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A B S T R A C T

Significant enrichment of hexavalent chromium [Cr (VI)] has been detrimentally influenced both environment
and human’s health in the polar regions. We found that reduction of Cr (VI) by hydrogen sulfide (H2S) was
significantly enhanced in ice (−20 °C) but relatively slow in water (25 °C) under the same experimental con-
ditions. This enhancement is ascribed to the freeze concentrations of Cr (VI), H2S, and proton (H+) in ice grain
boundaries during freezing. Sulfate (SO4

2−) was produced more appreciably in ice than in water. Cr (VI) re-
duction in ice was enhanced effectively under various H2S concentrations (5.0–100 μM), pHi (2.0–7.7), and
increasing the freezing temperature from −30 to −15 °C. Optical and chemical observations with a confocal
Raman microscope under frozen state supported the freeze concentration of Cr (VI) in ice grain boundaries. The
accumulation of H+ (pH decrease) in ice grain boundaries was verified with the UV–visible absorption spectra of
cresol red (CR) in ice. Removal of Cr (VI) in electroplating wastewater was significant and comparable to that in
distilled water by freezing. Therefore, Cr (VI) reduction by H2S in ice phase indicates the occurrence of Cr (VI)
removal in cold regions.

1. Introduction

Chromium is known to be a ubiquitous source in ground- and sur-
face water and is used mainly in various industrial processes, such as
electroplating, metal cleaning, and others, and discharged, finally, into
the water bodies without pre-treatment [1–7]. As regards the existence
of chromium in the natural environment, it is reported to occur pri-
marily as trivalent chromium [Cr (III)] and hexavalent chromium [Cr
(VI)]. In particular, chromite [FeCr (III)2O4] acts as a major geological
source of Cr (III)-bearing mineral in ultramafic and serpentinite rocks
with relatively low solubility and less immobility at both neutral and
alkaline conditions [8]. However, under the presence of natural oxi-
dizing agents, such as manganese oxides (MnO2 and Mn2O3) and hy-
drogen peroxide (H2O2), Cr (III) can be dissolved readily and then
oxidized to generate Cr (VI) [9–11]. It has been reported that Cr (VI) is
acutely toxic, highly soluble, and easily mobile in soil and water
[4,12,13]. Furthermore, significant enrichment of Cr (VI) owing to
anthropogenic activities has been reported in Antarctica and/or else-
where in the Southern Hemisphere [14].

Chemical reactions in ice play a vital role in atmospheric chemistry
and have been investigated since the 1980s in the frontiers of food

chemistry and biochemistry [15]. Several redox reactions taking place
in ice have been reported to differ significantly from such reactions in
water. In addition, several reactions in ice can be markedly accelerated
because of the freeze concentration effect [15–21]. All solutes and
protons (H+)/hydroxides (OH−) are excluded from bulk ice crystals
and gradually move into the ice grain boundary regions (liquid brine or
the contact areas between ice crystals) during freezing. The freeze
concentration process leads to an increase in the concentrations of so-
lutes and the decrease in pH (soaring the number of successful collisions
between components partaking in reaction and propelling reaction to-
ward the pathway of lower activation energy) [18,22–28]. Accordingly,
the freeze concentration effect is considered to facilitate and accelerate
the rate of redox reactions in ice. Currently, ice chemistry is attracting
more attention from atmospheric scientists because of the global impact
of the physical and chemical processes occurring in cold regions (high
latitude, mid-latitude in the winter season and polar regions). It is ob-
vious that freezing and melting cycles occur diurnally in the environ-
ment every year, and the fate, as well as the behavior of environmental
contaminants during these cycles are of global importance. In addition,
interest has been sparked by ice grain boundary regions being re-
servoirs of pollutants, as well as being reactive locations [29].
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Hydrogen sulfide (H2S) is proposed not only as a robust reducing
agent but also as being emitted from oceanic phytoplankton in the
Antarctic region [30]. Therefore, the chemical process of Cr (VI) re-
duction by H2S in ice should be assessed elaborately in detail with re-
gard to the kinetics aspect, as well as environmental relevance. Al-
though the redox transformation between Cr (VI) and H2S in aqueous
phase has been investigated extensively [31–37], no such investigation
in ice has been conducted yet. In this study, Cr (VI) reduction by H2S in
ice phase was investigated systematically compared with that in water.
The differing redox behaviors in water and ice are recognized clearly,
and the effect of experimental parameters and the environmental im-
plications are discussed comprehensively.

2. Materials and methods

2.1. Material and chemicals

We used chemicals and reagents in this work, including sodium
dichromate dihydrate (Na2Cr2O7·2H2O, Cr (VI), Sigma-Aldrich [USA],
≥ 99.5%), sodium sulfide nonahydrate (Na2S·9H2O, Sigma-Aldrich
[USA], ≥ 98.0%), acetone (CH3COCH3, Junsei [Japan], ≥ 99.5%),
sulfuric acid (H2SO4, Sigma-Aldrich [USA], ≥ 95.0%), 1,5-diphe-
nylcarbazide (C6H5NHNHCONHNHC6H5, DPC, Sigma-Aldrich [USA]),
perchloric acid (HClO4, Sigma-Aldrich [USA], 60%), sodium hydroxide
(NaOH, Sigma-Aldrich [USA], 0.1 N), and cresol red (Sigma-Aldrich
[USA], ≥ 95%). All solutions were prepared in ultrapure water (18.2
MΩ.cm) employing a Barnstead (USA) purification system. The Cr (VI)-
contaminated wastewater from electroplating company in Korea was
used as an alternative source of Cr (VI).

2.2. Experimental procedure

An aliquot of chemical stock solution was added to the distilled
water in a volumetric flask (volume = 100 mL) to make the desired
initial concentration (usually [Cr (VI)]i = 20 μM and [H2S]i = 30 μM).
The initial pH (pHi) of the solution was adjusted by using 60% HClO4

or/and NaOH 1 M solutions (usually pHi 4.0). A total of 5 mL sample
was transferred into a falcon tube (volume = 15 mL). The falcon tube
was placed in a circulating ethanol bath adjusted to the desired tem-
peratures (usually −20 °C and 25 °C for the reaction in ice and water,
respectively). The point when the sample tube was introduced into the
circulation ethanol bath (pre-set at −20 °C) was defined as time zero
(t = 0) in the kinetic study. It took 4–6 min to freeze the samples.
Finally, the sample tubes were collected from the cryogenic ethanol
bath after each time interval tested, and placed in a glass beaker con-
taining warm water (35 °C) to thaw frozen samples before analysis. All
experiments were performed in triplicate to confirm data reproduci-
bility.

2.3. Chemical analyses

The 1,5-diphenylcarbazide (DPC) method was implemented to
identify Cr (VI) concentration. After thawing frozen sample, an aliquot
of 500 μL aqueous sample was put into the falcon tube including 2.5 mL
distilled water and 100 µL DPC reagent (H2SO4 + acetone + DPC). The
falcon tube was vortexed and then maintained in the dark within 1 h
prior to analysis. The measurement of absorbance values at 540 nm was
conducted using UV–visible spectrophotometer (Shimadzu UV-2600,
Japan).

Sulfate (SO4
2−) produced from the oxidation of H2S was quantified

by ion chromatograph (IC, Dionex Aquion Thermo Fisher Scientific,
USA) connected with a suppressor (AERS 500), 4-mm column (AS 23),
and guard column (AG 23). The anion eluent is sodium bicarbonate
(NaHCO3) 0.8 mM and sodium carbonate (Na2CO3) 4.5 mM with its
flow rate of 1.0 mL/min. The concentration of SO4

2− is proportional to
the height of SO4

2− peak obtained. The calibration curve of SO4
2− was

obtained by using 5 known standard solutions of SO4
2−.

The optical images of Cr (VI) distribution in the ice grain boundary
regions with the presence of H2S were observed with a confocal Raman
microscope (Renishaw, UK, inViaTM Qontor) equipped with a Linkam
(UK) LTS 350 thermal stage (the temperature ranging from −196 to
350 °C) and a Linkam (UK) LNP94 liquid nitrogen pump. Several dro-
plets of sample solution ([Cr (VI)]i = 1 mM, [H2S]i = 1 mM, and pHi

3.0) were put onto a cover glass and placed on the stage. The liquid
nitrogen pumping system maintained the proper temperature (−40 °C)
of the airtight stage storing the sample.

The chemical composition of electroplating wastewater was ana-
lyzed quantitatively using inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Thermo Fisher Scientific (USA) iCAP 6300
Duo). The concentration of total organic carbon (TOC) in the electro-
plating wastewater was measured using a total organic carbon analyzer
(Shimadzu Corporation, Japan, TOC-LCPH).

2.4. pH estimation in ice grain boundary regions

Cresol-red (CR) was employed as pH probe in the measurement of
pH of ice grain boundaries [38,39]. 3 mL of a sample containing Cr (VI)
(20 µM), H2S (30 µM), and CR (6.67 µM) at pHi 4.0 was added in a
rectangular cell and solidified at −20 °C in the cryogenic bath for 1 h.
Subsequently, the rectangular cell was taken out of the ethanol bath.
UV–visible spectrophotometer (Shimadzu Corporation, Japan, UV-
2600) was used to record immediately the spectrum of CR. In addition,
pure ice made from distilled water was prepared as a reference.

The [monoprotonated CR]/[diprotonated CR] was calculated by
applying the obtained CR absorbance values with respect to wavelength
values ranging from 400 nm to 650 nm to Eq. (1) [38,39]. pH of ice
grain boundary regions was determined according to Eq. (2) using
([monoprotonated CR]/[diprotonated CR] obtained from Eq. (1) and
the pKa1 value.

∑ + − =
=

x y C(A· B· ) minimum value
λ  400nm

650nm
2

(1)

where C denotes absorbance value of ice grain boundaries, A and B
represent absorbance values of only diprotonated CR and mono-
protonated CR, respectively. The values of x and y are concentrations of
diprotonated CR and monoprotonated CR, respectively.

= +pH  pK log
[monoprotonated CR]
[diprototonated CR]a1

(2)

3. Results and discussion

3.1. Cr (VI) reduction by H2S in water and ice

The reduction of Cr (VI) was examined both in the absence and
presence of H2S as an electron donor in both water and ice. Fig. 1(a)
illustrates the time profile of Cr (VI) reduction with and without H2S in
aqueous and ice phases. In both phases, there was negligible removal of
Cr (VI) alone. In particular, 20 μM Cr (VI) solution at pHi 4.0 remained
unchanged until 6 h in aqueous phase and reduced slightly in ice phase.
This can be explained by the reaction between Cr (VI) and H+ con-
taining into ice grain boundary regions to yield Cr (III), oxygen (O2),
and H2O according to the following chemical equation:
4HCrO4

− + 16H+ → 4Cr3+ + 3O2 + 10H2O E0 = 0.15 VNHE [18].
However, interestingly, when 30 μM H2S solution was added to 20 μM
Cr (VI) solution, the degree of Cr (VI) change was significantly different
between water and ice after 0.5 h, as approximately 10% of Cr (VI) was
reduced in water but almost 90% in ice. These results indicated that Cr
(VI) is reduced predominantly by H2S, and the H2S-mediated reduction
process is ascribed to the primary pathway of Cr (VI) reduction in water
and ice.
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In the next stage, we investigated the reduction of Cr (VI) accom-
panied by the oxidation of H2S to SO4

2−. As shown in Fig. 1(b), a small
amount of SO4

2− was generated from the oxidation of H2S by dissolved
oxygen during the freezing of the solution containing only 30 µM H2S
according to the following equation: H2S + 2O2 → SO4

2− + 2H+

E0 = 0.93 VNHE (Supplementary Information). However, this was not
achieved in water. The level of SO4

2− generated changed markedly
between water and ice by the addition of Cr (VI) 20 µM. Therefore, we
found that the generation of SO4

2− was restricted in water, whereas it
was accelerated significantly in ice (Fig. 1(b)). The measure of SO4

2−

generated in ice increased relatively compared with that in water
([SO4

2−]ice/[SO4
2−]water ≈ 1.8 after 6 h of reaction). These results

revealed that SO4
2− can be considered as the major oxidation product

of H2S, with the formation of other sulfur products being negligible.
The freezing-induced enhancement of Cr (VI) reduction by H2S can be
attributed by the freeze concentration effect, which provides an im-
proved condition for reducing Cr (VI) by H2S because of decreasing pH
and increasing the concentrations of both Cr (VI) and H2S. It is docu-
mented that the H+ and all solutes concentrations in ice grain boundary
regions increase by 2–4 and 3–6 magnitude orders, respectively, in
comparison with these in aquatic environment in acidic solution
[40–42]. The alkaline solution has also been reported to become more
basic by freezing because of the concentration of OH− in ice grain
boundaries [27].

The coupled redox reaction of Cr (VI) and H2S (Reaction (3)) was
obtained from the half-reduction reactions of Cr (VI)/Cr (III), SO4

2−/
H2S (Supplementary Information), which is expressed as follows:

8HCrO4
− + 26H+ + 3H2S(aq) → 3SO4

2− + 8Cr3+ + 20H2O (3)

= +
+

E  1.05 - 0.07pH  0.02 log
[HCrO ]

[Cr ]
- 0.007 log

[SO ]
[H S]3

4
-

3 
4
2 -

2 aq

The equation of E3 points out that the decrease in pH and/or in-
crease in Cr (VI) and/or H2S concentrations assist in the enhancement
of the Cr (VI) removal rate by H2S by increasing the driving force for
Reaction (3) (i.e., E3 value).

The theoretical molar ratio of Cr (VI) to H2S ([Cr (VI)]reduced/
[H2S]oxidized) is approximately 2.67 according to Reaction (3). In actual
fact, approximate 8.63 μM SO4

2− was formed from the consumption of
roughly 20 μM Cr (VI) in ice phase for 6 h, resulting in an actual molar
ratio of Cr (VI) to H2S ([Cr (VI)]reduced/[H2S]oxidized) of approximate
2.31. This value is relatively close to the stoichiometry of Reaction (3),
and Reaction (3) is concluded to be the main pathway of the reaction
between Cr (VI) and H2S in ice. Although the concentration of SO4

2−

generated must equal or closely equal the initial concentration of H2S
(approximately 8.63 µM) according to the stoichiometry of Reaction
(3), the actual concentration of H2S for the full reduction of 20 µM Cr
(VI) required approximately 30 µM at pHi 4.0 in ice phase. This could
be appropriate because of the loss of H2S by the reaction with dissolved
oxygen, and possibly by evaporation as H2S. This experiment was set up
at pHi 4.0 in aquatic media and, thereby, H2S is claimed to become the
main form of sulfide at this condition. During freezing, pH of ice grain
boundary regions even decreased further than that in aqueous phase
and some of the H2S molecules were expelled from the ice grain
boundary regions.

The pH change during freezing in this system is crucial. CR as acid-
base indicator was employed to measure the pH in ice grain boundaries
with UV–visible absorption spectrum of the ice grain boundary regions
consisting of both Cr (VI), H2S, H+, and CR (Fig. 2). The result obtained
showed only one peak appearing at 434 nm in aqueous phase at pHi 4.0
whereas the intensity peak at 434 nm decreased, and the peak at
518 nm was formed when the sample solution containing both Cr (VI),
H2S, CR at pHi 4.0 was frozen. These results support the finding that
approximately 99% CR species exists as monoprotonated CR
(λmax = 434 nm) at pHi 4.0. In contrast, several monoprotonated CR
ions were transformed into diprotonated CR molecules
(λmax = 518 nm) by solidification. The ratio of [monoprotonated CR]
to [diprotonated CR] in the ice grain boundary regions was identified
by applying the data shown in Fig. 2 to Eq. (1), with an estimated value
of 2.96 obtained. Therefore, the calculated pH value of ice grain
boundary regions was approximately 1.57 in the experimental condi-
tions of [Cr (VI)]i = 20 µM, [H2S]i = 30 µM, pHi 4.0 in aqueous phase
and freezing temperature at −20 °C. The above calculated pH value
was obtained by inserting the ratio of [monoprotonated CR] to [di-
protonated CR] value (2.96) and pKa1 value of CR (1.10) [43] into Eq.
(2).

To provide further evidence of the concentration effect of Cr (VI),
H2S, and H+ in the ice grain boundary regions, the optical images of

Fig. 1. Time profile of (a) Cr (VI) concentration and (b) the production of
SO4

2− with/without Cr (VI) in water and ice. Experimental conditions were as
follows: [Cr (VI)]i = 20 µM, [H2S]i = 30 µM, pHi 4.0, and freezing
temperature = −20 °C.

Fig. 2. UV–visible absorption spectra of CR in aqueous and ice phases con-
taining Cr (VI), H2S, and CR. Experimental conditions were as follows: [Cr
(VI)]i = 20 µM, [H2S]i = 30 µM, [CR]i = 6.67 µM, pHi 4.0, aqueous solution
temperature = 25 °C, and freezing temperature = −20 °C.
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these accumulated species were observed in the frozen sample (i.e.,
without melting) (Fig. 3). Based on Fig. 3(a), the liquid region between
two ice crystals was visualized, with a size estimation of approximately
5–10 µm. Further, the degree of Cr (VI) was shown through a rainbow
spectrum (red: high → violet: slight) (Fig. 3(b) and (c)). The highly
concentrated Cr (VI) (red) in the ice grain boundaries at the edge of ice
crystals was observed clearly (Fig. 3(b)). It was observed that the in-
tensity of the red color area after 1.5 h was lower than that after 1 h
(Fig. 3(c)), implying that the concentration of Cr (VI) had undergone a
downward trend over the period of reaction time in the presence of H2S
through the transformation to Cr (III).

3.2. Cr (VI) reduction by H2S under various conditions

The effect of varying H2S concentrations, pHi, and freezing tem-
peratures on Cr (VI) reduction by H2S was studied both in water and ice
to explore the optimal conditions for this process. Firstly, with different
H2S concentrations ranging from 5.0 to 100 µM applied, along with a
fixed Cr (VI) concentration of 20 µM, the conversion of Cr (VI) to Cr
(III) increased slightly within 0.5 h of reaction. Subsequently, the
conversion increased gradually during the rest of the reaction time in-
terval tested by increasing the H2S concentration in aqueous phase
(Fig. 4(a)). This result implied that the redox reaction of Cr (VI) by H2S

is favored more at a higher concentration of H2S (Reaction (3)). On the
other hand, the complete degradation of 20 µM Cr (VI) was achieved
when [H2S]i ≥ 30 μM in ice after 0.5 h of reaction time (Fig. 4(b)). This
is ascribed to the number of H2S components entering the ice grain
boundary regions increasing when the H2S concentration increased,
which is considered a determining factor to induce this reaction to
occur more kinetically and thermodynamically. This finding supports
the above proposed reaction (Reaction (3)). Through the above results,
the optimal concentrations of [Cr (VI)]i = 20 µM, [H2S]i = 30 µM were
selected to investigate the pH impact on the redox reaction of Cr (VI) by
H2S in the subsequent experiment.

Secondly, the pH-dependent Cr (VI) reduction by H2S was tested in
water and ice (Fig. 5). It has been mentioned that the pH value of ice

Fig. 3. Optical images of Cr (VI) distribution in the ice grain boundary regions
after (a) 0 h, (b) 1 h and (c) 1.5 h, respectively. Experimental conditions were as
follows: [Cr (VI)]i = 1 mM, [H2S]i = 1 mM, pHi 3.0, and freezing tempera-
ture = -40 °C.

Fig. 4. Effect of H2S concentration on the reduction of Cr (VI) in water (a) and
in ice (b). Experimental conditions were as follows: [Cr (VI)]i = 20 µM, pHi 4.0,
freezing temperature = −20 °C.

Fig. 5. Effect of pHi on the redox conversion of Cr (VI) by H2S in water and ice.
Experimental conditions were as follows: [Cr (VI)]i = 20 µM, [H2S/HS−/
S2−]i = 30 µM, freezing temperature = −20 °C, and reaction time = 2 h.
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grain boundary regions can be affected not only by the freeze con-
centration effect of H+ or OH− but also by the freezing potential effect
that is likely to be created by the non-uniform distribution of cations
and anions during freezing [44]. To illustrate, the addition of sodium
chloride (NaCl) has been reported to increase pH of ice grain bound-
aries [45]. To specify, chloride ions (Cl−) have a desirable attraction
force with bulk ice crystals, which induces sodium ions (Na+) to mi-
grate from the ice surface to ice grain boundaries. Consequently, more
OH− ions are accumulated in ice grain boundaries to neutralize the
positive freezing potential, and a more basic environment is achieved.
Accordingly, when studying the impact of pH, the composition or
concentration of electrolytes has to be considered, as it probably in-
dicates a sophisticated pH effect reliant on solution identity, as well as
behavior. Generally, the reduction of Cr (VI) decreased from pHi 2.0 to
pHi 10 in both phases. It should be noted that the degradation of Cr (VI)
in water at pHi 7.7 was negligible, whereas significant consumption of
Cr (VI) was observed in ice, which increased dramatically at lower pH.
This behavior is expected, as H2S is known as the major form of sulfide,
with pHi range from 2.0 to 4.0 (pKa1 of H2S = 7.0) [46], while both H2S
and singly protonated sulfide anion (HS−) coexist at pHi 7.7 ([H2S]aq/
[HS−] ≈ 5 at pHi 7.7) and both HS− and deprotonated sulfide (S2−)
are capable of existing simultaneously at pHi 10 (pKa2 of H2S = 12.9)
[46]. Notably, their reactivity decreases in the order of H2S, HS−, and
S2−. Further, the reduction of Cr (VI) to Cr (III) is more favored under
acidic media. Accordingly, in view of the evidence, the rate of the re-
action accelerating at low pH is understandable. In addition, the pH
value of ice grain boundaries can decline by 2 or 4 units of magnitude
by freezing because of the freeze concentration effect [17] (pH value
decreased from 4.0 to 1.57 by freezing [Cr (VI)]i = 20 µM,
[H2S]i = 30 µM at −20 °C in this study). By increasing the con-
centration of H+ and eventually enhancing the reduction of Cr (VI) by
H2S, this result indicated the synergistic effect of all three components
(i.e., H2S, Cr (VI), and H+) on the accelerated redox reaction rate.

The reduction rate of Cr (VI) by H2S at concentrations of [Cr
(VI)]i = 20 µM, [H2S]i = 30 µM, and pHi 4.0 was also measured as a
function of various freezing temperatures (−15,−25, and−35 °C) and
subsequently compared with temperatures in water (25 and 0 °C)
(Fig. 6). The removal of Cr (VI) at 0 °C was much slower compared with
that at 25 °C. The reason is that the solution samples were not frozen at
these temperatures, leading to the decrease in the reaction rate when
decreasing the temperature as well. The reduction of Cr (VI) was en-
hanced dramatically by freezing at all freezing temperatures tested, but
the rate decreased at lower freezing temperatures. This can be ascribed
to the influence of the growing speed of ice crystals when the freezing
temperature decreases. More specifically, the lower freezing tempera-
ture is a primary cause of ice crystals growing more rapidly, which

implies narrowing the volume of ice grain boundary regions, and less Cr
(VI), H2S, and H+ concentrating in the ice grain boundary regions.
Consequently, the rate of reaction decreases. Despite the insignificant
impact of the freezing temperature on the degree of Cr (VI) reduced, a
general trend was observed clearly.

3.3. Verification of freeze concentration phenomenon on redox conversion
of Cr (VI) by H2S

We conducted a series of experiments with high concentrations of
H2S (3 mM) and/or H+ (pHi 2.0) to confirm whether the reduction of
Cr (VI) by H2S could be accelerated appreciably in ice because of the
freeze concentration effect. We compared the results obtained with the
results of the reference conditions ([H2S]i = 30 μM and pHi 4.0 in ice)
(Fig. 7). As shown in Fig. 7, the depletion of Cr (VI) by H2S was ac-
celerated and became more significant and comparable to that in ice
when increasing the concentration of either H2S or H+ a hundred fold.
Accordingly, the effectively enhanced reduction efficiency of Cr (VI) in
ice can be attributed mainly to the freeze concentration effect in ice
grain boundary regions.

3.4. H2S-mediated removal of Cr (VI) in electroplating wastewater in ice

We investigated the practical application of the enhanced reduction
of Cr (VI) by H2S in an actual Cr (VI)-polluted aqueous system (elec-
troplating wastewater containing Cr (VI)) in ice (Fig. 8). The electro-
plating wastewater was collected from a local electroplating company
in Korea. The primitive concentration of Cr (VI) in the electroplating
wastewater was approximately 0.76 M with pHi 0.35. The wastewater
was diluted with distilled water before adding H2S solution to reach
20 µM Cr (VI) concentration. The pHi of the diluted wastewater con-
taining H2S was adjusted to 4.0 with 60% HClO4 solution. In both in-
stances, the degradation of Cr (VI) in ice was improved remarkably by
freezing at the conditions examined. We found that the reduction effi-
ciency of Cr (VI) in the electroplating wastewater by freezing did not
differ much from that in the distilled water despite the presence of
various other metals in the electroplating wastewater (Table S1). This
finding shows the selective reductive capability of Cr (VI) by H2S
among various other metals.

Fig. 6. Effect of freezing temperature on the redox reaction of Cr (VI) by H2S
compared with that in water. Experimental conditions were as follows: [Cr
(VI)]i = 20 µM, [H2S]i = 30 µM, and pHi = 4.0.

Fig. 7. Effect of increase in H2S concentration and/or decrease in pHi on the
reduction of Cr (VI) by H2S in water. Experimental conditions were as follows:
pHi decrease: [Cr (VI)]i = 20 µM, [H2S]i = 30 µM, and pHi 2.0. [H2S] increase:
[Cr (VI)]i = 20 µM, [H2S]i = 3 mM, and pHi 4.0. [H2S] increase and pHi

decrease: [Cr (VI)]i = 20 µM, [H2S]i = 3 mM, and pHi 2.0. Reference condi-
tions: [Cr (VI)]i = 20 µM, [H2S]i = 30 µM, and pHi 4.0 in both water and ice.
Reaction time = 2 h.
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4. Conclusions

It is acknowledged that both Cr (VI) and H2S are ubiquitous in
natural water and soil [47–50]. Therefore, the redox reaction between
Cr (VI) and H2S in ice can occur in widely varying of geographical
areas, such as permafrost, upper atmosphere, polar regions, and mid-
latitudes during the winter season. Accordingly, the reaction between
Cr (VI) and H2S can influence significantly the contents of both Cr (VI)
and H2S in the global environment in general and cold areas in parti-
cular. The pH of atmospheric water, such as rain and clouds, has been
recorded to range from 2.0 to 6.0 [17,51], and the pH of snowpack has
been reported to range from 4.5 to 5.5 [52,53]. These are the appro-
priate conditions for the redox process of Cr (VI) by H2S in ice. Ac-
cordingly, the freezing of atmospheric water, as well as snowpack
consisting of Cr (VI) and H2S in the cryosphere and upper troposphere
can induce the rapid reduction of Cr (VI) to Cr (III) through the reaction
between Cr (VI) and H2S.

In this work, we investigated the reduction of Cr (VI) by H2S in ice
compared with that in water. We found that the redox reaction between
Cr (VI) and H2S in water was slow compared with the significantly
accelerated reaction in ice at pHi 4.0 until either Cr (VI) or H2S was
removed completely. The reaction between Cr (VI) and H2S in ice
complies mainly with the mechanism of proton-coupled electron
transfer. The concentration effect of Cr (VI), H2S, and H+ can be con-
sidered the main factor in providing enhanced media to reduce effec-
tively Cr (VI) to Cr (III). The chemically optical observation and the
calculated pH in ice grain boundaries support the freeze concentrations
of Cr (VI) and H+ in ice grain boundaries. The synergy of a higher
concentration of H2S and lower pH on the reduction of Cr (VI) in water
was in good agreement with the freeze concentration effect as the ap-
propriate explanation for the markedly enhanced Cr (VI) reduction in
ice. Depending on H2S concentration, freezing temperature, and pH
values, the reaction efficiency of Cr (VI) by H2S in ice varied.
Nevertheless, there was a substantial enhancement of the reaction rate
in ice compared with that in water under all the tested experimental
conditions.

Our conclusion is that this study provides improved understanding
of the chemical fate and cycling of Cr (VI) in the cryosphere and upper
troposphere. Further, freezing-assisted Cr (VI) removal is one of the
applicable pathways in the treatment of wastewater. Future studies will
focus on effect of addition of inorganic anions on the removal of Cr (VI),
and total chromium [Cr (VI) + Cr (III)] by H2S in ice toward the
treatment of Cr(VI)-contaminated soil.

CRediT authorship contribution statement

Quoc Anh Nguyen: Investigation, Writing - original draft, Writing -
review & editing. Bomi Kim: Formal analysis. Hyun Young Chung:
Resources. Jungwon Kim: Writing - review & editing. Kitae Kim:
Conceptualization, Writing - review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research was supported by the Korea Polar Research Institute
(PE20030, PM20030)

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.seppur.2020.117377.

References

[1] R.T. Wilkin, C. Su, R.G. Ford, C.J. Paul, Chromium-removal processes during
groundwater remediation by a zerovalent iron permeable reactive barrier, Environ.
Sci. Technol. 39 (2005) 4599–4605.

[2] B. Qiu, C. Xu, D. Sun, H. Yi, J. Guo, X. Zhang, H. Qu, M. Guerrero, X. Wang, N. Noel,
Z. Luo, Z. Guo, S. Wei, Polyaniline coated ethyl cellulose with improved hexavalent
chromium removal, ACS Sustain. Chem. Eng. 2 (2014) 2070–2080.

[3] A. Nagaraj, M.A. Munusamy, A.A. Al-Arfaj, M. Rajan, Functional ionic liquid-
capped graphene quantum dots for chromium removal from chromium con-
taminated water, J. Chem. Eng. Data. 64 (2019) 651–667.

[4] M.E. Losi, C. Amrhein, W.T. Frankenberger, Environmental biochemistry of chro-
mium, Rev. Environ. Contam. Toxicol. 136 (1994) 91–121.

[5] L. Zhou, G. Zhang, J. Tian, D. Wang, D. Cai, Z. Wu, Functionalized Fe3O4@C na-
nospheres with adjustable structure for efficient hexavalent chromium removal,
ACS Sustain. Chem. Eng. 5 (2017) 11042–11050.

[6] J. Barnhart, Occurrences, uses, and properties of chromium, Regul. Toxicol.
Pharmacol. 26 (1997) 3–7.

[7] C.E. Barrera-Díaz, V. Lugo-Lugo, B. Bilyeu, A review of chemical, electrochemical
and biological methods for aqueous Cr(VI) reduction, J. Hazard. Mater. 223–224
(2012) 1–12.

[8] K. Shiraki, Geochemical behavior of chromium, Resour. Geol. 47 (1997) 319–330.
[9] D. Banerjee, H.W. Nesbitt, Oxidation of aqueous Cr(III) at birnessite surfaces:

Constraints on reaction mechanism, Geochim. Cosmochim. Acta. 63 (1999)
1671–1687.

[10] C.A. Te, A.G. Xyla, The oxidation of chromium (III) to chromium (VI) on the surface
of manganite (y-MnOOH), Geochem. Cosmochim. Acta. 55 (1991) 2861–2866.

[11] M.L. Rock, B.R. James, G.R. Helz, Hydrogen peroxide effects on chromium oxida-
tion state and solubility in four diverse, chromium-enriched soils, Environ. Sci.
Technol. 35 (2001) 4054–4059.

[12] A. Qian, P. Liao, S. Yuan, M. Luo, Efficient reduction of Cr(VI) in groundwater by a
hybrid electro-Pd process, Water Res. 48 (2014) 326–334.

[13] L.E. Eary, D. Rai, Chromate removal from aqueous wastes by reduction with ferrous
ion, Environ. Sci. Technol. 22 (1988) 972–977.

[14] B. Wojtuń, K. Kolon, A. Samecka-Cymerman, M. Jasion, A.J. Kempers, A survey of
metal concentrations in higher plants, mosses, and lichens collected on King George
Island in 1988, Polar Biol. 36 (2013) 913–918.

[15] N. Takenaka, H. Bandow, Chemical kinetics of reactions in the unfrozen solution of
ice, J. Phys. Chem. A. 111 (2007) 8780–8786.

[16] R.O. Concubhair, D.O. Sullivan, J.R. Sodeau, Dark oxidation of dissolved gaseous
mercury in polar ice mimics, Environ. Sci. Technol. 46 (2012) 4829–4836.

[17] K. Kim, J. Kim, A.D. Bokare, W. Choi, H. Il Yoon, J. Kim, Enhanced removal of
hexavalent chromium in the presence of H2O2 in frozen aqueous solutions, Environ.
Sci. Technol. 49 (2015) 10937–10944.

[18] K. Kim, W. Choi, Enhanced redox conversion of chromate and arsenite in ice,
Environ. Sci. Technol. 45 (2011) 2202–2208.

[19] K. Anzo, M. Harada, T. Okada, Enhanced kinetics of pseudo first-order hydrolysis in
liquid phase coexistent with ice, J. Phys. Chem. A. 117 (2013) 10619–10625.

[20] D. Ray, R. Kurková, I. Hovorková, P. Klán, Determination of the specific surface
area of snow using ozonation of 1,1-diphenylethylene, Environ. Sci. Technol. 45
(2011) 10061–10067.

[21] N. Takenaka, I. Takahashi, H. Suekane, K. Yamamoto, Y. Sadanaga, H. Bandow,
Acceleration of ammonium nitrite denitrification by freezing : Determination of
activation energy from the temperature of maximum reaction rate, J. Phys. Chem.
A. 14446–14451 (2011).

Fig. 8. Cr (VI) reduction in Cr (VI)-contaminated in electroplating wastewater
and artificial Cr (VI) solution in ice. Experimental conditions were as follows:
[Cr (VI)]i = 20 µM, [H2S]i = 30 µM, pHi 4.0, and freezing
temperature = −20 °C.

Q.A. Nguyen, et al. Separation and Purification Technology 251 (2020) 117377

6

https://doi.org/10.1016/j.seppur.2020.117377
https://doi.org/10.1016/j.seppur.2020.117377
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0005
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0005
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0005
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0010
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0010
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0010
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0015
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0015
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0015
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0020
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0020
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0025
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0025
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0025
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0030
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0030
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0035
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0035
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0035
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0040
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0045
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0045
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0045
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0050
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0050
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0055
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0055
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0055
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0060
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0060
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0065
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0065
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0070
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0070
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0070
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0075
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0075
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0080
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0080
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0085
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0085
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0085
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0090
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0090
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0095
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0095
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0100
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0100
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0100
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0105
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0105
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0105
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0105


[22] N. Takenaka, A. Ueda, T. Daimon, H. Bandow, T. Dohmaru, Y. Maeda, Acceleration
mechanism of chemical reaction by freezing: The reaction of nitrous acid with
dissolved oxygen, J. Phys. Chem. 100 (1996) 13874–13884.

[23] T. Bartels-Rausch, H.W. Jacobi, T.F. Kahan, J.L. Thomas, E.S. Thomson,
J.P.D. Abbatt, M. Ammann, J.R. Blackford, H. Bluhm, C. Boxe, F. Domine,
M.M. Frey, I. Gladich, M.I. Guzmán, D. Heger, T. Huthwelker, P. Klán, W.F. Kuhs,
M.H. Kuo, S. Maus, S.G. Moussa, V.F. McNeill, J.T. Newberg, J.B.C. Pettersson,
M. Roeselová, J.R. Sodeau, A review of air-ice chemical and physical interactions
(AICI): Liquids, quasi-liquids, and solids in snow, Atmos. Chem. Phys. 14 (2014)
1587–1633.

[24] D.W. Min, W. Choi, Accelerated reduction of bromate in frozen solution, Environ.
Sci. Technol. 51 (2017) 8368–8375.

[25] A.M. Grannas, A.R. Bausch, K.M. Mahanna, Enhanced aqueous photochemical re-
action rates after freezing, J. Phys. Chem. A. 111 (2007) 11043–11049.

[26] K. Kim, A. Yabushita, M. Okumura, A. Saiz-lopez, C.A. Cuevas, C.S. Blaszczak-boxe,
D.W. Min, H. Yoon, W. Choi, Production of molecular iodine and tri-iodide in the
frozen solution of iodide: Implication for polar atmosphere, Environ. Sci. Technol.
50 (2016) 1280–1287.

[27] D. Jeong, K. Kim, D.W. Min, W. Choi, Freezing-enhanced dissolution of iron oxides:
Effects of inorganic acid anions, Environ. Sci. Technol. 49 (2015) 12816–12822.

[28] K. Kim, W. Choi, M.R. Hoffmann, H. Il Yoon, B.K. Park, Photoreductive dissolution
of iron oxides trapped in ice and its environmental implications, Environ. Sci.
Technol. 44 (2010) 4142–4148.

[29] T. Huthwelker, M. Ammann, T. Peter, The uptake of acidic gases on ice, Chem. Rev.
106 (2006) 1375–1444.

[30] H. Castebrunet, C. Genthon, P. Martinerie, Sulfur cycle at Last Glacial Maximum:
Model results versus Antarctic ice core data, Geophys. Res. Lett. 33 (2006) 1–5.

[31] M. Pettine, I. Barra, L. Campanella, F.J. Millero, Effect of metals on the reduction of
chromium (VI) with hydrogen sulfide, Water Res. 32 (1998) 2807–2813.

[32] F. Battaglia, S. Foucher, A. Denamur, I. Ignatiadis, C. Michel, D. Morin, Reduction of
chromate by fixed films of sulfate-reducing bacteria using hydrogen as an electron
source, J. Ind. Microbiol. Biotech. 28 (2002) 154–159.

[33] H. Gu, X. Xu, H. Zhang, C. Liang, H. Lou, C. Ma, Y. Li, Z. Guo, J. Gu, Chitosan-
coated-magnetite with covalently grafted polystyrene based carbon nanocomposites
for hexavalent chromium adsorption, Eng. Sci. 46–54 (2018).

[34] Z. Zhao, H. An, J. Lin, M. Feng, V. Murugadoss, T. Ding, H. Liu, Q. Shao, X. Mai,
N. Wang, H. Gu, S. Angaiah, Z. Guo, Progress on the photocatalytic reduction re-
moval of chromium contamination, Chem. Rec. 19 (2019) 873–882.

[35] J. Huang, Y. Li, Y. Cao, F. Peng, Y. Cao, Q. Shao, H. Liu, Z. Guo, Hexavalent
chromium removal over magnetic carbon nanoadsorbents: Synergistic effect of
fluorine and nitrogen co-doping, J. Mater. Chem. A. 6 (2018) 13062–13074.

[36] K. Gong, Q. Hu, Y. Xiao, X. Cheng, H. Liu, N. Wang, B. Qiu, Triple layered core-shell
ZVI@Carbon@polyaniline composite enhanced electron utilization in Cr (VI)

reduction, J. Mater. Chem. A. 6 (2018) 11119.
[37] N. Zhou, K. Gong, Q. Hu, X. Cheng, J. Zhou, M. Dong, N. Wang, T. Ding, B. Qiu,

Z. Guo, Optimizing nanocarbon shell in zero-valent iron nanoparticles for improved
electron utilization in Cr(VI) reduction, Chemosphere 242 (2020) 125235.

[38] Ľ. Vetráková, V. Vykoukal, D. Heger, Comparing the acidities of aqueous, frozen,
and freeze-dried phosphate buffers: Is there a “pH memory” effect? Int. J. Pharm.
530 (2017) 316–325.

[39] Ľ. Krausková, J. Procházková, M. Klašková, L. Filipová, R. Chaloupková, S. Malý,
J. Damborský, D. Heger, Suppression of protein inactivation during freezing by
minimizing pH changes using ionic cryoprotectants, Int. J. Pharm. 509 (2016)
41–49.

[40] D. Heger, J. Jirkovský, P. Klán, Aggregation of methylene blue in frozen aqueous
solutions studied by absorption spectroscopy, J. Phys. Chem. A. 109 (2005)
6702–6709.

[41] D. Heger, J. Klánová, P. Klán, Enhanced protonation of cresol red in acidic aqueous
solutions caused by freezing, J. Phys. Chem. B. 110 (2006) 1277–1287.

[42] K. Kim, H.Y. Chung, J. Ju, J. Kim, Freezing-enhanced reduction of chromate by
nitrite, Sci. Total Environ. 590–591 (2017) 107–113.

[43] J. Ju, J. Kim, H. Yoon, K. Kim, J. Kim, Accelerated redox reaction between chromate
and phenolic pollutants during freezing, J. Hazard. Mater. 329 (2017) 330–338.

[44] K. Kim, H. Il Yoon, W. Choi, Enhanced dissolution of manganese oxide in ice
compared to aqueous phase under illuminated and dark conditions, Environ. Sci.
Technol. 46 (2012) 13160–13166.

[45] N. Takenaka, M. Tanaka, K. Okitsu, H. Bandow, Rise in the pH of an unfrozen
solution in ice due to the presence of NaCl and promotion of decomposition of gallic
acids owing to a change in the pH, J. Phys. Chem. A. 110 (2006) 10628–10632.

[46] R.C. Weast, Handbook of chemistry and physics, Am. J. Med. Sci. 257 (1969) 423.
[47] M.O. Barnett, L.A. Harris, R.R. Turner, R.J. Stevenson, T.J. Henson, R.C. Melton,

D.P. Hoffman, Formation of mercuric sulfide in soil, Environ. Sci. Technol. 31
(1997) 3037–3043.

[48] L.P.M. Lamers, L.L. Govers, I.C.J.M. Janssen, J.J.M. Geurts, M.E.W. Van der Welle,
M.M. Van Katwijk, T. Van der Heid, J.G.M. Roelofs, A.J.P. Smolders, Sulfide as a
soil phytotoxin-a review, Front. Plant Sci. 4 (2013) 1–14.

[49] D.C. Schroeder, G.F. Lee, Potential transformations of chromium in natural waters,
Water Air Soil Pollut. 4 (1975) 355–365.

[50] B.R. James, Peer Reviewed: The challenge of remediating chromium-contaminated
soil, Environ. Sci. Technol. 30 (1996) 248A–251A.

[51] H. Herrmann, Kinetics of aqueous phase reactions relevant for atmospheric chem-
istry, Chem. Rev. 103 (2003) 4691–4716.

[52] T.A. Douglas, M. Sturm, Arctic haze, mercury and the chemical composition of snow
across northwestern Alaska, Atmos. Environ. 38 (2004) 805–820.

[53] T.P. DeFelice, Chemical composition of fresh snowfalls at Palmer Station,
Antarctica, Atmos. Environ. 33 (1998) 155–161.

Q.A. Nguyen, et al. Separation and Purification Technology 251 (2020) 117377

7

http://refhub.elsevier.com/S1383-5866(20)31851-7/h0110
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0110
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0110
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0115
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0115
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0115
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0115
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0115
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0115
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0115
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0120
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0120
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0125
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0125
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0130
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0130
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0130
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0130
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0135
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0135
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0140
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0140
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0140
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0145
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0145
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0150
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0150
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0155
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0155
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0160
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0160
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0160
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0165
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0165
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0165
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0170
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0170
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0170
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0175
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0175
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0175
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0180
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0180
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0180
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0185
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0185
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0185
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0190
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0190
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0190
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0195
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0195
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0195
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0195
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0200
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0200
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0200
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0205
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0205
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0210
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0210
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0215
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0215
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0220
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0220
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0220
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0225
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0225
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0225
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0230
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0235
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0235
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0235
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0240
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0240
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0240
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0245
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0245
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0250
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0250
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0255
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0255
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0260
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0260
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0265
http://refhub.elsevier.com/S1383-5866(20)31851-7/h0265

	Enhanced reduction of hexavalent chromium by hydrogen sulfide in frozen solution
	Introduction
	Materials and methods
	Material and chemicals
	Experimental procedure
	Chemical analyses
	pH estimation in ice grain boundary regions

	Results and discussion
	Cr (VI) reduction by H2S in water and ice
	Cr (VI) reduction by H2S under various conditions
	Verification of freeze concentration phenomenon on redox conversion of Cr (VI) by H2S
	H2S-mediated removal of Cr (VI) in electroplating wastewater in ice

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary material
	References




