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Freezing-accelerated reactions and specific reactions in ice

Norimichi Takenaka', Ayane Yamamura', Arisa Hinoshita', Yusuke Fujii'

In ice and snow, chemical reactions are generally thought to slow down due to temperature drop and restriction
of molecular movement. However, there are many reports that reactions are accelerated by freezing. In this paper,
we summarized the factors and examples and clarified the characteristics of chemical reactions under freezing. In
addition, we summarized the main factors of reaction acceleration and classified the reactions. These include freeze
concentration due to ice crystal growth, pH changes due to freeze concentration, freezing potential generated between
ice and solution, catalysis on ice surface, and change of reaction path. It was also shown that photochemical reactions
occur efficiently in snow and ice due to multiple scattering of light, and photolysis of nitric acid in snow and ice is
a source of nitrogen oxides in the atmosphere. From these results, it was suggested that ice and snow are not merely
fields for reaction inhibition but also function as important reaction fields in environmental chemistry.
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Figure 1: The photos of holes drilled in Antarctica and at snow areas in Japan

The holes in the first three photos were drilled using the same equipment.

*Photo provided by Mr. Manami Takahashi, 56th Japanese Antarctic Research Expedition
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Figure 2 Schematic diagram of the acceleration mechanism by the freeze-concentration

Z D R$L kb, aA+ bB — products (47T-A& 53 TBAZ
N IR a EAREDTRIE) &) — ki 2 BOBSITR L
TRISRERIE, R = HAL[B] (k@ SUSHRERE E 7213 K
INHEER) L RTILDTE, ASCBOMEAH 2 X
bz, nEEIEHEL 5. k&, k=Aexp{-E/(RT)}
(ZZCaA: HIERT, E: SOEH LAV F—, R:
SARERL TR EERSh, ERE TS L8
KEL ) USHEEREE L3N D 2 &b HBEH) Kb
WHL B, BENTAL, RISHOMERS LIV rL
LARDDH Y, bINTHLARERLFT S (Pilling and
Seakins, 1997).

KIMLRTH B 2 &, FERTH S Z &2 H5LF RIS
BILCIXIZE A ETIER S & o T h o7z, FEEE, i
BEDME L 72 B EALFSUBIZEL 2 D, FERhThiuds 1
OB ESHRENL 720, HELIIICDHEHEPTE %
Wiz, ALFEBUSIZEZ D12 W LiF, {bFEOWMFET
by CICHFTE, HEOREAS O MRIZLE LS. L
AL, 19604EMIC E LA OWFSE 5 T, S 5 & i<
7 B IUSHHZ i S 7z (Table 1), Table 11213 F523.1
HiCHHET 2 8HMRAESOG 2 7V — 750 Lz Vv —T %

FHRML TV 5.

W SRS T 5 LR L T3k S PR S
RAFE IR SN D Z L TR BB 2 0B 5
(WA i fi SO BRER)  (Takenaka and Bandow, 2007). 5824512
FHoTVWHWI 2 —=ADEFITHL > TWwAH I L EFL
Ths.

F72, KOFTIEE—EAFLOGRLERG L, ME
bE UHT &85 2 L2d ), KERE D bIALFOSE
ARLCHELLEEZEZONE. KRGFIE, BDT2TEDH LA
WHDLO R EMONGA RIS 5720, St @siEE s
FIUEERICH Z 225, @BEEESR 22 EALECR
2B EITED. INNEOFEORRNO—2LEZ b
TWwh., FEBE, BEBOFIZAZES L, KROMEOEHS O
72O A S 7o RBGIREEE FICEE R LE SRR
% (Fig. 1). 207z, s L I, KhT
T EACBN SN WIEBROLS I RE ST 5
(Dominé and Shepson, 2002, 711 5, 2025). 72751, Al
EHEATVDLTRPTIEZORFIEIFFIES 2D, HAE
DFEIIREWMBDEEFLRZBLZ LI R, EbEohinz
WWHEIRZ DD D,
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Table 1: Some reactions accelerated by freezing or occurred in only ice

Reactions Sl(:lii?:)lr?n rates (Tempera;::z)e; Group® Ref.
Hydrolysis of Sucrose x (-8.5 0C) 1.3x (-11 0C) 1 Lund, 1969
Oxidation of Ascorbic Acid x (1 0C) 1-3x (-11 oC) I Grant, 1965
HNO, + 0, x (25 0C) 195000x (-21 oC) I Takenaka, 1992
HNO, + H,0, x (25 0C) 195x (21 oC) I Takenaka, 1993
HSO; + 0O, x (4 0C) 20x (-21 oC) I Takenaka, 1993
Fe(Il) + H,0, x (15 0C) 32x (-21 0C) I Takenaka, 1993
S* + H,0, X (25 0C) 5x (-15 0C) I Takenaka, 2003
NH,NO, — N, +2H,0 Not measured 1 Takenaka, 2011
HCHO + Fe(III) + H,0, + hv — HCOOH X (4 0C) 5x (-20 oC) I Arakaki, 2004
Dissolution of Fe,O, into water Increase solubility I Jeong, 2015
Dissolution of MnO, into water Increase solubility I Kim, 2012
NH(CHj;), + HNO, — N-nitrosodimethylamine Not measured I Kitada, 2017
H,NCH,COOH + HNO, - — CN’ CNis formed I Kitada, 2020
Reduction of K;[Fe(CN),] by CN X (-20 oC) 40000x (-20 oC) 11 Hatley, 1986
gallic acid + O,(pH4.5, with NaCl) stable Very fast I Takenaka, 2006
Freezing an aqueous solution of salts (i.e. Na,SO,) — H,0, No reaction H,0, is formed 111 Song, 2024
Diphenyl Ethylene + O, —benzophenone v Ray, 2013
Chlorophenol + v Formation of catechol | Formation of dimer v Klanova, 2003
S,05” + H,0, x (25 0C) 20x (-15 oC) VI Sato, 2003
2HNO, +2I' + H" — 2NO + I, + 2H,0 (< pH6) Very slow Very fast (-23 oC) VI O’Driscoll, 2008
BrO; + 2Br + 3CI' + 6H" — 3BrCl + 3H,0 Formation of BrCl,” | Formation of Br,CI VI O'Concubhair, 2012
I'+Br +NO, +H' Formation of Brl,” Formation of Br,I’ VI O'sullivan, 2010
Cr(IIT) + oxyhalide species — Cr(VI) VI Min, 2020

1: “x” in the table denotes the reaction rate in solution.
2: Group number will be explained in the below section
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Z ZTa, blE, TNZEN, 5TA 5 TBORISRE
NS FIIZARIRLT &l

X, £ ORISEHEDOHE DD B, HUEIEAE RIS 2 5L L
ZORAER F = X LRI L, ANTHHITIRE D A FERERI 2T,
HHED LSV H#EDITBZ DRI O, e, —#KY
KRB LBZWERBLONTWEDNEN) T ETHo
7o. T, — MR L EBEOWNISERR T D &) FR
WOTNDD B Dh. WL EYELT 5 T & TP RURA
BEIGBIZZ L RTASN TV EVOR. ZThb%E
BT 502, SOHICBUEDORFRILETH - 72 fimde
LE XL, £ OBEITUMEE S kv, IR TO R
FEV, SR CICRET 27201 UIE#T R, &
W) ZEIhD, FOHBE EDICHFRPTHETW L O
DG %N 5.

2.

2.1 RESRAER G
AL G FBOALEROSHEERIE (1) XD X HicESh

ANESL D, RUREEIZIEL 2 5.
R=k[A]'[B) (O]

L2L, MOEO5EMIZEY, RUSETHIZIRERT I
DL T % HN—F 5 731F ODARLBOILE FERAE Z Hid
BOGHEEE AR H L 25 2 EIZWRETH L. SO SH0
Sfb e L, WEERHKE L Vo ZHRERTHY, HRRT
FHEICEZ > TWRBRTH L. KIEEAIKOEEF 5
WELKRDPERT 2 &, ZOMEIIKIZE > TIEERIR
BICBATTA2IRETH Y, KGT M5 TORKE L OB
T, —MIEKFALDO Ry T =7 ZET B PLET
HY, KIZHETF BRGNS SHR S, Thz i
MiedE &9 (Fig. 2). PEBR S NI HE % & & RO AR
3, EHICRPEET S & TRMEIC X Y 3RICHICH
LiADOLNALZ LTI RMSN, ZOSE, HEKTIC
X 2kDWANT LD S FTRISIEH L 72 % (Takenaka, et al.,
2007). Z OIEF ICHHE S N7 RAREERE <A 70Ky
FEERZEDDHD. OF D, KEWEZHMT D LILFER
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[NaNO,], = 100 pmol L, [DOJyyin = 240 pmol L, [DOT, e =
440 pmol L™, pH 4.0.

@ : ik (21 °C) : ek, O: Solution (25°C) , A5t

Figure 3: Nitrate formation from the reaction of nitrous acid with
dissolved oxygen

[NaNO,]0 = 100 pmol L™, [DO] gotution = 240 pmol L, [DO]g sreczin
440 umol L™, pH 4.0.

@ : Freezing(-21 C ) : left axis, O : Solution (25 C ), right axis
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I 2B L) —EHE R L IR w5,
e, HHERETIE - BICRINEEL 25D TH A ) 7.
ZOFHHOWIZ, TOMOH L% KIHIAT 5.

ARSI D AT IS v, &M AER
ZWbIFTlEV. bTFRIOKERTICRYATNL L E
bNTwb. FlziE, NHRFIZZNENH,0%0H & A
F D, W UEMZ R TWh 7z, Bk
BZHLD A F T IRAREL (Coe / Cogtation) D30.18L 1 &
Z5bNTWw5b (Gross, et al., 1978). TN HPATIE T s
AW A T VWA R T VEEDLNTWAEDY, TNTHH
BUARBUE L0 & SN T W5 (Gross, etal., 1978). O
IO TPICWMYATINEDTH B, TOHHAREIZ
WE, 4+ VICXoTRRY, B2 1ENaCIOH;E1XCTI
JiANa & ) IKFEHICAD R T Wi, Kiv A FAL
%5 GO EM L MHEN B EAAFEET 5. Na,SO,0 41X
Na' @S0, L ) BIKIZAD RT VDT, KRBT T AD
BUREEMAFEET 5. ZOEIE—90 Vr 54214 VOED
HENTEHY (Cobb and Gross, 1969), Z N7 DEMDDH
i, HoWwALEEEED S Z EHRETH S L EZ
bhb.

3. RiBBERMESKIES LR

3.1 HREIC K BIERERIGDIBE
FAEZ X D IE SN B ISIEZ S AMSNTWED, Z0
% L 3HKEIEMIC X BB DTH D, TNHIZEAWITIZE

WRBATERE CHITT 2 L EX DI LHTED. Ll
ZTNPH ORI MSENTWD, 22 TiE, dRKEzEWw
{OPDT V=TT THYT 5.
3.1.1 ZI— : iSRRG

CAUI2 I THI L 7SR OB AT E & L TRE S
NBFUETH S, HBISETNEWHOMREL L LbET:
BEEZC, GHLERRTOYA 70Xy y MpoY-ED
REZ R LDbEZREZC,E T 5L, aA+ bB — products
D UGN X B POSHEEE (E S N5 SUSHEEE) 12,

a b
Ro=k(2 A1) -(22[B1) 2 @

Cr Cp

KT I LAHTES (Takenaka and Bandow, 2007). Cy,/ C;
AT A EICE A~ A 7 uRT vy MNOREMRICE

D, G/ GIERHICL DML L. 2F), vf 10
ﬁ#yF@¢Td&=“%{ﬂf(%{mf@ﬁﬁ?ﬁ
JBASHELT L, fRBRIC X 0 D O NS TAEBRW AR &
nNsZEIlh5.

iR G R B IS W = O R S N
Rk (Z2[A) & <HAT &% Y, <4 708y 7 MATH
CHELDDOD, FAIZ LB HPUTE o T, KERIYIHHE I
& % FUBMEER) RIS NS, KIS X 200K T D%
), BUSEEIZBERT L) DB 252 L0 h5.
AL RGO X ) IO 1OV HIRE D4, #H—
WIS (k[B]=—®=k) L% 0, L THRISOIEER)
RIMONLNZ EPHRTE S, FEHR, LIRUBROR K
B E BRI & B PUBEAER) SRIEG S e,

CRBUETHE, Ru = k(G2 [A])ZE—; S HAPE £ 7Y,
IRAEIED IR B 720, ZOGPURHEEITHE 2 5. ZRBUS
12 % 5123 & 715 (Takenaka and Bandow, 2007) .

Fig. 3IZHEAS MR DVEFRR RIS X 2ALIC X b Bk 55l
FRIL I DI ZE L 2 7R3 (Takenaka, etal., 1992). VATl
ZALIZBIN S g, ROSHEEER D & WA D - 722k
THb. s TIZI05TT0 %Ll EAREEEICEL S N0l
L, 25 COBWTIE, 607 THITe A LRMITERL
BN ERGDD. OIS OMEERERE 2 FHI AR
BB X BRSO, Fig 2IR$ <A 20K s
MIBEE PRGN 780 Th b & iEanoF 72 (Takenaka,
etal., 1996).

72, Q) 5B I —ODORWMIMEONL. RHMRIR
BCECOHPREZITNIIREL LD, TDOCIE
B GRS X D kFE Y, E2FTHREL LD
Zlidmwv. L EREREOREGIE, DI NIRMT S
P CTEORHBRE TORENMISGET 5720, C,LCO
WIIKERMELZINAS I ENTET, MHRMWITREELTIC X
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Figure 4: Amount of nitrogen oxides released by UV irradiation (nmol)

Ptl: Near Washimi, Takasu-cho, Gujo City, Gifu Prefecture (35°58'53.9"N 136°55'17.8"E) collected on February 17, 2024
Pt2: Near 1-1 Itoshiro Togeyama 1-1, Shiratori-cho, Gujo City, Gifu Prefecture (35.966961N 136.810677E) collected on

January 6, 2025

DT ZAMT LI ENITLEALETELRLS RS, OF
D, Va—ARLHEAEIIHNS &) SRR
SR I & 2 BUMEER R IO N WS L PREINL.
ORBUEBR TR B, ik BE D RRF DL A I B IC £ %
PUSARAERN R S NT, THD—MRIICHHT 5 & BUS
HEPZOND EELOLNTVE—HOHHTH 5.

3.1.2 2= FiEEEICE D pHE(bIC K DRIt e

HUREEAIZIET 12K & DM S 415 2% (Cobb and Gross,
1969), A L7-BAIZIKPEET HIZONKEL 4 5.
LAL, Kopiz7a b Y OBEPESTHY, KrOHHE
W, FREEPORNTE N HPBEHTLILT, 0
IS L 72 B B RIS B, NaCIOM & 13kAS~ 4 F AT
HY, BN ORNTE N DBENT D72012, KRR
WORFAF VIREPRT TS, 250, 7uh U~
pHAZALT 5. NaNO,DGEIIKBIT T A LR Y, <4
7 UKy Y NORBIEEA L Y B R S, Fig. 304
P FEARMI TSI X o TSP LB TDH 557,
HNO, DB AF IR H# 12 & 5 TR AL BUS \EHNO, 2 SRS T 8 1)
(NO, TlUn L2\, EiZ~A 7 aR7r vy MNO R
BOPHDS T35 2 & b PUSMEHEICF 5 L T 5.

FEBE, 5 mMONaCUKEBRASA - 72 AN T T & 72 %%
WEICHOGBICE LM Tay 7O LICEET2RLHS
W7o EBTI, KDL T 5 i IEpHAS.6, FI90%D
MM o7z 1T, LIRS ER OpHIZ6.0% B 2, 98%
Ho oM CTpHT R M Z 72 WM HITHETL L, LT

A )W 7 B Z & AT SN S (Takenaka, et al., 2006).
=y ZREMERL TP ETIEZET, TV ET
WFHEBICHBILS N ZEPMONTW D, FEEIZ, pHSR
pH6TIIEMM L ETH 5. ZOWH %ok L Tb Lt
S, NaClz5 mME 7% % X 92N L 7z 30k & skl 5
B L, WAbdsHEEe (Takenaka, et al., 2006). i ClENaClD
WINE, PUBIEEE KIZE RV EHMERLTwE. O
i, BB 72 X 9 I2NaCa i % & Ee K IR % SRS 5
5 2 & TR DRBASTEROpHA T2z, TNV A )L
o 7o 2 L CRALUGASEATZ7-DTH 5.

B OpHIZH L OH Z B B IEE A o VilRED £ L,
COEZMD DL LHIKOA F YFREOHIE T CH & OH @
BED X ) BRSPS R 2 X )P RBE LIvET
. mEAETHRIAEV) Z LI, BEEASEZ S E, i
bbbl THEIIKEL R B0, BYEERIT X )RR
(2, AR K DR A, KM D, X
D 7V A VP 7 Beritical pointld, KAFDREEH A & F
#5123 BKDPHTH 55.6TH 5

3.1.3 7= REEEF RN

CHUFERE REMADR LN D OITELRAL A SOS I3
ZHBRVOTHD ) D ? A TIRIEE)) TH 5 B AT
TV, BRALAIEHELDIZ 7 —a Y B TH S
N ZOEMEEZES> TV DL ETOR TG E DR
HELHPDPRE D,

SRS TR Al SIS (XM 2 D E Tie b R & 72 ol AL AT



i Pren o BAL AT

BoNL. WKLY AENRTWCIOYE, 20
SEAREIZ107FEEETdH B (Gross, etal., 1978). 72, KUk
HoDAF Y THAH, BIZIEN SN2V RETH Y
(Kitada, et al., 2017), AL A 4 > OF VL LR EWET
Thsb. 2F0, NaCloMa, THRBROEE D LS
ZHLI0EPICREDETH S, mMD101Z107 MT,
I NA00 %US IS b N7 GEDOKISE E 7 b, FERIC
7N —TUTHB L2 X IKOHEKREA F V HBE)
T 572012, KIRIfibi s Dix S I 524/ & <
Bh. WEOMRMTECIIMRETE 2VREELD.
Fxld, NaCEERO UM EMEREZ T, EDLH0D
WETHIET 2 &+ BUIER LN NERN T2,
WG TENL CKIZ H L% A & 2 FEER A 1T\, [l S/l
% e 0 REE, KA S OLEMINTX 2025 L
7o, ZORER, WOPITAER L L F 2 HWONEE.05(1,=
1.9 uM)Z 155121, KI30010] 0> Sk /Rl A s 3 T d
% 2 Do 1z (1B, 2012). BUE, ShEEEHFTH 5.
L2 L, SE4E, SR X 2 BAALFEBUG AL &
iz v #HiEA3dH - 72 (Song, et al., 2024). KA 5 HEE
EARFEPER LIzE V) HETH D, 20 D0 Lo
AR CEIMERE SN TWD, ZhudTkc ot el
U

3.1.4 W=V  FIEROKEKEDEER IS

KEMTOMBIIEE LTFLI-Y 7 2=V F L YD
FV L BBALIE A HIF 5N S (Ray, etal, 2013).
i ASLangmuir-HinshelwoodH 12t 5 & & #/R L, &5
WZEROIK XD BIRO T UEAHE N DF, HilR Tl
BB AR SUBH) O —FBASHLY 3A MK AFAET 555
TP LT 2720 Th 5 Lifamfhirrz.

3.1.5 =2V mERMICHIT 2 RIREDZEL
OHZ ¥V A WA AL BUSIC B VT, iR & R
FEBHOERIERAICE v, OHT VA )V O & H3HIER
SN, F7, BHOBENEL 2L LT, USAZEAL
T 52 DSz (Klanova, et al,, 2003). 2 ALIZ MR
(bARFHAETICBIT22-20n7 27— (a) ONSRK
B TH DA, BETIE3-Z7aassa—n (b) £2-700
v raF v (c)® kS ROHDMIN L7z A3E S h e
A, KBTI FEICZEAR(, ) AVER L. OHT T Vid,
KOFRIAEG LR T KB E MRS, OHTF D Ah v
ORIGE Y b, ZRALOFISDMEEDHEL 2> 72720 L HfE
BIN5.

HT ZEW, B i

@ ~on () ~on (@ o0 ) o, oo (0 o
Cl
C[cn Q:OH ©/ OH

OHZ ¥ 1 WS K#G b & BURIEEAS R <, oK/ VSRS
W L7z 2 LA PUSREE DAL L 72 B D 1D TH 5 LR
ETDHE, BAMDOILEWORAIZOHT VIV & DS
bHLBDLDTHAIN P HIRH LT —<DIDOTH 5.

3.1.6 Z'I—VI: RISAHZ X LD BED S BER G
HFGEORE F 72 F 2R % HA% <, SUBTRRE AR &
NTWRWEIEDZ V. 196040, Bty 0BTt
B RE AN FE S D37 7 DAL T L 72, SR i DS,
D) R ETRIB A LR T WIS IZRF L Tw5, 2)
KEKDFBERDE N EOFHBRDH L. LhrL, ez
DAHZALTHRIFNER SVl IR IZ- & D
IRENTBLT, I bhrbhwv. INLIEESHONZED
mrsn s,

W ODERBIEZFET 5.
i) 2HNO, + 2I" + 2H" — 2NO + I, + 2H,0

WA L T LA+ L OBETORISTH %A%, Hil
TR T HNODIEAIZBIZE S vy (O Driscoll, et
al., 2008).
ii) S,0,” + H,0, — SO, + 2H" + 3H,0

F AW O MIBALKFE S L 2SS TH 575, B
I TR AR W IRALA C 3 R COHRIR IS Z L L 7225,
it TlE, HRERLAITOMILTE L VAR AFES (Sato,
etal., 2003).
iii) I, + 2Br — IBr, +1 (HNO {4 F)

L& S A F Y IIEW TS L, L LBk d
%2 & T, Br oO—#{»E b E 5 (O'Sullivan, et al.,, 2010).

HUEHIIH 2 UG, HHEIC X DRSNS OB D%
&, IR T RO St AN EES 7 o 72 D pHAE D o
7o EVHUETH S, LaL, MERIGR RS x A7 =&
2O FOSEIHARF IR R R TH ), Ihped
TES N DI SHOPEETH L. SIS BUS LR
M ZINL &) BN RREIEDH 5205, GRS 7z
FZES (2 OB ) 776 L 22\,

3.2 KOBPOHALERIG

FRIZNDZ K & AT 545, —FOBIEFE KON
WRAT . LoWEE, AFA, S04 X, A
WEIZL > TEOEGIELT I LB TS (F
A,2009). AHHL70G1E, #ESFETRET L2, K
ERICHEA L7203 5. Z ORISR SRS 5
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AR I LB BOS L7z 0, S NEE oW b o
EHZZ 72055, 208, WEIZX 2 EITRILE
NFITEM L7, S HICERNTHELL, MER2F LT
il mmd 52 bdH b, KEETIE, —ElBET 72
U?&éﬁ,mmuﬁﬁﬁﬂkibm%;<t TR HE T
CEDMIfES NG, FEBIC, KEEP TOMEE OGS RIE

MHENTVZRWA, FRPTIES < OFED D 5 (Beine, et
al., 2008, Chen, et al., 2019).

Falk, WRMICH HHI28MAT (BEF1360 mffir) CF
KIEWZF = o N—23E L, 2 mhp b R5EF = VN —
2% D AR, F = ¥ /3= 53844 AHONO, NO,, NO
ZH5E L 72, HONOGEJEE X & ASBASE L 72 M5t i fii o %
JH\7-HONOEFeifll az 2518 (FILBRSE 6 ppt) & JHV Tl
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