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Abstract

- The kinetics of the ferrous-oxygen reaction in an acid solution con=~

taining phosphate and pyrophosphate has been investigated. The rate law
at pO; = 151 mm is:

-a(re™t)/at = k) (F™T)(m,PO]P + kz(Fan)(azrzo:)

where k1v= 0-.96(: 0.04) moles > 1:1.1'.e:'a2 hro.l and k2 = 2247 (:l) mole.l

liter hr.™l at 30%. Sodimm perchlorate is used to maintain the ionic
strength at l.0-1l.1Me There is inhibition due to ferric ion. This phase
of the reaction has not been investigated. It is believed that the in-
hibition i8 due to the insolubility of ferric pyrophosphate at high con-
centrations and to the formation of complexes at low concentrations. The
following mechanism, suggested by Welss, is consistent with the experimental
resultse :

5

Fen_* 0, ——— 0; . peTtT , (1,2)

-, _ III - .

0, * R i FeIII+02 o (3)

- + .

0 +H —— 10, | (4)

rell + HO, —— R HO, (5)
JHO. + B H0, | (6)

2
FeII + 11202 —~— FenI + OH” + OH ( 7 )
Fo'l + ( ——— F''l + on" - (8)

The Tate of the reaction is given by - kB(FeII )0, « The phosphate
2 .

and pyrophosphate species catalyse the reaction through complex ion

formation. ’
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INTRCDUCTION

In a recent kinetic investigation of the oxygenation of ferrous ion
in phosphoric acid solution, Cher and Davidsonl found that the rate of the
reaction is first order in ferrous ion and second order in dihydrogen
phosphate, ferric ion having no inhibitive effect on the rate. The rate
lav is:

II L IT -\ Q
~d (Fe )/qt k, (Fe Jp0, (H,70, )
The peculisr quadratic dependenee on dihydrogen phosphate would be ex~
plained if it were assumed that the actual catalysis were dihydrogen pyro=-
phosphate, formed according to the equation:

21{21’04 . iy H2P207— * HZO

This hypothesis stimulated the present investigation.

The influence of pyrophosphate on the axidation of ferrous ion in
solution has been observed and studied by many investigatars during the
past years, Spoehr found that when sodium pyrophosphate was added to a
solution of ferrous sulfate, the absorption of oxygen by the system was
greatly inureased. In a later experiment Smith and Sposhr’ studied the
kinetics of the air oxidation of ferrous sulfste in the préeencé of sodium
pyrophosphate. Since they found that the half life, (57.5 sec.), was in-
dependent of vthe initial concentration of the reactants, thjey concluded
that the reaction was first arder. But in repeating the experiment while
changing the Tate of stirring, Lemb and Elder’ found that the reaction rate
was actually diffusion controlled under the conditions employed. - They made
no clains as to the order of the reaction; they only concluded that in the

1. Cher, M. and Davidson, N., J. Am. Chem. Sce. 77, 793 (,1955)‘

Spoehr, He Aey Jo Am. Chem. Soc. 46, 1496 (1924)
3¢ Smith, Jo He Ce, Spoehr, He Asy Jo Am. Chem. Soc. 48 107 (1926)

24

lemb, A. B., and Elder, L. Wey J. Am. Chem. Soc. 53, 137 (1931)



rresence of pyrophosphate the rgte of oxidation of the ferrous sulfate
solution was about 1000 times faster than in 0.1 to 3.0 molar sulfuric
acid contalning no pyrophosphate.

In the present investigation, the Warburg manometric technique is
used. Atmospheric oxygen serves as the oxidant; its pressure being Mn-
tained approximately constant throughout the investigation. The temper-
ature 1s fixed at 30°C by use of the thermostated water bath of ﬁe Warburg
apparatus. Sodium perchlorate is used to make the ionic strength of the
ayst;m le0-l.1 Me For a typical experiment, weighted qﬁantitie’s of ferrous
ammonium sulfate and tetrasodium pyrophosphate heptahydrate are dissolved
in separate buffer solutions of phosphoric acid and dihydrogen xhoéphate.
A corréction is made for the change in the hydrogen ion concentration when
the tetranegative' pyrophosphate goes to dihydrogen and trihydrogen pyrophos-
phate. In most cases this correction is vsnall. Five milliliters of solution
containing specified concentrations of ferrous ion and pyrophosphate are
introduced iﬁto the Warburg cell and placed in the bathe The rate of the
reaction is followed by observing the change in the height of'the mano-

meters attached to the cells.

Results

Effect of Ferrous gnd Ferric Concentrgtions

" The rate of oxidetion is first order in ferrous ion. This is evident

from studies of the effect of varying the initial concentration of an

at fixed pyrorhosphate concentration. The results are record in Table I.



TABLE I

Effect of Fell on Reaction Rate

(initial rates)

m = ~dIn(Fe T )/dt (hr.t) (H,PO,) = OTIOF (farmala weight/
3 4 - liter
/7 = 1,011 M (mole/liter)(NaClOA) po, = 151 mm.
II = |
(Fe™), (Hszo,[ ) (br. )
(F) (F) _
0.0051 0.0024 0.046
0.0102 0.0024 0.041 -
0.0204 0.0024, 0.040

The results show that the rate is constant despite a fourfold ehange in

the initial ¥e'© concentration. Although the reaction rate is first arder

in FeII, when -ln(FeII) is plotted against time, the resulting plot is not
a straight line, but is a curve with decreasing slope (Figure I). Because
of the difficulties caused by the insolubility of ferric pyrophosphate, this
phase of the reaction has not been studied. It seems reasonable that Felll
should inhibit the reaction because of its strong tendency to complex pyro-

758,

pfhoeipha:l:.es’6 As the reesction proceeds toward completion, a white

[recipitate, assumed to be ferric pyrophosphate, is observed in the reaction

5.
6.
e

Frommer, S. and Handler, W.; 2. Anarg. Allgen. Chem. 153, 135 (1926)
Pascal, P. Apg. Chipe 8 216, 386 (1909)

Rogers, Le B. and Reynolds, Ce Ae; Js_Am. Cheme Soge, 71, 2081 (1949)
8. Banergee, S., J. Indian Chem. Soc., 27, 417 (1950)
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vessel. In most of the experiments the precipitate was noticed after the
reaction had gone to about 70°/o completion. The line drawn through the

points up to about 40°/o reaction shows very little curvature. The values

for the rate constants are taken from this line.

From Figure II, where the formal concentration of pyro;ixéapha;te is
plotted against the rate, it is seen that the slope of the l.fme is in-_
dependent of the phosphate concentration. | This indicates that there are
two separate reactions taking place in the system and also that there is
a linear dependence of rate on pyrophosphate concentration. The total rate

expreasion for the reaction can be formulated as:

-4 m(re’t)/at = kl(Fe *)(,po, ‘)2 lcz(i‘en)(iln2 20

vhere fdenotes formal concentration.
Since the reactions are independent, the effect of phosphate can be
stndied in the absence of pyrophosphate. The results are recorded in Table II.

TABIE II
Effect of Phosphate Concentration
(Fe™?)_ = 0.000 M T = 30° C A = 1.0-1.1 M(NaC10, )
j=- ]n(FeII)/dt PO, = 15lm
- -1 -

(,P0, )M (,P0; @) 3/ (R0, )
(caled.) (caled.)

0.559 0.121 1.52¢10™ 1.030

0.193 0.210 3499 0.907

04455 04345 1140 " 0.958

5~
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FIGURE II

Plot of rate versus formal concentration of pyrophosphate,
showing the independence of the phosphate and pyrophosphate’
reactions.
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The datg supports the fact, found by Cher and Davidsonz, that the
reé.ction rate is second order in dihydrogen phosphate. The average value
of j/(ﬂzPO4)2 from the Table on page 6 is in good agreement with the
average value (0.9811) reported by the two investigatars for 0, = 149 mme.
Thus, in the absence of pyrophosphate, the value for k) is found to be
0.96( 0.04) moles™ liters® hr. > gt 30°C and po, = 151 m.

In order to further atudy the effect of pyrophosphate, a value for the
second mass action ionization constant far pyrophosphoric acid has to be
chosen. Yost and Russell9 quote 0.027 as the value for the ionization
constant &t 18°C in 3N KCl. The constant used in this mvestigation vas
obtained by using a pH meter to measure the hpirogen ion comentrétim of
solutions containing varying amounts of H3P20; and Hszo;, with enough
&0104 to make the ionic strength 1M. Because of the effect of perchlorate
' ion on the calomel electrode, it was necessary to employ a NaCl salt bridge
in the determination. The pH meter, using thé salt btridge, was calibrated
to read 2.09 for 0,00816 M HCL in 1,00 M NaCl0, at 30°C. The results
are shown in Table IIXI. The average value for the second mase action

ionization constant (0.0207 moles/liter) is used in the investigation.

? Yost, D. Me and Russell, H., Systematie Inorganic Chemistry
(Prentice-Hall, Inc.) New York (1946) p. 228



TABLE III

@) (n3P20,; ) (Hszo;) M K(iﬁ::;ﬁi;: ;onstant)
(moles/liter) (caled.) (caled.)

9+55X10™> 8474X107 2.18x10™2 040239

9.12 * 9.18 * 2,13 " 0.0212

12,60 * 11.8 * 1.87 * 040200

12,0 * 2. " 1.80 * 0.0176

Dihydrogen pyrophosphate was found to be the effective catalystv by
studying the rate of the reaction in the presence of varying amounts of
dihydrogen amd trihydrogen pyrophosphate. Because of the buffered nature
of the solutlons, it is difficult to vary the nzrzo,,"/%rzo;,n:;:nouty
changing the concentration of H3P207 o But it is spparent from the resulis
displayed in Table IV that th: rate varies according to the first power of
the (azpzo;) when the 2%2%) ratio 1o varted frem 0s3 to le6e There is

\ (HBon;) | B
some scatter at low concentrations which is probebly due to a small surface

effect.



(Fe™ ) = 0.010 T = 30%C M=L0-L1H  (NaC10,)

n= (-dln(Fe’T)/at - k, (1,70, ) po, = 1slm k= 0.96(%0.04)

(h:ole-zlitersz prt

(E)M  (LF0,) M (£,P0,) ¥ (L,P0M (L0 M n _1n/(1=121>20;)=1

(caled.) (caled.) (calcd.) (calecd.) (caled.) (br.™) (hr‘lmole)

0.0158  0.238 0.151 0.32x10™> 0.21x 107> 0.0050 23.8

0.0178 0,189 0.2L, 126 145  0.0330 22.7

0.0729 04557 0.153 840 2455 0.0545 21.4

0.0232  0.209 0.180 2.9 2454, 0.0546 21.5

0.,0138  0.164 0.239 1.93 3.10 0.0654 21.0
Since n/ (HZPZO;) gives the value for kz, it is apparent from

Table IV that k, = 22.7(% 1) moles L liters hr. .

Effect of Surface

Cher and Davidson" found that there is some heterogensous reaction due

to surface but the effect of the results is small. The insignificance of the
heterogeneous reaction is suggested by the good agreement between their work
and the work described in this report. '

DISCUSSICH

The results of the investigation of the oxygenation of Fen in the presence

of HZPOA and H2P207 show that the rate ia first order in (Fe =) and (H2P207 )

«10-



and second order in (HZPOZ). There is a marked decrease in the rate after
the reaction has reached about 70°/0 completion. This decrease is at-
tributed to Fe U irhibition. The influence of Fe' ' has not been stulled.
The resultis are in good agreement with those of Cher and Davidsonz, who
studied t.he rate of oxidation of Fe in phosphoric acid in the a.bsence
of pyrophoaphate. The present results seem to indicate that in the system
studied by the two investigators, HZPOZ and not Hzpzo; 1€ the effective
catalyst. This distinction is made in the following manner.

In an aeid solution containing HBPOA and HZPOZ dihydrogen pyrophosphate,
if present, is formed by the reaction: '

(1) 21,70, LP0, + HO K= BP0y moles Tliters
A — 2 wro 2

The kinetic results obtained in the present investigation show that the
rate of the reaction due to pyrophosphate can be formlated as:
Rate = k, (re”” NP0

If the value of (Hz 0,7 )s given in Equation (1), is substituted in the
rate expression then,
+ -2
Rate Kkz(Fe )(Hzmz, y
but, from the results in the absence of pyrophosphate:
L o -
Rate = kl(Fe )(H,PO
Therefore, if pyrophosphate is the catalytic species then,

k -
K=_1 = 0.96 . 0.0423 moles 1 Jiters

224
kz 27

However, K can be estimated from thermodynamic values for the reactiom:

(2) m>oz + xzm; 7 > Honl,' + K0




Re Powell and R. Connick (private commmication to Norman Davidson) esti-
mgte the entropy for the reaction to be 3 e. u. If Stm‘tevant'slo value
for the heat of the reaction (5810 cal/mole) is accepted, then, a value for
tﬁe equilibrium constant of reaction (2) can be obtained. From these values
the equili'brium constant is 2.51 x 10-4 mole—l liter.

If the values for the mass action ionization constants of HZPOZ and
Hzpzo; é,a quoted in Yost and Russelll:za Zre used, an approximation for the

equilibrium constant (K) of reaction (1) can be obtained.

nzroz - - nroz + ® K! = 6,20 x 10°°
-+ L3 = e
H o+ ER,0, ——— HP0, K =3.30 x 10
O, + HPO, ——— HP,0, + HQ k' =2.51 x 207
2321*0; . Hzpzo; + HQ K = 5.15%x 10™7

Since the value for K as determined from thermodynamic date is much
smaller than the value obtained from gssuming that 1121’20; is ‘the catalytic

species, it can be concluded that, in the absence of added pyrophosrhate,

H_PO I

2

Z itself is the active catalyst in the oxygenation of Fe

in the HBPOA -

Mechanism
A series of mechanisms have been proposed for the oxidation of Fe

in aqueous solution®® 12, The ane suggested by Weiss is as follows:
k5 (Fell)(a*)

II

-a(Pell)/at = 4k (Fell )
(Pe™")/at = 4kt (Fe™")(0, )( k'y(Fell)(u+) + k'zkHoz(F"H)

10s Stuwrtevant, J. M. and Ging, Ne Se; J» Am. Chem. Soc. 76, 2087 (1954)
1l. Abel, E. Monatshefte 82, 835 (1951) ,

12. Weiss, J. Experientia 9, 61 (1953)
-]12-



which proceeds via the sequence of one-electron oxidations as shown in the
abstract.

In the preaent investigation the rate is found to be dependent on the

anions present. Weiss postulates that the ion pair farmed in the reaction,

II \ III, -
Feo™ + 02? -2 (Fe 02)

is stabilized by an anion capable of complexing it. In the system considered

in this report there are two different ecomplexes. They ean be formulated in
- the following mannere. OH

yd
P
(a) with dinya phosphat : '
a)w rogen phosphate /,o/lc!\on

"°\/n
[ o

(b) with dihydrogen pyrophosphate

H
0
JPI X
R N
O2 * Fem‘\\ / |
~0 P
P

The fact that the complex of pyrophosphate with hlris much stronger than

the one with dihydrogen phosphate can account for the greater catalytic effect
of the former.



Conclusion

The results of the present investigation support the theory that the
rate of oxygenation of ferrous ion in various acid media varies as the stabi-
1lity of ferric ion complexes in the solution. Ferrous o:qgenatioxi haé been
studied in the following acid solutions: perchloride’>, sulfurie’¥, hydro-
chlaric®? phosphcriel’s, and pyrophosphoric. Since the rate of.oxygenation
of ferrouiain the solutions increases in the order named, it can be predicted
that the stability of the ferrie complexes will increase in the same order.

A complete investigation should be made of the ferric compléq:es in various
media. The results would aid in predicting the magnitude of the reaction rate

of the oxygenation of ferrous ion in other medis.

13. George, P., Jo Chem. SOGOQ 4349 (1954)

14+ Burfmen, R. B., (mrivate commnication)
15+ McBain, J. W., J. Phys. Chem. 5, 623 (1901)
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