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Part I  CHEMICAL KINETICS OF THE OXIDATION OF MANGANESE TO
PERMANGARATE BY PERICDATE

I. INTRCDUCTION

One of the more common analytical procedures in the determinae
tion of manganese by oxidizing it to permangarste ion and subse-
guently determining it by colorimetric or titrimetric methods. The
oxidising agents available for this oxidation ineclude sodium bise
muthate, potassium periodate or periodic acid and ammonium persulfate
with silver as a catalyst, The chemical kinetios of the periodate
waaf.sim and some allled phencmena is the subject of this work, In
fonie form this reaction cen be given as

@) 2’ 4510] 38,0 —— 2Mn0] e 510; 468
where manganese (II)* is oxidized to permanganate by metaperiodate,

The periodate oxidation of manganese as an snalytical method
for the colorimetric estimation of manganese was first proposed by

*7he confusion in the names of ions eorresponding to the various
oxidation states of manganese ocan be avolded by use of the Stock
system of nomenclaturs. Frequently the predominant lonic species

in aqueous solution of some of the intermediate states are not

known and the assumption of & mors deseriptive name would not be
justified, The use of the term permangsnate instead of manganate (VII)
has been retained because of long established usage. The use of this
systen is in accord with the Report of the Committee for the Reform
of Inorganic Womenclature of the International Union of Chemistry,
1940, This has been indicated by W. F. Jaunissen, H, Basset,
%igﬁa?aﬂ.am, F. Fichter and H, Remy in J. Ap. Chep. Scc., éﬁ, 889
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Willard and Greathousel who inaluded the following comments coneerning
this reaction in ‘&uir article:

1. "The periocdate msthod is free from all the faults of the

other methods and ylelds results of & high degree of accuracy.”

2. "Solutions of manganese (II) salts oxidized by periodate
bave txwt}y the same color as aqueous solutions of pure potassium
permahganate "

3. HRitrie, sulfuric or phosphoric scids used aqparataly and
in verying concentrations were satisfactory as long as sufficlent
scid was present to prevent precipitation of the manganese.

4. The only effect of varying the periodate concentration
was the rate at which the oxidation proceeds, Only a slight excess
of periodate wap needed for the gcomplete oxidation of the manganese.

5. "A remarkable feature of the solutions oxidized is the
great stebility when a slight excess is present,” Such a solution
stored for three months in a stoppsred flask showed no change what

- ever, when compared with s similar galﬁﬁim freshly oxidized, This
made it possible to leave the standard solution in the colorimeter,
renewing it only mm;iamlly instead of preparing a fresh solution
each time as is necessary ghaa persulfate is used,

6, The common metals did not interfere in this method except
in so far as they themselves imparted a color to the solution,




'w.

Richarde” showed that for very small smounts of menganmese, such as
those used in biological work, too great an acid concentration could
exist; ard he reported a maximum allowable concentration, Willard and
Thompson? modified the method by precipitation of the excess periodate
with mercury followed by filtration, so that the maﬁgupﬁ% could be
completed volumetrically by titrating with a standard reducing agent.

None of the work mentioned conserned itself with the chemical
kinetics of the reaction except for gqualitative statements ,%ag the
rate, An article by Strickland end Spicer” has appeared amince this
work wes initiated which deals with the kineties of this reaction.

The following was included in the summary of this articles

. It was found possible to deseribe the resction with equations
representing a firat order autocatalytic reaction,

2, Velocity gonstants were evaluated for the reaction wpon
this basis, |

3. The reaction was found to have a minlmum resction rate with
respect to acld eoncentration at spproximately 1.5 molar hydrogen ion
concentration. |

4e It was deduced that mangsnese {I1) was oxidized only slowly
by the periodate ion unless s catalyst was present and that this

catalyst was manganese (IV).

24, B, Richards, Analvst, 55, 554 (1930).

3§, H. Willard and J. Thompson, Ipd. Eng. Chem. 4pal. Ed., 3,
398 (1931).

43, D. Strickland and G. Spicer, jpalvtics Chemics Acta, 3 517 (1949).



N

5. Recommendations were made in regard to analytical applicae
tions of this remction, These suthoras reported little concerning
the reaction at low acidity, nor did they make any proposals cone
eerning the mechanism of the reaction at low acidity.

The experimentsl work by Strickland and 39&@0? appeared to be
very satisfactory. A colorimetric method was used to follow the
formtion of the pcmn}cmm. 411 of the reastions reported by
them were performed in the temperature rengs 60% to 100°. These
authors did not perform any experiments with varying periodate or
manganese concentrations. The variables investigated were acidity,
temperature, effect of small amounts of mangsnese (IV) oxide and ionie
strength, The mechanism suggested in their article was deduced from a
consideration of thermodynamie potentials and involved & rapid equiw
libriun between periodate, iodate, manganese (IV) avd permanganate.,
That such an equilibrium does not exist is readily demonstrated by
the very slow reduction of permangapate with iodic seid., Detectsble
solor changes occur only after several daye,

Ho information concerning the ions present in aqueous solutions
of paraperiodic scld was available when the sbove work was published,
This subject hes been treated by Crouthamel and co-workers’s6 and

56,. E. Crouthamel, H. V. Meek, D. 5, Nartin and C, ¥, Banks, L.
hem. §og., 3031 (1949) .

66& E. Crouthamel, A. M. Hayes and B, 8§, Hartin, Aocepted for

publiecation J. in. Chen. Bog.
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the metaperiodate iom, I 4, is the species involved in that oxidation,

Although only one artiele was found concerned with the kinetlos
of the oxidation of manganese (II) to permanganate, various mthm? '
10,11,12,13,14,15 lm?e reported on the reaction between manganese (I1I)
and permangsnate. The most bmpmhemiw and best work appears to be
that of Tomkins?® in which he showed that the awtocatalysis cbserved

is caused by s surface phenomena afforded by the manganese (IV) exide,
He proposed that manganese (III) is probably the initisl reaction
product, The initial production of mangsnese (III) has been postulated
by soms of the other authors. During the oxidation of manganese (II)
‘by periodate both permangenate and manganese (1I) are present; hence,

the contribution of this resction must be considered, This reaction

has become known as the OGuyard reaction,

9. Basset and I. Sanderson, §. Ghem. S8+, 207 (1936).

1%, ., Launer and A. M. Yost, I. Am. Chem. Soc., 36, 2571 (1934).
My, 1. A. Muller and E. Peytrail, Bull seo ghim, 5, 1457 (1935).
« Ede, 3, 40 (1936).

mﬁa g ?alh'm, ﬂ',m Blalipe
137, W, G. Barredo and S, Sennet, Naturaissenshaften, 31, 550 (1943).

Yy, 7. Polissar, J. Phya. Chem., 39, 1057 (1935).
15, ¢. Tomkins, Trans Fazedsy Sog., 38, 131 (1935).
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distilling from alkaline potassium permanganate water from the
laboratory distilled water supply. The conduotance of this water

was less than 10™° mhos om™L.

B. Apparatus

A1l spectrophotometric measurements were made using a Cary
Reeording Spectrophotometer manufactured by the Applied Physice
Co., Pasedens, California, The gpticsl system is of quartz en~
abling the operstor to work in any spectral region between zascﬁ
and 7500 X with 1light whieh counld be ﬁmsiécm eaamnﬁ.‘mlly nono=
chromatic, The light beam is split by the optical system, half
passing through the blank cell and the other half throm
sample cell after which the light falls wpon photocells, The
electrical signals from the photocells are @mplifs.eé electronically
in a differential amplifier, and the differential signal is 1@?@“@&

gn ’th.

asross a logarithmically wound resistor where the signal is measured
by & Brown recording potentiometer, This makes possible the pre-
gentation of the light-abaorbing characteristics af the sample
solution dirmtly in Miml density imﬂ.ta.

*m, optical density of a solution is defined ss 0D, = logyg ﬁhem
0.B, represents the optical density, I, and I the mmﬂaity m‘

light passing through the blank and nmpla cell respectively. 'i‘hs,u

iz convenient sinece such a quantity is proportional to concentration

~ when the combined Beer~Bauger law is followed., This relation can be

given an - €0l

I3,

where Iy and I represent \‘sm intensity of blank and sample solutions,
€ is the molar extinction amfﬁﬁm&, ¢ is the concentration in
moles/liter and 1 ia the path length of solution in centimeters.



'@'

Various chart speeds are available ranging in speed from 20
gec./division to 5 sec .\@»4»&@ on the chart, Various scanning
speeds are also available so that the speciral region being studied
may be traversed at warious speeds, The acouracy which msy be
attained with this instrument ranges from 1/2 of 1% at optieal
densities of less than one to about 0.2 of 1% at optical densities
between one and two,

A Beckmann model G pH meter was used to determine the activity
of the hydrogen ion. This instrument was standardiszed with buffers
prepared by the National Technical Laboratories, Pasedena, California,
for this purpose, Acouracies of approximately 0.01 pH units may
be attained with this instrument.

Quarts cells with path lengths of 1.00 em., 2,00 om, and
5,00 ¢m, were used for reaction vessels. The volumes of these cells
were mespured to within 0,01 ml. All wmeasurements given in this
work were done in a 1.00 om, quarts eell which had a volume of
2,91 ml,

All glessware, mieropipettes and volumetric ware used were of

the ususl analytical quality,

€. Analvsee

Periodste determinations were made s described by Willard and
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Dieh1 26 Excess potassium folide was added to the acidified amlmim
containing the sample. The liberated lodine was titrated with
standard thicsulfate using starch as an indieator. |

Standard sodium thiosulfate solution was prepared in the manner
described by Willard and Furman.!’ The required amount of sodium
thiosulfate pentahyirate was diesolved in water to give the
approximste normality desired. Potassium hydroxide and carbonate

were added to shorten the time needed for the solution to stabllize,

| After being stored for a week the solution was standardized with potase
sium acid iodate the primary standard using the same method used for
the determination of lodate,®

The iodate determinations were made by adding excess potassium
iodide to the acidified solution containing the sample, The liberated
fodine was titrated with standard thiosulfste in the usual mannmer,

Periodic acid was analyzed for both pericdate and iodate
according to the method of B;llw and m«&bargw.w The solution

163, H, Willard and H. Diehl, "Advenced Quantitative Analysis®,
Hew York, ¥, Y., D. Van Nostrand Company Ime. (1943) p 376.

1%, H, Willard and ¥, H, Purman "Elementary Quantitative Analysis",
3rd E4,, New York, ¥. Y. D. Van Nostrand Company Ine. (1940) p 266,

18, §. willard and N, H, Pursan, ibid.
19, ﬂ;‘;!,la:‘ apd O, M&d‘l&org@r, Ber.,..25, 2652 (1902).
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containing the sample was carefully buffered with bicarbopate., At
this acidity the pericdate was reduced to iodate with potassium
iodide. Following this determination a total iodate anﬁ periodate
determination was made to afford a check as to whether any iodate
could be detected,

Standard potassium permanganate solution was prepared by dise
solving the reagent grade solid in water followed by filtering through
a sintered glass disk, Sedium oxelate was used as a primary stendard
for this materisl as in the method described by Fowler and Bright,20

Hanganese determinations were made by several different ngthm&a.
‘Periodate oxidation of the manganese in acid solution to permanganie
acid and comparing a@iwim*&rimily with a similerly prepsred
standard as described by Willard and Gresthouse®l was one method used.
The direct fluoride method®* in which mangenese (II) is titrated with
standard permanganate solution was also used. In other cases some
manganese determinations were made gravimetrically by igniting the
dry salt to %3% as suggested in Willerd and Dieh1,?3

20, M. Fowler and H. A, Bright, J. Besearch
A5, 493 (1935). ‘

( 7?13‘ B, Willard and L. Greathouse, I. Am. Ghem. 8gg., 39, 2366
i  7¢

s mi%zi éé}ﬁawg@r and L. E. Marrs, J. Iod. Eog. Sheme 3, 333 (1911);
p A5, 43 ' ,

‘234, H, ¥illard and H, Diehl, "Advanced Quantitative Analysis”
New York, K. Y, D, Van Nostrand Company Inc. (1943) p. 164.



w12 »

The total iodine in some lodates was determined by thermally
decomposing the weighed dried salt under a current of air and gubm
lining the lodine into a solution of potassium iodide, The iodine
was then titrated with standard sodium thiosulfate solution, The

decomposition wse made in an all glass apparatus,

D. Hethod

The intense color of the permangamate ion lends itself admirably
to a spectrophotometric method for following the progress of the
periodate oxidation of manganese. The absorptlion characteristies
of & potassium permanganate solution as recorded on the Cary instrue
ment is shown in figuwre 1. The molar extinection coefficient for
permanganate is 2241 & 5 at 5260 w as messured on the ingtrument
used in these experiments. The metaperiodate ion has an absorption
maximum at 2225 w« however, the interference between this pesk and
the permanganate abgorption mede measurements in this spectral
region impossible., The absorption maximum of permanganate has no
~ such fault, and it was found that at the concentrations used for
manganese (11}, lodie acid and perchlorie acid there were no intere
~ ferences from these ions., ¥ith the instrument available itwo methods
of messurement were possible, Either the entire visible portion of
the spectrum could be scanred at intervals of approximately three
minutes, or the scanning mechanism could be locked at a glven
wavelength and the chart allowed to proceed. The latler of these
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Figure 2 - Example of rata data obtained by periodic scanning,
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The above described methods were used, and the various reactions
described in Table I were measured, The reactions numbered one
to six inclusive were mede with perchloric seid the chief varisble,
These results were plotted snd are given as figures 3 and 4. The
reactions numbered seven through eleven inclusive have the periodate
coneentration as the Qain variable, ’X‘ha exceas periodate was always
more than one hundred times the stolchiometric amount, This data
was plotted and has been given in figures § 6. The resctions
nunbered twelve through fourteen had the amount of manganese (I1) as
the chief variable, and the plota of these reactions are included as
figure 7. 'The plots of reactions with iodate as the variable have
been ax;amdeé as figure 8, The accuracy of the data in this figure
is sufficient so that no data is included in Table I, The reactions
numbered eighteen through twenty four inglusive have the ﬁﬁtial
amount of potessium permanganate in the presence of iodate the only
variable, and these results are plotted in figure 9, The reactions
nusbered twenty five through twenty seven were made to éahm the
mode of reaction of manganese (III) icdate complex, and these plots
have been given as figure 10, Reastions at 29° and 40° were made with
manganese (III) and periodate to determine an activation emergy, These
were numbered twenty eight and twenty nine and have been plotted in
figure 11, Corresponding temperature data were collected for the
reaction of manganese (II), and these were numbered thirty and
. thirty one and have been plotted as ﬁguro 12,



1-18.

TABLE I

Rate Data

1 Mgoyo, - 0478 Mygg % 0250 My (cyp), ® 3.5 x 1074
Kote: zero absorption correspends to 0.030 optical denaity units

time 0.0 1.0 3.0 5,0 7.0 9.0 10,0 11,0 13,0
0.D. 0,030 0,051 0,102 0.198 0,368 0,597 0,720 0,88 1,066

0.0, 1,218 1.314 1.373 1.340

2 Moo, = 0.9  Mgrog w 0,250 Mum(010,), ® 3.54 x 107
Notes seroc absorption corresponds to 0,030 optical density units

time 0.0 3.0 6.0 9.0 11,0 13,0 150 170 19.0
0.0, 0,030 0,068 0,153 0,388 0,522 0,738 0.95 1147 1.291

time 21,0 24,0 270 29,0

0D, 1,386 1.460 1,487 1.492

#3 Mo, 2 0.9% Muglog = 0,250 Yun(010); ® 3.54 x 207
Note: gserc absorption corresponds to 0,030 opticsl density units
time 0.0 3.0 6.0 9.0 1.0 13,0 15.0 17.0
0.0, 0,030 0,047 0.112 0,267 0.442 0.668 0,904 1,110
0.0, 1,320 1.429 1.478 1.497 1.502

#4 ”’Mlﬁ% = 1,923 ﬂﬁsz% 2 0,250 %(@194)2 2 3.54 x 1074
Note: sero asbsorption corresponds to 0,030 optiocal density units

0.0, 0,030 0,078 0.221 0,413 0,592 0.789 0,985 1.150

time 23,0 26,0 29,0 32,0 35,0
0.De  1a277 1,395 1460  1.488 1497
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TABLE I (continued)

#5  ¥goao, = 2.94  Mygz00 5 0,250 Mim(c10,); = 3.54 x 107
Neote: sero absorption corresponds to 0.030 optical density units

time 0.0 5.0 10,0 15,0 18,0 20,0 22,0 24,0

time 26,0 28,0 31,0 34,0 37.0

0.0, 14292 1.358  1.412  1.438  1.447

# N0, s 3,78 ¥gg0, 20,250 Mun(020,), = 3.54 x 107
Note: sero absorption sorresponds to 0.030 optical density units

time 0,0 3.0 6,0 80 10,0 11,0 12,0 13.0
0.0, 0,030 0.048 0.114 0,250 0.481 0,627 0,767 0.898

time 15.0 17.0 19,0 21.0 2.0 26,0
1 Mgyo, = 1.885 10, = 0500 Mum(c10y), * 3.5 x 107
Rotes gzero absorption corresponds to 0.030 optical density units

time 0.0 1,0 2.6 3¢ﬂ 440 SQQ 6.0 7.0 8.0
0.0, 0,030 0.,0530 0,090 0,150 0,238 0,368 0.573 0.718 0.902

time 9.0 10,0 11,0 12,0 13.0 14.0 15,0 16.0 17.0
0.0, 1.054 1,171 1.258 1.313 1.349 1.368 1.379 1.38 1.368

# Vo, = 1,885 Yao. = 012 Man(c10)), 5 3.5 x 107
Botes sero absorption corresponds to 0.030 optical density umits

tine 0.0 1.0 2.0 3'6 5.0 6.0 1.0 9.0
0.0, 0,030 0.052 0.083 0,127 0,290 0.412 0.558 0.873

time 10,0 12,0 14,0 16,0 18,0 21.0
0.0, 1.018 1.24) 1:368 1.4«% 14450 1.460
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TABLE I (continued)

#9 Mgeyo, = 1.885 YEGI0, = 0,250 Mun(c10,), = 3.5 x 107
Note: sero sbaorption corresponds to 0,030 optieal density unite

time 00 3.0 5,0 8.0 11,0 14,0 16,0 18,0
0.0, 0,030 0,050 0,080 0,172 0.352 0,637 0.849 1,043

time 21,0 24,0 27,0 31.0 37,0

0D, 1,271 1.405 1.476 1.512 1.528

#10 ¥goyo = 1,885 Mgzo, = 0,870 Myn(c10,), = 3.54 x 107
to 0.030 optical density unite

time 0.0 5.0 10.0 15.0 20.0 23,0 250 28,0
0. 0,030 0.040 0.059 0,11 0.245 0.393 0,527 0.758

'k:lm 31 6@ 33 69 %09 , 11-3 da éﬁoﬁ 5306 53.9

Bote: sero absorption corresponds

Al M0, = 1,885 Mo, 2 0028 Mun(c10,), = 354 x 20
Hote: sero absorption corresponds to 0.030 optiecal density units

time 0.0 5.0 10.0 15.0 20,0 25.0 30.0 3.0

time 36.0 39,0 43.0 46,0 51.0 56,0 61.0 66,0
0D, 0.662 0,824 1,037 1,177 1.368 1.480 1.550 1.588

0.D. 1»6@”

#12 %ML 2 0.424 xﬂg‘.‘% = 0.13 ﬁm@gﬁg 2 1.9 x 1073
¥n(010,), = 3.65 x 1074 |

Fote: sero absorption corresponds to 0,004 optleal density unite

time 0.0 5,0 10,0 15.0 17,0 19.0 22,0 25.0
0.0,  0.004 0.011 0.46 0,173 0.263 0,361 0,504 0.616

time 28.0 31.0 36,0
0.D. 0.661 0.693 0,700
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TABLE I {continued)

A3 Mgro, = 0424 ¥gaoq = 0,150 Mm(1o,), = 1.9 x 2073
"n(m&)z 2 3.92 x 107 ,
Hote: smero absorption corresponds to 0,020 optical density units

time 0.0 3.0 5.0 7.0 9.0 11.0 14.0 16.0

time 18.0 21.0 2.0

0., 0,788 0,802 0,804

AL Moo, z o MEgIog T 066 Mm(10y), = 1094 x 107
Yun(c10,), = 7.85 x 107

time 0.0 3.0 5.0 6.0 7.0 80 9.0 10,0 11.0
0.0, 0.020 0.060 0,18, 0,311 0.479 0,678 0.875 1.056 1.197

time 12.0 14,0 16,0 18,0
0.0, 1,300 1.409 1.451 1.462
. hs ¥ic10, = 0,424 Yg(10;), = 1.9 x 2073 ¥ T0, = 0.267

"un(010,), = 3.92 x 207

time 0.0 2.0 4.0 6.0 8.0 10,0 12,0 140 1640
0.0, 0.0 0,03 0,022 0.048 0,097 0,166 0.249 0.340 0,433

time 18,0 20,0 22,0 24.0 26,0 28,0
0.0, 0,511 0,573 0,622 0.654 0.676 0.680

#19 Moo, = 0424  MER(105), = 1.94 x 107 MuJo, = 0.266
Mun(€20,), = 3.92 x 10" Mpumo, = 3,02 x 1075

time 0,0 0,50 1.0 20 3.0 4.0 5.0 7.0 9,0
0.D. 0,063 0,067 0,080 0,113 0.159 0.209 0.253 0.378 0,483

0.D.  0.567 0.680 0,678 0,700 0,715 0,722
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TABLE I (continued)

#20 Byoyo, = 042  Yg(ro,), * 1.94 x 2073 Msl0 = 0.266
Yun(c10,), * 3492 x 107 Mgo, = 9,06 x 1075

time 0.0 0.5 1.0 2,0 3.0 5.0 7.0 9.0
0.0, 0.J27 0.140 0,158 0.210 0,267 0.397 0.516 0,608

time 11.0 13.0 15.0 17.0 19,0
un(c10,), = 3.92 x 10°%  Mgumg, =1.21 x 10

0.0,  0,2569 0,281 04287 0.316 0,381 0.454 04527 0,583 0.647

time 8.0 9.0 10.0 11.0 12,0 14,0 15,0

0.0, 0,695 0,734 0,763 0.787 0.802 0.828 0.842

#22 W10, = 0424 Mum(x05), = 1.9 x 2073 Murog = 0263
¥in(C10,), = 3.92 x 1074 “ma z 3,02 x 10

time 0.0 0,33 066 1.0 2.0 3.0 4.0 5.0 6.0

time 7.0 8.0 9.0 11.0 13.0

0.0, 1.187 1.216 1,232 1.250 1,260

#23 Myci0, = 0.42% Mgu(10,), 2 1.9 x 1023 M0, = 0,260
“n(c10,), = 3.92 x 10™  pumo, = 6.05 x 1074

0.0, 1,786 1.800 1.808 1.813
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TABLE I (continued)

#2h Mygoyo, = 0u24  MEE(I03); T 1494 x 200 Ym0, = 157
¥n (010;), = 3.92 x 10 ¥rumo, = 9,06 x 107

tdme 0.0 0.33 066 1.0 1,50 2.0 3.0 4.0 5.0
0.0, 2.030 2.059 2.104 2.145 2.208 2.262 2.349 2,388 2.417

time 6,0 7.0 B0 10,0

0D RAIT 2,449 2450 2.454

5 Cun(r0>* w1 %oz} Cmoro, Z1 Crop=12

Note: mero absorption corresponds to 0.035 optical density units

tine ﬁ.ﬂ 0.25 0 J @.?5 1.0 1 5 20 2.5 3QG
0.0, 0,035 0.050 0,070 0.88 0,103 0,137 0.166 0,189 0.212

time 3.5 40 4.5 5.0

0.0, 04,231 0,241 0.252 0.259

#26 O io )’ 2y O Cyc10, =1 %10, = :

Notes sero absorption corresponds to 0.045 optical density units

time 0,0 005 0,25 0.5 0,75 1.28 1.62 1.87
0.0, 0,045 0,07, 0,09 0.129 0,162 0,187 0.215 0.229

time 2,37 2.87
0D,  0.243 0.248
, : 3ex ; ~ - : -
#27 Cun(ro,), =2 %8st z1 Cmcio, 21 Cr0p %1
Hote: szero absorption corresponds to 0.045 optical density units

time 0.0 0.25 0,37 0.5 0,75 1.0 1.25 1,50
0991. Qe%ﬁ in.a? 9‘1?1 9.1% @.35@ 902% 99333 903?6

time 1,75 2.0 2.5 3.0 3.5

0.0. 0.392 0.410 0.429 0.438 0.441



TABIE I {eontinmed)

#28 Reaction of m(wsyz‘“ with HI0, at 29°
Note: sero absorption corresponds to 0.053 optieal density units

time 0.0 _ +25 5 75 1-3 1.5 2.0 2e5 3.0
a.D. 0,053 0.072 0,097 0.120 0,141 0.176 0.231 0.27, 0.317

tine 35 40 445 5.0 5.5
0D, 0,350 0.380 0.401 0.415 0430

A TS - . : ;
#29 Reaction of Mn(I0,y);™ with HgI0, at 40°
Hote: zero absorplion ecorresponds to 0.043 eptiecal density units

time 0.0 25 o5 »75 1.0 1.25 1.5 1.7 2.0
0.0, 0.043 0.101 0,158 0.202 0,242 0,277 0.309 0.336 0.353

- 0.B,  0.373 0.3% 0.410 0.412 0.420

#30 Reaotlon of Mn(C10,), with E IO at 29°
Note: szeroc absorption eorresponds %o 0.038 optical density unite

0.B. 3.@8 0.041 @Q&? ﬁ*ﬁﬁg 0.087 ﬁwln eoze& 50291

#31 m&im of 312(316‘)2 with 551% at 40O
Hote: sero absorption corresponds to 0,028 optical density unite

time 0.0 2.0 4.0 6.0 7.0 80 9.0 10.0 11,0
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No.  Mgoyo,  Mmgro,  Muu(roy),  Min(clo)),

-l
/.,

12 0.424 A% 1.9 x 10~ 3.65 x 10
13 0424 .166 1.9 x 1072 3.92 x 10°
14 | 0.424 150 1,94 x 10~2 7.85 x 1074
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No. M‘Mn(ClOA)z MHClOA MH103 MH5106
1 3.92 x 1074 0.424 1,13 x 1072 0,232
2 3.92x 107 0.24  0.379 x 1072 0.241
3 3.9 x 1074 0.424  0.15 x 1072 0,243

L 3.92 x 1074 0.2, 0 0.245
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No. M M M M M
HC10, KH (10,), HyI0, Mn(ClOL) KMNO
18 0424 1094 X 10_33 0167 3092 X 1024
19 424 1,94 x 103 .166 3.92 x 100" 3.02 x
20 424 1.94 x 10_3 166 3.92x 104 9,06 x
21 o424 1.9 x 1073 165 3,92 x 107 1.21 x
22 424 1.94 x 10_5 J63 3,92 x 107 3.02x
23 2L 1.94 x 10 160 3,92 x 1074 6,05 x
24, 2L 1.9 x 1073 JA57 3,92 x 1074 9,06 x
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Reactions were made in which the gpectral vegion from 3300 2 to
6000 ﬁm scanned as rapidly as possible, The original concene
tration of these reactions are given in Table II. A plot of the
opticel density at 3600 A and at the permenganste peak at 5260 &
was made and has been included as figure 13,

E. jppendix

During exploratory and preliminary experimente it was noticed
that while adding & solution of potassium permanganate to a solution
of mangangse (II) perchlorate inm the presence of excess iodic aeid
a purple gray precipitate was formed. This material was not similar |
to any compound of mangsnese that ims familiar to the author; hence,
the properties and composition of this materis) were investigated
since such information might be of assistance in postulating the
path and intermedistes of the reaction being investigated,

Further experimentation led to the tentative hypothesis that

the material might be manganese (III) iodate, and the literature
was ﬁarehsd to determine if s’ueh & compound had been noted
previously. 3@534 reported a compound believed to be a double
Lodate of manganmese, [Mn’® Mnl (10,), 7, bomever, neither his
deseription or method of preparation of this material corresponded

to the one prepared.




TABLE II

Initial Concentrations for Scaemning Reactions

e

Reacetion %ﬁ | | Y510, | ¥ac10, “mn_oé ¥k1o,
1A 3.92 x 107,263 o424, o 0
24 .92 x 1074 263 42 0 3.1 x 1073
34 3.92 x 10°% 263 424 0 6.2 x 106
n 3.92x 0% 263 424 3x 10 3.1x 1073
5a 3.92x107% am 424 3 x 10 sat.
64 3.92 x 10 an oh24, 6 x 107 8ol
74 3.92 x 10 263 24 0 0
84 131 42

3.92 x 10"

0 6]
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Berg's work left something to be desired since several attempts
by the author and others in the lsboratory did not reproduce his
resulis.

The most satisfactory method for the preparation of the purple
gray material found was to presipitate the material with iodic acid
from ethanolewater solutions of manganese (III) fluoride complex,
A sample procedure follows: 2 gms, of potassium permanganate were
dissolved in 50 ml. of water, and the resulting solution was added
to a solution eontaining 10 gms. of manganese (II) chloride tetra-
hydrate in the presence of excess hydrofluorie acid, The total
volume was about 200 ml, "A solution containing 33 gms. of iodilc
acid in 85% ethanol was added. The volume was such that the final
ethanol concentration was sbout 50%. The precipitate was filtered
upon a sintered glass disk as rapidly ss possible and thoroughly
washed with water-ethanol mixtures., The final wash was with 95%

- ethanol in order to remove as much water as possible, The filtered
materisl was then placed in a vacuum dessicator and allowed to dry
for several hours until no odor of alechol could be detected over
the dried material., It was later determined that the material
could safely bave the alechol removed by drying at around 20° in

a suitable oven, Yields of approximately 75% were cbtained by the
above method.

Analyses of this material for 1odine, lodate and mangsnese
led to the conclusion that the material was mangsnese (III) lodate.



- The analyses and theoretiecal aémpaaium have been shown below,

Nanganese G4l & L05% 9.47%

Iodine 63.8 ¥ 22 65.7%

Iodometric

Oxidation 17.96 3 004 18,00 equivalents/580 gma.
Equivalent

The manganese determinations were made by both periodate oxidation
to permanganate followed by colorimetric comparison with a similarly
prepared Wma standard, and by ignition in #S.r of the weighed
dry salt to %364. Both methods gave identical results within the
experimental error. The lodine determinations were made by collect-
ing the free iodine in potassium iodide solution follewing thermal
decomposition of a welghed sample, and titrating with standard
thiosulfate solution. These analyses along with the chemical pro=-
perties of the sall were taken as evidence for the eompound, man-
ganese (III) iodate.

Manganese (JI1) iodate prepared as described is a purple gray
material which decomposes upon heating to give free iodine and Hnaek.
The dry salt is remarkably stable in air for a mangenese (III) salt,
even to the extent that after drying at 100° for several hours no
decomposition was noted, Yhen placed im water it reacts giving a
yellow sclution probably containing collodiel manganese (IV) oxide.
It is possible to precipitate the salt from solutions of manganese (III)
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Figure 14 - Absorption character of manganese (III) iodate
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TABLE III

X-Ray Powder diasgram of ﬁn(mj) 3 using Cu K, radiation
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Application of the well known relation was made to determine the
order of the reastion in periodates:

T/,

log %2/ay

(3) n=s1lgs |

where n is the order, T 1 and »\ 2 the time taken to complete a

given fraction of the reaction, and 8 and a, are the concentrations,

2
~ The results of these caleulations showed that the order in periodate
was 2,0 * 0.1 for fractionsl resstions of 0.25, 0,50, 0.75 snd 0,90.’
These results sugrested an explanation of the mechanism of this
reaction,

The rate expression is then the following:

(4)  Sunoy

, s%L = kEp Mun(ro,),

where k is the rate constant end the C's 2%3:3& the a%@aggﬁﬁﬁ
of the resatants and mw_%ga.

A mechanism for the reaction of mangenese (III) with periocdate
was postulated which satisfied the cbmerved rate relations, This is

gliven below,
3ex

(5) Mn(10,)3% o 2 1] ~ ami?wvn 2 210.7 +210;

{rapidly established equilibrium)
(6) 2 Hy0 o fin(103), ¢ 2 10,7 — Mn0} « x 10] &4E
These reactions explained the observed orders for the observed
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Figure 16 = Linear plot of the maximum oxidation
rate of manganese (II) at various

periodate concentrations,
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and raised the final extinetion, Large excesses of iodate seemed
to slow the rate. The variation of rate with lonie strength as
determined by Strickland and Spicerd has been included as figure 18,

The foregoing results yielded several facts which any proposed
reaction mechanism must mmn. These are summarised below,

1. The tinai extinetion of permanganate was not a ai@l& linear
funetion of the manganese present, The slower reactions were usually
those with the greater final extinction, Resctions accelerated by
iodate were an exception to this rule, - |

2, The separate sddition of icdate and permanganate shortened
the time to the infleetion point of the rate curve, 7The addition of
both iodate end permangsnate to the reaction made this time very short,

3. The addition of small amounts of manganese (IV oxide |
shortened the time necessary for resction although the resction of
manganese (IV) oxide with wriodate‘ was negligible,

Le 4 long induction period was observed for the reaction in the
absence of the above accelerative influences,

5. The periodate order for the rate was 1.0,

6. The permanganate order was about 0.5,

7. The mangsnese (1I) order was 1.0,

8. A minimum rate with varying acid concentration was observed
at about 1,5 M perchloric acid.

9. Increasing the ionic strength inereased the reaction velocity.

10. Manganese (III) fodate was oxidized to permanganate in
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ions are not present, The mechanism proposed follows:

(@ g ¢ wT-w¥ s wlIl; x

(9) 2unTII o wn™l & wnlV ;o | |
o ~ %2 rapid equilibrium
(10) Wil & X 10;~~Mun(103)  ; K

(11) un(153), + 2 107 —s—ﬁnaz $ (X #2)105 ; k, 5 rate SR,

(12) ¥ntf e "% —— 2 Y 3 k, jrate SR,

The equilibria were postulated to be rapid enough that equilibrium
@mmm could be assumed. The other reastions were chosen as
irreversible and the means of shifting the position of squﬂibr&um
A derivation for a rate expression followsi

For convenience Roman numerals have been chosen to represent the
concentrations of each of oxidation states of manganese, These con.
gentrations are proportional to the setivity at émﬁm‘-‘a ionic strength
which was the condition under which the reaction wes studied, The
letter D has been used the operator, d/dt.

(13) B S ky (11) (v1)

(14) Ry =k, (1X1)(107),

The conservation of manganese assuming D(VI) = O requires

(15) D(IX) » D(IIT) » B(IV) = D(VII) = Ry ~ R,

The conservation of electrons in the lower oxidation states requires

(16) 2D0(11) « 3D(III) ¢ A D(IV) S6 Ry - 3 Ry
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The effect of increasing lodate concentration upon the rate
shown in figure 8 can be explained by the inereased ability to form
the manganese (III) iodate complex, Sufficlent iodate should depress
‘the rate because of the equilibrium which |

¥n(10,), & 2 m‘ —= [(10)) 0 210] 7 «2 10
would be driven to the left when iodate in excess of that necessary
to complex the manpsnese (III) was present, This explains the alower
rates cbserved when manganese (III) lodate complex was the initial
material,

The reactions performed at 29° and 40° made it posaible to
ealoulate the activation energy for this Metmm. These curves
have been included in figure 12, The value obtained was about 14
kilocalories at half resotion. Higher values were observed at
‘earlier times besaume of the higher barriers fourd in the reactions
during the induction period,

The lowering of the final extinetion reported by ‘atriaﬁj.am
and Spicer® in sulfuric scid solutions as the aeid soncentration
inoreases was not caused by incomplete exidation, but is caused by
the polymerization or dehydration of 1m& to form an wncolored come
pound, This conclusion was reached as the result of scanning solutions

43, b. trickland and G. Sploer, Analytica gbimics Acta, %,
517 (1949).
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of potassium permanganate in various sulfuric acid-water mixtures,
The activity of water in such solutions has been measured by
Shankman and ﬁarﬁomm Solutions were prepared with a constent
molar concentration of potassium permanganate and a known mla
fraction of sulfuric acid. The originel lowering of the 5260 2
peak for permanganate was directly proportiomal to the activity of
water in these golutions as shown in figure 19, A pmruatim
such as

(27) 2nG] ¢ 2H* ~~— Wm0, ¢ HO
oould be involved, however, hydrogen ion activity information would

be necessary to determine if this is the case.

C.

The results of this work made possible listing certain recom-
mendations in regard to using this oxidation for analytical purpose.
These have been 1listed belows:

1. Acids such as phosphorie, sulfurie and iodic whose anions
are known to stabilise the manganese (III) valence state are to be
preferred to insure complete reaction.

2, Only a small exceas of potassium perlodate or periodic
acid is necessary to insure completeness of reaction and is to be

desired,

285, Shankman and A, R, Gordon, g. Am. Ghem. 89g., 61, 2370 (1939).



OPTICAL  OENSITY

- 59 -

{ T ¥ 1 1 i 1
Y O. 02 0.3 04 05 0.6 07 (s 1] 09 1.0
ACTIVITY OF WATER ’

o
Figure 19 - Variation of the optical density at 5260 A for
permanganate solutions on sulfuric acid water

mixtures versus the activity of water,
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3. Too h&gl& acid concentrations, especially concentrations
at which the setivity of water is very low, should be’ avoided since
these conoentrations will lower the sensitivity of the method
because of the lowered extinotion coefficient of the permangsnate
ion formed.

A+ The recommendation that the reaction be performed at high
temperatures made by Willerd and ﬁreaﬁhwmm is well mede since the
solubility of Wn {1¥) is inereased at these temperatures
allowing a greater concentration of manganese (IV) to exist in
solution before precipitetion will occur thus aiding in the obtaining
of the degired maximum extinetion.

%, The standard with which the sample is compared should be
prepared preferably fros mangsnese in an equivalent valence state
and wnder similar conditions in regerd to periodate, manganese and

aeid concentrationa,

During the course of these experiments several phenomena were
cbserved which suggested experiments which might be of interest if
further pursued, These have been described belows

1. The existence of the iodate complex of manganese (III) led

to considerations concerning how the ionie species in solution might

(1917?95' H. Willard and L. Greathouse, . Am. Ghes.§oo., 39, 2366
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be determined. The method of continucus variations was ruled out
since the mangsnese (III) ion is not stable in agueous solutions,
The work of Schaffer and Hammaker>® on the composition of the
fluoride complex of manganese (III) might be spplieable to the
determination of this composition. Their method combined the use
of spectrophobometric and potentiometric date for the purpose of
obtaining a plot whose slope leads to the number of anions present
in the complex. The iodate complex sbaorption ‘éharaatariwim
'haw’ been determined, figure 14, and a silver lodate elsctrode
might be used for the potentiometric messurement of lodate activity.
2. Various consentrations of iodic acld were used as a
solvent for the manganese (II1I) iodate prepared. Equilibria sppear
to exiat for these smolutions which might be described as below,
(28) (o), ~— (10, + Ma(10)),
The existence of two different solid phases was very evident, One
appeared identical in appearance to manganese (II) iodate while
the other was a dark Maun brown. The existence of manganese (IV)
iodate has been suggested by Berg and the appearance of this solid
phase appeared identical with that obtained by prolonged heating
hydrated manganese (IV) oxide with fodic seid. The phase rule
when applied to the above solutions with three phases coexisting in
eéuilibrium allows no composition degrees of freedom, and this result

( ?DE.. a.’ Scheffer and E. M, Hammaker, J. Am. Chem. $od., 12, 2575
1950} . ‘
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was apparently in accord with spectrophotometrie data since the same
absorption curve was always obtained when the two solid phases were
present, It would seem poseible that further extension of the
electromotive forse, spectrophotometric method would allow this
equilibrium constant %o be measured. Perhaps consistent values for
the free energy of formation of a manganese (IV) salt could thus be
attained, _

3, FPFurther work on the composition of manganese (IV) iodate
and periodate was suggested by these same experiments along with
those made during the kinetic studies,
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Pdrt II  THE SOLUBILITY, ACTIVITY COEFFICIENTS AND ACTIVITY
PRODUCT OF MANGANESE (II) IGDATE

I INTRODUCTION

The solubility of manganese (II) iodate in water has been
reported as 0.5 g/100g Héa and as insoluble )’ The variation of
solubility with temperature, the activity coefficients, and the
sotivity product were not described,

This inveatigation was initiated as the result of kinetie
studies in this laboratory involving the oxidation of manganese (II)
in solution containing iodate, The solubllity of manganese (II)
iodate in water at various temperatures and in aqueous solutions
of potassium iodate, manganese (II) perchlorate, and sodium chloride
were determined, The results have been used to compute the activity
gsoefficients, asetivity product and the heat of solution of man-

ganese (II) iodate,

1!3. F. B‘Mlﬁb‘t&, foeg. Ang., 35, 66 (131&2)3
2,, Ditte, Apn. Chim. Phys., (6), 21, 157 (189%).
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A1l solutions were prepared by weighing dried salts and adding
& measured volume of water to these salts in a glass stoppered flask.

b. Apparatus

A water thermostat with a temperature control of * ,02° was
“used for temperatures below 459, Effective stirring and agitation
were provided by means of a Burrel shaker,

E.

Solutions of manganese (II) iodste were agitated for twenty
four hours at 25° and 45%, The volume of these solutions was
appraximately 200 ml., After withdrawing and analysing 25 wl.
aliquots from these samples, the flasks were placed in the other
temperature bath and ghaken for six hours., Aliguols were again
withdrawn and analyses msde, The solubility obtained at each tem-
perature checked to within ! .02, Thie was tsken to indicate that
reversible equilibrium hsd been attained, Manganese (II) iodate
was agitated at 1° and 25° with aqueous solutions of manganess (II)
perchlorate and potassium icdate., The aliquots taken frm‘ theae
were accurately weighed so that an approximation of the density
eould be made, Concentrations were expressed in molalities (moles/
1000gms ﬁzﬂ throughout .
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The solutions containing mangaunese (II) perchlorate and sodium
chloride were analyzed by adding hmrm&éria acid and potassium
iodide and titrating the liberated iodine with sodium thiosulfate,
The concentration of sodium chloride was determined from the weights
of the salt and the water added, The aliguots from ihe solutions
containing potassium lodate were oxidized to permanganate with
periodic aeid in mzmm acid solution and compared solorimetrically
in a Beckman Hodel DU spectrophotometer at a wave length of
5260 £ with a standard prepared by identical treatment from
standard solution of mangsnese (II) perchlerate. The solubilities
of the pure salt at high temperatures wers determined in an exasctly
similay fashion, The manganese (II} iodate was always present in
eonsiderable excess, The pH of each aliquot was taken with a
Beckman Model G pH meter to determine the hydrogen ion activity.
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III, DISCUSSION AND RESULTS

The ;opwm»wﬁaw of menganese (II) iodate in water and in aqueous
solutions of sodium %Neﬁ&f potessium lodate, end manganese (1I)
perchlorate are tabuleted in Table I and shown graphically in Figure
1, Its solubility in water at various temperatures is shown
graphically in Figure 2, |

Activity coefficients of the menganese (II) iodate in the
aque ous @wﬁgg of sodium chloride were evaluated from the change
in solubility with fonie strength. The solubility at sero ionie
strength was obtained by an extrapolation of the icn attraection
expression for the mean activity soefficient for a 21 or 1-2
slectrolyte at 25°, The expression given by Harned and Owen was
used )

- log @\*ﬂ. (1) |

where J ¥ is the mean ionie setivity coefficient, 18 the tonte
strength and B 1s a constant determined n«,.aﬁ the experimental data,
In place of | & the equivalent expression »77y/y,; was substituted
where m is the molality of a saturated solution and 77, the con~
ecentration of a saturated solution at sero ionic strength. Thus

54, 8. Barned and B, B. Owen, "The Fhysical Chemistry of
Electrolytic Solutions." New York, N. ¥,, Reinhold Publishing
~ Co. (1950) p 39.
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TABIE I

Solubility Data FPor Mangsnese (II) Iodate

hmpmtm aa‘mmity /u_ ‘ﬁ’ by ] ”‘xwa Myn(cr0 A) 2 pH

3° 0.00568  0.,1310  0.00 4403

39 0.00621  0.1637  0.01007 , 3,83
3° 0.00625  0,2110  0,02462 3,95
33 0.00751  0.2843  0.0554 3.80
3 0.00786  0,3670  0.,1108 3.88
30 0.00902  0,6610  0.4070 3.91
25° 0,00658  0,1407 0.0 4,03
259 0.00694  0,1760  0.01007 3.8
25° 0.,00761  0.2179  0,02462 3.9
25° 0.00836  0.,2840  0.05540 3.80
250 0.00806  0,3681  0.11080 3,86
250 0.01041  0.6630  0.4070 3.90
25° 0.00474 01454 0.00688 4413
250 0.,00211  0,1688 0,02213 4,28
259 D,0006846 0,2554 0.06218 4,10
280 0.,000301  0.3235 0,1091 Lok3
25° 0.00397  0.635 o 0.1138 1440
25° 0.00531  0.192 0.010305 3,00
25° 0.00860 0,180 0.00743 2,63
45° 0.00713

00 0.00854
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Figure 1 - Solubility of manganese (II) iodate in aqueous solutions
of sodium chloride, potassium iodate and manganese (11)
perchlorate,

O - Sodium Chloride

A - Potassium Iodate

[0 - Manganese (II) Perchlorate
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Figure 2 - Plot of log / solubility Mn(IﬂB)z_-; versus the reciprocal

absolute temperature x 103.
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Figure 3 = Mean activity coefficients of manganese (II) iodate

in aqueous solutions of sodium chloride, potassium
iodate, and manganese (II) perchlorate.

O naC1 @ 3°

0 NaC1 @ 25°
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® b/i' Mn012 by EMF measurements
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from the slope of the solubility-temperature curve by using the wellw
known thermodypamic relations

dQogkyl ;- _AE @
1 - 2,303 R
¢ (3)

The walue obtained was 2900 ealories/mole in the temperature range
of 3% to 25°,

For the reaction (equation 5)

Mn(10,), () —— W™ & 210 (5)
the free energy change at 25° was computed as 8680 calories, Using
the sbove value for the heat the vaulue obtained for the entropy change
was - 19.4 calories/degree mole, Taking 28,0 entropy units as the
standard entropy for the lodate ion’ and assuming that the ionie
entropy of manganese (II) 1s the same as ferrcus imﬁ {(~ 25.9 e, u.).
The stendard entropy of solid mamganese (II) iodate was caloulated to
be 49.5 entropy units, |

", M. Latimer, K. 8, Pitser, and ¥W. V. Smith, J. An. Chem. §08.,
60, 1829 (1940).

8y, M. Latimer, "Oxidation Potemtials®, New York, N. Y.,
Prentice-Hall, Ine., 1938, p. 219.
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IV, SUMMARY

The solubility of mangenese (II) iodate in water at temperatures
from 0° = 90° apd in aguecus solutions of sodium chloride, potassium
lodate and manganese (II) perchlovate at 25° have been determined.
The sctivity coefficlents of manganese (II) iodate in these solutions
at 25° have been caleulated from these solubilities. The activity
product and heat of solution of manganese (II) iodate have been
caloulated as 4.33 x 10™7 and 2900 ealories/mole respectively,
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