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Phosphorus Sorption Characteristics in Relation to Soil

Properties in Some Calcareous Soils of Western
Azarbaijan Province

A. Samadi'

ABSTRACT

Phosphorus (P) sorption in soils is a key process governing its availability to crops.
There has been scanty information available on the P sorption characteristics of calcare-
ous soils of Western Azarbaijan Province, Iran. In this study, P sorption characteristics
and their relationship to soil properties were determined in 36 soil samples belonging to
15 agricultural soil series located in the south of Urmia, Western Azarbaijan Province.
Total CaCO; contents ranged from 10 to 48.5%. Active CaCOj3 contents ranged from 1.7
to 20% and were significantly related (r = 0.61, P<0.001) to the total CaCO; of the soils.
NaHCO;-extractable P contents ranged from 4 to 38 mg P/kg soil. The amount of P
sorbed by the soils differed among various soil series. The results showed that equilibrium
solution P concentration (EPC) was lower (<0.2 mg/L) than the requirement for most
crops. The amount of P adsorbed by the soils at 0.2 mg/L EPC ranged from 5 to 114
mg/kg soil. The phosphate adsorption was well described by the Freundlich (r? = 0.96)
and Langmuir (r> = 0.88) isotherms. The Langmuir maximum adsorption (X.,) and
Freundlich coefficient (aF) estimated from Langmuir and Freundlich equations ranged
from 127 to 238 mg P /kg soil and from 43 to 211 mg P/kg, respectively. Soil clay content
was significantly related to the soil P sorption indices, Py, (P sorbed at 0.4 mg P/L, r =
0.40, P<0.01), PBC (P buffering capacity, r = 0.54, P<0.001), ar (r = 0.48, P<0.01), and X,
(r = 0.40, P<0.01). Total CaCO3 and.active CaCO; were found to be less important factors

affecting P adsorption.
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INTRODUCTION

Application of .phosphate (P) as solid or
liquid fertilizers to soils leads to reactions of
orthophosphate ions (H,PO,, HPO*) with
various soil components which remove P
from the solution phase and convert it to less
soluble phosphates. The phenomena by
which P fertilizers in soils are converted
from a soluble state to a less soluble state is
referred to as P retention/P fixation and has
been reviewed by several authors (Parfitt,
1978; White, 1981; Sample et al., 1980;
Ayed, 1984; Matar et al., 1992). Knowledge
of P retention processes is necessary for the
intelligent use of fertilizers with respect to

the amount, kind, frequency and most effec-
tive placement of the P fertilizer.

The two chief mechanisms which have
been proposed to describe P retention proc-
esses are surface sorption and precipitation.
Discrete precipitation and surface precipita-
tion are generaly thought to occur when
concentrated phosphate solutions react with
s0ils or soil minerals, whereas surface P
sorption by soil minerals may be responsible
for the removal of phosphate from more di-
lute phosphate solutions. Surface sorption
can include physical sorption, chemisorp-
tion, and anion exchange (Sample et al.,
1980).

The relation between the amounts of P that
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a soil will adsorb from a phosphate solution
and the concentration of the P left in the so-
[ution is known as the sorption isotherm. A
wide range of phosphate concentrations have
been used to generate P sorption data. Most
studies are made at equilibrium P concentra-
tions up to about 3 mg P/L (Fox and Kam-
prath, 1970; Fernandes and Warren, 1994)
and for a few studies at equilibrium P con-
centration up to 35 mg P/L (Agbenin and
Tiessen, 1994; Sharma, et al., 1995).

Numerous studies show that aumino-
silicate clay minerals play an important role
in P sorption by soils. Generally, those clay
minerals that possess greater anion exchange
capacity (due to a positive surface charge)
have a greater affinity for phosphate ions.
The surface charge of clay minerals (and
oxides) is partly pH dependent so that anion
exchange capacity increases as pH de
creases. Among the layer silicate clays, 1:1
type clays have a greater phosphate retention
capacity than 2:1 type clays. Soils contain-
ing large amounts of kaolinite group clay
minerals will retain larger quantities of
added phosphate than those containing the
2:1 type clay minerals.

The mechanisms proposed for P retention
in soil by crystalline clay minerals isthrough
a ligand exchange reaction with (OH) H
groups coordinated with Al ion on the edge
of crystals (Muljadi et al., 1966; White,
1981). Thus the sorption capacity depends,
among others factors, on the proportion of
the surface area occupied by-edge faces and
the number of reactive Al-OH (H) groups
per unit area of the edge face. At quite low
solution concentrations (<3 mg/L), P was
adsorbed to the edge face of kaolinite
through replacement of surface hydroxy
groups by phosphate (Kuo and Lotse, 1974).
At high solution concentrations of P (>300
mg/L P) it has been reported by many work-
ers that there is a slow dissolution of kaolin-
ite to release Si and Al, with the subsequent
precipitation of Al-P compounds.

Soils containing large amounts of clay will
sorb more P than those containing small
amounts. In other words, the more surface
area exposed, the greater will be the amount
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of sorption taking place. Many studies have
shown that there are close relationships be-
tween clay content and P sorption by cal-
careous soils of Mediterranean regions
(Solis and Torrent, 1989; Pena and Torrent,
1990).

While some works have been done on soil
P tests in some calcareous soils from differ-
ent regions of Iran (Karimian and Ghanbari,
1990; Sichani et al., 1993; Ghanbari et al.,
2000), there is scanty information on phos-
phorus sorption characteristics of calcareous
soils of Iran, in particular of western Azar-
baijan Province.

The objectives of this study were: 1) to de-
termine the P-sorption characteristics of se-
lected soils 2) to examine the relative impor-
tance of soil components in P sorption for
the calcareous soils of the south of Urmiain
Western Azarbaijan Province, Iran.

MATERIALS AND METHODS
Soils

Thirty-six soil samples belonging to 15 ag-
riculturally important soil series were taken
from agricultural regions in the south of
Urmiain Western Azarbijan Province, Iran.
1. The soil series of Rashakan, Kokia, Dash

Agher, Balangj, and Barandoz are Typic
Calcixerepts. They are very deep, clayey,
poorly drained, calcareous with a clod
and angular blocky structure.

2. The soil series of Didan, Aghchehziveh,
and Haftpestan are classified as a Fluven-
tic Haploxerepts. These soils are very
deep, from loamy to very clayey texture,
relatively poorly drained and calcareous
with a granular structure.

3. The soil series of Chobtarash, Sarajogh,
Darbrood, and Ghort Tapeh are Typic
Endoaguepts. They have a very deep, silt
laomy texture with weak angular blocky
structure.

4. The soil series of Arablou, Jabal Kandi,
and Ordshahy are Typic Haaguepts.
They are relatively deep, from a sandy
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loam to silt clayey texture with weak an-
gular blocky structure.

All soil series were classified in Inceptisols

order according to USDA Soil Taxonomy
(Sail Survey Staff, 1998).

Characteristics of Soils

Thirty six topsoil (0-25 cm) and subsoil
(25-50) samples were collected from the 15
soil series located in the south of Urmia in
Western-Azarbijan province, Iran. The soil
samples were air dried and ground to pass
through a 2 mm-sieve before use. Some
characteristics of these soils are given in Ta-
ble 1. For these analyses, pH was deter-
mined using 1.5 soil to 0.01 M CaCl, sus-
pension by a glass electrode and particle size
was determined by the hydrometer method.
The total CaCOs in the soil, expressed as the
calcium carbonate equivalent (CCE), was
determined by a rapid titration method
(Rayment and Higginson, 1992). The active
lime or active CaCOs; equivalent (ACCE),
which is fine particle-size calcite was deter-
mined by the 0.5 M NHj-oxalate method
(Drouineau, 1942). Organic matter was de-
termined by dichromate oxidation (Walkley,
1947). Extractable P was determined by ex-
tracting the samples.with 0.5 M. NaHCO;
(Olsen et al., 1954).

Phosphorus Adsorption Studies

P sorption..curves (P sorption isotherms)
were determined by the method of Fox and
Kamprath (1970) which has been used by
several workers for calcareous soils (Borrero
et al., 1988; Solis and Torrent, 1989; Pena
and Torrent, 1990; Afif and Torrent, 1993).
Soil samples (2.5g) were placed in 50 mL
centrifuge tubes. Twenty five ml of 0.01 M
CaCl, solution containing 0-20 mg P/ kg soil
as KH,PO, was added such that the final
concentrations were within the range 0-3 mg
P/L. To inhibit microbia activity, 1% tolu-
ene was added to the extractant. The suspen-
sions were shaken on an end-over-end
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shaker at 25 °C for 24 hours. After equilibra-
tion, the samples were centrifuged for 10
minutes and filtered through a Whatman no.
42 filter paper. The P content in the clear
solution was determined by the molybdenum
blue method (Murphy and Riley, 1962). The
differences in the amount of P added and
that recovered in solution was considered
the adsorbed P by soil. The amount of P
sorbed at an equilibrium concentration of 0.2
mg P/L was determined from the P sorption
isotherm as the Fox and Kamprath (1970)
(FK) P retention index.

Fitting Phosphate Adsorption Data to Dif-
ferent | sotherm Equations

The data obtained from the phosphate ad-
sorption experiments was fitted to the linear
forms _of the Freundlich and Langmuir iso-
therms. A linear form of the Freundlich
equation-can be written as:
logx =log & + 1/n: log ¢
where c is the concentration of P in the equi-
librium solution (mg/L), x the amount of P
sorbed per unit weight of soil (mg P/kg soil),
and & and ng are empirical constants that
relate to sorption surface (distribution coef-
ficient) and sorption energy, respectively
(Barrow, 1978). The linear form of the
Langmuir equation can be written as:

c- 1 . c
X KkXm  Xm
where k is a constant related to bonding en-
ergy, Xn, isthe Langmuir sorption maximum
(mg P/kg soil) and the other terms are as
defined previously. If sorption data fit to the
Langmuir equation, a plot of c/x against ¢
produces a straight line with a slope /X,
and intercept 1/kX,,. The Langmuir constant
k is obtained by dividing the slope (1/Xr,) by
the intercept (L/kXy,).

The coefficients of the equations which
best described the sorption data were used
for a correlation study. The values of Lang-
muir (Xm) and Freundlich parameters (ag)
and P adsorption indices (P buffering capac-
ity and P adsorbed at 0.2 mg P/L) were re-
lated to soil properties. Phosphate buffer
capacity (PBC) was obtained by derivating x
with respect to c in the fitted equations. The
properties that best describe P sorption were
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selected using a stepwise multiple regression
analysis (Abacus Concepts, 1996).

RESULTS AND DISCUSSION
Properties of Soils

The classification, texture and selected
properties of the soils are presented in Ta-
ble 1. In general, total CaCO; and active
CaCO; varied widely among soils. Total
CaCO; contents ranged from 10 to 48.5%.
Active CaCO; ranged from 1.7 to 20%
with an average of 8.6% and was highly
correlated with the total CaCO; of soils
(Figure 1). The slope of the regression line
is 0.368 i.e. about 37% of the CaCOs; is
able to react with oxalate [under the condi-
tions specified in the method of Drouineau
(1942)]. There is a considerable scatter of
data about the regression line (r* = 0.37)
showing that various proportions of total
calcite are present as reactive calcite. This
observation supports the idea that CaCOs
in the soils does not consist of particles
with common particle size distributions
i.e., the particle size distribution_ and spe-
cific surface area of CaCO; vary from one
soil to another (Holford and Mattingly,
1975). This feature of native carbonate is
an important property in determining phos-
phate retention by calcareous soils.

Organic carbon contents ranged between
0.31 and 1.56 %, for most soils, values
were low (median 0.92). The clay content
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Figure 1. Relationship between active and
total CaCO; contents.

(<2 um) of the soils ranged from 15 to
59%, with an average of 37%. Olsen P (0.5
M NaHCO; extractable-P) values ranged
from 4.2 to 38 mg P/kg soil with an aver-
age of 11 mg P/kg soil.

P Sorption Isotherms

Phosphorus adsorption isotherms for some
selected soils are presented in Figure 2. P
sorption and equilibrium P concentrations
tend to increase with.increasing levels of
added P in al the soils. The slopes of the
sorption curves show that the amount of P
sorbed by the soils differed among various
soil series. The possible major factors affect-
ing the P retention of these soils could be
ascribed as some physicochemical properties
of soils such'as clay type and clay content,
total calcium carbonate, in particular active
CaCOg3, and fertilization history. The higher
dlopesii.e. a highly sorption tendency for the
soils no.1, 21, 30, and 35 from Rashakan,
Aghchehziveh, Darbrood, and Ordshahi soil
series, respectively, may be related to the
high contents of calcium carbonate equiva-
lent, active CaCOs;, and clay (Table 1).
Phosphorus adsorption in calcareous soils
was frequently related to CaCO; content
(Abedi and Taibudeen, 1974ab; Oskay,
1986; Samadi and Gilkes 1999; Samadi,
2001). There are somewhat contradictory
reports in the literature on the effects of
amount, nature and reactivity of soil carbon-
ate compounds on P sorption. For example,
for soils derived from limestone, there was
little or no relationship of P sorption with
total or active CaCO; content, whereas for
soils derived from calcareous aeolian dusts,
there was a direct relation between total car-
bonate content and P sorption (Lajtha and
Bloower, 1988). Pena and Torrent (1990)
attributed this discrepancy to the inability of
standard methods for determination of total
or active CaCOs; to measure adequately the
reactivity of carbonate towards P sorption.
The mechanism of P adsorption by CaCOs is
not well understood. Holford and Mattingly
(1976) showed that, at a low concentration,
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Figure 2. Phosphorus sorption isotherm of different soil series.

P is adsorbed as a monolayer on CaCOs.
However, at high P concentrations.there is
precipitation of octacalcium  phosphate or
dicalcium phosphate.

Soil containing high contents of clay will
adsorb more P than those with small
amounts (Ryan et al., 1985; Borrero et al.,
1988; Pena and Torrent,; 1990). Sorption by
the soils no.5, 10, 14, and 29 from Kokia,
Dash Agher; Aghchehziveh, and the Dar-
brood soil series, respectively, waswesk i.e.,
the equilibrium solution P concentration
(EPC) increased markedly as the initial solu-
tion P concentration (P:) was increased
(Figure 3). The low sorption tendency for
these soil types could be attributed to fertili-
zation history and over fertilization of the
soils as deduced from the values of Olsen-P
(NaHCO; extractable P) (Table 1). The re-
sulting curves of the adsorbed P (P) against
the EPC in al soils used appeared to be
typical of surface sorption of P. Surface
sorption can include physical sorption,
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chemisorption, and anion exchange (Sample
et al., 1981). A deviation from the adsorp-
tion isotherm at high equilibrium P concen-
trations is observed in all soils. Kuo and
Lotse (1974) have made a reasonable inter-
pretation to explain the deviation from the
adsorption isotherm often obtained at high P
concentrations. It was attributed to an in-
crease in total negative potential of the sur-
face due to P adsorption and increased inter-
action between adsorbate molecules.

P Sorption Indices

The P sorption data were plotted according
to the Freundlich and Langmuir equations
for al soils. The data show a satisfactory
agreement with the Freundlich and Lang-
muir equations for all soils (Table 2). P sorp-
tion indices and correlation of the indices
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Figure 3. Phosphorus sorption isotherm of different soil series.

with X, are presented in Table 2. When
considering al soils together, a- and<PBC
indices correlated well with X, The con-
stants related to the bonding energy;. ob-
tained from the Langmuir and Freundlich
equations (k and ng, respectively) were not
significantly correlated with X The
amount of P sorbed is related to.the number
of sorption sites available rather than the
bonding energy of the sites.as suggested by
Bache and Williams (1971). Total P sorption
capacity of a soil.actually corresponds to the
sum of P sorption measured and P initialy
sorbed. P sorption measured reflects avail-
able sorption sites while P initially sorbed
reflects sorption sites already occupied. If
the amount of P initially sorbed is high, P
sorption measured will be lower than total P
sorption capacity. When choosing a method
for estimating P sorption capacity, it is im-
portant to bear in mind that some P sorption
indices are affected by the initial P level. If
an index which is affected by the initia P
level is used, it could be useful to measure
both P initially sorbed and P sorption to ob-
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tain total P sorption capacity (Bache and
William, 1971; Niskanen, 1990; Freese et
al., 1992). X, and & were both affected by
P initially sorbed by the soil. According to
Bache and Williams (1971), PBC is inde-
pendent of initial P status, asit gives avalue
of the isotherm slope. The position of the
isotherm can vary with initial P status (Fig-
ure 4) but it has aways the same slope at the
same equilibrium concentration. However,
Barrow (1974) found that in some cases
even the slope of the isotherm could change
with P addition. As the high-Olsen P soils
had received more P fertilizers over time, P
initially sorbed is expect to be partially high
compared to the low-Olsen P soils (Figure
4).

Phosphorus  sorption  maximum  (Xy)
ranged from 127 to 238 mg/kg with a me-
dian value of 189 mg/kg soil (Table 2). The
Freundlich coefficient a;, which is the dis-
tribution coefficient, ranged from 43-211,
with amedian value of 118.5 mg/kg soil. To
provide aranking for P sorption of these soil
series, values of the Langmuir P maximum
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Table 2. Phosphate sorption characteristics of soils, the coefficient of determination (R%), values of
sorbed P at equilibrium solution P concentration (EPC), and corréelation coefficients (r) between X,

and P sorption indices.

P Sorption indices of E, ! P Sorption indicesof EiZ EPC®  Sorbed P at EPC
Soil No. Xm k PBCo, I° Ne a r Po2mgL  PoamglL
mokg® L mg? Lkg? mgkg* mgL? mokg*
1 200 45 249 0.89 2 171 0.98 0.190 5 71
2 179 3.7 218 0.95 2.4 118 0.99 0.130 25 64
3 238 0.9 153 0.73 1.3 92 0.98 0.140 18 57
4 175 3.4 211 0.92 25 113 0.98 0.150 16 56
5 204 1.9 203 0.9 1.6 119 0.95 0.240 0 40
6 217 1.7 206 0.85 1.4 123 0.92 0.032 66 92
7 222 0.9 146 0.73 1.3 88 0.96 0.170 8 47
8 196 10.2 216 0.99 2.3 179 0:96 0.002 119 137
9 185 29 215 0.95 2 116 0.99 0.029 68 92
10 156 1.1 113 0.84 2 63 0.98 0.230 0 24
11 200 1.2 158 0.86 1.7 90 0.98 0.071 40 67
12 192 2.7 220 0.87 1.9 125 0.99 0.130 26 69
13 127 0.9 80 0.84 1.8 43 0.99 0.550 0 0
14 196 10.2 216 0.55 1.1 44 0.92 0.690 0 0
15 185 0.8 112 0.79 1.4 63 0.96 0.150 11 41
16 169 15 151 0.93 1.9 79 0.99 0.250 0 25
17 192 5.8 239 0.97 2.1 174 0.98 0.083 58 100
18 189 7.6 229 0.96 2.8 151 0.99 0.092 52 95
19 172 5.8 214 0.97 3.8 121 0.98 0.140 19 61
20 189 2.2 200 0.94 1.9 107 0.99 0.150 17 57
21 233 25 259 0.74 1.5 181 0.83 0.130 35 90
22 185 15 167 0.93 1.8 89 0.98 0.110 27 58
23 189 4.4 235 0.96 2.1 140 0.92 0.120 33 76
24 167 2.1 175 0.91 2.6 20 0.98 0.160 12 45
25 189 2 191 0.95 1.8 104 0.93 0.150 15 55
26 175 0.9 116 0.76 1.4 66 0.96 0.660 0 0
27 182 1.3 122 0.97 1.1 139 0.95 0.230 0 46
28 196 1.7 172 0.97 2.8 211 0.99 0.052 95 144
29 227 2.2 241 0.75 1.5 159 0.99 0.071 60 98
30 196 13 198 0.95 2.8 198 0.99 0.063 89 98
31 192 7.4 231 0.94 4.8 139 0.92 0.042 80 114
32 189 3.8 231 0.93 2.4 129 0.99 0.051 63 94
33 161 1.4 137 0.92 2.1 72 0.99 0.310 0 15
34 189 7.6 226 0.92 8.3 130 0.85 0.043 80 14
35 217 3.8 267 0.91 1.6 185 0.98 0.110 50 100
36 208 1.7 195 0.88 1.5 113 0.97 0.120 27 66
r . 0.012™ 044 -0.21™ 048"

1. E; = Laungmiur Equation, 2. Er = Frundlich Equation. 3. EPC = Equilibrium P concentration.

Significant at <0.05 (*) and <0.01 (**), ns = non significant

for the present study are compared with
some published data for a variety of soils.
For these calcareous soils of the south of
Urmia in Western Azarbaijan Province, val-
ues are similar to those for highly calcareous
soils from the North western coast of Egypt
(Elrashidi, 1976) and the soils of Mediterra-
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nean regions (Pena and Torrent, 1990).

Curves for individual soils provided a
means for estimating standard P require-
ments (SPR) for specific levels of equilib-
rium P concentration (EPC). Origindly,
Bechwith (1965) and other researchers (Juo
and Fox, 1977, Roy and DeDatta, 1985;
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Figure 4. Changes in the position of the isotherms with initial P level as result of P fertiliza-
tion as indicated by the NaHCO; extractable P-(Olsen P) values for calcareous soils of the

south of Urmia.

Memon et al., 1991) estimated SPR at 0.2
mg P/L. This concentration was selected as a
logical base for comparing soils but it was
not proposed as the optimum P concentra-
tion for a specific crop or_for. cropsin gen-
eral. Some research workers (Fox and Kam-
prath, 1970; Rajan, 1973; Hassan, 1993),
however, used the value of 0.2 and 0.32
mg/L in the soil solution as the concentra-
tion at which most plants attain near maxi-
mum growth. Estimates of P sorbed at those
two standard concentrations of P in solution
(Po2 and Py 4) are presented for all of the ex-
perimental soilsin Table 2.

Phosphorus Adsorption in Relation to Soil
Characteristics

The regression analysis, athough not nec-
essarily implying cause-effect relationships,
suggests the possible influence of soil com-
ponents on P sorption. The soil clay content
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was significantly correlated with the soil P
sorption indices (Py4, PBC, &, and X,) sug-
gesting that clay content affects the ability of
a soil to adsorb P applied to soil (Table 3).
Therefore, as clay content increases, the P
sorption capacity of a soil increases. The
sorbed P will increase the ability of a soil to
replenish the soil solution as a plant with-
draws P. The role of clay content on P sorp-
tion has been reported by some researchers
(Solis and Torrent, 1989; Pena and Torrent,
1990; Afif et al., 1993). Moreover, The clay
types rather than the clay content is impor-
tant for P adsorption (EI-Swaify et al.,
1985).

CONCLUSION

Sorption studies were conducted to estab-
lish the relationship between sorbed P and
solution P to evaluate the P sorption charac-
teristics of the selected soils and to fit the
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Table 3. Correlation coefficients (r) between P sorption indices and soil properties.

Clay ACCE  CCE CEC Olsen P Xm K a PBC EPC
Pos 04047 -0.011™ -0.012™ 04507 -0.7200° 0474~ 04947 0847 0585 -
EPC -0.440" -0.015™ -0.012™ -0.382° 0740 -0401" -0.179™ -0.637" -0478" 0.854"
PBC 0539 0.004™ -0180™ 0374 -0529"" 0507 0.346° 0.716™
a 04777 -0.084™ -0.124™ 0419° -0.538" 0478 0.603™"
K -0.010° -0.161™ -0.077™ 0.145™ -0.305™  0.068™
Xm 0403  0.114™ -0.073™ 0.198™  -0.397

Po.4 , P sorbed at 0.4 mg P/L equilibrium solution P concentration (EPC ); PBC, P buffering capacity; &, is
Freundlich’s empirical constant relating to sorption surface; K, Langmuir constant relating to bonding en-
ergy; Xm, Lanngmuir sorption maximum, CCE, calcium carbonate equivalent; ACCE, active calcium car-
bonate equivalent. Significant at <0.01 (*), <0.01 (**), <0.001 (***), and ns, nonsignificant.

data into an appropriate empirical model.
The Freundlich and Langmuir isotherms de-
scribed the P adsorption data. The Linear
forms of the Freundlich and Langmuir equa-
tions were used to calculate the parameters
of the equations. The soil P sorption indices
including PBC (P buffering capacity), ar
(the Freundlich coefficient relating to sur-
face sorption), and X, (the maximum P ad-
sorption capacity) were related to soil clay,
CEC, total CaCO,, active CaCO3, and .or-
ganic carbon contents.
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