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ARTICLE INFO ABSTRACT

Editor by: Professor Bing Yan The transformation between hexavalent chromium (Cr®") and trivalent chromium (Cr®") has a significant impact
on ecosystems, as Cr°" has higher levels of toxicity than Cr>*. In this regard, a variety of Cr®* reduction processes
occurring in natural environments have been studied extensively. In this work, we investigate the reductive
transformation of Cr®* by ferrous ions (Fe?*) in ice at —20 °C, and compare the same process in water at 25 °C.
The Fe?*-mediated reduction of Cr®* occurred much faster in ice than it did in water. The accelerated reduction
of Cr®" inice is primarily ascribed to the accumulation of cr®t, Fe?t, and protons in the grain boundaries formed
during freezing, which constitutes favorable conditions for redox reactions between Cr®" and Fe?". This freeze
concentration phenomenon was verified using UV-visible spectroscopy with o-cresolsulfonephthalein (as a pH
indicator) and confocal Raman spectroscopy. The reductive transformation of Cr®* (20 uM) by Fe?" in ice
proceeded rapidly under various Fe" concentrations (20-140 uM), pH values (2.0-5.0), and freezing temper-
atures (=10 to —30 °C) with a constant molar ratio of oxidized Fe*" to reduced Cr®* (3:1). This result implies that
the proposed mechanism (i.e., the redox reaction between Cr®" and Fe?* in ice) can significantly contribute to
the natural conversion of Cr®" in cold regions. The Fe’*-mediated Cr®" reduction kinetics in frozen Cr®*-
contaminated wastewater was similar to that in frozen Cr®" solution. This indicates that the variety of substrates
typically present in electroplating wastewater have a negligible effect on the redox reaction between Cr®* and
FeZ" in ice; it also proposes that the Fe2+/freezing process can be used for the treatment of Cr®*-contaminated
wastewater.
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1. Introduction proper treatment (Pakade et al., 2019; Shi et al., 2020). As for natural

processes, Cr is present predominantly in the form of Cr>" in natural

Chromium (Cr) is one of the most ubiquitous pollutants, occurring in
a number of environments including soil, surface water, and ground-
water (Coetzee et al., 2020; Daneshvar et al., 2019). Hexavalent Cr
(Cr®") and trivalent Cr (Cr®") are frequently found among various Cr
species; Cr®" is considered more dangerous than Cr’*, as a result of its
higher toxicity and rates of mobility (Costa, 2003; Zhu et al., 2019). cré*
pollution is a product of both anthropogenic and natural processes. It
has been reported that wastewater containing Cr®", produced from
various industries such as electroplating, wood treatment, and leather
tanning, is occasionally discharged into natural environments without

* Corresponding author.

minerals (Barnhart, 1997; Morrison et al., 2015). However Cr3+, which
is released from Cr-bearing minerals through weathering and dissolu-
tion, is readily converted to Cr®" by various natural oxidants, such as
manganese oxides (MnyO3 and MnO3) (Hausladen and Fendorf, 2017),
oxygen (O3) (Panichev et al., 2008), and hydrogen peroxide (H205) (Luo
and Chatterjee, 2010). In addition, the presence of Mn2+—oxidizing
bacteria (e.g., Bacillus sp. strain SG-1), which are found in almost all
environments, accelerates the oxidative transformation of cr?t o crt
(Murray and Tebo, 2007).

The natural reduction of Cr®" to Cr®* is also possible through both
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chemical and biological processes. This behavior significantly reduces
the toxicity and potential risk of Cr®*. Cr®* reduction by iron (e.g.,
ferrous (Fe?")-ferric (Fe>*) oxyhydroxides (Bond and Fendorf, 2003),
Fe2+-bearing minerals (Anderson et al., 1994), and Fe?* jons (Anderson
et al., 1994; Fendorf and Li, 1996; Li et al., 2020; Moncekova et al.,
2016)) has been investigated. A variety of organic compounds, such as
oxalic acid, a-carbonyl carboxylic acids, a-hydroxyl carboxylic acids,
and substituted phenols, can act as reductants for Cr®* (Den g and Stone,
1996). Additionally, Cr®" can be reduced to Cr®* by hydrogen sulfide
(HS) (Kim et al., 2001), which is abundant in marine environments. It
has been also reported that the biological reduction of Cr®" occurs
directly within cells in the absence of oxygen, while biologically formed
reactive oxygen species are primarily involved in the Cr®* reduction
process when oxygen is present (Pradhan et al., 2017). Among these
Cr® reduction processes, the Fe?"-mediated reduction of Cr®* accounts
for a significant portion of natural Cr®* reduction as Fe?* is abundant,
particularly under suboxic and acidic conditions (Lau et al., 2015). In
addition, Fe>" can be produced through the photochemical reactions of
Fe3" and iron oxides, even in the presence of oxygen (Lueder et al.,
2020; Walte and Morel, 1984). The concentrations of Fe?t in water
reached millimolar levels in specific geographic areas (Chen et al., 2010;
Davison and Seed, 1983; Heaney and Davison, 1977).

Although most chemical reactions proceed more slowly at lower
temperatures, several chemical reactions, such as the reductive disso-
lution of metal oxides (e.g., manganese oxide and iron oxide) (Jeong
et al., 2015; Kim et al., 2012), the formation of molecular iodine (or
tri-iodide) from iodate (or iodide) (Kim et al., 2016, 2019a), and the
transformation of bromate to organobromine compounds in the pres-
ence of humic substances (Hao et al., 2020), proceed more rapidly when
the aqueous solutions are frozen. These unique chemical reactions that
disobey the Arrhenius rule are likely due to the freeze concentration
phenomenon, which is induced during the freezing process. Although
frozen solutions appear to be in all-solid state, they contain a small
quantity of liquid in the regions between ice crystals, which are usually
referred to as ice grain boundaries or liquid brines. The freeze concen-
tration phenomenon indicates the accumulation of solutes and protons
(under acidic conditions) in the ice grain boundaries, via exclusion from
ice crystals during the freezing process (O’Concubhair and Sodeau,
2013). The freeze concentration phenomenon gradually increases as the
size of ice crystals increases (i.e., as the volume of ice grain boundaries
decreases). If the degree of freeze concentration-induced positive effect
is higher than the degree of the negative effect induced by the temper-
ature decrease, the chemical reactions occurring within the ice proceed
more rapidly than they would in water.

In addition to natural Cr®* reduction processes in water and soil, the
reduction of Cr®" in ice (more precisely frozen Cr®* solution) has been
recently investigated in order to better understand the fate and behavior
of Cr®" in cold areas, such as polar regions, high-latitude areas, and mid-
latitude areas in winter. It has been reported that the reduction of Cr®*
by H204 (Kim et al., 2015), 4-chlorophenol (Ju et al., 2017), and nitrite
(NO32) (Kim et al., 2017) is enhanced when these aqueous solutions are
frozen. However, the kinetics and mechanism of Cr®" reduction by Fe?*
in ice have not yet been investigated despite the significant contribution
of Fe?* to natural Cr®" reduction processes in water and soil. In this
study, we investigate the reductive transformation of Cr®" by Fe?" in ice
(i.e., at temperatures below the freezing point) in comparison with the
same process in water (i.e., at temperatures above the freezing point).
The effects of various experimental parameters on Cr®* reduction ki-
netics in ice are examined. In addition, the reductive transformation of
Cr8%" by Fe" in ice was monitored in situ, and its mechanism is discussed
in detail. Finally, Cr®" reduction experiments were performed using
Cr®*-contaminated wastewater, with the purpose of verifying the prac-
tical application of the Fe®'/freezing process for the treatment of
Cr%*-contaminated wastewater.
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2. Chemicals and methods
2.1. Chemicals

From Sigma-Aldrich, we purchased sodium dichromate dihydrate
(NayCro07-2H50, Cr6+, >99.5%), iron(Il) sulfate heptahydrate (FeS-
047H50, Fe?t, >99.0%), sulfuric acid (H,S04, >95.0%), 1,5-diphenyl-
carbazide (C;3H14N40, DPC, >99.95%), 1,10-phenanthroline (C;2HgN3,
>99%), ammonium acetate (CoH;NO3, >98%), perchloric acid (HClO4,
60%), sodium hydroxide (NaOH, 1 M), and o-cresolsulfonephthalein
sodium salt (Cy1H17NaOsS, CR, >95%). Acetone (C3HgO, >99.5%) was
purchased from Junsei Chemical. All solutions were prepared using
deionized water (R > 18.0 MQ-cm) produced using a Barnstead water
purification system (Milli-Q Direct 16). Cr%*-contaminated wastewater
was originated from an electroplating factory (Busan, Republic of
Korea), and used as an alternative source of Cr®" without further
purification.

2.2. Experimental procedure

The experimental solutions were prepared by adding aliquots of
chemical stock solutions to water in a 100-mL volumetric flask (usually
[Cr%*] = 20 pM and [Fe?**] = 70 pM). The solutions were initially
adjusted to the desired pH values (usually pH 4.0) using an HCIO4 or
NaOH solution. A total of 5 mL of solution were placed in a 15-mL
polypropylene conical tube (Falcon). This conical tube, which con-
tained Cr®" and Fe?t, was immersed in a temperature-controlled bath to
induce chemical reactions at the desired temperatures (usually —20 °C
and 25 °C for the reactions in ice and water, respectively). Ethanol was
used as a temperature control medium, and its temperature was set to
the desired value prior to immersion of the conical tube into the
temperature-controlled bath. For the ice phase reaction, the reaction
time was measured from the moment of immersion in the temperature-
controlled bath. For the aqueous phase reaction, the reaction time began
when the pH adjustment was complete. The conical tubes were with-
drawn from the temperature-controlled bath at predetermined time in-
tervals and then placed in a beaker containing lukewarm water (35 °C)
for 1 min, in order to thaw the frozen samples. The aqueous samples
were also placed in a beaker containing lukewarm water for 1 min, prior
to analysis. All experiments were performed in triplicate, and the
average values with standard deviations are presented.

2.3. Chemical analyses

The concentrations of Cr®" and Fe>* were measured using the
colorimetric 1,5-diphenylcarbazide (DPC) (Rice et al., 2017) and 1,
10-phenanthroline methods (Stucki and Anderson, 1981), respectively.
To determine the Cr®* concentration, DPC reagent solution was pre-
pared by adding DPC (0.05 g) to the mixture of acetone (25 mL) and
sulfuric acid (0.25 mL), and 0.1 mL of DPC reagent solution was added
into a 15-mL conical tube containing 2.9 mL of dilute aqueous sample
(0.5 mL of sample + 2.4 mL water). To determine the Fe?" concentra-
tion, 1.5 mL of 1,10-phenanthroline solution (2 g/L) and 1.5 mL of
ammonium acetate (0.1 M) were added to a 15-mL conical tube con-
taining 2 mL of the aqueous sample. The conical tubes were mixed
vigorously using a vortexer and maintained for 1 h in the dark prior to
analysis. The mixed samples were transferred from the conical tubes to a
3-mL cuvette. The absorbance of the samples was measured at 510 nm
for Fe?" analysis and 540 nm for Cr®" analysis, using a UV-visible
spectrophotometer (Shimadzu UV-2600). The calibration curves of Fe’t
(r2 =0.9998) and crét (r2 = 0.9999) were used to convert the measured
absorbance values to the concentrations of Fe>™ and Cr®".

The pH of the frozen sample (more precisely the ice grain boundary
region) was estimated by measuring the UV-visible absorption spectra
of o-cresolsulfonephthalein (CR) (Krauskova et al., 2016; Vetrakova
etal., 2017), which exhibits different maximum absorption wavelengths
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(Amax) depending on pH. An aqueous solution containing Cr®", Fe?*, and
CR (3 mL) was added into a 4-mL rectangular cuvette and then frozen at
—20 °C in a temperature-controlled bath. The rectangular cuvette con-
taining the frozen sample was withdrawn from the
temperature-controlled bath after 1 h, and its UV-visible absorption
spectra were recorded using a UV-visible spectrophotometer (Shimadzu
UV-2600) without melting. The UV-visible absorption spectra were
referenced against a frozen pure water sample.

The change in Gr®" concentration in the ice grain boundary region of
the frozen sample was investigated in situ (i.e., without melting) using a
confocal Raman spectroscope (Renishaw inVia Qontor) combined with a
temperature-controlled microscope stage (Linkam Scientific THMS600).
An aqueous sample containing Cr®* and Fe?* (0.1 mL) was loaded onto
the sample holder mounted on the temperature-controlled stage. The
temperature decreased from 0 to —40 °C at a rate of —2.0 °C/min. The
local concentration of Cr®" in the frozen sample (i.e., the Cr®" concen-
tration distribution image) was obtained by measuring the intensity of
the characteristic Raman Cr®* peak at 852 cm™!. A monochromatic 532
nm laser was employed as the excitation source.

3. Results and discussion
3.1. Reductive transformation of Cr%* by Fe?* in water and ice

The reductive transformation of Cr®* by Fe?" in ice at —20 °C was
measured and compared with the same process in water at 25 °C under

the following conditions: [Cr®"] = 20 pM, [Fe?*] = 70 uM, and pH 4.0
(Fig. 1). In the presence of Fe>", the concentration of Cr®" in the water
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Fig. 1. (a) Reduction of Cr®" by Fe?" and (b) oxidation of Fe?* by Cr®" in water
and ice. Experimental conditions: reaction temperature = 25°C or —20 °C,
[Cr®*] = 20 uM, [Fe**] = 70 uM, and pH 4.0.
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slowly decreased with the reaction time, but did not reach zero even
after 24 h. However, the reduction of Cr®* proceeded very rapidly in the
ice, and was almost complete after 30 min (Fig. 1a). In accordance with
the Cr®* reduction trend, the oxidation of Fe?* in ice was much more
significant than the same process in water (Fig. 1b). These results indi-
cate that the redox reaction between Cr®* and Fe?" is favored in the ice
phase in contrast to the aqueous phase. The reduction of Cr®" in the
absence of Fe?* and the oxidation of Fe?* in the absence of Cr®" were
minimal in both water and ice. Therefore, the proton-mediated reduc-
tion of Cr®* (Chaudhary et al., 2003) and oxygen-mediated oxidation of
Fe?* (Iwai et al., 1982) can be ignored under the experimental condi-
tions identical to those shown in Fig. 1. In other words, Fe>™ can be
considered as a primary reductant for Cr®" and vice versa (reaction (D),
which was obtained from the reduction reactions of HCr(G'J’)OZ/Cr3+
(reaction (2)) and Fe3*/Fe®" (reaction (3))). To be more concrete, Fe?*
ions form inner-sphere complexes with Cr®* ions and protons (reaction
(4)), and the inner-sphere complexes (Fe®H,Cr®"0%") are decom-
posed to Fe>* jons and Cr>" species (H3Cr'®04) by protons (reaction
(5)). The resulting Cr°* species are subsequently reduced to Cr** and
cr3t species by Fe*" ions (Espenson, 1970; Sedlack and Chan, 1997).

3Fe’ " +HCr V0347 HY > 3Fe’ +Cr' ' +4 H,0 W
HCrP03+7 HT 43¢ = Cr? T +4 H,0 &)
Fe 4o —Felt 3
Fe2 4 HOr DO+ H T - Fe® D H,Cr6 03+ 4
FeCPH,CrOP0T +H - Fet +H,Cr® 0, 5)

According to reaction (1), it takes three Fe?" ions to reduce one Cr®*
ion. 61 pM of Fe?* were oxidized while at the same time, 20 pM of Cr®*
were reduced after 1 h in ice (Fig. 1). This experimental molar ratio of
oxidized Fe?* to reduced Cr®* (3.05:1) is closely matched to the theo-
retical molar ratio (3.0:1). Therefore, reaction (1) is presumed to be the
primary redox reaction pathway between Cr®" and Fe?" in ice.

3.2. Freeze concentration phenomenon

The reductive transformation of Cr®* by Fe?" is favored at higher
Fe?t concentrations and more acidic conditions according to reaction
(1). It has been reported that the concentrations of solutes and protons
(under acidic conditions) in an aqueous solution are significantly
increased by freezing, because they are excluded from the ice crystals
(solid phase) and are instead located within the ice grain boundaries
(liquid phase) (Heger et al., 2005, 2006). Therefore, the freeze con-
centration phenomenon that occurs during freezing is most likely
responsible for the accelerated reduction of Cr®* in the presence of Fe?*
in ice.

The accumulation and reduction of Cr®" in ice grain boundaries after
freezing were monitored in situ using a confocal Raman spectroscope
combined with a temperature-controlled microscope stage (Fig. 2). The
aqueous solution containing Cr®* and Fe?" at pH 3.0 was frozen for
20 min, and the change in Cr®' concentration was monitored as a
function of reaction time. The frozen solution was rigidly compart-
mentalized into two regions: the ice grain boundary region and the ice
crystal region. The size of the ice grain boundaries (a few pm) was much
smaller than that of ice crystals (dozens ~ hundreds of pm) (Fig. 2a).

Most Cr®* ions exist as H5CrOy4, HCrOg, CrO%’, and Crgog' in aqueous
solutions, and their molar ratios depend on the Cr®" concentration and
pH. These Cr®" species exhibit characteristic Raman peaks in the range
of 800-1000 cm™', which are assigned to Cr-O stretching modes
(Hardcastle and Wachs, 1988). The local concentrations of Cr®* in
frozen solution (i.e., in ice grain boundary and ice crystal regions) were
obtained by comparing the Raman intensities at 852 cm™!; the results
are shown using a rainbow scale from red (high concentration) to violet
(low concentration). The red color in the ice grain boundary region and
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Fig. 2. (a) Optical image of the frozen solution containing Cr®" and Fe?*. Local
concentrations of Cr®* in the frozen solution after additional time: (b) 0.5 h and
(c) 1.0 h. Experimental conditions: [crf*1=1 mM, [Fe?t1=1 mM, and pH 3.0.
For part a, the temperature decreased from 0 to —40 °C at a rate of —2.0 °C/
min. For parts b and c, the temperature was maintained at —40 °C.

violet color in the ice crystal region clearly indicate that most Cr®" jons
exist within the ice grain boundaries after freezing (Fig. 2b). The color in
the ice grain boundary region changed from red to green after an
additional 0.5 h of reaction in the frozen state (Fig. 2b vs. Fig. 2¢). This
result confirms that the reductive transformation of Cr®" by Fe?* in a
frozen solution occurs within the ice grain boundaries.

In order to confirm the decrease in the pH of aqueous solutions
containing Cr®" and Fe?" and, if so, quantitatively assess the value of the
decrease in pH by freezing, the spectrophotometric method using o-
cresolsulfonephthalein (CR) as a pH indicator was employed (Krauskova
et al., 2016; Vetrakova et al., 2017) (Fig. 3). The maximum absorption
wavelength (Apmax) of CR changes depending on the pH of the solution,
through protonation and deprotonation (i.e., the Apnay of singly proton-
ated CR (434 nm) (Rottman et al., 1999) is red-shifted by acidification
(by 84 nm) and basification (by 139 nm)) (Krauskova et al., 2016;
Vetrdkovi et al., 2017). In an aqueous solution containing Cr%* and Fe?*
at pH 4.0, only one absorption band at 434 nm appeared, because almost
100% of CR exists in a singly protonated form (Amax = 434 nm) at pH
4.0. When the aqueous solution was frozen, two absorption bands at
434 nm and 518 nm were observed. The doubly protonated CR exhibits
Amax at 518 nm (Rottman et al., 1999). Therefore, the generation of the
absorption band at 518 nm with a decrease in the absorption band at
434 nm after freezing implies that singly protonated CR molecules are
transformed into doubly protonated CR molecules in ice via pH
decrease.

The ratio of [singly protonated CR] to [doubly protonated CR] in the
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Fig. 3. Change of UV-visible absorption spectra of CR after freezing. Experi-
mental conditions: freezing temperature = —20 °C, freezing time = 1 h, [Cr®"]
= 20 pM, [Fe**] = 70 uM, [CR] = 6.7 uM, and pH 4.0.

frozen solution (Fig. 3) was determined via the non-negative least
squares minimization (Kim et al., 2019a), and the result was approxi-
mately 6.02. The pH value of the frozen solution was calculated by
substituting the ratio of [singly protonated CR] to [doubly protonated
CR] (6.02) in the Henderson-Hasselbalch equation (pH = pK,; + log
([singly protonated CR]/[doubly protonated CR]), where pK,; = 1.10
(Dean, 1992)). The calculated pH of the frozen solution was approxi-
mately 1.88 when the aqueous solution of Cr®" (20 uM) and Fe?*
(70 uM) at pH 4.0 was frozen at —20 °C. Although the degree of pH
decrease after freezing can be influenced by the concentrations of Cr5"
and Fe?!, pH in aqueous solution, freezing temperature, and freezing
rate, it is obvious that freezing constitutes favorable conditions for
Fe?*-mediated Cr®" reduction by decreasing the pH under acidic
conditions.

To investigate the influence of the freeze concentration phenomenon
(i.e., the accumulation of Fe?' and protons in the ice grain boundaries)
on the reduction kinetics of Cr®", the concentrations of reduced Cr®* in
water after 2h were measured at [Cr®"] =20 M, [Fe?’'] =70 or
700 uM, and pH 2.0, 3.0, or 4.0, and the results were compared (Fig. 4).
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Fig. 4. Effects of Fe®" concentration increase and/or pH decrease on the Fe®*-
mediated reduction of Cr®" in water. Experimental conditions: reaction tem-
perature = 25 °C, reaction time = 2 h, [Cr®"] = 20 uM, [Fe?"] = 70 or 700 pM,
and pH = 2.0, 3.0, or 4.0.
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The reduction of Cr®" increased with increasing concentration of Fe?" at
the same pH and decreasing pH at the same Fe" concentration.
Importantly, the increase in Fe?>* concentration and the decrease in pH
synergistically accelerated the Fe?"-mediated Cr®" reduction. These
behaviors indicate that the freeze concentrations of Cr®", Fe?t, and
protons in the ice grain boundaries, as demonstrated by the confocal
Raman spectroscopy and pH estimation using CR (Figs. 2 and 3), are the
primary reasons for the acceleration of the Fe?"-mediated Cr®* reduc-
tion in ice.

3.3. Impact of various factors on the redox conversion between Cr®* and
2+
Fe

The effects of Fe>" concentration, pH, and freezing temperature on
the reductive transformation of Cr®" by Fe?" in ice were measured and
compared with those in water. In addition, the oxidative transformation
of Fe?* after the chemical reaction with Cr®* was also monitored
(Fig. 5). The results were expressed in terms of the concentrations of
reduced Cr®" and oxidized Fe?* after 0.5 h. The reduction of Cr®" was
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enhanced with increasing Fe?* concentration in both water and ice.
However, the Fe?*-mediated reduction of Cr%" in ice was much higher
than that in water, in all Fe’" concentrations tested ([Fe*'] =
20-140 pM) (Fig. 5a). In accordance with this higher reduction of crét
in ice, the oxidation of Fe?* by Cr®" was more significant in ice (Fig. 5b).
This result demonstrates that in a broad range of Fe?* concentrations,
the redox conversion between Cr®* and Fe?' in ice proceeds more
rapidly than it does in water.

Fig. 5¢c and d show the pH-dependent Cr®" reduction by Fe?* and
FeZ* oxidation by Cr®* in water and ice. Both the reduction of Cr®*
(Fig. 5¢) and oxidation of Fe2t (Fig. 5d) increased with decreasing pH in
both phases. These results confirm that the concentration of protons is a
key factor in determining the efficiency of Cr®" reduction by Fe?*. The
reduction of Cr®* accompanied the oxidation of Fe?" sharply decreased
with increasing pH in water (16.5 pM at pH 2.0, 7.2 M at pH 3.0,
4.1 uM at pH 4.0, and 2.0 pM at pH 5.0). However, the effect of pH on
Cr®* reduction (also Fe?" oxidation) was relatively minor in ice, under a
pH range of 2.0-5.0. Complete reduction (20 uM) of Cr®" was observed
at pH 2.0 and 3.0 in ice. 18.3 uM and 16.0 uM of Cr%* were reduced in

80 F(b)
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—{1 inice
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Fig. 5. Effects of (a and b) Fe?" concentration, (¢ and d) PH, and (e and f) temperature on the redox reaction between Cr®" and Fe?* in water and ice. Experimental
conditions: [Cr®*] = 20 uM, [Fe>*] = 70 uM in the cases of c—f, pH 4.0 in the cases of a-b and e-f, reaction temperature = 25 °C or —20 °C in the cases of a-d, and

reaction time = 0.5 h.
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ice at pH 4.0 and 5.0, respectively. This result indicates that the freezing-
induced acceleration of Cr®* reduction in the presence of Fe" is not
restricted to extremely acidic conditions and can also occur under mild
acidic conditions.

The effect of freezing temperature on the redox reaction between
Cr®t and Fe?' was also investigated (Fig. 5e and f). The reduction of
crét (Fig. 5e) and oxidation of Fe?t (Fig. 5f) increased as the freezing
temperature decreased, within a temperature range of -10 to —30 °C.
This behavior can be explained by the degree of the freeze concentration
phenomenon depending on the freezing temperature. Specifically, ice
crystals grow faster at lower freezing temperatures, which induces a
faster decline in the volume of ice grain boundaries. If the volume of the
ice grain boundaries is smaller, then the concentrations of Crét, Fe?,
and protons in the ice grain boundaries are higher (i.e., the degree of
freeze concentration phenomenon is higher). These relationships among
the freezing temperature, the volume of ice grain boundaries, and the
degree of freeze concentration phenomenon help to explain why the
Fe?*-mediated Cr®" reduction in ice is more significant at lower freezing
temperatures with the same Fe>" and Cr®" concentrations and pH.

3.4. Environmental relevance and practical application

Because both Cr®* and Fe?* are widely distributed across a variety of
environments, they inevitably coexist in many geographic areas. It has
been recently reported that the concentrations of Cr in high-latitude
areas and polar regions have increased due to long-range transport
from mid-latitude areas (Kozak et al., 2016; Weinbruch et al., 2012). In
addition, a field experiment performed in the Arctic regions showed that
Fe?" ions are produced from the photochemical reaction of iron oxides
under polar conditions (Kim et al., 2010, 2019b). Therefore, the redox
reaction between Cr®* and Fe?* in ice can significantly contribute to the
natural detoxification of Cr®" in cold regions, such as high-latitude areas
and polar regions. Acid mine drainage (AMD) contains a variety of
metals, including high concentrations of Cr and Fe (Luo et al., 2020;
RoyChowdhury et al., 2019). Cr®* and Fe?" released from AMD into the
environment in mid-latitude areas during the winter season can undergo
a redox reaction between Cr®" and Fe®" in ice, which can reduce the
potential risks of Cr®* to humans and ecological systems in a short time.

From a practical point of view, the Fe>'/freezing process can be
applied to the remediation of Cr®*-contaminated wastewater. We tested
the reductive transformation of Cr%" by Fe?™ in ice using Cr*-
contaminated wastewater obtained from an electroplating factory
(Fig. 6). The chemical composition of the electroplating wastewater is
listed in Table 1. The wastewater was mixed with Fe?* solution, the pH
was adjusted to 4.0, and the mixture was frozen. Despite the presence of
a variety of substrates in electroplating wastewater, such as K, Fe, Ca,
Cu, Na, As, B, Al, Mg, Mo, Pb, and Tl, the Cr®* reduction kinetics in the
electroplating wastewater at pH 4.0 was similar to that in the Cr®" so-
lution at pH 4.0. The Fe?* oxidation kinetics was also little affected by
the additional substrates present in the electroplating wastewater. The
preferential reactivity of Cr®" toward Fe?* in ice, even in the presence of
other substrates, makes the Fe>*/freezing process an efficient alterna-
tive for the treatment of Cr®"-contaminated wastewater. Because most
Cr®F-contaminated wastewater is already highly acidic (Bankole et al.,
2019; Bokare and Choi, 2010), the addition of acid is not necessary. The
initial pH of the mixture containing the electroplating wastewater
([cr®*1 = 20 pM) and Fe** (70 pM) was 4.5. When the mixture of
wastewater and Fe?* was frozen without acidification, the reductive
transformation of Cr®* by Fe?" was significant and comparable to that of
the acidified mixture.

4. Conclusions
We investigated the reductive transformation of Cr®* by Fe>" in ice

(i.e., after freezing) and water (i.e., without freezing), and compared the
results between the two. The Fe?'-mediated reduction of Cr®* was
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Fig. 6. Time profiles of (a) Cr®" and (b) Fe?" concentrations in electroplating
wastewater and Cr®" solution during the freezing process. Experimental con-
ditions: reaction temperature = —20 °C, [Cr®*] = 20 pM, [Fe**] = 70 uM, and
pH 4.0 (with pH adjustment) or 4.5 (without pH adjustment).

significantly accelerated by freezing. The accelerated Cr®* reduction in
the presence of Fe?™ in ice is primarily ascribed to the accumulation of
cr®t, Fe?*, and protons in the ice grain boundaries, which constitutes
favorable conditions for the redox reaction between Cr®* and Fe?" (i.e.,
low pH and high solute concentration). The experimental molar ratios of
oxidized Fe?" to reduced Cr®" in the ice were similar to the theoretical
value (3:1), regardless of Fe?t concentration, pH, freezing temperature,
and the presence of other substrates. The Fe?>"-mediated Cr®* reduction
in ice proceeded rapidly under mild acidic conditions, which are
frequently found in natural environments. Therefore, redox reactions
between Fe?t and Cr®* occurring in a frozen state can play important
roles in the Cr®" detoxification process in nature. In addition, the Fe?t/
freezing process can be used for the removal of Cr®* in Cr®-contami-
nated wastewater. If this process is operated in cold regions, electrical
energy for freezing is not required; thus, this strategy would make the
Fe?" /freezing process for Cr®" reduction economically feasible. A cost
comparison between the conventional Cr®"-contaminated wastewater
treatment process and the Fe2* /freezing process is very difficult at this
stage, because the reduction efficiency and cost significantly vary
depending on the type and volume of Cr®*-contaminated wastewater.
For the exact economic evaluation of the Fe?t/freezing process, many
reduction experiments under different freezing systems and experi-
mental conditions with a pilot experiment should be performed; this can
be investigated in further studies.
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Table 1

Chemical composition of Cr®"-contaminated wastewater originated from an electroplating factory.
type Cr K Fe Ca Cu Na As B Al Mg Mo Pb Tl
concentration (ppm) 36451 6247 541 286 235 185 93 63 54 53 52 48 28

Inductively coupled plasma-optical emission spectroscopy (Thermo iCAP 6300 Duo) was used for the analysis of Cr®*-contaminated wastewater.
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