catalysts

Article

Alkali-Activated Materials as Catalysts for Water Purification

Anne Heponiemi *'*, Janne Pesonen

check for

updates
Citation: Heponiemi, A.; Pesonen, J.;
Hu, T.; Lassi, U. Alkali-Activated
Materials as Catalysts for Water
Purification. Catalysts 2021, 11, 664.
https:/ /doi.org/10.3390/ catal
11060664

Academic Editor: Roberto Fiorenza

Received: 7 May 2021
Accepted: 22 May 2021
Published: 23 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Tao Hu 2 and Ulla Lassi

Research Unit of Sustainable Chemistry, University of Oulu, P.O. Box 4300, FI-90014 Oulu, Finland;
janne.pesonen@oulu.fi (J.P.); tao.hu@oulu.fi (T.H.); ulla.lassi@oulu.fi (U.L.)
* Correspondence: anne.heponiemi@oulu.fi

Abstract: In this study, novel and cost-effective alkali-activated materials (AAMs) for catalytic
applications were developed by using an industrial side stream, i.e., blast furnace slag (BFS). AAMs
can be prepared from aluminosilicate precursors under mild conditions (room temperature using
non-hazardous chemicals). AAMs were synthesized by mixing BFS and a 50 wt % sodium hydroxide
(NaOH) solution at different BFS/NaOH ratios. The pastes were poured into molds, followed by
consolidation at 20 or 60 °C. As the active metal, Fe was impregnated into the prepared AAMs by ion
exchange. The prepared materials were examined as catalysts for the catalytic wet peroxide oxidation
(CWPO) of a bisphenol A (BPA) aqueous solution. As-prepared AAMs exhibited a moderate surface
area and mesoporous structure, and they exhibited moderate activity for the CWPO of BPA, while
the iron ion-exchanged, BFS-based catalyst (Fe/BFS30-60) exhibited the maximum removal of BPA
(50%) during 3 h of oxidation at pH 3.5 at 70 °C. Therefore, these new, inexpensive, AAM-based
catalysts could be interesting alternatives for catalytic wastewater treatment applications.

Keywords: alkali-activated material; geopolymer; blast furnace slag; catalytic wet peroxide oxidation;
Fe-catalyst; bisphenol A

1. Introduction

Alkali-activated materials (AAMs) are inorganic, amorphous compounds that contain
[SiO4]*~ and [AlO4]°~, which can be prepared by using aluminosilicates in addition
to hydroxides, carbonates, or silicates of alkali and alkaline earth metals. The calcium
content affects the AAM structure; therefore, materials with a low Ca content comprise
a three-dimensional, highly interconnected aluminosilicate framework (also known as a
geopolymer) [1], while those with a high Ca content comprise a cross-linked and non-cross
linked structure that resembles that of tobermorite [2]. The use of AAMs, and especially
geopolymers, has been investigated in the building industry as a more environment-
friendly alternative to Portland cement, due to their chemical and physical stability [3-5],
as well as in more advanced applications, such as adsorbents for the removal of impurities
from wastewater [6-9] and composite materials [4]. Moreover, owing to the fact that the
structure of AAMs is similar to that of zeolites, their use as catalytic materials can also be
exploited. Compared with the synthesis of zeolites, that of AAMs can be performed at
ambient pressure and room temperature, using cost-effective raw materials (kaolin clay
or industrial waste, such as fly ash), making AAMs fascinating, environment-friendly
alternatives to commercial zeolite. Only a few years ago, Sazama et al. reported the
synthesis of AAM-based catalysts [10] by the modification of metakaolin geopolymers
for the catalytic reduction of nitrogen oxides by ammonia, as well as the total oxidation
of volatile hydrocarbons. Furthermore, metakaolin-based geopolymers and steel slag-
containing AAMs also have been examined for photocatalytic applications [11,12] and
biodiesel production [13]. Therefore, AAMs are interesting alternatives as catalysts, as well
as for water-phase applications like catalytic wet peroxide oxidation (CWPO).

Bisphenol A (BPA) is an estrogenic compound commonly used in the production
of polycarbonate plastic and epoxy resin, which are further utilized in several daily-use
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plastic products, such as drinking bottles, containers, thermal paper, etc. [14]. BPA can be
spread into water bodies during the manufacturing process, and also from daily-use plastic
products. Due to its endocrine disrupting character for humans and environment [15], the
removal of it from wastewaters is essential. Several techniques, such as activated sludge
treatment [16], membrane bioreactors [17], and sorption [18,19] have been used for the
removal of BPA from wastewaters. In addition of these, advanced oxidation processes
(AOPs) have been effectively used for the oxidation of BPA in wastewaters [20]. Techniques
like photolysis [21] and ozonation [22], as well as hybrid processes like UV /H,0O, [23],
UV/O; [24], UV/TiO, [25], and O, /H,0; [26], have been successfully used for the ox-
idation of BPA. In this study, one of AOPs, CWPO, is studied for the removal of BPA
from water. In CWPO, hydrogen peroxide is used as an oxidizing agent to decompose
organic compounds from wastewater. Transition metals, typically Fe and Cu, are used
as catalysts in the reaction to decompose hydrogen peroxide to active hydroxyl radicals
(Equation (1)) [27].

M™ + HyOp — M D* + HO™ +HO® 1)

The formed hydroxyl radicals can further oxidize organic compounds, according to
Equation (2):
RH + HO.Z —R*+ H,O, (2)

To obtain the reduced form of the active metals, they must be dispersed on suitable
supports [28,29]. Various materials have been used as supports in CWPO. Carbon-based
materials, such as activated carbon [30], graphite, carbon black [31], carbon nanotubes [32],
and biomass-based carbons [33], have been successfully used for the degradation of or-
ganics with CWPO. Moreover, zeolites [34,35] and clay materials [36,37] also have been
applied as supports for Fe and Cu; therefore, AAMs with a chemical composition similar to
those of zeolites and clay minerals are interesting alternatives as carriers for use in CWPO.

However, for the use of industrial side streams as raw materials in a catalyst, the
prepared material must exhibit stability, especially when the prepared material is used for
water treatment applications. Typically, catalyst stability for photocatalytic experiments has
been evaluated in consecutive tests [38] and by characterization of the used materials after
experiments, e.g., by X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR) [39,40].

In this study, the industrial side stream from the steel industry, i.e., blast furnace
slag (BEFS), was applied as a raw material to produce cost-effective catalytic materials for
water purification. Catalysts were prepared by mixing different ratios of BFS and NaOH,
followed by their consolidation at 20 °C and 60 °C. Moreover, iron was impregnated as the
active metal in the AAMs via ion exchange. The as-prepared materials were characterized,
e.g., by XRD, and their surface area and catalytic activity were examined for the CWPO
of a bisphenol A (BPA) aqueous solution. Particular attention has been focused on the
stability of materials; therefore, the possible leaching of the main elements (such as Ca,
Si, Al, Mg, and Na) has been investigated before the CWPO of BPA under 2 MPa and 150
°C. Furthermore, the concentrations of the main elements of the as-prepared materials
was analyzed after oxidation experiments from water samples, as well as those from the
used catalysts.

2. Results and Discussion

In this section, the stability and characteristics, such as phase composition and specific
surface area, of the prepared materials are discussed. In addition, the activity of AAMs
for the CWPO of BPA is evaluated. The prepared materials were named according to their
NaOH concentration and consolidation temperature (Section 3.1).

2.1. Stability of Alkali-Activated Materials

Table 1 lists the conductivity values of aqueous solutions after 4 h at 150 °C under an
N, atmosphere of 2 MPa and an AAM concentration of 4 g/dm?.
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Table 1. Conductivity of aqueous solutions after 4 h at 150 °C under an N, atmosphere of 2 MPa and
AAM concentration of 4 g/dm3.

AAM Conductivity [uS/cm]

BFS 533
BFS17.5-20 252
BFS17.5-60 332
BFS20-20 320
BFS20-60 288
BFS25-20 191
BFS25-60 166
BFS30-20 204
BFS30-60 195

The conductivity values of aqueous solutions after 4 h of experiments were 200-300 puS/cmy;
according to these values, the alkali activation of BFS stabilized the material. With the increase
in the amount of NaOH in the sample, the conductivity of aqueous solutions decreased slightly.
In addition, the curing temperature affected the conductivity, i.e., samples that were first cured
at 60 °C for 24 h exhibited lower conductivity than those cured at room temperature.

Table 2 lists the concentrations of Ca, Si, and Al in aqueous solutions after 4 h at
150 °C, under an N, atmosphere of 2 MPa and an AAM concentration of 4 g/dm?3.

Table 2. Ca, Si, and Al concentrations of aqueous solutions after 4 h at 150 °C, under an N, atmosphere
of 2 MPa and an AAM concentration of 4 g/ dm3.

AAM Ca [mg/dm3] Si [mg/dm?] Al [mg/dm3]
BFS17.5-20 29 16.0 2.6
BFS17.5-60 15 8.5 1.3

BFS20-20 20 9.6 1.8
BFS20-60 22 8.1 23
BFS25-20 34 7.7 3.5
BFS25-60 23 9.9 2.8
BFS30-20 27 12.0 49
BFS30-60 31 11.0 4.3

In addition to those of Ca, Si, and Al, Mg and Na concentrations also were ana-
lyzed from water samples by inductively coupled plasma—optical emission spectroscopy
(ICP-OES). However, the magnesium concentration was less than the detection limit
(<£0.1 mg/ dm?), and the maximum sodium concentration was 1 mg/ dm?3 after 4 h at
150 °C and an N, atmosphere of 2 MPa. All of the samples exhibited almost the same
Ca and Si concentrations. However, with the increase in the amount of NaOH in the
samples, the leaching of aluminum increased. Clearly, alkali activation immobilized Al
in the inorganic matrix, but basicity enhanced its dissolution [41]. Furthermore, curing
at room temperature led to the enhanced dissolution of Ca and Al from AAMs. A curing
temperature of 60 °C has been found to be favorable for geopolymer preparation. Mufiiz-
Villarreal et al. [42] have reported that the optimum dissolution and formation of hydroxy
species and oligomers, as well as further polymerization or condensation, occur at 60 °C.
Therefore, with the increase in the curing temperature of the BFS-based AAMs, the leaching
of Ca, Si, and Al decreased. Thus, based on these stability tests, AAMs that are first cured
at 60 °C for 24 h are further characterized by XRD, diffuse-reflectance infrared Fourier
transform spectroscopy (DRIFTS), field emission scanning electron microscope with energy-
dispersive X-ray spectroscopy (FESEM-EDS), ICP-OES, and surface area techniques, as
well as being examined for the CWPO of a BPA aqueous solution.
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2.2. Characterization of AAMs

Table 3 lists the results of the Brunauer—-Emmett-Teller (BET) surface areas of the
prepared AAMs.

Table 3. BET-specific surface areas (SSA) and pore volumes (PV) of AAMs.

Sample SSA [m?/g] PV [m?/g]
BFS 1.21 0.003
BFS17.5-20 19.5 0.081
BFS17.5-60 13.2 0.062
BFS20-20 14.6 0.077
BFS20-60 14.8 0.083
BFS25-20 11.0 0.047
BFS25-60 23.7 0.119
BFS30-20 26.5 0.112
BFS30-60 27.3 0.162
Fe/BFS17.5-60 38.0 0.120
Fe/BFS30-60 52.0 0.162

The specific surface area of BFS was negligible, while alkali activation led to the
increased surface area of all samples (Table 3). Samples prepared by using the highest
amount of NaOH exhibited the highest specific surface area, as well as the highest pore
volume. Clearly, a low Si/Na ratio favored the formation of a porous structure in the
samples. Sindhunata et al. [43] have reported the highest pore volume for fly-ash-based
geopolymers at a SiO;/NayO ratio < 1. Moreover, the samples cured at 60 °C for 24 h
exhibited a slightly higher specific surface area, and hence a higher pore volume, than
those prepared at room temperature. The higher curing temperature promoted the re-
moval of excess water from the material structure, which in turn increased the porosity of
samples further. Furthermore, higher curing temperatures (>50 °C) have been reported to
particularly increase the amount of mesopores in the material [43].

As can be observed from the surface area results, no significant differences between
the AAMs were observed. Therefore, to examine the effect of the Na concentration of
samples on the catalytic behavior, samples with the lowest and highest Na concentration
(BFS17.5-60 and BFS30-60) were selected as support materials for Fe catalysts. Surprisingly,
the surface areas of the Fe catalysts were greater than those of the BFS17.5-60 and BFS30-60
pure supports (Table 3). This result was related to the calcination performed for Fe catalysts.
During heat treatment, excess water and carbon dioxide of the support material, and well
as traces of Fe salt, evaporated from the AAM structure, enabling the increase in the specific
surface area [44]. In addition, the calcination of Fe catalysts led to the decomposition of
hydrotalcite (Figure 1, XRD results), which also affected the surface area of materials [44].
Furthermore, as-prepared AAMs mainly exhibited a mesoporous structure (i.e., pore
diameter between 2 and 50 nm), with ~10% of pores exhibiting a diameter of less than 2 nm.
However, by the addition of Fe to BFS17.5-60 and BFS30-60 via ion exchange, the number
of mesopores decreased to 80%, while micropores accounted for only a small percentage of
the total pore volume. Moreover, macropores accounted for only ~15% of the total pore
volume in Fe/BFS17.5-60 and Fe/BFS30-60, while before Fe ion exchange, pores greater
than 50 nm were not detected (i.e., heat treatment enhanced the formation of large pores).
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Figure 1. X-ray diffractograms of BFS raw material, supports, and Fe catalysts. (#) ICDD file 00-
022-0700 (Mg Al,CO3(OH)6-4H,0, hydrotalcite); () ICDD file 01-083-4609 (CaCO3); (*) ICDD file
04-015-7029 (Fe,O3); (+) ICDD file 04-008-8146 (Fe3Oy).

Figure 1 shows the X-ray diffractograms of the BFS raw material; BFS17.5-60, BFS20-60,
BFS25-60, and BFS30-60 supports; and Fe/BFS17.5-60 and Fe/BFS30-60 catalysts. In the
X-ray diffractogram of BFS, crystal peaks were not observed, but only one wide halo at 20
between 22° and 40° was observed, which is characteristic of an amorphous material. After
the alkali activation of BFS with NaOH, peaks were observed at 20 values of 11.3°, 22.8°,
34.5°, and 38.6° (denoted with #), corresponding to hydrotalcite (Mg Al,CO3(OH)6-4H,O
(ICDD file 00-022-0700)), and the high-intensity peak at ~29.4° corresponded to CaCOs3 (ICDD
file 01-083-4609). However, the broad “hump” observed at 26 of 28-35° was still present in the
X-ray diffractograms of all supports, indicative of a partly amorphous structure. After the ion
exchange of BFS17.5-60 and BFS30-60 with the Fe solution, the peaks observed at 20 values of
24.1°,33.2°,35.6°,40.9°, 49.5°, and 54.1° (denoted by *) and at 35.7°, 43.4°, 57.4°, and 63.0°
(denoted by +) revealed the presence of Fe;O3 (ICDD file 04-015-7029) and Fe;04 (ICDD file
04-008-8146) phases, respectively. Owing to the heat treatment of Fe catalysts, hydrotalcite was
decomposed [44], and peaks corresponding to hydrotalcite were not observed in the X-ray
diffractograms of Fe/BFS17.5-60 and Fe/BFS30-60.

Figure 2 shows the DRIFT spectra of BFS, BFS17.5-60, BFS30-60, Fe/BFS17.5-60, and
Fe/BFS30-60. In the DRIFT spectrum of the BFS raw material, only a few peaks were
observed. The band at ~1420 cm ! corresponded to Na,COj3 [45], and the strong peak at
~1110 cm ! corresponded to pure silica [46].
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Figure 2. DRIFT spectra of BFS, BFS17.5-60, BFS30-60, Fe/BFS17.5-60, and Fe/BFS30-60 samples.

Alkali-activated samples exhibited several peaks in the analyzed region. The peak
at 3730 cm~! for BFS17.5-60 corresponded to silanol groups, which interact with other
atoms—for example, in silanol nests [47]—and the absorption peak at ~3700 cm ™! revealed
the presence of four coordinated Al [48]. Moreover, the band at 3610 cm ™! for BFS17.5-60
corresponded to the bridging hydroxyl groups [49]. In the DRIFT spectra of Fe/BF517.5-60
and Fe/BFS30-60, the peak centers were shifted to higher wavenumbers than those for the
samples without iron, probably due to calcination, and the absorption band corresponding
to the silanol groups (3730 cm™ 1) disappeared by the introduction of iron into AAMs [47].

The absorbance bands for BFS17.5-60 and BFS30-60 were observed at 715, 840, 1373,
and 1790 cm !, corresponding to CO32~ -containing compounds [46]. Bands at 840 and
1790 cm ™! connected to Na,COj, and the band at 715 cm ™! corresponded to CaCOj [46],
while that observed at 1373 cm~! corresponded to hydrotalcite [50], which was also
detected in the X-ray diffractograms of these samples (Figure 1). In the DRIFT spectra of
Fe/BF517.5-60 and Fe/BFS30-60, these peaks were slightly shifted to higher wavenumbers,
especially for the band corresponding to hydrotalcite, indicative of its decomposition as
a result of heat treatment. Furthermore, the peak at ~1650 cm~! observed in all samples
corresponded to the H-OH stretching vibrations characteristic of absorbed water [51], the
intensity of which slightly decreased due to the heat treatment of iron-containing samples.

All AAMs exhibited several bands corresponding to the Al and Si bonds. The bands
at 435-483 cm~! corresponded to the Si-O-Si and O-Si-O bending vibrations [52], while
the absorption peak at ~600 cm ! revealed the presence of Si-O-Si and Al-O-Si symmetric
stretching vibrations [53]. The band at ~900 cm~lin the spectra of BFS17.5-60 and BFS30-60
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corresponded to the Si-O stretching and Si-OH bending modes [53]. Moreover, the band at
~1170 cm ™! corresponded to the Si-O-Si and Al-O-Si asymmetric stretching vibrations [53],
and this band was broadened in the spectra of Fe/BFS17.5-60 and Fe/BFS30-60, due to
the calcination of these samples [45]. According to [54-56], Fe;O3; and FeszO4 species
should exhibit IR vibrations at 550 and 780 cm~! and 571 and 590 cm ™!, respectively.
However, owing to the overlap of the Si and Al vibrations in this wavenumber region, peaks
corresponding to Fe cannot be observed in the DRIFT spectra of the prepared samples.
Table 4 lists the concentrations (as wt %) of Ca, 5i, Al, Mg, Fe, and Na of BF517.5-60,
BFS30-60, Fe/BFS17.5-60, and Fe/BFS30-60, as determined by ICP-OES analysis.

Table 4. Metal concentrations (as wt %) of selected samples, as determined by ICP-OES analysis.

Sample Ca Si Al Mg Fe Na
(Wt o/o)

BFS17.5-60 23.3 14.7 434 532 0.70 0.24

BFS30-60 219 14.4 417 5.07 1.86 0.29

Fe/B:E)SN'S- 20.3 16.2 4.90 5.77 6.99 0.19

Fe/](3)15530- 20.0 15.1 4.58 5.49 4.95 0.19

The Ca concentrations of the prepared samples were several times lower than those in
BFS, while the Si, Al, Mg, and Na concentrations were about the same as those in the raw
material (Table 5, experimental). The leaching of Ca probably occurred during the washing
of the AAMs using deionized water. BFS contained ~0.5 wt % iron, and ion exchange led
to the increase in the iron concentration to 5-7 wt % for Fe /BFS30-60 and Fe/BFS17.5-60,
respectively. The theoretical amount of iron by the employed impregnation method was
5.3 wt %, indicating that ion exchange between BFS17.5-60 and the iron salt is slightly
better than that between BFS30-60 and the iron salt.

Table 5. Elemental composition of the blast furnace slag as determined by ICP-OES analysis !

[wt %]
Ca Si Al Mg S Ti K Fe Na Mn Ba v
BFS 2870 1630 500 487 144 060 058 053 050 028 006 0.04

! Elements with wt % > 0.01 were reported.

Figure 3 shows the FESEM images of BFS, Fe/BFS517.5-60, and Fe/BFS30-60. AAMs
clearly exhibited an irregular, non-crystalline shape (Figure 3b,c). According to EDS
analysis, the Al and Mg concentrations were ~5 wt %, while on the Fe catalyst surface, the
Si and Ca concentrations were a few percent less than those in the bulk, as determined by
ICP-OES (Table 4).

Figure 3. FESEM micrographs of BFS (a), Fe/BFS17.5-60 (b), and Fe/BFS30-60 (c). Dimensions in figures: 1 um (a) and 2 pm

(b,c).
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2.3. Oxidation Experiments with AAMs

The prepared AAMs, namely BFS17.5-60, BFS20-60, BFS25-60, and BFS30-60, which
were first cured at 60 °C for 24 h, were examined for the CWPO of a BPA aqueous solution.
Figure 4 shows the results of these experiments.

100
80 32
= 40 -
T —8— BFS$17.5-60
g —e— BFS20-60
o —&— BFS525-60
& —w— BFS30-60
@
20 4
O | ] ] ' ] ' 1 ' ] ' 1

. . . . —
0 20 40 60 80 100 120 140 160 180 200

Reaction time [min]

Figure 4. Removal of bisphenol A over AAMs as a function of the reaction time. Reaction conditions: concentration [c],
c[BPA] = 60 mg/ dm3, c[H,0,] = 1.5 g/ dm3, c[catalyst] =4 g/ dm3, temperature [T] = 50 °C, initial pH (6-7).

Oxidation reactions were performed at 50 °C at an initial pH of 6-7, a catalyst concen-
tration of 4 g/ dm?3, and a H,O, concentration of 1.5 g/ dm?. In the absence of a catalyst (not
shown), only ~10% of BPA removal was observed, while in the presence of AAMs, BPA
removal of 35-39% after 180 min oxidation was observed. Oxidation proceeded during
2.5 h for all samples and stabilized for 3 h. The oxidant HyO, was added in batches; hence,
the final addition was performed at 2 h sampling. The total organic carbon (TOC) was
measured from the initial and final samples, and 27-31% of organics were removed. The
dissolved oxygen (DO) concentration of the BPA samples changed from ~9.5 mg O, /dm?
to 8.1 mg O,/dm?> during 180 min oxidation, revealing that at the end of the run, oxygen is
still present in the samples. Probably, the used reaction temperature (50 °C) was not suffi-
ciently high for the effective decomposition of HyO, to form active -OH radicals. In several
studies, a higher reaction temperature has been reported to enhance the degradation of
H,0,, thereby enhancing pollutant removal [57-59].

As all of the AAMs exhibited similar activities for the removal of BPA, samples with
the lowest and highest NaOH concentration were selected for further research. Iron was
impregnated onto BFS17.5-60 and BFS30-60 samples by ion exchange (Section 3.1), and the
prepared Fe catalysts were examined under different reaction conditions.

First, the effect of the addition of the active metal on BFS17.5-60 and BFS30-60 was
examined at 50 °C at the initial pH, and a catalyst loading of 4 g/dm?>. After 3 h oxidation,
BPA removal of 42% and 45% for Fe/BFS17.5-60 and Fe/BFS30-60 were observed, respec-
tively (Figure 5). Using the comparison of BPA removal over AAMs without the active
metal (Figure 4), the addition of Fe led to the increased activity of both catalysts, namely
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BPA removal of 6% and 10% for BFS17.5-60 and BFS30-60, respectively. TOC removal
after 3 h oxidation was at the same level for both catalysts compared to that over the pure
supports (30% and 33% for Fe/BFS17.5-60 and Fe/BFS30-60, respectively). During oxida-
tion, the DO concentration decreased slightly from ~9 mg/O, dm? to 6.2-6.6 mg/O, dm?,
indicating that hydrogen peroxide is not consumed completely in the runs. Therefore,
Fe/BFS17.5-60 and Fe/BFS30-60 were further examined at higher reaction temperatures.

" /) FelBFS17.5-60
—— Fe/BFS30-60
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77
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Figure 5. Bisphenol A removal at reaction temperatures of 50 °C, 70 °C, and 100 °C with the Fe/BFS17.5-60 and Fe /BFS30-60
catalysts, at an initial pH of 3.5, a reaction time of 3 h, [BPA] = 60 mg/dm?, c[H,0,] = 1.5 g/dm?, and c[catalyst] = 4 g/dm3.

To investigate the effect of temperature on the CWPO of BPA over Fe/BFS17.5-60 and
Fe/BFS30-60, oxidation experiments were performed at 70 °C and 100 °C at the initial pH
of the BPA aqueous solution. Typically, with the increase in the reaction temperature, the
oxidation rate increases. Furthermore, the decomposition rate of H,O, to active hydroxyl
radicals also increases. A higher reaction temperature led to the improved degradation of
BPA during 3 h oxidation, with the maximum of 5% over Fe/BFS17.5-60 at 70 °C (Figure 5).
The increase in the reaction temperature to 100 °C did not affect BPA removal. During
oxidation, the DO concentration decreased from 8.0 mg/O, dm? to 5.7 mg/O, dm? and
from ~10.0 mg/O, dm? to 4.2 mg/O, dm? at 70 °C and 100 °C, respectively, revealing that
hydrogen peroxide is consumed in the reaction. However, owing to the low degradation
level of BPA at 100 °C, hydrogen peroxide was probably decomposed directly to H,O
without the formation of hydroxyl radicals.

Typically, homogeneous iron catalysts for CWPO (Fenton process) are used at a pH
of ~3, which is known to be optimum for the decomposition of organic compounds [60].
The effect of pH on the degradation level of BPA was investigated at pH 3.5, in addition
to the initial pH (6-7) by using Fe/BFS17.5-60 and Fe/BFS30-60 catalysts. The effect of
pH was examined at 50 °C, 70 °C, and 100 °C. The pH of the BPA solution was adjusted
to 3.5 using 2.0 M HNOj before oxidation. At 50 °C and pH 3.5, BPA removal increased
by 5% over Fe/BFS17.5-60, while over Fe/BFS30-60, it was almost the same after 3 h
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oxidation compared to experiments performed at the initial pH of BPA (Figure 5). The
DO concentration of the liquid samples was considerably higher (at the end of the run for
Fe/BFS517.5-60, 14 mg/O, dm3) than that after oxidation at the initial pH. Therefore, acidic
pH promotes the formation of hydroxyl radicals during the reaction. However, Fe catalysts
did not exhibit considerably higher activity for BPA removal than that at the initial pH,
probably due to the basic surfaces of Fe/BFS517.5-60 and Fe /BFS30-60.

At pH 3.5 and 70 °C (Figure 5), the DO concentration was the same during tests
compared to that in experiments at the initial pH, and the pH change of the BPA solution
led to an increase in BPA removal by only 3% and 2% over Fe/BFS17.5-60 and Fe/BFS30-60,
respectively. At 100 °C and pH 3.5, BPA removal after 3 h was around the same for both Fe
catalysts compared with that observed at 100°C and at the initial pH. However, notably,
owing to the basicity of Fe catalysts, the pH of the BPA solution changed to basic during
runs in all experiments. The decomposition of H,O; to -OH radicals is the key step in
CWPO. However, under a basic reaction pH, the generation of hydroxyl radicals was
restricted, thereby further decreasing the degradation of BPA [61]. Thus, the change in pH
marginally affects BPA removal.

The adsorption capacity of the Fe catalysts was examined under the severest reaction
conditions in this study, i.e., pH of 3.5, a reaction temperature of 100 °C, in the absence of
the oxidant, and a catalyst concentration of 4 g/dm?3. For Fe/BFS17.5-60 and Fe/BFS30-60,
during the 3 h experiment, 12% and 17% of BPA was adsorbed, respectively, revealing
that Fe/BFS17.5-60 is catalytically more active than Fe/BFS30-60. The higher adsorption
capacity of Fe/BFS30-60 was related to the higher specific surface area of this sample
(Table 3).

2.4. Stability of the Used Catalysts

The possible leaching of the elements from the prepared AAMs was examined by ICP-
OES in detail, in addition to the leaching tests (Section 2.1) after oxidation. The oxidized
water samples were immediately filtered after 3 h CWPO using a 0.45 um cellulose nitrate
filter to remove the solid catalysts. The Al, Si, and Ca concentrations were determined from
the oxidized water samples catalyzed by BFS17.5-60, BFS20-60, BFS25-60, and BFS30-60,
and in addition to these elements, Fe was analyzed from the filtered samples catalyzed
by Fe/BFS17.5-60 and Fe/BFS30-60. According to the results, the leaching of Ca and Si
was observed under all of the utilized reaction conditions with all catalysts. In all of the
oxidized water samples, the Ca concentration was 25-50 mg/dm?, and the Si concentration
was 11-19 mg/dm?3. However, notably, the Ca concentration was slightly lower in the water
samples catalyzed by AAMs without iron. Therefore, the heat treatment of Fe catalysts
(Section 3.1) led to the increased dissolution of Ca in the water phase during oxidation
treatment. The leaching of Ca was around the same level as that detected in stability
tests (Section 2.1) with BFS17.5-60, BES20-60, BFS25-60, and BFS30-60, revealing that these
samples also can be used at reaction temperatures > 100 °C and pressures > 2 MPa.

The Al concentration of aqueous BPA samples oxidized at the initial pH was 1.0-1.4 mg/dm?>.
The dissolution of Al was slightly higher at 150 °C and 2.0 MPa (Table 1), i.e., under conditions
of the stability test, than that under CWPO reaction conditions. However, in the case of oxidation
experiments performed at a pH of 3.5, and at temperatures 50 °C, 70 °C, and 100 °C over that of
Fe/BFS17.5-60 and Fe/BFS30-60, 0.6-1.2 mg/dm3 of Al was leached from the catalysts in the
obtained effluents. Therefore, the dissolution of Al from the prepared AAMs is more dominant
in the CWPO of BPA, which is conducted at the initial pH. Onisei et al. [41] have investigated the
leaching behavior of several elements (e.g., Si, Pb, Ca, Zn, Al) from fly ash-based geopolymers.
The study was performed in the pH range of 6-13. According to their results, the leaching of
Al increased slightly in the pH range of 10.5-13.0. In the CWPO of BPA, the initial pH of the
BPA solution was 6-7. However, at the end of the run, the effluent pH was ~11, due to the basic
character of the Fe catalysts. Moreover, in CWPO experiments, which were started at a pH of 3.5,
the pH of the BPA solution was ~10 in the oxidized water sample. Therefore, the adjustment of
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the pH at the start of the CWPO of BPA did not considerably affect the removal of BPA, but it
decreased the leaching of Al from the Fe catalysts.

However, the leaching of Ca, Si, and Al was not related to the removal of BPA, because
those elements were not active in CWPO. The stability of the material is a key characteristic
of the catalyst; therefore, the preparation method of AAM-based catalysts should be
carefully considered. Moreover, the leaching of iron was rather negligible (maximum of
0.2 mg/dm? at 70 °C and at the initial pH) using Fe/BFS17.5-60 and Fe/BFS30-60 at the
employed reaction temperatures and pH. Therefore, the CWPO of BPA with these catalysts
proceeded via a heterogeneous reaction.

The activity and durability in consecutive tests and the effect of heat treatment as
a regeneration method were examined using Fe/BFS7.5-60 at 50 °C, at the initial pH,
and at H,O, and catalyst concentrations of 1.5 g/dm? and 4.0 g/dm?, respectively. To
have sufficient material for consecutive tests and regeneration, 12 runs were performed in
total, and the catalysts used in these experiments were collected and combined. Between
consecutive experiments, the used catalyst was filtered from the effluent and dried at
105 °C for the subsequent runs.

After the first oxidation reaction, BPA removal of 41% was observed, which decreased
to ~6% after the second run using the same catalyst (Figure 6). Furthermore, BPA removal
after the third experiment, which used Fe/BFS17.5-60 twice, was practically the same (34%)
as that observed in the second run, indicative of the catalyst’s stability for multiple cycles
in the CWPO of BPA. However, the removal of BPA after three cycles using Fe/BFS517.5-60
was around the same as that using BFS17.5-60 for one cycle, revealing that the addition of
Fe does not significantly affect catalytic activity due to the basic reaction pH. Moreover,
TOC results confirmed the reusability of Fe/BFS17.5-60, while BPA removal was the same
during the three consecutive tests.

| |BPA
I Toc

cycle 1 cycle 2 cycle 3

Figure 6. Consecutive tests using Fe/BFS17.5-60 for the CWPO of BPA. Reaction conditions: c[BPA] = 60 mg/dmS3,
c[H, O] =15 g/dm3, c[catalyst] = 4 g/dm3, T =50 °C, initial pH (6-7).
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The regeneration of once-used Fe/BFS17.5-60 was examined by heat treatment at
250 °C and 500 °C. The procedure was performed by increasing the temperature at a rate
of 1 °C/min to the reaction temperature, at which the catalyst was kept for 2 h. After
oxidation, 34% and 32% BPA removal was observed at 250 °C and 500 °C, respectively,
using Fe/BFS17.5-60. Therefore, the regeneration procedure is not effective at returning the
activity of the catalysts to the original level. In addition, carbon deposition is confirmed
to not be responsible for the activity decrease of Fe/BFS17.5-60, because heat treatment
at elevated temperatures is a typical regeneration procedure for catalysts with carbon
deactivation [62].

2.5. Characterization of the Used Catalysts

Figure 7 shows the X-ray diffractograms of BFS17.5-60, BFS30-60, Fe/BFS17.5-60,
and Fe/BFS30-60 after oxidation at the initial pH and at a reaction temperature of 50 °C.
According to XRD analysis, the hydrotalcite phase (denoted by #, ICDD file 00-022-0700)
was still present in BFS17.5-60 and BFS30-60, and the CaCOs phase (=, ICDD file 01-083-
4609) was observed in all samples. Moreover, in the X-ray diffractograms of Fe/BFS17.5-60
and Fe/BFS30-60, the Fe3O, and Fe,Oj iron phases (denoted by +: ICDD file 04-008-8146
and *: ICDD file 04-015-7029, respectively) were still present, but the high Ca concentration
of samples led to the overlap of the CaCOj3 peaks with those of Fe30, and Fe,O3 at 26 of
36° and Fe3Oy at 20 of 43°.

o

Fe/BFS30-60 g 2 + +
WW"J WWWWW'MWNWM :
Fe/BFS17.5-60 MM
W«WW \

BFS30-60
# # #
BFS17.5-60
| ' | | : | : | ; | :
10 20 30 40 50 60
2 theta [°]

Figure 7. X-ray diffractograms of used BFS17.5-60, BFS30-60, Fe/BFS17.5-60, and Fe /BFS30-60. (#)
ICDD file 00-022-0700 (Mg Al,CO5(OH)14-4H,0, hydrotalcite); (2) ICDD file 01-083-4609 (CaCOs);
(*) ICDD file 04-015-7029 (Fe,O3); (+) ICDD file 04-008-8146 (Fe30y).
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Furthermore, acidic pH and a higher reaction temperature did not affect the phase
structure, and hydrotalcite was still observed in the X-ray diffractograms of BFS30-60 and
BFS17.5-60 (results not shown).

The specific surface area of samples was analyzed after the oxidation of BPA at the
initial pH and at reaction temperatures of 50 °C for BFS17.5-60 and BFS30-60, as well as
reaction temperatures of 50 °C and 70 °C for Fe/BFS517.5-60 and Fe/BFS30-60. The BET
results for used BFS17.5-60 and BFS30-60 revealed that the specific surface areas were 10.4
and 18.5 m?/g, respectively, revealing that the surface area of BFS30-60 decreases to ~30%,
while a rather negligible change in the surface area of BFS17.5-60 was observed (Table 3).
For Fe catalysts, the specific surface areas increased after oxidation. In case of Fe/BFS17.5-
60, the surface area was ~45% higher, and in case of Fe/BFS30-60, it doubled compared
to that of the fresh catalyst (Table 3). Clearly, during oxidation, the Fe catalyst surface
is refined by H,O,. For example, Han et al. [63] and Liu et al. [64] have used hydrogen
peroxide to modify surface properties, i.e., to increase the surface area and porosity of
materials. However, the larger specific surface area did not improve the removal of BPA
in consecutive tests using Fe/BFS517.5-60 (Figure 6); therefore, the CWPO of BPA is not a
surface area-specific reaction, as is the case for the catalytic wet air oxidation of BPA [65].

3. Materials and Methods

In this section, the preparation method and characterization techniques of catalysts
are described. In addition, reaction conditions for the CWPO of the bisphenol A aqueous
solution are presented.

3.1. Preparation of Alkali-Activated Materials and Fe Catalysts

AAMs were synthesized using powdered blast furnace slag (BFS) obtained from the
Finnish steel industry. Table 5 lists the elemental composition of the slag, as determined by
ICP-OES analysis.

AAMs were prepared by mixing 40 g of BFS with 17.5, 20.0, 25.0, and 30.0 g of 50 wt %
sodium hydroxide (NaOH > 97%, Merck, Darmsdtadt, Germany). The formed pastes
were poured into molds, followed by consolidation in plastic bags at room temperature
for 168 h. For comparison, consolidation was first performed at 60 °C for 24 h and then
for 144 h at room temperature. The prepared samples were named according to their
NaOH concentration and consolidation temperature (Table 6). Before use, the materials
were crushed using a jaw crusher, sieved to a particle size of 0.5-2.0 mm, and washed
with de-ionized water. As the active metal, Fe was impregnated on the AAMs by ion
exchange. First, 5 g of AAM and 0.5 dm?® of 0.01 M (NHy),Fe(SOy); (99.0-101.5%, Merck,
Darmsdtadt, Germany) were mixed in a sand bath and left overnight at 80 °C. The solids
were collected by filtration, washed with deionized water, and dried overnight at 120 °C.
Finally, the prepared Fe catalysts were subjected to calcination at 500 °C for 2 h, increasing
the temperature from room temperature to the target temperature at a rate of 1 °C/min.

Table 6. Abbreviations of the prepared AAMs and Fe catalysts. Samples were named according to
their NaOH concentrations and curing temperatures.

Studied Samples 50 wt % NaOH [g] Consolidation T [°C] Si/Na Ratio
BFS17.5-20 17.5 20 3.24
BFS17.5-60 17.5 60 3.24

BFS20-20 20.0 20 2.84
BFS20-60 20.0 60 2.84
BFS25-20 25.0 20 227
BFS25-60 25.0 60 227
BFS30-20 30.0 20 1.89
BFS30-60 30.0 60 1.89
Fe/BFS17.5-60 17.0 60 3.24

Fe/BFS30-60 30.0 60 2.84
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3.2. Stability of AAMs

The stability of as-prepared AAMs was examined by measuring the possible leaching
of the main elements of samples (i.e., Al, Ca, Mg, Na, and Si) to the water phase. Before
the test, samples were crushed using a jaw crusher, sieved to a particle size of 1-2 mm,
washed with deionized water, and dried. Stability tests were performed in a pressurized
reactor at 150 °C and under a nitrogen atmosphere of 2 MPa. The crushed AAMs at a
concentration of 4 g/dm? were continuously stirred for 4 h with 0.16 dm? of deionized
water. The ready leaching of elements was detected by conductivity measurement during
and after the test, while the possible dissolution of Al, Ca, Mg, Na, and Si was analyzed
by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Thermo Electron
iCAP 6500 Duo, Thermo Fisher Scientific, Waltham, MA, USA).

3.3. Characterization of Samples

The surface morphology and chemical composition of the prepared AAMs were an-
alyzed by field emission scanning electron microscopy (FESEM; Carl Zeiss Microscopy
GMbH, Jena, Germany) combined with energy-dispersive X-ray spectroscopy (EDS; ana-
lyzer at the Centre for Material Analysis, University of Oulu, Finland). The phase compo-
sition of AAMs was determined by powder X-ray diffraction (XRD) with a PANalytical
X'Pert Pro X-ray diffractometer (Malvern PANalytical, Almelo, The Netherlands). XRD
analysis was performed by scanning two theta values between 10° and 70° with monochro-
matic Cu Kl (A = 1.5406 A) at 45 kV and 40 mA at a scan speed of 0.021 °/s. Crystalline
phases were identified by HighScore Plus software using the Powder Diffraction File
standards from the International Centre for Diffraction DATA ICDD (PDF-4+ 2020 RDB).
Diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS) was employed to
investigate the degree of polymerization of the prepared samples. DRIFT spectra were
recorded on a Bruker PMA 50 Vertex 80 V (Bruker, Billerica, MA, USA), equipped with a
Harrick Praying Mantis diffuse reflection accessory and a high-temperature reaction cham-
ber, by baseline measurement using KBr. Before analysis, the sample chamber was flushed
with nitrogen (100 cm?/min), heated at a rate of 10 °C/min to the target temperature of
120 °C, and maintained at that temperature for 30 min. Measurements were conducted at
400-4000 cm~! with a resolution of 4 cm~! and 500 scans per minute. The specific surface
areas and porosity were obtained from nitrogen adsorption—desorption isotherms at the
liquid nitrogen temperature (-196 °C) by the Brunauer-Emmett-Teller (BET) method on a
Micromeritics ASAP 2020 system (Micromeritics Instrument Corporation, Norcross, GA,
USA). The pore size distribution was calculated by density functional theory (DFT) [66].
Furthermore, the main elements of the prepared samples (Al, Ca, Mg, Na, and 5i) and
the active metal Fe were analyzed by ICP-OES analysis (Thermo Electron iCAP 6500 Duo,
Thermo Fisher Scientific, Waltham, MA, USA).

3.4. Catalytic Wet Peroxide Oxidation Experiments

Oxidation experiments with a BPA aqueous solution (60 mg/L) were performed in
a three-necked flask equipped with a reflux condenser. BFS30-60, BFS25-60, BFS20-60,
BFS17.5-60, Fe/BFS30-60, and Fe/BFS17.5-60 were examined at a reaction temperature
of 50 °C, a HyO, concentration of 1.5 g/ dm3 (stoichiometric amount to total oxidation of
BPA), and a catalyst loading of 4 g/dm?, with a reaction volume of 0.16 dm3. Oxidation
was started while the reaction temperature was reached by the addition of H,O,, which
was added in batches to maintain a stable oxidation agent concentration during the 3 h
test. Water samples were taken as a function of reaction time, which were filtered using
a 0.45 um filter paper. The pH and dissolved oxygen (DO) were measured from water
samples during the experiment. Furthermore, the effects of pH and temperature on
oxidation were examined using Fe/BFS30-60 and Fe/BFS17.5-60. For evaluating the
stability and reusability of the prepared materials, Fe/BFS17.5-60 was examined in three
consecutive oxidation reactions. In addition, the regeneration of used Fe/BFS17.5-60 was
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performed by heating the catalyst for 2 h at two temperatures (i.e., 250 °C and 500 °C) to
examine the effect of heat treatment on the activity of the used catalyst.

3.5. Water Sample Analysis

The BPA concentration of the water samples was determined by high-pressure liquid
chromatography (HPLC) equipped with a Waters 996 photodiode array (PDA) detector
(Waters Corp., Milford, MA, USA) at a wavelength of 226 nm. A mixture of 0.1% trifluo-
racetic acid (TFA) in methanol and 0.1% TFA in water at a flow rate of 0.4 cm?®/min was
used as the eluent mixture to separate compounds on a SunFireTM C18 5-m 2.1 x 100 mm
column (Waters Corp., Milford, MA, USA) operated at 30 °C. The total organic carbon
(TOC) concentration of water samples was determined from the initial and final samples
on a Skalar FormacsHT Total Organic Carbon/total nitrogen analyzer (Breda, The Nether-
lands). Possible leaching of Al, Ca, Mg, Na, and Si was analyzed from the final samples
after oxidation by ICP-OES analysis (Thermo Electron iCAP 6500 Duo, Thermo Fisher
Scientific, Waltham, MA, USA).

4. Conclusions

In this study, novel, eco-efficient, BFS-based alkali-activated materials were prepared
and examined as catalysts for the CWPO of a BPA aqueous solution. AAMs consolidated at
60 °C were selected for catalytic studies, as they were more stable in the aqueous phase, and
the phase structure was more porous than that of the samples cured at room temperature.
BFSXX-60 samples exhibited moderate activity for the CWPO of BPA at 50°C and at the
initial pH. The catalytic activities of Fe/BFS17.5-60 and Fe/BFS30-60 were examined at
reaction temperatures of 50 °C, 70 °C, and 100 °C, and at the initial pH and a pH of
3.5. The addition of iron to the BFS-based materials led to the increased removal of BPA,
with the highest BPA removal (50%) achieved using Fe/BFS30-60 at a pH of 3.5 at 70 °C.
Furthermore, Fe/BFS17.5-60 exhibited moderate activity, even after three consecutive
tests, and no change in the phase structure of the AAMS after the oxidation reaction was
observed. Although prepared AAMs are interesting alternatives for catalytic water-phase
applications, dissolution of Ca and Si, as well as small amounts of Al, was observed from
AAMs during oxidation. In addition, the basic character of the material prevented higher
removal of BPA. Therefore, additional attention should be focused on the stability and
surface pH (e.g., pretreatment with acid) of AAMs in our future studies.
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AOP

BET

BFS

BPA

CWPO

DFT

DO

DRIFTS
Fe/BFS30-60
FESEM-EDS

FTIR
HPLC
ICDD
ICP-OES
IR

PDA

Alkali-activated material

Advanced oxidation process

Brunauer-Emmett-Teller

Blast furnace slag

Bisphenol A

Catalytic wet peroxide oxidation

Density functional theory

Dissolved oxygen

Diffuse-reflectance infrared Fourier transform spectroscopy
Iron-containing blast furnace slag-based catalyst

Field emission scanning electron microscope with energy-dispersive
X-ray spectroscopy

Fourier transform infrared spectroscopy

High-pressure liquid chromatography

International Centre for Diffraction Data

Inductively coupled plasma-optical emission spectroscopy
Infrared

Photodiode array

PV Pore volume

SSA Specific surface areas
TFA Trifluoracetic acid
TOC Total organic carbon
uv Ultraviolet

XRD X-ray diffraction
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