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In this study, a new kinetic equation was applied for the heterogeneous isotopic exchange of phosphate ions on
soil. Phosphate sorption on chernozem, marshy meadow and meadow soil was studied by P-32 heterogeneous
isotopic exchange in steady-state. The soil samples were incubated with 5 different amounts of KHyPO4 for 1, 3,
13, 10, 12 and 22 weeks. Then they were equilibrated with destilled water, and after the equilibrium was
reached, H§2P04 radiotracer was added to the soil solution. At different times samples were taken from the soil
solution, and radioactivities were determined by liquid scintillation (LSC) technique. The concentration of
phosphate ions was determined by photometry. The relative radioactivity of soil vs time could be fitted well by
the biexponential kinetic equation, which assumes two types of weakly bonded phosphate. From the fitting
parameters of the biexponential equation and the phosphate concentration determined by photometry the
amounts of the two types of weakly bonded phosphate and their steady-state rates were determined. The
amounts of weakly bonded phosphate were plotted vs phosphate concentration — data points could be fitted by a
Langmuir-like representation or the S-shape sorption isotherms. The rate orders of the desorption proved to be 1
or 2; rate constants were determined. It can be concluded that in some cases cooperative sorption can occure,

which can be due to hydrogen bonding between the hydrogenphosphate ions on the surface.

1. Introduction

Phosphorus is an essential nutrient for plants, which is taken up by
the roots from the soil solution in the form of hydrogenphosphate or
dihydrogenphosphate ions. The latter can be sorbed by the solid phase of
the soil, and the sorbed phosphate can be divided into two pools namely
tightly and weakly bonded phosphate (Mansell et al., 1977; Fardeau,
1996; Konya and Nagy, 2015; Gasser et al., 2023). Tightly bonded
phosphate can be desorbed only by difficulties that is why it is hardly
available for plants. However, weakly bonded phosphate can be des-
orbed therefore it can be taken up by plants, and, mainly under labo-
ratory conditions, it can undergo heterogeneous isotopic exchange with
the phosphate ions in the soil solution (Fardeau, 1996; Konya and Nagy,
2015). Since we do not have previous assumptions about the details of
the mechanism of the fixation of phosphate on the solid phase, we
consequently use the word ,,sorption” instead of ,,adsorption”. Sorption
can be either physisorption, chemisorption, ion exchange or even pre-
cipitation, and the surface energy can either increase or decrease. As

opposed to this, the driving force of adsorption is always the demin-
ishing surface energy (we can say it is a special case of sorption).
Several types of soil were examined by our research group via het-
erogeneous isotopic exchange in steady-state. According to this method,
first the soil sample is stirred with a given amount of destilled water for
some hours in order that the system gets in steady-state, that means, the
rates of sorption and desorption become equal. After that carrier-free
32p03~ ions are added to the soil solution — the amount of the tracer
(<1072 mol/dm?) is so small compared to the total amount of phos-
phate, that it does not disturb the equilibrium. From this point, the
heterogeneous isotopic exchange begins, and the relative radioactivity
of the soil increases with time (at the beginning it is zero, because the
tarcer is added to the liquid phase). The rate of the isotopic exchange
depends on the rate of sorption and desorption (which are equal because
the system is in steady-state). In accordance with this, the main signif-
icance of this method is, that the kinetics of sorption and desorption can
be examined in equilibrium (Fardeau, 1996; Konya and Nagy, 2015).
In the data processing of heterogeneous isotopic exchange, the
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Table 1
Parameters of the soil samples (Buzetzky et al., 2023).

soil type/ parameters Chernozem Meadow marshy meadow
Latokép Gorbehaza Debrecen-
Dombostanya
Calcic Calcic Calcic Gleysols
Chernozem Vertisols (Arenic, Humic)
(Loamic) (Gleyic)
Clay and silt % 44.26 52 28.32
Hygroscopicity % 2.15 2.85 -
PpH (H0) 6.59 8.14 8.22
pH KCl 5.57 6.97 7.37
CaCO3 % - 3 14.39
conductivity (at 100 % 776 4120 456
water holding
capacity) (uS/cm)
SOM % 2.38 3.25 6.39
Organic C (g/kg) 13.8 18.9 37.0
Organic N (g/kg) 1.36 1.90 3.70
total P (digestion with 925 842 1044

H,S0,) (mg/kg)

relative radioactivities vs time are plotted and fitted by empiric
(Fardeau, 1996; Probert and Larsen, 1972; Brown et al., 2020) or
theoretical kinetic equations (Konya and Nagy, 2015; Atkinson et al.,
1971; Barrow, 1991). Kosmulski et al., 1983, showed that when there
are several parallel exchange processes, the time dependence of the
relative radioactivity can be described by a series of exponential terms.
Kénya et al. developed a theoretical model which assumes that all the
weakly sorbed phosphate has a given steady-state rate C, and based on
this assumption a one exponential equation was obtained (Konya and
Nagy, 2015). The amount of phosphate in the soil solution should be
determined by photometry (Murphy and Riley, 1962), and from this and
the fitting parameters of the one exponential equation, the steady state
rates of sorption and desorption and the amounts of weakly bonded
phosphate were calculated (Nagy and Konya, 2018; Nagy et al., 2019;
Buzetzky et al., 2023). Nevertheless, in the case of rendzina soil (clas-
sification: rendzic phaeozem, hyperhumic, according to the World
Reference Base (WRB) for Soil Resources (IUSS Working Group WRB,
2014)) the one exponential equation did not fit well the experimental
data points, therefore a new kinetic model was established (Voros et al.,
2024). Using the new model, the weakly bonded phosphate is further
divided into two pools, which take part in the heterogeneous isotopic
exchange with two different steady-state rates. This leads to a biexpo-
nential kinetic equation, which fits well experimental data points in the
case of rendzina soil. By fitting this equation, the steady-state rates and
the amounts of phosphate ions at the two different weakly bonded
phosphate pools were determined (Voros et al., 2024). The advantage of
this model is, that the amounts of bonded phosphate at the two different
sites can be separately plotted vs the concentration of phosphate in the
soil solution, and fitted by sorption isotherms. This means that, based on
heterogeneous isotopic exchange experiments, both the kinetics and the
thermodynamics of the sorption and desorption process can be
examined.

In this study, we would like to test the new biexponential model on
other types of humic soil as well, namely on meadow (calcic vertisols,
gleyic), chernozem (calcic chernozem, loamic) and marshy meadow
(calcic gleysols, arenic, humic) soils, where the one exponential equa-
tion also proved to be inappropriate. Our aim is to develop a general
method for the examination of the thermodynamics and kinetics of the
phosphate sorption on soil based on heterogeneous isotopic exchange
experiments and the biexponential kinetic equation set up in our pre-
vious study (Voros et al., 2024). The main advantage of this method is,
that it provides a deeper insight into the mechanism of phosphate
sorption because it deals with the faster and slower exchange processes
separately — however this is also its main disadvantage, because the
higher number of fitting parameters causes higher uncertainty in the
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parameter evaluation. That is why it should be tested on several types of
soil in order that experimental conditions can be optimised, and further
experiments can be properly engineered.

2. Materials and methods
2.1. Experimental

The studied soils were chernozem (calcic chernozem, loamic,
collected in Latokép, Hungary, 2017), marshy meadow (calcic gleysols,
arenic, humic, collected in Dombostanya, Hungary, 2019) and meadow
(calcic vertisols, gleyic, collected in Gorbehaza, Hungary, 2018); the
details of the soils are presented in Table 1. The detailed description of
experiments can be found also in Konya and Nagy, 2015; Nagy et al.
(2019).

P was added to the soil samples in amounts of 0, 40, 80, 160 and 320
pgP/g in the form of KHoPO4 solution, and they were incubated for 1
week, 3 weeks and 3 months at room temperature at 60 % of maximum
water holding capacity of soil. These are the I1week, I3week and
I3months series. During incubation the water contents of the soil sam-
ples were kept at a constant level, in order to retrieve water loss via
evaporation water was added to the samples if necessary. There were
performed also other experiments, where the soil samples treated with
the same amounts of phosphate after 1 week, 3 weeks or 3 months were
left in the same conditions for further 9 weeks: these are the Klweek,
K3week and K3months series. So the total incubation times are 1 week, 3
weeks and 13 weeks for the I1week, I3weeks and I3months series and 10
weeks, 12 weeks and 22 weeks for the K1week, K3weeks and K3months
series.

Heterogeneous %p) isotopic exchange experiments were carried out
at room temperature (25 °C) by using soil samples equivalent to 1 g air-
dried soil (this means 1.300 g of chernozem, 1.254 g of marshy meadow
and 1.229 g of meadow soil at 60 % of maximum water holding ca-
pacity) stirred with 210 cm? of distilled water for 60 min. During this
time reaction mixture has reached steady-state. This means that steady-
state is reached by the partial desorption of phosphate ions from the soil
samples. After this, 10 cm® sample was taken from the soil solution and
separated from the solid phase by 0.45 pm filter cyring. Then it was
analyzed for phosphorous concentration by ammonium molybdate
method by spectrophotometric technique (Murphy and Riley, 1962;
details see later) — from this the equilibrium concentration of phosphate
ions can be calculated. 100 pl of carrier free H3%PO, radiotracer (carrier
free means there it contains only 32P, concentration of 32P < 10712
gP/experiment) was added to the remaining 200 cm® soil solution, and
1.8-1.8 cm® samples were taken after 2, 4, 6, 8, 10, 15, 20, 25, 30, 45,
60, 90 and 120 min. The soil solution and the solid phase were separated
by 0.45 um filter cyring. To 1-1 cm®-s of the samples 4-4 cm® of scin-
tillation cocktail (composition see in Nagy et al., 2019) was added, and
radioactive intensities were measured by TriCarb 4810 TR Liquid
Scintillation Analyser, radioactivity of >2P is limited by the half-life. In
order to determine the total radioactivity in the system a zero solution
was also established, in which to 200 cm?® of destilled water 100 pL of
carrier free H3?PO, radiotracer was added. 1 cm?® of the zero solution
was also taken (zero sample) and the radioactive intensities were
determined as seen before.

The scintillation cocktail was prepared as follows: 4.00 g of 2,5-
diphenyloxazole was dissolved in 106 cm® of ethyl alcohol, then 37
cm? of ethylene glycol and 257 cm® of TRITON-X-100 was added, and
the whole was filled up to 1000 cm® with xylene isomer mixture.

The phosphate photometry was carried out in the following way: 1
em® of 10 m/m% ascorbic acid solution was added to 4 cm® of acidic
ammonium molybdate — potassium-antimonyl-tartarate reagent, and it
was filled up to 100 cm® with 3X destilled water. After waiting for at
least 20 min, we obtained in such way ,reagent 2”. After this, 2.5 cm® of
.reagent 2” was added to 2 cm?® of soil solution or KH,PO,4 standard
solution, and it was filled up to 5 ecm® with 3X destilled water. After
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having waited for exactly 20 min, the absorbance of the solution was

measured at 660 nm by Cary 3 UV-VIS spectrophotometer.

2.2. Parameter evaluation

The relative radioactivities of soil samples were plotted vs time and
fitted by the biexponential kinetic equation (Voros et al., 2024), where x
is the relative radioactivity of soil (dimensionless), t is time (min), A, B,
D and E are fitting parameters:

AeE BeD
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method over the traditional batch experiments. In the latter case, the
amounts of sorbed phosphate are calculated as the difference between
the initial and the equilibrium concentrations, but the problem is, that
this difference contains not only the weakly but also the tightly sorbed
phosphate, which is not in equilibrium with the phosphate ions in the
soil solution - this also means, that we cannot get a real equilibrium
isotherm in this way. As for heterogeneous isotopic exchange — on the
contrary — the amounts of weakly bonded phosphate can be calculated
and real equilibrium isotherms can be obtained. The novelty of our

_ Kio(A
X AeE+tBeDiBeE AeE+BeDiBeE 1'( +

_[(A+B)—(D+E)]—\/(A+B+D+E)2—4-(AoE+BoD+BoE)>
2

—(A+B+D+E)+\/(A+B+D+E)2—4-(AoE+BoD+BoE)
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2

ot+ Jer

< [(A+B)—(D+E)]+\/(A+B+D+E)Z—4o(AoE+BoD+BoE)>
oD+ 2

~(A+B+D+E)—/(A+B+D+E” -4 (AeE+BoeD+BoE)
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The relative radioactivity can be calculated as follows:

x=1- If_lt where I; and Iy, are the radioactive intesities of the soil
solution and the zero sample measured by LSC technique.

The aim was to determine the amount of phosphorus in the soil so-
lution (m;, in pg), the amounts of phosphorus at bonding sites 2a and 2b
(mg, and myy, in pg) and the steady-state rates at bonding sites 2a and 2b
(C1 and C3 in pg/min). The m; value was obtained from the steady-state
phosphate concentration in the soil solution determined by spectro-
photometry. It is important to emphasize that m; cannot be calculated
from the amounts of the added phosphate during the incubation,
because it partially converts to tightly bonded phosphate, on the other
hand, original untreated soil also contains some desorbeable phosphate.
That is why m; must be determined from the sample taken from the soil
solution after steady state was reached. Cy, Ca, my, and myy, are calcu-
lated in the following manner (Voros et al., 2024):

C1:A'm17m2a:%°m17C2:D°m1,m2b:%'m1 2

So the parameters C;, C,, my, and my, are calculated from the fitting
parameters of the biexponential kinetic equation and the steady-state
phosphate concentration in the soil solution determined by photom-
etry. In order to examine the sorption equilibrium mg, and mg, were
plotted vs m; and fitted by the Langmuir (Eq. (5)) or the S-shape sorption
isotherm (Eq. (6)) (Liu, 2015). It is worth to emphasize that the phos-
phate ions at bonding sites 2a and 2b are really in equilibrium with the
phosphate ions in the soil solution, this is the main advantage of this

ot (1)

biexpontnial kinetic equation is, that the amounts of two different types
of weakly bonded phosphate can be calculated, and their isotherms can
be examined separately.

The Langmuir behaviour assumes that there is no cooperation be-
tween the sorbed phosphate ions, in other words, the affinity of phos-
phate to the surface does not depend on if there is already sorbed
phosphate on the surface or not. At first sight this can be contradictious,
because hydrogenphosphate ions have negative charges which causes
negative feedback due to repulsion, however this contradiction can be
resolved. On one hand, it is not sure that the bonding sites are directly
beside each other - it can also occur that they are separated from each
other for example, via soil organic matter: in this case the electrostatic
interactions between the sorbed ions are not significant. On the other
hand, if the mechanism is ion exchange, it can be proved that at certain
conditions the Langmuir isotherm can be applied (Misak, 1993).

It can be mathematically proved that Langmuir isotherm is always
concave. However, in some cases we experienced that data points at
smaller concentrations fit rather on a convex curve, which can be
explained by positive cooperativity, this means that the sorption of a
phosphate ion on the surface promotes the sorption of another one. This
is also contradictious at first sight, since we are rather awaiting for a
negative feedback due to electrostatic repulsion. But in the case of
hydrogen-phosphate ions hydrogen bonds can be formed, which can be
stronger than the electrostatic repulsion. The potential energy of elec-
trostatic repulsion calculated from the Coulomb law is in the range of a
few 10 kJ/mol, while the P-O-H...O-P hydrogen bond energy is between
63 and 167 kJ/mol (Desiraju and Steiner, 2001). So hydrogen bonds can
overcompensate the electrostatic repulsion, and as a consequence, pos-
itive feedback can occur. It can be modeled in such way, that there are
two steps of phosphate sorption: the first step is the sorption on a surface
site where there is no phosphate (Eq. (3)), and the second step is the
sorption at a surface site, where there is already a sorbed phosphate ion
(Eq. (4)). This model is the simplification of the cooperative n-layer
sorption model (Liu, 2015) to two layers — this simplification should be
done because of the relative small number of data points compared to
the number of fitting parameters. Two equilibrium constants (K; and K»)
belong to the two steps, and it is proved that the isotherm has convex
part if K5 > K; (see the details in Appendix1). We tested both the
Langmuir and the S-shape sorption isotherm in all series, and decided
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Table 2

Kinetic parameters of phosphate sorption on chernozem soil (m; is the amount of phosphate in the soil solution in steady-state in

ugP, mo, and myy, are the amounts of weakly bonded phosphate at bonding sites 2a and 2b in pgP, C; and C; are the steady-state

rates at bonding sites 2a and 2b in pgP/min; green color means that the standard errors are less than 50 % of the value of the

parameters, and yellow color means that the standard errors are between 50 % and 100 %).

K3weeks

0| 16600 | 20289 | 5366 | 0.1698 | 21328 |

Series P added my/pug | ma/pg | mw/pg | Ci/(pg/min) | C2/ (ng/min)
(ngP/g)
0 0.000 0.000 0.000 0.0000 0.0000
40 32.110 10.973 8.359 0.2916 10.5783
ITweek 80 46.500 10.578 4.252 0.6189 31.2438
160 82.910 14.532 9.807 0.2562 6.7008
320 177.03 65.100 38.223 0.4479 42.3580
15.930 71.995 6.698 0.1462 3.7813
[3weeks
I3months 80 4.980 2.182 1.504 0.0570 1.7362
160 2.610 s 0.403 0.0230 0.3925
320 29.140 7.122 4.968 0.3060 2.3268
0 17.700 10.507 4.876 0.2004 36.8040

Kiweek | 80 | 46.800 | 19.085 | 11.203 0.4502 57.6487

K3months 80 45.700 21.718 13.357 0.4209 5.3391
160 100.200 | 39.142 15.045 1.7144 45.5499
320 211.300 | 65.652 34.150 1.4411 279.9598
Table 3
Parameters of the isotherms of phosphate sorption on chernozem soil.
Series I3weeks I3months K3weeks
Bonding site 2a 2b 2a 2b 2a 2b
Isotherm type Langmuir Langmuir Langmuir S-shape Langmuir Langmuir
M (ug/g) 48.5 205 13.31 2,671 26.55 75.2
oM (ng/g) 19.3 510 1.18 0.085 3.83 14.6
Ki (dms/pg) 0.0030 0.00047 0.0079 0.000013 0.00654 0.00090
oK, (dma/pg) 0.0027 0.0014 0.0012 0.0038 0.00215 0.00022
K, (dm>/pg) - - - 48.9 - -
oK, (dm®/pg) - - - 14359 - -
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based on the R? value which one is appropriate to the given data series.

In the main text we present only the appropriate isotherms, but in Ap-

pendix2 all the R? values for the fittings for all series can be found and all

Table 4
Desorption rate orders and rate constants of phosphate sorption on chernozem
soil.
Series I3weeks I3months K3weeks the graphs are included in the Supplementary.
Bonding site 2a 2b 2a 2a 2b S+P —P. SP
Order 1 1-2 1-2 2 1-2
Kaise (min™1) 0.0341 0.474 0.0145 - 0.452
okaie (min™!)  0.0026  0.185 0.0028 - 0.084 SP+P «— SP2
Kdond - 0.00775 0.00399 0.00225 0.0303
(g 'min1)
kaand - 0.00430  0.00043 0.00016  0.0051 The Langmuir isotherm:
(ng 'min )
_K eMecp
" 1+Kecp
Table 5

Kinetic parameters of phosphate sorption on marshy meadow soil (m; is the amount of phosphate in the soil solution in steady-
state in pugP, my, and myy, are the amounts of weakly bonded phosphate at bonding sites 2a and 2b in pgP, C; and C, are the
steady-state rates at bonding sites 2a and 2b in pgP/min; green color means that the standard errors are less than 50 % of the

value of the parameters, and yellow color means that the standard errors are between 50 % and 100 %).

Series P added mi/pg | ma/pg | mw/pg | Ci/(ug/min) | Cy/ (ug/min)
(iiP/i)
40 0.596 0.300 0.042 0.0072 0.0381
I1week 80 36.209 11.250 3.509 0.2567 0.4754
[ 160 [ 38711 [ 11455 [ 4261 [ 01990 [ 11718 |
320
0 0.000 0.000 0.000 0.000 0.000
40 6.789 2211 0.732 0.0343 0.0766
I3weeks 80 29.539 10.453 0.774 0.2561 0.5163
160 46.572 12.907 1.284 03116 0.8495
320 173.252 | 23.973 12.259 0.3742 1.2890

K3weeks

IK3months

I3months 80 509.925 | 191.390 | 75.580 2.1723 9.5050
160 630.087 | 207.165 | 38.011 2.7346 3.7175

320 46.096 13.286 4.056 0.1659 0.2503

0 19.415 9.453 3.674 0.1299 0.9457

40 21.440 11.848 2.209 0.2680 1.3125

Klweek 80 230.274 | 34.292 79.753 9.8419 1.6557

S0 0000|0000 | 0.000 | 00000 | 00000

67.535 | 16.587 | 15.047 0.5376 5.5028

3)
3

4
@

()
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Table 6
Parameters of the isotherms of phosphate sorption on marshy meadow soil.
Series I3weeks Klweek K3months
Bonding site 2a 2b 2a 2b 2a 2b
Isotherm type Langmuir S-shape Langmuir Langmuir Langmuir Langmuir
M (pg/g) 34.10 8791.6 38.22 54.8 93.5 6153
oM (pg/g) 1.76 24787300 3.77 81.0 34.5 28490
K, (dm3/pg) 0.00273 0.00000036 0.00382 0.00054 0.00107 0.0000061
oKy (dms/pg) 0.00031 0.00101 0.00072 0.00093 0.00051 0.0000281
K, (dm®/pg) - 0.00201 - - - -
oK (dm>/pg) - 0.0131 - - - -
bl background color where the standard error is bigger than 50% but still
Table 7

Desorption rate orders and rate constants of phosphate sorption on marshy
meadow soil.

Series 13weeks Klweek K3months
Bonding site 2a 2b 2a 2b 2a 2b
Order 1 1 1 2 1 1
ka1 (min~1) 0.0184  0.113 0.0196 - 0.0190  0.421
okgse (min~1) 0.0020  0.034  0.0029 - 0.0014  0.055
kgzna (hg~'min~") - - 0.0881 - -
okazna (1g 'min 1) - - - 0.0169 - -

where ap is the amount of sorbed phosphorus on the soil surface sites 2a
or 2b (in pgP/g), cp is the concentration of phosphorus in the soil so-
lution (in pg/dm3), M is the maximum value of sorbed phosphorus at
bonding sites 2a or 2b (in pgP/g) and K is the sorption constant for
bonding sites 2a or 2b (in dm3/pg).

The S-shape sorption isotherm:

_KieMe (cp+ 20K, 0cp?)

T 14+Kyecp+Kj oKy ecp? ©®

ap

where ap is the amount of sorbed phosphorus on the soil surface sites 2a
or 2b (in pgP/g), cp is the concentration of phosphorus in the soil so-
lution (in pg/dm®), M is the maximum value of sorbed phosphorus at
bonding sites 2a or 2b (in pgP/g), K; and K; are the first and the second
sorption constants for bonding sites 2a or 2b (in dm3/pg). In order to
easily compare the sorption processes of the different sorption sites, in
Tables 3, 6 and 9 the K parameter of the Langmuir equation is also
written as K; (we can realize that Eq. (5) is a special case of Eq. (6),
where Ky = 0). As we can see, the S-shape sorption isotherm contains 3
fitting parameters: this means that in this study it can be used only for
qualitative purposes due to the relative low amount of raw data related
to the number of fitting parameters (we have 5-6 data points for an
isotherm).

Based on the parameters obtained from the fitting of the biexpo-
nential kinetic equation, kinetic investigations for the desorption were
also done — according to this C; vs mg, and Cy vs myp, were plotted. Since
the system is in steady-state, C; and C; are the rates of both the sorption
and the desorption, so they can be used to determine the rate orders and
parameters of the desorption. This underlines the main advantage of
heterogeneous isotopic exchange experiments: it is the only method that
makes it possible to examine kinetics while the system is in equilibrium.
The results for the three different soils are unfolded in the following
subsessions.

Since our system is a natural one, scattering of the data points can be
relatively high, that is why we used both in the case of sorption iso-
therms and that of kinetic investigations only the data of the heteroge-
neous isotopic exchange experiments where the magnitude of the
standard error of the fitting parameters was not higher than that of the
data value. In Tables 2, 6 and 10 the rows where the standard error of the
fitting parameters is less than 50% of the value of the parameter are
marked with green background color. It is marked with yellow

acceptable, this means it is not bigger than the magnitude of the data
value. These two groups are judged to be useful for the isothermic and
kinetic investigations; the rest, where the magnitude of standard error is
higher than that of the data value, are unacceptable. There were also a
few cases where the scattering of the data points was so large that they
could not be fitted at all: these are the empty rows in Table 5, 8, 12 and
13.

3. Results
3.1. Chernozem soil

The fitted kinetic curves of the heterogeneous isotopic exchange for
the series I1week, I3weeks, I3months, Klweek, K3weeks and K3months
can be seen in Fig. 1, the fitting parameters and their standard error can
be found in Table 11 (Apendix2) and the results (mj, mg,, map, C1, C2) in
Table 2. Normally the order of the kinetic curves from above to the
bottom is 0, 40, 80, 160 and 320 pgP/g, but when cooperative sorption
occurs (as we later will see), this order can change. Sometimes there are
overhanging points (for example Fig. 1 E), if there is only one such point
at a kinetic curve, than it is excluded from the parameter evaluation.
Since soil-water is a natural system, there always can occur some un-
expected problem, for example the aggregation or disaggregation of soil
particles, which alters the surface. That is why kinetic curves have to be
selected, and only those have to be used fo further calculations, where
the fitting is reliable.

In the I3weeks, I3months and the K3weeks series there are enough
experiments with standard errors not higher than the magnitude of the
parameters, so these series are judged to be suitable to obtain sorption
isotherms (Fig. 2) and to examine the kinetics of desorption (Fig. 3). The
parameters of the sorption isotherms are summarised in Table 3, and the
rate orders and rate constants of desorption in Table 4.

It can be seen that in the K3weeks series the sorption process can be
described at both bonding sites by the Langmuir isotherm (Eq. (5))
(Fig. 2 C). However, in the case of I3weeks, neither of the bonding sites
can be described properly by any type of sorption isotherm because of
the large scattering of data points (Fig. 2 B). The reason for this can be,
that the incubation time is too small, and the soil surface did not have
enough time to be regenerated after the treatment with KHyPOy4. In the
I3months series only the 2a bonding site shows Langmuir characteristics
(Fig. 2 A 2a curve), while the sorption at bonding site 2b can be
described by the S-shape sorption isotherm (Eq. (6)) with Ky > K; (Fig. 2
A 2b curve, Table 3 column 5). This would mean, that the sorption of
phosphate ions at bonding site 2b shows positive cooperativity, so the
sorption of a phosphate ion promotes the sorption of another one. But
this conclusion should be treated with caution because, as we can see in
Fig. 2 A, the distribution of data points is very uneven, and they are
missing in the middle parts of the curves.

As a summary, it can be concluded that in the case of K3weeks series
both types of bonding sites have Langmuir characteristics, while at the
I3weeks and 13months series the isothermic behaviour of the bonding
sites is highly uncertain.
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Table 8

Kinetic parameters of phosphate sorption on meadow soil (m; is the amount of phosphate in the soil solution in steady-state in
ugP, mo, and myy, are the amounts of weakly bonded phosphate at bonding sites 2a and 2b in pgP, C; and C;, are the steady-state
rates at bonding sites 2a and 2b in pgP/min; green color means that the standard errors are less than 50 % of the value of the
parameters, and yellow color means that the standard errors are between 50 % and 100 %).

: P added : ;
Series (1eP/a) m/ug | ma/pg | mw/pg | Ci/(ug/min) | Cy/ (ng/min)
0 7218 | 4966 | 1.323 0.0334 0.2065
ITweek
160 82.656 | 21.885 | 27.470 0.9224 164.2388
0 0.000 | 0.000 | 0.000 0.0000 0.0000
40 8.716
B3weeks 80 9.282 | 4493 | 2676 0.0862 S
160 60.849
320 153.895
0 0.000 | 0.000 0.0000 0.0000
40 32106 | 27.711 | 15671 02125 12.8245
I3months 80 70.149 | 35.308 | 38.633 0.4770 26.6860
160 52.574
320 187.241 | 26366 | 218.102 | 12.4983 103.5310
Klweek
K3weeks
160 106390 | 33792 | 20.814 2.1587 123.9178
320 193.590 | 86.696 | 48.553 2.4179 95.0701
K3months
108.540 | 56.526 | 15.879 1.5228 23.6183

Table 9

Parameters of the isotherms of phosphate sorption on meadow soil.
Series I1week Klweek K3weeks K3months
Bonding site 2a 2b 2a 2b 2a 2b 2a 2b
Isotherm type Langmuir S-shape Langmuir S-shape Langmuir Langmuir Langmuir Langmuir
M (ng/8) 41.34 45.23 93.7 21.03 206.3 10758 118.4 34699
oM (pg/g) 7.89 0.46 121 0.83 41.8 447525 35.3 3467000
Ky (de/pg) 0.00452 0.000178 0.00232 0.00106 0.00075 0.0000047 0.00163 0.00000092
oK, (dm3/pg) 0.00219 0.000063 0.00067 0.00026 0.00023 0.00019 0.00092 0.000092
K, (dm®/pg) - 0.0397 - 0.00544 - - - -
oK> (dm®/pg) - 0.0150 - 0.00194 - - - -
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Table 10
Desorption rate orders and rate constants of phosphate sorption on meadow soil.
Series Ilweek Klweek K3weeks K3months
Bonding site 2a 2b 2a 2b 2a 2b 2a 2b
Order 1 1 1 1-2 1 1 2 1
Kaise (min™1) 0.0226 0.910 0.0219 0.425 0.0223 0.675 - 1.009
ok (min~1) 0.0020 0.058 0.0020 0.086 0.0020 0.096 - 0.098
Kaznd (pg~'min™1) - - - 0.0117 - - 0.000419 -
okdong (ug~'min~1) - - - 0.0029 - - 0.000032 -
0,5+ A I1week chernozem B 13weeks chernozem
0 ngP/g soil
* 0 ugP/g soil 40 pgP/g soil
0,4 ngPig o
L ugPlg soil 160 nugP/g soil
b 0 320 pgP/g soil
N / 320 ugPlg soil g
A
x 2 - 80 ugP/g soiIA %
02 74 160 ugP/g soil
0,1
0,0t T T T T T T , T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t (min) t (min)
05 C 13months chernozem 05 D K1week chernozem
® 0 pgP/g soil 0 pgP/g soil
80 pgP/g soil g
0.4 40 :’:gP/g soil 40 ugPlg soil
80pugP/g soil
. 320 ugP/g soil
160 ugP/g soil 160 pgP/g soil
03 320 pgP/g soil
= x0
x * o x40
0,2 A x80
v x160
+ x320
0,1
0.0t T T T T T T 0,0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t (min) t (min)
0.6 E K3weeks chernozem 0,6 F K3months chernozem
. 0 ugP/g soil
0,5
0 ugPlg soil .
40 ugP/g soil 40 ugP/g soil
04 —4 80 pgP/g soil 80 pgP/g soil
160 pgP/g soil )
) 160 pgP/g soil
63 A 320 pgP/g soil 320 pgP/g soil
i;
= x0
0,2 e x40
A x80
v x160
0,1 + x320
0,0 T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t (min) t (min)

Fig. 1. Biexponential kinetic curves of heterogeneous isotopic exchange on chernozem soil; A: I1week, B: I3weeks, C: I3months, D: K1week, E: K3weeks, F: K3months
(x is the relative radioactivity of soil, t is time).
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Fig. 2. Sorption isotherms of chernozem soil; A: I3months (Langmuir at 2a and S-shape at 2b), B: I3weeks (Langmuir at both 2a and 2b), C: K3weeks (Langmuir at
both 2a and 2b) (ap is the amount of weakly bonded phosphate at bonding site 2a or 2b in pugP/g soil, cp is the equilibrium concentration of phosphate in the soil

solution in pgP/dm? solution).

As for the desorption kinetics, first order, second order and mixed
first and second order rate equations were tested as well, all the kinetic
curves can be found in the Supplementary and the R? values in Appendix
2. Based on the R? values it can be stated that in the case of I13weeks,
there is first order (1) at bonding site 2a (Fig. 3 A 2a curve, Table 4
column 2) and mixed first and second order (1-2) at 2b (Fig. 3 A 2b
curve, Table 4 column 3). In the case of I3months, there is mixed first
and second order (1-2) at bonding site 2a (Fig. 3 B 2a curve, Table 4
column 4) and first and second order (1) at 2b (Fig. 3 B 2b curve, Table 4
column 5), however, at 2b rate order has a high uncertainity because of
the scattering of the data points. In the case of K3weeks, there is second
order (2) at bonding site 2a (Fig. 3 C 2a curve, Table 4 column 6) and
mixed first and second order (1-2) at 2b (Fig. 3 C 2b curve, Table 4
column 7). As for bonding site 2a in general it is clearly seen, that the
slower desorption process takes part there, and the first order rate
constants for the different series have similar values (0.0341 and 0.0145
min~! for I3weeks and I3months, Table 4 row 4). The same is true for the
second order rate constants (0.00399 and 0.00225 pg 'min~! for
I3months and K3weeks, Table 4 row 6); as a conclusion, they probably
belong to the same processes. However, the rate order shifts to second
order as the incubation time increases. One possible explanation of this
fact can be, that the phosphate ions are first sorbed at the outer surface

of the soil particle, but later it penetrates deeper into the particle, and
during the desorption it can get out from there by a second order
diffusion process.

As for 2b, the faster desorption process takes part there, and both at
shorter and at longer incubation times there are first and second order
processes as well. The first order rate constants have similar values
(0.474, 0.529 and 0.452 min~! for I3weeks, I3months and K3weeks,
Table 4 row 4), while the second order rate constants are increasing with
incubation time (0.00775 pg 'min~! for I3weeks and 0.0303 for
K3weeks). This indicates that the first order process is the same, while
the characteristics of the second order process changes with time
(probably according to similar transformations as mentioned in the case
of bonding site 2a). Simillary to the isothermic behaviour, in the case of
desorption kinetics it can also be noted that the uncertainty of the
applied models is smaller at the K series than at the I series: in other
words the scattering of data points decreases with increasing incubation
time. The explanation also can be the same: if the surface has enough
time to be recovered, it becomes more well-defined, and experimental
uncertainties become smaller.
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Fig. 3. Desorption kinetic curves of chernozem soil; A: I3weeks (1st order at 2a and 1-2nd order at 2b), B: I3months (1-2nd order at 2a and 1st order at 2b), C:
K3weeks (2nd order at 2a and 1-2nd order at 2b) (C is the steady-state rate at bonding site 2a or 2b in pgP/min, m, is the amount of weakly bonded phosphate at

bonding site 2a or 2b in pgP).
3.2. Marshy meadow soil

The fitted kinetic curves of the heterogeneous isotopic exchange for
the series I1week, I3weeks, I3months, K1week, K3weeks and K3months
can be seen in Fig. 4, the fitting parameters and their standard error can
be found in Table 12 (Appendix2) and the results (my, mo,, Maop, C1, C2)
in Table 5.

In the I3weeks, Klweek and K3months series there are enough ex-
periments with standard errors not higher than the magnitude of the
parameters, so these series are judged to be suitable to obtain sorption
isotherms (Fig. 5) and to examine the kinetics of desorption (Fig. 6). The
parameters of the sorption isotherms are summarised in Table 6, and the
rate orders and rate constants of desorption in Table 7.

It can be seen that in the Klweek and K3months series the sorption
process can be described at both bonding sites by the Langmuir isotherm
(Eq. (5)) (Fig. 5B and C). In the I3weeks series the 2a bonding site shows
Langmuir characteristics (Fig. 5 A 2a curve), while the sorption at
bonding site 2b can be described by the S-shape sorption isotherm (Eq.
(6)) with K3 > K; (Fig. 5 A 2b curve, Table 6 column 3). This would
mean, that the sorption of phosphate ions at bonding site 2b shows
positive cooperativity, but this can be stated only with high uncertainty
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because data points are missing both from the middle and from the
saturation part of the curve. We cannot exclude cooperativity at 2b even
in the series Klweek and K3months because, as we can see in Fig. 5, all
the data points are from the initial, linear part of the sorption isotherm.
Nevertheless, the application of the Langmuir isotherm in the Klweek
series at bonding site 2a is reliable, because the distribution of data
points is quite homogeneous, their scattering is relatively small, and
they occur both in the initial, linear and in the middle, dynamic part of
the curve.

As for the desorption kinetics, based on the R? values it is in almost
all series at both types of bonding sites first order (1), except in the case
of Klweek at bonding site 2b where there is second order (2) (Fig. 6 B 2b
curve). However, in the case of bonding site 2b rate order can be
determined only with high uncertainty because of the scattering of the
data points: it is especially true for I3weeks 2b (Fig. 6 A 2b curve) where
the fitting parameters do not have reliable physical meaning. Simillary
to chernozem soil, the slower desorption process takes part at bonding
site 2a, and the values of the rate constants for the different series are
very close to each other (0.0184, 0.0196 and 0.0190 min~! for I3weeks,
Klweek and K3months, Table 7 row 4), which clearly indicates that they
belong to the same process. The faster desorption process takes part at
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Fig. 4. Biexponential kinetic curves of heterogeneous isotopic exchange on marshy meadow soil; A: Ilweek, B: I3weeks, C: I3months, D: Klweek, E: K3weeks, F:

K3months (x is the relative radioactivity of soil, t is time).

bonding site 2b, and the values of rate constants here are also in the
same magnitude (0.113, 0.641 and 0.421 min~! for I3weeks, Klweek
and K3months, Table 7 row 4), so they probably also belong to the same
process (the differences can be explained by the bigger scattering of data
points compared to 2a).

3.3. Meadow soil

The fitted kinetic curves of the heterogeneous isotopic exchange for
the series I1week, I3weeks, I3months, K1week, K3weeks and K3months

11

can be seen in Fig. 7, the fitting parameters and their standard error can
be found in Table 13 (Appendix2) and the results (m;, mgy,, map, Cq, Co)
in Table 8.

In the I1week, Klweek, K3weeks and K3months series there are
enough experiments with standard errors not higher than the magnitude
of the parameters, so these series are judged to be suitable to obtain
sorption isotherms (Fig. 8) and to examine the kinetics of desorption
(Fig. 9). The parameters of the sorption isotherms are summarised in
Table 9, and the rate orders and rate constants of desorption in Table 10.

It can be observed that in the K3week and K3months series the
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Fig. 5. Sorption isotherms of marshy meadow soil; A: I3weeks (Langmuir at 2a and S-shape at 2b), B: Klweek (Langmuir at both 2a and 2b), C: K3months (Langmuir
at both 2a and 2b) (ap is the amount of weakly bonded phosphate at bonding site 2a or 2b in pgP/g soil, cp is the equilibrium concentration of phosphate in the soil

solution in pgP/dm? solution).

sorption process can be described at both bonding sites by the Langmuir
isotherm (Eq. (5)) (Fig. 8 C and D), however in the case of K3months the
sorption characteristics of bonding site 2b is uncertain because all the
data points are from the initial, linear part of the sorption isotherm
(Fig. 8 D). In the I1week and Klweek series the 2a bonding site shows
Langmuir characteristics (Fig. 8 A and B 2a curve), while the sorption at
bonding site 2b can be described by the S-shape sorption isotherm (Eq.
(6)) with positive cooperativity Ko > K; (Fig. 8 A and B 2b curve, Table 9
columns 3 and 6). In the case of [1week and K3weeks, the data points are
unevenly distributed. However, in the Klweek series, both the distri-
bution and the scattering of data points are optimal, that is why the
application of both the Langmuir at 2a and the S-shape sorption
isotherm at 2b can be considered reliable.

Based on the R? values, the desorption kinetics is in almost all series
at both types of bonding sites first order (1) except in the case of
K3months at bonding site 2a (Fig. 9 D), where second order (2) kinetics
occurs, and at Klweek 2b where there is mixed first second order (1-2)
(Fig. 9 B). Simillary to chernozem and marshy meadow soils, the slower
desorption process takes part at bonding site 2a, and the values of the
rate constants for the different series are very close to each other
(0.0226, 0.0219 and 0.0223 min ' for I1week, Klweek and K3weeks,
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Table 10 row 4), which clearly indicates that they belong to the same
process. The faster desorption process takes part at bonding site 2b, and
the values of rate constants here are also similar (0.910, 0.764, 0.675
and 1.009 min~! for I1week, K1week, K3weeks and K3months, Table 10
row 4), so they probably also belong to the same process.

4. Discussion

The biexponential kinetic equation (Voros et al., 2024) for the het-
erogeneous isotopic exchange of phosphate ions was tested on three
types of humic soils. We can see that the equation fits the experimental
data points well, which proves that in the case of these soils there are
also two types of weakly bonded phosphates, which exchange with two
different steady-state rates, just like we observed it earlier in the case of
rendzina soil (Voros et al., 2024). The slower and the faster exchange
processes can be clearly separated. This is in accordance with the results
of Lookman et al., 1995; Brown et al., 2020, who found that there are
two types of desorbeable phosphate in soil: there is a fast and a slow
desorption process. Nazarian et al. (2021) got similar results for the
sorption of phosphate ions on lanthanum oxide. The biexponential
equation makes it possible to examine the kinetics and thermodynamics
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Fig. 6. Desorption kinetic curves of marshy meadow soil; A: I3weeks (1st order at both 2a and 2b), B: K1week (1st order at 2a and 2nd order at 2b), C: K3months (1st
order at both 2a and 2b) (C is the steady-state rate at bonding site 2a or 2b in pgP/min, m, is the amount of weakly bonded phosphate at bonding site 2a or 2b in pgP).

of the sorption and desorption at the two different sites separately.
Under the conditions of the experiments, in most cases the amount of
sorbed phosphate at the slower bonding site (2a) is more than that of
sorbed phosphate at the faster bonding site (2b), however, in the case of
chernozem soil, they have about the same amounts. At the faster
bonding site (2b) in some cases positive cooperativity can be observed
during the sorption process, which can be explained in such way that a
sorbed phosphate ion can help to fix the position of another one for
example, via hydrogen bonds.

It is worth to mention that the results of the fitting of S-shape
isotherm should be taken rather qualitatively than quantitatively: this
means that we can decide in this way if there is some kind of coopera-
tivity or not, but we cannot use for example the sorption constants for
further thermodynamic investigations. This is so partly because of the
relative high number of fitting parameters related to the number of data
points (in the best case 6 data points including the 0; 0 point and 3
parameters); on the other hand, as we mentioned before, this sorption
model is also a simplification. However, based on the results of this
study we can draw up new experiments with more data points, where
the S-shape isotherm could be used even quantitatively and the reli-
ability of the Langmuir fittings would also increase. We should
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emphasize that the aim of this study was not to get proper isotherms in
all cases: we simply wanted to examine how to get thermodynamic and
kinetic data from the biexponential isotope exchange model. We also
wanted to clarify what kind of problems can occur, and what causes that
in some cases well fitting istotherms can be obtained while in other cases
the fitting is pure or even unuseable.

It is interesting to see that the values of the first order rate constants
are almost the same for each of the three types of soil: they are ca. in the
range of 0.02-0.04 min~! for 2a and 0.5-1.0 min~"! for 2b. This means
that they do not depend on the type of soil, and they can have some
relation to the general structure of soils. One possible explanation is,
that 2b belongs to the outer surface of the soil while the 2a sites are
inside the particle, and the rates are diffusion controlled. The diffusion is
much more difficult from the inner sites that is why desorption rate at 2a
is by about 2 magnitudes slower than at 2b. This is in accordance with
the experiences of Shariatmadari et al. (2006), who found that the
phosphate release from calcareous soils consists of two parallel diffusion
controlled steps. However, Arroyave and Avena, 2020, examined the
kinetics of phosphate desorption from goethite, and they concluded that
it is reaction controlled with a rate constant kq = 1.66e10~> s~ ! which is
equal to 0.001 min~!. This means that their rate constant for the
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Fig. 7. Biexponential kinetic curves of heterogeneous isotopic exchange on meadow soil; A: I1week, B: I3weeks, C: I3months, D: K1week, E: K3weeks, F: K3months

(x is the relative radioactivity of soil, t is time).

desorption of phosphate ions from goethite is about a magnitude smaller
than the rate constants for the slower processes in our systems at
bonding site 2a. Andrieux-Loyer and Aminot, 2023, obtained similar
values for the rate constants of the desorption of phosphate ions from
coastal sediments (0.001-0.002 min~ ). However, we should also
consider that our systems are soils which are more complex than pure
goethite and also contain organic matter. Xie et al. (2019), found that
organic matter (in their study fulvic acid) can promote the desorption of
phosphate ions. This is in accordance with the fact that the rate con-
stants obtained for the soils examined in our study are a magnitude
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bigger than the desorption rate constants for the phosphate-goethite
system. According to this, one possible explanation for the rate con-
stants at bonding site 2a is that they belong to the desorption of phos-
phate ions from metal oxides or hydroxides which have interactions
with the soil organic matter. However, Eichler-Lobermann et al., 2017,
discovered that in the case of compost fertilizer the amount of mobile
phosphate is bigger than in cases where manure was applied. This un-
derlines that the role of organic matter in the fixation of soil phosphorus
is very complex, and to clarify this role, further experiments should be
done.
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concentration of phosphate in the soil solution in pgP/dm?® solution).
5. Summary and conclusion

The new biexponential kinetic equation established by Voros et al.
(2024) was tested on three types of humic soil (chernozem, marshy
meadow and meadow), and it fits well experimental data points. From
this, it can be concluded that in the case of these soils there are also at
least two types of weakly bonded phosphate, just like we experienced
earlier in the case of rendzina soil examined in our previous study (Voros
et al., 2024). The faster and slower exchange processes can be clearly
separated, which makes it possible to determine the amounts of the two
different types of weakly bonded phosphate and their steady-state rates.
It is important to emphasize that the amounts of weakly bonded phos-
phate in this way are really in exchange with the phosphate ions in the
soil solution, which also enables to establish equilibrium sorption iso-
therms. This is the main advantage of this method over the simple batch
experiments, where the reversibly and irreversibly sorbed phosphate
cannot be separated.

In most cases we were able to fit experimental data points obtained
from the biexponential kinetic equation and photometry at both the
slower and the faster exchange site by the Langmuir or the S-shape
sorption isotherm. In some cases the Langmuir isotherm could be
applied with relatively high reliability, while in other cases it was very
uncertain because of the uneven distribution of data points or their high
scattering. The S-shape sorption isotherm can be applied only for qual-
itative purposes — this means that we can decide with it if there occurs
some kind of cooperativity between the sorption site sor not. It can also
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be observed that the longer is the incubation time, the smaller is the
scattering of data points and the reliable is the parameter evaluation
both at the isotherm fittings and during the examination of desorption
kinetics. The reason for this can be that the treatment by KH,PO4 alters
in some way the soil surface, but after a certain time it will be recovered
or at least stabilized. From this we can also conclude that if we want to
gain reliable sorption isotherms and desorption kinetic parameters we
should choose longer incubation times (at least 3 months for example).

The characteristics of the soils examined in this study have both
similarities and differences. In the case of chernozem, it can be
concluded that the desorption at both bonding site 2a and 2b is complex,
and can be divided into further processes with different rate orders. The
first order rate constants do not change significantly, but the significance
of the second order process, especially at the slower bonding site 2a
increases with incubation time. In some cases, cooperativity can be
observed according to the sorption isotherm, but there is no direct
relationship between the characteristics of the sorption isotherm and the
desorption kinetics. The sorption process on marshy meadow soil is
more simple compared to chernozem, and the desorption at bonding
sites 2a and 2b seem to be single processes, however, complex processes
cannot be excluded, especially at 2b, because of the high uncertainty of
the rate order. The presence of complex processes is also supported by
the fact that in the I3weeks series at bonding site 2b cooperativity oc-
curs. The sorption process on meadow soil is also complex, and coop-
erativity can occur at the faster bonding site 2b. The desorption shows in
most of the cases first order kinetics, but with increasing incubation
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phosphate at bonding site 2a or 2b in pgP).

time, second order kinetics also can appear. The positive cooperativity
occurring in the sorption process on the soils is probably due to
hydrogen bonding between the sorbed hydrogenphosphate ions. The
first order desorption kinetics underlines the simple Langmuir charac-
teristics, while the second order desorption processes might be due to
diffusion controlled desorption. To clarify the details of these processes,
further theoretical and experimental investigations must be done.

Finally we can conclude that the new biexponential kinetic equation
can be satisfactorily applied for the heterogeneous isotopic exchange of
phosphate ions on humic soils, and the amounts of the two different
types of weakly bonded phosphate and their steady-state rates can be
calculated. These data can also be used for the examination of the ki-
netics of desorption, and real equilibrium sorption isotherms can be
obtained as well. However, while fitting the isotherms, some technical
problems can occur because of the uneven distribution of the data points
or their high value of scattering. In order to mitigate these problems,
longer incubation times and more experiments at several different
phosphate concentrations are suggested.
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