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L. S. BARK and A. E. NYA* 

The Ramage Laboratories, University of Salford, Salford M5 4WT, U.K. 

(Received February 9, 1977) 

A series of mixtures, each containing at least two of the ions phosphate, arsenate(V) 
and arsenate(Ill) have been determined enthalpimetrically using the concept of the 
additivity of partial molar heat pulses. The non-selective reactions used involved precip- 
itation and redox reactions. The accuracy at the 1 mM level is within 1.5 ~,  and the 
total time of a determination of a mixture of all three anions is less than 10 minutes 
after preparation of the sample solution, which is prepared for insoluble phosphates, 
by metathesis with sodium carbonate. 

The principles of direct injection enthalpimetry are well established. Several 
workers [1-3] have applied enthalpimetric methods for the determination of  
mixtures of ions. In order that at any one time, only one component of the 
mixture reacts with the particular reagent used, the reactions have to be highly 
selective. This condition severely restricts the choice of reagent and results either 
in the need for preliminary separation of a complex mixture into simpler mixtures, 
or makes it virtually impossible to determine mixtures of chemically related 
species. We have previously proposed the use of non-selective reactions and the 
concept of Partial Molar Temperature Pulses [4] and have indicated the use of the 
concept in the enthalpimetric determination to a series of chemically similar specie~ 
(halide ions) [5], and of a series of related anions, based on the same element in 
different oxidation states (sulphide, thiosulphate, sulphite and sulphate) [6]. 
The use has now been extended to mixtures containing anions of both types, e.g. 
phosphate, arsenate(V) and arsenate(III). The reaction systems selected involve 
oxidation-reduction and precipitation reactions, as well as reactions with different 
rates, since it was considered feasible to utilise the difference in reaction rates to 
achieve some analytical selectivity. 

The reactions used for assay purposes were chosen on the basis of the following 
criteria: (a) the molar heats of reaction of the various analytes were either of the 
same order, or the molar heat of one reaction was practically zero; (b) the re- 
actions were either practically instantaneous, or did not occur to any significant 
extent within 10 seconds of mixing the reactants. 
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In order to measure a suitable heat pulse on the apparatus used, one may 
require to dilute the sample and/or alter the sensitivity of either or both of the 
bridge and the electrical recorder, and thence by simple calculation convert the 
experimental results to the equivalent system heat pulse [6], which is defined as 
"the heat pulse which would be obtained in that particular titration system, using 
a sensitivity such that a Full Scale Deflection (FSD) is obtained for 1 reVolt 
when 1 mMole of the analyte is contained in the fixed volume (V ml) of the 
sample". 

If  the heat pulse (pen deflection) obtained experimentally is A e x p t  , and if 
the equivalent heat obtained under the conditions defined for the system heat 
pulse is ASHP then: The number of mMoles of analyte in V ml of prepared 

sample - Aexp t  . number of mVolts required to give 1 FSD of the recorder 
ASHP 

under the experimental conditior~s. 
To some extent the heat of dilution of the reagents imposes some restriction 

upon the choice of reaction. It has previously been found that if it is necessary 
to amplify the heat pulses, in order to give art analyte reaction pulse of a reasonable 
size (arbitrarily chosen as a pen deflection of not less than 75 mm), then this is not 
always possible if the heat of dilution is high either exothermically or endo- 
thermically, since the heat of dilution which is part of the system heat pulse, is 
also amplified. 

Experimental 
Apparatus 

The enthalpimetric system has been previously described [7]. The working 
volume of the prepared sample was fixed at 20 ml and the amount of each reagent 
injected was constant and contained in a fixed volume (nominally 1 ml) of reagent 
solution. The recorder used to measure the heat pulse, manifested as an off- 
balance voltage from the Wheatstone bridge circuit, was capable of recording 
from 0.5 mV to 5 mV for a FSD of 250 mm pen deflection. (In practice the read- 
ings were generally taken using a sensitivity of 0.5 mV FSD.) The determinations 
were all done in a temperature controlled room at 25 ~ 

Analyte solution and mixtures 

Aqueous solutions of tri~odium phosphate, disodium hydrogen arsenate(III) 
were prepared and standardized by conventional methods. From these stock 
solutions were prepared a series of single salt solutions, containing 0 to 0.10 mM 
of the anion in 20 ml of solution (series A) and a second series of mixtures con- 
taining known amounts of the analytes (series B). 
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Series A was used to determine the system heat pulse for the particular reactions, 
and series B was used to examine the validity of the concept of Partial Molar 
Heat Pulses when applied to mixtures of these anions. 

Reagent solutions 

The following were prepared and used as titrants: (a) 0.5 M silver nitrate 
solution; (b) saturated barium hydroxide solution; (c) 0.5 M sodium sulphide 
solution. 

Determination of system heat pulses 

A series of 10 aliquots each containing between 0.0 and 0.10 mM of the analyte 
per 20 ml of the sample was used in triplicate. 

Where the molar heat of reaction was apparently zero, for a particular reaction 
[for example, arsenate(Ill) in its reactions with Ba(OH)2 and Na2S ] binary and 
ternary systems were compared in order to assess the effect of art apparently non- 
reacting component on the heat pulses of the other analytes. 

Results 

Determination of insoluble phosphates in mixtures 

The method was extended to the determination of insoluble phosphates and 
arsenate(V), by converting them to soluble sodium salts by metathesis with sodium 
carbonate. Weighed amounts (ca. 0.25 g) of known mixtures of freshly prepared 
and assayed calcium phosphate and magnesium arsenate(V) were mixed with 
3 -  5 times their weight of anhydrous sodium carbonate and approximately 10 ml 
of water. The mixtures were boiled for approximately 10 minutes to ensure com- 
plete reaction, and were then filtered, the residues were later washed with 2 x 10 
ml portions of boiling distilled water; the combined filtrate and washings were 
firstacidified with 2 M HNOa and then boiled to remove any carbon dioxide. 

System heat pulses for the single analyte 

(1 mMole of analyte in 20 ml of sample the sensitivity being 1 mV FSD) 

A n a l y t e  

Phosphate 
Arsenate(V) 
Arsenate(liD 

R e a g e n t s  

A g  + B a  a + 

750 150 
375 250 
300 Zero 

S 2 - 

175 
300 
Zero* 

* See discussion 
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The  p H  o f  the  r e s u l t a n t  s o l u t i o n  was  a d j u s t e d  to  b e t w e e n  p H  5 and  7 by  d r o p w i s e  

a d d i t i o n  o f  s o d i u m  h y d r o x i d e  so lu t ion .  

Determination of mixtures 

(a) Binary mixtures 
(i) Determination o f  phosphate and arsenate(V) 

Reagents: Ag + and Ba 2+ 

Amounts of analytes in 20 ml of solution, in mM 

Added Calculated 

phosphate arsenate(V) phosphate arsenate(V) 

0.010 
0.020 
0.040 
0.060 
0.080 
0.100 

0.100 
0.080 
0.060 
0.040 
0.020 
0.010 

0.010 
0.020 
0.039 
0.060 
0.079 
0.099 

0.100 
0.080 
0.060 
0.040 
0.020 
0.010 

(ii) Determination o f  phosphate and arsenate(Ill) 
Reagents: Ag + and S z-  

Amounts of analytes in 20 ml of solution, in mM 

Calculated Added 

phosphate arsenate(IlI) 

0.010 0.100 
0.020 0.080 
0.040 0.060 
0.060 0.040 
0.080 0.020 
0.100 0.010 

phosphate arsenate(II1) 

0.010 1.100 
0.020 0.078 
0.040 0.061 
0.060 0.040 
0.080 0.020 
0.100 0.010 

(it'/) Determination o f  arsenate(V) and arsenate(lll) 

Reagents: Ag ~+ and S 2- 

Amounts of analytes in 20 ml of sample, in mM 

Added Calculated 

arsenate(V) arsenate(III) 

0.010 0.100 
0.020 0.090 
0.040 0.060 
0.060 0.040 
0.080 0.020 
0.100 0.010 

arsenate(V) arsenate(III) 

0.010 0.099 
0.020 0.080 
0.040 0.058 
0.060 0.040 
0.080 0.020 
0.100 0.010 
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(b) Ternary mixtures 

Determination of phosphate, arsenate and arsenite 

Reagents: Ag +, Ba 2+, S 2- 

Amounts of analytes in 20 ml of  sample, in m M  

Added Calculated 

phosphate arsenate(V) arsenate(III) phosphate arsenate(V) arsenate(III) 

0.020 
0.040 
0.060 

0.040 
0.060 
0.020 

0.060 
0.020 
0.040 

0.020 
0.040 
0.060 

0.040 
0.060 
0.020 

0.060 
0.018 
0.040 

The volumes were then made to 250 ml. 20 ml portions were used to ascertain 
the size of the heat pulses obtained and the solutions were then diluted approxi- 
mately to give a heat pulse of  between 100-150  mm. 

Reproducibility o f  the determinations 

Two series of  20 aliquots, each containing 0.040 m M  phosphate and 0.060 m M  
of arsenate(V)per 20 ml were injected with either silver nitrate or barium hydroxide 
solution. 

The standard deviation of the pulses obtained was determined for each series. 
The deviations were: For  silver nitrate 1.25%; for barium hydroxide 1.35%. 

Determination of mixtures containing calcium and magnesium salts 

(a) Wt. of calcium phosphate, mg 

(b) Wt. of magnesium arsenate(V), mg 

Mixture 1 2 

added 
found* 

added 
found* 

251 
249 

176 
174 

78 
80 

141 
140 

116 
118 

* Calculated from triplicate determinations on the prepared sample solution 

3 4 

254 
251 

Discussion 

It became evident during this and other similar investigations that it is necessary 
to standardize the system at the same temperature as that used for the actual 
determination since the sensitivity of the Wheatstone bridge when balanced 
depends to some extent upon the actual resistances in the four arms. Since one 
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arm is a thermistor, whose resistance varies significantly with temperature change, 
the sensitivity of the bridge will vary with the temperature and subsequently the 
temperature pulse will apparently vary for the same heat change in the system; 
whilst this variation is small it is nevertheless an error which can be obviated by 
suitable experimental procedures. When the molar heat of reaction for a particular 
mixture of anions was apparently zero, it was considered necessary to investigate 
the possibility of co-precipitation and adsorption of the group(V) oxyanions; 
consequently the system heats of reaction for phosphate, for arsenate(V) with 
barium ions, and with sulphides were determined in the prcsence and in the absence 
of arsenate(II D; no significant differences were obtained. Ternary mixtures of the 
three ionic species gave the same effects as did the binary mixtures without 
arsenate(III) present. It was thus concluded that arsenate(III) did not interfere in 
the reactions of the other species. 

The kinetics of the reaction between sulphide and arsenate(III) ions are such 
that the reaction does not proceed to any significant extent during the time in 
which the injection is made and the solution reaches initial thermal equilibrium. 
After some time which depends to some extent on the relative concentrations of 
the arsenate (III) and the sulphide ion, a noticeable exothermic reaction commences, 
generally 20 to 30 seconds after the time of injection. This time delay is sufficient, 
using this technique to enable some selectivity to be obtained. The delay is not 
caused by the need for nucleation, since addition of a small amount of a suspension 
of arsenic(III) sulphide prior to the injection had no apparent effect on the delay. 

It is interesting to note that there is apparently a reaction between phosphate and 
sulphide ions. Although it has been reported that the phosphate ion is very stable 
and has essentially no oxidising properties below 350-400 ~ and a search of the 
available literature did not indicate the possibility of a reduction between sulphide 
and phosphate, there is no doubt that a reaction of some type occurs. The nature 
of the reaction is being investigated but one problem associated with enthalpi- 
metric reactions is that a large excess of one of the reactions is always present and 
hence it is not possible to follow any sequence of reactions by stepwise addition of 
one reactant and assume that these give the same products as those obtained by 
the enthalpimetric reaction. 

We considered it essential to control the pH of the medium in order that any 
ac id-base  reactions between the medium and the added reactants would be 
practically zero, but nevertheless if present, would be manifested as constant parts 
of the heats of mixing of the barium hydroxide and the sodium sulphide solutions 
with the sample matrix. It was considered essential to keep the pH slightly below 
7 in order to avoid precipitation of hydrated silver oxide on the addition of silver 
ions to the sample solution. 

The metathesis of the calcium and magnesium salts was done using freshly 
prepared calcium phosphate and magnesium arsenate(V) in order to ensure 
comparability of results. Calcium phosphate which had been calcined gave vary- 
ing results, probably as a result of incomplete metathesis. The problems associated 
with the metathesis of phosphates is under separate investigation. 
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F r o m  a c o n s i d e r a t i o n  o f  the  tests d o n e  on  the r ep roduc ib i l i t y  o f  the m e t h o d  it  is 

sugges ted  tha t  the  p r o c e d u r e  gives resul ts  wh ich  are  genera l ly  ana ly t i ca l ly  accept -  

ab le  in a re la t ive ly  shor t  t ime,  a n d  the  m e t h o d  has  po t en t i a l  for  rou t ine  analysis  

o f  mix tu res  o f  the  type  tes ted.  W o r k  on  mix tu res  c o n t a i n i n g  o the r  p h o s p h a t e  type  

an ions  in a d m i x t u r e  is in progress .  

One of us (AEN) acknowledges the provision of a Fellowship by UNESCO and leave by the 
University of Benin during the period when part of the work was done. 
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Rt~SUM~ -- On a analys6 par enthalpimdtrie une s6rie de m61anges contenant chacun au 
moins deux des ions phosphate, arsdniate(V) et ars6niate(III), en utilisant le concept de l'addi- 
tivit6 des impulsions de chaleur molaire partielle. La m6thode a 6t6 appliqu6e h des r6actions 
non sdlectives comportant des pr6cipitations et des r6actions d'oxydo-r6duction. A l'6chelle 
de 1 m M  l'exactitude est de 1.5 % et la dur6e totale de l'analyse d'un m61ange contenant les 
trois anions est inf6rieure h 10 minutes tt partir de la raise en solution de l'6chantillon. Dans 
le cas de phosphates insolubles, la raise en solution s'effectue par m6tath6se avec le carbonate 
de sodium. 

ZUSAMMENFASSUNG - -  Eine Reihe von Gemischen, an denen jedes wenigstens zwei der Ionen 
Phosphat, Arsenat(V) und Arsenat(III) enthielt, wurde enthalpimetrisch unter Verwendung 
des Konzeptes der ~;dd~fivit/it partiaI~f molarer Hitzepulse bestimmt. Die angewandten 
nicht-selektiven Reaktionen umfaBten FNlungs- und Redox-Reaktionen. Bei der Gr/SBenord- 
hung von 1 m M  liegt die Genauigkeit innerhalb yon 1.5 % und die Gesamtzeit der Bestim- 
mung einer alle drei Anionen enthaltenden Mischung betr/igt weniger als 10 Minuten nach 
der Vorbereitung der Probenli3sung. Diese wird im Falle unl/Sslicher Phosphate mittels 
Metathese mit Natriumcarbonat hergestellt. 

Pe3~oMe - -  Pz~ cMecefI, rax~z~an coaep~atuaa rio rpa~nef~ Mepe/IBa rt3 TaK!4X IIOHOB KaK qbocqbaT, 
apcenaT(V) i~ apceHav(IIl), 6J, iJm onpej/enem, i anTaJmImMeTpri~iecrn, r~cnoab3ya I~om/enurtm 
a~IaTnanocTi~ napurmrmm, ix MOYDIpRblX TenYIOT. Hcnoab30Baan nece~ieKTRBnbie peardma, 
Br.r~roRaiottt~Ie p e a r a l r m  o c a a ~ e H n ~  i~ OKRCJIeHH~-BOCCTaHOBJIeH~Ifl. TO'tI-IOCTB MeTO~Ia npI,  I c o i I e p -  

;~ar iHH BetueCTBa B 1 MMO.rib 6~,ina B r I p e ~ e a a x  1,5~, a o6I~ee BpeM~ onpeaeneana cMecr t  Bcex  

T p e x  aHI, IOHOB - -  M e r r b m e  ~eM 10 MIIH u o c R e  np i4 rOToBneRi ,  Lq p a C T B o p a  o 6 p a 3 u a ,  KOTOpBI~ ~IJIIl 

nepaCTBOp~tMI, tX d~ocqba~ffrfoayqaan peaKtlnefi o6Mena c rap6OHaTOM HaTpna. 
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