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• Retention of P in the soil increased
with the addition of LDHs and in the
presence of Ca2+ in comparison to
K+.

• Both breakthrough curves and reten-
tion profiles for P were simulated by
Hydrous 1D.

• A potential for Fe/Al oxides-facilitated
transport of P under the change of soil
solution chemistry.

• The dissolution and transport of LDHs
could be impeded in the presence of
high cation valence and IS.
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A B S T R A C T

Mg-Al layered double hydroxides (LDHs) were synthesized and applied to soils to control phosphorus (P) loss.
Saturated soil column experiments and numerical modeling were conducted to investigate the transport, re-
tention, and release behavior of P in natural soil with and without mixing LDHs under various solution che-
mistries. Retention of P in the soil increased with the addition of 0.5% LDHs and in the presence of Ca2+ in
comparison to K+. The simulated results showed that irreversible retention of P is greater in the presence of
Ca2+ than K+ in soil without LDHs and in the presence of 0.5% LDHs in comparison to the absence. The increase
of ionic strength (IS) for K+ from 1 to 100mM resulted in increased P retention in LDH-soil system due to more
inner-sphere complexes and increased adhesive force. Near equilibrium retention on the reversible site occurred
for all these experiments. The P was desorbed and the transport of dissolved P was improved with the reduction
of IS in the presence of K+. On the other side, larger ion exchange and reduction of IS in the presence of Ca2+

induced the release of Fe/Al oxides which brought transport of P absorbed on those minerals, suggesting the
potential for Fe/Al oxides-facilitated transport of P under the change of soil solution chemistry. Additionally, the
transport and stability of LDHs in soil column were also investigated. The dissolution and transport of LDHs
could be impeded in presence of high cation valence and IS.
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1. Introduction

Phosphorus (P) is an essential macronutrient that is a limiting factor
for biological productivity in terrestrial environments [1]. In agri-
cultural soils, over-application of P to increase crop productivity has
caused P losses to adjacent water systems and promoted diffuse pollu-
tion and eutrophication [2,3]. Reducing soil P leaching and improving
P long-term availability have therefore been hot topics for P nutrient
management in soil.

Layered double hydroxides (LDHs) have a very high P sorption ca-
pacity (e.g. ∼2.25mmol L−1) [4]. Recent research studies have in-
vestigated LDHs as promising phosphate adsorbents in waste streams
due to their high charge density sheets, large interlayer areas, and high
anion exchange capacity [4–6]. Runoff losses of P have also been shown
to be significantly reduced when using P-LDHs fertilizer in soils [7].
However, little research attention has focused on the direct application
of LDHs in soil to decrease P leaching and dissemination in the en-
vironment. This study is one of the first to investigate the role of LDHs
for the control of soil P loss.

LDHs loaded with P can serve as controlled released fertilizers that
can maintain plant availability to P over longer periods than conven-
tional fertilizers [8–11]. In particular, the availability of P on LDHs was
higher than that of traditional fertilizers in both acid and calcareous
soils [8,12]. These results imply that adsorbed P on LDHs may be slowly
released to the plants. Therefore, the addition of LDHs to soils is ben-
eficial for both soil P loss control and increased availability to plants.

The adsorption behavior of anions on LDHs in aqueous and packed-
bed columns has been investigated under various physical and chemical
conditions including solution pH [1,4,5], soil types [8], and particle
sizes [5]. The retention of engineered nanoparticles (ENPs) in soils can
be enhanced at a higher ionic strength (IS) [13–15] and by changing
monovalent to divalent cations [16–19] due to an increase in the ad-
hesive force. Accordingly, the attachment of LDHs that are associated
with P is expected to be influenced by the IS, cation valence, and cation
exchange. However, little research attention has focused on P adsorp-
tion and LDH attachment behavior under different soil solution chem-
istry conditions such as ion type and IS.

The objective of this study is to better understand roles of LDHs,
solution IS, and cation type on the transport, retention, and release
behaviors of P in natural soil. Breakthrough curves and retention pro-
files for P and LDHs were investigated in column experiments, and a
numerical model was employed to simulate the fate of P. Additional
experiments were conducted to determine the release of P and LDHs
with perturbations in solution chemistry (i.e. IS reductions and cation
exchange). This knowledge can be useful for environmental applica-
tions and risk management for surface water eutrophication and soil
intensive fertilization.

2. Materials and methods

2.1. Soil and LDHs

Soil samples were collected from the upper 20 cm of an agriculture
field site in Shuyang, China, air dried and sieved to< 2mm. The soil
contained 6.4% clay, 52% silt, and 41.6% sand according to the method
by Bouyoucos [20]. It had a total organic carbon content of
0.14 ± 0.01%, and a neutral pH value of 7.08 ± 0.04. Mg/Al-LDHs
were prepared by the co-precipitation method [4]. In brief, a 600mL
mixture of MgCl2 and AlCl3 aqueous solution with [Mg2+]/[Al3+]
ratio= 2 and [Mg2+]+ [Al3+]=1M was added dropwise
(∼2.5mLmin−1) into a flask containing 600mL of a 1M NaCl solution.
The addition was performed under vigorous stirring at pH∼ 8.5–9 and
fixed with a 2M NaOH solution. The synthesis was performed under
nitrogen bubbling to minimize carbonate intercalation. Once the ad-
dition of reactants was finished, the mixture was maintained under
stirring, nitrogen bubbling and pH control for 2 h. The solid precipitate

of LDHs was then separated by centrifugation, washed several times
with Milli-Q water and finally dried in air at 60 °C. The collected LDHs
was ground and sieved using a mesh screen (No. 100). The Mg and Al
concentrations of LDHs was determined by inductively coupled plasma
optical emission spectrometer (ICP-OES) after dissolving in 3.6M
H2SO4. The powder X-ray diffraction (XRD) pattern and scanning
electron microscope-energy dispersive spectrometer (SEM-EDS) images
were obtained to characterize LDHs. Additionally, the zeta potentials of
LDHs and soil in KCl and CaCl2 solutions at different IS (1, 5, 10, 20, 50,
100mM) were determined using a Zetasizer Nano Apparatus (Zetasizer
Nano ZS90, RI: 1.54, Absorption: 0.05).

2.2. Transport and retention experiments

Various electrolyte solutions were prepared in Milli-Q water using
different cation types (i.e., 1 mM K+ and Ca2+, molar concentration
1mmol L−1 KCl and 0.33mmol L−1 CaCl2) and IS (1, 10, 20, and
100mM KCl). The P solution was prepared by adding KH2PO4

(0.75 g P L−1) to Milli-Q water for transport experiments in the pre-
sence of K+. It is worth noting that the P solution in Milli-Q water
contains 24mM K+ and we did not prepare it in the different IS K+

solution to avoid two variational IS in a transport experiment. The P
transport experiments were conducted in packed columns with and
without the addition of 0.5% LDHs to the soil. Soils were mixed with
0.5% of LDHs by shaking over 1 h vertically at 280 rpm before column
packing. The porosity of the packed column was approximately 0.5. The
approach for column experiments has been previously described by
Zhang et al. [19]. In brief, steady-state flow from the column bottom to
the top was achieved using a peristaltic pump. The packed column was
equilibrated before initiating the transport experiment by slowly in-
jecting (Darcy velocity of 0.16 cmmin−1) approximately 20–25 pore
volumes of a selected background electrolyte solution. The transport
experiment for P consisted of injecting a 1.8 pore volume pulse of P
solution, followed by continued eluting with the same background
electrolyte solution for another 4.1 pore volumes at a constant Darcy
velocity of 0.32 cmmin−1. The effluent concentrations of P were de-
termined using the ICP-OES. After recovery of the breakthrough curve
(BTC), the P retention profile (RP) was determined by excavating soil
samples from the column in 1 cm increments. The collected soil in each
sample was extracted with ∼50mL of Milli-Q water, followed with
∼30mL of 3.6M H2SO4 then with ∼50mL of Milli-Q water to de-
termine the P concentration in the soil. Preliminary experiments de-
monstrated that LDHs could be dissolved with 3.6 M H2SO4 and the
recovery of added P concentration was 99.8% with this extraction
method (shown in Supporting information). Soil samples from the P
transport experiment in presence of 1mM K+ and 0.5% LDHs were
collected for measurement with the SEM-EDS. A summary of the ex-
perimental conditions is provided in Table 1. All the experiments were
replicated and exhibited similar results.

A control experiment in the presence of 1mM K+, but without P
injection, was operated in a similar manner to determine the back-
ground value of P in the soil. The effluent concentrations of P for this
control experiment were extremely low and negligible.

2.3. Release experiments

The release behavior of retained P in the LDHs-soil with IS reduction
and cation exchange was investigated to assess its stability and the
distribution of LDHs. The P transport experiment in the presence of
100mM K+ was conducted as discussed in the section 2.2 and subse-
quently the background solution was changed to Milli-Q water for an-
other 5.9 PVs. For release experiments in the presence of Ca2+, the
initial transport experiment (Step 1) was conducted using KH2PO4

(0.75 g P L−1) in 1mM (Ex. I) and 10mM (Ex. II) Ca2+ for soil with
0.5% LDHs, as well as 1mM Ca2+ for soil without LDHs (Ex. III). The
release experiments were then initiated by changing the elution
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solution chemistry in the following sequence: Milli-Q water for 5.9 PVs
(Step 2); KCl at the same IS as in step 1 for 1.8 PVs (Step 3); Milli-Q
water for 4.1 PVs (Step 4); 100mM KCl for 1.8 PVs (Step 5); and Milli-Q
water for 4.1 PVs (Step 6). The concentrations of P in the effluent and
soil were measured in the same manner as in transport experiments.
Cation exchange and soil/LDHs were quantified by measuring con-
centrations of K, Ca, Fe, Al, and Mg using the ICP-OES. In order to
investigate the impact of cation exchange and IS reduction on LDHs
transport in the soil column system, the Mg concentration in excavated
soil samples was determined following the release experiment using
same process as in Section 2.2. The Mg concentration distribution in the
soil column without LDHs was used to determine its background level.
A Mg concentration above the background value was considered as an
indication of the LDHs concentration. Additionally, released colloids in
the effluent of Step 6 of Ex. I were characterized by SEM-EDS.

2.4. Numerical modelling

The one-dimensional transport of P in soil columns with and
without LDHs was simulated using the HYDRUS 1D code [21]. Trans-
port was described using the advection-dispersion equation with two
kinetic retention sites as [22,23]:
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where θ is the volumetric water content, c is the phosphate con-
centration in the aqueous phase [M L−3], where L and M denote units of
length and mass of P, respectively, ρb is the bulk density of the soil
matrix [Ms L−3, where Ms denotes the soil mass], t is the time [T de-
notes units of time], x is the vertical spatial coordinate [L], D is the
hydrodynamic dispersion coefficient [L2 T−1], q is the Darcy velocity [L
T−1], and S1 [M Ms

−1] and S2 [M Ms
−1] are the phosphate con-

centrations associated with retention sites 1 and 2, respectively.
The two kinetic sites were needed to accurately describe the re-

tention of phosphate on the soil with/without LDHs [24]. The first ki-
netic site (Eq. (2)) assumes irreversible retention and Langmuirian
blocking, whereas the second kinetic site (Eq. (3)) considers reversible
retention as:
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where k1 [T−1] and k2 [T−1] are first-order retention rate coefficients
on site 1 and 2, respectively, and k2d [T−1] is the release rate from site
2. The Langmuirian blocking function, ψ [–], decreases k1 in a linear
manner with increasing S1 as available retention sites fill and is given

by:

=ψ S
Smax

1

1 (4)

where Smax1 [M Ms
−1] is the maximum potential concentration of

phosphate on site 1.
BTCs and RPs from the P transport experiments were analyzed using

the HYDRUS-1D code to fit the phosphate transport parameters (k1,
Smax1, k2, and k2d) using a nonlinear least square optimization routine
based on the Levenberg-Marquardt algorithm [25].

3. Results and discussion

3.1. Characterization of LDHs and zeta potentials

The ICP-OES results show that the Mg/Al mole ratio is 1.9 for Mg-
Al-LDHs. The XRD pattern of Mg/Al-LDHs is given in Fig. S1a. The
result shows the typical XRD pattern of a pure hydrotalcite, which is
consistent with other findings in the literatures [4,9,26,27]. Fig. S1b
displays the SEM image of the synthesized Mg/Al-LDHs. These uniform
and regular LDHs platelets are similar to those shown by Berber et al.
[25], and confirm the good crystallinity in XRD results.

Fig. 1 presents plots of measured zeta potentials (ξ) for LDHs, soil,
and LDHs-soil as a function of IS and cation valence (K+ and Ca2+). The

Table 1
Experimental conditions, hydraulic parameters and mass balance information for all column experiments.

IS (mM) Cation Solution pH LDHs (%) C0 (g L−1) Darcy (cmmin−1) φ Meff (%) Msoil (%) Mtotal (%)

Fig. 2 1 K 5.76 ± 0.08 0 0.76 0.31 0.55 84.1 15.7 99.8
1 K 5.76 ± 0.08 0.5 0.76 0.32 0.51 54.4 43.9 98.3
1 Ca 5.32 ± 0.01 0 0.76 0.32 0.5 68.5 27.9 96.4
1 Ca 5.32 ± 0.01 0.5 0.75 0.30 0.5 48.9 47.8 96.7

Fig. 3 1 K 5.76 ± 0.08 0.5 0.76 0.32 0.51 54.4 43.9 98.3
10 K 5.38 ± 0.04 0.5 0.76 0.31 0.5 48.3 41.2 89.5
20 K 5.16 ± 0.02 0.5 0.74 0.35 0.5 48 45.6 93.6
100 K 5.01 ± 0.06 0.5 0.71 0.31 0.5 44.3 54.8 99.1

Fig. 5 100–0 K 5.01 ± 0.06 0.5 0.72 0.31 0.48 53.7 45.3 99.0
Ex. I 1 Ca-K 5.32 ± 0.01 0.5 0.77 0.31 0.51 58.0 39.5 97.5
Ex. II 10 Ca-K 4.87 ± 0.03 0.5 0.76 0.35 0.5 55.9 31 86.9
Ex. III 1 Ca-K 5.32 ± 0.01 0 0.76 0.32 0.5 85.1 17.3 102.4

Fig. 2: cation type and LDHs effect; Fig. 3: ionic strength effect; Fig. 5: release of P by ionic strength reduction and cation exchange; C0, P input concentration; IS, ionic
strength; φ, porosity; Meff, Msoil, and Mtotal are mass percentages of injected phosphate recovered from effluent, soil, and total, respectively.

Fig. 1. Zeta potential values of LDHs, soil, and LDHs-soil (i.e. 0.5% LDHs) as a
function of the solution (KCl and CaCl2) ionic strength (IS= 1, 5, 10, 20, 50,
and 100mM, respectively).
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LDHs and soil exhibited positive and negative charges, respectively, for
all selected solution chemistries, which indicates that there are attrac-
tive electrostatic interactions between LDHs and soil. These results
suggest that the addition of LDHs could increase the sorption of phos-
phate by increasing the number of positively charged sites in the soil.
However, the addition of 0.5% LDHs in the soil did not significantly
change the net value of the ξ (Fig. 1). Additionally, a change in the IS
using Ca2+ had little influence on the charge of the soil with and
without 0.5% LDHs. For LDHs, increasing the IS from 50 to 100mM
using Ca2+ ions decreased the value of ξ. The charge of soil, LDHs, and
LDHs-soil was more sensitive to change in IS using K+ and the absolute
value of charge significantly decreased when the IS increased above
20mM K+. These changes of ξ with IS suggested that altering IS of K+

will have a greater influence on phosphate sorption and transport than
changing IS of Ca2+. Furthermore, Ca2+ and K+ have a significantly
different influence on charge of all LDHs, soil, and LDHs-soil, which
indicates that the cation valence may have an effect on phosphate ab-
sorbed in LDHs-soil. Therefore, in the following transport experiment,
we compared the influence of IS in the presence of K+ and the influence
of cation valence on P transport and retention in the column.

3.2. Transport and retention of P

The effect of cation valence and LDHs on the transport and retention
of P in soil was presented in Fig. 2. The background solution chemistry
for these experiments was IS= 1mM in the presence of monovalent K+

or divalent Ca2+ cation. The BTCs (Fig. 2a) are plotted as the nor-
malized effluent concentration (C/C0) of phosphate versus pore vo-
lumes and the RPs (Fig. 2b) are plotted as normalized solid phase
concentration of injected phosphate (S/C0) as a function of distance
from the column inlet. Table 1 summarizes the experiment conditions,
hydraulic parameters, and mass balance of information for all experi-
ments. The total mass balance (Mtotal) of all column experiments for
injected phosphate in Fig. 2 was always greater than 96% (Table 1), and
this indicates that our experimental procedures provided good P re-
covery.

The mass percentage of phosphate recovered from the effluent (Meff)
strongly decreased by 19.6–29.7% for both cation types when 0.5%
LDHs was added to the soil, resulting in a corresponding increase in the
solid phase mass percentage (Msoil) in Table 1. These trends are attri-
butable to an increase of adsorption sites of phosphate. The phosphate
adsorption on LDHs occurs via three different adsorption modes: elec-
trostatic attraction, anion exchange, and surface complexation [4]. The
positive charge of LDHs creates a favorable chemistry for binding ne-
gatively charged phosphate and adsorption of phosphate takes place by
anion exchange with interlayer chloride ions. Additionally, phosphorus

acts as a ligand that binds directly to Al3+ or Mg2+ ions at the surface
[4]. The value of Msoil also increased by 3.9–12.2% in the presence of
Ca2+ than Msoil in the presence of K+ in both soil and LHDs-soil. Sev-
eral factors can contribute to increased phosphate retention in the
presence of Ca2+ than K+. For example, increasing Ca2+ concentration
could facilitate the formation of Ca-bound P as metastable minerals in
the column [28,29]. Also Ca2+ can produce a stronger adhesive force
for LDHs-soil by localized cation bridging [16,19], and/or neutraliza-
tion or reversal of surface charge [30] which reduces the net magnitude
of ξ (Fig. 1) and thus increases the adsorption of phosphate. In addition,
phosphate desorption is reported to be greater in the presence of K+

than Ca2+ [31].
Fig. 2a shows a smaller increase in the BTC in the presence of Ca2+

than for K+. In general, the breakthrough curves indicate that the effect
of Ca2+ is more apparent in the absence than the presence of LDHs.
Similar tailing behavior occurs in all BTCs and plays a relatively small
role in comparison to irreversible retention. The BTCs and RPs for
phosphate were well described using the transport model with two ki-
netic retention sites (R2 > 0.94). Table 2 presents fitted retention
model parameters and the R2 value for the goodness of fit in experi-
ments. The RPs profiles mainly reflect the amount of irreversible re-
tention (site 1). As discussed above, irreversible retention (Smax1) was
greater in the presence of 0.5% LDHs in comparison to the absence
(Table 2). For the irreversible site 1, the value of k1 and Smax1 are much
larger in the presence of Ca2+ than for K+ for soil without LDHs. The
presence of LDHs increased both k1 and Smax1 in the presence of K+,
whereas it only increased Smax1 in the presence of Ca2+ (Table 2). The
tailing portion of the BTCs reflects the reversible retention site 2. Values
k2d were larger than k2 for all the experiments and this reflected a rapid
release process that exhibited near equilibrium transport behavior [32].

Fig. 3 presents observed and simulated BTCs and RPs for phosphate
in soil with 0.5% LDHs when the IS= 1, 10, 20, and 100mM KCl. All
the BTCs for phosphate exhibited increasing breakthrough concentra-
tions over time due to blocking; i.e., filling of a limited number of re-
tention sites with continued phosphate injection. The effect of IS has
normally been correlated with the type of outer-sphere and inner-
sphere surface complexes [33,34]. Adsorbed P forming outer-sphere
complexes via electrostatic interaction could compete with the sup-
porting electrolyte ion (i.e. Cl−) for adsorption on surface sites. In this
case, adsorption of phosphate decreases with increasing IS [35]. On the
other hand, no or less competition occurs when PO4

3− forms inner-
sphere complexes, which are coordinated to a surface group via ligand
exchange directly [35]. Moreover, increasing IS modified the electrical
potential at the interface and decrease the electrostatic repulsion be-
tween the charged surface and ion, thus favoring adsorption process
which have been implicated in many cases with inner-sphere

Fig. 2. Effect of cation type and LDHs on the transport and retention of P in soil: observed and fitted breakthrough curves (a) and retention profiles (b) of P under
1 mM K+ and Ca2+ with and without 0.5% LDHs. C0: P input concentration. S: normalized solid phase concentration of injected P after transport experiment.
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complexation [33–36].
In our case, the Msoil seems increasing slightly with IS although it is

not obvious for IS≤ 10mM (Table 1), probably due to increasing
phosphate adsorption by more inner-sphere complexes and increased
adhesive force. For the reversible site 2, the k2 and k2d for IS= 10 and
20mM decreased in comparison with IS= 1mM (Table 2). For the

irreversible site 1, the values of Smax1 increase slightly when IS in-
creased from 0 to 20mM (Table 2). These results reflected a relatively
higher contribution of irreversible retention in comparison with re-
versible retention for the amount of retained phosphate in LDHs-soil.
For the IS= 100mM, the values of k1, Smax1, k2, and k2d are the smallest
in spite of the largest amount of phosphate retained in LDHs-soil. There

Table 2
Fitted model parameters.

IS (mM) Cation LDHs (%) k1 (T−1) Smax1 (MMs
−1) k2 (T−1) k2d (T−1) R2

Fig. 2 1 K 0 3.52E−01 1.25E−01 1.56E−01 4.61E−01 0.962
1 K 0.5 6.92E−01 2.80E−01 1.58E−01 6.02E−01 0.966
1 Ca 0 5.48E−01 2.02E−01 1.45E−01 3.07E−01 0.974
1 Ca 0.5 2.28E−01 2.73E−01 1.94E−02 4.21E−02 0.947

Fig. 3 1 K 0.5 6.92E−01 2.80E−01 1.58E−01 6.02E−01 0.966
10 K 0.5 7.83E−01 3.03E−01 1.27E−01 3.13E−01 0.966
20 K 0.5 6.91E−01 3.19E−01 1.07E−01 2.29E−01 0.962
100 K 0.5 4.82E−01 2.67E−01 9.40E−03 1.74E−05 0.963

Fig. 2: cation type and LDHs effect; Fig. 3: ionic strength effect; IS: ionic strength; R2 reflects the correlation of observed and fitted data; k1 and k2, the first-order
retention rate coefficients on site 1 and 2, respectively; k2d, the first-order release rate coefficient from site 2; Smax1, normalized maximum solid phase concentration
of deposited phosphate on site 1.

Fig. 3. Effect of ionic strength on the transport and retention of P in soil: observed and fitted breakthrough curves (a) and retention profiles (b) of P under 1, 10, 20,
and 100mM KCl, respectively.

Fig. 4. Scan electron microscope (SEM) and corre-
sponding energy dispersive spectrometer (EDS) for
line scan (i.e. the part of yellow line in SEM image)
for LDHs added soil sample after P transport with
1mM KCl as background solution. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Breakthrough and release behavior of P (a) for the release experiment with IS reducing from 100 to 0mM in the presence of K+, and P (b), K, and Ca (c) as
well as retention profiles of P in soil (d) for experiments I, II, and III, respectively.
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is a complicated situation for the experiment in the presence of
IS= 100mM K+: the injection of phosphate solution with ∼24mM K+

brought a relatively decreasing IS and the following injection of back-
ground solution brought increasing IS. In the study of Jensen et al. [31],
the transport of dissolved inorganic P through an intact water-saturated
column was improved with decrease of IS of the infiltration solution. It
suggested that desorption and release of phosphate from soil-LDH
particles increase with the decreasing of IS. Correspondingly, the earlier
elution of phosphate for IS= 100mM than smaller IS may be due to
desorption and release of phosphate during the injection of phosphate
solution. The fitted results for 100mM K+ may reflect the results for
decreased IS during phosphate injection but could not simulate the
whole complicated transport experiment accurately.

Fig. 4 presents the line scan result of SEM and corresponding EDS
for 0.5% LDHs soil sample after completion of a P transport experiment
at the presence of 1mM K+. We found Fe/Al oxides, Mg/Al-LDHs, Fe
bearing clay, and SiO2 minerals in the sample according to the line scan
of elemental composition measured by EDS. The intensity of P is the
highest with Mg/Al-LDHs mineral and is also relatively high with Fe/Al
oxides compared to other minerals (Fig. 4). Many researchers have al-
ready reported that P was dominantly associated with amorphous Fe
and Al oxides fractions in various soil types in the USA and Europe
[34,37,38]. Our SEM-EDS result confirmed that more P was adsorbed to
Mg/Al-LDHs than Fe/Al oxides. This information clearly shows that
Mg/Al-LDHs are effective adsorbents for phosphate in soil.

3.3. The roles of IS reduction, cation valance, and exchange on release of
phosphate

Fig. 5a presents the BTC for the phosphate transport experiment in
the presence of 100mM K+ for the first 5.9 PVs and then the back-
ground solution of 100mM K+ was changed to Milli-Q water (i.e. 0 mM
K+) for another 5.9 PVs. A certain amounts of phosphate (12.8%) was
eluted when IS changed from 100 to 0mM (Fig. 5a). Then the effluents
were filtered with 450 nm membrane (i.e. dissolved P) and the amounts
of dissolved P in the effluents were similar with the eluted total P. As
discussed before, desorption and release of phosphate from soil-LDHs
particles increase with the decreasing of IS in the presence of K+.

For the experiment I, II, and III, all the transports of phosphate occur
mainly in the first step (i.e. P transport experiment) where IS of Ca
(1mM or 10mM) are smaller than those of K (∼24mM, the injection of

KH2PO4, Fig. 5b). The CaCl2 has been injected around 20–25 pore vo-
lumes as background solution before the transport experiment. How-
ever, Ca was eluted instead of K which indicated that ion exchange has
occurred in the first step for all the experiments. Little amounts of re-
leased phosphate have been reported when transient solution chemistry
reduce the adhesive force (i.e. the injection of Milli-Q water in the step
2). Moreover, in step 3 and 4, increasing cation exchange in experiment
II (i.e. the release of more Ca by injecting K) and following reducing of
IS (i.e. the injection of Milli-Q water in step 4) could not enhance the
release of phosphate compared to experiment I. All those results in-
dicated that the adsorption of phosphate on soil and LDHs particles in
the presence of Ca2+ is strong enough and cation exchange as well as
change of IS have little influence on the release and desorption of P
retained in soil. Additionally, when IS of K increased significantly to
100mM (i.e. Step 5) and then reduced to 0mM (i.e. injection of Milli-Q
water in step 6), substantial release of Ca2+ was produced as a result of
cation exchange. Consequently, a small amounts of particles were re-
leased during following IS reduction from 100 to 0mM (i.e. step 6). The
enlarged BTC of experiment I (Fig. 6a) indicated that a small peak
containing P, Fe, and Al occurred during step 6, which suggested that
phosphate was released with Fe/Al oxides minerals. This result was also
confirmed with the line scan result of SEM-EDS for released particles
(Fig. 6b). These released particles contained Fe oxides, SiO2, and clay
minerals according to the EDS results of line scan of particles (Fig. 6b).
We found that P was enriched with minerals dominated by Fe and O,
i.e. Fe oxides minerals (Fig. 6b). Thus we concluded that the release of P
in the presence of Ca2+ is possible in a certain situation: the ion ex-
change and reduction of IS need to be large enough to release small-
sized soil particles and P adsorbed on those particles could be released
correspondingly. The colloid-facilitated transport of multi-walled
carbon nanotubes (MWCNTs) and silver nanoparticles were also re-
ported and the release behavior of those, Fe, and Al closely follow each
other with cation exchange and IS reduction [18,19]. All of these ob-
servations support the potential for Fe/Al oxides-facilitated transport of
P during release experiments. Also, compared to P transport experi-
ments at the presence of 1mM Ca2+ as shown in Fig. 2, the transported
amounts of P in Ex. I and III were higher after release experiments
which is consistent with the discussion above (Table 1). Fig. 5d presents
the RPs for P following completion of the release experiments. Similar
to other RPs for Ca2+ as background solution (Fig. 2), the P distribution
has no significant difference with column depth.

Fig. 6. Release behavior of P, Fe, and Al (left) and scan electron microscope (SEM) and corresponding energy dispersive spectrometer (EDS) for line scan (i.e. the part
of yellow line) for the released particle during step 6 of experiment I. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

X. Jiang, et al. Chemical Engineering Journal 373 (2019) 1111–1119

1117



3.4. Stability and distribution of Mg/Al-LDHs

To further confirm the stability and distribution of Mg/Al-LDHs in
soil column, Fig. 7 presents the BTCs and RPs for Mg concentrations
with and without mixing 0.5% LDHs in soil column. For IS= 1 and
10mM K+, the addition of LDHs caused higher BTCs for Mg than that
without LDHs (Fig. 7a). The Al concentrations in BTCs for all soil col-
umns with and without addition of Mg/Al LDHs are extremely low
(data not shown), which indicated that the increasing Mg in BTCs is
probably from the dissolution of Mg/Al-LDHs instead of the release of
Mg/Al-LDHs particles. The partial dissolution of LDHs has been found
in many researches and the increase of solubility of LDHs after phos-
phate adsorption has also been reported [39–41]. The solubility of
LDHs in soil is probably due to the complexity of soil environment and
can be highly affected by soil reactions such as complexation and pre-
cipitation of aluminum with organic and inorganic anions [42]. Fur-
thermore, the phosphate adsorption with decreasing degree of

crystallinity of LDHs can also increase the solubility of LDHs in soil
[42]. Additionally, pH and particle size are also be factors affecting on
LDHs solubility in solution: high pH and large particles could impede
high dissolution [4,43–45]. On the other side, Fig. 7 presents the in-
fluence of IS (Fig. 7a) and cation types (Fig. 7a and b) on the dissolution
of LDHs. The difference of transported Mg concentrations with and
without LDHs (i.e. the amount of dissolved LDHs) decreased with
higher IS (Fig. 7a). Additionally, the difference could be negligible for
Ca2+ as background solution: the BTCs of Mg during P transport are
similar in soil columns with and without mixing 0.5% LDHs (Fig. 7b,
Step 1). Moreover, even the following ion exchange and change of IS
could not cause more transport of Mg from LDHs and the difference of
transported Mg concentrations was negligible between the whole Ex. I
and III (Fig. 7b). On the other word, high cation valence impeded the
transport of Mg from LDHs even under the change of solution chem-
istry. It should be mentioned that the solubility of LDHs increased with
increasing IS in solution according to the research from Halajnia et al.
[42]. Increasing interactions between solute and solvent ions in higher
IS cause more dissolution of solvent because of the activity coefficients
to maintain a constant solubility product at equilibrium [46]. Our re-
sults suggested that higher cation valence and IS could impede the
transport of Mg dissolved from LDHs and the dissolution of LDHs may
be different between solution and soil systems under conditions related
to IS and cation valence. This could be explained by increasing bridging
complexation and interaction between soil grains and LDHs particles in
the presence of Ca2+ or higher IS and thus impeding the dissolution of
LDHs [16].

Fig. 7c shows the distribution of Mg concentrations with column
depth after those experiments. For 1mM K+ as background solution,
the extracted concentrations of Mg in soil column and soil-LDHs column
increased with depth. The difference of Mg concentrations (Fig. 7d,
[Mg]) between soil and soil-LDHs is referred to the indication for the
concentration of LDHs. The distribution of LDHs in the presence of
1mM K+ has shown the similar tendency (Fig. 7d). However, the dis-
tributions of Mg from soil and LDHs-soil in presence of 10mM K+ and
Ca2+ are relatively homogenous with depth. Those results indicated
that Mg from both soil and LDHs are transported to the deeper layer in
presence of 1mM K+ while the transport of LDHs was more repressive
with larger IS and in the presence of divalent Ca2+. Natural soil mineral
surfaces (e.g. clay minerals) show a stronger affinity for divalent than
monovalent cations [47]. Our results suggested that cation bridging in
presence of Ca2+ and higher IS increased the strength of adhesive in-
teraction, such that the transport of LDHs in soil column are limited in
presence of divalent cation and higher IS.

4. Conclusion

Findings in this study provide important insight on the roles of
LDHs, solution IS, cation valance, and soil colloids on the transport,
retention, and remobilization of P in soils. Experimental and modelling
results indicate that the transport of P was reduced by the addition of
LDHs and divalent cation due to the increased irreversible retention of
P in soil. The increase of IS for K+ from 1 to 100mM resulted in in-
creased P retention in LDHs-soil system due to more inner-sphere
complexes and increased adhesive force. Significant amount of phos-
phate could be desorbed and transported from LDHs-soil by the re-
duction of IS in the presence of K+. The Fe/Al oxides-facilitated
transport of P is possible by the large perturbations in soil solution
chemistry such as IS reduction and cation exchange that reduced the
adhesive force. These results suggest the potential for the application of
LDHs to reduce the transport of P in soil. The dissolution and transport
of LDHs in soil could be impeded in presence of high cation valence and
IS. However, there is still potential risk of P transport from LDHs-soil to
nearby river system, especially during rainfall or irrigation events that
alter the solution chemistry.

Fig. 7. The transport (a,b) and retention (c) of Mg concentrations for column
experiments with different ion strength of KCl (i.e. 1 and 10mM) and amounts
of LDHs (i.e. 0% and 0.5%) as well as for experiment I and III. [CMg] (d) in-
dicates the concentration of retained LDHs in soil.
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