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Abstract: Phosphorus (P) fixation is a global problem for soil fertility and negatively impacts agri-
cultural productivity. This study characterizes P desorption of already fixed P by using KCl, KNO3,
histidine, and malic acid as inorganic and organic compounds, which are quite common in soil.
Goethite, gibbsite, and ferrihydrite, as well as hydroxide mixtures with varying Fe- and Al-ratio were
selected as model substances of crystalline and amorphous Fe- and Al-hydroxides. Especially two-
and multi-component hydroxide systems are common in soils, but they have barely been included in
desorption studies. Goethite showed the highest desorption in the range from 70.4 to 81.0%, followed
by gibbsite with values in the range from 50.7 to 42.6%. Ferrihydrite had distinctive lower desorption
in the range from 11.8 to 1.9%. Within the group of the amorphous Fe-Al-hydroxide mixtures,
P desorption was lowest at the balanced mixture ratio for 1 Fe: 1 Al, increased either with increasing
Fe or Al amount. Precipitation and steric effects were concluded to be important influencing factors.
More P was released by crystalline Fe-hydroxides, and Al-hydroxides of varying crystallinity, but
desorption using histidine and malic acid did not substantially influence P desorption compared to
inorganic constituents.

Keywords: phosphorus kinetics; desorption; Fe-Al-hydroxide mixtures; histidine; malic acid

1. Introduction

P, is, on the one hand, one of the most important essential nutrients for plant growth,
but on the other hand, a finite resource, limiting productivity in agriculture terrestrial
ecosystems. Given the scarcity of global phosphorus reserves, and to ensure sustainable soil
fertility on agricultural soils, a fundamental understanding of the mechanisms of fixation,
recognized as the reduction of solubility of fertilized P in the soil [1], and mobilization of
inorganic phosphorus in soils is required. Although both the inorganic and organic P pools
contribute to total P availability [2,3], dissolved inorganic P is the only P fraction that can
be taken up by plants and microorganisms, thus maintaining ecosystem nutrition and
mineralization [4]. Dissolved P has a high affinity for adsorption to the soil matrix, which
affects its bioavailability, depending on soil composition and binding motifs. In particular,
adsorption, desorption, and precipitation processes on pedogenic mineral surfaces limit
its availability, which is why reactions of P with selected hydroxides have been studied in
detail in the past.

“Nonspecific” physisorption via electrostatic attraction provides lower binding energy
and thus easy mobilization of P by ion exchange [5,6], while more “specific” chemisorption
results in stronger binding at the particle surface and lower availability of P over time [7,8].
However, the most stable and long-lasting P immobilization occurs via precipitation on the
particle surface, where especially amorphous Fe-hydroxides play a major role [9–11].

In addition to the fixation of inorganic P on mineral surfaces, the soil organic matter
has an important influence on P adsorption and desorption. If both P and organic anions
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are present in the soil solution, the adsorption of P on hydroxide surfaces can be positively
influenced by competition for adsorption sites, ligand exchange, and replacement of P
by organic anions, dissolution of adsorbents, and changes in the surface charge of the
adsorbents. Soil organic matter can also retard the crystal growth of poorly crystalline
Fe- and Al-oxides and -hydroxides, which affects their specific P adsorption capacities.
Moreover, organic anions can form metal-organic complexes by adsorption on metal ions
(e.g., Al3+, Fe3+) [12–17].

P fixation is a global problem for soil fertility and negatively impacts agricultural
productivity because recovery by plants in the year of application is often only 10 to 15%
and P inputs from fertilizers tend to accumulate in the soil [18]. A meta-analysis of about
2000 datasets from 30 field trials from Germany and Austria showed that yield increase
after P application is mainly determined by pH, soil organic matter, fertilizer type, and crop
type, whereas plant-available P in the soil seems to be the most important parameter [19].
However, Syers et al. (2008) [20] showed that an irreversible immobilization of fertilized
P is not supported by field studies. They divided inorganic soil P into four pools with
different availability to plants based on its accessibility to plant roots and extractability
using common soil analytical methods. These pools range from soil solution P characterized
by immediate accessibility and availability to very low accessible, extractable, and available
P, which is very strongly bonded, inaccessible, precipitated, or mineral P. Roberts and
Johnston (2015) [19] have summarized that differences in P bioavailability depend on
accessibility to plant roots and extractability by soil test reagents. However, when the
concept of P transfer within the four pools and partial nutrient balance is considered,
P recovery can exceed 70%. In particular, the distribution of P among these different
pools leads to the conversion of excess P into very slowly exchangeable P that can only be
partially utilized when soil P content is low [21]. These organic and inorganic P pools of
different availability were generated due to the weaker bound P in surface complexes or the
strongly bound precipitates. Therefore, the fundamental understanding of P binding motifs
on contrasting mineral surfaces, and possible changes in binding over time [22–30] allows
a more detailed characterization of soils in terms of their potential P fixation capacity, as
well as short- and long-term mobilization.

Most methods for the determination of available P are based on the quantification
of solubilized P using different extractants, consist of chemical equilibrium-controlled
solubility, and release rates-limiting processes. They do not measure the quantity of plant-
available P, but by experimentation, testing, and the application of regression equations,
they allow a prediction about a soil P status related to it [31]. However, these observed
results are not always applicable to different soil types or arable crops. Due to ad- and des-
orption processes, dissolution, or mineralization, the pool of plant-available P is strongly
time-dependent [20,31]. For this, sequential extraction methods offer an inexpensive and
simple approach to determine the amount of long-term mobilized P. The different extrac-
tants can be selected according to the objectives and play a role, e.g., during cultivation, in
the rhizosphere, or during soil development. While no particulate speciation such as pre-
cipitated or re-adsorbed P can be provided without further investigations [1], different soil
types or soil components can be investigated concerning the differentiation of potential P
mobilization. Based on the empirical assignments, the P status of soils can be characterized
according to a concept of different available P pools and their transformation [20,31].

Therefore, this study aims to investigate whether the crystallinity, as well as the
Fe/Al ratio of hydroxides, affects the potential mobilization of adsorbed P. The results will
hopefully guide as to whether the composition of soil in terms of pedogenic hydroxides
affects the moderately to non-labile P reserves. For this purpose, desorption kinetics are
created in a batch setup using synthetic Fe- and Al-hydroxides as well as inorganic and
organic extraction agents at two concentrations.

The amount of low and very low available inorganic P that can be desorbed by
increasing concentrations of organic and inorganic extractants has to be determined, and
the time-depended mobilization process will be evaluated.
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2. Materials and Methods
2.1. Preparation of the Fe- and Al-Hydroxides

Goethite and gibbsite were used as model substances of crystalline Fe- and Al-
hydroxides. In addition to ferrihydrite, these minerals were the main model minerals
of previous studies. However, two- or multi-component hydroxide systems are more
common in soils, but they have barely been included so far, especially in desorption studies.
Therefore, synthesized Fe- and Al-hydroxide mixtures with varying Fe- and Al-ratio repre-
sented this binary amorphous fraction appearing in soils. Poorly crystalline ferrihydrite
was used as a transitional Fe-hydroxide, bridging between the initial amorphous hydroxide
structure and crystalline goethite during pedogenesis.

The synthetic hydroxides investigated in this study were goethite (99%, Alfa Aesar,
Haverhill, MA, USA), gibbsite (analytical grade, Merck Millipore, Merck KGaA, Darmstadt,
Germany), ferrihydrite (prepared according to [32]), and mixed Fe:Al-hydroxide (prepared
according to [33]).

For the preparation of 2-line-ferrihydrite, a 1 M KOH was added to 500 mL of a 0.2 M
Fe(NO3)3·9 H2O-solution, until a pH of 7.5 was reached. The developed precipitate was
washed with ultrapure water to remove remaining salts, centrifuged for 5 min at 12,134× g
(Avanti J-25 Centrifuge, Beckman Coulter, Brea, CA, USA), frozen and freeze-dried, and
stored in a desiccator.

The Fe:Al-hydroxide mixtures were prepared by mixing 0.1 M Fe(NO3)3·9 H2O and
0.1 M Al(NO3)3·9 H2O in molar ratios of 1:0, 5:1. 1:1, 1:5, and 0:1, and adjusted to pH
6 with 5 M KOH. The solutions were equilibrated for 1 h. Subsequently, the precipitate
was washed with ultrapure water, centrifuged for 5 min at 12,134× g, dried at 60 ◦C, and
ground into a powder. All chemicals used for the preparation were of analytical grade.

Prior to desorption experiments, 20 g of each hydroxide was adjusted to pH 6 in 50 mL
ultrapure water with 0.1 M HCl or KOH, respectively, and dried at 40 ◦C for 5 days. P was
adsorbed by adding 200 mL of a 0.3 M P solution to 17 g of the dried hydroxides. The P
solution consisted of a Na2HPO4/KH2PO4 buffer solution (pH 6) with additional KH2PO4
to achieve the desired P concentration of 0.3 M. Subsequently, the hydroxide-P solution
mixtures were shaken horizontally with 200 Motions min−1 for 24 h. Afterward, they were
centrifuged for 15 min at 21,572× g until the supernatant was clear.

2.2. Characterization of the Fe- and Al-Hydroxides

The elemental composition of the hydroxides was verified using SEM-EDX, scanning
electron microscopy (DSM 962, Zeiss, Oberkochen, Germany) with energy dispersive
X-ray spectroscopy (X-Max 50 mm2 with INCA, Oxford Instruments, Abingdon, Great
Britain). The determination of the crystallization, as well as the poorly crystalline and
amorphous structures was performed using X-ray diffraction (Empyrean powder diffrac-
tometer, PANalytical, Almelo, Netherlands) (for the results of gibbsite, ferrihydrite and the
Fe-Al-hydroxide mixtures see [24], for the results of goethite see [23]).

Specific surface areas were determined in duplicate with an Autosorb-1 (Quan-
tachrome, Odelzhausen, Germany) using a multi-point BET-measurement (Brunauer–
Emmett–Teller) and N2 as adsorptive. An outgas test was performed to verify the com-
pleted outgas procedure for each hydroxide. The specific surface area was substantially
higher for the amorphous Fe-hydroxides and decreased with increasing crystallinity grade,
as well as an increasing amount of Al for the mixtures (Table 1). The specific surface area
was in the same range for the crystalline and the amorphous Al-hydroxides.
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Table 1. Point of zero charge (PZC), specific surface area (SSA), and the amount of total Fe, Al, and P of crystalline and
amorphous Fe- and Al-hydroxides.

Hydroxide PZC SSA Fe Al P

pH m2 g−1 mg g−1 mg g−1 mg g−1 mg m−2

Goethite 8.8 17.2 ± 0.4 564.17 ± 9.74 - 7.07 ± 0.24 0.41 ± 0.01

Gibbsite 8.5 0.9 ± 0.0 - 337.39 ± 6.05 7.39 ± 0.06 8.21 ± 0.06

Ferrihydrite 7.1 251.8 ± 2.7 520.99 ± 12.27 - 30.92 ± 2.63 0.12 ± 0.01

1 Fe: 0 Al 6.0 297.3 ± 10.4 494.30 ± 25.04 - 36.50 ± 2.74 0.07 ± 0.09

5 Fe: 1 Al 7.1 203.8 ± 0.9 424.59 ±2.51 32.10 ± 1.19 43.47 ± 5.23 0.21 ± 0.03

1 Fe: 1 Al 7.6 73.7 ± 8.0 275.44 ± 1.13 137.22 ± 0.87 31.34 ± 0.69 0.43 ± 0.01

1 Fe: 5 Al 9.8 0.8 ± 0.0 58.55 ± 0.65 162.27 ± 1.57 64.65 ± 0.64 80.82 ± 0.80

0 Fe: 1 Al 9.8 1.1 ± 0.0 - 131.44 ± 2.69 44.27 ± 0.33 40.25 ± 0.30

The point of zero charge (PZC) of each hydroxide was determined using potentiomet-
ric titration. 0.5 g of each hydroxide mixture was weighed into 100 mL PE-cups in triplicate.
30 mL of different KCL solutions (0.02, 0.2, and 2 M) were added separately to each sample.
The solutions were diluted with ultrapure water to a total volume of 60 mL, leading to
final concentrations of 0.01, 0.1, and 1 M KCl, respectively. The hydroxide/KCl mixtures
were equilibrated for 4 days at 21 ◦C and shaken for 1 h d-1 to reach an equilibration pH
value prior to the titration procedure. In the beginning, the pH of the suspensions was
increased with 1 mL of 5 M KOH, followed by titration with fixed amounts of 1 M HCl.
The amount of adsorbed H+ on the hydroxide surface at each pH was determined by
subtracting the titration curve of the blank KCl solutions from the titration curve of the
suspension. The PZC derived from the titration curves was highest for amorphous hy-
droxides with a predominant Al- amount with a value of 9.8 (Table 1). The PZC decreased
with increasing Fe-amount and was lowest for the pure amorphous Fe-hydroxide with a
value of 6.0. Within the group of the crystalline hydroxides, gibbsite, and goethite were in
a similar range with PZC values of 8.5 and 8.8, respectively. Ferrihydrite offered a slightly
lower value of 7.1.

The total amount of Fe, Al, and adsorbed P was determined in duplicate by digestion
of 0.02 g hydroxide in 50 mL ultrapure water with 1 mL aqua regia. The poorly crystalline
ferrihydrite adsorbed initially 30.92 mg g−1 P, which was 4-fold higher than for goethite or
gibbsite (Table 1). The amorphous Fe:Al-hydroxide mixtures had adsorbed P concentrations
in the range from 31.34 to 64.65 mg g−1, increasing with a predominant amount of Al. Thus,
the amorphous hydroxides showed a higher P adsorption than the crystalline hydroxides.
Related to the specific surface area, P adsorption values of 80.81 and 40.25 mg m−2 were
obtained for the amorphous Al-hydroxides, and 8.21 mg m−2 was obtained for gibbsite.
P adsorption values in the range from 0.12 to 0.43 mg m−2 were lower for Fe-hydroxides
due to the substantially higher SSA.

2.3. Desorption Experiments

Desorption experiments were performed in a batch setup at room temperature. The
investigations were carried out in quadruplicate using 50 mL PE-centrifuge tubes. Each
batch contained a hydroxide-solution mixture, consisting of 0.8 g hydroxide and 40 mL
reaction solution, resulting in a solid-solution ratio of 1:50.

KCl and KNO3 were selected as inorganic compounds for desorption experiments
since they are an essential part of the soil solution in agricultural soils, and components of
mineral fertilizers. Histidine (C6H9N3O2, His) and malic acid (C4H6O5, Mal) were chosen
as organic extractants. These reaction solutions were used with concentrations of 5 mM
and 50 mM, adjusted to a pH of 6 with 0.1 M KOH, HCl, or HNO3, respectively.
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At the beginning of desorption, the samples were shaken horizontally at 200 Motions min−1

for 24 h, afterward once a week for 1 h. For sample taking, the hydroxide-solution mixtures
were centrifuged for 20 min at 21,572× g. The clear supernatant was carefully decanted and
filtrated using P-poor Whatman 512 1/1 folded filter papers. Afterward, 40 mL of the fresh
reaction solution was added to continue desorption. Sample taking was done after 2, 6, 24, 48,
168, and 336 h desorption time. After a desorption time of 2 h, the pH of the sample solution
was measured again in two randomly selected samples of each hydroxide for all treatments.

Concentrations of dissolved total P, Fe, and Al were determined by using ICP–AES
(Unicam iCAP6000 Duo, Thermo Fisher Scientific, Waltham, MA, USA), total Cl was
determined by using ion chromatography (Dionex DX 500 + DX 120, Thermo Fisher
Scientific), total N and C were measured with a TOC-Analyzer (TOC-VCPH and TOC5000,
Shimadzu, Kyoto, Japan). Repeated washing of all used materials with ultrapure water
and immediate freezing of the sample solutions prevented microbial activity.

2.4. Kinetics of P Desorption

The cumulative P desorption depending on time was calculated, and different lin-
earized kinetic models were applied to the data (Table 2). The aim was to fit the experi-
mental data to an appropriate kinetic model and to analyze the influence of organic and
inorganic solutions on desorption kinetics from contrasting Fe- and Al-hydroxides. The
coefficients of determination (R2), as well as the standard errors (S.E.) were tested using
linear regression analysis to determine their applicability on the kinetics using SigmaPlot
12.0 (Systat Software Inc., San Jose, CA, USA). When not stated otherwise, the p-value
was <0.05.

Table 2. Applied kinetic models for P desorption.

Kinetic Model Linearized Equation Declaration

Elovich Qt =
1
β ln(αβ) + 1

β ln t

Qt—amount of desorbed P in mg P m−2

Hydroxide at time t
α/a—initial P release constants in mg P
m−2 Hydroxide min−1

β/b—P release rate constants in mg P
m−2 Hydroxide min−1

kp—diffusion rate constant in m s−1

Q0—equals value of 0 at the beginning of
desorption

Exponential ln Qt = ln a + b ln t
Parabolic Qt = Q0 + kpt

1
2

3. Results
3.1. Efficiency of P Desorption

The efficiency of the desorption solutions showed in particular that the lower con-
centration of 5 mM led to a higher P release than the corresponding higher concentration
of 50 mM for each reaction solution (Table 3). For the lower concentration of 50 mM, the
efficiency of the desorption solutions ranked according to the following order: KCl > KNO3
> Mal > His. This order changed for the 50 mM concentration treatment to KCl > Mal > His
> KNO3, where KCl also showed the highest P desorption efficiency.
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Table 3. Total P desorption after 336 h by using desorption solutions KCl, KNO3, histidine (His), and malic acid (Mal).

Hydroxide Desorbed P [%]

KCl KNO3 His Mal

5 mM 50 mM 5 mM 50 mM 5 mM 50 mM 5 mM 50 mM

Goethite 80.95 ± 0.39 72.24 ± 0.40 71.58 ± 0.51 64.72 ± 0.33 70.94 ± 0.46 65.61 ± 0.40 70.38 ± 0.32 68.91 ± 0.81

Gibbsite 46.58 ± 2.96 39.53 ± 1.85 42.60 ± 2.12 41.26 ± 2.84 50.48 ± 3.62 49.17 ± 3.56 50.74 ± 2.51 61.43 ± 3.33

Ferrihydrite 11.77 ± 0.46 4.44 ± 0.22 6.91 ± 0.23 3.72 ± 0.11 1.92 ± 0.09 1.38 ± 0.21 3.61 ± 0.12 3.01 ± 0.29

1 Fe: 0 Al 27.55 ± 0.23 15.57 ± 0.14 21.68 ± 0.17 13.52 ± 0.07 14.93 ± 0.19 10.33 ± 0.11 15.25 ± 0.13 12.14 ± 0.06

5 Fe: 1 Al 14.49 ± 0.32 5.79 ± 0.13 9.11 ± 0.23 4.40 ± 0.08 4.78 ± 0.10 2.79 ± 0.15 5.36 ± 0.10 3.87 ± 0.13

1 Fe: 1 Al 5.23 ± 0.29 2.24 ± 0.16 2.90 ± 0.20 1.95 ± 0.28 2.51 ± 0.15 2.18 ± 0.13 3.22 ± 0.27 4.38 ± 0.35

1 Fe: 5 Al 20.48 ± 1.02 12.20 ± 0.22 16.10 ± 0.09 10.80 ± 0.12 13.75 ± 0.06 10.89 ± 0.30 13.16 ± 0.32 11.86 ± 0.52

0 Fe: 1 Al 23.22 ± 0.39 14.79 ± 0.44 19.90 ± 0.54 13.69 ± 0.30 19.82 ± 0.35 16.94 ± 0.12 19.66 ± 0.44 21.33 ± 0.33

Desorbed P [mg m−2]

Goethite 0.33 ± 0.00 0.30 ± 0.00 0.29 ± 0.00 0.27 ± 0.00 0.29 ± 0.00 0.27 ± 0.00 0.29 ± 0.00 0.28 ± 0.00

Gibbsite 3.96 ± 0.25 3.36 ± 0.16 3.62 ± 0.18 3.51 ± 0.24 4.29 ± 0.31 4.18 ± 0.30 4.31 ± 0.21 5.22 ± 0.28

Ferrihydrite 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

1 Fe: 0 Al 0.03 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00

5 Fe: 1 Al 0.03 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

1 Fe: 1 Al 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00

1 Fe: 5 Al 16.71 ± 0.83 9.96 ± 0.18 13.13± 0.07 8.81 ± 0.10 11.21± 0.05 8.88 ± 0.25 10.73 ± 0.26 9.67 ± 0.43

0 Fe: 1 Al 9.19 ± 0.15 5.85 ± 0.17 7.87 ± 0.22 5.42 ± 0.12 7.84 ± 0.14 6.70 ± 0.05 7.78 ± 0.17 8.44 ± 0.13

For the concentration of 5 mM, goethite showed the highest P desorption in the
range from 70.4 to 81.0%, followed by gibbsite with P desorption in the range from 50.7
to 42.6%. The poorly crystalline ferrihydrite had lower desorption values in the range
from 11.8 to 1.9% compared to the crystalline goethite. Within the group of the amorphous
Fe-Al-hydroxide mixtures, the pure hydroxides of Fe and Al had higher desorption with
values in the range from 27.6 to 13.5% for 1 Fe: 0 Al, and from 23.2 to 19.7% for 0 Fe: 1 Al
than the binary composites. P desorption was lowest at the balanced mixture ratio for
1 Fe: 1 Al in the range from 2.5 to 5.2%, and increased either with increasing Fe or Al
amount. In total, more P was desorbed from the crystalline hydroxides than from the
amorphous hydroxides.

If P desorption was related to the specific surface area, gibbsite had a higher desorption
amount than goethite, because the specific surface area of goethite was substantially larger
than that of gibbsite, which is why less P was ad- and desorbed from the goethite surface.
Similar was observed for the hydroxide mixtures. While e.g., 1 Fe: 0 Al and 1 Fe: 5 Al had
similar amounts of P desorption in%, especially for the organic treatment, the desorption
amount related to the specific surface area was much lower for the pure amorphous Fe-
hydroxide compared to the mixture due to the highly different surface area and hence, the
amount of ad- and desorbed P per m2.

3.2. Kinetics of P Desorption

The curves of the P desorption kinetics showed that the fast initial desorption step
occurred during the first 48 h for all used reaction solutions (Figures 1 and 2). While for
goethite and gibbsite, after 48 h equilibrium was nearly reached using KCl and KNO3,
desorption was still ongoing for ferrihydrite and the Fe-Al-hydroxide mixtures (Figure 1).
Similar was observed for Mal and His, whereby it can be seen that P desorption from
goethite and gibbsite continued using Mal (Figure 2).
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The coefficients of determination for the applied kinetic models showed that desorp-
tion kinetics fitted best with the Elovich equation (mean R2 = 0.93) (Table 4), followed
by the exponential function (mean R2 = 0.91) (Table 5), and the parabolic function (mean
R2 = 0.83) (Table 6). Only ferrihydrite had the best fit with the Parabolic equation (mean
R2 = 0.89), followed by the exponential function (mean R2 = 0.87), and the Elovich equation
(mean R2 = 0.80). However, it is necessary to evaluate the results of the kinetic models as
well as their calculated kinetic parameters (Tables 4–6) for each hydroxide separately. For
goethite and gibbsite, the Elovich equation had the best fit, followed by the exponential
function. In addition, the kinetic parameters obtained showed mainly a higher initial P
release (α, a) and a lower P release over time (β, b). The Mal desorption treatments of
goethite and the applied Elovich function showed a lower initial P release and a higher
P release over time. However, noticeable were the α-values, which were overestimated
compared to the actual desorption amounts. As already mentioned, for ferrihydrite the
best fit was obtained by application of the exponential function. For ferrihydrite, the initial
P release was lower than the release over time. By using the Elovich equation certainly,
β was higher than α, where an overestimation of α for the His treatment was concluded
as well. The amorphous Fe- and Al-hydroxide mixtures had the best fit with the Elovich
equation, followed by the Exponential equation. For the pure amorphous Fe-hydroxide,
the Fe-dominated mixtures, and the mixture with equal amounts of Fe and Al, the initial
P release values α and a were lower than the release over time values β and b. The values
for the mixture with predominant Al amount indicated a greater initial release of P.

Table 4. Coefficients of determination (R2), standard error (S.E.), and calculated kinetic parameters for the Elovich equation
used to describe the kinetic release of P after 336 h desorption time.

Hydroxide Elovich KCl KNO3 His Mal

5 mM 50 mM 5 mM 50 mM 5 mM 50 mM 5 mM 50 mM

Goethite R2 0.93 0.97 0.94 0.98 0.93 0.94 0.96 0.97

S.E. 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01

α 1.47 × 106 2.40 × 104 973.69 440.79 348.89 75.12 26.16 5.25

β 71.32 66.86 55.46 59.67 52.10 51.00 43.47 38.44

Gibbsite R2 0.74 0.90 0.87 0.89 0.93 0.38 0.87 0.80

S.E. 0.24 0.17 0.19 0.24 0.30 0.27 0.23 0.26

α 6.62 × 104 1.62 × 103 3.03 × 103 1.17 × 103 2.84 × 103 337.64 211.40 14.21

β 4.54 4.25 4.09 3.95 3.42 2.97 2.77 1.72

Ferrihydrite R2 0.92 0.87 0.85 0.80 0.77 0.84 0.89 * 0.94

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

α 1.03 × 10−3 4.86 × 10−4 5.45 × 10−4 3.91 × 10−4 0.02 5.74 1.12 × 10−3 3.78 × 10−3

β 392.88 1.12 × 103 696.87 1.33 × 103 4.58 × 103 1.02 × 104 1.69 × 103 2.40 × 103

1 Fe: 0 Al R2 0.99 1.00 1.00 0.99 0.99 0.99 1.00 1.00

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

α 0.01 4.98 × 10−3 0.01 3.90 × 10−3 0.01 0.01 0.01 4.13 × 10−3

β 197.39 339.08 236.18 386.40 385.73 591.45 350.24 439.41

5 Fe: 1 Al R2 0.99 0.97 0.95 0.96 0.99 0.98 0.97 0.97

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

α 3.82 × 10−3 1.19 × 10−3 1.47 × 10−3 8.59 × 10−4 1.64 × 10−3 1.04 × 10−3 1.22 × 10−3 9.32 × 10−4

β 184.08 459.54 287.03 608.12 581.63 1.04 × 103 510.68 708.58

1 Fe: 1 Al R2 0.98 0.93 0.96 0.82 0.96 0.95 0.93 0.95

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

α 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

β 299.90 805.25 596.31 937.29 719.88 826.31 531.43 354.14
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Table 4. Cont.

Hydroxide Elovich KCl KNO3 His Mal

5 mM 50 mM 5 mM 50 mM 5 mM 50 mM 5 mM 50 mM

1 Fe: 5 Al R2 0.97 0.99 1.00 0.99 0.98 0.97 0.98 0.99

S.E. 0.72 0.33 0.18 0.18 0.40 0.38 0.39 0.34

α 14.62 3.59 3.69 3.87 8.78 6.31 5.02 2.37

β 0.45 0.67 0.49 0.79 0.66 0.83 0.65 0.67

0 Fe: 1 Al R2 0.94 0.94 0.95 0.96 0.94 0.97 0.97 0.99

S.E. 0.45 0.35 0.41 0.23 0.43 0.26 0.31 0.16

α 52.56 7.14 16.61 10.76 23.30 13.45 18.73 4.45

β 1.02 1.36 1.07 1.57 1.11 1.25 1.12 0.85

* p = 0.059.

Table 5. Coefficients of determination (R2), standard error (S.E.), and calculated kinetic parameters for the exponential
function used to describe the kinetic release of P after 336 h desorption time.

Hydroxide Exponential KCl KNO3 His Mal

5 mM 50 mM 5 mM 50 mM 5 mM 50 mM 5 mM 50 mM

Goethite R2 0.91 0.96 0.91 0.97 0.89 0.90 0.92 0.92

S.E. 0.03 0.02 0.04 0.03 0.05 0.06 0.06 0.07

a 0.26 0.22 0.20 0.17 0.19 0.17 0.17 0.14

b 0.05 0.06 0.07 0.08 0.08 0.09 0.10 0.12

Gibbsite R2 0.72 0.84 0.83 0.77 0.75 0.82 0.87 0.92

S.E. 0.08 0.07 0.07 0.09 0.09 0.09 0.08 0.09

a 2.80 2.12 2.34 2.17 2.72 2.39 2.38 2.09

b 0.07 0.09 0.08 0.09 0.08 0.10 0.11 0.17

Ferrihydrite R2 0.99 0.99 1.00 1.00 0.95 0.38 0.95 0.82

S.E. 0.09 0.06 0.06 0.05 0.06 0.17 0.10 0.16

a 7.88 × 10−4 4.78 × 10−4 4.58 × 10−4 3.88 × 10−4 1.11 × 10−3 1.09 × 10−3 9.15 × 10−4 1.19 × 10−3

b 0.51 0.41 0.49 0.42 0.13 0.07 0.25 0.18

1 Fe: 0 Al R2 0.92 0.96 0.96 0.97 0.93 0.93 0.96 0.96

S.E. 0.15 0.11 0.13 0.11 0.13 0.11 0.11 0.12

a 0.01 3.61 × 10−3 4.44 × 10−3 2.96 × 10−3 4.89 × 10−3 3.73 × 10−3 3.61 × 10−3 2.91 × 10−3

b 0.28 0.30 0.33 0.31 0.25 0.23 0.30 0.30

5 Fe: 1 Al R2 0.94 0.97 0.98 0.98 0.95 0.97 0.98 0.98

S.E. 0.20 0.15 0.15 0.12 0.15 0.12 0.12 0.11

a 2.85 × 10−3 9.23 × 10−4 9.98 × 10−4 6.84 × 10−4 1.32 × 10−3 8.61 × 10−4 1.03 × 10−3 8.04 × 10−4

b 0.44 0.47 0.53 0.47 0.38 0.35 0.43 0.42

1 Fe: 1 Al R2 0.95 0.90 0.96 0.83 0.92 0.92 0.92 0.92

S.E. 0.12 0.14 0.09 0.18 0.12 0.12 0.13 0.15

a 4.71 × 10−3 2.79 × 10−3 3.14 × 10−3 2.41 × 10−3 3.27 × 10−3 2.77 × 10−3 3.32 × 10−3 3.77 × 10−3

b 0.28 0.22 0.24 0.22 0.21 0.22 0.25 0.29

1 Fe: 5 Al R2 0.92 0.92 0.94 0.95 0.92 0.91 0.93 0.96

S.E. 0.12 0.15 0.14 0.11 0.13 0.14 0.13 0.12

a 5.15 2.18 2.53 2.15 3.34 2.56 2.65 1.76

b 0.22 0.28 0.30 0.26 0.23 0.23 0.26 0.31
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Table 5. Cont.

Hydroxide Exponential KCl KNO3 His Mal

5 mM 50 mM 5 mM 50 mM 5 mM 50 mM 5 mM 50 mM

0 Fe: 1 Al R2 0.88 0.87 0.87 0.89 0.87 0.91 0.91 0.96

S.E. 0.10 0.15 0.13 0.12 0.13 0.11 0.10 0.10

a 4.13 1.96 2.97 2.03 3.18 2.54 3.04 2.24

b 0.15 0.20 0.18 0.18 0.17 0.18 0.17 0.24

Table 6. Coefficients of determination (R2), standard error (S.E.), and calculated kinetic parameters for the parabolic function
used to describe the kinetic release of P after 336 h desorption time.

Hydroxide Parabolic KCl KNO3 His Mal

5 mM 50 mM 5 mM 50 mM 5 mM 50 mM 5 mM 50 mM

Goethite R2 0.69 0.79 0.71 0.82 0.70 0.73 0.76 0.77

S.E. 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02

Q0 0.28 0.23 0.22 0.19 0.22 0.19 0.19 0.17

kp 3.58 × 10−3 3.99 × 10−3 4.67 × 10−3 4.55 × 10−3 4.94 × 10−3 0.01 0.01 0.01

Gibbsite R2 0.55 0.67 0.64 0.61 0.59 0.65 0.71 0.81

S.E. 0.32 0.27 0.30 0.33 0.39 0.40 0.38 0.48

Q0 3.09 2.41 2.65 2.48 3.09 2.78 2.79 2.59

kp 0.06 0.06 0.06 0.07 0.08 0.09 0.10 0.16

Ferrihydrite R2 0.99 0.99 0.99 1.00 0.92 0.37 0.99 0.88

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Q0 2.85 × 10−4 3.22 × 10−4 −6.07 ×
10−5 2.26 × 10−4 1.26 × 10−3 1.19 × 10−3 9.30 × 10−4 1.33 × 10−3

kp 7.83 × 10−4 2.79 × 10−4 4.56 × 10−4 2.36 × 10−4 6.44 × 10−5 2.89 × 10−5 1.87 × 10−4 1.30 × 10−4

1 Fe: 0 Al R2 0.84 0.91 0.91 0.92 0.83 0.84 0.91 0.91

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Q0 0.01 0.01 0.01 4.12 × 10−3 0.01 0.01 0.01 4.09 × 10−3

kp 1.38 × 10−3 8.35 × 10−4 1.20 × 10−3 7.38 × 10−4 7.04 × 10−4 4.61 × 10−4 8.09 × 10−4 6.43 × 10−4

5 Fe: 1 Al R2 0.92 0.97 0.98 0.98 0.92 0.94 0.97 0.97

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Q0 4.44 × 10−3 1.06 × 10−3 6.39 × 10−4 6.87 × 10−4 1.95 × 10−3 1.18 × 10−3 1.20 × 10−3 9.50 × 10−4

kp 1.56 × 10−3 6.45 × 10−4 1.05 × 10−3 4.93 × 10−4 4.90 × 10−4 2.78 × 10−4 5.82 × 10−4 4.19 × 10−4

1 Fe: 1 Al R2 0.88 0.84 0.91 0.76 0.84 0.85 0.87 0.86

S.E. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Q0 0.01 3.65 × 10−3 3.95 × 10−3 3.11 × 10−3 4.29 × 10−3 3.60 × 10−3 4.31 × 10−3 0.01

kp 9.38 × 10−4 3.49 × 10−4 4.86 × 10−4 3.04 × 10−4 3.86 × 10−4 3.39 × 10−4 5.41 × 10−4 7.99 × 10−4

1 Fe: 5 Al R2 0.80 0.86 0.88 0.88 0.81 0.82 0.85 0.91

S.E. 1.87 1.05 1.28 0.83 1.25 0.96 1.12 0.85

Q0 7.07 3.17 3.70 2.97 4.65 3.53 3.74 2.46

kp 0.60 0.41 0.57 0.35 0.41 0.33 0.42 0.43

0 Fe: 1 Al R2 0.71 0.78 0.74 0.79 0.72 0.77 0.79 0.88

S.E. 1.00 0.66 0.91 0.55 0.91 0.72 0.77 0.74

Q0 5.25 2.63 3.96 2.63 4.17 3.33 3.89 2.99

kp 0.25 0.20 0.25 0.17 0.23 0.21 0.24 0.33
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3.3. Dissolved Elemental Composition during P Desorption

With regard to possible release mechanisms of P from the investigated hydroxides, the
concentrations of dissolved total Fe, Al, Cl, N, as well as C were measured in the reaction
solution during and after desorption experiments. Since anion exchange is the dominating
mechanism during P desorption, an increase of Cl− and NO3

− could be observable. The
concentrations of total Cl and N showed despite some variation a decreasing trend. The
correlation of the change of dissolved total Cl and N with the concentration of dissolved P
in the sample solution showed no clear relationship (Figure 3C,D).
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Figure 3. Correlation between desorbed P and the change of (A) dissolved total Fe + Al for KCl,
(B) dissolved total Fe + Al for KNO3, (C) dissolved total Cl for KCl, and (D) dissolved total N for
KNO3 in the sample solution for all hydroxides and each desorption time step.

The concentration of dissolved total Fe and Al (separately Fe or Al for the sole hy-
droxides, sum of Fe and Al for the hydroxide-mixtures) showed enrichment in the sample
solution during P desorption, however, the values had a high variation and no distinct cor-
relation with the amount of desorbed P for the inorganic treatment (Figure 3A,B). While the
KCl treatment with the lower 5 mM concentration had higher concentrations of dissolved
total Fe and Al, the opposite was observed for KNO3. The same missing correlations of Fe,
Al, and P were observed for the organic desorption treatments, whereas the concentration
of dissolved Fe and Al increased in the sample solution as well. The Mal treatment showed
higher concentrations of dissolved total Fe and Al than His (Figure 4A,B).
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Figure 4. Correlation between desorbed P and the change of (A) dissolved total Fe + Al for histidine,
(B) dissolved total Fe + Al for malic acid, (C) dissolved total C for histidine, and (D) dissolved total C
for malic acid in the sample solution for all hydroxides and each desorption time step.

In addition, for desorption using organic constituents, total C was measured in the
sample solution, and the difference from the initial total C concentration (240 mg L−1 for
Mal and 3400 mg L−1 for His, respectively) to total C in the sample solution was calculated.
Again, no clear relationship to the amount of desorbed P was observed, whereas the C
concentration tended to decrease (Figure 4C,D).

3.4. Solution pH

The pH of the investigated hydroxides and the reaction solutions was adjusted to
6 prior to the experiments. After a 2 h desorption time, the pH of the sample solutions
increased for nearly all treatments and hydroxides (Table 7). Only goethite, ferrihydrite,
5 Fe: 1 Al, and 1 Fe: 1 Al had a decreasing or constant pH during desorption using 50 mM
KCl. The same was observed for goethite and ferrihydrite during desorption using 50 mM
His. No correlation was detected for the change of solution pH and the amount of desorbed
P (not shown).
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Table 7. Change of H+ concentrations in the sample solutions after 2 h desorption time.

Hydroxide ∆ c(H+) (10−7 mol L−1)

KCl KNO3 His Mal

5 mM 50 mM 5 mM 50 mM 5 mM 50 mM 5 mM 50 mM

Goethite −0.79 ± 0.00 1.18 ± 0.07 −3.36 ± 0.04 −2.91 ± 0.00 −3.44 ± 0.04 0.45 ± 0.64 −2.43 ± 0.00 −3.38 ± 0.46

Gibbsite −2.25 ± 0.04 −0.48 ± 0.01 −4.24 ± 0.01 −4.11 ± 0.03 −3.84 ± 0.26 0.00 ± 0.24 −2.73 ± 0.04 −4.44 ± 0.39

Ferrihydrite −1.87 ± 0.11 0.26 ± 0.30 −3.47 ± 0.16 −2.85 ± 0.20 −4.30 ± 0.24 −0.57 ± 0.11 −3.27 ± 0.01 −3.61 ± 0.78

1 Fe: 0 Al −2.30 ± 0.03 −0.44 ± 0.01 −4.18 ± 0.02 −4.06 ± 0.01 −5.71 ± 0.01 −1.72 ± 0.09 −3.05 ± 0.01 −7.08 ± 0.22

5 Fe: 1 Al −2.07 ± 0.00 0.17 ± 0.21 −3.58 ± 0.07 −3.39 ± 0.08 −5.39 ± 0.03 −1.52 ± 0.19 −2.89 ± 0.01 −5.34 ± 0.17

1 Fe: 1 Al −1.96 ± 0.11 0.00 ± 0.09 −3.40 ± 0.15 −2.75 ± 0.38 −4.77 ± 0.16 −1.17 ± 0.30 −2.88 ± 0.02 −3.86 ± 0.43

1 Fe: 5 Al −2.44 ± 0.01 −0.57 ± 0.06 −4.36 ± 0.06 −4.31 ± 0.02 −5.88 ± 0.02 −2.51 ± 0.32 −3.18 ± 0.04 −6.53 ± 0.19

0 Fe: 1 Al −2.44 ± 0.01 −0.63 ± 0.04 −4.46 ± 0.00 −4.33 ± 0.03 −5.78 ± 0.18 −3.78 ± 0.24 −3.21 ± 0.01 −8.88 ± 0.51

4. Discussion
4.1. Influence of Crystallinity and Fe/Al Content on P Sorption

During the preparation of the desorption experiments, it was already shown that
the different hydroxides had different reactive surface areas and hence, individual P
adsorption capacities. It is well known that P adsorption on Fe- and Al-hydroxides oc-
curs via inner-sphere complex formation [15,25,26,28,29,34], but also by surface precipita-
tion [24,29,35,36], at which the crystallinity grade of the hydroxides played an important
role. For goethite, several studies described the formation of either monodentate inner-
sphere complexes [36,37] or bidentate complexes [23,38] with a minor fraction of monoden-
tate complexes [23] in the intermediate pH range. Li and Stanforth (2000) [10] observed a
more negative surface charge of goethite due to the replacement of surface OH groups by
protonated and more acidic P anions, led to further decreasing P adsorption. For gibbsite,
the formation of simultaneously existent monodentate and bidentate surface complexes
with hydrogen-bonding to outer-sphere complexes was concluded [28,29]. In addition, the
formed inner-sphere complex was described as a precursor for Al-P precipitation [28,29,35],
decreasing with increasing pH due to the increased solubility of Al-phosphates at pH
values around 6 [35].

Studies on poorly crystalline ferrihydrite divided the process of P adsorption into
the formation of a monodentate [15,26] or bidentate inner-sphere complexes [22,25], the
migration of P to surface sorption sites of decreasing accessibility within the particles [39],
and with longer equilibration time also the formation of stable Fe-P precipitate [24,36]. For
the amorphous Fe-hydroxide, the preferred formation of bidentate surface complexes as
well as the formation of Fe-P precipitate with increasing P concentration and equilibration
time was described, whereas for the amorphous Al-hydroxides prevalent monodentate
inner-sphere complexes were reasoned. In the hydroxide mixtures, the Fe content is
particularly contributed to a stable P fixation by precipitation reactions [24], whereby also
P bindings via inner-sphere complexes were formed [40].

Summarized, the higher accessibility of both surface and structural binding sites of
amorphous hydroxides led to a higher amount of adsorbed and precipitated P compared
to well crystalline hydroxides, underlines the important role of amorphous Al and Fe
fractions for the release of labile P in soils [41]. The more rigid, but poorly crystalline
character allowed the migration of P into mineral particles, which also enabled a stable
and effective P adsorption related to the specific surface area [24]. The decrease of initially
P adsorption on the pure amorphous Al-hydroxide compared to the hydroxide mixtures
with predominant Al content can, thus, also be attributed to a transitional phase with
greater crystallization observed in the sample [24,34], which was already indicated by the
XRD measurements in the present study. It is therefore possible that the release of adsorbed
P from the inner mineral particle surface by means of anion exchange, in particular of more
complex organic anions, is sterically inhibited by the initial crystallization.
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As a consequence, the different binding motifs also have an impact on P mobilization.
“Nonspecific” physisorption via electrostatic attraction provides lower binding energy and
thus easy mobilization of P via ion exchange [5,6] while more “specific” chemisorption
results in stronger binding at the particle surface and lower availability of P over time [7,8].
However, the most stable and long-lasting P fixation occurs via precipitation on the par-
ticle surface [9,10]. The preferred formation of Fe-P precipitates during adsorption on
ferrihydrite and the amorphous hydroxides with predominant Fe amount led to a more
stable P binding, and hence, lower desorption capacities than the crystalline hydroxides.
With increasing Al content, the influence of the surface complexes also increased, which
is why the desorption capacity increased, in this study independently from the type of
extracting agent.

4.2. Effect of PZC and Electrolytes on P Adsorption

In addition to crystallinity or Fe/Al ratio, surface properties of the hydroxides also
play a major role regarding exchange reactions. Besides the specific reactive surface area, a
varying PZC influences sorption processes. The reported PZC from literature for goethite
varies from 6.4 to 9.7 [10,42,43], are in the range from 7.5 to 11.3 for gibbsite [44–47], and
between 7.6 and 8.0 for ferrihydrite [46,48]. Sujana et al. (2009) [33] reported PZC values
of the amorphous Fe- and Al-hydroxide mixtures in a range from 4.8 to 6.1, increasing
with an increasing amount of Al. In the present study, the measured PZC values of the
amorphous Fe- and Al-hydroxides were significantly higher and in a range from 6.0 to 9.8,
also increasing with increasing Al-amount. As the experimental pH was set to a value of 6,
the positive net charge and thus a positive electric potential below the PZC values led to
a charge surplus, and hence, stronger adsorption of anions. If the pH of the surrounding
solution will be increased, the positive potential decreases and becomes negative at pH
values above the PZC, constraining further specific adsorption.

But simultaneously with P adsorption, also sorption of protons (H+) takes place [49].
Along with the P adsorption process, a higher surface charge was produced by diffusion of
protons from and to the hydroxide surface [43,50]. Similar was observed for background
electrolyte solutions such as NaCl, NaNO3, or KNO3. The presence and concentration of
electrolytes in the reaction solution can lead to a decrease of the positive electric potential
and hence, a weaker P adsorption at low pH (<4) [42,51]. Certainly, the adsorption of
electrolytes or P will be mutually affected. Higher adsorption of cations can be supported
by a higher surface coverage of the hydroxide with negatively charged P [51]. Although the
PZC changes during P adsorption, the amount of bound P can be affected, depending on
the surrounding pH. In combination with the different binding motifs, depending on the
crystallinity and the Fe-amount of the hydroxides, the later release of P can be influenced.

4.3. Desorption Kinetics

Similar to the observations for P adsorption kinetics, desorption showed a biphasic be-
havior with a first rapid and a second slower stage, which was described in previous studies
for Fe- and Al-hydroxides by applying organic and inorganic reagents [11,26,52]. A great P
release within the first 24 h of desorption time was observed for all investigated hydroxides,
independent of their degree of crystallization or the Fe/Al ratio. However, compared to
the crystalline hydroxides, ferrihydrite, and the amorphous Fe- and Al-hydroxide mix-
tures showed in general lower release rates and a continuous P mobilization. This was
shown in both the P desorption kinetic curves and the calculated kinetic parameters. This
typical time-dependent trend can be attributed to the different P binding mechanisms of
the crystalline and amorphous hydroxides [11,24,53] and therefore, an easier release of
P from weaker outer-sphere bindings [54] and nonspecific adsorbed P from low-affinity
sites, followed by a slower release of specific adsorbed P from high-affinity sites as well as
diffusion of structural bound P [55]. Thus, during the adsorption process, related to the spe-
cific surface, comparatively more P was bound to goethite or gibbsite than to ferrihydrite,
but this P can be released again in the short-term. Meanwhile, the binding to amorphous
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hydroxides mainly contributes to a long-term release and a distinct ongoing mobiliza-
tion over time. The better fit of the Elovich equation suggested that P was desorbed by
chemisorption reactions, which was corroborated by previous studies using soil [53,56,57].
For ferrihydrite, in particular, the better applicability of the exponential function suggested
that P mobilization is slow at first and stronger with time. This would be in good agreement
with an inner-particulate P binding, which precedes the actual desorption with a diffusion
phase and the migration of inner-particle bound P.

But independently of the desorption reactions, the high calculated values of both
α (goethite and gibbsite) and β (ferrihydrite and amorphous hydroxide mixtures with
predominant Fe) do not seem realistic compared to the measured values. For example, a
cumulative P desorption of 3.44 ± 0.22 mg g−1 after 336 h desorption time was measured
for ferrihydrite. This equals 0.01 ± 0.00 mg m−2, while the calculated P release constant
over time β for the KCl treatment in the Elovich model amounted 392.88 mg min−1 m−2.
Since an empirical model like the Elovich equation describes processes in an ideal system,
an interpretation of the values can be difficult or misleading. An application to less ideal
or even natural systems such as soils can therefore be problematic [58]. An increase or
decrease of the fit parameters can display a change of reaction rates, whereas the slope
of the function depends more on the reaction conditions than on their characterization.
Therefore, it is possible to overestimate the initial or mid-term release due to either sharp
or weak curvature of the P desorption kinetics [58].

4.4. Inorganic Extracting Agents

A further aspect of P release is the mechanism of action and, thus, the efficiency of
both organic and inorganic extraction agents. Concerning inorganic anions, ion exchange
reactions are the main mechanisms during nutrient mobilization in general and P desorp-
tion in particular [1,59]. While hydrated monovalent ions such as K+, Cl−, or NO3

− usually
form weak non-spherical complexes on oppositely charged surfaces, P can be attached via
ligand exchange to the hydroxide surfaces [6]. However, the anion exchange of adsorbed P
by Cl− and NO3

− had still a clear effect on the crystalline hydroxides goethite and gibbsite
(from 40 to 81% desorption capacity), but its effectiveness was lower for ferrihydrite and
the amorphous Fe- and Al-hydroxides.

The successively decreasing desorption and the incomplete release of P, which varies
depending on the hydroxide, can be explained, among other factors, by the change of
anion exchange sites as a result of P adsorption, which was partly irreversible with respect
to adsorption of NO3

− and Cl− [34]. During P desorption using KCl and KNO3, the
concentration of total Cl and N decreased with increasing P release, whereby the effect
was more pronounced for KNO3. This gives an indication of anion exchange reactions,
where the anion concentration can vary greatly depending on the extracting agent and
investigated hydroxide. However, in the absence of a clear trend of the anion concentration
change in the reaction solution, mainly equilibrium reactions between the solid hydroxide
surface and the reaction solution took place.

4.5. Organic Extracting Agents

If both P and organic anions were present, the adsorption of P can already be affected
by the competition for adsorption sites, dissolution of adsorbents, change of the adsor-
bents surface charge, the formation of new adsorption sites by formation of metal-organic
complexes through adsorption of metal ions (e.g., Al3+, Fe3+), as well as the retardation
of crystal growth of poorly crystalline Fe- and Al-oxides and hydroxides [14–16,60,61].
If P was already adsorbed and hence, fixed, the further release can be controlled by the
dissolution of low soluble minerals, ligand exchange and the replacement P by organic
anions, as well as the formation of metal-organic complexes and thus the blocking of
adsorption sites [12,17,62–64].

The measurement of total C showed no clear trend supporting concentration changes
of organic anions during desorption using His and Mal, even though a stronger decrease



Soil Syst. 2021, 5, 33 16 of 21

was correlated for the 50 mM treatments. It can also be assumed that, in addition to anion
exchange, equilibrium reactions took place. If the changes of the Fe and Al concentrations
in the reaction solution were considered, in particular, more Fe and Al dissolved from
the amorphous hydroxides with increasing desorption. Due to the higher Fe and Al
concentrations at the beginning of desorption as well as the low release from the crystalline
hydroxides, dissolution of the hydroxides by organic reactants, in particular, was assumed
to be improbable. Moreover, the use of the organic reagents His and Mal showed a
distinctive higher release from crystalline than from amorphous hydroxides. Certainly, the
amount of released P was similar between organic and inorganic extracting agents, and,
therefore, a clear beneficial influence of the organic compounds was not detected.

Basak (2019) [13] reported an average amount of P released from rock phosphates by
organic acids in the range from 0.015 to 83.5% after 6 d reaction time, increasing with an
increasing concentration of the acids. The effectiveness of the used acids followed the order:
oxalic acid > citric acid > tartaric acid > formic acid > malic acid > succinic acid > acetic
acid. However, Basak (2019) [13] also described a decreasing P release for the increase of
the organic acid concentration from 0.3 to 0.5 M. Xu et al. (2004) [65] demonstrated that
citric acid has the highest capacity to solubilize P from rock and iron phosphates after
24 h reaction time and that an increase in the concentration of organic acids enhanced
significantly P solubilization (except oxalic acid). For P release from Fe phosphates, the
effectiveness of the organic acids followed the order: citric acid > oxalic acid > malonic acid
> tartaric acid > malic acid > acetic acid (not complete). Especially for citric acid, the amount
of released P increased from 13.7 to 67.0 mg g−1 with an increasing acid concentration
from 0.001 to 0.01 M. Wang et al. (2015) [53] studied P release from acidic, neutral, and
calcareous soils using low molecular weight organic acids. They reported a high efficiency
of oxalic acid (0.6 to 3.2 mg kg−1); followed by citric acid (0.6 to 2.8 mg kg−1) on cumulative
released organic P, regardless form the soil type. Concerning inorganic P fractions, oxalic
acid was more effective on calcareous soils, while citric acid had the highest amounts of P
release from neutral and acidic soils.

While the enhanced release of inorganic P was likely due to accelerating desorption
and dissolution processes, the acid strength contributed to the release of organic P. Gypser
et al. (2019) [11] showed a clear lower effect of inorganic constituents than organic acids
on P release from Fe- and Al-hydroxides using a concentration of 0.01 M at pH 6 over
1344 h reaction time. While P desorption using CaCl2 and CaSO4 amounted between
0.0 and 57.4%, humic acid showed a desorption capacity in the range from 0.3 to 87.2%.
Citric acid had the highest P release in the range from 6.7 to 90.5%. Moreover, desorption
increased with increasing crystallinity grade and Al content of the hydroxides. However,
the reaction time is a crucial factor in P release, also with respect to P that was strongly
bound on amorphous hydroxides. Thus, desorption reactions were still detected after an
experimental reaction time of 8 weeks [11]. Taghipour and Jalali (2013) [66] also reported a
lower efficiency of malic acid in comparison to citric and oxalic acid for calcareous soils. In
particular, the chemical structure, type, and location of the functional groups of the ligands
of organic acids influence the efficiency of P mobilization, where di- and tri-carboxylic
acids were more effective during mobilization than mono-carboxylic acids [63]. In terms
of carboxylation, the P release capacity of Mal (di-carboxylic) is expected to be higher
than that of His (mono-carboxylic). In the present study, the release capacities of both
compounds were equal for most hydroxides or only slightly higher for Mal. Therefore, the
effect related to the number of carboxylic groups may have been relativized by at least one
other mechanism.

Although the above-mentioned previous studies have shown that organic compounds
support P release, this effect could not be observed in comparison with the inorganic
compounds. One possible reason can be organic molecules acting as P adsorbing surfaces
in some circumstances [67], and form loosely surface-bound complexes with already
released P. Especially His has its isoelectric point in a neutral pH range (7.47 [68]) and can
act both as a proton donor as well as an acceptor. In addition, it has a simple aromatic
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ring and is therefore considered more stable than Mal [69]. This is relevant, considering
that P could be adsorbed on His and thus remained in soils, but can be released over a
longer time. Another reason, which is essentially also related to the complex structure
of organic molecules, is the formation of a “physical barrier” on the mineral surface and
hence, limiting P desorption [65,70].

As mentioned above, several processes can be considered for the release of initially
adsorbed P by organic constituents. These mechanisms can take place separately or in
combination. A mechanism that can take place both when P is adsorbed and when P and
organic anions occur simultaneously in the solution, is the dissolution of the adsorbent,
which is responsible for a very effective P release. In particular, the dissolution reveals a
clear relationship between released P and major components of the adsorbent [71]. In the
present study, the dissolved concentrations of Fe and Al in comparison to the initial Fe
and Al contents of the hydroxides (see Table 2) were too low to indicate the dissolution
of the hydroxides during P release. Furthermore, CTotal fluctuated around the initial
concentration of CTotal during the experiments with 5 mM His and Mal, while CTotal
decreased using 50 mM His and Mal. The concentrations of Fe and Al slightly increased at
the beginning of P desorption and fluctuated around zero during ongoing P mobilization,
which rather indicated an equilibrium reaction between solid and liquid phase than the
formation of metal-organic complexes in the reaction solution. Thus, ligand exchange and
the replacement of P by organic anions were concluded to be the predominant mechanisms
of P release by His and Mal. At the same time, the sorption of anions can induce adsorption
of H+ and thus, explain the increasing pH in the reaction solution.

Initially, it was expected that a higher concentration of the respective reactant would
also increase P release. In the present study, the opposite was observed. A possible
explanation could be an increasing P co-adsorption of already desorbed P, and the formation
of outer-sphere complexes by electrostatic interaction. Due to the addition of negative
charge by adsorption of organic anions, the electrostatic repulsive force decreased and
induced H+ adsorption as mentioned above. This more positive surface charge influenced
the sorption behavior of P on the mineral surface. The similar was observed for Ca2+ [42,72],
and Na+ [30] as background electrolytes. Duputel et al. (2013) [73] reported a decrease
of available P for citrate concentrations below 20 µM due to large adsorption of citrate,
enhancing Ca2+ adsorption and facilitate P binding through Ca-bridging. Hence, it can be
assumed that a purely additive effect is invalid or limited to a small range [34].

5. Conclusions

The Fe- and Al-hydroxides showed different capacities to retain inorganic P, depending
on the crystallinity of the hydroxides and, thus, the specific P binding motifs, govern the
extent and strength of desorption.

The poorly crystalline and amorphous hydroxides especially contribute to a stable
fixation of P. In addition, the proportion of Fe and Al plays a considerable role. Precipitation
of poorly soluble Fe-phosphates inhibits or prevents effective short- to medium-term
P mobilization from amorphous Fe-hydroxides. Al-hydroxides adsorb more P related to
the specific reactive surface area than Fe-hydroxides, but they also show a substantially
greater P release over time. Certainly, the release of adsorbed P from the inner mineral
particle surface through complex organic anions can be sterically inhibited by an initial
crystallization process.

In the present study, desorption using His and Mal might not be expected to sub-
stantially influence P desorption compared to selected inorganic constituents of the soil
solution. An increase in concentration tends to have a detrimental effect on P release
as well. It was suggested that organic molecules act as P adsorbing surfaces, which is
relevant, considering that P could be adsorbed on His, but can be released over a longer
time. Another reason, which is essentially also related to the complex structure of organic
molecules, is the formation of a “physical barrier” on the mineral surface and, hence,
limiting P desorption.
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The assumption that the majority of P fertilization is stably bound to components of
the soil and thus permanently unavailable to plants can therefore not be supported. The
implication of these results for a sustainable P management in agricultural soils is that
the consideration of the reactions of the P ions with soil particles should be included in
balancing of potential plant-available P. There will be a transfer of inorganic P from very
low/low available P pools (amorphous hydroxides) and low/readily available P pools
(crystalline Fe-hydroxides, Al-hydroxides), but with time as one decisive factor. Therefore,
a combination of extraction methods should be chosen for a comprehensive characterization
of the current soil P status, and a prediction of the potential recovery of P reserves. Thus,
at least the questions of the right rate and time of fertilizer application can be taken into
account to supply plants with previously unused P reserves, and to reduce fertilizer or to
use them more efficiently.

However, P adsorption and desorption will vary greatly in natural systems compared
to purely artificial systems, as various physico–chemical properties significantly limit the as-
sumption of pure additive effects. For an accurate calculation, a transfer from the lab to the
field and the consideration of further factors, such as soil organic matter, pH, or crop type
is necessary. The purpose should be the establishment of advanced methods and protocols
to evaluate these implications and to link soil research with agronomic implementations.
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