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STELLINGEN

1. Het karakteriseren van bodemfosfaten met behulp van een ‘elec-
tron microprobe’ of rasterelektronenmicroscoop voorzien van een
energie dispersieve analysator verdient de veorkeur boven de tot
nu toe veelal toegepaste fractionering met behulp van selectieve
extractie methodieken,

2. Het vastleggend vermogen van ecen grond voer fosfaat wordt on-
derschat als alleen rekening wordt gehouden met een vastlegging
via adsorptie-processen.

Sawhney and Hill, J. Envirom, Qual., 4: 342-346 (1975);
Sawhrey. J. Enviren. Qual., 6: 86~89% (1977); Dit preefschrift.

3. Om in tijden van schaarste over enige fosfaat reserve te kunnen

beschikken verdient het aanbeveling om vloeivelden in te richten

op gronden met groot P-bindend vermegen om hierdoor zoveel mogelijk
het fosfaat vast te leggen dat aanwezig is in huishoudelijk afval-

water.

4. Het gebruik, fosfaatgehalten van bodem, water en meststoffen
wisselend uit te drukken in eenheden P205, POa en P, geeft aan-
ieiding tot misverstand.

5. In het bodemkundig museum zou een voorraad heide-ontginnings-
grond aanwezig behoren te zijn om cok in de toekomst aan te kunnen
tonen dat de zogenaamde ontginningsziekte inderdaad op een gebrek
aan opneembaar koper berustte.

J.M.L. Otten en G. Veenstra. Bemestingsleer {(194%); Th.M,
Lexmend and F.A.M. de Haan. Proc. Int. Seminar on Soil Environ.
and Fert. Manage. in Intensive Agrie., 383-393 (1977).

6. Verder uitstel van invoering van de Wet op de Bodembescherming
zal automatisch leiden tot afstel van deze wet.




7. Voor een juist inzicht in de feitelijke situatie met betrekking
tot overdosering van meststoffen moeten meststof-balansen per be-
drijf worden berekend.

8. De mogelijkheid om door middel van de zogenaamde derde geld-
stroom meer toepassingsgericht onderzoek van enige omvang te kunnen
verrichten in vakgroepsverband is van groot belang voor het meer
fundamenteel gerichte onderzoek van de groep.

9. Het opnieuw invoeren van het systeem van de gasmunt zou in een
koude periode een sterke stimulans betekenen voor het isoleren van

woningen.

Stellingen behorend bij het proefschrift van ir. J. Beek,
getiteld 'Phosphate retention by soil in relation to waste
disposal’

Wageningen, 23 maart 1979.
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1 INTRODUCTION

The enrichment of (shallow, standing) surface waters with
phosphate (P) is generally considered to be a primary factor res-
ponsible for excessive biological productien in such eutrophied
waters. In order to prevent P-induced eutrephication, or to impro-
ve the existing situation, the relative contribution of different
sources of P to this process has been investigated recently in dif-
ferent, mostly industrial and/or densily populated, countries. The
major sources of P were identified as waste water, or the corres-
ponding effluents after a biological treatment, that were disposed
off directly or indirectly in surface water. In special cases also
the P lead derived from intensive methods of animal production or
agricultural land contributed significantly (Ryden et al., 1973).

Focussing the attention here on the Dutch lakes it was esti-
mated (Gelterman, 1976) that 18 mln kg P accumulated in these wa-
ters during 1970. Approximately 483% of the latter amount was due
to the inflow of water from the great rivers which derived their
lead of P mainly from waste water disposals in the upstream catch-
ment area (i.c. outside the Dutch border). The contribution from
inland disposals of industrial and domestic forms of waste water
amounted to 7% and 38%, respectively. The remaining 7% was ascribed
to a number of different sources, among which runoff and leaching
of P from the soil. In view of the above summary of different P
sources it has been strongly recommended (Golterman, 1976) to take
measures to lower the phosphate load of waste water. A discussion
of the technical, economical and political implications of the
different measures is, however, beyond the scope of this study.

The minor contribution of (surface} runoff and leaching from
agricultural land to the P load of surface water was obtained in
spite of an estimated much larger annual accumulation of 87 mln
kg P in the soil. The major scurces were in this case the addi-
tion of manure (64 min kg P) and chemical fertilizers (48 min
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kg P) on agricultural land. Removal of P from the seil was brought
about by harvesting of crops {31 mln kg P) and the above mentioned
runcff (0.4 mln kg P) and leaching (0.7 mln kg P). Approximately
40-70% of the last two eventually reaches surface waters.

The addition of P to soils has been practised in agriculture
for a long time because most virgin soils have low phosphate con-
tents. In addition the soil P compounds are usually present in a
form which is rather unavailable for plant uptake (cf Chapter 2
for more details). Before the introduction of chemical fertilizers
{around 1870; Schuffelen 1974) the most wide-spread source of P
was some form of manure. The P present in this manure was then
transferred from e.g. grazed areas to the manured arable areas. A
typical example is the situation around certain villages in some
parts of the Netherlands, where P from grazed heatherfields became
accumulated in arable fields close by the village (Enggrond). With
the advance of modern agriculture such translocations reached glo-
bal dimensions, as mineral phosphates mined in particular areas
(e.g. Moroc)} were applied in the form of industrially produced phos-
phate fertilizer to agricultural land elsewhere, particularly in
the highly industrialized parts of the world. Due to these additions
the total phosphate contents of certain soils were increased con-
siderably. Referring to the earlier mentioned arable fields close
to the villages (Enggrond) it was found at this laboratory [Lefersx,
personal communication) that the P content in selected samples of
the top layer amounted to about 800 mg P/kg soil as a mean value.
In comparison samples of comparable nonfertilized soils had a mean
P content of 250 mg P/kg soil. For soils in the United Kingdom it
was estimated (in 1957) that 40% of the phosphates present were
derived from phosphatic manures and fertilizers added to them since
1837 (Russell, 1961).

The man-induced P translocations mentioned here were intended
to increase [(locally) crop yields and once acceptable yields were
attained, further addition of fertilizer P tended to be scaled to
maintain a balance with the local removal of P from the land with

* . .
Lefers, H.G., 1967. Fosfaat in grond; vecorkomen en beschikbaar-
heid der verschillende fracties. Verslag docturaalproef, Labota-
tory of Soils and Fertilizers, Agricultural University, Wageningen.
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crops plus some leaching.

Since several mineral soil components have a strong affi-
nity for phosphate the ensuing interaction processes lead to the
formation of {strong) chemical bonds between added P and the re-
levant soil components. Results of long-term fertilization expe-
riments show that in meost soils the excess of added P becomes ac-
cumulated in the surface layers {Roscoe, 1960, Cooke and Williams,
1970), with very little movement to deeper layers. The fact that
P is rather immobile in the soil further explains the observation
that, with some exceptions, the leaching losses of cultivated (i.e.
fertilized) and virgin soils are practically the same (Cooke and
Williams, 1970; Kolenbrander, 1972; Ryden et al., 1973). Referring
to the above mentioned annual leaching losses of 0.7 mln kg P in
the Netherlands it would mean that the concentration of P in the
solution leaving the so0il would be somewhere around 0.06 mg P/1
(2.107%
concentration falls within the range of reported values for the
P concentration in the soil solution (Russell, 1961).

Losses of P from cultivated soils via (surface} runoff, how-

mol P/1), assuming a precipitation surplus of 350 mm. This

ever, may reach significant values under specific conditions
(Ryden et al., 1973). The relatively low losses of P by surface run-
off reported for agricultural land in the Netherlands are then
very probably the result of the presence of a number of factors
which 1limit runoff.

More recently a third phase in phosphate translocation and
local accumulation arose with the coming about of intensive methods

of animal production. Thus the phosphate applied to grow feed

Table 1.1 Yearly excess of P in regions with intensive methods of
animal preduction. Estimated from P present in manure produced
within the region, plus P from chemical fertilizers {(mean value
8.5 kg P/ha), minus removal (26 kg P/ha} by harvested crops (after
Henselmans and Algra, 1976)

Region Area of cul- Excess P, in kg
tivated land (ha) P/ha, per vyear

Western part of Nerthern Limburg 401638 79.4
Northern Peel area 35509 70.6
Southern Feel area 18818 87.5
Western Veluwe 32026 87.1
Utrecht (sandy soils) 12279 49.9
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grains in one region of the earth became accumulated in localized
areas somewhere else in the form of excessive amounts of manure.
Moreover, addition of mineral phosphate directly to the feed has
become practice in this type of intensive animal production. In
table 1.1 some data are given, referring to certain rtegions in the
Netherlands, as reported by Henselmans and Algra (1976). As most
soils in these regions mentioned in table 1.1 have only relatively
low amounts of mineral components capable of binding P, downward
leaching towards groundwater becomes a matter of primary concern,
following excessive additions of manure to the soil.

A related variant of translocation of phosphate, leading to
local excesses, is the production of domestic sewage water in
densily populated areas. In particular the fairly recent intreoduc-
tion of P-containing detergents has significantly increased the P
level in the latter. Recent estimates (Kolenbrander, 1972) of the
total daily discharge per inhabitant in the Netherlands are around
1.5 g P. Since discharge into open water is highly undesirable, ap-
plication te soil, either as raw sewage water, effluent or sewage
sludge further increases the potential danger of downward leaching.
Particularly since with the addition of liquid manure or sewage wa-
ter to the soil a large portion of P is supplied in a soluble form,
a significant contribution of direct convective transport to the
translocation of P in the soil system becomes possible. This may
lead to higher leaching losses. It is also very likely that the
supply of large amounts of liquid manure, sewage water or wet sludge
affects the losses by surface runoff.

Referring to the above discussion, the main objectives of the
present study were to investigate the magnitude of the P retention
capacities of sandy soils and the leaching losses under conditions
of high leads of scluble phosphate. In particular the behavior of
dissclved orthophosphate species was studied.

1.1 REFERENCES

Cocoke, G.W. and Williame, P.J.B., 1970, Losses of nitrogen and
phosphorus from agricultural land. Wat. Treatm. Exam., 19:
253-276.
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2 TRANSFORMATION PROCESSES OF PHOSPHATE
COMPOUNDS IN SOIL (SOME FACTS FROM LITERATURE}

P in soil is subject to chemical and biological transformation
processes. The nature and rate of these processes determine large-
1y its behavior in terms of the availability for plant uptake or
its behavior in terms of accumulation, mobility and leaching (of
surface applied P compounds). The chemical processes comprise
e.g. adsorption onto different soil components and/or the forma-
tion of solid phosphate compounds, alternated by desorption and
dissolution under changing conditions. The biclogical processes in-
clude the formation of organic phosphates, which are in part in-
corporated in the so0il organic matter fraction. In turn, living
organisms may bring about mineralization of crganic P to inorganic
P. The processes mentioned here have recently been discussed, some
in considerable detail, in: J. Beek and W.H. van Riemadijk (1979):
Interaction ¢f orthophosphate ions with sotl, Chapter 8 in Soil
Chemistry, part B, G.H. Bolt (zd), where reference is given to the
original literature. Below the above publication is briefly sum-
marized.

2.1 OQCCURRENCE OF PHOSPHATE IN SOIL

The soil phosphate compounds are predominantly present as
orthophosphate, the stable form of phosphorus in nature. Condensed
phosphatesz, formed by living cells in situ or added by man, even-
tually hydrelyse to orthophosphate. Although reduced forms of phos-
phorus are known their presence in (reduced) se¢ils is of no concern.

*condensed phosphates are defined as multiple units of PO, tetra-
hedra joined by shared oxygen atoms between the tetrahedra; the
linear chain polymers are known as polyphosphates.
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In this context it is mentioned that losses of gaseous forms of
(reduced P) from the soil do not occur for that reason, in contrast
to the situation with nitrate where denitrification can lead to

substantial losses of nitrogen in gaseous form from the soil.

The total phosphate content of many virgin soils is in the
range of 0.04 to 0.1 % P (by weight). Usually somewhat higher values
are found in the topsoil than in the subsoil, very likely as a
consequence of the upward cycling of phosphate by plants. The phos-
phate compounds in such soils are derived mainly from apatite mi-
nerals and P present as a substitution for silicon in silicate
rocks of the earth's crust. Weathering and scil forming processes
brought about a transformation and translocation of the original
phosphate compounds. Due to the action of living organisms organic
phosphate compounds were formed from inorganic phosphate and even-
tually returned via mineralization processes. The fraction of to-
tal P that is present in organic combination varies widely, and
ranges roughly from 20 to 90 per cent. These large differences are
explained, at least partly, by the strong dependence of the largely
biological processes of formation and breakdown (mineralization}
of organic phosphates upon local conditions of rainfall and tem-
perature, various chemical and physical properties of the soil as
well as on the plants and organisms present.

Results of fertilised soils indicate that the balance of organic
phosphate in the soil is much more regulated by the local cycle of
formation and breakdown of organic phosphate than scurce determined,
viz. addition of P in the form of manure or chemical fertilizer

{(Van Diest., 1968; Oniani et al., 1973; Campbell and Raez, 1975).

Different organic phosphate compounds have been isolated and iden-
tified; in particular inositol (hexa) phosphates seem to constitute
a large portion of the so0il organic phosphate fraction. The inor-
ganic phosphate fraction may constitute forms varying from adsorbed
phosphate, amorphous and ill-defined compounds to (primary) and
secondary phosphate minerals. Conclusive evidence that (virgin)
soils contain phosphate minerals is scarce, however, possibly be-
cause identification of these compounds within the bulk of the soil
sample is hardly possible with the direct methods of identification,

18
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used up to nNow,

The concentration of P in the soil solution is usually low -
7 to 1077 M {0.003-0.3 mg P/1) - due to strong in-
teractions of soluble P with various soil components. The dissol-

varying from 10~

ved phosphate species may consist of dissolved or complex ortho-
phosphates, condensed phosphates and organic phosphates. The dis-
tribution of all these species depends on the stability constants
and local soil conditions, like e.g. pH and other relevant solution
concentrations. Besides the dissolved species alsc suspended forms
of P may be present; the latter may react differently with the soil
components than the dissolved species.

2.2 THE REACTION OF P WITH SOIL MINERALS

The complex-composition of so0ils and the possible occurrence
of physical, chemical and biological processes concurrently or con-
secutively have stimulated the use of single so0il minerals to study
the chemical interaction mechanisms with P, Some of the results
of such studies will be mentioned here, while referring for details
to Beek and Van Riemsdijk (197%9).

From studies using aluminum and iron oxides®, clay minerals
and solid calcium carbonate it follows that dissolved orthophosphate
species (in the pH range relevant for most spils the dominant spe-
cies are the (partly) dissociated H2P0; and HPO:_ ion) may react
with active groups present on the surface of these solids. This
reaction is assumed to be chemisorption.

Infrared studies have shown that phosphate ions exchange with
singly coordinated hydroxyl or water groups located on specific
faces of crystalline aluminum and iron oxides. The adsorbed phos-
phate may react further with another surface OH or H,0 group,
either coordinated to the same metal ion or te a neifhboring me-
tal ion, in the last case resulting in a so-called binuclear sur-
face complex. This would imply that the number of singly coordi-
nated surface OH(H) groups and the stoichiometry of the reaction
determine the maximum amount of phosphate which can be bound in
this manner. In this context the question arises whether adserption

Erhe term oxides is used here as 2 comprehensive term for oxides,
hydrous oxides and hydroxides.
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is restricted to singly cootrdinated surface DH(H) groups only, or
that exchange with e.g. doubly coordinated surface OR{H) groups
might take place. The latter mechanism has been suggested to occur
at higher concentrations of dissolved P with aluminum oxides. Other
workers have speculated about the mechanism of the phosphate adsorp-
tion reaction on the basis of pH changes (sometimes) accompanying
phosphate adsorption on metal oxides {viz. a pH increase is asso-
ciated with exchange of surface hydroxyl groups}. With clay mine-
rals the exchange reaction might occur as was found for the metal
oxides because on the edges of these minerals the same exposed
A10H{H) groups may be present as on aluminum oxides.

The active sites for adsorptionzgn solid carbonate {(calcite)
are assumed to be exposed surface Ca ions of which the wvacant
coordinate positions may be occupied with water, bicarbonate or
hydroxyl groups. Phosphate ions may replace these groups.

Desorption studies with these phosphated components indicated
that the bound phosphate was released very slowly when the material
Ygs suspended in a P free solution. The exchange of sorbed P with

P labelled species in solution is also a2 slow process. Indications
exist that the above rates further decrease as the contact time
between the solid and phosphate increased, likewise the rate of
exchange with species competing for the same sites decreased at
longer contact times,

The interaction of P with these solids is not restricted teo
adsorption only, because under the appropriate conditions a crys-
talline aluminum-, iron- or calciumphosphate may he formed. The
latter process requires a certain threshold value of the concen-
tratien of dissolved P, which depends on the solubility products
of the relevant minerals and some other characteristics of the
system, like e.g. the pH. The rate of formation of these solid
phosphates, which depends on the supersaturation of the system, is
mostly slow (as follows from the decrease in concentration of dis-
solved P) in comparison to the adsorption reaction. Adsorption and
{secondary) precipitation may therefore occur simultaneously, im-
plying that a clear distinction of both processes may be difficult
on the basis of measured concentrations of dissolved phosphate in
suspensions of these solids. On the other hand i1t is clear that at
short reaction times and low concentrations of dissolved P the
adsorption process will dominate, though it is no guarantee that
with this method the equilibrium adsorption isotherm can be deter-
mined. Freundlich and Langmuir isotherms are used to describe the
(presumed) equilibrium adsorption. In particular the latter is
frequently used for this purpose; very often more than one isotherm
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is necessary to describe the experimental data satisfactorily.
Experiments with a number of condensed inorganic phosphates
have shown that in principle the same chemical processes may occur
as with disseolved orthophosphate species. Also several organic
phosphates have a high affinity for the metal oxides and clay mi-
nerals, in particular inositol (hexa) phosphates form strong
bonds with the soil minerals. Moreover, it was found that the lat-
ter organic phosphate compounds may react with Al, Fe, Mg and Ca
ions in solution, as a result of which (solid) complexes (phytates)
may be formed under the proper conditions.

2.3 TMMOBILIZATION AND MOBILIZATION OF P TN SOIL

The removal of phosphate from solution by soil is denoted by
the term retention; it represents the net effect of physical, che-
mical and biological processes involved in the transformation of
mobile {i.e. present in the soil solution) into immobile (i.e.
associated with the soil solid phase) forms of P. Since the rates
of these processes differ it is found very often that when soluble
phosphate is added to the seil, the concentration in solution de-
creases rapidly initially, followed by a slow decline, which may
last for a long time period. The rapid decrease is associated with
adsorption processes and the slow decline with a number of processes
like e.g. precipitation processes, diffusion of dissolved P into
less acessible parts of soil components and the incorporation of
P in the organic matter fraction of the soil (when growing plants
are present also uptake of P may be involved). Obviously, precipi-
tation processes may contribute significantly to the retention of
P at short reaction times if the solution is highly supersaturated.
In soils such conditions may be present around dissolving granules
of chemical fertilizers. Some calcium phosphates, for instance,
give rise to high phosphate concentratiens in combination with low
pH values. Soil minerals in direct contact with such granules may
(partly} disscolve giving rise to high concentrations of metal ions
in sclution, leading to direct precipitation of (metastable) metal
phosphates from solution. As in the bulk of the soil much lower
concentrations are present diffusion processes are responsible for
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some redistribution, followed by dissolution of the metastable com-
pounds and formation of less soluble solids. The precipitation re-
actions predicted from solubility product relationships could be
confirmed by experimental results under such conditions, because
detectable amounts of (crystalline} phosphates were found. In most
cases, however, direct identification of the reaction products is
not possible, therefore indirect methods are used, like e.g. se-
lective extraction techniques. Different soil phosphate fractions
are distinguished in this manner, viz. organic and inorganic bound
forms, the latter usually subdivided in aluminum and iron bound
phosphate and calcium bound phosphates. Although a sharp distinc-
tion between the different fractions is usually not possible, and
at best only a rough indication about the composition of the com-
pounds is obtained, it provides information about transformation
processes of phosphate added to scil. These results supported in

a qualitative sense the reactions predicted from solubility pro-
duct relationships (cf. fig. 6.11 of Novozamsky and Beek, 1976)
viz. aluminum and iron bound phosphates dominate as inorganic
bound forms in acid to neutral soils and calcium bound phosphates
in calcareous soils.

Until recently it was assumed that variscite was the stable alumi-
num phosphate compound im acid soils. The latter assumption, how-—
ever, may be incorrect as indications were found that pessibly com-
pounds like crandallite or wavellite might be the stable phases in
acid to neutral soils (cf. also Chapter 3).

Biological immobilization of dissolved inorganic phosphate in
the soil depends on e.g. the type, P-content and amount of organic
material available at the site of decompostion. The rate is influ-
enced by physical (e.g. temperature, moisture content, and reducing
conditions) and chemical (pH) factors (Fuller et al., 1956; Birch,
1961; Ghoshal, 1975).

A transformation of immobile forms of soil P to mobile forms
may occur when the concentration of dissolved phosphate is lowered,
leading to desorption and dissolution Teactions. Some other factors
which may play a r8le in the release of solid P are e.g. pH changes,
reducing conditions and the presence of inorganic and organic spe-
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cies competing with P for the same binding sites. Also decomposi-
tion of organic material and mineralization of organic phosphates
may lead to the formation of dissolved {ortho)phosphate. Interac-
tion of the organic phosphates with the soil minerals may have a
retarding effect on the transformation to orthophosphate. Further
evidence suggests that sorption of the enzymes catalyzing the de-
phosphorylation of organic P compounds (phosphatases) decreases
the mineralization rate.

Hydrolysis of condensed phosphates to orthophosphate seems to bhe
a rather rapid process in the so0il. Reported half-life (i.e. the
time periocd needed for hydrolysis of half of the amount added)
varies from less than an hour to a few days. The half-1ife usually

incrcases when the condensed phosphates react {via adsorption or
precipitation processes) with the soil components.

As mentioned already, desorption and dissolution processes seem to
have a low rate, which decreases further as the contact time be-
tween scil and retained phosphate increases. Since uptake by plants
is limited to dissolved forms of {(ortho)phosphate, the slow release
processes largely determine the supply of this nutrient from the
pool of soil inorganic bound P. This further implies that the effi-
ciency of added fertilizer may be low in soils which contain high
amounts of active (i.e. participating in the bonding of P) alu-
minum, iron and calcium compounds. Mineralization of organic bound
P may have a strong beneficial effect upon plant growth in such
soils since the growing plants then compete directly with the ad-
sorbing surfaces during the liberation of P. This effect is more
pronounced in regions with higher temperatures, because minerali-~
zation increases with a rise in temperature. The reported effect of
a higher temperature on adsorption is ambiguous. Precipitation re-
actions are enmhanced by higher temperatures in general. Various
extracts and methods are in use to estimate the plant available
fraction of soil P. Also in use is the term 'labile P', which re-
presents then the fraction of soil P that exchanges with added 32p
within a certain time period.

It is evident that the formation of insoluble forms of soil
P limits the movement of P and therefore the amount that is leached
from the soil. In view of the reaction mechanisms and its kinetic
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aspects discussed in section 2.2, it follows that the retention ca-
pacity of a certain layer for P and the kinetics of the retention
processes in relation to the flux (density) of {surface) applied

P determine the depth of penetration into the soil. Compounds ad-
ded in a soluble form, like e.g. disposal of waste waters or liquid
manure, might therefore be more mobile in the soil than if solid
forms of P were added. It is evident that the mobility also de-
pends on the presence of other substances in the added material,
because adsorption may be enhanced by, or have to compete with,
other (specifically) adsorbing species. In addition it is clear
that when soluble P species are added that have a very low affi-
nity te the soil components, as is claimed of some organic P com-
ponents, the mobility might be higher. The mineralization rate of
such organic P components to orthophosphates in the soil is then

an important factor regulating the leaching of P (Gerritse and
Zugec, 1977, Gerritse, 1978). Also suspended forms of P seem to be
leached from the soil more easily than most of the dissolved species.
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3 ACCUMULATION OF P IN A SANDY SOIL TREATED WITH
SEWAGE WATER

Summary of results published in:

J. Beek, F.A.M. de Haan, and W.H, van Riemsdijk, 1977a,b. Phospha-
tes in soils treated wiih sewage water: I. Generql information on
gewage farm, soil and treatment results. 1T, Fractionation of accu-—
mulated phosphates. J. Environ. Qual., 6: 4-12, plus some additional

information obtained more recently.
3.1 INTRODUCTORY REMARKS

The present concern about eutrophication of surface waters as
well as the ability of soil to bind strongly phosphate (and some
other} compounds, have greatly stimulated the disposal onto soil of
liquid wastes that were formerly disposed of in surface water. Be-
sides the removal of compounds from the added wastes by physico-
chemical processes, also soil biclogical processes may contribute
to the purification of the added liguid wastes. If added to agri-
cultural land, crops may benefit from the added nutrients and/or
the supply of water. In view of the increasing amounts of liquid
wastes that become available nowadays, like e.g. domestic sewage
water, certain processing waters and liquid manure in areas with
intensive animal production, it can be foreseen that large amounts
will be supplied annually. It is of prime importance, however, that
(most of) the added compounds should not reach the groundwater or
otherwise leave the soil profile (e.g. due to the discharge of
drainage water).

Focusing the attention on phesphate, it then follows that in
view of the above requirements the amount added should never sur-
pass the retention capacity of the relevant soil layer. Moreover,
it has become clear that the retention of phosphate is a 'rate' pro-
cess, implying that the penetration depth of phosphate in the soil
depends on the flux (density) of the surface applied phosphate and
the rate of bonding by the soil components. The latter rate may de-
pend on the nature of the added compounds, such as orthophosphate
specles, condensed inorganic phosphates and organic phosphates., On
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the other hand, the flux is determined by the form of application,
viz. solid, suspended or dissolved form. The general opinion that
phosphate accumulates in the top layers of the soil, as is found
in field experiments with long term additions of chemical fertili-
zer or farmyard manure, might therefore not be valid if phosphate
is added in the form of waste water.

Since results of field experiments involving long term addi-
tion of waste water are scarce, some relevant data of soil and wa-
ter analysis are reported here concerning a farm which has been in
operation for the treatment of sewage water by means of land dis-
posal during the past 50 years. As most of the results have been
published already elsewhere only a brief summary will be given in
this chapter, plus additional information obtained more recently.

3.2 GENERAL INFORMATION ON THE SEWAGE FARM

The sewage farm is situated in the direct vicinity of Tilburg,
the Netherlands, and has been used during the past 50 years for
land treatment of town sewage water (i.e. of domestic and industrial
origin}. In the beginning raw sewage water (i.e. without any treat-
ment) was supplied, whereas from 1972 on the sewage water was sub-
jected first to a primary treatment in a treatment plant prior to
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Fig. 3.1 Schematic plan of a single parcel of the sewage farm lo-
cated near Tilburg.
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the application to the soil. This primary treatment consists mainly
of sifting out coarse substances and settling of solids. The farm
has at present a total surface area of 100 ha and was reclaimed
from uncultivated woodland on sandy soil; it has always been in
agricultural use as permanent pasture, used mainly for grazing.
When the area was reclaimed a system of tile drains was installed
at a depth of 110-140 cm, with an average distance between drains
of 14 m. Later new drains were laid at a depth of 70-100 cm, such
that the drain distance now averages 7 m. The sewage water reaches
the land by means of raised supply ditches which are connected with
the adjacent parcels through simple syphons. The tile drains dis-
charge into a lower system of discharge ditches which are connected
with a discharge canal. Figure 3.1 shows schematically the situa-
tion of a single parcel.

The amount and rate of sewage water application has changed
considerably since the establishment of the farm. At present the
dose is maintained at approximately 200 mm monthly. The latter
dose allows infiltration of the sewage water into the soil within
2 days after its application. Up to 1972 no additional fertilizers
were applied because sufficient plant nutritive elements were ad-
ded with the sewage water. From 1972 on, when sewage water was sup-
plied which had undergone a primary treatment, a small application -
of nitrogen fertilizer twice yearly during the growing season was
necessary. Supply of other nutrients by the sewage water is still
sufficient. (Beek and de Haan, 1974, Beek et al., 1977a).

3.3 COMPOSITION OF SEWAGE WATER AND DRAINAGE WATER

The effectiveness of the present method of sewage water treat-
ment may be judged by a comparison between the composition of the
added waste water and that of the drainage water. In a first attempt
samples of both were analyzed for some components which supposedly
may undergo changes during their presence in the soil. The concen-
trations of different N and P fractions, BOD5 values (and pH) are
summarized in table 3.1. These data represent the average values
of samples taken at different sampling times 2 days after the sewage
water was added to the (different) parcels. As follows from table
3.1 soil treatment results in almbst complete removal of BOD5 (98%)
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Table 3.1 pH, oxygen demand, and concentrations of nitrogenous and
phosphorus compounds in sewage and drainage water.

pH  BOD, Kjeldabl-N N0, Total-P P*-ortho Total P
mlinus
P -ortho
mg 0,/1 --- mg Nf1l === ~—rr==u- mg P/l ~w-r==——m=a
sewage
water 7.1 381 20,5 0.23 10.8 6.53 4.24
drainage
water 6.1 9 3.5 12 0.46 0.33 0.13

* Samples were filtered (0.45 um) prior tc orthophosphate analysis

and removal of P up to 96%. The P compounds present were distin-
guished in a fraction representing the dissolved orthophosphate
species and a fraction representing the difference between total

P and the former fraction. This fraction may comprise dissolved
forms of condensed and organic P-compounds and suspended forms of
P (i.e. P components which do net pass a 0.45 ym membrane filter).
According to the results in table 3.1 there is no significant dif-
ference in the removal of both P fractions by the soil.

As follows from table 3.1 sewage water contained mainly NH,
compounds, whereas drainage water contained N which was mainly in
the NC, form, indicating that in the seil nitrification cccurred.
The latter transformation is probably also the main reason that
the removal of N is relatively low.

In a second investigation, samples of drainage water were ta-
ken during a period of 100 hrs. after a parcel was flooded with
sewage water. The main objective was to obtain more information
about the phosphate concentration in the drainage water in rela-
tion to the residence time of the sewage water in the soil. The
samples were analyzed for total phosphate, dissolved orthophosphate
and dissolved hydrolyzable phosphate (the latter species most pro-
bably originating from polyphosphate present in detergents). In this
experiment also the rate of dischare of the drainage water, pH, the
concentration of some common constituents (Cl, Na, K, Ca, Mg, si-
lica) and some (heavy) metals (Fe, Mn, Zn, Cd, Pb) was measured.
Only the results related to phosphate will be reviewed here, the
other data together with the methods of analysis were discussed by
Beek et al. 1977a,b; Beek and Harmsen, 1977; Harmsen, 1977.
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Fig. 3.2 Average values of P-total in effluent of shallow and deep
drains (the corresponding rates of discharge of the effluent are
shown in broken lines).

The amount of sewage water added in this experiment was equi-
valent to a laver of approximately 15 cm. The surface of the flooded
parcel fell dry after about 1 day. The sewage water contained 10.4
mg P/l, of which 7.5 mg P/l was present in the form of dissolved
orthophosphate species.

The average total P concentration of samples cellected from
drains situated at a depth of 70-100 cm (shallow drains) and from
drains at a depth of 110-140 cm (deep drains) are shown separately
in fig. 3.2. The average rates of discharge of the deep and shallow
drains are indicated by broken lines. The phosphate concentration
in the first samples is low {about 0.5 mg P/1), it represents very
probably the phosphate concentration in the soil solution cof the
deeper layers of the soil. In the subsequent samples the phosphate
concentration increases rapidly, particularly for the samples from
the shallow drains. The simultaneously measured Cl concentration
of the samples indicated that the drainage water comprised soil
solution derived from the top layers, possibly mixed with some of
the infiltrating sewage water.

In fig. 3.3 mean concentrations of chloride of selected samples
from shallow and deep drains are plotted for the first 24 hours
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Fig. 3.3 Average concentraticns of chloride in the effluent of
shallow and deep drains (mean concentration of chloride in the
sewvage water, 62,3 mg/l, is indicated with a broken line).

after the start of flooding. The chleride concentration in the
drainage water was used as a tracer in order tco discern the dis-
charge of groundwater and/or capillary soil water from the infil-
trating sewage water, For various reasons it was postulated that
the capillary soil water present in the saturated zone had a lower
chloride content than the capillary water present in the nonsatu-
rated zeone, except for the top layers where dilution with rainwater
again lowered the chloride concentration.

The effluent discharged by the deep and shallow drains during the
first 2 hours of Llooding (fig. 3.3) was therefore considered to be
capillary water from the saturated and unsaturated zone. The sub-
sequent steep decrease in chloride concentration was ascribed to
the discharge of capillary water diluted with rainwater. After 3-4
hours of flooding the chloride concentration started to increase
due to the discharge of capillary soil water mixed with the infil-
trating sewage water. The chloride concentration in the latter is
indicated with a breken line in fig. 3.3 {(see for further details
Beek and Harmsen, 1977 and Harmsen, [977).

The higher P concentrations in the soil solution of the top layers
were ascribed to the preceding percolations with sewage water.

After 5 to 10 hours a maximum is reached which for the shallow
drains amounts tec 2.5 mg P/1 and for the deep drains to 1.1 mg P/1,
followed by a slow decrease in the P concentration in samples col-
lected after longer reaction times. The latter decrease is explained
on the basis of the increasing residence time of the sewage water

in the so0il as a result of which more phosphate can be retained.
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The determination of different phosphate fractions indicated that
only orthophosphate species were present in the drainage water,
except for the first 12 hours where the latter species comprised
70 to 807 of total phesphate present. The remaining fraction was
then made up by hydrolyzable and suspended forms of phosphate.

The phosphate concentrations of the shallow and deep drains, to-
gether with the rates of discharge were used to calculate the mean
phosphate concentration of the drainage water. These values are
plotted versus the time of sampling in fig. 3.4. This figure shows
that the maximum concentration reaches a value of about 1.8 mg P/1,
which decreases to 0.8 mg P/1 after 4 days. On the basis of the
total amount of P discharged with the drainage water {(in 4 days),
it was calculated that approximately 87% of the added amount was
retained by the soil (Beek and Harmsen, 1977)}. These rates of P re-
moval are extremely high in comparison with the results of secon-
dary treatment plants, in fact the results of this land disposal
system compete with the removal rates gained from tertiary treatment
(Koot, 1970). On the other hand, however, the phosphate concentra-
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Fig. 3.4 Average values of P-total in effluent discharged from the
tile drains in the flooded patcel.
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tion level of the drainage water is still fairly high with respect
to eutrophication (Sawyer, 1947; Dryden and Stern, 1963).

3.4 EFFECTS ON THE SOIL OF SEWAGE WATER ADDITIONS

The supply of large amounts of sewage water brought about dif-
ferent changes in the treated soil as compared to samples of cor-
responding layers derived from uncultivated woodlands (nontreated
s0il) surrounding the sewage farm. The pH-H,C of the nontreated
so0il varied between 4.0 to 4.5 in the top 100 cm layer, whereas
samples of the treated soil gave pH values varying from 6.5 to 6.8
{(cf. table 3 in Beek et al., 1977a). It is evident that the increase
in soil pH may affect the chemical and biological processes res-
ponsible for the purification of the waste water. The loss on ig-
nition values for the treated scil were also higher, in particular
for the top 20 cm layer. The increase irn loss on ignition values
illustrates the 'sieve' function of the soil and its vegetation
cover for the organic matter contained in the sewage water (cf.
table 3 in Beek et al., 1977a). The contents of In, Cd, Cu and Pb
in different (top) layers of the treated scil followed the loss on
ignition quite closely. According to Harmsen (1977} this might in-
dicate that these metals were held by the organic matter or that
the correlation was due to the fact that most metals reached the
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Fig. 3.5 Distribution of total soil phosphorus as a function of
depth in the upper 90 cm layer of treated and nontreated soil.
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sp0il in suspended form, presumably associated with organic matter.
The cation exchange capacity (CEC)} of the sandy soil is low (1-2
meq/100 g soil as measured by the ammonium acetate method using a
pH of 7), except in the top layers where it may rise to 9 meq/100 g
of soil, due to the high organic matter content.

Soil samples derived from the treated soil and nontreated soil
were analyzed for total phosphate in order to determine the distri-
bution pattern with depth of accumulated phosphate. It follows from
fig. 3.5 that the accumulated phosphate is mainly present in the
top 50 cm layers: in the layers below 70-80 cm no significant diffe-
rences in total P were found. Taking into account the bulk densities
of the relevant layers it was calculated that on a hectare base
7000 kg P had accumulated in this soil in a period of 45 years.

This distribution pattern of accumulated phosphate in connection
with the high rates of P removal from the sewage water and the re-
lative short residence times of the latter in the soil were taken
as indications that adsorption processes must be a major process

in the initial retention of phosphate in these soils., The fact that
the soil is still very effective in P removal after long-term addi-
tion of sewage water suggests that chemical or microbiological pro-
cesses bring about a redistribution of the adsorbed P.

The accumulated phosphates were distinguished in different
fractions with the help of fractionation methods, which are based
on selective extraction techniques (cf. Beek et al., 1977b for the
analytical aspects). It was found that in the top 50 cm layers 10
-20% of total soil P was present in an organic bound form and the
remaining fraction as inorganic bound forms (cf. fig. 1 in Beek et
al., 1977b). Accumulation of P in the form of immobile organic
phosphate compounds is therefore of minor importance in these soils.
A further subdivision of the inorganic bound fraction showed that
Al- and Fe-bound forms of phosphate were dominant, the forms as-
sociated with Ca-bound phosphate were present to the extent of 9%
of total P in the top layer and around 3% in the 20-50 cm layers
(cf. table 3 in Beek et al., 1977b). Although a sharp distinction
between the Al- and Fe- bound forms is not possible with the fracti-
onation methods employed, it became clear that the Al-bound forms
were the dominant ones in this soil (cf. fig. 2 in Beek et al.,
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1977b), indicating that the retention capacity of the soil for
phosphate depends largely on the amount of reactive aluminum pre-
sent (ch. Chapter 4),

The possible presence of crystalline phosphate compounds in the to
layers of the treated soil was investigated with X-ray difiraction”.
Since it wes found that P was associated mainly with the finer par-
ticles, the coarser particles were removed from the sample by sie-
ving or by settling in an aquecus suspension. Due to this pretreat-
ment of the sample the P content of the remaining fine fraction rose
2 to 4 fold, what may facilitate the detection of crystalline phos-
phates, if present. The diffraction patterns of samples derived
from the top layers of the treated soil were compared with the
X-ray patterns obtained from samples of the nontreated soil. No
significant differencdes were found, however, between the patterns
of treated and nontreated soil, indicating that in the treated soil
crystalline phosphates were either absent or present in too small
amounts to be detected with this techmique.

A second attempt to characterize the accumulated forms of P
was the use of the scanning electron micrnigope (3EM) equiped with
an energy-dispersive X-ray analysis system {EDXRA). Details of
this techmnique and of the apparatus used in this particular expe-
riment were given by Bisdom et al. 1975, 1976, The objective here !
was to find cut the chemical elements, apart frem P, that were
present in the accumulated forms of P. Thin seccions, prepared from
plastic-hardened so0il samples were coated with a carbon layer prior
to analysis. The secondary electron image of the surface of the thin
sections suggested that a (very) small part of the accumulated phos-—
phate may be presepnt in the form of discrete particles, Chemical
elements asscciated with P at such spots were e.g. 41, Fe, Ca and
some heavy metals. These preliminary results seemed to indicate
that complex phosphates might have been formed. Referring to com-
parable results obtained by Norrish (1968) and Sawhney (1973) it
would mean that Iin cthe soil treated with sewage water precipltates
were formed of which the composition agreed to some extent with
that of the plumbogummite minerals {Lindsay and Vlek, 1977)., Recent-
ly, it was found at this laboratory (Van Riemsdijk, et al., 1979)
that in guartz sand columns, mixed with amorphous A3(0H), associa-
tions were formed between P, Al and Ca upon treatment of the columns
with sewage water. The above combination of P with Al and Ca 1is
also present in crandallite, a member of the plumbogummite group of
phesphate minerals.

x Thanks are due to Mr. J.D.J. van Doesburg, Dept. of So0il Sci. and

Geology for his work on X-ray diffraction.
*% Thanks are due to Mr. S. Henmstra, T.F.D.L., Wageningen and Dr.
L. van der Plas, Dept. of Soil Sci. and Geology for performing
the SEM-EDXRA analyses.
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3.5 SOLUBILITY DIAGRAM OF DIFFERENT ALUMINUM PHOSPHATES

Informatian reported by e.g. Norrish (1968}, Altschuler (1973}
and Sawhney {1973) suggested that complex aluminum phosphates, like
crandallite and wavellite might be the stable aluminum phosphate
compounds in soils instead of variscite. In order to find out
whether such compounds might be of any significance under conditions
pertaining to soils treated with sewage water, the relative stabili-
ties of the above aluminum phasphate minerals were depicted in a
solubility diagram, shown in fig. 3.6. Since it was shown earlier
{(Beek and de Haan, 1974} that apatite might passibly play a réle in
this particular so0il, alsc the latter compound was included in the
diagram.

The solubility products of the different phosphates reported
by Nriagu (1976) were used here. The diagram was further based on

the assumption that solid A1{OH)., controlled the level of dissol-
ved aluminum in this soil. A higg and low reference level were

assumed in the calculation scheme, corresponding to amorphous and
crystalline Al{OH)3, respectively. The solubility products, per-
taining to the reaction:

Al(oH), * s

+ 30H (z.1)
were for amorphous Al(OH)3 taken as log Ks=-31.1 and for crystalline
Al(OH]3 equal to log K =-33.8. The reference level of the calcium
activity, (Ca2+), in the so0il solution {1.16 mmol/1) was calculated
from the calcium concentration (1.78 mmol/1) found in the sewage
water (cf. Table 1 in Beek et al., 1977a).

The sclubility diagram (Fig. 3.6) was constructed on the basis of
the equilibrium reactions given below:
varigecite - AI(OH)3
3- +
AIP04.2H2 4 + 3H {2.2)

where log K=-32.5 for amorphous Al(DH)3 and leg K'=-29.8, for
crystalline AI(OH)B.

0+ 8,07 Al(0H), + PO

crandallite - AI(OH)3

3~ + 2+

Cakl,(P0,),{(0H) ;. H,0 + 3H,0 b 3AL(OH) ;+2P0; +4H + Ca”  (2.3)

42 2 2
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where log K=-58.0 and log K'=-4%.9

wavellite - AI(OH)3

- 3- +
AIJ(P04)2(0H)3.5H20+4H20 + 3A1(0H)3+2F04 +6H (2.4)
where log K=-69.6 and log K'=-61.5
Apatite
+ > 2+ 3-
Cas(P04)30H+H + 5Ca” +3P0 +H,0 (2.5)

wvhere log K=-45.4

In order to cenvert the activity of (Pog_) in 2 term comprising
the concentration of total dissolved phosphate species, [PJ , the
following expressicn was used:

[Pt] =« (Pof') (2.6}

where o is a function of pH, dissociation constants of phosphoric
acid and the activity coefficients of the dissociation products
(dissolved metal-phosphate complexes were not considered in the
compuctation).

The solubility diagram is presented in fig. 3.6; it represents the
equilibrium phosphate concentration pertaining to the different
solids at the chosen conditions as a function of the pH. It can be
inferred from this diagram that the formation ef a particular com-
pound is only possible when the actual phosphate concentration in
the soil system is equal to or higher than the equilibrium value.
Referring to the soil treated with sewage water it follows that

the relevant pH values vary between pH 6 to 7. The phosphate con-
centrations of interest, expressed as log [Ptj , vary between the
values -3.5 and -5, the upper limit representing the P concentration
in the sewage water and the lower limit the concentration found in
the drainage water. On the basis of these conditions it follows from
fig. 3.6 that in the presence of crystalline AI(OH)3 the formation
of variscite and crandallite would be less likely than the formation
of wavellite and apatite. In particular the formaticn of wavellite
might play a r6le, according to this diagram, although the latter
compound would be metastable with respect to apatite above pH 6.1.
If, however, amorphous Al(OH)3 would controll the reference level

of dissolved aluminum it is clear that any of the solid compounds
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Fig. 3.6 Solubility diagram of different aluminum phosphates (l=
variscite, 2=crandallite and 3=wavellite) in equilibrium with
amorphous (solid line) and c¢rystalline (brokenm line) AL{OH).. The
solubility of hydroxyapatite (line 4) is based on a referente level
of (Ca” )=1,16 mmol/1,

considered here, could he formed in princ{ble. Variscite, crandal-
lite and apatite would be present then as metastable compounds with
regard to wavellite.

In conclusion it follows that the conditions present in the
soil treated with sewage water do not rule out the possible for-
mation of crandallite and wavellite, though the formation of these
compounds is unlikely at a very low level of dissolved aluminum.
Above all, however, it should be realized that a discussion of pre-
cipitation reactions merely on the basis of a solubility diagram
remains a matter of speculation.
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4 RELATIONSHIP BETWEEN SOIL ALUMINUM AND IRON
FRACTIONS AND THE PHOSPHATE RETENTION CAPACITY
OF SOME (DUTCH) SANDY SOILS

Summary of results published in:

J. Beek, W.H. van Riemsdijk and K. Koendere, 1876. Aluminum and
iron fracitions affecting phosphate bonding in a sandy sotl treated
with sewage water. Proe. Symp. Agroechemicals in Soils. Jerusalem,
rlus additional information obtained more recently (Section 4.3
and following).

4.1 INTRODUCTION

Fractionation of phosphate compounds accumunlated in the so0il
treated with sewage water (cf. Chapter 3) indicated that aluminum
was the main binding agent for added phosphate. In view of these
findings the total Al and Fe content of selected layers of the
treated and nontreated soil (sewage farm Tilburg) were determined.
In addition the fraction of total Al and Fe that could be solubi-
lized by different extracting agents was measured, and the rela-
tionship was established between the extractable ferms of these
elements and the retention cof phosphate. This relationship was
also determined for two other soils.

4.2 TOTAL AND EXTRACTABLE FORMS OF Al AND Fe IN A SANDY SOIL
TREATED WITH SEWAGE WATER

The total Al and Fe content of selected layers of the treated
and non-treated so0il were determined by means of X-ray fluoresecen-
ce. In layers below a depth of 50 cm, approximately the same total
amount of aluminum (=0.39 mol/kg seil or =2% A1203) was found for
the treated and nontreated soil. For the top lavers of the treated
s0il, however, a significantly higher content was found than in
corresponding layers of the nontreated soil (cf. fig. 1, Beek et
al., 1976). The excess aluminum in the treated soil amounted to
D.14, 0.09, 0.04 and 0.03 mol Al/kg soil for the layers 0-20, 20-
30, 30-40 and 40-50 cm, respectively. The most plausible cause of
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the higher Al contents in the treated soil was the accumulation
from sewage water. This was further supported by the distribution
pattern of excess Al.

A direct proof of the above suggestion on the basis of the alumi-
num content present in the added sewage water could not be furnis-
hed because the sewage water was never analyzed for aluminum in

the past. Taking into account, however, that textile, wcoldressing
and tannery facteries were the main sources producing industrial
waste water in the past, the discharge of aluminum compounds was
very well possible because aluminum salts were used very probably
in the different processing schemes. During [976 samples of sewage
water froem Tilburg and Bennekom were analyzed for aluminum. Sewage
water produced in the latter place is primarily of domestic origin
whereas sewage water from the former place is mixed with industrial
waste water. To this purpose the samples were evaporated to dry-
ness and the residue treated with a mixture of concentrated HNO

and HClO,. The diluted digest was analyzed for aluminum. In the
samples éerived from Bennekom only small amounts of aluminum (1-4
mg Al/1l) were found, whereas in samples derived from Tilburg higher
contents were present, occasionally amounting to 16-20 mg Al/1. Ob-~-
viously the latter Al concentration is by no means a procf that in
the past such concentrations were found; however, it points out
that sewage water of industrial origin may contain relatively high
amounts of Al. In this respect it is recalled that from 1972 cn,
sewage water was added to the soil which had undergone a primary
treatment in the sewage water treatment plant {(cf. Chapter 3).
Samples analyzed before and after this pretreatment indicated that
a large portion (60-70%) of the aluminum was removed by this treat-
ment, implying that accumulation of Al in the soil probably is
negligible at present.

The total iron contents in the samples of treated and non-treated
s0il were practically the same (=0.04 mol/kg soil, or 0.3% Fezoz),
except for the top layer of the treated scil, which contained 0.06
mol Fe/kg soil.

The reactive portion of total soil aluminum and iron partici-
pating in the bonding of phosphate is generally estimated with the
help of selective extractants. In the present study two different
extracting solutions were used, viz. a solution of acid ammonium
oxalate and a solution comprising citrate-dithionite-bicarbonate
(CDB). The former extractant dissolves in principle the amorphous
forms of iron oxides, whereas CDB also dissolves crystalline forms.
On the other hand aluminum (and iron) present in the framework of
silicate minerals is usually not brought into solution with either
extractant. (Gorbunov et al., 1961; Schwertmann, 1964; McKeague
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and Day, 1965).

The oxalate extractable aluminum present in the samples of
the non treated soil and in the lower layers of the treated soil
amounted to roughly 6% of the total, suggesting that the remaining
94% of soil aluminum is very likely present in the form of silicate
minerals. For the top 50 cm layers of the treated soil the extrac-
table percentage rose to 1%%. The latter higher percentages further
supported the suggestion that the excess aluminum in those layers
was present in the form of amorphous compounds and/or associated
with organic matter. The ratio cf oxalate over CDB extractable a-
luminum was close to 100% for the top layers of the treated soil;
in the lower layers of the treated scil and in the non treated soil
it varied between 63-80% {(cf. fig. 3 in Beek et al., 1976). The
higher amounts of aluminum dissolved by CDB were probably the re-
sult of dissolution of occluded aluminum present in iron compounds,
the latter being dissolved by CDB but not by oxalate.

The fraction of total soil iron dissclved by oxalate was
lower than found with an extraction using CDB; with the latter a
fraction varying from 30% (for the lower layers) to 55% (for the
top layers) of total iron was brought into solution {cf. fig. 5
in Beek et al., 1976)

The amount of P solubilized by both extractants corresponded
roughly with the phosphate associated with aluminum and irom, as
was found with the fractionation of accumulated phosphate in the
treated soil (cf. Table 2 in Beek et al., 1976). On the basis of
the above data, the molar ratio of the oxalate (c.q. CDB)- extrac-
table aluminum and iron to the phosphate associated with these me-
tals, [A1+Fe)extr
of the treated soil. The average values of this ratio varied from
2.9 for the top 20 cm layer to 12.3 for the 40-50 cm layer {cf.
Table 3, Beek et al., 1976). Under the condition that the extrac-
table (Al+Fe) in the lower layers reacted with P in a similar
manner as in the top 20 cm, the higher values of this ratio in-
dicate that the lower layers might retain additional phosphate.

/P-(Al+Fe)}, was calculated for the upper layers

4.3 THE PHOSPHATE RETENTION CAPACITY OF SOIL SAMPLES DERIVED FROM
THE SEWAGE FARM LN RELATION TO THE SUM OF OXALATE EXTRACTABLE
(Al+Fe)
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Laboratory cxperiments were carried out to determine the a-
mount of P that could be retained by samples of different layers
of the treated and non-treated soil and to establish the ultimate
ratio between extractable (Al+Fe) and P-retained.

Samples of different layers of the treated and non-treated soil
were suspended in a solution containing the same concentrations

of common cations and anions as were present in the sewapge water,
except for silicate and bicarbonate. The former was omitted and

the latter was replaced by chloride (see Table | Chapter 5 for

the actual composition). The initial P comncentration was around 16
mg P/l and the total volume of solution about 500 ml. In order to
arrive at a final P comncentration of about 10 mg P/ the quantity
of s0pil added was chosen on the basis of the oxalate extractable
(Al+Fe) present in the material, thereby assuming that the final
tatio would tend to a value around 3. The main motive to strive

for a final concentration of 10 mg P/1 was the fact that the latter
value also represents the average P concentration in the sewage wa-
ter, thus implying that the amount of P retained at this concentra-
tion would represent the retention capacity of that particular
layer for phosphate added with the sewage water. Since the samples
of the non-treated soil had a pH-H,0 arcund 4.5 (cf. Table 1. Beek
et al., 1976), the pH of (suspendeﬁ) samples was slowly raised (in
a reaction period of 2 weeks) to 6,2 by adding NaOH. The pH of all
suspensions were readjusted when necessary during a first month of
continuous shaking, thereafter only occasional hand shaking was
performed. The suspension was sampled by taking a 5 ml aliquot
which was centrifuged, followed by filtration (0.45 pm membrane
filter) of a small subsample of the clear supermatant which was
then used for the determination of P. The remainder of the superma-
tant was used to resuspend the soil material which was then put
back into the reaction vessel., The amount of P retained was calcu-
lated from the decrease in P concentration. Concutrently with the
s0il suspensions solutions with the same initial P concentration
but without soil were sampled in order to find out if direct preci-
pation of calcium phosphate from solution would occur. The latter
process was theoretically possible, because the solution was super-
saturated with respect to hydroxyaspatite (cf. Chapter 5. for more
details). In the present situation no direct precipitation of any
phesphate from sclution was observed over a2 reaction period of more
than 2 years.

After a reaction period of 4 months the sclution was removed
from a selected number of samples and the retained phosphate was
fractionated according tc the method of Kurmies {(cf. Beek et al.,
1977b for more details). It was found that the freshly retained P
{i.e, removed from the added solution) was predominantly present in
the form e¢f {(Al+Fe)-bound P.

The amounts of P retained were determined with samples {pre-
pared according to the procedure given in the small print section
above) of different layers of the treated an non-treated soil after
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a reaction period of 1.2 year. In fig. 4.1 these amounts, added to
the (Al+Fe)-bound P initially present, are plotted against the a-
mount of oxalate extractable (Al+Fe). The linear equation following
from the data points, using the least squares method, equals:

p = 0.356 + 0.326 q (4.1)

where p and q stand for (Al+Fe)-bound P and the sum of oxalate
extractable (Al+Fe), respectively, both expressed in mmol/kg soil.
The correlation coefficient corresponding to equation (4.1),

mmol Prhg soil

30

204 e o treated soil

e & nontrealed seil

o

Vs p B B e s
mmol (Al+ Fe) /hg s0il
Fig. 4.1, Relationship between oxalate extractable {(Al+Fe) and the

phosphate retained after 1.2 years, for different layers of the
treated and nontreated soil.

amounted to 0.996. Since the data points of the treated and non-

treated soil could be described by one line it was comcluded that
the oxalate extractable (Al+Fe) derived from the soil parent mate-
rial and/or from the compounds supplied with the sewage water re-
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acted with P in a comparable manner. The molar ratio q/p calculated
from equation {4.1) equaled 3 {rounded-off value). The latter ratio
is under the prevailing conditions a fairly good estimate of the

P retention of the different layers and was attained at a mean (fi-
nal) concentraticn of P in solution of 10.9 mg P/1 (s.d.=0.8).

In s0il suspensions the removal of P from solution i3 a rapid pro-
cess initially, followed by a much slower decline over longer reac-
tion periods (cf. Chapter 5 for more details about this aspect).

The amounts retained after 1.2 year are therefore a reasonable es-
timate of the retention capacity of that particular soil sample for
P. The final value of g/p will strongly depend on the conditiens
present, like e.g. the pH and phosphate concentration. For instance,
Williams et al. (1958) using P concentrations of about I g/l at a
pH = 4, attained values of q/p varying between 1.4 and 2.1 for dif-
ferent soil groups.

With the relevant value of q/p, the amount of oxalate extractable
(Al+Fe), and the bulk densities of the different layers the P re-
tention capacities of different layers of the treated and non-
treated soil were calculated. For the treated soil it implied that
in the top 50 cm layer another 2000 kg P per hectare could be re-
tained in addition to the 4700 kg P/ha already present (the reten-
tion capacities mentioned in table 3 of Beek et al., 1976 were based
on the value of q/p as was found in the top 20 cm layer, viz. g/p=
2.9). On the basis of 10 additions of sewage water per year of 20
c¢m each, with a mean concentration of 10 mg P/1, it would mean that
the top 50 cm layer would be saturated with P after 10 years. Fur-
thermore, it would imply that then the P concentration of the solu-
tion leaving the soil layer at a depth of 50 cm would equal the
concentration present in the sewage water added to the surface.

In chapter 6, predicted concentrations of P in solution are given
for the top layers of the treated scil in relation to increasing
amounts of P retained.

Foregoing details in the present discussion it is very reasonable
to assume that the P concentration in the soil solution will gra-
dually increase as the amount retained reaches the maximum value,
implying that part of the added phosphate will accumulate in the

underlying layers, viz. below 50 cm.
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