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Abstract

The production of effective, durable as well as regenerative photocatalysts is crucial to
achieving sustainable remediation of water. In this work, the authors provide application-
based research on a pre-synthesized bimetallic iron-copper decorated reduced graphene oxide
nanocomposite (Fe-Cu@rGO) to be used in the visible-light photocatalytic degradation of
methylene blue (MB). The catalyst had excellent performance with a degradation rate of
more than 90% in a temperature span of 40 to 85 °C. Kinetic studies showed a pseudo-first-
order reaction with an extremely low activation energy at 10.78 kJmol? which is a
quantitative measure of a highly facile reaction pathway. Eyring analysis provided
thermodynamic parameters (AH =8.00 kJmol™?, AS = -120 J mol*K™!) showing that a surface-
mediated process with a constrained transition state occurs. The radical scavenger
experiments clearly proved the presence of the superoxide radical (O.e°) as the primary
active species and subsumed a highly detailed charge-transfer thermodynamic reaction in
which rGO transfers electrons to O. reduction. More importantly, the catalyst itself was
found to be very stable in practice showing a 90% recovery of its starting action to perform
five consecutive simple magnetic recovery cycles. Besides presenting Fe-Cu@rGO as the
best photocatalyst, this study also offers some basic ideas on the synergistic functionality of
this photocatalyst, which makes it a powerful photocatalyst in terms of scalable solar-based
wastewater treatment.
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1. Introduction

The release of industrial dye effluents, especially in the textile, printing and cosmetic sectors
is a serious threat to the aquatic ecosystems and human health because these dyes are toxic,
carcinogenic and non-biodegradable [1]. Methylene blue (MB) is a common example of such
artificial dyes due to active photocatalytic research, as it has a stable aromatic structure and
does not fade easily in water [2]. Traditional water treatment techniques like adsorption,
coagulation and biological treatment are not always sufficient to fully degrade these
recalcitrant organic substances, and only move pollutants onto another stage, or produce
secondary waste [3, 4]. The polysaccharide-based hydrogels of natural origin has been
successfully applied for the wastewater treatment, because of their stimuli-responsive, non-
toxic, and chemically modifiable nature [5-25]. The photocatalysis, (particularly
semiconductor-based) has become a potential green technology that can mineralize organic
dyes to harmless inorganic molecules when subjected to light of specific wavelengths [26,
27].

Titanium dioxide (TiOy) is the classical photocatalyst because of its stability, no toxicity, and
high oxidizing ability [28, 29]. It however has a large bandgap (~3.2 eV), which means it
only activates ultraviolet light (only 4 % of solar radiation), and it has a high rate of electron-
hole recombination, which further reduces its practical efficiency. To counter these
limitations, there has been a lot of research on producing visible-light-responsive catalysts
and designing composite materials that have a better separation of charges [30]. It is, in this
regard, that reduced graphene oxide (rGO) has received considerable interest as an ideal
catalyst support due to its outstanding electrical conductivity and its high specific surface
area [31], as well as its capacity to serve as an electron acceptor and transporter, and,
therefore, inhibit charge recombination in semiconductor systems. Moreover, the high
dispersion and stabilization of metallic nanoparticles in their two-dimensional structure and
rich surface functional groups can be easily achieved [32].

Introduction of the transition metals e.g. Fe and Cu into the photocatalytic systems provides a
strategic path of boosting visible-light collection and bettering interfacial charge transfer by
creating heterojunctions or Schottky barriers [33, 34]. Ferrous materials, especially FezOa,
add magnetic recoverability and are capable of Fenton-like reactions which generate more
hydroxyl radicals [35]. Copper species, however, have been known to have narrow bandgaps
and the capability to form electron traps, furthering photo response into the visible spectrum
[36]. It is hypothesized that bimetallic Fe-Cu systems, based on complementary redox
capabilities (Fe®*, Fe?* and Cu?*, Cu®") to initiate long-term catalysis, may exhibit a greater
benefit than their monometallic analogs based on the current available literature [37, 38].

The growth of bimetallic Fe-Cu nanoparticles on the rGO sheets with specific aim of photo
catalytically degrading MB has not been fully explored even though it promises much [15,
39, 40]. A significant number of research papers are narrowed to considering single
metal/rGO composites or employ expensive noble metals, and the gap in the literature lies in
the development of cost-effective, efficient, and magnetically separable photocatalysts. In
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addition, the interfacial charge dynamics and the predominant reactive oxygen species of
such ternary systems is an evolving concept [41].

Hence, in this paper, the prepared Fe-Cu@rGO nanocomposite is critically assessed
regarding its photocatalytic activity in the breakdown of MB in the visible light. It is purely
application and mechanism-based as it seeks to: (i) measure the degradation performance and
kinetics parameters of the catalyst at various operational temperatures [42], (ii) measure the
activation energy and thermal profile of catalytic process, (iii) establish the predominant
reactive oxygen species by conducting an extensive scavenger study to understand the
degradation mechanism, and (iv) measure the working reusability and stability of the catalyst
through a series of repeated cycles. Through this functional discussion, we will be able to
develop a sound conceptualization of the dynamics that dictates the high activity of Fe-
Cu@rGO, which can be useful in implementing it in future applications in the field of
advanced oxidation to treat wastewater.

2. Materials and Methods
2.1. Catalyst and Chemicals

Fe-Cu@rGO, (bandgap energy of about 1.90 eV wherein the valence band potential is +1.45
eV and the conduction band potential is -0.45 eV relative to the NHE). Methylene blue, p-
benzoquinone (99%), L-ascorbic acid (99%), Na. EDTA, (99%), and isopropanol (99.5%)
were purchased at Sigma-Aldrich. Deionized water was used to prepare all solutions.

2.2. Photocatalytic Activity Assessment

The reaction rate of the photocatalytic action of Fe-Cu@rGO was tested using the process of
degrading MB when subjected to visible light [44]. As a visible light source, a 300 W xenon
lamp with a 420 nm cut-off filter was used. In a typical experiment, 20 mg of the catalyst was
suspended in 100 mL of an aqueous solution of MB (initial concentration = 6 mg L™, initial
absorbance Ao= 1.01 at Amax = 664 nm) in a quartz photoreactor. The suspension was stirred
in the dark using a magnet before being subjected to irradiation to attain the equilibrium of
adsorption-desorption [45]. When the light was switched on, 3 mL aliquots were taken in pre-
defined intervals, and the catalyst was at once separated by using an external magnet. The
remaining MB concentration in the clear supernatant was then established by measuring the
absorbance of its color at 664 nm in a Shimadzu UV-1800 spectrophotometer. The rate of
degradation was calculated using Eqg. (1):

Degradation (%) = (1—j—;] x 100 1)

Where Ag and A are the absorbances at time zero and time t respectively.

2.3. Kinetic and Thermodynamic Analysis
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The pseudo-first-order model was used to study the degradation kinetics with Ao/A: being the
initial and final concentrations, respectively, and k being the apparent rate constant as in Eq.

).
In(Ay/4,) = kt 2

To determine how temperature relates to the reaction, experiments were undertaken at four
temperatures (40, 55, 70, and 85 °C) in a thermostate water bath. Arrhenius and Eyring-
Polanyi plots of the temperature-dependent rate constants were used to determine the
activation energy, thermodynamic parameters, enthalpy change, entropy change, and Gibbs
free energy change.

2.4. Scavenger Experiments

Radical scavenger experiments were conducted to establish the prevalent reactive species that
contribute to the MB degradation [46]. Separately, individual scavengers: 1 mM of p-BQ
(<02 scavenger), 1 mM of L-AA (hole scavenger), 1 mM of Na2EDTA (hole scavenger), and
1 mM of IPA (OHe scavenger) were introduced into the solution containing the MB and then
the catalyst was added and they were irradiated. The performance of the degradation at each
condition at the end of 60 min of the irradiation was compared to the control experiment with
no scavenger.

2.5. Catalyst Reusability and Stability Test

The efficiency of the Fe-Cu@rGO catalyst regarding practical reusability was determined by
reductively repeating the photocatalytic cycles (5 cycles). The catalyst was then recovered
after every cycle through a magnetic collection and then cleaned with ethanol and deionized
water to eliminate any residues formed on the surface and dried overnight at 60 °C and reused
in the same experimental conditions. The stability and longevity of the catalyst were tested by
recording the degradation efficiency of every cycle [47].

3. Results and Discussion
3.1. Photocatalytic Activity and Degradation Kinetics

The photocatalytic activity of Fe-Cu@rGO in the degradation of MB with respect to
irradiation of visible light at various temperatures (40, 55, 70 and 85 °C) was conducted
systematically. Figure 1 (b) shows the temporal change in efficiency of the MB degradation
based on the irradiation time. There is an evident growth in degradation performance with
temperature with the highest removal (approximately 75-80 %) achieved at 85 °C within 45
min, compared to 60-65 % at 40 °C. This action suggests that a higher temperature favorable
charge carrier movement and the reaction kinetics of the surface without thermal degradation
of the catalyst.

UV-vis absorption spectra (at varying irradiation intervals) in Figure 1 (a) indicates a gradual
decline in the characteristic MB absorption peak at the wavelength of about 664 nm,

indicating that the chromophoric structure, rather than simple adsorption, is being destroyed.
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There was also no peak shifting indicating that the degradation is primarily processed by
oxidative reaction instead of by molecular aggregation or dimerization.

To quantitatively describe the degradation kinetics, the experimental data was fitted using
pseudo-first-order kinetic model, which is formulated as in Eq. (3)

In(Ay/A) = kt 3)

Figure 1 (c) demonstrates that the linear plots of In(Ao/A) verses irradiation time were drawn
at all tested temperatures, and the correlation coefficients (R? > 0.98), which confirms the
suitability of the pseudo-first-order model. The rate constants (k) measured increased steadily
with the temperature, which indicated that the reaction probability of the reactive oxygen
species and MB molecules increased. The relatively high slope of the lines at 70 and 85 °C
also indicate the synergetic action of Fe—Cu dual active sites and rGO conductive networks in
the affinity of rapid electron transfer and inhibiting charge recombination.

3.2. Activation Energy and Arrhenius Analysis

The Kinetic rate constants were studied as a function of temperature by the Arrhenius
equation:

— _Ea
Ink=Ind—-—= 4

Figure 1 (d) shows Arrhenius plot of In k verses 1/T giving a linear relationship with an
activation energy of 10.78 kJ mol™ [48]. This is a remarkably low activation energy, which
explains that the photocatalytic degradation of MB in Fe-Cu@rGO is Kkinetically
advantageous and takes place with low-energy barriers. These small Ea values are typical of
highly efficient photocatalysts in which the surface redox reactions are supported by strong
metal -support interactions and efficient charge separation [29]. Fe and Cu species attached to
rGO probably provide a variety of redox-active sites, which allows a fast interfacial transfer
of electrons. At the same time, rGO is an electron sink, which inhibits the recombination of
electrons and holes and reduces the total energetic requirement of the reaction.
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Figure 1. Photocatalytic degradation of MB dye under visible light irradiation: (a) time-
dependent UV-vis absorption spectra, (b) degradation efficiency at different temperatures, (c)
pseudo-first-order Kinetic plots at various temperatures, and (d) Arrhenius plot for estimation
of activation energy.

3.3. Thermodynamic Parameters and Reaction Feasibility

More information about the character of the photocatalytic degradation process was gained in
terms of thermodynamic analysis, using Eyring equation (Figure 2 (a)). Thermodynamic
parameters were calculated as represented in table 1.
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Table 1. Thermodynamic parameters and activation energy for the photocatalytic degradation
of MB over Fe-Cu@rGO, derived from Arrhenius and Eyring-Polanyi analyses

Thermodynamic parameters ~ Value Unit

AH 8.00 kJ mol
AS -120 Jmolt K
AG 43.3 kJ mol*
Ea 10.78 kJ mol?

The fact that the change in enthalpy is positive confirms that the degradation process is
endothermic, which complies with the experimentally observed increase in degradation
efficiency with increasing temperature. It means that the presence of extra thermal energy
promotes the creation of reactive species and promotes surface redox reactions.

The negative change in entropy implies that the amount of randomness at the solid liquid
interface must decrease as the reaction proceeds, but it is possible to explain this by the fact
that MB molecules and reaction intermediates are organized and adsorbed onto the Fe-
Cu@rGO surface before being oxidized. This kind of ordering is usually found in
heterogeneous catalytic systems that involve photocatalysis, in which reactants are absorbed
as surface-bound complexes prior to mineralization. In photocatalysis, positive Gibbs free
energy is not a contraindication to possible reactions, since the photo-excited charge carriers
can eliminate thermodynamic constraints on the reaction, providing non-thermal energy to
the system.
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Figure 2. (a) Eyring plot for thermodynamic analysis of MB degradation over Fe-Cu@rGO,
and (b) Degradation efficiency of MB dye with radical scavengers
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3.4. Scavenger Studies and Proposed Degradation Mechanism

To make the transition between macroscopic performance and molecular-scale mechanism,
radical scavenger experiment was performed. Figure 2 (b) shows that the dramatic quenching
of the activity occurred when the p-BQ was added, and the most active species that were
predominantly reactive was the superoxide radical. This crucial observation has a direct
association with the conduction band electrons and their transfer to adsorbed oxygen via the
rGO network as the main oxidative pathway. A strong inhibition by L-ascorbic acid and
Na;EDTA confirms the complementary role of photogenerated holes (h*), and the small
impact of isopropanol excludes a leading contribution of the free hydroxyl radicals (¢OH).

When these results are combined with the characterized band positions (VB = +1.45 eV, CB
=-0.45 eV vs. NHE) this gives a consistent and quantitative mechanism as shown in figure 3,
whereby the following series of reactions occurs:

i.  When the visible light is absorbed h* and e™ are excited out of the valence band and
into the conduction band of the Fe-Cu active sites, leaving holes in the VB as depicted
in Eq. (5).

Fe-Cu@rGO+ hv — ez + hyg (5)
ii.  Primary ROS Generation:

The electrons produced by the photogeneration quickly move to the rGO sheets that are very
conductive. Electrons that are then trapped by the adsorbed molecular oxygen on the catalyst
surface form the key superoxide radical as in Eg. (6).

erp(via1GO) + 0, =03 (6)
iii.  Oxidized Forms of Hole-Mediated Pathways:

The holes that are photogenerated in the VB can be used to catalyze two parallel oxidative
paths:

Direct oxidation of the adsorbed MB molecule can take place in the holes (Eq. (7)).
hys+ MB — MB ™ — Oxidation Products (7

Indirect Oxidation: Alternatively, surface-exchange water or hydroxyl ions can react with
holes to produce hydroxyl radicals although forming a secondary reaction in this system (Eq.

(8-9)).

his+ H,0 = OH+H” (8)

hys+ OH —-OH 9)
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iv.  The reactive oxygen species (superoxide radicals, hydroxyl radicals and holes) are
generated, which trigger a series of oxidative onslaughts on the MB chromophore.
This causes N-demethylation, heterocyclic ring system cleavage and eventual
fragmentation into smaller organic acids which eventually causes total mineralization

(Eq. (10)).
MB + (- 07 /-OH/h*) — Intermediates = CO, + H,O+ NO3 + SO5~ + otherion (20)

0,
( 020w H,0, /)
\ CB=-0.45
=1 e o OHe + MB dye
Fe-Cu@rGO l

Band gap

Degradation

H,0
hl nt e P&

r
VB =1.45
\\$OH.+MBdw

CO, + H,0

Figure 3. Mechanistic illustration of photocatalytic degradation of MB dye using Fe-
Cu@rGO nanocomposite

3.5. Reusability and Stability

The stability and reusability of a photocatalyst determines the practicality and economic
viability of the photocatalyst [30]. To assess this, five sequential photocatalytic cycles of Fe-
Cu rGO nanocomposite at identical conditions were done with magnetic recovery and a
simple washing protocol between the cycles. Figure 4 demonstrates a high level of stability in
the catalyst in its operation. The efficiency of degradation of MB was always high at around
95, 93, 90, 87 and 84 % in the first to fifth cycles respectively. This is a loss of minimum
activity that confirms high structural integrity of the composite. The performance retention is
high due to the high anchoring of Fe-Cu nanoparticles on the rGO support to avoid the
leaching and aggregation of the metal as well as the nature of rGO matrix of innate chemical
stability under photocatalytic oxidative environments [29]. This excellent reusability,
combined with the easy magnetic separation, highlights how the Fe-Cu@rGO catalyst has a
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strong practical benefit, as it presents itself as a promising and sustainable catalyst to be
reused numerous times in wastewater treatment processes.

100 =

80 4

60 =

40 4

20 =

0
1st 2nd 3rd 4th 5th

Figure 4. Reusability of the Fe-Cu@rGO catalyst over five consecutive photocatalytic cycles
for MB degradation under visible light

Degradation Efficiency (%0)

4. Conclusion

Overall, the study offers an in-depth application and mechanistic assessment of a
magnetically separable Fe-Cu@rGO nanocomposite to the efficient visible light
photocatalytic degradation of MB. The high catalytic activity illustrated by the rapid
degradation rate and extremely low activation energy (Ea=10.78 kJ mol™) of the catalyst is
explained by the synergistic effect of the Fe-Cu bimetallic sites and the conductive support
rGO. Scavenger studies by means of which the *O2" was conclusively proven to be the main
oxidative species, have given rise to a hypothesis of degradation involving efficient transfer
of electrons and redox reactions at the surface. More so, the composite showed excellent
practical viability with a high catalytic efficiency of five reuse cycles with easy magnetic
separation, a crucial problem of catalyst recovery and long-term stability. These results
confirm the rational design of bimetallic-carbon hybrids is an efficient approach to the
development of high-performance photocatalysts. The Fe-Cu@rGO system with its strong
efficiency, explicit mechanism, with its reusability capacity holds a great future in the
evolution of sustainable and solar-driven technologies to clean the organic dye contaminants
in water.
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