
THE HYDROLYSIS OF THE CONDENSED PHOSPHATES' 
I1 (A). T H E  ROLE O F  T H E  HYDROGEN ION I N  T H E  HYDROLYSIS O F  SODIUM 

PYROPHOSPHATE 
I1 (B). T H E  DISSOCIATION CONSTANTS O F  PYROPHOSPIIORIC ACID 

ABSTRACT 

The general rate equations for the hydrolysis of pyrophosphate anion proposed 
by Muus have been proved to be inapplicable over the pH range 2.0 to 11.0. 
A general rate equation is proposed which is based on the assuhlption that each 
anionic species of pyrophosphoric acid hydrolyzes a t  a rate which depends on 
its concentration, and that the only role of the hydrogen ion concentration is to 
determine the proportion of each species present in the solutio~l. A mechanism 
for the hydrolysis of pyrophosphate anion is suggested. 

The dissociation constants of pyrophosphoric acid have been determined a t  
65.5"C. for the concentration range 0.08 to 0.18 molar. 

I1 (A). T H E  ROLE O F  T H E  HYDROGEN ION I N  T H E  HYDROLYSIS OF SODIUM 
PYROPHOSPHATE 

INTRODUCTION 

In the first paper (9) on this subject, it was established that the rate of hydro- 
lysis of sodiuin pyrophosphate in solution depended on the hydrogen ion con- 
centration but  that this hydrolysis was a first order reaction when a constant 
hydrogen ion concentration was maintained. Fig. 1 is the curve obtained by 

I I 

FIG. 1. Effect of pH on rate of hydrolysis of s o d i ~ ~ m  pyrophosphate in solut io~~.  

plotting the first order rate constants against the pH of the pyrophosphate 
solutions. 

Although there was no evidence of a base-catalyzed hg~drolysis over the entire 
pH range investigated, Fig. 1 shows that hydrogen ion is an effective catalyst. 
I t  is also evident that  the relationship between the rate of hydrolysis and the 
hydrogen ion concentration is not a simple one. If, for example, we assume a 
rate equation of the form: 

1 AIanzcscript received Scptenzber 28, 1953. 
Contributson frottt tlte Departgrzent of Chenzistry and the Electric Reduction Contpany 

Fellowship, Ontario Research Forcndation, Toronto, Ogttario. 
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McGILVERY AND CROWTHER: CONDENSED PHOSPHATES 175 

where C is the concentration of pyrophosphate a t  time t (this includes all the 
various forms of pyrophosphate which may be present in the solution, as e.g. 
H4Pz07, H3P207-, etc.), it is found that the data are best satisfied by a value of 
about 1/4 for n. 

I t  is difficult to  conceive of a mechanism which would satisfactorily explain 
the fractional power of the hydrogen ion concentration. Furthermore, this rate 
equation implies that all the pyrophosphate forms in the solution are equivalent 
in so far as hydrolysis is concerned. Although this might be true, it seems likely 
that the reactivity of a pyrophosphate anion is influenced by its degree of 
ionization. Since pyrophosphoric acid is polybasic, pyrophosphate solutions 
contain a variety of partially dissociated anionic species, the relative amounts of 
which are determined by the pH of the solution and the dissociation constants. 
Thus, in a pyrophosphate solution, the following ions would be present:H3P2071-, 
HzPz072-, HP2073-, and Pz074-. In addition some undissociated acid H4Pz07 
would occur. For convenience in what follows, references to the anionic species 
present in pyrophosphate solutions will include the undissociated H4Pz07. 

Rate Equations for Hydrolysis of Sodium Pyrophosphate Solution 
If the ease of hydrolysis of sodium pyrophosphate solutions depends on the 

.anionic species, i.e. H3P2071-, H~P207~-,  H P Z O ~ ~ - ,  P z O ~ ~ - ,  and H4P~07, it is 
doubtful whether any simple rate equation which takes the form of equation [ l ]  
will fit the observational data over a wide range of hydrogen ion concentrations. 

A general rate equation for the acid-catalyzed hydrolysis of pyrophosphate 
solutions is: 

where C is the concentration of pyrophosphate a t  time t ;  , 

t is the reaction time; 
[H+] is the hydrogen ion concentration; 
[Ha], [Hi], [Hz], [Ha], and [H4] are the concentrations of Pz07"-, HPz073-, 
H Z P Z O ~ ~ - ,  H3P207l-, and H4P207, respectively; 
fo[H+], fl[H+], fz[H+], f3[H+], and f4[H+] are the hydrogen ion concen- 
tration functions associated with the rate of hydrolysis of f10, Hi, Hz, f13, 
and H4, respectively; 

and [Ha], [Hi], [Hz], [IT3], and [H4] are interrelated in accordance with the 
dissociation constants of pyrophosphoric acid. 

In order to find a rate equation for the hydrolysis of pyrophosphate solutions 
which fitted the experimental data, simple forms of equation [2] were investi- 
gated. 

Muus (7) considered that the different anionic species of pyrophosphoric acid 
reverted a t  different rates, and the rate equation which he proposed assumed that: 

where the kt's are the hydrolysis rate constants associated with the various 
anionic species and i = 0, 1, 2, 3,4 .  Thus R/luus' (7) rate equation toolc the form: 
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17G CRA'ADIAA' JOURNAL OF CHEMISTRY. VOL.  32 

where the synlbols represent the same factors as above. Muus (7) ,  however, only 
investigated the hydrolysis of pyrophosphate solutions over the pH range 0.91 
to 1.4, and hence could not verify equation [3] outside this range. Within this 
pH range, Muus (7)  believed that the anion H3P20< (H3)  was the only species 
of pyrophosphate that played a significant rate determining role, and hence 
equation [3] reduced to the form: 

[3aI - dC/dt = k 3 [H+:J [I$,]. 

Another simple assumption from a kinetic point of view is that each anionic 
species hydrolyzes a t  its own specific rate which is quite independent of the 
hydrogen ion concentration. In such a picture, the only role of the hydrogen ion 
is to determine the proportion of each species present in the pyrophosphate 
solution, and thus 

f i[H+] = k i ,  where i = 0 ,  1, 2, 3 ,  4. 

The rate equation would then be: 

[41 -dC/dt = ko[Hol + k i[Hi]  + kz[Jlzl + k3[H3I + k4[1541, 

where the symbols represent the same factors as above. 
The above rate equations cannot be tested for applicability without a know- 

ledge of the relationship between the proportions of each anionic species and the. 
pH of the solution. To  obtain such information the dissociation constants of a 
pyrophosphoric acid solution of suitable concentration were determined a t  
65.j°C. (I1 (B)) and the following values obtained: 

[5] K I  = [H+J[H3]/[I14] = 0.107 (u = 0.009 where n = 4 ) ,  

[GI I<, = [H+][H,]/[W3] = 7.58 X lop3  (a = 0.20 X lop3 where n = 6) ,  

[7] IC3 = [H+][I11]/[H2] = 1.45 X (a = 0.04 X low6 where n = 7 ) ,  

[8] K 4  = [H+][ l Io ] / [ I l l ]  = 9.81 X lop9 (a = 0.13 X lop9 where n = 12), 

where a is the standard deviation (3) and equations 5, 6, 7 ,  and 8 are simul- 
taneous. The following equations relate the concentration of the various pyro- 
phosphate anionic species to the dissociation constants, the hydrogen ion 
concentration, and the total pyrophosphate concentration: 

1111 [H?] = K1Kz[H+I2 C R ,  

[I21 [HZ] = Kl[H+] C R ,  

I131 [Hd] = [H+I4 C R ,  

where R = I / ( K I K Z K ~ K ~  + KlKJC3[H+] + K1KZ[H+l2 + K1[H+I3 + [H+I4). 
Fig. 2, which shows the effect of the pH of the solution on the proportions of the 
various anionic species of pyrophosphate present, was constructed with the aid 
of equations [9] to [13], and the dissociation constants. 
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McGILI'ER Y AND CRO W T H E R :  CONDENSED PHOSPHATES 

P "  
FIG. 2. Effect of pI-I on distribution of a~~ion ic  species of pyrophosphate. 

A, H4P207; B, H3P207'-; C, H?P?072-; D, IIP2073-; E ,  PzO7'-. 

The necessary data to solve equations [3] and [4] for the rate constants 
kO, kl . . . k4 have now been obtained, and are summarized in Table I. I t  will be 
noted that Abbott's (1) rate data have been included in Table I. Since our 
studies only covered the pH range 2.0-11.0, no rate data were obtained in the 
pH region where the concentration of H4PzOi was comparatively large. There- 
fore Abbott's (1) data,  a t  pH 0.91 where 53% WaP2O.i was present, were used to  
obtain a rough approxin~ation of the rate constant, k4. I t  should be noted tha t  
values of k4, based on this data, are a very rough estimate since Abbott's (1) 
data were obtained for a 0.05 &I pyrophosphate solution a t  7S°C. and our data 
were obtained for a 0.12 M solution a t  65.S°C. Furthermore, Abbott (1) did not 
measure the rate a t  a constant hydrogen ion concentration. 

Evaluation of ki's Assuming Aluus' (7) Rate Equation 

Since the hydrolysis of sodi~im pyrophosphate is a first order reaction a t  corlstant 
hydrogen ion concentration : 

where k is the over-all first order rate constant. 
Using the data in Table I ,  equation [14] was solved and the following values 

obtained for the vario~is rate constants: 

Since kl and ka are negative values implying that orthophosphate anion was 
forming pyrophosphate anion (against which there is experimental evidence 
(4, 5)), equation [14] and hence equation [3] is inapplicable. If equation [3a] 
were applicable, the values for ko, kl, kz, and k4 would have been insignificant or 
zero, and kg would have been positive. Since neither condition was satisfied on 
solving, equation [3a] is not applicable. Thus Muus' (7) rate equations are not  
applicable over the pH range 2.0-11.0. 
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TABLE I 2 
CONCENTRATION OF INDIVIDUAL PTROPHOSPHATB ANIONS I N  ~ ~ O L B S  PYROPHOSPHATE PER LITER AT VARIOUS HYDROGEN ION CONCENTRATIONS 2 

b 
I I B 

Hydrogen ion 
concentration 

First order 
rate constant 

(k in nlin.?) 

*Rate constant source: Fig. 1. i 

**Rate constant sozrrce: Abbott (1). $ 
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dIcCILVERY AND CROWTHER: CONDENSED PIITOSPH.4TES 

Ezaluation of kc's Assuming Alternate Rate Equation 

where the syi~ibols represent the same factors as above. 
Using data from Table I ,  equation [4]  was solved, ancl the following approxi- 

mate values for the rate constants were obtained: 

These rate constants satisfy two necessary conditions for the applicability of 
equation [4]  in that they are positive numbers and approximately satisfy all the 
data in Table I. However, the equation is not necessarily acceptable. This 
equation (developed by following the reasoning outlined earlier) contains 
sufficient constants that even if the reaction mechanism were not as pictured, a 
good fit might conceivably be obtained. However, since equation [4] permits a 
reasonable explanation of the role of the hydrogen ion and since our data ap- 
proximately fit this equation, it is proposed as the general rate equation for the 
hydrolysis of pyrophosphate anion pending evidence to the contrary. 

Order of Reaction 
At constant hydrogen ion concentration equation [4]  reduces to an equation 

for a first order reaction as demanded by the experimental data. Rewriting 
equation [4]  : 

- C times the expression [4a] ---  
dt 

C"" 2K3K4k0 + KIKZKB[H+I  kl  + K I K ~ [ _ H + ] ~  k2 + K I [ H + ] ~  k 3  + [ H ' ] ~  k 4  
KlKzK3K4 + IClKzK3[H+] + KIKZ[H+]" K1[H+]" [ H + ] ~  

where C is the pyrophosphate co~lcentration a t  time t .  
The bracketed expression is a constant when the hydrogen ion concentration is 

constant, and equation [4a] becomes: 

[15I -dC/dt  = k c ,  
where k is the over-all first order rate constant. 

Mechanism of Reaction 
The magnitude of the rate constants evaluated for eq~iation [4]  indicate that 

the order of stability of the pyrophosphate anionic species is: P20i4- > HPzOi3- 
> HzPz07z -  > H3P20i1-  > H ~ P z O ~ .  111 addition the rate equation formulated 
implies that the hydrolysis is a simple reaction between water molecules and 
these various pyrophosphate anions. The question now arises as to why there 
should be such profound differences in the ease of hydrolysis of the various species. 

A possible explanation might be based on the assumption that the primary 
steps in the hydrolysis are the formation of loose bonds between a phosphorus 
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1 80 C A N A D I A N  JOURNAI,  OF CHEB.IISTRY. P'OL. 2 

atom and the oxygen atom of a water molecule, and between the oxygen atom 
of the P-0-P linkage and the hydrogen atom of the water ~nolecule: 

I t  follows that the orientation of a water molecule approaching a pyrophosphate 
anion will be of considerable importance. As is well known, water is a polar 
molecule-the fractional negative charge being located 011 the oxygen atom, and 
the fractional positive charge being located on the hydrogen atoms. I t  seems 
reasonable to suppose that, as the phosphorus atom becoines less negative, the 
possibility of a water molecule approaching in the required orientation for 
hydrolysis iilcreases. Since the negativity of the phosphorus atoms in the 
various pyrophosphate anionic species decreases in the order: P2074-, HP2073-1 
HsP20ie-, HSP207l-, H4P207, it follows that the rate of hydrolysis of these 
various species will increase in the same order. 

11 (B). THE DISSOCIATION CONSTANTS OF PYROPHOSPHORIC ACID 

The clissociatioi~ constants of pyrophosphoric acid have been determined by 
Abbott and Bray (2) a t  18OC. Muus (7) has also determined the second and 
third dissociation constants a t  40°C., but he based his calculationson the assump- 
tion that the first dissociation constailt was greater than two. As Abbott and 
Bray (2) found the value 0.14 for the first dissociation constant, IVIuus' (7) 
values seem unlikely. Since insufficient tl~ermodynamic data were available to 
accurately extrapolate Abbott and Bray's (2) values, these dissociation con- 
stants were determined a t  65.5OC. 

Procedure and Results 
An electrometric titration method was employed for the deterinination of the 

dissociation constants. A n~echanically stirred solution of sodium pyrophosphate, 
inaintainecl a t  65.5 =t O.l°C., was titrated with 3 N hydrocl~loric acid. The 
changes in the pH of tlle solution were plotted against the voluine of acid aclclecl. 
The inflection points occurred a t  pH 10.0, 6.8, and 4.0. In the light of consiclera- 
tions which will be discussed shortly, regions between these inflection points 
were selected for further investigation. 

Having thus delineated the critical pH regions, accurate measurements of the 
acid increments and the resulting pH values were made. Fifty milliliter portions 
of a 0.179 molar sodium pyrophosphate solution were titratecl with 1 N hydro- 
chloric acid. The experimental conditions were as described above, but particular 
care was taken to minimize the time recluirecl in obtaining the measurements. 
None of the samples were subjected to acid conditions for more than five minutes. 
This procedure was followed on three separate portions of the sodium pyro- 
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dIcGILVERY .48D C R O W T H E R :  CONDENSED PHOSPII/i-I'ES 181 

phosphate solution, and the averages of the results are recorclecl in Table 11. 
For the same volume of acid added, the pH readings checked within f 0 . 0 2  units. 
In the present experiments, the accuracy of the pH measurements is the limiting 
factor in calculatiilg the dissociation constants. 

TABLE I1 

Volunle N HC1 
added 
(ml.) 

Average pH* 

Average 
hydrogen ion 
concentratLon 

(gew/l.) 

*TlzesefLgzrres are the averages of three separale de t e r in ina t io?~~ .  

Theory of the Method 
I t  is possible to estimate the dissociatioil constants of a polybasic acid such as 

pyrophosphoric by a method of successive approxiinatioils utilizing the data 
obtained from an electrometric titration of the material. Although theoretically 
all of the anionic species will be present a t  a given pH, the coilcentrations of one 
or more of the species will always be small ellough a t  that pH to be neglected in 
making approximate calculations of the dissociation constants (6). These 
values of the dissociation constants may then be used to estimate the concen- 
trations of the components which were neglected in the first approximation. 
The appropriate corrections may then be made, ancl the dissociation constants 
estimated for a second time. This process may, of course, be continued indefin- 
itely, but it  was found that the secoild approxinlation was satisfactory in every 
case. 

As stated earlier the inflection points in the electrometric titration curve of 
sodium pyrophosphate a t  65.5OC. occur a t  the pH values: 10.0, 6.8, and 4.0, 
and a t  these poiilts the concentration of Pz074--, HPzO?, and H ~ P z 0 7 ~ -  respec- 
tively, predominate. At intermediate points two of the species predominate, and 
it is in these regions that the most accurate estimations of the dissociation 
constants may be obtained. The method of calculation also permits the inclusion 
of one minor component in obtaining the first approximatioil of K1, Kz, and K3- 
The pH regions chosen and the anionic species assumed to be present in cal- 
culating the first approximations to the various dissociation constants are 
shown in Table 111. The predominating species in each pH range are underlined. 
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TABLE I11 

Dissociation 
constant 

I 
Anionic species assumed present 

* I n  the pH region below p H  4 ,  IIaP?Oi, H3P*0i1-, and H?P?Oi2- predovzinate, bz~t  little 
HaP?Oi woz~ld be present i n  the region 2.5-3.0. A t  lS°C. ,  Abbott and Bray's ( 2 )  dissociabion 
constants indicate that approx-intately three per cent H.iP?Oi i s  presetlt at p H  3.  Fz~rthermore, 
Thornsen's ( 6 )  heat of ionization data for ike reaction: 

H.%P?Oi H+ + H3P20iP,  
show that increasing the ten~peratz~re will shift the eqzri1,ibrizrnz to the right. Th'lrlrs the first appro.vinta- 
tion to the second dissociation co7astant was calczrlated assz~naing that no H4P.rOi was present i n  
the p H  range 2.5-3.0. 

Calculation of the Fourth Dissociation Constant (K4) 
The initial solution of sodium pyrophosphate is in the pH range where P207-'- 

and HPzOi3- are the only anionic species present in significant anlounts. There- 
fore to a first approximation: 

PI Ho + HI = PT, 

where HO and HI are the amounts of P,0y4- and H p ~ 0 7 ~ -  respectively, and PT 
is the total amount of pyrophosphate present. 

A quantity of acid is now added which lowers the pH of the solution but does 
not take it out of the range where P2OY4- and HP2073- are the only major 
components. However, the acid does convert an equivalent amount of P2074- to 
HPzOi3- as indicated by the equation: 

PI ~ ~ 0 ~ ~ -  + H+ = H P ~ O ~ ~ - .  

The amounts of PzOy4- and H P z O ~ ~ -  present become (Ho - Ha+) and (Hl+Ha+) 
respectively, when Ha+ is the equivalent amount of acid added. 

The dissociation constant Kd is defined by the expression: 

[3 I K4 = [H+:l [PzO~~-]/[HPZO~~-].  

Since a ratio of anionic species is involved, i t  is immaterial which units are 
employed to express the amounts of P2Oi4- and HP2Oy3- SO long as they are 
identical for both species. Therefore, before adding acid: 

After adding acid: 

where [H+Ii and [H+If are the initial and final hydrogen ion concentrations. 
Equating [4] and [5] and substituting (PT - HI) for Ho, a quadratic in HI is 
obtained which may be solved. Although two positive solutions are obtained, 
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XICCZLVERY A N D  CROIPTIIER:  COA~DENSED PHOSPHATES 183 

only one solutioil gives reasonable results in the calculation of The latter 
calculation is made by simply s~tbstituting values for 111, Ho (which is PT - HI), 
ancl [H+] i in ecluation [ill. 

Calculation of the Third Dissociation Constant (K3) 
Having now obtained a value for I < 4  it is possible to detemline I<3  using much 

the same procedure as in estimating K4. 
A quantity of acid is added to the initial solution of sodium pyrophosphate 

such that the resulting pH of the solution lies in the range 5.6-6.2 where HP2073- 
and HzP207" are the major components and Pz074- is the largest ininor com- 
poilent. The acid added is consunled in two reactions: 

la] p20T4- + H+ = H P ~ o ~ ~ -  

and 

[GI 
If the total amount of acid added is Hb+ and an amount B is consumed in reac- 
tion [2], then (Hb+ - B) is consunled in reaction [6]. Consequently the amounts 
of the various species after the addition of the acid are as follows: 

P ~ o ~ ~ -  = H ~ - B  = PT - IT1 - B, 
HP2073- = H1 + B - (Hb+ - B) = H1 - Hb+ + 2B, 
HzPz07" = H,+ - B. 

If the hydrogen ion concentration a t  this point is designated by [H+If then 
by substituting in equation [3], the following equation is obtained: 

[7 I K4 = [H+]f (PT - IT1 - B)/(Hl+ Hb+ + 2B). 

Since B is the only ~rnknown it may be evaluated. 
The third dissociation constant K3 is defined by the expression: 

[8I K3 = [H+] [HP2073-]/[HzPz072-]. 
Therefore : 

PI K3 = [H+]f (IT1 - He+ + 2B)/(Hb+ - B). 

Since all the factors on the right-hand sicle of equation [9] are li.nown, K3  may 
be evaluatecl. 

Calculation of the Second (K2) and first (K1) Dissociation Constants 
The second and first dissociation constants are determined in a similar manner 

making the appropriate assumptions with regard to the anionic species present. 
Table IV illustrates the distribution of the various anionic species in each pH 

range used in the calculation of dissociatioil constants. 
H,+ and Hd+ are the amounts of acid added to the pyrophosphate solution to  

change from the initial pH to pH values in the ranges 2.5-3.0 and <2.0 respec- 
tively. 

C is the amount of acid consumed in the reaction: 

[GI HP2073- + H+ + H z P ~ O ~ ~ - ,  

when H,+ is the amount of acid added. 
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TABLE IV 
DISTRIBUTION OF ANIONIC SPECIES ASSUACED IN  CALCULATION OF DISSOCIATION CONSTANTS 

-- 
I 

I Dissociation constant 

Sin~ilarly D is the amount of acid consumed in the reaction: 

Amounts 
ionlc specles 

a s s ~ ~ i ~ i e d  
present 

when Hd+ is the amount of acid added. 
On substituting the data in Table I1 into the approxiinate equations deve- 

loped in this manner, the follo\ving average values for the dissociation constants 
of pyrophosphoric acid were obtained: 

KZ 1 6 1  / r 
-- - 

PI-I range 

8.0-9.5 1 5.6-6.2 1- 2.5-3.0 '---zr 1 

K l  = 0.122 (u = 0.014 where n = 4), 
K 2  = 7.29 X lop3 (a = 0.37 X lo-= where n = 6), 
K3 = 1.45 X lop6 ( u  = 0.04 X where n = 7), 
K4 = 9.72 X (u = 0.12 X lop9 where n = 12), 

where u is the standard deviation (3). 
Using the above dissociation constants and the method of calculation out- 

lined, the following set of values were obtained as a second approximation to 
the dissociation constants. Further approxinlations did not alter the values 
appreciably. 

K l  = 0.107 (a = 0.009 where n = 4), 
K P  = 7.58 X (u = 0.20 X lop3 where n = 6), 
K3 = 1.45 X lod6 (a = 0.04 X lo-= where n = 7), 
K 4  = 9.81 X (U = 0.13 X where n = 12), 

where u is the standard deviation (3). 
The standard deviations indicate the precision of the experiment but not the 

accuracy. 
Since no attempt was made to distinguish between the concentration and the 

activity of these anionic species, the concentration range in which the dissoci- 
ation constants are applicable must be specified. ilbbott ancl Bray (2) founcl that 
the values of the dissociation constants changed very little with the n~olarity 
of the pyrophosphate solution if that concentration were higher than 0.08 molar. 
Thus the dissociation constants, determined above, are considered to be applic- 
able a t  least over the concentration range 0.08 to 0.18 molar. 
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