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THE SEPARATION OF 

REVERSE PHASE LIQUID 
CHROMATOGRAPHY 

12-MOLY BDOPHOSPHORIC ACID FROM 
12-MOLYBDOSILICIC ACID BY 

WILLIAM K.  NONIDEZ AND 
MARZIEH SAMANIFAR 
Department o f  Chemistry 

University of Alabama at Birntiiighant 
Birmiiighant, Alabama 35294 

Abstract 

The separation of 12-molybdophosphoric Acid (12-MPA) from 
12-molybdosilicic (12-MSA) acid by reverse phase liquid chromatog- 
raphy is described with UV-visible detection. The system utilizes 
a commercially available styrene-divinylbenzene column (Hamilton 
PRP-1) and a acetonitrile-water mobile phase which is 0.1 F in 
HCL04 and 1.2 X in molybdate ion. In solutions with acetoni- 
trile concentrations of between 30 and 35% (V/V), 12-MPA is com- 
pletely retained on the column and 12-MSA has a capacity factor 
between 1.2 and .6. In solutions with acetonitrile concentrations 
of between 5 0  and 60% (V/V) 12-MSA is unretained and 12-MPA has a 
capacity factor between 2.2 and 1.6. 

The detection limit is 5 X M phosphate or silicate 
anion in 100 uL of injected sample. The linear dynamic range 
extends to 1.3 X lom5 M for either anion The relative standard 
deviation of the technique at the 5 X lo-' M level is 2 %  for both 
silicate and phosphate. The analysis of phosphate in silicate 
rock is described. 
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INTRODUCTION 

NONIDEZ AND SAMANIFAR 

The quantitative analysis of phosphorus by spectrophotometric 

means is generally carried out by the method of Fisk and SubhaRow 

(1) or a derivative procedure thereof in which 12-molybdophosphor- 

ic acid (12-MPA) is formed in acidic molybdate solution and ana- 

lyzed by spectrophotometry either in its initial or reduced state. 

These methods are simple, sensitive and require little expensive 

apparatus for their successful implementation. A major failing of 

this method is, however, the similar physical and chemical proper- 

ties of the molybdoheteropolyacids of phosphate, arsenate, sili- 

cate and germanate which makes the analysis of one of these ele- 

ments in the presence of others prone to positive interference. 

The most common problem encountered is the analysis of phos- 

phate in the presence of silicate. In matrices with moderate 

ratios of silicate to phosphate such as most fresh water samples 

this problem may be overcome by employing the formation of decamo- 

lybdodivanadophosphoric acid (DMVPA) (2,3) whose silicate analog 

is not formed under the analytical conditions specified. This 

method yields unacceptably high values ( 4 )  in samples containing 

large silicate concentrations due presumably to the competitive 

formation of silicate heteropolyacid at higher silicate concentra- 

tions whose absorbance is coincidental with the absorbance of 

DMVPA. 

A second and more cumbersome approach to this problem is to 

either separate the silicate from the phosphate in the original 
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12-MOLYBDOPHOSPHORIC ACID 399 

sample by solidifying the silicate under high temperature or to 

separate the 12-MPA from the 12-molybdosilicic acid (12-MSA) by 

schemes such as were proposed by Wadelin (5) and others (6 ,7 )  with 

subsequent analysis by spectrophotometry, atomic absorbance or x- 

ray fluorescence. Separations by ion chromatography are also 

possible for analyses of this type but must be preceded by sodium 

carbonate fusion in geological samples in order to remove transi- 

tion metals which can poison the separator column ( 8 ) .  

This paper describes a novel solution to the above problem by 

utilizing a polystyrene-divinylbenzene column to separate a molyb- 

dophosphoric acid species from molybdosilicic acid and other 

possible interferences. The sample to be analyzed is digested by 

standard methods and mixed with mobile phase which is an aqueous 

solution 0.1 F H C 1 0 4 ,  1.2 X F in sodium molybdate and 55% 

acetonitrile. This mixture is then injected into a liquid chro- 

matograph of standard design. The peak with retention time of 225 

seconds is detected by spectrophotometry and calibrated with a 

standard calibration curve. Solvent composition effect on chro- 

matographic retention times of molybdophosphoric acid and molybdo- 

silicic acid is studied in order to ascertain the effect of vary- 

ing acetonitrile, perchloric acid concentration and molybdate 

concentration. System response is studied as a function of per- 

chloric acid and molybdate concentration. Linear range and limits 

of detection are determined. Actual analyses are performed on 

rock standards supplied by the USGS and the International Working 

Group of Geostandards. Effects of interferences are also investi- 

gated. 
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400 NONIDEZ AND SAMANIFAR 

Orthophosphate can be analyzed by the technique at the maxi- 

mum rate of 12 samples per hour with a detection limit of 16.2 ppm 

P in the original mineral sample. A standard isocratic HPLC 

equipped with a spectrophotometric detector is the only special- 

ized equipment necessary. 

MATERIALS AND METHODS 

Reaqen t s 

All solutions were prepared from high purity (greater than 

99.7%) reagent grade chemicals. Deionized water used for all 

solution preparation was prepared with a HYDRO Model 1000 Reagent 

Water System (Hydro Service & Supplies, Inc., 3200 Sandy Creek 

Drive, Durham, N.C. 27705). All organic solvents used were HPLC 

grade. Glassware used in solution preparation was cleaned with a 

50% (v/v) solution of HC1 followed by multiple rinsings with 

deionized water and was isolated from other laboratory glassware 

to prevent contamination from laboratory detergents. 

HPLC Svstem 

The HPLC used for this work was constructed in our laboratory 

using a Milton Roy Minipump Type N S I - 3 3 R  HPLC Pump, a Rheodyne 

Model 7010 injection valve equipped with a 200 UL stainless steel 

injection loop, a stainless steel gauge adapter and pressure 
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12-MOLYBDOPHOSPHORIC ACID 40 1 

gauge supplied by Rainin Instrument Co., Li-Chroma-damp I1 Pulse 

Damper (Handy and Harman Tube Co., Norristown, Pa.). All tubing 

is made of stainless steel with a .020 in. 1.d. The detector is a 

Model LC-6 fixed wave length detector fitted with a 440 nm filter 

purchased from Bioanalytical Systems, W. Laffayette, Ind. The 

column is a Hamilton PRP-1 4.1 nun X 15 cm Analytical Column filled 

with 10 um packing. Peak heights were measured on a Fisher 

Recordall Series 5000 Strip Chart Recorder. 

Mobile Phase Studies --- 

A )  Acetonitrile Concentrat on ~ 9 .  Capacity Factor. Mob le 

phases 0.10 F in HC104, 5.85 X F in NaMo04 and 25, 30, 35, 

50, 55, 60, 65, and 7 0 %  acetonitrile were prepared. B) Sodium 

molybdate concentration vs. Capacity Factor. Mobile phases 0.10 F 

in HC104, 58% acetonitrile (for phosphate study) and 30% acetoni- 

trile (for silicate study) and 0.01 0.05, 0.10 0.15 0.20 F in 

sodium molybdate were prepared. C) Perchloric acid concentration 

- vs Capacity Factor. Mobile phases 1.2 X in sodium molybdate, 

58% acetonitrile (for phosphate study) and 30% acetonitrile (for 

silicate study) and 0.02, 0.03, 0.05, 0.08, 0.10 in HC104 were 

prepared. One additional concentration for the silicate study was 

included which was 0.04 F in HC104. D) Ionic strength Capaci- 

ty Factor. An initial mobile phase was produced which was 5.85 X 

F in sodium molybdate, 0.10 F in HCL04 and 55% or 28% v/v in 

acetonitrile. The ionic strength of this solution was 0.118. 
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402 NONIDEZ AND SAMANIFAR 

Capacity factors for injections of phosphate or silicate standard 

diluted with mobile phase were recorded. The ionic strength of 

the measured volumes of mobile phase was then increased by addi- 

tions of known quantities of solid sodium perchlorate to produce 

solutions with ionic strengths of 0 . 1 5 8 ,  0 . 2 5 8 ,  0 . 3 5 8 ,  0 . 4 5 8 .  In 

all of the above studies samples for injection were prepared by 

diluting 1.00 mL of 1 X M silicate o r  phosphate stock solu- 

tion with enough mobile phase to yield a final volume of 10.00 mL. 

Each point is the average of three injections. 

A flow rate of 1 mL/min was used throughout this study which 

resulted in pressures less than 800 psi. It was not necessary to 

degas the mobile phase at this flow rate and pressure. 

Sample Preparation 

All samples must be treated in such a manner that when they 

are diluted 1O:l with mobile phase their final phosphorus concen- 

trations are between 5 . 2 3  X lom6 M (ten times the detection limit) 

and 1 . 3  X lo - ’  M .  All samples must be aged at least four hours 

after preparation. 

- Rock Analysis. 

0 . 5 0 0  g samples of finely ground rock were placed in 100 mL 

teflon beakers to which 45 mL of 5 0 %  HF and 15 mL of 16 M H N 0 3  

were then added. The samples were swirled in order to wet the 
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12-MOLYBDOPHOSPHORIC ACID 403 

samples, covered, and placed in a 95 degree C hot water bath for 

24 hours. The covers were removed and the samples evaporated to 

dryness. They should not be baked after this point. 1.0 mL of 16 

M HN03 is added to the sample and swirled to thoroughly wet the 

residue and 50 mL of deionized water is added. 3.15 mL of 16 M 

HN03 and 6.25 mL of 12 M HCL are added and the solution is brought 

to a boil and evaporated to a volume between 25-40 mL. After 

cooling, the solution is diluted volumetrically to 50 mL and again 

1:lO (9). One mL of this solution is diluted to a final volume of 

10.00 mL with mobile phase and 100 UL is injected into the HPLC 

system. 

The mobile phase for this analysis was 58% acetonitrile(V/V), 

42% water 1.2 X M in sodium molybdate and 0.1 F in HC104. 

The flow rate was 1.0 mL/min. 

Pre-analyzed rock samples for analysis were obtained from the 

United States Geological Service (10) and The International 

Working Group of Geostandards (11,12) . 

RESULTS AND DISCUSSION -- 

Ohnishi and Mayer (13) first separated a phosphomolybdate 

species by affinity chromatography using a polyvinylpolypyrroli- 

done packed column. Unfortunately they made no attempt to study 

the chromatographic characteristics of their system. Braungart and 

Russel (14) also separated the heteropolyamine associates of Si, 

As, Gel and P on a Nucleosil CN reverse phase column after solvent 

extraction with dichloromethane. Our system makes use of a com- 

mercially available HPLC column whose stationary phase is XAD-2 
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404 NONIDEZ AND SAMANIFAR 

r e s i n  which  h a s  b e e n  g r o u n d  t o  a u n i f o r m  p a r t i c l e  s i z e  o f  1 0  

microns.  XAD-2 is  a polystyrene-divinylbenzene polymer which can 

w i t h s t a n d  t h e  h i g h  i o n i c  s t r e n g t h s  (0.5N) and a c i d i t i e s  (pH 1 t o  

13)  r e q u i r e d  t o  make he teropolyac ids .  The h i g h  c o n c e n t r a t i o n s  of  

molybdate  a n i o n  and  p e r c h l o r i c  a c i d  i n  t h e  mobi le  p h a s e  p r e v e n t  

t h e  d i s s o c i a t i o n  on t h e  column of t h e  h e t e r o p o l y a c i d .  

F i g u r e s  l a  a n d  l b  a r e  chromatograms o b t a i n e d  b y  i n j e c t i n g  

a c i d i f i e d  s o l u t i o n s  c o n t a i n i n g  e i t h e r  phosphate  i o n  and molybdate 

i o n  (F igure  l a )  o r  s i l i c a t e  i o n  and molybdate i o n  ( F i g u r e  l b )  on a 

PRP-1 column. I n  b o t h  cases a n e g a t i v e  peak a p p e a r s  a t  t h e  s o l -  

v e n t  f r o n t  which i s  not  r e p r o d u c i b l y  a f f e c t e d  by s o l v e n t  c o n d i -  

t i o n s .  The l a s t  p e a k  i n  b o t h  c h r o m a t o g r a m s  i s  o f  a n a l y t i c a l  

i m p o r t a n c e .  I n  F i g u r e  l a  t h e  h e i g h t  o f  t h i s  p e a k  has a l i n e a r  

r e l a t i o n s h i p  t o  phosphate  i o n  c o n c e n t r a t i o n  i n  t h e  i n j e c t e d  sample 

measured a t  4 4 0  nm by a UV-vis ible  d e t e c t o r  o p e r a t e d  i n  t h e  ab-  

sorbance mode. I n  F igure  l b  t h e  l a s t  peak has  a l i n e a r  r e l a t i o n -  

s h i p  t o  s i l i ca t e  i o n  c o n c e n t r a t i o n  i n  t h e  i n j e c t e d  sample measured 

i d e n t i c a l l y  t o  t h e  s e c o n d  peak i n  F i g u r e  l a .  Due t o  t h e  above  

l i n e a r  r e l a t i o n s h i p s  a n d  s o l v e n t  c o n d i t i o n s  u n d e r  which t h e s e  

compounds are  known t o  form ( 1 5 ) ,  w e  have t e n t a t i v e l y  i d e n t i f i e d  

t h e s e  compounds a s  12-molybdophosphoric (12-MPA) and 12-molybdo- 

s i l i c i c  (12-MPA) acids o r  t h e i r  a n i o n s .  

I n  F i g u r e  l a  t h e  second p o s i t i v e  peak appear ing  almost  c o i n c i -  

d e n t a l l y  wi th  t h e  s o l v e n t  f r o n t  i s  12-MSA i m p u r i t y  which i s  p o o r l y  

r e t a i n e d  under  s o l u t i o n  c o n d i t i o n s  o p t i m a l  f o r  12-MPA r e t e n t i o n .  

T h i s  peak  c a n  b e  e l i m i n a t e d  by  c a r e f u l  c h o i c e  of r e a g e n t s  a n d  

p a r t i c u l a r l y  c o n t a i n e r s .  
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12-MOLYBDOPHOSPHORIC ACID 405 

i i c 

1. a) Molybdophosphoric acid (12-MPA) chromatogram: l ~ l O - ~  F in 
orthophosphate, 5 . 0 4 ~ 1 0 - ~  F in sodium molybdate, 0.1 F in 
perchloric acid, and 58% (v/v) acetonitrile. Three 
replicates. 

b) Molybdosilicic acid (12-MSA) chromatogram: l ~ l O - ~  F in 
silicate, 1 . 2 ~ 1 0 - ~  F in sodium molybdate, 0.08 F in 
perchloric acid, and 30% (v/v) acetonitrile. Three 
replicates. 
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406 NONIDEZ AND SAMANIFAR 

Capaci ty  F a c t o r  and Response S t u d i e s  

The e f f e c t s  of vary ing  t h e  c o n c e n t r a t i o n  of sodium molybdate, 

p e r c h l o r i c  a c i d  and a c e t o n i t r i l e  on t h e  c a p a c i t y  f a c t o r  of 12-MPA 

and 12-MSA was s t u d i e d  by vary ing  t h e  c o n c e n t r a t i o n  of  each under  

c o n d i t i o n s  of  c o n s t a n t  c o n c e n t r a t i o n  o f  t h e  o t h e r s .  Reagent con- 

c e n t r a t i o n  r a n g e s  were l i m i t e d  t o  v a l u e s  which would n o t  e x c e e d  

t h e  column manufacturer ' s  recommendations f o r  pH o r  i o n i c  s t r e n g t h  

l i m i t s .  The i n i t i a l  c o n c e n t r a t i o n s  o f  molybdate  and  p e r c h l o r i c  

a c i d  f o r  t h i s  series o f  exper iments  were chosen  a r b i t r a r i l y  f rom 

c o n c e n t r a t i o n s  f o u n d  t o  g i v e  s a t i s f a c t o r y  i n i t i a l  r e s u l t s .  

F igure  2 i s  a p l o t  of  c a p a c i t y  f a c t o r  v s .  % a c e t o n i t r i l e  f o r  

i n j e c t i o n s  of  12-MPA a n d  12-MSA. I t  i s  e v i d e n t  f rom t h i s  p l o t  

t h a t  t h e  c a p a c i t y  f a c t o r s  of  b o t h  a r e  h i g h l y  dependent  upon t h e  

a c e t o n i t r i l e  c o n c e n t r a t i o n  and t h a t  t h e i r  s e p a r a t i o n  can  be a f -  

f e c t e d  by t h e  p r o p e r  c h o i c e  of  a c e t o n i t r i l e  c o n c e n t r a t i o n .  T h i s  

b e h a v i o r  i s  ana logous  t o  t h e  r e t e n t i o n  b e h a v i o r  o f  o r g a n i c  com- 

pounds i n  c lass ical  r e v e r s e  phase s e p a r a t i o n s .  I n  s o l u t i o n s  wi th  

a c e t o n i t r i l e  c o n c e n t r a t i o n s  between 30  and  35%, 12-MPA is  com- 

p l e t e l y  r e t a i n e d  on t h e  column a l l o w i n g  t h e  unambiguous a n a l y s i s  

of  12-MPA. A t  a c e t o n i t r i l e  c o n c e n t r a t i o n s  greater t h a n  SO%, 12- 

MSA s p e c i e s  a r e  e s s e n t i a l l y  u n r e t a i n e d  a l l o w i n g  t h e  unambiguous 

a n a l y s i s  of  12-MPA. A c o n c e n t r a t i o n  of 58% ( v / v )  a c e t o n i t r i l e  was 

chosen f o r  other experiments  i n v o l v i n g  phosphate  a n a l y s i s  parame- 

ter  maximization and 30% (v /v)  a c e t o n i t r i l e  f o r  t h o s e  same exper-  

iments  involv ing  s i l i c a t e  a n a l y s i s .  
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Q a. 
Q 1.00 0 

0.00 
2( 

I I I I 
0 30.00 40.00 50.00 60.00 7C 

SB ACETONITRILE 
)O 

2 .  P l o t  o f  c a p a c i t y  f a c t o r  v s .  % a c e t o n i t r i l e  c o n c e n t r a t i o n  f o r  
12-MPA ( ) a n d  12-MSA ( ) .  A c e t o n i t r i l e  c o n c e n t r a t i o n  
v a r i e d  between 25% and 7 0 %  ( v / v ) .  S o l u t i o n s  f o r  12-MPA a r e  
l ~ l O - ~  F i n  o r t h o p h o s p h a t e ,  1 . 9 5 ~ 1 0 - ~  F i n  sodium molybdate ,  
a n d  0 . 1  F i n  H C l O  S o l u t i o n s  f o r  12-MSA a r e  l ~ l O - ~  F i n  
s i l i c a t e ,  5.85xlO-"F i n  sodium molybdate, and 0 . 1  F i n  H C 1 0 4 .  

The e f f e c t  o f  vary ing  mobile  phase molybdate c o n c e n t r a t i o n  on 

t h e  c a p a c i t y  f a c t o r  and peak h e i g h t  of  12-MPA and 12-MSA may be 

seen  i n  F i g u r e s  3 and 4 .  Concent ra t ions  of  molybdate below 1 . 2  X 

M r e s u l t  i n  s e r i o u s  peak broadening  and l a c k  of  f i r s t  o r d e r  

dependence on phosphate  o r  s i l i c a t e  c o n c e n t r a t i o n s  whose concen-  

t r a t i o n s  a r e  above t h e  1 . 3  X M l e v e l .  T h i s  minimum r a t i o  of 

2 4 : l  e x c e s s  of  molybdate  o v e r  t h e  a n a l y t e  a n i o n  p r e s e n t  may b e  

main ta ined  f o r  a n a l y s i s  of  h i g h e r  c a n c e n t r a t i o n s  o f  a n a l y t e  i o n  by 

i n c r e a s i n g  molybdate  i o n  c o n c e n t r a t i o n  i n  t h e  m o b i l e  p h a s e .  A t  

lower  c o n c e n t r a t i o n s  of molybdate a n  a d d i t i o n a l  problem i s  encoun- 
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M 0 LY B DATE CON C E NTRATI 0 N 
3. P lo t  of capac i ty  f a c t o r  vs .  molybdate concent ra t ion  f o r  12-MPA 

( ) and 12-MSA ( 1 .  Sodium molybdate concen t r a t ion  v a r i e d  
between 1.2~10-~ t o  0 . 2  F .  Solutions f o r  12-MPA are l ~ l O - ~  F 
i n  o r t h o p h o s p h a t e ,  58% ( v / v )  a c e t o n i t r i l e ,  a n d  0 . 1  F i n  
HC104. S o l u t i o n s  f o r  12-MSA a r e  l ~ l O - ~  F i n  s i l i c a t e ,  3 0 %  
(v/v) a c e t o n i t r i l e ,  and 0.1 F i n  HC104. 

24.00 I 

12.00 
Y 
6 
W a 6.00 

0.00 
0.00 0.04 0.12 0.16 0. 

MOLY BDX CON c ENTRATI ON 
4 .  P l o t  of peak h e i g h t  v s .  molybdate  c o n c e n t r a t i o n  f o r  12-MPA 

( ) and 12-MSA ( 1 .  Sodium molybdate concent ra t ion  va r i ed  
between 1 . 2 ~ 1 0 - ~  t o  0.2 F. Solu t ions  for 12-MPA a r e  l ~ l O - ~  F 
i n  o r t h o p h o s p h a t e ,  58% ( v / v )  a c e t o n i t r i l e ,  and  0 . 1  F i n  
H C 1 0 4 .  S o l u t i o n s  for 12-MSA a r e  l ~ l O - ~  F i n  s i l i c a t e ,  30% 
(v/v) a c e t o n i t r i l e ,  and 0.1 F i n  H C 1 0 4 .  
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0.50 .I 
0.00 0.02 0.04 0.06 0.08 0. 

PERCH LOR I C AC I D C 0 N C ENTRATI 0 N 
5. Plot of capacity factor vs. perchloric acid concentration for 

12-MPA ( ) and 12-MSA ( ) .  Perchloric acid concentration 
varied between 0 . 0 2  to 0.10 F. Solutions for 12-MPA are 
l ~ l O - ~  F in orthophosphate, 1.2x10-‘ F in sodium molybdate, 
and 5 8 %  (v/v) acetonitrile. Solutions for 12-MSA are l ~ l O - ~  
F in silicate, 1.2~10-~ F in sodium molybdate, and 30% (v/v) 
acetonitrile. 

tered with silicate samples due to the extremely slow formation of 

the silicate heteropolyacid. Since only small improvements in 

capacity factor and peak height can be obtained by varying molyb- 

date concentration past the amount necessary to achieve first 

order dependency on phosphate concentration, a molybdate concen- 

tration of 1.2 X lO-’M was chosen for further work. The molybdate 

concentration should be kept to as small a value as is possible to 

lessen incidences of clogging the small orifices and filters of 

the HPLC system. 

Figures 5 and 6 are plots of peak height and capacity 

factor ~ 9 .  perchloric acid concentration for 12-MPA and 12-MSA. 
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P l o t  o f  p e a k  h e i g h t  v s .  p e r c h l o r i c  a c i d  c o n c e n t r a t i o n  f o r  
12-MPA ( ) and 12-MSA ( 1 .  P e r c h l o r i c  a c i d  c o n c e n t r a t i o n  
v a r i e d  b e t w e e n  0 . 0 2  t o  0 . 1 0  F. S o l u t i o n s  f o r  12-MPA a r e  
l ~ l O - ~  F i n  o r t h o p h o s p h a t e ,  1 . 2 ~ 1 0 - ~  F i n  sodium molybdate ,  
and 5 8 %  (v /v)  a c e t o n i t r i l e .  S o l u t i o n s  f o r  12-MSA a r e  l ~ l O - ~  
F i n  s i l i ca t e ,  1 . 2 ~ 1 0 - ~  F i n  sodium molybdate ,  and 30% ( v / v )  
a c e t o n i t r i l e .  

U s e  of c o n c e n t r a t i o n s  less t h a n  0 . 0 4  F i n  HC104 were n o t  p r a c t i c a l  

f o r  normal a n a l y s i s  s i n c e  a t  t h e s e  a c i d  c o n c e n t r a t i o n s  t h e  s o l u -  

t i o n  h a s  low b u f f e r  c a p a c i t y  and main ta in ing  c o n s t a n t  hydrogen i o n  

c o n c e n t r a t i o n s  is d i f f i c u l t .  The effect of  acid c o n c e n t r a t i o n  on 

c a p a c i t y  f a c t o r  i s  q u i t e  pronounced.  Peak w i d t h s  a t  h a l f  h e i g h t  

f o r  bo th  compounds a r e  approximately c o n s t a n t  from 0.10 F t o  0 . 0 3  

F. A t  lower c o n c e n t r a t i o n s  t h i s  p a r a m e t e r  i n c r e a s e s  r a p i d l y  

i n d i c a t i n g  n o t  o n l y  t h a t  t h e  p e a k  h e i g h t  is i n c r e a s i n g  d u e  t o  

c h r o m a t o g r a p h i c  e f f e c t s  b u t  a l s o  d u e  t o  a n  a c t u a l  i n c r e a s e  i n  

a b s o r b i n g  s p e c i e s .  Any H C 1 0 4  c o n c e n t r a t i o n  f rom 0 .04  F t o  t h e  
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limits of the column (0.1 F) is usable for analysis since, in this 

concentration range, solution hydrogen ion concentration may be 

maintained constant. An HC104 concentration of 0.10 F was chosen 

for further work in this paper. More sensitivity may be gained by 

choosing concentrations of about 0.05 F. The capacity factor may 

then be increased by slightly lowering the acetonitrile concentra- 

tion. 

Ionic Strenath Studies 

The effects of changes in mobile phase ionic strength upon 

retention of the analytical peak are illustrated in Figure 7 for 

molybdophosphoric and 12-molybdosilicic acids. The plot of 12- 

molybdophosphoric acid capacity factor vs. mobile phase ionic 

strength is similar to the curve predicted by the "solvophobic 

theory" of Horvath and coworkers (16) as applied to organic ion 

retention on octadecylsilica bonded columns. The minimum found 

for our data at I - 0.26 is quite close to the minimum of I - 0.3 
predicted by Horvath's theoretical treatment for monovalent ions. 

The less pronounced minimum of the analogous 12-molybdosilicic 

acid plot in Figure I along with its substantially different 

retention behavior as a function of acetonitrile concentration is 

suggestive of a different retention mechanism than that of 12- 

molybdophosphoric acid. This is an unexpected finding since both 

12-MPA and 12-MSA are thought to be composed of a central X 0 4  

tetrahedron surrounded by twelve M06 octahedra arranged in four 
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1 .oo 
u n 

I I I 
i0 

7 .  P l o t  o f  peak h e i g h t  v s .  i o n i c  s t r e n g t h  f o r  12-MPA ( ) a n d  
12-MSA ( ) .  I o n i c  s t r e n g t h  v a r i e d  be tween 0.12 t o  0 . 4 6 .  
S o l u t i o n s  f o r  12-MPA a r e  l ~ l O - ~  F i n  o r t h o p h o s p h a t e ,  
5 . 8 5 ~ 1 0 - ~  F i n  s o d i u m  m o l y b d a t e ,  0 . 1  F i n  H C 1 0 4 ,  a n d  5 5 %  
( v / v )  a c e t o n i t r i l e  S o l u t i o n s  f o r  12-MSA a r e  l ~ l O - ~  F i n  
s i l i c a t e ,  5 . 8 5 ~ 1 0 - ~ ’  F i n  sodium molybdate ,  0 . 1  F i n  H C 1 0 4 ,  
and 30% (v /v)  a c e t o n i t r i l e .  

g r o u p s  o f  t h r e e  e d g e d - s h a r e d  o c t a h e d r a ,  M 3 0 1 3  ( K e g g i n  

s t r u c t u r e s )  (17) . I t  would seem u n l i k e l y  t h a t  compounds w i t h  t h e  

same s t r u c t u r e  which a r e  so monopol ized  by M 0 6  o c t a h e d r a  would 

e x h i b i t  s u c h  d i f f e r e n t  r e t e n t i o n  b e h a v i o r  b a s e d  s o l e l y  on  t h e  

p h y s i c a l  or chemical  c h a r a c t e r i s t i c s  of t h e i r  c e n t r a l  oc tahedron .  

S i n c e  t h e  12-MSA i o n  is r e a d i l y  e l u t e d  by  a more aqueous mobi le  

p h a s e  t h a n  12-MPA it may b e  r e a s o n a b l e  t o  b e l i e v e  t h a t  a t  per- 

c h l o r i c  acid c o n c e n t r a t i o n s  of 0 . 1  F and below t h e  t e t r a p r o t i c l 2 -  

MSA i s  more i o n i z e d  t h a n  t h e  t r i p r o t i c  12-MPA. T h i s  however does 

not  e x p l a i n  t h e  s m a l l  e f f e c t  of i o n i c  s t r e n g t h  on c a p a c i t y  f a c t o r  

which is e x h i b i t e d  by 12-MSA. 
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12-MOLYBDOPHOSPHORIC ACID 413 

Interference Studies 

A number of inorganic species such arsenate and germinate, 

which form heteropolyacids with molybdate are possible interfer- 

ences with this method. The retained heteropolyacid made from 

arsenate ion and molybdate ion was found to behave identically to 

the 12-MPA discussed above. Since all attempts to separate the 

two have been futile to this date, arsenate must be identified as 

a serious interference in this method. Similarly germanate and 

silicate anion behave almost identically in chromatographic sys- 

tems we have studied causing them to also be serious mutual inter- 

ferences. Efforts to separate the above mentioned pairs continues 

in our laboratory. 

Since CU'~, Fe+3 and A l + 3  are quite likely found in geologi- 

cal sample the effect of their presence on the above analysis was 

tested by preparing solutions with ratios of interference to 

orthophosphate between 0.1 and 100. These solutions were injected 

into the HPLC system and the signals compared with the signal 

produced by a standard phosphate solution. The percent enhance- 

ment or attenuation achieved for each species at the various 

ratios appears in Table 1, as well as the standard deviation 

computed for each value by standard error propagation techniques. 

Even though all signals appear to be attenuated in this table 

the lack of an upward or downward trend with increasing ratios of 

a particular interference as well as the sizes of the standard 

deviations infers that the apparent attenuation is coincidental. 
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TABLE 1 

NONIDEZ AND SAMANIFAR 

% Signal Enhancement (+) or Attenuation (-) from Interfering Ions 
in the HPLC Analysis of Phosphate as 12-MPA in 1.20~10-~ M Molyb- 
date, 0.1 F HC104, and 55% (v/v) Acetonitrile. 

- % siqnal enhancement or attenuation 
Ratio of interfering 
species concentration 

100 - 10 to P04-3 concentration: 0.1 _. 1.0 - 
Interfering Species 

Silicate 

Cu(I1) 

Aluminum 

Fe(II1) 

-0.83 
- +0 .78  

-0.42 
- +o. 98 
-1.38 
- +O. 92 

-1.38 
- +1.23 

-3.31 -0.28 -2.48 
- +2.60 - +0.92 - +2.32 

-1.38 -0.28 -0.55 
- +1.23 - +1.23 - +O. 92 

-1.93 -0.83 -0.83 
- +1.23 - + 0 . 7 8  - +0.78 

-0.83 -0.83 
- + 0 . 7 8  - +l. 83 

Iron (111) ratios greater than 1O:l (6.45 X lo-’ M iron (111)) 

caused the precipitation of an iron molybdate compound. Samples 

containing large amounts of iron must be pretreated to remove iron 

before analysis by this method. 

Calibration Curves. 

Plots of peak height as a function of orthophosphate and 

orthosilicate concentration were found to be linear up to a con- 

centration of 1.3 X lo-’ M in the injected sample at the molybdate 
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12-MOLYBDOPHOSPHORIC ACID 415 

c o n c e n t r a t i o n  of 1 . 2  X l o m 2  p r e v i o u s l y  d i s c u s s e d .  A t  h i g h e r  

c o n c e n t r a t i o n s  o f  a n a l y t e  t h e  c u r v e  d e v i a t e s  n e g a t i v e l y  f r o m  

l i n e a r i t y  s i n c e  t h e  r a t i o  of  molybdate t o  phosphate  is  t o o  low a t  

t h i s  p o i n t  t o  f o r c e  more complete  format ion  of  t h e  r e q u i r e d  h e t e r -  

opoly  s p e c i e s .  It i s  p o s s i b l e  t o  e x t e n d  t h e  l i n e a r  dynamic range  

by i n c r e a s i n g  molybdate c o n c e n t r a t i o n ,  b u t  t h i s  w i l l  r e s u l t  i n  t h e  

more f r e q u e n t  c logging  of  t h e  HPLC system. 

L i n e a r  r e g r e s s i o n  a n a l y s i s  of c a l i b r a t i o n  c u r v e s  p r o d u c e d  

c o r r e l a t i o n  c o e f f i c i e n t s  t y p i c a l l y  of  0 . 9 9 9  f o r  b o t h  o r t h o p h o s -  

p h a t e  and  s i l i c a t e .  P r e d i c t e d  i n t e r c e p t s  of t h e  r e s p o n s e  a x i s  

were less t h a n  one s t a n d a r d  d e v i a t i o n  f t o m  z e r o .  The d e t e c t i o n  

l i m i t  o f  5 X M i n  a 100 uL i n j e c t i o n  was c a l c u l a t e d  b y  a 

method r e v i e w e d  by  M i l l e r  a n d  Mil ler  (18) which e s t i m a t e s  t h e  

s t a n d a r d  d e v i a t i o n  of t h e  b lank  and t h e  a c t u a l  v a l u e  of t h e  b l a n k  

from s t a t i s t i c a l  v a l u e s  c a l c u l a t e d  from t h e  c a l i b r a t i o n  c u r v e .  

The l i m i t  of d e t e c t i o n  i s  d e f i n e d  a s  t h e  c o n c e n t r a t i o n  correspond-  

i n g  t o :  

where yg i s  t h e  b e s t  f i t  absorbance v a l u e  of  t h e  b lank  c a l c u l a t e d  

by r e g r e s s i o n  a n a l y s i s  and sB i s  t h e  c a l c u l a t e d  s t a n d a r d  d e v i a t i o n  

of  t h e  absorbance of  t h e  b lank .  

R e p l i c a t e  r e s p o n s e s  a t  t h e  5 X M l e v e l  ( 1 0  t i m e s  t h e  

d e t e c t i o n  l i m i t  ) can be made w i t h  a r e l a t i v e  s t a n d a r d  d e v i a t i o n  

of 2% f o r  bo th  s i l i c a t e  and phosphate .  
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NONIDEZ AND SAMANIFAR 

- Rock Analysis. 

In order to test for any systematic difference between phos- 

phate concentrations derived by the chromatographic method and 

accepted values given for standard rocks, 6 standard rock samples 

were analyzed and these values compared to values supplied by the 

United States Geological Service o r  the International Working 

Group on Geostandards. The amount of silicate in these samples 

ranged from 59.25% to 6 9 . 9 0 % .  The results of this comparison 

appear in Table 2. The average of these differences was found to 

lie outside of the 95% confidence interval estimate of the average 

difference in results between the two methods and so a small 

negative systematic error must be excepted with that amount of 

confidence. A systematic error cannot be accepted with 99% confi- 

dence. The average relative error of all the above results is 4 % .  

CONCLUSION 

The ability to analyze for orthophosphate by HPLC on a com- 

mercially available reverse phase column was assessed. This 

assessment indicates that phosphate may be accurately and precise- 

ly analyzed in the presence of a large amount of silicate and 

other interferences. The simplicity and economy of this method 

should make it highly desirable for use in a large number of 

laboratories. The feasibility of silicate analysis is also sup- 

ported by the data in this paper. The separation of completely 
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TABLE 2 

417 

Comparison of HPLC and USGA Methods of Phosphate Analysis In Rock 
Samples. 

* '2'5 

Sample HPLC analysis USGA analysis Xa-Xb 
(Xa) (a) 

GA-GRANITE 0.12  0 . 1 2  0.00 

GS-N GRANITE 0.27 0.28 -0.01 

AGV- 1 0.47 0.48 - 0 . 0 1  

STM-1 0.15 0 .16  - 0 . 0 1  

G-2 0 .13  0 .14  - 0 . 0 1  

QUARTZ LATITE 0.23 0.26 - 0 . 0 3  

X = -0.012 2 0.016 for a 99% Confidence Level. 

inorganic species has been achieved by reverse phase liquid 

chromatography without resorting to association with organic 

species. 

The negative aspects of this method center around the problem 

of iron (111) and arsenate interferences which is discussed above. 

The additional problem of a possible negative bias and its causes 

will be a topic of continuing research in this laboratory. 

Additional work is now being performed in our laboratory on the 

use of other separable heteropolyacids for oxyanion analysis. 
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