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Abstract

Photocatalysis is a well-known low-cost approach for the degradation of pollutants
utilizing the energy of light. However, most studied photocatalysts are characterized
by wide bandgaps (TiO2, ZnO, Cux0), restricting the solar light utilization to UV. In
this study, a magnetic composite catalyst comprised of Fe3Os4@SiO> core-shell
nanoparticles, which allow the magnetic recovery and recycling of the catalyst,
combined with catalytically active MoOs particles dispersed in a polydopamine-
graphene oxide (GO) matrix, was synthesized to improve visible light removal of
methylene blue and phenol. The multicomponent nanocomposite composition was
optimized by response surface methodology using second-order polynomials to
maximize the adsorption and photocatalytic removals, using initially methylene blue
(MB) as model pollutant. High coefficients of determination (R’) of 0.84 and 0.94
were obtained for adsorption and photocatalysis, respectively. The catalyst was
characterized by various techniques and the effects of the photocatalyst dosage, initial
MB concentration, light source, and pH were investigated, achieving a 99.2 % MB
removal with up to two rounds of recycle. The nanocomposite also demonstrated to
produce ca. 60% H20; and attain a 85% phenol degradation in the presence of H>Ox.
Furthermore, it was established that both phenol and MB degradation mechanisms by

the new nanocomposite involve the production of reactive oxygen species.

Keywords: Photocatalysis, adsorption, response surface methodology, Graphene

oxide, Phenol removal, methylene blue removal.
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1. Introduction

The declining availability of traditional groundwater supplies, increasing
contamination of surface water, as well as the growing human demand for clean
water call for novel approaches to effectively remove water pollutants.
Furthermore, several emerging pollutants are not susceptible to biological
treatments as they exhibit high chemical stability and/or great difficulty to be
completely mineralized [1]. For these reasons, advanced oxidation processes
(AOPs), which have the capability to completely degrade organic or convert
them into less toxic compounds, are very desirable. AOPs, and specifically
photocatalysis, have been extensively studied for the degradation of organic
pollutants for water and wastewater treatment. The effectiveness of several
nanomaterials in the removal of organic compounds in water has been proven
in previous studies [2—5]. Additional studies on organic matter removal using
hybrid treatment technologies are needed without leaving behind harmful toxic
by-products.

Photocatalysis has been widely employed as a cost-effective and
efficient alternative to clean water and for environmental remediation. This
technique combines a heterogeneous catalyst and UV—Vis light to oxidize
organic pollutants. A group of primary light absorbent semiconductors was
explored as photocatalysts as early as in the 1970s [6]. For instance, titanium
dioxide (Ti0O2) was reported as one of the most efficient catalysts [7]; however,
its large band-gap limits its use under visible light. Utilizing nanomaterials that
can perform under sunlight was reported as a promising method to further

improve photocatalytic treatment [8].
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The development of photocatalysts with enhanced properties, such as
visible light photocatalytic activity, reusability and stability, is essential for
practical applications. The synthesis of graphene-based semiconductor
nanocomposites to further improve the photocatalytic efficiency of different
nanomaterials has been previously proposed but has not been systematically
investigated.[9—14] Furthermore, most prior studies incorporated wide band-
gap semiconductors into graphene or graphene oxide nanomaterials [15,16].
For example, the degradation of different organic molecules and photocatalytic
inactivation of microorganisms have been previously reported with different
graphene oxide based metal oxide nanocomposites, such as Magnetic ZnFe;Os—
graphene nanocomposites, ZnO/graphene-oxide, Ag/TiO>and TiO,/graphene
nanocomposites, and Ag3PO4-Graphene composites, among others, [14,17,18]. In the
present study, we will systematically investigate the incorporation of MoOj3 in
graphane oxide since graphene and graphene oxide have been shown to have high
adsorption capability [19], while MoO; nanomaterials have shown excellent
photocatalytic activity under visible light [20-23]. Regardless of the use of visible
light, when designing photocatalysts, other factors should also be considered, i.e.
dissolution and reusability since lifetime and potential reusability of nanomaterials
will limit its applicability. For example, it has been suggested that some of the metal
oxide nanoparticles exhibit some instability in water and can release ions in the
environment causing harmful effects. [24] This is also the case for MoOs, which has
also shown to dissolve at pH 7 in water [25][26]. Hence, the need of a very systematic
approach to optimize a visible light nanocomposite, such as MoOs3, that is stable in

normal water treatment conditions.
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Herein, an enhanced photocatalyst utilizing the magnetic properties of a
Fe304 particles protected by a SiO> shell, and the photocatalytic properties of
MoOs dispersed in a GO-polydopamine matrix was developed. We
hypothesized that this combination would lead to a multifunctional material
that can be easily recovered, be able to remove organic compounds, and
possess an improved photo-reactivity under visible light. However, to achieve
the maximum removal potential of the nanocomposite, it is crucial to optimize
the ratio of the different nanomaterial components. Thus, an approach based on
the response surface methodology (RSM) [27,28] was undertaken to design this
multifunctional material. Box-Behnken design (BBD), which is reported as a
more economical design than others, was selected because it requires fewer
number of experiments while still providing an excellent output prediction [29].
Linear regression analysis was employed to predict the responses and was
compared to the actual experimental values. Furthermore, the fitness of the
models was tested using analysis of variance (ANOVA). Once the optimum
ratio of components was identified, experiments using the optimized
photocatalyst were performed to validate the model’s predictions. The
optimization of the photacalysis of this new material via percent removal was
evaluated by analyzing the methylene blue discoloration, since this dye is very
easy to monitor by UV-Vis. However, to consider its potential applicability, we
also investigated phenol removal. As of today, very few studies have evaluted
the application of visible light photocatalysts in environmental contaminants,
such as phenol with magnetic MoOs-graphene oxide nanocomposites. Here, we
investigated a novel magnetic MoOs-graphene oxide nanocomposite for the

removal of phenol as well as its potential reusability.
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2. Experimental section

2.1. Materials. Graphite powder (<45 pupm), NaNO3;, KMnOa,
(NH4)sM07024:4H>0, FeCl>-4H>0, FeCl3-6H>0, methylene blue (MB), phenol,
p-benzoquinone (p-BQ), ethanol, isopropyl alcohol (IPA), triethanolamine (TEOA),
and Tris buffer solution were purchased from Sigma-Aldrich. Dopamine
hydrochloride (D-HCI), tetraethyl orthosilicate (TEOS), H.SO4, HNO3, HCI, 30
% H»02, 28 wt% NH4OH, glutathione and 5,5’°-dithiobis(2-nitrobenzoic acid)
(Ellman’s reagent) were supplied by Fisher Scientific. All reagents were used
as received. Aqueous solutions were prepared using deionized (DI) water
(>18.2 MQ).

2.1.1. Synthesis of Fe3Os nanoparticles. Magnetic Fe3;Os4 particles were
produced by a co-precipitation method. Briefly, in a round bottom flask, 16.0
mL of 1.0 M FeCl3-6H20 and 4.0 mL of 2.0 M FeCl,-4H»0, both in 2.0 M HCI,
were added and magnetically stirred. While stirring, 300 mL of 1.0 M NH4OH
was added at once immediately forming a black Fe3;O4 precipitate. The reaction
was performed under Ar atmosphere. Precipitates were magnetically collected
exposing the suspension to a strong magnetic field (N52 Neodymium 2-inch
cube magnet, Applied Magnets), and purified resuspending and washing the
material with DI water until pH 7 was reached, after which it was freeze-dried
for 24 h.

2.1.2. Synthesis of Fe3O04@SiOz. The SiO:; shell was prepared using a
modified Stober method [30,31] Fe3O4 particles (100 mg) were dispersed by
sonication in 50 mL ethanol/water (4:1) and 1.20 mL of 28 wt% NH4OH for 1
h. Then, 0.35 mL TEOS was added dropwise and stirred for 2 h (note the

magnetic bar did not attract particles due to its low magnetic field). The
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resulting black product was collected magnetically, washed with DI water until
pH 7, and freeze-dried.

2.1.3. Synthesis of M0QO3. Molybdenum trioxide (MoO3) was synthesized by a
solution-based self-assembly route [32] with some modifications. Briefly, 12.3
g of (NHi4)6Mo07024-4H>O and 80.0 mL DI water were stirred at room
temperature in a 125 mL round bottom flask. Then, 2 M HNO; was added
dropwise until a pH of ca. 1 was reached, and the mixture was stirred (400 rpm)
in an oil bath at 90 °C for 8 h. The resulting white powder was isolated by
centrifugation and washed with DI water until pH 7, and then the suspension
was freeze-dried.

2.1.4. Synthesis of GO. Graphene oxide (GO) synthesis was carried out using
the Hummers method with some modifications [33] as follows: 2.0 g of
graphite powder and 92.0 mL of concentrated H>SO4 were magnetically stirred
in an ice bath at 150 rpm for 20 min. Then, 2.0 g NaNO3 was added and the
stirring continued for another hour. The system was then placed in an oil bath at
35 °C and 12.0 g of KMnOg4 was added slowly. After stirring for 16 h, 160 mL
DI water were added, the temperature was further increased to 90 °C and
stirring was continued for another 30 min. Next, a solution containing 360 mL
DI water and 40 mL H>O> (30 %) was added slowly. Then, the mixture was
cooled down, the solid was purified by centrifugation several times with DI
water until pH 7. The brown precipitate was dispersed in 2.0 L DI water and
subsequently sonicated using a tip sonicator for 8 h to exfoliate the GO. The
GO suspension was freeze-dried to obtain the GO powder.

2.1.5. Synthesis of Fe;Os@SiO2/Mo0O3 (FSM). FSM nanocomposites were

prepared by a co-deposition method. As prepared Fe;O4@SiO2 (10 mg) were
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dispersed in 20.0 mL 10 mM Tris buffer solution of pH 8.5, and sonicated for 5
min. Different weights of D-HCl and MoOs, as described in the response
surface methodology (RSM) experimental design (vide infra), were added
(Table S1). Then, the mixtures were sonicated again for 5 min and stirred for
24 h. The resulting products were magnetically collected and freeze-dried for
24 h.

2.1.6. Synthesis of Fe3;O4@SiO2/MoO3/PDA-GO (FSM-GO) composites.
FSM-GO composites were prepared by a co-deposition method. Each FSM
material was dispersed in 20.0 mL 10 mM Tris buffer solution (pH = 8.5) by
sonication for 5 min. D-HCl and GO were added and sonicated with the
previous suspension for 5 min. The added GO and D-HCI amounts were varied
as described in Table S1. Subsequently, the mixture was stirred for 24 h at 40
°C. The resulting black composite was magnetically collected, washed with DI

water until pH 7, and then freeze-dried.

3. Materials characterizations. Powder X-ray diffraction (XRD) was
performed in a Philips X’pert Pro X-ray diffractometer, using the Cu Ka
radiation (A = 1.54 A) and scanning 20 from 5 to 80 ° at a rate of 0.02 °/sec.
The voltage employed was 40 kV and the current intensity was 40 mA. The
morphology of the nanomaterials was examined by scanning electron
microscopy (SEM) in a LEO FEI 1525 SEM instrument equipped with an
Inlens detector and using a working distance of 3—4 mm and an accelerating
voltage of 8 kV. For the Fourier transform infrared (FTIR) spectroscopy, a
Nicolet iS50 spectrometer with diamond plate, was used. Omnic 8 Software

(Thermo Fisher Scientific, USA) was used to process the FTIR data. Raman
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spectroscopy was carried out using a HORIBA iHR320 Spectrometer equipped with a
Synapse CCD with a laser at 532 nm. Energy dispersion spectroscopy (EDS) was
performed in a JEOL SM-31010/METEK EDAX system at 15 kV and a 15 mm
working distance. For the MoOs bandgap energy (E;), a Hitachi UV-Vis
Spectrophotometer U-2001 in reflectance mode was used to determine the

absorption edge (4 = 420 nm) and the bandgap was calculated using equation 1.

A (nm) = 1240 (eV/nm)/E, (D)

For the FSM-GO bandgap energy evaluation, the reflectance was very weak.
For this reason, the absorbance mode and the Tauc relation (equation 2) were

used [34];

ehv = C(hv — E;)" (2)

where € is the absorption coefficient, hv is the energy of the incident photons,
and r is an exponential factor. The result for the direct bandgap measurement
with 7 = % is presented as a Tauc plot. Origin Pro 8 software (OriginLab,
Northampton, MA) was used for the data analysis.

3.1. Photocatalytic experiments. The removal of a model organic compound,
methylene blue (MB), was investigated under visible light. The magnetic
photocatalyst (4.0 mg) was added to the MB solution (20.0 mL, 40.0 mg
MB/mL, pH 5) and the suspension was magnetically stirred in the dark for 30
min to achieve adsorption equilibrium by covering the vial with aluminium foil

[35]. Then, it was exposed to visible light for photocatalytic reactions, which
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were carried out in a box reactor (24 cm in width, 35 cm in length) with a
removable window at the top where the lamps (4W, 4 units Philips cool white
lamps) were attached for illumination. For the light-emitting diode (LED) as
light source, as previously described [36], the photocatalytic experiments were
carried out using instead a 2 m flexible LED strip (SMD 5050, 30 pcs/m, 7.5
W/m). Lamp spectra are shown in Figure S1. The suspensions were stirred
under illumination for 3 h at 180 rpm, withdrawing aliquots (200 puL) every 20
min, and magnetically separating the catalyst from the solution, which was
transferred to a 96-well microtiter plate. The removal of MB was monitored by
measuring the absorbance in a UV—Vis spectrophotometer (Biotek, Synergy
Mx Microtiter plate reader, USA) at 665 nm (g = 82,000 M- cm™!) [37]. The %
MB removal was reported according to equation (3),

Co — G

x 100 3)

% Removal =
0

where Cyp and C; are the initial and final MB concentrations, respectively. A
blank containing only MB, but excluding the catalyst, and a control containing
the nanoparticles and MB solution, but excluding light exposure (adsorption
only), were also prepared. Control experiments were carried out with the
corresponding weight amount of each material in the final nanocomposite. All
experiments were carried out in triplicates. When photocatalysis was performed
at different pHs, the pH was adjusted either with NaOH or HCI.

Removal of phenol was also investigated by suspending FSM-GO (20.0 mg) in
an aqueous phenol solution (20.0 ml, 20.0 mg/L, pH 5). As a blank, the same
amounts of phenol solution and photocatalyst with 20 pL of H20> were tested.
The photocatalyst suspension was magnetically stirred in the dark for 1 h to

achieve adsorption equilibrium [2], and subsequently exposed to Vis light using
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LED lights. Photocatalytic experiments were carried out in a box reactor, as
previously described. The suspension was magnetically stirred at 180 rpm
during irradiation. One mL aliquots were taken using a plastic syringe every 3 h
and the catalyst magnetically collected. Solutions were analysed by high-
performance liquid chromatography (HPLC) in an Agilent Technologies 1200
series instrument with an Eclipse XDB-C18 chromatographic column (5 pm x
150 mm x 460 mm). A mixture of (A) 95 v% DI water, 5 v% acetonitrile, 0.1
v% formic acid, and (B) 100 % methanol, 0.1 % formic acid, in a 33:67 A:B
volume ratio was used as mobile phase at a 0.5 mL/min flow rate with an
injection volume of 5.0 pL. A calibration curve was generated using phenol
standards of up to 20 ppm.

In the nanocomposite, while GO adsorbed MB, MoO3 was responsible for the
photocatalytic activity of the sample. To quantify the amount of dye that has
been photodegraded, we made some distinctions between adsorption and
photocatalysis degradation. Adsorption was determined by experiments
performed under dark conditions. The photocatalytic activity of MoO3; was
calculated by subtracting the discoloration results of MB at the end of the
reaction of both light and dark experiments.

3.2. Statistical analysis and compositional optimization. To optimize the
adsorption and photocatalytic efficiencies in the removal of MB, a three-factor
and five-level Box-Behken design (BBD) was performed using Design Expert
11.0 software from Stat-Ease Inc. (Minneapolis, USA). We used as
independent factors the total weights of MoOs3 (x;), GO (x,), and D-HCI (x3) to
create 17 randomized design points. Adsorption (Y.ss) and photocatalytic

removal (Yphoocar) Were the responses evaluated, as reported in Table S1.
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Based on the successful synthesis of the composites, preliminary
investigations were performed to determine the range of levels for the
independent factors.

The obtained responses were fitted by second-order polynomials (equation 3) to
establish the mathematical relationships with the a priori independent
variables:

n n-1 n n

Y =B, + ZBixi+z Z Bl-jxl-xj+ZBiixi2 (3)

i=1 i=1 j=i+1 i=1
where B, are constant offset coefficients; B;, B;; and B;; are coefficients for
linear interactions and quadratic effects, respectively; n is the number of
independent variables, and x; , x; are the independent variables.

To evaluate the significance of each term, analysis of variance
(ANOVA) was performed with p < 0.05. The quality and adequacy of the fitted
models were evaluated by the coefficient of determination (R?), lack of fit
criterion, Fisher test (F-value), and residual diagnostics. Furthermore, to
validate the response models, additional confirmation tests were performed.
Statistical compositional optimizations, such as numerical optimization,
residual analysis, and surface analysis, were performed.

3.3. Scavengers experiments. Photocatalysis experiments were performed
under the same conditions as described in section 3.1; however, to each
reaction mixture the scavengers at 10 mM TEOA, 75 mM IPA or 1 mM p-BQ
were included in order to evaluate the photocatalytic degradation mechanism.

3.4. Reactive oxygen species (ROS) assay. The production of ROS was
estimated via the Ellman’s assay, which quantifies the oxidation of thiol groups

of glutathione (GSH) [26,38—40]. Briefly, 225 uL of an aqueous suspension

12
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(200 mg sample /L) were mixed with 225 pL of a 0.4 mM GSH solution in 50
mM NaHCO3; buffer pH = 8.6. Mixtures were stirred during 2 h, under light and
dark conditions. GSH fully oxidized with H20> and GSH without added
material were used as positive and negative controls, respectively. Then, 20 pL
of Ellman’s reagent (100 mM) was introduced into each tube, allowed to react
for 10 min, and the nanostructures were removed by filtration using a 0.2 pm
syringe filter (Corning, U.S.A.). A spectrophotometric quantitation was
perfomed by measuring the absorbance at 412 nm (Biotek, Synergy Mx
Microtiter plate reader, USA) and calculating the GSH loss % by GSH loss =
(An—As)/ Anc, Wwhere A, and A represent the absorbances of the negative control
and the sample, respectively. Control experiments were carried out with the
corresponding weight amount of each material in the final nanocomposite. All
samples were measured in triplicates.

3.5. MoOs; dissolution test. A previous study reported dissolution of MoQO3 at
neutral pH may occur [26]; thus, the stability/dissolution of the optimized
FSM-GO sample was evaluated. Dissolution of about 200 mg/L FSM-GO in DI
H>O was tested at pH values 5 and 7, as confirmed using a pH meter (HORIBA
Model D-21). The pH was adjusted adding either HCI or NaOH. After 24 h, the
nanomaterial was magnetically separated and the supernatant was centrifuged
with Amicon ultrafiltration devices (30,000 NMWL) to ensure the complete removal
of the nanomaterial followed by atomic absorption spectrometry (AAS) analysis
using an AAnalyst 200 spectrometer (Perkin Elmer). A calibration regression
was produced with standard solutions with concentrations between 0 to 40

ppm. Results were reported for triplicate measurements, in mg/L. Nitrous oxide
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with flow rate of 3.3 L/min and acetylene at 2.5 L/min were used as flame
oxidants.

3.6. Reusability. Photocatalytic experiments were performed using the
optimum operating parameters (vide infra) obtained from the parametric study.
After every photocatalytic measurement the catalyst was magnetically
separated, washed once with DI water, freeze-dried, and reutilized for the next

photocalytic cycle.

4. Results and Discussion

The use of composites opens the possibility of designing multi-functional
materials with properties suitable for targeted applications. In this case, we
have combined the Fe3O4@Si102 magnetic properties with the MoO3s catalytic
properties, and enhanced adsorption and visible light absorption by adding GO
to produce a material with improved catalytic properties and reusability.

4.1 Response surface methodology (RSM) for the design of the new
nanocomposite. RSM was used to determine the best amount of each
component in the nanocomposite, as well as the role of the different
components of the nanocomposite in adsorption and photocatalysis. The
different weighted amounts of MoOs (x;), GO (x,), and dopamine
hydrochloride (D-HCI, x3) used in the synthesis were optimized by BBD. Table
S1 presents all the removal responses experimentally obtained for the MB
removal experiments, which were used to fit the model described by Equation
3. The resulting expressions for the predicted adsorption and photocatalysis

responses are presented by equations 7 and 8 below.

14



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

Yads B 4124‘ - 079x1 + 1565x2 - 1165x3 + 0.65x1x2 + 10.5X1X3 -

9.42x,%3 + 7.97x,2 — 11.22x,2 4 2.69x,2 (7)
thotocat = 5101 + 645x1 + 1930XZ - 1807X3 - 7.05X1XZ + O.SSX1X3 -

3.16x2x3 + 0.62x12 - 7.37x22 + 1284‘X32 (8)

The absolute values of the coefficients in the modelled response
equations denote the nature of how each factor (or their interaction) influences
the removal [41]. Positive and negative coefficients imply improved and
inhibited responses, respectively [42].

Only the amount of GO (x,) had a positive effect on MB adsorption
(equation 7), considering the signs of the first order terms. Previous
investigations [29,43—47] reported that GO concentration has a large effect on
the adsorption removal of diverse pollutants in hybrid materials. Similarly, the
amount of GO and MoOs (x;) had a positive effect on MB removal (equation
8). Coefticient and constant terms with higher values in equation 8 suggests
that photocatalysis will exhibit higher removals compared to adsorption, as
shown in Table S1.

The obtained results confirmed that GO plays a major role in the
adsorption, which is a very important initial stage of the photocatalytic process.
Analysis of variance (ANOVA) for the quadratic models (Tables S2 and S3)
were evaluated to confirm the significance of the effect of each dependent
variable through F-test and probability p-value. The terms of the model are
significant if p-values are < 0.05.

The regression model F-values for adsorption was 4.04 and for

photocatalysis was 13.24. The obtained p-values for both models were less than
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0.05. They were 0.039 for adsorption and 0.001 for photocatalysis, suggesting
that the models are considered to be statistically significant. Both models
showed relatively high R? of 0.84 and 0.94 for adsorption and photocatalysis,
respectively. Better predictability is demonstrated by R? values close to 1 [48]
indicating that the predicted and experimental values exhibited a good
correlation [29,47].

The model reduction was performed to improve the reliability and
accuracy of the model; non-significant terms according to ANOVA were

removed from the quadratic models (equations 9 and 10).

YadS(Z) = 4‘318 + 1298x2 - 9.56X3 (9)

374

thOtOCdt(Z) = 39.55 + 4.05 X1 + 8.72 Xy, — 7.55 X3 375 (10)

It can be observed that adsorption and photocatalysis are mainly affected
by the linear terms and not by the quadratic and interaction terms. After model
reduction, the models became highly significant with increased F-values of
12.18 and 23.48 and decreased p-values of 0.0013 to < 0.0001 for adsorption
and photocatalysis, respectively. ANOVA for the reduced model for both
adsorption and photocatalysis, are shown in Table S4 and Table S5,
respectively. Furthermore, the adequate precision values, which are defined as
the signal-to-noise ratio of the models, were generated to compare the predicted
responses and predicted errors. A value > 4 is desired, indicating adequate
signal [48]; predicted values by the model, 8.76 and 13.25 for adsorption and

for photocatalysis, respectively, justify that the predicting responses were
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acceptable. Comparing the generated results of the entire criterion considered,
both models for adsorption and photocatalysis were significant. It can be noted,
however, that the model obtained for photocatalysis is more reliable and
accurate compared to that of the adsorption.

The accuracy of the data and the models were analysed by the
distribution of the residuals, where the distributed points should follow straight
lines. This analysis was performed using the Design Expert Software. The
difference between the actual responses and the responses predicted by the
models are defined as the residuals. Normal probability plots of residual values
are shown in Figure S2. Adsortion and photocatalysis responses (Figure S2a
and Figure S2b) show that the data closely followed straight lines. The random
scatter of the residuals indicates that the data are normally distributed, and no
response transformations are needed. Good normality plots can be observed.

The correlations between actual experimental and predicted responses
(Figure S2c¢ for adsorption S2d for photocatalysis) are both approximately
linear. The reduced models show that there is a good correlation between actual
experimental responses and predicted responses.

The responses obtained by RSM were used to analyse the individual and
combined effects of the input variables [47]. The combination of adsorption
and photocatalysis surface plots is shown in Figure S3. The combined effect of
the MoO3 and GO amounts on the MB adsorption, keeping D-HCI at the lowest
range, is shown in Figure S3a. An increase in % MB removal is observed when
the amount of GO is the highest, which may result from the presence of more
functional groups capable of adsorbing MB. It was reported [29,47,49] that the

hydroxyl group present on the GO surface plays a significant role in the
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removal of contaminants. This observation is consistent with the presence of
hydroxyl groups in these composites, as demonstrated by FTIR measurements.
Figure S3b illustrates the combined effects of the D-HCI and GO amounts, at a
constant level of MoO3 in the middle range. An increased MB removal is
observed when GO is increased, while keeping the D-HCI at the lowest range.
On the other hand, Figure S3c shows the effect of D-HCl and MoO3 on the %
MB removal keeping the amount of GO at the highest range. An increase in the
% MB removal can be observed when the level of D-HCl was kept at the
lowest range and MoO3 at the middle range. In the case of photocatalysis,
Figure S3d shows the effect of the amount of GO and MoO3 on the % MB
removal, while keeping the D-HCI amount at the lowest range. % MB removal
increases when both GO and MoO3 levels increase. This trend is opposite to
that of % MB adsorption and can be explained by the difference in the
mechanism. We conclude that the introduction of more GO resulted in a higher
adsorption capacity, while the addition of MoOs3 into the nanocomposite
resulted in furthering the degradation of the adsorbed MB. Both GO and MoO3
positively influenced the photocatalysis.

Considering the combined effect of D-HCl and GO on the % MB
removal for photocatalysis (Figure S3e), an increase in the % MB removal for
adsorption was obtained when GO was kept in the highest considered range and
D-HCI on the lowest range. Finally, the trend between D-HCI and MoOs is
further observed when D-HCI was kept in the lowest range and MoOs in the
middle range. Positive x; was observed in the generated model equation
suggesting the positive influence of MoO3 in % MB removal for photocatalysis.

To summarize, it can be concluded from the surface plot analizes that % MB
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removals for both adsorption and photocatalysis are most favourable when the
amount of GO was kept in the highest range, the amount of MoQO3 at the lower-
middle range and the D-HCI at the lowest considered range.

4.2 Optimization and validation. To choose a response with the highest
desirability, the desirability function of RSM was used to perform the
optimization of the nanocomposites. The adsorption and photocatalysis
experiments to validate the model were performed with the FSM-GO
nanocomposites prepared using the optimum composition determined by the
photocatalytic model. The optimization determined that 25 mg of GO, 10 mg of
MoOs was, and 5 mg of D-HCI were the optimal amounts. The predicted
removals using the reduced equations for both adsorption and photocatalysis
were 65.72 and 83.70%, respectively, with the desirability of 0.94. Figure 1
shows the results for the optimum FSM-GO formulation. Two-tailed #-test
analysis at o = 0.05 was performed. Calculated p-values of 0.061 and 0.075 for
adsorption and photocatalysis were obtained. The results confirm that there is

no statistical difference between the predicted and actual removals.
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Figure 1. Predicted and actual removals for photocatalysis and adsorption with

optimized FSM-GO. Standard deviations are represented by error bars.
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4.3 Catalyst preparation and characterization. The preparation of the
composite magnetic catalyst comprises the synthesis of the individual
components and their stepwise combination, i.e., first, the synthesis of
Fe304@SiO2 by a well-established Stober method [30,31], as well as of GO
and MoOs3 components; second, the Fe304@Si02/Mo0O3 (FSM) co-deposition;
and third, the dopamine polymerization in presence of FSM and GO to yield
the final FSM-GO material. Each of these materials were characterized to
ensure successful synthesis.

The FTIR spectrum of Fe3O4 (Figure 2a) exhibits an intense peak at 564
cm! due to the Fe—O stretching. This peak is characteristic for all spinels and
for ferrite structures in particular. Fe;04@S102, on the other hand, also displays
a band at 1082 cm™!, which is attributed to Si—~O-Si anti-asymmetric stretching

vibrations [31], and a broad peak at 3439 cm™!

, which corresponds to the O—H
stretching. The band at 564 cm™! corresponds to the Fe—O stretching of the
Fe;04 core [50]. The FTIR of MoO3 shows three peaks below 1000 cm™, i.e.,
at 570, 808, and 880 cm™' corresponding to the stretching modes of oxygen,
Mo-O-Mo, and Mo=0, respectively. The characteristic peak at 1405 cm™
corresponds to the streching of the Mo—OH bond [26,51], and the absorption
band at 3182 cm™' is associated with O-H stretching of surface bound
hydroxyls. For FSM, the spectrum clearly indicates MoO3s has been
incorporated in the Fe3sO4@SiO> system as additional peaks at ca. 3182, 882,
and 810 cm™' are observed. Furthermore, a small peak at around 1600 cm™!

(vc=c) can be observed due to the presence of polydopamine, also used in this

preparation step.
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The various functional groups present in GO were also confirmed by
FTIR. The peaks at 1730, 1625, and 1052 cm ' were assigned to stretching
modes of C=0 of carboxyl groups, C=C of aromatic groups, and C—O of
epoxide groups, respectively. The main absorption peak at 3385 cm!
corresponds to O—H stretching vibrations. The presence of these functional
groups supports that GO was synthesized successfully [52]. These functional
groups present on the surface of GO are responsible for its removal capabilities
due to the hydrogen bond and =m-m interactions, as reported in previous studies
[29,47,49,53].

Finally, the functional groups in the optimized FSM-GO (vide infra)
absorbing at 3385, 1615, and 1072 cm™! can be assigned to O—H stretching of
hydroxyl, C=0 stretching of carboxyl, and C—-O stretching of epoxy groups,
respectively, all associated to GO [54]. Additional peaks at 818 and 881 cm™!,
assigned to Mo=0O asymmetric stretching modes of terminal oxygen [55],
indicate the existence of a layered orthorhombic MoQO3 phase [56], however,
those bands have been shifted in the FSM-GO composite when comparing to
MoOs3, demonstrating the formation of chemical bonds between Mo-O and graphene
oxide. Furthermore, the Fe—O stretching (v= 573 cm™') and the Si—~O-Si anti-
asymmetric stretching vibrations (vo-sio= 1074 cm™) can also be observed in
the spectrum, with a small shift. However, the stretching vc-c from the
polydopamine cannot be observed due to the overlap with the GO contribution.
These results validate the coupling of GO, MoO3 and Fe;04@Si0O> in the

presence of polydopamine.
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Figure 2. (a) FTIR spectra and (b) XRD patterns of all the components
(indicated) involved in the preparation of the FSM-GO catalyst with optimized
composition as per RSM methodology. The italicized miller indeces

corresponds to 2-MoOs.

All materials were analysed by powder XRD (Figure 2b). The Fe3O4
XRD pattern can be indexed to the standard phase of the cubic spinel structure
of Fe3O4 (JCPDS 19-0629) while no other peaks were observed [57]. The
Fe;04@Si102 did not present any characteristic SiO2 peaks, indicating the
possible formation of an amorphous SiO; phase. The MoO3; XRD pattern shows
strong diffraction peaks corresponding to a highly crystalline mixture of /- and
o- phases, i.e., of orthorhombic (JCPDS 35-0569) and hexagonal MoO3
(JCPDS 21-0569) [58]. The FSM pattern presents a combination of the Fe30O4

and MoOs phases due to the presence of these individual crystalline
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components. GO shows a strong (001) peak at 12° associated with the
interlayer spacing between graphene sheets. Graphite diffraction peaks (002)
were not found, indicating delamination was complete [59]. FSM and
FSM@GO showed the similar diffraction patterns, as expected. The GO
nanosheets in the nanocomposite remained disordered since no addition
diffraction peaks appeared upon GO addition [60].

Raman spectra of GO and FSM-GO (Figure S4) showed D and G bands at
1332 and 1585 cm’, respectively. The D band provides information to the C sp® and
the G band to the C sp°. The intensity ratio of the D band to the G band (R = Ip/Ig)
usually reflects defects in GO and graphene. [61] The R ratio of GO and FSM-GO
samples showed an increased ratio from r=0.93 to 1.03, respectively. When GO
nanosheets are functionalized with FSM nanoparticles, an increase in the oxygen-
functional groups on GO during the reaction takes place. This increase is correlated
with a decrease in the size of the sp’ domains.[62]

SEM images also demonstrated successful synthesis and coupling of the
nanomaterials (Figure 3). The SEM image of Fe304 (Figure 3a) shows particles
with irregular to flat plate morphologies. Fe3O4@SiO> exhibits the
morphological properties of Fe3Os (Figure 3b); however, the composite
exhibited a smoother surface and slightly larger average particle size. It can be
inferred that silica shells uniformly coated the Fe3Os particles and formed
Fe;04@Si102, as previously shown for Fe3O4 nanoparticles coated by the Stober
method [30,31]. SEM images of MoOs3 (Figure 3¢) present hexagonal rods of
ca. 1 pm diameter as well as a smaller fraction of plates with particle thickness
of about 100—200 nm arranged in stacking patterns; this is consistent with the

formation of 4- and a-MoO3 phases as found by XRD. The morphology of
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FSM (Figure 3d) exhibits the addition of smaller spherical Fe3O4@SiO2
particles onto anisotropic structures, which likely indicates the coating of the
rod-like structured MoOj3 surface by a fraction of the Fe3;04@Si10; particles and
confirm the successful binding of these particles. The SEM image of GO
(Figure 3e) displays a nanosheet-like morphology with high flexibility.
Randomly aggregated and crumpled thin sheets can be clearly seen in the
image. These sheets make GO an ideal nanomaterial to attach different
nanoparticles and macromolecules, and allow the incorporation of an extensive
variety of chemical functionalizations [63,64]. Finally, the FSM—GO image
(Figure 3f) verifies the FSM loading on the GO by the presence of tiny particles
attached to the GO sheet. The loading of the catalyst on the GO surface is
improved by the interaction of the GO functional groups with the surface of the

MoO3 semiconductor catalyst [8].
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Figure 3. SEM images of (a) Fe3O4, (b) Fe304@Si02, (c) MoOs3, (d) FSM, (e)

GO, and (f) FSM-GO.

Energy dispersive spectroscopy (EDS) was employed to qualitatively
evaluate the elemental composition of the optimized sample (Figure S5).
Characteristic peaks of Fe (La 0.7048 eV, Ka 6.3996 eV, Kf3 7.058 eV), Si
(Ka 1.7398 eV), Mo (Lo 2.2932 eV, L 2,394.81 eV), C (Ka. 0.2774 V), N
(Ko 0.3924 eV), and O (Ka 0.5249 eV) confirm the incorporation of
Fe304@Si02, MoO3 and polydopamine into the composite, respectively. The
weak CIl signal (Ka 2.6219 eV) can be attributed to chloride impurities
entrapped in the polydopamine matrix polymerized from the D-HCI precursor.

The bandgap energies of MoOs and FSM-GO, extracted from
reflectance measurements (Figure S6) and a Tauc plot (Figure S7), respectively,
are presented in Table 1. The bandgap of FSM—GO was estimated to be 2.65
eV, which is slightly lower compared to pure MoO3, which is typically around
3.05 eV [35,65]. As a result, in the photo-response range, the efficient
utilization of visible light spectrum was improved by adding GO into the
nanocomposite. Similar findings were reported when GO was incorporated into
TiO2 [66—68].

Finally, the stability of the FSM-GO nanocomposite towards dissolution
was studied by measuring the dissolved Mo by atomic absorption spectroscopy
(AAS). In a previous publication [26], it was demonstrated that different MoO3
nanostructures exhibit pH and morphology dependent dissolution behaviours. It
has been proven that MoOs3 nanostructures can be dissolved by ca. 30 % in 24

h. The dissolution of Mo in the final nanocomposite (FSM-GO) was evaluated
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at pH 5 and 7 for 24 h, finding concentrations of dissolved Mo equal to 0.47
and 0.55 mg/L, respectively (Table 1). Considering the 20 wt% of MoO3 in the
optimized nanocomposite, these low values indicate that very little dissolution
of MoOs3 is comparatively observed. The inhibition of the dissolution can be
explained by to the presence of a Fe304-SiOz-polydopamine coating. This
synthetic strategy stabilizes the MoO3 nanostructure, making this nanomaterial

better suitable for water treatment applications.

Table 1. Band-gap energy and dissolution tests of the Mo containing

nanomaterials.
Nanomaterial Energy Mo
bandgap dissolution
(eV) (mg/L)
MoOs 2.95 100 [26]
FSM-GO 0.47
(pH=5)
2.65
FSM-GO 0.55
(pH=7)

4.4 Effect of batch photocatalysis parameters on MB removal. The
photocatalytic MB removal at different FSM-GO loadings between 50 and 250 ppm
vs. time was investigated as shown in Figure S8. When increasing the FSM-GO
concentration, the MB removal increased up to 95 %, reaching a plateau at 200
mg/L. After 60 min, 18.7, 44.0, 69.0, 98.0, and 99.0 % MB removals were achieved

for FSM—GO loadings of 50, 100, 150, 200, and 250 mg/L, respectively. From these
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results, it was established that the optimum FSM-GO loading is 200 mg/L and
the optimum degradation time is 60 min.

Figure S8b shows the removal of MB as a function of the initial MB
concentration (/MB];). The % MB removal is almost constant at a level of 95%
for [MB]; < 40 ppm, when using 200 mg/L of FSM-GO. However, higher
[MB]; resulted in a decrease in MB removal to 72 % at /[MB]; = 60 ppm. At
lower [MB];, there are enough active sites and light penetration. At higher
[MB];, fewer active sites are illuminated on the surface of the catalysis. Thus,
more competition for active sites happens and removal would take longer [2].
The pH highly influences the removal efficiency since it directly affects the
photoefficiency of the photocatalysts. At different pHs, the surface
characteristics and the size of aggregated nanoparticles may change affecting
adsorption capacity of molecules onto the surface of the nanoparticles [69].
Figure S8c shows the effect of the solution pH on the removal of MB, studied
with the optimized FSM-GO formulation. The optimum pH value for MB
removal was found to be pH >5, whereas at pH 3 only 35 % MB was removed
after 60 min. Previous MB degradation studies reported that there is an increase
in the production of reactive oxygen species with increasing pH, which is in
agreement with a previously published report [26].

The removal of MB using different visible light sources is presented in
Figure 4d. After 60 min, almost 100 % MB removal was achieved for both
fluorescent and LED lamps, both having similar relative emission spectra, as
shown in Figure S1. Our results indicate that MB removal using FSM—-GO is

possible within 60 min independently of the visible light source used.
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Once the reaction conditions were optimized to achieve the highest MB
removal, i.e., at pH 5, 200 mg/LL FSM-GO, /MBJ]; = 40 mg/L MB, under
illumination for 60 min, the photocatalytic properties were evaluated for all the
materials and the nanocomposite to estimate their relative contribution to the
MB removal process (Figure 4). The removal by the optimized FSM-GO
composite was higher than those of all control nanomaterials (including GO
and MoO3). While MoOs3 showed ca. 10% MB removal, GO exhibited 40%.
Moreover, Fe3;Os and Fe3;O4@SiO> exhibited little to negligible discoloration.
Furthermore, the effect of the lamp showed no affect on MB degradation (Figure 4).
These results suggest that combining GO and MoO3 produces a more efficient
material for MB removal, confirming a synergistic effect between the
semiconducting photocatalyst (MoO3) and the GO light absorption (and

adsorption) enhancer.
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Figure 4. MB removal by GO, MoO3, Fe304, Fe;04@Si02, and FSM-GO
under optimized reaction conditions (40 mg/L MB, 200 mg/L sample, 60 min at
pH 5). Error bars represent standard desviations. MB in absence of added

sample was used as a control.
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The MB removal performance of the FSM-GO composite is higher than
for other previously reported materials, as is shown in Table 2. Different
catalysts have been reported to have a removal efficiency of around 100% by
using lower /MB/;. However, in our study, we increase the /MB]; up to 40 ppm,
showing an MB removal of almost 100%. Our results indicate that the new

FSM-GO nanocomposite could be an alternative for the degradation of MB.

Table 2. Efficiencies of various reported photocatalyst towards MB removal.

[MB];
Photocatalyst Removal efficiency Ref.
(mg/L)
Si02@a-Fe203
5 100% after 100 min [70]
deposited on SnS>
Zn0O-Sn0O 20 96.53% after 60 min [71]
TiO>/diatomite 35 100% after 40 min [72]
Pc-TiO> 3 100% after 140 min [73]
CuPc-TiO2 3 100% after 100 min [74]
present
FSM-GO 40 99% after 60 min study

4.5. Reactive oxygen species production. The production of reactive oxygen species
(ROS) has been shown to play an important role in photocatalytic reactions.[75]
[76,77] Scavenger experiments were performed to better understand the degradation
mechanism of the FSM-GO nanocomposite via generated ROS during reaction. The

production of ROS was evaluated in the presence of isopropyl alcohol (IPA),
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triethanolamine (TEOA), and p-benzoquinone (p-BQ), reagents that are well-known
to act as scavengers of HO -, 2", and 0, radicals, respectively [23,78-80]. Thus, the

MB removal was evaluated upon addition of these scavengers (Figure 6).
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Figure 5. MB removal in the presence of various scavengers in light and dark
conditions. Reaction conditions: 40 ppm MB, 200 mg/L FSM-GO, 60 min at pH 5

in the presence of 10 mM TEOA, 75 mM IPA, and 1 mM p-BQ.

The greatest effect was observed with the addition of p-BQ (Figure 5), which
is an 0, scavenger, followed by TEOA, and IPA, indicating that the production of 0,
radical plays an important role in the MB degradation. IPA and TEOA had lower
effects on the MB removal, suggestting a less relevant role of HO - and 4" species.
The addition of p-BQ also showed some removal in dark conditions. This MB
removal can be due to the MB adsorption on the surface of the composite catalyst. We
can confirm that the main MB degradation pathway is via O, radicals, which forms
via the oxidation of water molecules.

The production of Oz involves an electron transfer process where its self-
combination (equation 13) results in the H>O; formation [81][76]. Here, we evaluate

the production of H2O: to understand the differences in the photocatalytic
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properties in light and dark conditions. Figure 6 presents the production of
H>02 ROS by measuring the loss of glutathione (GSH) after 1 h in presence of
200 mg/L of each nanomaterial. All nanomaterials produced H>O> showing a
considerable difference between light and dark conditions. The differences
found for FSM-GO showed that in the presence of light, the production of H20»
increased to ca. 60%, compared to the dark, which was only 12 %.

Therefore, we propose that the MB degradation by FSM-GO occurrs
according to the equations 11-14, where first MB is adsorbed onto the catalysts
surface and then, in the presence of light, the eletrons in the FSM-GO conduction
band react with dissolved oxygen to produce Oz radical. These generated radicals
usually react with a dye followed by the formation of several intermediates, which
finally degrades the dye. In the absence of MB, those radicals can recombinate, to
form H>O», as shown in equation 13 [81][76], indicating that the superoxide radical

is the main species responsible for the MB degradation .

FSM—-GO+ hv—-e™ +ht (11)
Ox+e™ = 05 (12)
0y +2H* + e~ - H20, (13)
MB + 0;  — Further degradation (14)
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Figure 6. Reactive oxygen species (ROS) activity of H>O> for all the
nanomaterials at 200 mg/L after 1 h, expressed as % loss of glutathione (GSH).
Positive controls were prepared with the presence of H>O> and negative

controls without catalyst. Error bars represent standard deviations.

4.6. Reusability.
In general, materials for contaminant removal should be stable, efficient, cost-
effective, and reusable. After the efficiency of this novel FSM-GO composite in
removing MB was proven, its reusability was evaluated (Figure 7). After the
second cycle, a loss of efficiency in MB removal from 98 % to 85 % was
observed. However, a significant reduction in MB removal further took place
after the third cycle. This is likely due to the insufficient desorption of MB
between cycles, which limited the adsorption of fresh MB on the composite
surface

Furthermore, the removal efficiency of the FSM-GO might have been
reduced due to the photodegradation of the graphene oxide during the photocatalytic
process. [82] These results suggest this composite can only be used for two
successive cycles, unless further stabilization and alternative cleaning

procedures are developed.
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Figure 7. Reusability of FSM-GO at 200 mg/L dose and 40 ppm of MB, 60

min at pH 5. Error bars represent standard deviations.

4.5 Phenol degradation by FSM-GO. Phenol and phenolic substances are
widely used in many industries. However, during the last decades, these
organic compounds have received increased attention because of their toxicity
even at low concentrations and their prevalence in industrial processes.
Therefore, phenol 1is generally evaluated as a model compound in
environmental catalysis studies. Figure 8 shows the removal percentage of
phenol in the absence and presence of H»O; after 6 h. The photochemical
oxidation of phenol and other organic compounds [83—87] with TiO2, bismute
catalysts, and iron phthalocyanine-graphene with the addition of H>O> under
UV [83-88] and visible light [§89-91] have also been reported. After an hour of
adsorption equilibration under dark, followed by 6 h under illumination, 17 %
of phenol degradation was achieved. However, by adding 20 pL of H202 an
increase to 85 % of phenol degradation was achieved.

From our results, we need to point out that not only the addition of H20O>

is an important factor in the phenol removal, but also the illumination of the
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sample plays an significant role since under light, FSM-GO can degrade 85 %
of phenol compared to only 17 % under dark conditions. The positive effect of
the H>O, addition illustrates the fact that H>O»is a stronger one-electron
oxidant than Oz [92]. The possible photocatalytic mechanism involved is

suggested as follows (equation 14-17);

FSM—-—GO+ hv—-»e™ +h™ (15)
e” + H,0, - HO- + OH~™ (16)
h* + OH™ - HO- (17)
R—OH + HO:-- R- + H,0 - further oxidation (18)

Under illumination, if the light energy is equivalent to or greater than the
bandgap of the catalyst, electrons in the valence band can be excited to the
conduction band creating an electron-hole pair. The electron is then responsible
for the oxidation of H>O> to form HO-and OH™ (eq. 16), and the hole is
responsible for the reduction of OH™ forming the hydroxyl radical (HO -) (eq.
17). Then, those radicals are capable of degrading phenol. It has been proven
that the presence of H»O; at the beginning of the reaction further generates
hydroxyl radicals. Without the presence of H20», hydroxyl radicals may likely
react with holes reducing the probability of electron—hole recombination
(equation 17) [88].

The difference found between dark and light can be responsible for the
degradation of phenol shown in Figure 8 and explained by equations (15—18).
These results provide further evidence that the degradation of phenol increases

with the addition of H2O: at the begining of the reaction. Hence, the novel
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photocatalyst, FSM-GO, can also be used for the removal of phenol, suggesting
that the addition of H2O> and illumination are necessary to achieve high phenol

removals.

100 [ ]Phenol + DIW (dark)
'C_] Phenol + DIW (light)
[ ]Phenol + DIW + FSM-GO (dark)
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60 [

40

Removal (%)

20+

Figure 8. Degradation of phenol in the absence and presence of 20 uL of 30
wt% H202 (1000 mg/L FSM-GO, [phenol]; = 20 ppm, pH = 5). Error bars

represent standard deviations.

5. Conclusions

The multifunctional magnetic composite nanomaterial FSM-GO was
successfully synthesized and optimized using RSM to effectively remove
organic compounds. The statistical analysis showed a good correlation between
predicted and experimental responses. Adsorption and photocatalysis exhibited
high R? values of 0.84 and 0.94, respectively. The characterization of the
optimized FSM—-GO results confirmed the formation of a novel nanocomposite
that is highly stable at pH values of 7 and 5 for photocatalytic applications
presenting less Mo loss compared to the MoOs nanostructures alone. FTIR
measurements showed that the surface of the nanomaterial exhibits diverse
functional groups. These functional groups help in the degradation

mechanisms, and the reduction of the energy bandgap increases the harvesting
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efficiency in the visible light range. This study also demonstrates that the
degradation of MB is influenced by various operating parameters, such as pH,
dosage, and /MB];. A degradation efficiency of 99.2 % was obtained with
optimized operating values, i.e., contact time of 60 min, 200 mg FSM-GO/L,
[MB]; = 40 ppm and pH = 5. Furthermore, we also proved that the FSM-GO
nanocomposite can be used in phenol degradation showing that the addition of

H>0> under light exposition achieved 85 % of phenol degradation.
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