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ABsrRAcT 

Using the concept of the additivity of partial molar heat pukes, a series of 
mixt,ures containing aI1 or some of the following anions (a*-, SO:-, SO:-, S20f-) 
and S have been determined by the use of selected but non-selective reactions. The 

accuracy at the m.M fevel is within 1.5%. 

We have previously’ pro-d the concept of Partial Molar Temperature 
Pulses and indicated its use in the enthalpimetric &termination of a series of halide 
mixtures. In any pa~-ticuIar cothalpime’%ic titration system, having a constanr yolume 
and thermal up&ty, WC have indicated that for any reaction involving a rnilrture of 
andytes, the totd temperature pulse will be the sum of all the partial tcmpcrature 
pulses of the components of the mixture. The partial temperature p&c of any analyte 
is that which would be obtained, by the reaction between the particular reagent and 
analytc if that andytc component alone occupied the whole sample volume. Thus, the 
recorded heat pulse (P actual) is such that: 

P actual = C(aP, + bPB i_ cPc ___ if, -f- PM) where a, b, c . . . i 

represent the number of moles of analytes A, B, C . . . I, having partial molar tcm- 

prature pulses of P*, P,, PC . . . PI, respextively, and P,, is the temperature pulp) 
representing the dilution of the reagent, i.e., is dependent upon the heat of mixing: 

The partial temperature pulse for any component is equal to the number of 
moles of that component present in the sample volume hzes the partial molar 
temperature puke for that anaiyte in that particular system. 

The partial molar temperature pulse is determined by reacting known amounts 
of the particular mdyte, with the reagent being cscd_ The voluma of the sample, the 

-_-_ 
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reagent, the general enthalpimetric system must be kept constant both for the calibn- 
tion and for the assay. 

The total number of reactions and hence of agents, which need not be 
elective, but which must react with at least one component of the mixture, must be at 
least equal to the number of components to be determined. Since all the reactions may 
not have heats of reaction of the same or&r of magnitude, it may be necessary to 
adjust the xnsitivity of the system in order to obtain a signal of an acceptable size. 

This may be done either by altering the sensitivity of the efe&-inl bridge and/or that 
of the potentiometric recorder or it may be more practicable to dilute the sample so 
that the fixed volume of solution in the reaction vessel contains less analytc. Thus, we 
have the possibility of having signals obtained at different sensitivities and fcr different 
concentrations of the analyte for various reactions in the overall zszay_ In zder to be 
able to cxpeditc calculations, it is useful to use the term “S_ystem Heat Pulse”, wiz, 
the heat pulse which would be obtained in that particular titration system, using a 
sensitivity of a Full Scale Deflection (F.S.D.) for 1 mV when 1 m%I of the analyte is 
contained in the fixed volume (V) of the szrmple. 

For example, in the system used, 1 mM of sulphide ion in 20 ml of sample, 
when reacted with Ag’ would give a deflection of 1000 mm, using I mV for an 
F.S.D. Since the total width of the .scale is only 250 mm, in order to obtain a measure- 
able signal, we may use a sensitivity of 5 mV for F.S.D. to obtain 200 mm deflection 
per 1 mM of sulphidc in 20 ml of sample, or diiutc the sample so that 20 ml contains 
only 0.25 m.M in 20 ml and, using a sensitivity of 2 mV for F.S.D., we would obtain a 
reading of I25 mm_ 

Thus, to obtain a measurable deflection (heat pulse) on the apparatus provided, 
one may dilute the .sample and,/or alter the sensitivity of the recorder, and thence by 
simple calculation convert the experimental results from those obtained to the 
equivaIent System Heat Pulse. c.g.: if the heat pulse obtained under the conditions 
defined for the System Heat Pulse is Aslip then: 
4 c fipJ45i?!P - sensitivity (in mV) used for F.S.D. x dilution ratio of sample 

7itf alion sysfem 

The direct injection enthalpimetric titration systems has been previously 
dcrcribed’. The working volume was 20 ml. The amount of reagent injected wzs 
constant and nominally 1 ml. The recorder used to me(asure the heat pulse was 
capable of being adjusted to record 0.25 mV, 0.5 mV, 1.0 mV, 2.0, 5.0 mV for an 
F.S.D. of 250 mm. 

Reagents 

For calibration purposes, series of single salt solutions were prepared, containing 
0 to 1 mM of the sulphur anion per 20 ml of solution. The following materials were 
used: sulphur, =gcnt grade scxiium sulphide, A-R. grade sodium thiosulphate, 
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TABLE 1 

Titration of sodium sulphitc with iodine soolution (2 mV for full scak ddkuion). Cakula~td system 
molar lxat p&c = loo0 (i.e., IuS&*- =: loo0). 
_--_- ___.___.__ _--_ --. ._ ---_. _ _---_.__ -__ ----._- 
No. of mM of rcinp. pulse Average tzijtufrd --_. __ _ _ _- . .._ .___ _ . ----._. . ._____ _. 
aJu$yre/,‘9 n2.i I :, 3 4 for diMion 
--. ._____ - _. .--_-__-_- --- ----.-_ -.__-__ _. 

0.0 -13 -13 -13 -13 0 
0.2 25 23 21 24 37 
0.4 60 60 m 60 73 
0.6 102 102 io2 102 115 
0.8 140 140 1-a 140 153 
1.0 1IXO 180 179 180 193 
--..- _-- ----__- - -__ _ ----__ 

TABLE 2 

BINARY YlXtX’ELFS 

7itnhn of sodium sulphidc and sodium rhiasulphalc wilh (3) iodine (2mV F-S-D.) and (ii) sikr 
(solution diluted ICI times; 0.5mV F.S.D.). 
---_- ___ -_.-- -.-----. . . - _ __.-----.. _ __- ._____-_ __ .__. 

Amounr m.W,!_Wmi aa&d ‘hiirz puW’ “Sihr puti’ Amounll;rO mP --. _.---- 
h’ow5 NazS& (correcred /or dilurrbn) (corrected for dilurion) Na=.S Narszoa 
- --_ _--_-_- -_-_-- __-.-_--_-__... _. .-. --_._-.-- __.-_ . _- 

0.1 0.1 8P x2.7= 121b 12lF 0.097 1.006 
0.2 0.8 105 105 120 120 0.198 O.XU 
0.4 0.6 163 161 Ia0 1a 0.409 0.59 
0.6 0.4 216 216 160 Ia3 0.599 0.4@2 
0.8 0.2 273 272 180 180 O.r(oI 0.201 
1.0 0.1 233 332 210 210 l.axM 0.10 
--- .._-- _.- --_ ____ - -----.-_ 

l Values cabzulated by conversion of all sign& lo sysccm heat pulse for the analyze and then 
solving of the appropriate simuicancous equations of Table 3. 

b Actual wiuc recorded. adjusted for dilution and sensitivity. 
e Vhc calcuhkd by addition of panizl molar tcmpcratun puIscs_ 

TABLE 3 

?iWatian of(a) Sodium thiosulpharc -i- sodium sulphidc: (b) sodium thiosulpll~!c f sodium sulphide 
in the prwncc of sodiuii sulpbite + sodium sulpbatc (which have ZQO bezts of rexzion in this 
swcm) with Cd’- (2mV F_S.D.). 

~~~~~-- 
AmounI of anion in -20 ml (m.W) Pdsc recorded 

--..-_-- -- 
- S=- S:Oa’- 

SO,’ _ .--__I__ __ 
SOs? - a b 

_-_ - ._-_._- -. ---. --.--- -.------ -._-_- - .--- 

0.1 1.0 4 4 -11.5 -11.5 
0.2 0.8 5 5 15.5 15.5 
0.4 0.6 5 5 64 64.5 
0.6 o-4 5 5 Ill 111 
0.8 0.2 5 5 157.5 157.5 
1.0 0.1 4 4 200 2uO.5 

-_-.-__.___ ----- -.- - --_.__- -__-_ 
(a) Pulse recorded on binazy syslan, axruztal for kat of dilution. 
(b) F’uk record4 on quacanary syaun, corraztcd for heat af dilutiun. 



TABLE 4 

RISARY SYSIZY 

Titration of sulphidc z;ld sulphik with CcP sdution @my) and Agi soWion (05 mv) (~&lion 
di!utcd x IO). 
__ ___ _ . ____ _ .- --_-__ --._. ___ _- _..__ ._ . - -_-_. --_-_ --_ 
Anmunt ofamf_~tc in _W ml(in m-W) 
-_--_ -.._ __ ..P---_-.w -----.-_.._-_ -_.-.__ 

A&d Colcufaxed 
_._. _. . ..-.--, .-._-... __. .-.._ ____ - _ ___ --- _-_. -__. _ 
Sdphid? S&hire Sufphk& Sufphkb 
_____ . . . _- ._--__ _. - . - ._--.-.---_- ._.... --_--- .- _ - .-__. _. . . _- 

0.10 1.00 o.lqo) 1.00 
0.20 0.80 O-w0 0.79(9) 
0.40 0.40 O-40(3) OXrr) 
0.80 0.r) 0.rys) 0-W) 
1.00 0.10 0.97 0.097 

TABLE 5 

‘litrakm of sulpfiitc and ~hksulphatc Gth iadinc (2mV F-SD) and silver (O.SmV FSD) (solution 
diluta! x IO). 
.-__. _ ._._. ___ _ __-__-- ._- _---._- _ -_---- 
Amawtr o_farfa&rc UI _W ml (m m.M) 
--.. --- --._-__.-_-. ---._.-_ - -.____ -_--- - 

Adrtcrl Cakuiared _ --__-._ __._. --.,_- _ . _-.- .-__-_- _____ _ ._ _- . -_ 
.Sd_phi~~ 7Ziosuiphare .%phite ;rliiosulphare 
_.-__- - - . __-.-.-- _ ---_-_. _ _.._-_-._.__. ----_ .-_ _...__---.--_. 

O.IO 1.00 O.W9) 0.99(8) 
0.20 0.80 0.19(7) O-79(9) 
0.40 

x:: 
0.39(3) O.wJ) 

0.60 O.W5) O-40(3) 
0.80 0.20 O-79(2) 0.2fx2) 
1.00 0.10 1.00 0.10(O) 
_._ . - ____ -_. __ . ---_--_-- ..- _---_ -.--- 

TABLE 6 

TERSARY MIXWRFS 

Titration Oc mixtures of wlphkk, ttiosulpharc 2nd sulphitc with cadmium solution; sikr solution 
(soIurion diluted X SO); iotiinc s&Con. 
--- ___ --__ 
Amount of cmniyre in -0 ml (in n&f) 
--- . -~ ~ _ _ --- _---_-----_ -_ 
A&d CMc&itd --.e-_ .__-- -_ . . ._._. _... ._ - ..- 
SOS?- s- s201=- so,* - -sI- 

- .-Pm 

._ . 
&Or~’ 

0.10 

020 
0.40 
0.60 

0.10 

0.20 
0.40 
0.a 

0.10 

0.20 
0.40 
0.60 

O-@W7) 
OaQ 
0.399(6) 
o-w.0 

O-099@) 
o.ma 
O-39(6) 
0.600 

0.1qq 

OJfx4) 
0-W) 
o-w01 



322 

TABLE 7 

QUATERXARY SUXIURE?i 

Tiuation d rnixmcs of sdphide, ~hicsulpb~, suipbitc d sulpharc with barium sdution; silmr 
s&uion; cadmium sduhn; and iodine solution. 

_-_- ---- -_-- _- - .__-_ 
Amounr of aJ&w rir 20 ml (in mu) 

Adkd CdCUhd 
._-___-_-“-- -_.- -- ---_ -- ---. -_-_ 
s= stoa2- SOa’- SOP ZF- Srot’- sop so4=- 

0.10 0.10 0.10 0.10 O-09(9) OJql) 0.10(I) 0.10(l) 
0.20 020 0.2.0 0-r) O-22(9) Oat) 0.zo(O) 0-01 
0.40 0.40 0.40 0.40 0.39(9) 0.40(l) 0.38(9) OAl(3) 
0.60 0.60 0.60 0.60 0.61(O) O-60(0) O-5903) 0.61(S) 
___. _ __- _ __ .-- -__ .- _-_ -_ _-_ .-_- _._ _ ._ __ ___.____ 
9. Addition of sulphur no signifhznr dects MUG noticed in any mixture. 

TAl3LE 8 

SYSEM HEAT PUISE FOR ANALYES (ImM in 20 ml; ImY F.S.D.) 

Reagetrr used for reuehm -.- 
&I’7 cd” .-- 

.m-_-- 

I: &- 

Sulphidc 0 410 6s loo0 

Thiasulphatc 0 0 iO0 500 
Sulpbitc 50 --64 386 
Sulplac 103 0 0 0 
Sulphur 0 0 0 0 
_----- ----._- 

reagent grade sodium sulphitc, and A.R. gde sodium sulphate. The solutions were 
standardised by conventional methods3_ 

(I ) Cadmium solution. 2.5 M Cd’ i (as Cd(NO,),) was prepared and used as 
the rsztant for one system. 

(2) 
matedal. 

(3) 
(4) 

Barium soluiion. 2 M Ba2’ (as BaBr?) was prepared fro= reagent grade 

I, sohrion. 2 M I, in KI solution. 
Sihw solution. 0.25 M (as AgNO,j prepared from reagent grade salt. 

Titra I ions 
For titrations with Cd*-, I,, ISa” the solutions contained 0 to 1-O mM of 

analyte per 20 ml of sample. For titrations with Ag+, the analyte samples were 
diluted ten times. For Cd2 ?, 12. Ba2+ titrations the sensitivity was adjusted to give 
F.S.D. for 2 mV; for Agi a sensitivity of F-SD. for O-5 mV was used: Some binary, 
ternary, quaternary and quinary mixtures were synthesised, by suitable mixture of the 
anal* (sulphur anions and sulphur). The muits arc given in Tables I-7, 

Where the molar hat of &on was zero for the dytes (sulphztc, thio- 
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sulphare in their reaction wilh Cd’ i ). a binary and a quaternary system are compared, 

in order to assess the effect of extra non-reacting comvnents on the heat pulses of the 
anaIyte!s_ 

Each titration was done in triplicate- Sulphur (up to 3 mg) was added to sckted 

systems. 

RESULTS 

A summary of the results on single compounds is given in Table 8. 

Discusion of Resuhs 

Considering Table 2, for the titration of mixtures of sulphide and thiosulphate, 

in order to cakulate the value of the pulses expected by addition of partial molar 
pulses, one assumes that there is no interaction of the sulphide and thiosulphate, and 
that any alteration in the ionic strengths of the sample __. causes no alter&on in the 
thermal capacity of the system. 

Thus, in order to calculate the composition of the mixture, the exprinental 

signals are convened to the equivalent system heat pulses, and then the appropriate 
simultaneous equations are solved, viz, If the heat pulse for the iodine system is d,,, 
and the heat pulse for the silver ion system is AAL,, i.c., heat pulse recorded, adjusted 
for dilution and sensitivity, then if x and ): are the number of mM of thiosulphate and 

suiphide, respectively, in 20 ml of sample so1ution; 
Heat pulse -= x - system heat pulse for Iz/thiosulphatc .;- y - system heat pulse 

I#=- 
(I z system) 
Heat pulse -2 x - system heat pu!se for Ag ‘/thiosulphate -+ y - system heat pulse 

A&S2 - 
(Agi syslem) 
Thus, for say mixture (4) (0.60 mM of Na2S i- 0.40 mM of Na, S,&); 

The heat pulse for the I 2 system is 216 mM, and the experimental heat puke for 
the Ag’ system is 160 m-34. 
-l-hUS: 

216 -7 loox -1. 65+ 

160 -= 500-r ‘- ulooJ 

Solving these equations givs x - 0.599 mM and y = 0.402 mM. 

(1) 

(2) 

Similarly, for the quaternary system of sulphide, thiosulphate, sulphite, and 
suiphate, for any particular mixture there are four simultaneous equations v&d- 
These relate respectively to the experimental heat pulses obtained by injection of 
sampks of barium solution, silver ion solution, cadmium solution and iodine solution 
into 4 sepank zliquots. 

From a consideration of the results it appears that the accuracy of the method 

is g%~craliy better than U”A, over the range 0 to 1 mM of each an&& and over the 
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range of 0 to 2.5 mM of total analyte- The method is rapid; for example in the 

quaternary system, the solving of the four equations requires approximately IO steps, 
and these are easily pro_gammed, so that for routine assays, only 4 numbers need to 
bc fed into the programme. 

-I-he reactions chosen were selected on one main criterion: they were ail rapid 
reactions, practically instantaneous. Althou& it is theoretically possible to use 

reactions for which Ihe molar heats of reaction for the analytcs are widely different, 
this will obviously reduce the accuracy of the method, since small errors in one may 
be of great significance additively. We have thus selected those reactions where the 
molar heats for the reacting species are of the same order. The hear of dilution of the 
reagent must also be fairly small, so that the signal obtained is not mainly due to 

dilution effects. Obviously the amount of dilution will vary, depending on the amount 
of reagent used in the analyte reaction, i-e., the greater the amourrt ofreasent used the 
smaller is the cfi&t due to dilution- WC thus considered the heats of dilution of each 
reagent and have used that amount which would not give a variation of more than 
I-2 units, over the ranse of analytcs present. This error is systematic and by the USC of 
a suitable iterative programme incorporating the variation in the amount of dilution, 
with the amounts of anaIytcs present, the error may be eliminated_ For our purposes, 
such sophistication was not required_ 

It would appear that the method should be able to be applied for any number 
of analytes in a sample. It will be necessary to have selected reactions, which give 
suitable hat changes, but it is obviously not necessary to have specific or selective 
reactions. 
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