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Abstract

The growing demand for sustainable water treatment technologies requires photocatalysts
that combine low environmental impact, energy efficiency, and mechanistic robustness. In
this work, Ag/Zn nanocomposites were green-synthesized using Chlorella vulgaris polar
extract as a bio-mediated reducing and stabilizing agent, eliminating hazardous reagents
and high-energy processing steps. Structural characterization (XRD, FTIR, SEM, UV–Vis)
confirmed the coexistence of crystalline wurtzite ZnO with metallic Ag and Ag2O phases.
Photocatalytic activity was evaluated through Congo Red degradation under a sequential
dark–light protocol, enabling clear separation of adsorption and photoactivated pathways.
During the 60 min dark stage, removal remained limited (∼ 9–11%), consistent with
adsorption–desorption equilibration. Upon UV irradiation, a distinct kinetic transition
occurred, leading to final removal efficiencies of 44–49% after 180 min. Notably, perfor-
mance remained stable across the investigated photon flux range, indicating operation
beyond a strictly photon-limited regime and highlighting an intrinsically energy-resilient
catalytic response. A mechanistic kinetic model integrating reversible adsorption with light-
dependent degradation accurately reproduced all experimental profiles (NRMSE = 3.14%)
and successfully predicted an independent dark-control experiment without additional
fitting. By coupling green synthesis with quantitative kinetic validation, this study proposes
a sustainability-oriented framework for designing photocatalysts that align low-impact
fabrication with energy-conscious water remediation.

Keywords: green synthesis; Ag/Zn nanocomposites; microalgae-mediated synthesis;
emerging contaminants; photocatalytic water treatment; Congo red degradation;
sustainable nanomaterials; kinetic modeling
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1. Introduction
Water pollution represents one of the most pressing global sustainability challenges

of the 21st century [1–3]. The continuous discharge of persistent organic contaminants
into aquatic environments threatens ecosystem integrity, drinking water security, and
public health [4]. Among contaminants of emerging concern (CECs), synthetic azo dyes
are particularly problematic due to their high chemical stability, low biodegradability,
and long-term environmental persistence [5]. Their removal is therefore not merely a
technical objective, but a sustainability imperative aligned with global water management
and responsible production goals.

Among these pollutants, Congo Red (CR) (Figure 1), a benzidine-based anionic azo
dye, is widely recognized as a representative model emerging contaminant [6]. Its com-
plex aromatic structure, together with the presence of azo (–N=N–) linkages, induces a
high degree of resistance to conventional biological and physicochemical treatments [7].
Furthermore, its reported mutagenic and carcinogenic effects emphasize the urgency of
developing efficient and environmentally responsible remediation strategies [8]. From a
methodological standpoint, CR exhibits a strong absorption band in the visible region,
enabling accurate spectrophotometric monitoring [9], while its anionic character and rela-
tively large molecular size make it highly sensitive to photocatalyst surface properties and
adsorption equilibria [10]. These features make Congo Red an ideal probe molecule for
evaluating catalyst–pollutant interactions and surface-mediated degradation mechanisms.

Figure 1. Molecular structure of Congo Red (CR), a benzidine-based anionic azo dye commonly used
as a model emerging contaminant in photocatalytic degradation studies.

Advanced oxidation processes (AOPs), and particularly heterogeneous photocatalysis,
have emerged as promising technologies for the mineralization of recalcitrant organic
pollutants under light irradiation [11,12]. Nanostructured semiconductor photocatalysts
offer enhanced surface reactivity, tunable optical properties, and improved charge carrier
dynamics, enabling the generation of reactive oxygen species (ROS) capable of oxidizing
complex organic molecules [13].

Among these materials, zinc oxide (ZnO) has been extensively investigated due to its
wide band gap, strong oxidative potential, high chemical stability, and ability to generate
hydroxyl radicals and superoxide species under irradiation [14–16]. The incorporation
of noble metals such as silver (Ag) further enhances photocatalytic performance by pro-
moting charge separation and facilitating interfacial electron transfer [17]. In Ag/Zn
hybrid systems, silver nanoparticles can act as electron sinks and plasmonic enhancers
via localized surface plasmon resonance (LSPR), thereby extending light absorption and
reducing electron–hole recombination [18]. As a result, Ag/Zn nanocomposites often
exhibit superior activity compared to pristine ZnO [19].

Despite their environmental application, many Zn- and Ag-based nanomaterials are
synthesized through energy-intensive procedures involving hazardous chemicals and non-
renewable reagents [20,21]. This contradiction reveals a sustainability paradox: materials
designed for environmental remediation are frequently produced via environmentally bur-

https://doi.org/10.3390/su18094607

https://doi.org/10.3390/su18094607


Sustainability 2026, 18, 4607 3 of 33

densome processes. Addressing this paradox requires rethinking photocatalyst production
through eco-design principles that integrate green chemistry, renewable resources, and
process efficiency.

In this context, green synthesis strategies based on biological extracts have gained
increasing attention as sustainable alternatives to conventional nanoparticle fabrication [22].
Plant- and microalgae-derived extracts can simultaneously act as reducing, stabilizing, and
capping agents under mild reaction conditions, minimizing toxic reagents and lowering
energy consumption [23]. Beyond reducing environmental impact, biologically mediated
synthesis can introduce surface functional groups that influence defect formation, charge
transfer processes, and catalytic behavior.

Among biological platforms, Chlorella vulgaris represents a particularly attractive
candidate [24]. This microalga is rich in proteins, polysaccharides, pigments, and oxygen-
and nitrogen-containing metabolites [25] capable of mediating nanoparticle nucleation and
growth [26,27]. Importantly, polar extracts derived from microalgal biomass, including
streams generated within biorefinery processes, can be valorized as functional reagents
for nanomaterial production, thereby transforming residual or low-value biomass into
high-value photocatalytic materials. Within a circular economy framework, microalgae-
mediated synthesis contributes to sustainability by reducing reliance on synthetic chemical
reductants, valorizing renewable biological resources and biorefinery side streams, enabling
low-temperature and low-energy processing routes, and potentially coupling wastewater
treatment with biomass utilization [28]. Thus, the use of microalgal extracts represents a
systemic sustainability strategy that integrates material synthesis, waste valorization, and
environmental remediation.

Sustainable water treatment technologies must be evaluated not only in terms of
pollutant removal efficiency but also through quantitative performance metrics and repro-
ducible kinetic descriptors [29]. In heterogeneous photocatalysis, degradation kinetics are
frequently described using apparent first-order models [30,31]. While such approaches
offer mathematical simplicity and facilitate comparison among materials, they inherently
condense multiple physicochemical processes into a single lumped rate constant.

Photocatalytic degradation is, however, intrinsically a multistep process [32], par-
ticularly in systems where surface chemistry is intentionally modified through green
synthesis routes. Biologically derived functional groups can significantly influence adsorp-
tion equilibria, interfacial electron transfer, and reactive oxygen species (ROS) mediated
reaction pathways. Under these conditions, reducing the system to a pseudo-first-order
expression can mask distinct kinetic regimes and obscure the role of surface-mediated
phenomena. Introducing a more structured and physically informed kinetic framework
enables the discrimination between adsorption-controlled and photoactivation-controlled
steps, thereby providing deeper insight into how biosynthetically derived surface features
govern catalytic behavior.

By moving beyond purely empirical first-order descriptions and integrating mech-
anistically oriented kinetic analysis with green material design, it becomes possible to
assess not only pollutant removal efficiency but also the fundamental origins of catalytic
performance, a necessary step toward the rational development of truly sustainable photo-
catalytic technologies.

In this study, Ag/Zn nanocomposites were synthesized using polar extracts of Chlorella
vulgaris and evaluated for the photocatalytic degradation of Congo Red under controlled
irradiation conditions. Beyond demonstrating pollutant removal, this work combines
eco-designed nanomaterial production, circular resource valorization, and mechanistic
kinetic modeling to assess the true sustainability potential of biosynthesized photocatalysts.
Through this integrated approach, the present research contributes to the development
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of low-impact, resource-efficient technologies for water remediation, supporting broader
sustainability objectives related to clean water, responsible production, and environmen-
tal protection.

2. Materials and Methods
2.1. Preparation of Chlorella vulgaris Polar Extract

The extraction methodology followed a protocol previously reported in our earlier
work [33], ensuring methodological consistency with prior investigations.

Chlorella vulgaris (CCALA 902) was cultivated in Bold’s Basal Medium (BBM) supple-
mented with 60 mM NaHCO3 (Merck®, Darmstadt, Germany) as an additional inorganic
carbon source. Cultures were maintained under a 12 h light/12 h dark photoperiod using
58 W fluorescent lamps (Osram®, Milan, Italy), providing an incident photon flux of ap-
proximately 70 µmol m−2 s−1. Agitation at 200 rpm was applied to promote homogeneous
cell suspension and nutrient distribution. Growth was monitored spectrophotometrically
at 750 nm, and biomass was harvested during the exponential phase (OD750 ≈ 0.6), after
approximately 14 days of cultivation.

The collected biomass was recovered by centrifugation at 2000× g, 10 min (Heraeus
Megafuge 1.0R, Thermo Fisher Scientific, Milan, Italy), dried at ambient conditions, and
subsequently subjected to a lipid-extraction procedure based on the Folch method [34].
Approximately 5 g of dried biomass was dispersed in methanol (100 mL) and kept at 4 ◦C
overnight to facilitate solvent penetration. The suspension was then sonicated for 30 min
to promote cell disruption and intracellular component release. A volume of 200 mL of
Chloroform (Merck®, Darmstadt, Germany) was added to the mixture, which was then
stirred at room temperature for 1 h to enhance extraction efficiency.

After centrifugation (4000× g, 20 ◦C, 10 min), phase separation was induced by the
addition of 0.88% KCl (Merck®, Darmstadt, Germany) solution. The upper aqueous (polar)
and lower organic (apolar) phases were separated carefully. Solvents were removed under
reduced pressure using a rotary evaporator (Rotavapor R-210, Buchi, Milan, Italy). Finally,
the polar fraction was re-dispersed in 150 mL of MilliQ water (Millipore®, Milan, Italy) and
stored at 4 ◦C until further use in nanoparticle synthesis.

2.2. Catalyst Synthesis

The photocatalytic system was obtained via a sequential two-stage route, as schemati-
cally illustrated in Figure 2. Initially, zinc-based nanoparticles (Zn-NPs) were synthesized
through a green-assisted precipitation process. Subsequently, these particles were function-
alized with silver species to obtain Ag-decorated Zn-based nanoparticles (Ag/Zn-NPs). In
both stages, a polar extract derived from Chlorella vulgaris was employed as a bio-mediated
reducing and stabilizing agent.

The synthetic strategy follows a previously established bio-assisted methodology [33].
In the present study, this validated synthetic methodology was adopted as a reliable
foundation for the systematic assessment of photocatalytic activity.

2.2.1. Preparation of Zn-Based Nanoparticles (Zn-NPs)

The synthesis began with the dilution of the Chlorella vulgaris polar extract in distilled
water at a volumetric ratio of 1 : 10 v/v, reaching a total volume of 600 mL. Zinc sulfate
heptahydrate (ZnSO4·7H2O, Merck®, Darmstadt, Germany) was then introduced into the
solution to achieve a final concentration of 0.1 M (17.25 g in 600 mL). The mixture was
magnetically stirred (IKA® RH Digital Magnetic Stirrer, Milan, Italy) at 250 rpm for 15 min
to ensure complete homogenization.
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Figure 2. Schematic representation of the green synthesis route for Ag/Zn-NPs nanocomposites using
Chlorella vulgaris polar extract as a bio-mediated reducing and stabilizing agent. The process involves
the initial formation of Zn-based nanoparticles (Zn-NPs), followed by silver functionalization to
obtain Ag-decorated Zn-NPs.

The suspension was subsequently heated to 50 ◦C under continuous agitation. Upon
stabilization of the temperature, the pH was carefully increased to 8 by the gradual addition
of a 1.25 M NaOH (Merck®, Darmstadt, Germany) solution. The reaction medium was
maintained at 50 ◦C for 90 min to promote controlled nucleation and particle growth.

After the reaction period, the system was allowed to age overnight at room temper-
ature. The solid product was then separated by centrifugation at 4000 rpm for 15 min
(Heraeus® Megafuge® 1.0R, Thermo Fisher Scientific, Milan, Italy), thoroughly washed
three times with distilled water to eliminate residual species, and dried overnight at 90 ◦C
in a laboratory oven (Heraeus, Thermo Fisher Scientific, Milan, Italy). A final calcination
step was performed at 500 ◦C for 2 h in a muffle furnace (Nabertherm N60/ER, Lilienthal,
Germany) to obtain crystalline Zn-NPs.

2.2.2. Preparation of Ag-Decorated Zn-Based Nanoparticles (Ag/Zn-NPs)

For the silver functionalization step, the Chlorella vulgaris polar extract was again
diluted (1 : 10 v/v) in distilled water to a total volume of 150 mL. Silver nitrate (AgNO3,
Carlo Erba, Milan, Italy) was added to reach a final concentration of 0.1 M (2.55 g in 150 mL),
and the obtained solution was then magnetically stirred at 250 rpm for 15 min to ensure
proper dissolution and dispersion.

The mixture was heated to 50 ◦C under continuous stirring. Once thermal equilibrium
was achieved, the pH was gradually adjusted to 8 by controlled addition of a 1.25 M NaOH
(Merck®, Darmstadt, Germany) solution. The reaction was maintained at 50 ◦C for 90 min.

After this preliminary stage, 2 g of the previously synthesized Zn-NPs were introduced
into the reaction medium. The suspension was then left under static conditions overnight
at room temperature to facilitate the deposition and interfacial interaction of silver species
onto the Zn-NPs surface.

The resulting composite material was recovered by centrifugation at 4000 rpm for
15 min (Heraeus® Megafuge® 1.0R, Thermo Fisher Scientific, Milan, Italy), washed three
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times with distilled water, and dried overnight at 90 ◦C (Heraeus, Thermo Fisher Scientific,
Milan, Italy).

2.3. Material Characterization

The crystallographic structure and phase purity of the prepared nanomaterials were
investigated by X-ray diffraction (XRD). Diffraction measurements were performed using a
Bruker D8 Advance (Bruker, Milan, Italy) diffractometer equipped with Cu Kα radiation
(λ = 1.5406 ), operating at 40 kV and 30 mA. Patterns were recorded within a 2θ angular
interval of 5◦–70◦, employing a step increment of 0.02◦. The obtained diffraction profiles
were compared with reference data from the International Centre for Diffraction Data
(ICDD) and the Crystallography Open Database (COD) to identify the crystalline phases
present. Phase assignment and peak analysis were carried out using Diffrac.Eva software
(version 6.1.0.4, Bruker, Milan, Italy).

Surface functional groups associated with the nanoparticles were examined by Fourier
Transform Infrared (FTIR) spectroscopy. Spectra were collected using a Jasco FT/IR-6700
(Jasco, Tokyo, Japan) spectrometer equipped with a diamond attenuated total reflectance
(ATR) accessory. Powdered samples were directly deposited onto the ATR crystal without
additional preparation. Spectral acquisition was performed in the 4000–400 cm−1 range
with a spectral resolution of 4 cm−1, averaging 64 scans per sample to enhance the signal-
to-noise ratio. The spectra were interpreted by assigning characteristic vibrational bands to
the corresponding chemical functionalities.

Morphological features and elemental composition were analyzed by scanning elec-
tron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX). Mi-
crographs were obtained using a Hitachi S4000 field-emission gun high-resolution SEM
(Hitachi Ltd., Tokyo, Japan) operating at an accelerating voltage of 20 kV. Prior to imaging,
samples were coated with an ultrathin (∼ 2 nm) Pt/Au conductive layer to minimize
charging and improve image quality. Images were collected at different magnifications and
processed using Quartz PCI software (version 7.0, Quartz Imaging Corporation, Vancouver,
BC, Canada). Elemental analysis was performed by EDX on selected areas of the samples
to determine elemental distribution and relative composition. Spectra were acquired using
an UltraDry EDX detector (Thermo Fisher Scientific, Madison, WI, USA) and processed
with NSS3 software (version 3, Thermo Fisher Scientific, Madison, WI, USA) to quantify
the relative abundance of the main elements.

Optical Properties

Diffuse reflectance spectra were recorded using a JASCO V-770 UV–Vis spectropho-
tometer (Jasco, Tokyo, Japan) operating in reflectance mode (%R). Measurements were
carried out in the wavelength range 800–200 nm, with a data interval of 0.2 nm and a
spectral bandwidth of 1.0 nm in the UV–Vis region. A deuterium/tungsten (D2/WI) light
source was employed, and baseline correction was applied prior to acquisition.

The reflectance data were converted into absorption-related information using the
Kubelka–Munk transformation:

F(R∞) =
(1− R)2

2R
(1)

where R is the measured reflectance. For optically thick samples, F(R∞) can be considered
proportional to the absorption coefficient [35].

The optical band gap energy (Eg) was determined according to the Tauc approach,
assuming a direct allowed electronic transition consistent with the wurtzite structure of
ZnO [36,37]. In the composite system, this assumption remains valid since Ag incorporation
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does not modify the direct band-to-band transition of ZnO but rather introduces interfacial
states and plasmon-mediated effects without changing the fundamental transition type [38].
The band gap was estimated from the linear region of the (F(R∞) hν)2 versus photon
energy hν plot by extrapolating the fit to the energy axis [39].

The degree of structural disorder was evaluated through the Urbach energy (EU),
which describes the exponential absorption tail below the fundamental absorption edge [40].
Urbach energy EU was estimated from the slope of the linear region in the ln(F(R∞)) versus
photon energy hν plot, according to [41]:

EU =

(
d

d(hν)
ln(F(R∞))

)−1
(2)

2.4. Photocatalytic Experimental Setup

Photocatalytic degradation tests were performed in a batch reactor operated under
continuous recirculation, allowing in situ monitoring of dye concentration without manual
sampling. The experimental setup consisted of a 1 L glass reactor containing 250 mL
of aqueous Congo Red (Merck®, Darmstadt, Germany) solution. The suspension was
magnetically stirred throughout the experiment to ensure uniform catalyst dispersion and
to avoid mass transfer limitations associated with particle sedimentation.

Irradiation was applied from the top using a UV lamp (Transilluminator M-20V
high/medium/low intensity setting, UVP, Upland, CA, USA) with adjustable intensity,
positioned 20 cm above the liquid free surface. The lamp emission spectrum (Figure 3)
was characterized prior to the experiments and exhibited dominant emission bands in the
ultraviolet region, ensuring sufficient photon flux below the ZnO bandgap energy [42].
Three irradiation conditions were defined within the experimental design, corresponding
to measured incident intensities of 0.72, 0.89, and 0.99 mW cm−2. The light intensity was
quantified at the liquid surface using a calibrated radiometer (Newport 1918-C, Newport
Corporation, Andover, MA, USA) and adjusted according to the selected experimen-
tal condition.

Figure 3. Emission spectra of the Hg lamp measured at three irradiation intensities (0.72, 0.89,
and 0.99 mW cm−2), showing the characteristic spectral distribution of the light source used in the
photocatalytic experiments.
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A closed-loop circulation system enabled continuous spectrophotometric analysis.
The suspension was withdrawn from the reactor via a 12 V peristaltic pump and conveyed
through polymeric tubing (inner diameter 3 mm, outer diameter 5 mm) to a quartz flow-
through cuvette (optical path length: 1 cm) connected to a UV–Vis spectrophotometer
(Varian Cary 50 Scan, Agilent Technologies®, Santa Clara, CA, USA). The recirculating
volume was approximately 50 mL and was continuously returned to the reactor, resulting
in negligible variation in the total working volume and preserving hydrodynamic stability.

Each experimental run lasted 3 h and was divided into two sequential stages: an
initial dark phase of 60 min followed by 120 min of UV irradiation. The dark period was
introduced to establish adsorption–desorption equilibrium between Congo Red molecules
and the photocatalyst surface, thereby decoupling purely adsorptive removal from true
photocatalytic degradation, as commonly adopted in photocatalytic studies reported in the
literature [43,44]. This step ensures that the subsequent decrease in concentration under
irradiation can be attributed exclusively to photoinduced processes rather than to initial
surface uptake phenomena.

UV–Vis spectra were acquired in the 400–800 nm range at 15 min intervals throughout
the experiment. Spectral acquisition parameters were set to a scan rate of 1200 nm min−1,
wavelength resolution of 1 nm, and integration time of 0.05 s. Raw spectral data were
processed according to the procedure detailed in Appendix A. This configuration ensured
reproducible, quasi real-time tracking of concentration profiles under controlled irradiation
and hydrodynamic conditions.

The complete experimental matrix, summarizing the irradiation conditions and associ-
ated operational parameters for each photocatalytic run, is reported in Table 1.

Table 1. Experimental conditions used for the photocatalytic degradation tests of Congo Red.

Light Intensity
(mW cm−2)

Initial CR
Concentration

(ppm)

Catalyst
Loading
(ppm)

Dark Time
(min)

Irradiation
Time
(min)

0.00 27.5 150 180 0
0.72 27.5 150 60 120
0.89 27.5 150 60 120
0.99 27.5 150 60 120

UV-VIS Calibration Curve

For quantitative analysis, Congo Red standard solutions were prepared in the con-
centration range 5–40 ppm (5, 10, 15, 20, 25, 30, 35, 40 ppm) by diluting a 500 ppm stock
solution with distilled water. The selected interval brackets the expected experimental
concentrations and ensures linear response of the analytical signal.

To account for matrix effects, standards were prepared in the presence of the same cat-
alyst loading used during photocatalytic experiments. UV–Vis spectra were acquired under
identical instrumental conditions and processed according to the multistep preprocessing
procedure detailed in Appendix A. The analytical signal was defined as the maximum
absorbance at 498 nm [45], determined from the full spectrum after blank correction. The
calibration curve was constructed by plotting absorbance (A) versus concentration (C) and
fitting the data by linear regression according to:

A = m C + q (3)

where m represents the angular coefficient and q the intercept. The goodness of fit was
evaluated through the coefficient of determination (R2), and only models with R2 ≥ 0.9999
were accepted for quantitative analysis. All measurements were performed in duplicate,
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and the reported regression equation corresponds to averaged values. The resulting linear
model was subsequently used to convert absorbance values of unknown samples into
concentration values.

2.5. Mathematical Model

To quantitatively describe the temporal evolution of Congo Red concentration dur-
ing the photocatalytic experiments, a simplified kinetic model was developed based on
transient mass balance equations for a well-mixed batch system. The modeling frame-
work builds upon our previously established formulation [46], which is here adapted to
the present experimental configuration and briefly revisited to highlight the underlying
assumptions and modifications introduced for the current setup.

Given the continuous magnetic stirring and the relatively small recirculating volume
compared to the total working volume, the reactor was assumed to behave as an ideally
mixed batch system with uniform concentration in the liquid phase. Under these conditions,
spatial concentration gradients were neglected, and the system dynamics were described
solely as a function of time.

From a mechanistic standpoint, the overall removal process involves two elementary
phenomena: reversible adsorption of the dye onto the catalyst surface and irreversible
photocatalytic degradation occurring from the adsorbed state under irradiation.

Direct homogeneous photolysis in the bulk liquid under UV irradiation was neglected.
This assumption is supported by experimentally observed limited degradation of Congo
Red in the absence of catalyst, as shown in Figure A1 (Appendix B), indicating that its
contribution is negligible under the investigated conditions [47,48]. Furthermore, most
photocatalytic kinetic models conventionally neglect direct photolysis, attributing dye
removal predominantly to adsorption and catalyst-driven photoinduced reactions [49].

Additionally, mass transfer resistances were assumed to be negligible compared to the
intrinsic kinetic steps.

Under these assumptions, the process can be represented by a lumped kinetic scheme
involving two dynamic states: the dissolved dye concentration in the bulk liquid and the
dye adsorbed on the catalyst surface [50,51]. This leads to the following kinetic scheme:

Dye
k1→
←
k2

DyeA
k3→ P (4)

where Dye denotes the dissolved Congo Red molecules in the bulk liquid phase, DyeA rep-
resents the dye adsorbed onto the photocatalyst surface, and P indicates the lumped degra-
dation products formed through photocatalytic oxidation. The term P collectively includes
intermediate species and final mineralization products (e.g., low-molecular-weight organic
acids, CO2, and H2O), which are not individually resolved in the present model. The
kinetic constants k1 and k2 account for adsorption/desorption, whereas k3 represents the
photoactivated degradation step and is switched on only upon irradiation. Under the above
assumptions, the transient mass balance equations for the system can be expressed as:{

d[Dye]
dt = −k1[Dye] + k2[DyeA]

d[DyeA ]
dt = k1[Dye]− (k2 + k3)[DyeA]

(5)

Along with the corresponding initial conditions:[
[Dye] [DyeA]

]∣∣∣
t=0

=
[
[Dye]0 [DyeA]

0
]

(6)
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The ODEs in reported in Equation (5) can be solved analytically, as detailed in
Appendix C, yielding the general solution presented in Equation (A14).

In the present experimental setup, the system operates in two distinct temporal regimes
corresponding to the dark adsorption phase and the subsequent irradiation phase. Therefore,
the solution must be applied piecewise, with different initial conditions in each interval.

During the dark stage (0 ≤ t ≤ tON), irradiation is absent and thus k3 = 0. The initial
conditions at t = 0 are: [

[Dye] [DyeA]
]∣∣∣

t=0
=

[
[Dye]0 0

]
(7)

since no adsorption has yet occurred at the beginning of the experiment. In this regime, the
system evolves solely under adsorption–desorption dynamics and converges toward the
adsorption equilibrium. The solution reported in Equation (A14) can thus be rewritten as:[Dye] = 1

k1+k2
[Dye]0

(
k2 − k1e−(k1+k2)t

)
[DyeA] =

k1
k1+k2

[Dye]0
(

1− e−(k1+k2)t
) (8)

At t = tON , 60 min in the present experiments, irradiation is switched on and k3 > 0.
The concentrations reached at the end of the dark phase become the new initial conditions
for the illuminated regime:

x|t=tON
=

[
[Dye]|t=tON

[DyeA]|t=tON

]
(9)

From this point onward, the full kinetic scheme, including photocatalytic degradation,
governs the system dynamic. Hence, Equation (A14) takes the form:[Dye] = Σ+

√
∆

2k1
√

∆

[(
k1[Dye]ON − 1

2

(
Σ−
√

∆
)
[DyeA]

ON
)

eλ1t −
(

k1[Dye]ON − 1
2

(
Σ +
√

∆
)
[DyeA]

ON
)

eλ2t
]

[DyeA] =
1√
∆

[(
k1[Dye]ON − 1

2

(
Σ−
√

∆
)
[DyeA]

ON
)

eλ1t −
(

k1[Dye]ON − 1
2

(
Σ +
√

∆
)
[DyeA]

ON
)

eλ2t
] (10)

where ∆ and Σ are defined as follows:

∆ = (k1 + k2 + k3)
2 − 4k1k3 (11)

Σ = −k1 + k2 + k3 (12)

and λi denote the eigenvalues of the ODE system:

λ1 =
1
2

[
−(Σ + 2k1) +

√
∆
]

(13)

λ2 =
1
2

[
−(Σ + 2k1)−

√
∆
]

(14)

Light Intensity Dependence

The light dependence of the photocatalytic degradation rate was introduced through
the definition of the kinetic constant k3 as a linear function of the incident photon flux [52].
Specifically, the model assumes:

k3 = a I (15)

where I is the irradiation intensity and a is a proportionality parameter.
During the dark stage (0 ≤ t ≤ tON), the light-dependent term was set to zero (k3 = 0),

while after irradiation onset (t > tON), the degradation pathway was activated according to
the relation above. This piecewise definition allows the model to explicitly account for the
transition between adsorption-controlled dynamics and light-driven degradation within a
unified kinetic framework [53].
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2.6. Sensitivity Analysis: Model Based Taguchi Method

A model-based Taguchi design of experiments (DoE) was implemented to quantify the
relative influence of the kinetic parameters governing the reaction scheme (Equation (4))
on the photocatalytic removal at 180 min [54,55]. The analysis was conducted using the
dark–light kinetic formulation previously described in Section 2.5.

Three structural parameters (k1, k2 and a) were selected as control factors and investi-
gated at five levels corresponding to ±50% variation around their globally fitted reference
values (−50%, −25%, 0, +25%, +50%). This range was selected to represent a physically
meaningful variability of the material properties while ensuring that the system remains
within the same catalytic regime, avoiding parameter combinations that would correspond
to fundamentally different materials.

An L25
(
53) orthogonal array was adopted, resulting in 25 model evaluations per irra-

diation condition and enabling independent estimation of main effects with a substantially
reduced number of combinations compared to a full factorial design [56].

For each orthogonal combination, the removal at 180 min was directly obtained from
the analytical time-dependent solution of the previously derived stepwise kinetic model.
To ensure comparability across irradiation conditions, the initial bulk dye concentration
was fixed and set equal to the mean of the experimentally measured initial concentrations
of the three irradiated runs, while the activated intermediate [DyeA]

0 was imposed as zero.
No additional assumptions were introduced.

Robustness and structural sensitivity of the response were evaluated through the
Taguchi “larger-is-better” signal-to-noise (S/N) ratio [57]:

S/NF,l = −10 log10

 1
NF,l

∑
i∈ΩF,l

y−2
i

 (16)

where F denotes the considered factor (k1, k2 and a), l represents its level, ΩF,l the subset
of L25 combinations for which factor F assumes level l, NF,l the number of combinations
in that subset, and yi the simulated removal associated with combination i. For each
pair (F, l), the S/N ratio S/NF,l was evaluated using exclusively the responses yi with
i in ΩF,l , thereby quantifying the structural effect of that specific factor level within the
orthogonal design.

To complement the Taguchi screening, two-dimensional removal maps were generated
using the analytical solution, while keeping k1, k2, and a fixed at their fitted reference values.
In all configurations, the initial bulk dye concentration was kept again constant and set
equal to the mean of the experimentally measured initial concentrations.

In the first configuration, removal was evaluated as a function of time and light
intensity over a continuous photon flux range, imposing [DyeA]

0 = 0 and a fixed dark–
light switching time tON .

In the second configuration, light intensity was fixed at 0.89 mW cm−2, catalyst
fouling was represented by assigning a non-zero initial value to the activated state [DyeA]

0.
The admissible range of [DyeA]

0 was constrained by the intrinsic limits of the reversible
activation step, ensuring physical consistency. A detailed derivation of these constraints is
provided in Appendix D.

3. Results and Discussion
3.1. Structural and Morphological Characterization

The XRD patterns (Figure 4A) of the Ag/Zn-NPs exhibited distinct diffraction peaks
at 2θ values of 38.1◦, 44.3◦ and 64.5◦, corresponding to the (111), (200) and (220) crystallo-
graphic planes of Ag, respectively (Card No. 87–0720). Additional peaks at 2θ values of
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32.8◦ and 55.0◦ attributed to (111) and (220), respectively (Card No. 75–1532) also confirm
the formation of the cubic Pn-3m Ag2O phase. Moreover, reflections corresponding to the
hexagonal wurtzite structure of ZnO were observed (Card No. 75–0576), indicating the
co-existence of separate Ag, Ag2O, and ZnO phases within the NC.

Figure 4. Structural and chemical characterization of the Ag/Zn-NPs nanocomposite. (A) XRD
pattern showing the coexistence of ZnO wurtzite, metallic Ag, and Ag2O phases. (B) FTIR spectrum
indicating organic functional groups associated with the algal extract and Zn−O vibrational bands.
(C) EDX spectrum confirming the presence of Zn, O, and Ag elements. (D) Quantitative elemental
composition obtained from EDX analysis.

The presence of Ag2CO3 (Card No. 70–2184) in the Ag/Zn-NPs is evidenced by char-
acteristic XRD reflections. Such species could arise from residual bicarbonate (NaHCO3)
used as an inorganic carbon source during the cultivation of Chlorella vulgaris, which
may be partially retained during biomass processing, as well as from carbonate-related
functionalities associated with the organic constituents of the extract.

According to the Sherrer equation [58], the average crystallite sizes were estimated to
be 32.76 nm for ZnO, 34.32 nm for Ag2O, 24.28 nm for Ag, and 35.73 nm for Ag2CO3.

The functionalization by the extract was studied using FTIR analysis (Figure 4B). The
spectra showed a peak near 2976 cm−1, corresponding to C− H stretching vibrations from
aliphatic chains, indicating that polar lipid molecules might have a stabilizing role during
the synthesis [59]. A band near 1628 cm−1 was observed, corresponding to the C = O
stretching vibration of amides, suggesting interactions between silver and proteinaceous
components in the extract [59]. The peak at 1186 cm−1 can be attributed to C = C stretching
vibrations of aromatic rings and C−O stretching vibrations [60], likely due to the adsorp-
tion of organic molecules from the extract used during synthesis. The peak at 960 cm−1

is indicative of Zn −O stretching reported previously [61,62]. The results indicate the
presence of both Zn−O and organic capping agents on the Ag/Zn surfaces, suggesting a
successful integration of Ag, Ag2O, and ZnO components in the polar phase.
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The SEM micrographs provide a coherent multiscale view of the material, revealing
a hierarchically organized architecture extending from tens of micrometers down to the
nanometric regime.

At low magnification (Figure 5A, 33.3 µm scale bar), the material appears as large,
irregular macro-aggregates exceeding 30 µm in length. These aggregates are not compact
monolithic structures, but rather loosely packed assemblies of smaller subunits. The surface
is highly textured and heterogeneous, indicating that the macroscopic bodies originate
from the coalescence of multiple secondary domains rather than from single crystal growth.
This confirms that the material is structurally organized through aggregation processes
rather than isolated particle formation.

 

Figure 5. SEM micrographs of Ag/Zn-NPs nanocomposites at different magnifications showing
the hierarchical morphology of the material. (A) Low-magnification image revealing large macro-
aggregates. (B,C) Micrometric secondary domains composed of densely packed nanostructures.
(D) Lamellar or flake-like domains embedded within the granular matrix. (E) Localized cavity-like
region suggesting matrix-assisted assembly. (F) High-magnification image resolving the nanometric
primary particles forming the hierarchical structure.
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Increasing magnification (Figure 5B,C, 3.75 µm scale bar) reveals the internal organi-
zation of these macro-aggregates. The structure is composed of recurrent micrometric do-
mains, typically in the 2.6–4.8 µm range, densely packed and interconnected. In Figure 5B,
anisotropic elongated domains (∼ 4.85 µm) are observed, exhibiting more defined bound-
aries compared to the surrounding granular matrix. Their rod- or platelet-like geometry
suggests preferential growth along specific directions. The inset (430 nm scale bar) fur-
ther shows that the surfaces of these micrometric domains are decorated with densely
distributed and closely packed nanoscale nodular units (48–110 nm). This observation
indicates that the micrometric domains themselves are secondary aggregates constructed
from smaller nanometric building blocks.

Figure 5C emphasizes the recurrence and compact packing of these micrometric
secondary aggregates. The structure appears highly interconnected, with minimal inter-
stitial voids, reinforcing the interpretation of a hierarchical assembly where nanoscale
primary units aggregate into micrometric clusters, which in turn assemble into larger
macro-agglomerates.

At higher magnification (Figure 5D, 1.67 µm scale bar), a distinct morphological motif
becomes evident: a lamellar or flake-like domain with lateral dimensions ranging from
∼ 310 to 890 nm. The surface exhibits a layered or terrace-like texture, with visible step
edges and overlapping plates. This lamellar morphology contrasts with the predominantly
granular texture observed in Panels B and C, suggesting that multiple growth pathways
may coexist within the same material. Smaller granular particles appear attached to the
flake surface, indicating that the lamellar domains are embedded within the broader
nanoparticulate matrix.

A particularly noteworthy feature emerges in Figure 5E (1.20 µm scale bar). In contrast
to the clearly particulate texture observed in other panels, the central region in this micro-
graph appears smoother, more continuous, and partially cavity-like. Rather than a purely
granular assembly, this area exhibits a film-like or matrix-like morphology, suggestive of
localized densification or collapse. Such a morphology may be consistent with the presence
of a transient organic-derived phase during synthesis, potentially acting as a structuring
or binding medium. Although direct confirmation would require complementary spec-
troscopic or thermal analyses, the observed “cavernous” or hollow-like region indicates
that localized matrix-assisted assembly or shrinkage phenomena may have influenced
particle organization in this area. This feature differentiates Panel E from the predominantly
granular architecture seen elsewhere.

Finally, at the highest magnification (Figure 5F, 430 nm scale bar), the fundamen-
tal building units are clearly resolved. The particles are predominantly nanometric
(75–220 nm), irregular, and often plate-like rather than spherical. Their angular geom-
etry and visible particle–particle necking suggest strong interparticle contact and partial
coalescence. The absence of large voids at this scale indicates a densely packed nanostruc-
tured framework.

Overall, the SEM analysis reveals a hierarchical architecture in which nanomet-
ric primary particles (≈ 75–220 nm) assemble into micrometric secondary aggregates
(≈ 2.5–5 µm), which further coalesce into large macro-agglomerates (> 20 µm). In addition
to this dominant granular hierarchy, localized lamellar domains and cavity-like regions
indicate the coexistence of anisotropic growth and possible matrix-mediated assembly
mechanisms. This structural complexity suggests that the material formation process in-
volves both particle aggregation and directional growth phenomena, leading to a multiscale,
heterogeneous morphology.

The EDX spectra (Figure 4C) of the Ag/Zn-NPs synthesized from the polar extract
showed prominent peaks corresponding to Ag and Zn, along with O likely associated
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with the ZnO and Ag2O phases with P and S from the used extract. The corresponding
quantitative analysis (Figure 4D) further confirms the dominance of Ag and Zn, supporting
the successful formation of the intended composite structure. Notably, the silver content
(39.06 wt%) is significantly higher than the values typically reported in the literature for
Ag/ZnO systems (typically up to 5%) [63–67]. This indicates that silver is not present
merely as a surface modifier but rather contributes to the formation of a multiphase system,
potentially influencing both charge transfer dynamics and surface interactions. In this
context, the photocatalytic behavior should be interpreted considering the combined effects
of phase composition and interfacial processes, rather than solely in terms of conventional
low loading Ag/ZnO configurations.

Mechanistic Insights into Bio-Mediated Synthesis and Phase Formation

The role of the Chlorella vulgaris polar extract can be interpreted in terms of coordination
and stabilization rather than as a purely reductive agent. This aspect was previously
discussed in detail in our earlier work [33], and is here briefly recalled for completeness.
These interactions are facilitated by functional groups such as carboxyl, hydroxyl, and
amino groups, which enable the formation of transient metal–ligand complexes [68].

Such coordination environments influence nucleation and growth processes. In the
polar phase, the aqueous environment promotes efficient ion dissolution and facilitates
interactions between metal ions and biomolecules, leading to the formation of nanoparticles
that are potentially smaller and more uniform due to the stabilizing effects of hydrophilic
capping agents. This behavior contrasts with the apolar phase, where stabilization is more
restricted and primarily governed by lipid-mediated interactions. The ability of the polar
phase to support efficient metal ion dissolution and complexation with biomolecules is
therefore a key factor in controlling nanoparticle formation. Consistent with this interpreta-
tion, extracts of varying polarity have previously been employed for the synthesis of silver
nanoparticles for catalytic and antimicrobial applications, demonstrating their influence on
particle morphology and size [69–71].

Upon pH increase, the formation of metal hydroxides is induced. In the case of
zinc, Zn(OH)2 is formed and subsequently converted into ZnO during the calcination
step [72]. For silver, the alkaline conditions promote the formation of silver and silver oxide
species, which remain associated with the biomolecular matrix and with the ZnO surface
during the second synthesis stage. The introduction of pre-formed ZnO nanoparticles
provide a heterogeneous interface that facilitates the deposition and stabilization of silver-
based species, leading to the formation of a multiphase composite [73]. In this framework,
biomolecules from the extract act primarily as structure-directing and stabilizing agents,
controlling particle dispersion and preventing excessive aggregation.

3.2. Optical Properties

The Tauc plot (Figure 6A) assuming a direct allowed transition revealed a band gap
energy (Eg) of 3.240 eV, consistent with values reported for ZnO-based systems [74]. This
value is slightly lower than that typically reported for bulk ZnO wurtzite (3.37 eV) [75],
indicating a modest band-edge perturbation [76]. Such a red shift is commonly associ-
ated with structural disorder, defect formation, and interfacial electronic interactions in
nanostructured or composite systems [77].

The Tauc plot displays two distinct linear regions: the high-energy segment corre-
sponds to the intrinsic valence-to-conduction band transition, whereas the lower-energy
segment is attributed to defect-induced sub-bandgap states, which modify the absorption
edge and reflect a non-ideal band structure [78].
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Figure 6. Optical characterization of the Ag/Zn-NPs nanocomposite obtained from diffuse reflectance
spectroscopy. (A) Tauc plot assuming a direct allowed transition used to estimate the optical band
gap energy: experimental data (black line), linear fits (blue and orange lines). (B) Urbach plot used
to determine the Urbach energy and evaluate the degree of electronic disorder: experimental data
(black line) and linear fit (orange line).

Further insight into the electronic disorder was obtained from the Urbach plot
(Figure 6B), yielding an Urbach energy (EU) of 0.136 eV. The relatively low Urbach energy,
compared to literature values for similar systems (around 0.40 eV) [79,80], indicates a
reduced density of band-tail states, suggesting a comparatively more ordered electronic
structure with a sharper absorption edge [81].

While lower Urbach energy is generally associated with reduced electronic disorder, its
direct correlation with photocatalytic activity is not straightforward. The presence and role
of defect states in photocatalysis can be complex, as they may either act as recombination
centers or contribute to charge separation depending on their nature and distribution. In
this context, the relatively low Urbach energy suggests that defect-mediated states are not
dominant, which may be beneficial for charge-carrier dynamics, although no direct causal
relationship is implied.

3.3. Photodegradation Results
3.3.1. Calibration Line

Figure 7A shows the UV–Vis absorption spectra of the dye solutions in the 5–40 ppm
concentration range. A single absorption band centered at 498 nm is observed. The
absorbance increases proportionally with concentration while no shift in the peak position
is detected, confirming compliance with the Beer–Lambert law. The calibration curve
obtained from the absorbance at λ = 498 nm (Figure 7B) follows the linear regression:

A|λ=498 nm = 0.04434 C + 0.1047 (17)

with R2 = 0.999970.
The high determination coefficient confirms the strong linear relationship between

absorbance and concentration within the investigated range.

3.3.2. Photodegradation

Figure 8A–C illustrates the temporal evolution of dye concentration and removal
efficiency under three irradiation intensities (0.72, 0.89 and 0.99 mW cm−2). Two distinct
regimes are clearly observed.
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Figure 7. Calibration of Congo Red concentration by UV–Vis spectroscopy. (A) Absorption spectra of
standard solutions in the investigated concentration range. (B) Calibration curve obtained from the
absorbance at 498 nm showing the linear relationship between absorbance and dye concentration.

Figure 8. Temporal evolution of Congo Red concentration (orange symbols) and removal efficiency
(blue symbols) during photocatalytic experiments under different irradiation conditions. Panels
(A–C) correspond to UV irradiation intensities of 0.72, 0.89, and 0.99 mW cm−2, respectively, while
panel (D) represents the dark control experiment (0.00 mW cm−2). The vertical dashed line indicates
the transition between the dark adsorption stage (0–60 min) and the irradiation stage (60–180 min).
Error bars represent the standard error of the mean (ε). The number of replicates is n = 3 for irradiated
experiments and n = 2 for the dark control.

During the initial dark phase (0–60 min), all experiments exhibit a modest and compa-
rable decrease in dye concentration. The overlapping trends across the three panels confirm
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that this stage is governed by adsorption–desorption equilibrium between dye molecules
and the catalyst surface and is therefore independent of photon flux.

Upon light activation (t = 60 min), the system response changes markedly. A clear
increase in the degradation rate is observed in all irradiated conditions, as evidenced by the
steeper concentration decay and the progressive rise in removal efficiency. The smooth yet
distinct transition between the dark and light regimes suggests that photogenerated reactive
species act on pre-adsorbed dye molecules, indicating a surface-mediated photocatalytic
mechanism rather than a purely homogeneous photolytic process.

The independent dark-control experiment (Figure 8D) provides a direct reference
for this transition. In the absence of irradiation, the concentration approaches a quasi-
steady adsorption-controlled regime and does not exhibit the accelerated decay observed
in Figure 8A–C after light exposure. The clear divergence between the dark control and the
irradiated profiles beyond 60 min confirms that the enhanced degradation rate originates
from a light-driven pathway.

Quantitative comparison further supports this interpretation. At 60 min, all conditions,
including the dark run, exhibit similar removal efficiencies, ranging between 9% and 11%,
with no statistically meaningful differences within the standard error of the mean (ε),
defined as the standard deviation divided by the square root of the number of replicates.
This confirms that the initial stage is dominated by adsorption-controlled dynamics and
remains independent of photon flux.

At 180 min, however, a clear separation emerges. The dark control reaches only
17.95± 10.53% removal, indicating limited additional adsorption-driven decay. In con-
trast, the irradiated systems achieve substantially higher efficiencies: 46.14± 5.80% at
0.72 mW cm−2, 45.54± 4.56% at 0.89 mW cm−2, and 49.41± 1.73% at 0.99 mW cm−2. De-
spite the different photon fluxes, the three irradiated conditions remain statistically compa-
rable within ε, indicating that, within the investigated intensity window, increasing light in-
tensity does not result in a proportional enhancement of overall degradation performance.

This trend is visually summarized in Figure 9, where the grouped bar chart highlights
the clear divergence between the dark- and light-driven systems at 180 min. While removal
remains similar at 60 min across all conditions, a distinct separation appears at 180 min,
with all irradiated runs clustering in the ∼ 45–50% range and the dark control remaining
significantly lower.

The absence of a strong intensity dependence does not imply lack of photocatalytic
activity. Rather, it suggests that once the light-induced pathway is activated, the system
operates in a regime where the overall rate is not limited by photon availability. Secondary
factors such as surface site saturation, adsorption equilibrium constraints, mass-transfer
limitations, or charge recombination likely govern the global kinetics.

From an application standpoint, this behavior is particularly relevant: the cata-
lyst achieves removal efficiencies approaching 50% even at the lowest tested intensity
(0.72 mW cm−2), and increasing photon flux up to 0.99 mW cm−2 does not yield statisti-
cally significant improvement. This indicates that the material operates near its effective
photocatalytic regime under moderate irradiation conditions, highlighting its robustness
and potential energy efficiency.

When positioned within the broader literature on Ag- and ZnO-based systems under
UV irradiation, the present results fall within a clearly defined operational window. Over
comparable reaction times of 60 to 180 min, degradation efficiencies ranging from about
80% to complete removal are frequently reported, generally in association with substantially
higher catalyst loadings. For example, microwave assisted hydrothermal ZnO modified via
borohydride reduction for silver deposition [82] achieved 81.6% degradation after 30 min
of dark equilibration followed by 1 h of UV irradiation using 500 ppm catalyst at 16 ppm
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Congo red. Hierarchical ZnO microstructures [83] reached 83.2% degradation for ZnO
and 96.3% for the composite after 80 min of UV irradiation preceded by 30 min of dark
equilibration, employing 800 ppm catalyst at 40 ppm Congo red.

Figure 9. Comparison of Congo Red removal efficiencies at 60 min and 180 min under different
irradiation intensities. The gray bars represent removal during the dark adsorption stage (60 min),
while the red bars correspond to the final removal after 180 min. Error bars indicate the standard
error of the mean (ε).

Similarly, ZnO hollow spheres and Ag@ZnO yolk–shell architectures [84] were eval-
uated after 1 h of dark adsorption–desorption equilibration, followed by UV irradiation
using a catalyst loading of 500 ppm and an initial Congo Red concentration of 20 ppm.
In that study, the ZnO hollow spheres required approximately 160 min of irradiation to
achieve complete degradation, whereas the Ag@ZnO yolk–shell architecture reduced the
required irradiation time to about 120 min under the same catalyst loading.

Recent studies on green-synthesized materials incorporating additional dopants, such
as Cu/Ag/ZnO systems obtained via Vitex negundo extracts [85], report Congo red degra-
dation efficiencies up to ∼ 88% under UV irradiation within short reaction times (25 min,
for an initial Congo red concentration of 50 ppm). However, these results are typically
achieved at significantly higher catalyst loadings (1000 ppm) and do not exhibit a substan-
tial step-change improvement compared to conventional Ag/ZnO systems.

Many high efficiency Ag and ZnO systems reported in the literature rely on multistep
preparation routes, for example involving template assisted structuring or hydrothermal
treatments [86,87]. These strategies, while effective in enhancing charge separation and
surface area, increase material input, synthetic complexity, and thermal energy demand.

A similar trend is observed when moving to solar-driven systems. In a ZnO/Ag
nanocomposite synthesized using lemon peel extract [88], Congo red degradation was
evaluated at an initial concentration of 30 ppm using a catalyst loading of 1000 ppm.
Under these conditions, pristine ZnO achieved about 77% degradation after 120 min, while
ZnO/Ag reached approximately 86%, indicating a moderate improvement despite the
high catalyst dosage.

A consistent behavior is also found in other green-synthesized Ag/ZnO systems
tested under solar-simulated irradiation. Nanocomposites derived from Ulva lactuca extract
achieved Congo red removal efficiencies exceeding 90% after 180 min under artificial
sunlight, at an initial dye concentration of 30 ppm and a catalyst loading of 500 ppm [89].
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Taken together, these observations suggest that high photocatalytic efficiencies, partic-
ularly under solar irradiation, are often obtained through a combination of elevated catalyst
loadings and favorable irradiation conditions, rather than solely reflecting intrinsic material
improvements. In this context, the comparison should not be based on the irradiation
source alone. While some studies report higher Congo red removal under solar or solar
simulated light, these results are often obtained using substantially larger catalyst dosages.
By contrast, the present system was operated under UV irradiation with a comparatively
low catalyst loading, highlighting a more restrained and materially efficient regime.

In this framework, the present study achieves approximately 45–50% degradation
after 120 min of irradiation preceded by 60 min of dark equilibration, using a substantially
lower catalyst loading (150 ppm). Although the absolute degradation efficiency is more
moderate, it must be interpreted in relation to both catalyst dosage and irradiation condi-
tions. When normalized to catalyst mass and accounting for the simplicity of the synthesis
route, the performance of the present system falls within a competitive operational regime.
From a process intensification and sustainability perspective, the combination of reduced
catalyst dosage, moderate irradiation requirements, and simplified synthesis represents a
meaningful step toward scalable and energetically rational photocatalytic water treatment.

3.4. Mathematical Model’s Results
3.4.1. Parameters Estimation and Validation

Figure 10A–C compares the experimental dye concentration profiles with the trajectories
reconstructed by the proposed kinetic model. The kinetic constants k1, k2 and the proportional-
ity parameter a were estimated via nonlinear regression using the three irradiated experiments
collected at low (0.72 mW cm−2), medium (0.89 mW cm−2), and high (0.99 mW cm−2) photon
flux (panels A–C). The fit was performed on the complete concentration–time series for each
intensity, encompassing both the dark adsorption interval (0–60 min) and the irradiation
interval (60–180 min), yielding an overall normalized root mean square error (NRMSE) of
3.14%. The optimized parameters are reported in Table 2. Specifically, the kinetic parameters,
k1, k2 and a, were identified using the local optimization tool lsqcurvefit in Matlab® (The
MathWorks Inc., version R2025a, Natick, MA, USA).

Table 2. Kinetic parameters obtained from nonlinear regression of the proposed dark–light kinetic
model using the three irradiated experiments. Confidence intervals were calculated at the 95% level.

Parameter Estimated Value 95% Confidence Interval Unit

k1 8.53·10−3 [
7.23 9.83

]
·10−3 min−1

k2 7.64·10−2 [
6.26 9.02

]
·10−2 min−1

a 1.12·10−1 [
0.94 1.31

]
·10−1 cm2 mW−1 min−1

As shown in Figure 10A–C, a single parameter set consistently reproduces the experi-
mental profiles under all photon flux conditions, with close agreement between measured
data and simulated trajectories. During the dark phase (0–60 min), the model describes
the gradual concentration decrease governed by adsorption–desorption dynamics. After
irradiation onset (t = 60 min), the activation of the light-dependent pathway leads to a
clear slope increase, which is accurately captured across all intensities.

To further assess the structural robustness of the kinetic formulation, the adsorption–
desorption parameters k1 and k2, originally estimated from the three irradiated experiments
(0–60 min dark stage followed by light exposure), were employed without any additional fitting
to predict an independent dark-control experiment performed for the entire 0–180 min interval.
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Figure 10. Comparison between experimental concentration profiles and model predictions obtained
from the proposed kinetic formulation. (A–C) correspond to irradiated experiments at 0.72, 0.89, and
0.99 mW cm−2, respectively. (D) shows the independent dark-control experiment. Symbols represent
experimental measurements (mean ± ε), while solid lines denote the model predictions for dissolved
dye (orange solid line), adsorbed intermediate (green solid line), and degradation products (violet
solid line). The vertical dashed line marks the dark–light transition at 60 min.

In this validation test, the analytical solution was evaluated under the condition k3 = 0
for the whole duration (Equation (8)), thus suppressing the photodegradation pathway.
Importantly, although k1 and k2 were effectively informed only by the initial 60 min of dark
data within the irradiated runs, the model accurately reproduces the concentration profile
of the purely dark experiment up to 180 min (Figure 10D).

This predictive consistency demonstrates that the adsorption–desorption kinetics is
correctly identified and that the additional concentration decay observed after irradiation
onset in Figure 10A–C cannot be attributed to a slow continuation of dark dynamics.

Therefore, the agreement between the independently predicted dark control and the
experimental measurements provides further mechanistic support for the proposed kinetic
structure and reinforces the interpretation of the light-induced regime shift as genuine
photocatalytic activity.

3.4.2. Sensitivity Analysis: Results

The main effects analysis of the signal-to-noise (S/N) ratio at 180 min (Figure 11)
can be consistently interpreted considering the proposed kinetic scheme, where the dye
reversibly forms an activated intermediate, which subsequently undergoes an irreversible
light-dependent transformation to products. In this framework, the overall degradation
performance is structurally controlled by the concentration and lifetime of the activated
intermediate DyeA, which acts as the reactive species driving product formation.
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Figure 11. Main effects plots of the Taguchi signal-to-noise (S/N) ratio at 180 min showing the
influence of the kinetic parameters k1, k2, and a on the degradation performance.

The parameter k1, associated with the forward activation step exhibits a strong and
monotonic positive effect on the S/N ratio across the entire investigated range. This
behavior suggests that enhancing the rate of intermediate formation may contribute to
improved dye removal efficiency. Mechanistically, a higher k1 is expected to increase the
fraction of DyeA available for the irreversible transformation step, thereby potentially
enhancing the productive reaction flux toward P. The absence of trend reversal in the
main effects plot suggests that, within the explored domain, the system remains activation-
limited rather than photon-limited. In other words, the ability to generate the reactive
intermediate may represent a key structural constraint governing final conversion.

Conversely, k2, which controls the reverse deactivation step, shows a pronounced
negative effect on the S/N ratio. Increasing k2 reduces the population of the activated inter-
mediate by favoring its reconversion to the non-reactive form, thereby directly competing
with the productive pathway. The clear monotonic decrease in S/N is indicative of the
detrimental role in system performance. This highlights that the photocatalytic efficiency is
not solely determined by light intensity or reaction irreversibility but critically depends on
suppressing intermediate loss mechanisms.

In this context, the presence of algal-derived components plays a crucial mechanistic
role. The algal matrix enhances dye adsorption, effectively capturing and retaining a larger
fraction of dye molecules at the catalyst interface. This adsorption process increases the
residence time of the dye in proximity to reactive sites [90], thereby favoring its conversion
into the activated intermediate rather than allowing desorption or deactivation. As a result,
the algal contribution can be interpreted as a structural factor that shifts the dynamic
equilibrium toward productive pathways, improving overall degradation efficiency.

The parameter a, displays a different trend: the S/N ratio increases at low-to-moderate
levels but tends to plateau at higher values [91]. This behavior appears to show that
increasing light sensitivity initially enhances the conversion of the activated intermediate
into products, leading to improved removal efficiency. However, beyond a certain threshold,
further increases in a produce progressively smaller gains.

This may suggest that once the photoinduced step is sufficiently fast, the overall
process is no longer limited by light-driven conversion but rather by the rate at which the
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activated intermediate is generated. In this regime, improving light responsiveness does not
substantially increase performance because the bottleneck shifts upstream to intermediate
formation. The observed plateau therefore reflects a transition from a light-assisted regime
to one controlled by intrinsic activation kinetics.

Identifying this transition is particularly relevant from a practical standpoint, as further
increases in irradiation intensity would not translate into proportional performance gains
and may therefore lead to unnecessary energy consumption. In this context, the proposed
kinetic framework can assist in identifying the onset of this regime and support more
rational optimization of the operating conditions.

The nearly parallel trends observed for the three light intensities suggest weak interac-
tion effects between intensity and the structural kinetic parameters. Light acts primarily as
an additive scaling factor through Equation (15), shifting the absolute S/N level without al-
tering the hierarchy or directionality of parameter influence. This reinforces the robustness
of the kinetic model and confirms that the governing mechanism remains consistent across
the irradiation conditions investigated.

Overall, the Taguchi analysis reveals that the photocatalytic system, within the inves-
tigated irradiation regime, is not purely photon-limited but fundamentally controlled by
the dynamic equilibrium between activation and deactivation of the reactive intermedi-
ate. Efficient dye degradation requires maximizing the formation rate of DyeA (high k1),
minimizing its loss through reverse pathways (low k2), and ensuring sufficient photoin-
duced conversion. The coherence between statistical trends and mechanistic interpretation
strongly supports the validity of the proposed kinetic scheme and provides a clear strategy
for rational system optimization.

3.4.3. Effect of Light Intensity

In Figure 12A, dye removal is plotted as a function of time and light intensity, starting
from an initial condition of [Dye]0 = 27.30 ppm and [DyeA]

0 = 0 ppm, with irradiation
activated at 60 min. The horizontal dashed line clearly separates the dark adsorption regime
from the irradiated regime. After irradiation begins, removal increases with both time and
light intensity, but the color gradient reveals a strongly nonlinear behavior. At low intensities,
removal grows gradually with time, whereas at moderate intensities a rapid transition toward
high conversion is observed. However, beyond a certain light threshold, the improvement
becomes progressively less pronounced, and the map tends toward a saturation region where
further increases in intensity yield only marginal gains in final removal.

Figure 12. Model-based response surfaces obtained from the analytical kinetic solution. (A) Removal
as a function of time and light intensity. (B) Removal as a function of time and initial surface fouling
level at fixed irradiation intensity.
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3.4.4. Effect of Fouling

Figure 12B explores a different but equally informative dimension: removal as a
function of time and fouling level at a fixed intermediate light intensity. In contrast
to Figure 12A, the color gradient is predominantly vertical, indicating that time is the
dominant driver of removal under fixed irradiation. The relatively weak dependence on
fouling level suggests that, within the explored range, the system maintains a stable kinetic
response even as the initial dye burden increases. This behavior implies that the activated
intermediate is not critically depleted under initially higher substrate loading and that the
activation–deactivation equilibrium remains structurally balanced.

Notably, the absence of significant performance decay at increasing fouling levels
provides indirect insight into catalyst robustness under pre-contaminated conditions. In
this model, fouling is simulated as an increased initial amount of dye already adsorbed
on the catalyst surface, representing a “pre-soiled” or partially covered catalyst prior to
irradiation. The fact that degradation efficiency remains essentially unaffected by higher
initial surface coverage suggests that the catalytic system does not suffer from severe site
blocking or irreversible deactivation within the explored range.

The observed response indicates that the activated intermediate can still be efficiently
formed and consumed even when a significant fraction of the surface is initially occupied.
In other words, the dynamic balance between activation, deactivation, and photoinduced
transformation appears capable of restoring active surface availability over time. Such
resilience is highly relevant from an application standpoint, as it implies that surface
coverage by organic species does not permanently suppress catalytic turnover.

Furthermore, the ability of the system to recover and maintain removal efficiency
despite an initially “fouled” surface may suggest a self-regenerating or self-cleaning ten-
dency under irradiation, where adsorbed dye molecules are progressively transformed
into products rather than accumulated [92]. While dedicated cycling experiments would
be required to confirm long-term stability and reusability, the model response indicates
that the photocatalyst operates in a regime where transient surface coverage does not
translate into persistent catalytic inhibition. This behavior is consistent with a dynamically
regenerated active surface under continuous illumination.

4. Conclusions
This study demonstrates that the green-synthesized Ag/Zn-NPs derived from

Chlorella vulgaris polar extract consist of a multiphase system combining wurtzite ZnO
with metallic Ag and Ag2O, as confirmed by XRD analysis. SEM observations revealed a
hierarchical morphology, with nanometric primary particles assembled into micrometric
aggregates, while FTIR analysis confirmed the presence of organic functional groups as-
sociated with the algal extract on the material surface. Diffuse reflectance analysis, based
on the Tauc method, yielded a band gap energy of 3.24 eV, while the Urbach energy was
found to be relatively low (0.135 eV), indicating a limited density of band-tail states.

Sequential dark–light experiments (60 min dark plus 120 min UV) clearly separated
adsorption equilibrium (∼ 9–11% removal) from photoactivated degradation, leading to final
efficiencies of ∼ 44–49% at 180 min using 150 ppm catalyst and 27.5 ppm initial Congo Red.

The analytical kinetic model quantitatively reproduced all irradiation conditions and
successfully predicted an independent 180 min dark-control experiment without additional
fitting, confirming the structural validity of the adsorption–activation–degradation scheme.
The weak dependence of removal efficiency on photon flux within the investigated range
indicates operation beyond a strictly photon-limited regime, highlighting intrinsic energy
robustness governed by intermediate dynamics rather than light intensity alone. This
provides a mechanistic basis for interpreting the observed plateau in removal efficiency
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and highlights the relevance of intermediate-mediated pathways in determining system
behavior. At the same time, the present analysis is inherently constrained to the investi-
gated operating window, and extending the exploration to a broader range of irradiation
conditions would be necessary to fully map the transition between photon-limited and
kinetically controlled regimes. In this perspective, future work should focus on coupling the
present analytical framework with extended experimental conditions to further generalize
the identified behavior.

Importantly, competitive performance is achieved at relatively low catalyst loading
through a bio-mediated synthesis route. By integrating renewable biomass valorization,
reduced material input, and mechanistically validated kinetics, this work advances a
systems-level sustainability framework that aligns green chemistry, energy-conscious op-
eration, and circular resource utilization for water remediation applications. From a
broader sustainability perspective, the results further suggest that efficient operation can be
achieved without increasing photon input or catalyst loading, pointing toward a favorable
balance between material use and energy demand. However, the present study does not
explicitly address key metrics such as catalyst reusability, long-term stability, or process-
level energy efficiency, which are essential for a comprehensive sustainability assessment.
Future investigations should therefore integrate these aspects, including durability testing
and energy-performance analysis, to fully evaluate the practical viability of the proposed
system within real-world water treatment scenarios.

Overall, this work highlights how the integration of green synthesis, kinetic insight,
and process-oriented thinking can guide the development of next-generation photocatalytic
systems for sustainable water remediation.
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Appendix A. Data Treatment
UV–Vis spectra were processed through a structured multistep workflow implemented

in MATLAB® (The Mathworks Inc., version R2025a, Natick, MA, USA). As a first step,
a linear baseline correction was applied to compensate for background contributions
arising primarily from light scattering due to suspended photocatalyst particles (turbidity
effects). In heterogeneous photocatalytic systems, the presence of solid particles induces
wavelength-dependent scattering, particularly noticeable in the high-wavelength region
where Congo Red absorption is negligible. Therefore, the spectral interval between 700 and
800 nm was fitted using a first-order polynomial, assuming minimal dye absorption in this
range. The resulting linear baseline was subtracted from the entire spectrum to isolate the
true absorbance contribution of the dissolved species.
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Subsequently, noise reduction was carried out using a principal component analysis
(PCA)-based reconstruction approach [93]. The spectral matrix was column-wise standard-
ized (z-score normalization) prior to PCA application. The spectra were reconstructed by
retaining the minimum number of principal components required to explain at least 90%
of the cumulative variance, thereby preserving the chemically relevant information while
suppressing high-frequency instrumental noise.

A final smoothing step was performed using a moving-average filter applied along
the wavelength axis to further improve signal stability without altering spectral features.

Replicate experiments were processed following the identical workflow and combined
to calculate mean values and the associated standard errors of the mean.

Appendix B. Control Experiment: Direct Photolysis of Congo Red

Figure A1. Control experiment under UV irradiation (L.I. = 0.89 mW cm−2) in the absence of catalyst

([Cat] = 0 ppm) showing the temporal evolution of Congo Red concentration
(
[Dye]0 = 30.42 ppm ).

No significant variation in dye concentration is observed over 240 min.

Appendix C. Derivation of the Analytical Solution
In compact vector form, the system reported in Equation (5) can be rewritten as:

.
x = A x (A1)

subject to the following starting conditions:

x|t=0 =
[
[Dye]0 [DyeA]

0
]

(A2)

Owing to the linear structure of the system, the temporal evolution of the state vector
can be expressed in terms of the eigenvalues and eigenvectors of the kinetic matrix A. The
eigenvalues were obtained from the characteristic equation:

det
(

A− λI
)
=

∣∣∣∣∣−(k1 + λ) k2

−k1 −(k2 + k3 + λ)

∣∣∣∣∣ = (k1 + λ)(k2 + k3 + λ)− k1k2 = 0 (A3)

which, upon solution, yields the following eigenvalues:

λ1,2 =
1
2

[
−(k1 + k2 + k3)±

√
(k1 + k2 + k3)

2 − 4k1k3

]
(A4)
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The corresponding eigenvectors v i were then determined by solving the homogeneous
linear system associated with each eigenvalue λi:(

A− λi I
)
v i = 0 (A5)

expanding the system explicitly:{
−(k1 + λi)v1,i + k2v2,i = 0

k1v1,i − (k2 + k3 + λi)v2,i = 0
(A6)

Since λi satisfies the characteristic equation, Equation (A3), the two equations of the
homogeneous system are not independent. This can be demonstrated explicitly. In fact,
from Equation (A3) the term k2 can be expressed as a function of λi, k1, k2 itself and k3.
Substituting this relation into the first equation of the system reported in Equation (A6)
and multiplying by −k1, it follows, upon use of the characteristic equation, that the first
equation reduces to the same algebraic condition of the second equation:

k1v1,i − (k2 + k3 + λi)v2,i = 0 (A7)

Therefore, the two equations are linearly dependent, and the system admits only one
independent constraint, allowing the eigenvector components to be determined up to an
arbitrary multiplicative constant α:

v i = α
[
1 k1

k2+k3+λi

]T
(A8)

without loss of generality, setting α = 1, the matrix of eigenvectors can be written as:

V =
[
v 1 v 2

]
=

[
v1,1 v1,2

v2,1 v2,2

]
=

[
1 1
k1

k2+k3+λ1

k1
k2+k3+λ2

]
(A9)

Under these conditions, the general solution of linear system can be expressed as a
linear combination of the eigenmodes:

x = C1v 1eλ1t + C2v 2eλ2t (A10)

where C1 and C2 are constants determined by the initial conditions reported in Equation (A2).
Imposing the initial state x|t=0 = x0, one obtains:

x0 = C1v 1 + C2v 2 (A11)

which leads to a linear algebraic system for C1 and C2. Solving this system by inversion of
the eigenvector matrix V, the coefficients are given by:

C1 =
v2,2[Dye]0−v1,2[DyeA ]

0

det( V )

C2 = − v2,1[Dye]0−v1,1[DyeA ]
0

det( V )

(A12)

Substituting the expressions of C1 and C2 into the general solution and rearranging
terms, the state vector can be written explicitly as:

x =
v2,2[Dye]0 − v1,2[DyeA]

0

det
(

V
) v 1eλ1t − v2,1[Dye]0 − v1,1[DyeA]

0

det
(

V
) v 2eλ2t (A13)
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Extracting the individual components of the state vector yields the explicit time
evolution of the dissolved and adsorbed dye concentrations:

[Dye] = v2,2[Dye]0−v1,2[DyeA ]
0

det( V )
v1,1 eλ1t − v2,1[Dye]0−v1,1[DyeA ]

0

det( V )
v1,2 eλ2t

[DyeA] =
v2,2[Dye]0−v1,2[DyeA ]

0

det( V )
v2,1 eλ1t − v2,1[Dye]0−v1,1[DyeA ]

0

det( V )
v2,2 eλ2t

(A14)

Eigenvalues Properties

It is worth noting that both eigenvalues are real and non-positive. In the present
experimental setup, a dark adsorption phase precedes irradiation, such that the kinetic
constants k1 and k2 are determined independently before the photocatalytic step is activated.
The light-induced rate constant k3 is introduced only after the switching time tON , when
irradiation is applied. For fixed values of k1 and k2 established during the dark regime, there
exists no physically admissible value of k3 that makes the discriminant of the characteristic
polynomial negative. Consequently, the eigenvalues remain real under all meaningful
operating conditions of the present system, and no oscillatory behavior can arise.

In the absence of irradiation (k3 = 0), one eigenvalue is zero, corresponding to a
marginally stable mode associated with the adsorption/desorption equilibrium established
between the bulk liquid Dye and the surface-adsorbed species. The second eigenvalue
remains strictly negative, ensuring convergence toward this equilibrium state.

When irradiation is applied (k3 > 0), both eigenvalues become strictly negative. Under
these conditions, the system is asymptotically stable, and the unique equilibrium point
shifts to the origin, corresponding to complete depletion of both dissolved and adsorbed
dye concentrations. The eigenvalues are given by Equation (A4), for the eigenvalues remain
real, the discriminant must satisfy:

(k1 + k2 + k3)
2 − 4k1k3 > 0 (A15)

expanding the expression yields a quadratic function of k3:

k3
2 + 2(k2 − k1)k3 + (k2 + k1)

2 > 0 (A16)

The corresponding equality leads to:

k3
(1,2) =

1
2

[
−(k2 − k1)±

√
−4k1k2

]
(A17)

Since k1 > 0 and k2 > 0 represent kinetic rate constants, the term under the square
root becomes negative (−4k1k2 < 0), implying that the roots of Equation (A16) are complex
conjugates. Consequently, the quadratic expression in Equation (A17) remains strictly
positive for any real value of k3, and for k3 > 0. Therefore, when irradiation is present,
both eigenvalues are always real and negative, confirming that the system is asymp-
totically stable and that the dynamical trajectories converge monotonically toward the
zero-concentration equilibrium. This result reflects the irreversible photochemical sink
introduced by the light-driven step, which removes activated dye molecules from the
reversible adsorption–desorption cycle and drives the system toward complete depletion.

Appendix D. Fouling
By imposing k3 = 0 in Equation (A14), corresponding to the absence of irradiation, the

system reduces to the purely reversible adsorption–desorption dynamics. The analytical
solution becomes [Dye] = k2

k1+k2

(
[Dye]0 + [DyeA]

0
)
+

k1[Dye]0−k2[DyeA ]
0

k1+k2
e−(k1+k2)t

[DyeA] =
k1

k1+k2

(
[Dye]0 + [DyeA]

0
)
− k1[Dye]0−k2[DyeA ]

0

k1+k2
e−(k1+k2)t

(A18)
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In the limit t→ ∞ , the exponential term vanishes and the system approaches the
adsorption–desorption equilibrium state [Dye](eq) = k2

k1+k2

(
[Dye]0 + [DyeA]

0
)

[DyeA]
(eq) = k1

k1+k2

(
[Dye]0 + [DyeA]

0
) (A19)

The equilibrium value [DyeA]
(eq) represents the maximum amount of dye that can

be adsorbed on the catalyst surface under the given conditions. Consequently, the initial
surface concentration must satisfy the physical constraint:

[DyeA]
0 <

k1

k2
[Dye]0 (A20)

to ensure that the initially occupied surface fraction does not exceed the equilibrium
adsorption capacity. This formulation allows the model to represent partial surface pre-
occupation (e.g., catalyst fouling or incomplete regeneration) without altering the bulk
mass conditions.

In the simulations, the initial adsorbed fraction was therefore parameterized as

[DyeA]
0 = f

k1

k2
[Dye]0 (A21)

where f ∈ [0, 1] represents the fraction of the maximum equilibrium adsorption capacity
initially occupied.
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