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Abstract

Recalcitrant azo dyes in textile wastewater are a significant environmental concern due to
their persistence and potential impacts on human and ecosystem health. Heterogeneous
Fenton-like processes offer a promising approach for their removal, although catalyst
performance depends strongly on the physicochemical characteristics of the active mate-
rial. This study investigated Fe-functionalized silicon oxide (Fe-SiO) catalysts for sodium
percarbonate (SPC)-activated removal of Reactive Orange 84 (RO84). The catalysts were
prepared using silicon oxide supports with and without thermochemical pretreatment
and different amounts of Fe during synthesis. Their structural, morphological, and ele-
mental characteristics were evaluated by transmission electron microscopy (TEM), X-ray
diffraction (XRD), and energy-dispersive X-ray spectroscopy (EDS), complemented by
textural analysis. Increasing the amount of Fe used during synthesis shifted removal
from adsorption-influenced to oxidation-associated, as reflected in the kinetic behavior.
Thermochemical pretreatment promoted more homogeneous Fe dispersion and reduced
aggregation in the S2 series, consistent with its higher catalytic response under several
evaluated conditions. The PFO model empirically described the observed removal kinetics.
Overall, the Fe-5iO materials showed potential for SPC-assisted RO84 removal under the
evaluated conditions.

Keywords: heterogeneous catalysis; degradation; textile wastewater; catalytic oxidation;
wastewater treatment
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1. Introduction

The global textile industry is a cornerstone of the modern economy; however, it
remains one of the largest contributors to water pollution. It is estimated that 10-15%
of the dyes used in textile processing are lost during the dyeing stage and subsequently
discharged in wastewater [1]. Among these pollutants, azo dyes are of particular concern
because they contain one or more azo linkages (-N=N-) and typically possess complex,
highly sulfonated polycyclic structures. Their presence not only degrades aesthetic water
quality by increasing turbidity and color but also poses significant environmental and
human health risks because partial reductive cleavage can form carcinogenic aromatic
amines. As a result, azo dyes are highly resistant to conventional wastewater treatment
processes, particularly aerobic biological treatment [1,2].

To overcome the limitations of conventional water treatment methods, Advanced
Oxidation Processes (AOPs) have emerged as effective alternatives for degrading refractory
organic contaminants. Their effectiveness stems from the in situ generation of reactive
oxygen species (ROS), which non-selectively oxidize complex organic molecules [3,4].
Among AOPs, Fenton-like reactions, which rely on transition-metal catalysis to decompose
oxidants such as hydrogen peroxide and sodium percarbonate (SPC), particularly Fe-
containing species, have attracted considerable attention because of their operational
simplicity and the abundance of Fe-based catalysts [3-6].

Despite their effectiveness in contaminant degradation, conventional Fenton systems
based on hydrogen peroxide (H,O,) present several operational limitations, including
the instability of HyO, during transport, safety concerns associated with storage, and the
requirement for acidic conditions to prevent catalyst precipitation [7-9]. As an alternative,
SPC has gained increasing attention as a solid and safer source of HyO,, offering improved
logistical stability and an intrinsic pH-buffering capacity resulting from the release of
carbonate species [10,11]. Consequently, developing heterogeneous Fenton-like systems
based on SPC activation not only simplifies catalyst recovery and reduces sludge generation
but also broadens the operational pH range toward neutral and alkaline conditions, thereby
enhancing the practical feasibility of these processes for water treatment applications [12].

Fe-supported silicate materials, including silica xerogels and SiO;-coated structures,
have shown considerable potential as heterogeneous catalysts [13,14]. Their catalytic perfor-
mance is commonly associated with stabilizing and dispersing Fe-containing species on the
silicate framework, which enhances the accessibility of redox-active Fe-containing sites and
facilitates interfacial electron-transfer processes during catalytic oxidation [3,13]. In partic-
ular, amorphous or highly dispersed FeOx species stabilized within silicate frameworks
have been reported to exhibit superior catalytic activity to their crystalline counterparts
under near-neutral conditions [3,15]. However, the nature of the active species and the
dominant degradation pathways remain subjects of ongoing debate.

Despite significant advances in this field, important knowledge gaps remain. Although
dye degradation has been extensively investigated, detailed studies of degradation mecha-
nisms using Fe-modified silicate-supported catalysts remain limited [1,3]. The combined
influence of catalyst textural properties and Fe precursor concentration on the transition
from adsorption-influenced removal to greater oxidation-associated removal is not yet
fully understood [16,17]. Similarly, the role of the oxidant-to-catalyst ratio in controlling
oxidant activation and catalytic efficiency in percarbonate-based systems requires further
systematic investigation [5,6].

Therefore, this study aimed to investigate the removal of Reactive Orange 84 through
a heterogeneous Fenton-like process using Fe-functionalized silicate materials prepared by
controlled impregnation. Specifically, this work aimed to: (i) characterize the catalysts using
TEM, XRD, and EDS to evaluate their structural, morphological, and elemental characteris-
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tics under different Fe amounts used during synthesis; (ii) assess their catalytic performance
for SPC activation; (iii) determine the influence of catalyst dosage and SPC concentration on
the observed removal kinetics; and (iv) evaluate the transition from adsorption-influenced
removal toward a greater contribution of oxidation-associated removal.

2. Materials and Methods
2.1. Reagents

Microparticulate silicon oxide (5iO,, Kieselgel GF254, Type 60; >99% purity,
70-230 mesh), supplied by Merck (Darmstadt, Germany), was used as the inorganic
support. Reactive Orange 84 (RO84; dye content > 95%, Cs58H30ClaN14NagOo4Ss,
MW =1850.28 g mol~!) was obtained from Quimica-Mexifibras (Leén, Mexico).

All reagents were of analytical grade and used as received. Ferrous sulfate heptahy-
drate (FeSO4-7H,0, >99%) and potassium permanganate (KMnQOy, >99%) were supplied
by Productos Quimicos Monterrey S.A. Sodium SPC (Na;CO3-1.5H,0,, >98%) and man-
ganese (II) sulfate monohydrate (MnSOy4-H,O, >98%) were obtained from Golden Bell.
Sulfuric acid (H,SO4, 98%) and nitric acid (HNOj3, 70%) were provided by Jamek, while
phosphoric acid (H3POy4, 85.8%) was purchased from ].T. Baker. Oxalic acid (H,CpO4) was
used as a primary standard.

All aqueous solutions were prepared using ultrapure deionized water (18.2 MQ)-cm,
Milli-Q system). To minimize premature oxidation of Fe?*, stock solutions were prepared
freshly each day in an acidified medium (0.01 M H,SOy). The Fe?* concentration was
verified by titration with standardized KMnO, before the impregnation procedure.

To minimize premature oxidation of Fe?*, stock solutions were prepared freshly each
day in an acidified medium (0.01 M H,SOj4). The Fe?* concentration was verified by
titration with standardized KMnOy before the impregnation procedure [18].

2.2. Synthesis of Fe-Functionalized Catalysts
2.2.1. Preparation of Fe-SiO

Fe-functionalized materials were synthesized by impregnation under controlled acidic
conditions to favor Fe?* surface complexation and minimize hydrolysis. Briefly, 2.0 g of
510, was dispersed in 50 mL of FeSO4-7H,O aqueous solutions at precursor concentrations
of 1.8, 7.2, 14, and 28 mM corresponding to 0.010, 0.040, 0.078, and 0.156 wt% Fe in the
impregnation solutions, respectively. These concentrations refer to the Fe precursor used
during synthesis.

The suspension pH was carefully adjusted and maintained at 3.0 &= 0.05 using 1.0 M
H5SO4. The suspension was stirred for 24 h at room temperature (600 rpm, 25 £ 1 °C,
pH 3.0 = 0.05), following established operational procedures used by our research group
for the preparation and evaluation of functional materials [19,20], to provide sufficient
contact time for interaction between the Fe?" precursor and the SiO, surface before filtration
and drying. The resulting solids were recovered by vacuum filtration (Whatman No. 42),
washed with acidified deionized water (pH = 3) to remove weakly bound species, and
dried at 60 °C for 48 h.

2.2.2. Preparation Fe-SiO (52)

To modify the surface properties of the support and potentially improve Fe dispersion,
a combined thermochemical activation was performed before Fe incorporation. First, the
SiO, support was calcined at 550 °C for 15 h (heating rate: 5 °C min~!) in a muffle furnace
to remove residual organics and stabilize the porous structure. After calcination, 2.0 g of
the calcined SiO, was treated with concentrated HNO; (13 M) under ultrasonic agitation
(40 kHz) at 80 °C for 4 h to modify the surface chemical and structural characteristics of the
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S5i0; support. The suspension was diluted, filtered, and repeatedly washed with deionized
water until a neutral pH was achieved. The material was then dried overnight at 60 °C.
Fe incorporation was subsequently carried out following the impregnation procedure
described in Section 2.2.1.

2.3. Catalytic Degradation Experiments

Catalytic oxidation experiments were conducted in 250 mL jacketed borosilicate reac-
tors containing 200 mL of RO84 aqueous solution (100 mg L~1). The Fe-SiO catalyst was
used at a dosage of 4 g L~!. The selected concentration range was based on preliminary ex-
periments and literature values to ensure measurable degradation within the experimental
timeframe, as is commonly reported for dye degradation in Fenton-like systems [21,22]. The
system temperature was maintained at 25 & 1 °C using a thermostatic bath, and continuous
stirring at 700 rpm was used to keep the catalyst suspended and promote mixing. External
mass-transfer limitations were not independently evaluated by varying the stirring rate;
therefore, their contribution cannot be quantitatively excluded. Internal diffusion effects
were considered in relation to the catalyst’s textural properties [13].

The Fe/percarbonate (Fe/SPC) system was evaluated at initial pH values of 3.0 and
6.0, adjusted using dilute HySO4 or NaOH solutions. The pH increased during the reaction
because SPC contributed alkalinity. In the experiments initiated at pH 3.0, the final pH
reached approximately 11 at the end of the experimental period [6]. SPC (Nap,CO5-1.5H,05),
used as the oxidant, serves as an in situ source of hydrogen peroxide, enabling Fenton-like
reactions as previously described for percarbonate-based oxidation systems [5,23]. SPC
concentrations of 20, 30, and 40 mM were investigated.

At predetermined time intervals (0-30 min), 3 mL aliquots were withdrawn and
immediately treated with excess methanol to terminate further reaction before analysis [15].
The samples were filtered through 0.22 um PTFE membranes to remove suspended catalyst
particles before analysis. The filtered aqueous phase was also analyzed for dissolved Fe?*
by titration with standardized KMnO,. All experiments were performed in sextuplicate
(n = 6), and results are reported as mean =+ standard deviation. Adsorption controls in
the absence of SPC were conducted to evaluate the contribution of pollutant removal
associated with the catalyst itself to decouple the contributions of adsorption and oxidative
degradation, following standard practices in heterogeneous Fenton-like systems [24,25].

2.4. Characterization Technigues
2.4.1. Transmission Electron Microscopy (TEM) Analysis

The morphology, surface structure, and particle size distribution (PSD) of the Fe-
functionalized materials (51 and S2 series) were characterized using transmission electron
microscopy. Powdered samples were prepared by dispersing the solids in high-purity
ethanol through an ultrasonic process, after which a droplet of the resulting suspension
was deposited onto carbon-coated copper grids. Micrographs were collected at magnifica-
tions of 4000 %, 10,000 x, and 20,000 using Digital Micrograph™ (Version 3.7.1. 1999) to
evaluate particle size distribution, dispersion, and homogeneity of Fe-containing species,
and potential aggregation effects within the silicate framework.

To ensure statistical reliability, PSD was determined by analyzing multiple repre-
sentative images and fitting the experimental data to a log-normal distribution function
Equation (1)

exp| ————— |, (@)
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where y represents the frequency of particles with size x, yy is the baseline offset, A
corresponds to the area under the curve, x(c) represents the characteristic mean particle
size, and w is the dispersion parameter. The goodness of fit was rigorously evaluated using
the adjusted coefficient of determination (R?). This structural difference may be associated
with the thermochemical pretreatment of the support, which could influence Fe dispersion
and surface accessibility [26,27].

2.4.2. EDS Analysis and Fe Content

Energy-dispersive X-ray spectroscopy (EDS) was performed to complement the TEM
characterization and evaluate the elemental composition and spatial distribution of Fe
within the catalyst particles. Multiple regions of the catalyst particles were analyzed for
each sample. The Fe content was estimated as the average Fe weight percentage (wt%)
obtained from the analyzed EDS regions for each catalyst.

2.4.3. XRD Analysis

X-ray diffraction (XRD) patterns were collected using CuK« radiation (A = 1.54056 A)
over a 20 range of 4-60°, step size 0.05°, and 10 s per step. Phase identification was
performed using X'Pert HighScore Plus 3.0 [28]. RO84 concentration was determined using
a Thermo Scientific Evolution 300 (Waltham, MA, USA) spectrophotometer at 492 nm; a
calibration curve for RO84 was constructed over 5-120 mg L~!, showing excellent linearity
(R? > 0.995).

UV-Vis analysis was primarily used to assess chromophore degradation and decol-
orization; this study did not directly assess complete mineralization, as is common in dye
degradation studies [21,22].

The relative concentration (C/Cp) and removal efficiency were calculated as in
Equations (2) and (3):

c A
C
Removal (%) = <1 - C> x 100, 3)
0

2.5. Kinetic Analysis

The degradation kinetics were analyzed using a pseudo-first-order (PFO) model to
describe RO84 disappearance under the evaluated reaction conditions [3,21,22]. The re-
sulting rate constants are therefore reported as pseudo-first-order rate constants (kops).
Uncertainties in the kinetic parameters were derived from the standard error of the regres-
sion slope, and the uncertainty in t; /, was propagated accordingly according to standard
statistical procedures.

The initial degradation rate (rg) was calculated from the apparent pseudo-first-
order rate constant and the initial RO84 concentration using r0 = kobsC0, where Cy was

100 mg L~!. Initial rates are reported in mg L~! min~!.

3. Results
3.1. XRD Characterization

The diffraction pattern of the silicate material (Figure 1) indicates that its crystalline
structure is predominantly composed of silicon dioxide (S5iO,) in the a-cristobalite phase
(PDF 01-082-0512) [29,30]. The most intense reflection at 26 ~ 21.6° corresponds to the
(101) plane of x-cristobalite, indicating a high degree of silicate-framework crystallinity.
Additional peaks located at 28.0°, 31.0°, 35.8°, and 41.3° are consistent with secondary
reflections of the same phase, indicating the absence of other polymorphs (e.g., quartz,
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tridymite). The sharpness and relative intensity of these signals are consistent with a
relatively well-ordered crystalline structure, typical of thermally stable silicate materials.

10,000 —————————
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5000
4000
3000
2000 |
1000

0 I L |
0 10 20 30 40 50 60

26 (°)
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T T T T T T
21.5905 ]
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Figure 1. X-ray diffraction pattern of the pristine silicate material (DT), showing «-cristobalite (5iO,)
as the predominant crystalline phase.

The diffraction maxima were sharp and well-defined, indicating a relatively ordered
crystalline structure, as reported in previous studies of thermally processed silicate mate-
rials where crystalline and disordered regions coexist [31]. Previous studies of thermally
processed silica materials have reported the coexistence of crystalline and poorly ordered
structural contributions, which may influence their mechanical and surface properties [32].

The X-ray diffraction (XRD) patterns in Figure 2 suggest progressive silicate matrix
structural transformation after Fe incorporation for different synthesis conditions. The pris-
tine sample (DT) exhibits sharp and intense reflection centered at 26 == 21.6°, characteristic
of a-cristobalite, confirming the predominance of an ordered silica framework. After Fe
addition, all modified samples retain a structurally stable silicate backbone even at the
highest Fe concentrations. However, the gradual broadening and attenuation of peaks
in S1_14 mM Fe, S1_28 mM Fe, 52_1.8 mM Fe, and 52_28 mM Fe indicate changes in the
degree of structural order following Fe incorporation [33,34].

T 3 T T

T T
| $2-28mM Fe

L a-FeOOH) | EeSOEH:0 0-FeO(OH) FeSO,*H,0 0-FeO(OH)
hcserate, pllono il Mg (WO, PPN .
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Figure 2. Superposition of X-ray diffraction patterns of Fe-functionalized materials, showing «-
cristobalite (S5iO;) as the dominant phase and the emergence of additional Fe-containing crystalline
phases upon Fe incorporation.

The observed changes in peak broadening and intensity indicate changes in the local
structure following Fe incorporation [33,35]. Similar structural modifications have been
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reported for transition-metal-modified silicate materials and have been associated with
changes in local coordination environments [35].

After Fe incorporation, different crystalline phases were observed in the different mate-
rials. For example, Fe,O3 (PDF 00-024-0072) was detected in S1_14mMFe, while «-FeO(OH)
(PDF 00-017-0536) and FeSO4-H,O (PDF 01-074-1332) were observed in S1_28mMFe and
S2_28mMFe. FeSO4(OH)-2H,0O (PDF 00-025-0409) and (K,Na)(SizAl)Og (PDF 00-019-1227)
were also detected in S2_1.8mMFe. The S2 samples showed a greater diversity of Fe-
containing phases, particularly at 28 mM Fe. The coexistence of Fe-containing crystalline
phases with the silicate matrix suggests that Fe incorporation resulted in the formation of
surface-associated and/or extra-framework Fe-containing species. However, XRD cannot
quantitatively establish their specific distribution [27,35].

The identification of x-FeO(OH) is particularly relevant because iron oxyhydroxides
have been widely investigated as active phases in heterogeneous Fenton and Fenton-like
systems [36]. The presence of hydrated Fe sulfate phases further indicates the incorporation
of Fe-containing species during the impregnation process. FeOx species associated with
silica have also been reported to contribute to interfacial oxidant activation in heterogeneous
Fenton-like systems [36].

The structural changes observed after Fe incorporation, including peak broadening and
attenuation, may reflect modifications in the local structural environment [33]. Such changes
may favor the accessibility and distribution of surface-associated Fe-containing species,
facilitating their interaction with RO84 and the oxidant and potentially contributing to the
observed catalytic response. The retention of a-cristobalite, along with the observed Fe-
containing crystalline phases, indicates that the silicate support’s main crystalline structure
was preserved after Fe incorporation. In contrast, some synthesis conditions showed
variations in structural order.

The differences between the S1 and S2 series highlight how synthesis conditions
influence the Fe-containing phases identified by XRD. S2 samples exhibited a greater
diversity of Fe-containing crystalline phases and more pronounced peak broadening,
particularly at 28 mM Fe precursor concentration. These observations indicate differences
in structural order and the distribution of Fe-containing crystalline phases between the two
series. The XRD-observed structural differences are consistent with complementary TEM
observations showing differences in Fe dispersion and aggregation [37].

The average crystallite size was estimated using the Scherrer equation [30]. The
calculated values ranged from 24.0 to 33.5 nm (Table 1). The calculated crystallite sizes
varied among the samples, indicating differences in the apparent size of the coherently
diffracting crystalline domains. Changes in peak broadening may reflect these differences in
the coherence of the crystalline domains. Because peak broadening can arise from crystallite
size as well as other contributions, including instrumental broadening and microstructural
effects, the Scherrer-derived values are considered comparative estimates rather than direct
measurements of particle size or defect density [30].

Table 1. Average Crystallite Size of Fe-Functionalized Materials.

Sample/Treatment S1 S2
DT 31.6 nm
DT + 1.8 mM Fe 29.9 nm 28.1 nm
DT + 7.2 mM Fe 33.5 nm 29.9 nm
DT + 14 mM Fe 29.8 nm 23.9 nm
DT + 28 mM Fe 26.0 nm 31.2 nm
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3.2. TEM Characterization

TEM images of S1 (non-pretreated support) are shown in Figure 3a,b. As shown,
irregular morphology characteristic of siliceous supports, with regions of variable electron
density, can be identified. Dark-contrast domains associated with Fe-containing species
are clearly visible, indicating Fe deposition on the silicate surface, with a tendency toward
agglomeration and the formation of clusters with heterogeneous size distributions, as re-
ported in previous studies [38]. Without pretreatment, greater aggregation of Fe-containing
species may restrict surface-site accessibility and contribute to the differences in catalytic
performance observed between S1 and S2 (Figure S1).

Number of particles

0 200 400 600 800 1000 1200 1400

Particle Size (nm)

()

Figure 3. Characterization of sample S1: (a) TEM micrograph, scale bar 2 um at 4000 x magnifica-
tion; (b) TEM micrograph, scale bar 500 nm at 10,000 x magnification; (c) particle size distribution
histogram fitted to a log-normal function.

XRD and TEM results highlight the association between Fe dispersion, silicate-
framework structure, and catalytic performance, emphasizing the importance of synthesis
strategies that minimize metal agglomeration and promote a more uniform distribution of
Fe-containing species.

The observed non-uniform dispersion is consistent with surface-associated Fe-
containing species, with the heterogeneous distribution suggesting limited spatial uni-
formity of Fe incorporation within the silicate matrix. The observed aggregation of Fe-
containing species is consistent with the structural features identified by XRD (Figure 2),
where partial segregation and increased crystallization of Fe-containing phases become
evident at higher Fe precursor concentrations, indicating greater formation of Fe-containing
crystalline phases [36].

Particle size distribution analysis for S1 was fitted to a log-normal function (R? ~ 0.76),
yielding an average particle size of 1159 nm, with a broad distribution extending beyond
4000 nm (Figure 3c), confirming the highly polydisperse nature of the system, dominated
by large aggregates. From a catalytic perspective, agglomeration may reduce the effective
surface area and limit access to accessible Fe-containing sites, which could contribute to the
lower catalytic efficiency observed for S1 [3]. Similar behavior has been reported in recent
studies on Fe-based supported materials, where large aggregate formation was associated
with reduced dispersion homogeneity, partial pore obstruction, and diminished interfacial
accessibility of deposited metal species [36].

In contrast, TEM images of S2 (pretreated support, Figure 4a,b) show a markedly
different morphology compared to S1. The S2 material exhibits a more homogeneous
morphology, with Fe-containing species more uniformly distributed and a pronounced
reduction in agglomeration and particle size compared with S1.

https://doi.org/10.3390/pr14182899
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Figure 4. Characterization of sample S2: (a) TEM micrograph, scale bar 200 nm at 20,000 x magnifica-
tion; (b) TEM micrograph, scale bar 500 nm at 10,000 x magnification; (c) particle size distribution
histogram fitted to a log-normal function.

We hypothesize that the thermochemical pretreatment applied to the silicate support
increased the availability of surface sites for Fe-containing species and facilitated their
immobilization. The XRD patterns (Figure 2) show peak broadening and reduced diffraction
intensity in S2, indicating increased structural disorder and smaller coherent crystallite
domains after Fe incorporation. These structural changes are consistent with the more
homogeneous distribution of Fe-containing species observed by TEM.

When fitted to a log-normal model, the S2 particle size distribution analysis (Figure 4c)
showed an excellent fit (R? 2 0.99). The average particle size was approximately 403 nm,
representing a reduction of about 65% compared with S1. Additionally, the lower dis-
persion parameter (w ~ 0.51) indicates a narrower particle size distribution and reduced
polydispersity [39].

3.3. Energy-Dispersive X-Ray Spectroscopy (EDS) Analysis

EDS analysis provided complementary information on the Fe content of the catalyst
particles. Table 2 summarizes the average Fe contents obtained from the analyzed EDS
regions. Fe content could not be reliably determined for the 7.2 mM samples. For the
samples for which reliable EDS measurements were obtained, the Fe content increased
with increasing Fe amount used during synthesis. However, the magnitude of this increase
differed between the two support treatments, with S1 showing higher Fe contents than S2
at the corresponding Fe precursor concentrations. These differences are consistent with the
heterogeneous Fe distribution observed in the TEM images.

Table 2. Average Fe content obtained from EDS analysis of the Fe-functionalized silicate catalysts.

Fe mM Fe Content (wt%) S1
S1.1.8 0.41
S1.7.2 Not determined
S1_14 2.70
S1_28 21.07
S2_1.8 0.36
S1.7.2 Not determined
S2_14 1.49
S2_28 10.30

The observed differences in Fe content are consistent with the spatial heterogeneity
observed in the TEM images (See Supplementary Information).
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3.4. BET Characterization

N, adsorption-desorption measurements were performed to characterize the textural
properties of the Fe-functionalized silicate (Fe-SiO) catalysts. The analyses were carried
out using a static volumetric method with Nj as the adsorbate at 77.35 K. Before analysis,
the samples were degassed at 150 °C for 4 h. The BET specific surface area was calculated
from the N; adsorption data, while total pore volume and average pore diameter were
obtained from the corresponding analysis. The BET method was applied according to
the Brunauer-Emmett-Teller model [40], and pore-size analysis was performed using the
Barrett-Joyner—-Halenda (BJH) approach [41].

Table 3 summarizes the BET surface area, total pore volume, and average pore diameter
for the analyzed catalysts. The corresponding N, adsorption-desorption isotherms are
presented in Figure 5, while the comparison of BET surface areas among the analyzed
catalysts is presented in Figure S2.

Table 3. Textural properties of the Fe-SiO catalysts. N/A: BET characterization was not available for
this sample in the present dataset.

Catalvst BET Surface Area  Total Pore Volume Average Pore
y (m? g1 (em3 g-1) Diameter (nm)
S1.1.8 243 0.00672 11.06
S1.7.2 2.20 0.00749 13.59
S1.14 N/A N/A N/A
S1._28 292 0.00802 10.99
S2 1.8 116.60 0.19388 6.65
5272 2.21 0.00678 12.26
S2 14 3.45 0.01006 11.66
52 28 12.00 0.03723 1241
- -e-S1 1.8 adsorpli:)n S2 7.2 adsorpltion i i
& 120 = S1 1.8 desorption S2_7.2 desorption 7
7] -0-S1 7.2 adsorption -®-S2 14 adsorption
750100 1% S1 7.2 desorption -# S2 14 desorption T
ME -@-S2_1.8 adsorption -®-S2_28 adsorption
O, 80f{# 52 1.8 desorption - S2 28 desorption .
B
2 60 .
2
<
® 40 g
)
% 20 1
=
(o4
0 i - o
0.0 0.2 0.4 0.6 0.8 1.0

P/po

Figure 5. N, adsorption-desorption isotherms of the Fe-SiO catalysts measured at 77.35 K.

The measured BET surface areas ranged from 2.20 to 116.60 m? g~! among the ana-
lyzed catalysts. S2_1.8 exhibited the highest BET surface area (116.60 m? g~ 1), together
with a total pore volume of 0.19388 cm3 g~! and an average pore diameter of 6.65 nm. In
comparison, S1_1.8 exhibited a BET surface area of 2.43 m? g~! and a total pore volume
of 0.00672 cm® g~ 1. At an Fe precursor concentration of 7.2 mM, the BET surface areas
of S1_7.2 and S2_7.2 were very similar, with values of 2.20 and 2.21 m? g1, respectively.
At 28 mM, the BET surface area of S2_28 (12.00 m? g’l) was higher than that of S1_28
(2.92m? g~1). BET characterization was not available for S1_14 in the present dataset;
therefore, Table S1 reports no textural parameters for this sample.

For the samples for which pore-size distribution data were available, the measured
pore volume was predominantly associated with the mesoporous range. For example,
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approximately 70.12% of the reported pore volume of S2_1.8 was located between 2 and
10 nm, with an average pore diameter of 6.65 nm. S1_28 and S2_28 exhibited average
pore diameters of 10.99 and 12.41 nm, respectively. These results indicate predominantly
mesoporous textural characteristics for the analyzed materials.

The t-plot analysis reported zero micropore area and zero micropore volume for the
analyzed samples. Accordingly, the t-plot analysis detected no measurable microporos-
ity. The BET results therefore provide complementary information regarding the surface
area and pore characteristics of the catalysts. These results were used to assess whether
differences in textural properties could contribute to the observed differences in catalytic
performance, without assigning the catalytic activity exclusively to surface area.

Importantly, BET surface area does not directly quantify the density, oxidation state,
or chemical nature of Fe-containing catalytic sites. Therefore, the differences in catalytic
performance were not attributed to surface area alone but were considered together with
the TEM and XRD characterization results.

3.5. Catalytic Degradation

The catalytic degradation of RO84 using Fe-functionalized silicate materials activated
with SPC exhibited a clear dependence on the Fe precursor concentration used during
synthesis and oxidant dosage. As shown in Figure 6a, the kinetic plots at the lowest Fe pre-
cursor concentrations (1.8 and 7.2 mM) showed shallow slopes and relatively low linearity,
suggesting that adsorption strongly influenced dye removal under these conditions [13,42].

0.03 & -~ Py - - - 1004
54
—0.4- _
T 18mM 5
@ 72mM g 50+
—0.8- o l4mM g
@ 26mM <
< 254
1.2
0
-16 T T T T T T T T T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 3 6 9 12 15 18 21 24 27
t (min) Fe (mM)

(a) (b)

Figure 6. Catalytic degradation performance of RO84 using Fe-SiO catalysts under different Fe
precursor and SPC concentrations. (a) Pseudo-first-order linearized plots (In(C/Cy) vs. time) show-
ing increasing contribution of reaction-associated removal relative to adsorption degradation with
increasing Fe precursor concentration. (b) RO84 removal efficiency as a function of Fe precursor
concentration at different SPC dosages (20, 30, and 40 mM). The error bars represent the standard
deviation obtained from six independent measurements (n = 6). Their small magnitude relative to
the plotted values makes them difficult to distinguish at some points.

Control experiments were also performed under the evaluated conditions, including
no-catalyst, no-SPC, Fe-free SiO,, unloaded Fe materials, and homogeneous FeSO,/SPC
conditions. None of these control conditions showed a significant catalytic contribution to
RO84 removal.

Increasing the Fe precursor concentration from 7.2 to 14 mM improved the linearity of
the pseudo-first-order plots (R? > 0.95), indicating a better fit of the kinetic model under
these conditions (Figure 6a). At higher Fe precursor concentrations (14-28 mM), the system
showed its highest apparent catalytic performance, with kobs values up to 0.195 min~!

and RO84 removal based on UV-Vis measurements at 30 mM SPC (Figures 6b and 7b).
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This behavior may reflect differences in the accessibility and distribution of Fe-containing
species generated under the different synthesis conditions [15].

1.00
0.85

.. 0.70

&
0.55

0.404

0.201 &= pMs 20 mM 2
- PMS 30 mM 7

&~ PMS 40 mM ~

0.154

0.104

Kops (min~?)
t12 (min)

0.054

- 40mM 0.00

T
15

Fe (mM)

(@)

Fe (mM) Fe (mM)

(b) (c)

Figure 7. Effect of Fe precursor concentration on the pseudo-first-order kinetic parameters of RO84
degradation at different SPC concentrations (20, 30, and 40 mM). (a) Coefficient of determination
(R?) for pseudo-first-order model fitting as a function of Fe precursor concentration. (b) Apparent
pseudo-first-order rate constant (kgps) as a function of Fe precursor concentration. (c) Half-life time
(t1/2) as a function of Fe precursor concentration. The error bars represent the standard deviation
obtained from six independent measurements (n = 6). Their small magnitude relative to the plotted
values makes them difficult to distinguish at some points.

Complementary COD measurements showed reduced chemically oxidizable matter
after RO84 treatment under the evaluated conditions. The COD results provide additional
evidence of changes in the treated solution beyond the decrease in RO84 absorbance
observed by UV-Vis. However, these results were not interpreted as direct evidence of
complete mineralization.

At 30 mM SPC, the highest ks value was obtained under the conditions evaluated,
whereas increasing the SPC concentration to 40 mM did not further increase kop,s. This
behavior suggests that increasing the oxidant concentration beyond 30 mM did not further
improve the degradation kinetics under the conditions evaluated.

Structural characterization supports these catalytic trends. TEM analysis showed a
more homogeneous distribution of Fe-containing species and reduced aggregation in the
52 catalysts. XRD patterns indicated changes in structural order following Fe incorporation.
These structural features may favor greater accessibility of Fe-containing sites and are
consistent with the improved catalytic response observed for S2 under several of the
conditions evaluated [30].

The higher catalytic response observed for S2 is consistent with the more homogeneous
Fe dispersion and reduced aggregation observed by TEM. Textural differences may also
contribute under some conditions; however, the BET results do not show a consistent
difference between S1 and S2 across the entire series. For example, the BET surface areas
of S1_7.2 and S2_7.2 were very similar (2.20 and 2.21 m? g~!, respectively), whereas
52_28 exhibited a higher surface area than 51_28 (12.00 vs. 2.92 m?2 g’l). Therefore, the
present dataset cannot quantitatively separate the contribution of surface area from that
of Fe dispersion. The improved Fe dispersion and reduced aggregation observed for S2
provide the more direct structural evidence associated with its catalytic response, while a
contribution from textural properties cannot be excluded.

3.6. Kinetic Analysis

RO84 kinetic degradation behavior was evaluated using the pseudo-first-order (PFO)
model [22]. The PFO model was selected because the kinetic experiments followed the
temporal decrease in RO84 concentration under fixed initial concentration conditions,
allowing the degradation profiles to be described through the observed rate constant
(kobs) (Figure 7b). The regression coefficient values (R?) progressively approached unity
at intermediate and high Fe concentrations (Figure 7a), indicating that the PFO model
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adequately described the experimental degradation profiles under these conditions. The
observed rate constant (k,p,s) increased with Fe concentration, reaching a maximum of
0.195 min~! at 30 mM SPC. Using mg L1, the corresponding initial degradation rate was
19.5mg L~! min~1.

The increase in kgps was accompanied by a decrease in t; /, (Figure 7c), confirming
enhanced RO84 degradation kinetics with increasing Fe concentration. However, the
reduction in t; /, became less pronounced at higher Fe concentrations, indicating that the
kinetic improvement was not proportional across the entire concentration range. This trend
is consistent with the relationship t;,, = In(2)/kgps, whereby the pronounced decrease
in ty/» at lower Fe concentrations corresponds to the greater increase in ks observed
in this range. In comparison, the subsequent plateau reflects the progressively smaller
changes in k¢ at higher Fe concentrations. This behavior may be related to differences
in the accessibility and distribution of Fe-containing species, which can influence oxidant
activation under the conditions evaluated. Similar relationships between Fe dispersion, site
accessibility, and degradation kinetics have been reported for Fe/SiO, and FeOx-supported
catalysts [15].

The SPC experiments also showed the influence of oxidant dosage. The highest
degradation performance was obtained at 30 mM SPC, whereas increasing the concentration
to 40 mM did not further improve performance. This response may reflect changes in
oxidant utilization at higher SPC concentrations, as reported for heterogeneous Fenton-like
systems, where increased oxidant dosage can promote non-productive consumption [4,7].

The catalysts” structural features are consistent with these kinetic trends. The im-
proved Fe dispersion and reduced particle aggregation observed by TEM, together with
the structural changes identified by XRD, may increase the accessibility of Fe-containing
surface sites and favor more effective interactions among RO84, the oxidant, and the
catalyst surface.

The kinetic analysis indicates that the system evolves from a weakly active, adsorption-
influenced regime at low Fe precursor concentrations toward a greater contribution of
oxidation-associated removal at higher Fe precursor concentrations. The combination of
higher ks, reduced half-life, and improved model fitting is consistent with an increased
contribution of catalyst-associated processes under the conditions evaluated. This behavior
may be associated with Fe-induced structural changes.

4. Conclusions

The Fe-functionalized silicon oxide materials exhibited different RO84 removal behav-
iors depending on the Fe precursor concentration, SPC dosage, and support pretreatment.
Increasing the Fe precursor concentration shifted the regime from adsorption-influenced to
more oxidation-associated removal, as reflected in the observed kinetic behavior. At higher
Fe precursor concentrations, the improvement in the apparent removal kinetics became
less pronounced.

Thermochemical pretreatment of the SiO, support produced differences in the struc-
tural and morphological characteristics of the catalysts. TEM showed that the S2 series
had more homogeneous Fe dispersion and less aggregation, consistent with its higher
catalytic response under several evaluated conditions. However, the present dataset could
not quantitatively separate the contributions of Fe dispersion, surface area, and crystalline
Fe-containing phases, and no specific Fe phase could be identified as the dominant ac-
tive phase.

The PFO model provided an empirical description of the observed RO84 removal
kinetics, with higher kobs and lower half-life values under conditions exhibiting greater
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removal rates. The Fe precursor concentrations investigated represent synthesis conditions,
and the actual bulk Fe loading of the solid catalysts was not quantitatively determined.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr14182899/s1, Figure S1: Additional TEM images of the Fe-SiO
catalysts. Top row: S1 catalysts prepared using untreated SiO, support at Fe precursor concentrations
of 1.8 mM (a, x10,000; b, x50,000) and 28 mM (c, x10,000; d, x50,000). Bottom row: S2 catalysts
prepared using thermally—chemically pretreated SiO, support at Fe precursor concentrations of
1.8 mM (e, x10,000; f, x50,000) and 28 mM (g, x10,000; h, x50,000).; Figure S2: BET surface area of
the Fe-SiO catalysts.; Table S1: Local elemental composition obtained by EDS (not representative of
bulk Fe loading).
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Abbreviations

The following abbreviations are used in this manuscript:

AQOPs Advanced Oxidation Processes

Fe-SiO Tron-functionalized Silicon Oxide

H,O, Hydrogen Peroxide

ROS Reactive Oxygen Species

RO84 Reactive Orange 84

SPC Sodium Percarbonate

TEM Transmission Electron Microscopy

XRD X-ray Diffraction

PSD Particle Size Distribution

PFO Pseudo-First-Order

PTFE Polytetrafluoroethylene

UV-Vis Ultraviolet—Visible Spectroscopy

SiO, Silicon Dioxide

FeOX Iron Oxides

«-FeO(OH) Iron Oxyhydroxide (Goethite Phase)

Fep O3 Iron(IIT) Oxide

PDF Powder Diffraction File (crystallographic reference database)
R2 Coefficient of Determination

Kobs Apparent Pseudo-First-Order Rate Constant
t1,2 Half-Life Time
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