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H I G H L I G H T S

• Degradation of aquatic pollutants by
PMS is significantly accelerated by
freezing.

• Both PMS and pollutants are con-
centrated in the ice grain boundaries.

• Enhanced degradation in frozen solu-
tion is due to the freeze-concentration
effect.

• Degradation occurs through the direct
electron transfer from pollutants to
PMS.

• The PMS/freezing system is an eco-
friendly water treatment method.
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A B S T R A C T

This study presents a freezing method for accelerating the peroxymonosulfate (PMS)-mediated degradation process.
The degradation of furfuryl alcohol (FFA) in the presence of PMS was markedly accelerated by freezing. The de-
gradation efficiency of FFA was only 10.4% in aqueous solution at 25 °C, but 100% degradation was achieved in frozen
solution at −20 °C after 3 h of reaction at [FFA] = 20 µM and [PMS] = 100 µM. This accelerated PMS-mediated
degradation of FFA in the frozen solution is due to the concentration of both PMS and FFA in ice grain boundaries,
which increases the collision frequency between PMS and FFA thereby facilitating redox transformation. The mapping
images of PMS and FFA in the frozen sample obtained using confocal Raman microscopy provide clear evidence of the
accumulation of PMS and FFA in the ice grain boundaries after freezing. The experimental results with sulfate radical
(SO4%−) scavengers, no production of hydroxyl radicals (%OH) and SO4%−, and the highly pollutant-dependent de-
gradation efficiency suggest that the PMS-mediated degradation in frozen solution primarily proceeds through the
direct electron transfer from organic pollutants to PMS (non-radical mechanism) rather than the reaction of SO4%− or %

OH with organic pollutants (radical mechanism). The degradation efficiency of the PMS/freezing system was similar
across the pH range of 3–10. In addition, the PMS/freezing system worked efficiently in the temperature range of −10
to −35 °C. This result implies that the PMS/freezing system can be operated without external energy in cold regions.
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1. Introduction

Peroxymonosulfate (PMS) has a thermodynamically high oxidation
power with a reduction potential of 1.19 VNHE for one-electron transfer
(E0(HSO5−/SO4%−)) [1] and 1.75 VNHE for two-electron transfer
(E0(HSO5−/SO42−)) [2]. However, the reaction of PMS with aquatic
pollutants is kinetically very slow, which limits the practical applica-
tions of PMS as a chemical oxidant for water treatment [3].

To overcome the drawback of PMS-mediated oxidation (i.e., the low
reactivity of PMS toward aquatic pollutants), a variety of techniques
have been employed to convert PMS to more reactive species such as
hydroxyl radicals (%OH, E0(%OH/OH−) = 1.77 VNHE) [4] and sulfate
radicals (SO4%−, E0(SO4%−/SO42−) = 2.43 VNHE) [5], including heat
[6], ultrasound [7], UV light [8,9] (reaction (1)), transition metal ion
[10,11], and metal oxide [12–14]-induced activation of PMS (reaction
(2)). The oxidative degradation of aquatic pollutants rapidly proceeds
by SO4%− and/or %OH generated from PMS activation (radical me-
chanism).

+ +HSO heat, ultrasound, or UV light SO OH5 4 (1)

+ + ++ + +M HSO M SO OHn
5

(n 1)
4 (2)

It has also been reported that PMS can rapidly oxidize aquatic
pollutants in the presence of noble metals [15], carbon nanotubes
[16,17], and graphitized nanodiamonds [18] as electron mediators
through a non-radical mechanism. The complexation between PMS and
electron mediators enhances pollutant degradation without radical in-
volvement by facilitating electron transfer from pollutants to electron
mediator/PMS complexes (reaction (3)).

+
+

+pollutant electron mediator/PMS complex pollutant
electron mediator/PMS complex (3)

Chemical reactions in the ice phase at temperatures below the
freezing point are usually slower than those in the aqueous phase at
temperatures above the freezing point. However, some chemical reac-
tions in the ice phase occur faster than those in the aqueous phase
because of the solute concentration and the pH change during freezing,
the so-called freeze-concentration effect [19,20]. Both solid (ice crys-
tals) and liquid phases (ice grain boundaries, which are the liquid re-
gions between ice crystals) exist below the freezing point. Solutes are
gradually accumulated in the ice grain boundaries during freezing as
ice crystals grow [21]. The pH of acidic solutions decreases but the pH
of basic solutions increases by freezing, because protons and hydroxides
are accumulated in the ice grain boundaries under acidic and basic
conditions, respectively [22]. The concentration of solutes and protons
(or hydroxides) in the ice grain boundaries during freezing increases the
reaction probability between solutes and converts some solutes to more
reactive species through protonation (or deprotonation) [23]. Based on
the freeze-concentration effect, freezing methods have been recently
developed to enhance the oxidative degradation of various organic
pollutants, such as sulfamethoxazole (oxidant: nitrite (NO2−)) [24],
phenolic pollutants (oxidant: chromate (HCrO4−)) [25], waste-acti-
vated sludge (oxidant: NO2−) [26], and pharmaceutical pollutants
(oxidant: periodate (IO4−)) [27]. However, there are two issues in these
freezing systems that limit their practical applications for water treat-
ment: the restricted pH working range and the generation of toxic ions
such as nitrate (NO3−), trivalent chromium (Cr3+), and iodide (I−,
which can induce the formation of toxic iodinated organic compounds
in the disinfection process [28,29]).

In this study, PMS was used as an oxidant in the freezing-induced
water treatment system to prevent the problems observed in the
freezing systems for water treatment previously reported. Although
various methods to enhance the PMS-mediated oxidation process have
been extensively studied, the freezing method has not been tried. The
degradation of furfuryl alcohol (FFA, as a model organic compound) by

PMS in frozen solution at −20 °C was compared with that in aqueous
solution at 25 °C. Products generated from the reduction of PMS in
frozen solution were identified and the mechanism of PMS-mediated
degradation in frozen solution was investigated. The degradation ki-
netics of FFA in the PMS/freezing system was also measured as a
function of various experimental parameters. Furthermore, the prac-
tical viability of the PMS/freezing system was discussed based on its
degradation efficiencies for a variety of organic pollutants (pharma-
ceutical and phenolic pollutants) and in repeated degradation cycles.

2. Chemicals and methods

2.1. Chemicals

All chemicals were of high-purity grade and used as received
without further purification. They include potassium perox-
ymonosulfate (PMS, KHSO5·0.5KHSO4·0.5K2SO4, Sigma-Aldrich), fur-
furyl alcohol (FFA, C5H6O2, Sigma-Aldrich, ≥98.0%), tryptophan
(C11H12N2O2, Sigma-Aldrich, ≥98.0%), propranolol hydrochloride
(C16H21NO2·HCl, Sigma-Aldrich, ≥99.0%), sulfamoxole (C11H13N3O3S,
Fluka, ≥98.0%), sulfamethoxazole (C10H11N3O3S, Fluka, analytical
standard), phenol (C6H5OH, Sigma-Aldrich, ≥99.0%), 4-methylphenol
(CH3C6H4OH, Sigma-Aldrich, analytical standard), bisphenol A
((CH3)2C(C6H4OH)2, Sigma-Aldrich, ≥99.0%), methanol (CH3OH,
Wako, ≥99.8%), 2-propanol ((CH3)2CHOH, Sigma-Aldrich, ≥99.5%),
benzene (C6H6, Sigma-Aldrich, ≥99.9%), benzoic acid (C6H5COOH,
Sigma-Aldrich, ≥99.5%), coumarin (C9H6O2, Sigma, ≥99.0%), 5-tert-
butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO, C10H17NO3,
ENZO Life Sciences, ≥99.0%), iron(II) perchlorate hydrate (Fe
(ClO4)2·xH2O, Sigma-Aldrich, ≥98.0%), cobalt(II) perchlorate hex-
ahydrate (Co(ClO4)2·6H2O, Sigma-Aldrich, ≥98.0%), phosphoric acid
(H3PO4, Junsei, 85%), acetonitrile (CH3CN, J.T. Baker, ≥99.9%), so-
dium carbonate (Na2CO3, Sigma-Aldrich, ≥99.5%), and sodium bi-
carbonate (NaHCO3, Sigma-Aldrich, ≥99.7%). All solutions were pre-
pared in ultrapure deionized water (18.3 MΩ·cm) produced by a
Human-Power I + water purification system (Human Corporation).

2.2. Experimental procedure

Aliquots of PMS (usually 1 mM, 10 mL) and an organic pollutant
(usually FFA, 200 µM, 10 mL) stock solution were added to water
(usually 80 mL) in a beaker to yield the desired initial concentration
(usually [PMS] = 100 µM and [organic pollutant] = 20 µM). The
aqueous solution pH was adjusted by concentrated perchloric acid
(HClO4) or sodium hydroxide (NaOH) solution to the desired value
(usually pH 3.0). Ten mL of sample solution was put in a polypropylene
conical tube (volume = 15 mL, Corning), which was then immersed into
an ethanol-circulated bath. Ethanol, used as a coolant, was cooled to the
desired temperature (usually −20 °C) before immersing the conical tube.
Several conical tubes containing the same sample solution (usually 7
conical tubes) were put into the ethanol-circulated bath at a time. The
reaction time was started from the moment the conical tube containing
the aqueous sample was immersed into the ethanol-circulated bath. The
frozen samples in the ethanol-circulated bath were withdrawn one by
one at fixed time intervals (usually 10, 20, 30, 60, 120, 180, and
240 min) and thawed in a lukewarm water bath at 35 °C for sample
analysis. The aqueous sample was then immediately analyzed.

Experiments in the ethanol-circulated bath preset at 25 °C were
performed as controls. Aqueous reactions in the presence of ice pellets
were also performed as a control. Briefly, the aqueous solution (5 mL
and pH 3.0) containing PMS (200 μM) and FFA (40 μM) was cooled to
4 °C. Ice pellets (5 g and pH 3.0) were added into the aqueous solution
of PMS and FFA, which was considered as the reaction start time. The
aqueous reactions with ice pellets proceeded at 4 °C in a refrigerator to
inhibit the ice pellets melting. All experiments were performed in du-
plicate or triplicate to confirm data reproducibility.
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2.3. Chemical analyses

The concentrations of organic pollutants, such as FFA, tryptophan,
propranolol, sulfamoxole, sulfamethoxazole, phenol, 4-methylphenol,
and bisphenol A, were analyzed using a high-performance liquid
chromatograph (HPLC, Agilent 1120) equipped with a UV–visible de-
tector and a Zorbax 300SB C-18 column (4.6 mm × 150 mm). The
eluent consisted of a binary mixture of phosphoric acid solution (0.1%)
and acetonitrile. The volume ratios (0.1% phosphoric acid solution:
acetonitrile) of the eluents and the detection wavelengths were as fol-
lows: 85:15 and 218 nm for FFA, 90:10 and 273 nm for tryptophan,
50:50 and 291 nm for propranolol, 90:10 and 267 nm for sulfamoxole,
80:20 and 265 nm for sulfamethoxazole, 70:30 and 270 nm for phenol,
75:25 and 280 nm for 4-methylphenol, and 70:30 and 229 nm for bi-
sphenol A, respectively. Quantitative analysis of sulfate (SO42−) was
performed using an ion chromatograph (IC, Dionex DX-120) equipped
with a conductivity detector and a Dionex IonPac AS-14 column
(4 mm × 250 mm). The eluent was a binary mixture of sodium car-
bonate (3.5 mM) and sodium bicarbonate (1 mM), and its flow rate was
1.0 mL/min.

To determine whether SO4%− is generated or not in the PMS/freezing
system, electron paramagnetic resonance (EPR) analysis was performed.
5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO, 1 mM) was
used as a spin-trapping reagent of SO4%− [30]. The EPR spectra were
obtained using an electron paramagnetic resonance spectrometer (JEOL
JES-TE300) under the following conditions: microwave power = 1 mW,
microwave frequency = 9.415 GHz, center field = 3354 G, modulation
width = 0.2 mT, and modulation frequency = 100 kHz. The production
of %OH was verified by measuring the fluorescence emission intensity of
7-hydroxycoumarin that was generated from the reaction between %OH
and coumarin (%OH + coumarin → 7-hydroxycoumarin) [31]. Mono-
chromatic light with a wavelength of 332 nm was used as the excitation
source and the fluorescence emission intensity was monitored at 460 nm
using a spectrofluorometer (Shimadzu RF-5301).

The spatial distributions of PMS and FFA in frozen solution were
investigated using a confocal Raman microscope (Renishaw inVia
Qontor). The glass sample holder (8 mm × 8 mm× 2 mm) was loaded
with 100 μL of aqueous PMS solution at [PMS] = 100 μM and pH 3.0
(or aqueous FFA solution at [FFA] = 10 mM and pH 3.0) and mounted
on a temperature-controlled microscope stage (Linkam Scientific
THMS600). The temperature was decreased from 0 to −20 °C at a rate
of −1.5 °C/min. A monochromatic laser with a wavelength of 532 nm
was used as the excitation source. Chemical mapping images of PMS
and FFA were obtained by measuring the emission intensity at
942 cm−1 and 1504 cm−1, respectively.

3. Results and discussion

3.1. Degradation of FFA by PMS in aqueous and frozen solutions

To compare the degradation capacities of PMS in frozen and aqu-
eous solutions, FFA was selected as a model organic compound
[27,32,33], and its degradation kinetics in the presence of PMS was
measured at −20 °C for ice phase reactions and 25 °C for aqueous phase
reactions (Fig. 1). The degradation of FFA by PMS in aqueous solution
was very slow, whereas it proceeded rapidly in frozen solution. The
degradation efficiency of FFA in aqueous solution was only 10.4% after
3 h of reaction. However, 85.9% of FFA was degraded after 1 h and
complete degradation was achieved after 3 h in frozen solution. The
negligible degradation of FFA without PMS implies that PMS acts as the
sole oxidant for the degradation of FFA.

The oxidative degradation of FFA by PMS should be accompanied
by the reductive transformation of PMS by FFA. Therefore, we in-
vestigated the anionic products generated from the reduction of PMS by
FFA during freezing using an ion chromatograph. The concentration of
sulfate (SO42−) gradually increased with reaction time, but the

production of other anions was below the detection limit. When the
degradation of FFA was complete (after 3 h of reaction), the generation
of SO42− was almost absent. This result confirms that the degradation
of FFA proceeds through the redox chemical reaction between PMS and
FFA in frozen solution.

In the IO4−/freezing system, I− is generated from the reduction of
IO4− by organic pollutants in frozen solution (IO4− + 2H+ + 2e− →
IO3− + H2O; IO3− + 6H+ + 6e− → I− + 3H2O) [27]. I− can act as a
precursor of highly toxic and carcinogenic iodinated organic compounds
in natural systems [34,35] and in the oxidation process using free
chlorine or manganese dioxide [28,29]. This behavior restricts the use of
IO4− in environmental remediation. Both the HCrO4−/freezing system
and NO2−/freezing system for water treatment have similar problems
[24–26]. However, the reduction of PMS by FFA induces the formation of
only SO42−, which has negligible toxicity [36,37] and acts as nutrient to
plants [38,39]. Therefore, the PMS/freezing system can be proposed as
an eco-friendly method for the degradation of aquatic pollutants.

The degradation of FFA by PMS in frozen solution occurs through
the direct electron transfer from FFA to PMS (reactions (4)–(7), non-
radical mechanism). The direct electron transfer from FFA to PMS
(more precisely, the electrophilic peroxo oxygen in PMS) generates
oxidation intermediates such as furfural and 2-furoic acid [40], and the
subsequent electron transfer from intermediates to PMS leads to the
generation of ring-opened products and carbon dioxide. In addition, if
the one-electron reduction of PMS by FFA is possible during freezing,
SO4%− is generated from reaction (7) and the radical mechanism can
also be involved in the degradation process (reaction (8)).

+ + ++HSO 2H 2e (from FFA) HSO H O5 4 2 (4)

+ + ++HSO H 2e (from FFA) SO H O5 4
2

2 (5)

+ + +SO H O 2e (from FFA) SO 2OH5
2

2 4
2 (6)

+ +HSO e (from FFA) SO OH5 4 (7)

+SO e (from FFA) SO4 4
2 (8)

To determine which mechanism is dominant (non-radical me-
chanism vs. radical mechanism), the degradation of FFA by PMS in
frozen solution was examined in the presence of various SO4%− sca-
vengers with different bimolecular rate constants toward SO4%− (k)
(Fig. 2). Methanol (k = 1.0–1.1 × 107 M−1 s−1), 2-propanol
(k= 7.9–8.2 × 107 M−1 s−1), benzoic acid (k= 1.2 × 109 M−1 s−1),
and benzene (k = 2.4 × 109 M−1 s−1) [41–44] were used as SO4%−

scavengers. The effects of all SO4%− scavengers on the degradation of
FFA were negligible or small despite a much higher concentration of

Fig. 1. Degradation of FFA by PMS in aqueous and frozen solutions.
Experimental conditions: [PMS] = 100 µM, [FFA] = 20 µM, pH 3.0, and re-
action temperatures = 25 °C for aqueous phase reactions and −20 °C for ice
phase reactions.
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SO4%− scavengers (1 mM) than FFA (20 µM). The slight decrease of
FFA degradation in the presence of methanol or 2-propanol seems to be
due to the direct reaction of PMS with SO4%− scavenger. In addition,
the inhibitory effect of SO4%− scavengers on the degradation of FFA
was not related to their reactivity toward SO4%− (k values). The re-
activities of SO4%− scavengers toward SO4%− are in the order ben-
zene > benzoic acid > 2-propanol > methanol; however, their in-
hibitory effects were in the order 2-propanol > methanol >
benzene ≈ benzoic acid. These results imply that even though reaction
(7) is possible, SO4%− generated from reaction (7) (i.e., the radical
mechanism) has a negligible effect in the PMS-mediated degradation
process in frozen solution.

To confirm the non-radical mechanism as the primary degradation
pathway in the PMS/freezing system, the production of SO4%− in the
PMS/freezing system and the Fe2+/PMS system (as a control) was
monitored in the presence of BMPO using EPR spectroscopy (Fig. 3).
The characteristic peaks of BMPO–SO4%− adduct appeared in the EPR
spectrum of the Fe2+/PMS system, which is consistent with the

previous results [45,46]. However, only the EPR signal corresponding
to 5-tert-butoxycarbonyl-5-methyl-2-oxo-pyrroline-1-oxyl (BMPO–X),
which is a product generated from the direct oxidation of BMPO [30],
was observed in the PMS/freezing system. This result indicates that
reaction (7) (i.e., the generation of SO4%−) is not favored, and there-
fore, reactions (4)–(6) (two-electron transfer processes) can be pro-
posed as the primary degradation pathways in the PMS/freezing
system.

We also investigated the production of 7-hydroxycoumarin
(coumarin–OH adduct) from coumarin, which is proportional to %OH
generation [47,48] (Fig. 4). If SO4%− is generated from reaction (7)
(one-electron transfer process), %OH is inevitably generated because
SO4%− can react with water molecules and hydroxide ions (SO4%− +
H2O → SO42− + H+ + %OH (k < 3.0 × 103 s−1) and
SO4%−+OH−→ SO42− + %OH (k= 6.5 × 107 M−1 s−1)) [49,50]. In
accordance with previous studies [51,52], the Co2+/PMS system pro-
duced a significant level of 7-hydroxycoumarin (i.e., %OH) through re-
action (7) (one-electron transfer from Co2+ to PMS) and the subsequent
reaction of SO4%− with H2O or OH−. However, the production of 7-
hydroxycoumarin (i.e., %OH) was negligible in the PMS/freezing system
at both pH 3.0 and 10.0. No production of %OH in the PMS/freezing
system reconfirms that the direct electron transfer process from organic
pollutants to PMS (non-radical mechanism) is primarily responsible for
the degradation of organic pollutants in the PMS/freezing system.

3.2. Concentration of PMS and FFA in the ice grain boundaries by freezing

The concentrations of the solutes in the ice phase (more precisely, in
the ice grain boundaries) are higher than those in the aqueous phase
because the solutes are excluded from the ice crystals and accumulated
in the ice grain boundaries during freezing. It has been estimated that
the concentrations of methylene blue increase by approximately 103

times at 77 K and 106 times at 243 K, respectively, compared to those at
temperatures above the freezing point [21]. The accelerated PMS-
mediated degradation of FFA in frozen solution is most likely due to the
increase in both PMS and FFA concentrations during freezing. This
freeze-concentration effect can increase the reaction probability be-
tween PMS and FFA and therefore accelerate the degradation of FFA by
PMS.

To provide direct evidence for the accumulation of PMS in the ice
grain boundaries after freezing, the Raman spectra of PMS in ice crys-
tals and ice grain boundaries were measured in the frozen sample
without thawing (Fig. 5). Fig. 5a shows the optical image of the frozen
PMS solution where the presence of ice grain boundaries is clearly
observed between ice crystals, ranging in size from 5 to 10 µm. The
characteristic Raman PMS peaks were observed in the ice grain
boundary region (site marked with red circle in Fig. 5a). Multiple peaks
in the 600–650 cm−1 and 900–950 cm−1 regions are assigned to
O = S = O bending modes and symmetric/asymmetric S − O
stretching modes, respectively. Two peaks at 1088 and 1126 cm−1 are
ascribed to S = O stretching [53–55]. However, any Raman peaks were
not observed in the ice crystal region (site marked with blue circle in
Fig. 5a) (Fig. 5b). Fig. 5c shows the PMS mapping image of the frozen
PMS solution, which was obtained by measuring the emission intensity
at 942 cm−1 under excitation at 532 nm using a confocal Raman mi-
croscope. The relative concentrations of PMS are displayed on a
rainbow scale (black and violet: negligible → yellow and red: high
concentration). Most PMS ions exist in the ice grain boundaries,
whereas there are almost none in ice crystals. The FFA mapping image
of the frozen FFA solution was also obtained based on its characteristic
Raman peak (C = C stretching mode) intensity at 1504 cm−1 [56]
under excitation at 532 nm (Fig. 5d). The spatial distribution of FFA in
the frozen sample (red, yellow, and green colors in the ice grain
boundaries and black and violet colors in the ice crystals) clearly in-
dicates that FFA is also highly concentrated in the ice grain boundary
region after freezing.

Fig. 2. Effects of sulfate radical (SO4%−) scavengers on the PMS-mediated de-
gradation of FFA in frozen solution. Experimental conditions: [PMS] = 100 µM,
[FFA] = 20 µM, [methanol] = [2-propanol] = [benzene] = [benzoic
acid] = 1 mM, pH 3.0, and reaction temperature = −20 °C for ice phase
reactions.

Fig. 3. EPR spectra obtained in the Fe2+/PMS system and the PMS/freezing
system. Experimental conditions: [PMS] = 100 µM, [FFA] = 20 µM,
[Fe2+] = 20 µM for the Fe2+/PMS system, [BMPO] = 1 mM, pH 3.0, reaction
time = 0.5 h, and reaction temperatures = 25 °C for the Fe2+/PMS system and
−20 °C for the PMS/freezing system.
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To establish the concentration effect of PMS on the degradation of
FFA, the degradation kinetics of FFA in aqueous solution was measured
with increasing PMS concentration from 10 μM to 100 mM (Fig. 6). The
degradation of FFA proceeded more rapidly with increasing PMS con-
centration (Fig. 6a). The degradation rate constant of FFA (k), calcu-
lated according to a pseudo-first-order equation, increased in propor-
tional to PMS concentration (r2 = 0.984) (Fig. 6b). This result indicates
that the degradation rate has a close relationship to PMS concentration.
Based on the results of Fig. 5c and 6, it can be concluded that the

accumulation of PMS in the ice grain boundaries is responsible for the
accelerated degradation of FFA in frozen solution. In addition, the in-
creased concentration of FFA in the ice grain boundaries during
freezing (Fig. 5d) should have a synergistic effect on the PMS-mediated
degradation of FFA by increasing the chance of collision between PMS
and FFA.

A few studies reported that the chemical reactions in frozen solution
were accelerated because the ice crystals served as a catalytic surface
[57–59], which reduces the activation energy for chemical reactions.
However, the degradation of FFA by PMS in aqueous solution was
negligible even in the presence of ice pellets (Fig. 7). This result can rule
out the possibility that the catalytic effect of ice crystals may accelerate
the PMS-mediated degradation of FFA in frozen solution.

3.3. PMS-mediated degradation of FFA in frozen solution under various
conditions

The effect of PMS concentration, initial pH (aqueous solution pH
before freezing), and freezing temperature on the PMS-mediated de-
gradation of FFA in frozen solution was investigated to determine the
optimal conditions of the PMS/freezing system (Fig. 8). It should be
noted that the degradation rate (pseudo-first-order degradation rate
constant, k) in Fig. 8 inset should be taken only as a rough estimate
because the degradation of FFA is initiated after the aqueous sample is
almost completely frozen (i.e., an induction period for FFA degradation
exists). The k value of FFA increased with increasing PMS concentration
(Fig. 8a). To be more concrete, the k value linearly increased at
[PMS] ≤ 100 μM, but slowly increased at [PMS] ≥ 100 μM. Therefore,
the excessive use of PMS is not desirable in the PMS/freezing system for
the degradation of aquatic pollutants.

Fig. 8b and c show the degradation kinetics of FFA in the presence
of PMS in aqueous and ice phases depending on the initial pH. The
PMS-mediated degradation of FFA was negligible in aqueous solution

Fig. 4. Production of 7-hydroxycoumarin in the presence of coumarin in the
PMS/freezing system and the Co2+/PMS system. Experimental conditions:
[PMS] = 100 µM, [FFA] = 20 µM, [Co2+] = 20 µM for the Co2+/PMS system,
[coumarin] = 1 mM, pH 3.0 or 10.0, and reaction temperatures = 25 °C for the
Co2+/PMS system and −20 °C for the PMS/freezing system.

Fig. 5. (a) Optical image of the frozen PMS solution. (b) Raman spectra of PMS in the ice grain boundary (site marked with red circle in a) and ice crystal (site marked
with blue circle in a). Spatial distributions of (c) PMS and (d) FFA in the frozen PMS and FFA solutions, respectively. Experimental conditions: [PMS] = 100 µM (for
parts a, b, and c), [FFA] = 10 mM (for part d), pH 3.0, and freezing temperature = decrease from 0 to −20 °C at a rate of −1.5 °C/min.
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(Fig. 8b), whereas it was significant in frozen solution in the pH range
of 3–10 (Fig. 8c). The degradation of FFA by PMS in frozen solution was
complete within 3 h at all pH values tested. Importantly, the initial pH
did not significantly affect the degradation rate of FFA in frozen solu-
tion (k values = 1.7–2.2). It has been reported that the degradation
efficiency depends on the solution pH in radical-mediated oxidation
processes, because SO4%− and %OH dominantly exist under acidic and
basic conditions respectively, and the reactivity of radical species to-
ward pollutants varies depending on the type of radical species [3]. The
similar degradation efficiency of the PMS/freezing system over a wide
range of pH supports that radicals are little involved in the degradation
process. Because the direct electron transfer from organic pollutants to
PMS (non-radical mechanism) is the primary degradation pathway in
the PMS/freezing system, the effect of pH on the degradation rate is
minor in the PMS/freezing system.

The degradation capacity of the previous PMS activation systems,
such as carbon nanotubes [16], noble metal nanoparticles [15], bases
[60], and phosphates [61], is highly pH-sensitive. Such pH-dependent
degradation efficiency inherently limits the utilization of PMS for water
treatment. The degradation rate of pollutants in the freezing-induced
water treatment systems previously reported was also dependent on the
initial pH and negligible under neutral and basic conditions [24–27]. In
this regard, the wide working pH range of the PMS/freezing system
clearly makes it a more practical water treatment method than the pH-
sensitive PMS activation systems and the previous freezing-induced
water treatment systems.

The degradation of FFA by PMS in frozen solution was also mea-
sured as a function of the freezing temperature (Fig. 8d). Complete
degradation was observed at all freezing temperatures tested (−10 to
−35 °C). The degradation of FFA in frozen solution proceeded more
rapidly at lower freezing temperatures (i.e., the k value increased as the
temperature decreased). The accumulation rate of PMS and FFA in the
ice grain boundaries should increase with decreasing freezing tem-
perature because ice crystals grow faster and, at the same time, ice
grain boundary regions decline faster at lower freezing temperatures.
Higher concentrations of PMS and FFA in the smaller ice grain
boundaries at lower freezing temperatures provide a better condition
for the redox chemical reaction between PMS and FFA. This freezing
temperature-dependent concentration effect can help explain why the
degradation rate is in inverse proportion to the freezing temperature.
However, it should be noted that the times required for completely
degrading FFA were not significantly different in the temperature range
of −10 to −35 °C. On the other hand, the energy costs for freezing
sharply increase with decreasing freezing temperature. Therefore, the
operation of the PMS/freezing system at higher freezing temperatures
would be more cost-effective.

3.4. Practical viability of the PMS/freezing system for water treatment

To verify the practical viability of the PMS/freezing system for
water treatment, the degradation kinetics of various organic pollutants,
such as phenol, bisphenol A, 4-methylphenol, propranolol, sulfamoxole,
tryptophan, and sulfamethoxazole, in frozen solution were measured
and compared with those in aqueous solution (Fig. 9). Although the
degradation rate of organic pollutants in the PMS/freezing system was
greatly dependent on the type of organic pollutants, the degradation of
all organic pollutants tested was enhanced by freezing. In particular,
the degradation of pharmaceutical pollutants such as propranolol, sul-
famoxole, tryptophan, and sulfamethoxazole proceeded more rapidly
than phenolic pollutants such as phenol, 4-methylphenol, and bi-
sphenol A. This highly pollutant-dependent degradation efficiency re-
confirms that SO4%− (non-selective oxidant) is negligibly involved in
the degradation processes in the PMS/freezing system. For example,
although phenol (k = 8.8 × 109 M−1 s−1) [43] is more reactive than
tryptophan (k = 2.0 × 109 M−1 s−1) [62] toward SO4%−, tryptophan
was more rapidly degraded compared to phenol in the PMS/freezing

Fig. 6. (a) Effect of initial PMS concentration on the degradation of FFA in
aqueous solution. (b) Relationship between initial PMS concentration and
pseudo-first-order degradation rate constant (k) of FFA. Experimental condi-
tions: [FFA] = 20 µM, pH 3.0, and reaction temperature = 25 °C for aqueous
phase reactions.

Fig. 7. Degradation of FFA by PMS in aqueous solution in the absence and
presence of ice pellets. Experimental conditions: [PMS] = 100 µM,
[FFA] = 20 µM, pH 3.0, and reaction temperature = 4 °C for aqueous phase
reactions.
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system. Therefore, the different reactivity of PMS depending on the
type of pollutants in frozen solution should be due to the different af-
finities of pollutants toward PMS because the direct electron transfer
process (non-radical mechanism) essentially requires contact between
two species. The application of the PMS/freezing system may be re-
stricted to specific pollutants. However, the selective oxidation property
of the PMS/freezing system prevents PMS from reacting with back-
ground species, which reduces the dose of PMS and enhances the de-
gradation efficiency of target pollutants.

Fig. 10 shows the repeated runs of tryptophan degradation in the
PMS/freezing system. The aqueous solution containing PMS (100 µM)
and tryptophan (20 µM) was frozen for 30 min, the frozen sample was
thawed, and then tryptophan (20 µM) was newly injected prior to re-
freezing. The injection of tryptophan was repeated at the beginning of
each cycle. When PMS was added only at the beginning of first freezing
cycle, the degradation efficiency of tryptophan was gradually reduced
as the freezing cycle was repeated (1st freezing cycle: 98%, 2nd freezing
cycle: 89%, 3rd freezing cycle: 45%, 4th freezing cycle: 7%, and 5th
freezing cycle: 1%), which is primarily ascribed to PMS depletion
(conversion to SO42−). However, the degradation of tryptophan was
nearly complete in all freezing cycles when PMS (100 µM) was re-
peatedly injected at the beginning of odd-numbered freezing cycles.
The regular injection of PMS in the course of the freeze/thaw cycling
process maintains a constant degradation efficiency, which makes the
PMS/freezing system practically feasible for water treatment.

It should be noted that because the degradation in the PMS/freezing
system primarily proceeds through the non-radical mechanism, the
consumption of PMS is stopped or significantly reduced after the
complete degradation of target pollutants. This behavior allows for the
reuse of residual PMS and minimizes the chemical cost for water
treatment. Nonetheless, if the PMS/freezing system is operated using
external (electrical) energy, it may not be economical to treat a large
volume of wastewater because a lot of energy is expended to freeze the
whole wastewater. However, the PMS/freezing system can achieve
water treatment without external energy in cold regions such as polar
regions, high latitudes, and midlatitudes during the winter season. The
temperatures of these regions frequently drop below −10 °C [63,64], at
which the PMS/freezing system works efficiently. Therefore, the PMS/
freezing system for water treatment would be economically feasible in
cold regions. The material and design of the reactor should be im-
portant factors in determining the degradation rate and efficiency in the
PMS/freezing system. Therefore, these factors should be considered in
the manufacture of reactor. Furthermore, the degradation experiments
in various types of reactors with different shapes, volumes, and mate-
rials need to be performed and compared.

4. Conclusions

We investigated the degradation of aquatic organic pollutants by
PMS in frozen solution at −20 °C compared with that in aqueous

Fig. 8. (a) Effect of PMS concentration on the degradation of FFA in frozen solution. Initial pH-dependent degradation of FFA in (b) aqueous and (c) frozen solutions.
(d) Freezing temperature-dependent degradation of FFA in frozen solution. Experimental conditions: [PMS] = 100 µM (for parts b, c, and d), [FFA] = 20 µM, pH 3.0
(for parts a and d), and reaction temperatures = 25 °C for aqueous phase reactions (for part b) and −20 °C for ice phase reactions (for parts a and c).
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solution at 25 °C. The degradation of all organic pollutants tested in the
presence of PMS was accelerated by freezing. The enhanced degrada-
tion in frozen solution should be attributed to the freeze-concentration
effect, that accumulates PMS and organic pollutants in the ice grain
boundaries and increases their collision frequency. This behavior ki-
netically accelerates the direct two-electron transfer from organic pol-
lutants to PMS (i.e., the simultaneous oxidation of organic pollutants
and the reduction of PMS to SO42−).

In comparison with the freezing-induced water treatment systems
previously reported [24–27], the PMS/freezing system is better both
from environmental and practical points of view because the degrada-
tion efficiency of the PMS/freezing system is stable over a wide range of
pH, and SO42− generated from PMS reduction is practically inert. Na-
nomaterials (or transition metal ions)-induced PMS activation systems
require a follow-up separation process to remove nanomaterials (or
transition metal ions); however, the PMS/freezing system does not need
any physical post-treatments. In addition, in contrast to energy (heat,
ultrasound, and UV light)-induced PMS activation systems, the PMS/
freezing system can be used for water treatment without external en-
ergy in cold regions. With these features, the PMS/freezing system can
be proposed as an eco-friendly and practical water treatment method,
especially for the degradation of pharmaceutical pollutants such as
propranolol, sulfamoxole, tryptophan, and sulfamethoxazole.
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