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Preface

This report is the result of a literature study to the adsorption

desorption phenomena of phosphorus in natural systems.

Phosphorus is one of the key elements in eutropication problems.
The phosphorus behaviour is not only influenced by biological
processes, but also by chemical processes. Understanding of

these chemical processes is mecessary for modelling eutrophication

processes.

This research was carried out by J. Taat of the department of
chemical Technology of the Twente University, in cooperation

with N.M. de Rooij of the Delft Hydraulics Laboratory.

The research is a part of the WABASIM project (WAter BASIn Model),
which is carried out by the Envirommental Hydraulics Branch: of
the Delft Hydraulics Laboratory in cooperation with and by
assigment of the Environmental Section of the Deltadienst

Rijkswaterstaat.
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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 models
facilitate the conception and prediction of phosphate adsorption under various
conditions.

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

1. precipitation reactions
2. equilibrium reactions
3. effects of surface charge

4. adsorption isotherms

1,1 Preclpltation reactlons

Kittrick and Jackson (1956) observed at high phosphate concentrations
(1 mol/1) the formation of a discrete phase on the 1ron silicate greenalitel).
They used electron microscopy in thelr study. The reaction was fast on col-
loidal fron (III) oxide particals and on thin aluminum hydroxide films (order
of minutes at room temperature), but extremely slow on minerals, J.0. Nriagu
(1972, 1976) presents the solubllity of a large number, Fe-Ca-Mg- and Al
phoshates. However, 1in the literature little attention has been paid to the
kinetics of precipitation (Riemsdijk 1979, p2). Neither will kinetics aspects
be discussed in this section, but implicitly this subject is dealt with in
section 2.8.

1.2 Equilibrium reactions

A method of describing phosphate adsorption on hydrous coxides and solls 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 concomittant change In surface charge and also of the release of hydroxyl

ions upon phosphate adsorption.

1) The exact structure of greenalite i1s not known, but it 1a thought to be the
iron analog of kaolinite.



1.2.1 General description

Prevalling groups at the solid surface are: -0, -OH and —OH; groups, These
groups are In equilibrium with the hydroxyl ioms 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 fons in the solution
can interact with the surface groups. Two forms of binding at the surface can
be envisaged: with one or two P-0 bonds (mono and bil-dentate),

The reactlions as presented by Breeuwsma and Lyklema (1973) show the relation-

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

4 - >

Fe OH, + H,P0, < Fe H,PO, + H,0 R =0 (1)
+ 2= 7 -

Fe OH, + H PO, <« Fe H PO, + H,0 R=0 (2)
H 0, « PO - =1 3)

Fe OH + H,P0, <« Fe H,P0, + OH R = (

Fe OH +Hpoz"iFeHPoZ+0H' R=1 (&)

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

Consequences of these reactlons 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 lons during phosphate adsorption. Of speclal 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 OH /moles PO;) as function of pH and
extent of adsorption (fig. 1.1) for freshly precipitated Fe(OH); suspensions
[tron concentrations 0.5-5.0 m mol/1l, 15 minutes equilibrium time, Ffinal P
concentration 5-200 u mol/l]. Figure 1.1 shows that the specific hydroxyl
release 1increases wlth {increasing pH. This is in accordance with reactions
(1)=(4): at high pH reactions (3) and (4) predominate. R increases also with
increasing surface coverage, whilch can be explained by assuming that positive
sltes are occupled with priority. An Interesting feature is that at pH = 8.5 R
is greater then unity, obviously because also bidendate honds were formed (cf.
reactions f In scheme 1.1).

Breeuwsma and ILyklema (1973), using hematite (a - Fe,0,) also found an in-

0
273
creasing R with pH (fig, 1.2). However, according these authors R is indepen-



dent of the final phosphate concentration. They measured at high P concentra-
tions (initial 2000, final C. 1000-1900 p mol/l) corresponding to the flat-
tening of Lijklema's curves at higher surface coverage (= high final P concen-
tration).

Ryden cs. (1977B) describe phosphate adsorption by three Langmuir equationsl).
Tigure 1.3 shows some interesting results of thelr experimental work. They
explain these results by means of equilibrium reactions, At low surface occu-
pation no OH™ 1is released (pH constant). The uptake of Nat indicates that the
surface charge has been lowered by adsorption. This is 1in accordance with
reaction (1). At higher surface coverage OH- is released and the surface
charge 1s constant (according to reaction (3)). These observations were made
both with Fe-gels and with soils.

Rayan (1974) identified phosphate reactive sites on hydrous alumina by mea-
suring proton consumption during phosphate adsorption. Filgure l.4.A and 1.4.B
show the results of his measurements. R iIncreases with iIncreasing surface
coverage. At maximum surface occupationz) the mechanism of adsorption changes
and R drops from larger then 1 to about 0.5, Ryden suggests that after nearly

complete displacement of OH;
Rayan glves the following equations.

and ~0H groups the Al—H~Al bonds are broken up.

i - > -4 -4
AL-B-AL + H,PO, & AL - H,PO,” + AL - O’
-+ + +
Al - OH 7 +H zAl—-OH;
+ - 2 -}
AL = OH' 7 + H. PO, « Al = H.PO,’ + H,0
2P0, 270, 2
+
Al i AL+ H + 2 HPOT 22 AL - HPOY 4+ HO
2P0 20 2

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

At high pH Rayan found R to be constant untill adsorption of about 200 p mol
phosphate/g hydrous oxide, with R = 1.44 {(pH = 8.5, PZC = 9.3},

Beyond 200 p mol/g R = 1,07 (see fig, 1.4.C). Rayan explains the difference
between hls results by assuming that at higher pH bidentate bonds are formed

1) See also section l.4.1,
2y Defined by the Langmuir equation.



(reactions B in scheme 1.1, see also scheme 1.2),

1.2.3 Infra-Red studles

A direct method to investigate the bond between phosphate and the oxide or
soil surface 1s IR spectophotometry. In this way Atkinson (1972) and Parfitt
{1975, 1977, 1979} tried to identify the adsorbed phosphate on hematite
(a—Fe203), goethite (o FeOOH), B FeQOH, lepidocrocile (y FeOOH), irongels,
gibbsite (A1(OH)3) and clay.

The results of their work indicate that phosphate is adsorbed by ligand ex-
change with sigly coordinated ~OH groups resulting in a bridging-binuclear
complex (See reactions B in scheme 1.1)., Parfitt (1979) 1s of the opninion
that only bidentate bonds are formed: "There 1is no evidence for more than one
adsorption mechanism for phosphate on goethite" (for adsorption below the
adsorption maximum). This is not necessarily iIin disagreement with the results
of section 1.2.2., Beek and van Rlemsdifk (1979) give the following equations
for the phosphate adsorption:

gurface + a P04Hy > surface ~ P + b H20 +r OHH

charge:
8X a(y-3) gx + (y=-3) + r -r
or in case of formation of bhidentate bonds:

8 5
— M OH 4 + PO, > M 0,PO,H , + (5 -2) M oH, + R OH + (2-R) H,0

(—2' +x ) 5 +x!

If Ax = (%=x') and Ay = {(y-y') are zero (no change of dissocilation upon ad-
gorption, which implies that R is constant durlng adsorption):

R = 1-2x and R ranges hetween 0(x=1/2) and 2(x=-1/2). The R value of l.44 near
the point of zero charge (x=a) indicates that [(a/s-2) Ax + Ay|> 0. If

sfa < 2 then Ax < 0 and/or Ay > 0, which agrees with the assumption that
positive sites are preferred. Hence it 1s also possible to explain the results

of section 1.2.2 with a binuclear reaction.



1,3 The effects of surface charge upon adsorption

The equllibrium theory can be combined with electrostatic models. This ap-
proach releases the necessity to assume surface groups with different reacti-
vity. It 1s also possible to predict the iInfluence of non specific adsorbing
(indifferent) ions, pH, id. on the extent of adsorption.

Surface chemists {lilke Levine and Smith (1971)) developed models describing
the enveloped models describing the envelope of the surface potential. The
theory presented in the next paragraph 1s an application of these models hy
Bowden and co-workers (1973, 1977).

l1.3.1 The envelope of surface charge

Ye lud { POTENTIAL )

0O SE
@gg % L

Fig. 1.5. Distribution of ions and potential

L.1QuID

at the soldid/liquid insterface.

(:j::) A.= surface potential determining ions
(-0H~ and -0OH}

) groups)

i

N Us ?] 0g (CHARGE)  B.= specifically adsorbed ions (PO,=, Cattt etc.)

=d | —= X-DIRECTION . ,
x=d | X~ DI indifferent ions

1

Figure 1.5 shows the sollid-1liquid interface according to the Stern (1924)
model, Potential determining lons are adsorbed at the so0lid surface (eg. gt
and OH ions) The surface potential is ¢ » the surface charge 1s age The first
layer at the surface contains specifically adsorbed lons (eg. H POE , Ca 2+

etc). The potential at this plane is ¢d’ the surface charge density is O * The
gsecond layer ig the diffuse double laver with indifferent fons. The potential
is a function of the distance x from the surface, the surface charge density

is Udo

Now a set of equations can be derived defining the system. First the surface



charge 1s computed. The electrochemlcal potentfal of an lon 1 in the solution

is:

o
My o= By + RT In a,

My is the chemical potential of ion 1 in standard state

R : gas constant
T : absolute temperature

activity of ifon i in solution

o]
[y

The electro chemical potential of an fon 1 at the surface 1s:

o]
= W + RT In a5 + ziF ¢S + @

Hyg 1

index 8 : at the surface

valency lon 1

..

21

-

Faranday constant

-

self atmosphere potential (due to the discretenes of charge, see
Levine and Smith (1971), or for a review of this effect: Levine,
Minquis and Bell (1967)).

At equilibrium is p

L= Mg and substituting

o 0
Ki = exp [(pi = Mg T ¢1)/RT1
we ohtain

ais = Kiai exp (--zi F ¢S/RT) (1l.1)
The activity of the fon at the surface 1is controlled by the activity 1in the
golution, by the constant Kj (@i is concidered to he constant:

ui - “13 - & is the BStern potential by describing the chemical interaction
between the surface and the ion) and by the electric potentifal at the surface.

Conslder the following reactions affecting the surface charge:



OH 1o + 4 OH, 1+
Mgl +tE M 2]
2 2
OH 10 Fon OH
M 0H2] +OH =3 M o [T+ HO

If the difference of surface concentrations FH - T equals the surface char-

OH
ge Cq and the ut and OH ions compete for Ng surface sites application of

equation 1.1 yields:

NS[KHaH exp(~F ¢S/RT) = Ryion OXP (F ¢S/RT)]
exp (F ¢_/RT)

[s] (102)

8 1+ KHaH exp(-F ¢S/RT) + KbHaOH

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

non-specific fons Ky = 0, The charge in the second layer 1s:

. NtE(ZiKici exp(—zi F ¢d/RT)
i 1+ E(Kici exp(--z1 ¥ ¢H/RT)

(1.3)

Where Nt 1s the maximum number that can be adsorbed in the first plane, C4 is
the mole fraction of ion i (ahout 0.018 mole concentration, 25 C°, activity
coefficients unity).

The charge in the diffuse layer 1s glven by the Couy-Chapman theory (See
Overbeek (1952):

oq = 1,22 10710 /T stan (0.0195 2 4y) (1.4)

Conditions: t = 25° C, C 18 the total ionic concentration in moles/l, charge

of anlons and cations are distributed symmetrically, ¢d is expressed in mV,
Between the surface and the layer with speclflc adsorbed lons there 1s no

charge and the dielectric permittivity 1s supposed to be constant. According

to Gauss' law:

(4 =dy) = (4nm d/ed) o, = csS/G (1.6)



in which d is the distance between the surface and the first layer (fig,.

1.5), €4 is the local permittivity (0 < x < d) and G is the capacitance of
0 <x<d.
The system now has heen defined: five variables (cs, Tys Ogs Ggs ¢E) and five

equations (1.2-1,6). The four parameters Ng, Ky, Koy and G can be obtained
from tltratlon curves. The fixed parameter Np and the constants Ky must be

estimated when specific adsorption takes place.

1,3,2 FExplanations of measurements with the VSG~VSP model

The wvariable-surface-charge variable-surface-potential (VSC~VSP) model, de-~
scribed in 1.3.1, 1s used to explain some experimental results, see figure
l.6.A and 1.6.B from a paper by Bowden ¢s(1973).

Only one value for Nep (the number of sites for specific adsorbed ions) has
been used. The model predicts a change in binding energy 1f the change of the
surface varles either through a change of pH or by adsorption. Therefore it is
not necessary to postulate different types of sites, in contrast to the de-
scription in 1,2. Also the inflections at pH = pKy, (K4, = fonisation constant
of a weak acld or base, see fig. 1.7 form Hingston (1972)) are explained
without specification of any special mechanism.

Hingstons explanation is in terms of work required to remove a proton from the
undissociated acid, Breeuwsma (1973) comments this to be {in confllet with
elementary physical-chemical laws.

Anderson and Malotky (1979) use a model similar to that of Bowden., They mea-~
sured the lso-electric polnt (¢d e ¢g - oD at different phosphate surface

coverages. The theory 1s in good agreement with the measurements (fig. 1.8).

A single value for both the affinity of adsorption @a and the maxlimum adsorp-
tion Fmax has been used, although their measurements cover a large range of
phosphate concentrations (at equilibrium 0.,01-100 p mol/1l). The constant ¢£
and Fmax values also imply that 1t 1is unnecessary to differentiate hetween
mono~ and bildentate sites in order to model these modes of adsorption.

Brinkman (1979) presented a more sophisticated multi~layer model, in which the

1) The £ potential (¢ ) is the potential difference over the mobile part of

the double layer, “and can be measured by electrophoresls (see Overbeek,
1952, pg. 78).



dielectric permittivity 1is a function of the electric-field intensity. He
defined different adscrption sites for the simulation of the surface charge at
variable pH and KCl concentrations., A good agreement with measurements of

Breeuwsma (1973) could be achieved.

1.4 Adsorption isotherms

A more or less emplrical appreach 1s the use of adsorption isotherms for the
description of phosphate adsorption. The principal difference between the
various {isotherms Is in the assumptions on the relationship between binding

energy and the degree of surface occupation.

l,4.1 Langmuilr isotherm

Langmuir assumed a limited number of locallsed adsorption sites at the surface

in equilibrium with one molecular specles in the solution:

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

E = an empty site at the surface
= a molecule In the solution
EC = a molecule adsorbed

The actlvities are:

(B} =y, Ip/d

{C} =y, [C]

(EC} = Yic I|E‘C/d
vy = activity coefficlent of specles i
Pi = surface concentration i

1]

layer thickness

At equilibrium:
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r. Jd
B _ _ ey _ _Yec'Ec
Kads = &xp( AGads/RT) {E}{C} YEYCPE[C]/d
substitute!
' =T - T

and

0 = 11EC/Pmax
AGads = Gibbs free energy of adsorption
K = aquilibriom constant
ads
max = maximum surface concentrations of adsorbed molecules

fraction of occupled sites

and assume

YEC
then:

K
. ads
5 1+ Kads{C}

This is the Langmulr i1sotherm, which can also be formulated as:

1 1 1
X" .PE T T

ads

i b = 8/x = adsorption max.

x = amount adsorbed

Kads is considered not to he a function of 6 and therefore AGads mast the
consktant too. This means that:

a. all the adsorption sites have the same bhinding energy

b, the adsorbed molecules do not intaract,
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la4.2 TFreundlich — and other 1sotherms

Assuming that the affinity for adsorption decreases exponentially with the

amount adsorbed one can derive the Freundlich equation (Ponec cs. 1974):

x = k{c}/®

where n and k are constants. This equation has been used succesfully (see

chapter II) in the description of phosphate adsorption within a limited range

of phosphate concentratlons.

The Temkin equation has heen derived with the assumption of a linear decrease

in affinity of adsorption with increasing amount adsorbed:
X = klln(kzln{c})

where ky and k, are constants, Further, mainly empirical extensions of these
isotherms have been proposed. For instance, the observation that the amount of
adsorbad phosphate increases continuously with inereasing phosphate concentra-

tions, led to an extended lLangmuir equation:

-}-‘:i = A + B{C} + D/TCT
where 4, B and D are constants. This equation does not predict a maximum
adsorption, as the Langmulr isotherm does.
The Freundlich isother 1s often justified for firmly adsorbed phosphate, that

was already present before the beginning of the experiment {(e.g. 1n solls)

A comblnation of two or more Langmulr isotherms has been used as well, which

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

2.1 Adsorptlon isotherms

Numerous adsorption isotherms of phosphate on hydroxides, solls and sediments
have been measured and reported., In this literature 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.

Olgsen and Watanable (1957) discuss the use of Langmuir and Freundlich iso-
therms for adsorption of phosphate on elays and loams. They conclude that the
Langmulr isotherm allows computation of the adsorption maximum. This maximum
can be correlated with the surface area as determined by ethylene glycol
{(ethane - 1,2 d101) retention, The Langmulr isotherm is defined by

c __l.,¢
(x/m) " Kb "D

(See section l.4.1, x/m is the amount (mg) P sorbed per 100 g soil).
The relationship between the maximum adsorption capacity b (mg P/100 g soil)

and Et, the ethylene glvcol retention (mg (CH20H)2/g 5011) was experimentally

detaermined as:

j=a
I

= 1,276 Rt + 3,47 (alkaline soils)

o
]

0.641 Bt + 5,7 facid solls)

Acdd soils are, as can be expected, more reactive then alkaline sotls. Olsen
and Watanable give different values for the constant K {which 1Is related to
the Glbbs free energy of adsorption) for different soils:

~
|

= 1.4 10A (1/mol) -~ Plerre Clay

= 1.0 104 (1/mol) - Owyhee silt loam

~
1

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

golls in the concentration range 0-200 mg P/1l. The results are presented in
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table 2,1.l. The Sticky soll and Oss soil have a higher iron content and

accordingly a higher adsorption maximum,

Ryden, McLaughlin and Syers (1977C) used three Langmuir equations to describe

phosphate sorption on 1lron oxide and ome soll (see table 2,1.4; for the rela-

tion between AG and ¥ see section 1.4.1). In a following article Ryden et al

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

MeCallister and Logan (1978) compared the phosphate adsorption characteristics

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

adsorption capacity of sediments is much larger. This 1s possibly due to:

-~ preferential erosion of certain reactive size fractions of the whole soil,
followed by some further concentration of this fraction by selective trans—
port in the water body it self

-~ and/or chemical alternation of the eroded soll material after deposition in
the stream.

Green, Logan and Smeck (1978) found correlations between phosphate adsorption

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

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 calclte, the precipitation of this

mineral during algal growth may be an important mechanism controlling dis-

solved P-concentrations.

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

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

miner role In retalning the phosphate withing recently desposited sediments of

eutrophic fresh water lakes.

2.2 Influence of ioniec strength

In section 1.3 a quantitative model for phosphate adsorption has been pre~
sented. This model shows that at higher ilonic strength the effects of the
surface charge becomes less. Hence, 1if the surface is positively charged
phosphate adsorption decreases with iIncreasing concentration of indifferent
lons, but if the surface 1is negativily charged, phosphate adsorption will
increase with increasing lonic strength. Some experimental results related to
this theory will be given here,

Helyar (1976A) measured phosphate adsorption on gibbsite in a large range of
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phosphate concentrations (0.1 p mol/l - 1000 p mol/l). The pH was 5.5 % 0.l
(controlled by COp)e Chloride salts of ca2*, Nat, Mg?t, Xt were added. The

only anlons present were HCO, and Cl~. According to Helyar the effect of HCO

on adsorption was not measuiable (see points 1 and 2 in fig. 2.2.1). Helygr

and coworkers conclude from fig. 2.2.1:

1. Essentially the phosphate adsorption 1s not affected by Nat, x* or Mg2+.

2. ca?t
between 1 and 100 p mol/l. This effect 1s not due to precipitation of

greatly iIncreased P adsorption at equilibrium phosphate concentrations

caleite, calclum phosphate or hydroxy apatite. Obviously Ca2+ 1s strongly
associated with the adsorbed phosphate groups, and in this way increases

the adsorbing capacity.

According to Helyar (1976B) divalent cations with a radius near 1 A will
increase phosphate adsorption on Gibhsite. This 1s due to the lattice dimen-
slons (see flg. 2.2.2). Thus Caz+, cd?*t and Sr2*, which increase adsorption,
indeed have crystal-ionie radii of 0.99, 0.9% and 1.13 A respectively.

Carrit and Goodgal (1954) measured phosphate adsorption by suspended sediments
In seawater systems (fig., 2.2.3): Adsorption decreases with increasing salini-
ty. Two explanations are given:

1. With increasing salinity the particles agglomerate and hence the surface

area 1s reduced.

2+ Sulphate is sorbed competitively.

Edzwald et al (1976) measured phosphate adsorption on kaolinite, montmoril-
lonite and {llite. His results are summarized in figure 2,2.4 A-C and table
2.2.,1+ The 1Influence of ions as observed in this study conflicts with the
results of Carrit and Goodgal (1954), Edzwald 1s of the opinion that the
suspension of Carrit and Goodgal was aggregated, whereas in his 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 resulting in a
less negative surface charge. He measured phosphate adsorption ¢ - A1203 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 influence of polyvalent
cations and anlons. Indeed, the influence of polyvalent cations at high pH is
substantial., (The adsorption of phosphate with 1.87 1074 mol/1 Ca?t addition

at pH 12 1s probably due to precipitation reactions). Anions are mainly ad-
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sorbed on positively charged surfaces, and hence the greatest effects are
observed in the acld region (fig. 2.2.5 C-D).

Particularly the influence of F~ 1s great: the radii of F~ and OH  are about
the same and hence F can replace the suface lattice hydroxyl ions. This
decreases the phosphate adsorptilon.

Ryden (1977A) measured phosphate uptake by Egmont black loam and Porirua fine
sandy loam. Calcium 1ons enlarged the phosphate adsorption especlally at high
phosphate surface coverage (negatively charged surface). According to Ryden
the surface affinity AG and the capacity of the third Langmulr surface change
(table 2.2.2).

2.3 Influence of silicate lons on phosphate adsorption

De Haan (1965) investigated the influence of silicate ions on phosphate ad-
gsorption on Na-montmorillonite. The phosphate uptake by the clay was measured
after shaking 48 hours. Prior to equilibration the clay was treated with a
Nag8i0q solution (fig. 2.3.1). The phosphate adsorption by the clay is reduced
significantly and the influence of pH decreases, The release of adsorbed
phosphate due to silicate addition 1s a very fast process (fig. 2.3.2).
Obihara and Russel (1972) determined phosphate and silicate 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 1is influenced 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 $109. They postulate the following two

reactions:

*
X + P > xP (1)
*
{81} + xP -+ %81 + {P} (2)
where
x = adsorption site
XP* = activated complex

—
—
1

activity in solution
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Reaction (2) is faster than (1) 1if sufficient §109 1s present. Hence the PQ,
desorption rate 1s proportional to xP. The experimental results of Bar-Yosef
and Kafkafi are summarized in figure 2.3.4 in terms of the presented model.
The activation energles are: 16.2 and 4.8 XKcal/mol for the fast and slow
reactlon respectively. Apparently the slow reaction is controlled by dif-
fusion.

Brawster and coworkes (1975} found no influence of silicate on phosphate

desorption at pH = 7 and a phosphate concentration of 0.04 mg P/1.

2.4 Kinetics of adsorption

Chen et al (19738) measured PO, adsorption on alumina and kaolinite 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 reactlion could
he made.

This slow reaction continued for more then 40 days and was filrst order in
phosphate concentration.

Table 2.4.1 summarizes 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 concomittant doubling of the uptake rate. The effect of tempera-
ture on the rate was fairly small (F = 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 expesed surface. This {ndicates a
proportionality between the number of avallable surface sites and the initial
phosphate removal rate,

Also a new solid phase was Fformed: Al POsen Hy0. This may explain the conti-
nuous slow reactlion (under prevalling conditions of pH 4.3 and phosphate
concentration '!.10"4 mol/1). However, addition of variscite as new cristal-
lisation nuclel caused a decrease in the adsorption rate,

Kuo and Lotse (1972) measured the kinetics of phosphate adsorption on calclum
carbonate and calclum kaolinite, The adsorption by calclum carbonate obeyed
second-order kinetics, the rate being proportional to the avallable surface

area and the phosphate concentration, according to:
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k

Phosphate + Surface ' Product
2

—_— kl (Co—x)(M—x) - kyx (4.1)

x = moles phosphate adsorbed/1
Co, = concentration of phosphate at t = 0 (mol/l)

=
i

concentration of adsorption sites at t = 0 (mol/1)
ky, ko reaction rate constants

Integration of expression 4.1 results in:

x—~A-B B+A
n (;{-_;'m) = 2z A klt + 1In (ﬁ) (4.2)
in which
k
- 242 1/4
A=z [CO+M+k1) CM]
k
1 2
B =—f [Co + M +?1")

Figure 2.4.1 shows a plot of the results of the measurements Kuo and Lotse;
Table 2.4.2 glves the calculated rate constants (no value of ky was avall-
able). The second order rate constant k| decreases with increasing phophorus
concentration in the CaCO4 system. This 1s in accordance with Bronsted's
theory, stating that the logarithm of the rate constant 1s inversly propor-
tional to the square root of the lonlec strength, when the reaction between two
molecules involves charges of different sign. In contrast however, the rate
constant Ffor Ca-kaolinite~phosphate adsorption Increases with Increasing
phosphate concentration,

In a following article RKuo and Lotse (1974A) describe the kinetics of phos-
phate adsorption by hematite and gibbsite. In this case a description in terms

of an equation reminisent to the Freundlich isotherm has been used
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in which 1/m and X are constants, t is time, and x and C, as defined previous~-

ly, see equation 4.1.

The adsorption time t should not be too large, because the concentration c
{see section 1.4.2,1) is considered to be constant.

The value of 1/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/1) on the rate constant K., XK 1Is decreasing with increasing
concentration (in accordance with Bronsted's theory). The effect of tempera-
ture was small (E = 1.9 kcal/mel, based on 3-4 measurements between 5 and
40°C),

Other experiments by Kuo and Totse (1974B) with 2 washed lake sediments showed
that 1/m was 0.182 for both sediments (see table 2.4.3 for sediment composi-
tion). Again the effect of temperature was small: E = 2,74 keal/mol (4-40°C).
The rate constents K found were 0,2 (sediment 14) and 0.4 (sediment 12).
Barrow and Shaw (19754) use a slightly different formulation for the kinetiecs
of adsorption.

They define two consecutive processes

ALBRLC

g
it

phosphate in solution

It

phosphate, adsorbed and in direct contact with the solution

3

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:

do n
3 k(1l~a) (4.4)
in which k and n are constants and g is the fraction of phosphate transferred
from B to C.

With the initial condition t = 0, a = 0 (4.4) can he Integrated into:
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1 - ¢ = [(n=1) kt + 111’(“"1) (4.5)
For large kt this can be simplified into
_bl
1= = (kt/b,) (4.6)

with
b1 = 1/(n~1)

If B, and B are the concentrations of phosphate in the form B at t = 0 and
t = t, then:

--bl
B, = Bo(kt/bl) (4.7)

According to Barrow and Shaw the Freundlich isotherm 1s applicable to non

calcareous sediments at low phosphate content:

b2
B, = ahA, (4.8)
A = phoasphate concentration in solution
a, by = constants
Combination of 4.7 and 4.8 yields
b2 -bl
At = (BO/a)(kt/bl) (4.9)

B, 1s unknown, but if the solution/soil ratioc 1s low enough and not too much
phosphate 1s added, most of the dissolved phosphate will be adsorbed, and B,
will be proportional to the amount of phosphate added:

B =m?P (4.10)

m = proportional constant

P = amount Padded (mg P/1)
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The rate constant k 1s affected by the temperature In accordance with the

Arrhenlus equation:
k = ko exp(-E/RT) (4.11)

Substitution of 4,10 in 4,11 pglves

In At = Kl + K2 In P ~ K3 In t + K4/T {4.12)
in which
Ky = 1/by In(m/a) ~ by/by In{ky/b)
Ky = 1/b
K3 = b1/by
K4 = biE/(byR)

Results of measurements with 17 soils from South West Australia are presented
in tables 2.4.4 A and B.

The apparent activation energy 1s much higher than found by Xuo and lLotse
(1974A,B8), This 1is due to the different formulations used for k in 4.6 and X

in 4.3 resulting in difference by a factor 1/m in the activation energiles,.

2.5 TDesorption lsotherms

Medina and Lbépez-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 1lons (citrate) release more phosphate than agents
that only lower the amblent phosphate concentration such as resins. The effect
of higher loniec 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/1l. FTligures 2.5.2 A and
B show the results of hls work. The rate of the phosphate release Iincreases
with increasing 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 CaCOg.
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Barrow and Shaw (1979A) investipated the influence of iIndifferent i1lons on
phosphate desorption from a soil, The soil was incubated with 1 mg P/g Soil
(added as CaHPO4}. Desorption was induced by dilution. Figure 2.5.3.A is an
example of the results. Phosphate desorption decreases with increasing calcium
concentration., Barrow and Shaw used the following empirical formulation for

the description of phosphate desorption:

P, = Kpt‘c‘;‘ - aztgcb = c§ (5.1)
where
P4 = phosphate desorbed (ug P/g soll)
tyq = perlod of desorption (h)
c = golution concentration {(pug P/ml)
S = golution soll ration (ml/g soil) desorption by dilution
Kp, m, n, as = constants

Values of the constants are given in table 2,5.1, The figures 2.5.3 B and €
show the influence of different monovalent cations on phosphate and calcium
desorption. Tlarger 1ions displace more calclum while less phosphate is de~
sorbed. This 1s in contradiction with the specific caleclum surface complex
postulated by Helyar et al (1976B, see section 2.2), but consistent with the
results of Ryden and Syers (1976) who found that calclum can he replaced by
potassium without releasing all the adsorbed phosphate. Barrow and Shaw em-
phasize that an electrostatical {Interpretation (for instance Bowden (1977),
see section 2,3) should be used. Larger cations differ in hydration energy and
polarizabllicy f{rom small cations and «wi{ll he adsorbed in the Stern layer.
This 1inereases the surface charge, so that the phosphate remalns adsorhed.

Tn a suhsequent article of Barrow (1979) phosphate desorption has heen de-
scribed as a proces limited hy two factors:

~ Py representing the amount of P that will be desorbed at zero phosphate

concentration and

- GCa3 representing the solutlon concentratfon at which no net desorption

NCCUrsS.

P =a4ad (Freundlich) (5.2)
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b b

1 1
Pd = a(Ce - C ) Cs (5.3)
where
Py = amount phosphate desorbed pg P/g soil
S = goil/solution ratio ml/g

a, b) = constants

b, 1s about 0.4, and using

5

a = aztd (5.4)

b =-b

1 1 3
Ce = Ce,o(H'k td) {(5.5)

where
td = desorption time (h)

Ce,o = initial equilibrium phosphate concentration (mg P/1) = Co at tg = 0

k = kinetic constant

we have a set of equations describing the phosphate desorption by dilution.
Barrow used for his experiments a Dardanup clay loam with a large phosphate
adsorption capacity; extracted iron and aluminium were 2.9 and 0,7% respecti-
vely., The soll was incubated at different temperature, during selected times
and at varlous concentrations of calcium dihydrogen phosphate in 0.0l M cal-
clum chloride. Desorption was measured by increasing the solutlon/soil ratio
{(dilution).

From table 2.,5.3 and figure 2.5,4 we can see the influence of the incubation
time on desorption:

b
l = —
In Ce’o = 0,786 ~ 0.247 1n ty (5.6)
in which
t{ = incubation time (days at 25°C)
Both the initial equilibrium phosphate concentration C and the rate con=-

e,0
stant k decrease with Increasing Incubation time and temperature (table

2.5.3). At short Incubation times the phosphate release is fast followed by a
subsequent slow adsorption (see flg. 2.5.5.B/C). Barrow Shaw (1975 Q) found a
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simlilar effect, which was caused by disintegration of the particles: the
exposed surface area increasad by shaking. (This was certainly not the case iIn

their 1979 experiments). Using the equation

kgt 't B, = B I/bl
A = [ 5 (5.7)
k1t
with
Ap = phosphate concentration in solutfon {(mg P/1)
kg, kg = rate constants
ty = time of desorption (h)
tq = time of incubation
Py = amount of phosphate adsorbed during the incubation
(ug P/g soil)
Pq = amount of phosphate desorberd (pg P/g soil)
by, by, by = constants

Barrow and Shaw (1975C) found for the yellowish brown loam described in figure
Z2.5.3.A:

k. = 41.7, k

1 = 0.102, b2 = 0,298, b, = 0,253

3 3

by was taken 0.406.

Tlgure 2.5.7 shows some of thelr results,

The Influence of aging on phosphate adsorption has also been discussed by Kuo
and Lotse (1974B). Only a small fraction (0.15%) of native adsorbed phosphate
in sediments desorbed with F~ and OH 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 Ffigure 2.5.8. They concluded that physically bound phosphate is
converted into chemlcally bound phosphate,

Brewster and coworkers (1975) applied both dilution a desorption hy addition
of a resin at pH about 7 on loamy sandy soils, A description according to the
Freundlich 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, 1f the phosphate concentrations were expressed in mono calcium phos-
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phate potentials by taking into account the calcium phosphate complex ion

formation, both technique gave similar results:
resin (-321- pCa+p 1{21:04) = 5.71 + 0,064 AP
dilution (% p Ca + p HyPO,) = 5,95 + 0.061 AP
(AP in 10~7 mol P/g ovendry soil).

2.6 The influence of pH on phosphate sorption

Huang (1975) summarized the influence of pH on the adsorption capacity and
adsorption affinity of some alluminum (hydr)oxides. He used the Langmuir

isotherm:
1/x = 1/(Kadsb[c]) + 1/b (6.1)
Where!
X = amount of phosphate sorbed

Kadg = energetic constant

o
]

adsorption capaclty

¢
i

phosphate concentration Iin the solution

The maximum adsorption capacity b and the energetic constant K ds 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-~
riahle (analogous to Hingston et al, 1972) Cabrera and coworkers (1977) des—

eribed the adsorption maximum b for several oxldes as:
= RT - @ +
[RT In afl-a) + utotal}] Cl (6.2)

in which

-]
+
total uH PO H - H = * o
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¢ = degree of dissociation

+,2 +
Ky [H 17 + KyKy[H ] + K KoK,

+.3 2 +
[H']7 + K [H' 17 + KRR, [H'] + KKKy

and Ky, Ky, Kq the dissociation constants of H4PO4e

The parameter Cy is a function of the chemical affinity of the ion for the
oxide and of the surface area. Values of C; and “Eotal are given in table
2.64.2, According to equation 6.2 adsorption wlll decrease continuously with

inereasing pH.

However, Breeuwsma and Lyklema (1973) found with hematite at higer phosphate
concentrations humps iIn 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).

Effacts of silications and of other ions on the pH influence have been discus—-

sed in sectlion 2.2 and 2.3.

2,7 Influence of the redoxpotential on phosphate sorption

0.8. Jacohsen (1977, 1978) investigated phosphate sorption on well mixed lake
sediments (fig, 2,7.1). Wote that in iron rich sediments the sorption at low
redox potential 1s less than in oxidezed sediments. In case of calcareous
sediments this effect was less, cf. line T and II of EsrBm S8. Jacobsen (1978)
suggest that reduction of the sediments may cause a reduction In the numher of
active 1ron sites. Under such conditions and also at high pH the phosphate
concentration will increase and apatite formation might occur.

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

32 tracer techniques, that the amount of P32 adsorbed by

demonstrated through P
oxidized mud 1is larger then the amount of P32 adsorbed by reduced mud (see
fige 2.7.2). Without application of antibiotics to kill the micro organisms
the difference was insignificant.

Patric and Kahlid (1974) varied the phosphate concentration and the redox
potential in soill suspensions. At low phosphate concentratlions ( no P~added)

oxidised soils adsorbed more than reduced soils. At higher phosphate concen-
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trations this effect was reversed (fig., 2.7.3). The authors concluded that
under reduced circumstances highly dispersed ferrous forms increase the acti-
vity and the surface area of the iron compounds reacting with phosphatae. The
quantity of iron and the concomittant phosphate extracted under anaerobic
conditions by oxalate was higher than with oxidised soils, Oxalate 1s believed
to dissolve amorphous and poorly crystallized Fe oxides.

The binding on ferric oxides 1s stronger, but the exposed surface area is
smaller,

Halford and Patric (1979) tried to discriminate between the effects of reduc~-
tion and of pH changes on phosphate sorption. They used a silt loam containing
0.3% rice straw. The soll was Incubated during 25 days at 30°C, the redox
potential was decreased by additlion of a nitrogen source and dextrose (micro-—
biclogical oxidation). The redox potential was controlled by the amount of air
added during the Iincubation. For the mathematical description they used a two

surface Langmulr isotherm:

X = k'x;“ C/(1+k'C) + k"x;; C/(1+k"C) (7.1)
in which
C = final solution concentration of phosphata
x = amount of phosphate adsorbed
k = equilibrium constant related to the bonding energy

Xy, = maximum adsorptlon capacity

The subseripts ' and " refer to the high and low energy surfaces respectively.
The phosphate buffer capacity (the maximum of the slope of the adsorption
isotherm) is defined by

(dx

—— = letet TIRT
dc) k Xy + k X (7.2)

c>0
The results of their measurements are glven 1in 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 Iin the solution increases by reduction, especlally at low pH. The in-
crease of the adsorption capaclty can be explalned by Fe3 (P04)2 precipita-
tion, This 1s shown in figure 2.7.4.A. At pH = 8 the adsorption is also in-

fluenced by calcium phosphate preclpitation, the Ca?t concentration was about



-27 -

0.01 M,

In reduced solls the phosphate adsorption increases with increasing pH.
Jérgen, Kamp~Nielsen and Jacobsen (1975) and Kamp-Nielsen (1975) presented
models for sediment-water exchange. The models were calibrated with experimen—
tal data from eutrophic lakes. Below 17°C the phosphate release rate was

higher for reduced sediments.

2.8 TIrreversible reactions

Lijklema (1980) investigated the interaction of O-phosphate with (amorphous)
iron (I1I) and aluminum hydroxides. Figure 2.8.1 shows that the adsorption/de—
sorption reactions due to changes in pH are not reversible within one day.
Also there is a difference in adsorption xapacity between freshly precipitated
hydroxide and a one day old precipitate (fig, 2.8.2): the structure of the
adsorbent changes.

The effect of longer adsorption times can be seen from figure 2.8.3 (Carrit,
1954). After a long adsorption time a smaller fraction of the adsorbed phos-
phate is released quickly upon desorption. This can bhe due to diffusion of
phosphate into the soll particles and/or slow precipitation reactlons.

Barrow and Shaw (1975C) measured the iafluence of incubation time on phosphate
desorption from solls (see also 2.5). Evidently the amount of reversibly
sorbed phosphate decreases at enhanced incubation times (fig. 2.8.4).
Hingston, Posner and Quik (1974) investigated the reversibility of phosphate
adsorption on goethite and gibhsite. They defined:

original adsorption - adsorption after 2 washes , ..,
) ‘o

desorbabllity =
orlginal adsorption — calculated adsorption

The original adsorption was obtained after 1 day equilibrium at 20°C. Only the
phosphate concentration in the solution was changed: pH and lonic strength

were constant. Tigure 2.8,5 A, B present thelr results. At low lonic strength

the desorbability is decreasing with decreasing initial adsorption. At low
inltial phosphate adsorption the adsorption 1is essentially irreverisgble. This

1} Calculated from the adsorption isotherm at the sgolution concentrations
after two washes = amount phosphate adsorbed in case of raversible reac-
tlons., Complete reversible adsorption gilves the desorbability a value of
100%, while irreversible adsorption gives a value of zero.
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is possibly due to the high positive surface charge at low surface coverage.
At high ionic strength the effects of charge are less (see also section 1.3)
and the desorbabllity becomes quite independent of gurface coverage (e.ge pH =
9, 1 M Na Cl). At pH = 4,5 the desorbability 1s very low due to the positive
suface charge. The desorbability from goethite 1s significantly lower than
from glbbsite, but the influence of ionlc strength 1s similar to that of
gibbsite,

At low phosphate concentrations adsorption becomea reversible only with long
equilibration times (White and Taylor, 1977). Probably their opinion is that
small extra additions of phosphate will be adsorbed reversibly. The high
energy sites on the surface will be occupled at low phosphate concentration
and long equilibration times. Hence with additlonal phosphate only low energy
sites are avallable and adsorption is therefore reversible. If the equilibra-
tion time is short, there 13 a chance that not all high energy are occupled.
Hence, a part of the additlonal phosphate (marked by 32?) will be irreversibly
adsorbed.

The results of Hingston, Posner and Quick (1974) are explained by the fact
that the initial phosphate conceuntration must have been very high (> 1 m M).
This can be inferred from the high adsorption capacity on gilbbsite and hema-
tite and the soll/solution ratlo used. At these high phosphate concentratlons
also precipitation reactions can take place, resulting in lrreversibly preci-
pltated phosphates.,

Barrow and Shaw (1975B) measured the influence of time and temperature on the
decrease of isotopically exchangeable phosphata. They found for a yallowish-

brown loamy sand:

ln(Pe) = In P - blln(A exp(~E/RT) t:/b1 + 1)+ b2 (8.3)
In which:
P, = amount of soil phosphate exchanged
= p3t (solution) * (sz—sz)/P:i2 where sz and sz are respectively the

initlal and final amounts P32 i{n solution
= quantity phosphate added {pg P/g soil)
= temperature of incubation (°K)
t = perfod of incuhation (days)
te = period of equilibration (days)
A = coefficlent: 2.46 101P day"l
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E = apparent actlivation energy 23.6 kcal/mole

by = constant, 0,288
by = counstant, 0.342

A longer Incubation time and a higher temperature reduce the isotopic exchange
rate. It has been suggested that this 1s due to conversion of a part of the
phosphate into non exchangeable forms. Bquation 8,3 1is not wvalid for high
values of tg (In Po/P must he negative, see fig. 2.8.6, lined).
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Glelchgewichtsreaktionen filr die Bindung von Phosphat an o-FeOOH- Oberfléchen

o 4 Log s Kintr
=FeOH, ‘s FeoH ++H Kgl ~ 6,4
=FeOH < FeQ + H Ka, = 9,25
=FeOH + H PO, 2 =FePO, H, + H,0 K’f - 9,5
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2 =FeOH ++H3P04 b fFengaﬂ + 20,0 ag 8,5
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Table 2.1.1

Table

2.1.2

Reaction constant® and adsorptlon maxima of the phosphate adsorption by 12 Dutch
solls

801l (pgfnl) ! ng 2/g soll Ba me‘ surface

by by Pyl Py Py P Pm2 Py
1. Sticky soil 2.8 0,033 70 B25 895 1.6 18.5 20.1
2. Loess soll 1.9 0,013 60 195 255 2.1 6.9 9.0
3. Wilh,.p.soil 0.093 0,013 140 400 540 1.1 3.2 4.3
4, Oss soll 1600 22.0
5. River b.c.s0il 1.1 0-029 60 850 910 0.3 407 5.0
6., Griend soil 1,2 0.005 100 535 635 1.3 7.3 8.6
7. Munnekeland soll 2.8 (.046 25 405 430 Ot 7.3 7.7
8. Randwijk soil 580 6.2
9, Wolfswaard soil 0.09 0.007 185 415 600 2.0 4.6 6.6
10,¥-polder soil 0.31 0,006 150 390 540 1.1 2.9 4,0
11.N.0.P, so0ll 0.56 0©.008 50 230 280 0.7 2.9 3,6
12,Winsum soil 0.48 0.012 40 700 740 0.5 8.8 9.3

Adsorption described by a double Langmuir equation

P
S R VWL Y
ads ~T+5,C 7 TF5,C

P

Phosphate sorption properties of the soils, their clay fractions, and
bottom sediments

Adsorption  Adsorption P

Adsorbent {Pm) maximum (b) energy EPC desorbed
pa/s nl/pg pg/mi us/g

Soils:
Roselms I 287 1.69 0.032 1.77
Broughton 209 4.89 0,008 0.46
Rogelms II 249 2.85 0.017 0.57
Paulding 216 4,35 0,140 0.29
Lenawee 244 .80 0,060 31,58
Blount 199 2,15 0.011 0.75
Hoytville 258 1,49 0,240 0.91
So1l clay fractions:
Roselms I 393 0.86 0,034 2.21
Broughton 323 4415 0.016 0.95
Roselms II 411 1,91 0,016 0,99
Paulding 455 1,09 0.008 1,12
Lenawee 422 0.82 0.032 3.68
Rlount 538 7.43 0.006 1.13
Hoytville 623 1,63 g.008 1,18
Bottom sediments:
Independence 1 Dec. 1975 222 1.00 0.035 3.98
Auglaize 11 Dec. 1975 4,870 0,68 0.054 3461
Tiffin 1 Dec. 1975 1,930 1,55 0,026 1.33
Independence 24 Mar. 1976 3,580 1.05 0,024 1.42
Auglalze 24 Max., 1975 4,550 1.36 0.024 1.81
EPC = equilibrium phosphate concentration (amount phosphate

adsorbed = amount phosphate desorbed Pgeg = phosphate desorbed
after ten successive 6 hours desorption into 0.01 M CaCl at 10:1

sugpension soil ratio.




Correlution coefficients among phosphate parameters
- and calcite content from the stredm coaposited
sediment samples (n = 13}

Total  Adsorption  Adsorption Tatal

P muximum energy desorbed EPC
Calcito
conlent  D.G74* N.&.T () BRI* (.769%" Q.888%"
datul N.S. 06040 0.872%%  0.867+*
Adsuiplion
maximum - (LERIS N.8. N.8,
Adsurption
| [EIRY =0T - 0,714
‘tutal
desorbed 0.950%*

*.** Significant at the 5% and 1% level, respectively.
t N.S. = not significant,

Table 2-103

Sorprion constants for regions( I, and 1) of the ovep-
all P sorption isothenins obtained for Okaihau suil, Fe
gol, and svathedic and natural goethite

, obiained by oresolution af isotherins using the
LFungnuidr equatton (AG 15 the free edergy of sorption
and b is the sorption maxiniam),

Sorprion constants

ati) At Aty by a1 by
Tine - - e e e e s e e e e o
| h k1 med ! pwmaol g™
‘ Okaihaw sod
{ 40 398 297 - 2001 9.7 29 4 a8 4
‘ Fauilibriuim 39.1 a0 Y 21.5 312 358
Fe gel
17 n.d.* 29 ~-18.4 445 445 1020
305 n.d. <291 -184 560 445 1020
Svarhetic goethite
Equibbrnium -41.4 321 -21.3 63.7 K3 ] 30.0
Natural goerhite
48 n.d. ity 194 174 194 49.0
192 n.d. 314 145 323 40.6 51.6

*AG| values for le gel and natural goethite could nat be determined
‘ accurately, but the values for hoth sorption periods 'are approximately
A5 kImal'.

Table 2.1.4




Sorption constants describing the three (L, 1L and LLL} regions of P sorption by
four soils and Fe gel using different experimental conditions:

AG is the free energy of sorption (derived from the Langmulr sorption energy
constant) and b 1s the sorption maximum

Table 2.1.5

AG AG AG b b b

Sorbant U kg gdem! T I pmolglg % H
Equilibriym; 10”7} M NaCl
Egmont soil ~38.5 ~29.9 ~21.8 39.3 48.4 104
Okﬂihau soil ""3901 -3002 "'21-0 21-5 33-2 5598
Porirua soil -37.0 =29.4 ~19,3 4.2 9,2 17.1
Waikakahi soil ~36.8 =29.6 =2Z.5 1.4 2.6 10.5
Fe gelk ned. -29.1 =18.4 590 445 1020
40 h; 10~1 M NacCl
Egmont soil =36.5 -29,1 =21.2 20.3 26.8 94.8
Okaihau soil 39.5 29,7 20.1 9.7 29,4 48.4
Porirua soil ~-39,3 -28.3 ~19.9 1.6 7.4 15,5
Wﬂikakﬂhi soll ""38.3 "28.7 “20-3 0-6 2!5 901
Fe gel n.d. ~29.7 18.4  4BD 450 1018
40 hy 105 M NaCl
Egmont soll ~-41,3 -31.0 -21.2 8.0 i8.1 37.4
Okaihau sail -43.6 -29.6 =201 o2 14,7 22.4
Porirua soll =-40.8 ~31l.1 ~21.9 0.7 2.8 742
Walkakahi soil =38.6 -29.8 ~-20.8 0,6 2.3 8.0
Fe pel n.d. ~36.0 ~19.0 226 242 643
® constants relate to sorptlon during 690 h; final pH = 7.0
% not determined
* oy
25 ~s/

Ca(H,P0O,),plus:

2] x

« - 0 mMCaCl, ,
B 201 s . 1 mMCcCacl, 17
2 + - 10 mM CaCl, .
= o - 20 mM caCl, /
a &
©15F  NaH.PO, plus: // P
T o - 0 mM NaCl o
[543
g © - 2mM NaCl "/{fa
3 L ¢ 72 mMNac o ./o/l
£ Y-~
.E /// Mg (HzPO.)s plus:

# L 4 - 1 mM MgCl
5 © x//)’ 4 - 10 mM MgCl

m;f"jﬁ KH, PO, plus:
x/ o - 2 mM KCI
oL ] . l . - 20 MM KCI ,
02 01 10 100 061060

Equilibrium[(Ho PO+ (HPOL~~)] activity (uM)

Effects of the Cl salts of Ca, Mg, Na, and K on P adsorption by gibbsite (24 h
reaction at pll 5'5); 1 and 2, see text.

Figure 2.2.1  activity of HCOZ 0.30 1073 and 0.44 10”3 respectively. Most of

the points are falling in this range
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The effect of variations in salinity on the uptake of phospherus. Initial conditions ;

Figure 2.2.3
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Table 2.2.1

Acid extractable Irom, Aluminium, Manganese, and Calefum

Fe Al Mn Ca

Clay ng/g  wg/g  wg/g mg/g
Kaolinite 3 0,028  0.14  0.00] 0.225
Montmorillonite 21 G.17) S, 68 0.0 5.75
Illite 36 2,38 2:45 0.114 1.16
Compoaition of Systems in Adsorption =
Capaclity studies

Init. Solids
phoaphate conen.

Clay mg/P/1 g/l pH
Kaolinita 3 3,4~40 10-100 =8
Mentmorillonite 21 3,525 10 7.6
Iiitte 36 10-30 5 7.5

Adsorptian capacicies for the clay

Adsorption
capacity 95% confidence
Case mg/g boundaries, ng/g
Keolinite 3
No salt 0.091 0,082 ads.cap., < 0.102
0,03 M Z_mn mcn_ 0,19 0,111 hﬂﬂcﬂﬂﬂo < O-Mmo
0.498 M N2 C1 0,148 0.132 ads.cap. ¢ 0.168
Montmorollinite 2}
No salt 0.746 0,693 ads.cap. ¢ 0.807
0.03 M Zm;N mOk 0.751 0.624 .m.ﬂm.ogﬂo 4 _Do@#w
0,498 M NaCl 0,697 0.63%  adg.cap, < 0.766
0.03 M Na, 50, and 0,873 0,800 adas.cap. < 0,962
0.498 M Na CL
I1lite 236
No salt 2,51 2.20 ¢ ads.cap. ¢ 2.92
0.03 M Na, so, 2.35 2,24 € adas.cap. £ 2.47
0.498 M Nacl 2456 2,29 < ads,cap., < 2.90

0,03 M Na, 80, and
0,498 M NAC1

Chemical proporties, adsorption conditions and adsorption capa-
for Xaolinite,

clities
2.2.4)

Montmorillonite and 1llite (see £fig.
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Figure 2.2.4.B

Figure 2-204|C
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Sorption constants for the three (1, II, and III) regions of overall P
sorption isotherms, obtained by resolution of P sorption dara using the -
Langmuir equation, describing P sorption from different matrix solu-
tions by Fgmont and Porirua soils (AG is the free encrgy of sorption
derived from the Langmuir sorption energy constant and b is the
sorprion maximum).

AG) AGy  AG by bir by

Soit Metrix solution k] mole™! gmole g™

Egmont 107*MCa ~38.5 -294 -23.0 40.3 532 135
1M Na ~-38.5 298 -12.1 394 53.6 12%
10" M Na ~-38.5 ~29.3 ~21.2 394 48.4 105
3x10"*M Na ~38.5 -293 =20, 394 484 97.7
1072 M Na ~386 294 -183 387 49,4 71.0

Porirye 1077 M Ca ~37.1 ~294 =20.1 4.19 9,19 20.6
1M Na ~37.1 ~294 =208 419 .49 187
§0° M Na -3 ~293 =193 4.19 9,19 171
3x10°*M Na ~371 ~294 -~184 4,19 9.19 14.0
1077 M Na ~37.1  ~29.3 186 4,19 8.94 7.68

Table 2.2. 2
g P/g clay
ﬁﬁ 10
2 8x10%) nallcate (retreatment
3. 3x10%
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504
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The advorption of phosphate on Nu-montmoriltoniie as a function of pH and silicate pretreatment

Figure 2.3.1
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Flgure 2.3.4

Table 2.4.1

g

g
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i | £
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Hn)

—Adsorhed P (Ap) as a function of desorption time (1) and
tenipevuture (T) {(Expi. 2). Note the ordinate Jogurithmic scale.
Overall reactions (solid iines) separated to fast and slow reactions
{dotted tines) the first terminating after ¢, hours, Solld curves
catculated according 1o Apr(t) = Apr (@) [exp(~Kg, » 1) + exp(~Ky,
0 =N fores o and ApriO) fexpl(~Ky, - D=—a -4 Ylors » 4, +
Aps(0) = 208, Apygd0) = MW, £ .. = 50 hours, (- = 2] howrs,
alte, ) = 0.207, ad. 3 = 0.42% K, Ky ;

at 25°C

Kg, , = L.15 1073 h-l
25° 3 1

Kg_, = 4.65 107> h

at 45°C

KSas“ = 1,38 1073 n-}
Kp = 25.5 1073 n~l
Fu5e

Phosphate Removal Kinetics
Observad specific rate constants in the following
slow reaction step

Kaaolinite {surface araa, 10.7 m?/g)

Kby (day ') at 50°C
s e Al O, (surface area, 10m7 /g)
Firgt Sacond e = e e o e
Solids phos- phus-  Solids Kopa (dAY )
concn, phate phate conecn, m——— e
a/l.  pH  eddition addition g/H pH  ALSO"C  Ar25°C

76 35 0.0580 00887 28§ 3.6 0.0328 0.0240

7.5 46 00224 2.5 4.3 0.0219
160 46 00388 00550 2.5% 43 0.0219

76 63 0010 25 6.0 0.0071

7.5 6.2 0.0030 2.5 85 o0

758 75 0

710 X 10 * M fluoride addad,
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«Plot of the kinetio data of phosphate adsorption by (@) CaGO4, and (b) Ca-kaolinite according to squatisn

Figure 2.4.1

B Itu;lal k’
concentration CaC04 Ca-kaolinite
as Gibbsite PP 1/ppm second 1/ppm hour
04 0.5 0.12
03 1 0.0856
Hamalite 2 0.070
02 4 0,043 0.0058
12 0.00985
20 0.0117
al 1 1 1 L L
0 2 4 6 1 12 o =5 259
Plot of X on a logarithmic
Rate constants of phosphate adsorp-
scale vs. Jc¢ \ .,
tiop by CaCD3 and Ca~kaolinite
Figure 2.4.2 Table 2.4,2
Coarse Medium | Coarse Medium a ic Oxalate- | DCB-
Sediment pd Sands | silt and fine} eclay and fine r%:“L extr, extr. | Total | Total | Organic
{paste) gilt clay matter
no, +50um | 50~20um | 20-2pm 2-0 Zym | -0 2um Fe Fe Fe P P
= % ppm
12 4,61 2.6 26.9 50.0 13.2 7.3 18.3 1.0 1.18 | 3.36 1.240 535
14 4,65 51.5 23,3 17.8 4,0 3.3 11.5 0.56 0.57 2,00 660 452

Table 2,4.3

Physical and chemical properties of the sediments



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

when solls were incubated at 25°C

Soll pH in Proportion No. Phosphate Coefficlents of Eq. 4.12A Equivalent values.

no. 0.01 M of variation of adsorbed primary coeffi-
CaCyq ace. for obs, (ggP/gsoll) cients
Ko ) K by by
1 5.9 0.991 22 1565 -18.4 2,51 0.543 0.216 0.399
2 bod 0.996 16 1334 ~19.6 2.73 0.538 0,197 0.366
3 5.8 0.990 19 1294 ~-20.0 2.79 0.564 0,202 0.359
4 6.3 0.996 18 1290 ~19.3 2.69 0.608 0.226 0.371
5 507 00984 18 1150 -1703 2045 0-571 00233 00407
6 5.3 0.995 21 939 ~17.8 2461 0.681 0.229 0.376
7 5.6 0.991 18 920 -17.2 2,52 0.528 0.209 0.397
8 5.7 0.987 22 507 ~16.8 2,70 0,617 0.228 0.370
9 5.1 0.988 20 467 ~-15.7 2.55 0,780 0.306 0.392
10 5.3 0.989 22 394 ~15.4 2,58 0.714 0.277 0.387
11 6.0 0.998 21 368 -16.1 2.72 0.685 0.252 0.367
12 4-8 00984 22 275 -1414 2057 00579 00225 00389
13 5.4 0.993 28 227 -13.4 2.46 0.658 0.267 0.406
14 5.2 0.992 20 194 -12.8 2.43 0.491 0.202 0.412
15 445 0.996 20 182 ~-13.9 2.66 0.608 0.228 0.376
16 445 0.996 19 108 -13.7 2.93 0,542 0.185 0.340
17 beb 0.990 20 78 -11.5 2.64 0.413 0,156 0.378

Fitted value for the phosphate required to give a concentration of 1 pg P/ml of
solution after 1 davy.

Table 2.4.4A
*) Equation 4.12.A: 1In At = k, + Kyln P - Ky 1n t, see text, Temperature of -
incubation constant: K, = Ky + K4/Te

Values obtained when Eq. 4,12was fitted to the changes in concentration of phosphate
when solls were incubated at a range of temperatures

Soil Proportion No. Coefficlents of Eq. 4.12 Equivalent values of
no. of variation of primary coefficients
acc.for obs. —
Kl K2 K3 K4 bl bz cal. E/m01e
1 0,992 12 ~36.4 =~ 0.676 5465 0.269 - 16070
4 0.985 12 ~41,3 - 0.655 6610 0.243 - 20060
5 0,997 12 ~37.1 - 0.687 5940 0.280 - 17160
6 0.987 48  ~42.2  2.85 0.704 6673 0.247 0,351 18820
7 0,986 12 -34,3 - 0.647 5463 0.270 -~ 16780
9 0.982 12 -39,2 - 0.872 7105 0.342 - 16190
11 0.994 12 ~39,6 -~ 0.742 7078 0.273 =~ 18940
13 0.990 B4 ~35.4 2,45 (0.600 6551 0.245 0,408 18940
16 0.900 11 =32.4 = 0.604 5556 0,206 - 18290

For these s0lls the range of wvalues for added P was limited and the value of By and
hence by was fixed at the value recorded in Table 2.4.4.A.

Table 2-404.B
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Figure 2.5.3.4A

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 radliating dashed
lines represent glven solution: soil ratios as described by equation 5.1, The
values for these ratilos, 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 ¥q. (1) and (2) and thus the fitted values for
adsorbed phosphate under given experimental conditlons (see Table 2.5.1).
Proporties of the soil: yellowish brown loame sand, pH in 0.01 M CaCl2 5.6, pH
in water (5:1) 6.2 total N 0.06% extractable Fe and Al 0.2 and 0.18%.



CATIONS AND P RESORPTION

Summuary op regressions™ fitted to describe desorptivi of phosphate at five
calcium concentrations

Initial eqlcivm
concentration  Na, of .
(M) observatons K, m a, n b R
)] 35 971 0.300 67.9 0.308 0.257 0.976
0.001 35 55.2 0.279 40.1 0.315 0.277 0.984
0.005 35 521 0.268 44.4 0.312 0.327 0.973
0.01 35 42.8 0.280 35.6 0.338 0.320 0.587
0.1 32 40,0 0.250 39.0 0.325 0.363 3.972
Combined
equation (1) 172 . 6.276 40.5 0.312 0.289 0.9785
2y 172 T 0.263 40.0 t 0.315 0.9801

*The regressions fitted at cach calclam concentration wcr;:he simultaneous equations:

Py Kt - aurtge®

2 Pd -8

where Py is the phosphorus desetbed (uPfg soil): 14 is the period of desorption (h), ¢ is the
solution concentration of phusphate GPfem?y, and 811 the sutution: sol ratio (end/g),

**For this equation, K, was replaced by: 44.1 +(}/(0.0288 + 58.1 C)) and n by:
m + 0.0483(1 — 1/(1 + 1520 Ca)) where Cq is the final cation concentration (M).

TFor this equation, K was replaced by: 44.9 + (1/(0.0335 + 63.3 Ca)).

Table 2.5.1
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Summary of regressions * fitted to describe desorption of phosphate in 0.03 M

golutions of monovalent cations and by 0.0! M calcium chloride

Salt No of

present observations K.P m Gy n b r3

Licl 21 110 0.314 74.0  0.323 0.246  0.993
NaCl 21 85.4 0.310 52.7 0,330 0.286 0.992
NH,C1 21 79.6 0.281 52,5 0.296 0.332 0.982
RC1 20 74.2 0.303 54.9  0.324 0.260 0.996
RbC1 18 75.2 0.304 58.4 0.314 0.335 0.990
CsCl 18 59.4 0.281 51.0 0.257 0.290 0.992
CaCl2 21 59.7 0.209 52.5 0.229 0.315 0.996

% The regressions fitted were the simultaneous equations:

b
Bg =Kt g - Ayt c
Py = c38

where the symbols have the same meaning as in Table 2,5.1
Table 2.5.2

100 ¢
o L
o NacCl
v NH4CI
s KCi
4+ CsCi
aal * AbCt
2
o
a .
9\.’ 60’— \. &
3 vl
£
a
8
& 401
e 1/60
g
S
i
20}
0 l. - P TS A i A 1 )
0 200 400 600

Calcium desorbed (g Ca/g sonl)

Relation between phosphate and caleium desorbed after 24 hours by 0,03 M solutions of
manaovalent salts at the indicated soil:solution ratios. The lines indicate regressions fitted through
each set of points,

Figure 205.3|C
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Figure 2.5.4

Effect of the indicated periods of incubation and of period of desorption on
the amount of phosphate in solution - that is, on the phosphate desorbed. The
equations to the lines summarized in Table 2.5.3. Values for 48 h and 72 h
were used in fitting the equations but have been omitted from the diagrams to
improve clarity.



Coefficients 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 Temperature Equivalent
incubation of incubation period at 25°C

[

(days) °¢) (days) 8y by co}o k b3 R?
0.047 25 0.042 183 0.43 5.4 0,91 0,31 0,997
10 5 0.88 145 0.38 2.11 0.045 0.36 0,994
1 25 1.0 114 0.42 2.2 0,043 0,41 0.978
30 5 2.6 152 0.33 1.62 0.015 0.36 0.996
7 25 7.0 168 0.26 1.28 0,002 0.23 0,991
97 5 8.5 129 0.46  1.25 0,006 - 0.39 0.990
3 42 19.0 143 0,31 1.05 0.004 0.49 0,978
22 25 22.0 146 0.32 1,04 0,002 0,41 0.0997
10 42 62.0 146 0,23 0.79 0.0006 0.44 0,983
39 42 240.0 95 0.14 0.63 0.0002 0.39 0.988

Table 2.5.3

{b)

1200 (a) Zero

800

400 0

1 hour at 25° C

Amount of phosphate in sclution {ugP/g soil)

]
=]
1 S‘F/T’—T‘_T_—-t

A &

0 24 4B 72 96 ¢ 24 48 72
Time (hours)

Soln: Soil Ratio

Changes through time in the amount of phosphate in solution after various
periods of prior incubation. The equations to the lines are summarized in

Table 2.5.3 and equations 5.3, 5.4, 5.5.

Fipure 2.5.5
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Comparison between the observed rate of desorption of phosphate from the ‘
Bakers Hi1ll soll and that predicted from Eqs. 1). The values of the parameters
were those estimated using Eq.5.7. The calculating lines were obtained by
finding values for desorhed phosphate (Cy) at a given period (t ) which
satisfled Eq. 1) subject to the provision that P, = A_S where éi is the
solution: soll ratio and A_ 1is the concentration og'phosﬁhorus in solution.

The 501l had been incubateg with phosphate at 1000 pgP/g soil for 18 days at
42°C.

Figure 2.5.7

EQ-I) 1s a rewritten version of 5.7:
b b b

- 1_ 1 2
Pa = kcht 3 ) ta
Where A, = concentration of phosphate in solutlon before desorption:
-b

3
Ay = koty 7 By
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1 P = region ITII = weakly bound phosphate see table 2.2.2, table 2,1.5 and
table 201.4-




Figure 2.5.9

Table 2.5.4
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isotherma {+); for phosphate in o‘orm Ca(NOy),.

Equations of the form, InC; == a--bAP fitted to data.,
C; = P conc. in solution, mol per ml x 10-?
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COMPARISON OF PARAMETERS ¥or LANGMUIR TsOTHERN
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e

10.6
11

16,200

a, Huang (1975)
b. A = surface area occupled per adsorption site
¢, Chen, Butler and Stumm (1973 B)
d. Muljadi, Posner and Quirk (1966)

e. Hsu and Rennie Canad. J. Soil Sci 42 (1962) 197

Table 2.6.1

i

Linear correlation coefficients and constants calculated from equation 6.2 for

the oxides studied here

Oxide r ¢y pgotal
Gibbaite 0-046 TRRE I R IOy 13,986
Boehmitte 0.8145% 2.94 x 1074 16, 562
Corundum 0,921 3%k 1,31 x 1073 21,508
Goethite 0.9786k#4 8.38 x 1073 29.269
Lepidocrocite  0.9913%%% 1.66 x 1072 18, 294
Hematite I 0.8604%% 1.65 x 1074 30, 652
Hematite II 0,957 3%k 2.80 x 1073 18,669
Anatase 0.9442%%% 5.07 x1073 11,055
Pyrolusite 0.9736%%% 1.90 x 1074 20,234

Table 2.6.2

v = AROW( 17T mr g a — Al (10 mE g1y Gibbsjte (48 mz g-t}
rumole g~ K1 AtAnys Ywlpmole g™y XL AAY Tm{umoje g1} KL Atdn

328 31,300 36 - — —— _— - —_ _
334 39,000 35 — — —_— 450 1.1 17 —
— — —- 23 200 38 — — - —
345 46,400 34 — —_— — _— _ _— —
328 41 800 36 _— - —_ 346 0.78 22 1.0
— — — 36 244 39 e —_ — —
276 40,800 42 — —_ —_ — — — .0
-— — — 42 200 69 -— —_— —_— —
236 24,500 50 e — —_ e — —_ 1.1
— — —_ 54 135 90 — —_ — -
190 23,600 62 —_ — — — —_— hnd —
155 21,800 76 — _— -—_ 129 09 60 —
104 21,500 112 — — - 85 0.54 91 —
— —— — 89 — 184 — - s -

85 138 — —_— — —_ -— - —

AHOH e
.43
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Removal of phosphate by Roanoke River Solids as a function of pH, Initial conditions ;
temperature 21°C, solids 310 ppm, total phosphorus 05 s g-at P/l
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Results of sorption experiments and calowlated isotherms. 1: oxidized mud and
demineralized water, II; oxidized mud and lake water, and III: reduced mud and demi-
neralized water,

Figure 2.7.1 A -H

For chemical and physical data see table 2.7.1



Almind | Bryrup | Kalgaard | Kvind Esrom Furesd St?re Fr;g;;iksn
sd Langsg s¢ T 8¢ Gribsg Slotssd
Area n® 0.5 0.4 0.1 0.1 |17.2  |9.2 0.1 0.2
Volumen 108w 4.5 2.1 0.5 0.3 |[212 114 0.5 0.6
Hydraulic input 106 nP 7 5 ? 7 16 7 0 < 0.1
Lake type oligo- | eutr. oligo eutr. | eutr. eutr. humic eutr,
MEBOLY .

Primary production gt mhzy_1 80% 400 50 BOD 260 400 ~ 80 560
P~loading g moy '] g A4 0.05% | 11-17 | 0.04 3=5 0.05 0.1
Epilimnetic P-conc. ugP 1-1 0~30 20-300( 0-75 50~800 | 100~300 500-600 ] 0-50 0-30
Lake water used for experiments ygP 1_1 4 26 4 51 206 510 5 204

pH 7.2 7.7 6.5 7.8 8.2 8.2 6.2 8,0

ok estimated values
Chemical and physical data of the investigated lakes
Table 2.7.A
Almind | Bryrup | Kalgaard | Kvind | Esrom Furesd | SEOTE Fr:gi;iks~
aé Langagd sd sd ad Gribsg Slotesd

Dry matter (DM) % 2.9 7.6 8.0 9.3 6.8 20.9 13.9 6.5
Organic matter mg (gDM)_1 243 318 365 275 281 115 245 318
ca mg (gDM) ! 5 9 5 14 101 167 7 88
Mg ng (@) 2.1 1.1 0.4 2.0 | 3.0 1.2 0.0 4.9
co, mg CO, (gnfz" <1 21 0 16 155 257 0 128
Total P mg P (ghM) 2.3 2.7 1.9 1.4 1.7 1.0 1.2 2.1
Total Fe mg Fe (a0M)' | 96.4 | 46.9 1.3 | 32.2 | 204 | 17.4 | 7.8 14.9
Oxalate-Fe mg Fe (g} 90.9 37,4 3.3 20,1 | 13.2 10.1 1.7 1.4
pH 6.7 5.4 5.9 6.3 8.2 7.8 6.7 8.3
Interstitial P01 ug P 1—1 48 160 104 44 110 95 1560% 2310
Interstitial Fe** mg Fe 17" 4.9 | 81.5 1.2 8.1 | 1.5 1.1 10.9% | 1.6

% Humic-Fe~PO, ~complex

4

Chemical composition of sediments

Table 2.7.B

C
e

X = P8C i;j;ﬂﬁ;- NAP

(extended Langmuir isotherm)

x = phosphate sorbed

PSC = phosphate sorption capaclty = adsorption maximum
Ce = equilibrfum solution phosphate concentration

k = affinity constant

NAP = Natural Adsorbed Phosphate

and Freundlich isotherm: x = R (p )P ~ NAP




Table 2-7-1-0

Table

Comparison of Langmuir und Freundlich isotherms.

Freundich isotherm

" Langmuir jsotherm |
<
o -
e | &
Ay a 2 . 7 g o
on - g o R-N
& wi |88 2 &g
28 =S4
: s [y=] 2% | 2 s
-9 o A mElxE | 90 F (=¥ g 4a
Almind I &7 19 0.651 456  0.62 0.99 —_ - 0.96
1] 1t 7.2 i6 597 059 0.98 — -— 072
284 6.1 8 e — 0.95 Q.97 0.335 0,93
Bryrup I 5.5 19 0.418 332 Q25 0.992 — 093
Langwa 11} 6.8 16 5.07 052 0.99 — —_ 0.91
' HI 5.9 B} — — 0.t4 0.68 0.592 0.98
Kalgaard I 59 19 0.097 061 087 098 - - 0.91
56 1" 6.3 16 0.9 0.81 0.99 e — 0.96
It 3.0 8 e — 0.K3 0.05 0.759 0.95
Kvind { 6.3 19 0.152 210 029 099 —_— —_— 0.93
s il 7.7 16 2,71 0.29 0.99 — — c.92
11 7.6 ] —_ - G.21 0.47 0.655 0.8
Lisrom l 7.9 19 0.108 1.8 0.10 0.9% - —_— (o%] |
50 ] $.2 146 4.03 048 .98 — — 6,93
11} 8.5 B - o 0.80 0.81 0.354 0.99
Fureso I 79 19 0.1532 1.68 038 0.99 — —_— 0.95
It 5.2 16 262 Qh8 G499 - - 097
1 8.9 8 e — 0.67 0.4% 0.762 0.94
Srore ! 6.5 13 0.140 0.55 1.45 0.99 — —_— 0.94
Gribso " 6.2 16 0.82 1.10 0.99 — — 0.97
ML 6.8 8 .- -- 0.62 0.14 0.495 095
Fredriks- 79 19 0066 099 366 082 - —~ 090
bory 0n Rl 16 0.8+ 162 0.92 - - —_ 0.43
Slotsse [0} 8.4 4 o — 0.99 0.37 0.29¢ C.89
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Soluble P and extractable Fe under aeroble and anaeroble conditions. Values of Pe

extracted are iIn mlcrograms per gram of soll; values of P are In mlcrograms per
milliliter of sclution.

Fe extracted (pg/g) Soluble P (pug/ml)

Soil pH Added P
Aerobic Anaerobic (pg/ml)  Aeroblc Anaeroble

Commerce 5.4 1,590 2,670 0 0.02 2.92
100 79.2 66.1
Crowley 6.1 3,190 12,620 0 0.002 0.005
100 40.8 6.7
Moreland 6.8 2,925 5,895 0 0.14 4,48
100 48.2 13.0
Sharkey 6.5 3,025 3,910 0 0.03 1.17
100 62,7 14.0

Table 2.7.2

4004
Jasar oo
o) /..' " Effects of reduction on labile phosphate, phoasphate sorption, and related
(5] ]
o 59_\&%:)‘@ variahles at pHS.
} '\?9':":'//’ Red otential (mV)
3, %@2-, - e edox p ™
a. 200 Variable ~150 65 500
[a]
o Solution composition {pg/ml
74 P concentration at zere added P 0+ 0.009 0,004
8 Fe concentration 560 5.1 0.2
0o
Soil properties

a Labile P (ug/g) 29 76 28

3 i P huffer capaclty (ml/gx10~2) 11 152 57

5 3 P sorption energy (ml/pg P) ' o 10 95 51

) L L . P porption capacity {ug/g) X 519 as? 391
A a 1 18 H af P (41 4,9 4.8 4,8
FINAL SOLUTION P (pafmi ) pll after © sorprion '

Effect of reduction on P rorption botherms and ®
precipitation (hlszogram) at pH 5.

Figure 2.7.4.A and table 2,7.3.A

D only values of h' are given




400F
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o
Bago
i
= 958 e
g K -
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SORBED

Effects of reduction on labile phosphate, phosphate sorption, and
related variables at pH 6.5

Redox potential (mV)

Variahle =150 65 300
Solution composition mk
P concentration at zero added P +0 . 004 0.006
Fa concentration trace 0 0
Soil properties

Labile P (pg/g) 255 40 18

P buffer capacity (ml/g x 10~1) »300 100 24

P sorption energy (ml/pgP) h' vy 85 94 26

P sorption capacity (ug/g) x' + x" 2675 392 377

pH after P sorption moom 5.2 5.8 64l

Q ] i} w
FINAL SOLUTION Pfya /ml)
Rifect of yeduction on P sorption ivotherma st pH 6.5,

.

Figure 2,7.4.,B and table 2.7.3,B

400

P, /0 sou.g )

SORBED P

oak: 4,

b i

Effects of reduction on lablile phosphate, phosphate sorption, and
related varisbles at pil 8,

Redox potential {mV)

Varilable ~150 65 500
Solution composition {pg/ml)
P eoncentration at zero added P 0.078 0.006 0.010
Fe concentration trace trace 0
S0ll properties

Labile P (ug/g) =~ "'9_71 — 8 12

P buffer capacity {ml/g x 10-2) i3 18 16

P sorption energy (ml/ugP) h' 14 41 42

P sorption capacity (pg/g) x' + x" 1,606 787 333

pH after P sorption n n 7.2 744 747

FINAL SoLUTION P tp/miy
Effert of reducdon on P sorption lsotherms at pH 8,
Figure 2.7.4.C and table 2.7.3.C

Calculated for low concentration range (<2.3 pg P/ml) of sach isotherm
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Figure 2.8.1 Hysteresis of phosphate adsorption on i1ron (III) hydroxide as
effected by change in pH; (---) 1lh 1intervals, ( ) 1 day
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r contact time on the desorption of phosphorus from solids. pH of wash
3+4 A. 4 days contact ; B.30 minutes contact.
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Desorbability of phosphate from goethite ‘D’ and gibbsite ‘A’ under
conditions as shown on the figure, plotted against the initial amount adsorbed.
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Figure 2.8.5.A and B
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Ratio P exchanged / P added

0.034

1 _ 10 100
Time of shaking.{ hours } '

Fifieet of puriod of equilibratism with labeled solution of four samples of soil whieh

leind Deent incubsted winli phiosphinte o - specified below on the proportion of uhe added phosplate
whinh exchanged. The fuenbatien trestments and the fitled equations are:

Line .A: Incubated fur 220 duys at 25°C

Tu (P = In (Py — 0.857 In (1 - 1138/t,) B = 0.978 n = 32
Line B: Incubmied for 93 days at 2570

In (P = ln (P, - 0 In (1 4 30874 Lt o= 0,432 n = 19
Line C: Incubsted fot 8 days u 35°C

In (P =In(Py — 0.311 In (1 -+ 282/1) Bt = (.991 nowm 7
Line D¢ Incubated {vr 3 days an [7°0

W (P = In (P) — 0375 (1 - 20/4) R o= 0,941 nw=7

P, (ug P/g soil} is the phosphute which exchanged; P (ug P/g soil} is the phosphate alded;

{s hours is the period of eyuilibration. The hnes drawn ibdicate values for the rutio P,/P
eulenlated from these equations,

Figure 2.8.8
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