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ARTICLE INFO ABSTRACT

Keywords: Persulfates have received increasing attention in advanced oxidation processes. This study investigates a new
Alkali-activated materials concept for the activation of peroxydisulfate (PDS) and peroxymonosulfate (PMS) using geopolymer foams as a
Geopolymers

flow-through media supplying alkalinity. In the experiments, model solutions or real wastewater containing
10 uM phenol were distributed through geopolymer foams during which the high pH of the foams enhanced the
reactive species formation. PDS achieved only maximum ~30% phenol abatement (dose 2.4 mM, pH of ~12,
and empty bed of contact time of ~30 min), while PMS could achieve ~100% phenol abatement under identical
conditions. The efficient phenol abatement was due to the high pH of geopolymer (in the range of 8-12) while
PMS alone, without pH increase, could reach only max. ~20% phenol abatement and geopolymer foam alone
max. ~16% phenol abatement, likely due to adsorption. In municipal tertiary wastewater spiked with phenol,
~98% phenol abatement was achieved using the 1.2 mM dose of PMS when treating 10 bed volumes of water. In
a longer experiment (72 bed volumes), a decline in abatement was observed from ~97% to ~50% as pH
decreased from 11.9 to 7.3 after 48 bed volumes of treated water. Radical scavenging experiments indicated that
singlet oxygen (*O:) is the most important reactive species in the geopolymer-PMS system. Also, electron
paramagnetic resonance (EPR) spectroscopy measurements were conducted but they faced challenges at highly
alkaline conditions possibly due to spin trap decomposition. Overall, geopolymer foam effectively activated PMS,
offering a promising and easy-to-set-up advanced oxidation process not requiring expensive or toxic metals as
catalysts.

Peroxymonosulfate activation
Advanced oxidation processes
Wastewater treatment

1. Introduction which causes OH" ions to slowly diffuse into surrounding water [3]. This

sustained release of alkalinity from geopolymers has been utilized in

Geopolymers are amorphous or nanocrystalline aluminosilicates
prepared of precursors (e.g., metakaolin) and alkaline solutions (called
alkali activators, e.g., sodium silicate) [1]. Over the past decade, geo-
polymers have been studied for several wastewater treatment applica-
tions (e.g., adsorbents, filtration media, and catalyst supports) due to
their ion-exchange capacity, adaptable pore structure, and ceramic-like
properties [2]. In those studies, geopolymers are often used as foams
which are produced for example with hydrogen peroxide and surfactants
that stabilize gas bubbles during hardening, creating a porous network.

One feature of geopolymers is their residual alkalinity (i.e., their pore
solution, containing residues of the alkali activator, has pH of ~13)
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applications that require passive pH increase (i.e., without continuous
dosing of chemicals). For instance, in anaerobic digestion of organic
matter (where the formation of fatty acids decreases pH), geopolymer
granules have been tested to maintain pH between 6.5 and 7.2 to
improve methane production [4,5]. In acid mine drainage treatment,
they have been studied as permeable reactive barriers to increase pH and
simultaneously remove toxic metals [6]. Another, yet unexplored,
application for the residual alkalinity could be the activation (i.e.,
enhancing the formation of reactive radicals) of peroxydisulfate (PDS,
szoé‘) and peroxymonosulfate (PMS, HSO5) which are widely studied
oxidants in advanced oxidation processes (AOPs) [7,8]. Geopolymer
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foams may offer several practical advantages as a medium for this
application. Its sustained alkalinity release maintains stable pH without
continuous chemical dosing. In a flow-through configuration, the foam
remains fixed within the column and thus not requiring separation from
the treated water. Furthermore, unlike transition metal-based activa-
tors, geopolymer foam is entirely metal-free, avoiding secondary
contamination from leached metals. As geopolymers are prepared of
commonly available raw materials, such as metakaolin and sodium sil-
icate, they could be cost-effective in some water treatment scenarios.

Persulfates can be activated by heat, radiation, alkaline conditions,
transition metals, or carbonaceous materials [8]. Without activation,
persulfates react only slowly with organic contaminants [9]. Alkaline
activation (pH > 9) is considered a simple approach for persulfate
activation [8,9]. When alkaline conditions are used, the interaction of
persulfates with hydroxide ions (OH’) transforms the AOP from
SOse~-dominated to eOH-dominated [10,11]. This results effective
abatement of micropollutants compared to other persulfate activation
mechanisms since eOH is less selective than SO4e™ but this also increases
consumption of persulfate [8,9]. The dominant oxidant species in
alkaline activation depends whether PMS or PDS is used [7,12]. In the
case of PDS, two sequential reactions occur: OH" initiates PDS hydro-
lysis, forming hydroperoxide anions (HOz"), which then reduce addi-
tional PDS to sulfate radical (SOse”) which can form eOH at highly
alkaline conditions (pH > 12) [11,13]. In the case of PMS, alkaline
conditions cause nucleophilic attack of deprotonated PMS (SOs>") to the
peroxide oxygen of PMS (HSOs3), resulting self-decay of PMS and singlet
oxygen (102) production [12,14]. It should be noted that the effect of pH
on PMS activation depends strongly on the activation method. In
catalyst-based systems, increasing the alkalinity can in some cases lower
PMS activation and degradation performance, for example through
precipitation of dissolved metal catalysts at high pH [15,16]. In contrast,
the present approach does not rely on a catalyst but instead uses the
residual alkalinity of the geopolymer itself as the activator, where the
elevated pH is the intended driver of base activation.

The revised Urban Wastewater Treatment Directive (2024/3019) of
European Union will require quaternary treatment at large wastewater
treatment plants (population equivalent > 150,000) starting from 2033
to achieve at least 80% abatement for at least six out of the thirteen
micropollutant indicators [17]. In Switzerland, where similar legislation
has been in place since 2016 [18], activated carbon or ozonation are
recommended as the treatment options [19]. However, persulfate-based
AOPs could be one option to address the need to remove micropollutants
in situations where increasing water pH is feasible. The reactive species
formed in persulfate-based AOPs have been shown to be capable of
abating micropollutants, for example steroid estrogens, antibiotics, and
phenol [20]. However, AOP-based treatment may not result in complete
mineralization of micropollutants. Transformation products such as
benzoquinone have been identified in PMS-based phenol oxidation
under alkaline conditions [21], and assessing of their potential toxicity
and environmental fate is important for practical applications.

In the present study, high pH of geopolymers is used to activate PDS
and PMS to abate phenol as a model compound from aqueous solutions
and spiked municipal tertiary wastewater. The objectives of this study
were to: (i) evaluate metakaolin geopolymer foam as an activator for
persulfate-based AOPs in a flow-through set-up, (ii) determine the op-
timum conditions (e.g., pH and type of persulfate) and effect of the in-
dividual contributions of persulfates, geopolymer, and pH conditions
with control experiments, and (iii) identify the dominant reactive
species.

2. Materials and methods
2.1. Geopolymer foam preparation

Metakaolin (MetaMax, BASF, Germany) was used as the alumino-
silicate precursor. Oxide composition of metakaolin is presented in
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Table S1 (supporting information). The composition of the alkali acti-
vator solution and the mixing ratios of the raw materials were selected
based on earlier literature [22,23]. The alkali activator for metakaolin
consisted of 87 wt% sodium silicate solution (SiOz2 ~ 27 wt%, Na20 ~
8 wt%; Merck, Germany) and 13 wt% sodium hydroxide (98.7%, VWR,
Sweden). The precursor was mixed with the alkali-activator solution in a
weight ratio of 1.00:1.36 (total weight of 196.2 g) with the addition of
3.2 mL hydrogen peroxide (H202, 30% w/v; VWR, Belgium) and 187 pL
Triton X—100 (100% solution; VWR, France), then poured into a plastic
column mold (99 mm in height and 44 mm in diameter) for curing at 22
°C. The geopolymer preparation is shown in Fig. S1 (supporting
information). Further details of the reagents and materials are pro-
vided in Table S2 (supporting information).

2.2. Geopolymer characterization

The materials were characterized using X-ray fluorescence (XRF), X-
ray diffraction (XRD), field-emission scanning electron microscopy
combined with energy-dispersive X-ray spectroscopy (FE-SEM-EDS),
high-resolution transmission electron microscopy (HR-TEM), and
selected area electron diffraction (SAED) with energy-dispersive X-ray
spectroscopy (EDX) analyses. Detailed information on the character-
ization methods is provided in Text S1 (supporting information).

2.3. Analysis of persulfate and phenol concentrations

The concentrations of PDS and PMS in the oxidation experiments
were measured using a UV-Vis spectrophotometer (UV—-6300, VWR)
following procedures reported in the earlier literature [24]. Phenol
concentration was detected using liquid chromatography-mass spec-
trometry (LC-MS). Analyses were conducted using a Waters ACQUITY
Ultra Performance Liquid Chromatography system coupled to a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific). More
detailed analytical methods for persulfate and phenol concentration
determination are provided in Text S2 (supporting information).

2.4. Phenol abatement experiments

Phenol abatement experiments were performed using a flow-through
column (99 mm height, 44 mm diameter, filled with geopolymer foam)
set-up in which phenol solution or tertiary wastewater spiked with
phenol (in both cases, 10 pM phenol concentration) dosed with
0.6-4.8 mM PMS or PDS was passed through the foam using a peristaltic
pump at a flow rate of 300 mL h™! (i.e., ~2 bed volumes [BV] per hour),
corresponding to an empty bed contact time of ~30 min. To stop the
oxidation reaction after sampling, pH of the sampled water (10 mL) was
decreased to acidic range by adding 0.2 mL of 0.1 M nitric acid (Merck,
Germany) and 50 pL of 0.1 M sodium thiosulfate pentahydrate (Merck,
Germany) to quench any remaining persulfate, similarly as in [25].
Tertiary wastewater samples were collected from the Taskila wastewater
treatment plant, Oulu, Finland (characterization provided in Table S3,
supporting information).

To investigate the individual contributions of persulfates, geo-
polymer, and pH adjusted with NaOH to phenol abatement, control
experiments were performed. To determine the individual contribution
of PMS, 0.6-2.4 mM concentrations were added to a 10 pM phenol so-
lution prepared in ultrapure water, mixed for 30 min with magnetic
stirrer, and sampled as above for phenol concentration analysis. To
determine the individual effect of pH, NaOH was used to adjust the pH of
10 pM phenol solution to 6-12 in the presence of PMS (0.6-2.4 mM), and
samples were collected after 30 min reaction time for phenol analysis.
Finally, the individual effect of geopolymer foam for phenol abatement
(i.e., via adsorption) was determined by distributing 10 pM phenol so-
lution through the geopolymer foam without PMS with empty bed
contact time (EBCT) of 30 min (flow rate 300 mL h!). Total organic
carbon (TOC) concentration was detected during the oxidation
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experiments to determine whether mineralization of phenol took place
(i.e., conversion to COy and H20). TOC was detected using a TOC-L
analyzer (Shimadzu).

Radical scavenger experiments were conducted in the flow-through
column for a duration of 1 h and EBCT of 30 min using the following
chemicals as scavengers: tert-butanol (TBA, 100 mM) for eOH, iso-
propanol (IPA, 100 mM) combined with furfuryl alcohol (FFA, 1 mM)
for eOH, SOse~, and 02, and FFA (1 mM) alone for 'O2. In addition,
electron paramagnetic resonance (EPR) was used to identify the pre-
dominant reactive species formed in the PMS (pH 6-12) and PDS (pH
11-12) systems in the presence of geopolymer. The samples consisted of
40 pL aqueous solutions containing (2.4 mM-PDS or 1.2 mM-PMS)
oxidant and (10 g L™!) geopolymer powder, adjusted to the target pH
values. Three experimental conditions were used to detect specific
reactive species: 1) SOse~, and eOH were trapped using 50 mM 5,5-
dimethyl—1-pyrroline-N-oxide (DMPO), 2) an 80:20 mixture of ethylene
glycol and water with 50 mM DMPO was used to detect superoxide
anion (Oze") formation, and 3) 'Oz was detected using 50 mM 2,2,6,6-
tetramethyl—4-piperidone (TEMP; 95%) in water. The observed EPR
signals for DMPO were assigned to DMPO/eOH (ay = ay = 14.9 G),
DMPO/SOse™ (ay = 13.5 G, ay = 2.7 G; agy1 = 1.3 G; apgy2 = 0.9 G) [26],
and DMPO/Oge” (ay = 13.0 G, ayg = 9.8 G and ay, = 1.5 G) [27].
Ethylene glycol and water were used as solvents for DMPO/Oye~ to
prevent the rapid dismutation of Oze~ to hydrogen peroxide and
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molecular oxygen [28,29]. TEMP detects singlet oxygen (105) through
the formation of TEMPO (via TEMP/Oy; ay = 16.1 G) [50]. More details
of the EPR analysis are provided in Text S3 (supporting information).

3. Results and discussion
3.1. Comparison of PMS and PDS when combined with geopolymer

PMS (0.6-2.4 mM) and PDS (1.2-4.8 mM) were compared as oxi-
dizers when combined with geopolymer for phenol abatement (Fig. 1a
and b). During the 5-h experiment, pH decreased from the initial value of
~12.30 to ~10.0 for PMS, and from ~12.30 to ~11.6 for PDS. PMS
achieved clearly better performance (up to ~100%) than PDS (up to
~30%). Similar behavior has been reported earlier, where PDS 20 mM
achieved only 41% bisphenol A removal (from initial concentration of
5mg L™}, equivalent to 21.1 uM) at pH 11 with a low pseudo-first-order
rate constant (k = 0.0035 min~") [30]. The PDS decomposition (> 90%)
(Fig. S2), indicated that PDS did not produce efficiently radicals for
phenol abatement even though it was largely decomposed over the
contact with the geopolymer foam. To allow a more direct comparison
between the two oxidants, phenol abatement was normalized to the
amount of oxidant consumed. PMS achieved approximately 39-42 umol
of phenol abated per mmol of oxidant decomposed, whereas PDS ach-
ieved only about 0.1-1.0 pmol per mmol, indicating that PMS used the
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Fig. 1. Phenol abatement by (a) PDS combined with geopolymer and geopolymer alone; (b) PMS combined with geopolymer, geopolymer alone, and PMS alone; and
(c) control experiment with PMS at different initial pH without geopolymer (pH decreased by ~ 0.10-0.40 units during the experiment). Experimental conditions:
[phenol] = 10 puM, [PDS] = 1.2-4.8 mM, [PMS] = 0.6-2.4 mM, empty bed of contact time (EBCT): ~30 min (the reaction of 30 min was used for the experiments
with PMS alone), 10 bed volumes (BV) treated water at 300 mL h™! (5 h total), pH in a) and b) were 10-12 (those experiment with persulfates + geopolymers).
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oxidant approximately 40 times more efficiently. Qi et al. [12] reported
that alkaline-activated PMS at 1.0 mM concentration (pH =~ 9.8) ach-
ieved ~90% decolorization of acid orange 7 (0.1 mM), while PDS at
1.0 mM concentration yielded negligible removal (~0%) after 60 min
reaction time, confirming the differences observed in the present study
[31]. Phenol abatement progressively increased as more water was
treated across all PMS doses (0.6-2.4 mM), with higher PMS concen-
trations achieving complete abatement already at the beginning of the
experiment (Fig. 1b). The reason for this increasing trend could be that
initially the pH (~12.3) was too high, causing PMS deprotonation and
radical scavenging.

Geopolymer alone showed only limited phenol abatement (< 20%,
Fig. 1), likely mainly via adsorption. When PMS was used alone as an
oxidizer (pH of ~3.30), it achieved < 20% phenol abatement, consistent
with prior reports [32,33]. When PMS activation was studied at
different pH without geopolymer (Fig. 1c), it was observed that pH
should be > 8 to achieve high phenol abatement (> 80%), which is
consistent with previous studies [34]. Thus, theses control experiments
indicate that the primary mechanism of PMS activation was by the bulk
solution alkalinity, rather than involvement of the geopolymer surface.

3.2. Experiments with municipal wastewater

Municipal wastewater was spiked with phenol, and two experiments
were performed (10 and 72 bed volumes of treated water (Fig. 2). In
both experiments, initial phenol abatement during the first treated bed
volumes was between 40-60%, again likely due to too high pH (~12).
However, it increased to near 100% and remained at that level up to
10-12 treated bed volumes of water (pH of ~10.2 during this time).
After that, the longer experiment still had > 80% removal until 48
treated bed volumes of water (pH remained at ~ 8.75). Subsequently,
the phenol abatement decreased clearly due to geopolymer foam alka-
linity depletion (column effluent pH being ~ 7.27). Under neutral con-
ditions, PMS predominantly exists as HSOs~ and thus SOs* is not
available for nucleophilic attack which is required for 10, generation [7,
35,36]. This agrees with the optimal PMS activation occurring at pH
9-11 (Fig. 2). No mineralization of phenol was observed based on the
TOC results (Table. S4).

3.3. Characterization of geopolymer after use in oxidation process

To examine potential changes in surface morphology, geopolymer
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Fig. 2. Phenol abatement in spiked tertiary municipal wastewater using the
geopolymer-PMS system. Experimental conditions: [phenol] = 10 pM, [PMS]
= 1.2 mM, EBCT: ~30 min, flowrate ~300 mL h™! , duration of the experiment
5 h (experiment 1) or 36 h (experiment 2).
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foam was characterized before and after treatment the treatment of 72
BV (= 7.2 L) of wastewater using HR-TEM and SEM (Fig. 3). Prior to use,
the SEM micrographs (Fig. 3a) revealed a smooth morphology con-
taining layer-like structures which are likely unreacted metakaolin.
After using the foam in wastewater treatment (Fig. 3d), EDS analysis and
elemental mapping confirmed that the particulate matter on the surface
was from geopolymer itself (Fig. S3), rather than organic or other matter
accumulated from wastewater. Thus, as the wastewater experiment was
rather short, no surface fouling or any microstructural damage was
observed. This also suggests that geopolymer surface can withstand the
oxidative conditions introduced by PMS.

The selected area electron diffraction (SAED) patterns of the unused
geopolymer foams (Fig. 3b), displayed diffuse halo rings, consistent with
amorphous structures of geopolymers. After the longer wastewater
experiment (i.e., experiment 2 in Fig. 2), clearer electron diffraction
patterns could be observed (Fig. 3e), indicating increased nano-
structural ordering. The TEM image of the geopolymer before use
(Fig. 3c) revealed an aggregated structure nano participles forming large
clusters which is typical for geopolymers. After using geopolymer in
wastewater treatment (Fig. 3f), no clear difference can be observed. EDS
analysis indicated a slight increase in the Si/Al atom ratio (from 3.15 to
3.36; Fig. S4). Overall, these observations suggest that geopolymer
matrix maintained structural integrity during the treatment of 72 BV of
wastewater. X-ray diffraction (XRD) analyses (Fig. S5) indicated that the
amorphous structure of geopolymer was preserved, and no new crys-
talline phases were formed during the oxidation experiment.

Visual inspection after the long-term experiment confirmed that the
geopolymer foam remained intact with no visible damage, and only
surface deposits from wastewater suspended solids were observed
(Fig. S6). The compressive strength of the same metakaolin-based foam
composition has been previously reported as 0.67 MPa with no micro-
structural changes after long-term flow-through use [37,38], and the
flow rate remained stable throughout the present experiments. The
service life of the foam is limited by its residual alkalinity, as phenol
abatement declined when pH fell below 7.5.

3.4. Identification and contribution of reactive species

Electron paramagnetic resonance (EPR) characterization and radical
scavenging experiments are widely used to identify the dominant reac-
tive species roles in AOPs systems [39-41]. Recent studies indicate,
however, that these methods can yield uncertain results due to
non-selective reactions and competing reaction pathways, complicating
identification of dominant reactive species [8,42]. This limitation has
been critically discussed in the context of persulfate-based systems,
where ambiguous radical assignments remain a recognized challenge
[43,44].

In this study, IPA and FFA were added together to quench eOH,
SOse™, and 102 [45], FFA alone was used to quench 'Oz [46], and TBA
scavenged eOH [47]. The corresponding second-order rate constant for
the reactions between the scavengers and reactive species are k,og
=6 x 108 M~ ! s7! for TBA [48]; keom = 1.9 x 10° M~ s7! [48], Ks0.e-
=8.2x 10" M s [49], and kig,- = 3.48 x 10> M~! 57! for IPA [50];
koot = 1.5 x 10" M ™" 57" [48], kgo.e- = 1.3 x 10" M ' 57 [51], and
kior = 1.2 x 108 M~!s7! [52] for FFA. It should be noted that FFA is not
fully selective for 10y, as it also reacts rapidly with eOH, and SOue" in
persulfate-based systems [51].

The combined IPA and FFA addition markedly suppressed phenol
abatement (Fig. 4a), indicating that at least one of ¢OH, SOase", or 102
has an important contribution for the abatement. FFA alone caused
approximately similar suppression as IPA and FFA while TBA did not
hinder abatement as much. Thus, the importance of the reactive species
appears to be 10, > ¢OH > SOse~ which is in agreement with the pre-
vious literature stating that alkaline conditions make the oxidation 105/
eOH-dominated instead of SOse~-dominated [44], and with studies
identifying 'O as the principal reactive species in other PMS-based
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I
 —

Fig. 3. HR-TEM (c, f), SEM (a, d), and SAED pattern (b, e) characterization of geopolymer before and after municipal wastewater experiment (72 BV of

treated wastewater).

systems [53,54]. The pH during the scavenger experiment was
11.02-11.78.

To further confirm the reactive species in the geopolymer-PMS
system, EPR measurements were conducted at pH 6-12 using DMPO to
detect DMPO/eOH and DMPO/SO4e~, DMPO/O5e"~, and TEMPO for 1o,
(*0, via TEMP-'0,) adducts. DMPO/eOH and DMPO,/SOue" signals are
shown in Fig. 4b. The EPR signal intensities of eOH species decreased
progressively as pH increased from pH 6-12. This can be also due to an
analytical artefact (spin trap degradation at elevated pH). DMPO/SO4e"
adduct signal remained low across the entire pH range (6-12) with no
discernible variation (Fig. 4b) but this could be again attributable an
analytical artefact which the limited trapping efficiency of DMPO for
SOse~ (k = 2.7 x 1072 M- s71) and rapid conversion of DMPO/SOqe" to
DMPO/eOH via nucleophilic addition [55,56], rather than an absence of
sulfate radical generation. Indeed, scavenger experiments provided
more definitive evidence about '0,/eOH as the dominant reactive spe-
cies in the geopolymer—PMS system, with SOse~ having a minor role.

As shown in Fig. 4c, no DMPO/Oye" adduct signal did not appear,
instead, DMPO/eOH and methyl radical (DMPO/eCHj3) adduct signals
(aN = 15.6 G, aH = 22.3 G; [57]) emerged, consistent with the rapid
scavenging of ¢OH by DMSO to form eCHj3 (K.om, pmso = 4.5-7.1 x 10°
M-1s1) [58]. When using DMSO solvent instead of ethylene glycol (EG),
a very weak DMPO/Oze" adduct signal was observed (EPR spectrum not
shown). This result suggests that the conversion of the superoxide anion
to other radical species such as the hydroxyl radical may be very rapid
[59]. For 'Oz detection, TEMP was used to form the stable TEMPO
radical (Fig. 4d). A weak background TEMPO signal, attributable to
trace impurities in the TEMP reagent, was present at all pH values. From
pH 6-12, TEMPO signal intensity declined gradually and then more
sharply, indicating that 'O- formation decreases under alkaline condi-
tions. However, the FFA scavenger results, which showed similar inhi-
bition to IPA + FFA, suggest that 'O plays an important role in phenol
abatement. The decreasing TEMPO signal at higher pH value may
therefore reflect analytical artefact limitation due to spin trap degra-
dation rather than negligible 'O, involvement. This significant 'O
contribution likely reflects HSOs™/SOs*" self-decomposition or secondary
reactions between Oze~ and eOH at high pH [7,60], suggesting that 'O

plays an important role.

In geopolymer foam, the pore solution is highly alkaline and thus
releases continuously OH~ ions. At pH > 11.0 (i.e., the conditions
introduced by geopolymer), the combined scavenger and EPR evidence
indicated that '0,/e0H are the dominant reactive species governing
phenol abatement in the geopolymer-PMS system.

4. Conclusions

This study investigated the activation of PDS and PMS by high pH
introduced by geopolymer foam for phenol abatement. PMS out-
performed PDS under alkaline conditions (pH 8-12), achieving com-
plete phenol abatement at pH of around 10 while geopolymer or PMS
alone showed low performance and thus confirming synergistic effect.
The geopolymer-PMS system could treat ~48 bed volumes of phenol-
spiked municipal wastewater with > 80% abatement (the removal
limit of indicator micropollutants in the updated Urban Wastewater
Directive of the EU). After this, alkalinity depletion of geopolymer (i.e.,
effluent pH < 7.3) caused performance to decrease. No mineralization of
phenol occurred based on the TOC analyses. 10,/¢0H appeared to
dominate the oxidation process under high alkalinity (pH > 11), while
SOse™ had only a minor role according to scavenger experiments and
EPR spectroscopy. It should be noted though that EPR measurement had
issues with high alkalinity possibly due to the spin trap decomposition
and thus its results are not fully consistent. Thus, it appears that
geopolymer-activated PMS AOP follows the conventional alkaline acti-
vation mechanism where 0z and ¢OH dominate instead of SOse™-. From
the practical perspective, the geopolymer-PMS system appears as a
potentially useful AOP for situations where its limited lifetime (max.
~48 BV treated water) and alkaline effluent are acceptable. However,
future work should examine the oxidation kinetics, transformation
products, the applicability of this system to other contaminants, and cost
comparison of direct alkaline dosing (e.g., using NaOH) with geo-
polymer foam.
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Fig. 4. (a) Effects of radical scavengers on cumulative phenol abatement over the treatment of 2 BV of synthetic phenol solution (conditions: [phenol] = 10 pM,
[PMS] =1.2 mM, EBCT: ~30 min, treated water volume: 2 BV, flow rate: 300 mL h™*, pH = 11.02-11.78), (b-d) EPR spectrum of radical adducts in the geopolymer-
PMS system: [PMS] = 1.2 mM, geopolymer = 10 g L™, reaction time = 20 min. In panel (c), unpurified DMPO (50 mM) in an 80:20 ethylene glycol: water mixture
at pH 6.1 was used. Due to the impurity of the DMPO, the nitroxide signal (red resonance lines) appeared along with signals of the DMPO/°OH and DMPO/*CHj3
adducts. Magnetic field (G) plotted on the x-axis, while relative signal intensities in arbitrary units (a.u.) appear on the y-axis.
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