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Abstract: Advanced oxidation processes are the main way to remove persistent organic trace com-
pounds from water. For these processes, heterogeneous Fenton catalysts with low iron leaching
and high catalytic activity are required. Here, the preparation of such catalysts consisting of silica-
supported iron oxide (Fe;O3/SiOx) embedded in thermoplastic polymers is presented. The iron
oxide catalysts are prepared by a facile sol-gel procedure followed by thermal annealing (calcination).
These materials are mixed in a melt compounding process with modified polypropylenes to stabilize
the Fe,Oj catalytic centers and to further reduce the iron leaching. The catalytic activity of the
composites is analyzed by means of the Reactive Black 5 (RB5) assay, as well as by the conversion
of phenol which is used as an example of an organic trace compound. It is demonstrated that
embedding of silica-supported iron oxide in modified polypropylene turns the reaction order from
pseudo-first order (found for Fe,O3/SiOx catalysts), which represents a mainly homogeneous Fenton
reaction, to pseudo-zeroth order in the polymer composites, indicating a mainly heterogeneous,
surface-diffusion-controlled process.

Keywords: Fenton process; heterogeneous Fenton; polymer composite; degradation; iron oxide;
sol-gel; trace organic compound; Reactive Black 5; phenol degradation

1. Introduction

Water is one of the most important resources for life on earth. The contamination of
water by agricultural and industrial wastes and microplastics has become a challenging
problem of today’s life and inspires various research projects. Organic trace pollutants
such as phenolic compounds, dyes and pharmaceuticals accumulate in surface waters
due to their persistence in conventional water treatment processes. Phenolic compounds,
commonly used in sectors such as oil refining, petrochemical, chemical and pharmaceutical
industries and as educts for plastics, have high toxicity to humans due to their carcino-
genic and mutagenic properties and are frequently found in surface and tap waters [1,2].
Synthetic dyes are widely produced and used in textile industry due to their brilliant hues,
low cost and facile synthesis. More than 7 x 10° tons of synthetic dyes are produced
annually and between 10 and 25% of them are lost during the dyeing process [3,4]. Many
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of these dyes are classified as toxic, carcinogenic or mutagenic and cannot be removed
from wastewater [5].

Conventional three-step wastewater treatment does not sufficiently remove these
substances, mainly due to their chemical persistence. Therefore, more efficient methods are
needed. Advanced oxidation processes (AOPs) show high efficiency in treating various
persistent organic compounds due to the in situ generation of nonselective, highly reactive
hydroxyl radicals, which are among the most powerful oxidizing agents. A wide range
of organic compounds react with hydroxyl radicals and are converted into small organic
molecules, usually CO, and H,O [6-8].

The Fenton process, first observed by Henry J. Fenton [9], is considered to be one of
the most effective AOPs. The conventional Fenton process proceeds in a homogeneous
phase in aqueous solution. The formation of the free hydroxyl radicals occurs through
decomposition of hydrogen peroxide catalyzed by dissolved Fe?" ions. The traditional
homogeneous process is limited by a narrow pH range, formation of iron hydroxide
sludge and excessive consumption of iron and hydrogen peroxide [6,10]. Therefore, the
heterogeneous Fenton process catalyzed by supported iron oxide catalysts has gained
increasing attention and research activities. Its advantages include the stabilization of
the iron (oxide) within the catalyst and the resolution of previous limitations in that the
catalyst can continuously generate hydroxyl radicals with HyO, and can also be easily
removed and reused after the process [10-14]. Heterogeneous Fenton catalysts have been
recently developed with different types of iron oxide, such as goethite (x-FeOOH) [15],
hematite («-Fe;O3) [16,17] and magnetite (Fe3O4) [18]. However, iron oxide based materials
exhibit low surface areas and high iron leaching, which directly affects the course of
the heterogeneous Fenton reaction [11]. The incorporation in or immobilization of iron-
containing materials on various supports, such as microporous zeolites and mesostructured
silica materials, resulted in materials with reduced iron leaching, higher stability and
higher surface area [19-23]. Nevertheless, zeolites and mesostructured silica materials are
costly because of the necessity to use structure formers or highly reactive silica sources
(silanes), which has limited the application in industry up to the present. Recently, Martinez
et al. [24] reported low-cost heterogeneous silica-supported iron catalysts for industrial
Fenton applications prepared by a simple sol-gel synthesis route. The catalysts prepared
with tetraethyl orthosilicate (TEOS) showed high activities but still exhibited iron leaching,
which is unfavorable in wastewater treatment processes.

The aim of the study presented here was to prepare low-cost heterogeneous Fe; O3 /SiOx-
based Fenton catalysts with improved properties, in particular with reduced iron leaching,
for the degradation of trace organic compounds in water. The Fenton catalysts were pre-
pared based on the procedure of Martinez et al. [24] with slight variations. Embedding the
catalysts in a polymer matrix was employed for a further drastic reduction in iron leaching
and to enhance the mechanical stability of the catalysts required under the harsh conditions
in wastewater treatment. To the best of our knowledge, embedding Fenton catalysts into
thermoplastic polymers has not yet been reported. Application of thermoplastic polymer
matrices enabled the use of melt processing procedures for the preparation of the final
composite. The concept is outlined in Scheme 1.

The FepO3/SiO catalysts were analyzed by X-ray diffraction (XRD) and X-ray fluo-
rescence (XRF) analysis and nitrogen (Ny) sorption to determine their composition, chem-
ical structure and surface area. Furthermore, the catalytic activity was analyzed using
the Reactive Black 5 (RB5) assay as well as the reaction with phenol. After these analy-
ses, the Fe,O3/SiOy materials were embedded in thermoplastic polymers by melt com-
pounding. Polypropylenes with varied polarity (polypropylene, maleic anhydride grafted
polypropylene, and maleic anhydride grafted polypropylene further reacted with different
poly(alkylene oxide)s) were selected to understand the influence of polarity.
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Scheme 1. Schematic presentation of the preparation of low-cost Fe;O3/SiOx Fenton catalysts by
embedding the thermally treated sol-gel materials into a thermoplastic matrix resulting in composites.

The Fenton polymer composites were again analyzed by the RB5 assay and by phenol
degradation. In both processes, the leaching of iron species was simultaneously monitored
by inductively coupled plasma optical emission spectroscopy (ICP-OES). Furthermore,
the kinetics of the RB5 degradation were followed by time-dependent measurements.
These studies should provide clear evidence of whether the catalyst composites allow a
heterogeneous Fenton process. In addition, degradation studies of organic compounds
catalyzed by the composites were performed. The residual concentration of organic trace
compounds belonging to different classes was monitored: diclofenac (DFC) as analgesic,
17x-ethinylestradiol (EED) as contraceptive, p-chlorophenol (pCP) as herbicide and fungi-
cide and bisphenol A (BPA) as base material and softener of polymers. These different
compounds should allow the evaluation of the potential of the Fenton catalysts.

2. Materials and Methods
2.1. Materials

(3-Aminopropyl)triethoxysilane (APTES, 99%, Sigma-Aldrich Chemie GmbH, Munich,
Germany), ammonia solution (NHj, 30%, Carl Roth GmbH, Karlsruhe, Germany) 2,2-bis-
(4-hydroxyphenyl)-propane (bisphenol A, BPA, >99%, Sigma-Aldrich Chemie GmbH,
Munich, Germany), 2-{2-[(2,6-dichloro-phenyl)amino]phenyl}ethanoic acid dinatrium salt
(diclofenac, DFC, >98%, Sigma-Aldrich Chemie GmbH, Munich, Germany), ethanol (EtOH,
96%, BCD Chemie GmbH, Hildesheim, Germany), 17x-ethinylestradiol (EED, >98%,
Sigma-Aldrich Chemie GmbH, Munich, Germany), hydrochloric acid (HCl, 1 mol/L, Carl
Roth GmbH, Karlsruhe, Germany), hydrogen peroxide (H,O,, 30%, Carl Roth GmbH,
Karlsruhe, Germany), iron(Ill) chloride hexahydrate (FeCls x 6 HyO, >98%, Carl Roth
GmbH, Karlsruhe, Germany), nitric acid (HNOj3, 65%, Sigma-Aldrich Chemie GmbH,
Munich, Germany), p-chlorophenol (pCP, >99%, Sigma-Aldrich Chemie GmbH, Munich,
Germany), phenol (>99%, Sigma-Aldrich Chemie GmbH, Munich, Germany), Reactive Black
5 (RB5, >50%, Sigma-Aldrich Chemie GmbH, Munich, Germany), poly(ethylene oxide-co-
propylene oxide)-monoamine (P(EO-co-PO)-NH;. 400, Jeffamine M-600, My, = 600 g/mol,
Huntsman Corporation, Salt Lake City, UT, USA), poly(ethylene oxide-co-propylene oxide)-
monoamine (P(EO-co-PO)-NHj_1¢g0, Jeffamine M-1000, My = 1000 g/mol, Huntsman
Corporation, Salt Lake City, UT, USA), poly(propylene-¢g-maleic anhydride) (PP-g-MA,
Exxelor PO 1020, M,y = 23,000 g/mol, ExxonMobile, Irving, TX, USA) and tetraethoxysilane
(XIAMETER OFS-6697, >99%, Dow Silicones Deutschland GmbH, Wiesbaden, Germany)
were used as received.

2.2. Procedures
2.2.1. Synthesis of the Fe;O3/SiOy Fenton Catalysts F1 and F2

To a mixture of 300 mL ethanol and 140 mL deionized water, FeClz x 6 H,O (20.00 g,
0.074 mol) was added in portions under vigorous stirring. Then, tetraethoxysilane (150 g,
0.721 mol) was added, the mixture was stirred for 3 h at room temperature, followed by
standing for an additional 24 h. To this precondensate, 100 mL of a 5 wt.% ammonia
solution was added under stirring, thereby converting the mixture into a viscous gelled
material. The mixture was placed on filter paper to dry in air for four days. Subsequently,
the material was dried for 4 h at 150 °C in an oven, followed by calcination at 550 °C for
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2 h (once for F1 and twice for F2), as shown in Table 1. The products were obtained as
reddish-brown solid (180 g) with 20 wt.% residual solvent content.

Table 1. Characteristics of the Fe,O3/SiOy catalysts obtained by sol-gel preparation followed by
thermal treatment (calcination) and control samples.

i S Iron Content Shape,
Sample Composition Calcination (wt.%) @ o (b
Powder,

Fe;O3 Fe,O3 - i e
Fl FeyO3/SiOx 550 °C 6.9 Pogvger,
F2 Fe;03/SiOx 2 x 550 °C 7.4 POgV;ier,

@ Determined by XRF.

2.2.2. FepO3/5iOx Polymer Composites

Polymer composites were prepared on an XPlore MC 15 Micro Compounder (Xplore/
DSM, Sittard, the Netherlands). Both PP-g-MA and Fe,O3/SiOx were predried under
reduced pressure at 80 °C for 5 h in a vacuum oven. Polymer granulates (9.75 g) and
Fe, 03 /5i0x powder (5.25 g) were mixed, and the mixture was fed continuously into a
filling nozzle of the micro compounder preheated to 180 °C with rotating screws (100 rpm).
Mixing was carried out for five minutes. The micro compounder was then stopped, and
the composite (wt.%/wt.% = 80/20 or 65/35) emerged as a strand that was ground into
the desired particle size.

In addition to these experiments, reactive extrusions were performed adding (3-
aminopropyl)triethoxysilane (APTES) and/or poly(ethylene oxide-co-propylene oxide)-
monoamines (P(EO-co-PO)-NH,). P(EO-co-PO)-NH, was dried over activated molar sieves
(4 A, Merck KGaA, Darmstadt, Germany) for 24 h at 80 °C. APTES was used as received.
The calculated amounts of the respective P(EO-co-PO)-NH, and/or APTES were added
dropwise to the predried Fe,O3/SiOx, tightly sealed and stored for 24 h at room tempera-
ture. After that time, the reactive compounding was performed as described above. The
detailed compositions are summarized in Table 2.

Table 2. Composition and characteristics of the Fenton polymer composites.

Composition .
Sample Polymer Catalyst Polymer/Catalyst Shape, Pore Dlan};e)ter o
0 N J (mm) (um)
(wt.%/wt.%)
PP-g-MA/F1 Granules,
(80/20)-G PP-g¢-MA F1 80/20 31 3.1
PP-g-MA/F1 Crushed,
(80/20)-C PP-g-MA F1 80/20 0.9 not det.
PP-g-MA/F1 Powder
(80,/20) PP-¢-MA F1 80/20 02 not det.
PP-g-MA/F2 Powder
(65/35) PP-g-MA F2 65/35 0.2 3.2
PP-g-
PP-g-MA 65/35 Powder
MA/APTES/F2 F2 19
(65/35) + APTES +1.17 APTES 0.2
PP-g-MA-g-
PP-g-MA-g-PEO600 + 65/35 Powder
PEO600/ APTES/F2 APTES F2 +1.17 APTES 0.2 20
(65/35)
PP-g-MA-g-
PP-g-MA-¢g-PEO1000 + 65/35 Powder
PEOl(()gé);%I;TES/FZ APTES F2 +1.17 APTES 0.2 09

@) Determined by SEM; not det.: not determined.
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2.3. Methods
2.3.1. X-ray Fluorescence Spectroscopy (XRF)

X-ray fluorescence spectroscopy (XRF) was carried out to determine the iron content of
the Fenton catalysts by means of a Spectro XRP Analyzer Pro XEPOS C. XRF-spectrometer
(SPECTRO Analytical Instruments GmbH, Kleve, Germany) (tube: voltage 45.1 kV, average
current 0.887 mA; atmosphere: helium (flow rate 40 L/h); temperature: —30 °C; duration:
240 s; calibration: system-specific fundamental data from the manufacturer). Analysis of
data was performed with the integrated instrument software XRF Analyzer Pro. Samples
were prepared by grinding. Measurement was performed with finely ground powders in
cuvettes (diameter 32 mm) with two clamping rings (Chemplex Ind., Inc., Palm City, FL,
USA) terminated at the bottom by a Prolene X-ray film (thickness 4 pm, Chemplex Ind.,
Inc., Palm City, FL, USA). Powdered samples (sample quantity > 1 g) were positioned on
Prolene X-ray films.

2.3.2. Wide-Angle X-ray Scattering (WAXS)

Wide-angle X-ray scattering (WAXS) was carried out using a 2-circle diffractometer
XRD 3003 T/T (GE Sensing & Inspection Technologies, Ahrensburg, Germany) in symmet-
ric step-scan mode with A26 = 2° in the range of 20 3-66° and t = 40 s (using 40 kV/30 mA
CuKo radiation A = 0.1542 nm, monochromatized by primary multilayer system and slit
geometry 0.2 mm 0.3 mm~!). Scattering results were presented as I versus 20 with vertically
shifted curves for better visualization. All diffractograms were normalized to the main
reflection of hematite at 20 = 33.2 © for better comparison.

2.3.3. Nitrogen Sorption Measurements

Nitrogen (N) sorption measurements were performed using an Autosorb iQ MP
(Quantachrome Instruments, Boynton Beach, FL, USA). Samples were activated by de-
gassing in vacuum (5 x 1071 mbar) at 110 °C for 48 h. Nitrogen sorption measurements
were carried out at 77 K. Surface area was calculated in the relative pressure (p/po) range
from 0.10 to 0.25 by BET method [25]. For the derivation of the pore size distribution (PSD),
NLDFT model fit for cylindrical and sphere pores for the adsorption of N, on silica was
chosen.

2.3.4. Scanning Electron Microscope

The scanning electron microscope (SEM) Ultra plus (Carl Zeiss NTS, Jena, Germany)
equipped with detector S2 was used to image surfaces of both powdered and crushed
samples (Fe;O3/SiOy catalysts and composites) as well as strands of extruded composite
samples. An acceleration voltage of 3 keV and an aperture size of 30 mm were applied.
The samples were prepared by gluing on a standard aluminum substrate followed by
sputtering with 3 nm platinum films.

2.3.5. Degradation Kinetics of Reactive Black 5 (RB5)

The catalytic activity of Fenton catalysts was determined by the RB5 assay using
UV /VIS spectrophotometer (SPECORD 210 PLUS, Analytik Jena GmbH, Jena, Germany).
Therefore, 50 mL of a reaction solution containing RB5 (40 mg/L, 0.04 mmol/L) and H,O,
(200 mg/L, 6 mmol/L) was prepared in a reaction vessel, adjusted to pH 3.5 using 0.1 M
HCl and stirred for homogeneous distribution. Subsequently, the Fenton catalyst was
added to the stirred solution at a concentration normalized to 100 mg/L iron content in
the sample. Aliquots were withdrawn during reaction course every 15 min for UV /VIS
measurement and transferred through a syringe filter (Rotilabo syringe filter PTFE, pore
size 0.20 um, Carl Roth GmbH, Karlsruhe, Germany) into a cuvette (BRAND, semi-micro,
PMMA, 1.5 mL). UV/VIS measurements started by adding the Fenton catalyst to the
reaction solution. The change in absorbance was measured at 598 nm against a blank
cuvette over a period of 120 min.
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The reaction rate and reaction order of the catalytic reactions were determined using
the linearization of the conversion—-time curves. The validity of the reaction order obtained
from the experimental data was checked by the coefficient of reliability (R).

The influence of radical scavengers on the degradation of RB5 was investigated by
adding O,°~ (chloroform) and OH?* (t-butanol) radical scavengers. The scavengers were
added to the RB5 assay prior to HyO, in the molar ratios of scavenger/RB5 of 50:1 and
100:1. The RB5 assay was carried out as described above.

2.3.6. Analysis of the Degradation of Phenol

Degradation studies of phenol catalyzed by the respective Fenton catalysts were
carried out. First, 50 mL of a reaction solution containing phenol (100 mg/L) and H,O,
(200 mg/L) was prepared in a reaction vessel, adjusted to pH 3.5 using 0.1 M HCl and
shaken for equal distribution. The Fenton catalyst was added subsequently to the stirred
solution at a concentration normalized to 100 mg/L iron content in the sample. Aliquots
were withdrawn during reaction course at selected reaction times and filtered (Rotilabo
syringe filter PTFE, pore size 0.45 um, Carl Roth GmbH, Karlsruhe, Germany) prior to anal-
ysis. The phenol concentration was followed by high-performance liquid chromatography
(HPLC) technique (HPLC System 325, Kontron Instruments GmbH, Milan, Italy) equipped
with a Zorbax Eclipse PHA column (diameter 3 mm, length 250 mm, pore size 5 um;
Agilent Technologies Inc., Santa Clara, CA, USA) and UV /VIS detector (UV/ VIS Detector
332, Kontron Instruments GmbH, Milan, Italy) at 285 nm. A mixture of water (40 vol.%)
and acetonitrile (60 vol.%) was used as mobile phase at a flow rate of 0.8 mL/min. The
calibration of the equipment for above-mentioned compounds was carried out plotting
the detector response as a function of analyte concentration, using a series of standards of
known concentrations.

2.3.7. Iron Leaching Studies

ICP-OES (iCAP 7400, Thermo Fisher Scientific GmbH, Dreieich, Germany) was used
to measure iron leaching of the Fenton catalysts. An aqueous solution (10 mL) consisting
of 100 mg/L iron content in the sample with 200 mg/L H,O, was prepared, adjusted to
pH 3.5 by adding 0.1 M HCI and stirred for 2 h. Then, the solution was filtered through
a syringe filter (0.2 um) and heated to evaporate residual HyO,. To each sample of 8 mL,
2 mL 20 % HNOj3, was added prior to analysis. Ten standards were used for measurements:
Standard 1: Fe (100 mg/L), Standard 2: Fe (50 mg/L), Standard 3: Fe (10 mg/L), Standard 4:
Fe (5 mg/L), Standard 5: Fe (1 mg/L), Standard 6: Fe (0.5 mg/L), Standard 7: Fe (0.1 mg/L),
Standard 8: Fe (0.05 mg/L), Standard 9: Fe (0.01 mg/L), Standard 10: Fe (0.005 mg/L),
concentrations in 4 wt.% HNOj3. For the preparation of the standard solutions, 10,000 mg/L
Fe in 2 mol/L HNOj3 (Bernd Kraft, Duisburg, Germany) was used. The concentration was
determined three times and the results were averaged. The lower limit of quantification
(LLOQ) of the method was <0.005 mg/L.

2.3.8. Degradation of Organic Trace Compounds

Degradation studies of organic compounds were performed with the heterogeneous
Fenton catalyst F2. The residual concentration of each of the organic water pollutants DFC,
BPA, pCP and EED used in a starting concentration of 10 M in water was monitored at
room temperature in citrate buffer (0.1 M, pH 4.5), as well as in H,O (pH 7), after 24 h.
Liquid chromatography coupled with mass spectroscopy (Agilent Triple Quadrupole LC-
MS/MS 6400 system with ESI ionization, Santa Clara, CA, USA) was used to quantify the
concentrations.

A solution of F2 (50 mg) in 5 mL of the corresponding organic pollutant solution
(10 uM in the desired solvent—H,O or citrate buffer) with 1 drop HCI (1 wt.%) and 100 nL
H,0O; (33 wt.%) was prepared. Tubes were incubated under slow shaking for 24 h. The
resulting mixtures were analyzed using liquid chromatography with a reversed-phase
column (Phenomenex Gemini-NX 3 mm, C18, 110 A, 100 x 2 mm, Torrance, CA, USA)
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using a mixture of acetonitrile and 0.05 vol.% aqueous NHj3 solution as mobile phase.
Retention times were 0.9 min for DFC, 1.30 min for pCP, 2.40 min for BPA and 2.80 min for
EED. The separated compounds were subsequently analyzed by triple-quadrupole mass
spectrometry in multiple reaction monitoring (MRM) mode. Quantifiers (126.5 for pCP, 145
for EED, 212 for BPA and 250 for DFC) and qualifiers were identified with ESI ionization in
negative ion mode. BPA-d16 was used as internal standard for quantification and added
directly before the measurement. The obtained concentration was detected after 24 h and
compared to blanks. All degradation experiments were performed at least three times and
the results were averaged.

3. Results and Discussion
3.1. Characterization of the Fenton Catalysts F1 and F2

Fe;O3/5iOx catalysts F1 and F2 were prepared by a sol-gel method and characterized
by XRD, XRF and N sorption to obtain information about the iron species present, the iron
content and the surface area. The influence of a double calcination procedure at 550 °C
for F2 on the degradation activity and the iron leaching was studied. Iron contents of
6.9 wt.% for F1 and 7.4 wt.% for F2 were determined by XRF (Table 1). The XRD pattern
(see Supplementary Material (SM), Figure S1) of powdered catalysts F1 and F2 showed
characteristic diffraction reflections of crystalline hematite Fe,O3, while characteristic
reflections of magnetite Fe;O4 were not observed. Nj sorption measurements (see SM,
Figure S2) revealed an increase in the surface area compared to Fe;O3, which indicates a
mesoporous structure caused by the simultaneous formation of SiO, and Fe;O3. Values
obtained for specific surface area, pore volume and micropore volume are presented in
Table 3. The results proved the success of the sol-gel process and are in agreement with
previous studies reported in the literature [24]. F2 showed an increase in pore volume and
broadening of pores in the pore size distribution (see SM, Figure S3), presumably caused
by the double calcination. However, the micropore volume (MPV) remained constant.

Table 3. Specific surface area (Sggt), pore volume (PV) and micropore volume (MPV) of the samples
Fe203, F1 and F2.

Sample Sper (m?2 g—1) @ PV (cm3 g-1) ® MPV (cm? g-1) ©
F203 5 <0.01 n.a.
F1 272 0.46 0.10
F2 264 0.69 0.10

@ Surface area calculated from N, adsorption isotherm using multipoint BET method with 0.1 < p/pp <
0.25 [25,26]. ® Pore volume (PV) calculated from N, uptake at p/po = 0.95, adsorption curve. © Micropore
volume (MPV) calculated from N uptake at p/po = 0.10.

Determination of catalytic activity, reaction order and reaction rate coefficients by
the RB5 assay is essential to evaluate the action of the catalyst (either homogeneous or
heterogeneous). The azo dye RB5, characterized by the presence of an unsaturated group
(-N=N-) responsible for the color, was chosen as a model substance. UV /VIS spectroscopy
was used to monitor the decolorization of RB5 over a period of 120 min. Linearization
of the conversion-time curves may provide information about the reaction order and the
reaction rate coefficients (from the gradient of the curve). In addition, the iron leaching
under Fenton conditions was analyzed, taking samples at the end of the reaction after
120 min. Significant iron leaching would indicate the occurrence of homogeneous processes
in the Fenton reaction [11].

The kinetics of the heterogeneous Fenton process has been described by a “two-
step kinetic model” by some authors. In the first step, an abrupt drop of RB5 intensity
within 0.1 min was described (called “seconds stage”); this was followed by a stage with a
steady but slower decrease (called “minutes stage”) [27-29]. Covinich et al. [29] reported
a heterogeneous CuO/vy-Al,O3 Fenton catalyst that was characterized by pseudo-zeroth-
order kinetics in the “minutes stage”. This kinetic model was also applied in previous
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studies for the saturation step of the catalyst surface by the reactants [30]. The global
kinetics were presented as follows:

—dfczf:kOH[HO}:k 1
dt
where C represents the concentration of RB5, ¢t is the reaction time, r is the reaction rate,
kop is the kinetic reaction rate coefficient and k is the apparent pseudo-zeroth-order kinetic
constant. In Figure 1, conversion—time curves of RB5 for the Fenton catalysts F1 and F2
and Fe,O3 (hematite) are compared. The conversions after 120 min, the calculated kinetic
parameters and the iron leaching of the catalysts at t = 120 min are given in Table 4.
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Figure 1. Degradation kinetics of RB5 using (1) Fe;O3 (hematite), (2) F2 and (3) F1 as catalysts.

Both Fe;O3/SiO; catalysts enhanced the degradation reaction of RB5 under Fenton
conditions compared to conventional Fe,O3. This is attributed to the higher surface area
caused by the mesoporous structure of SiO, that was formed in the coreaction of TEOS
and the iron compounds. Fe,O3; showed a conversion of only 12% after 120 min, while
98% of RB5 could be converted by F1 and 84% of RB5 could be converted by F2. For F2, a
uniform linear decrease in RB5 concentration was observed, accompanied by a weak iron
leaching of < 0.1 wt.% (0.09 mg/L). The conversion—-time curve could be fitted to a pseudo-
zeroth-order kinetic model (with R? = 0.999). In contrast, the curve obtained with the F1
catalyst exhibited an exponential decrease with a 7-fold higher iron leaching and could be
assigned to a pseudo-first-order kinetic model (R? = 0.983). A comparable behavior was
reported in the literature and is indicative of a heterogeneous catalysis process for F2, while
F1 predominantly catalyzed a homogeneous Fenton process [27-31].

Table 4. Kinetic parameters of the RB5 assay and iron leaching of Fe;O3 and the Fenton catalysts F1 and F2.

Sample Conversion (%) @ Iro; }]; ?: Cc)h(l;g//z)f ter Pseu(()iltf);::a?tlon Reaction Rate Coefficient @ R2

Fe, O3 12 0.01 First 212 x 107% 51 0.937
F1 98 0.66 First 7.81 x 10704 g1 0.983
F2 84 0.09 Zeroth 4.99 x 1079 mol.L=1.s71 0.999

@ Tron content of all samples used was 100 mg/L, ®) conversion after 2 h in RB5 assay, ©© determined by ICP-OES.
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It is known that H,O, can generate O,°~ radicals in addition to hydroxyl radicals
during the Fenton reaction. To determine the influence of O,*~ and OH® on RB5 degrada-
tion, degradation studies of RB5 catalyzed by F2 with and without chloroform or ¢-butanol
in the scavenger/RB5 molar ratios of 50:1 and 100:1 were carried out (see SM, Figure 54).
Chloroform has been widely used as a scavenger of O,°~, while {-butanol has been used as
a scavenger of OH® [32-34]. No significant influence of O,*~ on the RB5 degradation could
be observed for both molar ratios of chloroform to RB5 (50:1, 100:1) (see SM, Figure S4a).
The degradation efficiency after 60 min decreased by 23% for a t-butanol to RB5 molar
ratio of 50:1 and by 48% for the molar ratio 100:1 when ¢-butanol was used as OH® scav-
enger. These results indicated indirectly that RB5 was oxidatively degraded mainly by
OH?* radicals.

3.2. Preparation and Characterization of the Fenton Polymer Composites
3.2.1. Preparation of the Fenton Polymer Composites

To reduce iron leaching and associated homogeneous contributions during the Fenton
process, the iron catalysts F1 and F2 were embedded in polymer matrices by melt pro-
cessing. Maleic anhydride grafted poly(propylene) (PP-g-MA) was selected as a polymer.
Furthermore, modification of PP-g-MA by reactive extrusion with poly(ethylene oxide-co-
propylene oxide)-amine (P(EO-co-PO)-NH,;) (see Figure 2) of different molar masses was
carried out to investigate the influence of hydrophilicity on the Fenton activity and iron
leaching. Designations and compositions of the polymer composites are listed in Table 2.

CH CH
4 + /[’O\/H‘o/\/]' NHy :
n m X y H,0 n m
CH3 CHj CHs
07>y "0 (0] (6}

N
Hstﬁ\/ O ol
Figure 2. Reaction scheme of the reactive extrusion of PP-g-MA with P(EO-co-PO)-NH,.

3.2.2. Catalytic Activity of the Polymer Composites as Studied by the RB5 Assay

To investigate the influence of surface area on the degradation of RB5, the polymer
composites were ground and divided into three fractions (see Figure 3A-C). Scanning
electron micrographs revealed an increase in roughness with the reduction in particle size.

A

Figure 3. Cont.
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Figure 3. Photographic images of (A) PP-g-MA /F1 (80/20)-G (granules), (B) PP-g-MA /F1 (80/20)-
C (crushed) and (C) PP-g-MA /F1 (80/20) (powder); SEM images of (D) PP-g-MA /F1 (80/20)-G,
(E) PP-g-MA/F1 (80/20)-C and (F) PP-g-MA /F1 (80/20); and particle size distribution of (G) the
pellet diameter of PP-g-MA /F1 (80/20)-G, (H) particle size of PP-g-MA /F1 (80/20)-C and (I) particle
size of PP-g-MA /F1 (80/20).

Table 5 summarizes the kinetic parameters determined from conversion—time curves
and the conversions of RB5 after 120 min catalysis by Fenton polymer composites. The
conversion-time curves of the differently crushed PP-g-MA /F1 composites showed a linear
progression in contrast to F1, which exhibited an exponential drop (Figure 4). Accordingly,
the iron leaching of PP-g-MA /F1 composites was drastically reduced compared to F1.

Table 5. Kinetic parameters of the RB5 conversion catalyzed by Fenton polymer composites and iron leaching after 120 min.

RB5 Conversion Iron Leaching after  Reaction . A 2
Sample (%) @b) 2 h (mg/L) @9 Order @ Reaction Rate Coefficient R
Fe,05 12 0.01 First 212 x 107% 571 0.937
F1 98 0.66 First 7.81 x 10-% g1 0.983
F2 85 0.09 Zeroth 499 x 1079 mol-.L=1.s71 0.999
PP-¢-MA /F1 (80/20)-G 7 0.04 Zeroth 339 x 10719 mol- L~ 1.s71 0.885
PP-¢-MA /F1 (80/20)-C 16 0.04 Zeroth 8.05 x 10719 mol.L~1.s~1 0.961
PP-¢-MA /F1 (80/20) 41 0.18 Zeroth 2.17 x 10719 mol.L-1.s71 0.973
PP-¢-MA /F2 (65/35) 19 n.d. Zeroth 7.37 x 10710 mol-.L~ 1571 0.987
PP-g-MA/APTES/F2 (65/35) 5 nd. Zeroth 2.60 x 10719 mol.L.~1.s71 0.978
PP-¢g-MA-g-PEO600/ ~10 |
APTES/F2 (65/35) 17 n.d. Zeroth 5.84 x 10 mol-L™*-s 0.959
PP-g-MA-g-PEO1000/ —09 -1.4-1
APTES,/F2 (65/35) 30 0.02 Zeroth 1.03 x 1079 mol- L 15 0.915

@) Tron content of all samples used was 100 mg/L, ®) conversion after 2 h in RB5 assay, (© determined by ICP-OES., n.d.: not detectable as under LLOQ.

The results obtained with the Fenton polymer composites with different particle sizes
clearly showed the influence of the surface area on the kinetics, as can be expected for a
surface-controlled heterogeneous Fenton process. The conversion of RB5 increased from
7% for PP-g-MA /F1 (80/20)-G (@ = 3.0 mm) up to 41% for the powdered PP-g-MA /F1
(80/20) (@ = 0.2 mm). Interestingly, the reaction rate coefficient of PP-g-MA /F1 (80/20) was
lower compared to PP-g-MA /F1 (80/20)-G. The higher conversion was probably caused by
the abrupt decrease in RB5 concentration during the “seconds stage” process. Due to the
greater availability of active sites, which is significantly influenced by the surface area, OH*®
radical production and oxidation of RB5 occurred rapidly. After that process, saturation
of the reaction occurs in the pores, and the reaction subsequently proceeds slowly and
linearly. Moreover, PP-g-MA/F1 (80/20) exhibited 4.5-fold higher leaching compared
to PP-g-MA /F1 (80/20)-G, suggesting additional homogeneous contributions after the
composites were ground to a powder. As a result of the high conversion, the linear curve
of the RB5 degradation and the low iron leaching compared to the pure Fenton catalysts
F1 and F2, all polymer composites were later ground prior to the degradation studies.
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Moreover, only polymer composites with the catalyst F2 were used in the following studies,
since iron leaching could be reduced by 86% through double calcination of F2.
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Figure 4. Degradation kinetics of RB5 catalyzed by Fenton polymer composite PP-g-MA /F1 (80/20)
with different particle sizes: (1) PP-g-MA /F1 (80/20)-G granules with & = 3.1 mm, (2) PP-g-MA/F1
(80/20)-C crushed with & = 0.9 mm, (3) PP-g-MA /F1 (80/20) powder with & = 0.2 mm and (4) F1 for
comparison.

To improve the catalytic activity, the amount of F2 in the polymer composite was
raised from 20 to 35 wt.%. In addition, the polymer composites were modified by reactive
extrusion with P(EO-co-PO)-NH, of different molar masses to enhance the polarity of the
polymer matrix, which should improve the distribution of the catalyst particles in the
material and hence provide increased accessibility to the active sites. Reactive extrusion
of PP-g-MA with amines is known to form imide functions in a very fast reaction [35].
Since higher polarity of the polymer matrix could lead to increased leaching, the amino-
group-containing ethoxysilane APTES was added during the reactive extrusion process.
APTES can, on the one hand, bind to PP-g-MA to form the imide. On the other hand,
the ethoxysilane groups can react with OH groups remaining in the Fe,O3/SiOy catalyst
and can thus generate a chemical linkage between catalyst and polymer matrix. Figure 5
presents the conversion—time curves of the modified polymer composites. All composites
caused a linear decrease in RB5 concentration and thus a pseudo-zeroth-order kinetic model
(Table 5), indicating the occurrence of a heterogeneous Fenton process. The composites
without addition of P(EO-co-PO)-NH, revealed lower RB5 conversions and lower reaction
rate coefficients, suggesting that the accessibility to the active iron oxide particles is more
hindered. The addition of APTES resulted in a decrease in conversion and in reaction
rate coefficient compared to PP-g-MA /F2 (65/35). This could be caused by the covalent
attachment of APTES to the polymer matrix and to Fe,O3/SiOx. Increasing molar mass of
P(EO-c0-PO)-NHj; in the polymer composites enhanced the conversion and reaction rate
coefficients of the RB5 degradation. PP-¢-MA-¢g-PEO1000/ APTES/F2 (65/35) exhibited the
highest conversion (30%) and reaction rate coefficient (1.03 x 10~ mol-L~1.s71).
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Figure 5. Degradation kinetics of RB5 catalyzed by Fenton polymer composites (1) PP-g-
MA /APTES/F2 (65/35), (2) PP-g¢-MA-g-PEO600/APTES/F2 (65/35), (3) PP-g-MA/F2 (65/35),
(4) PP-g-MA-g-PEO1000/APTES/F2 (65/35) and (5) F2 for comparison.

The composites PP-g-MA /F2 (65/35), PP-g-MA /APTES/F2 (65/35) and PP-g-MA-
g-PEO600/APTES/F2 (65/35) did not show quantitative iron leaching. Only PP-g-MA-g-
PEO1000/APTES/F2 (65/35) exhibited a weak iron leaching of 0.02%, which represents a
78% reduction compared to F2. The increase in iron concentration during RB5 degradation
had no significant influence on the reaction course and coefficient of the polymer composites
(see SM, Figure S5), which was taken as further evidence for the pseudo-zeroth-order kinetic
model and the homogeneous Fenton catalyst action in the oxidation processes with the
polymer composites.

3.2.3. Phenol Degradation Studies Catalyzed by the Fenton Polymer Composites

The polymer composites were also studied to investigate whether they would act as
suitable catalysts to degrade phenol. Conditions of phenol degradation were similar to RBS
assay to compare the obtained results. While the RB5 assay reflects the catalytic activity
of the catalysts, phenol may be considered as a model substance for degradation of trace
substances in wastewater. Figure 6 shows the conversion-time curves of the degradation of
phenol in the Fenton processes catalyzed by the Fenton catalysts and the Fenton polymer
composites. The degradation of phenol was significantly lower with all Fenton catalysts
compared to the conversion of RB5 under the same conditions with the exception of F1. The
catalyst F1 caused complete degradation of phenol after 30 min but exhibited the highest
iron leaching (3.70 mg/L). Therefore, it can be assumed that the fast degradation of phenol
was caused by a predominantly homogeneous process.
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Figure 6. Residual concentration of phenol after 120 min degradation under Fenton con-
ditions catalyzed by (1) PP-g-MA-g-PEO600/APTES/F2 (65/35) (black line) (2) PP-g-MA-g-
PEO1000/APTES/F2 (65/35) (red line), (3) F2 (green line), (4) PP-g-MA /F2 (65/35) (rose line),
(5) PP-g-MA /F1 (80/20) (blue line) and (6) F1 (brown line).

After 2 h, 15% of phenol was degraded by F2, while 85% of RB5 was converted.
In contrast, the polymer composites, which exhibited much lower conversions for RB5
compared to F2, catalyzed the degradation of phenol with a conversion of 44% for PP-
3-MA/F1 (80/20), followed by 17% for PP-g-MA (65/35), as presented in Table 6. PP-g-
MA /F1 (80/20) also exhibited the highest iron leaching, being 9 times higher than that for
PP-g-MA /F2 (65/35), suggesting contributions of homogeneous Fenton processes during
phenol degradation. The conversion of phenol with PP-g-MA-¢-PEO1000/ APTES/F2
(65/35) was also lower than that with PP-g-MA /F2 (65/35), while the former showed a
50% higher conversion in the RB5 assay. The results demonstrate that the two model trace
substances examined for degradation are difficult to compare with each other. Obviously,
different processes are reflected by the assays. The RB5 assay mostly mirrors the scission of
the azo group, while degradation of phenol mostly results in the conversion of phenol in
an oligomeric compound [1,17,36] These different processes yielded different activities of
the Fenton catalysts.

The iron leaching of all catalysts studied here (F1, F2 and the composites) was signifi-
cantly lower than found by Botas et al. [37] (11-20 mg/L). Despite higher iron leaching, the
phenol conversions found by the authors were lower even though the reaction took place
at a higher temperature (80 °C).

Table 6. Conversion of phenol in the Fenton processes catalyzed by the Fenton catalyst F2 and the
Fenton polymer composites compared to the iron leaching after 2 h degradation.

Iron Leaching after

Sample Conversion (%) @b 2 h (mg/L) @9
F1 100 3.70
F2 15 0.04
PP-g-MA /F1 (80/20) 44 0.19
PP-g-MA /F2 (65/35) 17 0.04
PP-g-MA-¢g-PEO600/ APTES/F2 (65/35) 7 0.01
PP-¢-MA-¢-PEO1000/ APTES/F2 (65/35) 12 0.02

@ The iron content of all samples used was 100 mg/L, ®) conversion after 2 h, () determined by ICP-OES.

3.3. Degradation Studies of Model Substances for Trace Pollutants Catalyzed by F2

The Fenton catalyst F2 was employed to carry out orienting preliminary degradation
experiments of organic substances that are considered to be trace pollutants in wastewater.
The development of F2 was aimed at applications in a modular two-step system for
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wastewater treatment consisting of a Fenton AOP module and a subsequent enzymatic
treatment, as reported recently [38]. Therefore, degradation conditions were kept similar to
the ones employed before [38], and the same four organic trace compounds were selected
for this study. Their chemical structure is illustrated in Figure 7.

Cl
; NH H3C CHsj
o HO OH HO
DFC BPA EED pCP
analgesic polymer base material contraceptive herbicide & fungicide

Figure 7. Organic trace pollutants used as model substances for degradation studies with F2.

BPA and pCP are phenolic compounds widely used in industry. They cause significant
ecotoxicological problems for living organisms [39-42]. Pharmaceuticals such as DFC, a
common anti-inflammatory and analgesic drug, and EED, an estrogen drug used in birth
control pills, are excreted partially unchanged into the environment and may have toxic
effects on aquatic organisms [39,43-45]. While DEC is a carboxylic acid with pKa = 4.15 [46],
BPA represents a typical phenol with pKa = 10.3 [46,47]. pCP is a chloro-substituted,
electron-deficient phenol with pKa = 9.47 [48]. This structure represents a compound that is
difficult to oxidize. EED is a phenol substituted by bulky aliphatic cycles terminated by a
triple bond with pKa = 10.7 [47]. In this case, the oxidation of the triple bond was expected
to occur first and fastly.

The four substances DFC, BPA, EED and pCP were tested at a concentration of 10 uM
for conversion with the Fenton catalyst F2 in both citrate buffer (pH 4.5) and water (pH 7).
The tests in water represent the conditions in water treatment, while pH 4.5 is close to the
conditions for standard (homogeneous) Fenton processes.

Figure 8 illustrates the residual concentration of the substances after 24 h of conversion
under Fenton conditions.

100

80

60

Coanl Co (%)

40

20

0 -

DFC EED BPA pCP

Figure 8. Residual concentration of model substances after 24 h degradation by F2 under Fenton
conditions in citrate buffer at pH 4.5 (blue) and water at pH 7 (red).

In citrate buffer, complete degradation of EED (100%), followed by BPA (77%), DFC
(64%) and pCP (21%) was obtained after 24 h, while in water almost no degradation was
observed for pCP (0%) and BPA (3%). In contrast, DFC (98%) was almost completely
converted in water. The dissociation equilibrium of DFC at pH 7 is shifted to the side
of the carboxylate ion, which is more easily oxidizable than the neutral form. BPA, pCP
and EED possess higher pKa values, indicating that the neutral form is predominant at



Processes 2021, 9, 942

15 0of 18

pH 7. The enhanced degradation of BPA, pCP and EED at lower pH could be attributed to
higher iron leaching and thus homogeneous Fenton reaction contributions. In addition, the
oxidation potential of the hydroxyl radical increases with lower pH, which also favored the
conversion of the trace pollutants. The same trends are reported in the literature [49,50]. The
experiments showed the potential of the catalyst studied to degrade these trace substances
and the influence of the pH value during the Fenton process.

4. Conclusions

The Fenton catalysts F1 and F2 were successfully synthesized by the sol-gel method
and characterized by XRF, XRD and N, sorption. The catalytic activity of the catalysts was
analyzed by kinetic studies using the RB5 assay in combination with the monitoring of the
iron leaching. F1 showed a predominantly homogeneous Fenton reaction with pseudo-first
order, while F2 exhibited a pseudo-zeroth order, representing a mainly heterogeneous
Fenton catalysis process. This difference was caused by the double calcination procedure
applied in the preparation of F2. RB5 was mainly degraded by hydroxyl radicals, as
indirectly proven by the addition of radical scavengers.

By mixing these materials in a melt compounding process with modified polypropy-
lene (PP-g-MA), the iron leaching was drastically reduced and the reaction became pseudo-
zeroth order for all Fenton polymer composites, indicating the occurrence of a heteroge-
neous Fenton process. Grinding the polymer composites resulted in an increase in the
surface area and an enhanced RB5 degradation. PP-g-MA-¢-PEO1000/ APTES/F2 (65/35)
obtained by reactive extrusion showed the best results in RB5 degradation for the Fenton
polymer composite with a conversion of 30% and a low iron leaching of 0.02 wt.% after 2 h.

Phenol degradation studies were additionally carried out for all Fenton catalysts under
similar conditions to the RB5 assay. Full conversion, but also the highest iron leaching
with >3 wt.%, was reached with F1 after 30 min, proving mainly homogeneous Fenton
processes, while PP-g-MA /F1 (65/35) revealed the highest phenol degradation (19%) with
0.02 wt.% iron leaching after 2 h.

Initial degradation studies catalyzed by F2 were performed with the model trace
compounds DFC, EED, pCP and BPA in water at pH 7 and citrate buffer at pH 4.5. The
concentration of all substances was measured after performing the Fenton process for 24 h.
The highest conversion after 24 h could be reached for EED (100%), followed by DEC (98%).

The experiments showed clearly that iron leaching was almost completely prevented
and the Fenton catalysis process proceeded mostly heterogeneously by embedding the
silica-supported iron oxide catalysts in polymer matrices. These polymer-embedded
heterogeneous catalysts can be prepared in a facile reactive extrusion process, which
represents a new concept for the development of heterogeneous Fenton catalysts.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pr9060942 /s1, Figure S1: WAXS pattern of the Fenton catalysts F1 and F2 compared to
Fe,O3 and Fe3Oy; Figure S2: Adsorption isotherms for N, adsorption (filled circles) and desorption
(empty circles) of the samples (1) F2, (2) F1 and (3) Fe;O3 at 77 K (STP: standard temperature
(25 °C) and pressure (100 kPa)); Figure S3: Pore size distribution (PSD) calculated by NLDFT-Fit
(cylindrical/sphere pores, adsorption model, N; on silica) for F1 (red) and F2 (green); Figure S4:
Effect of (a) O2°~ scavenger chloroform and (b) OH® scavenger t-butanol on the degradation of RB5
catalyzed by the Fenton catalyst F2; Figure S5: Kinetic study of RB5 degradation using the composite
PP-¢-MA-g-PEO1000/ APTES/F2 (65/35) with different amounts of iron per RB5 assay: (1) 100 mg/L
iron, (2) 200 mg/L iron, (3) 300 mg/L iron.
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