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ABSTRACT 

A series of experiments was designed to investigate the 

reaction of orthop hosphate with amorphous iron oxide under conditions 

approximating those encountered in lacustrine environments. A 

dynamic physical sorption reaction explained the uptake of the ion 

onto the solid. When total P was ~200 fJ.g/1 and total Fe~ 2. 5 mg/1, 

more than 95% of the dissolved orthophosphate was adsorbed onto the 

Fe(OH)
3 

particle s . When total Fe was = 0. 25 mg/1 or less, no phos

phate was adsorbed. The sorption was a maximum in the pH range 

between 4 and 7. 5, as long as particulate Fe (OH)
3 

was present in the 

solution. Outside of this pH range, the sorption of phosphate by the 

solid decreased d r amatically. The lower limit of Eh stability for the 

P-Fe(OH)
3 

complex was found to be on the order of 200 mv, equivalent 

to 1 mg/1 D. 0. Below this Eh value, the complex dissolved. No upper 

limit of Eh stability was found. 

The complex was capable of being altered to a crystalline 

mineralogical phase if total orthophosphate was increased to > 10-
4 

M. 

The structure of this phase was quite similar to that expected for a 

mixture of the fer r ic phosphate minerals strengite and metastrengite. 
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-3 -3 
Comparison of the conditions of formation (!HPO 

4 
:tlxlO M, 

Eh > 300 mv, pH,z7) of this solid with those necessary for the forma-

tion of strengite (Nriagu, 19 72b) show a good correlation. Formation 

of t hese mineral phases in lacustrine sediments is not likely, how-

ever , because the requisite conditions are rarely satisfied in natural 
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I. 1 STATEMENT OF THE PROBLEM 

E x cess phosphate has been suggested as the 

main factor fol' nuisance algal blooms in lakes (Vollenweider, 

19 63 ; Burns & H os s, 1970). The e x change of phosphate between 

sediments :::4mJ water has been reco g nized as an important control 

on phosphatP availability in these waters (Einsele, 1938; Morthne r, 

19 4 1; Carritt and G oodgale, 195 4 ; Burns & Ross , 1971) . The 

chem.ical reaction s l~etween sediment and water involving P in

clude adsorption, anion ex change, and dis solution and p r ecipita tion . 

The reactions ar e controlled pri ncipally by the Eh and pH of the 

envi r o mne nt , plus the ionic concentrations of the e lem ents involve d . 

Inves t igations into sedimenta ry occurrences hav e show n 

cor r elations of P w i th fine- grain s ize, and with the presence of iron 

and mangane .., e (Wentz & Lee, 1969; Williams et al. 197la, b, c). To 

d a t e, the inv estigations all seem to be limited by a lack of precise 

information r ega r ding the s urface re a ctions and the d e tailed mineralo gy 

of the s o lid phases involve d in the P reactions . 
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The purpose of this work is to: 

l) Investigate the effects of master variables (pH, Eh, etc.) on the 

sorption of P with precipitated amorphous iron oxide, and 

2) Define the -diagenetic change of the sorbed P-iron oxide complex 

to a mineralogical phase. 
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I. 2 THE SYSTEM 

A natural water system may be defined as a complex 

sys t em consisting of four phases mixed in an inhomogeneous fashion. 

The four phases present in this system are a liquid phase, a gas 

phase, a solid pha se, and a biological phase. An overall definition 

of a natural water system based on these four phases is usually 

impossible becaus e of the large number of variables present in 

natural waters which affect the phase relations. However, there 

are situations whe re the water system is sufficiently homogeneous 

and well-characterized to produce a region which is uniquely 

identifiable. An ex ample of such a unique region occurs in dimic tic 

lakes where in summer a thermogradient prevents water circulation 

and t he wat er column is divided into three distinct layers: 

1) epilimnion - li ghter, warmer water of relatively constant tem-

perature or slightly decreasing temperature with depth; 

2) thermocline - a thin {less than 2 ft.) layer of maximum tempera-

ture gr adient; 

3) hypolimnion - a layer of dense bottom water with a more or less 

0 
constan t temperature near 4 C. 
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These three regions are so different, in a che1nical and physical 

sens~, thai, :i.n a eutrophic lake, they can be identified easily by their 

dj sti;LCt characteristics. 

As no unique definition of the lake system as a whole 

e x:ists , it will he discussed from the viewpoint of the four phases com

prising it. 

The Gaseous Phase 

The p r esence of dissolved gases in the water colmnn 

exerts a major controlling influence on the following master variable s 

in nature waters: (l) the pH; and (2) the amount of dissolved oxygen 

pres ent in the water whihh is reflected in the Eh of the water. In a 

4 

wate r body isolated from reaction with the rocks and sediments, the pHis 

poorly buffe r ed and controlled at a near -neutral condition by the 

exchange of carbon dioxide between the water and the atmosphere. 

The important variables affecting this exchange are the 

solubility and partial pressure of C0
2 

at the gas-.water interface, the 

resultant mixing of these saturated surface waters with the rest of 

the water column, and the temperature of the air and water . Many 

natural waters are not in equilibrium with the atm.osphere, primarily 

because of the slowness of the gas transfer reaction between the 

gaseous and liquid phases compare d to proce s ses within the aqueous 

phase . As a result , pH values much different from the equilibrium 
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value of 5. 7 - due to CO.., solution - have been obtained in areas of high 
t... 

photosynthetic or respiratory activity and smaller variations are 

usually found in a reas of carbonate dis solution of precipitation. 

The a mount of dissolved ox ygen in the water column is 

also dependent upon the exchange rate between the atmosphere and the 

wate r. However , in this case, the interphase transport process is 

quite rapid in comparison to the other transport processes and 

chemical r eaction s. Therefore, the main reason for oxygen d e pletion 

rests not with the dissolution kinetics of 0
2

, but with the unfavourable 

mixing processes between the surface and deeper waters. This lack 

of mixing i s best exemplified during the summer periods of stratifica-

tion in dimictic lakes, when there is no net transfer across the thermal 

boundary between the epilimnion and the hypolimnion . During the se 

times, the bottom waters become significantly depleted in oxygen, 

a consequence of organic decay and respiration, coupled with a com-

plete lack of oxyge n transport in to the hypolimnetic water. This 

results in a loweri ng of the Eh in these bottom waters to levels of 

200mv or less. 

The L iquid Phase 

The aqueous chemistry of natural waters is d01ninated by 

the c hemical prope rties of water itself, notably its solvation ability and 

its highly electrostatic nature . It is the ability of water to solvate 



protons which permits the formation of hydrogen ions in solution, 

and it is this property which makes water a unique solvent. The 

solvation or hydrolysis property is the foremost consideration in the 

chemistry of elements dissolved in this liquid. For example, the most 

conspicuous featu re of the aqueous chemistry of iron (III) is its 

tendency towards hydrolysis and/or the formation of complexes. 

Similarly, the aqu eous chemistry of phosphorus is dominated by the 

dissociation products of phosphoric acid, the most common hydro

lyzed form of phosphorus, 

The e l ectrostatic nature of water is demonstrated in th e 

surface chemistry of solid matte r and/or ions present in it. In 

aqueous solution, electrically charged particles are always surround 

ed by a diffuse layer of oppositely charged ions in the aqueous phase. 

The resultant electrical double layer exists at all solid-liquid inte r

faces in natural waters, and greatly effects the sorption-de sorpti on 

characteri s tic s of all solid particles present in the liquid domain. 

In natural waters, iron is always positively charged and phosphate 

always carries a ne gative charge. 

The Solid Phase 

The che mistry of a parti cular freshwater l ake i s large ly 

influenced by the li tholo gical charac t e ri stics of the lake basin. The 

reactions of water with litho logical material hav e b e en show n by 

6 



Feth et al. (1964 ) and Garrels et al. (1967), to be important in deter

mining the composition of surface water. A more emphatic statement 

was provided by K ramer (1964), when he wrote: "the ultimate source 

of all constitu ~nts in freshwater is either the lithosphere (sediment) 

or atmosphere". 

The occurrence of any particular solid phase in a lake is 

dependent upon its solubility in freshwater. The solubility of a phase 

7 

is d e pendent upon a large number of factors, such as: pH, temperature, 

degree of saturation of solution, the degree of hydration of the solid, 

its lattice energy, its surface free energy and its ability to form solid 

solut ions. All of these factors must be considered when the precipita

tion and dissolution reactions of a solid are studied. Precipitation 

and dissolution re a ctions are paratnount not only in determining which 

solid phas es will be pre sent, but also in modifying the pH and elemental 

concentrations fou nd in the water. 

For most solids, it is found that the first-formed solid phase 

is usually an amor phous precipitate w ith a disorder e d lattice structure. 

Such structurally disordered precipitates are referred to as the " active" 

form of the compou nd. Formation of a structurally ordered or "in

acbve" solid phase from this precipitate 1nay take place in more than 

one way. In the cas e of iron hydroxide, the deactivation (i.e . structural 

orderi n g ) of the amorphous solid occurs by the processes of condensation 



8 

and dehydration. As Feitknecht & Schindler (1963) point out, these 

reactions lead to the formation of three difrerent solids from the 

amorphous Fe(OH)
3

• The reactions involved may be summarized as: 

' 

(amorph.) Fe(OH)
3 

/ Fe 2o3 (dehydration) 

(active) ~FeO OH (active) 

(amorph.) FeO n I (OH )3 _n 

2 
(condensation) 

The net result of these diagenetic changes is the formation of a 

thermodynamically stable but inhom.ogeneous mixture of iron oxide 

minerals in the s e diment. 

In addition to the solid phases present on the lake bott01n, 

there is also a con siderable amount of particulate solid material suspend-

ed throughout the water column. This material includes airborne clust, 

organic detritus, suspended sediment and colloid complexes formed 

by sorption of ionic species in the water onto suspended or dissolved 

organic and inor ganic material. Not much information is available 

regarding these su spended particles. Recent evidence, however, 

(Shapiro, 1964) sug gests that the amount of iron in the water column is 

related to the presence or absence of this suspended material, although 

the composition and identification of this suspended material has never 

been thoroughly investigated. 
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The Biological P h ase 

The biological population is the main cause of non-

equilibrium condi tions in a lake. This is a result of the continuous 

energy input by th e sun, in order to maintain life. Consequently, the 

orga nisms produc e a system whereby energy is conserved and en-

tropy decreased, in direct oppos i tion to the abiotic environment 

where energy is expended and entropy is increased. In a balanced 

ecol ogical system, organic material is produced and destroyed at the 

same rate. The p roduction and consumption of oxygen and carbon 

diox ide also take place at an identical rate. 

The basis of the life-processes in the lentic environment 

is fundamentally t he phytoplankton. They provide the first step in the 

ecological cycle a nd therefore cont rol the productivity and composition 

of the other trophi c levels in the b i otic community. Stumm and Morgan 

(19 7 0 ) list a typic a l plankton community as having the stoichiometry 

C 
1 06

H
263

o 
11 0

N 
1 6

P 
1 

and an equation representing photosynthesis: 

106 C0
2 

+ 
- -2 + 

16 N0
3 

+ HP0
4 

+ 122 H
2

0 + 18 H + tr. elements+ ener gy 

p~tR 
(C 1 06 H263 p 11 0 N 1 6 P) + 138 O 2 

in w hich P = photo synthesis and R = respiration. 



Fr01n the above equation, it is obvious that phosphorus is 

an important element in phytoplankton metabolisn1. In fact, since it is 

required in the l e ast quantity of the major elements, its presence or 

absence can be c ons idered as the controlling factor in the metabolic 

reaction (Liebig 1 s Law of The Minimum). For this reason, phosphorus 

has been often cite d as the 1limiting 1 nutrient in phytopla nkton p r oduc

tion and h e nce increases in phosphorus concentrations in the lakes 

could result in an imbalance in the production-destruction equilibrimn 

in the biotic environrnent. 

10 

Phytoplank ton dependence on iron has not been as extensive ly 

studied as phospho rus, but Jeffries (19 71) has pointed out that e pi-

limne tic phytoplankton do concentrate iron in large an10unts during 

bloom perio ds. 
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I. 3 AQUEOUS CHEMISTR 'f OF IR ON 

Though not normally pre sent in concentrations greater 

than a few tenths of a milligram per litre, iron is nevertheless a 

ubiquitous constituent o£ natural waters. Its chemistry is dominated 

by the processes of oxidation and reduction, precipitation and dis-

solution, complex formation, and the metabolism of plants and 

animals. 

Specie s in Natural Waters 

Iron is present in natural surface waters in only the 

oxidation states o£ +2 and +3. Under reducing conditions and a pH 

£ 1 h ] l f 0 0 0 h h F +2 0 o ess t an , errous 1ron 1s present as e1t er t e e 1on or 

.J.. 

as the hydrated Fe(OH)' ion, depending upon the concentration of the 

dis solved carbonate in the water . If the total Cis less than 10-
3

M 

and the pH is l ess than 8. 5, then the Fe(OH/ ion .dominates, but i£ 

h 1 C 
0 h 1 0- 2M h h + 2 

0 0 h 0 

t e tota 1s greater t an , t en t e Fe 1o n 1S t e rnaJor 

i onic species present. Above a pH o£ 11, the anion HFeO 
2 

can exist in a p preciab l e quantities, but such a high pH is not often 

encountere d in natural systems. 
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1 
. +3 +2 

Ferric iron can occur in so uhon as Fe , Fe(OH) , 

+ or Fe(OH)
2 

; plus a number of polymeric species. The form of the 

ferric ion present is largely dependent upon the pH of the solution. 

Recent reviews such as those of Shapiro (1964 ) and 

Stumm & Morgan (1970), indicate that dissolved iron species ar e not 

the major forms of this element in natural water s. Evans & Wang (1970) 

fou'n.d that 9 Oo/o of the total iron measured in Peo r ia Lake waters was present as 

par tic ulate complexes rather than as a dissolved species. This parti-

culate iron is usually considered to be pres ent as either: 1) colloidal 

ferric hydroxide (hydrated iron oxide ), or 2) a complex of unknown 

nature but probabl y associated with organic matter. An exact defini-

tion of these complexes has not been provided , although both ferrou s 

and ferr ic iron are involved . One possible explanation put forward by 

Evans & Wang involves a sorbed complex species containing iron ions 

sorbed on the surf aces of clay particles. 

Solubili t y Relatio ns 

Calculat ions involving the variables of principal importance 

in iron chemistry gene rally are not very useful in explaining the quanti-

tativ e relationships between Eh, pH, dis solved carbon dioxide and dis-

solved iro n in natu re. From a qualitative viewpoint, the calculations 

do show the gener a l effects of these variables on the activity of iron in 



+ o. 8 

+ ). 6 

+ o. 4 

+ o. 2 

E:h 0 
(vo Lts) 

- 0. 2 

-0 . 4 

-0 6 

-0. 8 

Fe+ 3 

2 4 6 
pH 

8 10 12 

Fig . I. 3.l.Phase d i agram showing stable iron phases in natural waters . 
Constructed using EFe=4 . 5xl0-5M 

~HC03 - 3 =1. Ox1 o-3M 
r:so4 -2= 1. Oxl o-sM 

T = 25°C 
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natural systems. For instance, fig. I. 3. 1 shows the system Fe-C0
2 

without any sulphur present. It can be seen that under the Eh-pH 

conditions of most natural surface waters (5<pH(9; Eh:>2 SO mv), 

Fe(OH)
3 

s h ould be the predominant form of iron, and measurements 

have shown this to be correct. The diagram also shows that a lowering 

of the Eh or pH should cause an increase in the amount of iron in solution. 

Such increases are observed in natural systems. 
-4 

If an amount of S~l 0 M 

is a dded to this system, the phase diagram would predict that under 

low Eh conditions, pyrite rather than siderite should form. This predi c-

tion als o has been verified in nature. These diagrams, however, are 

useful only for qualitative predictions of stable phases. The real 

system is so complex that any quantitative extrapolations of the stability 

diagrarns to the path of reaction is meaningless. 

The effects of biological activity on the occurre nce of iron 

and i ts forms have not been adequately investigated. Berner (1970) has 

shown that bacterial reduction of sulphate under anoxic conditions does 

provide sulphide ions which react with iron to form various insoluble 

iron sulphi d e mine r als. Other mechanisms, such as incorporation of 

iron into phytoplankton , may remove iron from the water and store 

it in the living organisms or in the sediments. 



Occurrence in Na tural Waters 

As p r eviously rnentioned, oxygenated waters at near

neutral pH's cannot contain significant amounts of uncomplexed 

dis solved iron. It is usually present as hydrated iron oxide or as 

some organic co1nplex. In the sediments, iron is found in varied 

and complex mine ralogical phases. The ferrous sulphide minerals 

such as pyrite a nd marcasite (FeS
2

) comprise one such group. 

The ferrous carbonate mineral siderite (FeC0
3

) is another. Ferric 

minerals include the oxides and hydroxides such as hematite (Fe
2

0
3

) 

ilme nite (amorph. FeO OH) and geothite (a-FeO OH). Other iron 

pho s phate miner a ls of note include strengite (FePO 
4

. 2H
2
0) and it s 

dim o rph metastr engite (phospho siderite). Finally, iron-bearing 

sili c ate minerals such as pyrox ene s, amphiboles, micas, and 

olivines are usually found as allogenic detrital components in mos t 

lacu strine sedime nts. 

15 



I. 4 AQUEOUS CHEMISTRY OF PHOSPHORUS 

The s t able and generally prevalent form of phosphorus 

in nature is some form of the oxyanion PO 
4

-
3 

Its chemistry in the 

natural env ironrnent is influenced by precipitation and dissolution 

as well as -:omple.x: formation, in much the same way as is iron. 

Hovrever, t he i1nportance of oxidation and reduction reactions in 

pho::>phoru s c:b .• ~rr,istry is much less than in the case of iron, while the 

interactiou:; ;.vith the biolo gical systems are greatly increased. This 

increased activity in the biological sphere results in a much larger 

dynamic component in phosphorus distribution as compared to that 

of iron. Its temporal and spatial distributions are highly dependent 

16 

upon biochemical i nfluences, the extent of which are seen in the schematic 

repr esentation of t he F cycle in lakes, shown in fig. I. 4 . l. 

Species in Natural Waters 

Dis s olved phosphorus may exist in aqueous solution as any 

one of a number of ionic species. These include orthopho sphates, con

densed phosphates, organic orthophosphates, inositol phosphates and a 

large number of other organic and inorganic forms. 

of these forms is found in table I. 4. l. 

A complete list 



TABLE I. ·L I. 

F ORMS OF PHOSPHORUS OF POSSIBLE SIGNIFIC ANCE IN NATURAL WATERS 

DISSOLVED FORMS 

01·thophosphate 

Ino r ganic C onden s ed 
Phos phate s 

o,·ga11i c O r t hop hosphate s 

Su ga r s 

Ino si to l phosph a tes 

Pho s p holi pids 

Phos phoamide s 

Or gani c C o nd ense d 
Pho s pha tes 

DISSO L V ED 
SPE CIES 

- -2 - 3 
H

2
P o

4 
, H P 0

4 
, P 0

4 
, 

FeHP0
4 
+ 

2 -
H2P 207 • 

5 -
P30 I 0 

Glucose-1-phosphate 

Ino s itol hexaphosphate 

Glyc erophospha te 

Pho sphoc r e atine 

Table adap ted f r o m Stumm & Mo r ga n (19 70). 

SOLID FORMS 

Mine r a l Pha ses 

hydroxylapa tite 

b rushite 

carbo nate fluorapatite 

variscite, strengite 

wavellite 

Mixe d phases, Solid Solutions, 

Sorbed species, etc. 

clay-phosphate 

me tal-hyd roxide -phosphate 

Suspended o r Insoluble Or ganic 

Phosphorus 

bacterial cell material 

pla nk to n m a t e rial 

pla nt d e b ris 

pr o t e in s 

SOLID 
REPRESEN TATIVE 

CaHP0
4

• 2H
2

0 

(Ca) I 
0
(F, OH)

2
{P0

4
, 

C03) 6 

AlP0
4

. 2 H
2

0 ; 

FeP0
4

. 2 H
2

0 

Si
2

0
5

Al
2

(0H)
4

• P0
4 

Fe(OH)x( P04 )1 _x/J 

Inositol hexaphosphate, 

phospholipid, nucleic 

a c ids, pho s pho prote in, 

p o lysacc ha ride, phosphat e 



Organic 
Phosph orus 

.... .. ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
• • 0 • ••••••••• • • . . . . . . . . . . . . . . 
• •• • 0 • • •• •••• • • . . . . . . . . . . . . . . 
• • 0 • •• ••• • ••• • • 

: Sedime nts: 
• 0 ••••••• • •• - • 

• • • • • • • • • 0. 0 • • • 
0 • •••• •••••• •• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
0 •••• 0 • •••••• • . . . . . . . . . . . . . . . 

Bacteria 

WATER 

Inor ganic 
Phosphorus 

Zoo
plankton 

Inorganic 
Condensed 
Phosphate 

Precipitate 
!nor ganic 
Phosphate 

F : g. I. 4. l. Phosphorus cycle in lak e water, adapted from Stumm & Morgan. 
Schematic r epre s e ntation of m ajor phosphorus locations and 
their inte rac tions in a natural body of water. 
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Elucidation and identification of the various phosphate 

species present in natural waters has been a subject of considerable 

confusion i n recent years. As Rigler (1968) pointed out, the amount 

19 

of phosphorus foun d in any one form is often a function of the analytical 

technique employed in analysis, and therefore is not indicative of the 

true amounts in solution. If Rigler's earlier (1964) scheme is adopted, 

total phosphorus i s divided into a suspended fraction, a dis solved

or ganic fraction and an inorganic fraction. Other authors, such as 

Hutchinson (1957), Strickland and Parsons (1966) , and Minear (1972), 

have employed different classification schemes, but they all suffer 

from the same inhe rent difficulties mentioned above. 

It is generally agreed, however, that the reactive phos

phorus in the water column is present as inorganic orthophosphate, 

i.e. as one of the dissociation products of phosphoric acid. The rela

tive abundances of these forms at cliff erent pH's is shown in fig. 

I. 4. 2 . 

Solubility Relations 

As with the iron system, solubility relationships calculated 

for phosphate do no t provide quantitative indications of what is actually 

observed. Qualita tive extrapolations of phosphate equilibria are not 
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always val id eithe r, probably because of the large effect of the non

equilibrated biological systems on phosphate activity. General trends 

wor thy of note include a lessening of phosphate solubility as pH is 

increased by precipitation as calcium phosphate, and removal of 

phosphate from solution as iron or aluminum phosphates as the pH is 

lowered. Both of these phenomena have been reported to occur by 

Stumm (19 64 ). He has also shown that phosphate concentrations in 

water are greatly dependent upon the concentration of calcium in the 

water. 

Unlike iron, phosphate solubility is greatly influenced by 

the formation of complexes. Phosphorus has a strong tendency to 

form polymeric complexes with itself and ionic complexes with m.any 

metals. As a result, much of the measured Pin surface waters is 

very possibly comp lexed into one of these insoluble forms. The ex-

21 

tent of the complexing will depend on the relative concentrations o.f the 

metal species involved, the pH and the presence of competing ligands 

such as sulphate, a nd organic molecules in the water. The metal ions 

most likely to affect the concentration of P in natural waters are those 

that are present in concentrations comparable to or less than those of 

phosphorus. These metal ions include iron, aluminum and manganese, 

and their int eraction with phosphorus has been shown to be theoretical

ly possible under c onditions present in natural waters (Stumm & Morgan, 

1970). 
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I. 5 PREVIOUS WORK 

Inter a ction with Sediments 

The upt ake or release of P with natural sediments has been 

fo und to depend upo n the conditions of Eh, pH, calcium concentration 

and physical agitati on processes operative in lacustrine systems. 

Expe r iments designe d to study the effect of pH on inorganic phosphate 

removal from water by sediment have shown that phosphate removal 

is at a maximum b e tween pH values of 5 and 7, Hayes, MacPherson 

& Sinclair (1958). Similar experiments by Stevenson {1949) have shown 

that P increases in overlying water with an increase in pH above 7. 0. 

Garritt & Goodgale (1954) also suggest that "the return of phosphorus 

to solution ... is favoured by an increase in pH'. 

The effects of Eh, or Inore precisely, the amounts of 

dissolve d ox ygen p re sent in the water, on phosphate availability in 

the aqueous phase h ave been investigated by Mortimer (19 41 , 1942). 

He measured lar g e (2-3 orders of magnitude ) increases in P concen

tration in the hypolimnetic waters of Lake Windermere. In a later 

(1971) paper, he concluded that the total oxygen concentration in the 

water drops to less than 2 mg/1, ·many elements including P, Fe, 
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Mn and nitrogen a re brought into solution from the sediments. At 

oxygen concentrations greater than this value, sediment release of 

nutrients is nil. Similarly, Burns & Ross (1971) demonstrated that 

when the sedimen t surface was under the influence of reducing rather 

than oxidiz ing conditions, P release to the water increased by a factor 

of ten. 

Agitation of lake sedi1nents has been shown to have a 

considerable effect on phosphate concentrations in overlying waters . 

C ar r itt & Goodgal e (1954) agitated estuarine sediments and found 

that the fai lure to n1easure other important variables such as pH 

led to inconclusive results. Harter (19 68), working with natural 

sediments in the pH range of 5-7 found that agitated sediment was 

capable of removing large quantities of P from solution. Shukla 

et al. (1971) found the same P removal capacity to be operative in 

Wisconsin lake sediments. Stevenson (1949) agitated ocean sediments 

and found variable results, P removal occurring in a pH range of 5- 7 

while P re l ease w a s found at pH values outside this range. 

Field observations support the hypothesis that large 

quant ities of P ar e associated with fine-grained sediments. }(r amer 

et al. (197 0) recorded large incr eases in soluble orthophosphate in 

Western Lake Eri c ilnmediately following a stormy period of weather. 
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Thi s increase in P was correlated with an increase i n turbidity, and 

led t o the conclusion that the P was associated with t he fine-grained 

particulate matte r thrown into suspension during the storm. 

Exchange Mechanisms of P with Sediments 

The relationship of P uptake and release by sediments has 

led t o the conclus i on that this phenomena is a result of a physico-

chemical adsorption process. This exchange process between sediments 

and water has been investigated by Hayes & Phillips {1958) using 

d . . p32 ra 1oactlve . It was discovered that the total amount of P available 

for exchange was large, and that this reaction occurred very quickly, 

with exchange time s being of the order of a few minutes. The highly 

dependent nature of this exchange with respect to the prevailing Eh 

and pH conditions , also lends support to the idea of a physico-chemical 

sorption r eaction being determinant in the exchange of P between 

sediment and water. 

Einsele (1938) and Ohle (1938, 1954), both postulated 

adso r ption as the mechanism of reaction between phosphate and 

fer ric hydroxide gels . Mortimer (1941) attributed the lar ge -scale 

r elease of P from lake muds to sorption processes, as did C arritt 

& Goodgale (1954), Harter (1968) and Williams et al. (197lb). Olsen 

(1964 ), showed that the exchange of P vvith sediment under aerobic and 
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anaerobic conditio ns could be described mathematically. His equation 

consisted of an adsorption term and an ex-:hange term, but the term 

revealing the mo t significant correlation with respect to P uptake 

under ox idizing and reducing conditions was the adsorption term. 

An alternate explanation of the mechanism of phosphate 

exchange was prov ided by Swenson and his coworkers (1949). They 

proposed a mechanism of phosphate fix ation by iron and aluminum as a 

chemical exchange between the hydroxyl groups of the amorphous 

hydroxide s of these m.etals and the phosphate anions in solution. The 

reaction wa s repr e sented by the equation: 

Later work by Parks (1964) has shown that the most probatlc rzactio"1 

of phosphate with the amorphous oxides of iron and aluminum is a 

phys ic ally controlled sorption reaction depending on ele.ctrostrttic 

reactions between the solid and the phosphate ions. 

Amounts and Forms of P in Sediments 

Total P has often been rneasured in lake sediments. Thomas 

& Kemp (1971 ) , pr ovided an overall picture of P concentrations in 

Great Lake sediments when they me asured total Pin both coarse and 

fine sediments of Lakes Erie and Ontario. They found that the top 

three em. of these sediments produced total P values of between 600 
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and 25 00 ppm. 
3 . 

These values are about l 0 times higher than are 

normally found in the overlying water, Similar measurements have 

been recorded by Kuhn et al. (19 70) for Lake Michigan sediments; by 

Williams et al. (19 7la) for Lake Mendota sediments and by Edmundson 

et a l. (197 0 ) for Lake Washington. They all show the same l 0
3 

dif-

ference between sediments and water P concentrations, and all the 

n1easurements are in the range of 600 to 25 00 ppm. for t otal P in the 

sedi1nents. 

Many atte1npts have been made to identify and characterize 

,; 

the forms of inorganic phosphorus in the sediments. It is found comm.only 

in oceanic environme nts as apatite. Recently, however, it has been discover-

ed that P can be found in the form of iron phosphate minerals as well. 

For example, Mackereth (19 66) reported finding vivianite (Fe
3 

(PO 
4 

)
2

. 8H
2
0) 

in lacustrine sediments, as did Rosenqvist (1970). Shapiro and 

Edmundson (1971}, reported the presence o£ the reduced iron phosphate 

mineral phosphoferrite in the sedim.ents of Lake Washington, while 

Williams et al. (19 7la, b, c) have proposed a hydrated iron oxide-

orthophosphate complex to be prevalent in the sediments of Wisconsin 

lakes. 

O ther mineral phases which have been proposed as being 

of possible significance in lacustrine sedirnents include strengite 



(FePO 
4

. 2H
2 

0), i ts dimorph metastrengite and the aluminum phos

p hates metavaris c ite and wavellite . None of these phases has been 

r e ported to occur i n natural sediments to date , however . 

Wentz & Lee (1969), proposedanumber of modes of P 
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a ssociation in sediments . These included detrital minerals, P 

a ssociated with organic minerals, carbonate P , P sorbed on particu

l ate matter and P co-precipitated with Fe and Mn. O rganically bound 

Pis mostly present as inositol hexaphosphate or o ne of its derivatives. 

Ac c ording to Hutchinson (1957), this type of P comprises up to 50% 

o f the total organic Pin sediments. 

Phosphorus pre sent in organic tis sue as organically bound 

compounds does not remain in this form when the organis1n dies. 

Bur ns & Ross (1971), found that almost all organic material sedimented 

on the lake bottom was degraded within a few months and that 75% of 

the total P contained in this material was retained in the inorganic 

phase o f the sediment. In addition, most organic phosphate is easily 

h y d r olyzab l e and can therefore be changed to orthophosphate. As a 

result, t he largest fraction of phosphate present i n lake sediments 

can be considered a s orthophosphate and therefo r e it is capable of 

being incorporated directly into the solid phase in the l ake . 



The distribution of phosphorus in the sediment has been 

considered as a possible clue to its as soc:iation in the solid phase. 

Investigations by Williams et al. (1971c) and Shukla et al. (1971) 
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have shown that the levels of inor gani c P in the sediment are governed 

by the amounts of Fe in the sediments. They have shown that there 

is a statistically valid correlation between total P, Fe, and inorganic 

P . The corr e lation coefficients describing the relationships all exceeded 

0. 9 35. These corr e lations were reported for simple correlation analysis. 

In the same study, f actor analysis a l so showed that Fe and inor ganic 

P were closely related in the sediments, but that there was no sig

nific ant correlation between C a and P. Least squares analysis was 

applied to sediment s gathered from Northern Ontario lakes by Brydges 

(1970 ) and showed a significant correlation between inorganic P and Fe. 

Statistical analysis applied to Lake Kinneret in Israel (Serruya, 1971) 

shows a good correlation between iron and inorganic P, but ahnost 

no correlatio n between carbonate and P. It appears that most of the 

phorph orus is associated with iron in freshwater system::>, 



29 

I. 6 Fe - P SYSTEM 

Adsorption 

As indicated earlier, phosphate and iron distributions in 

natural waters are apparently related by the processes of adsorption. 

As indicated by Stumm & Morgan, the oxides and hydroxides of Fe 

and Al adsorb significant amounts of phosphorus . Swenson, Cole 

and Sieling (1949) summarized work dealing with the fixation of phos-

phate by iron and aluminum oxides. Their work indicated that conccn-

trations of 9 millimoles of Fe or Al could adsorb up to 9 O% of the 

t o tal phosphate in solutions containing 1 millimole / 1 of the anion. 

They also reported that this phenomenon was pH dependent with a 

pH increase above 6. 5 causing a noticeable decrease in the amount 

-3 
of PO 

4 
adsorbed onto the amorphous precipitate of Fe and Al. 

It was also discovered that under these conditions, but at a pH of 

8 . 5, no phosphate was adsorbed by Fe(OH)
3

; yet 70% of the total 

phosphate in soluti on was still fixed by aluminum hydroxide at a pH 

of 9 . 0. More recent investigations into this sorption process in-

dicate that it is a r apid phenomenon having a half-lHe of about ten 

n~inutes in the case of aluminum according to Kar (1958). This compares 
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favourably with the reaction times of natural sediments for P adsorp-

tion as re po rted by Hayes & Phillips (1958). The removal capacity 

of aluminu m hydroxide for pho srhate in solution was found by Hsu 

-4 
& Rennie (1962) to be about 10 m oles of P/gm of Al(OH)

3
. Such 

experiments indicate that sorption of phosphate onto the surfaces of 

the oxides and hydroxides of iron and aluminum can account for the 

removal o f large quantities of phosphate from aqueous solution in a 

short period of time. 

Clay minerals are quite capable of sorbing phosphate and 

depso t ing it on the lake bottom. Black (1950) has shown that kaolinite 

will adsorb up to 0. 15 mgm of PI gm of clay in di lute solution of 

about 5 ppm. P, while Haseman and his coworkers (1951) found that 

mor e conc entrated phosphate solutions of 0. 1-1. 0 M permitted 

phosphate adsorpti on with numerous clay 1ninerals to a maximum value 

-3 
of 20 mgm . P0

4 
sorbed / gm 

0 
of clay at a temperature of 26 C. 

sorption reac tions were found to follow a typical Freundlich ad-

sorpt ion curve, much like that found by Garritt & Goodgale (1954) 

for phosphate sorption by Fe(OH)
3

. 

These 

Low &: Black (1950) produced evidence to support the idea 

that in dilute soluti ons (1 ppm. total P or less) adsorption onto clay 

n~ineral surfaces resulted from chemical rather than physical inter -



actions. A later paper by Muljadi, Posner & Quirk (1966), showed 

that these reactions involved the exchange of phosphate with the 

hydroxyl groups in the clays. Livingstone & Boykin (1965) h c:.ve 

shown that natural sediments have an even greater tendency to sorb 

phosphate than the pure clay minerals, indicating that reaction with 

clays is not the only process in the sorption reactions of natural 

sediment with phosphate. 

The r e action of phosphate with iron hydroxide has been 

shown to be extremely efficient in removing phosphate from solution. 
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The results of Ein s e le (1938) and Ohle (1954) show that almo s t 100% of 

the phosphate in a relatively dilute (0. 050 m g P/l) solution is removed 

by amorphous iron hydrox ide in the pH range of 5 to 8 . The iron was 

p resent in concentrations o£ about 0. 3 g/1 in these experiments . 
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I. 7 MINERALOGY 

Mineralogical evidence is available which upholds the 

idea of the possible formation of iron phosphate rninerals in lacustrine 

sediments. 

The iron phosphate minerals most often referred to as 

b e i ng likely to form under the P, T conditions found at the earth's 

surface are the m i nerals strengite (FePO 
4

, 2H
2
0), its mo nocli nic 

d i morph metastrengite (phosphoside rite) (FePO 
4

. 2H
2
0), and the 

reduced iron pho s phate vivianite (Fe
3
(P0

4
)
2

. 8H
2
0). Neither 

str engi te nor m .e t astrengite have ever been identified i n lake sedi 

ments, but their par agenetic relationships as reported by Moore 

(1970b) ,indicate t h at they are late-forming minerals in hydrothermal

ly altered rocks and therefore do form under P, T conditions not too 

different from those encountered at the earth' s surface. Using data 

from a large number o£ specimens , Moor e (1970b) presented a 

strong argument in favour of the formation of the se two highly hy

drat ed iron phos phate minerals under co nditions of low T and P. 
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Macke reth (19 66) h as suggested that vivianite nodules form 

under localized reducing conditions around a source of organic matter. 

Ros enqvist (1970) l" eported that this mineral formed in sediments only i n 

regions where the Eh was measured around -39 0 mv and the pH around 

7. 4. He concluded that vivianite formed nodules in thes e discrete areas 

because of competing sulphide reactions for the iron. 

Strengi ie and metastrengite are comprised of a three-

-3 
dimensional network of PO tetrahedra linked with four metal-

4 

oxygen (H...,O)..., octahedra , fig. I. 7.l(a) and (b). The tilt betwe e n the 
c.. £. 

.. ~ 
PO 

4 
- groups and the Fe -0 -H

2 
0 octahedra provides the only differ e nce 

between the orthorhombic strengite and the monoclinic metastreng:. te 

structures. This difference is illustrated in fig. I. 7. l. The vivianite 

struc ture, consisting of parallel slabs perpendicular to the b--ax:i.s 

-3 
of the insular octahedral singlets and doublets joined by PO telra-

4 

hedra, is somewha t rn.ore closed than either the strengite or meta-

strengite structures and hence is stable under higher P, T conditions. 

l\ll o£ these minerals have been synthesized under 

relatively mild chemical conditions . Chang & Jackson (1957), first 

prepareci a mixture of strengite and metastrengite by digesting ferric 

phosphat-::: predpHates in solutions containing chloride and sodiunJ. as 

extraneous io::c. Lehrecke (19 4 7 ) digested a!'l amorphous £erdc 

phosphate p r ecipjta t e , wh~ch fo ·rrned whe n &olutions of Ierric chloride 



Fig . I.7.l(a) Structure of strengite looking up the a-axis. One 

-3 
octahedron, the H

2
0 oxygen atoms (Oh) and the PO 

4 

tetrahedral environment about the octahedron are 

shov..r.LJ. (After Moore, 1966). 

Fig. I. 7.l(b) 11etastrengite crystal structure viewed on the a-c 

plane. The elem.ents of the unit cell are shewn. In 

addition, the environment of the tetrahedra and the 

H
2

0 groups about the octahedron are shown. The 

H
2

0 oxygens are specified, the Fe aton1s are re

presented by circles. (Af1er Mcore , 1966). 
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and ammonium. phosphate were mixed. Cate ~.! al. (1959) crystallized 

strengite by mild (100°C) hydrothermal treatment of a suspension of 

am.orphous fer ric phosphate prepared by dis solving carbonyl iron 

powder in ortbophosphoric acid. Nriagu (1972a) prepared the mineral 

by using C ate's method except that he substituted iron powder for 

the iron carbonyl. Nriagu (19 72b) has also prepared vivianite 

synthetically. 
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II. 1 PLAN OF STUDY 

In the previous chapter it was shown that the iron and 

phosphorus system.s in lakes and other naturally 8ccurring bodies 

of water are not easily characterized. The large number of 

physical-chemical variables are greatly modified by a host of bio

logical variables, and neither of these systems is as yet adequately 

defined. 

From the inforrnation available, however, we know that 

a large proportion of the phosphorus in lakes and rive1.· s is in an 

insoluble form and becomes available to the dynamic systen-l only 

through the slow processes of dissolution of insoluble mineral and 

o1· ganic species . The irnportant missing link in the understanding of 

the phosphorus cycle in natural waters is to be found in the qualitative 

and quantitative definitions of the processes of fixat·on of this element 

ancl in the reverse proce sses of dissolution of these solid phases, 

whether these p:;:-o.::esses involved by physical or biolo gical in origin. 

This study attempts to iso]ate variables r elated to the 

i nor ganic fixation process between iron and phosphorus and to observe 

tbe effect of these variables on the inorganic precipitation rnechanism 
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of phosphorus with hydrated iron oxide, and on the subsequent 

process of mine r alization of the complex. 

Two series of experiments were undertaken: 

( l) The first series of experiments was designed to determine the 

effects of iron concentration, Eh, pH, and agitation on the sorption 

proc ess. 

(2) The second series of experiments was designed to investigate 

the effects of pH, phosphate concentration and phosphate form, on the 

mineralization of the sorbed complex. 

37 
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II. 2 METHO DS 

Each experiment was designed to investigate the effect 

of one vari able on the sorption process, or on the mineralization 

proce ss. All experiments were conducted using the simplest chemical 

systen~s so that extraneous chemical species would not interfere with 

the processes being investigated. As a result of this requirernent , 

all experiments were conducted in distilled-deionized water and the 

only chemi cals added to the solution were those required to produce 

the ne cessary chemical conditions of the experiments . In addition, 

the rnaster variables of Eh, pH, temperature and ionic concentrations 

of the elen~ents involved we re set at values approximating as closely 

as possible tho se encountered in the natural environment. 

Except where specified, the pH of all solutions was in the 

range of 6 to 8, and the Eh was o£ the order of 370 mv. The mineraliza -

0 
tion exper i ments were carried out at a temperature of 9 0 C, in order 

to increas e kinetic rates to a value which would produce the reaction 

end - products in a time short enough to be useful in this study. The 

rest o£ the experiments were run at room temperature, which varied 

0 
between 20-23 C. 



Total phosphate was determined using the molybdenum 

blue method with extraction in isobutanol as given by Sutherland 

et al. (1966). In addition, all glassware was washed thoroughly in 

sulphuric acid and allowed to soak in 1. 0 N acid for two days prior 

to analysis in order to remove any phosphate sorbed onto the glass 

surface. 

Iron was measured spectrophotometrically as its ortho

phenanthroline complex, as given by Shapiro & Brannock (19 62 ). 

Mineralogical data were obtained using a Philips X -ray 

generator, employing a Guinier camera mount for most of the work. 

When pure crystalline phases were seen, a conventional diffraction 

pattern was obtained so that comparison could be made with the 

A. S . T. M . listing for the mineral. Optical observations were 

performed using a binocular microscope. 

Standard Solutions 
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Two standard iron solutions were employed in the research. 

The first was prepared by dis solution of 1. 25 23 g of pure iron powder 

in 100 ml of 12N HCl and subsequent dilution with D . D. water to a 

final volume of 5 00 ml. 10. 00 ml of this stock solution w e re pipetted 

into a 1000 ml volumetric flask and diulted to v olume with D. D. water. 

The resultant iron concentration of this solution was 25 mg Fe +3 /1. 

It was lab elled iron standard A. 
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The second solution was prepared by dissolving 1. 4600 g of 

FeC 1
3

. 6 H
2

0 in 995 ml of D. D. H
2
0. 5 m l of 12N HCl were added to 

keep the pH low. The final total iron concentration of this solution was 

206 mg Fe +3 
/1 and the solution is referred to as iron standard B . 

Thr ee phosphate standards were prepared. The first was 

made by dissolving 0. 01569 g of KH
2
Po 

4 
in 1000. 0 ml of D . D. H

2
0. 

- 3 
This solution contained about 12 mg PO 

4 
/ 1 and is hereafter referred 

to as phosphate standard P-1. A second phosphate standard was pre-

par e d by di luting 40. 0 ml of phosphate standard P-1 to 2000 ml with 

D. D . H
2
0. This working standard contained about 24 0 f.lg PO 

4
-

3
/1 

and is r e fer red to as phosphate standard P-2. A third phosphate 

standard was prepared by dissolving 0. 00160 g of KH
2
Po 

4 
in 1000 ml 

of D. D. H
2 

0 and diluting 15 0 ml of this solution to 1000 ml. This 

-3 
final standard contained 170 f-ig PO 

4 
/1 and is referred to as phosphate 

standard P-3. 
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II . 3 EXPERIMENT NO. 1 

Effect of Total Concentration on Phosphate Removal 

Introduction 

This experiment was undertaken to determine the effect 

of the concentration of iron on the removal of pl~osphate from aqueous 

solution. In this context, various concentrations of Fe and P in acid 

medium were mixed and the pH raised to 7. Total iron conc-entrations 

of 0, 25 mg/1 and 2, 5 mg/1 were used to approximate the average iron 

concentrations in frc shwater lakes. The 25 0 mg /1 of iron experir;:J.ent 

gives an upper limit for phosphate removal by "ircn bydroxide". 

-~ 
The phosphate concentration employed was 240 fJ.g PO 

4
71, a reasonable 

approximation of the total phosphate concentrations foun<'l jn hypo-

limnetic lake waters . 

Experimental 

Three beakers, each containing a total volurne of 100 ml. 

of solution were prepared in the following manner. In beaker A, 

2. 00 ml of phosphate standard P-1 were pipetted into and mixed 

thoroughly with 98. 0 m1 of Fe standard B, producing 100. 0 rnl. of 

a solution containing 25 0 mg Fe /1, a n d 
-3 

24 0 fJ.g PO 
4 

/1, having a 
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pH of 2. 1. Beaker B contained 10. 00 ml. of iron standard B mixed 

thoroughly with 90. 0 ml of phosphate standard P-2, to produce a 

-3 
solution of 2. 5 mg Fe /1, a n d 216 1-l g PO 

4 
/1, having a pH of 2. 08. 

The solution in Beaker C was prepared by mixing 1. 00 ml of iron 

standard B with 99. 0 rnl of phosphate standard P-2, producing a 

solution which contained 0. 25 mg Fe /1, 240 
-3 

1-lg PO 
4 

/1 and having 

a pH of 2. 8. 

To each beaker was added an amount of 0. 1 N NaOH 

necessary to raise the pH to about 7 (4-5 drops). The solutions were 

stirred for about 5 minutes after the addition of the NaOH. Upon 

standing at room temperature for three hours, the top 20 ml of 

solut ion were decanted and analyzed for phosphate. Subsequent 

batche s of three flasks were prepared in an identical manner, except 

that the phosphate analyses were carried out after time periods of 

15 hrs., 24 hrs., and 48 hrs. An additional run was made with the 

beaker B solution to determ.ine a value for this solution after six hours 

of settling. 



Beaker 

A 

B 

c 

Fe 
(mg /1) 

250 

2.5 

0. 25 

p 

(IJ.g/1) 

240 

216 

240 

TABLE II. 3. 1 SUMMARY OF EXPERIMENT NO.1 

Initial pH Approx imat e pH':' % P REMAINING IN SOLUTION AFTER: 
3 hr s . 6 hr s . 15 hr s . 24 hr s . 48 hrs. 

2. 1 7. 1 10. 0 2.0 0.0 o. 0 

2. 1 7.2 91.5 66.7 37.4 30.0 3.8 

3. 1 7. 2 100. 0 1 oo. 0 100. 0 100.0 

':' The pH values are not exact. Since any pH value between 6. 6 and 7. 5 would produce the desired 

precipitate, an exact measurement of the pH in these solutions was not required. The pH value in 

each set of beakers was always within 0. 2 pH units of the values reported above. 
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Results 

A plot of phosphate concentration in the top 40 ml (28 mm) 

of solution vs. settling time i s shown in fig. II. 3.1. The three different 

iron concentrations of 250 mg/1, 2. 5 mg/1 and 0. 25 mg/1 produce three 

quite different curves on the graph. 

A straight line plot was obtained from the results with 

beaker A. This indicated that there was no decrease in the total 

phosphate concentration in the top 28 mm of the liquid during the 48 hr. 

period of the experiment. No visible change was detected either, the 

solut ion remaining clear and colorless throughout the duraticn of the 

experiment. 

The two curves constructed from the measurements with 

beakers B and C both showed significant decreases in the total phosphate 

concentrati on with time. Beaker C did show a much faster rate of 

phosphate removal than beaker B. No measurable phosphate remained 

in beaker C after 24 hrs., while phosphate was still detectable in 

beaker B after 48 hrs. of settling. Visually, beaker B turned a light 

orange-yellow colour when the pH was raised, while bea.ker C became 

opaque, with the formation of many small (0. l-0. 5 mm in diameter) 

particles of a deep red-brown gelatinous precipitate. Bea~er C cleared 

fairly quickly, with most of this red - brown rnater ial having accumulated 



on the botto1n after three hours. A considerable volume of yellow

orange material persisted in suspension for upwards of 10 hrs. in 

beaker C, but most o f this had disappeared after 15 hr s. and the 

solution was completely clear and colourless after 24 hrs. 

Beaker B became clear and colourless after 24 hrs., but 

no p r ecipitate was seen on the bottom of the beaker until 48 hrs. had 

pas sed, at which time a very small amount of the yellow-orange 

gelatinous material was visible. 

The above description of activity is indicative of the 

phosphate being present entirely as a sorbed species on the surface 

of the amorphous iron oxide particles. Such an association would 

explain the observed correlation between the presence or absence 
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of the iron oxide precipitate and the accompanying absence or pres ence 

of phosphate in the top 28 mm of solution. If the phosphate is present 

only as a sorbed species on the surface of a solid, it should exhibit 

settling characteristics analogous to those of a solid material. 

This prediction is verified by the results obtained from 

beakers B and C. For beaker B, a comparison of the rate of phosphate 

remov al from solution with that of settling velocity vs. particle size 

is shown in fig. II. 3. 2. For the standard curve, the graph was con

structed using Stoke's Law and a density of 3. 5 for the iron ox ide 

particles. From fig. II. 3. 2, it can be seen that the rate of phosphate 
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F i g. II. 3. 1. Effect of total iron concentration on removal of phosphate from 

solution by Fe(OH)
3
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reinoval from the top 28 mm of solution coincides almost exactly with 

the theoretical removal rate of iron oxide particles of radius between 

-5 -4 
3 . l:xlO em and 6. 9 10 em by gravity settling. 

Further support for phosphate removal by gravity settling 

is provided by the particles of beaker C. If the experimentally deter-

m .ined settling time of 3 hrs., the measured settling distance of 2. 8 em 

and a particle density of 3. 5 are employed, Stoke's Law predicts a 

radius of 0. 4 mm as being the necessary particle size to fit these 

conditions. The measured particle sizes in beaker C are between 

0. 1 and 0 . 5 mm, well in agreement with the mathematical predictions. 

No amorphous precipitate formed in beaker A and thu s the . 

phosphate remained in solution as a dissolved ionic species. 



II. 4 EX P ERIMENT NO. 2 

The Effect of Agitation on the Release of Phosphate From Fe (OH)
3 

Intr oduction 

Large phosphate concentrations have been measured in 

surface waters immediately following periods of stormy weather , 

Kramer et al. (1969) . He felt that the phosphate was associated with 

particulate 1natter , but confirmation of this idea has never been 

provided. Therefore, this experiment was undertaken to determine 

whether the phosphate associated with particulate matte1· could be 

measured when it was in suspension , or alternatively, whether the 

phosphate rneasured in suspension was physically separated from. 

the solid. In this expe riment , two groups of flasks we:r·e agitated 
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for various lengths of time, then t h e solid was r emoved, either by 

gravi t y settling or by centrifuging. Total phosphate ·was measured before 

and after the removal of the solid. 

Experimental 

Two groups of three 1 000 ml flasks were ut~lized i n this 

ex p eriment . Group A was used in a 24-hour experime n t and group B 

i n a 72-hour experiment. All six fla s ks contained. 225 ml of phosphate 



standard P -2 mixed thoroughly with 25 ml of iron standar d A. The 

pH in each was adjuste d to about seven with 0. 1 N NaOH. 
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The first three flasks were shaken 1nechanically for 24 hrs., 

then the uppermost 25 mls were removed and analyzed for phosphate. 

These flasks were then sealed and allowed to settle for two days after 

which tilne the next 40 mls were removed and analyzed for phosphate. 

The second group of three flasks was shaken for 72 h r s. , after w hich 

tirr1e 25 ml aliquots were decanted and analyz ed for phosphate . The 

remainder of group B w as centrifuged at 2740 r . p.m. for 15 minutes, 

afte r which time the aqueous portion was analyzed fo r phosphate. 

From the results presented in Table II. 4 . .l, agi ~ation 

does not seem t o be significant in releasing particuhte-bound phosphate 

to the aqueous phase . The lar g e concentrations of pho sphate obL;:...incd 

while the particulate matter is in suspension and the cornplete lack of 

any phosphate in solution after settling are indicative of its being present 

only as a sorbed ionic s p ecies on the surfac e of the amorphous i ron 

oxide precipitate. Even more convincing evidence o f this association 

is provided by the results of the section involving c entrifuging, which 

show that the reaction between phosphate and the solid is complete in 

a fe w rninutes and involves all of the measurable phosphate in solution. 



TABLE II. 4 .1 SUMMARY OF EXPERIMENT NUMBER 2 

GROUP A 

24 hr. dispersed 

FLASK 1 

FLASK 2 

FLASK 3 

SETT LE D 

FLASK 1 

FLASK 2 

F L ASK 3 

GR OUP B 

7 '!. hr . disp e r s ed 

FLASK4 

FLASK 5 

FLASK 6 

AFTER C ENTRIFUGING 

FLASK 4 

FLASK 5 

T otal Fe 
mg /1 

2. 5 

2.5 

2. 5 

2. 5 

2. 5 

2.5 

2.5 

2. 5 

2. 5 

2 . 5 

2.5 

Tot al P 
as P o

4
- 3 

f.l.g / 1 

216 

216 

21 6 

216 

2 16 

216 

2 16 

2 16 

2 16 

216 

216 

pH E h 

7. 5 310 

7.5 28 0 

7.5 28 0 

6.9 335 

7.5 310 

6.2 320 

7. 5 310 

7.5 307 

7.5 317 

7.5 3 1 0 

7 . 5 3 07 

% P in Solution 

l 00 

98 

100 

0 

0 

0 

100 

99 

9 9 

\)1 ,__. 
0 

0 
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C omparison of Table II . 4 . 1 with the results of Experiment 

No . I show a striking similarity. If the s o lid parti c les are p ermitted 

t o settle slowly as in Experiment No . I , o r are centrifuged and settle 

many times faster as in this experiment , the amount of ortho

p hosphate removed from the solution is the same . In both cases, the 

removal of phosphate by particulate Fe(OH)
3 

is essentially complete. 

This experiment also indicated that phosphate is securely 

bound to the solid. No amount of physical agitation was capable of 

releasing the phosphate from the solid, even though this agitation was 

applied continuously for up to 72 hours . Finally , it was confirme d 

that the technique employed to measure total phosphate in solution 

included the phosphate bound to particulate i ron hydroxide as well 

as that present solely as a dissolved ionic species . 



II . 5 EX P ERIMENT N O . 3 

Effect of pH on Phosphate Removal by Amorphous Iron Oxide 

Introduction 

In this experiment, identical concentrations of Fe and P 

were mixed and brought up to various pH to ascertain the percentage 

of P removed. It has been shown (Einsele, 1938 ; Ohle, 195 4 ) that 

the uptake o£ phosphate by amorphous iron oxide is h ighly pH de

pendent. Results have indicated that this uptake is greatest at pH 

values between 5. 5 and 7. 0 (Macpherson, 1958; Steph enson, 1949}, 
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but no one has attempted these experiments with the reactant concen

tration lev els being those found in hypolimnetic lake waters. In 

addition, these exp eriments were designed to provide some insight 

i nto the reaction times involved in the uptake me chanism, and thereby 

identify the reaction mechanism. 

Experimental 

The expe riments in this section were divided into two 

sections : the first measured the pH dependency , the second provided 

some indication of the reactions inv olved in this dependency. Sixteen 

identical solutions were prepar ed by mixing together 10. 00 mls of 
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iron standard (B) wi th 90.0 mls of phosphate standard (C) in 250 ml beakers. 

The pH's of the first set of seven beakers, Table II. 5. 1, were 

r8.ised individually to values of 3. 0, 4. 0, 5. 0, . .. l 0. 0, by the 

addition of up to seven drops of l. ON NaOH. Once a steady pH value 

was obtained, the beakers were removed and allowed to settle for 

24 hours. After this time, 25 ml samples were withdrawn from 

the top and analyzed for phosphate. The pH never exceeded the fin a l 

value in this first series of experiments. 

A similar addition of l. ON NaOH was made to each of the s e cond 

set of 8even ooakers, Table II. 5. 1, except that this ti!ne tbe pH' !-i \Ver e first 

rai sed to a value between 7 and 8 for a few seconrlE> be ~'ne being quickly 

adjusted and then stabilized at final values of 3. 0, 4 . 0, S. 0, ... l 0. 0. 

At the final pH value , the solutions were stirred for twe:-1cy minutes 

before being allowed to settle for 24 hrs. After this time, 25 ml 

portions were decanted of£ and analyzed for phosphate. 

The two final beakers, Table II. 5. 1., had their pH raised to a 

value o£ 7 or 8 .for about ten seconds, then had lt lowered to about l. 5 with 

dilute HC l and finally raised carefully to a final value of 4. 0 a.nd 5. 0 respe ct-

ively.The solutions were immediately transfer r ed to centrifuge tubes 

and were spun at 2680 r.p . m. for 15 minutes, after which time 50 ml 

sa1nples were withdrawn for a phosphate analysis . 



Beaker No. Initial pH Final pH Total Fe (mg/1) Total P (f.lg/1) Eh (mv) % P Remaining 

A 2. 17 2.99 2,5 216 362 100.0 

B 2, 13 4. OS 2.5 216 35 7 100. 0 

c 2.2.0 4.97 2, 5 216 368 100. 0 

D 2. 04 5.97 2.5 216 366 4,4 

E 2.07 6.99 2,5 216 373 2.2 

F 2. 11 7.99 2.5 216 367 14.0 

G 2. 15 9.02 2. 5 216 374 46.5 

A 2.1-2. 2 3.00 2.5 216 360-370 100. 0 

B II 3.99 2,5 216 ll 4.2 

c II 5. 01 2,5 216 II 3.8 

D II 6. 03 2.5 216 II 4.4 

E II 6.98 2.5 216 II 4.5 

F II 8.00 2.5 216 ll 14 .0 

G If 9. 01 2.5 216 II 47.0 

c - 1 2.11 4. 01 2. 5 2, / 
.10 365 1.5 

C-2 2. 09 5,00 2. 5 216 361 1.0 
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Results 

Fig. II. 5.1 shows the percentage of phosphate remaining 

i n solution vs. the pH for both sets of beakers measuring the pH 

dependency of the reaction. Between the pH values of 5. 5 and 8. 5, 

(so lid line) almost all the phosphate is removed from solution by the 

amorphous precipitate. Outside this range, it is seen that phosphate 

.remains in appreciable quantities in the solution. O nce again, the 

appearance I disappearance of the precipitate can be correlated with 

the absence/presence of phosphate in solution. Also in accord with 

the previous experiment, a pH of 5 . 5, coupled with the Eh conditions 

and the total iron concentrations employed, produced the necessary 

conditions for 'riron hydroxide" stability, as predicted by theoretical 

calculations. 
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The results from the second set of beakers are also shown 

in fig. II. 5. l. The percentage phosphate remainin g i n solution vs. the 

pH curve (dotted line) for this set of beakers is quite different from the 

previous curve (solid line) in the pH region betw~en 3 and 6. The much 

larger removal of pho sphate in this pH range (dotted line) is easily 

e x plained by the presence of the iron hydroxide precipitate in the pH 

range of 4 to 6 . Once again , the presence of the precipitate was a 

sufficient cond1tion to remove over 95o/o of the phosphate from solution. 
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Obviously, the presence of particulate iron hydroxide 

is all that iR needed to efficiently scavenge phosphate from aqueous 

solut ion in the pH region between 4 and 7. 5. Since no :::elease of 

phosphate from the solid is ever observed, it must be concluded that 

once formed, the phosphate -iron hydroxide complex is irreversibly 

bound in this pH range. In addition, both curves show much greater 

re1noval of phosphate by the precipitate when the solution pH is below 

8 rather than above it, even though the solid is equally abundant in all 

cases. Obviously, the mechanism of phosphate uptake onto the amor

phou s iron oxide precipitate does not proceed very efiiciently above a 

pH of 8 . 

The results tabulated at the bottom of Table II. 5. 1 ~ -1, 

C -2) provide some indication of the reaction time necessary for the 

uptake of orthophosphate on amorphous iron oxide. Since the amount 

of phosphate measured in the solution after centrifuging is not greater 

than the amount remaining in solution after gravity settling of the 

prec ipitate, the uptake of orthophosphate by the solid must have been 

corrLpleted in the 90 second timespan between the firs t forrnation of the 

solid and the 3 0 seconds after the commencement of centrifuging. If lhis 

reaction were not cornpleted in this time, any unreac t ed phosphate 

would have remained in the upper levels of the solution, and a sig-
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nificant increase in phosphate in the solution w ould have been observed. 

The speed and e fficiency o£ the anion-sol:id reaction points to its being 

o£ a physical rather than o£ a chemical nature. 
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II. 6 EXPERIMENT NO. 4 

Effect of Eh on Phosphate Removal by Fe(OH)
3 

Introduction 

The release of phosphate from the sediments has been 

found to depend on the amount of oxygen present in the mud. 

Mortimer (1941) and Burns & Ross (1971) have both presented con-

vincin g arguments based on field measurements to support this 

hypothesis. It is the purpose of this ex periment to determine 

whether the release of phosphate from amorphous iron oxide is con-

sistent with the measured values of Eh requisite for phosphate release 

from natural sediments. These experiments consisted of mixing 

Fe and P, forming a precipitate, and bubbling N
2 

gas through to 

scavenge oxygen. 

Experimental 

Three flasks, each containing 25 0 ml of solution prepared 

by -mixing 225 ml of phosphate standard P-2 with 25 ml of iron standard 

A, were employed in this experiment. The pH of each was raised to 

about seven by the addition of up to 4 drops of 0. lN NaOH and then the 



flasks ·were left covered and undisturbed for 24 hrs. After this 

time, the top 20 mls were decanted and analyzed for phosphate. 
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The Eh and pH of the remaining solution were measur ed. The flasks 

were made airtight with 2-ho1ed rubber stoppers and pure nitrogen 

was bubbled through them for 24 hrs, at which time the stoppers were 

removed and the solutions were immediately measured for Eh. A 

40. 0 ml aliquot was decanted and analyzed for phosphate. Finally, 

the remainder of the solution was measured for its pH. 

Another group of three flasks underwent identical treatment, 

but this time an additional 48 hours of contact with the air was permitted 

after the nitrogen bubbling. Throughout the length of this contact, the 

stoppers were in place and only two 4 mm passageways were open 

for diffusion of air. The Eh and pH of the solution were then measured 

and a 40 ml sample was decanted and analyzed for phosphate. 

Results 

Table II. 6. 1 is a summary of the results of this experiment. 

It can be seen that the Eh of the water has a significant effect on the 

amount of phosphate present in solution. As in the previous experiments, 

the p r esence of phosphate in the water was correlated with the absence 

of the orange-brown precipitate in the flasks. It was also found that 

when the Eh was lowered to between 192 and 200 mv from the original 



TABLF. II . 6 . 1 SUMMARY OF EXPERIMENT NO . 4 

TOTAL Fe (mg/1) 
-3 -3 

TOTAL P0
4 

(f.lg/1) Eh pH PO 
4 

REMAINING 
IN WATER (o/o) 

BATCH A 2. 5 216 390 6.3 0 

2.5 216 390 6.3 0 

2.5 216 370 6.9 0 

2.5 216 192 8.6 95 

2. 5 216 195 8. 7 97 

2. 5 216 19 0 9 . 0 96 

BATCH B 2. 5 216 270 7.5 0 

2.5 216 272 7. 3 0 

2.5 216 273 7. 1 0 

2.5 216 192 7.4 98 

2.5 216 198 7.7 97 

2,5 ' 216 200 7.5 97 

2.5 216 257 7. 1 0 

2.5 216 254 7.5 0 

2.5 216 249 7.8 0 
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370 mv, the precipitate had disappeared even though the pH was 

maintained he tween 7. 1 and 7. 8. The Eh was raised again, this time 

to a value between 249 and 25 7 mv. It was then found that the pre-

cipitate had reappeared. If a plot o£ Eh vs. p0
2 

is constructed, it is 

found that the equivalent D. 0. concentrate for disappearance and re-

appearance o£ precipitate £all between 0. 18 and 1. 2mg/l 0
2

. The 

dis solved oxygen values measured by Mortimer (19 72) as being 

necessary for release o£ phosphate and iron into the water from 

lacustrine sediments range between 1-2 n1.g/l 0
2

. Comparison of 

this range of D. 0. values with those presented in this study 

(0. 18 - 1/2 mg/1 0
2

) £or a similar dissolution process operative in 

laboratory systems provides excellent agreement between laboratory 

and field studies. 

The disappearance o£ the precipitate is a result o£ the 

. +3 +2 reduchon of Fe to Fe and the concurrent large increase 1n 

solubility. This results in the dissolution of the ferric-phosphate 

complex and the 1nobilization o f the associated ion s into the aqueous 

phase. Upon the return of oxidizing conditions, the complex reforms, 

and the ions are once again incorporated into a solid phase andre-

moved from solution. The sudden and dramatic increases and de-

crease s in phosphate observed in the experiment are indicative o£ this 

phenomenon. 



II. 7 EXPERIMENT NO. 5 

Preparation of Pure Mineralogical Phases 

Introduction 

These experi1nents were carried out to define the 

mineralogical significance o£ the observed association o£ iron and 

phos phate in lake sediments (Serruya, 1971; Williams et al. , 1971 

a, b, c). Therefore, it is important to know i£ the insoluble n'lineral 
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phases can £orm£rom th~ P-iron oxide utili z ed in experiments 1 through 4. 

Since the phases to be v:;:orked w ith would not be 'Nell 

crystallized , it was necessary to use a rather sensitive X-ray t ec h-

nique in order to identify the m. As a result, the Guinier ca1nera 

attachment designed for this purpose was employed in the resea1·ch. 

In order to calibrate this camera, pure phases of the minerals strengite 

and metas t rengite were required. 

Experimental 

Pure samples of strengite and metastrengite were cry

stallize d from colloidal suspension:: of precipitated iron phosphate by 

digestion of this material at 9 0°C £or periods o£ up to two week::; . 



The colloidal suspensions were prepared by the method of Cate 

et al. (19 59) using the modifications of Nriagu {19 72a). After 

-3 
digestion, a 0. 1 g sample was analyzed for Fe and PO 

4
, by first 

dissolving the sample in 10. 0 ml of 10 N HC 1, diluting it to 100 ml 

with D. D. H
2 

0 and measuring for total iron and total phosphate 

calorimetrically. Another 0. l 0 g sample was analyzed for its 

total water content employing D. T. A. analysis. 

After analysis, another sample from the same dige st was 
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taken and X -rayed conventionally and its diffraction trace was indexed 

and compared to the A. S. T. M. listing for these minerals. Tlus same 

powder was then X-rayed using the Guinier camera and the pattern 

obtaine d was employed as a comparative standard in future investiga-

tions. 

Res u lts 

The crystalline mineralogical phases were identified by 

a number of tests. First, chemical analysis showed that the syntheti c 

iron phosphate mineral was of the chemical composition to be ex-

pected for strengite and metastrengite. A comparison of the theore-

tical composition and that obtained in this study is shown in the follow-

ing table: 



Found 

Theoretical 

Fe 

28.9% 

29. 10 

P0
4 

52.9% 

52.50 

These results are within the errors of the determinations 
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because of the methods employed and the dilutions required to prepare 

the sample. In addition, the stoichiom.etric formula indicates a rnolar 

ratio of 1:1 for iron and phosphate. Using the abov e figures, a molar 

ratio of 1. 01:1. 00 is found for P: Fe. 

Com.p a rison of the experilnentally determined d spacings 

and intensities of this mineral phase with A. S. T. M. file cards 

(Tab le II. 7. 1) for strengite and met.astrengite showed that these 

minerals had been synthesized. However, the monoclinic metastrengite 

was never pure and was always minor relative to orthorhombic strengite. 

Viewed under a binocular microscope, the pure mineral phases 

were seen to have crystallized as clear colourless spheres averaging 

about 50 fl. in diameter. Seen with the naked eye, the material looked 

like the light pink described by Nriagu (1972a). If allowed to crystal-

lize for three weeks instead of the normal 10 days, the spheres were 

lar ger, avera ging about 70 1..1. in diameter, and they were often found 

agglorne rated into chains ranging from 2 to upwards of 10 spher es in 

le ngth. 
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TAB LE II. 7 . 1 

METASTRENGITE STRENGITE 

Theor . Measured Theor. Measured 

I dA
0 

I dA
0 

I dA
0 

I 'A o c. 

f40 6.48 80 5. 50 80 1 5, 50 I 

I 

60 4.90 50 4.93 60 4.95 tO I 4 .95 

80 4. 69 80 4. 68 100 4.38 100 4,38 

80 4.37 75 4.38 60 3.98 50 3.99 

40 4. 12 75 3. 62 40 3.72 

8 0 3. 61 100 2. 80 80 3 0 11 60 3. 11 

100 2. 78 40 I 2,54 60 3. 00 50 3.00 

60 2.57 40 2.010 60 2.95 50 2.96 

20 2.342 80 2. 54 60 2.54 I 
20 2.258 40 2.445 40 2. 446 

20 2. 122 40 2. 180 

60 2. 010 40 2. 101 

40 2. 001 

Comparison of Exper imentally determined d-spacings and inten sities 

with thos e of A. S. T. M . listings for the minerals strengite and 

rnetastrengite. 



II. 8 EXPERIMENT NO. 6 

Diagenetic Changes of the P - Iron Oxide Precipitate 

Introduction 

It was necessary to discover whether or not the crystal

line iron phosphate mineral could form at near-neutral pH conditions. 

T hermodynamic calculations by Nriagu (19 72b) indi cated that strengite 

formation is possible under these pH conditions, but previous authors 

(C ate et al. , 1959; Williams E E· , 19 ?lc) had suggested that strengite 

formation under these conditions is not very likely. 

Experi1nental 

68 

This experiment was designed to follow the course of 

crystallization of the pure iron phosphate colloid at neutral conditions. 

About 1. 0 g of this amorphous material was placed in a glass bottle 

wr.ich was filled with 25 0 ml of D. D. water having an Eh of about 

35 0 rnv . The pH was carefully raised to 6 . 5 and the material was 

digested for periods up to 22 days. After each 24- hour period, 

a sa1nple of the white colloid was removed and X-rayed using the 

Guini er camera. A separate sample was permitted to digest, un-



interrupted, for the full 10 day period before it too was re1noved 

and X-rayed. 

The rest of the amorphous white colloid was placed in 

two 1000 ml containers and stored at room te1nperature for a year 

in order to discover whether crystallization could occur at this 

temperature in this length of time. 

Results 

Table II.8. 2 produces a comparison of the experirnentally 

determined d-spacings and intensities with those of the pure 1nineral 

species. The table indicates that at a pH of about seven, digestion 

of the colloidal iron phosphate will produce a crystalline material 

which is a composite of both the pure minerals. Much more of the 

orthorho1nbic strengite is present than the monoclinic metastrengite 

(phosphosiderite) as is indicated by the lack of prominent phospho

siderite peaks. The broadening of some of the other peaks, notice

ably those at 2. 54° A, 2. 80° A, and 2. 44° A, is also an indication of 

ihe presence of two phases rather than one. 

The absence of the very distinctive peak for 1netastrengite 

at 6. 51° A is explainable if the cell dim.ensions of the minerals are 

considered. Coupled with the small quantities of phosphosiderite 

present, the sirnilarity of the cell parameters of the two structures 

(Table II. 8 . 1) could produce insufficiently large resolution to be de-
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TABLE II. 8. 1 CELL PARAMETERS OF STRENGITE and METASTRENGITE 

DATA OBTAINED FROM MOORE (1966) 

Name -- Formula Density Space Group a -

Strengite FeP0
4

• 2H
2

0 2.87 Pbca 1 o. 05 

Metastrengite FeP0
4

. 2H
2

0 2.76 p 
2
1/n 

5.32 

b c -

9. 80 8.73 

9. 75 8. 65 

13 

90°36' 

-..] 
0 
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TABLE II. 8. 2. Comparison of d-Spacings measured 

for crystalline product digested at pH 7 with A. S. T. M. d-

spacings listed for strengite and metastrengite . 

EH 7 DIGEST STRENGITE METASTRENGITE 

dA
0 dAO dA 

0 

5. 50 5.50 6.48 

4. 90-4.95 4.95 4.90 

4. 69 4.69 

4.37-4.38 4.38 4.37 

4.12 4.12 

3.99 3.98 

3.62 3. 61 

3. 11 3. 11 

3.00 3.00 

2. 96 2.95 

2.76-2.80 2.78 

2.54-2.57 2.54 2. 57 

2.43-2.45 2.445 

2. 101 2. 101 

2.010 2.010 

2. 001 2.001 
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tectable with the diffraction trace when the phases are mixed. 

Once it had been established that a crystalline phase did 

form at a pH of about seven, it was decided to investigate the cry-

stallization process of this mineral. Figure II. 8. 1 shows the changes 

in the crystalline structure of the colloidal precipitate in daily in-

tervals. It can be seen that after two days, the digestion process 

had suddenly produced a crystalline structure which did not change, 

even after prolonged digestion periods of up to three weeks. There-

fore , it can be concluded that the crystalline material described above 

and heretofore referred to as material S, is a stable crystalline phase. 

From a comparison of the Guinier photograph of the 3 -week run and 
I 

the newly crystallized material (fig. II. 8. 2), it can be seen that no 

structural changes have taken place in the mineral. The only ob-

servable difference is in the intensity of the reflections. The 3 -week 

digest produces a much higher intensity from peak reflections, and 

weaker reflections are visible as well. However, the major re-

flections in all three photographs are identical, indicating identical 

crystal structures in all three solids. 
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Fig. II. 8.1. The course of crystallization of the ferric phosphate pre
cipitate from Experiment No. 6. The sharp line on the left side of 

each film is a reference line. Major identifying reflections at 2 8 values 
of 20.20° (strongest), 16. 05°, 17.90°, 19.750 and 22.25°. 
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Fig. II. 8. 2. Comparison of Guinie r photo graphs of productS with the pure 
ferric phosphate precipitate after (i) a 2-day and (ii) a 3-w eek di gestion 
period. R elative int ensities and 2 8 values of the reflections in all three 

photographs are identical. 
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II. 9 EXPERIMENT NO. 7 

Effect of Phosphate Addition on Fe(OH)
3 

Diagenesis 

Introduction 

Strengite or metastrengite possibly forms from 

amorphous iron oxide if the phosphate concentration is sufficiently 

high (Nriagu, 1972b). Therefore, a synthesis of one or more of 

these minerals from the "iron hydroxide 11 under neutral pH and 

oxidizing Eh conditions was attempted. In addition, the concen-

trations of iron and phosphate were about the same order of magni-

tude as lacustrine sediments. In this experiment, a predetermined 

amount of amorphous iron oxide was digested with various concen-

-2 
trations of HPO 

4 
in aqueous solution for periods of up to 2 weeks. 

-2 
The HPO 

4 
was added as either a solid or as a dissolved species. 

I 
Experimental 

About 0. 4 g of amorphous ir.on oxide was placed in a 

glas s bottle and then 250 ml of D. D. water was added. The final 

pH of this mixture was adjusted with NaOH to be between 6. 0 and 7. 3 

in all experiment s. The bottle was then placed in a constant tern-

perature bath and its contents di g ested at 90°C for a period of eight 

days. 



TA BLE 11. 9 . l l!.;X..t.>ERIME N T NO. 7 - EXPERIMENTAL CONDITIONS 

FLASK NO. Final pH E h 
KH

2
P0

4 
as KH

2
Po

4 
as Final PO f, Concentration 

mo es /1. 
Solid Liguid 

1 6.8 367 Yes No 3.9xl0 
-5 

2 7.3 372 Yes No 3.9xl0 
-4 

3 6 . 5 368 No Yes 3.9xl0 
-5 

4 6.9 363 No Yes 3.9x l 0 
-4 

5 7.0 359 No Yes 3.9xl0 
-3 



TABLE II . 9 . 2 EXPERIMENT NO. 7 - DIGESTION PRODUCTS 

Digestion Product Digestion Time Solid KH
2
PO 

4 
Dissolved KH

2
PO 

4 
Final P Cone. 

Added Added (m/1) 

Amorphous 2 weeks X 3.9xl0 
-5 

2 weeks 
-4 

? ProductS? X 3.9xl0 

Amo rphous 2 weeks 
-5 

X 3.9xl0 

Am orphous 2 weeks 
-4 

X 3.9xl0 

ProductS 2 weeks 
-3 

X 3.9xl0 
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Five separate bottles were utilized, and phosphate was 

added as either a dissolved or solid form (Table II. 9. 1). The dissolved 

phosphate was added as a 5 ml solution of KH
2
PO 

4
, the solid as 

crystals of this salt. The concentrations of added phosphate ranged 

from 0. 01 g to 0. 1 g (. 04 g /1 - • 4 g /1). 

After digestion, the solid material was filtered on a 

Millipore 0. 45 f.1 filter and then it was dried, examined microscopically 

and X -rayed with the Guinier camera. Before being X -rayed, . the 

precipitates were photographed. 

Results 

The results of this exp~riment are listed in Table II. 9. 1. 

It is seen that only one set of conditions produced an identifiable cry-

stalline product. The phosphate concentration which produced this product 

-3 -3 -3 
was O.lg P0

4 
/250 ml solution or 3. 9xl0 rnP0

4 
/1. The crystalline 

produ ct was identified as being identical to product S of experiment 6. 

-~ 

A com parison of the Guinier photograph of product S and this product 

is found in fig. II. 9. 1. 



A product of one other set of conditions gave a Guinier 

photograph whose identifiable reflections indicated a similarity to 

product S. Unfortunately, the lines on the photograph are so faint 

that they cannot be positively identified. The photograph is shown in 

fig. II. 9. 1. None of the other sets of conditions gave products which 

could be positively identified utilizing X -ray diffraction. 
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Colour photographs of the products do show other evidence 

of the presence of the minerals strengite and/or metastrengite. Fig. 

II. 9. 2 is a photograph of the precipitate from flask 5, the material 

which gave the identifiable X-ray plates. It can be seen that much of 

the brown amorphous iron oxide is ringed with spherical white cry

stals. These are the crystals of productS. In addition, this photo

graph shows a few discreet areas of accumulations of white spheres 

which are very reminiscent of pure products S, seen in Fig. II. 9. 3. 

The position and formation of the white crystalline material on the 

outside of the 11 iron hydroxide 11 is indicative of a replacement growth 

of the crystals from the Fe(OH)
3 

rather than direct precipitation of 

the crystalline ferric phosphate mineral from solution. 
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"RODUC:T f'LASK 5 - - _,. .... . . . 

... I -~ 

Fig. II. 9. 1. Comparison of Guinier photograph of product S with two products 
of Experiment No. 7. Product from flask 5 exhibited enough reflections to 
prove it was the same crystalline material as product S. Product from flask 
2 gave less intense reflections, and no positive identification of this product 
was possible. The reflections obtained, however, do look similar to those of 
product S and those from the product in flask 5. 



Fig. 11.9.2. Precipitate from flask 5. Lighter, spherical 
areas on surface of red-brown material is 
product S, as are the two distinct white regions 
near the centre of the photograph. 1" = 0.535 mm. 

Fig . 11.9.3. Precipitate from flask 4. Two discreet areas of 
product S accumul at ion. Typi ca l of l ow phosphate 
precipi tates in this study . 1" = 0. 535 mm. 

81 



Figure II. 9. 3 shows the effect of a smaller concentration 

of dissolved phosphate on the formation of the crystalline iron phos

phate mineral. No crystalline phase could be positively identified 

from this precipitate, but the discreet areas of accumulation of the 

white crystalline material are very similar to those found at higher 

phosphate concentrations and seen in fig. II. 9. 2. 

82 

The solid potassium phosphate salt also produced crystal

line material which is very similar in appearance to the pure product 

S. Comparison of fig. II. 9. 4 and II. 9. 5 verify this observation. 

Additional support comes from the faint lines observed on the Guinier 

photograph of this precipitate. Proof of the formation of this product 

from the KH
2

PO 
4 

crystals is provided in the last set of colour photo

graphs, figs. II. 9. 7 and II. 9. 6. The formation of white spheres is 

seen on the edge of the KH
2

PO 
4 

crystal in fig. II. 9. 6. Also, the 

formation of a lighter area of yellow-orange colour as opposed to 

the darker red-brown colour of the "iron hydroxide" is seen around 

the edges of this crystal and is immediately obvious in fig. II. 9. 7. 

Here the potassium phosphate crystal has been removed and the area 

which was underneath the crystal is visible. 

This experiment confirms that the crystalline ferric phos

phate minerals .:;trengite and/ or metastrengite are able to form from a 

precipitated amorphous iron oxide-phosphate complex; provided that the 
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Fig. II.9.4. Pure product S. Crystals are spherical and some
what transparent. They appear white when a number 
are present together. 1" = 0.535 mm. 

Fig. II.9.5. Precipitate from flask 1. Notice how much 
darker Fe(OH) 3 is compared to that in Fig. 
II.9.3. Obvious formation of spherical 
crystals at bottom. Compare to product S, 
above. 1" = 0.535 mm. 



Fig. 11.9.6. Precipitate from flask 2. Undissolved crystal 
of KH2Po4 has discoloured Fe(OH) 3 around crystal 
edges. Spherical particles are forming on the 
left side of the crystal. 1" = 0. 535 nun. 

Fig. 11.9.7. Precipitate from flask 1. KH2Po4 crystal has 
been removed and underside is seen to be an 
area much lighter in colour than the surrounding 
precipitate. Definite proof of reaction between 
P04 3 and solid Fe(OH)

3
• 1" = 0.535 mm. 

84 
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-4 
total phosphate concentration is greater than 10 M at a pH of 7. 

It also provides speculative evidence that under neutr al pH conditions 

and l ower total phosphate concentrations, migration of the anion 

take s place and discreet nodules of these minerals are capable of 

forming (see fig. II. 9. 3). Finally, localized areas of high phosphate 

concentration are seen to be capable of providing sites for the forma-

tion of these minerals (figs. II. 9. 5 and II. 9. 6 ). 



III. 1 THE MODEL 

Introduction 

The interaction of iron and phosphorus in dilute aqueous 

syst ems has been shown to be dependent largely upon the Eh, pH, and 

-2 
activities of HPO 

4 
and Fe. The results presented in the previous 

sect ion indicate that the initial reaction of phosphate with amorphous 

iron oxide is not at equilibrium and also that this reaction is a physical 

rather than a chemical exchange reaction. Furthermore, it has been 

shown that once this reaction is completed and the solid complex is 

formed, marked changes in the chemical environment are required to 

dissolve the complex. In addition, it has been demonstrated that this 

complex is capable of diagenetic alteration to an insoluble crystalline 

form. The significance of the results will be discus sed with reference 

to the variables investigated, but prior to this discussion, a model con-

sistent with the observed phenomena is presented. 

The Form of the Model 

For the purposes of this model, it is postulated that the 

amo r phous iron oxide exists in dilute aqueous solution as a hydrated 

86 
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polymeric complex having the stoichiometry Fen(OH}
3

n. 3nH
2
0, where nis 

much greater than 1. This arrangement was formulated on the basis of 

known facts about the form of hydrated ferric oxide in dilute aqueous 

solutions. 

Corsini (1972} has indicated that three OH ions are associa-

ted with each ferric ion under the chemical conditions present in such 

solutions. Cotton and Wilkinson (1970} stated that ferric hydroxide is 

best described as hydrous ferric oxide, Fe
2
o

3
• nH

2
o. They also con-

firmed that iron (III} is octahedrally co-ordinated in most of its com-

plexes. Combination of these three ideas lead to the stoichiometric 

arrangement Fen(OH}
3

n. 3nH
2
o described above. 

A series of three reactions is proposed to describe the al-

teration of this structureless complex to a crystalline ferric phosphate 

mineral. The three reactions are listed below: 

i} A chemisorption reaction. This reaction involves electrostatic 

forces, having its basis in the charge difference between the positively 

I 

charged solid and the negatively charged phosphate anion. It also involves 

the int eraction of the amorphous iron oxide complex with a specific anion, 

in this case, orthophosphate. Consequently, it is a very rapid and ex-

tremely efficient reaction. It has the form: 
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ii) A chemical exchange reaction. This reaction is a simple chemical 

exchange of orthophosphate for hydroxyl on the particle surface. As 

such, it is governed by chemical kinetics and by equi librium processes. 

It has the form: 

iii) A dehydration reaction. It involves not only a loss of water, but 

also a deactivation of the solid into a more orderly and structured form 

than its previously amorphous state. The time for this reaction to reach 

completion in experiment number 7 (9 0°C) was about two weeks. A first 

order extrapolation of this rate of reaction necessitates a reaction time 

for the dehydration and str uctural ordering to take place at ambient 

0 
temperatures of 0-20 C of between 20 and 100 years. This reaction has 

the form: 
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III. 2 DISCUSSION 

The reaction between particulate iron hydroxide and ortho-

phosphate embodies two significant characteristics: first, their initial 

reaction is not in chemical equilibrium; and second, the behaviour 

of the solid product of this reaction is as inert particulate material 

rather than as a chemically active colloidal solid. 

Evidence for t he non-equilibrium condition of the reaction 

is p r ovided by fig. II. 5. 1 . In this diagram, the solid is seen to exist 

outsi de its pH conditions of formation. Such behaviour is characteris-

tic of a solid not in equilibrium with its surroundings, i.e. this solid 

is in metastable equilibrium with its surroundings. It should not be 

expected, therefore, to conform to the solubility relations predicted 

for it by equilibrium concepts. An example of this anomalous behaviour 

1s described below. 

Using the most recently determined K for crystalline 
. sp 

-34. 88 . . 
FePO 

4
. 2H

2
0(l 0 ) as determined by Nnagu (1~'72a) and the 

experimental conditions of this study, (~Fe=4. 5xl 0-
5

M and 

~PO 
4 

= 2. 3xl0-
6

M) it is found that any pH value greater than l. 5 should 

be sufficient to induce precipitation of the solid. However, in none of the 



expe r iments conducted during this study was precipitation of any solid 

initia ted until a pH of at least 5 had been reached. The solid most 

likely to precipitate at this pH under the Eh and ionic concentrations 

used in this study was amorphous iron oxide, represented as Fe(OH)
3

. 

This , in fact, was the only solid initially identifiable in the solution. 

An equilibrium interpretation of the reaction also provides 

no ex planation for the obvious increase in phosphate activity observed 

90 

in experiment No. 3 at pH' s greater than 8. If equilibrium solubility 

calcu lations are employed, any pH above a value of 1. 5 should result in 

the greater stability of the solid and therefore in a resultant low and 

cons tant value of total phos phate and total iron in the solution. From the 

expe r iments it is seen that phosphate activity in solution remains low 

and constant throughout the pH range of 4 to 8. Outside this range, a 

cons i derable increase in phosphate activity is observed, a phenomenon 

irreconcilable with an equilibrium interpretation of the precipitation-

dis s o lution reaction taking place. 

The model presented in this study circumvents these dif

ficulties by providing a dynamic non-equilibrated chemisorption 

reaction as being primarily responsible for the uptake of phosphate 

on the amorphous iron oxide. This type of reaction and its component 

parts (reaction (i), section III. 1) not only explain the observed phenomena, 

but a r e also consistent with the chemical solubility relations described 
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above for Fe(OH)
3

, and with the physical properties exhibited by 

this solid phase. One such physical property can be demonstrated by 

reference to the work of Parks (19 69 ). He measured the surface 

charge of water-saturated iron hydroxide as being positive for all pH 

values less than 8. 5. Therefore, the uptake of phosphate onto these 

particles should be highly efficient and proceed at a constant rate for 

all pH values up to 8. 5. Once this pH value is approached, the 

decreasingly positive surface charge should not be as efficient·in 

adsorbing phosphate and the amount of the uptake should be reduced. 

This theoretically predicted behaviour for amorphous iron oxide 

coincides exactly with the experimentally observed behaviour of the 

solid in experiment No. 3. 

The particulate nature of the reaction product is demon-

strat ed by its behaviour a f ter the reaction between the phosphate and 

the iron hydroxide has been completed. Under all pH conditions 

the precipitate settled out of solution, and at none of the pH values 

investigated was a colloidal suspension produced. The settling of 

these particles took place in a manner almost identical with that 

expe c ted for inert spherical particles (fig. II. 3. 2). Results of the 

gravity settljng experiments indicate d that the solid size was equiva-

-4 
lent t o spherical particles with an average radius of lxl 0 em, while 

the centrifuging exp e riment confirmed that the phosphate was bound 

completdy vrith the solid particles of the precipitate. 
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Other properties of the phosphate-iron hydroxide complex 

were examined. It was found that the complex would dissolve if the 

total dis solved oxygen concentration (reflected in the Eh) of the water 

was decreased to a level of between 0. 8 and 1. 2 mg/1 0
2

. It was 

also found that the solid could reform when the Eh of the solution was 

raised sufficiently. This behaviour is indicative of a redox reaction, 

h b h . h +2 +3 . w ere y t e iron is present e1t er as Fe or Fe , depend1ng on the 

concentration of dissolved oxygen in the water. When the iron is re-

duced, the solid particles are dissolved and the component ions of 

this material are released into the aqueous phase. This accounts for 

the large increases in phosphate concentration when the Eh was suf-

ficiently low ( ~ 200 mv). 

Subsequently, the phosphate -iron-hydroxide complex was 

found to be capable of diagenetic alteration to a crystalline mineralogical 

phase. From the X-ray data obtained for this mineral, it was identified 

as a mixture of the ferric phosphate minerals strengite and meta-

strengite. The positive identification of the phase confirms the theo-

retical predic tions of Nriagu (1972b) regarding the stability of strengite. 

He defined the conditions for stability of this mineral in the near-

neutral pH range as being high Eh and a total orthophosphate conce ntr a-

-3 
tion of greater than 1 0 M. The experimental results of this study 



(Tables II. 9.1 and II. 9. 2) confirm the validity of this hypothesis. 

There is evidence also that strengite is capable of form

ing at lower total orthophosphate concentrations. F i gs. II. 9. 3 
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and II. 9. 5 show that areas of material which resemble strengite in 

appearance do form in discreet locations, even at total orthophos

·phat e conditions much less than those predicted. This would indicate 

that the phosphate is highly mobile and is capable of producing local 

concentrations great enough to exceed the phosphate concentrations 

necessary for strengite and/or metastrengite stability at these sites. 

It would therefore be possible for nodules of these minerals to form in 

localized regions. 

The failure of the room temperature digestion of the pre

cipit ate to produce an identifiable crystalline material cannot be 

explained by reference to the stability diagrams of Nriagu (1972b) . 

Evidently, there is some kinetic inhibition of the reaction at room 

temp erature, but this inhibition is overcome if the temperature of 

the digestion medium is m aintained in the region of 90°C for a f ew 

days . Unfortunately, the results of this study do not permit an 

accu rate estim a tion o f the time of crystallization at 0°C, if such a 

crys tallizatio n process does occur at this temperature. As mentioned 

earlier, if it is assumed that crystallization does take place at 0°C, 

the r eaction time can be e stimat ed as being of the order of 100 years. 



On the basis of the model and the experimental evidence 

discussed above, it may be stated that the initial reaction of phos

phate with iron hydrox ide cannot be correlated with the equilibrium 

concepts of solubility regarding strengite or metastrengite 

in dilute aqueous environments. Furthermore, the formation of 

one or both of these solid phases is not likely in natural lacustrine 

sediments. Their formation in certain environments is, however, 

possible. 

94 
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III. 3 APPLICATION TO NATURAL WATER SYSTEMS 

The results of this study have widespread application to 

the lentic environment. A better understanding of natural water systems 

id f a cilitated by knowledge of the non-equilibrium precipitation

dissolution relationship between iron and phosphate i n these systems. 

Since the stability of the iron-phosphate complex is 

largely dependent upon variations in Eh and pH, factors which change 

the p H of water to values greater than 8 or less than 5; or decrease 

the Eh to less than 200 mv will affect the reactions of Fe +3 
with 

orthophosphate to a marked degree. The extent to which external 

factors are able to affect the variables Eh and pH can be demonstrated 

for a shallow monomictic lake. In this case, the formation of the 

phosphate-amorphous iron oxide complex may be dependent upon the 

troph ic state of the lake. In an area of eutrophic conditions, and 

ther efore of high photosynthetic activity, the pH of the surface waters 

may reach values of 9 to 10. Any Fe-oxide bound phosphate in sus

pension in this water would become irnmediately available to the bio

sphere, as it would be instantly released from the complex in a usable 

form upon contact with the high pH water. 
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In a water body whose pH does not rise above 8, suspension 

of the ferric-oxide-phosphate complex would not result in the re-

lease of phosphate and therefore, no blooms would be expected in 

these waters. Such is the case in shallow, oligotrophic lakes. 

The behaviour of phosphate and iron in the most common 

type of lake encountered in temperate climates - a dimictic, temperate 

lake - can also be explained from the results of this study. As long as 

conditions remain relatively oxidizing (D. 0. > 1 mg/1) fixation of phos

phat e as a complex with particulate amorphous iron oxide will take 

place. However, if the biological growth rate is sufficiently high, 

the necessarily equivalent decay rate of organic detritus will consume 

most of the oxygen in the hypolimnion during times of thermal strati

fication and reducing conditions will result in this region. These con

ditions will be manifested by mobilization of phosphate in the hypo

limnetic lake waters, thereby causing the large-scale phosphate 

increases observed (Mortimer, 1941-42; Burns & Ross, 1970) in these 

waters. Formation of the ferric phosphate minerals strengite and/or 

metastrengite is not likely to occur under these conditions. 

Conversely, if the trophic state of the lake is such that the 

production of organic detritus is small, or if conditions are such that 

oxyg en depletion is minimal, then the possibility of strengite and/ or 

metastrengite formation in the sediments will exist, provided that 
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-4 
total phosphate concentrations are > 10 M. A combination of both 

of t hese requirements is not normally found in lake systems, but a 

nearshore environm.ent having constant inputs of iron and ortho-

phosphate (such as Lake Ontario near the entrance of the Burlington Beach 

Canal) would satisfy the requisite conditions. In an area such as this, 

the formation of one or both of these mineralogical phases is possible. 

The existence of these high pH conditions would explain 

the sudden large increases in phosphate measured in the surface waters 

of Lake Erie (Kramer et al. 19 70) following a storm. The turbulence 

created by the storm carried a large volume of sediment into sus-

pension and the high pH conditions instantly released the phosphate 

-2 
as HPO into the water. This large influx of biologically useful 

4 

orthophosphate resulted in the reported (Kramer et al. 19 70) algal 

bloom which took place the following day. 

To date, studies of the authigenic constituents of recent 

sedi ments and soils have not led to identification of these mineral s . 

Since their formation is possibly related to the problem of eutrophic a-

tion in that the formation of these m i nerals would fix the reactive 

orthophosphat e i n a n insoluble miner alogical phase, more d e taile d 

mineralo gic a l i nves ti gati ons of s oil s and recent sediments need to be 

carried out in order to confirm or reject this hypothesis. 



98 

III.4 FUTURE WORK 

To verify whether the diagenetic alteration of an amor

phous P-iron oxide complex to a crystalline ferric phosphate mineral 

actually takes place in lacustrine sediments, work is being initiated 

by means of a detailed investigation of Hamilton Bay and the near

shore sediments of Lake Ontario. In this regard, it is hoped to deter

mine whether the abnormally high concentrations of iron and phos

phorus in these bodies of water are capable of supporting strengite 

mineralization in their oxidized portion and/ or vivianite formation in 

areas subject to reducing conditions. 

In addition, it has been proposed to commence electro

phoretic investigation into the adsorption reaction of phosphate with 

fer r ic hydroxide, thereby determining whether there is an electro

kinetic basis for the seemingly significant Fe to P ratio of 10:1 

found in experimental and naturally occurring conditions. 

Finally, careful kinetic investigations need to be carried 

out in order to determine the time required for mineralization of the 

P-iron oxide complex, and to define exactly the steps in its forma

tion. 
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