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Phosphorus Removal from Wastewater
Applied to Land



Low concentrations of phosphorus (P) are desired in surface waters
to minimize production of organic materials which cause problems in
water use. The low P concentrations characteristic of the soil solution
suggest that soils represent an appreciable sink for P in wastewaters ap
plied to land. The mechanisms responsible for maintaining low
(usually less than 0.5 mg P 1 - 1 soil-solution P concentrations and for
control of the chemical mobility of P in the soil profile appear in most
cases, to involve a sorption reaction at soil surfaces with a hydrous
oxide structure. Recent work has led to an interpretation of P sorption
by soils which has direct relevance to an understanding of P removal
from wastewater applied to land. Crops harvested at wastewater treat
ment sites, also represent a sink for added P. Phosphorus removal of
10% of that applied is typical, but 30 to 40% of the P applied at a
rate of 200 to 300 kg P ha - I yr - I may be removed by harvested forage
crops. Schemes of wastewater application to land involve either in
filtration and percolation of the wastewater through the soil profile or
overland flow. Most complete P removal is generally observed in
infiltration-percolation schemes which permit maximum contact be
tween wastewater and soil, and particularly if wastewater is applied to
give a P input comparable to that under normal agricultural practice.
Several mathematical models have been developed to predict P move
rnent through a soil profile, but the P sorption data required are
dificult to obtain. A simple mass-balance model is proposed, the P
sorption parameters of which are easily measured, are independent of
soil type, and can be adjusted to account for the kinetics of P sorption,
thereby providing an estimate of the longevity of a treatment site for P
removal.
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INlRODUcnON

PHOSPHORUS IN THE ELEMENTAL FORM is
highly reactive. Consequently, in natural
environments, phosphorus is usually
found in combination with oxygen as
orthophosphate and occasionally as poly
phosphate. Orthophosphate is found in
a variety of mineral forms as well as in
naturally occurring organic compounds,
the latter being a result of its require
ment for all forms of life. Phosphorus,
therefore, must be present in available
forms in all soils and waters if these are to
be biologically productive. The produc
tion of large amounts of biological
materials on land surfaces is usually con
sidered desirable because these can be
used for food, fiber, fuel, and building
materials. However, in waters the pro
duction of large weights of biological
materials usually causes undesirable ef
fects. Thus, on agricultural land,
materials containing phosphorus are
added to increase biological production,
whereas in most waters, attempts are
made to keep the phosphorus concentra
tion within low limits to avoid
undesirable production of organic
materials that cause problems in water
use for municipal, industrial, agri
cultural, and recreational purposes.

Concentrations of total phosphorus in
municipal wastewaters usually range
from about 1~0 to 40 mg 1-1 (pound
and Crites, 1973; Bouwer and Chaney,
1974; Hunter and Kotalik, 1976) depen
ding on the phosphorus concentration of
the input water and removal during
treatment. Thomas (1973) used a con
centration of 10 mg P 1- 1 as a typical
concentration. Most concentrations are
usually less than 20 mg 1- 1.

In contrast, the concentration of dis
solved inorganic phosphate in the soil
solution of most soils is usually between
3 and 0.03 mg 1-1 (Russell, 1973), with
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typical concentrations of a few tenths mg
1-1 (Larsen, 1967), and is usually a
decreasing function with depth in the
soil profile (Barber et ai., 1963). These
differences between the phosphate con
centration ranges of wastewaters and the
soil solution suggest a reduction in
phosphate concentration as wastewater
passes through a soil profile or contacts
soil material in some other way. Such a
reduction in phosphate concentration
arises from various reactions that may oc
cur between phosphate in the wastewater
and soil mineral panicles or other consti
tuents of the soil solution. The extent of
phosphate removal depends on the in
tensity of these reactions, the capacity of
the soil materials to maintain them, and
the time allowed for them to proceed.
Harvested crops also serve as a sink for
the added phosphorus and a certain
amount cycles in organic materials
(roots, stems and leaves) that are not
harvested.

the objectives of this paper are to
discuss the reactions of phosphorus with
soils, to show their application to an
understanding of the removal of phos
phorus from wastewaters applied to soils
and to assess the present status of our
capabilities to predict the capacities of
soils to remove phosphorus from such
waters. The chemistry of phosphorus in
soils, plants, and waters is complex, and

. the literature is voluminous. Conse
quently, this review will be restricted to
that literature considered to be useful in
developing an understanding of phos
phorus removal in wastewater treatment
systems. Other reviews and texts relating
to soil phosphorus are available, in
cluding Larsen (1967), Holt et al: (1970),
Russell (1973), Ryden et al. (1973),
Tisdale and Nelson (1975), and Syers
and Williams (1977).
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REMOVAL MECHANISMS

One of the following occurs to the
phosphorus that is added to soils in fer
tilizers, wastes, or wastewaters; it is: 1)
removed in harvested crops, 2) accumu
lated in the solid phase as organic com
pounds, sorbed ions, or discrete-phase
inorganic compounds, 3) removed by
soil erosion in both soluble and particu
late forms, or 4) leached from the root
zone in percolating water. In the follow
ing discussion the assumption is made
that chemically-reactive phosphorus in
soils is predominantly in the inorganic or
thophosphate form, and that other
forms of phosphorus ultimately convert
to this form in the soil system (Blanchar
and Hossner, 1969; Murrmann and
Koutz, 1972; Enfield and Bledsoe, 1973;
Ellis, 1973; Blanchar and Riego, 1976).
Consequently, inorganic orthophosphate
will be referred to hereafter as P.

The most important link in the non
biological dynamics of P in soils is the
reactions which occur between dissolved
P and other soil inorganics, both dis
solved and particulate. Such reactions
determine the extent of the reduction in
solution P concentration subsequent to
the addition of P to soil, thereby influ
encing the availability of P to crops and
the extent of P leaching through the soil
profile.

The removal of P from solution upon
contact with soil may be described loose
ly as retention, a term that implies no
distinct reaction type or mechanism. The
more specific term, sorption, implies the
retention of P at surfaces as opposed to
its precipitation with other inorganic
species from solution.

The understanding and explanation of
the nature of P retention have oscillated
from those implying the dominance of
sorption reactions to those which have
relied exclusively on solubility and
precipitation principles. An overview of
the literature from the earliest published
reports, however, suggests a consistency
in the concept that P retention involves,
at least in the greater part, a distinct
chemical interaction (Warrington, 1868;

Russell and Prescott, 1916; Mattson,
1927; Ford, 1933; Low and Black, 1947;
Cole and Jackson, 1950a, b; Hsu and
Rennie, 1962; Hingston et aI, 1967;
Ryden and Syers, 1975a, c).

Precipitation

On the basis that Al and Fe phos
phates could be formed and identified
from solutions of similar composition to
the soil solution, and from consideration
of the solubility equilibrium of phos
phate compounds, Haseman et al.
(1950a, b) and Cole andJackson (1950a,
b) postulated that retention involved a
precipitation reaction. Kittrick and
Jackson (1955a, b: 1956) developed
these concepts further. Using electron
microscopy, Kittrick andJackson (1955a)
demonstrated the formation of ferric
phosphate over the pH range of 4.3 to
7.0 during the treatment of hydrous fer
ric oxide with a 1M phosphate solution.
The electron micrographs were taken to
represent the formation of discrete-phase
P compounds. Based on these observa
tions, and on the identification, by X-ray
diffraction, of variscite and strengite
prepared by solution precipitation
techniques at elevated temperatures
(Kittrick andJackson, 1955b), it waspro
posed that these phosphate compounds
represented the products of Pretention
in neutral to acid soils.

Although Wild (1954) had shown that
estimates of the P concentration of the
soil solution showed little or no cor
respondence to solubility data for
discrete P compounds, the work describ
ed above led to attempts to correlate P
concentrations in aqueous soil extracts to
the solubility isotherms of various AC Fe
and Ca phosphates (Clark and Peech,
1955, 1960; Lindsay et al., 1959; Larsen
and Court, 1961; Chakravarti and
Talibudeen, 1962; Withee and Ellis,
1965; Murrmann and Peech, 1968;
Larsen and Widdowson, 1970; Jensen,
1971; Talibudeen, 1974). Data (Fig. 1)
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Fig. 1. Solubility isotherms for various phos
phate compounds as a function of pH, and
data (.) for the P concentration in soil solution
extracts. Solubility isotherms are from Lindsay
and Moreno (1960) and were calculated from
values of solubility products and dissociation
constants at 25°C, assuming a Ca concentra
tion of 5 x 10- 3 M. DCPD = dicalcium
phosphate dihydrate; OCP = octacalcium
phosphate; HA = hydroxyapatite. Data for
the P concentration of soil solution extracts
was taken from Clark and Peech (1955),
Lindsayet al. (1959), Clark and Peech (1960),
Larsen and Court (1961), Chakravarti and
Talibudeen (1962), Withee and Ellis (1965),
and Taylor and Gurney (1965).

total P concentrations ranging from ap
proximately 0.01 to 0.3 mg P 1-1 at pH
4 to concentrations as high as 0.69 mg P
1 -1 at pH 8. The data, however, show
no apparent pH dependence and little
tendency to conform to any particular
solubility isotherm. Furthermore the
aqueous extracts were generally under
saturated with respect to all phosphate
compounds over the pH range 5.5 to
6.5.

Further limitations of the solubility
isotherm approach to an interpretation
of the chemical mobility of P in soils
were illustrated by the work of Taylor
and Gurney (1962) and Bache (1963,
1964). Taylor and Gurney (1962)
reponed that, although the P and Al
concentrations of aqueous extracts of an
acid soil were compatible with the ex
istence of variscite, treatment of the soil
with very dilute acid resulted in the ion
product falling below that expected for
variscite. This observation demonstrated
that the soil could maintain solution P
concentrations lower than those pre
dicted from the solubility isotherm for
variscite, and that single point cor
respondence of P concentration data
with a solubility isotherm is not a good
criterion for the suggestion that a par
ticular P compound controls the P con
centration of the soil solution. A similar
limitation to the use of solubility data
was also demonstrated by Bache (1963)
who showed that the solubility of
variscite and strengite was congruent
only below pH values of 3.1 and 1.4,
respectively. It was concluded that only
highly-crystalline forms of variscite and
strengite, the formation of which is im
probable in soils (Lindsay et ai, 1962),
are likely to conform to thermodynamic
solubility criteria.

In recently fertilized soils, however, it
is well accepted that the P concentration
and low pH of the solution in the vicinity
of a fertilizer granule (4.0 M and 1.48,
respectively, at the metastable triple
point of mono- and di-calcium phos
phate; Huffman and Taylor, 1963), are
influential in the formation of a wide
variety of discrete phosphate compounds
by reaction with soil components (Lind-
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drawn from several reports of the P con
centrations in aqueous extracts of a wide
range of soil types with different fer
tilizer and liming histories, are plotted
over the solubility isotherms for the
range of phosphate compounds most
commonly believed to occur in soils. This
approach has been used extensively to
postulate the existence of discrete
phosphate compounds in soils and to
suggest their importance in determining
the chemical mobility of P in soil. The
data in Fig. 1 show that the P concentra
tions in aqueous extracts, expressed as
pH 2P0 4, ranged from approximately 5
to 6.5. These values of pH 2P0 4 indicate
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say et ai., 1962; Huffman, 1969). Lind
say et al. (1962) identified at least thirty
different compounds after soils and soil
components had been reacted at a high
solution: solid ratio with saturated solu
tions of five different fertilizer salts.
Dominant products were complex phos
phates of Fe, Al and Ca in neutral to acid
soils and calcium phosphates in cal
careous soils. All compounds, however,
supported higher P concentrations than
the corresponding soils, ranging from 62
mg 1- 1 for the least soluble Fe and Al
phosphates. It is also probable that the P
compounds formed in these studies were
short-range order (X-ray amorphous), as
has been suggested by the work of Veith
and Sposito (1977a). The solubility pro
ducts of such compounds are almost cer
tainly considerably greater than those of
crystalline compounds which themselves
in many cases maintain higher solution P
concentrations than those observed for
soil-solution extracts (Fig. 1).

The observations discussed above
strongly suggest that the persistence of
fertilizer reaction products in soils is
unlikely (Huffman and Taylor, 1963).
This conclusion is also supported by the
work of Bache (1964), who showed that
hydrous oxides of Fe and Al can main
tain very much lower P concentrations,
by a sorption reaction, than those main
tained by variscite and strengite. In the
case of highly fertilized soils, however,
fertilizer-reaction products may persist
for a sufficiently long period to allow for
recrystallization to produce more stable P
compounds (Lindsay et ai., 1959, 1962;
Taylor et al., 1963; Talibudeen, 1974)
with solubilities compatible with the P
concentration of the soil solution. Even if
more stable fertilizer-reaction products
eventually form in soils, it is unlikely
that they will control the chemical
mobility of P in the soil as a whole, as
was indicated by the work of Murrmann
and Peech (1969) and]ensen (1971).

Although discrete P compounds may
form in fertilized soils, the conditions
leading to their formation are unlikely to
exist in soils to which wastewaters are be
ing applied. Consequently, it is even
more unlikely that solubility isotherms

will provide a reliable basis for an
understanding of the chemical mobility
of P in soils to which wastewater is ap
plied. It is such an understanding that is
essential to the evaluation of the poten
tial of a soil for P removal from waste
water.

Over recent years sorption models
have been favored as a basis for
understanding the chemical mobility of
P in soils. Although there is essentially
no difference between the chemical
forces involved in the precipitation of a
particular compound and those holding
an ion at a comparable sorbing surface
(de Boer, 1950), sorption requires that as
the process continues the structure of the
sorbent remains essentially unchanged,
whereas its surface activity changes ap
preciably. Consequently, concentrations
maintained in solution at high sorbent
saturation will be greater than those at
low saturation. In contrast, precipitation
implies a constant surface activity. This
distinction between sorption and pre
cipitation in the case of P retention by
soils, has been clearly demonstrated by
data presented by Hsu (1964). In fact, in
most studies in which P has been added
to soils in solution form, as would be the
case for much of the P present in waste
waters, the removal of P from solution
appears to fit the conditions of a sorption
reaction specified above (Olsen and
Watanabe, 1957; Rennie and McKercher,
1959; Hsu, 1964; Bache and Williams,
1971; Holford et ai, 1974; Ryden et al.,
1977a).

As indicated above, the extent of sorp
tion is a function of the solution P con
centration. Therefore, one of the conse
quences of a sorption reaction with
respect to the application of wastewater
to soil is that added P should move into
the soil and develop a diffuse boundary
between the enriched and non-enriched
zones. In contrast, if a compound of
definite solubility was being formed, a
very much more abrupt boundary would
be expected. In field studies, a diffuse
boundary has invariably been observed
(Pratt et al., 1956; Kardos and Hook,
1976), indicating the importance of
sorption as a P-removal mechanism as
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waters containing P pass through the
profile.

Sorption

Sorption surfaces in soils. Numerous
studies have been conducted to deter
mine the nature of surfaces of impor
tance in the sorption of P by soils (Leaver
and Russell, 1957; Williamsetal., 1958;
Saunders, 1965; Syerset al., 1971; Vijay
chandran and Haner, 1975). All have
pointed to the importance of secondary
Fe and Al oxides and hydrous oxides,
particularly those with short-range order
(amorphous) character (Williams et al.,
1958; Saunders, 1965; Syers et al.,
1971).

Similar conclusions can be drawn from
data relating to the amounts of P sorbed
at a particular solution P concentration
by various mineral components known to
exist in soils. Such data have been
tabulated by one of these authors and
presented elsewhere (Syers and
Williams, 1977). In general, crystalline
Fe and Al hydrous oxides (e.g., hematite
and gibbsite) sorb five to ten times more
P than crystalline aluminosilicates or
calcium carbonates. In contrast, short
range order components, such as Fe ox
ide gels, sorb 10 to one hundred times
more P than their crystalline counter
pans and approaching 1000 times more
than crystalline aluminosilicates and
calcium carbonates.

A considerable proportion of Fe and
Al hydrous oxides in weakly to
moderately weathered soils has short
range order character (Mitchell et al.,
1964). Consequently, the importance of
such materials in P sorption by soils is
likely to eclipse that of crystalline
aluminosilicates and calcium car
bonates. Even at the higher pH of
calcareous and alkaline soils the presence
of short-range order hydrous oxides, par
ticularly if present as coatings, may
reduce to minor importance the con
tribution of calcium carbonate to P sorp
tion by such soils, as was demonstrated
for calcareous sediments by Shukla et al.
(1971) and for calcareous soils by
Holford and Mattingly (1975a). Further-

more, Holford and Mattingly (1975b),
using naturally occurring calcium car
bonate which contained O.1 to 0.3 % Fe,
suggested that P sorption could be pre
dominantly localized on the "iron
oxide" impurities. The importance of
calcium carbonate, however, in produc
ing sufficiently high Ca concentrations in
the soil solution to induce precipitation
of P, should not be overlooked (Holford
and Mattingly, 1975b), particularly in
relation to wastewaters with dissolved in
organic P concentrations in excess of 10
mg 1-1.

The distribution of P sorbing com
ponents in soils will also affect their
capacity to remove P from solution.
Hydrous oxides of Fe and Al have fre
quently been shown to occur as coatings
on the clay mineral surfaces of a wide
range of field soils (Shen and Rich, 1962;
Jackson, 1963; Tweneboah et al., 1967;
Deshpande et al., 1968; Greenland et
aI., 1968; Roth et al., 1969; Brown and
Newman, 1973; Kirkman, 1973). The
existence of hydrous oxides as coatings
on other soil mineral surfaces increases
their effective surface area, and em
phasizes further the minor role that
crystalline aluminosilicates are likely to
have in the sorption ofP by soils. Conse
quently, the hydrous oxide surface has
been frequently used as a model surface
for the evaluation of the nature of P
sorption by soils (Hsu and Rennie, 1962;
Bache, 1964; Hingston et al., 1968,
1972; Rajan et al., 1974; Ryden and
Syers, 1975).

Nature of P sorption. As the removal
of P from solution by soils appears, in
most cases, to conform to a sorption re
action, a convenient way to represent
such data is in the form of a P sorption
isotherm. The latter describes the rela
tionship, at constant temperature,
between the amount of P sorbed by the
sorbent and that maintained in solu
tion. One of the advantages ofexpress
ing data in this way is that quantitative
interpretations of the data can be made
using adsorption equations.

The sorption equations most frequently
used to interpret P sorption data have
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been the Freundlich equation (Russell
and Prescott, 1916; Kurtz et al., 1947;
Kuo and Lotse, 1974; Fitter and Sutton,
1975), and the Langmuir equation (Cole
et al., 1953; Olsen and Watanabe, 1957;
Shapiro and Fried, 1959; Rennie and
McKercher, 1959; Hsu and Rennie, 1962;
de Haan, 1965; Muljadi et al., 1966;
Bache and Williams, 1971; Syers et al.,
1973a; Schwenmann and Knittel, 1973;
Rajan , 1975a, Ryden et al., 1977a). Of
these equations, the Langmuir is the
most useful in that its constants are non
empirical. A plot of data using one of
the linear forms of the Langmuir equa
tion (Brunauer et al., 1966; Syers et aI.,
1973a) permits the determination of the
sorption maximum and a sorption
energy constant which can be related to
the free energy (l1G) of sorption
(Graham, 1953). Although Langmuir
(1918)originally developed this equation
to describe the sorption of gases by solid
systems, its extention to sorption from
aqueous solution has been discussed by
Giles (1970) who concluded that its ap
plication to such systems should be
equally valid. A similar conclusion may
be drawn from a discussion by de Boer
(1953).

Early applications of the Langmuir
equation to P sorption by soils and soil
components (Olsen and Watanabe,
1957; Rennie and McKercher, 1962; Hsu
and Rennie, 1962) generally covered a
range of solution P concentrations,
subsequent to sorption, that were con
siderably greater than those commonly
found in the soil solution. These studies
suggested that although P sorption ap
peared to be described by the Langmuir
equation, deviations from a single linear
relationship occurred at solution P con
centrations in excess of 15 mg 1- 1.

Shapiro and Fried (1959) using soils, and
de Haan (1965) using various alumino
silicates, showed that curvilinear
Langmuir relationships could be trans
formed into two linear relationships,
suggesting that P sorption involved at
least two different mechanisms, reactions
or populations of sorption sites. Muljadi
et al. (1966), using an inspection tech
nique, split isotherms for P sorption by

several aluminous components into three
ponions or "regions" each of which cor
responded to a distinct solution P con
centration range (region I < 3.1 mg 1- 1;
II, 3.1 to 31 mg 1- 1; III, 31 - 3100 mg
1-1). Regions I and II were described by
Langmuir equations, although the con
stant relating to l1G was very similar for
each region. Greater differences would
have been expected if the inspection
technique had reliably split the composite
isotherms.

Syerset aI. (1973a) demonstrated that
the Langmuir equation itself, and the
two linear relationships given by experi
mental data for P sorption by contrasting
Brazilian soils, could be used to differen
tiate two regions of apparently different
sorption energy over a solution P concen
tration range up to 14 mg 1-1. After cor
rection for the interaction of the sorption
constants of one region with those of the
other, each region was described by a
distinct Langmuir equation. Very similar
results have been presented by Holford
et al. (1974) and Holford and Mattingly
(1975a), for contrasting English and
Australian soils.

For a given region the sorption energy
constants obtained by both Syers et al.
(1973a) and Holford et al. (1974) were
comparable. This was particularly true
for the second sorption region corres
ponding to solution P concentrations
greater than approximately 2 mg 1- 1.

Funhermore, the sorption energy con
stants of the second region were also of a
similar order to those obtained by Muljadi
et al. (1966). The similarities in sorption
energy constants observed for such a wide
range of soils and soil components strongly
suggest that the same reaction mechan
isms and sorption sites were involved in
P sorption by each soil and component.

The above discussion indicates that P
sorption by soils is described by at least
two distinct Langmuir equations over the
solution P concentration range of impor
tance in soils, and some workers (Syers
et aI., 1973a; and Chen et aI., 1973a;
Schwertmann and Knittel, 1973) have
suggested a third. Consequently, an eval
uation of P sorption using the Langmuir
equation requires a test for data fit over
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the complete solution P concentration
range starting as close to the origin as is
experimentally feasible. Holford et al.
(1974) and Ryden et al. (1977a) have also
pointed out the need to include the
amount of P already extant on the sorb
ing surface. Such detailed resolution of
P sorption isotherms, in the first instance
at least, is essential because each experi
mentally determined point on the iso
therm represents the sum of P sorption
at each sorption energy. Failure to apply
the Langmuir equation over the complete
solution P concentration range, and to
correct for the amount of P already in the
soil, have led to the somewhat inconclu
sive interpretations of P sorption data
and to criticism of the application of the
Langmuir equation to describe P sorption
by soils (Gunary, 1970; Bache and Wil
liams, 1971).

Recent work (Ryden and Syers, 1975,
1977a, b, Ryden et al., 1977a, b, c;
McLaughlin, et al., 1977), in which the
above limitations have been avoided, has
shown that isotherms for P sorption by
contrasting fertilized and unfertilized
soils and various hydrous Fe oxides, are
described by three Langmuir equations
overa final solution P concentration range
of zero to greater than 20 mg 1- 1. Each
equation accounted for at least 80% of
the sorption occurring over its operational
solution P concentration range and was
virtually independent of the sorbent used
when the amount sorbed was expressed
asa proportion of the sorption maximum.
These observations, coupled with other
data relating to the surface charge, the
effects of pH, ionic strength and cation
species on the extent of P sorption, and
the ease of isotopic exchange and desorp
tion of sorbed P, demonstrated that each
Langmuir equation described P sorption
by a specific mechanism. Sorption by
two of these mechanisms, each described
by a particular Langmuir equation, re
sulted in the chemisorption of P at a
hydrous oxide surface, and accounted for
80% of sorption below solution P con
centrations of approximately 0.2 mg 1-1.

Above this concentration, an increasing
proportion of P sorption was described
by the third Langmuir equation which
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reflected, and was shown to arise from,
a more-physical sorption reaction which
was reversible upon a reduction in the
solution P concentration (Ryden and
Syers, 1977a). Furthermore, where data
can be compared, the sorption energy
constants obtained by Ryden and Syers
(1975) are very similar to those obtained
by previous workers using a wide variety
of soils and soil components (Olsen
and Watanabe, 1957; Muljadietal., 1966;
Chen et al., 1973a; Syers et al., 1973a;
Holford et al., 1974). This is particularly
true for the sorption energy constants
relating to sorption at higher solution P
concentrations where more physical sorp
tion is dominant. The general applicabil
ity of this sorption model to a wide variety
of surface soils, subsoils and hydrous
ferric oxides, suggests that it may form
the basis of a useful approach to the
evaluation of the potential of soils for the
removal ofP from wastewaters, as will be
discussed later.

The conclusionsoutlined above are also
in accord with the "three-compartment'
(A-B-C) model developed by Barrow and
Shaw (1974 and references within) from
consideration of the kinetics of P sorption.
Compartment A represented the soil
solution, B a weakly sorbed P (c.f., more
physically sorbed P) and C a strongly
sorbed P (c.f., chemisorbed P).

Conformity to the Langmuir equation
of data for the removal by soils of P from
solution does not constitute irrefutable
proof that a sorption reaction is involved
(Brunauer et aI., 1966; Veith and Sposito,
1977). Additional data that have recently
been presented relating to the charge,
pH and ionic strength relationships of P
uptake (Rajan et ai., 1974; Rajan , 1976;
Ryden et al., 1977a, c) and to the ease of
release (desorption) and isotopicexchange
ability ofP removed from solution (Ryden
and Syers, 1977a) can only be explained
if a sorption reaction is postulated not
only for the uptake of P by soils but also
by hydrous oxides.

Some studies have suggested that at
solution P concentrations considerably
higher than those present in the soil
solution, but within the range of con
centrations expected for wastewaters, a



8 Ryden and Pratt: Phosphorus Removal from Wastewater

secondary precipitation reaction may
occur. When precipitation occurs as an
adjunct to sorption, a dramatic increase
in the slope of the sorption isotherm
will be observed (Olsen and Watanabe,
1957). Holford and Mattingly (1975b)
demonstrated that in the case of P sorp
tion by various Jurassic limestones, pre
cipitation of P, apparently as octacalcium
phosphate, can occur from solutions with
initial P concentrations in excess of ap
proximately 10 mg 1-1. Similar conclu
sions were drawn by Cole et al. (1953)
and Griffin and Jurinak (1973) for the
sorption of P by pure calcium carbonate
and calcite, respectively. In the case of
allophanic clay minerals. Rajan (1975a,b)
has also shown that P may continue to be
removed from solution by disruption of
the sorbing surface and concommitant
displacement of structural silicon. Al
though such a mechanism cannot be
considered to be exactly the same as
precipitation, the concept is similar to
the observation by Low and Black (1947)
that at high solution P concentrations, P
may be retained by precipitation with Al
dissociated from kaolinite.

Secondary precipitation appears to
occur only at high solution P concen
trations, generally in excess of 10 mg 1-1,

and may not be observed at all even
when the contacting solution is super
saturated with respect to a particular P
compound (Holford et aI., 1974). Conse
quently, sorption would appear to be the
dominant mechanism for removal of P
from solutions in contact with soils. As
discussed previously, precipitation reactions
are only expected in the vicinityof fertilizer
particles, or possibly in cases where high
Ca concentrations are present in the soil
solution. The latter are only expected in
the case of alkaline soils, soils with free
CaC03 , or where Ca is being added to the
soil at the same time as P, as may occur
in the case of some wastewaters. In all
other cases, the general applicability of a
sorption model suggests a useful approach
to the evaluation of the potential of soils
for the removal ofP from wastewaters.

Most of the concepts outlined above
were developed using aqueous solutions
of various amounts of salts such as KCI,

NaCI, or CaCI2 • The composition of
wastewater is much more complex (Ames,
1970), and it is possible that some of its
properties may affect the nature and ex
tent of P sorption. Of these compositional
properties, the relatively high pH (fre
quently above 8) and the presence of
organic anions are most likely to affect P
sorption (Deb and Datta, 1967; Nagarajah
et aI., 1968, 1970; Hingston et al., 1972;
Ryden et al., 1977a), both of which are
expected to decrease P sorption .:Data re
poned by Ryden and Syers (1975b), and
unpublished data of the latter authors,
show that the extent of P sorption does
in fact decrease as a result of these dif
ferences in composition, the most impor
tant of which is the elevated pH. The
nature of the reaction, however, appears
to remain the same. Consequently, the
principles of the sorption models described
in this discussion are expected to be
equally applicable to an understanding
of the sorption of P by soils in wastewater
treatment systems.

Time dependence of P sorption and
reaction rate. Although in most cases the
retention of P by soilsand soil components
is consistent with a sorption reaction, a
reaction involving only true adsorption
would imply a rapid reaction rate and a
well-defined equilibrium. The sorption
of P by soils and soil components, how
ever, is characterized by an initially fast
reaction followed by a slow reaction which
frequently does not attain a true equilibri
um (Rennie and McKercher, 1959; Hsu,
1964; Fox and Kampreth, 1970; Evans
and Syers, 1971; Rajan and Fox, 1972;
Barrow and Shaw, 1974; Enfield, 1974;
Rydenet aI. , 1977b). Furthermore, changes
in the properties of sorbed P, such as
decreases in the ease of desorption and
isotopic exchange of sorbed P, are atten
dant to this slow equilibration (Dean
and Rubins, 1947; McAuliffeet aI., 1947;
Hayes et aI., 1952; Carritt and Goodgal,
1954; Kafkafi et aI., 1967; Evans and
Syers, 1971; Munns and Fox, 1976; Ryden
and Syers, 1977a).

It seems reasonable to suggest that the
initial rapid reaction can be attributable
to a true adsorption reaction (Rennie and
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McKercher, 1959; Hsu, 1964; Munns
and Fox, 1976) and evidence to this effect
based on chemical fractionation of sorbed
P has been presented recently by Ryden
et at. (1977b) and McLaughlin et at.
(1977). The origin and nature of the slow
reaction, however, has received little at
tention. Larsen (1967), Larsen and Wid
dowson (1971), and Talibudeen (1974)
have suggested that the slow reaction
involves the transformation of sorbed P
to discrete P compounds. Evidence for
such a mechanism has been presented by
Chen et al. (1973 a, b), who observed
the long-term product of the reaction
between solutions of various P concen
trations and aluminous surfaces to be
short-range order aluminum phosphate.

Analysis of isotherms, using the Lang
muir equation, for the sorption of P by
soilsand hydrous Fe oxides during various
time periods has shown that time depen
dent sorption of P is associated with an
appreciable shift of P from a more physi
cally sorbed form to a chemisorbed form
(Ryden et at., 1977b; McLaughlin et ai.,
1977). Associated data, based on a chemi
cal fractionation of sorbed P developed
by Williams et at. (1967), demonstrated
that the shift in the forms of sorbed P
was accompanied by a decrease in the
amount of surface-bound (0.1 M NaOH
extractable) P, implying the absorption
of initially adsorbed P. Such a process,
which was shown to be associated with
the presence of "structurally-porous"
short-range order hydrous oxides, allows
not only for the slow increase in the
number of sorption sites, but also for the
decreases in the ease of isotopic exchange
and desorption.

The model summarized above is again
in accord with the three-component
model developed by Barrow and Shaw
(1974) and outlined in the previous sec
tion. With increasing time, P was trans
ferred from compartment B to C. The
kinetic basis of the model developed by
Barrow and Shaw (1974) provides a use
ful approach to a generalized description
of the kinetics of the transfer of P from
compartment B to C (i.e., the shift from
more-physically adsorbed P to chemically
ad- and absorbed P) the regeneration of
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sorption sites and the potential change in
solution P concentration.

For a wide range of south Australian
soils the transfer of P from compartment
B to compartment C was described by
equation [1]:

(1 - a) = (kt + 1)- b [1]

where a is the fraction of sorbed P in
compartment C, (1 - a) is the fraction of
sorbed P remaining in compartment B, t
is the time of contact between added P
and the soil, b is a constant, and k is a
temperature dependent coefficient (equa
tion [2]) related to the activation energy
of the reaction involved in the transfer of
P from compartment B to C,

k = A exp-E/RT [2]

where A is a constant, R is the gas con
stant, T is the absolute temperature, and
E is the activation energy.

Barrowand Shaw (1974) used the phrase
"relative effectiveness" (Fig. 2) to describe
the term (1 - a) in equation [1]. The
value of (1 - a) related to the proportion
of added P which remained effective for
plant growth, the proportion which
remained in equilibrium with the soil
solution, or the proportion which remained

• looe
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Fig. 2. Effect of period and temperature of
incubation of soil plus phosphate on the ef
fectiveness of added P for plant growth, the
change in the amount of P in equilibrium
with the soil solution, and the change in the
amount of desorbable and isotopically ex
changeable P, relative to the freshly applied
phosphate (Reprinted from Barrow and Shaw,
1974, p. 358, by courtesy of Marcel Dekker,
Inc.) .
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desorbable or isotopically exchangeable.
When the data presented by Ryden and
Syers (1977) and Ryden et al. (1976,
1977b) are considered in relation to Fig.
2, it follows that (1 - a) also relates to
the decrease in water-extractable P with
time and to the proportion of sorption
sites that are regenerated as a result of
the shift of P from the more-physically
adsorbed form through to the chemically
absorbed form.

The curve described by equation [1]
shows that as the period of contact in
creases the rate of transfer ofP from com
partment B to C decreases (Fig. 2). Equa
tion [1] also implies that the proportionate
change is independent of the amount of
P added. This was also found to be true
for the proportionate change in the
amount of more-physically sorbed P
present in soilsto which P had been added
either in solution or as calcic superphos
phate (Rydenetal., 1976).

The effect of water content on the re
lationship in Fig. 2 was small except at
very low water contents ( < 10 % ) . This
was taken to suggest that the diffusion of
P through the solution phase was not
rate limiting and that the slow reaction
occurred at the original sorption site. In
contrast the reaction rate was markedly
affected by temperature (Fig. 2), as was
also observed by Gardner and Jones
(1973), and increased approximately
three-fold for each 10°C rise in tempera
ture. Each of these effects evaluated and
summarized by Barrow and Shaw (1974)
are consistent with the movement of P
from a more-physically sorbed form to a
chemisorbed form involving a diffusive
penetration of P into amorphous soil
components (Ryden et al., 1977b;
McLaughlinetal., 1977).

Possibly one of the most important
features of this kinetic model is that the
rate of transfer of P from compartment B
to C, and by inference the mechanism
involved, was essentially the same for all
the soils used. This was also found to be
the case for the range of fertilized and
unfertilized soils studied by Ryden et al.
(1976). This similarity in the nature and
rate in P sorption for a wide variety of
soils and moisture contents, suggests a

potentially useful application in the
modelling of P sorption by soils to which
P is added in wastewaters.

Cropremoval

In most cropped soils the application
ofP increases growth of plants. However,
as more P is accumulated, i.e., excesses
are added, negative effects are some
times found. These decreased yields that
result from excess available P in the soil
are indirect effects of P on the availability
of copper, iron and zinc and are referred
to as nutrient imbalances (Bingham,
1966; Olsen, 1972; Lindsay, 1973; Baker
and Chesnin, 1975). Corrections of these
imbalances can be made by soil or foliar
applications of the needed elements.

The removal of P in harvested crops
depends on the yield and the P concen
tration in the harvested material, which
in turn are dependent on the crop, soil,
climate and management factors includ
ing the amount of P added to the soil.
Typically, the harvested portions of
annual crops contain only 10% or less of
the P added during the season in which
the crop was grown, but recoveries as high
as 50 to 60% are possible (Russell, 1973).
Recovery is generally low not only because
the soil reacts with the added P to make
it less available, but also because plants
absorb considerable amounts of P from
soil supplies including the residues from
applications in previous years. Thus, the
total removal per year as a fraction of the
total added per year is more important
than the recovery of that added during
the period the crop is grown.

Amounts of P removed by the har
vested portions of agronomic and vege
table crops vary from about 11 kg ha - 1

yr- 1 for sugar beets, peanuts and oats to
about 62 to 74 kg ha - 1 yr- 1 for forage
crops (Tisdale and Nelson, 1975). Typical
data are summarized in Table 1. Kardos
and Hook (1976) reported that 33 kg
ha -1 yr r ! were removed during a 5-year
period of a small grain-corn-hay rotation,
that 31 to 41 kg ha - 1 yr- 1 were removed
by corn silage during a 6-yr period, and
that removal by reed canary grass during
an ll-yr period averaged 45 kg ha - 1 yr- 1
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from lands that were irrigated with re
claimed municipal wastewater. They
found that removal by crops averaged
34, 59 and 22%, respectively, for the
small grains-corn-hay rotation, the con
tinuous corn silage and the reed canary
grass. The amount of P added to the
grass was about three times greater than
that added to the other cropping systems.

Unpublished data? for a cropping sys
tem in which sudangrass was grown in
the summer and barley was grown in the
winter, both harvested for forage, showed
P removal of 85 to 96 kg ha -1 yr r '.

For an input of 232 kg ha -1 yr- 1 the re
moval represented 37 to 41 %; for an
input of 463 kg ha - 1 yr - 1, the removal
was reduced to about 20% of the input,
illustrating the point that P removal in
harvested materials, as a fraction of that
added, decreases as the amount of P
added increases.

Kutera (1975) reponed that V. Semyon
ov found that cultivation of poplar trees
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in a sandy soil in lysimeters removed
from 26 to 40 kg P ha -1 yr- 1 at waste
water treatment rates that added about 26
kg P ha - 1 yr- 1. At the highest rate of
wastewater treatment, 70 kg ha -1 yr r !

was removed by this crop. The P removed
in drainage water was about 1 kg ha - 1

yr- 1 with 30 surface em of wastewater
yr- 1 and 4.5 to 6.8 kg ha -1 yr- 1 with 160
surface em of wastewater yr- 1.

Amounts of P removed by crops can
range by an order of magnitude and are
higher with forage crops than with most
other crops. Maximum removal of P is
generally achieved for crops that have a
large rooting volume, such as grasses
(Table 1). Such crops are well suited to
wastewater treatment sites in that they
can be cut immediately after the period
of most vigorous growth, possibly allow
ing two or more cuts per season. Where
double cropping during a long season is
possible, removal can be nearly double
that where only one crop can be grown.

TABLE 1.
REMOVAL OF P ANNUALLY BY THE USUALLY HARVESTED PORTION OF SELECTED CROPS

Crop*

Corn [1]
Cotton [1]

Lint and seed
Wheat [1]
Rice [1]
Soybeans [1]
Grapes [1]
Tomatoes [1]
Cabbage [1]
Oranges [1]
Small grain-corn-hay rotation [2]
Reed canary grass [2]
Corn silage [2)
Poplar trees [3]
Barley-sudan grass rotation for forages [4]
Johnson grass [1]
Guinea grass [1]
Tall fescue [1)

Yield
(tonnes ha -1)

12

1.7
5.0
3.2
4.0

11
36
32
25

11
11
3.2

Phosphorus
(kg ha-1)

35

19
22
22
25
11
34
18
11
33
45

31-41
26-70
85-91

95
51
33

*[1) Agricultural Waste Management Field Manual (1975); [2) Kardos and Hook (1976); [3] Kutera (1975); [4) Unpublished
data of Pratt and Davis, University of California, and USDA-ARS, Riverside.

2Pratt, P. F., and S. Davis, University of California, and USDA-ARS, Riverside, CA 92521.
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PHOSPHORUS REMOVED IN LAND TREATMENT SYSTEMS

Thomas (1973) has pointed out that
the effects of land treatment systems on
plant growth, soils and groundwaters
have received scant attention. Further
more, technical questions relating to the
behavior of P during wastewater applica
tion to land have been posed only recently.
Consequently, little has been reported
on P retention by soils in land application
systems. A convenient way to develop
answers to some of these questions for
specific systems is to develop concepts
relating to the factors which determine
the rate and extent of the leaching of P
from soils.

Leaching

The leaching of P from the root zone
of a cropped land area or from the surface
soil material in any wastewater disposal
project depends on the amount of water
that moves across the boundary being
considered and the P concentration in
that volume. The amount of P leached,
in kg ha -1 yr- 1 equals 0.1 WC p where
W is the ha-em yr- 1of water that moves
across the boundary, Cp is the concentra
tion of P in mg 1-1, and the constant O.1
arises from the conversion to a kg basis.
Thus, an appreciation of the amount and
relative importance of the loss of P from
a soil profile as a result of leaching can
only be achieved by developing an under
standing of the rate of infiltration and
movement of water through a soil profile
and the factors which control the soil
solution P concentration at any particular
depth in the profile.

Several mathematical models have
been developed to describe the infiltra
tion and movement of water through
both undrained and drained soil pro
files (Philip, 1957; Kirkham, 1958), and
have been applied with varying degrees
of success to the field situation (Rose,
1966). More recently, models have been
constructed to deal specifically with the
rate of solute (usually N03 - N) move-

ment in soils (Gardner, 1965; Biggar and
Corey, 1969; Jury, 1975a,b). The model
developed byJury (1975a) was particularly
successful in predicting solute travel times
for tile-drained fields in several different
localities under different practice (Iury,
1975b). The application of such models
to predict the rate of P movement, how
ever, is complicated by the interactions
that take place between P in the solid
and solution phases of the soil profile.

The P concentration of the soil solution
is controlled in the first instance by the
reactions at soil mineral surfaces described
in the previous section. The soil solution
P concentration may also be modified by
plant uptake of P. Such a reduction in
the solution P concentration, however,
probably operates through a reduction in
the amount of sorbed P which in turn
governs the P concentration in the soil
solution. Consequently, it is reasonable
to assume that sorption-desorption, and,
in a few cases, precipitation-dissolution
reactions are the ultimate control on soil
solution P concentrations.

Values reponed for the P concentration
of the soil solution have ranged from
0.020 to 3.0 mg 1-1 (Pierre and Parker,
1927; Barber et al., 1963; Russell, 1973;
Sharpley et ai., 1976), and depend on
the position in the profile at which they
are measured, and on the extent of pre
vious P fertilization. Concentrations in
surface horizons are generally higher than
those in subsurface horizons. Barber et aI.
(1963) have reponed an average dissolved
inorganic P concentration of 0.180 mg 1-1
for the surface 15 ern of a group of 87
U.S. soils, whereas at 46 to 61 ern an
average concentration of 0.089 mg 1-1
was observed.

An illustration of the origin of this
effect as a result of sorption-desorption
reactions has been given by Ryden et al.
(1973). When water is applied to the sur
face of a particular soil profile, a quasi
equilibrium is established in the surface
horizon. This will result in an increase or
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Low-rate systems

[3]Rc = ----

Thus, under usual fertilizer practices in
agricultural lands the net leaching of P
isusually very small relative to the amount
ofP applied.

In high-rate wastewater treatment sys
tems, however, where large volumes of
water move through the soil each year,
the quantities of P that leach may be
orders of magnitude higher than is usual
for croplands. Under these conditions
the factors limiting the leaching of Pare
the reactions which control the chemical
mobility of P in soils that were discussed
in the previous section.

Low-rate systems are described by
Bouwer and Chaney (1974) as those that
receive wastewaters at rates of the same
order of magnitude as the water require
ment of crops or vegetation. The amounts
are usually 60 to 150 em yr r '. At a rate
of water application of 100 cm yr- I the
amounts of P applied are 20, 50, 100,
200 and 400 kg ha ' ' yr r ', respectively,
for P concentrations of 2, 5, 10, 20 and
40 mg 1- 1. If most wastewaters have
concentrations of about 10 mg 1-lor
less, the amounts added are of the same
order of magnitude as fertilizer P appli
cations to intensively farmed croplands.
Consequently, another description of
low-rate systems is those that receive P at
rates comparable to fertilizer rates in
which P removal in harvested crops will
be a significant sink for the added P. In
low-rate systems, therefore, wastewaters
not only add P at rates of the same order
of magnitude as in agronomic practice,
but crop growth is adequate for yields
comparable to good agronomic manage
ment.

The fractional removal by a harvested
crop of the P input from reclaimed water
can be calculated from equation [3]:

Hp

0.10 WCp

where R, is the fractional removal of the
added P, Hp is the removal of P in the
harvested crop in kg ha - 1 yr- 1, W is the

decrease in the solution P concentration,
depending upon the saturation of P sorp
tion sites, the presence of soluble fertilizer
reaction products and the P concentration
in the water applied. In the case of rain
water, which usually has P concentrations
in the order of 0.01 mg 1-1 (Gore, 1968;
Taylor et ai. , 1971; White, 1972), release
ofP to solution will most probably occur.
As the water percolates to P deficient
subsurface horizons, resorption of P re
leased in the surface horizon will occur
resulting in a successive depletion of the
solution P concentration. In wastewater
disposal systems, however, the P con
centration of the water applied to the soil
surface may be sufficiently high that re
moval will occur even in the surface hori
zon.

The extent of the change in solution P
concentration at any depth in the profile
will also depend on the time of contact
between the percolating water and the
soil mineral surfaces important in P sorp
tion. The initial reaction between solution
P and soils, however, is sufficiently rapid,
as discussed previously, that even in sys
tems where infiltration and percolation
is rapid, some degree of change in solu
tion P concentration at any depth is to be
expected.

The concentration of P in leachates
willalso depend on the nature and amount
of P sorbing components present in the
soil profile, and the surface area exposed
to percolating waters. Surface area is at
a minimum in coarse textured soils, and
will also be effectively reduced if chan
neling occurs or the profile is subject to
cracking during periods when drying oc
curs.

The downward movement of P in
croplands is usually a very slow process
because volumes of percolating water are
small and P concentrations are generally
low. If 30 surface ern of water percolate
past a given boundary in the soil profile
and the concentration of P in this water
is 0.2 mg 1 -1, as might be the case in
well-fertilized soils, the amount of P
moved is 0.60 kg ha - 1. The amounts of
P absorbed by plant roots from soil
depths beneath the zone of incorporation
of added P more than balance this amount.
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and 41 kg ha -1 yr- 1as manure there was
no evidence of movement of P beyond
the 38 ern depth for the superphosphate
treatment and only a suggestion that
some P had moved beyond this depth for
the manure treatment. When the super
phosphate and manure treatments were
combined there was clear evidence that
some P had moved beyond the 38-cm
depth. Pratt et al. (1956) found that in
an alkaline sandy-loam soil, fertilized at
a rate of 64 kg P ha -1 yr- 1 for 28yr,
only a small amount of added P had
moved into the 60 to 90-cm depth, and
there was no evidence tht P had moved
into the 90 to 120-cm depth. More than
60 % of the added P had accumulated in
the 0 to 15-cm depth and more than 80%
had accumulated in the 0 to 30-cm depth.

The studies summarized above suggest
that added P has a tendency to remain
closeto the soil surface. It should be noted,
however, that in the studies cited above
P was added as superphosphate rather
than in solution as would be the case in
wastewater treatment systems. Further
more, the study sites were not subject to
increased water movement through the
soil profile that will inevitably occur at
wastewater disposal sites, particularly at
those receiving moderate rainfall. Hence,
the importance of crop removal in main
taining relatively low levels of P in the
surface soil takes on an added significance
in wastewater treatment systems. When
the P loading of the soil is in excess of
that which can be removed by a crop, the
possibility of significant leaching of
P through the soil profile arises. Under
such circumstances, the capability of the
soil to remove P from the percolating
water by sorption reactions becomes im
portant.

For the reasons discussed previously,
the greatest leaching of P is to be expected
from sandy and organic soils that have
relatively low contents of Fe and Al hy
drous oxides coupled with a low surface
area. Spencer (1957) reported consider
able downward movement of P during
an l I-year period of P application to a
siliceous sand that contained about 1%
organic matter. Even though some P had
leached to the 3-m depth, most of the
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water intake in surface ha - ern ha - 1yr' 1,
Cp is the P concentration in the waste
water in mg 1-1, and 0.10 is the propor
tionality factor to convert from mg 1- 1
to kg ha- 1 (1.0 mg 1-1 equals 0.10 kg
ha-cm- 1).

Crop removal as a factor in predicting
a loading rate for the use of wastewater
on land is illustrated graphically in Fig.
3. The relationships show that crop re
moval can be a significant factor in the
P balance when wastewater is applied at
the low rate (100 ern ha -1 yr- 1)assumed

for the calculated curves in Fig. 3, and
the solution P concentration is also rela
tively low. If a project is planned to grow
forage crops in a long season so that 60 to
80 kg ha -1 yr- 1 are removed, a P con
centration of 10 to 20 mg 1-1 can be
used with crop removal as a significant
sink for the added P. However, if the
crop removal is less than about 40 kg
ha - 1yr- 1a desirable range for P concen
tration might be 5 to 10 mg 1-1.

The retention of P near the place of its
incorporation into soils is usually very
high, i.e., the movement is very slow.
Russell (1973), summarizing data from
experimental plots at Rothamsted, re
poned that after 115 yr of application
of 34 kg P ha -1 yr- 1 as superphosphate

Fig. 3. Relationship among annual P removal
in harvested crops, P removal as percent of
input, and P concentration in wastewater
applied at a rate of 100 cm ha -1 yr r '. Cal
culated from equation [3].
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applied as fertilizer may be lost on an
annual basis (lohnston et ai., 1965;
Bolton et al., 1970). Such losses are simi
lar to measurements of the extent of P
movement in the wastewater treatment
systems discussed above. This similarity
strengthens the basis for comparison of
low-rate wastewater treatment systems
and normal cropland fertilizer practice.

The total transfer of P from land to
streams in areas that are protected from
excessive soil erosion, are usually less
than 1.0 kg ha -1 yr- 1 (Holt et al., 1970;
Ryden et al., 1974; Gburek and Heald,
1974; Johnson et ai., 1976; Sharpley and
Syers, 1976). These small amounts are
insignificant in terms of the efficiency of
use of P by plants and they are small
when expressed as percent of the P sorbed
by the soil. In terms of the quality of the
drainage water, however, these small
amounts of P can be significant when ex
pressed as solution P concentrations in a
particular drainage volume (Fig. 4). If P
concentrations greater than 0.030 mg 1-1

are conducive to algal blooms in lakes
and streams (Sawyer, 1947; Holt et ai.,
1970), some streams which contain mainly
drainage, both surface and subsurface,
from land areas that have been cropped
or subject to low-rate wastewater treat
ment, should have sufficient P to support

Fig. 4. Relationship among P concentration in
drainage water, drainage volume, and the
transfer of P from land to streams.
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added P was found in the 0 to 1.5-m
depth, which is within the rooting depth
of many crops. Similar conclusions may
be drawn from data reponed by Neller
(1947) and Ozanne (1963). Larson et al.
(1958) also demonstrated that the move
ment of P in peat soilswas relativelyrapid,
and inversely related to the content of Al
and Fe hydrous oxides (' 'sesquioxides' '),
an observation in accord with the concept
of P sorption discussed previously.

In the few studies directly related to
the movement of P in wastewater treat
ment systems (Hook et ai., 1973; Larson
et ai., 1974; Kardos and Hook, 1976), it
has also been demonstrated that only
small amounts of P are lost from the pro
file by leaching. Kardos and Hook (1976)
found that the leaching of added P be
yond the 1.2-m depth during an 11-yr
period was less than 3 % , whereas Larson
et al. (1974) reported that less than 50/ 0

of the P added during a 6 yr had pene
trated below the 30-cm depth of a Sassa
fras sandy loam that had pH values of 5.8
to 6.8.

Potential losses of P by leaching from
field soils may be assessed by measure
ment of P concentrations in waters flow
ing from subsurface drainage systems.
Ryden et ai. (1973) summarized the data
for dissolved inorganic P concentrations
in tile-drain outflow and irrigation return
flows from subsurface drainage. Mean
values for individual studies ranged from
0.012 to 0.44 mg 1- 1. More recently re
poned data (Baker et ai., 1975; Calvert,
1975; Sharpley et ai., 1976) tend to con
firm these observations. Many concentra
tions measured in subsurface drainage
are below those usually found in produc
tive surface soils but the highest values
were of the same order of magnitude.
Solution P concentrations observed in
tile-drain outflow also reflect depth of
placement. Calvert (1975) reported that
P concentrations averaged less than 0.02
mg 1- 1 for tiles at a 1.1-m depth, whereas
the concentration for shallow lines (15
ern) averaged 0.42mg 1-1. Such obser
vations are in accord with the previous
discussion of leaching.

Measurements of P loss in subsurface
drainage suggest that O.5 to 3% of the P
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WATER APPLIED (SURFACE m yr- I )

Fig. 5. Relationship between P removal in
harvested crops as a percentage of input, the
amount of wastewater applied, and the con
centration in the wastewater for an annual
crop removal (Hp) of 80 kg ha - 1.
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alkaline, and P removed from solution
may have been largely retained as Ca
phosphates.

The most detailed report on P removal
in high-rate systems was that relating to
the Flushing Meadows project (Bouwer
and Chaney, 1974; Bouwer et ai., 1974).
The P concentration of the wastewater
averaged 15 mg 1 -1 in 1969 but decreased
to about 10 mg 1- 1 for the 1970-72 period.
Phosphorus removal was increased with
increase in travel distance. A travel dis
tance of 9.2 m removed about 70% of
the P in 1969. This was reduced to about
30% in 1970, which resulted from a sub
stantial increase in flow rate, but increased
to 50 % in 1972. With a travel distance
of 100 m the P removal was about 90 %.

The effluent at this distance had a P con
centration less than 1 to 3 mg 1- 1 in the
1971-72 period with greater reduction
when an even longer travel distance was
used. After 5 years of operation and ad
dition of nearly 43,000 kg P ha -1, the P
removal efficiency was rather stable. At
this time, examination of the coarse
gravelly soil at the treatment site suggested
that a moderate proportion of P removal
from the wastewater had involved pre
cipitation, probably as a calcium phos
phate. The P removal in this project is
entirely satisfactory for reuse of water for
irrigating crops even at short travel dis-
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High-rate systems are described as
those in which the wastewater applied is
much greater than that necessaryfor crop
growth (Bouwer and Chaney, 1974).
Amounts of water applied may be as high
as several surface meters per week and
agricultural utilization of the infiltration
area is of no, or at least secondary, impor
tance. Furthermore, unless the P concen
tration in high-rate systems is unusually
low, the removal of P by harvested crops
is also insignificant. If concentrations of
P are about 1 mg 1-lor less, the removal
in harvested crops could be a significant
sink for P (Fig. 5). At concentrations of
2.5 to 5 mg 1- 1 the amount of P removed
by harvested crops will be of minor impor
tance, whereas for concentrations in
excess of 10 mg 1 -1 crop removal will be
negligible at all but the lowest rates of
water input (Fig. 5).

Greenberg and Thomas (1954) described
a high-rate system on a Hanford sandy
loam in which water containing 2 to 3
mg 1- 1 was applied to infiltration basins
at a rate of approximately 15 surface cm
dy-I (55 surface m yr r '). During about
2 yr of operation all of the P added was
retained in the top 30 ern of the soil pro
file. The calcium and bicarbonate con
centrations in the water were sufficiently
high that the soil would have become

High-rate systems

algal blooms. Although the P concentra
tion of drainage water from croplands
may be reduced by dilution or resorption
on sediments (Taylor and Kunishi, 1971;
Kunishi et al., 1972), such inputs of P
nevertheless represent an overall increase
in the P loading of surface waters.

From the foregoing discussion, it is
apparent that the essential features of a
low-rate system should involve: 1) a for
age crop that removes large amounts of
P, 2) erosion prevention to eliminate sur
face runoff, and 3) a long pathway con
sisting of highly sorptive materials be
tween the surface soil and the point of
discharge of the water into surface or
groundwaters, so that concentrations of
P are reduced to desirable levels depend
ing on the intended use of the water.
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tances. The removal to the level (less than
0.03 mg P 1 -1) where P would limit bio
logical production in recreational lakes,
however, is uncertain in this high-rate
system with this soil material.

High-rate systems naturally require
coarsegravelly soils that can sustain a high
infiltration rate and a high transmis
sivity from the point of infiltration to the
point of discharge. Such soils are unlikely
to have horizons with a high P sorption
capacity, for the reasons discussed pre
viously. What capacity there is in such
soils will soon be saturated as a result of
the high P loading and minimal crop
removal. Any further removal of P from
solution will then depend on possibility
of precipitation with other constituents
in the wastewaters as a result of its con
tact with soil materials. Probably the
most important potential precipitant is
the Ca supply in the wastewater. If the
Ca concentration in the wastewater is
low, addition of Ca, AI, or Fe, as is done
in tertiary sewage treatment (Yee, 1966;
Ames and Dean, 1970; Recht and Ghas
semi, 1970; Lin, 1975; Stettler, 1975)
may be considered if removal of P is
deemed important for the future use of
the water.

One exception to the limitations dis
cussed above may be found in the case of
soils derived from tephra (volcanic ash
deposits). Such soils frequently combine
properties which could lead to a high
infiltration rate and permeability, as well
as a high P sorption capacity, particularly
soilsderived from andesitic tephra (Ryden
and Syers, 1975b). Soils derived from
tephra deposits, however, frequently have
a limited geographic distribution, and
their use for wastewater treatment will
have similar limitations.

High-rate systems use a cycle of flood
ing and drying to maintain infiltration
capacity and, in some cases, to control
insect pests. Such a cycle may induce an
oxidation-reduction cycle. This in turn
may increase the P sorption capacity of
the profile as a result of the conversion
of Fe hydrous oxides to dominantly
short-range order forms (Hsu, 1964;
Syersand Williams, 1977). In most high
rate systems, however, it would appear
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that the role of the soil in P removal is
of secondary importance to the composi
tion of the wastewater itself. This feature
is shared with overland-flow systems.

Overland-flow systems

Overland-flow systems may be used in
the case of soils with restricted per
meability or when the suspended solids
content of the wastewater is too high to
permit a sufficiently rapid infiltration
rate. As a result, most of the wastewater
ruris off, and is collected at the toe of the
slope. Treatment is obtained by the
biological, chemical and physical inter
actions that occur as the water runs over
the soil surface. The latter must be covered
with grass, however, to protect the soil
from erosion and to control the velocity
at which water travels across the gently
sloping surface.

Reduction in the P concentration of
wastewater has been achieved using an
overland flow treatment system. Such a
reduction probably arises primarily from
sorption reactions as the water containing
P contacts the surface soil. The usual
reduction is 35 to 60% (Lawet al., 1970;
Kirby, 1971; Thomas et al., 1976).
Thomas et ai. (1976) found that the P
concentration was reduced from 10 mg
total P -1 to about 5 mg 1-1 in an over
land-flow system. However, addition of
aluminum sulfate at a concentration of
20 mg Al 1- 1 to the wastewater reduced
the P concentration of the treated water
to about 1 mg 1- 1 for a 90 % removal of
the total P input. Such addition is an
alogous to a tertiary step in domestic
sewage treatment. Removal of P in such
a treatment system probably arose from
the precipitation of aluminum phos
phates which were subsequently trapped
at the soil surface during passage of the
wastewater.

Data presented by Carlson et al. (1974)
showed that phosphorus concentration
decreased at a fairly uniform rate as waste
water ran over overland flow plots, to
values 40 to 60 % lower than those in the
water applied. Analysis of water that per
colated through the soil, however, sug
gested essentially complete P removal,
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whereas harvested grasses removed less
than 10% of the P applied.

Optimum removalof P in overland flow
systems will occur in cases where contact
between water and soil surfaces is at a
maximum. This can be achieved by in
creasing the roughness of the soil surface,
increasing the vegetative cover, or by
increasing the flow path.

Wetland systems

Although wetland systems have only
recently been studied as a means of waste
water treatment (Spangler et al., 1976),
the chemistry of P in similar environ
ments has been studied for several years.
Sufficient research has been completed
on flooded rice culture that the behavior
of P in flooded soils is fairly well under
stood. Also, recent work relating to the
chemistry of P in lake sediments (Syers
et ai., 1973b) has furnished additional
useful information.

When soils are flooded with a few feet
of water, biological activities in the soil
deplete the available oxygen, and the
soil becomes anaerobic or, more specifical
ly, anoxic (lack of oxygen). The water
usually remains aerobic, and a transition
zone between aerobic and anaerobic con
ditions develops in the immediate surface
of the soil. The surface of this transition
zone is aerobic and oxidized, whereas the
bottom is anaerobic and reduced. The
thickness of the oxidized pan of this
transition layer can vary from about 0.25
to 2.5 cm or more, depending on the
rate of supply of oxygen to the surface of
the soil and the rate of consumption of
oxygen in the lower soil depths (Patrick
and Mahapatra, 1968). In wetland situa
tions where there is seasonal flooding
followed by drying, such as in rice produc
tion, the soil goes through seasonal or
yearly cycles of reduction and oxidation
that result from cycles of anoxic and
oxic conditions. Even in wetlands that
are not seasonally flooded but are wet
because of cyclical inputs of water, alter
nate periods of reduction and oxidation
occur to some degree. Thus, one feature
associated with all types of wetlands is
the occurrence of reduced conditions or

cycles of reduction and oxidation.
When soils and sediments become

anoxic, most show an increase in soluble
P (Patrick and Mahapatra, 1968; Pon
namperuma, 1972; Syers et al., 1973b;
Patrick and Khalid, 1974; Khalid et ai.,
1977). This increase in soluble P was
found to be greatest with alkaline soils
and with soils that have low iron contents,
and to be lowest with acid soils with a
high iron content (Ponnamperuma,
1972). Some acid soils with high iron
contents show no increase or decrease in
soluble P as reducing conditions develop.
Patrick and Mahapatra (1968) stated that
the possible mechanisms for release of
soluble P principally involved the reduc
tion of iron from the ferric to the fer
rous state with a release of P from ferric
phosphates and the r hydrolysis of iron
and aluminum phosphates. In view of
more recent research, the release of P
could also be easily explained as arising
from the reduction and partial dissolu
tion of ferric hydrous oxides which in
turn would release any adsorbed or ab
sorbed phosphate associated with such
components.

A wide variation has been reported in
the ability of different sediments to sorb
P (Carritt and Goodgal, 1954; Williams,
et ai., 1970; Laterell et ai., 1971; Shukla
et at., 1971). Some are capable of sorbing
large additional amounts of P, whereas
others appear to be almost saturated
(Williams et ai., 1970, 1971). Williams
et d. (1970) and Shukla et at. (1971) found
that noncalcareous sediments sorbed
more phosphorus than calcareous sedi
ments. Shukla et ai. (1971) reported that
the oxalate treatment of lake sediments
to remove iron and aluminum almost
completely eliminated the ability of sedi
ments to retain phosphorus. The amounts
of iron removed were much greater than
the amounts of aluminum removed by
oxalate. They suggested that a gel com
plex of hydrated iron containing small
amounts of aluminum oxide, silicon,
hydroxide, and organic matter was the
major phosphorus-sorbing component in
sediments under reduced conditions. A
similar conclusion was drawn by Khalid
et ai. (1977), who reported a significant



HILGARDIA Vol. 48, No.1 January, 1980

correlation between phosphorus sorbed
under reduced conditions and the iron
extracted by oxalate, also under reduced
conditions. It was postulated that poorly
crystalline and short -range order oxides
and hydroxides of iron play a primary
role in phosphorus retention by flooded
soilsand sediments.

These findings indicate that the chemi
cal mobility of P in sediments should be
controlled by essentially the same reac
tions discussed previously for soils. A
review of sediment P chemistry by Syers
et al. (1973b) strongly suggests that this
is indeed the case. The principle factor
distinguishing dry-Iand soils from sedi
ments' however, is the cyclical oxidation
reduction to which the latter are subjected.

Although reduction generally gives rise
to a release of P and a decrease in the
amount of P that can be sorbed, reoxida
tion usually increases the potential P
sorption (Patrick and Mahapatra, 1968).
This leads to lower P concentrations in
the soil solution. Such behavior probably
arises from the shift, during the reduction
oxidation cycle,of crystallineand panially
crystalline hydrous ferric oxides to short
range order forms which have a consider
ably higher sorption capacity than their
crystalline counterparts, as discussed in
the section onP sorption. The properties
of sediments, in particular the generally
high organic matter content, are also
conducive to the formations of short
range order components (Schwertmann,
1966). Consequently, the potential of
marsh and wetlands for P removal from
wastewaterswill be enhanced subsequent
to complete or even partial reoxidation.

The problem of achieving adequate
contact between sediments or soils and
the wastewater represents a serious limita
tion to wetland wastewater treatment.
Pomeroy et al. (1965) found evidence of
significant exchange of phosphorus be
tween sediments and water when the
sediments were suspended in the water,
but when they were separated the ex
change was severely limited. Turnover
times for the exchange of P between
sediments and over-lying water in small
lakes have been shown to range from 5.4
up to 40 days (Hayesetal., 1952). Where
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the sediments are not suspended, only a
thin layer at the boundary between the
water and the sediments is active in phos
phorus retention. When wastewaters are
added to wetlands, the sediments can
playa significant pan in removal of phos
phorus from the water only if the water
moves in and out of the sediments, or if
wind or wave action keeps the sediments
suspended. Running wastewater slowly
over flooded soils in which plants are
growing might be expected to remove
phosphorus in a similar manner, and to
about the same extent as found in over
land flow systems. In both these systems,
however, the capacity of soil and sedi
ments to reduce phosphorus concentra
tions is not fully used.

After a 4-year study, Spangler et al.
(1976) concluded that natural and ani
ficial marshes did in fact have potential
for wastewater treatment. In relation to
phosphorus in a natural marsh, they
found that (1) the marsh removed P dur
ing the summer and released it during
other seasons, thus acting as a buffer; (2)
harvesting of marsh vegetation had no
potential for removing a large portion of
the phosphorus input; and (3) passage
of wastewater through 1900 m of the
marsh reduced the P and total phosphorus
concentrations by 13% or less. Some of
this reduction was probably a result of
dilution with other water. A mass balance
using estimated water flows and concen
trations, showed the same order of mag
nitude of phosphorus leaving the marsh
as entering it. Consequently, the marsh
acted only as a buffer for phosphorus
concentration but was not effective in
reducing the output.

In contrast to the natural marsh, how
ever, artificial marshes removed 84 % of
the phosphorus input into greenhouse
installations and 64 % of the input into
marshes constructed in the field (Spangler
et al., 1976). They predicted that the
removal in the field would be 80% under
optimum conditions. Recommendations
were for a system in which water would
flow through, rather than over the soil in
the artificial marsh, thus maximizing
contact between the wastewater and
components capable of removing P.
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MODELS

Background

In a model that would be adequate for
predicting the life of a wastewater treat
ment system, based on P retention in
soils and sediments, many factors should
be considered, including:

1. The rate of application of P.
2. The amounts of calcium, iron, and

aluminum in the wastewater and the
influence of these constituents on the
sorption of P in the soil.

3. The removal of P by plant roots if the
model deals with time intervals of days
or weeks, or annual removal of phos
phorus in harvested crops if the time
intervals are years or decades.

4. The travel distance and transit time of
waterflow.

5. The transit time for water to move
through the system relative to the
kinetics of phosphorus sorption in
soils and sediments.

6. The rate of P application to the land
relative to the kinetics of phosphorus
reactions with soils (rapid infiltration
systems might move P through before
the slow reactions have an effect on
phosphorus concentration in the flow
ing water).

7. Capacities and kinetics of the sorption
of P in soils and sediments from land
surface to the point of discharge into
ground or surface waters.

Such a model would obviously be a
three-dimensional model that would re
quire information on water flow and
phosphorus reactions that is usually not
available and not easily obtained. Most
water flow models and consequently pro
posed models for P removal from waste
waters, deal only with flow in one direction,
although some work, such as that reponed
by Jury (1975a,b) deals with two
dimensional water flow. Thus, the dis
cussion here will deal with flow downward
through soils and to a depth that can be
sampled and studied at reasonable cost.
This depth is perhaps 1.8 to 3 m for most
situations but might be much deeper in

casesof deep alluvial materials.
All models are based on a materials

balance, i.e., the phosphorus that goes
into a volume of soil must be retained in
the solid phase, be removed by plants, or
move through the soil volume in percolat
ing water. This means that all models
have a water flow component and a P
reaction component, and, of course, in
systems involving crops, plant removal
is a third component for both water and
P. Models can consist of simple book
keeping for water and P balances or of
mathematical equations of various degrees
of sophistication.

Limitations ofmodels

Although progress has been made dur
ing the past few years in the development
of models of P movement in soils (Enfield
and Bledsoe, 1973; Enfield, 1974; Enfield
and Shew, 1975; Novak et al., 1975;
Shah et ai., 1975; Enfield et ai., 1976;
Hunter and Foster, 1976), there are a
number of problems that need to be
solved before mathematical models or any
other predictive models can be used with
any degree of accuracy. Large spatial
and temporal variability in the hydraulic
conductivity of field soils are known to
occur and bring up the questions of how
many and what kinds of samples or
measurements are needed to characterize
the water flow over an area for a given
time. After the data are obtained, prob
lems arise in averaging and interpreting
such large variations (Nielsen et aI., 1973;
Jury et al., 1976).

There have been no studies of the
numbers of samples needed to character
ize the P sorption properties of a field to
a given depth. Most sampling studies
have dealt with problems of estimating
the level of nutrients in the plow layer of
soils. Recent studies of soil sampling for
estimating the concentrations of soluble
salts and nitrate in the unsaturated zone
(to depths up to 6 m) suggest that large
numbers of samples are required and that
adequate sampling of a field cannot be
planned until some knowledge of the
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Models for phosphorus movement
through soils

The mathematical model for one
dimensional P movement in soils has
been expressed in a number of ways.
Enfield et ai. (1976) expressed it as

where C concentration of P in solu
tion (mg 1- 1)

D = dispersion coefficient at
velocity V I (ern hr r ')

t = time (hr)
V I = average pore-water velocity

(cm hr- I )

X distance from beginning of
flow path (ern)

rr bulk density of soil (g ern- 3)
e volumetric water content in

the soil
S = sorbed P in solid phase

(J.tg g-l).

The first two expressions in the equa
tion deal with water flow and the third
deals with the retention of P by the soil,
i. e., the kinetics of P reactions. Before
this equation becomes a useful model
the kinetics of P reactions must be known.

Perhaps the most definitive evaluation
of the kinetics of P sorption in relation
to wastewater disposal was that of Enfield
et al. (1976) who studied the reactions of
P in 25 soils for a period of 2 to 18 weeks,
and then used the data to test five kinetic
models. Correlation coefficients between
predicted values and experimental values
averaged 0.81 to 0.88, but these were the
averages of values for individual soils.
That is, coefficients for each kinetic
model were calculated for and were unique
to individual soils. Consequently, to use
the models the P reactions must be meas
ured to supply the coefficients for the
model for any individual soil material.

Enfield and Shew (1975) using two of
the models tested by Enfield et ai,
(1976) found good agreement between
the predicted movement of P and values
experimentally determined in small

[4]e dS
e dt

D d2C _ V' dC
dX2 ex

dC =
at

variability is obtained (Pratt et al., 1976;
Rible et al., 1976). Similar information
on P sorption is needed before models
can be accurately applied to fields even if
other limitations to the models are re
moved.

The composition of the wastewater,
such as the concentrations of Fe, Al and
Ca may influence, to a greater or lesser
extent, the P reactions in the soil. Reac
tions induced by wastewaters that acidify
or alkalinize the soil will also have effects
on P reactions. Until these effects become
inputs .into a reliable model the proper
procedure would be to test each possible
soil with the wastewater, or a reasonable
simulation of the wastewater, being con
sidered.

Perhaps the most serious limitation to
all models is that to date the reaction of
P with the soil cannot be predicted from
measurements of simple soil properties
that can be mapped in the field or meas
ured quickly in the laboratory (Pratt et
al., 1969; Enfield et al., 1976). Methods
of characterizing soil that might correlate
with P retention are likely to be more
time-consuming than direct measure
ments of P sorption. If P sorption must
be measured over a period of time to
gain information on reaction kinetics,
the question arises concerning the need
for more than a very simple model, par
ticularly considering spatial variability in
water flow and P retention properties of
the fields on which the water will be
applied.

In high-rate systems, the need for a
model involving P sorption and crop
removal is practically non-existent. Any
high-rate system will require coarse gravel
ly or sandy soils, which usually have low
sorptive capacities that are soon saturated.
Consequently, the removal of P will, in
most cases, depend more on the compo
sition of the wastewater than on soil
material itself as discussed before. Also,
plant removal is usually too small to be
significant. Thus, the need is for a model
that considers the constituents in the
wastewater and how these will react dur
ing flow through the soil and sediments
as a function of distance of flow and rate
of flow.
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laboratory columns which were fed a
solution containing 10 mg PI-I. The
first model was

~=a(KC-S) [5]
at

where C is concentration of P in mg 1- 1,

S is concentration of sorbed P in IJgP g- 1

of soil, t is time in hrs and a and K are
constants that depend on the soil. The
second model was

~ = a Cb Sd [6]
at

where the symbols have the same mean
ing as before and a, b and d are constants
depending on the soil. Solutions to these
equations were provided and constants
calculated for two soils. Combinations of
these with water flow data predicted P
breakthrough curves for the two soils
studied over a period of several days.
Breakthrough curves indicated that the
boundary between saturated and unsat
urated soil (enriched versus non-enriched)
washighly diffuse rather than abrupt.

Novak et aI. (1975) developed a theor
etical model for movement of P in soils
in which the P sorption factor of equation
[4] was calculated from existing adsorption
desorption models developed for chroma
tography and ion-exchange processes.
This model predicts an abrupt boundary
for breakthrough of soluble P into any
given layer of soil.

Harter and Foster (1976) developed
an empirical model which describes the
movement of P in soils. In this approach
a soil sample is repeatedly treated with a
solution of known P concentration and
the sorbed P is determined. The relation
ship between P sorbed and the volume of
solution that has contacted the soil is
then expressed as a polynomial adsorp
tion equation

Y = A + BX + CX2 + DX3' [7]

in which Y = P adsorbed and X is the
amount of P added which is also readily
converted to the volume of solution that
has contacted the soil. From this relation
ship the P breakthrough curves or the P
leaching front can be plotted against
depth or volume of wastewater added.

The model is simple and might be ade
quate for most purposes, but there are
no data available showing the effective
ness of the approach in predicting field
data.

Shah et aI. (1975) developed a materials
balancemathematical model which agreed
well with field data obtained from the
barriered landscape water renovation
systemused to treat liquid swine manure.
In this model the sorption -kinetic equa
tion wasbased on the use of the Langmuir
equation.

Empirical model for
low-rate system

One of the major problems with the
models described in the previous section
is that all require fairly detailed laboratory
work over a considerable period to ob
tain parameters relating to the extent
and rate of P sorption by each soil. This
has been necessary because, until recently,
there has been no generally applicable P
sorption model that could be used as the
basis for a simple test of the potential of
a soil for P removal at a wastewater treat
ment site. This was particularly true with
respect to the slow reactions of P which
are likelyto be of considerable importance
in determining the longevity of a treat
ment site with respect to P removal.

In this simple model the Padded
minus the P removed in harvested crops
is assumed to react progressively with
successive depth increments in the soil.
The first depth increment becomes' 'sat
urated" before P moves to the next depth
increment and the boundary between
the P-enriched soil and the non-enriched
soil is assumed to be rather abrupt as in
the theoretical model of Novak et al.
(1975). The term "saturated" is defined
for the purposes of this model as the soil
in which enrichment with P has been
sufficient that movement of P with per
colating water is significantly above the
background for the original soil material.
This model also considers water move
ment to be so unimportant relative to
P reactions that it can be disregarded.
Consequently, there will be sufficient
time for slow P reactions to have a large
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Fig. 6. Illustration of a simple P balance
reaction model for low-rate wastewater treat
ment systems. Calculated from equation [8].
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parameters relating to the rate and extent
ofP sorption.

It should be noted that the term Sp' in
equation [8] is not the overall sorption
capacity of the soil material, but the
sorption capacity at a solution P concen
tration equivalent to the average value of
that found in the wastewater applied.
This term is difficult to measure on a
routine and detailed basis as would be
required for the evaluation of the poten
tial of various sites for wastewater treat
ment. Usingthe interpretation ofP sorption
isotherms suggested by Ryden and Syers
(1977b), an estimate of the overallequilib
rium sorption maximum of a soil is not
difficult to obtain. From this value, an
estimate of S for any solution P concen
tration may Pbe obtained as described
below.

As was discussed in the Section on P
sorption, the sorption ofP by contrasting
subsoils and topsoils, can be described by
essentially the same three-equation
Langmuir sorption model (Ryden et al.,
1977a). This finding makes it possible to
construct a generalized isotherm (Fig. 7)
for equilibrium P sorption by different

Fig. 7. Rationalized equilibrium isotherm for
P sorption by four contrasting soils. 8 =
x b - 1 where x is the amount of P sorbed at
any particular solution P concentration and b
is the equilibrium sorption maximum. 0 =
Okaihau soil; V = Egmont soil; A = Waika
kahi soil; • = Porirua soil. Data from Ryden
et aI. (1977a).
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impact, and the P sorption capacities for
the depth increments will include the
slowreactions.

This model, expressed mathematically,
IS

where T is time in years for the P front to
reach a given depth in the soil, Sp is th~

sorption capacity of the volume of sod
above that depth expressed in kg ha - 1,

I is the input of P in kg ha - 1yr - 1 and
H is the P removed in harvested crops in
klha - i yr - 1. An example of the applica
tion of 'this model to predict the longev
ity of a treatment site using reasonable
but hypothetical values for the param
eters in equation [8], is illustrated in
Fig. 6.

Values required for the parameters in
equation [8] are relatively easilyobtained.
The valuesof I and Hpcan be determined
with reasonable accuracy by well established
techniques. Furthermore, there is also a
reasonably extensive data base from which
values ofH can be predicted. The meas
urement 01 the equilibrium sorption
capacity term (S ), however, is less well
established. Rlcently reported work
(Barrow and Shaw, 1974; Holford et al.,
1974; Holford and Mattingly, 1975a;
Ryden and Syers, 1977b; Ryden et al.,
1977a), however, has suggested a relatively
simple -approach to determining the
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soils when the amount of P sorbed at
equilibrium is expressed as a fraction (8)
of the overall equilibrium sorption max
imum. The fact that essentially the same
isotherm was obtained for each of the
four soils used to obtain data in Fig. 7,
reflects the fact that only the sorption
maximum varies between soils and not
the nature of sorption itself (Ryden et
ai., 1977a).

To estimate the amount of P sorbed at
any particular solution P concentration,
e.g., the average for the wastewater under
consideration, all that is required is an
estimate of the overall equilibrium P
sorption maximum. This may be achieved
by determining the equilibrium P sorp
tion level for any P addition to the soil
which results in an equilibrium solution
P concentration of 10 mg P 1-lor less,
using the method described by Ryden
and Syers (1975c). In this method a
quantity of soil is shaken with a solution
containing added P at a relatively wide
solution to soil ratio. The solution P con
centration at several times (t) greater
than 80 hours after addition of P to the
soilsuspension, isdetermined and graphed
against 1It. The resulting linear relation
ship is extrapolated to 1It = 0, i.e.,
infinite time, and the solution P concen
tration obtained is used as the estimate
for the equilibrium solution P concentra
tion for the P addition made. From this
concentration and the amount of added P,
the amount of P sorbed at equilibrium
may be calculated. This quantity of
sorbed P must be adjusted, however, to
the effective equilibrium sorption level
by adding to it the amount of sorbed P
initially present in the soil, i.e., the
amount of native sorbed P (Holford et
ai., 1974; Ryden et ai., 1977a). The
amount of native sorbed P may be meas
ured as that removed in a 0.1 M NaOH
extraction of the soil (Rydenet at., 1977b).
The equilibrium sorption maximum (b)
can then be calculated from equation [9]

b = xl8 [9]

in which x is the experimentally deter
mined equilibrium sorption level for the
single P addition used, and 8 is the frac
tional sorption saturation obtained from

Fig. 7 for the experimentally observed
equilibrium solution P concentration.
From the calculated b value, the amount
ofP sorbed at any equilibrium P concen
tration may be calculated by using the
appropriate 8 value obtained from Fig. 7.

The potential facilityof the generalized
P sorption isotherm (Fig. 7) is illustrated
by the interpretation of P sorption data
obtained for a Ramona sandy-loam soil
(Table 2), a soil which was not used in
the original development of this model
(Ryden and Syers, 1977b). The equilib
rium P sorption levels (x) were determined
as described above from the estimated
equilibrium solution P concentrations
observed after making various additions
of P to suspensions of the soil. The sorp
tion maximum (b), calculated from equa
tion [9], was essentially the same irrespec
tive of the level of P addition used. As,
by definition, b is a constant, this obser
vation demonstrated that P sorption by
Ramona soil (Table 2) was described by
essentially the same isotherm as that in
Fig. 7 which was obtained independently
using four completely different soils.
Consequently, if Ramona soil was to be
used to remove P from wastewater with
an average P concentration of 5 mg 1- 1,

the equilibrium sorption level (x) at this
solution P concentration can be calculated
as 114 lAg P g-l based on a 8 value of
0.68 (Fig. 7) and the equilibrium sorption
maximum of 168 JAg P g-l obtained using
a P addition of 120 lAg P g-l (Table 2). A
similar equilibrium sorption level at 5
mg 1-1 would have been obtained irres
pective of the data line from Table 2 used
in the calculation. With respect to the
ability of the soil to remove P added to it
in wastewater, the equilibrium sorption
level must be adjusted by deducting the
amount of native sorbed P initially present
(29 ug g-l; Table 2) to give an effective
equilibrium sorption level of 85 lAg P g-l.
From this value and a knowledge of the
field bulk density of the soil in question,
the P sorption capacity for the soil depth
of interest (Sp in equation 8) can be cal
culated and expressed in kg P ha - 1.

The use of a wide solution to soil ratio
facilitates the measurement of the equilib
rium sorption parameters required for
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this model. A relatively wide ratio is
valid in the case of equilibrium measure
ments as it has been shown that at equilib
rium the amount of P sorbed at any
solution P concentration is essentially
independent of the solution to soil ratio
used (Hope and Syers, 1976). Conse
quently, estimates of the sorption maxi
mum can be made in the laboratory
using simple shaking procedures, and
from such measurements the sorption
capacity at any particular solution P
concentration relevant to a wastewater
treatment system can be determined.

The uncertainties in the P balance
reaction model described by equation [8]
are the assumed abrupt boundary between
enriched and non-enriched soil and
the assumption that water movement is
slow enough to allow complete sorption
equilibrium. There is ample evidence from
fields that have received large amounts
of P as fertilizer or wastes that soluble P
decreases gradually as a function of depth
with a diffuse rather than an abrupt
boundary between the enriched and
non-enriched soil horizons (Pratt et ai.,
1956; Spencer, 1957; Taylor and Kuni
shi, 1974; Kardos and Hook, 1976). The
extent of water movement in a waste
water treatment system will vary and
depend upon severalfactors. These include
application rate, textural class of the soil
used, rate of infiltration and percolation,
and the amount of water lost by evapo
transpiration . Nevertheless, considering
these uncertainties, the model may be
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useful as a preliminary estimate of the
longevity of a particular disposal site.
Furthermore, this model is also amenable
to a relatively simple measurement of P
sorption capacity which should have
direct relevance to the field situation.
This type of model is implied in the rate
classes proposed by Schneider and Erick
son (1972) for P sorption measurements
in soils as a limitation for the use of the
soil for municipal wastewaters. Their
limitation classes ranged from very high
to very low, respectively, as the P sorption
increased from less than 1,120 to more
than 2,240 kg ha -1 in 0.9 m of soil.

In wastewater treatment systems where
appreciable water movement is expected
to occur, application of the P balance
reaction model may still be feasible if the
kinetics of P reactions are taken into ac
count. The work of Barrow and Shaw
(1976) not only suggests a useful approach
to this end, but also allows the model to
be kept, on a generalized basis.

In order to maximize P sorption poten
tial, it is necessary to divide the proposed
treatment area into sections over which
wastewater is applied for a given period
of time. An estimate of the sorption
capacity of a weighted average mix of the
whole profile at a given breakthrough
solution P concentration at the base of
the profile is then determined using a
sorption time equal to the expected travel
time of water through the profile. This
breakthrough concentration may be
selected on an arbitrary basis representing

TABLE 2.
EQUILIBRIUM P SORPTION DATA FOR A RAMONA SANDY-LOAM SOIL AND RELATED DATA

CALCULATED FROMTHE GENERALIZED P SORPTION ISOTHERM IN FIGURE7

Equilibrium P Equilibrium P
Padded Concentration Sorption (x)+

JJgs:' mg 1-1 ve s:'
5 0.033 32.0

10 0.080 35.0
20 0.157 41.2
40 0.285 54.7
80 0.655 76.3

120 1.33 82.5
500 8.00 129

* Values include 29 I-lg P g - 1 native sorbed P.
f Obtained from the generalized isotherm (Fig. 7).*Calculated from equation (9).

at

0.18
0.21
0.26
0.32
0.44
0.49
0.75

Calculated
sorption

maximum (b):f:

ve e:'
178
167
159
171
173
168
172
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Fig. 8. Additional P removal and cumulative
P removal after successive rest periods sub
sequent to an initial P sorption of 1000 kg by
a hypothetical soil profile in one section of a
wastewater disposal area divided into ten sec
tions to which wastewater is applied sequen
tially. Relationships derived from Fig. 2 and
equation [11].

where S1 is the P removed at breakthrough
during the initial application. Zero time
(tJ is taken as the end of the first applica
tion and t1is the time elapsed before the
second application. Consequently, at the
nth application the additional P sorption
(Sn) is given by:

Sn =SI (1- a) I~nn - 1 +

S (1 - a) Itn- 2 ••• + [11]
2 t

n
_

1

and the total amount of P sorbed is (S1 +
S2 + .... Sn)·

This approach considers that the P
sorbed during any application period
occupies a distinct' 'parcel" of sorption
sites, each parcel having the ability to re
generate itself with increasing time after
that parcel was initially saturated. The
sum of the regenerative capacity of each
parcel of sites over a particular rest period

a certain percentage removal of P from
the wastewater being treated, or may be
dictated by local operating codes. The
sorption capacity value may be estimated
from a three or four point sorption iso
therm determined using a very narrow
solution to soil ratio (1: 1 or less) so as to
bracket the pre-set breakthrough concen
tration. This would be most reliably
achieved using incremental additions of
p to the soil (Harter and Foster, 1976)
but a value based on several individual
but different additions of P (Sawheny,
1977) may be equally satisfactory. The
sorption capacity value obtained will pro
vide an estimate of the initial longevity
of one section of the treatment area.
Wastewater would then be applied to
other sections of the site in turn, return
ing to the original section only after a
given time which would be a sum of the
longevity of each section to the stipu
lated breakthrough P concentration.

During this time period, the P sorption
potential of the soil at the original sec
tion of the treatment area will have regen
erated to a certain degree. The regeneration
of sorption potential should be described
by the generalized kinetic equation [1]
given by Barrow and Shaw (1974) and
discussed previously. That is,during the
rest period a certain proportion of the
overall amount of P sorbed shifts from
the more-physically sorbed form (com
partment B) to the chemi-sorbed form
(compartment C), thus increasing the
number of surface sorption sites by that
amount before the breakthrough P con
centration is reached again. The additional
extent of P sorption, therefore, can be
calculated from the relationship in Fig. 2
describing the proportional shift of P from
compartment B to compartment C. The
proportion of the original sorption capa
city at the breakthrough P concentration
that is regenerated during a particular
time interval is equal to the change in
the value of I-a during that time inter
val. Hence, the extent of additional P
sorption (S2) that is possible as a result of
sorption site regeneration may be expressed
as:
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is the cumulative regeneration of P sorp
tion sites at that time after the initial
application.

An illustration of this interpretation
is given in Fig. 8. In the calculation of
the relationship in Fig. 8, it was assumed
that the proposed disposal area was divided
into ten sections, and that the profile
depth of one section had an initial sorp
tion capacity to the breakthrough P con
centration of 1,000 kg P per unit area. If
this amount of P is applied over 7 days,
the rest period between applications to a
particular section is 63 days. A rest period
of this length results in a change in the
value ofI - a of 0.33 for a temperature
of 18°C (Fig. 2). Hence the additional
sorption capacity during the second ap
plication period (S2) calculated from
equation [10] is 330 kg P.

As can be seen from Fig. 8, the value
of Sodecreases with time, dramatically at
first, but then more slowly, and tends
to approach a relatively constant value.
Such a decrease in the additional amount
of P removed after each rest period causes
some practical problems in terms of select
ing an operational wastewater application
rate for satisfactory P removal. This prob
lem could be overcome by averaging the
additional amounts of P which can be
removed after the first rest period for n
rest periods, where n is the number of
rest periods giving an average additional
removal value equal to the minimum
operational application rate. In the case
of the worked example for fifteen rest
periods the P application rate would be
155 kg P.

This model based on the kinetic rela
tionships of Barrow and Shaw (1974) is
also flexible in that after the initial appli
cation, rest times can be varied so that
any disposal site can be used to its op
timum potential in relation to the expected
amount ofP to be applied, the P sorption
capacity of the profile, and the size of
the area available. The principal limita
tion of the approach, however, is the
assumption that the approach to the P
sorption capacity at the desired break
through concentration will be the same
at all depths in the profile. This will
obviously not be the case for the reasons
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outlined in section 3 relating to the leach
ing of P through soil profiles. Conse
quently, the initial sorption S1' as well
as the extent of additional sorption, will
be underestimated. It is possible that a
more reliable estimate of Sl may be ob
tained if it is considered that a certain
proponion of the profile depth (possibly
80 %) is involved in the removal of a
major proportion of the P applied. The
remaining 20% may be considered as a
"scrubbing" depth to decrease the ef
fluent concentration to a value equal
to or lower than the imposed break through
value. The value Sl could then be defined
and determined as the amount of P sorbed
by a weighted average of the upper por
tion of the profile at the average solution
P concentration of the effluent during a
time equal to the average travel time of
the effluent through the profile. The
limitation discussed above, however, does
not affect the estimation of the rate of
sorption site regeneration, as this is in
dependent of the amount of P present
(Barrow and Shaw, 1974).

A further refinement to this approach
could be made to allow for the effects
of temperature on the regeneration of
sorption capacity. The kinetic model,
upon which the approach discussed above
is based, implies an appreciable increase
in the rate of regeneration of sorption
capacity with an increase in tempera
ture (equation [2]; Fig. 2).

The benefit and convenience of the
two experimental approaches described
above to the evaluation of the potential
and longevity of a particular site for P
removal from wastewaters, lies in the fact
that they are based on P sorption models
which have been shown to be independent
of soil type. Furthermore, the kinetic
model of Barrow and Shaw (1974, Fig. 2)
was also shown to be virtually independent
of water content and the amount of P
added. Although the approaches outlined
in this section require further develop
ment, the concepts upon which they are
based suggest considerable versatility
and a wide applicability to systems where
sorption is expected to be the dominant
removal mechanism. Furthermore, with
some conceptual modifications to allow
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for the differences between high- and
low-rate systems, the model outlined in
Fig. 8 could be adapted to predict P
removal in high-rate systems. It is this
type of model, involving experimental

determinations that can be made in
relatively short time periods and on a
routine basis, that is required for the
evaluation of sites suitable for waste
water disposal.
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