainable adsorbent for crystal violet dye (CVD) removal.
The fungal strain was isolated from dye wastewater and was genetically identified by 18S
rRNA gene sequencing. Dried mycelia of A. terreus (PX920301) were combined with SiO2

(1:1 w/w) through iterative hydration-drying cycles, yielding a composite characterized by
FTIR analyses. Removal CVD %, adsorption capacity, and CVD residual were calculated,
and the adsorption process was optimized using Box–Behnken design (four factors, 25 runs).
The biosafety of the composite was assessed for phytotoxicity and microbial toxicity. The
composite was also applied to real dyes wastewater collected from the bacteriological
laboratory. Aspergillus terreus-silica composite showed the highest CVD removal percentage
by 85.4%, adsorption capacity (qe) 121.1 mg/L, and lowest CVD residual by 7.26 mg/L,
followed by the dried active mycelia (DA-mycelia) with CVD removal 40.23%, adsorption
capacity (qe) 57.05 mg/L, and CVD residual by 29.73 mg/L. Optimization data cleared that
the maximum experimental values of CVD removal (%) was 99.59% (predicted value 100%)
obtained in run number (4) using initial CVD concentration (200 mg/L), pH (8), adsorbent
composite weight (0.1 g), and contact time (48 h). Biosafety evaluation demonstrated
negligible phytotoxicity against Triticum aestivum seedlings post-treatment, with restored
germination and growth comparable to controls. Microbial toxicity assays via well-diffusion
to seven microbial isolates confirmed no toxic activities against the tested bacteria, yeast,
and fungi, underscoring the composite’s environmental safety. The composite could
decolorize the real dye wastewater of laboratories by 95.37%. In conclusion, A. terreus
mycelial-silica composite offers a cost-effective, sustainable, and eco-friendly alternative
solution for dye bioremediation.

Keywords: bioremediation; industrial dyes; wastewater; fungal mycelia; adsorption;
azo dyes

1. Introduction
The intrinsic equilibrium of natural ecosystems has been profoundly disrupted by a

range of anthropogenic interventions [1]. The generation and subsequent accumulation of
diverse industrial pollutants during processing, particularly within the textile, leather, and
printing sectors, lead to the discharge of highly contaminated dye wastewater streams [2].
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The discharge of colored wastewater from industries into aquatic ecosystems reduces light
penetration and lowers the photosynthesis rates of algae and aquatic plants [3]. The high
chemical and biological oxygen demand generated from toxic dyes depletes the dissolved
oxygen, causing fish kills and loss of biodiversity in rivers and streams [4,5]. Moreover,
under anaerobic conditions, dyes in wastewater can undergo biotransformation to yield
aromatic amines with toxic, mutagenic, and carcinogenic properties [6].

Azo dyes represent the largest and most extensively used class of industrial synthetic
colorants, covering 60–70% of the global dye production [7], characterized by their azo
linkages (–N=N–), which confer high stability [8]. From azo dyes, CVD is a cationic triph-
enylmethane azo dye extensively used in textile dyeing, paper printing, leather processing,
and as a biological stain in bacteriological and medical laboratories [9,10]. Its widespread
utilization has led to significant environmental dissemination, primarily through the dis-
charge of untreated CVD or inadequately treated industrial CVD that effluents into aquatic
ecosystems [11]. Their presence in water bodies could induce oxidative stress, cytotoxic-
ity, and damage to vital organs of exposed organisms [11–13]. Moreover, CVD has been
reported to exhibit mutagenic and potentially carcinogenic properties, raising serious
concerns regarding its impact on both environmental and human health [10,14]. The persis-
tence, bioaccumulation potential, and hazardous biological effects underscore the urgent
need for effective and sustainable remediation strategies to mitigate CVD environmental
spread. Although various combinations of physical and chemical CVD decolorization meth-
ods were applied, biological remediation represents the best eco-friendly, cost-effective and
sustainable way [15]. From the biological methods, the adsorption technique has received
considerable attention for its flexibility and ease of use without the need for highly complex
equipment [16].

Fungal mycelia represent a natural, low-cost, and renewable polymer material com-
posed of glucan, chitin, and proteins [17]. Fungal biomass in dead form could be used
effectively as an adsorbent agent for their unique structure and bio-adhesive properties [18].
These adsorption properties have recently received superior attention as environmentally
friendly, economical, operational flexibility, and low-cost, efficient alternative for pollutants
remediation from wastewater [15,19]. Mycelium-based composite is a term used to de-
scribe any new adsorbent material that is established by the combination of fungal mycelia
and other materials through bio-fabrication processes [20,21]. This biological composite
could be used for environmental repair, pollutant removal, packaging, building materials,
and even in wearable materials [15,22,23]. Fungal mycelium-based bio-composites offer
sustainable options for treating real wastewater by effective adsorption of heavy metals,
dyes, and organic pollutants [21,23].

Silicon dioxide (SiO2, silica) plays a pivotal role in pollutant removal due to its unique
physicochemical properties by possessing a high surface area, porous structure, and surface
silanol (–Si–OH) groups, which present various active sites for the adsorption process of
contaminants [24]. These silanol groups enable strong interactions with pollutants through
mechanisms such as hydrogen bonding, electrostatic attraction, and surface complexation,
making silica particularly effective in removing dyes, heavy metals, and organic compounds
from aqueous systems [25,26]. Additionally, it has a chemically stable functionalized
structure, is non-toxic, and cost-effective, which could be functionalized to enhance its
adsorption efficiency [27]. The compatibility of hybrid composites with biological materials,
such as silica–microbial systems, supports the combination of high adsorption capacity
with eco-friendly characteristics.

The present study aimed to develop and evaluate a novel, eco-friendly Aspergillus terreus–silica
composite as an efficient biosorbent for the CVD removal from aqueous solutions. First, the
study aims to isolate a potent azo dye biosorbent from industrial dye wastewater. In-
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vestigate the adsorption performance of the dried fungal mycelia and the composite by
determining the removal efficiency, adsorption capacity, and residual dye concentration,
as well as to optimize the adsorption process using Box–Behnken experimental design.
Furthermore, the study intended to assess the environmental biosafety of the developed
composite through phytotoxicity and microbial toxicity assays, and to validate its practical
applicability in treating real dye-contaminated wastewater.

2. Materials and Methods
2.1. Isolation of Fungal Adsorbent

Fungal adsorbent was isolated from the dye wastewater of laundry in Assiut, Egypt.
The dye wastewater was analyzed for its physiochemical characteristics, including pH,
electrical conductivity, total dissolved solids and dissolved oxygen using a Jenway Model
3450 conductivity/pH meter (Jenway Company, Essex, UK). For fungal isolation, modified
mineral salt medium (MSM) was prepared and consisted of (g/L): 10.0 NaCl, 10.0 glucose,
1.0 KH2PO4, 0.2 (NH4)2SO4, 0.05 CaCl2, 0.05 MgSO4, 18.0 agar and 1.0 methylene blue dye
(as an indicator for the fungal decolorization efficiencies) with an initial pH of 6 [28]. One ml
of the dye wastewater was transferred into a sterilized Petri dish and mixed with 25 mL of
sterilized MSM medium. After solidification, the plates were incubated at 30 ± 1 ◦C for
one week. Generated fungal colonies that decolorized the methylene blue color were
selected and purified on MSM plates. The isolated fungal species was identified primarily
based on the macroscopic and microscopic features following the keys and descriptions
of Raper and Fennell [29] for Aspergillus species and Moubasher [30] for fungi using
Czapek’s dextrose agar medium (1% dextrose, 0.1% KH2PO4, 0.3% NaNO3, 0.05% MgSO4,
0.001% FeSO4, and 1.8% agar) after 5 days of incubation at 30 ± 1 ◦C.

2.2. Molecular Identification of Fungal Adsorbent

The Aspergillus isolate was re-cultured on a sterile Czapek’s dextrose agar plate
and incubated at 30 ± 1 ◦C for 5 days. Then, small parts of Aspergillus mycelium
were scraped and transferred to 100 µL of sterile distilled water, boiled for 15 min at
100 ◦C and stored at −80 ◦C. Dead Aspergillus cells were sent to SolGent Company
(Daejeon, Republic of Korea) for DNA extraction and sequencing. Aspergillus DNA was
extracted using the Solg™ Genomic DNA Prep Kit. Internal transcribed spacer region (ITS)
was amplified using universal primers: ITS1 (5′-TCC GTA GGT GAA CCT GCG G-3′), and
ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′). The process of amplification was done by
ABI, 9700 thermal cycler using the polymerase chain reaction (PCR) mixtures: 10 mM dNTP
(T) 0.5 µL, 10× EF-Taq buffer 2.5 µL, primer (F-10p) and (R-10p) 1.0 µL for each, template
1.0 µL, EF-Taq (2.5U) 0.25 µL, DW to 25 µL. One round of denaturation for 15 min at 95 ◦C
followed by 30 denaturation cycles at 95 ◦C for 20 s, then annealing for 40 s at 50 ◦C and
extension for 1 min at 72 ◦C [31,32]. The purified PCR products were sequenced, and the
data were analyzed using BLAST from the National Center of Biotechnology Information
(NCBI) website. Sequences obtained together with those retrieved from the GenBank
database (http://www.ncbi.nlm.nih.gov) (accessed on 13 January 2026) were subjected to
the Clustal W analysis using MegAlign software version 5.05 (DNASTAR Inc., Madison,
WI, USA) for the phylogenetic analysis [33].

2.3. Detecting the CVD Maximum Absorbance and Preparing Its Standard Curve

Before starting the experiments, we scanned the dye over a range of wavelengths (nm)
to find the maximum absorbance (λmax) of the CVD (C25H30ClN3). Ultraviolet visible
spectroscopic analysis (UV/Vis) was utilized to measure the maximum absorbance of
the CVD solution with a concentration of 50 mg/L using Thermo Evolution 300, UV-VIS
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Spectrophotometer Model EVO300 PC, USA with a range of 190−1100. To calculate the
residual CVD concentrations, a standard curve of the CVD water solution was prepared
and was conducted with a range of 0–100 mg/L using a spectrophotometer at the maximum
absorbance (582 nm).

2.4. Preparation of Fungal Mycelia and Testing Their Adsorption Efficiencies

For mycelia preparation, a spore suspension of A. terreus (PX920301) with 108 spores/mL
was inoculated into 200 mL potato dextrose broth medium and incubated with shaking
at 30 ± 1 ◦C with 150 rpm/min for 72 h. After the incubation period, the mycelia were
collected using filtration on Whitman filter paper and washed three times with sterilized
distilled water to remove any spores. The mycelia were separated into two parts. The
first part was autoclaved at 121 ◦C for 20 min to inactivate the fungal cells and then dried
using a hot air oven at 70 ◦C overnight to form inactive dried mycelia (ID-mycelia). The
second part was directly dried in a hot air oven at 70 ◦C overnight as active dried mycelia
(AD-mycelia). Both types of mycelia were tested for their CVD adsorption efficiencies;
Falcon tubes containing 20 mL of 50 mg/L CVD in sterile double-distilled water were
prepared. Each tube was inoculated with 0.2 g of ID-mycelia and AD-mycelia, then
incubated at 30 ± 1 ◦C in a shaking incubator (150 rpm/min) for 24 h. Each experiment
was conducted with three replicates. The adsorption efficiencies were examined using a
spectrophotometer at 582 nm, and the dye removal percentage was calculated following
the equation:

R (%) = ((Ci−Ce)/Ci) × 100 (1)

qe = ((Ci−Ce) × (V))/M (2)

where R (%): CVD removal percentage, Ci: CVD initial absorbance, and Ce: CVD final
absorbance after the incubation time; qe (mg/L) is the adsorption capacity of the adsor-
bents; V is the volume of CVD solution used (L), and M is the amount of adsorbent used
(g/L) [34,35].

2.5. Aspergillus terreus-Silica Composite Preparation and Characterization

Mycelia-based composite of A. terreus (PX920301) and silica oxide (SiO2) was prepared
as shown in Figure 1. Ten grams of silica oxide were mixed with active dried mycelia
(1:1; g), then 100 mL of sterilized distilled water was added, and the mixture was stirred
evenly for 15 min with a magnetic stirrer. Then the composite was left to dry in the oven
at 70 ◦C. After drying, the composite was stirred again with another 100 mL of sterilized
distilled water for 15 min and dried in the oven at 70 ◦C; this step was repeated three times
with the same procedures. To test its decolorization efficiencies, Falcon tubes containing
20 mL of 50 mg/L CVD were inoculated with a 0.2 g composite and incubated at 30 ± 1 ◦C
in a shaking incubator (150 rpm/min) for 24 h. The experiment was conducted with three
replicates, and the adsorption efficiencies were examined using a spectrophotometer at
582 nm. Removal (%), adsorption capacity (qe, mg/L), and CVD residual (mg/L) were
calculated. Fourier transform infrared (FTIR) spectroscopy was used to understand the
characteristics of the composite and to identify the functional groups with a scanning
range of 4000−500 cm−1 with a 1 cm−1 spectral resolution using a Nicolet iS10 FTIR
Spectrometer, USA.
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Figure 1. Aspergillus terreus-silica composite preparation process.

2.6. Optimizing the CVD Removal Process Using Box–Behnken Experimental Design

A Box–Behnken statistical design (BBD) was employed to optimize the adsorption
process of CVD by A. terreus silica composite in water solution, while evaluating the
main, interaction, and quadratic effects of four independent variables. The three-level,
four-factor design comprised 25 experimental runs to model quadratic responses via
second-order polynomial equations. Independent variables including initial CVD con-
centration (50, 100 and 200 mg/L; A), pH (4, 6, and 8; B), adsorbent composite weight
(0.05, 0.1, 0.2 g/10 mL; C), and contact time (24, 48, and 72 h.; D) were tested at low (−1),
central (0), and high (+1) levels [36], as detailed in Table 1. Nonlinear quadratic models
were fitted using Equation (3) as clarified by Liu et al. [37]:

Y = β0 + ∑βi xi + ∑βii xi
2 + ∑βijxij (3)

where Y represents the predicted CVD removal (%) using A. terreus-silica composite; β0

is the intercept; βi denotes the linear coefficients; βii the quadratic coefficients; βij the
interaction coefficients; and xij the coded levels of the independent variables. Variable
interactions were visualized using three-dimensional response surface plots. Model ad-
equacy was assessed via diagnostic plots comparing observed versus predicted values,
alongside comprehensive statistical analyses (ANOVA, lack-of-fit tests, and coefficient of
determination R2). Optimal conditions were validated by repeating the experiment three
times and applying Derringer’s desirability function to confirm model robustness.
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Table 1. Box–Behnken design with four variables: initial CVD concentration (mg/L, A), pH (B),
adsorbent composite weight (g, C), and contact time (h., D) with actual and/or predicted responses
of CVD removal (%) using A. terreus-silica composite.

Run
Order

Initial CVD
Concentration (mg/L, A)

pH
(B)

Adsorbent Composite
Weight (g, C)

Contact Time
(h., D) Actual Value Predicted

Value

1 −1 −1 0 0 70.41 68.82
2 1 −1 0 0 93.03 93.51
3 −1 1 0 0 71.29 69.59
4 1 1 0 0 99.59 100.00
5 0 0 −1 −1 89.16 90.99
6 0 0 1 −1 91.87 93.82
7 0 0 −1 1 65.42 64.86
8 0 0 1 1 65.49 64.72
9 −1 0 0 −1 65.21 61.33

10 1 0 0 −1 84.50 82.18
11 −1 0 0 1 70.85 72.39
12 1 0 0 1 73.27 71.69
13 0 −1 −1 0 83.11 83.11
14 0 1 −1 0 19.72 21.55
15 0 −1 1 0 35.28 36.58
16 0 1 1 0 93.18 91.36
17 −1 0 −1 0 76.48 74.45
18 1 0 −1 0 87.33 88.26
19 −1 0 1 0 31.34 33.41
20 1 0 1 0 84.21 82.30
21 0 −1 0 −1 96.20 99.91
22 0 1 0 −1 88.87 87.40
23 0 −1 0 1 69.69 72.25
24 0 1 0 1 82.14 81.13
25 0 0 0 0 95.16 96.17

2.7. Biosafety Analysis of A. terreus-Silica Composite
2.7.1. Phytotoxicity Test

Phytotoxicity of CVD wastewater treated with an A. terreus-silica composite was
assessed using Triticum aestivum L. (wheat) grains. Healthy grains were supplemented
from the agricultural research center; the grains were surface sterilized by immersion in
ethanol (70%) for 3 min, and sodium hypochlorite (NaOCl 1%) for 1 min, followed by
three rinses in sterile distilled water. About 75 grains were divided into three groups
(n = 3 plate replicates/group, 25 grains/each plate): (A) water control; (B) untreated CVD
solution; (C) treated CVD solution post-A. terreus-silica composite treatment. Grains were
imbibed in respective solutions in a sterile Petri dish for 24 h at 30 ± 1 ◦C. Subsequently,
grains were transferred to other sterilized Petri dishes lined with filter paper, where dishes
were maintained moist using the corresponding treatment solutions and incubated at
30 ± 1 ◦C [38,39]. Seedling growth parameters, including germination percentage (follow-
ing Equation (4)), plumule length and radical length were measured.

Germination (%) = (Total number of germinated grains/Total number of grains) × 100 (4)

2.7.2. Microbial Toxicity

Toxicity of the treated CVD wastewater with A. terreus-silica composite was tested on the
microbial growth of Gram-positive bacteria (Staphylococcus aureus), Gram-negative bacteria
(Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa), yeast (Candida albicans)
and filamentous fungi (Aspergillus flavus and Aspergillus niger) by measuring the zone of
inhibition using the well-diffusion method [36]. Nutrient agar plates (for bacterial tests) and
Czapek’s dextrose agar plates (for fungal and yeast tests) were prepared and supplemented
with 1 mL of inoculum (106 CFU/mL) [32]. In each plate, three wells were created using
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a sterilized cork borer and supplemented with 50 µL of treated CVD sample, compared
with the untreated CVD sample with the same dye initial concentration. The plates were
incubated at 30 ◦C for 48 h (bacteria), 3 days (yeast), and 5 days (filamentous fungi). The
developed inhibition zones were measured in all treatments for each microbial strain with
three replicates.

2.8. Application of A. terreus-Silica Composite in Real Wastewater

Dyes wastewater with CVD were collected in clean tanks from the bacteriological
laboratory, Faculty of Science, Assiut, Egypt. A. terreus-silica composite was used as
an adsorbent agent under the optimum conditions of CVD removal by Box–Behnken
statistical design (BBD). The composite effectiveness in adsorption was detected using
Ultraviolet visible spectroscopic analysis (UV/Vis) and the decolorization percentage (%)
was calculated.

2.9. Statistical Analysis

Data were analyzed using multiple regression within Design-Expert v7.0.0 (Stat-Ease, USA).
Quadratic effects and variable interactions were evaluated via one-way ANOVA at a
significance level of p ≤ 0.05.

3. Results
3.1. Isolation and Identification of Fungal Adsorbent

Aspergillus terreus strain AUMC 16983 was isolated from dye-contaminated wastewater
with pH 8.3, electrical conductivity (EC) 620 µS, total dissolved solids (TDS) 379 mg/L
and dissolved oxygen (DO) 1.87 mg/L. Phenotypic morphology of the fungus based on
macroscopic and microscopic features was performed on Czapek’s dextrose agar medium,
as illustrated in Figure 2A–C. The fungus was characterized by rapidly growing cinnamon-
brown colored aerial mycelia (Figure 2A). Microscopically, it has columnar conidial heads
(Ch) on hyaline, smooth conidiophores (Cp) carrying vesicle (Vi), biseriate phialides (Ph)
and globose to sub-globose conidia (Co) (Figure 2B,C). The phylogenetic tree based on
ITS sequences of ribosomal DNA of A. terreus strain AUMC 16,983 (PX920301) was arrow-
aligned with closely related Aspergillus strains accessed from GenBank (Figure 3). This
strain showed 97.35–100% identity and 97–100% coverage with several strains of the same
species, including the type material A. terreus strain ATCC 1012 (Accession NR_131276).
Penicillium chrysogenum is included as an outgroup strain (Figure 3).

Figure 2. Aspergillus terreus strain AUMC 16983 (PX920301) grows on Czapek’s dextrose agar medium,
clearing the fungus aerial mycelia (A), conidial head (Ch), Conidiophore (Cp), Vesicle (Vi), Phialid
(Ph), and Conidia (Co), as shown in (B,C) figures, scale bar, 10 µm.
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Figure 3. Phylogenetic tree based on ITS sequences of rDNA of the fungal strain isolated in the present
study (Aspergillus terreus strain AUMC 16983 (PX920301), arrowed), aligned with closely related
strains accessed from the GenBank. This strain showed 97.35–100% identity and 97–100% coverage
with several strains of the same species, including the type material Aspergillus terreus strain
ATCC 1012 (Accession NR_131276). [A. = Aspergillus, P. = Penicillium].

3.2. The Adsorption Efficiencies of CVD Using Aspergillus terreus (PX920301) Dried Mycelia and
Silica Composite

The ultraviolet-visible absorption (UV/Vis) spectra of the CVD solution are shown
in Figure 4A, demonstrating that the maximum absorbance was 1.667 at 582 nm, which is
maintained throughout the experiment. Moreover, the standard curve of the CVD utilized
in the experiments was performed with the range of 0–100 mg/L (Figure 4B). Removal
(%), adsorption capacity (qe, mg/L), and CVD residual (mg/L) at 50 mg/L concentration
using Aspergillus terreus (PX920301) silica composite, dried active mycelia (DA-mycelia),
and dried inactive mycelia (DI-mycelia) with an adsorbent weight of 0.2 g/20 mL dye
solution, as clarified in Figure 5. Aspergillus terreus (PX920301) silica composite showed
the highest CVD removal percentage by 85.4%, adsorption capacity (qe) 121.1 mg/L, and
lowest CVD residual by 7.26 mg/L, followed by the dried active mycelia (DA-mycelia)
with CVD removal 40.23%, adsorption capacity (qe) 57.05 mg/L and CVD residual by
29.73 mg/L. However, dried inactive mycelia (DI-mycelia) scored CVD removal of 12.9%,
adsorption capacity (qe) 18.35 mg/L and CVD residual by 43.31 mg/L. It is clear that dried
active mycelia (DA-mycelia) have higher efficiencies of adsorption than DI-mycelia, and
are more suitable for the composite preparation (Figure 5).
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Figure 4. (A) Ultraviolet-visible absorption (UV/Vis) spectra of the CVD solution. (B) Standard curve
of the CVD utilized in the experiments with a range of 0–100 mg/L.

Figure 5. Removal (%), adsorption capacity (qe, mg/L), and CVD residual (mg/L) of CVD at 50 mg/L
concentration using Aspergillus terreus (PX920301) silica composite, dried active mycelia (DA-mycelia),
and dried inactive mycelia (DI-mycelia) with an adsorbent weight of 0.1 g/10 mL dye solution.

3.3. Characterization of the Aspergillus terreus Silica Composite

Aspergillus terreus dried mycelia showed unique FTIR bands including 3416.42 cm−1,
2929.947 cm−1, 2859.555 cm−1, 1628.659 cm−1, 1114.701 cm−1, and 1018.756 cm−1. These
bands also appeared in the silica composite FTIR, which confirmed the formation of
A. terreus mycelia silica composite (Figure 6). Moreover, silica oxide showed sharing bands
with A. terreus mycelia silica composite, including 1114.701 cm−1, which was inside the
region of 1200–1000 cm−1, indicating (Si–O–Si) asymmetric stretching of the silica network
(Figure 6). The FTIR spectra of treated CVD with A. terreus mycelia silica composite showed
the generation of new peaks compared with the FTIR chromatogram of the composite before
treating at 2856.104 cm−1, 1749.147 cm−1, 1643.08 cm−1, 1558.226 cm−1, 1459.872 cm−1

and 723.1865 cm−1. These peaks confirmed the adsorption of the CVD on the composite
(Figure 7).
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Figure 6. FTIR analysis of A. terreus-silica composite compared with the dried A. terreus mycelia and
silica oxide chromatogram.

Figure 7. FTIR analysis of A. terreus- silica composite before and after treating the CVD wastewater.

3.4. Optimizing the Crystal Violet Adsorption Process Using Box–Behnken Design

In order to study the various factors affecting the adsorption efficiencies of A. terreus
silica composite, Box–Behnken statistical design (BBD) with multifactorial analysis repre-
sents the best choice to study not only the effect of each individual factor but also their
interactions. The BBD was employed to optimize the adsorption process of CVD by A. ter-
reus-silica composite, evaluating the interactions and quadratic effects of four independent
variables. The three-level, four-factor design comprised 25 experimental runs to model
quadratic responses via second-order polynomial equations. Independent variables of ini-
tial CVD concentration (50, 100 and 200 mg/L; A), pH (4, 6, and 8; B), adsorbent composite
weight (0.05, 0.1, 0.2 g; C), and contact time (24, 48, and 72 h.; D) were tested at low (−1),
central (0), and high (+1) levels, as detailed in Table 1. The statistical coefficient (R2) was
also determined to evaluate the model accuracy and fitting; R2 values of CVD removal (%)
were 0.9914 and an adjusted R2 value of 0.9795, which indicated that the variations were
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explained effectively by the statistical model. The predicted values of tested runs were
scored using Equation (3) for the second-order polynomial; the predicted values of CVD
removal (%) were computed using the second-order polynomial Equation (3). The coded
equation is useful for identifying the relative impact of the factors by comparing the factor
coefficients, the predicted values calculated by Equation (5) as follows:

Removal (%) = 83.11 + (−16.97) A + (+2.32) B + (+13.41) C + (+12.01) D + (+2.86) AB + (+16.39) AC + (+7.42)
AD + (+0.270) BC + (−2.48) BD + (−4.50) CD + (−5.74) A2 + (+6.12) B2 + (−9.05) C2 + (−7.57) D2 (5)

Maximum experimental value of CVD removal (%) was 99.59%; whereas the corre-
sponding predicted value was 100% obtained in run number (4) using initial CVD concen-
tration (200 mg/L; A), pH (8; B), adsorbent composite weight (0.1 g; C), and contact time
(48 h; D); however the lowest CVD removal (%) was 19.72%; whereas the corresponding
predicted value was 21.55% obtained in run number (14) using initial CVD concentration
(100 mg/L; A), pH (8; B), adsorbent composite weight (0.05 g; C), and contact time (48 h; D).
The predicted values of CVD removal (%) were found to be very close to the response
model experimental data, indicating that the established model is accurate, as shown in
Table 1 and Figure 8. Moreover, the statistical model accuracy, suitability, and significance
of the quadric polynomial Equation 3 were examined with one-way analysis of variance
(ANOVA) as established in Table 2.

Figure 8. The CVD removal (%) actual and predicted values of the Box–Behnken statistical design.

The Model F-value of 82.76 implies the model is fitted, where p-values less than
0.05 indicate model terms are significant. In this case, A (initial CVD concentration), B (pH),
C (adsorbent composite weight), D (contact time), AC (initial CVD concentration* adsorbent
composite weight), AD (initial CVD concentration* contact time), CD (adsorbent composite
weight* contact time), A2, B2, C2, D2 are significant model terms. Values greater than
0.05 indicate the model terms are not significant as in AB (initial CVD concentration* pH),
BC (pH* adsorbent composite weight), BD (pH* contact time), and CD (adsorbent composite
weight * contact time) (Table 2).
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Table 2. ANOVA results for the Box–Behnken quadratic model of the adsorption process (removal %)
of CVD by A. terreus-silica composite in water solution.

Source Sum of Squares df Mean Square F-Value p-Value

Model 10,051.52 14 717.97 82.76 <0.0001
A-Initial concentration (mg/L) 3455.77 1 3455.77 398.34 <0.0001
B-pH 64.45 1 64.45 7.43 0.0214
C-Composite weight (g) 2156.60 1 2156.60 248.58 <0.0001
D-Contact time (h) 1729.44 1 1729.44 199.35 <0.0001
AB 32.78 1 32.78 3.78 0.0806
AC 1073.87 1 1073.87 123.78 <0.0001
AD 220.08 1 220.08 25.37 0.0005
BC 0.2916 1 0.2916 0.0336 0.8582
BD 24.50 1 24.50 2.82 0.1238
CD 80.91 1 80.91 9.33 0.0122
A2 93.18 1 93.18 10.74 0.0083
B2 105.72 1 105.72 12.19 0.0058
C2 231.42 1 231.42 26.68 0.0004
D2 161.68 1 161.68 18.64 0.0015

Response surface plots and the interaction plots are drawn for the 3D visualization
of the cleared interaction between pairs of the two factors when the other factor is con-
stant, as shown in Figure 9, representing significant effects of the CVD removal (%) using
A. terreus-silica composite. The preceding results indicated the impacts of four variables on
CVD removal (%) over 25 separated runs: initial CVD concentration (mg/L, A), pH (B),
adsorbent composite weight (g, C), and contact time (h, D); nevertheless, the most desired
concentrations of the variables must be calculated from the three tested values. Derringer’s
desirability function was used to calculate an optimal variable concentration for high CVD
removal (%). By applying the function, the obtained optimum levels were initial CVD
concentration (200 mg/L; A), pH (8; B), adsorbent composite weight (0.1 g/10 mL; C), and
contact time (48 h; D), which were the best levels and gave desirability equal to 1.000 for
CVD removal (%) as shown in Figure 10. In addition, three repeated trials of the optimum
parameters were conducted for model validation, where actual values matched the pro-
jected values once the desirability functions were set, demonstrating the sufficiency of the
quadratic model devised for enhancing CVD removal (%).

3.5. Phytotoxicity Analysis of the A. terreus-Silica Composite

Phytotoxicity of CVD wastewater treated with A. terreus-silica composite was assessed
using Triticum aestivum L. (wheat) grains, as shown in Figure 11. Seedling growth parame-
ters, including germination percentage, plumule length, and radical numbers and length
were measured. Treated CVD wastewater with silica-composite showed enhancing in the
wheat grains germination comparing with the untreated CVD, was recorded 72% germi-
nation index (37% for untreated CVD, and 73% for water control), plumule length was
17.3 mm (13.3 mm for untreated CVD, and 17.7 mm for water control), radical length
46.3 mm (33.3 mm for untreated CVD and 36 mm for water control), while the number of
branches were 5, 4, 5 and of radicals were 4, 3, 5 for water control, untreated CVD, and
treated CVD, respectively as cleared in Figure 11.
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Figure 9. Box–Behnken statistical design 3D surface plots, clearing the interactions between AC
(initial CVD concentration* adsorbent composite weight), AD (initial CVD concentration* contact
time), CD (adsorbent composite weight* contact time) and their effects on the CVD removal (%) using
A. terreus-silica composite.

https://doi.org/10.3390/su18094272

https://doi.org/10.3390/su18094272


Sustainability 2026, 18, 4272 14 of 23

Figure 10. The statistical desirability ramp plot of CVD removal (%) using A. terreus silica composite.

Figure 11. Phytotoxicity assay of treated (A. terreus-silica composite) and untreated (water dye
solution) CVD on the germination of Triticum aestivum L. (wheat) as a grain plant model.

3.6. Microbial Toxicity Analysis of the A. terreus-Silica Composite

Microbial toxicity of CVD wastewater treated with A. terreus-silica composite was
tested on the growth of S. aureus, E. coli, K. pneumoniae, P. aeruginosa, C. albicans, A. flavus,
and Aspergillus niger using the well-diffusion method, as shown in Figure 12. The devel-
oped inhibition zones were measured in all treatments for each microbial strain. Results
showed that the treated CVD water is non-toxic and has no toxicity activities to the tested
bacteria, yeast, and filamentous fungi; however untreated CVD showed toxic activities to
the microbial strains S. aureus (18 mm), E. coli (15 mm), K. pneumoniae (15 mm), P. aeruginosa
(13 mm), C. albicans (13 mm), A. flavus (15 mm), and Aspergillus niger (14 mm) as cleared in
Figure 12.
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Figure 12. Microbial toxicity test of treated CVD using A. terreus-silica composite and untreated CVD
solution at optimum removal conditions using Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Staphylococcus aureus, Candida albicans, Aspergillus flavus, and Aspergillus niger tested strain.

3.7. Application of A. terreus-Silica Composite on Laboratory Real CVD Wastewater

Dyes wastewater with CVD collected from the bacteriological laboratory and treated
with A. terreus-silica composite under the optimum parameters of Box–Behnken sta-
tistical design (BBD) showed 95.37%, in which the absorbance at 554 nm decreased
from 2.0 (untreated wastewater) to 0.0925 (treated wastewater with A. terreus-silica com-
posite) as shown in Figure 13. The composite proved its effectiveness in the adsorption of
real wastewater, which recommends it as a sustainable tool for dye removal.

Figure 13. Application of A. terreus-silica composite in laboratory real CVD wastewater under the
optimum parameters of Box–Behnken statistical design (BBD).

4. Discussion
Numerous industrial processes utilize hazardous synthetic compounds and subse-

quently discharge contaminated effluents, resulting in the pollution of the environmental
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matrices [40]. Dyes were scored among the most common water pollutants for their
widespread use across various industries such as textiles, food, plastics, and printing [41].
Dye-polluted water collected from the textile industries has unique microbial communities
that can survive in harsh environments adapted to xenobiotic pollutants, which makes
them superior sources for isolating dye-degrading fungi rather than unpolluted water
sources [42,43]. Fungi could utilize these dyes as carbon and nitrogen sources, which
gives them the ability to survive; they also have the ability to decolorize and degrade
dyes through their enzymatic action [4,44]. Aspergillus terreus (PX920301) was recovered
from textile wastewater. Previous studies showed that Aspergillus was the most dominant
genus frequently isolated from dye-contaminated waters [45], which reflects their ecological
versatility and dominance in harsh environments. Moreover, several studies stated the
textile dyes decolorizing efficiencies of Aspergillus species, including by A. tamarii [46],
A. ochraceus [47], brilliant green dye degraded by Aspergillus sp. [48], A. niger [49], A. terreus
and A. flavus [50].

Aspergillus terreus-silica composite showed the highest CVD removal percentage
by 85.4%, adsorption capacity (qe) 121.1 mg/L, and lowest CVD residual by 7.26 mg/L,
compared with the DA-mycelia with CVD removal 40.23%, adsorption capacity (qe)
57.05 mg/L and CVD residual by 29.73 mg/L. Fungal mycelia-based composites are emerg-
ing as sustainable, low-cost materials for the removal of various pollutants from water
and soil. These composites were previously prepared by growing filamentous fungi
(Pleurotus ostreatus, Ganoderma lucidum, Aspergillus sp., and Penicillium spp.) on lignocellu-
losic or even agricultural-waste substrates until the mycelium fully colonizes the matrix,
and then, after drying, the composite will have surface functionality [51,52]. The mycelial
network provides abundant functional groups (-OH, -COOH, -NH2) that bind pollutants
via adsorption [20,51]. When combined with other functional additives, the fungal mycelia
enhanced the adsorption capacity and removal kinetics [53], making them promising candi-
dates for scalable, eco-friendly bioremediation systems. Aspergillus-mycelia-based systems
represent low-cost, scalable, and can be adapted to packed-bed or immobilized-cell reactors,
and they can also be utilized in dye decolorization [54]. Moreover, because Aspergillus is
already used in industrial enzyme production, its deployment for the azo dye treatment
could align with the existing industrial fermentation infrastructure [21,55].

The composite of A. terreus-silica composite showed combined FTIR bands from both
dried A. terreus and silica oxide, including 3416.42 cm−1, 2929.947 cm−1, 2859.555 cm−1,
1628.659 cm−1, 1114.701 cm−1, and 1018.756 cm−1, which confirmed the formation of
the composite. The fungus bands appeared in the region of 3600–3000 cm−1, referred
to the O–H (carbohydrates) and N–H (proteins/amide A), region of 2920–2850 cm−1

showed C–H stretching of lipids and aliphatic chains in fungi [56]. However, region
1650–1540 cm−1 represents the fungal protein backbone [56–58]. The dried A. terreus also
showed a band at 1448.34 cm−1, the bands in the region 1450–1400 cm−1 referred to C–H
bending and CH2/CH3 deformation (lipids, proteins) [56]. Moreover, bands appeared in
the region 1240–1000 cm−1 represented C–O and C–O–C stretching of polysaccharides (cell-
wall mannans, glucans). All previous regions represent a fungal fingerprint that can be used
for strain discrimination and monitoring the mycelial changes [59]. Moreover, silica oxide
showed sharing bands with A. terreus mycelia- silica composite, including 1114.701 cm−1,
which is inside the region of 1200–1000 cm−1, indicating (Si–O–Si) asymmetric stretching
of the silica network. These peaks are often around 1080–1100 cm−1, which is used as a
fingerprint for the silica framework [60]. The absorption in the region 900–650 cm−1 is
attributable to the sulphate group [61].

Fourier-transform infrared (FTIR) spectra of treated CVD with A. terreus mycelia
silica composite showed new peaks at 2856.104 cm−1, 1749.147 cm−1, 1643.08 cm−1,
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1558.226 cm−1, 1459.872 cm−1 and 723.1865 cm−1. These peaks confirmed the adsorption of
the CVD on the composite. The CVD reported to have significant peaks at 1635–1731 cm−1,
clearing C=C stretching or C=O peaks correspond to its aromatic rings and triphenyl-
methane backbone, and recorded as a fingerprint band for CVD aromatic rings [62]. Around
1350–1370 cm−1 cleared C–N stretching vibrations of the aromatic tertiary amine groups
(central carbon–N bonds). Also, C-O or S=O peaks cleared at 1000–1400 cm−1 and could
also be shifted due to the electrostatic or complexation with sulfonic/carboxyl sites [63].
Around 2800–3000 cm−1, there is a clear weak C–H stretching of methyl groups, which
is shown as a broad band. FTIR peak shifting in CVD adsorption onto the composite
adsorbents indicates interactions between the dye’s functional groups and the adsorbent
surface, confirming adsorption mechanisms like hydrogen bonding, electrostatic attraction,
and complexation [64].

Optimizing CVD removal entails systematically adjusting key operational parameters
and selecting appropriate adsorbent concentration to maximize both efficiency and capacity.
Optimizing the CVD removal process using BBD design showed that the maximum CVD
removal (%) was 99.59% obtained using 200 mg/L CVD, pH (8), 0.1 g/10 mL adsorbent
composite weight during 48 h contact time. Moreover, dyes wastewater with CVD were
treated with silica-composite under the optimum parameters of BBD design and showed
95.37% dyes removal. Comparing with our composite removal efficiencies of CVD, Kyi
et al. [65] stated that the palm kernel biochar composite has a maximum adsorption of
CVD 24.45 mg/g using one gram of the adsorbent. Foroutan et al. [35] utilized lemon
wood nanocomposite for CVD adsorption and obtained a maximum adsorption by 98.3%.
Mycelium-reinforced nanofiber was utilized for dyes filtration (astra blue and safranin) by
Heide et al. [66]. Pleurotus-bagasse composite was utilized to remove lanasyn olive (textile
dye) with 90% removal efficiencies [67]. Yanto et al. [68] found that the fungal mycelial-
light clay composite has dyes decolorization efficiencies reach to 96%. Ani et al. [69]
recorded a maximum CVD removal 90.04% using a 50 mg/L biochar composite. Mehta
et al. [70] reached CVD removal >95% using seablite biochar-ferrite composite using pH
8, 30 mg adsorbent, and 200 mg/L CVD. Peighambardoust et al. [71] recorded CVD
removal 98.54% using pH 9, nanocomposite biochar adsorbent 1 g/L, in a contact time of
70 min, using an initial CVD concentration of 10 mg/L. Moreover, many studies report CVD
maximum removal around neutral–alkaline pH conditions, where electrostatic attraction
between negative functional groups on the adsorbent and the positively charged CV is
strongest. AL-Shehri et al. [64] reported that pH 9 was the best for CVD removal, Mahgoub
et al. [72] reported that pH 8 was the optimum, while Sen et al. [73] reported that pH 6
was the optimum for CVD removal. These pH optimum changes could be related to the
adsorbent type and composition. Low-cost materials represented the best choice for dye
removal for their possible applicability in large-scale production [74–76]. Moreover, the
efficiencies of various composites compared with our findings were clarified in Table 3.

Phytotoxicity of CVD wastewater treated with A. terreus-silica composite using
Triticum aestivum L. (wheat) grains showed an enhancement in the wheat grains germi-
nation (72%) compared with the untreated CVD (37%), which was also near the control
(water treated) treatment (73%). In agreement with our findings, CVD exhibits signifi-
cant phytotoxicity to sorghum (Sorghum bicolor), inhibiting seed germination and seedling
growth in various plants at concentrations as low as 0.00025 mg/mL to 100 mg/L [90].
Bharagava et al. [91] stated that CVD reduced the seed germination of Phaseolus mungo L.
to 46.67%. At a concentration of 100 mg/L, CVD significantly inhibited the germination
of Triticum aestivum (42%) and Vigna radiata (51%) [11]. Treated CVD water with A. terreus-
silica composite has no toxicity activities to S. aureus, E. coli, K. pneumoniae, P. aeruginosa,
C. albicans, A. flavus, and Aspergillus niger, while untreated CVD showed toxic activities
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to all the microbial strains. Moreover, CVD has a triphenylmethane cationic structure
that exhibits notable microbial toxicity, which makes it act as a bacteriostatic agent at low
concentrations. Their mechanism of toxicity includes cell membrane disruption, respiration
disturbance, and genotoxic impacts via DNA intercalation and generation of oxidative
stress [10,13]. Treated CVD shows markedly reduced microbial toxicity compared to its
untreated form, as adsorption chelates the dye into the adsorbent, breaks it down into less
harmful metabolites, or adsorbs the dye from the water [11,13].

Table 3. Efficiencies of various composites in removing crystal violet dye.

Composite Type Adsorbent Material Removal (%) or qm (mg/g) Reference

Biomass-derived composites

Pomegranate peel
Maximum removal capacities of
675.47 mg/g (PPP/Sn–Fe) and
357.18 mg/g (PPP/Sn–Zn)

[77]

Pine needles–PANI
Maximum removal capacities
under optimized conditions
327 mg/g.

[78]

Sugarcane bagasse 72.09% removal of CVD, qm
77.22 mg/g [79]

Clay-based composites Bentonite/MgO 12% increasing of CVD removal,
qm 423.02 mg/g [80]

Fungal composite

A. terreus-silica composite 99.59% removal of CVD in
real wastewater Our study

Trichoderma–graphene oxide aerogel 97% removal of CVD [81]

Immobilized Actinomucor elegans mass 96.4% removal of CVD [82]

Trametes versicolor—rice husk 97% removal of CVD [83]

Carbon-based composites

rGO-ED@Cellulose 260 mg/g CVD
adsorption capacity [84]

Palm kernel biochar Maximum adsorption of CVD
24.45 mg/g [65]

Biochar Maximum CVD removal 90.04% [69]

Seablite biochar-ferrite CVD removal >95% [70]

MOF-based composites Fe-MOF/alginate hybrids 1334 mg/g CVD
adsorption capacity [85]

ZIF-based composites ZIF-8/graphene quantum dot 7162 mg/g adsorption capacity [86]

Hydrogels and polymeric composites

Pectin–pullulan–kaolinite 93.8% CVD removal, 205.57
mg/g adsorption capacity [87]

Fe3O4/Poly(acrylic acid) 95% CVD removal, 321 mg/g
adsorption capacity [88]

Peptoid-based fibrils N-aryl pseudo-peptoid fibrils 666 mg/g adsorption capacity [89]

5. Conclusions
In conclusion, the present study demonstrates that the developed Aspergillus terreus-

silica composite represents a highly efficient, sustainable, and environmentally safe ad-
sorbent for the removal of CVD from aqueous systems. The composite significantly en-
hanced adsorption performance compared to active dried fungal mycelia alone, achieving
high removal efficiency and adsorption capacity under optimized conditions. Statistical
optimization using the Box–Behnken design confirmed maximum dye removal under
optimized conditions, highlighting the robustness and reliability of the process. Further-
more, the composite exhibited negligible phytotoxicity and no microbial toxicity effects,
indicating its biosafety for environmental applications. Its effective performance in treating
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real dye-contaminated wastewater further validates its practical applicability. Overall, this
study provides strong evidence that fungal–inorganic composites can serve as cost-effective
and eco-friendly alternatives for the bioremediation of hazardous azo dye pollutants in
industrial effluents. Future research should focus on scaling up the application of the
Aspergillus terreus-silica composite for pilot- and industrial-scale wastewater treatment
systems, with particular emphasis on continuous-flow operations. Further studies are
recommended to evaluate the regeneration, reusability, and long-term stability of the
composite to enhance its economic feasibility, especially in real field conditions (i.e., real
wastewater treatment plants). Integration with other treatment technologies, like mem-
brane filtration, could further improve removal efficiency.
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