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In an aqueous medium containing 50% V /V acetone, sulphate ion reacts with a mixed reagent 

consisting of Mov-Mov1-HCI to give a blue molybdosulphate complex, the amount formed being 

proportional to the sulphate ion present. Using this colour forming reaction, sulphate ion could be 

determined spectrophotometrically, and the limit of detection (signal to noise ratio= 3) was 3.1 x 

10-6M. When combined with an extraction-concentration of the blue complex, the proposed 

method gave a lower limit of detection, viz., 1.0x10-6M. Phosphate, arsenate and germanate ions 

interfered owing to the formation of similar blue complexes at concentrations ~ 1.0 x 10-5M, but the 

presence of 1.0x10-4M silicate ion and 1.ox10-2M chloride ion caused no significant interference. 

Sulphate in natural waters, particularly saline waters, was determined and the results showed good 

agreement with those obtained by ion chromatography or inductively coupled plasma atomic 

emission spectrometry. 
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In spite of extensive studies on the determination of sulphate ion, few suitable colorimetric methods 

have been developed. Nearly all the spectrophotometric methods available for the determination 

of sulphate ion are based on indirect methods. In some instances, sulphate ion was first reacted with 

sparingly soluble reagents such as thorium borate-amarath,1 barium chloranilate,2 zirconium or 

thorium alizariun,3 barium chromate,4 barium iodate5 and barium violurate,6 and the liberated 

components from the respective reagents were then measured spectrophotometrically by taking 

into account the stoicheiometric replacement with sulphate ion. Alternatively, measurements were 

made using soluble reagents such as 2-aminoperimidine7 and barium ion,8 with remain in solution in 

excess after stoicheiometric precipitation with sulphate ion. These methods have subsequently been 

modified to improve their accuracy and sensitivity and have found a variety of applications.9・10 

However, these indirect methods require laborious procedures to ensure that the heterogeneous 

reactions are quautitative. 

In the course of synthetic studies on heteropoly molybdate complexes in aqueous acetonitrile 
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media, w e  found that sulphate ion reacted readily with an acidic molybdate solution to give a  
specific heteropoly complexい This complex, which exhibited a  yellow colour due to the  fact that 
its absorption band occurred  in the near ultraviolet region, could be electroreduced to a  blue  
complex.12 

W e  observed that a  similar blue species could also be  obtained directly by reacting  sulphate ion 
with a  Mov-Mov1-HCI mixture  in the presence of acetonitrile or acetone. This reaction can be used  
as the  basis of a  simple, direct  spectrophotometric method for the  determination of sulphate ion.  

Experimental 

Reagents 
A  500 叩 M ov1solution was prepared  by dissolving Na2Mo0,.2H心 in water. 
A  200 m~1 solution of M o v  in 2.4 M  HCl was prepared by controlled potential electrolysis.  A  

40-ml aliquot of the  M ov1  solution was mixed  with 21 ml of 11.6 M  (3 6 %  m /m )  HCI and 39 ml of 
pure  water and the mixture transferred  into a  100-ml electrolysis cell. A  three-electrode  system was 
used: a  bundle (ca. 1  g) of GC-20 glassy carbon fibres (Tokai Carbon) as the working electrode, a  
saturated calomel electrode (SCE) as the  reference electrode  and a  platinum wire as the auxiliary 
electrode.  The acidic Mov1 solution w as  stirred continuously and a  potential of-0.1 V  versus S C E  
was applied by  means  of a  Hokuto D enko HA-301 potentiostat. Approximately 6  h  were required  
for completion of the electrolysis; the  electrolysis  current decreased  initially (for 15 min),  then  
increased  (for 30 min) and finally decreased  again towards  the residual current level. The transpar-
ent orange-red solution thus obtained  was used  as a  standard solution of  Mov, although it contained 
an equilibrium mixture'3 of Mo20,Z+  and M o20r. This solution was stable for at least  2  weeks 
when kept  under ambient conditions and for m ore  than 1  month when kept in the  dark at 4℃.  
A  reagent mixture  consisting of 50 叫 Mov-117 叫 Mov1如 HCI was freshly prepared as 

required. 
A  100 m~1 sulphate stock solution was prepared from K 2SO, and diluted  appropriately to give 

the  working sandard solutions. 
Acetone and acetonitrile were of guaranteed-reagent grade and were used  as received.  Chloro-

form of guaranteed-reagent grade  was washed before use by  shaking it with water to remove the 
ethanol added as a  stabiliser. 

Apparatus 
Unless stated  otherwise, the tem perature  for the colour forming reaction was ther mostated to 25 士
rc.  
Absorption measurements were made on a  Shimadzu* 
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UV-200 spectrophotom eter  using  silica  cells  w ith light path lengths  of  1.0,0.2  and 0.1 cm .  

A bsorbance values m easured  in 0.2- and 0.1-cm cells  w ere  calculated  for a  1.0-cm  cell. 

Results and Discussion 

Optimisation of Conditions for the Formation of the Blue Molybdosulphate Complex 

T he  presence  of  acetonitrile  aided  the  formation of  the  yello w  m olybdosulphate  complexリ This

was also true  for  the  blue  m olybdosulphate  complex. W ithout the  organic solvent,  no  colour change 

was observed  on  addition  of  sulphate  ion  to  the  M ov-Mov'-HC I  mixture;instead the  orange-red  

colour of  the  reagent w as  unchanged.  In the  presence  of  acetonitrile  or  acetone  at  concentrations >  

40%  V I V ,  the  solutions  gave  a  characteristic blue  colour on  addition  of sulphate  ion.  A  blue  

com plex w ith a  M o  to  S  ratio  of  9:1  w as  isolated  from  the  reaction m edium as  the  tetraalkylam-

m onium salt.  Details  of  the  isolation  procedure  will be  reported  elsewhere. T h e  present  m ethod  is  

based  on  this  complex formation  reaction. 

Fig  1  sho w s  the  absorption  spectrum of  the  blue  m olybdosulphate  complex, w hich  has a  broad  

入max_ at  720  n m.  T he  absorbance  increases w ith time  over  a  period  of  several  days (Fig. l,B-D).  A  

period  of  24 h  was used  for  all subsequent absorbance m easurem ents.  
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Fig. 1. Formation  of  the  blue  m olybdosulphate com plex in a  reaction  medium  consisting  of  15111.,1 M o"-351m1 M 虹 1.
2:11 H Cl-50% V IV  acetone.  A, Reaent  blank;  B .  C  and D ,  in the presence of  0.2111.¥J sulphate  ion after  standing for 1,  
2  and 5  d,respectively  
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Apart from the time needed for the reactoin to develop,the formation of the blue complex also 
depends on the concentrations of M ov, M ov'and H C I  employed and on the temperature of the 
solution. T h e  effect of the  M ov  and M ov' concentrations was examined first by keeping the other 

parameters constant,  viz.,  1 加 sulphate,1.2 M  HCI, 5 0 %  V IV  acetone and a  temperature of 25℃ 
T h e  concentration of molybdenum in each oxidation state (+  5  and +  6) w a s  varied and the 
absorbance w a s  measured at 720 n m  after standing for 24 h.  In Fig.  2, the absorbance is plotted  as 
a  function of the M ov  and M ov'concentrations and each set of equal absorbance values is joined by 

a  smoothed line. T h e  shaded area in Fig.2 represents the  region in which an interfering blue colour 
arises (i.e.,  in the  absence of sulphate ions) owing to the  formation of a  so-called isopoly molybde-
n u m  blue  species. Excluding this region.the highest absorbance is attained on curve D. This curve 
was also used  to determine  the optimum composition for M ov  and M ov'so that the total molybde-

n u m  concentration was kept to a  minimum.  This was found to be 15 叫 M ov plus 35 叫 Mov'
(marked with an X  on curve D).  
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Fig. 2. Formation of  the  blue  complex as a  function  of the M ov  and M ov'concentrations. Sulphate ion (I M m) is  
reacted  in a  m edium consisting of 1.2,1 HCI-5 0 %  V IV  acetone and containing various  concentrations  of M ov  and 
M ov'Absorbances are m easured at 720 n m  after leaving the solutions to stand for 1  d. Absorbance  values: A ,  0. I,  
B, I;  C. 3;  D, 6;  and E, 9. Path length,  I  cm. Shaded  area, region of isopoly molybdenum blue  formation. X. Optimum 
com position of M ov-Mo‘「I

Secondly, the effect  of the  H C I  concentration w as  investigated.  W h e n  the H C I  concentration 
was greater than 1.5M, formation of the blue complex was extremely slow. In practice.moderate 
reaction rates were achieved only at  H C I  concentrations 1.2 M.  However,the  interfering isopoly 
molybden u m  blue species was also formed below 1.0 M  HCI. F r o m  these observations, the optimum 
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HCI concentrations was found to  be 1.2  M .  
A s  regards  the  choice of auxiliary  solvent,acetonitrile and acetone were compared and it was 

concluded  that  the  latter  was preferable because it gave a  much greater  rate of complex formation 
than the  former. The rate could be  increased  by  increasing the  acetone concentration; however,  
large additions of this  solvent caused an undesirably  large  dilution of the sample.  A  concentration  
of  5 0 %  V I  V  was chosen as  a  compromise. 
Finally,the reaction temperature  was varied  from  5  to 45°C. Between 15  and 30°C  there  was 

virtually no change in the  reaction rate;only  at temperatures  higher than 40°C  or  lower  than 10°C 
was the  rate decreased  appreciably. O n  the  basis  of these data,  subsequent experiments were 
carried out at room temperature. 

Recommended Procedure 
A  3-ml  aliquot of the reagent mixture  (i.e., 50 加 M ov-117 m,1 M o "如 HCI) is placed in a  10-ml 
centrifuge tube  having a  tight stopper and then  2  ml of the  sample to be  analysed and 5  ml of 
acetone are  added. The mixture  is shaken well and left to stand for 24 h  after which the absorbance  
is  m easured at 720 nm. T he  sulphate concentration can be determined by  comparison with a  
calibration graph (Fig.3,A). T he  standard deviation  of the blank absorbance (average of  ten 
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Fig. 3. Calibration  graphs.  A bsorbance measured  (A) before  extraction and (B) after  extraction of  IO  ml of  aqueous  
acetone  solution  w ith 0.5 ml of  chloroform. Path length, I  cm  
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Fig. 4. Variation of(A) the  volume  of the  organic phase and(B) the  absorbance of  the organic  extracts  as a  function 
of the  amount of chloroform added. Samples (JO ml) consisting of 1.0 X  IO―4¥1 sulphate- IS lll¥l i¥101-:l:1 111¥1 Mo"- 1.:Z iVI 
J-ICl-50% V IV  asetune were shaken  with various  amounts of chloroform 

m e asurem ents)  w as  0.0012. T h e  limit of detection was calculated  as that concentration which gave 
an absorbance  three times the  standard deviation  of the blank absorbance; the value  thus  obtained  
was 3.1 x  10-6rv1. T he  reproducibilities (relative  standard deviations  of ten  determinations)  at the  
1.0 X  10-• and 1.0 X  IO-3 M  sulphate  levels  were 1.4  and 0.7%,  respectively.  T he  reproducibilities for 

lake and river water samples were  1.2%  (3.49 x  10-• "1 sulphate ion) and 0.6% (9.34 x  10-'"1 sulphate  
ion),  respectively,  and those  of the natural water samples, w hich w ere spiked with 1.0 x  10- •"1 

sulphate ion, had similar values. 

A s  m entioned  earlier (and as sho w  in Fig.l,B, C  and D), the  reaction does  not reach  equilibrium 
even after  standing for 24 h; in fact the  absorbance continues  to increase to increase w ith time. 
However, this  presents  no problem  in the  determination of sulphate ion because  the  increase in the  
absorbance is  very slow; also.the  change in the absorbance is  less than  1  %  per  hour after 24 h. 

If the  concentrations of sulphate ion in samples are  found to be  lo w  for accurate m easurem ents, 
then  an extraction-concentration method can be  applied to the  blue c o m plex by  using chlorofor m.  
A  10-ml volume  of the  sample  is  shaken  vigorously  with 0.5  ml of chloroform for several  minutes 
to extract the  blue complex and the absorbance of the  organic  extract is  then  m easured  at  720 nm. 

Owing  to the presence  of a  large a m o unt of acetone  in the  system,a larger  volume of organic 
phase  is  recovered  relative to the  chloroform added. Fig.4 shows both the  volum e  and the final 
absorbance of the organic phase  as a  function of the a m o unt of chloroform added.  T he  addition of 
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0.5 m l  of chloroform produces 1.5 m l  of organic phase, into  which the dilute  blue complex is 

concentrated .  This  leads  to an approximately six-fold increase in the  sensitivity of the method. 

T h e  stan dard deviation of the blank absorbance w a s  0.0024 using this concentration  m etho d  and the 

limit of detection  w a s  1.0 x  10-6M .  T h e  reproducibility at a  2.0 x  10-sM sulphate concentration w as  

1.1% .  T h e  calibration graph obtained b y  this procedure  is shown  in Fig. 3, B .  

Effect of Foreign Ions 

Table  1  su m m a r ises the effect of a  number of foreign ions  that are often found in natural water 

samples. A s  can be seen  from the  table, phosphate, arsenate and germanate  ions  cause positive 

errors b y  forming a  similar  blue  heteropoly complex at concentrations ~ 1.0 x  10-sM.  H owever,the  

concentrations of these ions in natural water samples are usually  very lo w  compared w ith that of 

Table 1. 
Effect of foreign ions 

Ion  Concentrat1on/  Absorbance  Error,%  Ion Concentration/  Absorbance  Error,%  
M  at 720nm M  at 720n m  

None• 0.091 
N a+・・ l  o-4  0. 091 ゜ BO,'一 10-3  0.091 ゜lo-3  0.092 l  o-2  0.090 -1  

10-2  0  088 -3  10-1  0.090 -1  
K +．． 10-• 0  092 Si032- ..  10-s  0.094 3  

10-3  0.092 l  o-4  0.096 5  
10-2  0  091 ゜ lo-3  0.145 59 

Ca2+  10 -3  0  090 -1  P Of  lo-6  0  090 - ]  

10-2 0  086 -5  lo-5  0.120 32 
10-1  0  091 ゜ 10―4  0.322 254 

M g2+ 10-J  0  093 2  AsO43- ．． 10-6  0.093 2  
10~2  0.087 -4  l  o-5  0.114 25 
10-1 0.092 10-• 0  354 289 

Fe3+  l  o  -6 0.090 -I  NO3- 10-J  0.092 
10~5  0.092 10-2  0.089 -2  
10 -4  0.096 5  10-1  0.015 -84 

A I3+  lo-5  0.089 -2  G e0,2- ．． I  O-6  0  091 ゜10-• 0  093  2  10-5  0  100 10 
10-3  0.090 -1  10-• 0.223 145 

CJ~・ .  10-3  0.091 ゜10-2  0.091 ゜10-1  0  082 -10  
*Sulphate  concentration,  1.0 x  10-閲
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sulphate  ion  an d,  therefore, they have a  ne gligible  effect  on  the  analysis  of  such  sam p les.*  T he  

presence of  1.0  x  10- •M silicate ion ca uses no  significant interference. N itrate  ion  at  concentra-

t ions~O. l M  causes negative errors  d ue  to  the  o xidation of M o v  in the  reagent. C hloride ion  also 

red uces the  absorbance at  concentrati ons~O.l M  by  the  formation  of chloride  complexes with  

m olyb den u m  ions. N one  of  the  cations  studied  interferes. 

Application to Natural W a t e r  Samples  

T o  ascertain  the  utility  of  the  proposed  m ethod, sulphate  ions  w ere  determined  in natural  saline  and  

other  w ater sam p les such  as sea w ater  from  the  Pacific  O c e an  and lake  an d  river  w aters  from  the  

Table 2  
A nalytical results  on sulphate concentrations in natural saline and other  water samples 

Concentration/rruヽ I

Sam ple  proposed  IC P-A E S  • IC  t  method 
Sea  water  t-
K l-187-4/25-0" 2 7  6  28.2  
K H87-4/  43-Qb 27 .2  27 .9  
K H87-4/43-1000' ．． 26.9 27. 9  
Kl-187-4/  43-3000d ..  27.7 28.0 
K T86-ze ．． 25.8 26.7 

Lake water§ 
85519-01  ..  ．． ..  7.58 7.75 7.38 
85521-03 ．． ..  .. 8. 14  8  38 8.45 
85526-01  '' ．． .. 2. 15  2  2 3  2  18  
85526-02 .. ．． ．． 3.57 3  63 3  36 
85526-05 ．． ..  .. 7.3 1  7  48 7  74 
85608  ．． ．． ' '  0.934 0  939 0. 916 

River water § 
85521-04 ．． .. ．． 3  67 3  81  3  68 
85527-02 ．． .. .. 47.2 4 9  5  4 9  5  
85527-03 ．． ．． ・ ・ 484 515  492 
85617-01  ．． ..  ．． 0.349 0.368 0.361  

*Inductively coupled plasma atomic  emission spectrometry. 
t  Ion  chromatography.  
t  Sea water sam ples w ere  collected from the  Pacific  Ocean  
(location:  a, 42'30.3'N, fii'59.  3'E;  b, c  and  d, 39'38 .  7'N, 144'54. 5'E; and e, 34 4゚6.0'N, 141'47.2'E. Depth  
a, b  and  e,  O; c, 944; and d, 2805 m). 
t  Lake and  river  water samples were collectd  from the  T ibet Plateau.China. 
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Tibet  Plateau,  China. T he  analytical  results  are  sho wn  in T able  2  together  with those obtained  by  

t wo  other  m ethods,  viz., inductively  coupled  plasm a  atom ic  em ission spectrometry  (IC P-A E S )  an d  

ion  chrom ato graphy  (IC). It can  be  seen  that the  results show  g o od  a greem ent within experimental 
error.  This  indicates  that  the  proposed  m ethod is  a  useful alternative  for  the  determination  of  

sulphate  ions  in natural w aters, particularly  saline  w aters.  

T he  authors  thank Dr. E. N ak ayam a, F aculty  of S cience, K y oto  U niversity, for kindly  providing  the  

P acific  O cea n  sea w a ter  sam p les an d  Dr. T. Nishiya ma, F aculty  of  E ngineering,  K y oto  U niversity, 
for  the  T i bet  Platea u  lake  a n d  river  w ater  samples, w hich  w ere  collected  during  the  " China-Japan 

Joint Frien dship E x pedition  to  N ai mon a'nyi,  1985" program me. T he  authors  also than k  Dr. M .  
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•When present  in am ounts  com parable  tu  sulphate  ion,  phosphate, arsenate and ger manate  ions  should be 
removed  before analysis. T his can  be  achieved  by  using  hydrated  iron(III)  oxide  as a  scavenger. T he  follo wing  
procedure is  recom mended.  H ydrated iron(III)  oxide  is  prepared as described  previously" and suspended  in  a  pH  
8  buffer solution  to give a  concentration  of 5  m g  1111-1 of  Fe.A 2-ml portion  of  the  buffer solution containing  the  
iron  oxide  is  taken  and added  to a  50-ml  aliquot of the  sam ple  solution  in  a  50-ml centrifuge tube. T he  sample  
is  shaken  for  30 min and the  iron  oxide  separated  by  centrifugation.  T he  supernatant solution  is then subjected 
to the  sulphate  determination  procedure  

本論文は A N AL Y S T N O V EN B E R  1988, Vol 113 1639 - 1642 (R oyal Society  of Chemistry,  L ondon)  

より許可を得て転載したものである。
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