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SCOPE AND CONTENTS: 

Nutrient enrichment through pollution causes intense 
aquatic growth in many of our lakes, which results in their 
deterioration for ma.n's use. Phosphorus is suspected as 
possibly the most important element in this problem since it 
often is the limiting nutrient for growth. Condensed phos
phates from detergents in wastewater are a major supply of 
phosphorus to surface waters. They hydrolyze to orthophosphate, 
the form most readily available to plants and organisms. The 
removal of phosphorus in treatment plants has therefore been 
suggested. 

The chemical industry has carried out many studies on 
the rate of hydrolysis of condensed phosphate in distilled 
water. However few investigations h~ve been made on this 
effect in natural water and wastewater. This work concentrates 
on studies on the rate of· hydrolysis of condensed phosphates in 
wastewater and lake water under conditions of temperature, pH 
and concentration levels actually occurring in the environment. 

ii 



ACKNOWLEDGEMENTS 

I wish to express my sincere gratitude to Professors 

J. D. Norman and K. L. Murphy for their encouragement and 

valuable advice during my studies and research work at 

McMaster University. I also wish to thank Professor C. J. L. 

Lock for his contributions to this research • 

. Professor C. F. Morrison, University of Toronto, ar

ranged leave of absence during my studies. The Great Lakes 

Institute, University of Toronto, and its directors Dr. A. D. 

Misener and Dr. P. H. Jones gave encouragement, support and 

help, for which I am grateful. 

A very special word of thanks go~s to Mr. Henry 

Behmann for his invaluable assistance in the experimental 

part of the research. Mrs. J. White, Miss K. Murphy, Mrs. J. 

Seddon and Mr. V. Purto are responsible for the typing and 

drawings of the thesis. 

Last but most of all I wish to thank sincerely my 

wife, Jutta, and my children, Elizabet~ and Richard, for 

their patience and understanding of an all too often absentee 

husband and father. 

iii 



TABLE OF CONTENTS 


ACKNOWLEDGEMENTS . . . . . . . . . . . . . . iii 


TABLE OF CONTENTS . . . . . . . . . . . . iv 


LIST OF FIGURES . . . . . . . . . . . . . . . . . . . viii 


LIST OF TABLES • 	 xii• • • • • • • • • • 0 • • • • • • • • 

CHAPTER I STATEMENT OF PROBLEM . . . . . . . . . . 1 


CHAPTER II LITERATURE REVIEW . . . . . . . 4 


II.-1 EUTROPHICATION . . . . . . . . . . . 4 


II-2 PHOSPHORUS AND ITS COMPOUNDS • 9 


.1 Types of Phosphorus Compounds . 9 


• 2 	 Sources, Uses and Production Figures 

for Phosphorus Compounds • • • • • 13 


. 1 Problems due to Condensed Phosphates 


Surface Water and Wastewater or 


.3 Phosphorus Cycle in Natural Waters . . 25 


.4 Concentration of Phosphoru$ in Waste
water and Surface Waters • • • . • • • 29 


II-3 CONDENSED PHOSPHATES • • • 40 


in Water • • • • • • • • • • • • • • • 40 


.2 Availability of Condensed Phosphates 

to Aquatic Organism and Plants 44 


.3 Hydrolysis of Condensed Phosphates 48 


Distilled Water Studies . . . . 49 


Algal Culture Studies •.••• . . 50 


iv 



.4 Effect of Environment on the Rate 
of 	Hydrolysis . . . . . . . 58 


General . . • • . • • . . . . 58 


Temperature . . . . . . . . . 60 


pH • . . . . . . . . • . . . . . 60 


Concentration . . . . . . . . . . 61 


Enzymes (organisms) . . . 61 


Colloidal Gels . . . . . . . . • 61 


Complexing Cations and Ionic 

Environment in the Solution . 63 


II-4 ANALYTIC.AL METHODS FOR THE DETERMINA
TION OF PHOSPHORUS . . . . . . . . . . . 67 


.1 Application to Waters in the Absence 

of 	Gross Pollution . . . . . . . . . 70 


Manual 	Orthophosphate _Deter
mination . . 	. . . . • . • . . • 70• 

Automatic Orthophosphate
Determination . . • . . . . . . • 71 


Total Phosphorus Determination 72 


Condensed Phosphate Determination. 74 


Differential 	Analysis of Condensed 
Phosphate Mixtures . . • . • . • . 75 


.2 Application to· Wastewater . . . . . . 85 


CH.APTER III 	 ANALYSIS OF LITERATURE DATA ON EFFECT OF 

ENVIRONMENT ON THE RATE OF HYDROLYSIS. • 87 


III-1 	 THE EFFECT OF TEMPERATURE ON THE 

RATE OF HYDROLYSIS • . • • • . • . • • 88 


III-2 . THE EFFECT OF CONCENTRATION OF CON
· DENSED PHOSPHATES ON THE RATE OF 


HYDROLYSIS • • . . • • • • • 95 


III-3 THE EFFECT OF pH ON THE RATE OF 

HYDROLYSIS • • • ·• • • • 127 


v 


http:ANALYTIC.AL


CHAPTER IV DEVELOPMENT OF Ai~.ALYTICAL TECHNIQUES • • 145 


IV-1 	 DEFINITION OF TERMS AND UNITS OF 

MEASUREMENT • • • • • • • • • . . 146 


IV-2 	 LAKE WATER APPLICATION • . ••••• 149 


• 1 	Manual Analysis for Reactive Phos

phate (Orthophosphate) by Stannous 

Chloride Method and Ascorbic Acid 

Method • • • • • • • • • • • • • • • 149 


.2 	Automatic Analysis for Reactive 

Phosphate (Orthophosphate) •• 157 


Ascorbic Acid Method • . • 	 157 


Stannous Chloride Method • • . . . 158 


• 3 	Manual and Semiautomatic Analysis 

for Total Phosphorus • • • • 161 


.4 	Condensed Phosphates . . . . . . . . 162 


.5 	Differential .Analysis of a Condensed 

Phosphate Mixture by Ion Exchange 

Chromatography • • • • . • ~ • • • • 164 


Stannous Chloride Method . . . 164 


IV-3 	 APPLI.O.ATION TO WASTEWA·rERS • • . . 175 


.1 	Manual Analysis for Reactive Phos

phate (Orthophosphate), Condensed 

Phosphates and Total Phosphorus • • •. 175 


.2 	Automatic Analysis for Reactive Phos

phate (Orthophosphate), Condensed 

Phosphates and Total Phosphorus • • • 178 


.3 	Comparison of ~otal Phosphorus 

Digestion Methods • • • • • • • . . . 181 


.4 	Differential Analysis of a Condensed 
Phosphate Mixture by Ion Exchange 
Chromatography • . • • . • • • 183o • • 

Aminonaphtholsul"fonic Acid Method 183 


vi 



• • CHAPTER 	 V EXPERIMENT.AL STUDIES AND DISCUSSION • 188 


V-1 MATERIALS AND METHODS • • . ·188 


V-2 DISTILLED WATER STUDIES • 190 


V-3 LAKE WATER STUDIES • • • . . . 209 


V-4 WASTEWATER STUDIES • • • • • • • • 244 


V-5 DISCUSSION AND SUMMARY OF RESULTS • 292 


OH.APTER VI CONCLUSIONS AND RECOMMENDATIONS . . . . 3·14 


BIBLIOGRAPHY . . . . . . . . . . . . . . . . . 318 


A.PPENDIX ·A: INSTRUMENTAL MErHODS OF ANALYSIS .332 


.A.PPENDIX B ~ THEO RY OF CONSECUTIVE RE.ACT IONS 354 


vii 

http:EXPERIMENT.AL


LIST OF FIGURES 


Figure 
Number Title 

1 	 The over-all phosphorus cycle in the conti

nental United States and its connections 

with the coastal waters • • • • • • • . . • • . . 14 


2 	 Transformation of phosphorus in a lake with 

turnover times for different equilibria 26 


3 	 Representation of seasonal distribution of 

phosphorus in Lake Sebasticook • • • • • • . . 28 


4 	 Phosphorus Removal by Wastewater Treatment . . 42 


5 	 Relationship between .Activation Energies and 

Enthalpies • • • • • • • • • • • • • • • . 89 


6 	 Hydrolysis of Condensed Phosphates in Lake 

Mendota water - Data of Clescerl (C-6) ••• . . 103 


7 	 Hydrolysis of Condensed Phosphates in .Algal 

Culture (Chlorella pyrenoidosa) in Modified 

Allen Medium - Data of Clesceri (C-6) ••. . . 104 


8 	 Hydrolysis of Condensed Phosphates in Algal 

Culture . (Chlorella pyrenoidosa) in Modified 

Gorham Medium - Data of Clesceri (C-6) ..•• 105 


9 	 Hydrolysis of Tripolyphosphate in various 

cultures - Data of Karl-Kroupa et & (K-3) • 109 


10 	 Hydrolysis of Condensed Phosphates in 

Domestic Wastewater - Data of Sawyer (S-6) 113 


11 	 Concentration Dependence of the Rate of 

Hydrolysis of Tripolyphosphate at 20°c and 

pH = 7 • • • • • • • • . • • • • 
 • • • • • • • • 123 

llA 	 Concentration DeBendence of the 

ExperimentalHydrolysis at 20 C and pH= 7. 


data on distilled water added. 
 . • . . . • . • 298 

Rate 	of 

viii 



Figure 
Number Title 

llB 	 Concentration dependence of the Rate of 
Hydrolysis of Tripolyphosphate at 20°c and 
pH= 7. Experimental data on Lake Water 
and Wastewater .added ••••••••••••• 299 

12 Concentration Dependence of the Rate of 
J Hydrolysis of Pyrophosphate at 20°c and 

pH = 7 • • • • • •. • • • • • • • • • • 124 

12.A 	 Concentration Dependence of the Rate of 
Hydrolysis of Pyrophosphate at 20°c and 
pH= 7. Experimental Data on Distilled 
Water added • • • • • • • • • • • . . . • . . . 300 

12B 	 ·concentration Dependence of the Rate of 
Hydrolysis of Pyrophosphate at 20°c and 
pH = 7. Experimental Data on Lake Water 
added · • • • • • • • • . • • • • • • • • • 301 

13 	 pH Dependence of the Rate Constant for the 
Hydrolysis of Tripolyphosphate ·at 20°c • • • 135 

14 	 pH Dependence of the Rate Cons tant for the 
Hy~rolysis of Pyrophosphate at 20°c • • • . . 

15 	 Spectral Transmission Curve for Ascorbic 
.Acid Method with Extraction ••• . • • 153 

16 	 Spectral Transmission Curve for Ascorbic 
.Acid Method without Extraction •• . •• . . . 153a 

17 	 Recorder Trace for Ascorbic Acid Method 
without Extraction . • • • • • • • • • . . . ·159 

18 	 Recorder Trace for Stannous Chloride Method 
with Extraction • • • • • • . • • . • • • • • 160 

19 	 Elution Ourve of Condensed Phosphate Mixture. 167 

20 	 Correction Factor Graph for Tripolyphosphate 
in a Mixture of Ortho-, Pyro-, and Tri
polyphosphate • . • • • • • • • • • . • • • • 169 

21 	 Correction Factor Graph for Orthophosphate 
in a Mixture of Ortho-, Pyro-, and Tripoly
phosphate . • . • • • • . • • • • • . . . • • 170 

22 . 	 Calibration Curve for Phosphorus in Waste
water by Ascorbic Acid Method . • • . • • • • 176 

ix 



Figure 
Number ·Title 

23 	 Phosphorus Measurements in Wastewater by 
Manual Ascorbic Acid Method • • • . • • • 177 

24 	 Phosphorus Measurements in Wastewater by 
Aminonaphtholsulfonic Acid Automatic Method 180 

25-1 
to -5 Experimental Data Series XX - Distilled Water 196-198 

26 and 
27 Experimental Data Series IX, X and XI 

Distilled Water . • • • • • . • • • 201-202 

28 	 Experimental Data Series XIV - Distilled 
Water • • • • • • . • . . • • • . . 205 

29 	 Experimental Data Series XVII - Distilled 
Water • . • . . • • • . • • . . • • • • 208 

30-1 
and -2 Experimental Data Series I - - Lake water 215-216 

31 · 	 Experimental Data Series III - Lake water 219 

32-1 
to -3 Experimental Data Series XII - Lake water 222-224 

33-1 
and -2 Experimental Data Series XIII - Lake water • 227-228 

34 	 Experimental Data Series XVIII - Lake water. 231 

35 	 Experimental Data Series XIX - Lake water 233 

36 	 Experimental Data Series XXII - Lake water . 243 

37-1 
to -5 Experimental Data Series IV - Wastewater ~ • 254-258 

38-1 
to -7 Experimental Data Series VII - Wastewater 261-264 

39-1 
to -5 Expe~imental Data Series VIII - Wastewater 267-271 

40-1 
to -3 Experimental Data Series XVI - Wastewater•• 275-277 

41-1 
to -5 Experimental Data Series XXI - Wastewater. 284-288 



Figure 
Number Title Page 

42 	 Experime~tal Data Series XXIII - Wastewater • 291 

43 	 Autoanalyzer Flow Diagram - Stannous 
Chloride Method . • • • • • . • • • • 340 

44 	 Autoanalyzer Flow Diagram - Aminonaphthol
sulfonic Acid Method • • • • . . • . 343 

Autoanalyzer Flow Diagram - Differential 
Phosphate Analysis by Stannous Chloride 
Method . • • • • • • • • • • • • • • • • 348 

46 	 Autoanalyzer Flow Diagram - Differential 
Phosphate Analysis py Aminonaphthalsulfonic 
Acid Method • • • . • • . • • . • • • • • • • 353 

xi 



LIST OF TABLES 


TABLE 
NUMBER TITLE 

I 	 Algae-Associated Nutrient Problems in 
Municipal Water Supplies of the 
United States • • • • • • • • . . . . 6 

II 	 Inorganic Phosphate Compounds . . . . . . 12 

III · Estimate of Phosphorus Contribution from 
Various S~urces, Unit~d States, 1966 ... 15 

IV 	 U.S. Consumption of Phosphorus for 
1958 and 1966 • . . • • . • . . . 16 

v 	 Estimated Detergent Usage of Condensed 
Phosphates in the United States in 1966 16 

VI 	 Estimated Soap and Synthetic Detergent 
Sales in the United States ~ ••••• 17 

VII 	 Phosphate Content of Detergents . . . . . 18 

VIII 	 Estimated Annual Production of Condensed 
Phosphates, Soap and Synthetic Detergent 
Powders in Canada, 1966 . . • . • • • • • 20 

IX 	 Concentration of Phosphorus in Wastewater 32 

x 	 Concentration of Phosphorus in Lakes 
and Reservoirs • • • • • . • • • • • . . . 33 

XI 	 Concentration of Phosphorus in Rivers . . 37 

XII Hydrolysis Studies on Tripolyphosphate 
(TPP) in Distilled Water ••••••• 53 

XIII 	 Hydrolysis Studies on Pyrophosphate (PP) 
in Distilled Water •••••••••. 54 

XIV Hydrolysis Studies on Tripolyphosphate 
(TPP) or Pyrophosphate (PP) in Natural 
Waters . • . • •. . . • • • • . • • • • 55 

xii 



]~able 

Numb~~ 

xv 

XVI 

XVII 

XVIII 

XIX 

xx 

XXI 

XXII 

XXIII 

XXIV 

xxv 

XXVI 

.XXVII 


. Title 

Hydrolysis Studies on Tripolyphosphate 
(TPP) or Pyrophosphate (PP) in Waste
waters or Algal Cultures • • • • • • • . . 56 

Rate Constants for the Hydrolysis of 
Pyrophosphate and Tripolyphosphate at 25°c. 64 

Rate Constants for the Hydrolysis of 
Pyrophosphate and Tripolyphosphate at 20°0 
and 4°0 for various media • . • • • • • • • 66 

Reported or Calculated Activation Energies 
for the Hydrolysis of Tripolyphosphate and 
Pyrophosphate in various aqueous media 93 

Summary of Calculations on Hydrolysis 
Studies on Tripolyphosphate (TPP) for 

.Rate Constants at 20°c and pH=7 ••• 117 

Summary of Calculations on Hydrolysis 
Studies on Pyto£hosphat~ (PP) for Rate 
Constants at 20 0 and_pH=7 • . • • • • 120 

Summary of Calculations on Hydrolysis 
. Studies on Tripolyph_osphate (TPP) in 
Distilled Water for Rate Constants at 20°c. 

Summary of Calculations on Hydrolysis 
Studies on Tripolyphosph~te (TPP) in 
Natural Waters, Wastewater and Al§al 
Cultures for Rate Constants at 20 C . 132 

Summary of Calculations on Hydrolysis 
Studies 


. for Rate 


Summary 
Studies 
Waters, 
for Rate 

on Pyrophosphate in Distilled Water 
Constants at 20°c . • • • • • • • 136 

of Calculations on Hydrolysis 
on Pyrophosphate (PP) in Natural 
Wastewaters and Algal Cultures 

Constants at 20°c • • • • • • 138 

Units of Measurement of Phosphorus . . 148 

Conversion for Units of Measurements of 
J?ho spho rus . • • • . • • • • • • • • • 149 

Measured Phosphorus Distribution (%) of 
Known Ortho-, Pyro- and Tripolyphosphate 
Mixture • • . • • • . • • • • • • • 171 

Xiii 



xxx 

Table 

Number 


XXVIII 


XXIX 


XX.XI 


XXXII 


XX.XIII 


XXXIV 


Title 

Comparison of Total Phosphorus Digestion 

Methods • • • • • . • • • • • • • 181
o • • • • 

Measured Phosphorus Distribution (%) of 
Known Ortho-, Pyro- and Tripolyphosphate 
Mixture (Wastewater Level) • • • • • • 184 


Summary of Experimental Work on 

Distilled Water • • • • • • • . . . . . 191 


Lake ·ontario Water ..Analysis . . . . . . . 210 


Summary of Experimental Data on Lake Water 211 


Summary of Experimental Data on Wastewater 245 


Experimental Data for Series XXI -

Humber S.T.P. Survey ••••.•• . . . . 280 


xiv 




I STATEMENT OF PROBLEM 


Governments and the public at large have been active

ly concerned during the past few years about the pollution of 

our water resources. Nutrient enrichment through man~made 

pollution causes algal blooms and intens~ aquatic growth in 

many of our lakes. This in turn causes a deterioration in 

water quality for its use as a source of water supply for 

domestic and industrial purposes and for recreation and irri

gation. 

Inosphorus is sus11ected as possibly the most impor

tant element in this problem. In natural waters it may be 

present in inorganic forin, Rs o:rthophosphat~ and 8.s condensed. 

~hosphate, ?o,l2<i in organic form. It may be dissolved in the 

water, precipitated to the bottom, adsorbed onto particulate 

matter or contained in aquatic organisms and pl.ants. A 

naturai cycle exists between these forms of phosphorus in the 

aquatic environment: The phosphorus supply to surface wa.ters 

comes mainly from runoff from fe .rtilized lands and in waste

water. Its concentration in wastewaters has increased sharply 

due to the use of household. detergents in recent years, which 

contain large amounts of condensed phosphates. When these 

are added to water they hydrolyze to orthophosphate. Aquatic 

organisms and plants are reported to grow much more readily 

and to a greater extent on orthophosphate than on condensed 
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phosphates. It is therefore important to kno~ at what rate 

-condensed phosphates revert to orthophosphate. This is-par

ticularly true for lakes, since algae blooms apparently occur 

only when orthophosphate concentrations exceed a certain crit

ical level. If the rate of hydrolysis is slow enough, only a 

small portion will be converted to orthophosphate near shore, 

and dilution may solve the problem farther out in the lake. 

The removal of phosphates in treatment plants by several 

methods has received much attention in the last few years. 

Most of these studies were conce~ned with orthophosphate. 

Condensed phosphates may be more or less readily precipitated 

chemically or less readily absorbed in biological, luxury

uptake, treatment than orthophosphate. How much conversion 

of condensed phosphates actually ·takes place in the treatment 

plant is therefore an important point. 

The chemical industry has carried out many studies on 

the rate of hydrolysis of condensed phosphatas .in distilled 

water. These experiments were generally carried out at high 

concentration, arid under conditions of temperature and pH 

which are not representative of the natural water environ

ment. In recent years some investigations have been made on 

natural waters, which showed a much faster rate of hydrolysis, 

attributed mainly to enzymatic activity of microorganisms, 

and plants. The concentration of condensed phosphates used 

in these experiments was generally still higher than would 

occur in natural waters, particularly in lakes_such as the 

Great Lakes. Still fewer experiments were carried out with 
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wastewater as a medium.' 

The object of this study is to establish rates of 

hydrolysis for the most widely us3~ condensed phosphate; 

sodium tripolyphosphate, and to a lesser degree . tetrasodium 

pyrophosphate. This is to be done by a comparison of exist

ing literature values, where available, and by experimental 

work under the following conditions: 

1. 	 In distilled water, at low concentrations and conditions 

of temperature and pH sim.ilar to natural water. 

2. 	 In Lake Ontario water, at low concentrations under la

boratory conditions simulating the natural environment. 

A field study in Lake Ontario to compare laboratory rates 

and in situ rates. 

3. 	 In wastewater, at naturally occurring concentrations and 

laboratory conditions, simulating conditions in a treat

ment plant. A field investigation at a treatment plant 

to compare laboratory rates and in situ rates. 



- -· II LITERATURE REVIEW 

11.:1 EUTROPHICATION 

Man has been aware of the natural aging of lakes for 

many years. Eutrophication in a limnological sense means the 

natural or artificial nutrient enrichment of a water body. 

To persons interested in water quality management it means in 

~ddition the resulting deteriorat_ion of water quality. This 

aging process is normally very slow, requiring thousands of 

years to transform a young_ barren lake to marsh land, the 

most eutrified state. In the last quarter of a century the 

rate of eutrophication has increased many-fold in numerous 

lakes through man-made pollution. Hasler (H-5) has described 

the aging process of lakes and the effect of artificial fer

tilization. Many authors have dealt with the causes and the 

proble~s resulting from eutrophication in recent articles. 

Some . of these are: Sawyer (S-5, S.-7, S-8, S-9), Bucksteeg 

(B-11), Levin (L-4), Fruh (F-7), Ohle (0-1), Shapiro and 

Ribeiro (S-14), Neil (N-1), Frink (F-6), Webber and Elrick 

(W-2), Beeton (B-5) and Martin and Weinberger (M-6). The 

importance of this problem resulted in the gathering of 544 

scientists from all over the world at Madison, Wisconsin in 

June 1967 for the "Internatio_nal Symposium on Eutrophication ". 

Thirty-seven papers were presented under four main topics. 

4 
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1. Concepts of Eutrophication and Documentation - Geographical 

2. Detection and Measurement of Eutrophication 

· 3. Prevention and Corrective Measures 

4. 	 Contributions to Science from the Study of Eutrophication. 

Mackenthun (M-1) prepared a selected bibliography on 

. the importance of nitrogen and phosphorus in water. The prob

lems of eutrophication result mainly from luxuriant growth, 

or blooms, of aquatic vegetation, predominantly unicellular 

algae. The Task Group committee report of the American Water 

Works Association (A-4) conducted. an extensive survey and 

summarized these problems as follows: 

"Fifty-six percent of the total surface water supply 
used for domestic purposes in the United States is 
affected to some extent by problems resulting from 
algal growth. By far the most significant problem 
was attributed to taste and ·odour production by 
algae." 

Table I summarizes their findings. 


Other algae-associated problems mentioned are: 


- increased colour and turbidity 

- conditions toxic for stock and wildlife caused by 


certain algae 

- increased · chlorine demand. 


In addition to the algae-associated problems the report men

tions problems directly associated with nutrient levels. 


-	 Interferences in coagulation due to high condensed 

phosphate levels. . 


- Interferences in hardness removal due to high con

densed phosphate levels. 


Excessive eutrophication may result in the loss of recrea

tional us~ of lakes. A decrease in valuable fish production 
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TABLE I: ALGAE-ASSOCIATED NUTRIENT PROBLEMS IN MUNICIPAL WATER SUPPLIES 


OF THE UNITED STATES* 


ALGAE ASSOCIATED 

PROBLEM 

Chemicals applied for algae 
-Control 

Taste and odour from algae 

Chemicals for algae taste 
and odour control 

Filter clogging by algae 

Special equipment for algae 
removal 

Total supplies with problem 

PARTICULAR WATER SUPPLIES WITH ALGAE 
ASSOCIATED PROBLEMS 

(based on population equivalent served) 

IMPOUNDED 
SURFACE 

SUPPLIES 
% 

43 

33 

37 

12 

<5 

62 

FLOWING 
SURFACE 
SUPPLIES 

% 

43 

43 

49 

23 

<4 

50 

TOTAL 
SURFACE 
SUPPLIES 

% 

38 

44 

17 

<5 

56 

TOTAL 
DOMEST IO 

WATER SUPPLY 
% 

23 

26 

10 

<2 

34 

* from Task Group (A-4) 

°' 
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through changes in species is possible even though total fish 

production may increase. 

The nutrients necessary for the support of growth are 

carbon, hydrogen, oxygen, nitrogen and phosphorus, with 

smaller amounts of other elements required. Of the major 

. nutrients, the supply of carbon as carbon dioxide, hydrogen 

and oxygen are uncontrollable. Attention has therefore been 
/ 

focussed on nitrogen and phosphorus. The ability of certain 

widely occurring algae, mainly the blu~-green group, to fix 

nitrogen from the atmosphere has led to the conclusion that 

phosphorus may be the essential element in limiting the unde

sirable productivity of lakes. Ohle (0-1) regarded phosphate 

levels as the initial factor in the development Of eutrop~ic 

conditions. Sawyer (S-5) in the study of seventeen Wisconsin 

lakes suggested that if inorganic nitrogen and phosphorus 
,/

exceeded 0. 30 mg/l N and 0. 010 mg/l P respe.ctively at the 

start of the active growing season (time of spring turnover 

in northern blimates) a season with nuisance bl9oms would 

follow. Mackenthun (M-2) suggested that to prevent biological 

nuisances; total phosphorus concentrations should not exceed 

0.10 mg/l P at any point within a flowing stream, nor should 

0.05 mg/l P be exceeded where waters enter a lake, reservoir 

or other standing water body. ·Chu (C-4) reported that of a 

variety of different algae studied all flourished when phos

phorus varied from 0.1 to 0.2 mg/1 P, and that they were 

likely to suffe~ from ·a deficiency when the concentration of 

phosphorus was below 0.05 mg/l P. Sawyer (S-8) discussed the 
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problem of phosphorus in water supplies, and paid particular 

attention to the contribution of modern household detergents 

to the eutrophication problem. Neil and Owen (N-2) discussed 

the distribution, environmental requirements and .significance 

of Cladophora in the Great Lakes, and found phosphorus levels 

of prime importance. Shapiro and Ribeiro (S-14) reported ·on 

experimental work on the Potomac River and on the effluent 

from the Washington, D.C., Water Pollution Control Plant. 

They found that algal growth increased in proportion to the 

amount of phosphate added, and concluded that removal of phos

phate from the effluent could control algal population. 

Bucksteeg (B-11) gave data on the problem of eutrophication 

in Germany. Ludwig ~al (L-8) discussed the nutrient balance 

for Lake Tahoe and indicated that nitrogen and phosphorus were 

retained in the lake to the extent of 89 percent and 93 percent 

respectively. Levin (L-4) in discussing methods of phosphorus 

removal pointed out that the City of Detroit and others on 

Lake Erie are now under orders to remove at least 80 percent of 

the soluble phqsphate before discharge. Fruh (F-7) cited 

several studies where nutrients other than nitrogen and phos

phorus may have been limiting. Sawyer (S-9) discussed in de

tail the parameters used for assessing the state of eutrophica~ 

tion of a lake. The nutrients, nitrogen and phosphorus and 

their ratio and form were considered to be the most important. 

Much more research work will be necessary in the 

laboratory and in field investi~ations to establish just which 

nutrients may be limiting in a specific case. The major 
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factor in the control of eutrophication is the limitation of 

the amount of nutrients, principally nitrogen and phosphorus, 

entering a lake. 

II-2 l?HOSl?HORUS .AND ITS COMPOUNDS 

Va~ Wazer (V-2) has edited the most comprehensive 

work on phosphorus and its compounds. This is a two-volume 

book, some 2000 pages long, which deals in great detail with 

the chemistry, occurrence, mining and manufacture, the uses 

and applications, and the biological functions of phosphorus 

compounds. The chapters ~ost important to this work are 

written by Katchman on "Phosphates in Life Processes and in 

Biological Synthesis" (K-4) and Van Wazer (V-2) on "structure 

and Property of Condensed l?hosphatesu. As this thesis deals 

with phosphorus compounds in water a short resume of parts 

of this comprehensive work is presented • .;~ 

II-2.1 TYPES OF PHOSPHORUS COMPOUNDS 

Phosphorus, a universal constituent of protoplasm, 

is required for growth, · h~alth and reproduction in all forms 

of plants and animals. Whereas all the other elements of 

major biological importance, such as carbon, nitrogen, hydro

gen and oxygen are readily available from the atmosphere, 

* Some of the following material is qtioted verbatim 
without the use of quotation marks. 
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phosphorus is earth bound. All phosphorus deposits are in the 

form of orthophosphates; elemental phosphorus never occurs in 

nature. Both water soluble and insoluble inorganic ortho

phosphates are found in fresh-water lakes and the seas, as 

well as in the soil. The soluble orthophosphates are present 

in rather small amounts, the concentration being effectively 

controlled by the extent of the solubilization processes as 

well as by such cations as calcium, iron and aluminum, which 

are capable of forming highly insoluble orthophosphates. In 

plants and animals, p'hosphorus occurs as orthophosphates, 

polyphosphates of various molecular sizes, ortho- and poly

phosphate esters, phosphoproteins and complex nucleoproteins.* 

Transformation of orthophosphate to its many derivatives rep

resents the consequent life process. 

Man utilizes phosphate rock for the manufacture of a 

wide variety of pho~phorus compounds. Van Wazer (V-2, p.990) 

summarizes these. The main uses are for fertilizers and 

detergent builders . .Some of the other uses are for animal 

feed, for the pharmaceutical and the food industry, f~r sur

face treatment of metals, for water softening and the plastics 

industry. 

The basic principle of phosphate structure can be 

explained in the following way. By definition, the phosphates 

· are those compounds of phosphorus in the anions of which each 

* Van Wazer (V-2, p. 570) gives a summary of the 
organic phosphates important in life. processes. 
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atom of phosphorus is surrounded by four oxygeti atoms arranged 

at ·corners of a tetrahedron. By sharing oxygen atoms between 

tetrahedra, chains, rings and br2.n0hed polymers of inter

connected P04 tetrahedra can be produced. This. means that 

there are only several building blocks from which phosphates 

can be made. These are as 

3
0 0 

' I 

0 - :p - 0 - 0 - :p - 0 
I I 
0 0 

orthophosphate end group 
group 

follows: 

2
0 

I 
:p- 0 - - 0 
I 
0 

1
0 
I 

- 0 - :p - 0 
I 
0 

• 
middle group branching 

point 

By combining end groups, middle groups and branching points in 

all possible ways a large number of hypothetical phosphate 

formulas can be devised. Only some of these compounds are ( 

actually known. The more important ones are shown in Table II, 

in their undissociated form • 

.All but the orthophosphates are made up of inter

connecting groups and are given the name "conde.nsed phosphates It. 

Other names used for this group are "molecularly dehydrated 

phosphates" and "complex phosphates 11 
• The chain compounds are 

called polyphosphates, the ring compounds metaphosphates, and 

cross-linked .compounds ultraphosphates. 

Condensed phosphates are never found as minerals. 

They are involved in biological energy transfer processes, 

where they are formed and degraded by enzymes. In the labora

tory they are usually produced by dehydration according to the 
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TABLE II: INORGANIC PHOSPH.ATE COMPOUNDS% 

N.AME FORMULA STRUCTURE REMARK 

Ortho- M Po
3 4phosphate M-0-~-0-M 

0 
~1 . . 

c 
Pyre M4P207 9 0•phosphate0 M-O-l-0-f-O-M 

n M ~ 
d 

Tripoly- Chaine 9 9 9M5P30l0
phosphate M-0-P-O-P-O-P-0-M Phosphate

' 6 6 6 
I~1 t1 ~1 

n 

s -
e Trimeta (MP0 ) Ring3 3· phosphate ~ Phosphated p 

o/b""o.. 
I •p M-0-P-O O-P-0-M 

h . 0 ."" / 
0 

Chain0 0 0 0Tetrapolys :M6P40l3 I I' ' Phosphatephosphate M-0-P-O-P-O-P-O-P-O-M p 0
I 6 0

I 6 
Iv1
I ~~ M M 

I 

h 

a 
Tetra meta (NP0 ) M M Ring3 4 'o . 01phosphatet :Phosphate'p:::O-- o~p' 

e b 0 
I 

I ts P-0 0-P 
rf~o~o 

~{ ~1 

*From Van Wazer (V-2) 
m=monovalent cation 
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following reaction, given in terms of the sodium salts. 

Polyph9sphates (Chain Compounds) 

{n-~)NaH2P04 + 2Na2HP~ -> Jfa,n+2Pno3n+l + (n-1 )H2o n>2 

Metaphosphates (Ring Compounds) 

II-2. 2 SOURCES., USES D1D PRODUCTION FIGURES FOR PHOSPE.ORUS 
C61IFoUN"Ds 	 ' 

Van Wazer (V-2) worked out the overall phosphorus 

cycle for the continental United States, with specific figures 

given for the late 1950's. This is shown in Fig. 1. 

A study of this diagram gives a feel f6r the over

all situation. The Task Group Report (A-5) has produced the 

following phosphorus estimates for -the United States for 1966, 

and ·are shown in Table III. 

The conclusions one must reach after a study of Fig. 1 

and Table III are: 

1) Surface Drainage from agricultural land is the major phos

phorus contributor to surface waters. 

· 2) 	 Domestic Wastewater is next in importance. The oontri

bution from it has increas·ed sharply from the 1950' s on. 

This is primarily due to increased use of dete~gents. 

Calculations by the writer on detergent production for 

1958, as shown in Table IV, indicate that the contribution by 

detergents show~ in Fig. 1 should be 100 rather than 10. 

This would also increase the importance of sewage in Fig. 1, 

which would give a more accurate pattern of the relative 
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Detergents 
tooth pas tes,etc. 

Mineral 
supplements 

Igneous and 
sedimentary 

ROCKS 

SOIL 
including soil 
microorganisms) PLANTS 

~Biological 

~-cycle~ 
Fish 

-----_...Marine 
OCEANS biological 

.________ cycle 

Figure l ~ The over- al l ph os ph orus cycle in the 
continental Unite d St a t es a n d i ts connections \ ~th 

c oastal ·waters . ..~ 

* The a ppr oximate rate of ph os ph orus tra nsfe r is 
g i ven in mill ion poun d s pe r y e a r o f ph os ph orus 
equivalent a s es timated t o the nearest or der o f 
magnitud e. van Wazer (V- 2) 
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importance of surface drainage and sewage to the overall phos

phorus supply. 

United States Consumption of Phosphorus Compounds for 

1958 and 1966 are shown in Table IV. The compounds are essen

tially all phosphates. 

TABLE III: ESTIMATE OF PHOSPHORUS CONTRIBUTION FROM 
VARIOUS SOURCES~~ 

UNITED STATES 1966 

...._____....__~~~~-r-~~~~~~~-r-~~~~~~~..,__~~r 

Domestic Waste 


Industrial Waste 


Rural Runoff 

Agricultural Land 

Nonagricultural Land 

I Farm .Animal Waste 

II . IUrban Runoff 

106 lbs of 

P/year 


200 ;_500 

Insufficient 
Data 

120-1200 

150- 750 

Insufficient 
Data 

Usual Concentra- I
ltion in Discharge 

mg/l ~ j 

---- ...., 

3.5 9 

Insufficient 
Data 

0.05 1.1 

0.04 0.2 

Insufficient 
Data 

11- -170 I 0.1 1.5 


0.01 - 0.03 
I R~ nfall ~-9~-· -~-1ai--~_~~~~~~~~-'--~3--
* From Task Group Report (A-5, p. 363). 

I 
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TABLE IV: U.S. CONSUMPTION OF PHOSPHORUS 
FOR 1958 AND 1966 

1958~r 
,;._. 

1966~Hr 
100 LBS 
AS P2o5 % 

16° LBS 
AS P

2
o

5 
% 

---i 

Commercial Fertilizer 4530 70 7794 70.5 

Detergents 860 13.3 1228 1-3-;-0 

All other uses: 
(.Animal feed, water 
softening, pharmaceuti
cals and food, surface 
treatment of metals 
and other uses) 

1080 

-

16.7 2000 !" .5 

6470 100.0 11022 100.0 
-

* From Van Wazer (V-2) p. 989 

*~<- From Soap and Detergent Associa'tion (S-18) 


The estimated detergent usage of various condensed phosphates 

for the U.S. in 1966 is ~hown in Table V. 

·rABLE V: ESTHL1UED DErERGENT USAGE OF CONDENSED }HOSPHATES~r 
IN THE UNITED STArES IN 1966 

TYPE OF CONDENSED PHOSPHATE 
,... 

10° LBS 
P205 

OF 
% 

Sodium Trip o 1 yp hosphate (Na5P3010) 

Tetrasodiumpyrophosphate (Na4P2o
7 

) 

Trisodiumphosphate ( Na3Po
4 

) 

Potassium Pyrophosphate (K1iP20.,)
-r { 

Sodium Metaphosphate (Naro3 ) .. 

990 

115 

40 

l~l 

42---

80.7 

9.4 

3.2 

3.3 

3.4 

100.01228 

* From Soap and Detergent Association (S-18) 
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Sodium tripolyphosphate is therefore the most impor


tant cond.ensed phosphate in the detergent industry, with tetra


sodium pyrophosphate next in production. The estimated soap 


and synthetic detergent sales for the United States over the 


past twenty-five years are shown in Table VI. 


TABLE VI: ESTIMATED SOAP AND SYNTHETIC DETERGENT SALES 
IN THE UNITED STATES* 

I !
I 
JULY 1st NON LIQUID . T-~YNTHETIC ~AP & SYN-;~ 

:POPULATION, SOAP S.ALES l DETERGENT i THETIC DETER
YEAR . IN MILLIONS . Total , Per cap •

1 
SALES l GENT S.ALES 

106lbs , 
1 b s • 

1940 	 I 132.0 3206 24.3 
·1
I 

1950 152.3 2882 18.9 

1960 I 180.7 1230 6.8
l 

1966 196.8 ; 1100 5.6II 	 j_______I -- -

Total )Per cap. : Total !Per cap. 
1o61b s ~ i b s • I 1o61 b s \ i b s • j' 

30 i---.;-11--;;361-;4:5 
1443 9.5 4325 1 28.4 . 

I l 
3940 21.8 5170 I 28.6 

. I 
50_00_:.........._2:.4 __61.:i_ 31.0 j 

* From Soap and Detergent Association (S-18) 

Table VI indicates the dramatic decline of soap sales 

and the meteoric rise of synthetic detergent sales. Since de

tergents contain a considerable amount of condensed phosphate, 

as indicated in Table VII, the rise of detergent sales was 

ac·companied by an equally dramatic rise in the produc.tion of 

condensed phosphates, primarily sodiu~ tripolyphosphate. 

The reason for the use of condensed phosphates in 

detergents is the synergistic effect betwe·en m.oderate amounts 

of these inexpensive compounds and ·relatively low percentages 
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of expensive surfactants, which reduces the overall cost. One 

major and beneficial action of the phosphate is to lower the 

critical micell·e concentration, above which the surfactants 

reach their maximum effectiveness as detergents. · This results 

in a smaller surfactant requirement in the detergent. Other 

functiops of the phosphates are: 

- Removal of solid material due to adsorption. 

- Reduction in the redeposition of dirt on clothes. 

Furnishing of alkalinity and acting as a buffer. 

- Water softening and sequestering of calcium, magnesium 

and iron. 

TABLE VII: PHOSPHATE CONTENT OF DETERGENTS* 

----------~--------·-~-----------, --i
Phosphate Content ; 

.Detergent Category %(as Na3P5o10 ) j 

~-------1
iHeavy Duty Laundry Powders 35 - 57 I
IAutomatic Dishwasher Powders 

l 
I25 - 55 

Heavy Duty Llquid 15 - 25 


Light Duty Liquid 
 0 10 

I Hard Surface Cleaners 1 20 
_______ .___ ____-- _J....____

* From the Soap and Detergent Association (S-18) 

Figures on Canadian production of condensed phosphates, 

soaps and ~etergents were obtained from Dominion Bureau of 

Statistics publications (Q-1) and private communications from 
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Lever Bros. Co., (L-3) Toronto and Electric Re~uction Co. of 

Canada ~td., (E-2) Toronto, who are the sole producers of con

densed phosphates in Canada. Th8 figures for condensed phos

phates include all types produced, however sodium tripoly

phosphate is the major product and accounts for about 90 percent 

of production. 

The other major contributor of phosphorus in domestic 

sewage is human waste. This is a function of protein intake. 

Sawyer (S-7) reported a release of 1.5 g P/person-day. The 

Task Group report (.A-5) mentioned 1.3 lb P/person-yea:r, or 

1.6 g P/person-day. In order to be able to compare these 

figures to the phosphate-detergent .use, the following calcu

lations can be made. 

United States 1966 

Population· = 196.8 million 

Condensed phosphates in detergents = 1228 million lbs as P2o5 

1228 x 106 
= 2.72 lbs P/person-year~= 

2.29 x 196.8 x 106 ' 
= 3.38 g P/person-day. 

Sawyer (S-6) calculated that in 1950 the corresponding figure 

was 10 x 10-3 lb/person-day as P2o5 or 1.98 g P/person-day. 
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TABLE VIII: ESTIMATED .ANNUAL PRODUCrION OF CONDENSED 
PHOSPHATES, SOAP AND SYNTHETIC DETERGENT 

POWDERS IN C.Al{AD.A, 1966 

Population of Canada* 

Production of Con
densed Phosphates
in Canada~~-Ji-

Imports of Condensed 
Phosphates to Canada 
(Special Products)** 

Use of Condensed 
Phosphates in the 
Detergent Industry·:HH~ 

Production of Syn
thetic Detergents* 
(Household use) 

Production of Soap 
Pow de rs and Flakes{~ 
(Household use) 

20.0 Million 

or 

or 

or 64 x io6 lbs 
(as P

2
o5 ) 

201 x106 lbs. 

or 

or 

10 lbs/person-year 

6 . 
9.2 xlO lbs. 

0.5 lbs/person-year 

* Queens Printer (Q-1) 


~H~ Electric Reduction Co., Toronto (E-2) 


*** Lever Bros. Co., Toronto (L-3) 
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Canada 1966 

Population = 20.0 Million 
6Condensed phosphates in detergents = 55,000 tons = 	110 x 10 lbs 

as Na5~3o10 
110 x io6 

= 	 =1.39 lb P/person-year 

=1.73 g P/person-d~y 

West Germany 1966 


Bucksteeg (B-11) provided the following figures: 


Phosphorus contribution from human wastes = 1.65 g P/person-day 

Phosphorus contribution from detergents = 1.57 g P/person-day 

The contribution of phosphorus to domestic wastewater are thus: 

U.S. Canada W.Germany 
.(1966) (1966 i (1966) 

in g P/person-day 

Human waste sources 1.6 1.6 1.65 

Detergents 3.4 1.7 1.57 

TOT.AL 5.0 3.2 

- Detergents containing phosphates contribute more than 

twice as much phosphorus as human wastes based on U.S. fig

ures. In Canada and West Germany, the contribution of each 

are about equal. Sawyer and McCarty (S-10) stated that 
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domestic sewage probably contains from two to ~hree times as 

much inorganic ph?sphorus at the present time as it did before 

synthetic detergents became widely used. The figures for the 

United States shown above indicate that it may be slightly 

more than three times. Comparison of respective United States 

and Canadian figures for 1966 show that Canadians use consider

ably smaller quantities of soaps and detergents than Americans 

do. Even if Canadian bulk sales of detergent powders of about 

50 x 106 lbs per year, and of soap powders of about 17 x io6 

lbs per year would have been included, Canadian use is only 

about one half of the United States use. Discussions on this 

difference with the Electric Reduction Co. and Lever Bros. 

supported the figures presented but did not come up with a 

reason for this rather surprisin~ difference. 

Owen and Johnson (0-3) in a survey of a Metropolitan 

Toronto watershed estimated the annual per-capit~ yield of 

total phosphorus as 7.7 lbs P04 or 2.7 g P/person-day, in 

treated municipal wastes. The removal of phosphorus varied 

from 28 to 43 percent. Based on an average reduction of 35 

percent, the raw waste total phosphorus contribution would be 

4.2 g P/person-day and indicates that in the highly urbanized 

Toronto area the phosphorus contribution is much closer to 

the U.S. average. 

Can other materials perform the same role as phos

phates in detergents? The Soap and Detergent Association (S-18) 

provides the following answer to this question _: 
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"The importance of the polyphosphates lies in the 
synergistic effects obtained when they are used 
with surfactants. The net result of this synergism 
is the ability to use small amounts of surfactant, 
with attendant savings to the housewife. While the 
possibility of finding a -material, or combination 
of materials, to be able to replace phosphates in 
detergents, cannot be ruled out, no one has yet 
succeeded, and the odds against success are excep
tionally high. The industry possessed considerable 
knowledge and know-how concerning the composition 
of alternate surfactants, when it began its search 
in 1951 for an answer to the 'detergent foam prob
lem'. Nevertheless, it still . required more ·than a 
decade to find a satisfactory replacement for ABS, 
and to develop the technology to permit commercial 
production of the massive quantities of LAS required 
to satisfy the large .volume requirements. This was 
true despite the fact that LAS is a member of the 
same chemical family as ABS. To find a non-phosphate 
substitute for todays detergent phosphate would be a 
much more difficult task, if indeed possible at all." 

However, recent news reports (A-9), (A-10) mention the pas

sibility of replacement of phosphate builders in detergent 

formulations by organic compounds like nitriloacetic acid 

(NTA), ethylenediamine-tetraacetic acid (EDTA), _citrates, 

and malates in order to reduce the fertilization of streams 

and iakes. 

Removal of phosphorus in present-day sewage treat

ment is small and only coincidental to BOD removal. While 

it is technically possible to remove up to 95 percent phos

phorus from wastewater by special processes, they have 

generally not been applied up to now. This is primarily due 

to the fact that insufficient e~idance has been presented to 

show that phosphate removal from wastewater will in fact 

solve the eutrophication problem, as phosphates would still 
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b ~e supplied to the aquatic environment from surface runoff. 

Whether in a particular drainage system the sewage treatment 

plant effluent or land drainage is the more important phos- . 

phorus contributor will depend on the land use. Englebrecht 
I .

apd Morgan (E-3), in a study of the sources of phosphorus in 

Illinois surface waters over a two year period (1956-1958), 

found that the mean percentage of orthophosphate plus maximum 

inorganic condensed phosphate from surface drainage amounted 

to forty-five percent. Missingham (M-10) in a study of the 

Grand River in Ontario concluded that phosphorus contribu

tions from runoff from rural areas did not appear significant 

when compared to the contribution from sewage treatment plant 
I 

e~fluents. In a report on Lake Mendota (A-7) it was .conclu

ded that a drainage area, that is nonurban, such as that of 

Lake Mendota, can supply by runoff through its drainage 

sustem sufficient nutrients, nitrogen and phosphorus, to fer

tilize the water to . the nuisance producing level. Owen and 

Johnson (0-3) in a study of an urbanized watershed found that 

approximately 90 percent of the yield of phosphorus came from 

t~e sewage treatment plant effluent. Dugdale and Dugdale 

(D-4) in a study of lakes in Alaska showed that considerable 

amounts of phosphorus are contributed by the runoff of natural 

:watersheds. 

In summary it may be stated that the two principal 

sources of phosphorus supply to surface waters are from·land 

drainage of fertilized agricultural areas and from sewage treat

ment plant effluents. 
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I 
lI-2.:L PHOSPHORUS CYCLE IN NATURAL WATERS 

The supply of phosphorus to surface waters is mainly 

in the inorganic form, either as orthophosphate or as con

densed phosphates. The fate of the condensed phosphates in 

an aquatic environment will be discussed in Chapter II-3. 

When inorgani-c phosphorus from fertilizers is added 

to lake .water, it disappears from solution after several 

days. It was thought that plant growth stimulated by the 

nutrient added, caused this decline. Experiments with radio

active tracer phosphorus by Hayes et al (H-7), Harris (H-3) 

and Rigler (R-2), (R-3) sho~ed that it decreased in the same 

way as fertilizer phosphorus. Hayes (H-6) concluded from this 

that there is a single pool of phosphorus belonging to water 

and solids, which is distributed between them in a dynamic 

equilibrium or steady state. He summarized the findings of 

~e·veral workers on the transformations of phosphorus in a 

diagram which is reproduced in Fig. 2. Hayes (H-6) describes 

the process · as follows: 

"It is seen that upon addition of phosphate to water 
the immediate reaction, within minutes, is a trans
fer through the bodies of unicellular floating forms 
of life (heavy lines to right). Next, as shown by 
the light solid lines to the left, there occurs 
within a matter of hours, ie. two orders of magni
tude slower than the above, an exchange in which the 
floating cells and the higher aquatics compete on 
approximately equal terms for the P04. This they 
make into their own body structures, throwing some 
of it back to the water as soluble organic phosphor
us. We have cancelled out the virtually instantan
eous passage thr~ugh floating cells and set the 
process down as an equilibrium between inorganic 
and organic phosphorus in solution, for which the 
turnover time is 0. 3 days. · 
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·" 
Higher Agnatic Plants ~ 

Zooplankton 
t 

oO \ ?:
I 

\ "'..,.rL • I 

~ 

~INORGANIC 
I 
t 

I 
I · l 

1. ~Soluble organic P Cells of phytoplankton 

Ivia biosynthesis and bacteria
I 
I 
I 15 &op I sed. 

I · ~ 4 olo/dayI 
I 
I WATER 

MUDt ~ 
inorganic reaction

Bacteria 
of Einsele and Ohle 

Figure 2. Transforma tion of . phos ph o ru s i n a lake with 
· turn over times for different equilibra . (Af ter Hayes 

(H-6). * 

* Very heavy lines indicate the f i rst action with 
floating cells, for which the time is g i v en i n minutes . 
Other times a re in d ays. Lighter solid lines are r e
actio ns at intermediate speeds - two o r three o r ders of 
magnitud0 slower tha n the initia l . one . Dashed line is 
the return from mu d by i n organ i c relea s e, a still 
slower turnover. Dotted lines at t op i n d icate reaction s 
too s low t o meas ure, called infin itely slow by c ompari
son with the res t. 



At top left is indicated a doubt as to 
whether higher plants can utilize organic phosphor
us, and at top right the feeding of zooplankton is 
given a turnover time, and their inability to 
utilize inorganic P is noted~ 

The lower part of Fig. 2 brings in the 
sediment surface. At right, bacteria are noted to 
fall out at a few percent per day. This is in 
bottles ·and not be· read as net fallout in natural 
waters, which is subject to wide variation. The 
fallout at right probably describes the same phen
omenon as the line leading down at left, ie. the 
settling of organic matter to be reduced again by bot
tom microorganisms for regeneration to the water. 
The turnover time for leaving the water and for re
turn is here three days, an order of magnitude slower 
than for exchanges with floating life. 

The inorganic mechanism, which can be observed 
when bacteria are suppressed, is shown at lower center. 
The observed relations are not affected by the redox 
state. In taking out inorganic phosphorus the mechan
ism has the same turnover as the bacterial action just 
described, namely thre e dayn. The ;return to water 
ho~ever is much slower, at fifteen days."

Kramer (K-10) presented a theoretical model for the 

chemical composition of Great Lakes waters. He found that all 

the Great Lakes with the exception of Lake Superior had phos

phorus concentrations in excess of those needed for apatite 

saturation. He suggested that this excess concentration might 

be used as an '-index of biological use' of the lake. The 

'lack 1 of pho.sphorus in Lake Superior compared to that needed 

for apatite saturation suggested a very low biological use, 

whereas the excess phosphorus in Lake Erie compared to that 

required for saturation pointed to a very high biological use 

of the lake. In a subsequent work Sutherland, Kramer tl al 

{S-21) presented a more detailed model for phosphate equili
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brium. They were able to explain phosphorus concentration 

data for Lake Ontario by their model as a function of pH, 

Ca+.+, and t emperat · ure. 

T·he seasonal variation and the vertical distribution 

of the tyJ?e of phosphorus compounds can be discussed to

gether. 

Mackenthun tl al (M-3) presented' data on the seasonal 

and vertical distribution of phosphorus in Lake Sebasticook, 

Maine. These are presented in Fig. 3. Concentration data 

are given in Table X. Fig. 3 shows that total phosphorus in 

the lake was most abundant during the summer, and lowest in 

autumn and winter. The soluble phosphorus however was 

lowest in spring and higher in winter. This variation was 

attributed to. the changes in amounts of algal growth during 

the different seasons. Hutchinson (H-13) also provided a 

Inflow ~ .~flow ~
l,300Lbs...l~ 2,900 lbS..J.--~ 

Outflow 
500 Lbs. .....,___~~~LE=-• 2 ,200 Lbs. 

~utflow 
. ..... . .. ... ~ . ·...

00 Lbs. soluble 

'10,500 Lbs .··. 


0 

Porticulote '. · ~ :. 5,~·os ·c~·i:.:.. ...... 
Porticulo1 e ·:· :. : : . . ·:: .:._::. 700 Lbs. 


tc'i.!lmi.Z" ."tI!l.:'.?Z!2.m·· · · ··w ¥~0s~3i~ents
. ~ :?Zl.ii. ' ' To Sediments 
WINTER SPRING 

Inflow~ 
3,100 Lbs .~a 

.... ~ 
Outflow 

~----• 800 Lbs . 
...... ~,200Lbs . soluble. . . . 

: 12,700 Lbs .•. ..:.~ ·9~~ ·~~~·>:· 
. Porti~ulote. ·. . • • I . •· . . . : Particulate · :.. . . . . .. 

too•" o I o •• ·, ... 
· · · ·. · · · : ·Trace To ~~~2,300 Lbs . 

SUMMER Sediments AUTUMN To Sediments 

Figur e 3. Represen tation of s ea s ona l d i s t ribution o f 
ph o s ph or l1s i n Lake Seba sticook . . I n flows a n d ou.tflows 
a r e to t al phos ph orus . (After MacKenthun e t:. al (M-·3)) • 

. .. . . . . ·..... 
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graphical presentation on seasonal and vertical distribution. 

Heinke (H•8) found a seasonal variation of inorganic phosphorus 

measurements in Lake Ontario, with highest concentrations oc

curring in late winter months, and lowest concentrations in 

. the summer months. Relatively uniform concentrations of phos

phorus were observed with depth during the winter, whereas in 

the summer inorganic phosphorus ,concentrations in top waters 

(0-lOm) we .re extremely low, with higher values at depth. 

Rigler (R-3) in a study of several small Ontario lakes found. 

that inorganic phosphorus was consistently low throughout most 

of the year and increased to a maximum at some time between 

December and April • . 

· An interesting experiment on interrupting the phos

phorus cycle to retrieve small lakes from eutrophication was 

reported by Hynes and. Greib (H-14). Based on preliminary 

laboratory evidence, they suggested that it may be possible 

to cut down on the further release of phosphorus from bottom 

muds by covering them with weighted-do~m polyethylene sheets. 

The best time to lay these would be when the lake is in full 

circulation and the largest amount of phosphate is in the 

deposits. 

II-2.4 	 CONCENTRATION OF PHOSPHORUS IN WASTEWATER AND SURFACE 

WATERS 


Comparison of the concentration of phosphorus found in 

wastewater and in surface waters by different investigators is 

often difficult due to the following reasons: 
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1. 	 Authors have used different units to report phosphorus. 

In some cases it is not clear which unit has been adopted. 

For easy comparison all data shown in Tables X and XI have 

been converted to.)lg/l P04 v 

2. 	 The analytical technique used will influence the result. 

Lee tl tl (L-1) have . shown this for total phosphorus 

determinations. Strickland and Parson (S-20) indicated 

the difficulties experienced by different contact times of 

the reducing agent with the sample in the analysis for 

inorganic phosphate due to some hydrolysis of condensed 

and soluble organic compounds. The size of filter used 

will influence the relative proportion of soluble and par

ticulate phosphorus fractions as shown by Rigler (R-3) 

and others. In some cases it is difficult to establish 

whether the analysis was in fact made on a filtered or 

unfiltered sample. 

3. 	 The lack of a clear definition of the terms 

authors 	report data. Some of the ter.ns used 

Total Phosphorus 

Soluble Phosphorus 

Particulate Phosphorus 

Inorganic Phosphorus 

Organic Phosphorus 

Ort~ophosphate 

Condensed Phosphate 

in which some 

are: 
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Strickland and Parson (S-20) give an excellent breakdown 

of the various forms of phosphorus encountered in natural 

waters (seawater), with exact definitions and methods of 

determination for each. Their breakdown is essentially 

used in this thesis, and is given in Chapter IV. 

4. 	 There are seasonal and depth variations in natural waters 

which further complicate comparison of data. 

5. 	 The previously discussed increase in recent years in the 

use of detergents and fertilizers, with resulting in

crease in phosphorus supply to wastewaters and receiving 

waters makes it necessary to add the year of analysis to 

data to allow the assessment of this factor. 

6. 	 The relative level of enrichment will have a large in

fluence on the local concentration of phosphorus present, 

eutrophic waters having high levels and oligotrophic water 

low levels. 

The concentration of phosphorus in wastewater is caused 

by the contribution from human wastes, the detergent use and 

the volume of wastewater generated. Based on the figures .cal

culated in II-2.2 the concentration of phosphorus can be cal

culated as follows: 

Wastewater production (assumed) = 	 80 I gal/person-day. 

362 liters/person-d~y. 



TABLE IX: CONCENTRATION OF PHOSPHORUS IN WASTEWATER 


j I
AUTHOR ~ REFERENCE ~ YEAR LOCATION TOTAL PHOSPHORUS CONC. RANGE 

NO. I (unless otherwise stated) 
mg/l P04 

Sawyer and I S-10 1967 l General From Human Wastes: 
McCarty 

I 
Inorganic 6 - 9 

I 
Organic 1.5 3 

i From Detergents: 12 - 27 
I I ·r9t al : approx. 20 - 40 

..i. 

Vacker et al V-1 h 964/65 Texas 27 51 I-
~ 

Finstein and I F-3 1966 New Monday: 42 - 78IHunter I I Jersey Wednesday: 9 49 

I 
-

I Friday: 20 42-
I I 

' 
Barth and I B-4 1966/67 Ohio 8 - 33 
Ettinger ! 

Missingham M-10 1964 Southern 21 - 32 
Ontario (orthophosphate only) 

Mc Gauhey M-7 1963 Cal ifor 25 
et al nia 

Watson et al W-1 1965 New York Total: 45 - 65 
I .. State Ortho: 25 - 45 

Hurwitz et al H-17 1965 Chicago, Raw Sewage: Total 16-201Ill. l 
Act.Sludge Effl: Total 4-13 

CO~J'-1EN'l' S 

Textboolc 

Data collected from 9 
activated sludge plants 
in Texas 

Analysis on settled sew
age of 6 plants. Wide 
variations over day and 
week reported. 42% 
(25-85 range) was in the 
condensed phosphate form. 

l 
Data collected from four l 
plants (weekly ave rages) · 

Suggested design figure I 
for Lake Tahoe project. 

Long term analysis from 
three individual homes 

Data on distribution 
among ortho-, condensed 
and organic phosph. 

\ 
r 



TABLE X: CONCENTRATION OF PHOSPHORUS IN LAKES AND RESERVOIRS 


..l 

CONCENTRATION OF PHOSPHORUS~FERENcl Y~~~ J REMARKSAUTHOR LOCATION
I NO. I! OF I 
 ·rype in Authors )lg/l PO4
I SURVEY !t units 
r-~--- ~ 

Hutchinson mg Pim3I H-13 i I
I 


Mean (Range) 


Juday and Birgej I! 1931 I Wis cons in 

Data of: 


70(24-428) 

Yoshimura ~ 1932 


Total Phosphl 23. O ( 8-140) 
Japan 11 14.8(4.4-43.5; 45 ( 11+-13 3) 


Ruttner 
 61( 0-141)Austrian Alp... '' 20. 0 ( 0- 46)
i. I i937 

80(12-282) 

Deevey 


Sweden 11 26. 0 ( 4-92)
Lohammar f ~ 1938 

40(21- · 95) 


Ohle 

Connecticut '' 13.0 ( 7-31)1940 

Baltic Soluble 11 ( 5-600) 235(15-1830) 


Germany Phosph. 1
 
1934 


Beeton and . I 

Cha ndler l B-6 I 1963 I 
 ~p 
 Data based on 


Data of U • S • I 
 samples fromL.Superior ITotal lhosJil.1 5 
 15 

II 
 various depths.Bureau of Com- I L. Huron 10 
 31 

II 
 Year of publimercial 40
13
I L. Michigan cation 1963.Fisheries 1.1 L. Erie 61 
 187 
 Data presumably
IJ . L. Ontario early 1960s •l I 


l 
0.18-0.46 70-100% present 

Olson · 
17-44
Putnam and P-4 ~958-59 1 Western Lake Total 

in organic 
phosph. form 

Superior Phosph. pg-at P/l 

Data on surface 
Weeks 

Soluble 1-8 p.g/l p0-3 1942 I Western Lake 
 3-25
Chandler and 
Phosph.Erie wat e rs,29% of 

total phosph. 
in soluble form. 

I 
t .April to Octoberil;I 
 data. . 

~~~--t-~~~~~~-t---:-~~~~~~+-~~~~~~1I
 

http:0.18-0.46


TABLE X - (cont'd.) 

CONCENTRATION OF PHOSPHORUS 

I 

REFERENO~ YEAR , LO CAT IONAUTHOR REMARKSNO. ·~ OF pg/l P04Type l in Authors1 ~ SURVEY units 
I I 

0-4.3 pg Surface 
· Phosphorus 

Curl C-15 ~950-51 !western Lake 
p 

Phosphate 0-13.2 
SamplesP04-P/1J J . Erie 

Mean. Ortho-Heinke H-8 
l 

~966-67 
! 
i 

phosphate Depth ~RangelI (unfil ter ~ 
ed) 

IL.Superior Surface orI lOm August-De
cember

11(3-19) 

I 50m 5 

L.Huron l surface or 
lOm December20 (3-70) 

I 

August
lOm 

Surface orIL.Erie 
December 

50m 
48 (2-99) 
39 (25-59) 

L.Ontario Surface or January
lOm February 
50m 

56 (24-82) 
48 (37-66) 

Surface or November~ 
lOm December 
50m 

27 (2-78) 
29(14-43) 

Max.hypo1. Washington, 23 ppb P04-POrtho-Anderson 70A-6 1950 \.limneticphosphate ~Seattle 
27289 II1957 Cone. of ~ 

phosphate in2261958 174 
tt 

de_2_e st waters. 

' l . 



TABLE X - (cont'd.) 
l · I l CONCENTRATION OF PHOSPHORUS ~ 

;)' REFERENCE YEAR l 
REMARKS.AUTHOR I NO. OF l LOCATION ~ Type in Authors pg/l P04 II . SURVEY ~ unitsi : f 

l 

0.008-0.082 t 25-250 t 
Wisconsin Phosphorus 

L.Mendota, . InorganicAnonymous 1945-47A-7 
mg/l PJ I 

Curry and I C-16 I 1954 L.Zoar,Con- Soluble ~.5 (12-l~l) 
t t 

~phosphatenecticutWilson I 
· Ontario TotalRigler 1 R-3 1964 I Gives breakdown . fLakes Phosph.

I of total phosphoru;
South(Hard into inorganic
Water) I27-133 pg/l p 83-407 (5.9), Soluble

jNorth (Soft organic (28. 7) and 
Seston fraction5-18 pg/l p 15-50I Water) 
(65.4)i 1 

i 

£· mg/l P2o5 I . 

Englebrecht 


Morgan and IllinoisM-12 1956-57 
Lakes andE-3 Ortho- J 

· Reservoirs phosphate 0.036(0.0-0.108 . 48(0-145) MIC .... Max. 
Ortho & 0. 081 ( 0. 0-0 .22 6, 108 ( o- 303)linorganic
HIC l lcondensed I 

l 

Total t 
Phosph. 

MmnesotaMoyle M-14 1956 
I 

North 0.058 mg/1 P 177 ISouth 0.126 mg/1 P 385
I 
 I 


., 

Sturgeon Total 
Lake, 

Neil N-1 11952-55 
Phosph. July to Sept. 

Ont. 
101-165 

SurveySol. \. ' Phosphate 23-149 

I 
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TABLE X - (cont'd.) 

REFERENCE , YEAR I 

CONCENTR.AT ION OF PHOSPHORUSAUTHOR OF I LOCATIONNO. REMARKS 

Type in Authors pg/l P0SURVEY I 
 4
units• 

·Orr 1966 
 L.Minne 428 
I


0-2 
 Tot al Pho sph • I 0.14 mg/l P . 
~ tonka, 
!W isconsin 
I 
 I 


Mackenthun M-3 
 1965 1 L. Sebasti· 

cook,et al I 
 IMaine 

Vaughan and Lake Total Phosph.V-6 
 1964 
 180-300 

Harlow 
 p.282 Erie, Soluble II 
 50-100
(Michi~an 

waters 

l 


I 
 mg/l p 
Sur- Near Sur- Ne.ar 
face . Bottom face Bottom 

Total Phosph. 0.05 ·0.37 152 1170 

Soluble '-' i o.011 0.33 
 34 1010 

Total Phosph. 10.05 0.16 
 152 482 

Soluble " · 10.004 0.006 
 12 18 

Total ,Phosph. 0.07 1.36 
 210 4170 

Soluble '' 10.01 0.11 
 31 337 

Total Phosph.k0.04 0.05 
 122 152 

Soluble 11 0.01 <0.01 
 <31 <31 

February 

May 

July-August 

October- I

November 

Considerable 
amount of 
data in chart 

\ 

form, avg. 
only are 
quoted. 

http:Phosph.k0.04
http:Sur-Ne.ar
http:CONCENTR.AT
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TABLE XI: CONCENTRATION OF PHOSPHORUS IN RIVERS 


. ~ REFER- r --	 CONCENTRATION OF PHOSPHORUS 
l 11. 	 < II AUTHOR ENCE YEAR OF LOCATION ~ REMARKS 

I NO. ' SURVEY TYPE IN AUTHORS UNITS i pg/l P04 I 
~- ----------- - ---- - _J 

1
Putnam and I P-4 ji958-59 Minnesota irotal Phosp. Ii.o-i.7 pg-at . P/1- l 95-161 . August -eysu~v. . 	 ! l ~ 01 son I l 	 l l 1 

Englebrecht I M-12 I 1956 IIllino.is brtho + MIC I mg/l P205 I · . I 
and Morgan I ! ; j 0. 629 (0. 025-3. 402) f 835 (33-4560) MIC Max. In- Ii i r I or gan i c : 

t l f I . condensed I 
.Dietz and 

I'_.D-3 	 I i MIC lO. 264 (0. 011-0. 97_6___) 1350 (15-1310) j Feb. to April ! 
Harmeson i i ~ · . . 	 . survey I -r .,------------ ------------ ---

1C-15 11950-51 ID-etroit Riv. f Phosphate I 2.6(0-4.6lP.g . 8(o-~1-4-)-Tsurface · 
. ' phorphorus : P04-P/l - samples only 

1 

Curl 

f Maumee Riv. i 43 .. 132 
j LOther Streams 16 . 491 

1M-10 	 !1963-64 ~IGr~d River, ! Ortho phos- I · 900(90-1300) Dec. to Feb. 
. _ Ontario l phate survey 

Missingham 

1 
~ -- -- ---------i 

PredominantlyOwen and ! 0-3 1964-65 Toronto, ITotal · 'I 	 I 20-5000+ I 
f urban watershedsJohnson , Ontario phosph.

1 
.,. 

1965 
-

wisconsin · 
j 

Total phosp. 0.05-184 mg P/l 150-5600 ! 2 week study1S-12Shannon 
1	 ~ during springOrtho phosp. 0.03-1.51 mg P/l 90-4600 I1· 	 thaw period·

Condensed j 
·& phosp. 0.02-0.25 mg P/l 60-760 . 

1 1 

V-6 II 1964 ,. De~roit i-Phosphate (?) 160-520 l~ Avg. values are 
Harlow 

Vaughan and 
p. 254 _ River l 	 :. presented only 

T
1 	

, ' 
H-17 j 1965 Illinois Total phosp. 1410-3870 I Data on distri- l 

et al 
Hurwitz I Waterway bution among

ortho-, condense~
I and organic 

i l 	 phosph. J 
1 

http:0.02-0.25
http:0.03-1.51
http:Illino.is
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Concentration of phos

~~~f~: due to human =1.6 g P/person-day x 10 
3 m;- x 

gP362 liters/person-day 

Concentration of phos
phorus due to deter- __ 3.4 g P/person-day x 10 3 !!!.&g 
gents (U.S. - 1966) x 

gP362 liters/person-day 

= 28.7 mg/l P04 

Total phosphorus 
concentration in 
wastewater 
(U.S. 1966) = 42.2 mg/l P04 

Table IX shows phosphorus measurements on wastewater reported 

by several investigators. It represents by no means a complete 

summary of published data, but serves to illustrate that actual 

measurements are in fact around the above calculated figure. 

The calculation of a-concentration range of phosphorus 

in surface waters, similar to the above calculation for waste
. 

water, is an impossible task. This is due to the large varia

bility of flow and concentration in the input· from surface 

drainage of uncultivated and agricultural land, and from waste

water, and the changes occurring during the phosphorus cycle 

in water bodies. A considerable number of phosphorus measure

ments on lakes and rivers are available in the literature. 

Some of these are reported in Table X for lakes and Table XI 

for rivers. The figures quoted are in the aµthors units, and 
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converted to 1ug/l P04. Comparison of data is almost impossible 

due to the aforementioned reasons. However some general com

ments can be made: 

1. 	 Great Lakes waters have a low phosphorus concentration, 

Lake Erie and Ontario being highest. The range of total 

.Phosphorus 	is about 15 to 200 _?g/l P04. Seasonal and depth 

variations are important. 

2. 	 Smaller lakes and rivers tend to have higher phosphorus 

concentrations, with large variations possible depending 

on the nature of land use in the watershed. The range of 

to·tal phosphorus may be from 20 to 5000 pg/l P04 and 

higher. 

3. 	 Large seasonal differences in concentration of phosphorus 

occur in rivers. Owen and Johnson (0 - 3) reported that in 

three agricultural southern Ontario watersheds from 73 to 

80 percent of the annual yield of phosphorus was dis

charged during spring runoff in February to April. Curl 

(0-15) found that the mean concentration of phosphorus in 

four Ohio streams entering western Lake Erie was five 

times greater in March than it was in August. Shannon 

(S-12) found the same trend in a Wisconsin stream. 

4. 	 The concentration of phos~horus in surface waters is in

creasing due to increased use of fertilizers and deter

gents. However, concentrations will remain relatively 

low due to the precipitation of phosphorus to the bottom 
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of lakes as part of the overall phosphorus· cycle. 

5. 	 Concentration· of condensed phosphates in lakes is low 

except near sewage treatment plant outlets. In rivers it 

may be considerably higher. Morgan and Englebrecht (M-12) 

found a mean value of 350)1g/l P04 for several rivers in 

Illin.ois. 

II-2 CONDENSED PHOSPHATES 

II-3.1 .PROBLEMS DUE TO CONDENSED PHOSPHATES IN WATER 

The previous discussion has shown that the condensed 

phosphates contained in detergents 2.re an important source of 

phosphorus in wastewater. Finstein and Hunter (F-3) reported 

that about half the condensed phosphate hydrolyzed to ortho

phosphate in a biological waste treatment plant, .and that in 

the plant studied, from 5 to 40 percent of the total phos

phorus leaving the plant remained in the condensed form. 

Several studies pn . the concentration of condensed phosphates 

in surface waters have been carried out. They have been dis

cussed in Chapter II-2. The conclusion can be made that at 

~east in certain surface waters, relatively close to sewage 

treatment plant effluents, the concentration of condensed 

phosphates may be high enough to cause interferences in water 

treatment. In many surface waters dilution and hydrolysis 

reduce the concentration of condensed phosphates to such levels 

that there would be no problems caused directly by the presence 

of condensed phosphates. 
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The problems caused by the addition of condensed 

phosphates to water can thus be discussed under two groupings: 

a) Interferences with water and wastewater treatment caused 

by the rresence of condensed phosphates. 

b) 	 The eutrophication problem caused by increased phosphorus 

available to plants and organisms, either as condensed 

phosphates directly or after hydrolysis to orthophosphate. 

(a) 	 INTERFERENCE WITH WATER AND WASTEWATER TREATMENT 

Several studie~ have shown that condensed phosphates, 

if present in high enough concentrations, interfere with 

coagulation and sedimentation in water treatment because of 

their deflocculating properties. The recent Task Group report 

of the American Water Works Association (A-4) summarized the 

findings of several workers, such as 

Smith, Cohen and Walter (S-17) 


Cohen, Rourke and Woodward (C-10) 


Morgan and Englebrecht (M-13) 


Howells and Sawyer (H-12) 


"The studies have shown that both pyrophosphate and 
triphosphate decreased the efficiency of turbidity 
removal. · orthophosphate leve~s, however, up to 
0.5 mg/l P showed no interference. The reduction 
in efficiency produced by pyrophosphate or tri
phosphate ranged from 0.1 - 15 percent at the 
0.2 	mg/l P level, and 0.6 - 20 percent at the 
0.4 mg/l P level. Severe interferences with coagu
lation are not to be expected from the condensed 
phosphorus levels typically found in surface 
waters." 

The 	 conclusion can be drawn that while there may well 

be serious water treatment problems for certain local condition, 
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they are not of great significance ov~rall. 

The removal of phosphorus from wastewaters to reduce 

eutrophication of receiving waters recently became an impor- . 

tant aspect of wastewater treatment. Numerous studies have 

been made on which processes could economically be used to 

achieve desired phosphorus reductions. Barth and Ettinger 

(B-4) outlined the approaches taken by various investigators 

(Fig •. 4). 

Phosphorus removal dependent on: 

Mineral Composition Biological Synthesis 
_ _ __J___l_ 

--i 
Addition of Separate Control of Primary Set ' 
Supplement Unit Pro Convent lonal tling Elimi
to Primary _ cess on Operational nated to 
Effluent Biological Parameters Increase 

Effluent C:N:P 

Guggenheim Rohlich Levin & Finstein 
(K-7) (R-6) Shapiro (L-5) ( F-2) 

E • .A.Thomas Culp (C-14) Vacker et al 
(T-2) cv-rr -

Yee (Y-1) 

Tenney & 
Stumm (T-1) 

Eliminate Di
gester Super
natant 
Feedback 

Westberg (W-3) 

FIGURE 4. PHOSPHORUS REMOVAL BY WAs·rEWATER TREATMENT 
(excluding lagoons and percolation) 

(After Barth and Ettinger (B-4) ) 
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A recent editorial article in Environmental Science 

and Technology (A-8) gives costs of phosphate removal for 

eleven plants in the United States. For a reduction of 60 to 

95 percent costs varied from 1 to 10 cents per 1000 gal. of 

wastewater . treated. 

For many of these studies the phosphorus compound 

under investigation was orthophosphate. Sawyer (S-6) has 

shown that the condensed phosphates may not be as readily 

precipitated as orthophosphate in wastewater. Kehren (K-6) 

and Klotter (K-11) reported that for the complete precipi

tation of phosphorus it was necessary to know not only the 

total amount of phosphorus but also the type of phosphorus 

compound present. Orthophosphate required 300, pyrophosphate 

and tripolyphosphate 500, and Graham salt 400 percent excess· 

aluminum sulfate for 90 percent precipitation of the phos

phorus present as. P2o5 . Hurwitz~ al (H-17) reported on 

phosphorus removal in Chicago treatment plants and found that 

orthophosphate was more difficult to remove than other forms 

of phosphate. Yee (Y-1) removed ortno- and condensed phos

phates by adsorption on a·ctivated alum~na columns. With this 

process removal of condensed phosphates was easier than for 

orthophosphate. Finstein and Hunter (F-3) have shown that in 

settled sewage approximately half the phosphorus was in the 

condensed form. The extent of hydrolysis in aerobic .biolo

gical treatment units was about 50 percent. 

It is apparant that research on phosphorus removal 

should take into account that a considerable .amount of 
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phosphorus in wastewater is in the condensed form. The 

presently propose~ methods of phosphorus removal may not 

achieve the efficiency reported for orthophosphate when large 

amounts of condensed phosphate are present. The need for 

studies on the rate of hydrolysis of condensed phosphates in 

wastewater i.s thus very real. , 

(b) THE 	 EUTROPHICATION PROBLEM 

The eutrophication problem and its relation to phos

phorus has been discussed in Chapter II-1. Condensed phos

phates_in wastewater, whether in the conden~ed form or hydro

lyzed to orthophosphate, are a prime source of supply of phos

phorus and are therefore major contributors to the problem. 

The question of the availability of condensed phosphates to 

aquatic plants and organism will be discussed in detail in 

the next section. Studies on the rate of . ~ydrolysis of con

densed phosphates in natural waters are necessary to establish 

how long and how _much of the amount of condensed phosphates 

ieaving the wastewater treatment plants will be present in 

the natural water bodies. 

II-3.2 	 AVAILABILITY OF CONDENSED PHOSPHATES TO .AQUATIC 

ORGANISM ~ND PLANTS 

Katchman (K-4) has written two chapters in Van Wazer's 

(V-2) comprehensive work on· phosphorus. They .9.eal with 

".Phosphates in Life Processes" and "Phosphates in Biological 
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Synthesis". 

"The question of the biological availability of 
various phosphorus-containing materials has received 
much attention. Generally speaking, it has been 
found that soluble orthophosphates are readily avail
able to all forms of life and that phosphorus in a 
form other than phosphate is not immediately avail
able to all forms of life. Some forms of life are 
unable to assimilate cqndensed phosphates; however, 
in the long range picture, this is no problem since 
all the condensed phosphates finally hydrolyze to 
the orthophosphate form. The soluble orthophosphate 
is taken up by plants and micro-organism probably 
through a mechanism of coupled exergonic phosphoryla
tion reactions, which are assumed to overcome the 
unfavourable concentration gradient that exists 
between the soil or water and the living cell." 

The literature contains a number of articles that in

dicate that phosphorus may be available to plants and micro

organisms in forms other than orthophosphate. Abbott (A-2) 

in a study on Lake Houston, Texas, reported that planktonic 

algae were deriving their nutritive phosphorus from complex 

polyphosphates or organic phosphorus compounds without the 

aid of a dissolved phosphate equivalent intermediate stage. 

Sutton and Larsen (S~22) in a series of experiments in soil 

and water culture investigated the value of pyrophosphate as 

a plant nutrient. They found that in soils of high biologi

cal activity, pyrophosphate will not persist long enough for 

differences between ortho- and pyrophosphates to effect 

phosphorus uptake by plants and crop growth. In soils of 

low biological activity pyrophosphate persisted, and the 

phosphorus uptake recorded was lower than for orthophosphate. 

Water-culture experiments showed phosphorus uptake from pyro

phosphate to be less by a factor of 2.4 than from orthophosphate. 
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Olesceri (0-6) carried out algal culture experiments using 

ortho-, . pyre- or tripolyphosphate as the only phosphorus 

source. The best growth of algal occurred when the source 

was orthophosphate. The growth attained by the cultures 

utilizing pyre- or tripolyphosphate was about one half of the 

growth attained by ihe culture utilizing orthophosphate. 

Eppley (E-4) studied the ability of algal cells to utilize 

polyphosphates as a source of phosphorus. He postulated two 

mechanisms: 1) uptake of intact polyphosphate and its intra

cellular· assimilation into phosphorylated metabolic inter

mediates, or 2) hydrolysis of polyphosphate at the cell sur

face and subsequent uptake and assimilation of orthophosphate. 

Results of his study favoured the second mechanism. He indi

cated higher rates of phosphate uptake from pyrophosphate and 

tripolyphosphate than from orthophosphate. Keck and Stitch 

(K-5) reported the widespread occurrence of polyphosphate in 

lower plants. P-0- P granules were cytochemically detected in 

algae, slime molds and mosses. A systematic survey was given 

of lower plants in which the occurrence of P-0-P had been 
-

demonstrated with their and previous studies. Within the cell 

P-0-P granules were observed to be present in the cytoplasm, 

cytoplasmic vacuoles and in the chloroplast of different 

algae. A possible in situ synthesis of P-0-P in chloroplasts 

from phosphorylated intermediates of the photosynthetic pro

cess is suggested. Chu (0- 5) carried out studies on the 

utilization of ortho- and pyrophosphate and phytin, an organic 

phosphorus compound, by o~ganisms _ cultured in seawater. He 
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found that pyrophosphate could not be utilized as a source of 

pho~phorus as eff~ctively as orthophosphate, and ~hytin was 

about equally effective as orthophosphate. Mackereth (M-4) 

stated that organic phosphorus cannot be us~d directly by the 

cells as a phosphorus source. Rodhe (R-5) reported the direct 

incorporation of organic phosphorus by algae. Maloney (M-5) 

studied the effect of synthetic detergents on Ohlorella py

renoidosa, a unicellular green algae. He found that the 

sodium triphosphate ingredient was responsible for the in

creased growth. With phosphorus starved cells, only 0.05 

mg/l of detergent phosphorus caused apparent growth, and at a 

concentration above 0.1 mg/l, algal growth was exponential. 

He concluded that algae are either capable of utilizing sodium 

triphosphate directly for growth or more likely, possess 

the necessary extracellular enzymes to accelerate . the hydro

lytic breakdown of sodium triphosphate. Davis and Wilcomb 

(D-1) in a study on the assimilation of condensed phosphates 

at a sewage level concentration range by green algae found 

t·hat comparatively little of the total phosphorus was taken 

out of the medium, that there was · an apparent preference for 

orthophosphate, and that in all probability, the presence of 

the condensed forms had an inhibitory effect on the uptake. 

All the species tested were shown to return some condensed 

phosphates to the aqueous environment during their growth 

cycles. 

If a conclusion can be made from the some-wha t con

flicting reports it is tha t orthophosphates are the prime 



48 

source of phosphorus for plants and microorganism, but in 

the absence of orthophosphate, other forms such as condensed 

phosphates and organic phosphorus compounds may also be uti

lized by some at a generally lower rate of growth, and with 

them the rate of hydrolysis is increased due to extra-cellular 

enzymatic activity. 

II-3.2 HYDROLYSIS OF CONDENSED PHOSPHATES 

Condensed phosphates in aqueou$ solution hydrolyze to 

orthophosphate (OP), the uncondensed form. Since sodium tri

polyphosphate (TPP) and sodium pyrophosphate (PP) are the con

densed phosphates of major importance in the detergent industry 

further discussion will be restricted to these compounds only. 

The following equations show the hydrolysis reactions. 

Sodium tripolyphosphate: 

k1 
H 0 --~ Na HP +Na5P3010 + o2 3 2 7 


and 

k2 

Na HP2o + H 0 ~ Na HP0 +3 7 2 2 4 

~ill:m pyrophosphate: Na1~P2o7 
k2

Na4P2o + H2 0 ~-~ 2Na HP047 2

Sodium tripolyphosphate thus hydrolyzes in a series 

reaction to yield first one pyro- and ~ne orthophosphate. The 

pyrophosphate further hydrolyzes to two orthophosphate~, giv

ing a total of three orthophosphate ions from. one tripoly
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phosphate ion. Tripolyphosphate and pyrophosphate hydrolyze 

independently of each other when they are mixed. This state

ment is supported by several workers, among them Crowther and 

Westman {C-12) and Van Wazer, Griffith and· McCullough (V-5). 

Under identical experimental conditions the k2 values in the . 

two reactions w~ll therefore be the same. The inability to 

measure tripolyphosphate, pyrophosphate and orthophosphate 

separately in a mixture necessitated several workers to re

present the hydrolysis of tripolyphosphate as follows: 

TPP k avg.~ 3 OP 

The samples were analysed for total phosphorus and 

orthophosphate. The sum of tripoly- and pyrophosphate was 

obtained as the difference. 

For purposes of comparison the literature data will 

be divided on the basis of the aqueous medium used into 

studies on distilled water, surface water, and wastewater 

and algal cultures. 

DISTILLED WATER STUDIES 

Numerous studies have been carried out over the past 

one hundred years on this subject. Wide variation in experi

mental conditions were employed. A summary of the most per

tinent work of the more recent past is given in Table XII 

for tripolyphosphate and Table XIII for pyrophosphate. 

The experimental conditions and the units employed 

vary widely. 
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Temperature range: 

pH range o. 7 - 12 

Initial Concen
tration of 
condensed 
phosphate · l ··.5 - 77, 000 mg/l P04 

Most workers report the rate of hydrolysis as a first-

order response, and give k1 or k (TPP), values and k2 (PP). avg. 
values in units of min-1 , hrs-l or days-1 , .or report half

li.fe. Two workers, Quimby (Q-2) and Shannon (S-12), report a 

zero-~~der response. However, Quimby (Q-2) stated that he 

ignored the effect of change in pH, which had fallen to about 

7.5 from original 10.0 by the end of the first day. In the 

~etailed analysis of literature data in Chapter III, it is 

shown that if the pH effect is taken into account, Quimby's 

data check in well with the rest of the worker's first-order 

k1values. Shannon (S-12) reported his rate data as mg 

P/1-500 hrs. This implies a zero-order response, without 

actually being stated as such in his work. The experimental 

data in fact show some variation from the linear response. 

The rates of hydrolysis were computed from the initial and 

.final concentrations of condensed phosphate assuming linearity 

over the duration of each study. Shannon's work was th6 most 

dilute solution, 0.5 mg/l P. 

SURFACE WATER AND WASTEWATER OR .ALGAL CULTURES STUDIES 

Few studies h~ve been made on the rates of hydrolysis 

of condensed phosphates in natural surface waters, wastewaters 
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or algal cultures. The .Pertinent literature is summarized in 

Tables XIV and XV. 

The variations in temperature, pH and concentration 

are not as wide as in the distilled water studies. The tem

perature range of 4°0 to 35°0 is representative of seasonal 

variations. The pH values are those of the natural water 

environment and vary from 6.1 to 8.6, with two workers not 

reporting pH values. The initial concentration of condensed 

phosphates employed is representative of wastewater, but 

generally too high to be represen~ative for surface waters. 

With the exception of Karl-Kroupa (K-3) none of the investi

gators were able to employ . differential analysis of condensed 

phosphates. Karl-Kroupa used paper chromatography in her work 

to measure ortho - , pyro- and· tripDlyphosphate separately. 

The presence of organisms in surface water, waste

water or algal cultures effectively increases the · rate of 

hydrolysis of condensed phosphates. The variation in experi

mental conditions such as 

source of sample 

sterile or nonsterile sample 

filtered or nonfiltered sample 

:pH 

temperature 

lighting condition 

aeration condition 

addition of food (glucose) 

will account for va riations in the reported rates. 
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A direct comparison of the reported rates by the 

workers stated in Table XIV and XV is thus not possible. The 

effect of the environmental factors on the rate of hydrolysis 

as reported in the literature is discussed in the next section 

in general form. In Chapter III the quantitative effect of 

temperature, pH, concentration and enzymatic activity is 

evaluated from the literature data. 

These relationships are then used to recalculate rates 

at a standard temperature of 20°0 and a standard pH of 7 and 

standard units to allow direct comparison. 
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TABLE xrr ·: HYDROLYSIS STUDIES ON TRIPOLYPHOSPHATE (TPP) IN DISTILLED WATER 


AUTHOR 

Karl-Kroupa 
et al 

Friess 

Van Wazer, 
Griffith and 

. McCullough 

Smith 

Shannon 

Quimby 

I 
Green 

Crowther and 
Westman 

I Van Wazer,I Griffith and 
\ 'M cCullough 

REFERENCE TEMPERA- pH INITIAL RATE DATA REMARKS 
NO. TURE 0 c CONCENTRATION .AS 

I 

K-3 24 6.9-6.l 5.5 mg/l P k1 as ti ?E in Sterile· Distilled 
hrs~ reports 1st order 

response 

F-5 40-50 0.8-1.0 .0219 M I k1 in Sec-l reports 1st order 
response 

i 
k1 in hrs-1V-5 60, 90 4' 7' 10 11% sodium tri. reports 1st order 

response 
I 

i 

S-16 65.5 11.4 , 3 • O, 4 • 4, IO • 0 5 at. wht • of k1 in min-l reports 1st order 
4, 7, 5. 0, 5. 3 · P/1 iter response 

I S-12. 20, 4 6.3 ~0.5 mg/l P kavg. as reports data as 

I S-13 mg P/1-500 hrs. 0-order response 

Q-2 25-28,82 I io .o initial~ 0 .1-10 g/100 ml k1 as % Reports 0-order 
ly, but was as Na5 P

3 
010 Na5 P3 010/day response 

not kept · 
constant 

G-6 65.5 I 
5' 7' 9 50,5 mg/l P04 kavg. in hrs -1 Reports 1st orderl87.8 response, but indi

cates variations 
from this at lower 
concentrations _ 

I 0-12 65.5 2,3,5,9.3, 0.0951 g-moles I -1 
reports 1st or~k1 in min 

12 P71 response, but indi 

I 

0.190 " cates variations 
from this at lower 
concentrations 

V-3 90 7 1% as P04 
l k 

1 
in hr-T reports 1st order 

response J-
{( t ;i,._ me an s halflife 



TABLE XIII: HYDROLYSIS STUDIES ON PYROPHOSPHATE (PP) IN DISTILLED WATER 


TI T REMARKS.RATE DATApHTEMPERATUREAUTHOR !
~ 

REFERENCE INITI.AL oc CONCENTRATION ASi NO. 
l 

i 
 1xl0-5 to 2x1o-4 f k2 in hr-1 reports 1st order0.7,1.1, 
response. Large

49.83, 59.87!Campbell and 0-1 

moles P~P7/liter1.3 calc.and 69.40I Kilpatrick co amount of data.from H+I 


cone.I 

I 


k2 in sec-1 Ireports 1st order40-50 ' 0.8.:1.0 J 0.0232 M!Friess F-5 

responsei· 

i
II , 
 in hr-1 reports 1st order1% sodium pyre1, 4
60
=Van Wazer, ~ V-5 
 k2 
responseI Griffith and } 

McCullough i 


reports 1st order1 k2 in min-10.05 at wht. of2.8, 4.9,65.5Smith s-16 
responseP/liter5.0! 

k2 as I reports data as 

S-13 


0.454 and 0.70420, 4 
 6.3Shannon S-12 

mg/1 P mg P/1-500hrs 0-order response 

l" 

1 
 k2 in hr-1 reports data as50 mg/1 P0465.5Green G-6 
 5, 7' 9
I 


I 
i 
 1st order response,87.8 5 mg/1 P04 

but indicates var

I 
! iation from this 

at lower concen
trationsI 


I k2 
-1 reports data as 1stin min0.082-0.2452,3,6,9.3Crowther and C-12 
 65.5 

. order response, but 
indicates possibility 
of variation from J U1 
this at lower concen 

g-mo1es P/110.9Westman . I 


~ 
trations. 
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TABLE XIV: HYDROLYSIS STUDIES ON TRIPOLYPHOSPHATE (TPP) OR PYROPHOSPHATE (PP) IN NATURAL WATERS 


-rl 
AUTHOR IREFER

ENCE 
NO. 

Clesceri c-6 
C-8 
C-9 

I 
I 

I 	 I 
II I "I 

Englebrecht E-3 
and Morgan 

I 

Smith, Cohen S-17 
and Walton 

S-12 
S-13 

Shannon 

l 	· . I-· 

{ 	 l 
I1 1 

l 

INITIAL II
TYPE OF ~ TPP f TEMP. ~ - pH l CONC.OF RATE DATA 	 REMARKSj
S.AHPLE IOR pp ocI 

'ADDED : 

I 
Lake Men-

dota 
(sterile 
and non-
sterile) 

Illinois 
River and 
Reservoir 
Water Sam-

ples 

Ohio 
River and 
Local 
Stream 

Lake Men
dota, Local 
Stream 
Low Hard
ness Water 
~artificial 

1 

TPP 23 

!
l 

I

~ 

pp 231 

l 


TPP 1 29 

and 

pp 

TPP 
and 

pp 

TPP 
and 

pp I 

I 


5,20, 

35 


4, 20 


I i ADDED 	 AS
I COND.PH. 

11 	 i 
I' 

i 8.31..0. 5 mg/l P ( In graphical form for Cont • aeration 
f 	 !nonsterile lakewater. and lighting 
J ~ ~ As 1st order kavg.for , 
l t ~ sterile lakewater. j 

·i J lst order k1 calcula- !I t 	 { te d from k2 and kavg. 
~ 

1 I 
ti 

t 

8 .3 ! 
J 	

I
~ 

In graphical form for 

I 
I nonsterile lakewater. 
f· . As 1st order k~ for
I sterile lakewa er.f 
J . 

7.3- 12.2-9.16 IHalflife in days j Several pre- · 
8.6 l mg/l P2o5 t (ie 1st order respon- . treatment (fil-I	se) No differential 

analysis · 

I 
I
I 

I 	 · 
~ 

I 	 · 
~ 

t 
Halflife in days

I 7. 5, I20 mg/l 
(ie 1st order re8.1 P04 sponse) No differen
tial analysis 

; 

w0.3-0.78.4 
mg/l P7.4 

8.6 

I 

mg P/1-500 hrs (ie 
0-order response) 
No differential 
analysis 

ter, unfiltered)
and storage · 
(quiescent, semi-
quiescent, turbu
lent) conditions. 
No information on 
lighting condition 

Settled, unfil
tered samples. 
No information on 
aeration or 
lighting condition. 

Unfiltered samples, 
aerated daily for 
30 minutes ,incu
bated in dark 

~ 

http:7.3-12.2-9.16


TABLE XV: HYDROLYSIS STUDIES ON TRIPOLYPHOSPHATE (TPP) OR PYROPHOSPHATE (PP) 

IN WASTEWATERS OR ALGAL CULTURES 


AUTHOR REFER
ENCE 

NO. 

Sawyer s-6 

Finstein 
and 
Hunter 

F-3 

Finste in 
and 
Hunter 1 

F-3 

I 

I 

Karl-Kroupa K-3 

TYPE OF 

SAMPLE 


Batch 
study on 
domestic 
sewage 

Field 
study on 

activated 
sludge 
treatment 
plants 

Batch 
study on 
activated 
sludge. 
Mixed 
Liquor 

Batch 
study on 
pure cul
tures of 
algae, 
plants, 
fungi & 
bacteria 

TPP . 

OR PP 

ADDED 


TPP 
and 

pp 

none 
added 

none 
added 

TPP 


TEMP. 
oa 

5 
20 

not 
re

port. 

20 


24 


pH 

not 
re

port. 

not 
re
port. 

not 
re

port. 

6.1
6.9 

INITIAL 
CONC .OF 
ADDED 
CO ND.PH. 

10 mg/l P 

none 
added 

none 
added 

5.5 mg/l P 

RATE DATA 

AS 


In graphical 
form. No 
differential 
analysis 

In graphical 
and tabular 
form. No 
differential 
analysis 

In tabular 
form. No 
diff ere n t ial 
analysis 

Halflifes ln 
hrs. (ie 1st 
order). Dif
ferential 
analysis 

REMARKS 


No information on aeration 
or lighting conditions 
given. No information if 
filtered or unfiltered 

Study · on the concentra
tion of ortho- and conden
sed phosphates on settled 
sewage and after biologi
cal waste treatment. 

Short term (3 hr.) study 
on unfiltered and filtered 
mixed liquor. No infor
mation on aeration or 
lighting conditions. 

Sterile distilled water 
+ organisms. No aeration. 
No information on lighting 
cond·i tions. Induction 
(Delay of Hydrolysis) was 
observed. 

~ 

cont1 d .• ... c 
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TABLE XV - Cont'd. 

1 	

I!
AUTHOR REFER- I TYPE OF TPP 

ENCE S.PJvlPLE IOR pp
f l 

J 

NO. 
! 

ADDED 

Clesceri I C-6 IBatch study I TPP 

I INITIAL 

TEMP. 
 pH CONC. OF 

OC I 	 .ADDED 
COND. PH.

I 
I 
I 	23 8.4 I 0.5 mg/l P

I 

28 4-10 mg/l P7.5 
i 

C-8 i on culture 
C-9 Iof chlorella

!! (sterile and 
non-sterile) 

I 
I I 

I 

Davis and 1D-1 Batch stu-
Wilcomb 1 dies on 

( domestic 
. waste, syn-I 
j thetic 

sewage andIcultures of 
green algae

1I cultures. 
Column 
studies on 
green algae 
cultures. 

and 
pp 

l 

TPP, 
pp 

SHMP 
(Sodium 
hexa 
meta
phos
phate) 

RATE DATA 
AS 

l rn graphica~ form 
j for nonsterile 
1cond. As kavg
and k2 for • 
sterile cond. 

calc. from k2k1 
and kavg. No 
differential con
densed phosphate 
analysis. 

In graphical or 

tabular form. 

No differential 

condensed phos
phate analysis. 


REMARKS 

I Mofidied Allen 
, and modified 
I Gorham's algal

medium was used. 
Continuous 
aeration. 
Continuous 
lighting. 

Day-night 
lighting. Main 
emphasis was ,on 
phosphorus 
uptake rates 
for which 
""\l:alues are 
given. 

\.. 
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II-3.4 m'EOT OF ENVIRONMENT ON THE 	 RATE OF HYDROLYSiS 

General 

Van Wazer (V-2), p. 453, lists the major environmental 

factors that affect the rate of hydrolysis in what is believed 

to be their decreasing order of effectiveness. 

· Factor 	 Approximate Effect on Rate 

1. 	Temperature 105-106 faster from freezing to 
boiling 

2. 	pff 103-104 slower from strong acid to 
base 

3. Enzymes 	 As much as 105-1ob faster 
4. Colloidal Gels As much as 104 -105 faster 
5. 	Complexing 

Cations Very many-fold faster in many cases 
6. Concentration Roughly proportional 
7. 	Ionic Environ


ment in the 

solution Several fold change 


The majority of studies on which the above information 

is based have been carried out on ~rtificial, distilled water, 

samples. In these the effect of one factor alone is easier to 

study. In natural water samples it ·becomes more difficult to 

separate the effects of several fac ·tors acting at the same 

time. The effect of temperature, pH and concentration at high 

levels in distilled water samples seems to be reasonably well 

defined. However there is little or no information available 

if and how the presence of organisms in natural waters and 

.wastewaters changes the temperature and pH depe.ndence. Almost 

all distilled water studies and some 	 of the few natural water 

studies have been carried out at concentrations of condensed 

phosphates that are higher than would occur in natural waters. 
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The f~rst-order response, in which the rate is exactly pro

portional to concentration, found at these higher concentrations 

may not necessarily hold at the low concentrations characteris

tic- of most surface waters. The presence of organisms (en

zymes) has been found to greatly accelerate the rate of 

hydrolysis. But too few . data are available to assess quanti

tatively the effect of the varying concentration and type of 

organisms present in surface waters, wastewaters and algal 

cultures on the rate of hydrolysis. The effect of colloidal 

gels, complexing cations and the ionic environment cannot be 

assessed conclusively even for distilled water studies as 

very few workers have dealt with these factors. 

Van Wazer (V-2) and more recently Olesceri (0-6), have 

reviewed the literature on the environmental factors. The pur

pose of this literature review · is not only to present the re

sults and conclusions of previous workers, but to extract 

from their joint data a means of quantitatively reducing thelr 

results at varying experimental conditions to a standard condi

tion for the purpose of direct comparison. This is reported 

in Chapter III, Analysis of Literature Data, for the factors, 

temperature, pH and concentration, where sufficient data were 

available to allow this. The effect of the presence of organ

isms (enzymes) can best be looked at by grouping the data 

into distilled water, surface water and wastewater or algal 

culture studies. 

The effect of temperature, pH, concentration and or

ganisms (enzymes) will therefore be discussed now only briefly 
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and in general form with detailed references and analysis 

.given in Chapter III. The effect of the other factors will 

be discussed in the present chapter. 

Temperature · 

Van Waze·r (V-2), p. 453, ·proyide s the following 

summary: 

ttTh~ effect of temperature is probably the best 
defined of all of the major factors affecting the 
rate. _AE, is the usual case, the variation of the 
rate constant, k, with temperature can be denoted 
by- the Arrhenius equation. 

k = Ae-E/RT 

where the temperat.ure independent term, A, is 
called the frequency factor, E is called the acti
vation energy; and R .and T are the gas constant 
and the absolute temperature, respectively." 

The range of values found for the activation energy 

E, for the splitting of P-0-P linkages in distilled water 

studies is 20 to 40 kcal per mole of linkages, with an aver

age value of 25 kcal per mole. This corresponds to a 

doubling · of the rate for every 5°0 rise in temperature. 

The temperature effect in natural water and waste

water studies has been dealt with only by reporting rate data 

in graphical or mathematical form at various temperatures. 

Hydrogen ions are a strong catalyst for the hydrolysis 

of condensed phosphates. Van Wazer, Griffith and McCullough 

(V-3, V-4) apd others showed that there is a logarithmic de

pendence of the rate on pH with a 10,000 fold .decrease of the 

rate constant over the pH range of 0 to 14. The pH effect in 
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natural water and wastewater is dealt with by reporting at 


most the pH of the experiments. 


· Concentration 

Most workers report that the hydrolysis of pyro- and 

tripolyphosphates is a first-order process, so that the rate 

is exactly proportional to the concentration. Green (G-6), 

and Crowther and Westman (C-12) however suggest the possibility 

that in very dilute solutions of tripolyphosphate (less than 

50 mg/l P04) the reaction may not be first-order. Shannon 

(S-12) presented his data on tripolyphosphate and pyrophos

phate hydrolysis (at an initial concentration of approximately 

1.5 mg/1 P04) as mg P/1-560 hrs. Without saying so directly, 

this implies a zero-order response. Karl-Kroupa (K-3) repres

ented the rate of hydrolysis in sterile distilled water (at a 

concentration of approximately 15.5 mg/l Po4 ) in _reporting 

ha.lf-life, which implies a first-order response. Clesceri 

(0-6) did not carry out any distilled wateT experiments, but 

presented JGhe .rate ·· data in sterile lake water and a.lgal cul

tures as first-order rate constants. There is therefore some 

doubt as to whether the rate at very low concentrations still 

follows a first-order resp-0nse. 

Enzymes .. (Organisa s) 

Van Wazer (V-2), p. 456; states that 

"the hydrolysis of condensed phosphates is greatly 
accelerated due to enzymatic activity of organisms. 
The action of the enzymes, phosphata se, i _s affected 
by temperature, pH and the presence of certain 
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metal ions, such as magnesium. In spite of the 
fact that enzymatic hydrolysis of the condensed 
phosphates is extremely fast under optimum condi
tions, chance microbiological contamination of 
phosphate solutions will not cause unduly rapid 
hydrolysis if the concentration of the solutions 
is reasonably high (greater than 1 percent). How
ever, Karl-Kroupa~ g1. (K-3) report that unless 
special care is taken to ensure that the system 
is sterile, solutions of phosphates in the parts 
per million concentration range undergo very rapid 
hydrolysis because of the action of the phosphatases 
liberated by microorganisms." 

Eppley (E-4) showed that the appearance of orthophosphate in 

solutio.ns of condensed phosphates was much greater when living 

seaweed t -issues (Porphyra perforata) were present than boiled 

tissue. Englebrecht and Morgan (E-3) found that the filtra

tion of Illinois river waters ·definitely decreased . the rate 

of degradation of sodium -tripolyphosphate and sodium pyro

phosphate. Membrane filtration was employed to produce a 

'sterile' river water. They c6ncluded that biological life 

exerted an effect . on the rate of degradation. 

Colloidal Gels 

Colloidal gels such as the hydrated oxides of iron, 

cobalt, nickel, aluminum, . and rare earths, were investigated 

by Bamann and Meisenheimer (B-2), in Germany in 1938. Van 

Wazer (V-2), p. 457 reports that this was the only investi

gation on the effect of colloidal gels on the rate of hyd~oly-

sis. They found that in particular lanthanum hydroxide in

creased the rate of hydrolysis of pyro- and tripolyphosphates, 

as well as other phosphates tested. The catalysis due to these 

oxides represents a process which · occurs simultaneously and 

http:solutio.ns
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independently from any enzymatic catalysis due to the presence 

of organisms. However, there are insufficient data to allow 

a quantitative assessment of the importance of the two cata

lytic processes. Bamann and Novotny (B-3) did f'urther work 

on the catalytic action of lanthanum and found that in neu

tral and alkaline media the hydrolysis of condensed phosphates 

is speeded up the presence of lanthanum. In strongly acidic 

media on the other hand, the presence of lanthanum reduced 

the ra~e of hydrolysis. The action of lanthanum salt was 

catalytic with no precipitation of insoluble lanthanum phos

phate. 

Complex ing Cations and Ionic Environment in the Solution 

The effect of complexing cations is difficult to 

separate from the effect of the ionic environment of the solu

tion, and for this reason is discussed together. The cations 

that have been investigated are calcium, magnesium, sodium, 

tetramethylammonium and lanthanum. . 

The earliest report on the effect of calcium and mag

nesium on the rate of hy~rolysis of condensed phosphates is 

reported by Abbot (A-1). He found that the presence of the 
' 

calcium ion inc-reased the rate, and the presence of magnesium 

retarded the rate of hydrolysis. 

Green (G-6) investigated the effect of calcium on the 

rate of hydrolysis of sodi~m tripolyp~osphate and tetrasodium 

pyrophospha te at pH of 5, 7 and 9 and temperatures of 150 and 

· 190°F. With the exception of the be haviour of tetras6dium 



64 

pyrophosphate at pH 5, the effect of the calcium ion was to 

increase the rate of hydrolysis. The magnitude of this -ef

feet increased with pH.. However, the presence of magnesium, 

under pH conditions of 5 · and 7, and temperatures of 150 and 

190°F increasBd the stability of the condensed phosphates. 

Green concluded: 

"It seems reasonable to assume that in many instances 
the influence of calcium and magnesium on the rate 
reversion is related to the tendency of many of the 
molecularly dehydrated phosphates to form soluble 
complexes with these ions. ·when appreciable concen
trations of such complexes are present, the rate of 
reversion would be affected by the ease with which 

- the complex is hydrated. Unfortunately little quan
titative information is available concerning the 
equilibria of these complexes in aqueous solutions. '1 

Clesceri (C-6) noted a dependency of rate of hydroly

sis of sodium tripolyphosphate and sodium pyrophosphate on 

the calcium concentration. This is shown in Table XVI. 

TABLE XVI: RATE CONST.ANTS FOR THE HYDROLYSIS OF 

I>YROPHOSPHATE AND TRIPOL.YPHOSPHATE AT 25°c{r 


Sterile Mediu~-1- ~:i~TPy-:~~sph~~:-,-~ripolypho~hat~-l 
! I--r--=- I 

Lake Water i 32 t 6.1x10-5min-1 
. I I 

-5 -1Modified Allen's ~ 18 l 7.4x10-6min-l 5.5x10 min 
I 

Modified ! . -6 -1 -5 -1
Gorham 1 s _J_ 1_o_ _j 6.lxlO min J~9xl0 min ___J 

*From Clesceri (C-6), p. 187. 

Although not shown in this table, the pH of the three 

media was the same at 8.4. A decrease ln the calcium 
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concentration is accompanied by a decrease in the rate con

stant, although the decrease for pyrophosphate does not cor• 

respond as well as in the · case of tripolyphosphate. Shannon 

(S-12) reported the following data, given in Table XVII. His 

conclusions on the calcium and magnesium effect are: 

"In this investigation the high and low hardness 
waters at 20°0 showed no apparent calcium or hard~ 
ness effect. The lack ot evidence in this study 
for the calcium effect at 20°0 could be due to the 
inhibitory effect on the rate of hydrolysis of 
condensed phosphates by magnesium reported by Green 
(G-6) or due to the complex character of the natural 
waters being studied. However, there was an increase 
in the rate of hydrolysis of the condensed phos

. phates in the low hardness waters when compared with 
the high hardness Black Earth Creek and Lake Mendota 
water samples at 4°0. This increase in the rate of 
hydrolysis of the condensed phosphates correlates 
with the increase in the Ca/Mg concentration ratio 
in the waters studied. The increase in rate of 
hydrolysis of the condensed phosphates in Black Earth 
Creek over the rate in Lake Mendota water at 4°0 
best illustrates the co-called calcium effect, since 
both waters have similar pH and magnesium concentra
tions. '1 

As shown in Table XVII, the pH of the natural water samples 

varied from 7.4 to 8.6; a direct comparison without adjusting 

for pH variations should therefore not be made. In the ab

sence of data on pH effect on natural waters, Shannon's rate 

data were adjusted to a pH 7 value according to Griffith 

nomograph line (G~7} given in Figures 11 and 12, Chapter 

III-3. The adjusted rate data are shown in Table XVII in 

brackets, An analysis of the adjusted data does not allow a 

markedly different conclusion from Shannons. Eppley (E-4) 

studied the hydrolysis of_ condensed phosphates in seawater 

in the presence of algal cells, porphyra perforata. He found 
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TAELE XVII: RATE CONSTANTS FOR THE HYDROLYSIS OF PYROPHOSPHATE AND TRIPOLYPHOSPHATE 
AT 20°c AND A. 0 c FOR VARIOUS MEDIA~} 

MEDIUM Ca 
mg/l 

Mg 
mg/l 

Ca/Mg pH 20°c 
in m_g_ 
pp 

RATE DATA 
P_Ll-500 hrs. 

TPP 

4°c 
in mg 
pp 

RATE D.ATA 
P 1-500 hrs. 

TPP 

Black Earth 
Creek 

45.4 36.8 1.23 8.6 
(7. 0) 

o.·232 
( 0 • 495) ~H} 

0.388 
(0.835) 

0.099 
( .J!..J' .l!. ) 

I\ "I\ 
0.114 

(0.199) 

·Lake Mendota 25 36.2 0.69 8.4 
(7. 0) 

0.472 
(0.920) 

0.339 
(0.655) 

0.075 
( ~HH~) 

0.072 
(0.122) 

ILow ·Hardness 
Water 

5.65 3.62 1.56 7.4 
(7. 0) 

o.407 
(0.501) 

0.500 
(0.595) 

0.211 
( 0 .454) 

0.224 
(0. 269) 

Distilled 
Water 

- - - 6.3 
(7. 0) 

I 0.163 .I (0.113) 
0.370 

(0.260) 
0.020 

(0. 016) 
0.013 

(0.010) 

* Prepared from Data of Shannon (S-12) 

~H} Rate data adjusted to pH ace. to Figures 11 and 12 and shown in brackets. 

*** Outside of range of adjustment. 0\ 
0\ 
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that both ·calcium and magnesium salts must be present in the 

medium, and that maximum rate of hydrolysis occurred at the 

Ca/Mg ratio found in seawater (about 0.19). 

The effect of sodium and tetramethylammonium was in

vestigated by Van Wazer, Griffith and McCullough (V-3, V-4, 

V-5) in distilled water medium. They found 

"that an ionic atmosphere of tetramethylammonium 
bromide decreases the rate 0£ hydrolysis in both 
acidic and basic solutions. On the other hand, 
substitution of the -tetramethylammonium ion by 
soq.ium ion increased the rate of hydrolysis- and 
this increase is intensified by the presence of ex
cess sodium. In highly acidic solutions, the 
hydrogen ion seems to displace the sodium ion as a 
catalyst, so that the addition of a sodium salt 
as -swamping electol~rte results :in a diminution in 
reaction rate in opposition to its accelerating 
action under ·1ess acidic conditions. The work by 

- Fi'ie ss (Jr-5) and Camp bell and Kilpatrick (C-1) 
describes this effect in more detail; ·but these 
authors do not show the accelerating action of 
sodium salts in mildly acidic, neutral and basic 
solutions, since the pertinent . part of their work 
was done under conditions (strong acid) where the 
hydrogen ion we-s dominant." _ 

II-4 .A.N.ALYTICAL METHODS FOR THE DETERJ.IUN.ATION OF PHOSPHORUS 

The current edition of Standard Methods (A-3) gives 

methods for the various forms of phosphorus in natural and 

treated waters in the absence of gross pollution, but does not 

give ~ method for wastewater. Almost all of the literature 

deals with a variety of methods, applicable for natural 

waters, with few articles discussing the measurement of phos

phorus in wastewater. Many investigators are using methods, 

developed for natural waters, for the analysis of J?hosphorus 

in wastewaters without showing that materials-in sewage do not 

interfere. 
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A further difficulty in summarizing the literature 

lies in the fact that there is considerable confusion in the 

terminology of the various forms of phosphorus measured by 

each technique. A defin"ition of terms as used in this work 

is given under IV-1. Examples of the kind of confusion en

countered are discussed below. 

(1) 	 The terms "Soluble Phosphorus" and "Insoluble (or Par

ticulate) Phosphorus" are not defined unless the type 

of filter and pore size are stated. A variety of 

filters are used, and in some articles it may not be 

clear which was used. 

(2) 	 The term "Total Phosphorus" means just what it says; the 

total amount of all forms of phosphorus in a sample. 

However, different methods employed differ in their 

ability to mineralize and bring into solution all forms 

of phosphorus for further colour development. Thus the 

amount of total phosphorus reported on an identical 

sample will differ 'for the Autoclave Method, the Ashing 

Method, the Sulfuric-Nitric Acid Digestion Method, the 

Persulfate Digestion Method, the Perchloric Acid Diges

tion Method, etc. 

(3) 	 The terms "Orthophosphate" and ''Condensed (or Complex, 

Poly-) Phosphates" need some clarification. In some 

methods there is sufficient length of time in the analy

sis to convert some of the condensed phosphates to ortho

phosphate by contact with the acidic solution employed. 

Fcir this reason, Strickland Parson (S~20) use the term 
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"Soluble Reactive Phosphate'', to describe what is actually 

measured by their technique. 

(4) 	 The terms "Inorganic Phosphorus" and "Organic Phosphorus" 

are often unclear. Inorganic Phosphorus is often defined 

as the sum of orthophosphate and condensed phosphates, 

which are both soluble. Then "Organic Phosphorus" is de

fined as total soluble phosphorus minus inorganic phos

pho_rus. However, Strickland and Parson (S-20) point out 

that there may well be organic, soluble and reactive 

material as well as inorganic, particulate, unreactive 

material in a sample, in which case the above definitions 

for inorganic and organic phosphorus are incorrect. 

The desire for rapid analysis of many. samples has in

troduced the use of automatic analysis to the field. There 

is considerable literature on the application of automatic 

analysis for phosphorus. The equipment to carry out automa

tic analysis was available for this work and the pertinent 

literature is therefore reviewed. 

The literature on the differential analysis of mix

tures of condensed phosphates and other phosphorus for;ms was 

reviewed in order to select the technique which, after-modi

fication, would most likely allow quantitative results at the 

low levBls under investigatiqn in this work. 

In light of the above, the literature survey on 

analytical methods for phosphorus ·determination is discussed 

under the following headings: 
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II-4.1 APPLICATION TO WATERS IN THE ABSENCE OF GROSS POLLUTION 

Manual Orthophosphate Determination 

Automatic Orthophosphate Determination 

Total Phosphorus Determination 

Condensed Phosphate Determination 

Differential Analysis of Condensed Phosphates . 

II-4.2 APPLICATION TO WASTEWATER 

II-4.1 APPLICATION TO WATERS IN THE ABSENCE OF GROSS POLLUTION 

Manua l Orthophosph ate Determination 

The r eagarits for orthophosphate determination form a 

phosphomolybdate complex, which is subsequently reduced to a 

highly coloured blue compound., molybdenum blue. The methods 

· differ in the reducing agent employed. 

Standard Methods (A-3) recommend the use of the .Amino

naphtolsulfonic Acid Method in the range of 0.1 to 30 mg/l P04 

and the Stannous Chloride Method in the range of 0.05 to 

3 mg/l P04. With extraction the range of the latter method 

can be extended to 0.01 mg/l .P04. The Association of American 

Soap and Glycerine Producers Committee Report (A-11) recommends. 

a modifi.ed extraction and hydrolysis procedure, which elimi

nates the danger of hydrolysis of the condensed phosphates 

during analysis becaus_e the contact time of the acid solution 

with the sample is reduced to 60 - 90 seconds. The extraction 

step also eliminates interference by other ions. The range for 

http:modifi.ed
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the method is 0.8 to 43 mg/l P04 without extraction and 0.067 

to 0.8 mg/l P04 with extraction. Murphy and Riley (M-15) 

used ascorbic acid as a reducing agent and later (M-16) des- . 

cribed a modified method using a single solution of sulfuric 

acid, ammonium molybdate, ascorbic acid and potassium antimony 

tartrate. This reduced the time for colour development to 10 , 

minutes at room temperature. Beer's law was reported to be 

followed up to 0.76 mg/l P04 • Edwards, Molof and Schneeman 

(E-1) modified this method slightly to extend the range up

wards to 2.0 mg/l P04, as they were interested in polluted 

waters. Stephens (S-19) added an isobutanol extraction step, 

and thus extended Murphy and Riley's method to a lower limit 

of 0.001 mg/l P04. Kramer (K- 9) reported the use of _a some

what altered Stephens modification of Murphy's and Riley's 

method, from now on referred to as ".Ascorbic Acid Method with 

extraction", for orthophosphate measurement in Great Lakes 

waters. Strickland and Parson (S-20) recommend the use of 

the .Ascorbic Acid Method, with and without extraction, for low 

level orthophosphate analysis, as they consider it far superior 

to other methods. Their book contains a very complete write

up including helpful hints and suggestions. A program of 

comparative tests with several different methods has been 

described by Jones and Spencer (J-3) • 

.Automatic Orthophosphate Determinatiop 

To be able to handl.e large numbers of samples an 

automatic method is desirable. This can be done by the .use 
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of an instrument, called Autoanalyzer. Skeggs (S-15) des

cribed the autoanalyzer and its use in detail. Flannery and 

Steckel ( F-·4) used this instrument for samples in the range 

of 0.46 to 12 mg/l P04. Lundgren (L-9) used an automatic 

method for phosphate anaiysis in the detergent industry. As 

expected his range, 13.4 to 535 mg/l P04, was considerably 

higher than desired for lake water or wastewater analysis. 

Henricksen (H-9) used the Ascorbic Acid Method with .extrac

tion in conjunction with an autoanalyzer and reported good 

results on surveys of lakes and ocean waters in Norway. He 

was able to detect as low as 0.003 mg/l Po4 . Ohan and Riley 

(0- 2) reported that it was not possible to obtain reliable 

results with Henricksen's method due to the large number of 

tubes required with the extraction step. · They used a non

extraction Ascorbic Acid Method, slightly modified, to obtain 

results in the range of .025 to 0.200 mg/l P04, employing a 

15 mm flow cell with lOx range expaniion. Molof, Edwards 

and Schneeman (M-1) used the Ascorbic Acid Method in the 

range of 0.3 to 6.0 mg/l Po4 with good results. This range 

will be of interest for highly polluted waters only. Gales 

and Julian (G-2) used a stannous chloride method for stream 

and lake water analysis. With a 15 mm flow cell and 2x 

range expansion they were able to obtain good results in the 

range of 0.050 - 1.0 mg/l Po4 . 

!otal Phosphorus Determ inati~n 

· In order to be able to determine the tot al phosphorus 
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content of a water, it is necessary to convert all of the con

densed and organfc phosphorus compounds to orthophosphate. 

Standard Methods (A-3) recommends the use of a simple acid 

hydrolysis with a strong sulfuric acid solution. The acidi

fied sample is boiled for 90 minutes or autoclaved for 30 

minutes, .followed by neutralization and orthophosphate 

analysis. The .A.ssociation of .American Soap and Glycerine 

Producers Committee Report (A-11) demonstrated that the simple 

acid hydrolysis will hydrolyze any P-0-P bonds in organic com

pounds, but will not give the total phosphorus content of 

the sample when bonding in the organic molecule is due to 

P-0-0 or P-C bonds. They recomm end wet ashing the sample and 

the use of a combination of nitric and perchloric acid. 

Strickland and Parsons (S - 20) also use perchloric acid diges

tion. Their method is a modification of Hansen and Robinson 

(H-2). Menzel and Corwin (M-9) used digestion with potassium 

persulfate. Gales, Julian and Kroner (G-1) proposed a sim

plified potassiu~ ~ersulfate digestion procedure. Jenkins 

{J-2) givBs a good summary of the above methods and an evalua

tion of each. The persulfate digestion technique was selected 

by him as the one that gave the best results and had a sim

plicity in execution that made it especially attractive for 

routine arialysis. Sanning . ( S-2) evaluated the persulfate 

digestion method on a number of mud and water samples. Lee, 

Clesqeri and Fitzgerald (L-1) compared four methods: Standard 

Methods, AEhing Method, Perchloric Acid Digestion Method and 

Sulfuric-Nitric Acid Digestion Method. They obt a i ned equally 
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good results with the last two, and selected the Sulfuric

Nitric Acid Dige9tion Method over the more dangerous Per

chloric Acid Dige~tion Method. 

Lundgren (L-9) provides a flow diagram .for total 

inorganic phosphate determination using a Technicon Autoanaly

zer. The quantitative degradation of the condensed phosphates 

is carried out with a sulfuric acid solution, in a 95°0 heat

ing bath, followed by dialysis and colorimetric development, 

using ammonium molybdate and hydrazine sulfate, and measure

ment of the orthophosphate concentration~ 

Gales and Julian (G-2) adopted their manual persulfate 

digestion procedure, followed by automatic analysis of the 

resulting orthophosphate to provide a semi-automatic total 

phosphorus method. Grasshof (G-5) reported on the use of an 

automatic total phosphorus determination in seawater, by de

composition of plants and organism with ultra violet light. 

Condensed Phosphate Determination 

Standard Methe~ (A-3) obtains the cond~nsed phosphates 

(or polyphosphates) by difference of the total phosphate and 

orthophosphate results. AASGP (A-11) recommends boiling the 

sample in aqueous acid for 40 minutes. Hydrolyzable P2o5 
either from inorganic condensed phosphates or from organic 

compounds which have condensed phosphate groups is then ob

tained by subtracting the orthophosphate value from the result 

of the acid-boiled . sample. Jenkins (J-2) adopted this same 

proceduree Gales and Julian (G-2).recommends the addition of 
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one ml of a sulfuric acid solution (310 ml cone. H2so4 per 

liter of solution). Overnight standing will hydrolyze the 

condensed phosphates present. Lee, Clesceri and Fitzgerald 

(L-1) hydrolyzed the condensed phosphates to orthophosphate 

by heating the mixture in an autoclave for 30 minutes at 

120°0 and 15 psi. Clesceri (C-6) indicated that these 

hydrolysis conditions were not vigorous enough to hydrolyze 

all of the phosphorus in organic compounds. Shannon (S-12) 

used the same procedure. Englebrecht and Morgan (E-3) 

obtained hydrolyzable P2o by boiling an acidified solution
5 

of the sample, running the colourimetric determination and 

subtracting the orthophosphate value. Realizing that by this 

procedure some hydrolysis of P-0-P bonds of organic compounds 

may take place, they referred to this result as "maximum 

inorganic condensed P2o5 (MIC). 

Differential Analysis of Co!ldensed Phospha te Mixtur~ 

The Phosphorus Methods discus.sed up to now allow the 

·determination of the sum of all type·s of condensed phosphates 

in a sample. In particular for work ·in this dissertation, 

they give the sum of pyrophosphate and tripolyphosphate. In 

order to follow the series reaction TPP~~pp + OP, and 

PP-7-2 OP, it is desirable to be able to differentiate be

tween the amounts of TPP and PP present. 

A literature survey revealed the following possible 

methods to achieve this. Van Wazer (V~2) and Clesceri (C-6) 

give a general review of methods used. Each typ~ of method 
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is discussed briefly in turn. 

Type of Method ~eferences 


Wet Chemical Methods Numerous papers, refer only to B-7, 

B-8, B-9, D-2, V-4. 


Paper Chromatography C-11, H-1, H-11, K-2, K-3, K-7, W-6, 

W-7. 

Paper Electrophoresis · $-3, S-4. 

Thin Layer Chromatography C-6, C-7, F-1. 

Ion Exchange B-10, C-17, G-4, L-6, L-10, P-1, P-2, 
Chromatography S-1, S-11. 


Radioactive Tracers C-1, C-6, Q-3, R-4, V-2. 


In searching the literature the aim was to find the method which 

would moBt likely lead to successful application for the follow

ing conditions: 

1. 	 Concentrations of condensed phosphate mixtures in the 


range of 0.01 - 50 mg/l P04 (Lakewater and ·wastewater). 


2. 	· Distilled water, lake water, river water and wastewater as 


medium. 


3. 	 Phosphate mixture confined to orthophosphate, pyio

phosphate and tripolyphosphate. 


4. 	 Require the least expenditure of additional equipment. 

Wet 	 Chemical Methods 

The 	 literature on this method is numerous. Van Wazer 

· (V-2) gives a summary of the more useful procedures. Until 

approximately 1950 all of the work on differential analysis 

of phosphate mixtures was based on wet chemical techniques. 
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These methods include precipitation with albumen, barium, 

silver, manganese, luteocobaltic chloride and a number of 

organic cations. One of the more recent methods is ·given by 

Bell (B-7, B-8, B-9). It is a zinc titration for the deter

mination of pyro- and tripolyphosphate. Van Wazer tl & 
(V-4) used pH-titration in the analysis · of phosphate mix

tures. Dewald (D-2) points out that several of the wet 

chemical techniques are not satisfactory for quantitative 

work on mixtures of pyro- and tripolyphosphate. 

The conclusion was reached tha.t wet chemical methods 

will not likely be a useful method for this work; therefore 

further investiga tion was not carried out. 

Paper Chromato graphi 

Early work on the use of paper c}J.romat?graphy for dif'

ferential analysis of phosphate mixtures was done by Hanes 

and Isherwood (H-:J-), Westman and Scott (W-6) and Westman, 

Scott and Pedley (W-7). The separation of the phosphorus 

compounds is obtained on a chromatogram due to their different 

velocities of flow. The procedure cdnsists of identifying the 

phosphate bands on the chromatogram, c~tting out the bands, 

eluting the phosphates from the paper and colorimetrically 

determining the amount of phosphorus in each band after diges

tion. Crowther (C-11) using descending chromatography, iden

tified the phosphate bands by Spraying with an acid ciolybdate 

solution and heating the chromatogram ·to form the phospho

molybdate complex. Exposure to ultra-violet light reduces 
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the complex to a blue colour. The samples analyzed were 

household detergent mixtures of high phosphorus concentra

tions. Karl-Kroupa (K-2) used ascending chromatography with 

shorter separation times, during which less hydrolysis takes 

place. The experimental work is claimed to be somewhat 

easier. Most of her work was on the analysis of detergent 

mixtures of high phosphorus concentrations, but some data are 

given on dilute solutions (10 mg/l P). This value is just 

below the upper range of concentration of interest in this 

work. Two-dimensional chromatography was used to distinguish 

between the family of ring and the family of chain phosphates. 

Karl-Kroupa tl & (K-3) also used paper chromatography to 

study the stability of sodium tripolyphosphate in aqueous 

solutions containing various tiommon living organisms. This in

volved the separation of the mixture in 2! - 3~ hour runs 

into bands contai~ing the ortho-, pyre-, and tripolyphosphates, 

followed by strip cutting and colorim~tric analysis. The re

liability of the method was +O.l mg/l P in the range of 1 to 5 

mg/l P. 

Hettler (H-11) gave a summary ~fall literature up to 

1958 on the use of paper chromatography for phosphorus analy

sis. Koloff (K-8) reported the use of a high capacity chroma

tographic paper and modified solvent to make possible a more 

rapid and quantitative densitometric determination of pyro

and orthophosphate mixture. However, the concentration of 

phosphorus was quite high. 
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The conclusion was reached that paper chromatography . 

may be a feasible method for . this work, but that it would re

quire the purchase of additional equipment and probably a 

considerable amount of time to acquire the technique to be 

able to extend it to lower ranges of concentration. It 

seemed unlikely that quantitative results at the lake water 

level of phosphorus concentration could be obtained. 

Paper Eledtronhoresis 

Work on this method was carried out by Sansoni and 

Klement (S-3, S-4) in Germany. In continuous paper chroma

tography, the long chain phosphates do not move from the 

point of application, whereas .in paper electrophor~sis, 

even the highest molecular weight chain phosphates are found 

to move. However, for the problem at hand in this work, this· 

difference is of no importance~ 

fhin Lay§r Chromatography 

Farr (F-1) described the thin layer chromatographic 

technique as applied to the separation of closely-related 

compounds. Thin layers of powdered chromatographic adsor

bents are spread. on glass plates. Simpler operation, sharper 

separation, higher sensitivity and shorter time are claimed 

for thin layer chromatography over paper chromatography. 

Olesceri and Lee (0-7) developed a preliminary method 

for the thin layer chromatographic separation of phosphates. 

The method was evaluated by using P-32 tagged comvounds and 

autoradio'grams of the chromato gram. Further work . on this was 
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done by Clesceri (C-6) during his doctoral research work. He 

used cellulose pow~er as an adsorbent, spread on glass plates. 

The solvent system used was a modification of Koloff (K-8). 

Distinct separation of orthophosphate and pyrophosphate was 

obtained. However,, the molybdate spray normally used to lo

cate the phosphate spots in paper chromatography did not 

yield a suitable reaction in the thin layer chromatographic 

method. Other s':!;>rays were tried without success. Work on 

thin layer chromatography was .abandoned due to lack o~ time. 

Ion Exchange Chromatography 

Samuelson (S-1) in his book on "Ion Exchange Separa

tions in .A.nalytical Chemistry" discusses ion exchange chroma

tography in great detail. It can -Oe used to separate ionic 

mixtures for which the ion exchange resin exhibits even only 

slight differences in selectivity. Two general methods used 

are adsorption and elution chromatography. Adsorption chroma

tography is used for the separation of mixtures which exhibit 

reasonably differ~nt selectivities tor a resin, such as the 

separation of mono- and divalent ions. Elution chromatography 

applies to the fractionation of more closely related species. 

An elution agent is used to selectively remove . several adsorbed 

species. Gradient elution is often used and consists of pro

gressively increasing the concentration of the eluting agerit, 

to avoid excessive broadening of the elution curves. 

The condensed phosphates are a closely. related group 
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of anions, which can be separated by elution chromatography. 

The principle of the method is the adsorption of the con

densed phosphates species in a mixture on an anion exchange 

resin followed by selective elution with a suitable medium. 

The anion exchange resin used is a strongly basic quartenary 

ammonium styrene-divinylbenzene resin of chloride form. The 

structural formula is 

- · CH 
I 

0 . 
I + 

CH2N (CH3)301 

The solution containing a mixture of phosphates, for example 

ortho-, pyro-and tripolyphosphate, is introduced into the top 

of a column containing the above resin, and flows downward. 

The phosphate ions are retained in a band at the top, exchang

ing with the chloride ion of the resin. The exchange mechanism 

may be described by the following equation, written for the 

orthophosphate ion. 

+ + 301 

The phosphate ions are then eluted by passing dilute potassium 

chloride through the column. The phosphate ions are at first 

partially replaced and carried downwards. In dilute solu

tions in general, the ions of higher charge are preferentially 

retained by the resin. Thus orthophosphate ion has a lower 

affinity for the resin than the pyro- or tripolyphosphate ion 

and moves downward at a faster rate. Under proper conditions 
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complete separation of the three ions can be achieved. The 

column effluent can then be analyzed colorimetrically for the 

orthophosphate ion, after first converting the condensed phos

phates to orthophosphate · by a digestion step. Samples can be 

collected and analyzed fractionally or continuously. 

Beukenkamp et al (B-10) were the first to success

fully separate a mixture of condensed phosphates in this way. 

They developed equations for describing the elution graphs of 

polyprotic acids as functions of the concentration of the 

eluant, potassium chloride, and the pH. They also developed 

equations to allow the calculation of the required column 

height for a given separation. Lindenbaum et al (L-6) have 

used these equations to set up an experimental apparatus for 

the separation of mixtures of several condensed phosphate~. 

It is theoretically possible to obtain complete separation of 

the five condensed phosphate species used in their work, with 

a single eluant concentration. However, such an elution 

would necessitate a low eluant concentrati6n and therefore 

lengthy elutions. For this reason they decided to use dis

c~ntinuous elution at three different concentrations of potas

sium chloride. The effluent from the column was sampled at 

frequent intervals and a manual phosphate analysis made. 

The result gave Gaussian curves, for each phosphate species. 

Grande and Beukenkamp (G-4) decided on the use of a continu

ous elution technique, in which the eluant concentration is 

· increased continuously. They called this "gradient elution". 

This has the following advantages: 
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(1) One standard potassium chloride solution, i .nstead of a 

series, is n~eded. 

(2) A higher flow rate, and thus shorter elution time, is 

possible. 

(3) Tailing of triphosphate curve is eliminated. 

Schwab g_i. ~ (S-11) developed equations to predict the posi

tion of the peaks in the graphs of a gradient elution, and then 

tested these equat~ons with linear and exponential variation 

in the gradient . with satisfaritory results. · Lundgr~n and Loeb 

(L-10) added continuous analysis of the column effluent by 

means of a Technicon · A.utoanalyzer, thus making rapid routine 

analysis of condensed phosphate mixtur~s in detergent solu

tions possible. Interferences were eliminated by the use of 

a dialyzer. Pollard tl al, (P-1, :P-2) modlfied Lundgren and 

Loebs method so that analysis of mixtures containing lower 

phosphorus anions, such as thiophosphates, amide- and imido .... 

phosphateB, as well as polyphosphates, is made a fully auto

matic procedure. crzech and Hrycyshyn (C-17) modified Lundgren 

and Loebs method by substituting filtration prior to chroma

tography for the dialyzer, using a smaller size resin, which 

results in faster elutions, and a steeper gradient elution 

system" The maximum amount of phosphorus fed to the column 

was 700,,,ug P205. The sample concentration used was 5800 

mg/l P2o5 • 

Development work on differential analysis of condensed 

phosphates by ion exchange chromatography is reported in 

Chapter IV-2.5. 



Radioactive Tracers 

Van Wazer (V-2) reports: 

ttin certain analytical procedures radioactive phos
phorus has been used as a tracer. In order to do 
this properly, it is important that the phosphorus · 
does not exchange between the species to be differ
entiated. Fortunately, this is the case for the 
phosphates, which do not exchange with other phos
phorus compounds (phosphites 1 hypophosphites, etc.) 
in aqueous solution. Moreover, the various con
densed phosphates do not exchange with each other 
nor do orthophosphate esters exchange with the 
orthophosphate ions. It is probably safe to con
clude that, when radioactive phosphorus in a speci
fic phosphate appears in another phosphorus based 
compound, the second compound must have been formed 
from the particular phosphate which was radioactive 
originally." . 

Campbell and Kilpatrick (C-1) used radioactive pyro

phosphate iri their studies of the kinetics of the hydrolysis 

of pyrophosphates. The initial concentrations of pyrophos

phate, were in the range of 1.9 to 38 mg/l P04. Quimby, 

Mabis and Lampe (Q-3) used an isotope dilution method for 

the pyrophosphate and· tripolyphosphate analysis. It took 4 

man-hours per sample, and results were available 1 - 3 days 

later. The concentrations used were higher than used in this 

work. Clesceri (C-6) used the method of Lowenstein (1-7) and 

Campbell and Kilpatrick (C-1) for the preparation of radio~ 

active pyrophosphate and a modification of the Bell (B-7) 

procedure for the preparation of tripolyphosphate. He used 

these tagged compounds for the evaluation of a method de

veloped by him using. thin layer chromatography. 

Rigler (R-3, R-4) used p32o4 as a tracer for radio

biological analysis of inorganic phosphorus in lake water and 
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the determination of the phosphorus fractions and turnover 

time of inorganic phosphorus in lake waters. 

The conclusion was reached that the use of radioactive 

condensed phosphate compounds in the hydrolysis studies would 

be possible, but that it required considerable equipment and 

would likely be a more time-consuming a.nalysis than the use 

· of Ion Exchange Chromatography. 

II-4.2 APPLICATION TO WASTEWATER 

In view of the importance attributed to phosphorus in 

the eutrophication of our surface water, it has been suggested 

by many that phosphorus should be removed from sewage treat

ment plant effluents. It is therefore most surprising that 

the current edition of Standard Methods (A-3) does not con

tain a recommended method for the analysis of phosphorus in 

wastewaters. Many analysts are in fact using the methods 

recommended for waters in the absence of gross pollution. A 

recent research work by Finstein and Hunter (F-3) is an 

example of this. They carried out a field study at several 

sewage treatment plants on the hydrolysis of condensed phos

phates during aerobic biological treatment. No mention was 

made of any interferences to the analytical method employed~ 

On the other hand, a very recent publication of Jankovic, 

Mitchell and Buzzell (J-1) examined this very problem and 

recommended the use of ascorbic acid, as a reductant. The 

Standard Methods (A-3), Stannous Chloride Method was shown to 
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give lower values due to some interference. This article was 

received after all development on experimental methods on this 

work was completed, and supplied confirmation to this work. 

Henricksen (H-15·) reports on an automatic method for 

determining orthophosphate in sewage and highly. polluted 

waters using a modified stannous chloride method. The range 

of the method is 0 to 6 mg/l P. Iron, copper and silica were 

found not to interfere below certain concentrations. 

The general conclusion can be made that any of the 

methods for natural waters must be checked out on wastewaters 

for interferences before being applied on a routine basis. 

This is discussed in detail for the methods used in this work 

on wastewaters in Chaptet IV-3. 



III AN.ALYSIS OF LITERATURE DATA ON EFFECT OF ENVIRONMENT 


ON THE RATE OF HYDROLYSIS 


The effect of the environment on the rate of hydroly- _ 

sis of condensed phosphates has been discussed in general 

form in Chapter II-3 as part of the literature survey. This 

chapter will deal with the comparison of literature data on 

the rate of hydrolysis of sodium tripolyphosphate and sodium 

pyrophosphate. The experimental data were obtained by the 

investigators under varying environmental conditions, such as 

temperature, pH, concentration, aqueous medium, presence or 

absenc~ of organisms, etc. The direct comparison of .rates 

under these varying conditions is not possible. The purpose 

of the work reported in this chapter is to establish, where 

suffic-ient literature were available, the quantitative effect 

of temperature, pH, concentration, and presence of organisms, 

on the rate of hydrolysis of sodium tripolyphosphate and 

sodium pyrophosphate. These qu~ntitative relationships can 

then be used to recalculate rates at a standard temperature, 

20 0 C, and a standard pH of 7 for direct comparison of rate 

data. The effect of organisms can best be compared by separat

ing the data on the basis of the aqueous medium employed into 

distilled water studies, surface water studies, and waste

water and algal culture studies. 

87 
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111-1 THE EFFECT OF TEMPERATURE ON THE RATE OF HYDROLYSIS 

Levensplel (L-2) discusses the temperature dependence 

of a reaction from Arrhenius' Law, from thermodynamics, from 

collision theory and from transition state theory. The fol

lowing ls a brief summary. 

"The rate expression can be written as 

= (temperature) x (composition)
r 1 f 1 f 2 

= k x (composition)
f 2 

Empirically the reaction rate constant k has been 
found to be well represented by Arrhenius' Law. 

k = k e-E/RT
. o 

Comparison with the temperature dependence 
obtained from collision theory and transitlon
state theory can be made by rewriting the above 
equation_as 

k = (k ' Tm ) e ~E/RT 
0 

The exponent m has the following values: 

Arrhenius' Law: m = 0 

Collision Theory: m = 0.5 

Transition-state 


.Theory: m = 1 

However since the exponential term is so much more 
temperature sensltive than the Tm term, the varia
tion of k caused by the _latter, is effectively 
masked, and k ls generally considered as tempera

0ture independent. The temperature dependency from 
a thermodynamic point can be shown as follows. For 
an elementary reversible reaction 

k1 

A - - > R , with b. Hr 


< 
k2 

the van't Hoff equation 

d(lnK) = 
dT 

states the temperature dependence of the equilibrium 
constant K. 
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As K = k1/k2 ; the van't Hoff equation can be 
rewritten as 

d (lnk2 ) 

dT 

The fact that the difference in derivatives is equal to 
AHr 

RT2 
suggests that each derivative alone is equal to a 

term of that form or 

and= = 

. If the energy terms are assumed to be tempera
ture independent, integration will yield Arrhenius' 
Law. and E2 are the activation energies for.theE1
reaction rate going in the forward and backward direc
tion. With these substitutions the van't Hoff equa 
tion reduces to 

II= .6 Hr 

Katchman (K-4) graphically demonstrates this relationship, in 

the correct order of magnitude for .the hydrolytic scission of 

P-0-P linkages in. polyphosphates. This is shown in Fig. 5 

Nonenzmotic reaction 

reaction 

llHl E2e 

~L__ _ 
FIGURE 5: RELATIONSHIP BETWEEN ACTIVATION ENERGIES 

AND ENTHALPIES 

(From Katchman (K-4) ) 

' · 
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The activation energie~ for the nonenzymatic reaction 

rates are denoted by E1 and E2 , and for the enzymatic reaction 

rate as E1 e and E2e. The values for the nonenzymatic reac

tion are higher than for· the enzy.matic reaction. Therefore, 

the enzymatic reaction will be less temperature sensitive than 

the nonenzymatic reaction. The activation energies for the 

hydrolysis in lake water and wastewater should therefore be 

considerably lower than the average value of 25 kcal/mole for 

the reaction in distilled water. It should be noted in Fig. 5 

that the catalyst (enzyme) changes the activation energies 

(and also the frequency factor) but does not affect the 

enthalpy change, b. H, of the reaction. 

Several experimenters give activatiori energy values 

for the hydrolysis of tripolyphosphate and pyrophosphate. 

These experiments were all carried out in distilled water. 

Others report reactton rates or present their data in graphi

cal form at different temperatures. The media were distilled 

water, surface water, wastewater or algal culture. From this 

information one may calculate activation energies. If at 

least three different temperatures have been used in a set 

of experiments, a plot of ln k versus 1/T should yield a 

straight line, whose slope is - E/R· When only two tempera

tures were employed an approximate value of the activation 

energy can be obtained by the _following equation: 

or E == 
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The units cf activation energy E are calories (or 

kilocalories) per mole. The moles referred to are the quan

tities associated with the molar representation of the rate 

controlling step of the reaction. Numerically E c~n be found 

without knowing what this is; only when it is compared to 

analogous quantities from thermodynamics must the mechanisms 

be known and its stoichiometric representation used through

out. 

A summary of some of the available data on the acti

vation energy for distilled water samples is given in Table 

XVIII. .Also shown are the fe w experiments on natural water 

and waste water, where at least two. temperatures were used, so 

that activation energies could be estimated. Explanations 

on how they were calculated from the rate data are given. 

Data of Karl-Kroupa (K-3), Clesceri (C-6)'and Englebrecht and 

Morgan (E-3) could not be iJ;lcluded as a single experimental 

temperature was used by these investigators. 

A·study of Table XVIII reveals the following: 

.Activation Energy E, kcal/mole 

.Aqueous Medium Range Avg. Valu~ 


Distilled Water 21.2 - 33.6 25 (from Van- Wazer 

(V-2) ) 


Natural Water 5.8 - 18.5 11 


Wastewater 8.6 - 11.2 10 


This finding is in agreement with the general statement of 

Katchman (K-4-) tha t the activation energies for the enzymatic 
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reaction, as in natural water and wastewater, are lower than 

in the _nonenzymatic, distilled water reaction. Based on the 

above _average values of the activation energy, a change of 

+10°0 would increase the rate in distilled water by about 4.5 

times, and in natural water or wastewater by about 1.8 times. 

If the practical range of temperature for surface water and 

wastewater in this area is taken as 4°0 to 24°0, it would in

dicate that the rate of hydrolysis at winter conditions may 

be one quarter of the summer rate. However, this conclusion 

is probably quite erroneous, as the changes between s~mmer and 

winter water are not just in temperature, but in the microbial 

population due to the temperature change. It is therefore 

quite likely that ~he winter iates, with lower microbial ac

tivity, are in fact smaller- than predicted above. 

The data on natural waters and on wastewater are too 

few to rely on the average activation energy shown with any 

degree of certainty, but they are useful in relation to the 

literature values for distilled water. Since the enzymatic 

activity in lake water may be quite different to that in 

wastewater, a range of values is to be expected. The concept 

of using Arrhenius' temperature dependence for a microbiologi

cal system is itself questionable, since it does not account 

"for the optimum temperature for growth for different organisms. 

However, for the purpose of this research the following will be 

used, in order to be able to compare rates determined at 

widely differing expe~imental temperatures to a common tem

perature of 20°0: 



TABLE XVIII: REPORTED OR CALCULATED ACTIVATION ENERGIES FOR THE HYDROLYSIS OF . ' 


TRIPOLYPHO.SPHATE AND PYROPHOSPHATE IN VARIOUS AQUEOUS MEDIA . 


I
AUTHOR !REFER'"" TYPE OF 

!ENCE SAMPLE 
I NO. 
! 
j . I
I V-2 !DistilledVan Wazer I 
I Water 

TPP 
OR 
pp 

TPP 
or 
pp 

! l

I TEMPERA- I pH 
I TURE 

0 c I 
I 1 . 

I j 

ACTIV.ENERGY E 
k cal/mole 

I .--125 (reported) 

I 

REMARKS 

Based on a summary of other 
authors data, for the splitting 
of P-0-P linkages in phosphate 
chains and rings. E from 
20-40 k cal/mole. 

t 

Van Wazer, 
Griffith 
and 
McCullough 

V-5 Distilled 
Water 

TPP 60 and 
90 

I 

4 

7 

10 

27. 6 (reported) 

28.0(reported) 

22.8(reported) 

Other data on 1% tetra
methylammonium pyrophosphate 
and triphosphate showed a 
variation of E from 23.8 to 
39,8 

CamnbelJ. 
1 and. 

C-1 Distilled
I Water 

Kilpatrick [ 

pp 50, 60 
and 70 

I 

0.8 

4 

21.S(reported) 

27.7-30 .1 
(reported) 

Other data at pH values 
between o.~ and 4 lie inI between the values shown 

Friess I F-5 Distilled 
Water 

TPP 

pp 

40-50 0.8
1.0 

22.9 

I 22.8 
I 
I 

Also gives data on enthalpy, 
entropy and free energy 
changes during hydrolysis 
of PP and TPP. 

Green G-6 Distilled 
Water 

I 1 I 

pp 

TPP 

87 .8 
and 

65.5 
I ,,
; 

l 
! 
! 
I ! 

5 

7 

5 
7 

-1 2 8 • 0 ( c al c • ) 

29.6 (calc.) 

28.6 (calc.) 
(calc. )30.9 

l 

I 

I 

l 
l 

Calculated from kavg. 

\C 
\J 

r 
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TABLE XVIII - Cont'd. 

REMARKSAU;~;R 1 REFER- TYPE OF TPP \ l TEMPE~ pH ll ACTIV. ENERGY E
I ENCE S.AMPLE OR I TURE C l k cal/mole
I 1I NO. l 

1 pp I I 
I I1-13 iapprox. In graphical form as E vs. pH. 

Griffith 
V-3 fDistilled TPPVan Wazer, 

j,..,20-40 (rep. ) Tetramethylammonium tri

and 


!t Water 
phosphate. 


McCullough 
 I 
i 

pp 21.2 (calc.• ) Calculated from rate data pre
sented as a zero-order reaction 

20 and 4 6.3S-12 !DistilledShannon 
I Water ,, 

(mg P/1-500 hrs) at 20°c and33.6 (calc.)TPP " 
I 4°c. 
I 

13 •2 ( calc • ) from 35°/20° Activation 

Cohen and 


TPP 5, 20 and 7.5Smith, S-17 I Oh~o River 
" 35/5 energies were 


Walton 

14.3 "35 
14.4 It ,, 20/5 calculated ,, from the repp fl 35/2011.8 IIOhio River ported half35/59.1 II 

II life s in days6.3 " " 20/5 at the three 
IIpp " 35/20 temperatures 

(Ohio) I. 
10.5 IfLocal Stream 

,, 35/5 reported8.3 " 
! II 20/55.8 " 


Shannon 
 Calculated from rate data20 and 4 8 • 6 I 12 •3 (c al c • ) S-12. Black Earth II TPP 
i presented as a zero-orderCree)f; · ,,

1 pp 8. 6 I s. 6 ,, reaction (mg P/1-500 hrs)
I '·' l''nat. '' 7 • 9 8 • 5 It at 20° and 4°c. All data'·' I . 1. cond . presented are based on one 

l hosp. experiment at eachII1
Lake Mendo- ·TPP 8;4 115.6 

II ,, condition.
8.4 15.8 Itta PP 

I.I1.1 Low Hardness 1 TPP 7.4 I 8.1 ti> 
fl .+:7.4 6.6 fl 

! Water l PP 

20 and 5 . not J 8.6 (calc. )YF Calculated from rate data preSewage TPPSawyer s-6 
Istarted \ sented in graphical form as 

11 IIpp cone. of orthophosphate vs. 

I
time. From this a 1st order k 
value was calcu~ated a~ 20~0 

1 and 400 fro m wh ich a ct i vetion 
I ene r r,; y 

I " 11.2 

was obtained . 
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(1) 	 Arrhenius temperature dependence. 

(2) 	 When information on activation energy has been pro

vided or can be calculated, its value will be 

employed. 

(3) 	 When no information can be obtained, the average 

values for distilled water, natural water and 

wastewater shown above will be employed. 

III-2 	 THE EFFECT OF CONCENTRATION OF CONDENSED PHOSPHATES ON 
![E RATE OF HYDROLYSIS 

Tables XII to XV summarize the hydrolysis studies for 

tripolyphosphate and pyrophosphate in distilled water, natural 

water, wastewater and algal cultures. In these tables the 

initial concentration of condensed phosphates used is shown. 

It varies as follows: 

Distilled Water 1.5 - 77, 000 mg/l P04 


Natural Water 1 - 20 mg/l P04 


Wastewater and Algal 1.5 - 30 mg/l P04
Cultures 

Rate data are almost exclusively reported as first

order rate constants, with the exception of Shannon (S-12) 

and Quimby (Q- 2) who report zero-order response. As the con

centration of importance in natural waters lies at or below 

the lowest concentrations of previous investigators, and for 

wastewaters near the low end of the range, a detailed investi-· 

gation of the literature was made to establish if the first-

order response, generally held to be true at higher 
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concentrations, still applies for low levels of concentrations. 

Van Wazer ( V-2) p. l~57 states: 

11 The hydrolysis of pyro- and tripolyphosphates ap
pears to truly be a first-order process, so that the 
rate is exactly proportional to concentration . . " 

He bases this on the work of several authors, among which are: 

Van Wazer, Griffith and McCullough (V-3): 
11 The degradations from tripoly- to pyro- to ortho
were found· to follow a first-order law. ·11 

Crowther and Westman (0-12): 

''Our results are in agreement with Muus' theory that 
the hydrolysis of the pyrophosphate anion is a first
order reaction at constant hydrogen ion concentration." 

In contrast to this, Van Wazer (V-2) p. 457 mentions: 

11 There are reports in the literature that the rate of 
hydrolysis of chains increases somewhat less than in 
proportion to the concentration, and amazingly enough, 
trimetaphosphate hydrolysis is said to accelerate 
with decreasing concentration even though the process 
appears to be first-order. Presumably there are 
several opposing effects which masquerade under the 
term concentration.-" 

The above statement is based on the work of Balareff 

(B-l) in 1911 and Karbe and Jander (K-1) in 1942. Both are 

published in German. Without providing rate data in the 

article, Karbe and Jander make the statement that 

"they found very dilute solutions of condensed phos
phates less stable than more concentrated ones. This 
contradicts other literature data, according to .which 
the rate of hydrolysis of metaphosphates in all cases 
increases with concentration. They felt that while 
there undoubtedly was a concentration influence, it 
is overshadowed by the more important phenomenon that 
in the hydrolysis of one molecule of metaphosphate 
several moles of orthophosphate are produced. This 
process is naturally favoured by increasing dilution. 11 

Green (G-6) worked with concentrations of 50 and 
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5 mg/l P04 and various types of condensed phosphates. He was 

not able to analyze differentially for mixtures of condensed 

phosphates. Therefore the rate of formation of orthophosphate 

has been taken as a measure of the stability of the dehydra

ted phosphate. He found that in distilled water experiments, 
0 . . 

at pH of 9 and 190 F, the rate of reversion of several con

densed phosphates is greater at the lower concentration of 

5 mg/l P04. He concluded that in view of the influen·ce of 

concentration on the rate, it is apparent that the reversion 

process under consideration cannot be regarded as strictly of 

first - order with respect to the dehydrated phosphate. However, 

a number of individual experiments were found to conform to 

such a rate l aw, and rate constants were evaluated for those 

which yielded sufficiently accurate data. 

Crowther and Westman (0-12) concluded from their own 

and Green's data that 

11 Possibly in very dilute solutions the reaction may 
not be first-order with respect to the triphosphate 
concentration, but it certainly appears to be so 
over the concentration range of 0.005 to 1.17 percent 
(as PO4 ) .. " 

Crowther and Westman (C-12) in another article found that the 

data for the hydrolysis of tetraphosphate anions do not fit 

the first-order equation after 85 percent of the tetraphos

phate phosphorus is no longer in tetraphosphate form, suggest

ing that deviations from the first-order behaviour may gener

ally be expected in the final stages of the reaction. 

Quimby (Q- 2) carried out distilled water experiments 

over a concentration range of 770 to 77,000 mg/l Po4. He 
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found that the concentration of condensed phosphate decreased 

linearly with ti~e, ie. appears to follow a zero-order rate 

law. .However, he did not keep pH constant, which decreased 

during the experiment. This amounts to a hydrogen ion cata

lyzed reaction, and can therefore not be used for determining 

the concentration effect above. 

· Lundgren and Loeb (L-10) state that 

ttat very low concentrations t~ipolyphosphate appears 
to degrade sponta.neously, possibly from the same 
enzymatic catalysis as reported by Karl~Kroupa et al" (K-3 ) • . . _ . -

Hydrolysis studies . on natural water, wastewater and 

algal cultures have been summarized in Tables XIV and XV. 

The concentration .of condensed pho~phate~ used in these 

studies is shown in the tables, and varied from about 1 to 

20. mg/J_ P04 in natural W.9.ters and from about 1. 5 ta 30 rng/1 P04 

in wastewater and algal culture stuclies. Rate data were re

po!'ted in g:r.-a:phics.J. -form, as half-life or first-order rate 

constants, and in one study (~hannbn (S-12) ) the rate of 

hydrolysis was computed from the initial and final concentra

tions of condensed phosphate ~ssuming linearity over the dura

tion of the study. Shannon does not state it, but this amounts 

to a zero - order response. It is interesting to note that 

Shannon used the lowest concentration of condensed phosphates 

of all the investigators. 

In order to be able to explore this que~tion of first-

order versus zero-order response at low conce~trations of 

condensed :phosphates further, 1t was decided to examine the 
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experimental data of those authors, where the data could be 

obtained in reasonably complete form for further analysis. 

These are: Clesceri (C-6) 

Shannon · (S-12) 

Karl-Kroupa ~ al (K-3) 

Englebrecht and Morgan (E-3) 

Sawyer (S-6) 

The details of analysis of data are reported separately 

under each author. 

Clesceri (C-61: Initial concentration of condensed phosphate = 
1.5 mg/l P04• Work was carried out for tripolyphosphate, pyro

phosphate, and mixtures of ortho-, pyro- and tripolyphosphate 

on Lake Mendota water, and in algal cultures of Chlorella 

pyrenoidosa in modified . Allen and Gorham media. The effect of 

microorganisms was studied by carrying out experiments in 

sterile and nonsterile conditions. Unfortunately rate data 

for nonsterile conditions are given in graphical or tabular 

form only, whereas first-order rate constants are calculated 

.for the sterile environment. He was not able to analyze con

densed phosphate mixtures differentially, but calculated 

first-order rate constants k1 for tripolyphosphate from kavg 

(TPP + PP) and k2 (PP) on the assumption of independence of 

the rate of hydrolysis of pyro- and tripolyphosphate in a 

mixture. No work on distilled water was done by Clesceri, but 

comparison to other workers data was made. 

The following of Clesceti's data were selected for re 

plotting on graphs of concentration of condensed phosphate 
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remaining against time. Where du_plicate experimental data were 

available, the average concentration at each time interval was 

plotted. For tripolyphosphate experiments the -concentration 

of condensed phosphate remaining was obtained by subtracting 

the concentration of orthophosphate at any time from the 

initially measured concentration of tripolyphosphate. 

Data on ~age number of ~C-6l 
Cond.Ph. Algal Culture Algal Cultu re 

Condition added Lake water in M.Allen Med. in M.Gorham Med. 

Nonsterile TPP 98 110 (Mix. Cult. ) 116 (Mix. Cult. ) 

II pp 	 fl98 109 	 115" 
II 	 ItSterile TPP 149 166 	 177 

II pp 	 11 fl141 163 174 

Nonsterile TPP 126 (Pure Cult.) 133 (Pure Cult. ) 

II 	 If tipp 125 	 132 

Lake water data are plotted in Fig. 6 . 


.Algal Culture - M. Allen Med. are plotted in Fig. 7. 


ilgal Culture - M. Gorham Med. are plotted in Fig. 8. 


For tripolyphosphate studies "condensed phosphate remaining 11 


means the sum of TPP and PP. Least square lines were fitted to 


all data by computer. The rate of hydr~lysis, in mg P04/i~min' 


and the correlation coefficient is shown for each set of data on 


each figure. 


The 	 following conclusions can be drawn: 

1. 	 Visual as well as the correlation coefficient number evidence 

indicates that zero-order response is well justified. A lag 

period of about 100 to 150 hrs. occurred _with the pure 

McMASTER _UNIVERSIT~Y. LIBRAfrt 
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·culture studies, which was omitted from the least square 

fit. 

2. 	 The rate of hydrolysis in nonsterile algal cultures 

(mixed) was about three and one-half times the rate in 

nonsterile lake water, indicating the more intense enzy

matic activity in the algal cultures due to the much 

higher concentration of organisms. The rate of hydrolysis 

in pure algal cultures was about equal to lake water, 

after the initial lag period. 

3. 	 Sterile conditions reduced the rate of hydrolysis for lake 

water about 2 to 3 fold and about 20 to 50 fold for mixed 

algal cultures. If the physical and chemical environment 

were the same sterile lake water, algal cultures and dis

tilled water rates should be of the same order of 

magnitude. This is shown by the following comparison. 
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Sterile Conditions: 

k, mgP04/l-min pH 

Clesceri (C-6) Lake Mendota + TPP 5.3xl0-5 8.3 

Clesceri (C-6) Lake Mendota + pp 5 .1x10-5 8.3 

Clesceri (0-6) Mix. Algal Cult. + TPP l.9xl0-5 8.4 

Ole see ri (C-6) (Mod. .Allen Med. ) + PP l.8x10-5 8.4 

Olesceri (0-6) {Mix. Algal Cult • ) + TPP 8.8xl0-6 8.4 
-6Clesceri (0-6) (Mod. Gorham Med.) + pp 8.6xl0 8 .1+ 

Shannon (S-12)* Distilled 
water + TPP 1.4 x lo-5 8.4 

Shannon (S-12 )* Distilled -6 
water + PP 	 6 .lxlO 8.4 

Comparison of the rate data is reasonably good. 

*Shannon's distilled water data were at an experi
mental pH of 6.3 and were adjusted according to 
methods in III-3 to a pH of 8.4. The small dif
ference in experimental temperature between 
Clesceri (23°0) and Shannon (20°0) was neglected. 

Distilled Water 
+ T.PP: 	 = 0.370 mg P/1-500 hrs at pH= 6.3 

= 3.8x10-5mgP04/1-min at pH = 6.3 

= l.4xlo-5mgP04/l-min at pH= 8.4 

Distilled Water 
+ 	PP: = 0.163mgP/1•500 hrs at pH = 6.3 

= l.7xlo-5mgP0 /l -min at pH = 6.34
= 6.lxlo-6mgP04/l-min at pH = 8.4 



Figure 6 . Hydr o lysis o f con densed ph o s phates i n Lake Men dot a wa t e r - Da t a 
of Cl e sc e ri (C-6). 
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Figure 7. Hydr oly sis o f condens ed ph osph a t es in algal c ul t ure (Chlorella 
pyrenoidosa) i n modif ied Allen MediQ~ - Data o f Cles ceri (C-6 ). 

"'1'
0 
a.. 

O' 2·0 'E .. 
O' 
c 

c 

0 

E 1·6 
Q) 

SIGN 

• 

0 

fJ. 

Ill 

a 

LEGE ND 

COND. PH. 

' -
 6"tl :a: s s::Q) t:a ' /"'I~f - --L -~--0 
.J::. 
a. 
(/) 

0 1·2 
I \.J::. ""' a.. 

"'O 
a> 
U) 

Cl) 
c 0·8 

"O 
c 
0 

(.) 

0 -
0·4 

c 
0-0 
\...-c: 
Q) 
(.) 

c 
0 0 

(.) 

fl 

CONDITION 

NON -STERILE, MIXED CULT. 
II II

STERILE , 

NON- STERILE ,PURE CULT. 

II II 
MIXED CULT. 

II II 

STERILE 
' 

NON - STERILE ,PURE CULT. . 

ADDED 

T pp 

T pp 

T PP 

pp 

pp 

pp 

RATE CORREL. 
mg P04/J-min COEFF . 

3 · 8 x 10-4 0·999 


1·9 x 10-5 
 0. 994 


I· I x 
 IO- 4 O· 982 


5·0 x 10-4 
 o· 999. 


I ·8 x 
 10-5 . 0. 991 


9· 8 x 10· 5 
 o· 939 

I-' 

~ 

100 200 300 4000 
TIME, hrs. 

0 



Figure 8. Hydr9lysis o f con dens ed ph o s pha t e s i n alga l cu l ture (Chlorella 
pyrenoidos a) i n modi fi ed Gorham Medium - Da t a o f Clesceri (C- 6 ). 
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Shannon (S-12 ) : 

Initial cone. of condensed phosphates = 1.0-2.0mg/1 P04 • 

Work was carried out for tripolyphosphate and pyrophosphate on 

distilled water, Lake Mendota water, Black Earth ·Creek water, 

and ·an artificial low hardness water. The temperature of in

vestigations was either 20° or 4°c. .A.11 samples were non-

sterile. The rates of hydrolysis given were computed from the 

initial and final concentrations of condensed phosphates as 

suming linearity over the duration of the study~ The actual 

data are not always linear throughout, but fit a zero - order 

plot better than a first-order plot. All of Shannon's data 

were replotted on a first - order plot as part of the work of' 

1his ·research but are not presented. Shannon's data at 20°0 

are presented below and certain additions and calculations are 

made. 

Rate of Hydrolysis 
·Sample Oond.Ph. pH m.g P/1-500 hrs mg P04/l·..min 

~ ~-~added 
0-5Distilled water TPP 6.3 0.370 3.8x1·

Distilled water pp 6.3 0.163 l.7xlo-5 

Lake Mendota TPP 8.4 0.339 3.5x10-5 

Lake Mendota pp 8.4 o.472 -4.8xio-5 

Low Hardness water TPP 7.4 0.500 5.1x10-5 

ppLow Hardness water 7.4 0.407 	 4.lxl0-5 

4 -5Black Earth Creek TPP 8.6 0.388 • O:r.:10 

-5Black Earth Cre ek pp 8.6 0.232 	 2 .4xl0 · 

Shannon measured the pH· after the addition of the con

densed phosphate. Ee apparently did not measure it duri.ng the 
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course of the study. From work done in this research it is 

reasonable to assume that at this low concentration of co~

·dense~ ·phosphates, the pH will remain constant. Shannon com

pared the above rate data directly. However, in view of the 

fac.t that. the pH is not the same for the various samples, 

such a direct comparison should not be made, without prior 

adjustment of the data to a common pH value. 

Comparison between Clesceri and Shannon on Lake 

Mendota water is good. 

Karl.-Kroupa tl §1_ (K-3) : Initial concentration of condensed 

phosphates =16.8 mg/l P04 • 

Work was ·carried out for tripolyphosphate hydrolys"is 

in sterile distilled water, and six cultures of bacteria, 

algae, fungi and higher plants. The temperature of the inves

tigation was 2400, the pH range is stated as 6.9 to 6.1. 

Differential analysis of the condensed phosphate mixture was 

carried · out by :paper chromatography. The rate of hydrolysis 

is given as the half-life in hoursA An induction or lag 

period of from 41 to 141 hours occurred with the cultures. 

Rate d.ata presented are shown below. 
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Organism 
added 

Dry Weight 
of Organisms 

added 
mg per liter 
Of solution 

None- Sterile 
Distilled water 

Elodea 

Gleocapsa 

Vaucheria 

Oeratophyllum 

Allomyces 

Escherichia coli 

77.5 

1.25 

130 

159 

5 

.04 

.Approx. 
Induc
tion 

period 
hrs. 

26 

55 

26 

18 

25 

65 

Half Life 
excluding 
Induction 
Period 
hrs. 

10-20,000 

123 

66 

35 

59~ 

19 

20 

k1 24°C 

Min-l 

-71.2-6.0xlO 

9.4x10-5 
-4

l.8xl0 
-43.3xl0 

2.ox10-4 

6 .lxlo-4 

5.8xlO-4 

The values of k1 were .calculated as part of . t _his _work from the 

given half-lifes. For each hydrolysis experiment four to six 

data .points were presented. .As some of these were during the 

induction period and therefore not useable for establishing 

the first-order rate, it was questionable how significant the 

first-order fit really is. Therefore all data were plotted in 

Fig. 9 as the logarithm of percent tripolyphosphate remaining 

against time. 

The 	 following conclusions can be drawn: 

1. 	 All of the many varieties of cellular material tested 

greatly accelerated the rate of hydrolytic breakdown of 

tripolyphosphate. 

2. 	 There is questionable justification from the given data to 

report half-lives, since this implies a first-order re

sponse,, which cannot really be justified by the data. 

Omitti~g the induction period, only two data points are 
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left for four of the cultures, and three data points for 

· 
. 
two of the cultures to fit a straight line.. 

3. 	 On an ac~ual plot of the data, as in Fig. 9, it is dif

ficult to arrive at some of the reported half-lives. 

4. 	 Many authors quote the findings of Karl-Kroupa et al as 

an important reference. It is surprising _to find that 

relatively few actual data were ~aken. 

5. 	 There seems to be no correlation between the amount of 

organisms added and the ~ate of hydrolysis. This may be 

because of the different phosphorus needs of the organisms 

tested. 

6. 	 Escherischia coli c~used almost the fastest rate of hy

drolysis, even though it has by far the lowest concentra

tion of organisms. The numbeT of cells per ml are in the 

. same 	 order of magnitude as they might occur in sewage. 

One would therefore expect the rate to ~e similar to a 

wastewater sample rate. 

7. 	 The lowest rate occurred with Elodea, a higher green plant, 

whlch has less need for :phosphorus than the . aJ.-gae,. 

8. 	 Of the three algae tested the rate varies about three

fold, but since only few data support each rate, no fur

ther conclusions can be drawn from it. 

9. 	 Comparis on of the rates in. distilled water between Shannon 

{S-12) and Karl-Kroupa (K-3) is difficult due to 

a) Difference in analytical techniques used (kavg vs k1 ) 

b) Difference in reporting rate data as zero - or first·.. 

order response. 
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Shannon (S-12 ) : k = 3.8xl0-5 mg Po4/1~minavg 

-7 -1Karl-Kroupa (K-3): k = 3.6xl0 min
1 

CA = Initial cone. of TPP = 16.8 mg P04/l 
-6

• •• (k1 CA) = 6. lxlO mg PO4/1-min 

. This shows that Karl-Kro-upa 1 s rate is about six times 

lower than Shannons. This will be due partly to the fact 

that Karl-Kroupa used sterile distilled water. The rates 

are at least in the same order of magnitude. 

10. 	Direct comparison of culture study rates between Karl

Kroupa (K-3) and Clesceri (0-6) is not possible because 

of the pH difference (8 .•4 vs about 6.5), and the different 

type and concentration of organisms used. 

Englebrecht and Morgan (E-3{: Initial concentration of con

densed phosphates 

= 2.95 to 12.3 mg/l P04 

Work was carried out for tripolyphosphate and pyro

phosphate in Illinois river and reservoir waters at 29°0. A 

va~iety of storage and pretreatment conditions were used. The 

pH range of the water samples varied from 7.3 to 8.6. No in

formation on pH measurement during the experiments is given, 

but it is stated that a change occurred in several of the 

stored samples. Differential analysis of condensed phosphate 

mixtures was not possible. The rate data are presented as 

half-life in days. For one experiment only, at a concentra

tion of 12.3 mg/l P04! a semilog plot of the logarithm of 
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percent of condensed phosphate remaining against time is pre

sented. The fit of straight lines, indicative of first - order 

response, appeared to be reasonable. No data were presented 

at the lower concentrations, so the first-order fit at that 

level could not be checked. 

Sawyer (S-6): 	 Initial concentration of condensed 

phosphates = 30 mg/l P04 . 

Work was carried out for tripolyphosphate and pyro

phosphate in domestic sewage at 20°0 and 5°0. No information 

on the pH value is given. Differential analysis of the con

densed phosphate mixture was not possible, the rate data were 

presen-ted·in graphical form only, as orthophosphate appear

ance against time. These data were replotted on a graph of 

logarithm of percent condensed phosphate remaining against 

time. This is presented in Fig. 10. 

The 	 following conclusions can be drawn: 

1. 	 The data ~it a straight line much better on the semilog 

graph than on the original graph. Therefore a first-

order response may be indicated. 

2. 	 Rate constant, as were calculated as follows:kavg' 
-1 

Wastewater + TPP 20°0 kavg = 1.3 x 10-4 min 

Wastewater + TPP 5°0 = 5.6 x 10-5 min-1 

Wastewater+ · pp 20°0 = 7.5 x lo-4 min-1 

0	 .Wastewater + pp s o = 2.5 x 10-4 min-1 

Comparison of these rate constants at 20°0 with Karl
. 	 . 0 

Kroupas et fil.. (K-3) culture study rate constants at 21~ 0 
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is reasonable, as suggested before. 

3. 	 It is surprising that the rate of hydrolysis for pyro

phosphate is 5 to 6 times as fast as for tripolyphosphate. 

In distilled water pyrophosphate hydrolyzes slower. In 

Olesceri's and Shannon's work rates were about equal for 

pyro- and tripolyphosphate. Davis and Wilcomb (D-1) 

showed that tripolyphosphate and pyrophosphate hydrolyzed 

at about the same rate in synthetic sewage and slower 

than hexametaphosphate. He did not give r~te constants 

but stated that the rate of hydrolysis was faster than 

found by Sawyer (S-8). 

4. 	 Data presented by Sawyer (S-8) on the hydrolysis of tri

polyphosphate in domestic sewage were analyzed in the 

same way as the data of (S-6) and gave rate constants 

comparable to the results of (S - 6). 

In summary of the literature survey and detailed 

analysis of certain low level data on the effect of concentra

tion on the rate of hydrolysis it can be stated: 

1. 	 A first-order rate law appears to be followed for concen

tration of condensed phosphates higher than about 

50 mg/l Po4 in numerous distilled water studies. 

2. 	 Work of Shannon (S-12) and the work of Clesceri (C-6), 

after reanalysis of his data, indicates that a zero~order 

rate law may be followed at concentrations of about 

1-2 mg/l P04, regardless of the medium. 
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3. 	 The work of Karl-Kroupa (K-3) et al report.ed first-order 

response at concentrations of 16.8 mg/l P04 • However,. 

the data were shown to be insufficient to support this 

conclusion adequately. 

4. 	 ·The work of Sawyer (S-6) at concentrations of 30 mg/l Po4 
in wastewater indicates · a first-order response. 

If a first-order behaviour is characteristic of con

centrations higher ~han about 15 to 50 mg/l P04 , and zero·~ 

orde~ behaviour at lower concentrations, then a graph of 

absolute rate, in mg P04/l-min, against initial concentration, 

in mg Po4/1, should be of the following general form. 

Absolute 
Rate of 
Hydrolysis 

mg P04/l-min 

L----+----t--- ---- ----
IS 50 

Initial concentration of condensed 

phosphates, mg P04/1 

The aqueous media such as distilled water, natural 

water, wastewater or algal culture would be parameters of 

this graphe In order tv be able to plot rate data on this 

graph it is necessary that they are adjusted ·to a common tern
. 0 

perature and pH, for convenie nce at 20 C and :pH= 7. 

http:report.ed
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Temperature conversion can be carried out according to methods 

discussed in III-1. Variation with pH will be discussed in 

III-3 .and has been applied in t~e following work. 

Tables XIX and XX are summaries of calculations on 

hydrolysis studies on tripolyphosphate and pyrophosphat e re

spectively. These tables have been prepared from data contained 

in Tables XXI.and XXIII for tripolyphosphate and Tables XXII 

and XXIV for pyrophosphate. The rate . constants for distilled 

wat~r in these four tables were adjusted for pH according to 

Griffith's (G-7) nomograph line (see Fig. 13 and 14) to a pH 

of T. River, l ake, algal culture and wastewat e r studie s 

varied frcm pH= 6.1 to pH= 8.6, r elatively close to pH= 7~ 

As shown in III-3 there is no information on tbe depende nce 

of the rate constant on pH for these type of media. The 

choice then is to either show rates for these media at the 

experimental pH value, or to use the distilled water pH de

pendency fbr adjusting. Fig. 13 and 14 show th~t the rate 

constant for distilled water is about two to three times 

larger at pH of 6.1 then at pH of 8.6, a relatively small 

change comp a red to the increase ln rate due to organisms .. 

The decision was made to use dist~lled water pH dependency 

for other aqueous media, realizing that the actual adjustment . 

would probably be somewhat smaller. 

The data of Tabl es XIX and XX are plotted in Fig. 11 

and 12~ as rate of hydrolysis in mg P04/l - min against initial 

concentra tion of tripolyph osphate and pyrophosphate, in mg J?04/l, 
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TABLE XIX: SUMMARY OF CALCULATIONS ON HYDROLYSIS STUDIES ON TRIPOLYPHOSPHATE (TPP) 


FOR RATE CONST.ANTS AT 20°0 AND pH = 7 


r ·1 ' RATE CONSTANT k, at I RATE 8F HYDROLYSIS 1

I AUTHOR l REFER- 1 AQUEOUS INITIAL . 20° and. pH=7 · .AT 20 C and pH=7: I REMARKS 
I ENCE HEDIUM I CONG. OF I Zero-order: 1'. First-order: =(k Co )for first- I 
1 NO. TPP mg PO /l . . -1 order, II Co,mg/l P04 '+ -min I min = k for zero-order, 

1I ' ! I mg P04/l-min • j 
I 1 1 

! I . 

6
j Karl~ K-3 IDistilled I 16.8 k 1=3.6x10-7 I 6.0xl0
1 Kroupa · (sterile) 
! et al I 

r:;~ess F-5 Distilled 6200 k1=2.6xl0-7 l.6x10-3 Average ofI ~J I · sevBral I 
l . r.J;LSul ts, ,r . 

k1=2.3xlo-7 l.2x10-3 
Griffith

Iand I I · I

Distilled 5200IVan Wazer, V-5 

LM c Cull()_tJ__g_~l 


1Smith l-S.=-i6- , 
1 

Distilled 4700 I Y-':l=7. ox10-7 ; 3.3xlo-3 , 


Shannon I S-12 Distilled 1.6 kavo-=2.7xlo-5 . 2.7x10-5 No differential I 
0 I condensed phos- I 

1 · nhate analysis~ 
Quimby Distilled 40,000 . ~ l ki=l.Bxlo-7 _ 7.2xlo-3 Rate and concenQ-2 

· I tration used ar
I I I at p H=7 • 5 , and I 

adjusted to 
1I I 

_I>JI__==.7_•_____~-~ 
2.6xlo-6 No differential Nkavg=5.2xlo-8Green I G-6 50IDistilled 1 _ condensed phos

. I I phate analysis. I
II 

~~~~~~~~~--t-~~1···----- - 'II 
I 



TABLE XIX - Cont'd. 
,------------------ - -- -- - -- . -	 i l j! - -- ---- --~--- ----

I I I i I RATE CONSTANT k, AT RATE gF HYDROLYSIS 	 l1 

AUTHOR 	 i REFER-' AQUEOUS INITIAL I 20° AND pH=7 AT 20 C and p H=7: I REMARKS I 
l ENCE I MEDIUM CONC .OF ! d Fi t d =(k 0 0 )for first- !!2NO . I T PP . j e ro - or . e r : rs - ~f er : ~ order'l , C0 , mg/1 1mg P04/l-min min - = k for zero-order, I
I j I P04 1· mg P04/l-min. I i 

1--' ~ 
a: 

Clesceri 

iAlgal_ Cult. r " I =l.7xlo-
4 

j 	 I 1.7xl0-4 
I (nonst. ) 	- I ' 
j (Pure) in ·e'l ..Allen I I 

! " 	 I =3.lxl0-4 ! I 3.1x10-4 I 
1--- -

11 

_J 	 - I
I I 	 I { 
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TABLE XIX - Cont'd. 
1r-----~---c-----1 

- 1 RA':rE coNsTANT k, AT IRATE oF HYDROLYsis 
1 

AUTHOR IREFER- 1 .AQUEOUS I INITIAL 20° AND pH=7 jAT 20°c and pH=7: REMARKS 
. ENCE I MEDIUM , CONC. OF i= (k c )for first- !1 

1 
1· NO. . 

1 I TPP i Zero-order: First-order: I 0 order 
' j co, mg/l I mg P04/l-min min-l j= k for zer~-order, I 

1Ii I ~04 . ! - I I mg P04/l-min. j ! 
1

Englebrecht ! E-3 ! Illinois Wat. 2.95-12.3 1 ~avg=2.9x10-5 I 8.5x10-5 to Ji Since pH range 
·and Morgan I 'I Res. ervoi. r. , ! I I 3.6x10-4 of 7 .3 to 8.6 

_ (VP...f.iJJ~_. ) 1 1 ; was given only, 
11 11(membr. l =l.3xlo-5 I 3.8x10-5 to l the avg. value 

1 fil t) I i I l .6x10-4 I ~f 8.~ was used 
~- I ..... - in adJusting
l "'lr~;ir \ I 2 -95 I I =l.8x10- 5.3x10-4 I rate constants. 
1 (Unfil t • / I 

4 I 
No differential1 

condensed nhos-
I I !-.Pha_~e-~~a~y s~ s . 

Smith, S-17 Ohio River 20.0 I kavg=l.Oxlo-5 2.ox10-4 No differential 
Cohen and (settled) condensed phosI\1al ton phate analysis.lI 

- ~ I - j ~--
1Shannon s-i2 . L . Mendot~ 1. 65 .kavg=6. 7xl0 j I 6.7xl0 5 No differential 


P-~_qpsterile) 1 _ i condensed phos

phate analysis.
Black Earth 1.6 I =8.6xl0 I I 8.6x10-5 

! Creek 

Sawyer S-6 Domestic 30.6 I kavg=l.3xlo-4 4. Oxlo-3 I No differential 
Wast e1,rnter condensed phos

phate analysis. ,. 
pH of 7 .O wasf' 

, , assumed. I 
Karl-Kroupa ! K-3 ! Cultures of I 16.8 I fl =5.7xlo-5 l. 9. 6x10-4 

Since pH range [
et al Elodea I ,, of 6.~ to 6.9 . l~ 

=l .1x10-4 I l.9xlo-3Gleoca:psa was giv.en only, i-.oj 

II =2.oxio-4 3.4x10-3 the averageVaucheria I
I I 

l =l.2x10-4 2.ox10-3 _lvalue of 6.5 _ jICeratophyllum " I was used in' =3.7xlo-4 I 6.2x10-3.Allomyce s . '' I adjusting the /'~~ '' ! =3.sxio-4 I 5.9x10-3 data . • - ----- ---·-· - - - -- ·- -- ---·- - - - ' -~-~-~-~-~-~~-~~~----



TABLE XX: SID'.IMARY OF CALCULATIONS ON HYDROLYSIS STUDIES ON PYROPHOSPHATE (PP) 

FOR RATE CONSTANT AT 20°c AND pH = 7 


i 

IREFER- 1 
I . RATE goNSTANT, k2 , AT RATE OF HYDROLYSISI AUTHOR AQUEOUS INITIAL 20 C and pH = 7 AT 20°C AND pH=7 REMARKS 

!ENCE I MEDIUM CONC .OF PP =(k cJ for firstZero-order First-orderl C0 rng/l P04l NO. I mg PO4/1-min min-1 order,
I I ' =k for zero-orde~

i I il l, , 1 l 
I I : I!Campbell I C-1 i Distilled 

j . Iand · I 

I!Kilpatrick I I 
I . I 
I I ·1 I 
i I 

IDistilled 
l

lFrie SS 
I 

! F-5 I 
Ivan W~zer, I V-5 !Distilled 
!Griff l th & j I 

liMcCullough I 
fsmi th J S-16 IDistilled 
l I II 

1~~annon S-12 Distilled--l 
r reen G-6 IDistilled 

C-12 Distilled ! 

L.Mendota 
I 

I C-6 
1 (nonsterile) !l . 

I mg P04/l-min I 
I -8 2.1x10-638 j 5.6xlO Rate constants at 1 

I 
pH values near 1.0 

j cannot be adjusted
I to pH=7 due to un-

I Ireliability of 
I I Fig~l2 in this 

I region 

I I " -6200 

5200 · ! 8 4.ox10-4. I 1 .6x10
I 

I 

4730 -8 4.4x10-~9.3x10_
72 .9x10_
7 1.4x10:

33.lxlO l.5xl0 

1.39 l.2xio-5 I l.2x10-5 I 
50 7.6x10-8 I 3.8x10-6 

7760 
I, 

8.ox10-~ 6 -4I .2xl0 
411650 8.0xlo

8 
9.3x10:323200 9.sx10 2.2x10 

1 

l I I 
1.53 l.4x10-4 l_4Yl0..;4 . Cn-n~t.!=1-nt:<:! ha<:!AA Il. i -· ·--- ,----------..., ..,._......, ..... _I ' 1 ~ on zero-orderI 


-I 	 i L .Mendota '' I 4 .4xlo-5 I j 4 .4x10-5 response are 

I (sterile) I , used.
I -i--· 	 ' ' ---------- ·--! --- ·----;--- -- r--- -- I , ----- - !- -·· -·-- ... .. ------------------·---/

I
I 	 I
I•. 
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TABLE XX - Cont'd. 

I 	 j RATE CONSTANT, k2 , AT l RATE OF HYDROLYsrsl 
1I ! . 20°0 and pH = 7 i AT 20°0 .AND pH=7 1


.AUTHOR 
 REFER- AQUEOUS I INITIAL . i -- --r 	 1=(k cc) for first- . REMARKSENCE I MEDIUM iCONC.OF PP jZero-order jFirst-order ! order, : 

NO. I jC0 ,mg/1?04 j mgPO;/J.-min l min-1 1=k for zero-~rder, i 


•
l 

I 	 , I , m.g P04/l-min 1I 	 1 I I I 

i Clesceri ·1 c-6 IAlgal c. (Mixed) I ~-~--- 1 7 .9x10-4 I ___r ___ 7 .9x10-4 lConstants based 
(cont'd.) J 1n M.Allen 1 j I l on zero-order 

I (nonsterile) I j i response are 
t-~·-·-··1 , I I j. used. 

(sterile) I_ " ! 2.lxlo-5 I . j 2.1x10-5 I 
Algal C. (Mixed) j " ! 

I 
1I l.Oxlo-5 j I i.ox10-5 

l.5xlo-4 l.5xl0-4 

i-+ 1

I 3. 6xl0-4 1 . I 3. 6x10-4 
1 

I 

6. 9xlo-4 I 6. 9xlo-4 I 
in M.Gorham I I 

r-(!]._g_n st ~-:r.i). e ~ I
" . " 

(sterile) 1 I 

Algal C. (Pure) I II 


in M.Allen I 

(nonsterile) I : 


l~-~~~--0. (P~re ) " I· 

in M.GorhamI (nonste rile) 	 ~ J 
1 

I I 

Englebrecht E-3 Illinois I 2.95 	 . l.8x10-4 5.3x10-4 NFSQ-nonfiltered 

and Morgan l ~~~~rs 2.95 	 I I 4.3xl0-4 l.3xrn-3 :~~~;i~i~~~~f: 

1 t ion. Avg.
l . - --

7.36 I 	 I 5.9xlo-5 4.3xl0-4 value of pH=8.o
I was used in ad-

I justing rate 
j !1 

constant 
1--------_.._---+--------1-------t-- 1 ' 	 1' 

: 	 j 

I-' 
I\) 
I-' 

http:iCONC.OF


TABLE XX - Cont'd. 

I 

AUTHOR IREFER- I , AQUEOUS 


,-	 1 

ENCE I MEDIUM 

NO. I 


I 

.Smi~ S-17 Ohio River 

Coh~;' and I (settled) 

Walton I 


Local Ohio 
i Stream 

: 	 '. I ------ 
; Shannon I S-12 	 L.Mendota 


(nonste rile) 


-:Blaok Earth 
Creek 

~wyer I s-6 :,1Domestic 
. Wastewater 
I 

I 


RATE CONSTANT, k 2 , AT 1 RATE OF HYDROLYSIS 

20°0 and pH = 7 I AT 20°c AND pH=7 


INIT I.AL I . I =(k 00 ) for first-
 REMARKS 
CONC. OF PP Zero-order First-order order, 

. 00 ,mg/l P04 : mg P04;l-min l min-1 = k for zero-order, j
I mg P04/l-min ' 
! 	 I 

I 	 I
I . 	 +

. I 	 6 I
20.0 	 I 5.1x10- l.ox10-4 

-6 I 	 -520.0 I 	 .4.6x10 --~ 9.2~~~--i ~ 
1.1 9.2x10-5 	 I . I 9.2x10-5 


1.0 	 I 4.6xio-5 4.6x10-5 . I 

! 1 


30.6 i 	 ' 7 .5x10-4 I 2.3x10-2 pH = 7 .o '1'

! · I was 

1 · 1 ! . assumed. I

! I l 	 I 


._. 

I\) 
I\) 
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F igu~e 11 . Concent~ation depe~dence of the rate of hydrolysis of 
tripol yphosphate at 20°c and pB = 7. 
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Figure 120 Concentration dependence of the rate of hydrolysis of 
pyrophosphate at 20° and pH = 7. 

•E-·3 

•C-6 Mix.Algol C. 
• II II II 

•E-3 River 
• E-3 

• C-6 Pure Algol C . 

• C-6 Pure Algol C. 
•c-6 Lake 

•S-12 Lake . 

• S-12 River 

•C-6 	Lake(Sterile) . 

• C-6 Mix. Algol C.(Sterile) 

•S-12 
•C-G Mix. Algol C. (Sterile) 

o S-6 	 (2·3 x 10- 2 )Wostewoter 
•C-121' 

aS-16 
II 

~C-12 · 

oe-12 

•S-16River •V-5 

I S-17 River 
II 11 

LEGEND 
• S-16 Reference Number 
Medium 	 is distil led water unless 

otherwise shown 

•G-6 

•c-1 I-' 
I\) 
4::

Concentration of PP , mg I I P04 
I I . I. I 

l·O · 10 100 1000 10,000 roo,ooo 
10-6 



125 


respectively. The aqueous medium is shown as a parameter. 

As the concentration and rate range over several orders of 

magnitude, a log-log plot is employed. 

A discussion of Figs. 11 and 12 follows. As several 

of the points apply to both figures, they are discussed 

jointly • . 

1. 	 Distilled water studies are mainly at high concentrations 

of 4000 to 40,000 mg/l P04 • · Very few studies are at low 

concentrations of 1 to 50 mg/l P04. No studies were car

ried out in the intermediate concentration range. This 

makes it difficult to connect these two areas. Natural 

water, algal cultures and wastewater hydrolysis studies 

were carried out only at low concentrations. 

2. 	 At high concentration distilled water studies indicate, 
/ 

with some degree of variation, the first-order dependence 

of the rate of hydrolysis on concentration. On tripoly
,. ... 1 ._, 

phosphate studies (Fig. 11) Greens (G-6) rate is based on 

kavg and is therefore lower than Karl-Kroupa 1 s (K-3) 

rate. Shannon's (S-12) rate, reported as zero-order is 

about five . times faster. On pyrophosphate studies the 

linear extension of high concentration-rates agrees well 

with the two rates at concentrations of 38 (Campbell and 

Kilpatrick (0-1)) and 50 ~g/l P04 (Green (G-6)). The rate 

of Shannon (S-12) at 1.39 mg/l P04, reported as zero-order, 

is about four times faster. On the question of first-

order versus' zero-order at low concentration the litera

ture is not conclusive, but indicates that behaviour other 
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than 	first-order may occur at low concentrations. 

3. 	 The rates in sterile samples of Clesceri (C-6) agree 

reasonably well with the distilled water rate of Shannon 

(S-12) and thus add support to it. 

4. 	 Natural water samples of lakes, reservoirs and rivers 

show a range in rate of Up to about 1 to 2 orders of 

magnitude. The rate of Shannon (S-12) and Clesceri (C-6) 

on Lake Mendota water agree reasonably well, Shannon 

being lower, possibly due to the fact that the sample 

was incubated in darkness, whereas Clesceri 1 s was illumi

nated. All natural water samples have higher rates than 

the distilled water or sterile samples at the same level 

of concentration. 

5. 	 Algal cultures of Clesceri (C-6) have generally higher 

rates than_ most of the natural water samples. This would 
... ~ ·

be due to the higher concentration of organisms. The 

culture studies of Karl-Kroupa (K-3) (Fig. 11) exhibited 

a rate of the same order of magnitude as the wastewater 

sample of Sawyer · (s-6). 

6. 	 Comparing the rate of hydrolysis of tripolyphosphate 

(Fig. 11) with the rate of hydrolysis of pyrophosphate 

(Fig. 12) it appears that · pyrophosphate hydrolysis is . 

slower in distilled water. As all of the nondistilled 

wat~r studies on tripolyphosphate, on which data for both 

tripoly- and pyro- are available, were carried out without 
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differential condensed phosphate analysis, a comparison 

is really not possible. However, if rates are compared 

-as. shown, there appears no marked difference in the rate 

between pyrophosphate and tripolyphosphate. 

lJI-3 THE EFFECT OF. pH ON THE RATE OF H_YD.ESLL YSIS 

Van ·wazer (V-2 ) p. 455 states the follo wing: 

"The hydrolytic degradati'on of 8.11 chain and ring :phos
phates is strongly catalyzed by hydrogen ions. There
fore the rates in acidic media are orders of magni
tude faster than in neu~ral solution. A logarthimic 
dependence of the rate on pH appears to be a rather 
general phenomenon in the acidic region. 11 

· 

In order to be able to com~are rate data of various 

autbbrs it is therefore necessary, just as it was for tem

perature, to have a method ·of converting from one pH to 

another. This can be done by constructing an empirical 

gr~ph of rate against pH or by a nomograph. Griffith (G-7 ) 

has constructed such a nomograph for pyrophosphate and tri

polyphosphate in distilled water based on the data of 

Van Wazer, Griffith and McCullough (V-5). Temperature and pH 

are parameters on this nomograph, with the rate given as the 

half-life in hours. This nomograph could be used for the 

conversion in distilled water studies. However since it was 

based on the work of one group, it was decided to construct 

a graph _of the logarlthm of the rate constant agalnst pH 

and show all pertinent data on it. This would show the re

- liability of Griffith nomograph: Rate data in other media, 

such as natural waters, wastewater ~nd algal cultures are 
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shown on this graph as a parameter. A. common temperature of 

20°0 is used. All pertinent rate constants are shown in 

Table XXI and Table XXIII for distilled water, for tripoly

phosphate and pyrophosphate respectively, and Ta.ble XXII and 

XXIV for natural water, wastewater and algal cultures, for 

tripolyphosp4ate and pyrophosphate respectively. 

The rate constants are plotted against pH in Fig. 

13 for tripolyphosphate and Fig. 14 for pyrophosphate~ with 

the reference number shown next to the data. Griffith (G-7) 

nomograph results are shown in a solid line. A different 

symbol, as shown in the legend, was used, where no differen

tial analysis was done, and where ·the data were represented 

by~ zero-order response, rather than a first-order response. 

The 	 following conclusions can be drawn: 

,lripolyphos12hate pH dependence;_, Fig. l} 

1. 	 The dependence of the first-order rate constant for the 

hydrolysis of tripolyphosphate in distilled water is well 

represented by fue nomograph of Griffith (G-7)~ -hata of six 

other workers agree reasonably well, considering the as

sumptions that had to be made, in some cases, on activation 

energy values, and variations in experimental conditions 

other than temperature and pH. The rate constants are 

about two orders of magnitude higher in acidic condi

tions (pH = 1) than at neutral conditions. The range of 

concentration of these data varied from 16.8 to 77,QOO 

mg/l P04 2nd from 24° to 90°0 -as a temperature range. 



TABLE XXI: SUMMARY OF CALCULATIONS ON HYDROLYSIS STUDIES ON TRIPOLYPHOSPHATE (TPP) 
IN DISTILLED WATER FOR RATE CONSTANTS AT 20°c 

~rl-Kroupa

t a1 

IFriess 
I

j 

I 


1
 
1Van Wazer, 
Griffith & 

!McCullough 

;k-

REMARKS
l 

I 
RATE DATA 

I k2ooc' min-lJ 

EXPT. 

UNITS 

k1=4.6x10-7 

NO. 	 I mole j mg/l Po4 I IN AUTHORS 

K-3 i6.1- 24 ~rl6.8 . 1ti=l0,000-20,000 hrs.

I 6 •9 	 I ! 2 


ii 


1	 I ' I 

F-5 1 42 I 22 • 9 I 62 00 l J 	 !Extensive data, 

! 


1only some used.
I I ! 	 1 I
0.9 	 . I lk1=1.3xlo-5 sec- l k1=4.9x10-5 No catylyst added. 
11
0.9 

1
1 \ 	 =l.73xlo-5sec-l l 6.6x10-5 · NaCl '' 

o.8 I 	 =2.04x10-5sec-l · 7.7x10-5 I fl " 
11.0 I I 	 . =8.7x10-6 sec-1 .3.3x10-5 I u " 

II 

i.1 


V-5 I 	 i 5200 I -2 -1 I 

4 60 27.6 1 	 l~1=2.39x10 hrs ) 
 k1::1.4x10-6 

11 
. 90 I 	 I =7.66x10-l hrs-1 ) 

1 


7 60 28.0 l 	 ·1 =4.51x10-3 hrs-1) 
 =2.3xlo-7 
90 

'1· 

I =1. 52xlo-l hrs-1 )

1 

I I · 

11 

i 

1 

I 	 I
l10 \ 60 22.8 i 	 I =l.23xlo-3 hrs-1 ) =l.8x10-7 
 1•I 11 

I_ ! 90 I 	 I =2 .14xio-2 hrs-1) 

1 

.· 

1
 

r-------- I i l . - ·1 
j AUTHOR REFER-.i pH TEMP. E IINI'r I.AL CONC .1 RATE DATA AT 
·1 ENCE 0 c k ' cal/ l OF TPP t TEMP. AND 

--~th Is-16 I 165. 5 125. o i 4700 I . 	 _ 

1.4 1 I j 1k 1=86.4x10-4 min 1 

k 1=2.7xlo-5 

. 3. ~ I l j =16. 2x10:4 m~n:i ! =5. ox10:.~ 

4 • .J I 1 I =6.28xl0 m:rn · =2 .OxlO 	 1-J
1 


0-4 . -1 i 2 -6 	 l\J
• 	 =8 •4 xl min i = .3xl0 \014 4 

'1 	 - 4 • -1 ! 6 -6'+.7 I 	 =7 .55xl0 min ! =2. xlO

4
I l.5.0 I 	 =6.7 xlO- min-1 I =l.9x10-6 

----------- -----~- ! -·--··---!---! j 	 - - : 

1 



TABLE XXI - Cont'd. 

AUTHOR 	 I REFER-I pH I TEMP. ! E l INITIAL I RATE DATA AT EXPT. RA.TE DATA REMARKS -~ 
I ENCE ~. I oc 1 kcal/ I CONC .OF TEMP. AJ.\iD 20oc _1 

1 _J NO. 1 I I mole I TPP I IN AUTHORS UNITS k , min1 	 II . I Img/l P04

i·--- I ·1 -t : ;

1 
. 


IShannon S-12 6.3 I I 33.6 I ""1.6 	 Reports data as zero-i 

! 
1 

I j I 1 order response. On I 
20 , · . I 0.370 ~g P/1- kavg=3.8xlo-5 rep~ot of data on 

I :>00 hrs. mg PO /l-min semilog paper (1st I
I · : I I I 4 order) poor straight I 

I I! . 4 I o 013 '' ,1 line fit was obtained.rl ·1I • . . No differential analy- · 
l ! I

1 

I I sis for condensed 
j · l 1 phosphates was used.

1r- 4 f I . l 
iQuimby Q-2 I10.0 82 25.0 77 ,ooo i I Reported zero-order!I 

i down , I response. But sinceI I j . _ _ _ pH changed continu
'j I 7 •.5 I k1=2.36xl0 4hr 1 k1=1.4xl0 7 ously, this amount s to 

I . . _	 an H+ catalyzed reac_4 1 	 8
1 110.0 I =l.42xl0 hr =8.5xl0- tion with increasing 
, I i I rate •. From his data

1I I l · at points of known pH

I I I rates were determined


·----J . I l L as shown~ __ 


Green I G-6 	 I 5 165.5 28.6 50 , kavg=0.0150 hr-l ) l kavg=3.7xl0-7 · !No differential con
! 87 .8 =0.202 hr-1 ) · ! densed phosphate . 

1i 	 , _ I I analysis. Therefore I1I 7 65.5 30.9 · ,. =0.00357 hr ) I =5 •2x10-8 , r~te, dat.a are as kavg., i 
l 87 .8 I hr-1) ·wni.cn cann~t be !=O. 0591 	 1I I I -	 . c~mpared directly I 
! 9 165. 5 j 30. 9 I I =O. 00099 hr-l =l. 5xl0-S 1, wi·i;h kl• ~ 

·--~..__,_-~--) --1· .... i I I -----------··-··-·· -- -~- -·---- -·-----o 
' 
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TABLE XXI - Cont'd. 

1 !
RATE DATA AT EXPT. REMARKS lINITIAL RATE DATATEMP.AUTHOR I REFER- pH E

Oc CONG.OF TEMP. AND!ENCE k cal/ 20°0 -1 IIN AUTHORS UNITSTPP minmoleNO. k ' 
mg/l P04 

,... --...--~·- .. II 
25.0Crowther C-12 65.5 I 


and -3 -1 Ik1=2.19xl0 min I k1=7 .6xl0
-62.0 9,000Westman 
-6 l=2.•05x10-3min-l · =7 .lxlO 

-4 -1 
18,0002.0 

=3.2xl0-6 
4 -1 

9,000 =9.4xl0 min3.0 
=2.89xl0- min =l .OxlO-69,0005.0 I 
=l.5xlo-5 min-1 =5.2xl0 -8 I 

J 

9,0009.3 
I=4.9x10-7=l.4lxlo-4min-19,00012.0 I 
II -1.Van Wazer, No catalyst. 26 k1=5.4xl0-710,000 k1=0.152 hrV-3 7.0 j 90 

jGriffi th added. 
land It cCullough I i 

I 
Il I 

f-J 
\>j 
)-1 
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· 
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I 
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TABLE XXII: SU~Il~ARY OF CALCULATIONS ON HYDROLYSIS STUDIES ON TRIPOLYPHOSPHATE (TPP) IN 

NATURAL WATERS' ~fASTEWATERS .AND ALGAL CULTURES FOR RATE CONST.AN ·rs AT 20°0 

AUTHOR 	 REFER~ AQUEOUS ! pH ITEMP. I E I INITIAL I RATE DATA AT EXPT. RATE DATA REMARKS 

ENCE I MEDIUM I · 0 c lk caJ/ ICONC .OF . TEMP. AND IN .AT 2ooc I 


NO· j I Imole TPP AUTHORS UNITS · 

• 1mg/l P04 	 ! 
I 1 I 1 __l 	 I 

!Clesce ri 	I C-6 lL .Mendota 8. 3 l 25 I15. 6 I 1.53 lgraphical form only. ' -- INo differential
I 	 I 

II . 
1j(nonster.) I or from Fig. 6 condensed phos

; !1.1x10-4mg P0~/1-min · 7.ox10-5mg phate analjsis.I 
1· I Po4/l-min Rate data, for 

1r 1 I1 

sterile media 
IL.Mendota 8.3 j 25 25 1.53 k1=1.4x10-4 min-1 6.6x10-5m1n-1 , onl. y, obtained as 

l(sterile) . or from Fig. 6 1 kav and k 2 , from 
· . 1· I 	 5. 3xlo-5mg PO4/1...;min 2. 5xlo-5r:ig IwhiSh k1 was cal-
I . 	 , po4/l-min J culated. These ·1 

i 	 yalues based o 
1 

k 1 
/Algal Cult. 8.4 23 10 1.53 graphical. form only -- I a first orde. r re
(Mixed) in or from Fig.7 I sponse are ~hown • 
H.Allen ~ 1 3.8x10-4mg Po4/l-min 3.1x10-4mg For nonsterile1!
I(nonster.) 	 Po4/l-min media rate data1 

1. i
1 

were presented in 
'' j 8.4 23 25 1.53 k1=5.5xlo-5min-l 3.3x10-5min-l l graphical form 

(sterile) ! or from Fig. 7 only. All rate 
, 1.9x10-5mg P04/l-min l.lx10-5mg I data, calcula~edr . l I 	 P04/l-min l as pa~t o~ this 

IL------ , work in Fig. 6, 7 
I Al~al Ou~t J 8.4 I 23 10 j 1.53 graphical form only -- I and 8, based on a 
I (Mixed) in I I or from Fig. 8 h. I zero-order resp-
IM. Gorham I '·. 3.8x10-4mg P04/l""'.min 3.lxlO- ·mg I onse, are also 

(_~~:ist~r.) ' 1 , 	 PO1/l-min I shown. For com
1

'' 	 ! · -5 . -1 . -5 _, parison purposes
I .~ • .1 8.4 ! 23 25 .. 1.53 lk1=1.9xl0 min l.lxlO min .... with other . authors 
I (sterile) I 1. 1or from Fig. 8 6 : k values from 

11 	 j I l8.8x10-6mg P04/l-min 5.3x10- ~g F1v~ 6 and 
· 1 PO /1-min 

1 
g · ' 1 4• II I I

1 I I 
II 

I 	 . [ ~f:.Pi~~ 7 

tedin 

8 

L ----r---r T ; -t1 	 · · ·-· - -·· .. -- --- - .. I 

f-J 
\JJ 
(\) 
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TABLE XXII - Cont'd. 

IRE FER~ AQUEOU s r pH !TEMP. : E INITIAL 1 RATE DATAAT EXPT • RATE DATA 1 ···~---~------------- --~-AUTHOR 	 REMARKS 
1!EN CE l MEDIUH I I 0c k cru/ CONC. OF I TEMP. AND IN 	 AT 200 a I 

1
I NO. 	 1 I I mole TPP AUTHORS UNITS I 

l mg/l PO 1 I 

1 c1esceri C-6 ·i' ilgal Cult. j 8.4 1-23110 l-:-53~phical fonn only - __j 
1- (cont'd.) (Pure) in I I : · 1 or from Fig. 7 

!M.Allen : II i l.lx10-4mg P04/l-min 19.ox10-5mg 
! (nonsterile )j . j ~ P04/l-min 
~--- -·- ------ ' ----·---·-- ----------! 
Algal Cult. i· 8.4 i 23 10 1.53 I graphical form only · 

1 1
1 (Pure) in ! 	 j or from Fig. 81L_____l___r(~~~~~!~ne_) j __L . 

1 
2.ox10-4mg Po4/1-m1n l1~~~J=;l.: ! 	 _____, 

Englebrecht!! E-3 IIllinois j 7.3-; 29 ! 11 Halflife, days No differential I 
and. Morgan Waters 1 8. 6 1 ! condensed phos

! I 1 phate analysis.I! 	 _
Reservoir, I :· _ 2.95-	 15.2 l.8x10-5min Large amount offI 

lnonfilt. I ! -l 12.3 	 data on riv~r 1 

11!Reservoir,. , 1 ! " 34.1 . 8.0xl0-6 ~nd reservoi~ 
'membrane ! ! 1 · . \'l ater, averat:>e 1 

!,f il t ere d I ! j Ivalue s a re pre - ! 
: 

' 

4 Isent e d only. I
I, ~~ver, non- ! 

1 

! ! 2.95 I 2.4 l.lxlO- '' 
I l.L iltered 1 1 1 I · · 

Smith, Co- s-17 1~~-~o- ;~~~r 1 7 .5 [ 5,20; 13.2 - 20 I Halflife, .days, of 8.ox10-6min_ 1, No-~if;~~ent:;.1 
_hen and - I (settled) ! i 35 ! 14.4 - 1 240, 60 and 20 - ,condensed phos- I 
~-al ton j _ l . \ _______ __!_ ___ ~ ----- -------~- ! ~-	 ~hate ::ialysis. I 

1 

l 
lshannon S-12 1

1
L.Mendota l' 8.4 i 20 j 15.6 1.65 · l· o.339 mg P/1-500 hrs.) -5 jNo differential I 

. (nonster. ) ! 4 I I 0 • 07 2 11 ) 3•5x/l0 ~gl condensed phos - 1 

, . 1, ; I ! _ P04__2_:~-=--~ phate analysis I1 

1!Black Earth j 8.6 i 2.0 ! 8.6 1.6 1' 0.388 Ir ) 4 ox10-5mg· . 	 II 1 IOre ek t , j 	 11 • • 1
I. J I I , 4 1 O•114 	 ) PO4/1-min _1

I 	 T t l ~ i · - f 
r-' 
VJ 
'vJ 
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TABLE XXII - cont'd. 

I 

AUTHOR 	 1 REFER- I AQUEOUS ! pH - T ~-;;-. I E 1 
INITIAL RATE DATA 	 AT EXPT. I RATE DATA IREMARKS 

1 CONG.OF 'l'EMP. .AND 	 INENCE I 	 MEDIUM I I 0 c k cal/ AT 20°cTPP ,. AUTHORS UNITS 
I i 1 

NO· ! 	 l ~ mole 
mg/l P04 II 	 I I I_J_ -----r---- - - - - - I I 

Sawyer rI s-6 Domestic ! ? 20,5 8.6 30.6 
I 
graphical form only I from Fig.10 No differ-II 

. Wastewater ! 	 1 •3x10-4min-l ential. 

~-- --1----1 I 	 analysis 

lxarl-Kroupa ,. K-3 1· Cultures of j6.9- \ 24 10 16.8 Halflife, excluding I ! 
et al . 1 6 .l I induction period,hrs j l Differen-

Elodea , · 123 · 7 .3xl0-5min-l l tialJ 

I I . I i analysis 
Gleoca:psa I ! 66 l .4xlo-4 '' ! of con

.1 ; I densed 
Vaucheria · I I 35 2.6xio-4 " , p~osphate 

1 
1 

, . 1mixture. 
Ce rat o - I l I _4 11 

I Val idit y
phyllum 1 	 59 1. 6xl0 of first1 

! I I 	 i order4Allomyces 	 I ! I 19 4.8xl0- " I response I 
I I is ques- I 

Escheri- I . j tionable. 
schia coli •j l 20 1 4.5xl0-4 '' (See Fig. 

I ! I I 	 l 9 ). 

1--' 
VJ 
~ 
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LEGEND 
st -I• 	 k 1 (I -order)min 

st ·I 
 xxC-6 Mix. Algal C.0 k0vg. (I -order) min 

ti 

x 	 . ·----· kovg (0-order)mg P0411-min 

S-16 Reference Number •----• 11 x C-6 Pure Algol C.
·----9 o~	-- -oII S-6 Sawyer 

· o------oE-3 River 
Medium is Distilled Water 

unless otherwise shown 
x C-6 Pure Algal C. 

tl•F-5 	 •--:- -· x C-6 Lake 
.... •F-5 

x S-12 Riverx S-12 x S-12 Lake 

x C- 6 Lake (Sterile) 

o-----<> E-3 Reservoir ·ec 

t 
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O' 
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Figure 13. pH dependenc e o f 

t h e rate constant for the oG-6 
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phosphate at 2ooc. 
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TABLE XXIII: SUMMARY OF CALCULATIONS ON HYDROLYSIS STUDIES ON PYROPHOSPHATE 

IN DISTiLLED WATER FOR RATE CONSTANTS AT 20°C 

~UTHOR 1REFER-r~~1r~M;. 1 E INITIAL - CONC. RATE DATA AT EXPT. RATE DATA REMARKS
I lENCE ... l 0 c 1 k cal/ OF PP TEMP. AND -1

1 20°C,minI l NO. I ! I mole mg/l PO4 IN AUTHORS UNITS 
k 2 

' . ~ - --.----------
! I r ! 1 : -1 -4 1 
1Campbell I 0-1 I

1 

0.7 !49.83 j 21.7 ! 1.9 k 2=0.233 hr ! 
1 

k 2=1.3xl0 ! Extensive 
1i a~d . i 0.7 i I 21.7 I 19 =0.216 hr-1 = l.2xlo-4 ! data, only

1 

1 61K1lpatrick l ' I _ 

1' 

_ some used 
I l 1.1 j· 1 · 27. 5 I 3. 8 =O. 0319 hr ! = 7. 2xl o . 

I' 

I j 1.1 I i 27 .5 ! 38 =0.0318 hr-1 i = 7 .2x10-6 i 
I l 3 I I 28 ! 8 I - 8 -1 - . -6 l1I . 1. • 3 : 3 .. -0. 01 1 hr 

1 
II - 3.7xl0 1 

1le-- ! !3.3 I I 29.0 ! 38 , =0.00272 hr- · j -____=~ ·~xl?-7 J 
1Friess ! F-5 jo.9 49.75 22.8 I 6200 i k 2=5.4xlo-: sec= k 2=8.7x10:6 I 

! : 0.85 · I =6.94xl0 6sec 1 =l.lxlO 5 :
I . ! I I I 6 ' 5 Ii -1C--:---- : i o.8 . . =9.15xl0- sec -l I =l.5xl0~ J_ 

1lva:i ~i;.z;r! 1 V-5 1 1 60 I 22.7 I · 5200 
1 

j k 2=6.39xlo-2 hrs k 2=1.0xl0 5 I 
,Grif.Litn ~nd ; i LL I 27 6 I =7 38x10-3 i1 =4 2 10-7 !
!McCullough \ : · • i ! 

I 

• · • x 1 

r;~ ~~;; iS-16 ·2.8 65.5 25.0 i 4730 l k~=~~~~--;-4 min-1 I k2=1.2x10-6 

j . l :4.9 I I =2.99xlo-4 min-1 
.j' =9~2xlo-7 

· ,... o I 2 o o-4 · - 1 o -7 . ? • 1 
1 , = •9 xl min , =9 • xlO 

Shannon · S-12 ,6.3 21.2 
20 1.39 o.~63 =l.7x10-5 Reports data 

4 2.15 0.020 " 
mg P04 

1-min 

as zero
, order 
; response. 
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TABLE XXIII - Cont'd. 

AUTHOR 

I 

Ce~-, . , 

l 
REFER l
ENCE 

NO. I 

IIG-6 I 
I 
I 

pH 

5 

I 
TEMP. E I INIT I.AL CONC. 

oc k cal/ OF PP 
I mole I mg/l P04 
1 -- r -----~----r 

I r;i:;_t; I 2FLO I...., _,. _,, _,...,,,,,. 
87.8 

50 

RATE DATA AT EXPT. 
TEMP • .AND 

IN AUTHORS UNITS 

i -1I k2=o. 0168 hr )
I =0.215 _hr-1 ) 

RATE DATA 
0 -1 

k .2 20 C, min 

k2=.l 

REMA.RKS 1 

Crowther 
and 
Westman 

I 
I 

C-12 

. 

I 

7 

2.0 
2.0 
2.0 
3.0 
6.0 
9.3 

10.9 

65.5 
87.8 

65.5 

I 

29.6 

25.0 

i 
I 

1 
I 
I 
I 
I 
I . 
I 

I 
'!, 
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11,650 
7,760 

23,200 
23,200 
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I -1=0.00404 hr )
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I 
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TABLE XXIV: SUMMARY OF CALCULATIONS ON HYDROLYSIS STUDIES ON PYROPHOSPHATE (PP) IN 

NATURAL WATERS, WASTEWATERS AND ALGAL CULTURES FOR RATE CONSTANTS AT 20°C 

I AUTHOR I REFER~ AQUEOUS pH TEMP. I E INITIAL l RATE ' DATA AT EXPT. 1· RATE DATA REMARKS1· 

!ENCE· . ! MEDIUM 0 c .kcal/ CONG.OF TEMP. AND AT 20oC 
I NO. l Imole PP . IN AUTHORS UNITS I 
I -~~~~~~~--~~~~--4-m_g_/_l_' · 1 P04, 1 

' Cl~~-;;~-;ir 
i - ------ ... ·-~--------·· 

IL.Mendota 
l(sterile) 
I 

!Algal Cult.I(Mixed) in 
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· l(nonsterile)r·· --- 
I " 

C-6-__...,...iL-(n-._~-fi~- ~~~;~le) 

:8.3 
I 
I
: 
8 .4 

8.4 

8.3 25 18 .5 

I--..
:;5 II 25 
l 
! r
I 

23 10 

!' 

23 I 25 

I 
I1 

I 
J 

!I 

1. 53 

1.53 

1. 53 

1.53 

11 

graphical form only - !No differen . 
or fro12:

4
Fig. 6 I _ jtial conden

l.3xl0 . mg Po4/1-min I 7.4xl0 5 mg lsed ph~sphate 
. POALl-min ianalys is. · 

6.lxl0-5 m_in-1 
II 2.9x10-5min-3.. jiRate data pre

or from Fig. 6 sented as k2 
5 .1x10-5 mg P04/l-min I 2 .4x10-5mg !for sterile 

· P04/l-min 1 cond~ tions . . _ 
graphical form only ·--:-.=- l and in graphi- I 
or from Fig. 7 · cal form for 
5.ox10-4 mg P04/l-min 4.lxl0-4mg l non~terile con-1 

1 po4/l-min di t1ons ~, . . . . Clescer1 s k2 
7 .4x10-6 min-l · 4.5x10-~:in-l value~! based 

!
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,
! 
~;?al Cu~t. 
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j M.Gorh~ 
,1jp_o_~~te rile) 

11 

L 
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, 
I.Algal Cult. 

8.4 

8.4 

8.4 

23 

23 

23 

I 

I 
-r 

1 

10 

· 
~ 
I ~5 

· 

I. 
I 10 

· 

· 

I 

1 

. 

'1 

· 

1.53 

1.53 

1.53 

or from Fig. 7 
l.8x10-5 mg PO /1-min 

1 

4 

1graphical. form only 
or from4 F1g. 8 
4.4x10-' mg P04/l~in 

·D :r 
6.lxlO min-

I or from Fig. 8 

I 
8.6x10-6 mg P04/l-min 

, . 
! _graphical form only 

on a ..i.:i.rst
l.lxlo-5mg order response 

PO
4
;1-m in are shown. All 

- - · :::.----i~~{:t~~t:~ ~:;~ 
4 of th' k 

3.6x10- mg I· Fiis ~o~ d 
PO4[1_-!?~!}: ____~18~ ba~~d ;n :n 
3.7x10-~in- .zero-order re

11sponse are 
5.2x10-6mg 

1 
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Po4~~-=~in 
1
For compar~son 

- lipurposes with 
' (Pure) in 

~ 
1 1'1 _ •.Allen 

-~_?E_~~eri~~) 
: . 

!
Algal Cult 

i (I11re) in 
iM.Gorharn(nonst 

8.4 
7. 

2.:; 

I' 

1I 

! 
! 

10 

I 
1 · 
! 
i 

_ l 

1· or from Fig. 7 
9.8x10-5 mg P04/l-min

I 
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-- -.:.: ··--·-·-----,_. and 8 are plot
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2. 	 The data of Green (G-6) on distilled water are low due to 

the fact that they are kavg values which are of necessity 

lower than k1 • The data of Crowther and Westman (C - 12), 

at pH of 12, are high and would indicate a base catalysls. 

Van Wazer, Griffith and McCullough (V-3) have sugge st ed 

that this apparent base catalysis is ca.used by formation 

of complexes with sodium ion. 

3. 	 The data of Shannon (S-12) on distilled water are at the 

lowest concentration_of tripolyphosphate, 1.6 mg/l P04, 

and are the only ones reported as a zero-order response .. 

Nondifferential condensed phosphate analysis was used • 

.A. direct comparison with other workers on distilled water 

is therefore difficult, but it is evident that Shannon's 

rate constant is at le~st one magnitude higher than 

others. Further discussion on this point is g-iven in 

III-2, under concentration effect on rate of hydrolysis~ 

4. 	 All data on river, lake, algal cultures and wastewater 

are about two to threo magnitudes faster than predicted 

by Griffith nomograph for distilled water. Algal cultures 

and wastewater, having the highest concentration of orga

nisms show the fastest rate of hydrolysis . Sterile 

samples show the slowest rate, of about the same order of 

magnitude or lower than Shannon's distilled water rate. 

Direct numer ical comp aris on is not possible due to the 

different analytical techniques used, different ·order of 

response of reporti~g r a te data, and the difference s in 
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media and environmental conditions. 

5. 	 The pH value of river, lake, algal cultures and waste

water samples varied from 6.1 to 8.6. No single exp.eri

ment was carried out at several different pH values. ·The 

pH dependence of the rate is therefore unknown. As the 

relatively fast rate of hydrolysis in these samples is 

due primarily to the presence of some organisms, one 

would expect the fastest rate of hydrolysis at the optimum 

pH for growth of the organisms. 

Pyrophosphate pH dependence, Fig. 14 

1. 	 The dependence of the first-order rate constant for the 

hydrolysis of pyrophosphate in distilled water is well 

represented by Grif~ith's (G-7) nomograph. Data of six 

other workers agree reasonably well, considering the as

sumptions that had . to be made, in some dases on . activa

tion energy values, and variations in experimental condi

tions other than temperature and pH. The rate constants 

are about two to three orders of magnitude higher in 

acidic conditions (pH= 1) than at neutral conditions. 

The range of concentration of these data is from 1.9 to 

23,200 mg/l P04, the low concent~ation having a very low 

pH value of 0.7. The range of temperature is from 49.75 

to 87.8 0 C. 

2. 	 The data of Shannon (S-12) on distilled water are at the 

lowest concentration of pyrophosphate, 1.39 mg/l Po4 , 
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and are the only ones reported as a zero~order response. 

As with tripolyphosphate, it is evident that Shannon's 

rate constant is at least one magnitude higher than 

others. Further discussion on this point is given in 

III-2, under concentration effect on rate of hydrolysis. 

3. 	 The rate of hydrolysis of pyrophosphate in distilled water 

is about two to four times slower than for tripolyphosphate. 

4. 	 Conclusions 4 and 5 on tripolyphosphate hydrolysis in 

river, lake, algal culture and wastewater apply as well 

for pyrophosphate. No general conclusion can be made on 

the relative rate of tripolyphosphate versus pyrophosphate 

in these type of medi~. 

McGilvery and Crowther (M-8) examined the role of the 

hydrogen ion in the hydrolysis of sodium pyrophosphate in some 

detail. They found that experimental data were well represen

ted by an expression 

dO 	 _ + 0.25 
- k 	 (H ) x Cdt 

where C is the concentration of pyrophosphate at any time t. 

Since it was difficult to conceive of any mechanism which would 

satisfactorily expl~ln the fractional power of the hydrogen ion 

concentration, they proposed a different rate equation. 

- ~~ = k 0 (H0 ) + k1 (H1 ) + k2 (H2 ) + k
3 

(H3 ) + k4 (H4 ) 

whe.re (H ), (H1 ), (H2 ), (H ) and (H ) are the concentrations 
0	 3 4 

4- 3- 2- 1of P2o , HP2o , H2P2o , H P2o and H P2o respectively7 7 7 3 7 4 7 



and k , k1 , k2 , k3 and k4 are the first-order hydrolysis rate 
0 

constants associated with the various anionic species. The 

role of the hydrogen ion is to determine the proportion of 

each species present in the pyrophosphate solution. The above 

equation t·1as solved and the following values .were obtained 

- 4.7 x 10-6 min-lko 

k1 = 5.25 x 10-5 min-1 

k2 = 2.8 x 10-4 min -1 

k3 = 7 ,,3 x 10-4 min -1 

k4 = 3,,9 x io-3 min-1 

A possible mechanism of hydrolysis that could explain 

the profound differences in the rates of the various species 

is discussed at length. 

... .... ..... 



1V ~VELOPMENT OF .ANALYTIC.AL TECHNIQUES 

The literature survey revealed a number of possible 

methods that might be modified in order to suit the needs of 

this work. These needs are: 

1. 	 A method for the analysis of distilled water and lake 

water; concentration range: 0.010 - 1.0 mg/l P04 . Manual 

and automatic analysis for orthophosphate, condensed 

phosphates and total phosphorus. 

2. 	 A method for the analysis of distilled water and waste

water• 

Concentration range: 1 - 100 mg/l P0 • Manual and auto4 
matic analysis for orthophosphate, condensed phosphates 

and 	total phosphorus. 

3. 	 A method for the differential analysis of a mixture of 

condensed phosphates. 

Concentration range: lake water and wastewater levels. 

Medium: Distilled water, lake water and wastewater. 

Mixture: Orthophosphate, pyrophosphate and tripoly

phosphate. 

The development work first concentrated on 1 and 2. 

The early literature survey on 3 did not reveal methods .that 

appeared likely to give reliable quantitative results, 

145 
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particularly at the low concentrations used in lake water 

work. Only later literature surveys suggested that the use 

of ion exchange chromatography might be both feasible and 

possible without the purchase of extra equipment; Develop

ment work on 3. was therefore not done until several months 

of experimental work had been completed. 

The methods as finally used are written up in detail 

in Appendix A. This chapter describes some of the trials 

and tribulations experienced. 

1Y.::1. ~FINITION OF TERMS AND UNITS OF MEASUREMENT 

Definition of Terms: 

The samples to be analyzed throughout this work are 

distilled water, lake water and wastewater as media, with 

added tripolyphosphate or pyrophosphate. For the distilled 

water and in fact also for lake water with added condensed 

phosphates the particulate phosphorus fraction is either non

existent or negligibly small, .so that only soluble phosphorus 

is of importance. For the wastewater samples on the other 

hand both the particulate and the soluble phosphorus frac

tions must be measured. For the purpose of this work the 

followir.i.g definitions and methods of determination are made. 

Filter: means a Millipore filter, o.~5 micron HA, 47 mm dia, 

(unless otherwise stated under each experiment). 

Extraction: solvent extraction with isobutyl alcohol. 

The following determinations are done: 
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On Unfiltered Sample 

Det. 1: Total Phosphorus (UTP) - see Appendix A, 3. 

Det. 3: Reactive Phosphate (Orthophosphate) (UOP) - see 

.Appendix A, 1 or 2. 

On Filtered Sample 

Det. 2: Total Phosphorus (FrP) - see Appendix A, 3. 

Det. 4: Reactive Phosphate (orthophosphate) (OP) - see 

Appendix A, 1 or 2. 

Total Phosphorus (UTP): Determination 1 

Filtered Total Phosphorus (FTP): Determination 2 

Filtered Reactive (Orthophosphate) (OP): Determination 4 

Filtered Unreaqtive (Condensed Phosphate) (OP): Determination 

2 Determination 4 

Particulate Phosphorus (PAP): Determination 1 Determination 

2. 

For wastewater samples all four determinations are 

normally made. For distilled water samples and lake water 

samples with added condensed phosphates results of Determina

tion 1 and 2, and 3 and 4, respectively, were shown to be the , 

same, as expected, and therefore, only Determination 1 and 

Determination 3 were carried out in general. 

The results of Determination 4, Reactive Phosphate 

(Orthophosphate), could include some portion of any condensed 

phosphates, and soluble organic phosp~orus which might be 

hydrolyzed during the test procedure. Tests on prepared 

samples showed that for the procedures used .this was not 
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detectable. The.refore the term Reactive Phosphate is synony

mous with orthophosphate in this work. For the same reason 

Filtered Unreactive Phosphates are equated to Condensed Phos

phates, for distilled water and lake water samples. In some 

of .the wastewater samples . soluble organic phospllorus com

pounds may have been present and in this case filtered unreac

tive phosphate is the sum of condensed phosphates, naturally 

present or added, and any soluble organic phosphorus naturally 

present. 

Units of Measurement 

In loo_king through the literature of methods of meas

urements and actual data on phosphorus levels in wastewater, 

streams, lakes and oceans it is difficult to compare numbers 

since several units are used and often it is not clear in 

which units the particular author reports his data. The fol

lowing units are used as shown in Table XXV and conversion 

figures are given in .Table XXVI. 

TABLE XXV: UNITS OF MEASUREMENT OF PHOSPHORUS 

-~;·;- OF ~~~SUREMENT--r ____REFERENCES -----. 

p.g/l P (or P0 -P) 0-2, E-1, F-4, H-9, K-8, M-10,
4 

M-15, S-7, V-6, B-4 . 

..~g;~·- PO~--------------, ·;~;~-;=~~-~~;;···H~;:--~=;_~-~--

- ------ ---·-·------ -·· --·-···-- ---- ---- ".. -~---------- •--------------~-- .. --•>-·--·-----··· -~-- ·--------------·----·· 

p.g/l P20s . . ~ A-9, E-3, L-9, L-10 _ __.__._____ ------,,.-.-----·~~---------

pg-at/l P S-19, S-20 

p 1v1 (micr~--mol-~;_:-)P04--1 P-3 ----·--·__ ·--
.a.-.:·---....--..........,._~---···· .. ---.-..- --~~- ...-·~~-,~-·-· _,,,,.,... ___~--- . ~ •'"=-'""·-~~...-......,,r~- ........ ,.. 


For higher concentrations mg/l is used for lOOOpg/l. 
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'T.ABLE XXVI: CONVERSION FOR UNITS OF ME.ASURENENT 

OF PHOSPHORUS 

The most commonly used unit is µg/l P. Oceanographers 

seem to preferpg-at/l J?, the soap -industry uses mg/l P2o5 o 

Standard Methods (A-3 ) uses mg/l 1?04. ill measurements ln 

this work are reported as mg/l Po4 • The conversion numbers 

given in Table XXVI are used to convert other authors data to 

mg/1 P04. 

J.V:?- 1.AKE WATER APPLIC.ATION 

.As the equipment to carry out automatic analysis for 

phosphorus was available from the beginning of this work, the 

need for a manual analysis was caused by the desi!'ability of 

checking the automatic analyses at times.. Based on the litera

ture survey the decision was made to try the Stannous Chlori.de 

. Method as recommended by Association of .American Soap and 

Glycerine Producers Committee R.eport (.A.-11) and the .Ascorbic 

http:Chlori.de
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Acid Method, Murphy and Riley (M-16) and modified by Stephens 

(S-l9) and Kramer· (K-9). Both methods need to be used with 

and without extraction to cover the range of phosphates in 

lake water, ie. 

Unpolluted Lake waters: 0.0-0.1 mg/l P0 1t Extraction required. 

Polluted Lake waters: 0.1-1.0 mg/1 P04 No extraction re

quired. 

The Stannous Chloride Method (A-11) which is a modification of 

Standard Methods (A-3) Method B, was first tried in the range 

of 0.025 .125 mg/l P04 • Extraction was used. The repro

ducibllity at the higher level of 0.125 mg/l P04 was reason

able, but poor at lower levels of concentration. Fu.rther work 

on this method was discontinued. 

The Ascorbic Acid Method with extraction employs a 

mixed reagent, containing ammonium molybdate, sulfuric acid, 

potassium antimony tart rate and ascorbic acid. A b.lue colour 

results in the presence of orthophosphates _, which is extracted 

with isobutanol and the optical density is measured at 

690 mi1limicron. Ap:9roximately 100 determinations of standards 

were made in the range of . 0.005 to 0.100 mg/l P04 • A least 

square line through the or'igin was fitted to these data with 

the following results: 

!tllh ·y tracg on: 

Equation of line: mg/l P04 = 0.285 x optical density 

Correlation coefficient: r = 0.985 

Precision ~t . 020 mg/l P04.: + .004 a t 95 percent 
confidence 
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Precision at .080 mg/l P04 : 	 ± .005 at 95 percent 
confidence 

Reagent 	blank (double distilled water): O.D.= 
0.015 .::!:. 	 0.012 

If a sample exceeds -0.1 mg/l 	Po it can be brought into
4 

the range of the extraction method by dilution with double dis

tilled water. This procedure was used only for the occasional 

high sample. For samples from polluted lake water areas or 

for artificial samples in the range of 0.1 - 1.0 mg/l P04 the 

extraction step wa.s omitted. A different calibration curve is 

needed, the optimum wavelength is 880 millimicron. Approxi

mately fifty determinations in the range of 0.1 - luO mg/l P04 

were made. A least square line through the origin was fitted 

to the data with the following results. 

without 	extraction: 

Equation of line: mg/l P04 = 2.10 x optical density. 

Correlation coefficient: r = 0.995 

Precision at 0.2 mg/l P04 : + 6025 at 95 percent 
confidence 

Precision at 1.0 mg/l P04 : + .035 at 95 percent
confidence 

To improve the precision of the method, a spectre

photometer of 10 cm cell length should be used, rather than 

the cell length of 1 inch (2.54 cm) of the Bausch and Lomb 

Spectronic 20. Such an instrument was not available. How

ever, since the data were mainly obtained by the automatic 

method, this was not a serious disa~vantage. 
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Determination of 012timum Wavelength and Stability with 

Extraction: Stephens (S-19) reported two· absorption peaks 

for the extract at 690 and 810 millimicron of similar magni

tude. Fig. 15 shows data for a .01 and .03 mg/l Po4 sample, 

run in this work. These results agree with Stephens' work. 

690 millimicron was selected as the optimum wavelength for 

the extraction method. 

Influence of time on optical density was investigated 

at several levels of concentration. The initial reading is 

taken about 15 minutes after contacting with mixed reagents. 

A typical result is given. 

Time Optical Density Reading 

Initial Reading 0.115 

1/2 hour 0.118 

1 hour 0.120 

Without Extraction: Absorption peaks for the method · without 

extraction are reported by Murphy and Riley (M-16) at 710 and 

882 millimicron, the latter being considerably higher. Re

sults of this work are shown in Fig. 16. These results agree 

with Murphy and Riley. An optimum wavelength of 880 milli

micron was selected. 

Influence of time on optical density was investigated 

at several levels of concentration. The initial reading is 

taken at about 15 minutes after contact with mixed r~agent. 

A typical result is given. 



Figure 15. Spectral transmission curve f or ~scorbic acid method with 
extractioh. 
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Figure 16 . Spectral transmission curve f or ascorbic acid method 
without extraction • 

. 50 

.40 
>
1

(/) 

z 
w 
0 

.30 

_J 

<( 

u 

l
a.. 
0 .20 

.10 

OPTIMUM WAVELENGTH 880mJ1.1 

I-" 
lil 

rJ
w 

500 600 700 8 0 0 900 
WAVELENGTH mJl 



154 

Optical Density Reading~ 

Inltial Reading 	 0.120 

;!,,_ 
2 hour 0.120 

1 hour 0.115 

6 hours 0.118 

Influence of Temperature 

Stephens (S-19) reports that the method is indepen

dent of temperature but gives no data. Strickland and Parsons 

{S-20) state 

"The method appears to have no significant tempera
ture coefficient (less than 0.2 percent per oo) 
between 15°0 and 30°0 but it is probably wisest to 
have samples at a temperature within this range." 

Temperature influence was investigated in this work and the 

results are shown below. 

Temperature 0 o 	 Optical Density Readings 
Sample #1 Sample #2 

0.300 	 0.280 

0.290 	 0.275 

0.310 	 0.295 

0.295 	 0.290 

0.300 	 0.290 

0.285 . 0.280 

The readings at 15°0 are a little higher than at 5° 
0 

or 25 O, but the variation is no larger than the variation 

at a fixed temperature. Some difficulty was experienced with 

the extraction at 5°0. The procedure used f:Jr routine work is 
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to let all samples come to room temperature {15-25°0) before 

analysis. 

Influence of Filteri:tIB_ 

For certain sample_s containing sufficient turbidity 

filtering before orthophosphate analysis is necessary. Strick

land and Parsons (S-20) suggest to filter when the turbidity 

gives an extinction exceeding 0.05. The filter used is a 

Millipore Filter, 47 mm dia.; 0.45 micron Grade HA. A 0.05 

mg/l P04 standard solution as well as lake water samples were 

compared for the effec~ of filtering. 50 ml of sample was 

filtered each timee The results are given below. (.All 

figures given are means of triplicates.) 

pptical Density 

Analysi.§_l__ . !nal_,ysis 2 ~pal,,.ys"'"'~L2. 

Unfiltered: 0.275 0.280 0.290 

· Filtered: 0.390 0.300 0.275 

HQ.i§_: 	 For .Analysis 1 a new filter was used, and the same 

filter was used for .Analysis 2 and 3. 

For this standard solution one would expect no di£

ference between the filtered and unfiltered sample. However, 

.Analysis l clearly shows that some material must be picked up 

by the sample in filtering, which increases the optical den

sity reading and would therefore be interpreted as phosphates. 

Analysis 1 represents a pickup of 2.6 }Ti g P01t from the filter. 
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.After three filtrations this does not occur any longer. The pro

ced~re adopted is' to filter approximately 100 ml of distilled 

water through the filter paper before filtering the sample. 

Rigler (R-3) and Jenkins (J-2) found that membrane filters 

contain about 1 pg P (or about 3 pg .P04). They recommended 

that membrane filters be soaked in distilled water before use 

or be washed by filtering sufficient distilled water prior to 

sample application. 

With lake water sampies taken on a winter cruise, the same 

phenomenon was observed, that is, filtered samples gave higher 

orthophosphate results than unfl.ltered samples: unless the 

filter paper first had been washed. If this was done then 

results of filtered and unfiltered samples were the same, show

ing that for these lake water samples filtering was not neces

sary. However, with higher turbidities there may be an inter

ference. For this reason all samples are filtered through pre~ 

washed. filters. 

JB.1.erferences 

Murphy and Riley (M-15 ) provided lnformation on inter

ferences of several ions with their non-extraction method. 

Ions investigated were copper, iron, arsenic, silicon, 

vanadium, and germanium. Only arsenic interfered apprecic:.bly 

when present in concentration of 1.0 mg/l. At the concentra

tions normally found in sea water none of these ions would. 

interfere to any extent. It was also noted that in every case 

the interference was much less than that ·found in the Stannous 

Chloride Method. For the non-extraction method Strickland and 
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Parsons (S-20} reported that silica caused no interference, 

and interference from arsenic normally was negligible. With 

extraction this will apply even more so. Henricksen (H-16) 

reported on silica interference with the Stannous chloride 

method (H-9) , and suggested changes to the method which 

el.iminate this interference. There was no work done on 

interferences of this type in this investigation, but at the 

le~els of concentration for possible interfering ions in Great 

Lakes waters no significant interference is expected. 

Ascorbic Acid Method 

The manual ascorbic acid method without extraction was 

adapted for the Technicon Autoanalyzer after Chan and Riley 

(0-2 ). The equipment consists of the following: Automatic 

Sampler,·Proportioning Pump, Manifol4, Heating Bath, Colori

meter, Recorder and Mixing Coils. The flow· diagram was simi

lar to Ohan and Riley (0-2)., The mixed reagent was prepared 

as for the manual analysts. The wavelength of 650 mp. had to 

be used since no filters close to the optimum wavelength of 

880 ~ p were available. This may in part account for the poor 

results obtained. The experiment was tried at temperatures of 

25°0 and 70°0, and then cooled to room temperature. Range ex

pansion of 1X1 2X, 4.X and lOX was used. The following was 

observed: 

1. 	 Sample cups must be acid washed, otherwise erratic results 

are obtained. 
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2. 	 70°0 temperature in heating bath gave unsteady base line 

and peaks. 

3. 	 lOX range expansion gave unsteady baseline and peaks. 

4. 	 Unless acid wash cups were interposed between each sample 

cup the recorder trace did not return to the baseline. 

With a 2:1 cam (sampling:wash) and wash cup interposed 

this provides a sampling to wash ratio of 1:2. 

5. 	 Even with 4) there is a slight drift of increasing opti

cal density in the baseline. Fast acid wash with 2-speed 

proportioning pump returns baseline to original position. 

Fig. 17 shows an actual recorder trace of standards in 

the range of 5-100 µg/l Po4 . Further work on Ascorbic 

Acid Method was discontinued, in favour of the Stannous 

Chloride Method. As the latter method gav~ good results, 

as described below, no further work on the Ascorbic Acid 

Automatic Method was done. However, with the proper 

filters, 880 mp, and further development work, there is 

no reason why the method. should no·t give satisfactory re

sults in this range. 

Stannous Chloride Method 

The method used is a modification of Gales and Julian 

(G-2). The procedure and flow diagram are given in .Appendix 

A. The method gave good results over the range of 0.01 - 1.0 

mg/l Po4·, using lX, 2X and 4X range expansion. A typical re

corder trace of standards is shown in Fig. 18. 

To determine the precision of the method ten determinations 
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each were done at two levels with the following results. 

0.5 	mg/l P04 0.05 mg/l P04 

lX 	"{1.§.pge Ex;Qap_§i£ll ~X Range E!J2.§-ps}on 

Optical Densit~ Optical Density 

Mean 0.319 	 0.206 

Std. Deviation 0.0038 	 o. 0049 

95 percent 

Confidence 


Limit: 0.319 ± 0.0076 0.206 ± 0.0098 


0.5 	+ 0.020 ·0. 05 + 0. 0025 
- mg/l J?04 - mg/l P04 

IV-2.,2 MANUAL .8~ND SEMIAUTOMATIC ANALYSIS FOR TOT.AL-11lQ..§,rnus 

The literature survey revealed a number of different 

methods that could be used for . total phosphorus analysis on 

lake water and lake water plus added condensed· phosphates. 

Particularly on the latter type of s~ple, where total phos

phorus essentially amounts to total · inorganic phosphorus, 

probably all methods will E?ive satisfactory results. Due to 

the simplicity of the method and its previous use with an auto

analyzer the Persulfate Digestion Method of Gales and Julian 

(G-1} was selected for trial. The details of the digestion 

:procedure is given in Appendix A, Method 3a. Standards must 

be subjected to the digestion procedure, before automatic 

analysis since the acid concentration .is slightly different 

from the orthophosphate procedure. Test samples ·of lake water 

·with varying amounts of added sodium tripolyphosphate were 
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prepared and analyzed for total phosphorus by the Persulfate 
·-. 

Digestion Method, as per Appendlx .A, Method 3a. The results 

are shown below. 

Lake water Sample: 	 Total Phosphorus 0.074 mg/l P04 

Orthophosphate . 0.039 mg/l P04 

Added TPP Additional total phosphorus 
measured 

mg/l P01t mg/l P04 

0.50 0.52 

0 .11-8 

0.51 

1.50 1.47 

1.52 

1.54 

IV-2.4 CONDENSED PHOSPHATES 

Gales and Julian (G-2),whic~·was the major reference 

from which the automatic analysis for orthophosphate was pre

pared, recommends the addition of 1 ml of a sulfuric ac id 

solution (310 ml boncG H~S04 :per liter of solution) to a 

50 m_l s amp1 e . Ove rn igh t st g.n c1 tng wi 11 hydro1 y z e any con 

densed phosphates present. This was tried on distilled 

water samples to which sodium tripolyphosphate was added. 

Total :phosphorus and orthophosphate determinations according 

to the methods in A:!.)pendix It were also carried out. The 

results are shown below. 
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Added: 2.60 mg/l P04 Added: 2.30 mg/l J?04 

Time after 
Addition of 

of TPP. 
Incubation Temp. 

of TPP. 
Incubation Temp. 

TPP 20°0 4°c 
FTP OP OP+CP FTP OP OP+CP 

hrs mg/l P01~ 

1 2.55 0.32 · 1.25 2.35 0.08 0.60 

2 2.60 0.41 1.30 2.25 0.10 0.56 

4 2~50 o.45 1.30 2.30 . 0.11 0.55 

6 2o60 0.48 1.26 2.25 0.13 0.56 

10 2.60 0.65 1.26 2.25 0.18 0.55 

24 2.60 0.67 1.903 2.25 0.20 0.633 

48 2.60 0.77 1.702 2.25 0.23 0.542 

72 2.50 o.88 1.601 2 .. 30 0.23 O-c471 

120 2.50 1.30 2.053 2.30 0.30 0.603 

The time of overnight hydrolysis in acid solution was 

twelve hours, unless otherwise shown. If this were sufficient 

the results off~P and OP+CP for this artificial sample should 

be the same. The results clearly indicate that overnight acid 

hydrolysis was not sufficient to hydrolyze all of the condensed 

phosphates in the sample. On four samples as shown the time 

of acid hydrolysis was incr~ased to 1, 2 and 3 days. This 

caused, as expected, an increase in hydrolysis, but even after 

three days the highest value only measured about 80 percent of 

the phosphate present in the sample. This :procedure was there

fore considered unsatisfactory. However, for distilled water 

samples and for filtered lake water samples} to which condensed 
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phosphates . in concentration of 0.5 mg/l P0 or higher was4 
added, Total Phosphorus is synomymous with ortho-plus 

condensed phosphate. Therefore the Total Phosphorus-Persulfa-Ge 

Digestion Method was used in these cases, and cond_~n ·se· d phos

phates obtained by difference. 

IV-2.5 	 DIFFERENTIAL ANALYSIS OF A CONDENSED PHOSPHATE MIXTURE 
BY ION EXCHANGE CHROMATOGRAPHY 

After study of the literature on the several available 

methods for the differential analysis of condensed phosphate 

mixtures the decision was made to try ion exchange chromate

graphy. This decision was based on the following considera

tions. 

1. 	 Only the addition of an inexpensive ion exchange : column 

to the available autoanalyzer equipment was necessary to 

be able to perform the analysis. 

2. 	 This methbd appeared to be the most likely one to · succeed 

in obtaining quantitative results at the low concentra

tions, wastewater levels (50 mg/l P04 downwards) and lake 

water levels (0.5 mg/l P04 downward) necessary for this 

work. 

The details of the method used in this work are given in 

Appendix A. The development work necessary to achieve success 

is described below for lake water and in IV-3 for wastewater. 

Stannous Chloride Method 

In order to extend the method to lake water levels the 
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experimental apparatus was first set up as in the aminonapht

holsulfonic acid method (see IV-3.4) substituting the 

Stannous Chloride Detection Method after the digestion prc

cedure. The sulfuric acid content was brought to the required 

level by utilization of the acid in the digestion procedure 

and 	adding the remaining amount in the ammonium molybdate 

solution. Highly unreliable colour development was the re

sult of this. A blue precipitate formed when the sample 

stream was contacted with the stannous chloride solution, 

probably due to the fact that the ammonium molybdate solution 

.was not "acidified" when it entered the sample stream. The 

reagents combining with the sample stream were made. as con

centrated as possible to keep the actual phosphate concentra

tion in the stream at a maximum. 

It was found that two factors affected colour develop

ment. 

1. 	 The concentration of sulfuric acid in ~he system. This 

appeared to vary due to small difference in the digestion. 

2. 	 The location of sources of acid entering the system. 

The acid · concentration in the stream was purposely varied with 

the result that too little acid caused fast total colour de

velopment ev~n in the absence of phosphates while too much 

acid caused lack of colour in the presence of phosphates. To 

overcome the above difficulties the acid in the sample stream 

for digestion purposes, was neutralized by the addition of a 

NaOH stream after digestion.. This proved effective. 
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The sample size for near-full scale deflection on the 

recorder is 30 1ug Po4 • Thus for a sample with an initial 

concentration of TPP of 15 mg/l P04 , 2 ml are put through the 

column. For samples of 0.5 mg/l initial concentration . the 

sample size becomes quite large, 60 ml. In this case samples 

were drawn through the column by application of vacuum from 

an air ejector. Tests showed that this did not effect the 

amount of phosphate absorbed by the column. 

The flnal flow diagram is shown in Appendix A. It 

represents the sum of about two weeks of trial runs before 

success was achieved. A typical response curve is shown in 

Fig. 19. 

Correction Factor 

Wash-out of the column after analysis with 1 percent 

HOl solution produced a small peak. This suggested that some 

phosphate may be retained in the column during the gradient 

elution. To insure that the differential phosphate analysis 

represents the actual corop~sition of the mixture of ortho-, 

pyro- and tripolyphosphate the following experiment was de

signed. 
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Total Phosphorus .concentration: 15 mg/l ~04 

Concentration range of prepared sample§ 

Sample Percent OP Percent PP Percent TPP 

1 	 5.0 11.7 83.3 

2 	 30.0 11.2 58.8 

3 	 45.0 10.9 44.1 

4 	 60.0 10.6 29.4 

5 85.0 10.1 	 4.9 

The majority of actual experiments on the various 

media were to be done by adding tripolyphosphate. In the 

hydrolysis of tripolyphosphate to pyro- and orthophosphate, 

the percentage of pyrophosphate in the mixture varies from 

zero to about twenty percent. For this .reason the percentage 

of pyrophosphate was kept constant at about ten percent. 

The ~bove experiment was repeated five times. From 

these data it was apparent that co~rection factors were neces

sary, which need to be applied to the measured areas of ortho-, 

pyro- and tripolyphosphate. The experimental results are 

shown in Figs. 20 and 21. A typical result is given in Table 

XXVII. 

The following comments are made: 

1. 	 The data in Table XXVII indicate that the tripolyphosphate 

measured values are lower and the ortho- and pyrophosphate 

measured values higher. This is in agreement with a state

~ent of Lundgren and Loeb (L-10) 



Figure 20. Correction factor graph for tripoly phosphate in a mixture 
of ortho-, pyro- and tripolyphosphate by ion exchange chromatography. 
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Figure 21. Correction factor graph for ortho phosphate in a mixture 
of ortho-, pyro- , and tripolyphosphate by ion exchange chromatography. 
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TABLE XXVII: MEASURED PHOSPHORUS DISTRIBUTION (%) OF KNOWN ORTHO-, 

PYH.0- AND TRIPOLYPHOSPHATE MIXTURE 

-·-~ I
%TPP 

SAMPLE i--
r EASURED CORRECTED 

I 

-- r 

KNOWN ! MEASURED I CORRECTED 

%OP %pp 

KNOWN KNCKNOW-;-r MEASURED lCORRECTED i 
1 5.0 4.7 I 4.6 11.7 14.9 12.9 83.3 \ 8o.4 f_ s2~~ · 

. II I r2 I30.0 33.6 30. l 11.2 l 13.4 12.1 58.8 !. 53.0 ?7 .8 
~--· --·-- ·-··--- -·. 1-·--- .. ! --·- . 1 . ' ·-··. ·----

i I ! I I3 45.0 50.7 46.1 10.9 . 13.9 9.8 44.1 35.4 44.1 
·j--·· .. -· .--··--- ·-- --------·-·-·· · ··----~---- --···------------- -- t I , . __,_________ __,__ 
I 4 i 60.0 i 69.3 62.6 10.6 l1 14.8 I 9.9 I 29.4 . 15.9 I 27 .5 
I . ~ ii I 
l---~-r~~---;--;o.4 I see com- 10.1 i 19.6 ' ' ,_______ _ _ 

See Com..; 4.9 See Com
ment 1 ment 1 if I ment 1 I l 

I 
J_l I · -- - - -~-)______ _-- I ! 

I-' 
-:i 
~ 
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"Repetitive analysis of the same mixture at suc
·aessively lower concentrations, down to the limit 
of this most sensitive range (10 pg P205) results 
in successively higher ortho- and pyro-values and 
lower tripolyphosphate values." · 

No response is ·obtained for a sample containing about 

5 percent TPP. The least square linear regression of the 

data in Fig. 20 indicates that below 13.9 percent (or 

approximately 4pg) tripolyphosphate is not detectable. 

It is postulated that this amount is retained in the 

column, and is washed out only with the 1 per~ent HOl 

wash solution. Sample .5 was therefore not included as a 

point in the statistical analysis. 

2 • . After correction of the measured tripolyphosphate values 

according to the equ~tion shown in Fig. 20, the ortho

phosphate and pyrophosphate measured values are adjusted 

proportionally. This adjusted ortho-value (referred to 

as OPOl) is plotted against known percent ortho in Fig. 

21, and a linear regression line is calculated. As can be 

seen the OPOl values are somewhat lower than the known 

values. A correction is therefore applied to the OPOl 

value according to the equation shown. This second correc

tion may be necessary due to a slightly lower area response 

for ortho-, than for pyro- and tripolyphosphate. This is 

in agreement with the findings of Czech and Hrycyshyn 

(C-17). No physical explanation is giveno 

3. 	 The corrected pyrophosphate value · is obtained by sub

tracting the corrected ortho- and tripolyphosphate value 
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from 	100 percent. 

4. 	 A computer program was written for the correction of 


data. 


5. 	 The recovery of total phosphorus in the mixture, as indi

cated by the total area response, remains relatively 

constant (± 5 percent). When the orthophosphate ion 

constitutes the major fraction in a mixture the total 

area is lower due to the lower area response for ortho

phosphate. 

6. 	 To ascertain that a larger or smaller than 10 percent 


pyrophosphate fraction does not alter the correction 


factors calculated, the following experiment was carried 


out. 


Percent OP Percent pp Percent TPP 

Sam12le Known Meas. Corr. Known Meas. 	 Corr. Known Meas. Corr.:.. 
Trace 

1 50.0 57.9 50-51 1.0 Trace to 1.0 49.0 42.1 48.9 

2 33.3 38.6 35.0 33.3 36.0 29.5 33.3 25.4 35.5 

The results are within the error found for the previous 

experiments. 

7. 	 Standard Deviation: From the data of the five runs the 


standard deviation for ortho-, pyro- and tripolyphosphate 


measurement at each level were calculated. The results 


are shown below. 
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Relative Concentration of 

Ortho- Pyro-	 Tripoly-

Measured Measured Measured 
Std. Std. - Std. 

Known Dev. Known Mean Dev. Known Mean Dev.~ 

5.0 5.3 1.01 .-11.0 10.9 1.70 5.0 see comment 1 

30.0 30.6 1.54 29.4 30.7 2.46 

45.0 46 .. 6 3.08 44.4 42.6 2.64 

60.0 . 58.4 3.74 58.8 58.9 1.04 

85.0 see comment 1 83.3 83.1 l .L~6 

8. 	 Interferences: With lake water samples to which conden

sed phosphates were added, the elution curves at times 

had some sharp peaks superimposed on the Gaussian. phos

phate curves. The data analysis for phosphate distribu

tion was still possible but more difficult and less ac

curate. It was suspected that some ions present in lake 

water cause the interference. These ions may be partly 

retained on the column, are then eluted, and must also 

react with Stannous Chloride Method to give a blue colour 

compl-ex. Several trial experiments were made with dis

tilled water to which ions common in lake wate~ were 

added ln naturally occurring concentrations (co3 =, Hco 

so4=, s10
2

, Fe). While some interferences were observed 

in these artificial samples, it was not possible to iden

tify and eliminate the interferences from the lake vfater 

samples. Further work will be required on this. 

3 
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IV-3 APPLICATION TO WASTEWA:rERS 

IV-3.1 MANUAL ANALYSIS FOR RE.ACTIVE PHOSPHATE (ORTHOPHOS 

PHATE L CONDENSED PHOSPHATES AND TOT.AL PHOSPHORUS 

The literature survey initially did not reveal a 

recommended method for the analysis of phosphorus in waste

water. The decision was made to try the ascorbic acid method 

without extraction. A wastewater sample, primarily domestic 

sewage but with some industrial waste, was obtained. The 

sample was analyzed for orthophosphate and total phosphorus, 

both by the Stannous Chloride Method of Standard Methods (A-3) 

and the .Ascorbic Acid Method, described in Appendix A, Method 

lb and 3b. Orthophosphate was added 'to the wastewater sample 

in varying amounts and analyzed by the Stannous Chloride 

Method and the Ascorbic Acid Method for orthophosphate and 

total phosphorus, using the Persulfate Digestion Method. The 

phosphorus values measured with the Stannous Chloride Method 

were from 10-30 percent lower than the theoretical values, due 

to some interference. The results of the ascorbic acid method 

are shown in Fig. 23 for domestic waste and a meat packing 

waste. The difference between the measured amounts and the 

known amounts are within the accuracy of the ascorbic acid 

method. From this work it was concluded that the ascorbic 

acid method does not suffer from interference from other 

materials contained in wastewater. For industrial wastes this 

may need to be checked for each waste. A calibration curve 

for orthophosphate (20:1 Dilution) and total phosphorus (50:1) 



Figure 22. Calibration curve for phosphorons in wastewater by 
ascorbic acid method. 
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Figure 23. Phosphorus measurement in wastewater by manual; ascorbic 
acid method. 
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dilution is shown in Fig. 22. With the dilution of 20:1 used, 

Beer ·' s Law is obeyed to about 50 mg/l P04 orthophosphate. 

As mentioned in the literature survey a very recent 

publication by Jankovic, Mitchell and Buzzell Jri (J-1) also 

examined the problem of phosphorus measurement in waste-

waters. Their findings on the use of the ascorbic acid method 

and the 	digestion with potassium persulfate provided support 

for the 	methods adopted in this wdrk. There are small dif-

Ierences in the method suggested, which do not appear to be 

significant. The complete write - up of the method used in this 

. work is given in Appendix A. 

IV-3.2 	 AUTOM.ld J; O ANALYSIS FOR R!JAO'l'IVE PHOSPH~QRTJJO 

J?.HOSPH~ ·r1~,)-J CONDENSED PHOSPHATES AND TOT.AL PHO SPHORU§. 

The .Amino-naphtolsulfonic .Acid Method of Standard 

Methods 	 (A-3) was adapted to the autoanalyz·er. The flow di8.·

gram and details of the method are given in Appendix A. The 

method was first tried on distilled water samples in the r ange 

of 1 to 	100 mg/l. Subsequently the method was checked for 

possible interferences in sewage samples. 

To determine the precision of the method ten deter

minations were done at each _Qf t wo levels with the follo wing 

result. 

http:AUTOM.ld
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100 mg/l P04 	 5 mg/l P04 
· 1 	 x range expansion 1 x range expansion

Optical Density 0£tical Densit;y: 

Mean: o.863 	 0.046 

Std. Deviation: 0.0100 	 0.0022 

95 percent 

Conf. Lt.: 0.863 .:!:. 0.020 0.046 ± 0 .0044 


From calibration 
curve: 100 .:!:. 2.5 mg/l P04 5 .:t 0.50 mg/l P04for single 

dete rm'inat ion 

The response of the Amino-naphtolsulfonic Acid Automatic 

method to added orthophosphate in a wastewater sample was 

checked. A raw sewage sample, obtained from the Dundas Sew

age Treatment Plant was filtered and orthophosphate (K H2P04 ) 

was added in amounts from 5 to 25 mg/l P04 . Orthophosphate 

and total phosphorus were determined. The total phosphorus 

method used initially was Method 3a); using 0.4 g of potassium 

persulfate per 30 ml sample. The results are shown in Fig. 

24. It shows that there is no interference for the ortho

phosphate test. The total phosphorus values (+), using 0.4 g 

potassium persulfate gave results, which were too low. This 

was attributed to an insufficient amount of persulfate to 

carry out the digestion. This amount was therefore increased 

from 0.4 g to 1.2 g. The results obtained are shown on Fig. 

24 and give satisfactory agreement. Method 3b for wastewater 

analysia uses therefore a larger amount of persulfate for 

wastewater analysis. The influence of varying the amount of 



Figure 24. Phosphorus measurement in wastewater by aminonaptholsulfonic 
acid automatic method. 
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sulfuric acid solution (310 ml cone.- H2so4/liter of solution) 

from 0.5 to 2.0 ml per 30 ml sample was investigated. Potas

sium persulfate was kept constant at 1.2 g. The results 

showed no influence over . this range. 

IV-3.} COMPARISON OF TOT.AL PHOSPHORUS DIGESTION METHODS 

To measure total phosphorus in wastewater three diges

tion methods (Persulfate, Perchloric Acid, and Sulfuric-Nitric 

Acid Method) were compared • . The samples analyzed were acti

vated sludge supernatant (in triplicate), 50 mg/l TPP standard, 

50 mg/l OP standard, and a distilled water blank. The amino

naphtolsulfonic acid automatic method for orthophosphate 

analysis was used after the digestion step. The numbe r s shown 

below are averages of triplicates. 

TABLE XXVIII: COMPARISON OF TOT.AL 
METHODS 

Persulfate 
Method· 

Distilled Water Blank o.o 

Orthophosphate (50 mg/l) 
in Distilled water 51.0 

Sodium tripolyphosphate in j
distilled water (50 mg/l) 49.5 

Activated Sludge Supernatant 
Sample 1 76.5 
Sample 2 77.0 

Sample lostSample. 3 

PHOSPHORUS DIGESTION 


Perchloric 1 Sulfuric-
Acid I Nitric 

Method . Acid Method 
I . - 

o.o o.o 

38.545.5 

40.5 

60.052.5 
65.050.5 

47.0 61.5 
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For details of each digestion method see: 


Persulfate Method: Appendix A, Method 3b 


Perchloric Acid Method: Lee, Clesceri and Fitzgerald (L-1) 


Sulfuric Nitric Acid Method: Lee, Clesceri and Fitzgerald 

(1-1) 

The standards run with the persulfate method were sub

jected to the persulfate digestion procedure. The samples 

of the perchloric acid and sulfuric nitric acid method were 

neutralized before analysis by the aminonaphtolsulfonic acid 

method. Comparison was made against orthophosphate standards. 

The results show the following: 

1. 	 All methods give no response for a distilled water blank. 

2. 	 The persulfate method gave good recovery of the ~rtho

and tripolyphosphate sample, and the highest results on 

the wastewater sample. 

3. 	 The results of the orthophosphate and the tripolyphosphate 

sample analyzed by the perchloric acid method and the sul

furic nitric acid method show that about 10 to 20 percent 

of the phosphorus content of the sample was lost in the 

analysis. The low results on the wastewater sample indi

cate the same. Dur~ng the boiling of the 100 ml sample 

down to 1 ml it was noticed that a scale formed on the 

flask, which probably accounts for the loss of phosphorus. 

As other workers have used both these methods successfully 

the conclusion is drawn that further refinements in the 

technique of the digestion step would have to be acquired 
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to use these two methods. However, since the persulfate 

digestion method gave satisfactory results and is much 

si;mpler and fasteT .it was selected as the method for total 

phosphorus analysis in this work. 

IV-3.4 	 DIFFERENTIAL ANALYSIS OF ·A CONDENSED PHOSPHATE MI,!~P .R;E 


BY ION EXCHANGE CHROM.ATOGR...4..PHY · 


Jminonaphtholsulfonic Acid Methe~ 

The Ion Exchange Column, Gradient Elution Assembly and 

Digestion System were prepared according to Czech and Hrycyshyn 

(C-17). ·The . Ion Exchange res in used was a. quartenary .Amm onium 

.Anion Exchange res in. The Ami.nonaphtholsulfonic .Acid. Method 

was substituted for their Hydrazine Sulfate Method in orde r to 

develop sufficient colour in the range of sewage level 

(50 mg/1 P04 ). The complete flow diagram is given in Appen

dix .A. Samples of total phosphorus concentration of .50 mg/l 

and varying percentages of ortho-, pyro-, and tripolyphosphate 

were analyzed. The sample size applied was varied, about 500 

_)1g P04 of any species present gave close to full scale deflec 

tion on the recorder. The effectiveness of the digestion 

system was checked ·by compar:'Lng the response to samples that 

were digested manually by the persulfate method with a sample 

put through the automatic digestlon setup. The samples con

tained varyin g percentages of ortho - , pyro- and tripolyphosphate. 

The respons e on all sarn.ple s was . an or~ho peak only, of equal 

areas, proving the eff~ctivBness of the automatic digestion 

procedure. 
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To check on the precision of the method five samples 

of varying concentrations of ortho-, pyre-, and tripolyphos

phate were analyzed. This experiment was repeated five times. 

A typical result is shown in Table XXIX. 

TABLE XXIX: MEASURED PHOSPHORUS DISTRIBUTION (PERCENT) 

OF KNOWN ORTHO-, PYRO-, AND TRIPOLYPHOSPHATE 


MIXTURE (WASTEWATER LEVEL) 


'· amnle 11.; Percent Ortho I Percent Pyro~Percent Tripol;r

IS: " Known IMeasured l__Kncwr:.-! Me~_:iu~ed ! Known IMeasured 
-~,-· 
l l 5. 0 6. 9 11.7 11 . 4 83. 3 . 81. 7 

2 I30.0 31.4 11.2 11.6 58.8 57.0 

4 5 • 0 I 4 6 • 5 10 •9 11.7 44 .1 I 41. 8 

4 

3 

60.0 60.6 10.6 12.2 29.4 LI27 .. 2 

85.0 84.2 10.1 10.4 4.9 5.45 

The data indicated that no correction factor was necessary at 

the sewage level of concentration. From the data of the five 

runs of five samples each, the standard deviation for ortho-, 

pyre- and tripolyphosphate of each level were calculated. 

The results are shown below. 
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Relative Concentration of 

Ortho-, Percent Pyro-, Percent Tripoly-, Percent 

Known 

Measured 
Std.-Mean ~ Known 

Measured 

~ 
Std. 
Dev. Known 

Measured 
Std. 
Dev.Mean -

5.0 5.5 +l. 05 11.0 10.9 +l.09 4.9 4.6 +1.28 

30.0 30.5 ±1.20 29.4 28.4 +l.59 

45.0 44.8 +l.44 44.1 44.o ±1.35 

60.0 60.4 +l. 68 58.8 58.5 ±1.26 

85.0 84.4 +2.00 83.3 83.5 +1.44 

For wastewater samples the difference between ~he 

Filtered Total Phosphorus (FTP) determination and Filtered 

Orthophosphate (OP) will give the sum of condensed phosphates, 

either naturally present or added, and any soluble organic 

phosphorus compounds naturally present. As discussed in 

Chapter V under Wastewater Studies, in some eamples organic 

phosphorus compounds may have been present. By means of 

simu·1 taneous analysis of a wastewater sample for Filtered 

Total Phosphprus . (FTP), Filtered Orthophosphate (OP) and dif

ferential condensed phosphate analysis an estimate of the 

soluble organic phosphorus and any higher complex condensed 

phosphates present can be obtained at the same time. This is 

done in the following way 

OP, mg/l P04 = X. x orthophosphate, % 
(from direct analysis) (from differential analysis) 

where X = OP + PP + TPP, and calculated from above equation 

Organic phosphorus plus any 
complex condensed phosphates = FTP X 

(From direct 
analys·is) 
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To check the response of the differential condensed phosphate 

analysis in wastewater, pyrophosphate and tripolyphosphate 

was added to Dundas S.T.P. final effluent. The results are 

shown below: 

Final Effluent FTP = 12.0 mg/l P04 
OP = 9.5 " 

and OP = 80.2%, PP= 7.5% and ~PP= 12.3% 

Therefore X = 9.5/.802 =11.8 

Est. Sol. Organic Phosphorus = 0.2 

pp = 0.9 

TP = 1.4 

It is realized that the soluble organic phosphorus value may 

be explained simply by errors in the measurement of ortho

phosphate, rather than attribute it to organic phosphorus. 

To· this 20 mg/l P0 each of PP and TPP were added •4 

.Measured Comp. 
Kncwn Comp. Direct Analysis Diff . .Analysis 

FTP 52.0 mg/l P04 48.5 .mg/l P04 

OP 9.5 mg/l P04 9.0 mg/l P04 
or 18.3% 

20.9 	 mg/l P04 40.9% 
or 40.5% 

TPP . 21.4 mg/l P04 40.0% 
_or 41.4% 

x 	 51.8 mg/l P04 
or 100.0% 

Sol. 0.2 mg/l P04
Org. 
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In both cases the comparison. between known composition and 

measured composition of OP, PP and TPP in the wastewater 

samples is well within the variation calculated in distilled 

water samples. 

The effect of the 
I 

presence of large amounts of or

ganic phosphorus on the elution curves of ortho-, pyro-, 

and tripolyphosphate was investigated. Samples were pre

pared that contained 1 g/l adenosine triphosphate and 1 g/l 

of ortho-, pyro; or tripolyphosphate. There was no apparent 

separation of adenosine triphosphate, but diffusion over 

approximately the same length of time as it takes to separ

ate ortho-, pyro-, and tripolyphosphate. The organic phos 

phorus interfered with the development of Gaussian curves 

for the other phosphorus compounds. If Gaussian curves are 

obtained on a wastewater sample it is therefore likely that 

organic phosphorus compounds are not present, or only in 

small amounts. A variety of organic phosphorus compounds 

would need to be tested by differential analysis. 



1 EXPERIMENTAL STUDIES AND DISCUSSION 


V-1 MATERIALS AND METHODS 


Chemicals used in this work were of reagent grade with 

the exc-eption o-f sodium tripolyphosphate (N~5 P 010 ), which3 
was .of High Purity, anhydrous. It . was obtained through the 

courtesy of Mr. R. N. Bell, Stauffer Chemical Co. Their analy

sis gave · 98 percent tripolyphosphate, 2 percent pyrophosphate. 

This was also checked in this work and found to be correct. 

Stock phosphate solutions were prepared in appropriate 

strength by using double distilled (glass) water. Potassium 

dihydrogen phosphate (K H2 P04), sodium pyrophosphate 

(Na4 • 10 H20) and sodium tripolyphosphate (Na PP2 o7 5 3 
010 ) 

were used. The stock solutions were stored at 4°c. 
Experimental vessels for batch experiments varied in 

size from 2 liter Erlenmeyer flasks to 5 gallon carboys. The 

size of vessel was choseri so that at least one-third of the 

batch sample was still remaining after all test sampling had 

been completed. The vessels were stored in Freas incubators 
~ 

for temperature control. The sensitivity of temperature con-
otrol was ± 1 c. Magnetic stirrers were used in all experi

ments. Aeration was carried out in certain experiments as 

noted. The air was double-filtered and water-saturated. 

Lighting conditions were chosen to simulate natural conditions 

188 
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in this region of Lake Ontario. One 15-watt fluorescent day

light lamp was installed in each incubator to provide approxi

mately 200 foot-candles. It was controlled by a day-night 

timer, which was set to give 12 hours light and 12 hours 

darkness~ Comments and analysis of the various .media used 

are given under each particular experiment. 

The experimental methods used for phosphorus analysis 

are stated in Appendix A. All other measurements were carried 

out according to Standard Methods (A-3). 
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V-2 DISTILLED WATER STUDIES 


Experiments on the rate of hydrolysis of condensed 

phosphates in distilled water were primarily carried out to 

be able to compare results of this study to other workers. 

Due to the differences in lake water and wastewater between 

this study and others, only an order of magnitude comparison 

is possible for these media. In order to allow a proper 

evaluation of the literature data at high concentrations 

(Fig. 11 and 12), experiments were carried out in the range 

of concentration where no literature data were available. 

The effect of concentration on the rate and order of hydroly

sis at low concentrations was investigated in a series of 

experiments. Finally, the effect of pH on the rate of 

hydrolysis at low concentrations was checked. 

Experime-ntal Results and .Analysis of Data 

Table XXX summarizes all experimental studies in dis

tilled water. Data of individual series are presented in 

graphical form. 
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TABLE XXX: SUMMARY OF EXPERIMENT.AL WORK IN DISTILLED WATER 


1 

SERIES I

I 
DATES 

NO. I 
DESCRIPTION 


OF EXPERIMENT 


I I
I I1··--- T --i 
0ct~67 !Rate of hydrolysis I TPPI IX study at high con

centration (non-I ste rile)
I 
I x loot.- '

I 

Rate of hydrolysis TPP 
I Nov.67 study on sterile

I distilled water 
for concentration 
effect TPJ?I 

TJ?PI 
I 

TPP 
study on sterile 
distilled water 

Jan.68 Rate of hydrolysisXI 

TPPfor concentration 
effec·t 

I TPP 

I 
TPP 

l I • 

~ I 

CONDENSED PHOSPH. jENVIRONMENTAL CONDITIONS ! 

TYPE 

.ADDED 


REMARKS1 LENGTH j I I l---! TYJ?E 
OF . TEMP. !LIGHT- AERA- 1 OF ·INITIAL 

CONC. EXPT. 1. o0 I pH i ING 1 TION ll ANALY
mg/l P04 . 

HRS • .I . --- I I . l l sISI 

50 

50 

15 

2.5 

15 

2.5 

0.5 

0.5 
(buffer

ed) 

698 

1310 

1311 

106 

698 

191 

118 

194 

I 20 

I 

20 

20 

20 

20 

!

I 20 
I 

20 

I 20 

I 

7.3 

7.4 

I· 7 • 2 

7 .1
7 .2 

I D-N 

I 
f 

I 

I
I " 

!
Il " 

, D-N 

I ft 

I fl 

'' 


ICont .1 UTP, 
1 !OP,
I . i Diff. 


I ~ A~~l ·-.-----

!UTP, 
1 Mix 1 0P 

Diff. 
.Anal. 

" II 

,, 
 ti 

, Mag. I 
Mix !Diff

1 Anal. 

" 
,, 

" I 11 

I 
! 

I ,, " Dist.wate ~ 
buffered 
with NaH 
co 3 to ~ 

pH= 7.5J 

1 
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TABLE XXX -(Cont'd.) 

.1 CONDENSED PHOSPH,-f ENVIRONMENTAL CONDITIONS 
SERIES j DATES DESCRIPTION REM.AR..'f\:S 

NO. I 
I . LENGTH 	 TYPE 

TYPE INITIAL OF TEMP. LIGHT- .A.ERA- OF 
ADDED I CONQ. EXPT .• oc pH ING TION .AN.ALY

mg/l P04 HRSA SIS 

OF EXPERIMENT 

I 

II 
I . ! l 

--! 
I 

r
I XIV 	 Feb.- Rate of hydrolysis !I PP I 50 1128 20 7o2- D-N Mag.- 1.Diff-:

April study on :p~ro- . 7.4 i Mix · .Anal. ~ , 68 	 Iphosphate in ste r- j I I . ,, t fl I . " 
l ile distilled PP I 15 1536 20 6.9 i_ . · 

1 	 Iwater. Effect of ! I 7 .3 3 · 
I • 	 lI 

1 

Iconcentration I pp ·I 2 •5 336 20 6 .4 11 I 11 '. ' ' 


I ' . I pp 0 • 5 168 2 0 6 •3 ,, ! II I II I 

I I I ; l 1 	 ·~ I 

! XVII Apr~~Rate of hyd:olysis l TPP j 0.5 I 74 I 20 1·4.3 1 D-N Mai;>·-:- IDif!· l·OlM sodium --J
I i May 1 study or,i t::-ipoly- l I I I Mix · IAna.1.. • . phtalate buffe_. 
. 68 l :phos~ha-ce in I TPP . 0.5 373 I 20 

1 
6.8- " fl I " No buffer1. 1Isterile distilled I I 	 1 7. o I j added ·I

1 water. Effect of 1 I I I · 1 
1 111 11 11

!pH. ! TPP i 0.5 I 354 I 20 19.8-1 · I 1.. 0lM borax
I I i j l L j lO.O j I buffer 

I XX April- i Rate of hydrolysis I TPP 500 145 j 55 j 4.0 D-N !Mag.- JDiff. , foradditional l·
l May I s;;udy on tripoly- ! I J I Mix iAnal. i p~int .on 

68 !pnosphate and I TPP I 100 309 ! 75 7 .4 11 i " ! " 1 11teratur~ I1.!, Ipyrophosphate in , 	 ! I I 1 j .. data of Fig. 
11! 	 I sterile distilled i pp 500 144 l 55 t 4. 0 11 1! " l " ;_11 and 12 • j 

1: 1' wa t er a t h"igh I1 I
1 	

iI iI !· ! I! { · ~ 
11I 1concentration /! PP 100 - 310 ! 75 l 7 .41 " j ! " i 

I 	

'° I ! ! i I . l f\) 
I ! I l j I ! rI ! i . · 
i ~ .l,___ 	 
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SERIES XX - RATJzJ OF HYDROLYSIS OF TRIPOLYPHOSPHATE AND PYRO

PHOSPHATE .AT HIGH CONCENTRATION IN DISTILLED WATER 

The purpose of these experiments is to provide data on 

the rate of hydrolysis of tripolyphosphate and pyrophosphate 

in distilled water at concentrations in the region of 100 t-0 

500 mg/l Po4 • The results will be used for additional points 

on ~ig. 11 and 12, in the area where no experimental data are 

available. High temperatures and low pH values had to be used 

in order to effect reasonably hig~ ~onversion. In addition, 

the results can be used to check the independence of the rate 

of hydrolysis of pyrophosphate on the presence or absence of 

tripolyphosphate, and vice versa. 

Experimental Conditions 

Date: April-May 1968 

Medium: Distilled water 

Sample Preparation: 

XX-1 500 mg/l P0 of TPP added, pH = 4.04 

-2 500 mg/l P04 Of PP added, pH = 4.0 

-3 100 mg/l P04 Of TPP added, pH ::: 7.4 

-4 100 mg/l P04 of pp added, pH = 7.4 

0 
Incubation Temperature: 	 XX-1,-2 55 C 

XX-3,-4 75
0 c 

Day-Night Lighting Conditions. Samples were mixed by magnetic 


stirrer. 


Tests: Percent OP, Perce~t PP, Percent TPP, pH. 
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Experimental Data: These are presented in Fig. 25-1 to -5. 

In Fig. 25-5 rate constants k are evaluated for XX-1 and -3,
1 

and rate constants k2 for XX-2 and -4. .Although · the data 

for XX-3 appear to follow a zero-order law at the beginning 

and second-order law at the end, a first-order, straight line, 

fit was made, since all literature data in this concentration 

range report first-order hydrolysis. Tha value of k1 ob

tained from XX-1, together .with the value of k2 from XX-2, 

were used to calculate the curves shown in Figs. 25-1 and -3 

for the rate of hydrolysis of tripolyphosphate according to 

the theory 0f consecutive reactions (see Appendix B). As can 

be seen, a reasonably good agreement with the experimental 

data is evident. The same procedure resulted in rather poor 

comparison ori Fig. 25-3. For this reason a value for k2 was 

calculated from the experimental data of XX-3 directly. Th~ 

agreement of these calculated ~urves with the data is still 

not very good due to the aforementioned deviation from a 

fi.rst-order response. The pH stayed constant throughout each 

experiment. 

Rate Of Hydrolysi§_ 

-1 -1 
kl 7.3x10-5XX-1: T = 55°0 pH = 4.0 2. lxlO-4 min k2 = min= 

-1
-2: T = 55°0 pH = 4.0 k2 = 7.3x10-5 min 

-1 -4 -1
-3: T = 75°0 pH = 7.5 kl = 2.4xio-4 min k2 = l.OxlO min 

-4: T = 75°0 pH = 7.5 k2 = 4.9x10-5 min
~l 

These rate constants were adjusted to 20°0 8.t!d pH 7.0 by the= 
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methods of Chapter III and are shown below. 

XX-1: • k = 4.3 x 10-7 min 
-1 

1 
-1

-2: 1.4 x 10-1 mink2 = 


-3: k1 = 2.7 x 10-7 min-1 


-4: k2 = 6.5 x 10-B min-1 
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SERIES IX, X ~ND . XI - EFFECT OF OONCENTRP-TION ON THE RATE OF 

HYDROLYSIS OF TRIPOLYPHOSPHATE IN LA..XE 


WATER 


The purpose of these experiments is to establish rates 

of hydrolysis of tripolyphosphate in distilled water at low 

concentrations. The concentrations chosen were 0.5, 2.5, 15 

and 50 mg Po4/1.. The effect of sterile versus nonsterile con

ditions is also investigated. 

Experimental Conditions 

Date: Oct.-Nov. 1967, Jan. 1968 


Medium: Distilled Water, Sterile (with exception of IX) 


Sample Preparation: addition of amounts of TPP as follows. 


IX: 50 mg P04/1 X-1: 2.5 mg P04/1 XI-1: 2.5 mg P0 /1
4(nonsterile) 

-2: 	 15 mg P04/l -2: 15 mg P0 /1
4

-3: 50 mg P04/1 -3: 0.5 mg P04/1 

-4: 	 0.5 mg P04/1, 
buffered with 
NaH co

3 
0

Incubation Temperature: 20 O 

Day-Night lighting conditio~s. Samples were mixed by magnetic 

stirrer. Series IX was also continuously aerated. 

·Tests: 	 Percent TPP, Percent PP, Percent OP, pH, UTP and OP at 

times. 

Experiment al Data.: The data for TPP are presented in Fig. 26 


anµ 27. Fig. 26 shows the effect of sterilizing the distilled 
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water for 50 mg P04/l concentration. Since the amount hydro

lyzed is small, particularly for the sterile sample, little 

can be concluded about the order of response. However, for 

purposes of comparison to the lower concentration samples a 

straight line, zero-order fit has been shown. All other 

experiment, with the exception of XI-4, show a lag period of 

slow rate of hydrolysis, followed by a more rapid hydrolysis. 

The data can be fitted reasonably well by a zero-order straight 

line. The pH was measured throughout all experiments and 

showed the following variation. 

IX: 

X-1: 

-2: 
...3: 

7.3 ± 0.1 

7.1 + 0.1 

7.2 ± 0.1 

7.3 + 0.1 

XI-1: 

-2: 

-3: 

-4: 

6.6 ± 0.15 

7.2 ± 0.1 

5.9 ± 0.2 

7~5 ± o.o 

Rate of Hydrolysis· 

All measured rates were adjusted to pH= 7.0 according 

to Fig. 13. Since the rate during the lag period is very qif

ficult to estimate, the ·average of the experiments is shown only. 

6 -4IX: 	 50 mg P04/l: k1 = 5. xlO mg P04/l-min 
(nonsterile) 

Avg. of X and XI: ki = 4 x 10-5 mg Po4/l-min (2. lxlo-6 to 
(Lag rate) 9 .Bxio-5) 

X-3: 	 50 mg P04/l: k1 = 4.9x10-5 mg Po4/l-min 

X-2: 	 15 mg _P04/l: k1 = l.5xl0
-4 mg Po4/1-min 

XI-2: 	15 mg P04/1: kl = l.2xlo-4 mg P04/1-min 

X-1: 	 2.5 mg P04/1: kl 3.7xlo-4 mg Po4/l-min= 

XI-1: 	2.5 mg . P01/l: k = l.Bxl0-4 mg P04/l-min1 

XI-3: 0.5 mg, F04/l: kl = l.lxlO-4 mg Po4/l-min 
-6XI-·4: 	0.5 mg P04/l: k1 = 2.lxlO mg POi/1-min 
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Figure 26. Experimental data for series 
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Figure 27. Experimental data for series 
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SERIES XIV - EFFECT OF CONCENTRATION ON THE RATE OF HYDROLYSIS 

OF PYROPHOSPHATE IN DISTILLED WATER . 

The purpose of this experiment is to establish rates 

of hydrol~sis of pyrophosphate in distilled water at low con

centrations. These were 0.5, 2.5, 15 and 50 mg/l P04. 

Experimental Conditions 

Date: Feb. - April 1968 

Medium: Distilled Wate±, Sterile 

Sample Preparation: addition of amounts of PP as follows. 

XIV-1: 0.5 mg P04/1 


-2: 2.5 mg P04/l 


-3: 15 mg P04/1 


-4: 50 mg P04/1 


Incubation Temperature: 20°0 


Day-Night Lighting Conditions. Samples were mixed by magnetic 


stirrer. 


Tests: Percent PP, Percent OP, pH. 


!?fperimental Data: The data for PP are presented in Fig. 28. 


The experiment at 0.5 and 2.5 mg P04/1 show a lag period of 


slow rate of hydrolysis, followed by more rapid hydrolysis. 


The data can be fitted reasonably well by a straight line. 


The data for 50 mg/l P04 show so little hydrolysis, that nothing 


can be said about the order of response. However, for purposes 


of comparison ~ straight line, zero-order fit is made. The 
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data for 15 mg P04/1 are few and scattered. A first-order 

fit may be best, but for comparison a straight line zero-

order fit is used. The pH was measured throughout all experi

ments and showed the following: 

XIV-1: 6.3 ± o.o 


-2: 6.4 ± o.o 


-3: 7.0 ± 0.1 


-4: 7.3 -+ 0.1 


Rate of H;y:drol~sis: All measured rates were adjusted to 

pH= 7.0 according to Fig. 14. Since the rate during the lag 

period is very difficult to estimate, the average is shown. 

only. 

XIV-1: 0.5 mg P0 /1 k2 = 6.o x lo-5 mg Po4/l-min4

-2: 2.5 mg P04/l k2 = 8.7 x 10~5 mg P04/l-min 


-3: 15 mg P04/l k2 = 1.5 x io-4 mg P04/l-min 


-4: 50 mg P04/l k2 = 7.6 x lo-5 mg P04/l-min 


Avg. value of lag rate k2 = 7 x 10-6 ma
0 P04/l-min 
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SERIES XVII - EFFECT OF pH ON THE RATE OF HYDROLYSIS OF TRIPOLY

PHOSPHATE IN DISTILLED WATER 

The effect of pH on the rate of hydrolysis of tripo.ly

phosphate and pyrophosphate at high concentrations is well 

established. Fig. 13 and 14 show the agreement among the various 

workers. This experiment is .designed to establish if this pH 

dependence holds at very low concentrations of 0.5 mg P04/1 of 

tripolyphosphate. 

Experimental Conditions 

Date: April-May 1968 

Medium: Distilled Water 

Sample preparation: 

XVII-1: pH= 4.3 sodium phthalate buffer added 

-~: pH= 6.9 no buffer added 

-3: pH = 9.9 borax buffer added 

To all three flasks 0.5 mg P0 /1 of . TPP was added.4
Incubation Temperature: · 20°0 


Day-Night Lighting Conditions. Samples were mixed by magnetic 


stirrer. 


Tests: Percent OP, Percent PP, Percent TPP, pH. 


Experimental Data: . The data for TPP for all three pH lev~ls 


are shown in Fig. 29. The pH stayed constant in all cases 


within ± 0.1 unit. The data are somewhat erratic. Nevertheless, 


an estimate of the rate can. be obtained, as shown by the · zero -


order response straight line fit. 


http:tripo.ly
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Rate of ·Hydrol;zsis: 

XVII-1: pH = 4.3 k 1 " = 1.6 x 10-4 mg Po /l-min
4

-2: pH = 6.9 kl = 1.( x 10-S mg Po4/l-min 

-3: pH = 9.9 k 1 = 2.4 x 10-6 mg Po4/l-min 
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V-3 LAKE WATER STUDIES........._,_ . . 


All lake water used in these studies was Lake Ontario 

water. It was obtained either from Humber Bay or from the 

Hamilton Water Treatment Plant. The location of the Humber 

Bay sampling point was at longitude 79° 24.0'W and at lati

tude of 43° 34.l'N, which is approximately four miles from 

shore. The Humber Sewage Treatment Plant outlet sewer dis

charges into Humber Bay, approximately one-half mile from 

shore. The samples were obtained from the surface. Samples 

from the Hamilton Water Treatment Plant are at a depth of 

about thirty feet, approximately three thousand feet from 

shore. 

A typical analysis of Lake Ontario-Humber Bay water 

is given in Table XXXI. 

Experimental Re~ults and Analysis of Data 

Table -XXXII summarizes all experimental studies in 

lake water. Data of individual series are generally presen

ted in graphical form. 
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TABLE XXXI: LAKE ONT.ARIO WATER .AN.ALYS IS~-

Date: February 7, 1968 

Location: Humber Bay, 43° 34.l'N, 79° 24.o'w 

Hardness (as Ca co
3 

) 

.Alkalinity, Total (as Ca co3 ) 

.Alkalinity, Phen. (as Ca co
3 

) 

Iron (as Fe) 

Chloride (as Cl) 

Sulphate (as S04) 

Calcium (as Ca) 

Magnesium (as Mg) 

Manganese (as Mn) 

Diss. Silica (as Si o2 ) 

COD 

Nitrogen, Free Ammonia (as N) 
c. 

Nitrogen, Tot. Kjeldahl (as N) 


Nitrogen, . Nitrate (as N) 


Phosphorus, UTP (as P04 ) 


Phosphorus, . FTP (as Po4 ) 


Phosphorus, OP (as P04) 


pH 


Temperature 


138 mg/l 

99 mg/l 

0 mg/l 

0.15 mg/l 

31 mg/l 

27 mg/l 

42 mg/l 

8 mg/l 

0.0 mg/l 

0.91 mg/l 

12 mg/l 

O.2 mg/l 

0.3 mg/l 

0.2 mg/l 

0.110 mg/l 

0.075 mg/l 

0.065 mg/l 

7.9 

4°c 

* all analysis with the exception of pH, temperature and 
phosphorus were done by the laboratories of the Ontario 
Water Resources Commission, Toronto. 



T.A13LE XXXII: SUMMARY OF EXPERLtiENTAL WORK ON LAKE WATER 

l 

l !coNDENSED PHOSPH. I ENVIRONMENTAL COND.. . 
!SERIES ! DATES I DESCRIPTION ;LENGTH 1 TYPE OF i REMARKS j
I NO. I j OF EXPERIMENT TYPE INITIAL I OF I TEMP. ILIGHT- ! 

1 

.A.ERA- !PHOSPH. I J 

1 I ! ADDED CONG .. 1EXPT. I oc I pH l ING !TION i .AN.ALY- I11

i 	 mg/l P04 I HRS. I I ! 
1 

I . l SIS ~ ! 
II I 	 I . 1 { ~, l 

' 

I 
I I 	 I I t t i 

--T-I I I i I. ! -- -~l . --i- ----------r 
I !May 67 !Preliminary ! TPP !' 0. 5 I 336 i 20 !""8. 5 I D-N lCont. l UTP, OP, i !-

[ I Humber Bay I I I 1. ! f I FTP i I 
1 May- j 1 
I\ Aug.67 iPreliminary - I TPP ~ 0. 5 I 2900 I 4 1 8. o- I II I II I II I I 

I Humber Bay 	 8 3 
I I 	 I i I I ! " I I ·I I I 

I 	 ' I ~ ' i 
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Oxygen level 

1 
· 1

1 
1; 8.7-9. JJ 

III 
1 

. !(aeration) on rate TPP -1.0 j. 456 I 20 8 •.9- I It i N2 I II I D.O <i. d 
1 

r 

!Of hydrolysis I 	 I . I 9.5 I I l 1I ! 	 I I I -~I I 1IXII I Feb. 68 	 li Rate of Hydrolysis I 1· I I' 

study on Humber I 
1

]Bay water. Effect 1 	 I I l 
1 

1!of storage and fil- ! ! ! 
1 

! 

1 tration. I 1· , I 
 I FTP, 

Diff. 
Iunf il t . s ample l TPP 0 •5 28 ! 2 0 8 .1 D-N , Cont. 

I 	 I I I I I. Anal.I 
' 	 I I lI	 l I I I
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weeks o1 d ) TPP I 0 • 5 I. 168 2 0 ! 8 .1 "'' I " I 	 l 

1· 

t 
l 

sterile sample 
20 8.10.5 I 192TPPl I (2 weeks old) "" 

I 	 . IeII 	 . 

II1I l 	 I 



TABLE XXXII - (Cont'd.) 

I ~ONDENSED PHOSPH. I I· ENVIRONMENT.AL COND. l 
SERIES) DATES DESCRIPTION 	 i LENGTH 1-------,---~,~-~~J'TYPE OE REM.ARKS 

NO. I OF EXPERIMENT 	 i TYPE ! INITIAL I OF 
j .ADDED j CONG. I EXPT.
I ; mg/l Po4 HRS.I 

i
XIII I 

I 

March- IRate of hydrolysis I TPP 0.5 I 94 
! .April I study on Hamilton I 

68 ' intake water. Ef- I ! 
I Ifeet of temperature. ! TPP 0.5 j 1464 

TEMP. l LIGHT- ! .AERA- !PHOSPH.l 
oc l pH I NG I TION i .AN.ALY-{ 

1 I i SIS )
! t 	 • 

20 I 8 .1 
I ; 

D-N i cont. l ~i:r. 1I 
1 

4 
i 
j 8 .1 
i 

i 
l .Anal. 

II 	 . l " 1! 

XVIII l May 68 Rate of 	hydrolysis
study on Humber Bay 

- water. Effect of 
pH.

I
I 
!

XIX 68 Rate of 	hydrolysis!May 
study on Humber Bay 
water. Effect of 
addition of glucose.I 

! 
XXII-1 Feb.67 Humber Bay field 

study 

I 
I I 

XXII-2 June 68 jHumber Bay field
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. 

i 
' 
i 
;

I I 

i.TPP l 0.5 85 24 I5. o D-N cont. I Diff . 

.Anal. 


It 	 III TPP ! 0.5 I 279 
I I I !I24 I 7. oI I II 

l ,,
II 	 IIt i .24I TPP 	 l 

I 0.5 
l 
I 
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I 24TPP 0.5 I 
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i I .Anal. I. ! 

rII 11lTPP 0.5 i 
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II ~---L___ 1 	 . _ 1§:.~d_ed____- · T' I · · FTP°IPrelimi-I 	 i 1 day
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II l I r-	 I1 ITPP 
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·----------
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I D'f'T ~hosph .com -I II I I 1. -	 •[i ounds neg_rI I .Anal. la ma jor sew
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12 000 l bi::. o f 
\'.I: PP added an 
it r aced. 
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SERIES I - RATE OF HYDROLYSIS OF TRIPOLYPHOSPHATE IN LAKE WATER. 

The purpose of this series is to establish rates of 

hydrolysis of tripolyphosphate in lake water in summer (20°0) 

and winter (4°0) water temperatures. Experimental procedures 

were checked out during this first series. 

Ex1;?e r~I?ent al Conditions 

Date: Series I-1 (20°0) May 2-16, 1967 

Series I-2 (4 °c) May 2 - August 31, 1967 

Medium: Humber Bay 

UTP = .065 mg/l P04 

FTP = .045 mg/l P04 

OP ::: .040 mg/l P04 

Sample Preparation: added . 45 rng/l P04 of TPP 

Incubation Temperature: I-1 20°0 

1-2 4°0 

Day-Night Lighting conditions. Continuous aeration 

Tests: UTP, OP, FTP, and pH at times. 

Experimental Data: These are presented in Fig. 30-1, and -2. 

F'J~P were determined on four samples each. They indicated 

that the particulate fraction, PAP, stayed essentially con

stant at the initial value of .020 mg/l P04 . Condensed phos

phate values, OP, were obtained by subtracting the results of 

OP and PAP from UTP at each measurement. 

]{2te 2...,f Hyd,rolysis: Al though there is considerable straying 

of individual data, a straight line fit is reasonable. 
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I-1: 20°0 kavg = 2.0 x lo-5 mg Po4/l-min 

I-2: 4°0 kavg = 2.0 x lo-6 mg Po4/l-min 

Est irnate of Activation Energ;y: E 22.2 k cal/mole= 



Figure 30-1. Experimental data for series I-1. 
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Figure 30-2. Experimental data f or s eries I-2 . 
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SERIES III - EFFECT OF DISSOLVED OXYGEN CONCENTRATION ON RATE 

OF HYDROLYSIS OF TRIPOLYPHOSPHATE IN LAKE WATER 

The purpose of this experiment is to establish what 

effect, if any, the concentration of dissolved oxygen has on 

the rate of hydrolysis of condensed phosphates in lake water. 

One experiment was carried out under continuous aeration, 

representing saturated dissolved oxygen conditions. A second 

experiment was made under otherwise ide.ntical conditions, but 

using nitrogen gas instead of air, representing low oxygen 

· conditions. 

Experimental Conditions 

Date: June 7-17, 1967 

Medium: Humber Bay 

F·rp = .022 mg/l P04 
OP = .017 mg/l P04 

Sample Preparation: added .950 mg/l P04_ as TPP 

Incubation Temperature: 20°0 

Day-Nig.ht Lighting Conditions. III-1: Continuous supply of air 

III-2: Continuous 
nitrogen gas 

supply of 

Tests: FTP, OF, D.O., pH 

Experimental Data: Fig. 31 presents the data on phosphorus 

and pH. The dissolved oxygen concentration was measured fre

quently. It showed a concentration of 9.1 mg/l in III-1, 

which represents saturation levels. III-2 had levels of con

centration of less than 1.0 mg/1, with the exceptj_on of the 
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period from about 100 to 168 hrs. when the concentration rose 

to a maximum of 5~1 mg/l at 168 hrs. This occurred because 

of exheustion of the nitrogen gas supply during this time. 

Rate of Hydrolysis: The anaerobic sample data are fitted by 

a straight line. 

kavg/anaerobic = 5.9 x 10-5 mg P04/l-min. 

The aerobic · sample data cannot be fitted reasonably by a 

straight line, although the overall rate of hydrolysis is 

close to the rate of anaerobic ~ample. The difference in pH 

level of about one unit is noted (see also Series XVIII). 



Figure 31. Exper i menta l da~a f or s eries I I I . 
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SERIES XII - EFFECT OF LENGTH OF STORAGE, STERILE CONDIT-IONS 


AND ADDITION OF GLUCOSE ON THE RATE OF HYDROLYSIS 


OF TRIPOLYPHOSPHA'rE IN LAKE WATER 


The purpose of this experiment is to investigate to 


what extent the rate of hydrolysis differs between a fresh lake 


water sample and one that had been stored for some time before 


the addition of tripolyphosphate. In addition, food in the 


form of glucose was added to the stored sample some time after 


. the start of the experiment to see if this has any effect in 

increasing organism activity and thus increasing the rate of 

hydrolysis. Finally, the rate of hydrolysis in sterile lake 

water was investigated. 

Experimental Conditions 


Date: February 1968 


Medium: Humber Bay UTP = 0.110 mg/l P04 


FTP = 0.075 mg/l 1'04 

OP = 0.065. mg/l l?04 
pH = 7.9 
T = 4°0 

Sample Preparation: XII-1 unfiltered, started experiment within 
48 hrs. after collection of sample. 

XII-2 unfiltered, lake water stored for 
about two weeks at 4°c, before start 
of experiment. 76 hrs. after start 
of hydrolysis experiment 50 mg/l 
glucose was added. 

XII-3 sterile, (filtered (0.45 micron) 
and autoclaved) 

To all three samples 0.5 mg/l P04 of tripolyphosphate was 

added. 

Incubation Temperature: 20°0 
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Day-Night Lighting Conditions. Samples were mixed by magnetic 


stirrer and aeration (except -3). 


Tests: Percent OP, Percent PP, Percent TPP, pH, FTP at times. 


Experimental Data: These are presented in Fig. 32-1 to -3. 


The data on filtered total phosphorus are not shown, but in

dicate that there was little uptake of the added phosphate by 


the organisms while extensive hydrolysis ocourred~ 


J:late of H;y:drol;ysis: Zero-order straight line fit is made in 


accordance with the theory of consecutive react ions (see 


Appendix B). Both k1 and k2 values were calculated from the 


data. 


XII-1: = 3.2 x 10-4 mg Po4/l-min, = 2.7 x lo-5 mg P04/l-mi11k1 k2 

-2: k1 = 2.8 x io-5 mg P04/l-min, k2 = 8.3 x 10-6 mg POl/1-ID 111 

-2 (+ 
Glucose): kl = 2 x lo-4 mg P04/l-min, k2 not calculated 

-3: k1 = 1.2 x lo-5 mg P04/l-:-min, k2 = 2.4 x 10-6 mg P04/l-min 



Figure 32-1. Experimental data f or ser ies XII-1. 
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Figure 32-2. Experimental data f or series XI I-2. 
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Figure 32-3. Experimental data for series XI I - 3 . 
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SERIES ,XIII - EFFECT OF TEMPERATURE AND SAMPLING DEPTH ON THE 

.RATE OF HYDROLYSIS OF TRIPOLYPHOSPHATE IN LAKE 
WATER 

The purpose of this experiment is to investigate the 

effect of temperature on the rate of hydrolysis Of tripoly

phosphate in a lake water sample obtained in the winter. It 

was not possible to obtain a sample from the Humber Bay. As 

an alternative the sample was taken fr-0m the intake of the 

Hamilton Water Treatment Plant. The depth at the intake is 

about 30 feet. 

Experimental Conditions 

Date: March-April 1968 

Medium: Lake Ontario water, Hamilton water intake 

Sample preparation: addition of 0.5 mg/l P04 of TPP 

Incubation Temperature: XIII-1 20°0 

XIII-2 4°0 

Day-Night L-ighting Conditions. Samples were mixed by magnetic 

stirrer and aeration. 

Tests: Percent OP, Percent PP, Percent TPP, pH, FTP at times. 

Experimental_Data: These are presented in Fig. 33-1, -2. The 

data on filtered total phosphorus are not shown, but indicate 

that there was little uptake of the added phosphate by the 

organisms while extensive hydrolysis occurred. 

Rat.e o·f Hydr0l;y:sis: A zero-order straight line fit is made in 

accordance with the theory of consecutive reactions (see .Appen·

dix B). Bo'th k1 and k2 were .calculated from the data. The 
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data of XIII-2 are scarce, and the last two points were dis

regarded since they are obviously in error. 

XIII-1: kl = 2.0 x io-5 mg Po4/l-min, k2 = 1.9 x lo-6 mg P04/l-min 

XIII-2: 2.9 x 10-6 mg Po4/l-min, 4.4 x 10-7 mg Po4/l-minkl = 	 k2 = 

Estimate 	of Activation Energz: 

TPP: E = 19.1 k cal/mole 

PP: E = 14.7 k cal/mole 



Figure 33-1~ Exp~rimental data f or series XI II-1. 
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Figure 33-2. Experimental data for series XIII-2. 
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.SERIES XVIII - EF:F'ECT OF pH ON TF...E RATE OF HYDROLYSIS OF TRI

POLYPHOSPHATE IN LAKE WATER 

The purpose of this series is to establish what effect 

the variation of pH has on the rate of hydrolysis of tripoly

phosphate in lake water. 

~.K;Qerimental Conditions 

Date: May 1968 

Medium: Humber Bay 

Sample preparation: 

XVIII-1: pH"" 5 sodium phl alate buffer added 

-2: pH ,...J7 dilute hydrochloric acid added 

-3: pH ,,.._,9 sodium carbonate buffer added 

0.5 mg/l P04 of TPP was added to the three samples. 

Incubation Temperature: 24°0 


Day-Night Lighting Conditions. Samples were mixed by'. magnetic 


stirrer and aeration. 


Tests: Percent OP, Percent PP, Percent TPP, pH. 


Experimental Data: These are presented in Fig. 34. The pH was 


checked each time phosphorus measurements were made. It stayed 


constant in all three samples . 


. Rate of Hydrolysis: A zero-order straight line fit is made in 

accordance with the theory of consecutive reactions (see Ap~en

dix B). Both k1 and k2 were calculated from the data. Unfor

tunately only few data points were obtained in this series. 

The rate constants were converted to a temperature of 20°0. 
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XVIII-1: :pH= 5: k1 = 3.5 x 10-5' k2 = 7.1 x io-6 mg P?4/l-min 

-2: = 7: k1 = 1.6 x io-5 ' k2 = 3.7 x 10-6 mg ~04/l-min . 

-3: = 9: kl =1.8 x 10-5 , k2 = 4.9 x io-6 mg P04/l-min 



Figure 34. Experimental data for series XVIII. 
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SERIES XIX - EFFECT OF .ADDITION OF GI1UCOSE ON THE RA.TE OF 

HYDROLYSIS OF TRIPOLYPHOSPHATE ON LAKE WATER 

The purpose of this series is to check the effect of 

addition of 50 mg/l glucose on the rate of hydrolysis of :tri

polyphosphate in lake water. 

Experimental Conditions 

Date: May 1968 

Medium: Humber Bay 

Sample preparation: XIX-1 pH= 7.0 
(Data of XVIII-2) 

0.5 mg/l P04 of TPP 
no food added 

-2 pH= 7.0 0.5 mg/l P04 of TPP 
50 mg/l glucose 

Incubation Temperature: 24°c 

Day-Night Lighting Conditions. Samples were mixed with magne

tic stirrer and aeration. 


Tests: Percent OP, Percent PP, Percent TPP, pH. 


Experimental Data: These are presented in Fig. 35. Glucose 


was added at the beginning of Series XIX-2. The sample stayed 


clear for the first day, and then turned cloudy, presumably 


due to increase in organisms. The rapid decrease in TPP 


coincided with the increase in cloudiness. 

Rate of Hydrol~sis: The data for Series XIX-2 are too few to 

estimate k1 and k 2 ; thex·efore k1 was estimated only, and 

adjusted for temperature to 20°c. 

XIX-1: = 1.6 x io-5 mg P0 /l-m:i.nkl 4
XIX-2: k1 = 1.5 x 10-l~ mg P04/1·-min 
(glucose) 
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SERIES XXII - HUMBER BAY FIELD INVESTIGATION 

The purpose of this in~estigation is to est~blish 

a) concentration levels of phosphorus in lake water in the 

vicinity of a major sewage treatment plant outlet. The 

findings will decide realistic levels of concentration 

of phosphorus for laboratory experiments. 

b) rates of hydrolysis of condensed phosphates in lake 

water in situ. Results can be compared to rates found 

in laboratory experiments. 

Method of Investigation: i'he effluent from the Humber Se1iage 

Treatment :Plant is disch2..rged through a ten-foot diameter con

crete pipe into Humber Bay, approximately 3000 feet from shore 

and at a water depth of about 25 feet. The effluent rises 

through fourteen 48 inch diameter diffusers. 

The observational programme was carried .out with the 

help of the research vessel, ·c.C.G.S. :Porte Dauphine, Great 

Lakes Institute, University of Toronto. The efforts of the 

captain, crew and technical staff are hereby gratefully ack

nowledged. A network of stations in a semicircle around the 

sewage outlet was laid out; radii of 1000 feet, one-half, one, 

two and three miles were used (see Fig. 36). Samples were 

obtained at several depths. Series XX-1 was carried out at 

the beginning of the research, February 1967. For series 

XX-2, June 1968, condensed phosphates were added to the ~f

fluent, in order to in~re~8e concentrations in the bay for 

rate of hydrolysis measurements~ 
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S~RIES ~XII-1 - CONCEN'J~RATION LEVELS OJ? PHOSPHORUS IN HUMBER BA.Y 

Date: Feb. 9, 1967 

Stations: 22, samples taken at surface, mid-depth, and near 

bottom. 

Tests: 	 FTP, OP, (by ManuB.l Ascorbic Acid Method) 

Temperature, pH, chloride, optical density Rt 200 milli

microns. 

Experiment a l Dat a : A brief summary is presented only~ 

Orthophosphate (OP): .018-.725 mg/l P04 

Filtered Total Phos)horus
(F·rp : .032-1.0 mg/l P04 

0Temperature .
• 1.1-2.0 c 


pH 7.8-8.0 


Optical Density (200 mp): • 33·-. 43 


Chlorides 29-60 mg/l 


The following observations are made from the d~ta: 

1) Realistic levels of concentrations for phosphorus in 

laboratory studies to be 0.5 mg/l P04. 

2) 	Phosphorus data indicated a definite current in the bay in 

a north-easterly direction towards Sunnyside beach. Chlor

ide and ·optical density data generally supported this, but 

not as pronounced.* 

3) 	Within three miles of the sewage outlet phosphorus concen

trations were reduced to levels generally found in near

shore areas of LAke Ontario (Heinke (H- 8) ). 

* Phosphorus concentrations were high within this 
· stream of heavily polluted water. The maximum 
condensed phosphate concentration measured was 
0.25 mg/l P04. 
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.§]IBJES XXII-2 - R_liTE OF HYDROLYSIS STUDY IN HUMBER BAY 

Date: June 3-6, 1968 

On June 3 and 4 measurements were taken at the sewage 

outlet and at selected stations at time intervals to establish 

"steady-state" conditions. On June 5 2000 lbs. of sodium 

tripolyphosphate were dumped in a 2-hour period into the ef

fluent at the treatment plant. The effect of this was moni

tored at the sewage outlet and several stations in the bay. 

From the data on phosphorus concentration and form, and data 

on wind, water current and conductivities the relative effect 

of diffusion and hydrolysis was to be estimated, and ul t _imately 

rates of hydrolysis of condensed phosphates obtained. 

Stations: 32_, samples ' taken at two depths, 3 m and near 

bottom. 

Tests: Phosphorus: UTP, FTP, OP, some differential condensed 

phosphate analysis. 

temperatu~e, pH, turbidity, conductivity 

wind measurement 

_current measurement (drogue studies) 

aerial photography 

Addition of Tripolyphosphate to Effluent: 

Material ·: 	 Sodium tripolyphosphate from Electric Reduction 

Co., Toronto, OL-1519. 

20 bags at 100 lbs·. 

Analysis showed it to be 95.2 percent TPP, 

4.8 percent 	PP. 
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This material was contributed by the Electric Re

duction Co. Their cooperation and help is grate

fully acknowledged. 

Flow of effluent: June 5, 9-12 a.m.: 52.5 mgd. 

Rhodamine B was added to the effluent at 9:45 in sufficient 

quantity to give a concentration of about 200 pg/l in the 

effluent. The tripolyphosphate was then dry-fed at the rate 

of 1 bag (100 lbs) every 5 minutes~ Calculations on solu

bility of tripolyphosphate showed that for concentrated 

solution feed of tripolyphosphate a holding tank of about 

2000 gal. capacity and a dosing pump capable of delivering 

12 gpm were required. Since these items could not be obtained 

from the treatment plant the decision was made to dry-feed. 

The material was dumped into the confluent of the effluent 

ch2.nnels of the final settling tanks. It was thought that 

there was sufficient turbulence for dissolving and dilution. 

Samples were taken at the effluent manhole by a depth-sampler 

and analyzed by staff at the treatment plant. The results 

are shown 

30 min. 

below: 

before addition of TPP: 

. F·rp 

7.0 

mg/l P04 
OP 

4.5 

30 min. after start of addition of TPP: 14.0 7.0 

9ff min. after start of addition of TPP: 26.0 19.0 

The theoretical increase in phosphorus concentration due to 

the dumping of tripolyphosphate amounts to 35 mg/l P04 . As 

seen from the data the increase in FTP was much smaller. 

This is attributed to a likely caking of the powder as it 
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was added to the effluent. This material would have dis

solved over a longer period of time, but did not contribute 

to the sudden rise in concentration and slug of phosphorus 

hoped for. The value for orthophosphate after 90 minutes 

must be wrong. Experiments in the laboratory afterwards 

showed that the rate of hydrolysis of commercial tripoly

phosphate in Humber S.T.P. effluent was about equal to pre

viously found values and therefore hydrolysis could not have 

occurred as rapidly as indicated by this measurement. 

Experimental Data: 

Phosphorus: A sample data sheet for June 4 is shown on 

p.240. It indicates the lower levels of concentration with 

distance from the sewage outlet. After the dumping 6f tri

polyphosphate the vessel was anchored at the outlet for three 

hours, during which 37 measurements each for filtered total 

phosphorus and foT orthophosphate .were made. The average 

and range ~f results are shown below: 

A.t station 01: Sewage outleJ_ 

mg/l P04 
Prior to release of TPP; . 880 ,145-3945) .115 ~0-;395) 

During release of TPP: 1.435 (.325-2.690) .470 (.0 -1.100) 

It indicates the increase in FTP and OP, but this increase 

was not as large as anticipated due to the aforementioned 

problem. Measurements were continued at several stations 

for 24 hours after the release of tripolyphosphate . . Within 

a short distance (1/4 mile) from the outlet the lev~ls of 
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concentration after the release of tripolyphosphate · do not 

appear to be signi~icantly different from the data _taken 

prior. For this reason all data on filtered total phosphorus 

(FTP) at 3 meter level were combined, and concentration c~~m

tours shown in Fig. 36. In total 460 phosphorus measurements 

were made, each measurement by duplicate automatic analysis. 

On 39 samples the phosphorus analysis was carried out both 

by manual ascorbic acid method, with or without extraction, 

(see .Appendix .A.:l(a)) and by automatic method (see .Appen

dix A:2(a)). In each case duplicate analysis were made. 

Comparison was generally good and within the range of pre

cision of the metho<ls. 

Tem~erature: Measurements were made by reversing thennome

ters (lil meas.) and by baby thermographs (50); .A summary of 

the results is shown. 

00De 12th 1 m Tem12. 1 

3 9.7 (7 .5 - 13 .. 2) 

6 - 12 7.4 (6.4 - 9.9) 

12 - 40 (5.3 - 5.9) 

The higher temperatures at the 3 and 6-12 m level occurred 

at the sewage outlet, as expected. The baby thermographs 

indicated a layer of warm w~ter for the top four to five 

meters. Phosphorus measurements at the 3 m level are in 

agreement with this, as they were, in general, higher . than 

at lower depths, indicating that the warm sewage effluent 

stays in the top layers. 
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J2.li: 127 measurements were made. They were general~y uni

fonn with location and depth. The average value was 8.1, 

with a range of 7.6 to 8.4. The low values occurred at the 

sewage outlet. 

Turbidity: 123 measurements were made with the Hellige 

Turbidimeter. The average value was 6 units, with a range 

of 1 to 45. The high values occurred at the Hum.ber River 

and the sewage outlet. The low average value of 6 indicates 

that the bay acts as an efficient settling basin. 

Conductivit y : 127 measurements were made and corrected to 

a standard temperature of 25°0. The average value measured 

was 365 micro-mhos, . with a range of 330 to 625. Contours 

were drawn and indicated a similar pattern as the phosphorus 

data in Fig. 36. The high values occurred at the Humber 

River (500 to 600) and at the sewage outlet (about 400). · 

In general conductivities were higher at the 3 m level than 

at lower depths. 

Wind measurements: During the entire survey relatively calm 

weather occurred. The wind speed varied from 0 to 13 mph. 

Winds blew in a north-easterly direction, which is parallel 

and towards the shoreline. 

Current measurements: Drogue studies were carried out using 

Great Lakes Institute canvas drogues. The canvas was ·set at 

an average depth of about 3 m. They were equipped with 

flashing lights to facilitate tracking at night. Drogues 
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were set out in intervals of 2-3 hburs at the sewage outlet 

and their location (bearing and distance from the ~ewage out

let) was measured by dead-reckoning. The paths are shown in 

Fig. 36. .All drogues moved towards shore, near the vicinity 

of Sunnyside Beach. In general, drogues moved in the direc

tion of the wind. The average speed was 7 ft./min., with a 

range of 2-16. The direction of drogue travel and high 

levels of phosphorus gener~lly coincide, as seen in Fig. 36, 

indicating that during the survey the sewage travelled from 

the outlet pipe towards the shoreline at Sunnyside Beach. 

Since the prevalent winds in the area apparently are usually 

in a north-easterly direction, as occurred during the survBy, 

this is indeed an undesirable situation. 

Aerial Photography: Two flights were made, on June 4 and 

June 5, 1968. Colour photography was used. The picture on 

June 5 was taken after the release of the Rhodamine B, but 

did not show the effect of this. It only indicated the 

effect of the Humber River current entering the bay. 
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FIG. 36 -Experimental Data for Series XXIl 
- Humber Boy Survey 

Legend 

--·- Coocentration Contours fa FTP CO> 3 meters 
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------June 5th Drogue Poths 

.54 
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V-4 WASTEWATER STUDIES . 


Two field studies were -made at the Dundas Sewage 

Treatment Plant to obtain data on concentration and type of 

phosphorus present in wastewater, . and estimates of the rate 

of hydrolysis of condensed phosphates in the plant. One 

study was carried out during the summer, one during the 

winter. Batch experiments on Dundas wastewater and activa

ted sludge were carried out in the laboratory to establish 

rates of hydrolysis of condensed phosphates and to estimate 

the effect of pH variation on the rate. Finally, an exten

sive field survey was made on the Humber Sewage Treatment 

Pi.ant' Toronto e The majority Of the work on wastewater was 

done prior to successful use of differential condensed phos

phate analysis. Rates are therefore reported as kavg• 

!_xperimental Results and Analysis of Data 

Table XXXIII summarizes all experimental studies in 

wastewater. Data of individual series are presented in 

graphical or tabular form. 
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TABLE XXXIII - (Cont'd.) 
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SERIES V - FIELD STUDY ON DUNDAS SEWERAGE SYSTEM AND PLANT 


The purpose of this series is to obtain data on the 

concentration and type o~ phosphorus compound present in raw 

wastewater and after several stages ·of treatment. From these 

data an estimate of the r~te of hydrolysis of condensed phos

phates in wastewater may be obtained. This investigation was 

done under summer conditions (see Series XV for winter condi

tions), for a period of four days. The plant uses the activa

ted sludge process. 

Field Conditions 

Date: July 10-13, 1967 

Flow rates: 1.9~2.l~ MGD (nominal plant capacity - 1.4 MGD) 

Temp. of Influent: 19°0 

Sampling Points: Three locations were chosen within the sewer 

system. Samples at Stations 1 and 2 we re domestic wastewater, 

at Station 3 mainly industrial wastewater. The time of flow 

from the station to the treatment plant under average flow 

conditions was measured as 2.25, 1.45 and 1.15 hours respec

tively. 

At the treatment plant the influent, primary and sec.ondary ef

fluent were sampled. The detention time in the plant was 1.15 

hours for the primary, and 9.75 hours for the secondary ef

fluent at design flow rate. 

Samples were taken in a timed sequence to allow for the various 

detention times. One 15-minute composite . s ample per station 

per day . was taken. They were stored in icepack until analyzed. 
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·Tests: 	 UTP, FTP, UOP, OP, and COD. 

From these OP and PAJ? can be obtaj_ned (see Chapter 

IV-1) 

Experimental Data: A summary of the data is given only. COD 

reduction varied from 81 to 90 percent, indicating satisfac

tory conventional treatment. 

Average ·and Range of Concentration of Phos_phorus Compo11_nds 

mg/l POL~ 

· mg/l P04 
.Medium PAP OPOP _....l!IT 	 m--r-

Wastewater at. 
Sta.1,2 and 3 (22-67,) (3-31) (18-56 )' (9-39) (4~31), 

Influent 36'(29-47) ·7 (4-11) 29 (25-36) 10 (8-13) 19-(13-26) 

Primary
Effluent 32(27-37) 8(3-17) 24(20-28) 10(6-15) 14,(13-14)

.-.. 

Secondary 

Effluent 19 (13-26) <l ( 0 - 2) 18(13-24) 17(12-24) 1.(0-1) 


Average 	 and Range of Concentration . of Pho s 12 ho ru s Com_12j:)unds 
Percent 

Percent of UTP Percent of FTP 

Medium m nk OP QR 

Wastewater at 
Sta. 1, 2 (12-52) (48-88) (48-82) (18-52) 
and 3 

Influent 19(12-23) 81 (77-88) 37(28-50) 63(50-72) 

Primary 
Effluent 25 (11-46) 75(54-89) 42(30-54) 58(46-70) 

Secondary 
Effluent 3 ( 0- 8) 97(92-100) 96(92..;100) 4 ( 0- 8) 
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Average and Range of Phosphorus Reduction 

Percent Reductionz based on influent cone:.'" 
Medium UTP PAP OPm 

Primary Effluent 12(0- 21) 6(<0-25) 18(0-44) 24 (O-lt6) 

Secondary Ef
fluent 48(38-60) 95(82-100) 38(28-50) 96(92-100) 

Rate of Hydrolisis 


Avg. Detention Time in Primary Settling Tank = 50 min. 


II 11fl Act.Sludge Tank = 260 min. 

.A.vg. Oond. Phosph. in · Influent 

" " Primary Effluent 14 " 
fl 11 Secondary .Effluent 1 It 

Primary Settling Tank: k = 6 x lo-3 min
-1 

avg. 
Activated Sludge: kavg. = 1 x 10-2 min-1 

(It is assumed that the hydrolysis 
taking place in the final 
settling tanks can be neglected) 
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SERIES IV, ,YII ANDJII.1_ - LABO RA.TORY BATCH STUDY ON fil.TE OF 

HYDROLYSIS OF TRIPOLYPHOSPHATE IN · 

W.A.STEWAT ER 

The purpose of these studies is to establish rates of 

hydrolysis of tripolyphosphate in wastewater under varying 

conditions of temperature and organism activity. Each series 

was carried out . at 20°0 and 4°0, . simulating summer and winter 

wastewater temperature conditions. To check the effect of 

presence or absence of organisms experiments were carried out 

on unfiltered and filtered waste~ater. The attempt was to 

obtain a 'sterile' wastewater. In Series IV a 0.8 micron 

filter was used. Organism grew in the filtrate after a few 

hours. In Series VII the · same size filter was used and the 

filtrate was autoclaved. However, this caused precipitates 

to form changing the chemical properties of the wastewater. 

In Series VIII a 0.45 micron filter was used. .A.gain growth 

occurred in the filtrate after several hours, although to a 

smaller extent. In all cases the ·vessels, stirrer bars etc. 

· .were·sterilized and aseptic sampling techniques used. Micro

scopic examination and plate counts were carried out at times. 

SERIES IV 


Experimental Conditions 


Date: July 31 - August 10, 1967 


Medium: Influent wastewater to Dundas S.T .. P. 


FT~ =19 mg/l P04 pH= 7.6 


OP = 13 mg/l Po4·· T = 19°0 
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Sample Preparation: IV-1, -3 unfiltered 

IV-2, -4 membrane filtered (0.8 
micron) 

25. mg/l P04 of TPP was added to the 
four flasks. 

Incubation Temperature: IV-1, -2 20°0 

IV-3, -4 4°c 

Samples were mixed by magnetic stirrer and aeration. 

Day-Night Lighting conditions were used. 


Tests: FTP, OP, (OP calculated as the difference) 


Experimental Data: These . are presented in Fig. 37-1 to -4. 

Rate of Hydrolysis: The data for condensed phosphates for 

all four runs were replotted in Fig. 37-5 as logarithm 

(percent condensed phosphates remaining) versus time and rates 

of hydrolysis calculated as the slope of the straight line. 

With the exception of IV-1 a reasonably good fit is indi

cated. A lag period occurs for IV-3, -4, at 4°0. 

IV-1: 

-2: 

Unfiltered, 

Filtered, 

20°0 

20°0 

k avg 

kavg 

2.4 x= 

= .1.4 x 

lo-4 min -1 

10-4 min-l 

-3: Unfiltered, 4°0 kava 
0 

= 9.0 x lo-5 min-l 

-4: Filtered, 4°0 k 
avg = 6.1 x lo-5 min-l 

Estimate of Activation Ener£X_: 

for unfiltered wastewater (IV-1, -3): E = 9.8 k cal/mole. 

for filtered wastewater (IV-2, -4): E = 8.3 k cal/mole. 
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SERIES VII 

Experimental Conditions 

Date: August 25 - ·September 11, 1967 

Medium: Influent Wastewater to Dundas S.T.P. 

UTP 24 mg/l Po4 	 pH = 6.4= 
FTP = 22 mg/l P04 T = 18°0 


UOJ? = 22 mg/l P04 


OP 18 mg/l P04
= 

Sample preparation: 	 VII-1, -3 Unfiltered 

VII-2, -4 Filtered 

VII-5, -6 Filtered and autoclaved 

To all six flasks 25 mg/l P04 of TPP wa.s 
added. 

Incubation Temperature: VII-1, -2, -5 20°0 

VII-3, -4, -6 4°0 

Samples were mixed by magnetic stirrer and aeration (except 

-5, -6) and shaken before sampling. Aseptic sampling tech

nique was used for VII-2, -4, -5, ~6. Day-Night Lighting 

Conditions were used. 

Tests: FTP, OP, at times UTP and pH. 

Experimental ~: These are presented in Fig. 38-1 to -6. 

No curves are draWn. through the erratic data of Flg. 38-5 and 

6. 

Rate of Hydrolysis: The data for condensed phosphates for 

runs 1 .to 4 were plotted in Fig. 38-7 as logarithm (percent 

condensed phoiphate remaining) versus time and rates of 

...... 
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hydrolysis calculated as the slope of the straight line~ The 

fit is not as good as in Series IV and VIII, but the rates 

compare £avourably. 

-1
VII-1: Unfiltered, 20°0 kavg = 2.3 x 10-4 min 


-2: Filtered, 20°0 1.9 x 10-4 min-l
kavg = 
-3: Unfiltered: 4°0 8.5 x lo-5 min-lkavg = 
-4: Filtered: 4°0 k avg = 3.6 x io-5 min-1 

Estimak._of .Activation Energ;y 

for unfiltered wastewater (VII-1, -3): E = 10.0 k cal/mole. 

for filtered wastewater (VII-2, -4): E = 16,,6 k cal/mole. 

Micro .scopic Examination: (at t = 300 ' hours) 

VII-1: Mostly uacterial floe, some mineral floe. Clusters 

of bacteria, flagelatta, few nematodes. Little 

dispersed growth. 

VII-2: Less bacterial floe than in -1, some rods and cocci. 

VII-3: Mostly mineral matter, very few rods and cocci, 

some small clusters of bacterial floe . 

.... 




Figure 38 - 1 . Experimenta l data f or s eries VII-1. 
38-2. Ex~erimenta l data f or s eries VII-2. 
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38-4. Experimenta l d a.t& f o r s e r i e s VII - 4 . 
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SERIES :ml 

o. -1: Unfiltered 20° C 
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• -4: Filtered 
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Figure 38- 7_ . Experi~ental-nat a of Seri~s VII~ 
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SERIES VIII 

ExEerlB.Len~al Conditions 

Date: Sept. - Oct. 1967 

Medium: Influent Wastewater to Dundas S.T.P. 

UTP = 27.5 mg/l P04 pH = 7. 9 

·FTP = 21.5 mg/l P0 1+ T =17°0 

UOP 20.0 mg/l P04= 
OP = 15.0 mg/l P04 

Sample Preparation: 	 VIII-1, -3 unfiltered 

VIII-2, -4 membrane filtered (0.45 micron) 

Wastewater was prefiltered through Whatman 

paper and then through 0.45µ filter di

rectly into sterile flask. 

· 	To all four flasks TP~ was added to bring 

total phosphorus concentration to about 

50 mg/l Po4 . For VIII-2, -4 sterile dis

tilled water was used for preparation of 

tripolyphosphate solution. 

Incubation Temperature: 	 VIII-1, -2 

.VIII-3, ·-4 4°0 

Samples were mixed by magnetic stirrer, and shaken before 


sampling. Aseptic sampling technique was used for VIII-2~ -4. 


Day-Night Lighting Conditions were used. 


Tests: UTP, FTP, UOP, OP, and pH. 


Experimental Dat a : These are presented in Fig. ·39-1 to -4. 
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Rate of Hydroly.sis: The data for condenEed :Phosphates for 

all four runs were replotted in Fig. 39-5 as logarithn1 (per

cent condensed phosphate remaining) versus time and rateR of 

hydrolysis calculated as · the slope of the straight line. The 

d~ta allow a reasonably good fit to a straight line, indicat

ing a first-order hydrolysis . of condensed phosphates. A poor 

fit at the beginning of the 20°0 runs is apparent. .A faster 

rate of hydrolysis than calculated seems to occur in that 

period. 

VIII-1: Unfiltered, 20°0 .kavg = 2.1 x 10-4 min-l 

-2: Filtered, 20°0 . ~ kavg = 1.6 x 10-4 . -1min 

-3: Unfiltered, 4°0 kavg = 1.1 x io-4 min-l 

-4: Filtered, 4°c kavg = 5. 9. x 10-5 min-1 

Estimate of Activation E~~: 


for Unfiltered Wastewater (VIII-1, -3): E = 6.5 kcal/mole. 


for Filtered Wastewater (VIII-2, -4): E = 10.0 kcal/mole. 




Figure 39- 1 . Experimental da ta f or ser ies VIII-1. 
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Figure 39-2. Experimental data f o r s e ries VIII-2. 
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Figure 39-3. Eiper imenta l da ta f o r s eri es VIII- 3 . 
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Figure 39-4. Experimental data f or series V!!I-4. 
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SERIES "SlJII 
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Figu1."e 39-5. Experimental_· Da ta'. of_ Series VIII. 
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SERIES XV FIELD STUDY ON DUNDAS SEWAGE TREATMENT PLANT 

The purpose of this series i~ to estimate the rate of 

hydrolysis of condensed phosphates in an activated sludge 

plant under winter conditions. (See Series V for summer 

conditions). 

Field Conditions 

Date: March 18, 1968 

Flow rate: 2.2 MGD Temp.· 6 f was~ewa~ t er: 8.3°0 

Sampling Points: Primary Effluent 

Final Effluent 

Tests: FTP, OP, Percent OP, Percent PP, Percent TPP 

Experimental Data: 
mg/l P04 Percent 

OP ppFTP OP TPP 


Primary Effluent 21.0 5.0 29.0 7.9 63.1 

... 
Final Effluent 12.0 9.5 -so. 2 7.5 12.3 

Rate of Hydrolysis: 

Detention Time in activated sludge tanks = 270 min. 

pp + TPP in Primary Effluent = 15.5 mg POL~/l 

pp + TPP in Final Effluent = 2 .'5 mg P04/1 

x lo-3 min-1 
kavg = 7 


Percent Reduction in FTP = 43 :percent. 
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SERIES XVI 	 EFFECI' OF pH ON RA".rE OF HYDROLYSIS OF TRIPOLY

PHOSPHATE IN WASTEWATER 

The purpose of this series is to establish what effect 

the variation of pH has on the rate of hydrolysis of tripoly

phosphate in wastewater. 

Exnerimental Conditions: 


Date: March 1968 


Medium: Primary Effluent, Dundas S.T.P. 


FTP = 14.0 mg/l P04 (for XVI-2, -3) = 21.0 mg/l P04 (for XVI-1) 

OP = 5.0 mg/l P04 fl = 5.5 mg/l P04 " 
pH = 7.9 = 7.9 

Additions: 

to XVI-1: pH""' 5 Potassium Acetate-Acetic Acid. Buffer 

50 mg/l P04 of TPP 

to XVI-2: pH ......, 7 Dilute Hydrochloric Acid to lower pH · 

30 mg/l P04 Of TPP 

to XVI-3: pH ...... 9 Sodium Carbonate buffer 

30 mg/1 P04 of TPP 

incubation Temperature = 20°0 Mag.-Mir and Aeration 

Day-Night Lighting 

Tests: FTP, OP, UTP, Percent OP, Percent PP, Percent TPP, pH 

Experimental Data: These are presented in Fig. 40-1, -2, -3. 

Rate of Hydrolysis: The experimental data for all three· series 

were replotted on a graph of logarithm (percent condensed phos·~ 

phate remaining) versus time and rates calculated. 
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XVI-1: pH,,_;5.5 k 3.3 x io-4 min -1 
avg = 

. -4 
-2: pH ~7 .5 6.5 x 10 . min-lkavg = 

.:...3: pH,..,, 9. 0 kavg = 1.2 x 10-4 min -1 


Microscopic Examination: (at t = 70 hours) 

XVI-1: Mycelial Fungi, yeasts, few dispersed bacteria 

-2: Bacteria, dispersed and in clumps, some flagelates 

-3: Bacteria, dispersed and in clumps, many flagelates • 

..._________ 

, 



Figure 40-1 • .Effect o f pH on rate o f hydr olysis o f TPP in wastewater . 
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Figure 40-2. Effect of pH on rate of hydrolysis o f TPP in wastewater. 
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Figure 40-3. Eff e c t o f p H on rate o f hydr olysis o f TPP in wastewa ter . 
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SERIES XXI HUJ:fiBER SEWAGE TREATMENT PLANT STUDY - 24 HOUR SURVEY 

' 
The purpose of this study is to obtain data on the con

centration and type of phosphorus compounds present in untrea

ted wastewater, primary and secondary effluent. The data .can 

then be used to estimate efficiencies of phosphorus removal 

and rates of hydrolysis of c.ondensed phosphates. 

Treatment Plant Information 

The Humber Treatment Plant is located at the mouth of 

the Humber River in the Municlpality of Metropolitan Toronto. 

It serves at present an estimated population of 425,000 people. 

Industrial wastes bring the population equivalent to about 

607,000. The sewer system is partly combined, partly · separate. 

The plant provides secondary treatment (Activated Sludge, Step 

Aeration) to a maximum flow of 54 MIGD. It can provide 

primary treatment only for an additional 6 to 8 MIGD. If the 

flow is still higher raw sewage must be bypassed after screen

ing and chlorination. The effluent from the plant is dis

charged to Humber Bay, Lake Ontario, about 3000' from shore 

through a pipeline and diffusers. A schematic plant diagram 

is shown in Fig. 41-1. 

Experimental Work and Da t a 

The survey was carried out on May 29 and 30, 1968 . 

.All work was done in the laboratories of the plant, using auto-

analyzer equipment. The cooperation of the staff of the labor a-.. 

tory and the plant is gratefully acknowledged. Every hour 

samples were obtained at the ·influent, and every two hours 



at the primary and secondary effluent. They were analyzed. . 

for unfiltered total phosphorus (UTP), filtered total phosphorus 

(FrP), filtered orthophosphate (OP), pH and temperature. Nine

teen samples were also analyzed for differential condensed 

phosphates. Digestor supernatant and return sludge were 

analyzed for filtered total phosphorus . and orthophosphate on 

two occasions. 

The flow rates of influent wastewater, primary ef

fluent and return sludge were recorded during the survey. 

Flow records of the week prior to the survey were obtained, 

since the flow rate during the survey was higher than normal 

due to rainfall on the two days preceding the survey~ The 

information on flow rate and rainfall is shown in Fig. 41-2. 

The rainfall data were obtained from the Department of Tran

sport, Meteorological Branch, for the gauging station at 

Toronto International .Airport, which is at the upper reaches 

of the contributing sewer area. Fig. 41-2 clearly shows the 

increase in flow rate due to the rainfall. 

Based on information received on the volume of the 

tanks, the detention times during the survBy were calculated 

as follows: 

Detention T~, hours 
Avg.Flow Low Flow High Flow 

Primary Settling Tanks 0.9 1.5 0.7 

Activated Sludge Tanks 5.3 7.2 5.3 

Final Settling Tanks 1.9 2.9 1.9 
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In the presentation of phosphorus data in Fig. 41-3 to -5 the 

data on primary effluent were displaced by one ~our, and on 

secondary effluent by eight hours relative to the influent 

data. This will allow direct vlsual examination on phosphorus 

removal and hydrolysis. Fig. 41-3 to -5 show the concentra

tion of unfiltered total phosphorus (UTP), filtered total 

phosphorus (FTP_), and filtered orthophosphate (OP), and con

densed phosphates (OP) in the influent, primary and secondary 

effluent. 

Table XXXIV gives information on other plant measure

ments. 

TABLE XXXIV.· EXPERIMEN'l'.AL DATA FOR SERIES XXI 

HUMBER S. T. P. SURVEY - MAY 29-30, 19681~ 

i------~--1 · -

DATE 

*Courtesy of Municipality of Metropolitan Toronto. 

http:EXPERIMEN'l'.AL


--
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The data in Table XXXIV indicate that the plant _achieves bio

chemical oxygen demand and suspended solids removals typigal 

of w~ll-operated cdnventional activated sludge plants. The varia

tion in temperature and pH during the survey is shown below. 

~l'!!.2.§ ratu re ..1 00 l21i 

Influent 15 c;._, - ·, 18.0 6.9 - 8.3 

Primary Effluent 15.5 - 17.0 7.. 2 - 7.8 

Secondary Effluent 15.5 - 16.5 7.2 -· 7.7 

The concentration of phosphorus in filtered digestor super

natant and return sludge was ~easured twice. 

Digester Supernatant: FTP 130, OP = 130 mg/l P04= 

Return Sludge FTP -- 69, OP = 68 mg/l P0

4 

Ave r ag e and Range of Conc entration of Phosphorus Comp ounds .
mg/l P04 

mg/l P04 
Medium UTP PAP FTP OP OP 
Influ~ 21.7 9.5 12.2 ---6.5 5.7 
ent (16.0-31.5) (3.5 - 25.0) (1.0-20.5) (0.5-12.0) (0.5 -10 .. 5) 

23.0 
(2.5-29.0)~'" 

Prim

ar,y 19.8 6.0 13 .. 8 8.2 5.6 

Efflu (14.,5 -25.0} (4.0-7.5) (9.5-17e5) (5.0-11.0) (2.5 - 9.5) 

ent 


Secon 7.6 1.0 6.6 5.7 0.9 

dary (3.0-15.5) (0.5-2 .. 0) (2.0-14.5) (1.5-13.5) {0.0 - 2.5) 

Efflu 16.0 

ent ( 2 • 0 - 27 . 0 ) .;~ 

*For comparison the only ·available phosphorus data on the 

Humber Sewage T.reatment .Plant are shown. They were obtained 

on a weekly composite sample, a.nd are the average values and 

range. for 1967 .. 
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Averap;,~ and Range of Concentration of Phos12horus Compounds 
Percent 

Percent of UTP Percent of FTP 
~dium m FTP OP OP 

Influent 44 (26-94) 56(6-74) 53(36-86) 47(14-64) 

Primary 
Effluent 31 (23-37) 69 ( 63-77) 59(45-74) 41(26-55) 

Secondary 
Effluent 17(6-50) 83(50-94) 86 (71-100) 14(0-29) 

Average and Range of Phosphorus Reduction 

Percent Reduction, based on influent concentration 
Medium m m FrP QI 

Primary Effluent . 9(0-48) 37 (0-70) <0(<0-14) 2(0-19) 

Secondary Effluent 65(26-77) 90(75-100) 45(0 -72) 84 (78·-100) 

Rate of H;ydrol~sts 

Avg. de tent ion time in primary settling tanks = 53 min. 

Avg. detention time in activated sludge tanks = 320 min. 

Avg. Cond. Phosph. in influent 5.7 mg/l P04= 

Avg. Cond. Phosph. in primary effluent = 5.6 mg/l P04 

Avg. Cond. _ Pho sph. in secondary effluent 0.9 mg/l P04= 

.Primary Settling Tanks kavg = 3 x 10-4 min-1 

-1Activated Sludge Tanks 6 x 10-3 minkaVJJ' = 
0 

(It is assumed that the hydrolysis taking place in the final 

settling tanks can be neglected.) 
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Presence of Soluble Organic Phosphorus Compounds 

Comparison of the results of the differential condensed 

phosphate analysis and direct analysis for orthophosphate shows 

that the values obtained by direct analysis in all cases were 

smaller, by about 10 to 20 percent, than the ve..lue obtained by 

applying the percentage for orthophosphate to the value for 

filtered total phosphorus (FTP). This could be ex1")lained 

partly by the presence of other soluble phosphorus compounds, 

such as higher condensed phosphates and soluble organic phos 

phorus compounds, which do not appear within the analysis time 

in the differential condensed phosphate analysis. On this 

·basis the amount of soluble organic phosphorus compounds a.nd 

h.igher condensed phosphates in the survey varied from 

l - 3.5 mg/l P04. It must be remembered that there could be 

considerable error in this estimate, since there will be a 

difference between the values for orthophosphate from direct 

and differential analysis simply due to error in each analysis, 

which has been arbitrarily eliminated in the procedure to 

obtain this estimate. 
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Figure 4·1-.3. Experimental data for series XXI - Humber S.T.P. sur'""""ey. 
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Figure 41-4. Experimental data for series XXI - H~unber S.T.P. survey. 
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Figure 41-5. Experimental data f o :i: series XXI· - Humber S. T . P . s urve y . 
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SERIES XXIII 	 LABOP..ATORY BATCH STUDY ON RATE OF HYDROLYSIS OF 

TRIPOLYPHOSPHATE IN . ACTIVATED SLUDGE 

The purpose of this series is to establish the rate 

of hydrolysis of tripolyphosphate in the presence or absence 

of activated sludge organisms. 

Exnerimental Conditions 

Date: June 17-19, 1968 

Medium: Activated Sludge, Humber S • T . P a , 

FTP = 65 mg/l P04 


OP = 63 mg/l P04 


pH = 7.7 


Sample preparation: 	 XXIII-1 Unfiltered 

XXIII-2 Filtered 

50 mg/l P04 of TPP were ad.ded to the 

two flasks. 

Incubation Temperature: 22°0 

Samples were mixed by magnetic stirrer and by aeration. 

Tests: FrP, OP, PercP-nt OP, Percent PP, Percent TPP, pH 

Experimental Data: 

XXIII-1 Unfiltered 

mg/l P04 Percent 
ppTime, hrs. Jill Etf> OP OP 	 TPP 

1 	 7.7 115 112.5 91.0 T 9.0 

3 	 7.7 120 117.5 100. T T 
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XXIII-2 Filtered 

Percentmg/l P04 

Time 2 hrs. !ill m OP OP RR TPP 


1 7.7 120 72 62 .. 4 T(race) 37.6 

20 7.7 105 67 66.5 T 33.5 

28 7.7 95 80 not myasured 

44 7.8 70 66 94.1 T 5 .9 . 

68 7.8 50 47.5 100 T T 

Bacterial growth occurred after about 2b hours, and as a 

result FTP decreased. 

Comparison between differential and direct orthophosphate data 

is good. 

Rate of Hydrolysis: The data for condensed phosphat~s, ie. 

the sum of PP and TPP were plotted in Fig. 42 as logarithm 

(percent condensed _phosphate remaining) versus time and rates 

of hydrolysis calculated for both runs as the slope of the 

straight line. As there are only few data points, no comment 

can be made on the reasonableness of the fit. The filtered 

sample showed a lag period of about 20 hours, after which time 

bacterial growth was evident in the . flask. Correspondingly, 

the ·rate of hydrolysis increased sharply. 

XXIII-1: Unfiltered 
Activated Sludge, 22°0: k 1.7 x io-2 min-1 

avg = 
-2: Filtered Activated 0 


Sludge, 22 C: 


II- Lag period, no growth: = 2.5 x 10-4 min-l 

fl- Bacterial growth = 1.6 x 10-3 min -1 
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V-5 DISCUSSION .AND qill1M.ARY OF RESULTS · 

Discussion of the experimental results is presented 

under several headings. Where applicable phenomena studied 

and results obtained in various aqueous media are discussed 

under one heading. 

Effec~ of variation in pH on the Rate of Hydrolysis of Tri= 

EOllPhosphate 

The following experi~ental series apply: 


Distilled Water (low concentra~ion): Series XVII 


Lake water·: Series XVIII 


Wastewater: Series XVI 


Distilled Water 

Hi~h Oon~~ntration 
Low Concentration _From _ig .. 13__) 

pH k1, mg PO1t/l-min Ratio min
~1 

Ratio~~' 
10 -l~4.3 	 1~6 x 67 1.2 x lo-6 17 

io-76.9 	 1.7 x 10-5. 7 ·3 •. 0 x 4.3 

x io-8 . . 9.. 9 2.4 x io-6 1 7.0 	 1 

The results indicate that at low concebtrations of tripoly

phosphate (0.5 mg E04/l) the effect of pH is in the same di

rection as at high concentration, ie. a faster rate at lower 

pH values. The magnitude of the effect may be increasedp 

However the da~a at pH= 4.3 are too few to be reliable. By 

plotting the above rate constants on Fig. 13 one could see 

that the slope of the curve is ~imilar to Griffith's nomo

graph line. There is good ~greement with the data of 

Shannon (S -12 ), although it must be remembered that Shannon's 
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rate constant is a kavg value, rather than .k 1 . Experimental 

studies on low concentrations of tripolyphosphate in distilled 

water in this work were carried out at pH values close to 7. 

This series shows that it is reasonable to use Griffith's 

nomograph at low levels of concentration for conversion of 

rate constants from experimental pH values to pH= 7. Al

though no experiment was done on the pH dependence of pyro

phosphate at low concentrations, Griffith's nomograph will 

be used. 

, Lake water 

pH kl' ' mg 
TPP 
P04/l-min k2, mg 

pp 

PO1t/l -I!l in 

5 

7 

3.5 x 

1.6 x 

10-5 

10-5 

7.1 x 

3.7 x 

io-6 

io-6 

9 1.8 x lo-5 4.9 x io-6 

There is little difference between the rates of hydrolysis 

of tripolyphosphate and pyrophosphate at pH levels of 7 and 

9. It is reasonable to expect that the fastest rate would 

occur at natural pH levels of about 7.5 to 8. In a narrow 

range each side of it, there appears to be little change in 

re_te. At the lower value of pH 5 there are too few data 

points to rely on the rate constant shown. It does, however, 

indicate a doubling of the rate constant. Since all the ex

periments on lake water were carried out at the natural pH 

level, there is no need for pH adjustment of experimental · 

data in this work. Tripolyphosphates hydrolyzed faster than 

pyrophosphate in lake water. 
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~ewat.er 

!pH k min-l 
avg, 

5.5 3.3 x 10-4 

-lJ.
7.5 6.5 x 10 

9.0 1.2 x lo-4 

The fastest rate of hydrolysis occurred at natural pH levels 

of 7.5. Filtered total phosphorus decreased due to uptake by 

organisms. Orthophosphate l~vel increases due to hydrolysis 

and decreases due to uptake, resulting in a net slow increaseo 

Little growth of organisms occurred at pH of 9. Filtered 

total phosphorus stayed relatively constant, showing little 

or no uptake. Orthophosphate increased due to hydrolysj_s. 

The experiment at a pH level of 5. 5 p.275 shows qualita

tively very interesting results, although too few data points 

are available to rely on the rate constant. The change of 

pH level from 7.5 to 5.5 must have caused a change in pre

dominant organis~s. For the first day and a half no uptake 

of phosphorus, nor hydrolysis of condensed phosphates is 

evident. By then fungi and yeast organisms have taken ovBr, 

as could be seen by micro~copic examination at 70 hours. 

During this period. filtered total phosphorus decreased sharply, 

indicating uptake by organisms. At the same time tripoly

phosphate hydrolyzed. During this entire time the pH stayed 

constant. Between 60 and 75 hours the pH rose to 9 1 presumably 

due to exhaustion of the buffer. This arrested uptake and 

hydrolysis. The pH was adjusted t6 pH 5.5 at 77 hoursc 



Since, there are only two data points available in this time 

period which differ widely, nothing definite can be said 

about this portion of the experiment. 

Effect of Concent rati.£..L9..f.. 9ondensed Phos:p:p.at§~ the Raj;.§. 

of Hydr~is and the Order . of Res:Qonse 

The following series apply: 

Distilled Water: Series XX - at concentration of 500 and 

100 mg/l P04 of TPP and PP. 

Series IX, X, XI - at concentrations cf 

0.5 to 50 mg/l P04 of TPP. 

Series XIV - at concentrations of 0~5 to 

. 50 mg/l P04 of PP. 

- Lake water: A..ll series at conce.ntration of 

0.5 mg/l POl~ of TPP. 

Wastewater: All series at concentration of 

30-50 mg/1 P04 of TPP~ 

See Fig. llA and 12A. 


All rate constants obt ained in the experimental work 


are added to the literature data of Fig. 11 and 12. The re

sults of Series XX provide data _points in that range of high 

concentration in which no li tex·ature data were available.. To

gether these data indicate that a first-order response in 

hydrolysis of tripolyphosph2te and pyrophosphate occurs at 

concentrations higher than about 15 to 50 mg/l ·Po4 . The 

data of Series IX, X and XI show that at low concentrations 

http:Phos:p:p.at
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the data can be fitted better by a zero-order response. At 

the experimental conditions used at the .level of 50 -mg/l P04 
so little hydrolysis occurs, that any order fit may be 

reasonable. At levels of 15, 2.5 and 0.5 mg/l P04 a zero

order fit is much more reasonable than a first-order fit. 

If the rate of hydrolysis is independent of concentration at 

this low level (lo-5 to 10-6 moles/l) then the rate constants 

found should be the same. The variation that is indicated 

is probably primarily due to the effect of organisms present 

during the course of some ex~eriments, and is discussed 

further under that heading. Variations in rates during the 

lag period, which may be equated to sterile conditions, are 

of. one order of magnitude,· but due to the few data points 

available and the small extent of hydrolysis taking place 

this is not significant. The constants are of the same or

der of. magnitude as Shannon (S-12) and Karl-Kroupa et al 

(K-3). Under non-sterile conditions the agreement between 

the rate constants at concentrations from 0.5 to 50 mg/l is 

reasonably close, allowing for any difference between the 

experiments in the extent of non-sterility. Pyrophosphate 

hydrolyzes slower than tripolyphosphate over the entire 

range of ~oncentration, but the difference appears to be 

smaller at low concentrations. 

Lake water See Fig. llB and 12B. 

·All experiments on lake water were run at an initial 

concentration of about 0.5 mg/l P04. All individual 
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experimental data were best fitted by zero-order response, 

and k1 and k2 valhes were obtained. The rate constants 

obtained were added to the literature data of Fig. 11 and 12, 

with the difference in experimental conditions noted. The 

rate constants range over slightly more than one order of 

magnitude, with the sterile lake water having the lowest 

rate, and about e_qual to rates in ste:rile distilled wa:~er. 

The rates for lake water samples in this work are ln the 

same order of magnitude as literature data shown. 

W~stewate,r See Fig. 11 B. 

The initial concentration of tripolyphosphate added 

to wastewater was about 30 mg/l P04. The experiment::1l data 

were best fitted by a first-order curve. The rate constants 

obtained were used in plotting the rate of hydrolysis on 

Fig. llB. Comparison between the rates obtained in this work 
, 

and the data by Sawyer (s-6) is good. 



Figure llA • .Concentration dependence of the rate nf hydrolysis at 20°c and pH 7. 
Experimental data on distilled water added. 
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Figure llB Concentration dependence. of the rate of hydrolysis of tripolyphosphate 
at 20°c _and pH= 7. 
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Figure . 12A. Concentration Dependence of the .. R?-te of Hydrolysis of Pyrophosphate 
at 20°0 and pH = 7 .. · Experimental Data on Distilled Water added. 
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Figure i2B. Concentration Dependence of the Rate of Hydrolysis of Pyrophosphate 
at 20°0 and .pH= 7. Experimental Date. on lake water added • 

., S-6 (2·3 x 10- 2 ) Wos1ewoter 
·~ •C-12 

~s-1sI 
I 

l <&E-3 • ti 


10·3 -J 

•C-12i 

•C-6 Mix . Algol C. i
i .S 

ec-120 ti 11 11 

0 E-3 Riverl E 
e1 E-3 River •S-16 

I..'.. •v-5.,, • C-6 Pure Atc;al C. 

I 
o~ 
Q_ 

!E' • C-6 Pure Algal C. 
I <tC-6 Lake 


10·• -.-l ,.; .s-17 River
. '-" ti• S-12 Lake 0 ti

I i? •H.B 

_....1? 
.,l! -~ o S-12 Riv~r 

c ~ C-· s Lake (Sterile} 
•H.B. 


Q) • C-6 Mix. Algol C {Sterile) 

G 
a: 

LEGEND•S-12 
. 10·~ _J •C-6 Mix . Algal C (Sterile} • S-16 Reference Number 

•Hamilton Medium is distil led water unless 
l otherwise shown 
I •Hamilton 

I 
 •Hamilton •G-6I 

! 
•H.B. Sterilei •c-1i •HamiltonI 

i Concentration of PP , mg /I P04 
VJ 
0 
...... 

10.-G-! I I I I I 

(fl 1·0 10 100 1ooo 10,000 roo,ooo 



302 


Effect of Variation in Temperature on the Rate of Hydrolysie_ 

of Condensed Phosp~ates 

The following series apply: 


Distilled water: none 


I,ake wate r : Series I, XIII 


wastewater: SeriB$ IV, VII~ VIII 


The above series on lake water were carried out at tempera

tures of 20°0 and 4°0. An estimate of the activation energy 

was obtained by comparing rates ~t these two temperatures. 

It would have been desirable to run experiment at three or 

four temperatures within the range of 4°-30°0. This would 

have allowed a much more definite conclusion on the value of 

activation energy for the media used. However, this was not 

possible due to time constraints. The results on activation 

energies obtained are shown below. 

Lake Ontario wa.te r 

Series I: Humber Bay (May), TPP, E = 22.2 k cal/mole 

Series XIII: Hamilton W.T.P. (March), TPP E -- 19.l tt 

PP E = 14.7 

It appears that for Lake Ontario water the activatiori 

energy may be as high ~s 22 k cal/mole. This means that con

densed phosphates would persist about seven times as long 

under average winter conditions (4°0) than under summer con

ditions (20°0). The activation energy estimated for Lake 

Ontario water is higher than the values calculated in this 
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work based on data of Smith, Cohen ancl Wal ton (s ...;i7) an.d 

Shannon (S-12) and shown in Table XVIII. This could be ex

plained by the probably lower microbial activity in Lake 

Ontario water than in Lake Mendota or Ohio River water... 

Wastewater 

Series IV, unfiltered, TPP, E = 9.8 k cal/mole 

tt rt flVII, , E = 10.0 " ' 
II ti rt tiVIII, , E = 6.5 

The estimated values for the activation energy for the hydrbly

sis of tripolyphosphate in wastewater agree well with the 

value calculated in this work from the data of Sawyer (S-6) 

of 8.6 k cal/mole. This means that the rate of hydrolysis in 

wastewater will be about three times f~ster under summer con

ditioris (20°c) than under winter conditions (4°c). 

Independence in Ra·te of Hydrolysis of Condensed Phosphates 

Crowther and Westman (C-12)report the . following: 

"Whether or not tripolyphosphate and pyrophosphate 
hydrolyze independently of each other can be ascer
tained from an examination of the course of hydrolysis 
of sodium tripolyphosphate and the corresponding 
first-order rate constants for pyrophosphate ·and 
tripolyphosphg,te." 

They present data fro~ which they conclude that pyrophosphate 

and tripolyphosphate do hydrolize independently. 

The results of Series XX on distilled water support 

this conclusion. Series XX-1 and 2 are experiments at con

centrations of 500 mg/l ro of tripolyphosphate and4 
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pyrophosphate respectively. Fig. 25 shows the comparison of 

experimental data to the calculated first-order model based 

on rate constants otrtained from XX-1 for k1 , and XX-2 for k2 • 

. ·The close comparison between the experimental data and cal

culated curve for pyrophosphate in Fig. 25-1 and -2 shows 

that pyrophosphate hydrolized at the same rate whether tri

polyphosphabe was present or not. The results of Series XX-3 

and -4 show the same trend, but the comparison is not as good. 

This is primarily due to the relativBly poor first-order fit 

of the tripolyphosphate data. 

Jnfluence of Dissolved Oxygen on the Rate of Hydrolysis of 


Condensed Phosphates in Lake Water 


The results of Series III show that there is little 


or no difference in the rate of ~ydrolysis of condensed 


phosphates in lake water, which has been maintained under 


aerobic and anaerobic conditions. The small difference in 


pH between the two samples should not have any effect on 


this conclusion in light of results of Series XVIII on pH 


effects. However, lake water obtained fro~ regions of zero 


or low dissolved oxygen levels in the lake will have a dif

ferent micro - organism environment than saturated surface 


water, and the above conclusion may not apply in this case. 
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Effect of Length of Storage of Lake Water on the Rate of 

Hydrolysis of Condensed Phosphates 

In general lake water was obtained within one or two 

days from the start of an experiment~ However, it was cer

tainly possible that at times it might be more convenient to 

obtain the sample when the vessel, Pt. Dauphine, was near 

the sampling station for other re2.sons. Series XII investi

gated what effect a two-week storage period has. Fig. 32-1 

and -2 show the results on a fresh sample (2 days old) and a 

two-week old sample. Fig. 32-3 shows the result on sterile 

lake water. 

XII-1: Fresh sample kl = 3.2xl0-4 , k2=2.7x10-5 mg P01/l-min 

XII-2: Two week old 

sample k1 = 2.8xl0-5 , k2=8 .3xl0-6 " 


ItXII-3: Sterile sample k1 = 1.2.xlO -5 , k2=2.4x10-6 

The two-week old sample shows a large reduction in the 

rate of hydrolysis, tenfold for tripolyphosphate, over the 

fresh sample. Its rate is only slightly more than twice the 

rate in a sterile sample. Most wo.rkers do not report the 

time lapse between sampling and start of experiment. This 

series shows that this difference alone may account for some 

of the difference in rates obtained by various workers. 

~ffect of 'Addition of Glucose on the Rate of Hydrolysis of 

Condensed Ph CJ£P, ha tes in Lake Water 

In Ser~Le s XII-2 glucose was added to ·· the sample part 

way through the experiment to see if this would stimulate 
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microbial activity and thus increase the rate of hydrolysis. 

Fig. 32 - 2 shows the dramatic effect. The rate increased to 

-l~ Iabout 2 x 10 mg P04 1-min, which is almost as fast as the 

rate in the fresh sample. In Series XIX this effect was 

checked a second time, and the results showed a ten-fold in

k1 
-4crease in rate due to the addition of glucose, = 1.5 x 10 

mg POl/1-min. In a lake a continuous supply of food would be 

available, although not as high and available as the amount 

of glucos~ added. It is therefore likely that in situ rates 

would be higher than in batch experiments without addition of 

food, and probably lower than rates with the addition of 

glucose. 

Effect of Organisms {Enz ymatic .Activity) on the Rate of 

Hydrolysis of Condeus~d Phosphai~ 

Figures 11 and 12 show the literature data on the 

effect of organisms in giving comparative rates in various 

aqueous media of sterile or nonsterile condition. UndBr the 

heading of effect of concentration in this chapter, data ob

tained in this work were added to these figures and generally 

showed reasonable agreement. Rate constants for distilled 

water (Series IX and X) and lake water (Series XII) show a 

decrease of about one order of magnitude in the rate of hy

drolysis of . sterlle sample versus a nonsterile sample. Series 

X, XI and XIV on distilled water, which were supposedly ster

ile samples at the start of the experiment, show a slow rate 

of hydrolysis for a lag period of several days, follo wed by . 
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an increased rate which is several fold faster and ascribed 

to the loss of sterile conditions. .Although several attempts 

were made in Series IV: VII and VIII to obtain sterile waste

water, this was never achieved. The membrane filtered waste

water samples showed a marked lower rate of hydrolysis than 

the unfiltered wastewater samples. However, after about 

twenty-four hours growth occurred again in the filtered 

samples, which increased the rate to values close to the un

filtered samples. 

Concentration and Type of Phosphorus Compounds in Wastewater 

A comparison of the data of Serie.s V and XV (Dundas 

S.T.P. survey), Series XXI (Humber S.T.P. survey), and lit

erature data of Table IX shows the following: 

1. 	 The average concentration of .unfiltered total phosphorus 

(UTP) in untreated wastewater of the Humber S.T.P. sur

vey (21.7 mg/l P04)and Dundas S.T.P. survey (36 rng/l P04) 

fall well within the range of literature values in Table 

IX. The relatively .low values of the Humber survey are 

caused by the rainfall preceding the survey. 

2. 	 The range of measurements on the Dundas S.T.P. wastewater 

is generally wider than at the Humber plant because of the 

small size of the Dundas system. 

3. 	 Soluble phosphorus (FTP) in the untreated wastewater 

accounted for slightly more than half (56 percent) at the 
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Humber plant, and for four-fifth (81 percent) at the 

Dundas plant. In the final effluent soluble phosphorus 

constituted 83 percent at the Humber plant and 97 percent 

at the Th1ndas plant. 

4. 	 Condensed phosphates in the untreated wastewater accoun

ted for 63 percent of soluble phosphorus at the Dundas 

p1ant, and. for 47 percent at the Humber plant. This could 

be due partly to the much longer time of flow in the sewer 

system at the Humber pla.nt with its opportunity for 

hydrolysis in the sewer system. In the secondary effluent 

condensed phosphates accounted for only 4 percent of the 

soluble phosphorus at the Dundas plant and 14 percent at 

the Humber plant. These figures indicate the extensive 

hydrolysis that takes place in an activated sludge treat

ment plant, and are in general agreement with values of 

19 percent given by Finstein and Hunter (F-3) as the 

average for several activated sludge plants. Comparable 

values for the primary effluent show that relatively 

little hydrolysis takes place during primary treatment, 

and that therefore contact with activated sludge organisms 

is responsible for the rapid hydrolysis during secondary 

treatment. 

5. 	 Total phosphorus (UTP) removal by primary treatment was 

small (9 percent at Humber plant, 12 percent at Dundas 

plant), but primary and secondary treatment reduced total 

phosphorus considerably (65 percent at the Humber plant, 
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48 percent at the Dundas plant). This latter conclusion 

is in disagreement with Finstein and Hunter (F-3) who 

found little reduction in total phosphorus by aerob:i.c 

biological treatment. 

6. Examination of Fig. 41-5 (Humber S.T.P. survey p.288) shows 
. . ! 

that for part of the survey orthophosphate values in the 

effluent were considerably higher than in the influent 

and primary effluent. Fig. 41-4 shows that in the same 

time period filtered total phosphorus in the effluent 

approximately equalled the concentration in the influent 

and primary effluent, showing apparently little or no re

duction during this time. The explanation for this may 

lie in the method of returning· digester supernatant at 

the Humber plant. Under normal. open1tions the digester 

supernatant is pumped intermittently from the digestors 

to holding tanks and is continuously added to the activa

ted sludge tanks. The flow rate is not measured but is 

estimated at about 260,000 gal/day. During the survey 

major construction was carried out in this part of the 

·plant and the supernatant was added to the activated 

sludge tanks irregularly. The exact timing and amount 

of addition could not be established and therefore a mass 

balance cannot be made. However, the explanation holds 

true in qualitative terms. Similarily the concentration 

of filtered tot al phosphorus and orthophosphate in the 

primary effluent is higher than in the influent for part 
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of the survey due to return of waste activated sludge to 

the head of the primary settling tanks. These two cases 

poi'nt out the importance of measuring the flow rate and 

concentration in all streams, when attempting to carry 

out a mass balance. 

~ 	 Comparison of Laboratory Batch Rates of Hydrolysis of Con

densed Phospha tes in Wastewater and Activated Sludge to Rates 

Obtained in Treatment Plant Studies 

Rate constants of hydrolysis in batch experiments of 

Series IV, VII and VIII agree closely with each other and 


-4 . -) .
give an average value of kavg = 2 .3 x 10 mJ_n ·• Batch ex

periments on activated sludge in Series XXIII indicate that 

the rate constant may be as high as 1.7 x 10-2 min_1.• In 

the filtered sample with no growth k = 2.5 x 10-4, and about avg 
1.6 x 10-3 ·when growth occurred again. This indlcates the 

dramatic effect of contact with activated sludge organisms 

in increasing the rate of hydrolysis. Hurwitz tl al (H-17) 

reported ttthat condensed phosphates were degraded at a rapid 

rate during activated sludge treatment". Finstein and Hunter 

(F-3) carried out a short term experiment ·with activated 

sludge, filtered and unfiltered. The unfiltered sample 

showed a marked decrease in condensed phosphates, whereas 

the filtered sample did not. Although only three data points 

are available, an estimate of the rate constant gives 

-3 . -~1k avg= 3 x 1 0 rnin . • This checks quite well with results 

in this work, and supports the argument that· the hydrolysis 
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takes place at the surface of microbial organisms rather than 

in the solution phase. 

Series V, XV and XXI provide estimates of rates in 

plant operation .. 

Series V: (20°0) · Primary Settl. Tanks: kavg = 6x10-3 min -1 

ti fl fl IIXXI: (H5° 0) 3xl0-l~" = 

V: (20°0) .Activated Sludge 
ti -2Tanks: = lxlO fl 

fl II fl ti rtXV.: (8°o) = 7xl0-3 

II II fl fl tiXXI: (16°0) 6x10-3= 

Rate constants in the activated sludge tanks are close to the 

values obtained in batch experiments. Value obtained at 8°0 

in Series XV is only about 1/3 lower than the value at 20°0, 

rather than about 1/2 to 2/3 lower as would be predicted from 

activ~tion energies on wastewater. However, it would be 

likely that the temperature influence on activated sludge 

would not be as great as in wastewater, which could explain 

the result. The rate constant for wastewater in primary 

settli:i.1g tanks of Series XXI agrees closely with batch re

sults; the value of Series V is about one magnitude faster 

for unkno"m reasons. 

Humber Bax..._.E]_eld Studies 

Series XXII achieved only one of the purposes of the 

investigation, namely to establish levels pf concentration 

and form of phosphorus in lake water in the ·Vicinity of a 

http:settli:i.1g
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major sewage treatment plant outlet. It did not achieve its 

second purpose, namely to measure rates of hydrolysis of con

densed phosphates in lake water in situ. The main reasons 

for 	the failure to be able to achieve this, and suggested 

changes for a future attempt are as follows: 

1) The flow pattern in Humber Bay is complex. This makes it 

difficult to separate the effect of diffusion and dilution 

from the effect of hydrolysis of condensed phosphates in 

lowering the concentration of condensed phosphates with 

·distance from the source. It would be much preferable to 

carry out the experiment again in an area of simple flow 

pattern. 

2) 	 The 2000 lbs of sodium tripolyphosphate added in a 2-hour 

period. should have been sufficient to give a marked in

crease in phosphorus concentration, and in particular in 

condensed phosphate concentration, in the effluent and 

the bay. It compares to an average discharge of about 

8000 lbs of phosphorus per day, 15 percent of which may 

be in the condensed form. The decision to dry-feed the 

material proved to be a wrong one, due to the previously 

mentioned problem of hydration and caking of the powder. 

For a repeat experiment dosing of a concentrated solution 

of tripolyphosphate will rectify this ~ituation. 

Other comments on the data are: 

The concentration of unfiltered and filtered total phos

phorus, orthophosphate and condensed phosphates within a 
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distance of three miles from a major sewage treatment 

plant outlet were reduced to levels generally found in 

near shore areas of Lake Ontario. 

The flow of the Humber River, in which only few samples 

were taken should be considered as an additional input 

of pollutants. This applied particularly to the measure

ments of conductivity and turbidity, less in the case of 

phosphorus. 



ll CONCLUSIONS .AND RECOM.MENDAT IONS 


1. The ascorbic acid method, as outlined in detail in 

Appendix A, should be used for the analysis of phosphorus 

in wastewater. It is apparently free of interferences 

that d.o occur. with the stannous chloride method. 

2. 	 The sulfuric acid-persulfate digesti6n method £or the 

analysis of total phosphorus is superior to other 

methods. Further work will be necessary to show that it 

is sufficiently strong to be used in the analysis of 

sludges. 

3. 	 The differential analy~is of condensed phosphates in 

aqueous media at low concentrations can be achieved by a 

combination of ion-exchange with gradient elution and sub

sequent automatic orthophosphate analysis . . At times some 

interferences occurred in the analysis of lake water. 

Further work is required to identify the causes of these 

interferenbes and their elimination. 

4. 	 The stannous chloride method for the automatic analysis 

of phosphorus in lake water allows the detennination of 

phosphorus at very low levels. The precision at the level 

of 0.05 mg/l Po4 is ± 5 percent. Further work is required 
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to show if the ascorbic acid method may be equal to or 

superior to t~e stannous chloride method. 

5. 	 The aminonaphtbolsulfonic acid r:iethod for the automatic . 

analysis of phosphorus in wastewater has a precision of 

± 2.5 ~nd 10 percent in the range 100 to 5 mg/l P04 o 

Furth.er work is reg_uired to adapt the manual ascorbic 

acid 	method to automatic analysis, which may be superior 

to 	the aminonaphtholsulfonic acid method. 

6. 	 The rate of hydrolysis of tripolyphosphate and pyro 

phosphate in aqueous media is strongly dependent on t he 

hydrogen ion concentration. The rate is faster in 

acidic media.. This effect· is of the sa.me order of mag

nitude at very low concentra~ions of Phosphorus investi

gated in this re.search as it is at higher concentrations 

reported in the literature. In a narrow range each side 

of the pH of natural water or wastewater there is little 

effect on the rate due to variations in hydrogen ion non- · 

cent rat ion. 

7. 	 First-order response in the rate of hydrolysis of con

densed phosphates at concentrations higher than about 15 

to 50 mg/l P04 is well documented in the literature and 

supported by work done in this :research. .At lower con-· 

ce ntrations a zero-order reBponse is indlcated by ex

perj_mental work in this i.nvestige..tion. 

8. 	 The effect of temperature on the rate of hydrolysis in 

. aqueous media can be ~stimated by use of Arrhenius 

http:Furth.er
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tempera.tu.re dependence. Work in this :research indicates 

that the rate of hydrolysis in l 1ake Ontario water is 

about seven times faster ln summer than in winter . In 

. wastewater the rate at summer temperatures i~ about three 

· times the winter rate. Further work is required to ob

tain more accurate estimates of this effect. 

9. 	 Rates of hydrolysis in wastewater and activated sludge 

check well with the few available literature data. Rates 

in lake water are of the s ame order of magnitude as re

·ported by others o 

lOG The presence of micro-organisms great ly affects the r a te 

"of hydrolysis. The rate is highest in the presence of 

activated sludge organisms, and decreases in order in 

wastewater, lake water and distilled water. Sterile dis 

tilled water and sterile lake water show approximately 

the same rate," which is about one order of magnitude 

lower than under nonsterile conditions. At these low 

concentrations the system ~ are unpoised and conditions 

such as length of storage of lake water and addition. of 

food in the form of glucpse affect the organism activity 

and thus t h e rate of hydrolysis. 

11.. 	 Work done i n this researdl supports the findings of a few 

workers tha t tripolyphosphate and pyrophosphate hydro

lyze inde pendently of each 9ther. Pyrophosphate hydrolyzes 

slower than tripolyphosphate. 

http:tempera.tu.re
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12. 	 Waste treatment plant studies show that condensed phos

phates account for about fifty percent of soluble phos

phorus at the influent. Extensive hydrolysis occurs in 

the activated sludge tanks. The effluent co~tains about 

fifteen percent condensed phosphates. Estim~tes for the 

rate of hydrolysis through the primary settling tanks 

and the activaten sludge tanks were in reasonable agree

·. ment with the rates obtained in laboratory batch experi~ 

ments on wastewater and activated sludge • 

.13. 	 For future studies on the rate of hydrolysis of con

densed :phosphates in lake water in situ, an area. of less 

complex flow patterns than Humber B8.y should be chosen. 
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1. MANUAL lLW.ALYSIS FOR REACT IVE PHOSPHATE. ( ORTHOPHOSPHATEl 

(a) .Ascorbic 	Acid Method - Lake water 

Major 	References: 

Murphy, J., and Riley, J. P., (M-16) 

Stephens, K., (S-19) 

Strickland, J.D.H., and Parsons, T.R., (S-20) 

Kra~er, J. R., (K-9) . 

General: For lake water analysis the ascorbic acid method 

without extraction is used in the range of 0.1 to 1.0 mg/l ro
4

, 

and with extraction from 0.005 to 0.1 mg/l P04 . The filtered 

water sample reacts with a mixed reagent, containing ammonium 

molybdate, sulfuric acid, · potassium antimony tartrate and 

ascorbic acid. A blue colour results in the presence of phos

phate, which is measured at 880 mµ. Extraction with isobu~ 

tanol may be used, in which case the optical density is 

measured at 690 mµ. 

A. Capabitit.ie s 

1. 	 Range: with extraction 0.005 - 0.100 mg/l P04 

without extraction 0.100 - 1.000 mg/l P04 

2. Precision: At the 95 percent confidence level the correct 

value. 	will lie in the range of 


at 0.02 mg/l P0 level: 0.020 ±. 0.004 mg/l P04
4 
at 0.10 mg/l P04 level: 0.10 ±. 0.005 mg/l P04 

at 0.50 mg/l 	P04 level: 0.50 + 0.04 mg/l P04 

http:Capabitit.ie


B. AJ2paratu~[: 

C. Re agents: 

Bausch and Lomb Spectronic 20 with l '1 cuvet

tes. 250 ml globe-type Separatory funnels. 

(1) 5 N Sulphuric Acid, Dilute. 140 ml of 

cone. H2so
4 

(95.5 percent, S.G. = 1.84) with 

double distilled water to one litre. 

(2) Ammonium Molybdate Solution: Dissolve 

15 g. ammonium molybdate (M.W. 1236) in 

double distilled water and dilute to 500 ml. 

(3) Potassium Antimony Tartrate: Dissolve 

0.31-1- g Potassium Antimony Tartrate in double 

distilled water and dilute to 500 ml. 

(4) Ascorbid Acid: Dissolve 5.40 g Ascorbic 

Acid in double distilled water and dilute to 

100 ml. 

(5) Mixed Reagent: Mix in the prescribed 

order 
50 ml of (1) 

20 ml of (2) 

10 nil of (3) 

20 ml of (4) 

The mixed reagent is stable only for a few hours. 

The above quantity is sufficient for a batch run 

of eight samples. Discard any unused portion. 

(6) Isobutyl Alcohol 

(7) 95 percent Ethyl Alcohol 

(8) Double Distilled Water 
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Note: i) 	 Ammonium Molybdate Solution and Potassium Anti

mony Tartrate solution are reported by Strickland 

and Parsons as stable for several weeks. In this 

work they are prepared weekly. 

ii) Ascorbic Acid is stable only in dry form .• 

D. 	 Procedure JExtraction Method): 

1. Filter 	sample through membrane filter, 0.45)1. 

2. 	 Allow samples to come to room temperature (15-25°0). 

3. 	 Measure 100 ml of sample in a graduated cylinder and 

pour into 250 ml separatory funnel. 

4. 	 Add 10 ml of mixed reagent with pipette and mix 

immeqJ.at~ by shaking for 60 seconds. 

5. 	 Continue step 4 for other samples in batch run • 
. 

Usually eight samples are done in one run. 

6. 	 Add 20 ml of isobutyl alcohol about 15 minutes after 

addition of mixed reagent and shake vigorously for 

60 seconds. Continue in the same way for all samples. 

7. Reshake 	all funnels vigorously for 60 seconds. 

8. 	 .A.dd 1 ml of Ethyl Alcohol (95 percent) to 1" 


cuvettes. 


9. 	 Separate aqueous phase by draining funnel to waste. 

10. 	 Drain organic layer directly into l" cuvettes con

taining ethyl alcohol. Fill to mark (10 ml). Mlx 

by swirling to insure mixing of extract and ethyl 

alcohol. 

http:immeqJ.at


336 

11. 	 Measure optical density by Spectronic 20 at 690 m,u. 

Reference Sample (100 percent transmission) is to be 

made up daily by mixing 1 ml ethyl alcohol and 9 ml 

isobutanol in a · 1 11 cuvette. Optical density reading 

on reagent blank, double distilled water, subjected 

to steps 2-10, is to be subtracted from all sample 

optical density readings. Obtain orthophosphate 

concentration from the equation: mg/1 Po4 = 0.285 x 

optical density. 

E. 	 Procedure (Non-Extraction Method) 

Omit 	Steps 6, 7, 9, 10 and 11 of D. 

Measure optical density at 880 mµ instead of 690 m,u. 

Correct for reagent blank and obtain orthophosphate con

cent~ation from the equation: 

mg/l P04 = 2.10 x optical d~nsity 

Jb) 	 Ascorbtp Acid Method - Wastewater 

The ascorbic acid method without extraction is used. 

The wastewater sample is filtered, suitably diluted and con-" 

tacted with the mixed reagent, and the resulting colour 

measured after ten minutes or more at a wav~length of 880 

millimicrons. 

A. 	 Range: 1-100 mg/l P04 

Beer's Law is followed up to approximately 50 mg/1 P04 
(See Fig. 22, Chapter IV) 
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B. 	 Apparatus: Bausch and Lomb Spectronic 20 with t" 

cuvett~s, at 880 mm. 

Membrane Filtration Setup. 

C. 	 ~gents: See 1) to 5) of a) Ascorbic Acid Method 

Lake water. 

D. Procedure: 

1) Filter 20 ml of wastewater through 0.45 micron filter. 

2) Dilute 5 ml of filtrate to 100 ml with distilled 

water in Nessler tube. 

3) Put 20 ml of mixed reagent in 100 ml tube. All di

luted sample to mark and mix. Wait ten minutes (or 

more) for colour development. 

l~) 	 Measure optical density at 880 mlllimicron, using t" 
cuvettes. Determine orthophosphate concentration of 

wastewater sample from a ~reviously prepared calibra

tion curve. 

2. 	 AUTOMATIC ANALYSIS FOR RE.A.OTIVE PHOSPHATE (ORTHOPHOSPI{.A.Tfil_ 

(a) 	 Stannous Chloride Method - Lake water 

Major Reference: Gales, M.E., Jr. and Julian, E.C., (G-2) 

A. 	 Ca12abilttie s 

1. 	 Range: 0.010 to 1.0 mg/l P04 with 50 mm flow cell 

1 x Range Expansion: 0.1 to 1.0 mg/l P04 

2 x Range Expansion: 0.05 to 0.3 mg/l P04 

4 x Range Expansion: 0.01 to 0.1 mg/l P0
4 
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2. 	 Precision: 

at 0.05 mg/l Po level: The correct value will be in the
4 

range of 0.05 + 0.0025 mg/l P04 at the 95 percent confi

dence level. 

At 0.50 mg/l P0 level: The correct value will be in the
4 

range of 0 .. 50 ±. 0.02 mg/l P04 at the 95 percent convi

dence level. 

B. 	 Apparatus and Flow Diagram 

Sampler, 

Proportioning Pump 

Heating Bath 

Colorimeter, 650 m Filters, 50 mm flow cell 

Recorder with Range Expander 

C. 	 ~eagents 

.Ammonium Molybdate SolutiQJl - Dissolve 12. 5 g of (NH4 )6Mo o .4H 0
7 24 2

in 175 ml of distilled water. Add 137.5 ml of concentrated sul

furic acid slowly and with stirring to 400 ml of distilled 

water and cool. Add the molybdate solution to the acid solu

tion and dilute to one liter. 

Stannous Chloride Solution - Dissolve 2.5 grams of fresh 

SnC12 .2H20 in 20 ml of hydrochloric acid. Warming on a hot 

plate will aid in dissolving this material. Dilute to 400 ml. 

Acid Wash Water - Add 40 ml of concentrated sulfuric acid 

slowly and with stirring to about 400 ml of distilled water. 

Dilute to two liters. 
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Pho§l?_hate Standar~s - Prepared in desired strength from 

KH2 Po4 . 

D. 	 Sffi_erating Procedure 

1. 	 Sample cups of 10 ml are filled with phosphate standards, 

filterid (0.45) samples or acid wash water. Place the 

cups in the sampler and separate each standard or sample 

with a wash cup. Be sure sample cups are acid washed. 

2. 	 A set · of standards is run at the beginning and end of 

each day. When 4 x range expansion must be used, stan

dards may be run more often. 

3. 	 All analysis are run in duplicate. Reproducibility is 

generally good, but at times erratic results are obtained~ 

4. 	 A calibration curve is made up on the chart from the set 

of standards at the beginning and end of the run. Linear 

interpolation is used between standards. 

5. 	 The baseline is set at zero optical density. The drift 

if any, appears to be always in the di;rection of increas

ing optical density. When it exceeds 0.03 a fast wash is 

used to return it to the original baseline. 

6. 	 The rate selected is 30 per hour. Due to the need for an 

acid wash between samples, actually only fifteen phosphate 

analysis per hour can be done. 

7. 	 Once the samples are set up it is not necessary to leave 

an operator there at all times, but frequent checlrn on 

sensible output are required. 
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(b) 	 .Aminonaphtholsulfonic Acid Method - Wastewater 

Major Reference: Standard Methods (A-3) 

A. 	 Range: 1-100 mg/l P04 with 15 mm flowcell 

. 1 	 x Range expansion: 10 - 100 mg/l P04 

2 x Range expansion: 1 - 25 mg/l P04 


B. 	 fo.ppara tus and. Flow diag!§l~ 

Sampler 

Proportioning Pump 

Heating Bath 

Colorimeter, 650 my Filters, 15 mm flowcel1 

Recorder with Range Expander 

C. 	 Reagents: .Ammonium Molybdate Stock 

Dissolve 31.4 g (NH4 )6 Mo x 4H20 in about 200 ml.
7 

024 

distilled water. Cautiously add 252 ml -cone. H2so to4 

· 400 ml distilled water: cool, add 3.4 ml HN0
3

, add the 

molybdato solution and dilute to 1 liter. 

Dilute 50 ml of .Ammonium Molybdate Stock to 1 liter with 

distilled water. This will be good for several weeks • 

.Aminona-pht:r-Lol sul f on ic Ac i<L.§} o cJL 

Weigh out separately 0.75 g 1 - amino - 2 naphthol - 4 

sulfor.ic acid; 42 g an.hydrous sodium sulphite, Na2so ; a!'.ld 
3 

70 g sodium metabisulfite, ~a2s2o5 . Thoroughly mix the 

sulfonic 2.cid ·with a small portion of the Na..2s2o :powder.
5 

http:sulfor.ic


Dissolve the remaining salts in about 900 ml distilled 

water: dissoive the mixed sulfonic acid powder in this 

mixture and dilute to l liter. Store·in a glass con

tainer away from light at temperatures not exceeding 

30°0. 

Aminonanh~holsµlfonic Acid Reagent 

Dilute 50 ml of .Aminonaphthalsulfonic acid stock to 1 

liter with distilled water. Make this solution every 

few days. 

Stock Phosphate S_9lut ion 

Dissolve in distilled water 0.7165 g anhydrous potassium 

dihydrogen phosphate, KH2Po4 _and dilute to 1000 ml. 

1.00 	ml = 0.500 mg P04 . 

St_andard Phosnhate Solution. 

Dilute 100.0 ml stock phosphate solution t~ 100 ml with 

distilled water. 1.0 ml · = 50pg P0
4 

Acid Wash water 

.A.dd 40 ml of concentrated sulfuric acid slowly and with 

stirring to about 400 ml of distilled water. Dilute to 

two liters~ 

D. 	 Operating__Procedure and Notes 

As in a) Stannous Chloride Method. 
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3. 	 MANUAL AND SEMI-AUTOMAT IO .ANALYSIS FOR TOT.AL PHOSPHORUS 

Major Reference: Gales, M.E., Jr., Julian, E.C., and Kroner, 

R. C ·• , ( G-1 ) 

General: The digestion step is carried out manually using 

potassium persulfate. This can be followed by either manual 

or automatic analysis for orthophosphate. 

(a) 	 Lake water Application 

Digestion Step 

1. 	 Add 0.6 ml of sulfuric acid solution to a 30 ml sample in 

a 50 ml beaker. 

2. 	 Add 0.4 g of potassium persulfate. 

3. 	 Boil gently for 30 minutes. 

4. 	 Cool and dilute the sa~ple with double distilled water to 

30 ml. The sample is now ready for either manual analysis 

(see Method 1) or automatic analysis (Method 2) of ortho

phosphate. 

5. 	 Standards must be subjected to the digestion procedure for 

calibration purposes to obtain correct results. 

Reagents for Digestion StEUl 

1. 	 Sulfuric Acid Solution: Add 310 ml of concentrated sul

furic acid slowly and with stirring to about 600 ml of 

distilled water. Cool and dilute to 1 liter. 

2. 	 Potassium persulfate, reagent gr~de. 

Reagent for Automati9_.!.nalysis 

1. 	 Ammonium Molybdate Solution: 



Replace the .Ammonium Molybdate Solution specified in 

Method 2), by the following: Dissolve 12.5 g of (NH4)6 · 

Mo7o24.4H2o in 175 ml of distilled water. Add 77.5 ml 

of concentrated sulfuric acid slowly and with stirring 

· to 400 ml of distilled water and cool. Add .the molybdate 

solution to the acid solution and dilute to 1 liter. 

(b) 	Wastewater Application 

i) 	 Manual Analysis - .Ascorbic Acid Method 

Digestion Step: 

1) .Add 2 ml of 5N Sulfuric Acid Solution (see Method 

la) to a. 10 ml well-stirred wastewater sample in 

a 50 ml beaker. 

2) Add 0.8 g of potassium persulfate. Dilute with 

25 ml of distilled water. 

3) Boil gently for about 30 minutes. 

4) Cool and dilute to 500 ml. 

5) Analyze for orthophosphate by steps 3 and 4 of 

Method lb. Standards must be subjected to the 

digestion procedure for calibration purposes to 

obtain correct results. 

ii) Automatic .Analysis - .Aminon~phtolsulfonic .A.cid Method 

Digestion Step: 

1) Add 2 ml of 5N sulfuric acid solution (see Method 

la) to 30 ml of well-stirred wastewater sample in 

a 50 ml beaker • 

. 2) Add 1~2 g of potassium persulfate. 
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3) Boil gently for about 30 minutes. 

4) Cool and dilute the sample with double distilled 

water to 30 ml. The sample is now ready for auto

matic analysis (Method 2b) 

5) Standards must be subjected to the digestion pro

cedure for calibration purposes to obtain correct 

results. 

4. 	 DIFFERENTIAL ANALYSIS OF CONDENSED PHOSPHATE MIXTURE BX 

ION EXCHANGE CHR.OMATOGRAPHY COUPLED WITH AN AUTO.ANALYZER 

Major References: 	 Czech and Hrycyshyn (C-17) 

Lundgren and Loeb (L-io) 

Principle: A mixt~re of ortho-, pyro- and tripolyphosphate 

is injected onto the top of an ion exchange column containing 

are anionic exchange resin. The individual .phosphate species 

are separated and . eluted by gradient elution with Potassium 

Chloride. The effluent of the column is continuously moni

tored by an Autoanalyzer, which performs hydrolysis, develop

ment, measurement and recording of the colour complex formed 

by methods given under 2.) The species appear in the order 

of ortho-1 pyre- and tripolyphosphate. The .Aminonaphto8ul

fonic Acid Method is used for samples of higher phosphate con

centration; the Stannous Chloride Method for samples of low 

phosphate concentration. As the procedures are somewhat dif

ferent, they ·are written up separately. 
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4 (a) 	 Stannous Chloride Method for Differential Phos£hate 

Analysis 

A. 	 Range and Sample Size: 

About 30 - 40 pg Po4 gives full scale deflection on 

the recorder with the equipment as shown on the flow diagram. 

The volume .of the sample is therefore adjusted from about 1 

to 60 ml depending on the concentration of phosphorus in the 

sample. With thj.s system the range of concentration can be 

from 0.5 to 30 mg/l P04 of the largest phosphate compound in 

the mi.xture • 

B. 	 !n12a.ratus and Flow Diagram 

Ion Exchange Column: 165 mm long borosilicate glass 

tube, inside dia. 11 mm, resin bed height 120 mm~ supported 

on glass wool plug, rubber stoppers with glass connectors 

both ends. 

All apparatus required for 2a) 

Extra Heating Bath, 95°0. 

Flow Diagram as per Fig. "

O. 	 R§..egents 

1. 	 Stock buffer solution: Dissolve 78.5 g potassium acetate 
/ ' 

in 800 ml distilled water and buffer at pH 5.0 wit,h gla

cial acetic acid. Dilute to 1 liter with distilled water. 

2. 	 Buffered Potassium Chloride solution (lM): .Add 75 ml of 

Stock buffer solution to 225 g of K Cl, -and dilute the 

dissolved mixture to 3 liters with distilled water. 
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3. 	 Buffered J?otassium Chloride Solution (0.2M): .Add 50 ml 

of stock buffer solution to 400 ml of buffered 1 M KCl 

solution and dilute to 2 liters with distilled water. 

4. 	 Buffered Potassium Chloride Solution (l.5M): .Add 25 ml 

of stock buffer solution to 112.5 g of K Cl and dilute 

the dissolved mixtute to 11 with distilled water. 

5. 	 Sulfuric .Acid Solution: .Add slowly 740 ml concentrated 

sulfuric acid to 1000 ml distilled water. Let cool and 

make up to two liters with distilled water. 

6. 	 Sodium Hydroxide Solution: Add 400 g NaOH to 1500 ml of 

distilled water. Let cool 2.nd make up to two liters with 

distilled water • 

.All necessary reagents for Method 2a) 


Ion Exchange Resin: Anion Exchange Resin AGl - XB, 


200 	-· 400 me sh, chloride form (supplied 

by Canlab, Toronto). 

D. 	 Operating_Rrpcedure 

Before introducing a sample, the coluro.n is washed and 

recharged by pumping 1 percent HCl for three minutes followed 

by 0.2 M KCl for ten minutes through the column. A sample 

volume is selected which will contain approximately 30 /ug J?o4 . 

It is introduced onto the top of the column. When the sample 

has gone through the column the elution assembly is started 

and eluant pumped through the column. The different phos

phate peaks appear in the order of ortho-, pyro-, tripoly- and 

any higher ones if present. About 30 - 50 minutes elapse 
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between start of elution and appearance of peaks. After the 

appeara~ce of .the.tripolyphosphate peak the elution assembly 

is cut off and the HOl - KOl was~ing recharging cycle is 

restarted. 

E. Analysis and Correction of Data 

The area under each curve (Gaussian) is obtained 

as the product of the peak absorbance and the width of half 

peak height, and is expresseQ. in arbitrary uni.ts of absor

bance~millimeters. ·rhe relative .distribution of each phos

phate species can be expressed as a percentage of the total 

area. A correction factor must be applied as per Computer 

Program in Appendix B or as per Chapter IV, Figs. 20 and 21 .. 

To obtain absolute values it is necessary to determine the 

total phosphorus content of the sample by Method 3) and to 

apply the corrected percentages of ortho-, pyre- and tripoly

phosphate to it. 

4 (b) 	 .Aminona]2h~lsulfonic Acid Metho,.9. for Differential 

PhosphgtEZ~ly_~JJ?.. 

A. Range and Sai11nle Size. 

About 500 .ug P04 gives full-scale deflection on the 

recorder. The volume of the sample is therefore adjusted 

from 1 to 20 ml, depending on the concentration of phosphorus 

in the sample. With this system the range of concentration 

can be from 25 - 500 mg/1 . P04 of the largest phosphate com

pound in the mixture. 
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B. 	 .Apparatus and Fl..ow Diagram 

Ion Exchange Column: 165 mm long borosilicate glass 

tube, inside diameter 11 mm, resin bed height 120 mm, ·suppor

ted on glass wool plug, rubber stoppers with glass connectors 

both ends • 

.All apparatus required for 2b) 


Extra Heating Bath, 95°0. 


Flow Diagram as per Fig. 


C. 	 Reagents 

1. to 4.: as per Method 4 a) 

5. 	 Sulfuric Ac id Solution: Add slowly 370 ml of concentrated 

sulfuric acid to approximately 1500 ml of distilled water. 

Dilute to two liters with distilled water. 

.All n~cessary reagents for Method 2B) 

Ion exchange Resin: as per Method 4 a) 

D. 	 p~erating ·Procedure 

As for method 4 a), but with a sample size of about 

500 }J..g P04. 

E. 	 Analysis and Correction of Data 

The area under each 6urve (Gaussian) is obtained as 

the product of the peak absorbance and the width at half 

peak height, and is expressed in arbitrary units of absor

bance-millimeters. The relative distribution of each phos

phate species can be expressed as a percentage of the total 

area. 
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No correction factor is necessary in this method. To obtain 

absolute values it is necessary to determine . the total :phos

phorus content of the sample by Method 3) and to apply the 

corrected :percentages of ortho-, pyro-, and tripolyphosphate 

to it. 
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. APPENDIX B: THEORY OF CONSECUTIVE REACTIOMS 


FIRST-ORDER 


The hydrolysi~ of tripolyphosphate to orthophosphate 

can be described as follows: 

PP + OP 

2 OP 

The differential rate equations are 

d ~TPPl = - k (TPP)

1
dt 

d ~PP2 = (TPP) ~ k2 (PP)kl .
dt 

d ~OPJ (TPP) + 2 k (P.P)= kl 2dt 

The integrated equations are 
-k1t

(TPP) -- (TPP) 
0 

e 


(PP) = (TPP)
 + a0 
k2-k1 

(PP) 0 (~. -kl)
and a = - 1 

r.e-k1t 2(OP) = - (TPP) 0 L +--
(k2-k1 ) 

( TPF) r1 
o L + · (OP) 

0 

354 
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The terms are as follows: 

(TPP), (PP), (OP) = concentrations (moles/l) of tripoly

phosphate, pyrophosphate and ortho

phosphate at time t. 

(TPP) 0 , (PP)Q, (OP) = concentrations (moles/l) of tripoly0 

phosphate, pyrophosphate and orth

phosphate at time t = O. 

t 	 = time, (minutes) 

= 	first order rate constant for the 

hydrolysis of tripolyphosphate and pyro

ph~sphate respectively, (minutes-1 ) 

ZERO-ORDER 

The equations I and II are as for first-order kinetics. 

The differential rate equations are: 

d 	 ~TPPJ = - kl 
dt 

d ~ppi = + k1 k2
dt 

d lOP) ' = + k1 + 2 k2 
dt 

The integrated equations are 
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(TPP) 0(PP) = (PP) 
0 + (kl -k2 )t from t = 0 to t = 


kl 


k1-k2 (TPP)
- (PP) + (TPP) - t from t 0 to t0 0 

k2 = k1 kl 

(TPP) 0

(OP) (OP) + (kl + 2 k2)t from t 0 to t
= = = 0 k1 

(TPP)k1+2 k2 0= (OP) + (TPP)
0 

+ 2 k2 t from t = to t = t0 
k1 k1 

The terms are as follows: 

(TPP), (PP), (OP) = · concentrations (moles/l) of tripoly


phosphate, pyrophosphate and ortho


phosphate at time t. 


(TPP) , (PP) , (OP) = concentrations (moles/l) of tripoly
o 0 0 

phosphate, pyrophosphate and ortho

phosphate at time t = O. 

t = time, (minutes) 

= zero-order rate constants (moles) for 
1-min 

the hydrolysis of tripolyphosphate and 

pyrophosphate respectively. 
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