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Abstract

Oxidation-reduction reaction is one of the most important reactions occurring in the aqueous phase. Analysis of the equilibria
related to these oxidation-reduction reactions is of great value in designing many unit operations in hydrometallurgy, such as
leaching, separation and electrochemical reactions. The construction of Frost diagram was discussed in this work. The conditions
at which disproportionation and proportionation reactions can occur were explained by analyzing Frost diagram together with
Latimer table. The information which can be obtained from Frost diagram was discussed.
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Table 1. Electron configuration of manganese with various
oxidation number

Oxidation number Electron configuration
Mn(0) [Ar]4s*3d°
Mn(2) [Ar]3d®
Mn(3) [Ar]3d*

Mn(4) [Ar]3d?
Mn(5) [Ar]3d?
Mn(6) [Ar]3d!
Mn(7) [Ar]3d°
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Table 2. Standard Gibbs free energy of formation of various
manganese species at 25°C

Species AG® (KJ/mol)
Mn 0
MnZ* -228.1
Mn(OH), —615.0
Mn** -83
Mn, 04 —881.1
MnO,(B) —465.14
MnOs(y) —448.5
MnO,*~ 527
MnO,> -500.7
MnO,~ —4772
H,0 —237.178
OH~ ~157.293
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Table 3. Reactions occurring in acidic solutions of
manganese and their corresponding standard Gibbs
free energy change
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Fig. 1. Comparison of Frost diagram for manganese between
acidic and alkaline solutions at 25°C.
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Table 4. Reactions occurring in alkaline solutions of
manganese and their corresponding standard Gibbs
free energy change

0 o
AG rxn G oxidized/F

o o
AG rxn G oxidized/F

Reaction (KI/mol) ) Reaction (KI/mol) V)

Mn?* +2¢ = Mn 228.1 236 Mn(OH), +2e¢ = Mn + 20H" 300414 | -3.11
Mn** + 3¢ =Mn 83 -0.86 0.5Mn,O; + 1.5H,0 + 3¢ =Mn + 30H"| 324.438 | -3.36
MnO,(B) + 4H" + 4e =Mn+2H,0 | -9.216 0.1 MnO,(B) + 2H,0 +4e =Mn+40H™ | 310324 | -3.22
MnO,*~ +8H" + 5e =Mn + 4H,0 | —427.712 443 MnO,*" +4H,0 + 5 =Mn + 80H™ | 217.368 225
MnO,> + 8H" + 6e =Mn + 4H,0 | —448.012 4.64 MnO,> +4H,0 + 6e=Mn + 80H™ | 191.068 | -1.98
MnO, +8H"+7e=Mn+4H,0 | —471.512 4.89 MnO, +4H,0+7e=Mn+80H | 167.568 | —-1.74
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Fig. 2. Frost diagram for oxygen in acidic solution at 25°C.
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Fig. 3. Latimer diagrams of manganese in (a) the acidic and (b) alkaline solutions.

J. of Korean Inst. Resources Recycling Vol. 26, No. 4, 2017



Frost =5 ©]-83+ g~g-alle] 2k} - 3inkg- 3 34 7

5) Frosti=ollA] €12 o] Sl= 5}6% ArshEE =
7ol Hstnz FAAZ AR 5 3l I &
2% 9 sle e ;Jﬂﬂﬂl—t— R A oA
AR AR 7Fs stk MnOy = 4

3. Latimer=®

3k ¥42] Latimer=3 o)A A7 A= o2
ABEPIEE AU de seS ddshe 73 9
o &t} ojuf] Akl & SFeke2 A%l a1 Ats)
T} il AR Q8% 2t} Latimer= ¥+
Hl A ZFdelax e B JRE Fokslal 9o, o
&t BshEte] Akelgdn-S7te) AAE HojFEn)

A3 A7 d8dol 7] Latimer=%E Fig 3
o epie). ?'E']_]i]_]_-ﬁl——i ol 29 ZFAAST &

XH7} =4 Oli«l ¢ Y= e Aol 73—3}5-35 -
LA LbstAR 28 5 Q) RH= $
Fo8 38 /e A4S 2 o2 3 ﬂi 218
g AUt
Latimer= X5 ©|-§3lW o] 231K e Akaleheigol
ETSYA9E 4A +8 4 AT Fig 3¢ HH
MnO, 7} Mn*'2 SIEE W89 BEHE 151V
O] E]' E’l’c—’-}: MnO4_7]' MnO4 N MHO43_, Ml’l02 ‘3—3
M2 85e S B FLANE Tt &
£ ASole 2 utsaAEE IFAAE B2
AR Z HMFA AN Fafof T}
MnO, + e =MnO,>", E°=0.564 V, AG°=—F(0.564)
(®)

MnO> +e=MnO,>, E°=0.274 V, AG°=-F(0.274)
©)

MnO,>~ +4H" + e = MnO,(B) + 2H,0, E°=4.27V,
AG®=-F(4.27) (10)

MnO,(B) + 4H" + e = Mn*" + 2H,0, E°=0.95V,
AG®=-F(0.95) (11)

Mn*" +e=Mn?", E°= 1.5V, AG°=-F(1.5) (12)

A7) vreS %

St MnO, 7F Mn® & S E
&9 EEATIUAESE tha 2ol 78

MnO,~ + 8H" + 5e = Mn*" + 2H,0, AG°=-F(7.558)
(13)

7

)

=

S0l A
uhge] FEIAAS)

t}. H}E}H Latlmer

A 7e] A5t slolmz, 4]
= 1.51 V2 Latimer¥9] 73 7
B oI8E %I R At

o ox

ol
1o
=3

JE7ke] BREAANE 4A & & A

Frost®=%} U]—*ﬁ}ﬂi Latlmerui—rﬁ Ed5shs
o] XPYAFE FAE = Ut} &, ofF s}slEel] sl
skt adle ol kg o2 o] St 4kst
T7F F7ele AR ET AW, 1 3RS oo
e F oz EdFohigo]l doju= 5(—}0]

ATk = AggaloA Mndto) an*sz} MnO,Z 3Hd
9 AbslEe d9uS 2 Sd97F v A

Mn*" +e=Mn*", E°=1.5V (14)
MnO,(B) +4H" + e =Mn*" + 2H,0, E°=0.95V (15)

olsh o] Ba#EEhgo] PABHOR Fh5e Ae
FARE Wge] AfoluiA) AT} hS AAX et

(91 ARG AR B AL ¥

S BNSS ARG TS Fad o w
WA gelap ZPEPJ s} o

A5E L]-E‘rLH‘“ YOS Z Eh- pHJ_Q‘r FrostJ_7]-
Frost== o] ttglrg Ad 5 Sle @011—4—?‘01] 2l
3 Zh Atsdee] AiARl R EE veped 78
g agoltt. ¥ =RoxE oy s Ad ol
o] AYAFAIAARRTE AT 271 &M
g7ke] Frosts Edfiske W) 2 a4 Aisisith
T3St Frost'=9} Latimer=3e] A4S AWslal F
AR 2HE B5sldd} #5skgo] dojd 4 3l
© 2705 A™sisith

A =
2 AFe 20168 AG5IdARE Y] Agez

LA 71438 7HA (KETEP)S] A9 o} el ek
T A AU tkNo. 20165010100890).

re o

AdeolEd Al 26 A Al 4 5, 2017



References chloride solutions at 25°C, Metallurgical and Materials
Transactions B, 37B, pp. 173-179.
1. Lee, M. S. and Lee, H. Y., 2011 : Distribution of Zr(IV) 7. Barrett, J., 2003 : Inorganic chemistry in aqueous solutions,

species in aqueous solution, J. of Korean Inst. of Resources pp. 91-97, The Ro3./al Society of Chemi?try, London.
Recycling, 20(6), pp. 56-62. 8. Oxotoby, D. W,, Gills, H. P., and Campion, A., 2012 :

2. Lee, M. S. and Shin, S. M., 2010 : lonic equilibria and Principles of modern chemistry, pp. 351-352, Cengage
Learning.

9. Bard, A. J., Parsons, R., and Jordan, J., 1985 : Standard
potentials in aqueous solution, pp. 431-432, Marcel
Dekker, Inc., NY.

comparison of solvent extraction of cobalt(Il) and
manganese(Il) from HCI solution by Alamine 336, J. of
Korean Inst. of Resources Recycling, 19(4), pp. 29-34.
3. Lee, M. S. and Nam, S. H., 2009 : Chemical equilibria of
nickel chloride in HCI solutions at 25°C, Bulletin of the
Korean Chemical Society, 30(10), pp. 2203-2207.

4. Lee, M. S. and Son, S. H., 2008 : Effect of composition on
the pH and solution potential of mixed solutions of copper
and iron chloride, J. of Korean Inst. of Resources Recycling,
17(6), pp. 17-23.

5. Lee, M. S. and Nicol, M. J., 2008 : Ionic equilibria in
mixed solutions of cuprous and cupric chloride, KIMM,
46(1), pp. 20-25.

6. Lee, M. S., 2006 : Use of the Bromley equation for the
analysis of ionic equilibria in mixed ferric and ferrous

IZ5H yoro 2 5|H|7} of2f &
| 2IHE S5t 22 ZH &
A A&,
5! Si 7|
HF2tH, &% ES[HIE 2 o4 OISt o= a2y £50| 2A|eS X 7|Ef &4 &
ME|AE TR 20| 43| 3H|E GRS TAI7| HIEYL.
m] 2 20174 108 20U (SF3]R] 26H 55(2017H 10E€3) 2E L&A 0IF)
W EEr A R0|Y| £l 2| 2QU2(R2HS 7609637)
22|234 - 1005 - 301 - 118587 o= : (Ahgt=AtE MO 2F 52
W A2 : SAALHRIMO| 2SS AT
23} 02-3453-3541~2, A 3453-3540, E-mail : kirr@kirr.or.kr, http://www.kirr.or.kr

J. of Korean Inst. Resources Recycling Vol. 26, No. 4, 2017



