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SUMMARY

Kinetic studies on soil potassium release can contribute to a better
understanding of K availability to plants. This study was conducted to evaluate K
release rates from the whole soil, clay, silt, and sand fractions of B-horizon samples
of a basalt-derived Oxisol and a sienite-derived Ultisol, both representative soils
from coffee regions of Minas Gerais State, Brazil. Potassium was extracted from
each fraction after eight different shaking time periods (0-665 h) with either
0.001 mol L-1citrate or oxalate at a 1:10 solid:solution ratio. First-order, Elovich,
zero-order, and parabolic diffusion equations were used to parameterize the time
dependence of K release. For the Oxisol, the first-order equation fitted best to the
experimental data of K release, with similar rates for all fractions and independent
of the presence of citrate or oxalate in the extractant solution. For all studied
Ultisol fractions, in which K release rates increased when extractions were
performed with citrate solution, the Elovich model described K release kinetics
most adequately. The highest potassium release rate of the Ultisol silt fraction
was probably due to the transference of “non-exchangeable” K to the extractant
solution, whereas in the Oxisol exchangeable potassium represented the main K
source in all studied fractions.

Index terms: successive extractions, first order, zero order, parabolic diffusion,
Elovich.
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RESUMO: CINETICA DE LIBERACAO DO POTASSIO EM SOLOS DE REGIOES
CAFEEIRAS: EFEITO DE ACIDOS ORGANICOS

Estudos de cinética de liberag¢do de K podem contribuir para avalia¢dao da
disponibilidade deste nutriente no solo para as plantas. Este trabalho teve como objetivos
investigar a cinética de liberagao do potdssio nas fragées terra fina, areia, silte e argila de
dois solos do Estado de Minas Gerais, Brasil, originalmente cultivados com cafeeiro e
comparar quatro equagées para descrevé-la. As fragoes foram submetidas a oito extragoes
sucessivas (0 a 665 h) com citrato e oxalato 1 mmol L, sendo os resultados de K liberado
somados e plotados em fung¢ao do tempo. Foram comparadas as equagées de ordem zero,
primeira ordem, Elovich e parabdlica de difusdo, a fim de verificar qual delas melhor
descreve a cinética. Na condug¢ao do experimento utilizaram-se amostras do horizonte B de
um Latossolo Vermelho distroférrico originado de basalto e de um Nitossolo originado de
sienito nefelinico. Para cada equagao foram calculados o coeficiente de correlagcao (r) e o
erro-padrao da estimativa (EP). A equagao de primeira ordem descreveu melhor os
resultados do Latossolo e a equacdo de Elovich se ajustou melhor aos resultados do Nitossolo.
As velocidades de liberagao do K para o Latossolo foram semelhantes em todas as fragées
estudadas, nao sendo observado efeito dos dcidos organicos na velocidade de liberagao do
K, porque a maior parte do K liberado foi proveniente da forma trocavel. No Nitossolo, o
citrato acelerou a liberacdo do K em todas as fragées estudadas, e a fracao silte foi a que
apresentou maior velocidade, pois possivelmente a maior parte do K proveniente desta
fragao estava na forma nao-trocdvel.

Termos de indexagao: extragoes sucessivas, primeira ordem, ordem zero, Elovich, parabdlica

de difuséo.

INTRODUCTION

The low natural K reserves in most tropical soils
(Melo et al., 2000; Wood et al., 2000) and the
dependence of Brazilian agriculture on imported K
justify research efforts on the rational use of K
fertilization in Brazil. The prediction of yield response
to K fertilizer applications based on soil tests for
exchangeable K is sometimes of limited accuracy (Pal
et al., 2001), particularly for perennial crops such as
coffee. The K uptake from nonexchangeable forms by
plants has been described (Fitzpatrick & Guillard,
2004) and several mineralogical studies confirmed
great differences among soils concerning the K-supply
potential.

Studies on the mineralogy and distribution of K
among different soil compartments can contribute to
a better understanding of K dynamics. However,
these studies provide little information on soil K
behavior when the exchangeable pool is depleted. K
release and its availability can be estimated in
successively cultivated soils, requiring long-term
experiments (Benipal & Pasricha, 2002).

Successive extractions of K from soils by chemical
extractants can simulate the absorption of available
Kby plants, providing short-term results, which allow
the evaluation of K release from soil compartments,
e.g., from different granulometric fractions, and
complement studies on K mineralogy or even on
successive crop cultivation. Nevertheless, mineral
weathering rates in the rhizosphere may be higher
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than in the bulk soil (Ochs et al., 1993). In this
context, the use of low molecular weight organic acids
as extractants is recommended to mimic the plant
environment.

Organic ligands such as citrate and oxalate are
involved in K release reactions in the soil and have
been used as extractants in successive extraction
experiments in Brazil (Meurer & Castilhos, 2001) and
elsewhere (Srinivasarao et al., 2006). The great affinity
of Brazilian Oxisols for citrate and oxalate (Marchi et
al., 2006b) and the influence of these organic acids on
exchangeable Al (Li et al., 2005) as well as on the
surface charge (Marchi et al., 2006a) of variable-
charge soils also calls for a better understanding of
their effect on other soil properties, e.g., on plant
nutrient availability.

The most commonly used mathematical equations
to investigate the kinetics of soil K release are zero
order, first order, Elovich, and parabolic diffusion
(Martin & Sparks, 1983; Lopez-Pineiro & Navarro,
1997; Mengel et al., 1998; Singh et al., 2002,
Srinivasarao et al., 2006). Once the best fitting model
is found, K release rates for each soil material can be
compared.

The kinetics of K released by oxalic acid was
studied by Meurer & Castilhos (2001) in paddy soils
in southern Brazil, but no studies have been carried
out in Brazilian upland soils. The purpose of this
work was: (a) to evaluate the kinetics of K release by
citrate and oxalate from different granulometric
fractions (whole soil, sand, silt, and clay) of an Oxisol
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and an Ultisol in Minas Gerais State under coffee;
and (b) to find the best fitting mathematical model to
describe K release kinetics in each studied soil fraction.

MATERIAL AND METHODS

Samples were collected from the B horizon of a
basalt-derived Oxisol from Séo Sebastido do Paraiso
(80—120 cm depth), and of a sienite-derived Ultisol
from Pocgos de Caldas (65—-85 cm depth), both
representative soils of coffee regions in Minas Gerais
State, Brazil (Table 1).

The samples were air-dried, sieved (2 mm mesh)
and dispersed with 0.1 mol L1 NaOH. The suspension

Table 1. Chemical properties and particle size
distribution” of B-horizon samples from a
basalt-derived Oxisol and a sienite-derived
Ultisol of coffee regions in Minas Gerais State,

Brazil

Properties Oxisol Ultisol
pH H-0 5.9 5.8
CEC pH 7 (mmol. kg™ 27.4 60.7
CEC effective (mmolc kg™) 8.7 26.9
K" (mg kgH)® 29.8 18.9
P (mg kg™") 1.0 1.0
Ca® (mmol. kg™) 5.9 14.8
Mg** (mmol. kg™) 2.0 11.6
AI’" (mmol. kg™") 0.0 0.0
H + Al (mmol. kg™) 18.7 33.8
Carbon (g kg™ 30 70
Organic matter (g kg™") 52 121
Sand (g kg™") 260 300
Silt (g kg™") 240 280
Clay (g kg™") 500 420

@ Embrapa (1979). @ Mehlich-1 extracted (0.05 mol L' HCI +
0.0125 mol L'! H,SO,).

was submitted to ultrasonic dispersion for 10 min
(Misonix, X1.2020; 20 kHz) and then fractionated into
sand (> 50 um) - by sieving - silt (2-50 pm), and clay
(< 2 um) - by centrifugation (Jackson, 1975).

For K extractions by citrate and oxalate solutions
(concentration =0.001 mol L1 in 0.03 mol L1 NaCl;
pH =5.5; Table 2), 4 g of each fraction and 40 mL of
the extractant solution were filled into 100 mL
centrifuge tubes. These tubes were shaken constantly
for 1.0, 2.72, 4.48, 12.18, 33.11, 90.02, 244.69, and
665.14 h using an end-over shaker, and after each
extraction period, the tubes were centrifuged at 2.800 g
for 15 min. Three replications were performed. After
every extraction, the supernatant was discarded and
anew extractant solution added. Kin the supernatant
was analyzed by flame photometry.

Zero-order, first-order, Elovich, and parabolic
diffusion models were tested statistically to determine
which one fitted best to the data on K kinetics release
for each soil and soil fraction.

The zero-order equation was calculated as:
Keo — K, =—kt 1

where Keo denotes the accumulated amount of K
released over all extractions (mg kg'1); K, denotes the
accumulated amount of K released in the time period
t (mg kg1); k denotes the zero-order rate constant
(mg kg h'1), and t denotes the time (h).

The first-order equation was calculated as (Martin
& Sparks, 1983):

In Ko — K)) = — k't ©

where k’ denotes the release rate constant for the first
order reaction (h'!), and the elements of the equation
are as described for equation 1.

The simplified parabolic diffusion equation was as
follows (Melo et al., 2005; Galadima & Silvertooth, 1998):

K, Kol = a + Kk’ (t1/2) 3)

where a denotes the initial rate constant and refers to
the Kt intercept of the straight line plot of InKt vs.
Int; k” denotes the slope of the fitted line for the K
diffusion rate, and the other elements of the equation
are as described for equation 1.

Table 2. Dissociation constants (pK and pK’ for background solution = 0.03 mol L' as NaCl) of the organic
acids and stability constants (logK,) of K-organic anion complexes

Organic acid Formula MW pK, pK, pK; pK’;, pK, pK, Z®  logK.®
Oxalic HOOCCOOH 90.04 1.23  4.19 1.15 3.96 1.97 0.8
Citric HOC(CH,COOH),COOH 192.14 3.14 4.77 6.39 3.06 454 6.02 2.13 1.1

M Z: charge at pH 5,5 (Skoog et al., 1997). @ log K_ for K-oxalate™! and K-citrate? (Martell & Smith, 2003). MW: molecular weight;
pK’ = pK (0.5 (22p—22p)I"2)/1 + T2); T (ionic strength) = 0.03 mol L',
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The Elovich equation was as follows (Galadima &
Silvertooth, 1998; Bedrossian & Singh, 2004):

K,=a+k Int )

all terms as previously described.

The best-fitting equation was identified based on
the coefficient of determination of the linearized
equations (R2) and the standard error of estimate
(SEE) defined by: SEE = [ (Kt—Kt*)2/ (n—2)]*, where
Kt and Kt* are the respective experimental and model-
estimated K released amounts and n is the number of
observations (Jardine & Sparks, 1984).

RESULTS AND DISCUSSION

The first order and the Elovich models were the
equations that best fitted the experimental data, in
agreement with results reported elsewhere (Lopez-
Pineiro & Navarro, 1997; Mengel et al., 1998;
Srinivasarao et al., 2006). For the Oxisol, the first-
order equation best described K release to the
extractant solution, whereas the zero order and
parabolic diffusion equations did not fit the experimental
data (Table 3). The results for K extraction by citrate
and oxalate were similar to those found by Zhu &
Luo (1993) for 12 soils from China and by Song &
Huang (1988), which used the same extractants for
K extraction from biotite, muscovite, microcline, and
orthoclase.

The K release rates (k’)! estimated by the first-
order equation for all fractions of the studied Oxisol

Vladimir Antonio Silva et al.

were similar for the citrate and oxalate extractant
solutions (Table 4).

The greatest differences in K-release rates (first-
order constants, k') were verified for the clay fraction,
where the K extraction rate by citrate solution
(0.01139 h'l) was by 7.4 and 5.5 % higher than for
control and oxalate, respectively.

Great part of the extracted K from the Oxisol came
from the exchangeable form (Mehlich-1, Table 1). The
use of organic acids increased the K release from silt
and sand fractions, which shows that these two
fractions represent the main K reserve of this soil
(Figure 1).

For the Ultisol, the Elovich equation fitted the
experimental results best (Table 5), indicating that
Krelease from this soil is a diffusion-controlled process
(Cox & Joern, 1997).

Table 4. First-order rate coefficients (k’; h™!) for the
Krelease from the whole soil, sand, silt, and clay
fractions of the studied Oxisol for the different

extractants
Control® Citrate® Oxalate®
Whole soil 0.01109 0.01151 0.01115
Sand 0.01299 0.01265 0.01262
Silt 0.01142 0.01153 0.01127
Clay 0.01061 0.01139 0.01080

1 0.03 mol L' NaCl. @ 0.001 mol L' in 0.03 mol L'* NaCL

Table 3. Coefficient of determination (R?) and standard error of estimate (SEE; mg kg!) values for the
equations used to describe the K release (zero order, first order, Elovich, and parabolic) from the whole
soil, sand, silt, and clay fractions of the studied Oxisol

Zero order First order Elovich Parabolic
R? SEE R? SEE R? SEE R? SEE
Control
Whole soil 0.421 2.80 0.940 2.30 0.894 4.16 0.481 4.92
Sand 0.544 0.45 0.967 0.45 0.908 1.84 0.867 0.28
Silt 0.492 0.78 0.950 0.61 0.883 1.53 0.485 1.61
Clay 0.305 2.31 0.838 2.23 0.831 4.69 0.427 4.33
Citrate
Whole soil 0.443 3.95 0.955 3.07 0.930 3.75 0.545 5.39
Sand 0.558 0.60 0.971 0.43 0.943 0.32 0.864 0.38
Silt 0.530 1.05 0.962 1.06 0.913 1.41 0.562 1.67
Clay 0.434 2.24 0.943 1.77 0.900 3.19 0.490 3.86
Oxalate
Whole soil 0.395 3.36 0.920 2.81 0.871 5.39 0.483 5.48
Sand 0.385 1.05 0.936 0.75 0.800 0.51 0.843 0.45
Silt 0.548 0.84 0.953 0.68 0.887 4.16 0.493 1.99
Clay 0.382 1.67 0.893 1.43 0.869 3.33 0.436 3.58
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Figure 1. Experimental and first-order equation-
fitted data for the kinetics of K release from the
whole soil, sand, silt, and clay factions of the
studied Oxisol to the control (0.03 mol L NaCl),
citrate (0.001 mol L' in 0.03 mol L' NaCl), and
oxalate (0.001 mol L' in 0.03 mol L-! NaCl)
extractant solutions.

The k” from the Elovich equation can be used to
compare different materials in relation to the K
release rates (Martin & Sparks, 1983; Cox & Joern,
1997). Citrate extractant caused higher k” values
than oxalate, except for the silt fraction (Table 6). The
oxalate extractant was very similar to the control.

The k” values extracted by citrate from the Ultisol
whole soil fraction were 89 and 108 % higher than for
the control and oxalate, respectively. This difference
is due to the K released from the nonexchangeable
pool, as the cumulative values for K extraction kinetics
were almost twice as high as those of exchangeable K
(Mehlich-1, Table 1).

The citrate extraction also increased the amount
of K extracted from the sand fraction, where the
amount of released K was greater by 81 and 37 %
when extracted with citrate than with control and
oxalate, respectively. The k” value was smaller in
the sand, indicating that nonexchangeable-K release
is a slow process in this fraction.

For the Ultisol silt fraction, the k” coefficients were
similar, probably because almost all K was released
from exchangeable K. The k” coefficient for the clay
fraction was 46 and 39 % greater in citrate extracts
than in control and oxalate, respectively.

Most K from the Ultisol silt fraction was more
rapidly released than from the clay and sand fractions
of this soil (Figure 2). For all granulometric fractions
of this soil, extractions by citrate were faster than by
the control and oxalate extractant. The higher K
extraction capacity of citrate compared with oxalate

Table 5. Coefficient of determination (R?) and standard error of estimate (SEE; mg kg™!) values for the
equations used to describe K release (zero order, first order, Elovich, and parabolic) from the whole
soil, sand, silt, and clay fractions of the studied Ultisol

Zero order First order Elovich Parabolic
R? SEE R? SEE R? SEE R? SEE
Control
Whole soil 0.550 3.32 0.974 2.70 0.985 1.29 0.706 3.38
Sand 0.605 2.13 0.965 2.99 0.967 1.04 0.892 1.24
Silt 0.500 7.24 0.981 4.86 0.979 2.80 0.718 6.69
Clay 0.556 3.48 0.980 2.36 0.984 1.30 0.754 3.14
Citrate
Whole soil 0.562 8.88 0.989 4.16 0.972 3.20 0.835 6.69
Sand 0.636 3.77 0.968 5.99 0.928 2.92 0.956 1.59
Silt 0.501 7.32 0.981 4.89 0.979 2.81 0.722 6.70
Clay 0.575 6.55 0.991 2.43 0.957 2.97 0.864 4.61
Oxalate
Whole soil 0.516 3.46 0.976 2.59 0.968 1.83 0.701 3.34
Sand 0.602 2.76 0.970 3.41 0.961 1.55 0.883 1.71
Silt 0.501 6.65 0.980 4.51 0.979 2.60 0.718 6.14
Clay 0.545 3.86 0.975 2.78 0.988 1.24 0.757 3.46
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Table 6. Slope coefficients (k”; mg kg™ [Ln(h)]™!) of
the Elovich equation used to describe the K
release from the whole soil, sand, silt, and clay
fractions of the studied Ultisol with different

extractants
Fraction Control™” Citrate® Oxalate®
Whole soil 2.10 3.96 1.90
Sand 1.18 2.12 1.56
Silt 3.51 3.51 3.22
Clay 1.96 2.87 2.06

10.03 mol L'* NaCl. @ 0.001 mol L'* in 0.03 mol L'! NaCL

Control Citrate Oxalate

Whole soil

BME

wooh
bbbl
] T

Silt

K RELEASED, mg kg’
g

gl
lag]
I\
H
Clay

'
LI L T+t T T

I

T T T

0 300 600 0 300 600 0 300 600
TIME, h

Figure 2. Experimental and Elovich equation-fitted
data for the kinetics of K release from the whole
soil, sand, silt, and clay factions of the studied
Ultisol by the control (0.03 mol L NaCl), citrate
(0.001 mol L' in 0.03 mol L' NaCl), and oxalate
(0.001 mol L' in 0.03 mol L'! NaCl) extractant
solutions.

might be related to the higher value of the stability
constant (K,) for the formation of K-citrate when
compared with K-oxalate complexes (Martell & Smith,
2003; Table 2).

The most important fraction in terms of K release
from the Ultisol was silt, in which the k” value was
highest in all treatments. In this case, the higher k”
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values were due to greater amounts of K released from
the nonexchangeable pool. Similar results were
reported by Mengel et al. (1998) in loess-derived soils
and by Castilhos et al. (2002) and Villa et al. (2004) in
lowland soils.

The smaller difference in terms of extraction
capability between citrate and oxalate in the Oxisol
compared with the Ultisol might be related to the
surface charge of each soil. Since the cation exchange
capacity of the Oxisol is about 4 times lower than of
the Ultisol (Table 1), a greater anion adsorption is
expected in the first (an oxidic soil) than in the second
(Marchi et al., 2006b). Citrate is therefore less
adsorbed in the Ultisol and since it has a higher charge
and higher K, (Martell & Smith, 2003) then oxalate
(Table 2), it would be able to extract more K via
formation of a K-organic acid complex.

Despite the higher exchangeable K in the Oxisol
than in the Ultisol, the long-term K release was
greater in the Ultisol, as the total cumulative K
release at the end of kinetics shows (Figures 1 and 2).
This shows that much of the K from the Ultisol can
come from the non exchangeable fraction and that
organic acids play an important role in this process,
since the cumulative K release was higher for organic
acids compared with the control. Also, the importance
of the soil surface charge must be taken into account
when evaluating the effect of organic acids on K
extraction, e.g., a more weathered soil, such as an
Oxisol will adsorb more organic anions than an Ultisol
(Marchi et al., 2006b), thus reducing the capability of
the organic acids to work as effective soil potassium
extractants.

Studies on K uptake by plants in these soils are
necessary to validate the K-release kinetics and to
define the best mathematical modeling and the
coefficients to be used as ancillary indexes to evaluate
Kavailability to plants most adequately. This should
be evaluated in future research.

CONCLUSIONS

1. The kinetics of K release differed between soils
and among their granulometric fractions.

2. The K release was fast during the initial
extractions, followed by a slow release after 300 hours.

3. The first-order equation fitted to the K release
in the Oxisol was most adequate, whereas in the
Ultisol the process was better described by the Elovich
model.

4. The organic acid effects on the slope of K release
were greater for the Ultisol than for the Oxisol.

5. The citrate extractant increased the rate of K
release in the Ultisol.
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