








1 Modes of description of the phosphate adsorption

In the literature a number of models has been used for the description of

phosphate adsorption an hydrous oxides, soils and sediments. These raodels

facilitate the conception and prediction of phosphate adsorption under various

condltions.

In this chapter the following ways to describe the adsorption are presented:

1. preclpitation reactions

2. equilibrium reactions

3. effects of surface charge

4. adsorption isotherms

1.1 Precipitation reactions

Kittrick and Jackson (1956) observed at high phosphate concentrations

(1 mol/l) the formatlon of a discrete phase on the iron silicate greenalite*',

They used electron microscopy in their study. The reaction was fast on col-

loidal iron (III) oxide partlcals and on thin aluminum hydroxide films (order

of minutes at room temperature), but extremely slow on minerals» J,0. Nrlagu

(1972, 1976) presents the solubility of a large number. Fe-Ca-Mg- and Al

phoshates. However, in the literature little attention has been paid to the

kinetics of precipitation (Riemsdijk 1979, p2). Neither will kinetlcs aspects

be discussed in this section, but implicitly this subject is dealt with In

section 2.8.

1.2 Equilibrium reactions

A. method of descrlbing phosphate adsorption on hydrous oxides and soils is to

picture adsorption as a number of surface equilibrium reactions, This approach

allows an easy explanation of the influence of pH on phosphate adsorption and

the concoraittant change In surface charge and also of the release of hydroxyl

ions upon phosphate adsorption.

1) The exact structure of greenalite Is not known, but it Is thought to be the
Iron analog of kaollnite.
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1.2.1 General descrlption

Prevalllng groups at the solid surf ace are: -0", -OH and -OEL groups. These

groups are in equillbrium with the hydroxyl ions and protons in the water.

(See Scheme 1.1 and table 1.1). Hence, the pH of the water influences the

distribution between these groups. Also orthophosphate ions in the solution

can interact with the surface groups. Two forms of binding at the surface can

be envisaged: with one or two P-O bonda (mono and bi-dentate),

The reactions as presented by Breeuwsma and Lykleraa (1973) show the relation-

ship between adsorption, surface charge and release of hydroxyl ions.

(1)

(2)

(3)

(4)

Where R is the ratio of hydroxyl ions released and phosphate ions adsorbed.

Consequences of these reactions will be discussed in the following sections.

1.2.2 The release of hydroxyl ions

An experimental approach to test the equilibrium model is the measurement of

the release of hydroxyl ions during phosphate adsorption. Of special interest

is the influence of pH and surface coverage. We will present and discuss here

some results from literature.

Lijklema (1978, 1980) gives R (moles 0H"/moles PO^) as function of pH and

extent of adsorption (flg. 1.1) for freshly precipitated Fe(0H)3 suspensions

[lron concentrations 0.5-5.0 m mol/l, 15 minutes equillbrium time» final P

concentration 5-200 \x raol/1]. Figure 1.1 shows that the specific hydroxyl

release lncreases with increasing pH. This is in aecordance with reactions

(l)-(4): at high pH reactions (3) and (4) predominate. R increases also with

increasing surface coverage, which can be explained by assuming that positive

sites are occupied with prlority. An interesting feature is that at pH = 8.5 R

is greater then unlty, obvlously because also bldendate bonds were formed (cf.

reactions p in scheme 1.1).

Breeuwsma and Lyklema (1973), using hematite (et- Fe 0 J also found an in-

creasing R with pH (fig. 1.2). However, according these authors R is Indepen-
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dent of the final phosphate concentration. They measured at high P concentra-

tlons (initial 2000, flnal C. 1000-1900 u. mol/l) corresponding to the flat-

tenlng of Lijklema's curves at higher surface coverage (- high flnal P concen-

tration).

Ryden es. (1977B) descrlbe phoaphate adaorption by three Langmulr equations^.

Figure 1.3 shows some lnterestlng results of their experimental work. They

explaln these results by means of equilibrium reactions, At low surface occu-

pation no 0H~ Is released (pH constant). The uptake of Na+ lndicates that the

surface charge has been lowered by adsorption. This Is in accordance with

reaction (1). At higher surface coverage 0H~ is released and the surface

charge is constant (accordlng to reaction (3)). These observatiotvs were made

both with Fe-gels and with soils.

Rayan (1974) identlfled phosphate reactive sites on hydrous alumina by mea-

suring proton consuraption during phosphate adsorption. Figure 1.4.A and 1.4.B

show the results of hls measurements. R increases with Increasing surface

coverage. At maximum surface occupation^' the raechanism of adsorption changes

and R drops from larger then 1 to about 0.5. Ryden suggests that after nearly

complete displacement of 0H„ and -OH groups the Al-Ö-Al bonds are broken up.

Rayan gives the followlng equations.

Al-B-Al + H2P0~ t Al - H 2PO^ + Al - 0H~*

Al - 0H~? + H+ t Al - OH*

Al - OH + H2PO4 *• Al - H2PO4 + H20

Al Al + H+ + 2 H„PO~ f 2 Al - H^P0~^ + H„0

2 4 2 4 2

Hence, R = 0.5 (see also section 1.2.3, page 4).

At high pH Rayan found R to be constant until adsorption of about 200 \i mol

phosphate/g hydrous oxide, with R = 1.44 (pH = 8.5, PZC = 9.3).

Beyond 200 \i mol/g R = 1.07 (see fig. 1.4.C). Rayan explains the difference

between hls results by assuming that at higher pH bldentate bonds are formed

1) See also section 1.4.1.
2) Defined by the Tjangmuir equatlon.
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(reactions (3 In scherae 1.1, see also scherae 1.2).

1.2.3 Infra-Red studies

A direct method to investlgate the bond between phosphate and the oxide or

soll surface is IR spectophototnetry. In this way Atklnson (1972) and Parfltt

(1975, 1977, 1979) tried to identlfy the adsorbed phosphate on hematlte

(a-Fe^O-), goethite (a FeOOH), (3 FeOOH, lepidocroclle (y FeOOH), irongels,

gibbslte (Al(OH)3) and clay.

The results of their work lndlcate that phosphate is adsorbed by ligand ex-

change with slgly coordinated -OH groups resultlng in a brldglng-binuclear

complex (See reactions p In scheme 1.1). Parfitt (1979) Is of the opninion

that only bidentate bonds are forraed: "There is no evldence for more than one

adsorption mechanism for phosphate on goethite" (for adsorptlon below the

adsorption maximum). This is not necessarily in disagreement with the results

of section 1.2.2. Beek and van Riemsdijk (1979) give the following equatlons

for the phosphate adsorption:

surface + a PO.H -> surface ~ V + b H„0 + r 0H~
4 y 2

charge:

sx a(y-3) sx + (y-3) + r - r

or in case of forraation of bidentate bonds:

f-M OH
3

- + P0,H * M 09P0„H . + (f -2) M OH, + R OH + (2-R) Ho0
(j+x) 4 y 2 2 y a |+x' 2

If Ax " (x-x') and Ay = (y-y1) are zero (no change of dissoclation upon ad-

sorption, which implies that R is constant during adsorption):

R = l-2x and R ranges between 0(x=l/2) and 2(x=-l/2). The R value of 1.44 near

the point of zero charge (x=a) indicates that [(a/s-2) Ax + Ay] > 0. If

s/a < 2 then Ax < 0 and/or Ay > 0, which agrees w.tth the assumption that

positive sites are preferred. Hence It is also possible to explain the results

of section 1.2.2 with a binuclear reaction,
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1.3 The effects of surface charge upon adsorptlon

The equilibrium theory can be combined with electrostatic models. This ap-

proach releases the necessity to assume surface groups with different reacti-

vity. It is also possible to predict the influence of non specific adsorbing

(indifferent) lons, pH, ld. on the extent of adsorption.

Surface chemists (like Levlne and Smith (1971)) developed models describing

the enveloped models describing the envelope of the surface potential. The

theory presented in the next paragraph is an application of these models by

Bowden and co-workers (1973, 1977).

1.3.1 The envelope of surface charge

(POTENTIAL)

SOLID LIQUID

DISTANCE X

Fig. 1.5. Distribution of ions and potential

at the soldid/liquid insterface.

A.= surface potential determining ions

(-0H~ and -OHt groups)

(CHARGE) B.= specifically adsorbed ions (P0^=, Ca + + + etc.)

C.= indifferent ions
X- DIRECTION

Figure 1.5 shows the solid-llquid interface according to the Stern (1924)

model. Potential determining ions are adsorbed at the solid surface (eg. H

and 0H~ lons) The surface potential is cp , the surface charge is a . The first
s s 2- 9+

layer at the surface contalns specifically adsorbed ions (eg. H PO. , Ca
etc), The potential at this plane is <K, the surface charge denslty is a . The

d c

second layer is the diffuse doublé layer with indifferent ions. The potential

is a function of the distance x from the surface, the surface charge density

is ad.

Now a set of equations can be derived defining the system. First the surface
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charge Is computed. The electrochetnlcal potential of an ion i In the solution

Is:

(j,^ : is the chemical potential of Ion I in Standard state

•R : gas constant

T : absolute temperature

a^ : activity of Ion i in solution

The electro chemical potential of an ion i at the surface is:

^is = ^is + RT ln aIs + z i F ^s + ®l

index s : at the surface

z^ : valency ion 1

F : Faranday constant

$ : self atmosphere potential (due to the dlscretenes of charge, see

Levlne and Smith (1971), or for a review of this effect: Levine,

MInquis and Bell (1967)).

At equillbrium Is p, = u. , and substituting
I Is

K1 = exp [(

we obtain

ais = Ki al exp (~Zi F s

The activity of the Ion at the surface Is controlled by the activity in the

solution, by the constant K^ ($. is concidered to be constant:

|j, - ji ° - «5. is the Stern potential 4. describlng the chemical interaction

between the surface and the ion) and by the electric potential at the surface.

Consider the following reactions affecttng the surface charge:
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0H 1° + H+ -h M °H2l+

o

If the dlfference of surface concentrations r - r equals the surface char-
H OH

ge
o and the H* and OH" ions compete for Na surface sites application of
s

equation 1.1 y ie lds :

(F

1 + KJJ^ exp(-F ^g/uT) + K 0 Ha 0 H exp (F

In the innermost plane of adsorption only specific adsorption occurs and for

non-specific ions K^ = 0, The charge in the second layer is;

<~zi F

Where Nt is the maximum number that can be adsorbed in the first plane, C^ Ie

the raole fraction of ion i (about 0.018 mole concentration, 25 C°, activity

coefficients unity).

The charge in the diffuse layer is given by the Couy-Chapman theory (See

Overbeek (1952):

ad - -1.22 10~
10 /ÏÏ sinh (0.0195 Z ^ ) (1.4)

Conditions: t = 25° C, C is the total ionic concentration in moles/1, charge

of anions and cations are distributed symmetrically, <\>, is expressed in mV.

Between the surface and the layer wifh specific adsorbed ions there is no

charge and the dielectric permittivity is supposed to be constant. According

to Gauss' law:

n d/ed) as - c?g/G (1.6)
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In which d is the distance between the surface and the flrst layer (fig.

1.5), e. Is the local permlttivity (0 < x < d) and G is the capacitance of
o

0 < x < d.
The system now has been defined: five variables (a , o\, ö,, <\> , <[>,) and five

S 3. Q 6 ü

equations (1.2-1.6). The four parameters Ns, KH, K 0 H and G can be obtained

frora titration curves. The fixed parameter N T and the constants Kj must be

estlmated when specific adsorption takes place.

1.3.2 Explanations of meaaurements with the VSG-VSP model

The variable-surface-charge variable-surrace-potential (VSC-VSP) model, de-

scribed In 1.3.1, Is used to explain some experimental results, see figure

1.6.A and 1.6.B from a paper by Bowden cs(1973).

Only one value for N-j* (the number of sites for specific adsorbed ions) has

been used. The model predicts a change In binding energy if the change of the

surface vartes either through a change of pH or by adsorption. Therefore it is

not necessary to poatulate different types of sites, in contrast to the de-

scriptlon in 1.2. Also the inflections at pH » pK^Q (K^o = ionisation constant

of a weak acid or base, see fig. 1.7 form Hingston (1972)) are explained

without specification of any special mechanism.

Hlngstons explanatlon Is In terms of wark required to remove a proton from the

undissociated acid, Breeuwsma (1973) comments this to be In conflict with

elementary physical-chemical laws.

Anderson and Malotky (1979) use a model slmllar to that of Bowden, They mea-

sured the iso-electric point (<JJ - <|J = O1^ at different phosphate surface

coverages» The theory Is in good agreement with the measurements (fig. 1,8),

A single value for both the affinity of adsorption $ and the maximum adsorp-

tion r has been used, although their measurements cover a large range of

phosphate concentrations (at equilibrlum 0.01-100 \x mol/l). The constant $
a

and r values also imply that it is unnecessary to differentiate between
max

mono- and bldentate sites in order to model these modes of adsorption.

Brinkman (1979) presented a more sophisticated multi-layer model, in whlch the

1) The £ potential (i\i ) is the potential difference over the mobile part of
the doublé layer, 'and can be measured by electrophoresis (see Overbeek,
1952, pg. 78).
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dielectric permittivity is a function of the electric-field intensity. He

defined different adsorption sites for the simulation of the surface charge at

variable pH and KG1 concentrations. A good agreetnent with measurements of

Breeuwsma (1973) could be achleved.

1.4 Adsorption isotherms

A more or less empirical approach is the use of adsorption isotherms for the

descriptlon of phosphate adsorption. The prlncipal difference between the

various isotherms is in the assumptions on the relationship between binding

energy and the degree of surface occupation.

1.4.1 langmuir isotherm

Langmulr assumed a llmited number of locallsed adsorption sites at the surface

in equilibrium with one molecular species in the solution:

E + C •*• EC (only one molecule adsorbes at one site)

E = an empty site at the surface

C = a molecule in the solut.ton

EC = a molecule adsorbed

The activities are:

{E} » Y F r_,/d

" Y„ [Cl

y = activity coëfficiënt of species i

F = surface concentration i

d = layer thickness

At equilibrium:
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Mr •
substitute:

r = r - r
E raax EC

and

AG , = Gibbs free energy of adsorption

K , - equllibrium constant
ads
T = maximum surface concentrations of adsorbed molecules
max
9 = fraction of occupied sites

and assurae

YEG

then:

ads

This is the Langmuir isotherm, which can also be formulated as:

1 1 , 1
x - (K b{C}) + b

aas

b » 9/x = adsorption max.

x • araount adsorbed

is considered not to be a functton of 0 and therefore AG , must be

constant too. This means that:

a. all the adsorption sites have the same binding energy

b. the adsorbed raolecules do not Interact.



- 11 -

1.4.2 Freundlich - and other lsotherms

Assumlng that the affinity for adsorptlon decreases exponentially with the

amount adsorbed one can derive the Freundllch equatlon (Ponec es. 1974):

x = k{C}1/tl

where n and k are constants. Thls equation has been used succeafully (see

chapter II) In the descrlptlon of phosphate adsorptlon wlthin a lltnlted range

of phosphate concentratlons.

The Temkln equatlon has been derlved with the assumption of a llnear decrease

In affinity of adsorptlon with increaslng amount adsorbed:

x = k1ln(k2ln{C})

where kj and k2 are constants, Further, mainly erapirical extensions of these

isotherms have been proposed. For instance, the observatlon that the amount of

adsorbed phosphate Increases continuously with increasing phosphate concentra-

tions, led to an extended Langmulr equatlon:

= A + B{C} + D/TUT

where A, B and D are constants. This equation does not predict a maximum

adsorption, as the Langmulr isotherm does.

The Freundlich isother is often justified for firmly adsorbed phosphate, that

was already present before the beginning of the experiment (e.g. In solls)

x - k C 1 / n- Q

A comblnatlon of two or more Langmuir isotherms has been used as well, which

implies two or more discrete affinities of adsorption (see tabel 2.1.1).
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2 Proporties of the phosphate adsorption

2.1 Adsorption isotherms

Numerous adsorptlon Isotherms of phosphate on hydroxides, solls and sedlments

have been measured and reported. In this llterature study no attempt has been

made to produce a complete review of these measurements• Mainly conceptual

features of phosphate adsorption are treated in the next paragraphs.

In this first section only some general descriptions are presented.

Olsen and Watanable (1957) discuss the use of Langraulr and Freundllch iso-

therms for adsorption of phosphate on clays and loams. They conclude that the

Langmuir isotherm allows computation of the adsorption maximum. This maximum

can be correlated with the surface area as determined by ethylene glycol

(ethane - 1,2 diol) retention. The Langmuir isotherm is defined by

c 1 C_
(x/m) ~ Kb + b

(See aection 1,4.1, x/m is the amount (mg) P sorbed per 100 g soll).

The relationship between the maximum adsorption capacity b (mg P/100 g soil)

and Et, the ethylene glycol retention (mg (Cl^OH^/g soil) was experimentally

determined as:

b - 0.276 Kt + 3.47 (alkaline soils)

b = 0.641 Et + 5.7 (acid solls)

Acid solls are, as can be expected, more reactive then alkaline solls, Olsen

and Watanable give different values for the constant K (whlch Is related to

the Glbbs free energy of adsorption) for different solls:

K = 1.4 10A (l/mol) - Pierre Clay

4
K - 1.0 10 (l/mol) - Owyhee silt loam

F.A.M, de Haan (1965) measured the phosphate adsorption by a number of Dutch

solls In the concentratlon range 0-200 mg P/l. The results are presented in
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table 2* 1 • 1* The Sticky soil and Oss soll have a hlgher lron content and

accordlngly a hlgher adsorptlon maximum.

Ryden, McLaughlin and Syers (1977C) used three Langmuir equatlons to descrlbe

phosphate sorptlon on iron oxide and one soil (see table 2.1.4; for the rela-

tion between AG and K see sectlon 1.4.1). In a following artlcle Ryden et al

(1977B) give constants for some other solls (table 2.1.5).

McCallister and Logan (1978) compared the phosphate adsorption characteristics

of soils and bottom sediments. The results are given in table 2,1.2. The

adsorption capacity of sediraents is much larger. Thls Is posslbly due to:

- preferential erosion of certain reactive sise fractions of the whole soll,

followed by some further concentration of thls fractlon by selective trans-

port in the water body it self

- and/or chemlcal alternation of the eroded aoil material after depositlon in

the stream.

Green, Logan and Smeek (1978) found correlatlons between phosphate adsorption

parameters and calcite content of sediments (table 2.1.3). With increasing

calcite content of the sediment studied the observed amount of phosphate in

the sediments also increased whereas the adsorption energy decreased.

Although the phosphate is bound weakly by calcite, the preclpitation of this

mineral during algal growth may be an important raechanism controlllng dis-

solved P-concentrations.

Lijklema and Hieltjes (1978) conclude that calcium carbonate may be an impor-

tant conveyer of phosphate downward into the sediments, but that it plays a

miner role in retaining the phosphate withing recently desposited sediments of

eutrophic fresh water lakes.

2.2 Influence of ionlc strength

In section 1.3 a quantitative model for phosphate adsorption has been pre-

sented. Thls model shows that at higher ionic strength the effects of the

surface charge becomes less. Hence, if the surface is positlvely charged

phosphate adsorption decreases with increasing concentration of indifferent

ions, but if the surface is negativily charged, phosphate adsorption will

increase with Increasing ionic strength. Some experlmental results related to

this theory wilt be given here,

Relyar (1976A) measured phosphate adsorption on glbbsite in a large range of
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phoaphate concentrations (0.1 \x mol/l - 1000 \i mol/l). The pH was 5.5 =t 0.1

(controlled by C02)« Chloride salts of Ca2+, Na+, Mg2+, K+ were added. The

only anlons present were HCO» and Gl~. Accordlng to Helyar the effect of HCOl

on adsorptlon was not measurable (see points 1 and 2 in fig. 2.2.1). Helyar

and coworkers conclude from flg. 2.2.1:

1. Essentially the phosphate adsorptlon Is not affected by Na+, K"1" or Mg 2 +,
2+

2. Ca greatly Increased P adsorptlon at equillbrlum phosphate concentrations

between 1 and 100 \i mol/l. This effect is not due to precipltatlon of

calclte, calcium phosphate or hydroxy apatlte. Obviously Ca 2 + la strongly

assoclated with the adaorbed phosphate groups, and In thls way lncreases

the adsorblng capacity.

Accordlng to Helyar (1976B) divalent cations with a radius near 1 A will

increase phosphate adsorption on Gibbslte. Thls Is due to the lattice diraen™

slons (see fig. 2.2.2). Thus Ca , Cd2+ and Sr2+, which Increase adsorption,

Indeed have crystal-ionic radti of 0.99, 0.99 and 1.13 A respectlvely.

Carr.lt and Goodgal (1954) measured phosphate adsorption by suspended sediments

in seawater systems (fig. 2.2.3): Adsorption decreases with Increaslng salini-

ty. Two explanations are given:

1. With Increasing salinity the partlcles aggloraerate and hence the surface

area Is reduced.

2. Sulphate Is sorbed competltlvely.

Edzwald et al (1976) measured phosphate adsorption on kaolinite, montmoril-

lonite and lllite. Hls results are summarized In figure 2.2.4 A-C and table

2.2.1. The lnfluence of ions as observed in thls study conflicts with the

results of Carrit and Goodgal (1954). Edzwald is of the oplnion that the

suspension of Carrit and Goodgal was aggregated, whereas in hls experiments

the suspensions was stirred vigerously.

Chen (1973B) discusses the effect of indifferent ions at higher pH values. The

phosphate adsorption will increase due to catlon adsorption resu.lting in a

less negative surface charge. He measured phosphate adsorptlon cc - Al-,0^ and

kaolinite in 0.01 mol/l Na Cl solutions in presence of several other sub-

stances (see fig. 2.2.5 A-B) In order to evaluate the lnfluence of polyvalent

cations and anlons. Indeed, the Influence of polyvalent cations at high pH Is

substantial. (The adsorption of phosphate with 1.87 10"^ mol/l Ca 2 + addition

at pH 12 Is probably due to precipitation reactions). Anions are malnly ad-



15 -

sorbed on positively charged surfaces, and hence the greatest effects are

observed In the acid reglon (fig. 2.2.5 C-D).

Partlcularly the influence of F~ is greatJ the radii of F~ and OH" are about

the same and hence F~ can replace the suface lattlce hydroxyl lons. This

decreases the phosphate adsorption.

Tlyden (1977A) measured phosphate uptake by Egmont black loara and Porirua fine

sandy loam. Calcium ions enlarged the phosphate adsorption especially at high

phosphate surface coverage (negatlvely charged surface). According to Ryden

the surface afflnity AG and the capacity of the thlrd Langmulr surface change

(table 2.2.2).

2.3 Influence of silicate lons on phosphate adsorption

De Haan (1965) investigated the influence of sillcate lons on phosphate ad-

sorption on Na-montraorlllonite. The phosphate uptake by the clay was measured

af ter shaklng 48 hours. Prior to equilibration the clay was treated with a

Na2SiO3 solutlon (fig. 2.3.1). The phosphate adsorption by the clay is reduced

signiflcantly and the influence of pH decreases. The release of adsorbed

phosphate due to silicate addition is a very fast proceas (fig. 2.3,2),

Obihara and Russel (1972) deterrained phosphate and sillcate adsorption on

soils. Figure 2.3.3 gives the envelope of the adsorption maximum as function

of pH, At pH > 7 the adsorption maximum of phosphate is lnfluenced by silicate

adsorption, Figure 2.3.1 and 2.3,3 are not comparable, because De Haan used

lower phosphate concentrations.

Bar-Yosef and Kafkafi (1978) measured phosphate desorption from kaolinite (by

dialysis) in presence of dissolved S10?. They postulate the following two

reactions;

x + P •» xP (1)

{Si} + xP* •> xSi + {P} (2)

where

x = adsorption site

xP = activated complex

{ } = activity in solution
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Reaction (2) is faster than (1) if aufflcient SiO2 i-a present. Hence the PO^

desorption rate is proportional to xP. The experitnental results of Bar-Yosef

and Kafkafi are summarized in figure 2.3.4 in terms of the presented model.

The activation energies are: 16.2 and 4.8 Kcal/mol for the f ast and slow

reaction respectively. Apparently the slow reaction is controlled by dif-

fusion.

Brewster and coworkes (1975) found no influence of silicate on phosphate

desorption at pH = 7 and a phosphate concentration of 0.04 mg P/l.

2.4 Kinetica of adsorption

Chen et al (1973B) measured PO^ adsorption on alumlna and kaollnlte as a

function of time, pH and temperature. At pH < 7 a distinction between a com-

paratively fast reaction, completed within 24 hours, and a slow reaction could

be made.

This slow reaction continued for more then 40 days and was first order in

phosphate concentration.

Table 2.4.1 summarlzes the observed rate constants for the slow reaction. The

rate strongly depens on pH. Doubling of the exposed surface area did not

result in a concomlttant doubling of the uptake rate. The effect of tempera-

ture on the rate was fairly small (E = 2,4 Kcal/mol).

The rate of the fast reaction, as evaluated from the measurements on the first

day after addition, was proportional to the exposed surface. This indicatas a

proportionality between the number of avallable surface sites and the inltial

phosphate removal rate,

Also a new solid phase was formed: Al PO^.n H2O. This may explain the conti-

nuous slow reaction funder prevailing conditions of pH 4.3 and phosphate

concentratton 1.10™^ mol/l). However, addition of variscite as new cristal-

lisation nuclei caused a decrease in the adsorption rate.

Kuo and Lotse (1972) measured the kinetics of phosphate adsorption on calcium

carbonate and calcium kaolinite. The adsorption by calcium carbonate obeyed

second-order kinetics, the rate being proportional to the available surface

area and the phosphate concentration, according to:
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Phosphate + Surface ,<— Product
k2

^ » kj (Co-x)(M-x) - k2x (4.1)

where

x => moles phosphate adsorbed/1

Co =• concentratlon of phosphate at t • 0 (mol/l)

M = concentratlon of adsorption sites at t = 0 (mol/1)

ki, \Ü2 reactlon rate constants

Integratloïi of expression 4.1 results in:

ln Ö ••«¥*'• (ra) <4-2)

in which

L4 k o k ;o k ; o

Figure 2.4.1 shows a plot of the results of the raeasureraents Kuo and Lotse;

Table 2.4.2 gives the calculated rate constants (no value of k2 was avail-

able). The second order rate constant kj decreases wlth increaslng phophorus

concentration in the CaCO^ system. This is in accordance with Bronsted's

theory, stating that the logarlthm of the rate constant is inversly propor-

tional to the square root of the ionic strength, when the reaction between two

molecules involves charges of different slgn, tn contrast however, the rate

constant for Ca-kaolinite-phosphate adsorption increases with increasing

phosphate concentration.

Tn a following artlcle Kuo and Lotse (1974A) describe the kinetics of phos-

phate adsorption by heraatite and gibbsite. In this case a descrlption in terras

of an equation reminisent to the Freundlich isotherra has been used

x «. K C Q t
1 / m (4.3)
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in which l/m and K. are constants, t is time, and x and CQ as defined previous-

ly, aee equation 4.1.

The adsorption time t ahould not be too large, because the concentration c

(see section 1.4.2.1) is considered to be constant.

The value of l/m found was 0.08 for Gibbsite and 0.12 for hematite, indepen-

dent of temperature and concentration (the pH has not been specified but was

probably 7). Figure 2.4.2 shows the influence of the final phosphate concen-

tration C (mg P/l) on the rate constant K. K is decreasing with increasing

concentration (in accordance with Bronsted's theory). The effect of tempera-

ture was small (E » 1.9 kcal/mol, based on 3-4 raeasurements between 5 and

40°C).

Other experiments by Kuo and Lotse (1974B) with 2 washed lake sediments showed

that l/m was 0.182 for both sediraents (see table 2.4.3 for sediment composi-

tion). Again the effect of temperature was small: E = 2.74 kcal/mol (4-40*G).

The rate constents K found were 0.2 (sediment 14) and 0.4 (sediment 12).

Rarrow and Shaw (1975A) use a slightly different formulation for the kinetica

of adsorption.

They define two consecutive processes

A <• B t C

A = phosphate in solution

B = phosphate, adsorbed and in direct contact with the solution

G = phophate that is no longer in direct contact with the phosphate in so-

lution.

Barrow and Shaw propose the following rate equation for the transfer from

B > C:

j£ =• k(l-a) (4.4)

in which k and n are constante and a is the fraction of phosphate transferred

from B to C.

With the initial condition t - 0, a » 0 (4.4) can be integrated into:
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1 - o - t(n-l) kt + 11
1/<n"1) (4.5)

For Xarge kt this can be sitnplified lnto

1 - <x » (kt/b.) * (4.6)

with

If BQ and Bt are the concentrations of phosphate in the fo:qn B at t = 0 and

t •= t, then:

Bfc - BQ(kt/b1)
 l (4.7)

According to Barrow and Shaw the Freundlich isotherm is applicable to non

calcareous sediments at low phosphate content:

b
Bt - aAt

z (4.8)

At = phosphate concentratton in solution

a, b2 = constants

Combinatton of 4.7 and 4.8 yields

A t
2 = (Bo/a)(kt/bl)

 1 (4.9)

Bo is unknown, but if the solution/soil ratio is low enough and not too tnuch

phosphate is added, most of the dissolved phosphate will be adsorbed, and Bo

will be proportional to the amount of phosphate added:

B Q = m P (4.10)

ra a proportional constant

P = amount Padded (mg P/l)
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The rate constant k Is affected by the temperature in accordance wlth the

Arrhentus equation:

k = k exp(-E/RT) (4.11)
o

Substitution of 4.10 in 4.11 gives

In 4t = Kj + K2 In P - R3 In t + K^T <A.12)

in whlch

K]_ - l/b2 ln(m/a) -

K2 - l/b2

K3

K4 =

Results of measureraents with 17 soils frora South West Australia are presented

in tables 2,4,4 A and B.

The apparent activation energy is much higher than found by Kuo and Lotse

(1974A,B). This is due to the different formulations used for k in 4.6 and K

in 4.3 resulting in difference by a factor l/m in the activation energies.

2.5Desorptton isotherms

Medina and L8pez-Hernandez (1978) used different methods to extract adsorbed

phosphate from Venezuelan soils. Some of their results are given in figure

2.5.1. Specific adsorbing ions (citrate) release more phosphate than agents

that only lower the ambient phosphate concentration such as resins. The effect

of higher ionic strength, a reduction of the interaction between the positive

charged surface (pH = 4) and the phosphate, is comparatively small.

J.M, Andersen (1975) measured phosphate desorption from eutrophic-lake sedi-

ments at different pH values. 80% of the water above the sediments was re-

placed every four or five days by lake water and the pH was adjusted, The

phosphate concentration in the lake water was 0.2 mg P/l. Figures 2.5.2 A and

B show the results of hia work. The rate of the phosphate release increases

with increaslng pH. At pH > 9.5 the rate decreases, calcium behaves similary.

Anderson supposes that this is due to precipitation of apatite or by co-preci-

pitation of CaC03.
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Barrow and Shaw (1979A) investigated the influence of indifferent ions on

phosphate desorption from a soll. The soil was incubated with 1 rag P/g Soil

(added as CaHPO^). Desorption was induced by dilution. Figure 2.5.3.A is an

example of the results. Phosphate desorption decraases with increaslng calcium

concentration, Barrow and Shaw used the following empirical formulation for

the description of phosphate desorption:

pd - V d - Vd c b -cS <*•»

where

?$ ~ phosphate desorbed (|u£ P/g soll)

tj = period of desorption (h)

c = solutton concentration (|ig P/ml)

S = solution soil ratlon (ml/g soil) desorption by dilution

Kp, m, n, a2 = constants

Values of the constants are glven in table 2.5.1. The flgures 2.5.3 B and C

show the influence of different monovatent cations on phosphate and calcium

dasorption. Larger Ions displace more calcium while less phosphate Is de-

sorbed. This is in contradLction with the specific calcium surface complex

postulated by Helyar et al (1976B, see section 2.2), hut consistent with tlie

results of Ryden and Ryers (1976) who found that calcium can be replaced by

potasstum without releasing all the adsorbed phosphate. Barrow and Shaw em~

phastze that an electroatatical interpretatlon (for instance Bowden (1977),

see secttnn 2.3) should be used. Larger cations dlffer in hydration energy and

polarizahlltty from small cattons and wlll be adsorbed tn the Stern layer.

This increases the surface charge, so that the phosphate remains adsorbed.

In a subsequent article of Barrow (1979) phosphate desorptton h.is been de-

scribed as a proces limited hy two factors:

- Po; representing the araoutit of P that will be desorbed at zero phosphate

concentration and

- Ce; rapresenting the solution concentratton at which no net desorption

occurs.

Po = a CQ
l (Freundllch) (5.2)
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b b,
P, « a(C - C ) » CS (5.3)
d e

where

Pjl = amount phosphate desorbed pg P/g aoil

S B soll/solution ratio ml/g

a, bj = constants

la about 0.4, and using

2 (5.4)

C b l - C ^ 1-f-k "^
e e i o d

where

fcd = desorption time (h)

Ce 0 = initial equillbrlum phosphate concentratlon (mg P/l) « Ce at td = 0

k = kinetic constant

we have a set of equations describing the phosphate desorption by dilution.

Barrow used for his experlments a Dardanup clay loam with a large phosphate

adsorption capaclty; extracted iron and aluminium were 2.9 and 0,7% respectl-

vely. The soil was Incubated at different temperature, during selected timea

and at various concentratlons of calcium dihydrogen phosphate ln 0.01 M cal-

cium chloride. Desorption was measured by increasing the solution/soil ratio

(dilution).

From table 2.5.3 and figure 2.5,4 we can see the influence of the incubation

time on desorption:

blln Ce,o = °'786 ~ °'247 ln ti < 5 > 6 )

In which

t^ = incubation time (days at 25°C)

Both the initial equilibrium phosphate concentratlon C and the rate con-
e,o

stant k decrease with increasing incubatlon time and temperature (table

2.5.3). At short incubation titnes the phosphate release is f ast followed by a

subsequent slow adsorption (see flg. 2.5.5.B/C). Barrow Shaw (1975 C) found a
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similar effect, which was caused by disiiitegratlon of the partlcles: the

exposed surface area increased by shaking. (This was certainly not the case In

their 1979 experlments). Uslng the equation

b2 "*b3 1/
A r 3 d i i d l / C 7 \

A = [ ( 5 7 )At = [ _ (5.7)

Vd

with

At = phosphate concetitration in solution (mg P/l)

^3» ^1 = rate con8tants

t^ = time of desorption (h)

t-L " time of incubation

Pj - amount of phosphate adsorbed during the Incubation

(pg P/g soil)

P«j » araount of phosphate desorberd (|ig P/g soil)

bj, b2» t>3 = constants

Barrow and Shaw (1975C) found for the yellowish brown loam deacrlbed in figure

kj - 41.7, k3 = 0.102, b 2 = 0.298, b 3 = 0.253

b^ was taken 0.406.

Figure 2.5.7 shows sorae of their results.

The influence of aging on phosphate adsorption has also been discussed by Kuo

and Lotse (1974B). Only a small fraetion (0.15%) of natlve adsorbed phosphate

In sedtraents desorbed with V~ and 0H~ extration. With freshly adsorbed phos-

phate the degree of desorption was higher (compare fig. 2.5.6.A and B).

Ryden and Syers (1977D) also found a decreasing desorption capacity upon

aging, see figure 2.5.8. They concluded that physically bound phosphate Is

converted lnto chemically bound phosphate.

Brewster and coworkers (1975) applied both dilution a desorption by addltion

of a resin at pH about 7 on loamy sandy soils. A description according to the

Freundllch isotherm showed differences in the obtained values for the con-

stants, see table 2.5.4 and figure 2.5.9. This is probably due to differences

In pH, if the phosphate concentrations were expressed in mono calcium phos-



- 24 -

pbate potentials by taking lnto account the calcium phosphate complex ion

formation, both technique gave slmilar results:

resin (-3- p Ca + p HgPO^) = 5.71 + 0.064 AP

dilution [y P Ca + p ï^PO^) = 5.95 + 0.061 AP

(AP in ÏO"'' mol P/g ovendry soil).

2.6 The influence of pH on phoaphate sorption

Huang (1975) summarlzed the influence of pH on the adsorption capacity and

adsorption afflnity of some allurainum (hydr)oxldes. He used the Langrauir

isotherm:

1/x = l/(Kadflbïc]) + l/b (6.1)

Where:

x = amount of phosphate sorbed

•̂ ads ~ ene^getic constant

b = adsorption capacity

c « phosphate concentration in the solution

The maximum adsorption capacity b and the energetic conetant Ka^g are strongly

dependent on pH (see table 2.6.1). Based on an adsorption model with the

chemical potential of the ions in the solution as the sole independent va-

rlable (analogous to Hingston et al, 1972) Cabrera and coworkers (1977) des™

cribed the adsorption maximum b for several oxldes as:

b - [RT In a(l-a) + ^otal}l Cj (6.2)

in which

PO;
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degree of dlssociatlon

[H+]3 +K1[H
+12

and Kj, K2» K3 the dissociation constante of

The parameter C^ is a function of the chemical afflnity of the ton for the

oxide and of the surface area. Values of Cj and |j,* _ are given in table

2.6.2. According to equation 6.2 adsorption wlll decrease continuously with

increasing pH.

However, Breeuwsma and Lyklema (1973) found with hematite at higer phosphate

concentrations humps in the pH dependency of phosphate adsorption (fig.

2.6.1). At lower phosphate concentrations the effect disappears.

Carrit (1954) used suspended river mud as adsorbent. Maximum adsorption oc-

curred at a pH of about 5 (fig. 2.6.2).

Effects of silicatlons and of other ions on the pH influence have been discus-

sed in section 2.2 and 2.3.

2.7 Influence of the redoxpotential on phosphate sorption

O.S. Jacobsen (1977, 1978) lnvestigated phosphate sorption on well mixed lake

sediments (fig, 2.7.1). Note that in iron rich sediments the sorption at low

redox potential is less than in oxidezed sediments. In case of calcareous

sediraents this effect was less, cf. line I and II of Esröm Sb". Jacobsen (1978)

suggest that reduction of the sediments may cause a reduction in the number of

active iron sites. Under such condltions and also at high pH the phosphate

concentration will increase and apatlte formation might occur.

Using mud-water systems treated with antiblotics Hayes and Philips (1958)

demonstrated through P tracer techniques, that the amount of P°^ adsorbed by

oxidtzed mud Is larger then the amount of P ^ adsorbed by reduced mud (see

fig. 2.7.2). Without application of antibiotica to kill the micro organisms

the difference was insignificant.

Patric and Kahlld (1974) varied the phosphate concentration and the redox

potential In soil suspensions. At low phosphate concentrations ( no P~added)

oxidlsed soils adsorbed more than reduced soils. At hlgher phosphate concen-
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tratlons this effect was reversed (flg. 2.7.3). The authors concluded that

under reduced circumstances highly dispersed ferrous forras Increase the acti-

vity and the surf ace area of the iron compounds reacting wlth phosphate. The

quantIty of iron and the concoralttant phosphate extracted under anaeroblc

condltions by oxalate was higher than with oxidiaed solls. Oxalate is believed

to dissolve amorphous and poorly crystalllzed Fe oxides.

The binding on ferric oxides is stronger, but the exposed surface area is

smaller,

Halford and Patric (1979) tried to discrimlnate between the effectB of reduc-

tion and of pH changes on phosphate sorption. They used a silt loara contalnlng

0.3% rice straw. The soil was incubated during 25 days at 30°C, the redox

potential was decreased by additlon of a nitrogen source and dextrose (micro-

biological oxidatlon). The redox potential was controlled by the amount of air

added during the incubation. For the mathetnatical description they used a two

surf ace Langmulr isothertn:

x - k'x' C/d+k'C) + k"x" C/(l+k"C) (7.1)
m m

in which

G • final solution concentration of phosphate

x = amount of phosphate adsorbed

k = equilibrium constant related to the bonding energy

xm = maximum adsorption capacity

The subscrtpts ' and " refer to the high and low energy surfaces respectively.

The phosphate buffer capacity (the maximum of the slope of the adsorption

isothenn) is defined by

(~) n = k'x' + k"x" (7.2)
Mc c+0 m m v

The results of their measurements are given in tables 2.7.3.A-C and figures

2.7.4,A-C. At pH = 8 both the fraction of labil P and the adsorption capacity

increase, but upon reduction the adsorption energy decreases. The Fe concen-

tration in the solution increasea by reduction, especially at low pH. The in-

crease of the adsorption capacity can be explained by Fe-j (P0^)2 precipita-

tion. This is shown in figure 2.7.4.A. At pH » S the adsorption is also ln~

fluenced by calcium phosphate precipitation, the Ca^+ concentration was about
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0.01 M.

In reduced solls the phosphate adsorption lncreases with increasing pH.

Jjirgen, Karap-Nielsen and Jacobsen (1975) and Kamp-Nielsen (1975) presented

raodels for sediment-water exchange. The models were callbrated with experimen-

tal data frora eutrophic lakea. Below 17°C the phosphate release rate was

hlgher for reduced sediments.

2.8 Trreversible reactlons

Lijklema (1980) investigated the interaction of O-phosphate with (amorphous)

iron (Til) and alumlnum hydroxides. Figure 2*8.1 shows that the adsorption,/de-

sorption reactions due to changea In pH are not reversible withln one day.

Also there is a differenca in adsorption «capacity between freshly preelpitated

hydroxide and a one day old preclpitate (fig. 2.8.2): the atructure of the

adsorbent changes.

The effect of longer adsorption times can be seen from figure 2.8.3 (Carrit,

1954). Af ter a long adsorption time a smaller fraction of the adsorbed phos-

phate is released quickly upon desorption* This can be due to diffusion of

phosphate into the soil particles and/or slow preclpitation reactions,

Barrow and Shaw (1975C) meas-ured the influence of incubation time on phosphate

desorption from soils (see also 2.5). Evidently the amount of reversibly

sorbed phoaphate decreases at enhanced incubation tlmea (fig. 2.8.4).

Hingston, Posner and Qulk. (1974) investigated the reversibility of phosphate

adsorption on goethite and gibbsite. They defined;

desorbabllity = £&&£& ^sorptlon - adsorption aEter,2 washe3 , 1Q()%

orlglnal adsorption - calculated adsorption

The original adsorption was obtained after 1 day equilibrlum at 20°C. Only the

phosphate concentratlon In the solutlon was changed: pH and ionic strength

were constant. Hgure 2.8.5 A, B present their results. At low ionic strength

the desorbablllty is decreasing with decreasing Inltlal adsorption. At low

tnitial phosphate adsorption the adsorption Is essentially Irreverisble. This

1) Calculated frora the adsorption isotherm at the solution concentratlons
after two washes => amount phosphate adsorbed in case of reversible reac-
tlons. Complete reversible adsorption gives the desorbability a value of
100%, whlle irreversible adsorption gives a value of zero.
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Is posstbly due to the high positive surface charge at low surface coverage.

At Mgh iontc strength the effects of charge are }.ess (see also section 1.3)

and the desorbability becomes quite Independent of surface coverage (e»g» pH •

9, 1 M Na Cl). At pH » 4.5 the desorbability is very low due to the poaltive

suface charge. The desorbability from goethite is algnificantly lower than

frora gibbsite, bufc the lnfluence of lonlc strength Is similar to that of

gibbsite.

At low phosphate concentratlons adsorptlon becoraea reversible only with long

equillbration times (White and Taylor, 1977). Probably their opinlon is that

small extra addltions of phosphate will be adsorbed reveralbly. The high

energy sites on the surface will be occupied at low phosphate concentratlon

and long equilibratlon tlmes. Hence wlth additional phosphate only low energy

sites are available and adeorption is therefore reveraible. If the equilibra-

tion time is short, there is a chance that not all high energy are occupied.

Hence, a part of the additional phosphate (marked by J/iP) will be irreversibly

adsorbed.

The resulta of Hingston, Posner and Quick (1974) are explalned by the fact

that the lnltial phosphate concentratlon raust have been very high (> 1 ra M).

Thls can be inferred from the high adsorption capacity on gibbsite and hema-

tite and the soil/solution ratio used. At these high phosphate concentratlons

also prectpitation reactions can take place, resulting in irreveraibly preci-

pltated phosphates.

Barrow and Shaw (1975B) measured the lnfluence of time and temperature on the

decrease of isotopically exchangeable phosphate. They found for a yellowish-

brown loamy sand:

ln(P ) - In P - b,ln(A exp(-fi/RT) t/b, + 1) + b„ (8.3)
e l \ l

In whlch:

Pe ~ amount of soil phosphate exchanged

-» P31 (aolution) * (P32-P^2)/P32 where P32 and P32 are respectively the

Inltlal and final amounts P3^ in solution

P = quantity phosphate added (\xg P/g soil)

T - temperature of incubation (°K)

t = period of incubation (days)

te =» period of equilibration (days)

A = coëfficiënt: 2.46 1016 day"1
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E = apparent actlvation energy 23.6 kcal/mole

bj » constant, 0.288

l>2 a constant, 0.342

A longer incubation time and a higher temperature reduce the Isotopic exchange

rate. It has been suggested that thls is due to conversion of a part of the

phosphate lnto non exchangeable forms. Equatlon 8,3 Is not valid for high

values of te (In Pe/P mu8t be negative, see fig. 2.8.6, Htied).
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Reaction constante
soils

Soil

and a4sorption

(lig/ml)

b l *2

maxima

pml

ot

Hg

pm:

the

ï / 8

2

phosphate

soil

pm

adsorption

'ml pm2

by 12 Dutch

SUïface

pm

1. Sticky sol l
2. Loeea soll
3. Wilh.p.soil
4. Oss soil
5. River b .c . so i l
6. Griend sol l
7. Munnekeland so l !
8. Randwljk aoil
9. Wolfswaard soil
lO.Y-polder soil
ll.N.O.P, soi l
12,WlnBum soi l

2.8
1.9
0.093

1.1
1.2
2.8

0.09
0.31
0.56
0.48

Adsorption described

b C P ,
r 1 ml

ads " 1 + bjC

b C
H- 2

0.033
0.013
0,013

0.029
0.005
0.046

0.007
0.006
0.008
0.012

by a

p
m2

b .C

70
60

140

60
100

25

185
150

50
40

doublé

825
195
400

850
535
405

415
390
230
700

895
255
540

1600
910
635
430
580
600
540
280
740

1.6
2.1
1.1

0.3
1.3
0.4

2.0
1.1
0.7
0.5

Langmuir equation

18.5
6.9
3.2

4.7
7.3
7,3

4.6
2.9
2.9
8.8

20,1
9,0
4 .3

22.0
5.0
8,6
7.7
6.2
6,6
4,0
3,6
9.3

Phosphate sorption
bottom sediments

Adsorbent

properties of the so i l s , their clay

Adsorption
(Pin) maximum

tig/g

Adsorption
(b) energy

ml/ug

fractions,

EPC

lig/uil

and

P
desorbed

ng/s

Soils:
Roselms 1
Broughton
Roselms II
Paulding
Lenawee
Blount
Hoytville
Soil clay fractlons:
Roselms I
Broughton
Roaelms II
Paulding
Lenawee
Blount
Hoytville
Bottom sedimentB:
Independence 1 Dec. 1975
Auglaize 11 Dec. 1975
Tiffln 1 Dec. 1975
Independence 24 Mar. 1976
Auglaize 24 Mar. 1975

287
209
249
216
244
199
258

393
323
411
455
422
538
623

222
4,
1,
3 ,
4,

870
930
580
550

1.69
4.89
2.85
4.35
Q.80
2.15
1,49

0.86
4.15
1.91
1.09
0.82
7.43
1,63

1.00
0.68
1,55
1.05
1.36

0.032
0.008
0.017
0,140
0.060
0.011
0,240

0.034
0.016
0.016
0.008
0.032
0.006
0.008

0.035
0.054
0,026
0,024
0.024

1.77
0.46
0.57
0.29
3.56
0.75
0.91

2.21
0.95
0.99
1.12
3.68
1.13
1,18

3.98
3.61
1.33
1,42
1.81

Table 2.1.2 EPC = equilibrium phosphate concentration (atnount phosphate

adsorbed - amount phosphate desorbed Pdes = phosphate desorbed

after ten successive 6 hours desorption into 0.01 M CaCl at 10:1

suspension aoll ratio.



Correlution coeft'icientti among phogpbate parameter»
and calcito content from tliu stredtn ctmiposited

sediment HanipleB (n - 13)

CalciLo
conUint

'J .jisil 1'
AtlsoipUon

iiuiximuio
Aclsurpüosi

eiwi jiy
1'otnl

cU'aorbwi

'1'otal
P

0.674*

Adsorptlon
muximum

N.S.T
N.S.

Adsorplion
eriergy

' 0 r>f>9*
••OM***

-0.663**

ïotol
desorbfcd

0.769»»
0.87H**

N.S.

— r).7'J4**

EPC

o.sea»*
O.8Ü7**

N.S.

-0,714'*

0.S50**

*,** Üi({iufieuHt at the 6% and 1% level, roapectively.
t N.S. = not aignificont.

Table 2 . 1 . 3

Sorption constants Jor rcgionU/, II, and JIJ) of t/w over-
all P sorption isnflu'inis obtained fov Okaihau soit, Fe
fit'l. and syntlwtic and nat wal goethite

, obtained by resolutkm ofisothenns using the
Langmuir cquadun (AC is ilic free etievgy of sorption
and b is the sorption maximum).

Sorprion conxtants
bU\

TIIUL-

h

40
( . . | i i i l i b m i i i i

17
305

[•tituhbriuin

48
192

kJiiicf'

.(9,5

.•59.1

n.d.*
n.d.

-41.4

n.d.
n.d.

_ _ _ ..

Okailtau soit
2 9 7 - 2 0 . 1
..ei i 2] u

Ft gei
29.1 -18.4

• 2 9 . 1 - - 1 8 . 4

Svnthetic goclhite
3 2 . 1 - 2 1 . 3

•Vatural goeitiiie
31 3 • 19,4

• 3 1 . 4 i y , 5

>i mol g''

9.7
21.5

445
560

63.7

17.4
32.3

_ . . . .

29 4
33.2

445
445

31.9

39.4
40.6

. . . — ....

Ati 4
55. b

1020
1020

30.0

49.0
51.6

*AC[ values for l:e i;el and natura! goethite could nat be determined
accuiately, but ttie valueb for hoth !.orp!ion periods'are approximately
• 4 5 k J m o l ' ' .

Table 2 . 1 . 4



Sorption constante describing the three (I,II and III) regions of P sorptlon by
four soila and Fe gel uslng different eatperlmental conditions:
AG Is the f ree energy of sorptlon (derived frora the Langrauir sorptlon energy
constant) and b Is the sorptlon maximum

Sorbent

Egmont s o l l
Okalhau s o l l
Porirua a o l l
Walkakahl s o l l
Fe gel*

Egmont s o i l
Okalhau s o l l
Porirua s o l l
Walkakahl s o l l
Fe ge l

Egmont s o l l
Okalhau e o i l
Porirua s o l l
Walkakahl s o l l
Pe gel

AGIkJ A
AG
in J i x -

limole g
Equilibrium; IET1 M MaCl

-38.5
-39.1
-37.0
-36,8
n.d.

-36.5
39.5
-39.3
-38.3
n.d.

-41,3
-43.6
-40.8
-38,6
n.d.

-29.9
-30.2
-29,4
-29.6
-29.1

-29.1
29.7

-28.3
-28,7
-29.7

-31.0
-29.6
-31.1
-29.8
-36.0

-21.8
-21.0
-19.3
-22.5
-18.4

40 h;
-21.2
20.1

-19.9
-20.3
18.4

40 h;
-21.2
-20.1
-21.9
-20.8
-19.0

39.3
21.5
4.2
1.4

590

io-i
20.3
9.7
1.6
0.6

480

10"*̂
8.0
4.2
0.7
0,6

226

M NaCl

M N a C l

48.4
33.2
9.2
2.6

445

26.8
29.4
7.4
2.5

450

18.1
14.7
2.8
2.3

242

104
55.8
17.1
10.5

1020

94.8
48.4
15.5
9.1

1018

37.4
22.4
7.2
8.0

643

constante relate to sorptlon during 690 h; flnal pH « 7.0
not deteralned

Table 2.1.5
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| 15
o.
a
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1 1 0

5 -

0'G2

Ca(HaPO4)aplus:

• - 0 mM CaCrz

x - 1 mM CaCI2
+ - 10 mM CaClz
e - 20 mM CaCla

NaHaPCU plus:
o - 0 mM NaCl
o - 2 mM NaCl
• - 20 mM NaCl

Mg (HsPO4)a plus:
A - 1 mM MgCI
* - 10 mM MgCI

KHaPO4 plus;
o - 2 mM KCI
• - 20 mM KCI

0-1 V0 lO'O 100 1000

activity

Effects of the Cl salts of Cs, Mg, Na, and K on P adsarption by gibbaite (24 Ii
reaction at pil 5^5); 1 and 2, see text.

Figure 2.2.1 activity of HCO- 0.30 10"3 and 0.44 10~3 respectlvely. Most of

the points are falling in this range
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O.B

O 4 8 12 18 80

Equil P, mg P/l

O 4 8 12 16 30

Equil P, mg P/l

Effects of 0.03 M Na2S0« (A), 0;498 M NaCt {B), and 0.498
M NaCI-0.03 M NaiSO^ (C) on phosphate adsorptlon on montmorll-
lonlte
Temperature was 28 "C for rto salt case and 28 ± 2 "C for others

Figure 2 .2 .4 .B
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1 [ 1

0,490 M Na

r
No

^ *

Sali

É.

B

12 l« 20

Equil P, mg P/l

Effects of 0,03 M Na2SO4 (A), 0.498 M NaCI (B), and 0.49
M NaCI-0.03 M Na2SO4 (C) on phosphate adsorptïon on iltlte at 2

?lgure 2.2.4.C
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20

o

I
10

S0
PH

ElTcct of caiions. a-Alumina, 0.6 fi/130 ml,
25°, Imtiivl nhosphnte cmncentrotion 1.15 X 10~' .1/
or 25 /jmole R. Pre cquilihratiün with 0,01 M NaCI, I
hr; rcaaion with pliosiiha-tc, 24 Ur, O l'hosplwte only;
P 1.87 XIO"1 .1/ CaCIs added; A 1.54 X IO"S .U
La(X0i),i mided; > 46 niB I Purilloc C-3I added.

Figure 2.2.5.A-B

o 3

-3
O % 4 6 8 IZ 14

Edect of Cations. Kaolinite, 0,9 g/115 ml,
25°, Initial phosphate concentraten 8,7 X t0"*f M or
11 nmole/g. Pre-equilibration with O.OJ M NaCl, 1 hr;
reaction with phosphate, 24 hr. C 34 mg/1 purifloc
C-31 addcd; A 1.33 X 10~* M CaCl, added; • 1.33
X 10-* M LaCNOOs added; o phosphate only.
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10
PH

K.Tect of anions. a-alumina, 0,6 g/130 ml,
25°. Initial phosphate concentration 1.15 X 10~4 M or
25 ̂ mole/g. Pre-equilibration with 0.01 AI NaCl, 1 hr;
reaction with phosphate, 24 hr. o phosphate only;
A 31 mg/l hunne acid added; D 3.75 X Kt* M suc
cinate added; 0 46 mg/l NaPSS added; © 3.75 X 10'*
Jtf NaF addod.

Figure 2.2.5.C-D

ü. 3

6 6 10 12 14

Effect of anions. Kuolinite, 0.9 g/l IS ml, 25°.
Initial phosphate concentration 8,75 X 10"f M or 11
jimoles/g. Pre-equilibration with 0.01 M NaCi, 1 hrj
reaqtion with phosphate, 24 hr. o phosphate only;
D 34 mg/l NaPSS; o 1.33 X \0r*-Af NaF; A 34 mg/1
Humic acid.

D



Sorptian constante for the three (I, II, and III) reglons of overall P
sorption isotherms, obtained by resolution ofPsorption data using the
Langmuir equation, descrtbing P sorption from different matrix solu-
tions by Egmont and Porirua soils (AG is the free energy ofsorption
derived from the Langmuir sorption energy constant and b is the
sorpiion maximum).

Sol!

Kgmont

Porirua

Mctrix soluiion

10'*MCa
lMNa
lO-'MNa
3xI0'*MNa
10'3 MNa

I0-' MCn
1 MNa
iD-'MNa
3xl0- 'MNa
lO-'-MNa

-38.5
-38.5
-38.5
-38.5
-38.6

-37.1
-37.1
-37.1
-37.1
-37.1

AC,j

kJ mole"1

-29,4
-29,8
-29,3
-29,3
-29,4

-29,4
-29.4
-29,3
-29,4
-29.3

AC m

-23.0
-12.1
-21.2
-20.1
-18.3

-20.1
-20 .S
-19.3
-18.6
-18.6

40.3
39.4
39.4
39.4
38.7

4.19
4.19
4.19
4.19
4.19

&II

ftmoleg"1

53,2
53.6
48.4
48.4
49,4

9.19
9.19
9.19
9.19
8.94

135
129
10S
97.7
71.0

20.6
18.*?
17.1
14.0
7.68

Table 2.2.2

1*9 P/9
1SO,

too

so

o-

n.«illcaW()retreatmant

3 4 5 6 7 6 9 )O 11
PH

The adsorptio» ofphosphate on Nu~maHtmtiriltonUe uu afuncüon ofpH and silicwe pretreatment

Flgure 2.3.1
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Flgure 2.3.2

The release of pre*adxorbed phospluite ayumst silieaiv as a futwtiun of time

180

160

140

5 100

f60

20

0\ 1 t~
B 6 '/ tl I) 10 11 12 13

pit

Thu effect of silicate uu iilinspliiti
froin inLvcd so)utif»ns Wmiclburn,

O Silicale absent El Hiticutt* present.

Flgure 2.3.3



100, 80 100
KM

—Adxurbed P (Ap) as • funclion of di'sorptton time (t) and
(vnt(wrutur« ('/'> (Expt. 2). Note the ordinale luuurilliinii: scale.
Overal) micliuns (solfd jines) sepurat«d to Tast and slow r«Mftiuaü
<dt>tUd Unes) the flrsi lerminalinB after ', b<iurt>, Solid curv«s
nifculrtteduccordin|{lo,4/>;<f| • ApriO)l«%p(''Ksl • t)
• I ) - l | f i ( r / s * f , «nd/t^r iOt l t 'K^-
ApiyiO) m 245,/^p45^O) » JJW, f fu.
«»*,„•> - «.207. ««,„.> • 0.42». KSr, AVr;

Flgure 2.3.4 at 25*C

25°
1.15 10

0"3 h"1
Kp o - 4.65 10"J h"

at2l50C
K S 4 5 « = 1 . 3 8 1 0 " 3 h " 1

F45°
25.5 1CT3 h"1

Priosphatft Removal Kinetics
Observad apecWic rate conslants in the loilowlng
slow reactton step

Kaolinile (surlacearea, 10.7 m ! / g |

Jay ')atSO"C

SoUds
cancn.

7.5
7.5

15,0
7.5
7.5
7.5

3.6
4.6
4.6
5.3
6.2
7.5

First
phos-
phale

eddlilon
0.0560
0 0224
0.0398
0.0110
0.0030
0

Second
phas-
phate

addHion
0.0587

0.0550

concn.
9/1

25
2.S
£ 5 "
25
2.6

',l (SI

pH
3.5
4.3
4 3
6.0
8.5

irrace area,

K„h» IC

At 50°C
0,0329
0.0219
0.0P19
0.0071
0

iunr/0)

lay ' l

At ?SCC
0.0240

" 1 0 X 10 * M <luoride addwi

Table 2.4.1
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Plot of K on a logarithmic
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Figure 2 .4 .2

Initial
P

concentration

ppm

0.5

1

2

A

12

20

CaC03

1/ppra second

0.12

0.086

0.070

0,043

Ca,-kaolinite

1/ppm houv

0.0058

0.0095

0.0117

pH = 5 25°C

Rate coïiBtants of phosphate adaorp-

tiotv by CaCO and Ca-kaolinite

Table 2 .4 .2

Sediment

no.

12

14

pH
(paete)

4,61

4.65

Sands
Coarse

Bilt
Medium

and fine
silt

2O-2ya

Caarse
clay

2-0 2ym

Modivira
and fine

clay
-0 2\m

Organlc
matter

Oxalate-
extr.

Fe

DCB-
eKtr.

Fe

Total

Fe

2.6

51.5

26.9

23.3

50.0
17.8

13.2
4.0

7.3
3.3

18.3

11.5

1.0

0.S6

1.1S

0.S7

3.36
2,00

Total

P

1.240

660

Organic

P

535

452

Table 2 ,4 .3
Physieal and eheraical propertiee of the sediments



Values obtained when Eq. 4.12Awas fltted to the changes in concentration of phosphate

when soils were incubated at 25"C

Soil
no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

pH in
0.01 M
CaC,,

X,£t

5.9
4.4
5.8
6.3
5.7
5.3
5.6
5.7
5.1
5.3
6.0
4.8
5.4
5.2
4.5
4.5
4.6

Proportion
of variatlon
ace. for

0.991
0.996
0.990
0.996
0.984
0.995
0.991
0.987
0.988
0.989
0.998
0.984
0.993
0.992
0.996
0.996
0.990

No.
of
obs.

22
16
19
18
18
21
18
22
20
22
21
22
28
20
20
19
20

Phosphate
adsorbed
(agp/gsoil)

1565
1334
1294
1290
1150
939
920
507
467
394
368
275
227
194
182
108
78

Coefficients of Eq

Ko

-18.4
-19.6
-20.0
-19.3
-17.3
-17.8
-17.2
-16.8
-15.7
-15.4
-16.1
-14.4
-13.4
-12.8
-13.9
-13.7
-11.5

Kl

2.51
2.73
2.79
2.69
2.45
2.61
2.52
2.70
2.55
2.58
2.72
2.57
2.46
2.43
2.66
2.93
2.64

. 4.12A

K2

0.543
0.538
0.564
0.608
0.571
0.681
0.528
0.617
0.780
0.714
0.685
0.579
0.658
0.491
0.608
0,542
0.413

Equivalent values
primary
cients

*1

0.216
0,197
0.202
0.226
0.233
0.229
0.209
0.228
0.306
0.277
0.252
0.225
0.267
0.202
0.228
0.185
0.156

coeffi-

b2

0.399
0.366
0.359
0.371
0.407
0.376
0.397
0.370
0.392
0.387
0.367
0.389
0.406
0.412
0.376
0,340
0.378

Titted value for the phosphate required to glve a concentration of 1 (ig P/ml of
solution after 1 day.

Table 2.4.4A
*) Equation 4.12.A: In
incubation constant: K

kQ + K2ln P - K3 In t, see text, Teraperature of
+ K4/T.

Values obtained when Eq. 4.12was fitted to the changes In concentration of phosphate
when soils were incubated at a range of teraperatures

Soil
no.

1
4
5
6
7
9
11
13
16

Proportion
of variation
ace.for

0.992
0.985
0.997
0.987
0.986
0.982
0.994
0.990
0.900

No.
of

obs.

12
12
12
48
12
12
12
84
11

Coefficients

Kl K2

-36,4
-41.3 -
-37.1 -
-42.2 2.85
-34.3 -
-39.2 -
-39.6 -
-35.4 2.45
-32.4

of Eq.

K3

0.676
0.655
0.687
0.704
0,647
0.872
0.742
0.600
0.604

4.12

K4

5465
6610
5940
6673
5463
7105
7078
6551
5556

Equivalent values of
primary coefficients

bl b2

0.269
0.243 -
0.280 -
0.247 0.351
0.270 -
0.342 -
0.273 -
0.245 0.408
0.206 -

cal. E/molë

16070
20060
17160
18820
16780
16190
18940
18940
18290

For these soils the range of values for added P wa8 limited and the value of B, and
hence b2

 w a s fixed at the value recorded in Table 2.4.4.A.

Table 2.4.4.B
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Figure 2 , 5 . 1 pH= 4, 20 °C

1 g soll extracted by 30 ml solutlon; Or 5 g resin in 100 ml

Ptiosphate extracted by different agents from Venezualan soil at various rates

of addect P. A' 0.02 citric acid; v' 0.0025 M citric acid; resiti; ,0.02 KC1

liifliu-me of

7.7<pH«9.5
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11

Kviml «i sodirnonl

Figure 2.5,2.A
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Rate of net calcium release from undisturbed Kvlnd so sediment at 20"C

Figure 2.5.2.B



200
? Water
- 0 001 M CaCI,

0 1 M CaC1a

. — o Water
\ , a 0001 M CaCI,
\ * 01 M CaCI3

10 2 0
Phosphdie concentration in solution (/<g P/mt)

Figure 2 .5 .3 .A

Relation between phosphate desorbed and solution concentration of phosphate.
The conditions of measurement are summarized on each graph. The curves
represent the individual equations summarized in Table 1. The radiating dashed
lines represent given solution: soil ratios as descrlbed by equatlon 5.1. The
values for these ratios, in anti-clockwise sequence, are: 6, 12, 24, 60, 120,
240, and 600. The intersection of the curves with the radiating lines indicate
simultaneous solutions to Eq. (1) and <2) and thus the fitted values for
adsorbed phosphate under given experitnental conditions (see Table 2.5.1).
Proporties of the soil: yellowish brown loame sand, pH in 0.01 M CaCl„ 5,6, pH
in water (5:1) 6.2 total N 0.06% extractable Fe and Al 0.2 and 0.18%.



tWTIONS AND P OliSOUPTlGN

Sumtnury ofi regressions* jïtted to describe thsorptiun of phosphate at ftve
calcium concentrations

Initial cnktum
concentration
(M)

0
0.001
0.005
0.01
0.1
Combined
equalion (])

(2)

Ata. o /
obscrvations

35
35
35
35
32

172
172

97 7
55.2
52,1
42.8
40,0

**

t

in

0.300
0.279
0.268
0-280
0.290

0.276
0.263

" i

67.9
40.1
44.4
35.6
39.0

405
40.0

n

0.308
0.315
0.312
0.338
0,325

0.312

t

b

0.257
0,277
0.327
0,320
0.363

0.289
0.315

0.976
0.984
0.973
0.98?
0.972

0.97 8S
0.9801

•Thü rejjtesslons fitted at cach calcium concentrstion wcre Ihe sirnultaneous equatlons:

%, t\i - cS

where Pj is the phosphoru,s desinhed (^J'/g soit); /,/ is the pwiod of desorption (h), c is the
solution c:oncentrationofphMsi5liate<n/'/ema), and 5' IJ. the solution; soi! ratio (citt/g).
•*For this equation, K(i was replaced by; 44.1 + (1/(0.0288+ 58.1 Ca)) and « by:
m + O.CW&3(1 - 1/(1 + 1520 Ca» whete Ca is (he final cation concentration (Af).
fFor Ihis equatjon, Kp wns repkeed by; 44.9 + UAO.0335 + 63.3 Ca)).

Table 2.5.1



250

• — — — o

.... .„ a
. _ - . fi

_ , . , , *

l.i Cl
NaCl
NH4CI
KCI
CsCI
CaCL

I |V\X V

1 2 3
Phosphaie concentration in solution (ftg p/mi)

Desorptlon of phospbate after 96 h, and at the geven solution: soil ratios
Indicated in fig. 2.5.3.A by 0,03 K solutions of raonovalent chlorides and by
0,01 M calcium chloride. The equations to the linea are aummarized in Table
2.5.2. Values for rubidium chloride f all close to those for caesium chloride
and have been omitted from the figure.

Figure 2.5.3.B



SuEimary of regressions * fitted to describe desorption of phosphate in 0.03 M
solutions of monovalent cations and by 0.01 M calcium chloride

Salt
present

LiCl
NaCl
NH.Cl
KC1
RbCl
CsCl
CaCl2

No of
observations

21
21
21
20
18
18
21

KP

110
85.4
79.6
74.2
75.2
59.4
59.7

m

0.314
0.310
0.281
0.303
0.304
0.281
0.209

G2

74.0
52.7
52.5
54.9
58.4
51.0
52.5

n

0.323
0.330
0.296
0.324
0.314
0.257
0.229

b

0.246
0.286
0.332
0.260
0.335
0.290
0.315

R3

0.993
0.992
0.982
0.996
0.990
0.992
0.996

* The regressions fitted were the simultaneous equations:

P
cS

d
n b
: 1 c

where the syrabols have the same meaning as in Table 2,5.1

Table 2.5.2

100

80

60

"O

.o

S 40
ra

20

o üCI
o NaCl
••- NHaCI
• KCI
• CsCl
• HbCl

" 1/24

1/12

1/6

0 -
0 200 400

Calcium desorbed (/IQ Ca/g soil)
600

Relation between pho&phate and calcium desoibedafter24lioursby 0.03 M süluiionsof
manovalent salts at the indicateii soil:tolution ratios. The Unesindicalercgicisioiisfutei.1 iluough

eachietof poinu.

Figure 2.5.3.C



1600

1000

Ihour at 25°C

ï

ra

I
sT 150

50

(e)
3 0

22 days at 25 °C

60

7 days at 25 'C

(f)
0-4 08 12 1-6

39 days at 42 °C

0 "• 0-4 0'8 1-2 1-6 0 0'2 0-4 0'6

Phosphate concentration in solution (/<g p/cm3) raised to power 0-4

o i hour desorption
°4 hours desorptiqnA24 hours desorption
• 96 hours desorption

Figure 2.5.4

Effect of the indicated periods of incubation and of period of deeorption on
the araount of phosphate In solution - that Is, on the phosphate desorbed. The
equations to the linea sumraarized in Table 2.5.3. Values for 48 h and 72 h
were used in fitting the equations but have been omitted from the dlagrams to
improve clarity.



Coefiricients when equations 5.4, 5.5 and 5.3 were used to describe desorption
of phosphate through 96 h after various periods of incubation

Period of Teraperature Equivalent
incubation of incubation period at 25°C b
(days) (*C) (days) a, bo c k b3 R

i. £, o.O J

0.042
10
1
30
7
97
3
22
10
39

15
5
25
5
25
5
42
25
42
42

0.042
0.88
1.0
2.6
7.0
8.5
19.0
22.0
62.0
240.0

143
145
114
152
168
129
143
146
146
95

0.43
0.38
0.42
0.33
0.26
0.46
0.31
0.32
0.23
0.14

i.4
2.11
2.2
1.62
1.28
1.25
1.05
1.04
0.79
0.63

0.91
0.045
0.043
0.015
0.002
0.006
0.004
0.002
0.0006
0.0002

0.31
0.36
0.41
0.36
0.23
0.39
0.49
0,41
0.44
0.39

0.99̂ 7
0,994
0.978
0.996
0.991
0.990
0.978
0.0997
0.983
0.988

Table 2.5.3

1200- hour at 25* C

24 48 72 96 O 24 48 72 96
Time (hours)

Soln: Soil Ratio
o 300: 1
o 120: 1
A 60: 1
• 24:1
• 12:1
* 6; 1

Changes through time in the amount of phosphate In solution after various
periods of prior incubation. The equations to the lines are suramarized in
Table 2.5.3 and equations 5.3, 5.4, 5.5.

Figure 2.5.5



—The release of phosphorus from untreated sediment*
12(a) and 14(b) by consecutïve entcactiam wtth variau*
dilute «nionic solutioiu «t 25C.

Figure 2.5.6.A For proporties of sediments 12 and 14 see table 2.4.3

200
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50

EOIA

0

300

2 »

200

150

no

30

J 4 6 0

WA"

/ OH'
A,i i i •

a
2 4 6 8 KI

Na of «tractiom

—The reletise of phosphorus from phosphated sediments
12(a) and I4{b) by consecutive extrectioiw with v«rioiu
dilute anionic solutions at 25G.

?igure 2.5.6.B



1G0-

40
"Time Ihr)

ao

Comparison between the observed rate of desorption of phospnate front the
Bakers H U I soil and that predicted from Eq. 1). The values of the parameters
were those estimated uslng Eq.5.7. The calculating lines were obtained by
flnding values for desorbed phosphate (C2) at a given period (tj) which
satisfied Eq. 1) subject to the provision that P, =s AtS where s is the
solution: aoil ratio and At is the concentration or phospnorus in solution.
The soil had been Incubated with phoaphate at 1000 (igP/g soil for 18 days at
4*

Figure 2.5.7

eq»l) is a rewritten version of 5.7:
b. b. b_

Where Ao = coticentration of phosphate in solution before desorption;

"b3
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c ai
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16

72 3G 120144 168 192 '48 72 96 120144168192
Time (ti)

Changes in the oveidll amouni of P sürbed, the amount of P sorbed in
region III, the aniount of p desorbed during 16 h, and the percentage of sorbed P
which K uiotopically exchangeable during 30 min, with increasing sorption urne for

(A) Egmont, and (J8) Waikakahi soils.

Figure 2.5.8

1) P = region III = weakly bound phosphate see table 2.2.2, table 2.1.5 and

table 2.1.4.
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Plgure 2.5.9

SoilD

C, mol/mix 10* +
2 3 4 6 8 10 20 40+00 00100 200 300400 1000
1 I I I I I l _ l T»l l l 1 . . I l » I

A

Soil D-!-Solution desorption (X); rcsin desorption (+) ; adiorptlon
isotherma (+ ) ; for phosphote in O'OIM CoCNO»)»,

Equations of the form, lnCj — a+b&P fitted to data.
C, = P conc. in solution, mol per ml x io~*
AP =s quantity of P adsorbed by soil, mol per g oven dry soil x io~7

Table 2 . 5 . 4

Soil

B

C

D

E

Isotherm method

Solutioa
Resin
Adsorption
Solution
Resin
Adsorption
Solution
Resin
Adsorption
Solution
Resin

Fitted constant*

a

2'$S
VT7
2 7 1

3'SS
3.60
3'SO
3'8o
3*93
3-87
7*»6

b

0-226
O' lÓO

o* 106
O'ió8
0*095
0*093
0'2GÓ

O<O97

0*035
©"028

95% confidence
interval for

fitted value of b

±
0-627
O'O98
o-ors
O'OIÏ
o*oi8
0*010

6-044
o*oo8i
O'OÏJO

ryouo
0*0000



COUPARISON OF PAKAUBTERS FOK LANCHUIK I S O T H E K U

pH

2
3
3,7
4
5
5.6
6
6.3
7
7.5
8
9

10
10.6
11

328
334
_
345
328
—
276
—
236
—
190
155
104
—
85

a, Huang

y - AljOi(tl?m«g-')*

B-" Ku

31,300
39,000

—
46,400
41,800

—
40,800

—
24,500

—
23,600
21,800
21,500

—
16,200

(1975)

A<A.>*

36
35
—
34
36

42
—
50
—
62
76

112
.—
138

a — 1

—

23
—
—
36
—
42
—
54
—
—
—
89
—

l*Oi(iom'

Kt

„

200
—
—

244
—
200
—
135
—
—
—
—

il IA»)

—

38
—
—
59
—
69
—
90
—
—

184
—

Glbtiaiie UHnV'fi

r.Oiniole f) Kt

„

450
—

346
—

—
—
.—
—
129
85
—
—

,

J.l
—

0,78
.—
—
—
—
—
—

0.9
0.54
—
—

,

37
—
—
22

—
—
—
—
60
91
—
—-

A!<OH>,. '

,

—
—

1.0
_
1.0
—
1.1
—
—

—
—

b. A =• surface area occupied per adsorption site
c. Chen, Butler and Stumm (1973 B)
d. Muljadi, Posner and Quirk (1966)
e. Hsu and Rennle Canad. J. Soll Sci Q (1962) 197

Table 2.6.1

Linear correlatlon coefficienta and constatvts calculated front equation 6.2 for
the oxides studied here

Oxide '1

4.99 x 10~3

2.94 x 10""4

o
^total

Glbbslte

Boehraitte

Corundum

Goethite

Lepidocrocite

Hematite I

Heraatite II

Anatase

Pyrolusite

0.9467***

0.8145*

0.9213***

0.9786***

0.9913***

0.8604**

0.9573***

0.9442***

0.9736***

1.31 x 10'

8.38 x 10"

1.66 x 10

1.65 x 10

2.80 x 10

-3

"2

-4

-3

5.07 xlO"3

1.90 x 10~4

13,^86

16,562

21,508

29.269

18,294

30,652

18,669

11,055

20,234

Table 2.6.2
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Figure 2 .6 .2
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For chemical and physical data see table 2.7.1



Area Urn2

Volumen 106 m3

Rydr&ulic input 106 m3

Lake type

—2 -1
Primary production gC m y

E-lo&ding gP m y

Epilinmetic P-eonc. jJgP 1~

Lake mater used for experiments ]jgP 1

pH

Mmind

0.5

4.5

?

oligo-

80*

0.1*

0-30

4
7.2

Bïyrup
Langs (t

0.4

2.1

5
eutr.

400
3-4
20-300

26

7.7

Kalgaard

0.1

0.5

7
oligo

50

0.05*

0-75

4

6.5

Kvind

0.1

0.3

7
eutr.

B00

11-17

50-800

51

7.8

Berom

17.2

212

16

eutr.

260

0.04
100-300

206

8.2

Furesef

9.2

114

7

eutr.

400

3-5

500-600

510

8.2

Store

GriW

0.1

0.5

0

humic

~ 50

0.05

0-50

5

6.2

Frederik.6~
borg
Slotsss*

0.2

0.6

< 0.1

eutr.

560

0.1

0-30

204

8.0

* estimated values

Chemical end physical data ot the investigated laltes

Table 2.7.A

Dry matter (DM) %

Organie matter mg (gDH)

Ca mg (gDM)"1

Mg mg (gDM)"1

C03 mg CO3 (gÖM)"1

Total P mg P (gDM)"1

Total Fe mg Fe (gDM)"1

Oxalate-Fe mg Fe (gDM)

pH

Interstitial Po, Ug P 1~

Interstitial Fe + + mg Fe 1~

Almind
Bi

9.9

243

5

2.1

< 1

2,3

96.4

90.9

6.7

48

44.9

Bryrup
Langst*

7.6

318

9
1.1

2\

1,1

46.9

37.1

5.4

160

81.5

Kalgaard
ei

8.0

365

5

0.4

0

1.9

11.3

3,3

5.9

104

1.2

Kvind

9.3

275

14

2.0

1Ê

1.4

32.2

20.1

6.3

44

8.1

Esrom

6.8

281

101

3..0

155

1.7

20.4

13.2

8.2

110

1.5

Furesfi

20,9

115

167

3.2

257

1.0

17.4

10.f

7.8

95

1.1

Store
GrihsjS

13.9

245

7

0.0

0

1.2

7.8

1.7

6.7

1560*

10.9*

Frederiks-
borg
SlotBSsi

6.5

318

88

4.9

128

2.1

U.9
1.4

8.3

2310

1.6

* Hu«ic-Fe-PO,-complex

Chemical composieten of scdiments

- NAP
k + C

(extended Langmuir isotherm)

x =• phosphate sorbed
PSC s» phosphate sorption capacity = adsorption maximum
Q =• equlXibrium solutlon phosphate concentratlon
k » affinlty constant
NAP - Natural Adsorbed Phosphate
and Freundlich Isotherm: x =



Comparison of Lan^muir anti Frcundlich hotberms.

4 a

9Ö

a*
o.
IK

Lan^iuuir isotherm

a
dB

OH

Is
«'O'HiS
u v u

Freundtich isothurm

k
ft.

II

Almind
sa

Bryrup

Kalga^rd
so

Kvind
sa

fisrom

Furcso

Store
Gribso

Frcdriks-
borg

Slotsse

I
II

m
i

u
in

IE

in
i

ti
in

i

ii
ut

i
n

H l

t
11

ML

1
!l

III

6.7
7.2
6.1
5,5
6.8
5.9
5,9
6.3
8.0
6.3
7,7
7.6

7.9
B.2
8.5

7.9
H.2
8.9

6.5
6.2
6.S

7.9
K.l

8.4

19
16
8

19
16
S

19
16
8

19
ld

a
19
16
8

19
16

S

19
16
ti

19
16

S

0.651

0.4 IS

0.097

0.152

0.1 OS

0.152

0.140

0.166

4,56
5.97

3.32
5.07

0.61
0.91

2.10
2.71

l.KH
4.03

1.68
ZA l

0.82

0.99
0.K4

0,62
0.59

0.25
0,52

0.87
0.81

0.29
0.29

0.10
0.4K

0,18
O.Sü

1.45
1.10

0.99
0.98
0.95

Q.99
0,99
0.t4

0.98
0,99
0,83

0.99
0.99

0.9K
0.9 S
0.K6

0.99
0.99
0.67

0.99
0.99
0.62

0.82
0.92

0.97 O.Ï35

0.68 0.592

0.05 0,759

0,47 0.655

0.SI 0.354

0.49 0.762

0.14 0.49S

— 0.99 0.J7 0.290

0.96
0,72
0.93

O.9J
0.91
0.98

0.91
0,96
0.95

0.93
0.92
03 >

0.91
0.93
0,99
0.95
0.97
0.94

0.94
0.97
0,95

0.90
0.83

0.S9

T a b l e 2 . 7 . l . C
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100

Reduced (-220 rnv)
Oxidized (+660 mv)

100

" " 960
p added (ug g soil)

ƒ •— -•Reduced I-75 rnu)
(+6B5 mw)

240 4BÓ 720" 960

Amounl «f i' rem.iimnü in wuluttun 24 hout:» ui in iidiiition IÜ rcJuced und
oxidized soil-waler snspciibitui-, oi Ciowley HDÜ Mhoon soils, Hedox poieixiul nicusuro-
menis showed oxidi^ins vultics of (--660 and -f 6H5 nw l'oi ihc OXU)IA:J soils anil
reJucing values of -220 and - 7,1 m*. tur ihe reduced ^oils.

Table 2.7.3



Soluble P and extractable Fe under aerobic and anaerobic conditlons. Values of Fe

extracted are in mlcrograms per gram of soil; values of P are In mlcrograras per

milliliter of solution.

Sol l

Gowmerce

Growley

Moreland

Sharkey

pH

5.4

6.1

6.8

6.5

Fe extracted (|ig/g)

Aerobic

1,590

3,190

2,925

3,025

Anaerobic

2,670

12,620

5,895

3,910

Added P

(Hg/ml)

0

100

0

100

0

100

0

100

Soluble

Aerobic

0.02

79.2
0.002

40.8
0.14

48.2
0.03

62.7

P (ng/ml)

Anaerobic

2.92

66.1
0.005

6.7

4.48

13.0
1.17

14.0

Table 2.7.2

Effects
variables

Veriable

of
at

reduction on
PH5.

labile phosphace, ptloaphaEe

Redox

-1S0

sorptioit) and

potontial (mV)

65

related

500

F eoncentration at zero added F
Fe eoncentration

Solutlon coppositlon

560

FINAL SOUUTION P (/o/ml >
Kfctt ol rnlutilon on P torpüon iHthenu and P

pndpltailon (hlitograu) «t pH 5.

Flgure 2.7.4.A and table 2.7.3.A

Soll propertles
Lablle P (fig/g) 29
F buffer capaclty (ml/gxl0~2) il
P Borption energy (ml/|̂ g P) f „ 10
P aorptlon capactty (pg/g) x +x 519
pH after P sorpclon a m 4,9

0
5

76
152
95
387

4

.009
,1

.8

0
O

28
57

51
391

.004

.2

.8

1) only values of h' are given



400

FINAL SOLUTION
i, KKott «f rcduction <m P «orptlon Iwthenw «t pU fcl

Flgure 2 .7 .4 .B and t a b l e 2 .7 .3 .B

Effecta of reduction on lablle
releted variables at pH 6,5

Varlable

Sölutlt
F concentratlon at zero added
Fe concentratlon

Soll
Lablle F (ng/g)

i phoephate, phosphato sorption, and

Kedoi

-150

«i composltlon ^
P 0.017

tracé
ptopertios

255
P buffer capacity (ml/g x 10"1) >300
P sorption enargy (ml/ngP) h'
F sorption capacity (MS/s) X'
pH after P eorptlon m

> 65
+ x" >675

* 5.2

E potentlal

65

J/TDI)
0.004
0

40
100

392
5,8

(«V>

500

0.006
0

18
24
26

377
6.1

4OO'

FINAL SOLUTION P (

Efttct of nducilon on P vnptiaa UMhernu m pH 8.

Figure 2 .7 .4 .C and t a b l e 2 .7 .3 .C

Effects
relatad

Varlable

of reduction on
variables at pH

lablle
B.

phoaphate, phosphate sorption,

Redox potentlal (mV

-150 65

and

)

soo
SalMtlon coapoaltlon

p concentratlon at aero added P OïölTT
Fe concentratlon tracé

Soll propertiea
Lablle P (ug/g) Ï7
P buffer capacity (ral/g x 10-2) U
P aorptlon energy (ml/ugP) h' 14
p sorption capacity (ug/g) x' + x" 1,606
pH after P sorption m ° 7.2

U.006
tracé

e
18
41
787
7.4

0
0

12
16
42
333

7

.010

.7

Calculated for low concentratlon range (<2.3 ug F/ml) of each isotliürm
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Figure 2.8.1 Hysteresis of phosphate adsorption on lron (III) hydroxide as

effected by change In pH; ( ) lh Intervals, ( ) 1 day

intervals.
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Figure 2.8.2 Phosphate adsorption by Iron III hydroxices as functlon of time
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time(hrs)
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The effect of prior contact time on the desorption of phosphorus from soUds. pH of wash
" H 3.4 A. 4 days contact; B.30 minutes contact.

Figure 2.8.3
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* 2 days incubation at 42*

o • 18 days incubation at 42*

20 ' 4Q
S o l u t i o n c o n c e n t ' a t i o n ( / u g P / m l )

60

RelaÜouship betweeo the phoapbate remaining on tbe aoil and the solution coacea-
tratioa of phosph&tó. Opea symbols and brok"» line^ are from adüorption atudiea; aolidsymbols
&Q d aolid Unes &ie from deaorptioa a tudiea,

Figure 2.8.4
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Iniiialadsorption

Desorbability of phosphato fvom goethite 'D' and gibbsite 'A', under
conditions as shown on the figure, plotted against the initial amount adsorbed.

106

f 80
u

3 60

I 4 0
o
<p
Q 20

Gibbsite *A'

A

A y

X 1 l r

/ O '

Q/ /O

XA
y^ o

_JL "
—1 1 ,J

/ ^ •05M NaCI pH:9

A
MNaCipH:9

O-O01MNaClpH:9

"O M NaCI pH;4'5
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Initial adsorption (scale x 2forpH 4-5)

Desorbability of phosphate from gibbsite 'A' under conditions
shown .on the figure, in relation to initial amount adsorbed.

Figure 2 .8 .5 .A and B



10

O.

s
O

s
o

i
cc

0.03
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Linu A; Iiiculiftted fur '2UÜ duya at 2.)"O
In (P«) = In (/^ - Ü.J57 Ju (1 - /)

Linu B: Inciiljnted fui1 rt3 duj's at ^.'/(J
In (P.) = lu (P; - 0.;!W In 1,1 + 358/*,)

Liue C: Incubiued ï'or 3 days ui 35CC
b (,P,) = in (P) - 0.3U lu (1 -:- 232/(.)

Line D: Itieubated fur 3 dav.i UT. I7°C
UI (P.) = Jn (P; - n.375 !u (1 •! 20//.)

of fquilil)nii:tni with labeled solutton of Jour g&mples of soil which
lielow on theproportion ff the a<"i(ït!<"l

and the equauoiis are:

& « 0.978

Sr =- 0.&32

R* « 0.991

n

n

n

- 32

- 19

El 7

iis * 0.9'JI n « 7

P ( (PB P/gsoil) is thft p}>ospl)iite wliieJi evchaugcd; P (^g P/g soil) i= the phosphate ailded;
/, ltonrs is the pei'iod of equiübration. The tuies draTi'a iüdkite values for tbe rutio P , / P
ealeulated froni tiiese «quations.

Figure 2.8.8




