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ABSTRACT
Potassium (K) is an essential element for plant growth. The difference in K release
from the non-exchangeable K sources can be a result of soil properties. This
research was carried out to assess the effect of soil buffering capacity and clay
minerals on the rate coefficient of non-exchangeable potassium release as well
as evaluation of kinetic equations in describing and predicting non-exchangeable
potassium release in calcareous soils in the southwest of Iran. Extraction of non-
exchangeable potassium was performed with 0.01 M CaCl2 and 0.01 M oxalic acid
consecutively 15 times within 15-min intervals, in duplicate. The results showed
that due to the high buffering capacity of the soils resulting from a high carbonate
level and neutralising oxalic acid, no significant difference was observed between
the amount of cumulative non-exchangeable potassium released by oxalic acid and
CaCl2. The results also showed that the coefficient of potassium release rate (b) in
Elovich equation is significantly correlated with non-exchangeable potassium and
some physical and chemical characteristics, as samples containing more clay and
organic carbon with more cation exchange capacity had the maximum potassium
release rates. Therefore the coefficient of potassium release rate (b) can be a more
accurate indicator for plant available potassium.

Keywords: Non-exchangeable potassium, calcareous soils, potassium
release rate.

INTRODUCTION
Potassium in soil exists in four different forms including structural potassium
(5000-25000 mg/kg), fixed or non-exchangeable potassium (50-750 mg/kg),
exchangeable potassium (40-600 mg/kg) and soluble potassium (1-10 mg/kg)
(Sparks 2000). The amount of potassium in each one of these forms is controlled
by the quantity of clay, potassium uptake by plants, application of potassium
fertilisers, losses through leaching, and the relative effect of K* fixation and
release processes that occur in the soil (Kirkman et al. 1994). Long-term non-
application of K would cause a large amount of soil K to be depleted (Tan et al.
2017). Soils with different properties have different amounts of non-exchangeable
potassium (Jalali, 2007). Non-exchangeable potassium is the main portion
of the reserve of available potassium in soil as well as is an important factor
to determine soil potassium fertility (Huoyan et al. 2016). Questions such as
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how potassium is released in the soil solution and which part of that has more
importance for plant utilisation and production, are very important and several
studies have been conducted about them (Havlin and Westfall 1985). Availability
of non-exchangeable potassium does not depend on its amount, but on the rate of
release and amount of potassium, which could be changed into its exchangeable
form (Jalali 2005). The difference in K release from the non-exchangeable K
sources can result from the differences in soil texture and organic matter content
of soils (Akbas et al. 2017). In calcareous soils, Ca®* is known as a common
cation that replaces interlayer potassium. Presence of Ca®* in irrigation water
and soil minerals, which are able to release Ca*, has a great importance in the
determination of leaching K* in soils of arid and semi-arid regions. Further,
sequential extractions of K* by Ca®" is one of the suitable methods to evaluate
the release kinetics of non-exchangeable potassium in calcareous soils (Jalali and
Rowell 2003). Also, K is weakly maintained compared to Ca*", therefore K is
more readily exchangeable than Ca*" (Zhang et al. 2015).

Roots of plants exude large amounts of organic acids in their rhizosphere.
Among the different roles of rhizosphere secretions, the capacity of organic
acids in dissolving the cations which have been adsorbed or have precipitated
are important (Jones and Edwards1993; Rajawat et al. 2016). Increasing mineral
weathering by creating a complex of metal-organic compounds and promoting the
exchange of H" by K, are two main mechanisms, which increase availability of
non-exchangeable potassium by using organic acids (Wang et al. 2011). Oxalic
acid is an organic acid that has an important role in improving availability of
elements in the soil. This acid is one of the simplest acids with two pK values,
1.23 and 4.19, which occur in sediments, forest and agriculture soils especially in
the rhizosphere of plants (Fox and Comerford 1990).

Different equations have been used by researchers to describe and predict the
mechanism of non-exchangeable potassium release as well as its rate of release.
Some of these equations, most used by researchers, are first order, parabolic
diffusion, power function and Elovich equation (Martin and Sparks 1983; Jalali
2005 ;Srinivasarao et al. 2006; Rajashekhar 2015). Sequential extractions by
different extractants such as 0.01 M calcium chloride (Srinivasarao et al. 2006;
Hosseinpur and Motaghian 2013; Rajashekhar 2015; Ghiri et al. 2011) and low-
molecular-weight organic acids (Jalali 2005; Jalali and Zarabi 2006; Srinivasarao
et al. 2006) are some of the methods used to release non-exchangeable potassium.
The purpose of conducting this research was (i) to assess the effect of soil
buffering capacity and clay minerals on the rate coefficient of non-exchangeable
potassium release, and (ii) to evaluate kinetic equations that best describe and
predict non-exchangeable potassium release in calcareous soils of Bahmaei plain
in Kohgiluyeh and Boyer-Ahmad Province in the southwest of Iran.
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MATERIALS AND METHODS

Study Area Characteristics

The study area is located between longitudes 30°39° 10” E to 31°11° 23” E and
latitudes 49°51” 44” N to 50°26° 43”N, in the southwest of Iran. The average
altitude is 1470 m. The climate of the region is arid and semi-arid. The mean
annual temperature and precipitation are 20.5 °C and 480 mm, respectively. In
general, the mountains surrounding the study area are a small part of the great
Zagros sync. The studied pedons are mostly located on calcareous deposits.
Predominant formations in the area are alluvial belonging to the lower cretaceous
of Darian formation.

Soil Sampling and Soil Analyses
Based on aerial photos and topographic maps, physiographic units were
distinguished and separated, and on each unit, a profile was dug and four
representative pedons were selected. Soil samples were prepared in each
diagnostic horizon to determine physico-chemical properties, mineralogical
analyses, different K™ forms, and desorption kinetic experiments. Particle-size
distribution was determined by the hydrometer method (Buoyoucos 1962).
Calcium carbonate equivalent (CCE) was measured by back neutralisation
titration with HC1 (Loeppert and Suarez 1996). Measurement of organic carbon
(OC) was by wet oxidation in the presence of potassium dichromate and sulfuric
acid followed by back titration using ferrous ammonium sulfate to determine the
unreacted dichromate based on the procedures of Nelson and Sommers (1982),
soil pH from saturated paste and electrical conductivity (EC) in soil saturated
extract using a conductometer, cation exchange capacity (CEC) using sodium
acetate (CEC at pH 7 with Ammonium Acetate) (Chapman 1965) and gypsum
by precipitation with acetone (Richards 1954). Soluble K" was measured by
flame photometer in the saturated extract. Exchangeable K* was extracted by 1.0
M NH,OAc at pH 7.0 (McLean and Watson 1985). Non-exchangeable K* was
extracted by boiling 1.0 M HNO; (Pratt 1965). Digestion by aqua-regia and HF
method was carried out to determine total K™ (Buckley and Cranston 1971).
After performing physico-chemical tests and estimating various potassium
forms on all samples, four surface samples were selected to conduct kinetics of
non-exchangeable potassium release. First, exchangeable potassium was removed
through saturation by equilibrating 10 g soil with I M CaCl,, three times for 48
h. Then the extra CaCl, was washed out of soil by suspending with alcohol and
deionised water followed by centrifugation. Samples were dried in an oven at
65°C and ground to resolve the agglomeration. In the next step, 20 mLof calcium
chloride solution (0.01 M) was added to a centrifuge tube containing Ca-saturated
soil (2 g). Similarly, in another centrifuge tube, 2 g of soil and 20 mLof oxalic acid
solution (0.01 M) were added respectively. The extraction pairs, as prepared for
different samples, were stirred on a shaker for 15 min at 25 °C, centrifuged and
the supernatant solution was stored for subsequent determination. The remaining
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soil in the tube was re-extracted a further 14 times and the released potassium in
each of the 15 stages was determined for K* concentration by flame photometry
(Elico Model CL-360) (Jalali 2006).

Then the released non-exchangeable potassium was fitted with different kinetics
equations versus time. These equations are as follows:

In(Y°-Y)=a-bt First order

Y=a+bint Elovich
Y=a+btl?2 Parabolic diffusions
ImY=ma+blint Power function

Y: is the amount of cumulative potassium (mg/kg), released within the time ¢ (%),
Y% is the maximum released cumulative potassium (mg/kg) and a and b are the
constants of the equations. The equations were compared based on coefficients of
determination (%) and standard errors of estimation (SE). The standard errors of
estimation were calculated using the following relation:

SE = {(g-¢')’/(n-2)}'"

In this equation ¢ and ¢ * represent the amount of the measured and predicted non-
exchangeable potassium, respectively, and n is the number of the evaluated data.

For the preparation of samples for clay minerals analyses, cementation
agents including carbonates, organic matter and iron oxides were removed by
1 N HCl, 30% H,O, and dithionite citrate bicarbonate, respectively (Mehra and
Jackson 1960; Kittrick and Hope 1963; Jackson 1975). Samples containing
gypsum, depending on the quantity of gypsum, were washed by distilled water.
After separation of the clay fraction, samples were saturated with Mg* and K-,
using MgCl, and 1 N KCl, respectively. The Mg,, and K, saturated samples were
saturated using ethylene glycol and heated at 550 °C, respectively. In addition, to
discriminate kaolinite and Fe chlorite, samples were treated with 1 N HCI. These
five treatments were analysed by XRD diffraction. Relative abundance of clay
minerals based on peak’s intensity was measured semi-quantitatively according
to the method of Johns et al. (1954).

RESULTS AND DISCUSSION

Soil Characteristics

Based on our results, calcic, gypsic and argillic subsurface horizons were observed
in the studied area. Due to the arid and semi-arid climate as well as dry and wet
periods of the region during the year, in addition to the calcareous and gypsum
parent materials, calcic and gypsic subsurface horizons are predictable in the soils
of the region. However, the argillic horizon observed in pedon 2 is most probably
related to the past humid climate. This is because at the present time, conditions
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are not suitable for dispersion and transfer of clay to lower horizons and formation
of argillic horizon. In addition, due to a high temperature, lack of rainfall and
low vegetation cover, the ochric epipedon was the only epipedon in the area.
According to U.S. Soil Taxonomy (Soil Survey Staff 2014), as a characteristic of
the surface and subsurface horizons and also a consequence of the soil moisture
and soil temperature regime, the soils of the region are included in the orders
of Inceptisols and Alfisols (Table 1). The results of the physicochemical analysis
(Table 1) show that the amount of clay in the samples is variable, between 19.5%
in C horizon of pedon 3, which is an Inceptisols soil, and 60.7% in Bt k horizon
which is an Alfisols soil, with an average of approximately 39% in the study area.
CCE is high with an average of approximately 55.5%, with the maximum value
being 81.7% observed in the C horizon of pedon 1, while its minimum value
was observed in surface horizon of pedon 2 which is an Alfisols. The average
OC is approximately 0.55%, with A horizon in pedon 4 which is under forest
cover having the maximum amount (1.94 %) and C horizons of pedons 1 and 3
having the minimum amounts of approximately 0.1% of the organic carbon. CEC
is variable, between 8.6 and 39.1 cmol (+) kg'. The maximum amount of CEC
was related to the surface horizon of pedon 4, while its minimum amount was
observed in C horizon of pedon 3. Some amount of gypsum was also observed
in the studied pedons with the maximum being found in Bk,y horizon of pedon
1. Given the calcareous nature of the soils in the region, the pH of the soils was
expectedly variable, ranging between 7.1 and 7.8.

Soluble potassium was variable, ranging between 0.5 mg/kg and 9.1mg/kg
with the average being 2.7 mg/kg. The average of the exchangeable potassium
was 136 mg/kg, with the maximum amount being observed in A horizon of pedon
4 (325 mg/kg) and the minimum amount in C horizon of pedon 4. The average
non-exchangeable potassium was 245 mg/kg, with the maximum and minimum
amounts being observed, like the exchangeable potassium, in A horizon of pedon
4 and C horizon of pedon 1, respectively. The average of the structural potassium

TABLE 1
Physico-chemical analysis, different forms of potassium and cumulative non-
exchangeable K released in different media of extraction (0.01 M CaClI2 and 0.01 M
oxalic acid) in representative pedons (mg/kg)

Soil . . . . Clay CCE  Gypum oCc  CFC

Ped. o, Horizon  Sol Exch Nonex Struc K1 K2 (%) pH (%) (%) (%) (;.;J(;l Taxonomy
1 Ap 3.8 67 155 1328 110 128 242 7.6 701 0.4 0.58 15.6
1 2 Bkl 1 44 91 779 - - 423 7.7 779 0.3 0.27 22.0 Typic
3 Bk2y 0.7 39 56 639 - - 408 7.8 812 53 0.1 20.1 Calcixerepts
4 C 0.7 33 44 597 - - 503 7.8 817 0.4 0.1 26.2
5 Ap 0.5 129 223 2451 137 145 261 715 354 0.4 122 20.1
) 6 Btl 0.9 142 310 3594 - - 35.1 79 362 0.4 0.29 272 Aquic
7 Bt2k 0.8 181 372 3990 - - 60.7 77 416 0.4 0.34 343 Haploxeralfs
8 Cky 1.5 168 341 3057 - - 547 79 439 2.7 0.24 313
9 Ap 9.1 155 308 4158 170 176  36.1 77 362 0.3 1.05 18.1 Typic
3 10 Bk 5 116 325 2510 - - 252 79 574 0.5 0.51 258 Haplgxerepts
11 C 4.2 44 104 1268 - - 19.5 7.1 76.3 0.5 0.1 8.6
12 A 3.7 325 488 4244 295 274 462 7.6 442 0.3 1.94 39.1 Typic
4 13 Bw 3.9 280 388 2976 - - 31.7 78 479 0.4 0.85 284 H lyp "
14 [¢ 218l 23 239 - - 527 78 467 04 015 344 aploxerepts
Mean 2.7 136 245 2428 178 181 39.0 7.7 555 0.9 0.55 25.1

Notes: Sol*: Soluble K; Exch: Exchangeable K; Nonex*: Non-exchangeable K; Slruc*: Structural K; K1 and K2: cumulative non-
exchangeable K released in 0.01 M CaCl, and 0.01 M oxalic acid respectively.
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of the studied pedons was 2428 mg/kg. The average amounts of cumulative non-
exchangeable K* released by 0.01M CaCl, and 0.01M oxalic acid were 178 mg/
kg and 181 mg/kg respectively, with the amount of potassium released by the two
extractions being maximum in A horizon of pedon 4 and minimum in Ap horizon
of pedon 1.

The results show that the clay minerals in this region are smectite, chlorite,
illite, palygorskite and kaolinite respectively with smectite being the predominant
mineral (Table 2). Considering the climate of the region, the smectite in the soils
is most likely inherited from parent materials and parent rock. Further, with
increasing depth, the amount of smectite showed an ascending trend, suggesting
the possible hereditary nature of this mineral in this region. On the other hand,
the conversion of other minerals such as illite and palygorskite to smectite in the
surface of the soil and its transfer to the lower horizons, due to the smaller size
of smectite, can be another reason for the increase in smectite with increasing
depth in this region. The source of the minerals of chlorite, kaolinite and illite
in the region is hereditary, as in other soils of the regions in the South of Iran.
Palygorskite, which morphologically has a fibrous form, is often found in soils of
the arid and semi-arid regions.. Existence of high levels of Si and Mg, high pH,
and low Al and Fe, are ideal conditions for palygorskite formation.

TABLE 2
Semi-quantitative analysis of the soil clays
Pedon Soil no. Horizon Smectite 1llite Chlorite Vermiculite Kaolinite Palygorskite

1 1 Ap +H+ ++ + - + +
1 2 Bkl ++ +++ + + +
2 5 Ap -+ + + + +
2 6 Btl ++ ++ + + +
3 9 Ap - + +

3 10 Bk ++ +++ + + +
4 12 A -+ ++ + + +
4 13 Bw +++ ++ + + +

Notes : trace or not detected; +: 10-20%; ++: 20-30%; +++: 30-45%; ++++ : 45-55%

Potassium Release by 0.01 M Cacl, and 0.01 M Oxalic Acid

Cumulative non-exchangeable K released in different media of extraction (0.01M
CaCl, and 0.01M oxalic acid) in representative pedons (mg/kg) is shown in Table
1 while Figure 1 indicates the cumulative amount of K* released by sequential
extractions with 0.01 M CaCl, and 0.01 M oxalic acid versus time. As can be
seen, there is no significant difference between potassium extracted with CaCl,,
and oxalic acid; the mean potassium extracted by CaCl, was 178 mg/kg (from 110
to 295 mg/kg), while the amount of potassium released by sequential extractions
using oxalic acid varied between 128 and 274 mg/kg and had a mean of 181
mg/kg. In his study, Jalali (2007) extracted about 340 mg/kg in calcareous soils
of Hamadan province in the West of Iran. In another experiment in calcareous
soils of Iran, Ghiri ef al. (2011) extracted about 152 mg/kg of non-exchangeable
potassium using 0.01M calcium chloride. Non-exchangeable potassium release is
not necessarily the result of dissolution of minerals containing potassium, rather
it may be a slow exchangeable reaction. During slow exchange between clay
minerals such as mica, the ion replacing potassium in anhydrate form should first
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Figure 1: Cumulative amount of K* released with time by successive extractions
with 0.01 M CaCl, (1) and 0.01 M oxalic acid (2)

enter into unexpanded inner layers and then simultaneously these inner layers
are expanded under the influence of hydration of such ions. These ions are then
allowed to stabilise or are captured and the released potassium in its hydrated form
spreads slowly to exchange sites in the external parts of clay particles (Sparks and
Huang 1985).

In all soil samples and in both extractions, the process of potassium release
was almost the same with the release rate being initially high and decreasing
gradually. Since the non-exchangeable potassium is located between the layers
and in the sites at the edge, in the early stages the potassium located on the edge of
the minerals which are more available is released. With increasing time, potassium
located in the wedge-shaped locations is released, with the extraction becoming
increasingly difficult. Ca?*, due to the larger hydrating radius compared to K*,
cannot be easily located between the layers of minerals and releases the potassium,
and over time, the distance of potassium from the edges increases and the release
becomes slower (Jalali 2005). Therefore, the first part of the cumulative release
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curve is related to edge potassium and the second part is associated with the
wedge and interlayer potassium (Benipal et al. 2006). By investigating the release
of soil potassium, Hosseinpur et al. (2014) stated that potassium release rate is
fast initially, but slows down in the next stage. Further, the amount of potassium
released in the first part of the curve is a perfect indicator of available potassium to
plant. They also reported the release of potassium followed the diffusion process.

On average, CaCl, and oxalic acid released about 73% and 74% of non-
exchangeable potassium. The results also showed no significant difference
between the amounts of cumulative non-exchangeable potassium released by
oxalic acid and the amount released with CaCl,. At pH values below 3.5, oxalic
acid is in the form of a non-ionised molecule. At pH values between 3.5 and 4.5,
one of the acidic protons is ionised and both protons are released at pH values
greater than 4.5 (Wani 2012; Shu-Xin et al. 2007). Therefore, with pH>4.5, there
are two negative free charges that can be exchanged with cations such as K, Ca
and Na. The non-exchangeable potassium release mechanism by oxalic acid
in different soils can be either an exchange or degradation of minerals. In the
studied area, calcium carbonate of the soil is high. Since the solubility constant
of calcium carbonate (4.5%10 M) is larger than that of calcium oxalate (1.7x10°
M), there are large amounts of Ca?" and equal amounts of hydroxyl ions (OH)
in the soil. As a result, the hydrogen released from oxalic acid, which probably
causes degradation of minerals in acidic soils, expands to neutralise hydroxyl ions
in calcareous soils. Moreover, Ca** of the soil solution in the presence of oxalate
ions is precipitated as calcium oxalate, preventing the exchange of potassium
with oxalate. Since calcareous soils are rich in calcium and have a high buffering
capacity, they prevent the impact of this acid on minerals and release less
potassium compared with soils possessing lower pH or less calcium carbonate.
Shu-Xin et al. (2007) and Wani, (2012), reported that soils with mica and smectite
as dominant minerals, and calcareous soils which have a high buffering capacity
release less potassium than other soils. Some researchers obtained the opposite
results. Jalali and Zarabi (2006) reported that oxalic acid could release more non-
exchangeable potassium than CaCl, in some calcareous soils. It appears that a
lesser amount of calcium carbonate in their soil samples is responsible for higher
potassium release by oxalic acid.

To investigate the release rate of non-exchangeable potassium in the soils of
the area, released non-exchangeable potassium data were fitted with first order,
Elovich, parabolic diffusion and power function equations. These results are
shown in Table 3. Figures 2 and 3 reveal various kinetic models to describe and
predict the non-exchangeable potassium release Coefficient of determination and
standard errors were used to determine the best equation. As can be seen, the
equations of power function, parabolic diffusion and Elovich for the 0.01M CaCl,
extraction have a coefficient of determination close to each other, but the lowest
standard errors were obtained by power function equation. For the extraction of
0.01M oxalic acid, power function and parabolic diffusion equations have the
highest coefficient of determination. Power function equation for CaCl, and oxalic

66 Malaysian Journal of Soil Science Vol. 22, 2018



TABLE 3
Coefficient of determination (r2) and standard errors of the estimate (SE) of various
kinetic models for K release in soils

Soil no. Elovich First_order Parabolic diffusion Power function
r SE r SE r SE r
CaCl,
1 0.987 32 0.958 0.219 0.989 3.0 0.985 0.06
5 0.992 2.8 0.953 0.22 0.988 35 0.987 0.05
9 0.990 43 0.958 0.22 0.984 5.5 0.982 0.06
12 0.987 9.0 0.964 0.203 0.983 10.5 0.985 0.08
Mean 0.989 4.8 0.958 0.216 0.986 5.6 0.985 0.06
Oxalic acid
1 0.931 9.7 0.915 0.286 0.993 32 0.998 0.02
5 0.979 5.6 0.914 0.330 0.996 24 0.990 0.05
9 0.943 12.1 0.929 0.249 0.997 29 0.998 0.03
12 0.950 18.5 0.923 0.299 0.997 4.8 0.994 0.05
Mean 0.951 11.5 0.920 0.291 0.995 3.4 0.995 0.04
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Figure 2: Relationship between observed and predicted K* release kinetics by
representative soils for successive extractions with 0.01 M CaCl, as described by four
mathematical models.

acid have a coefficient of determination of 0.982- 0.987 (average of 0.985) and
0.990 - 0.998 (average of 0.995) and standard errors between 0.05 - 0.08 (average
0.06) and 0.02 - 0.05 (average of 0.04), respectively. Due to very low standard
errors and a larger coefficient of determination for both extractions, this equation
is acknowledged as the best equation to describe non-exchangeable potassium
release for the soils of area. Havlin and Westfall (1985) indicate that if potassium
release follows the power function equation, it suggests that the diffusion process
could be the most probable mechanism that controls the potassium release.
Following the power function equation, parabolic diffusion and Elovich equations
are recognised as the best equations based on the coefficient of determination
(with means of 4.8 and 5.6, respectively) and standard errors (with means of 0.989
and 0.986, respectively) for CaCl, extraction. For the oxalic acid extraction, the
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Figure 3: Relationship between observed and predicted K* release kinetics by
representative soils for successive extractions with 0.01 M oxalic acid as described by
four mathematical models

parabolic diffusion and Elovich equations with coefficients of determination of
0.995 and 0.991 respectively and standard errors of 3.4 and 11.5 respectively
were identified as the best equations to describe and predict the non-exchangeable
potassium release of soil samples, after the power function equation. Srinivasarao
et al. (2000), and Rajashekhar, (2015) concluded that power function equation,
parabolic equation, and the first order equations are the best kinetic equations
to describe potassium release in their studies For calcareous soils Jalali (2006)
introduced Elovich equations, power function and diffusion parabolic function,
Hosseinpur and Motaghian (2013), the power function and parabolic diffusion
equations, Jalali and Khanlari (2014) the parabolic diffusion and Elovich equations,
and power function and Jalali and Zarabi (2006) reported power function as the
best equations to describe K release for the two extractants of calcium chloride
and oxalic acid.

Release Rate Coefficient of the Equations

The parameters of kinetic equations of potassium release are found in Table 4
while the correlation between some physic-chemical properties and the constant
b (slope of all equations) of the kinetic equations of non-exchangeable potassium
release (the released cumulative potassium with extractions by 0.01M CaCl, and
0.01M oxalic acid) are shown in Table 5. The release rate coefficient of non-
exchangeable potassium release (b) with extraction by 0.01M CaCl, in the Elovich
equations showed a positive and significant relationship with clay (0.964"), CEC
(0.962") and the extracted potassium with CaCl, (0.977"") parameter b of parabolic
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TABLE 4
Parameters of models used to describe release kinetics of non-exchangeable K* into

0.01M CaCl, and 0.01M oxalic acid in soils

Soil Elovich First_order Parabolic diffusion Power function
no. a b a b a b a b
mg/kg mg/kg min”' mg/kg min (mg/kg ) mg/kg mg/kg min"? mg/kg mg/kg min’
Cacl,
1 <79 35 4.9 -0.016 -4.4 7.9 1.6 0.58
5 -79 39 5.0 -0.015 6.4 9.0 2.3 0.50
9 -118 53 53 -0.016 -3.6 12.1 2.1 0.57
12 -239 98 59 -0.016 -26.3 224 22 0.65
Mean -129 56 53 -0.016 -7.0 12.8 2.1 0.58
Oxalic acid
1 -121 44 52 -0.014 -29.0 10.4 0.9 0.74
5 -114 47 53 -0.016 -13.2 10.9 1.7 0.63
9 -169 61 55 -0.014 -40.6 14.4 1.1 0.77
12 -281 99 6.1 -0.016 -70.9 234 1.2 0.83
Mean -171 63 5.5 -0.015 -38.4 14.8 1.2 0.74
TABLE 5

Linear correlation (Pearson) coefficients between some physico-chemical properties and
the constant b into 0.01 M CaCl, (Below the diagonal, white background) and into 0.01

M oxalic acid (Above the diagonal, gray background)

Clay CCE OC CEC Nonexch. KI K2  bElovich l—’o erig‘ b d‘?gf‘ua;glrfc %’uﬁ ower

Clay 1 143 852 863 954" - 970" 971" -341 971" 799
CCE 143 1 019 343 -113 - 261 305 089 314 547
ocC 852 019 1 945 756 - 921 898 -783 891 422
CEC 863 343 945 1 694 - 960" 953" -.685 950° .599
Nonexch. 954" -113 756 694 1 : 860 856 -210 856 719
K1 965" 247 933 966 854 1 - - -

K2 - - - - - - 1 998" -.509 997" 742
bElovich 964" 315 904 962" 842 997" - 1 -468 1.000™ 778
b First order -463  -588 027 -194  -424 -334 - -398 1 -456 172
b Parabolic 964" 306 909 963 843 998" - 1.000"  -388 1 787
%Egy:; 775 706 497 714 619 767 - 815 -815 808 1

**_Correlation is significant at the 0.01 level,*. Correlation is significant at the 0.05 level.

equation (1.00™). It also indicated a positive relationship with OC (0.904), non-
exchangeable potassium (0.842) and coefficient b of power function equation
(0.842). The constant b with the extraction of 0.01M oxalic acid in Elovich equation
also showed a positive and significant relationship with clay (0.971%), CEC
(0.953"), the potassium extracted with calcium chloride (0.998) and parameter b
of parabolic equation (1.00"") along with a positive relationship with OC (0.898),
non-exchangeable potassium (0.856) and coefficient b of power function equation
(0.778). The slope of Elovich equation (b) indicates interlayer potassium release
rate, and its intercept (a) shows the initial and immediate rate of potassium release
(Mengel et al. 1998). The average release rate coefficients for CaCl, and oxalic
acid in the Elovich equation were 56 and 63 mg/kg min™ respectively with the
minimum and maximum amounts for both extractions being observed in sample
1 (A horizon of pedon 1) and sample 12 (A horizon of pedon 4) respectively. As
observed, soil 1, which has the minimum amount of coefficient of release, has the
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minimum amount of clay, CEC and OC, while soil 12 has the maximum amount
of clay, OC and CEC. The positive correlation of the amount of clay, OC and
CEC with the rate coefficient of the Elovich equation also confirms it. Singh et al.
(2002) attributed the increase in non-exchangeable potassium release due to the
presence of organic material and expressed the view that organic material has an
important role in the distribution of different forms of potassium in soils. They
attributed the increase in plant growth with the addition of organic material to
soil to the corresponding increase in non-exchangeable potassium release which
furnishes the plant with the required potassium. They rationalised the increase
in the release process to the acidification of the root environment by the organic
material. The amount, type and size of clays have important effects on the release
rate coefficient. The results indicate that samples with the maximum amount of
release contain more clay and also smectite mineral than other samples. Smectites
are 2:1 clay types with high CEC and variable interlayer distance. Homogenous
substitution causes the development of permanent negative charge in these clays
which is neutralised by cations such as potassium. Due to greater expandability
and lower layer charge, smectites easily release their interlayer potassium.
Srinivasarao et al. (2006) reported that the greater rate of non-exchangeable
potassium release in the soils with dominant smectite mineral suggests that the
expansion properties of smectite results in potassium release in sites on the edges
and wedge zones of minerals. Also the positive correlation of the organic material
with the release coefficient of Elovich equation(b) can be due to development of
decomposition and degradation conditions of minerals and as a result, conversion
of minerals such as illite to smectite by the organic material. Boyle et al. (1974)
state that an increase in organic material results in increasing non-exchangeable
potassium release from minerals and consequently leads to greater concentration
of soluble and exchangeable potassium. Kaolinite was observed in hereditary form
and in trace amounts in the studied region. Kaolinite mineral can easily release
the potassium from its external surfaces as only its external surface is available.
Further due to the low amount of cation exchange capacity, kaolinite has a low
amount of exchangeable potassium which is negligible. Vermiculite and illite
minerals have low expandability due to a high layer charge and as a result, the
ions are not exchanged easily. Despite the high amount of interlayer and structural
potassium, the above minerals have a lower release capacity than the smectites.
Song and Huang (1988) attribute the difference in the rate and amount of non-
exchangeable potassium release in the soil to factors such as a varying percentage
of potassium in the minerals, the tininess and largeness and degree of weathering
of minerals. Similarly, in the micaceous minerals, they attribute the difference
to the extent of structural hydroxyl navigation, degree of tetrahedral rotation,
the layer charge site, amount of potassium depletion, the degree of tetrahedral
distortion, difference in the chemical composition and structural defects. Lopez
and Navarro, (1997) observed that the coefficient b in the Elovich equation had
a high correlation with potassium removed by forage plants.
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The correlation of the soil properties and the potassium release rate
coefficient in the parabolic equation for both extractions of CaCl, and oxalic acid
was the same as the Elovich equation. The main reason for the high correlation
of the release rate coefficient of parabolic equation with soil properties can be the
presence of illite in soils which slowly releases potassium, in addition to organic
matter and clay content and size. In the studied region, illite was a hereditary
mineral. Further, because of the rich resources of this mineral in the surrounding
formations and its transfer to the pedons, and despite its decomposability and
alteration of illite to other minerals such as smectite, the amount of this mineral
is high in these soils. As a result, in the pedons though the dominant mineral is
smectite, the level of illite is also high. Srinivasarao et al. (2006) reported that the
highest release rate coefficients of parabolic diffusion equation were in soils with
dominant mineral of illite and explained that this mineral has fixed potassium
with a great power and releases it at a slower rate. Their results showed that the
release of non-exchangeable potassium in illite dominant mineral soils followed
the diffusion law. The parameter b in the equation of power function for the
extractions of CaCl, and oxalic acid showed a positive correlation with clay,
OC, CEC, non-exchangeable potassium, potassium extracted by CaCl,, potassium
extracted by oxalic acid and also coefficient b of Elovich and parabolic equations.
The average potassium release rate coefficient (b) of the power function equation
for CaCl, was 0.58 mg/kg minand between 0.50-0.65 mg/kg min’', while in
oxalic acid it was 0.74 mg/kg min' and between 0.83-0.63 mg/kg min!, which
is less than 1 in both extractions. When the coefficient of the potassium release
rate of power function equation is less than 1, it implies that the non-exchangeable
potassium release rate decreases over time (Feigenbaum et a/. 1981). Mengel and
Uhlenbecker (1993) state that there is a relationship between the b parameter in
parabolic diffusion, the power function and Elovich equations with potassium
extracted by the ryegrass plant. According to them, parameter b can be a more
realistic indicator for plant available potassium.

CONCLUSION
The results showed that due to the high buffering capacity of the soils because of
a high carbonate level and neutralising oxalic acid, no significant difference was
observed between the amount of cumulative non-exchangeable potassium released
by oxalic acid and CaCl,. Considering the two coefficients of determination and
standard errors of estimation, for the extraction of CaCl,, equations of power
function, Elovich and parabolic diffusion, respectively are the best equations to
predict the released non-exchangeable potassium in soils of the region. Similarly
equations of power function, parabolic diffusion and Elovich are the best to
describe non-exchangeable potassium for the extraction of oxalic acid. The results
also demonstrate that the rate coefficient of non-exchangeable potassium release
(b) of Elovich equation has a positive and significant relationship with some of
the physical and chemical properties of the soils. Therefore the coefficient of
potassium release rate (b) can be a more accurate indicator for plant available
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potassium. Further, the results indicate that the soil samples which have more
smectite minerals, have a larger coefficient of release, as smectite releases
interlayer potassium easily due to more expandability and lower layer charge.
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