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The first and second ionization constants of chromic acid have been determined 
in formamide at 25,30 and 35°C with the help of ceIIs without liquid junction using 
platinum-hydro,aen and silver-siIver chIoride electrodes_ From the ionization 

constants of chromic acid at UT, the standard free energy changes, AG”, of the 
ionization processes have been evaluated. Using the values of the ionization constants, 
the standard potentials of the Ag(s)/Ag&04(s),CrO~- electrode and the standard 

thermodynamic quantities for the process H,(g) +Ag,CrO,(s),‘2Ag(s) + H,CrO, 
(solvated) have been calculated in formamide at 25,30 and 35°C 

In previous communications’-5, the first and second ionization constants of 

some organic dibasic acids such as, phthalic, oxaIic, maIonic, succinic, gIutaric and 
adipic and the standard potentiaIs of the siIver-silver oxalate and the mercury- 
mercurous oxaiate electrodes have been determined in formamide over a range of 

temperatures. No work seems to have been done so far on the study of the behaviour 
of inorganic dibasic acids as well as the second order electrodes of these acids in 
formamide. The present work deals with the study on the determination of the 
ionization constants of an inorcganic dibasic acid, chromic acid, and the behaviour of 
the silver-silver chromate eIectrode in formamide at 25,30, and 35°C. From the values 
of the standard potentials of the siIver-siIver chromate eIectrode, the standard 

thermodynamic quantities for the process, H,Cg)+Ag,Cr04(s)~2Ag(s)+H,Cr04 
(soIvated) have been calcuIated in formamide at these temperatures. 

EXPERIMENTAL 

Potassium chioride (BDH, AnaIaR) was dried above 100°C for 2 h before use. 
Formamide (BDH, L-R.) was purified as described earIier6_ Chromium trioxide was 

dried at 120°C. weighed out of contact with air, and chromic acid soIution was 

prepared by weight with conductivity water. The purity of the acid was checked by 
the iodometric determination of the chromate and was found to be 99_8%_ Potassium 
hydrogen chromate was prepared by adding the caIcuIated quantity of 1 N KOH 
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solutions, prepared from KOH (Guaranteed reagent, pro analysi) and standardized 

against potassium hydrogen phthalate (BDN, AnaIaR) to the known quantity of 
chromic acid prepared from chromium trioxide, evaporating the sohrtion to dryness 
on a steam-bath, and recrystahizing the product from 95% alcohol_ The salt was 
dried at 1 iCL12O”C for at least 2 h and kept in a vacuum desiccator over caIcium 
chloride untiI required_ Potassium chromate (BDH, AnaIaR) was dried at 120°C for 
2handkeptina vacuum desiccator_ 

Silver chromate was prepared by the method of Smith et aI_’ from chromic 
acid solution by addin g silver oxide, and this precipitated siIver chromate was 
repeated& washed with hot water untiI the wash water no longer contained chromic 
ecid, The product consisted of smaI1 dark green crystaIs which were kept in con- 
ductivity water in an amber coIoured bottle for use. 

SiIver-siIver chromate electrode was prepared by the method simiIar to that of 
the sibrer-silver oxahtte electrodes by giving a paste of siIver chromate on the spongy 
silver obtained by the thermaI decomposition of siiver oxide on a platinum spiral 
fused to a standard tapered glass joint_ The eIectrodes thus prepared were stored in a 

0.05 lvl aqueous chromic acid soIution for 24 h and then rinsed with the chromic acid 
solution in formamide before use OnIy those ekxtrodes were used which showed a 
potentiaI difference of O-1 mV or less on being mutuahy compared with-cach other_ 

TABLE I 

DEERMINA’IION OF -log&, OF CHROMIC ACID IN FORMAMIDE 

all x 302 m* x IO’ rns x IO” I02?tl-iYi PXI02 --logKL 
(mol kg- ‘) <moZ kc’) (moZ kg- ‘) (mol kg- I) (mol kg- I) 

Tempaarlue: 25°C 

O-756 0843 
I.634 0.771 
2342 128J 
1 -JO3 0.737 
2261 215? 
2840 I.331 

Temperature: 30-C 

LO43 l-457 
2103 1300 
3.913 1.872 
2885 2637 
3.546 1.408 

Tempcraraue~ 35 l C 

I.261 0.868 
O-925 0.853 
3838 2769 
3.996 1.492 
3.558 0.9S4 

5.876 
4946 
5.502 

3.424 0.4150 0.870 
3370 OAOOO l-596 
3.572 0.3825 3.132 
S-873 03847 l-832 

12.622 0.3579 2716 

1.942 0.4225 I.046 
2218 O-4261. 0.799 
sm2 0.3740 3dM4 
5598 0.3645 3.961 

17.047 0.3461 3.159 

o-4368 0.561 
OAl30 I.347 
O-4136 IA64 

0.3893 1578 
03895 l-876 
0.3805 2408 

3.627 1.5180 
4.540 1.1417 
4.957 1.4836 
8.188 0.77-o 
8979 03014 
9.241 0.8795 

--log K,, (extrapolate&) 1_88~0_15 

5,755 1.0885 
6-266 1.2036 
8.579 0.8S4S 

IO-342 13192 
16.746 1.1372 

-Jog&, (extrapoIa&d) 1_08f0_13 

3.854 I.1595 
3.870 I.1084 

10.875 0.8523 
11.051 1 .OOJ8 

21.190 0.7853 
--log K,, (cx’~poIatc!ai) I.19f0.04 
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Silver-silver chloride and hydrogen ekctrodes were prepared according to the 
method avaiIabIe in the Iiterature8~9, Pmitication of hydrogen and uitrogen has been 
described earheP*‘“. 

Sohttions for e.m.f_ measurements were prepared by dissolving the appropriate 
weighed amounts of salts and acids in known weighti of formamide. For the de- 
termination of the first ionization constant of the acid and the standard potential of 
the ektrode, the cell solutions were prepared at the ice-cold temperature to avoid 
decomposition of formamide by chromic acid during preparation of the soluti~ns**~ ‘_ 

The cell measurements were carried out with electrodes 
earliers5_ The results of the e-m-f- measurements of the cells 

Pt, H#-WrO,(m,!, KHCr%(m,), KCI(m,))AgCI-Ag (AI 

Pt, W~Cr%(m,), KKrQ&n3, KCI(mJlAgCI-Ag 09 

TABLE 2 

set up as described 

DETERMINATION OF -Iog&, OF CHROMIC ACID IN FORMAMIDE 

ml X IO2 
<mot kg- ‘) 

mz X 10' 
(mol kg- ‘) 

m, X IO2 
(mol kg- =) 

pXlO2 
<moK kg- 3 

- log I& 

Tunpualrrrc= 2S°C 

1.130 0.204 2583 O-7692 
2.581 0.298 2580 0.7613 
1.621 0.954 3394 O-7900 
O-974 1.353 4.452 O-8041 
2.209 0.728 5.746 0.7655 
1.005 0.272 8.502 0.7401 
0.980 0.471 8.706 0.7468 
1500 0505 8xX0 0_7556 

Tirmpwamre: 3O’C 

lx!8 0.213 
2.581 0.298 
2585 0502 
0.802 0537 
1.972 0.483 
2.695 0.368 
1.929 0.196 

Temperature: 35°C 

l-130 0.2&l 
278 1 0.330 
1.617 0.362 
2068 0.446 

0.548 
2469 0.580 
2569 0.523 

2593 0.7680 
2580 0.7602 
3298 O-7538 
5.452 O-7707 
5.817 0.7345 
7.029 0.7320 
9.115 0.7160 

2583 O-7656 
2686 0.7744 
8.067 0.7454 

13-370 0_7167 
14.438 O-7147 
20-200 0.7162 
22841 0.7128 

A325 89423 
6.055 9.0287 
7.877 8.9441 
9.485 8.9468 

10.139 9.0371 
10.323 8.8586 
11.099 8.7474 
1 l-655 g-053 1 

-log Ka (cxtrapohted) 9_02fOa9 

4360 8.8281 
6.055 8.9360 
7389 8-7267 
7-955 8.7032 

9.238 8.5713 

IO.828 8.8827 
I I-632 8.8655 

-log Ka (cxt.lapolatad) 8.81 fO.12 

4325 8-7307 
6.457 9.1039 

10.770 8.8787 
16-776 8.6985 
18.342 8.6611 
24.409 8-8877 
26979 S-9637 

- Iog Kt (extrapolated) 8.85f0.09 
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and 

pt, HJH2C~,(m)lAg2Cro,-Ag (c) 

for the determination of the first and second ionization constants of chromic acid and 
of the standard potential of the silver-silver chromate ekctrode, respectively, at 25, 
30, and 35’C together with other data are presented in Tables 1,2, and 3. 

TABLE 3 

SUMMARY OF cm.f. DATA OF THE CELL 

pt. HZ iHSOi<mjl AgtC*hb 0 

mx IO’ 
(moi kg- ‘) 

a 

Ternperafure: 25’C 

032 0.9898 
0.650 0.9838 
0.734 0.9757 
0.848 0.9668 
I.035 0.9588 
I.106 09539 
1918 0.9233 
2440 0.910s 

Tcmpc~~~e: 3O'C 
0.389 0.9986 
0.436 0.9906 
O-708 09570 
0.771 0.9527 
I.005 0.9343 
2.389 O.S583 
2391 08578 

Tem_pcrantre:35"C 
0.430 0.9985 
0.436 0.9971 
0.510 09857 
0.560 0.9794 
0.839 0.9534 
I.067 0.9337 
3X2 0.8374 

0.76097 0.6012 4.434 0.3523 
574482 0.5935 4.84s 0.3506 
0.72652 0.5642 5.338 0.3473 
o-70413 0.5414 5.978 0.3439 
0.67226 03105 6.966 0.3430 
0.66145 0.5tNM 7.323 0.3404 
056982 O-4208 10940 0.3278 
0.52977 0.3957 12.940 0.3227 

0.95911 0.7287 3.73s 0.3472 
0.95472 0.7099 4.167 o-3449 
093099 0.6253 6.598 0.3353 
0.92595 0.6101 7.139 0_3350 
0307ss 0.5617 9.133 o-3289 
0.82473 0.4108 19.720 0.2857 
0.82463 0_4IO7 19.730 0280 

094415 0.6971 4.065 0.3398 
0.94347 0.6948 4.118 0.3393 
093527 0.6675 4.775 0.335s 
0.92991 0.6514 5.213 0.3343 
0.90225 0.5789 7.57s 0.3273 
o.sS2.2 0.5356 9.421 0.3183 
0.75417 0.3569 23.880 0.2643 

0.3663 
fO.ooOS 

0.3607 
+O_ooO8 

0.3547 
fOXlO 

The method of calculation for the first and second ionization constants has been 
adequately described ’ *3-G. 

The Grst ionization constant, K,,, corresponding to the equilibrium 
H,CrO,-f-solvent G+ H f (solvated)+HCrU~ (sokated) mzy be defined in the 

usuai way as 
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where m and y are the molahtics and activity coefficients of the species designated in 
parentheses_ The first ionization constant was obtained by linear extrapolation to 

zero ionic strength, b= 0) of the apparent first ionization constant, -log K;,, 
defined by eqn (2): 

log K;p = -22A(&,)“2+I~g [m’(H*)- (m,+m’(H*))/(m, --m’(H*))] (2) 

where m’(H*) is the apparent hydrogen ion molalityr2 related to the e.m.f. E of the 
cell (A) through relation (3), 

-log m’(H+) = (E-~G)F/2303RTtlo~m(C1-)-22A~d,)’~2 (3) 

and m(Cl-) = m3, n1(H2CrOJ = m1 --m’(H+) and m(HG-0,) = mr+m’(H+) and 
p is given by 

p~mm,+m,+m’(Hi) (4) 

The second ionization constant, K& corresponding to the equilibrium 

HCrO, + solven t = H + (solvated) + Cr-0~ ’ (solvated) is given by 

K h = [m(H*)-m(Cr0~2);m(HCrO,)J-~(Hi)-y(CrO,2)~~(HCr0,)] (5) 

and the apparent second ionization constant Ki, may be expressed by 

-IogK~=(E-EG)F/2.303RT+Iog(m,m,/m~+2AQ.z.d0)’f” (6) 

where m, is the molality of HCrOi, m2 is the molality of CrOi2 and m3 is thz 
molality of Cl- used in the cell (B), p is the ionic strength given by 

p=ml+3m2+m3 (9 

The &cond ionization constant was obtained by the linear extrapolation to zero ionic 
stren_@h (jf = 0) of the function -log Kip _ 

The values of E”(Ag-AgCl), the Debye-Hiickel constant, A, and the density de 
of the solvent needed for caIculations at 25, 30, and 35°C were obtained from the 
Iiterature’3-‘4. 

The values of log K;, or log K& thus calculatezi were found to vary 

lineariy 1-4-15-16 with ,TL for different temperatures and the linear extrapolation to 
p = 0 of values of Iog K;, or log KG, yielded log K,, or Iog K,, , respectively. 

The standard potentiai E” of the silver-silver chromate electrode was obtained 
by the method of extrapo!ating8*‘o*17 th e auxiliary function E”’ given by** 

E”’ =E+(2_3026RTj2F)(-6A &+(2_3026RTj2F) 

[2 log (mz(1 +B))+log (mrfi] (8) 

to ionic strength p = 0, where m is the molality of chromic acid solution, and a and j3 
are the degrees of first and second ionization of chromic acid, respectively_ Using the 
Kt, and Kh values of chromic acid at 25,30 and 35°C obtained from e-m-f- measure- 
ments just described the degrees of ionization, CY and #3 of chromic acid at the cor- 

responding temperature were computed following a reiteration procedurexs, and the 
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ionic strength, p was thus obtained by 

p = mz(I $-2/I) (9) 

It has been described in the preceding paragraphs that rhe variation of the 

values of Iog Kit or log K& with /( at the respective temperature is linear. But it is 
observed in case of the plot of log K;, versus p that the slopes of the straight lines 

vary irregularly with temperature, that is in agreement with the slopes observed in 
cases of monobasic acids such as picric’Q, chloroacetic’” and in case of the first 

ionization constants of some dicarboxylic acids such as phthahc’, oxalic3 studied over 
a range of temperature in formamide. 

The values of pK,,, obtained were 1.88, 1.08, and l-19, respectively. and those 

of pK,, 9.02, 8.81, and 8.85, respe&vely, at 25,30, and 35°C. The variation of pK,, 

and pK, with temperature is found to be irreguhu and in the range of temperature 
studied the minima are found in both cases at 30°C. From the values of pK, for a 

number of mono- and dicarboxylic acids studied in formamide2.3-‘g.2i at temper- 
atures ranging from 5 to 45”C, it is found that the values of pK, vary irregularly with 
temperature and cannot be represented by empirical equations of any form by using 

the ieast squares method pointing out the difficulties in ascertaining the maxiina or 
minima in PK., values in formamide medium. The values of p& for acids studied in 
formamide over a range of temperature further support the view that despite the 

irrcguIar variation of pK, with tempcraturc in this medium, the observed pK, vaIues 
are only the precise vaIues at the corresponding temperature. As in the present study, 
the determination of the pK= vaIues has been limited to the three temperatures. 
However, it is difiicult to ascertain the minima (through the visuai examination shows 
the minima to be at 30°C) in pK, vaIue at a particular temperature. The determination 
of p& vaIues for a Iarge number of acids over a temperature range in formamide 

supports to the fact that the ply, vaIues for chromic acid dete&ned in formam ide are 

the precise and only the precise values at the corresponding temperature. 
A comparison of the present data with the corresponding values in water is 

diEcub hecause of the Iack of relevant data in water at ai] temperatures. However, 

avaiIabIe data for Ki, at a sir&e tcmperaturc, i.e., at 25°C and for Kti at some 

temperatures in water (by Neuss and Riemanz2, K,, = 0.18+0.04 and K’ = 3.20 x 
IO-’ at 25°C by NancolIas et aLz3. Kti = 3.01 x 10V7 from potentiometric measure- 

ment and Kz, = 2.97 x 10m7 from spectrophotometric maesurement at 25”C, by 
Jon= et ak2& Kt = 3.17 x lo-’ and 293 x lo-’ at 25 and 35’C respeztively) show 

that the ionization constants of chromic acid are Iower @K, values are higher) in 

formamide than those obtained in water. These results suggest that chromic acid, a 

strong inorganic acid, exhibits simiIar behaviour to weak or,oanic acids in this 
soIvent’-4’~.‘“.‘9-fI_ Fur.& er, in changing the soIvent from water to formamide, 
the seccnd ionization constant of chromic acid is depressed more than the first as is 
observed in cases of or-tic dicarboxylic acids studied in formamide’-3, because of 



183 

the fact that the electrostatic effect due to the negative charge on the bichromate ion 
is more readily transmitted to the chromate ion in formamide than that in water- 

From the ionization constants of chromic acid at UT, the standard free 

energy changes, AG”, of the ionization processes have been evaluated, and are found 

to be IO, 730 and 51,460 J for the first and the second ionizations, respectively- 
The E" values of the Ag(s)/Ag2CrO~(s)fCrO~2 electrode are found to be 

0.3663, 0.3607, and 0.3547 V with negative slopes of the v&es, 3&S, 3.658, and 
3-784 V mol- ’ kg-’ in formamide at 25, 30, and 35”C, respectively- The vahres of 

q-A*rCrO~ in formamide may be compared with the values in water as reported by 
Cann and Mueller2’ (0.4463 V) by Hass and Jellineck2” (04620 V), by Boiam and 

MacKenzie” (0.4504 V), by Abegg and Cox’” (0.4480 V) at 25°C and by Jena and 
Prasad29 (0.4468 V) at 35”C_ The E” values are found to be lower in formamide than 
in water and are in agreement with the general behaviour exhibited by other electrodes 
of this clas~‘-‘~. This lowerin,o of E” v&es may be explained by the lower basicity 

of formamide which increases the AG” (-70,689 J at 25’C in comparison with 

AG”= -86,128 J at 25°C in water) of the cell reaction, H2(g)iAg2Cr0,(s)+= 

2Ag(s)+H,CrO~(solvated) by increasing the free energy of H,CrO,(soIvated) in 
formamide. 
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