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A B S T R A C T   

Excessive application of fertilizers has caused a high load of phosphorus (P) in the North China Plain. The fate of 
P and its effects on aquatic ecosystems depend on its chemical speciation in soils. However, few studies sys-
tematically investigated the transport and retardation of different P species in the fluvo-aquic soil. In this study, 
the transport of inorganic P (orthophosphate, PO4), organic P (phytic acid, PA) and particulate P (hydroxyapatite 
nanoparticles, nHAP) in the fluvo-aquic soil were investigated by column experiments, and their retardation from 
major soil components such as kaolin, CaCO3, Al2O3, and goethite (GT) was also investigated by monitoring 
breakthrough curves and fitting transport models. The transport of P species in fluvo-aquic soil followed the 
order of PO4 > PA > nHAP. A high fraction of increased clay and mineral particle-associated P (P-E) was 
observed for PO4 and PA; while significant Ca-associated P (P-Ca) for nHAP. Under the experimental conditions, 
both CaCO3 and GT were the most influential factors for PO4, PA, and nHAP retention. Goethite strongly 
inhibited PO4 transport due to its high PO4 adsorption capacity, while CaCO3 strongly inhibited PA transport due 
to its strong association with PA under alkaline conditions. Both CaCO3 and GT can severely inhibit nHAP 
transport due to the favorable electrostatic conditions as well as the Ca2+ bridging effect. These results indicated 
that CaCO3 played a key role in regulating the retention of organic P and particulate P in the calcareous soil, and 
also suggested the important role of Fe (hydr)oxides in controlling the transport of inorganic P, which could out- 
compete that of CaCO3.   

1. Introduction 

In the Huang Huai Hai plains, fluvo-aquic soil is the main soil type, 
which produces about 60–80% of wheat and 35–40% of maize in China 
every year (Kong et al., 2014). However, due to the strong adsorption 
capacity of this soil type, phosphorus (P), which is an essential limiting 
macronutrient for all living organisms (Cordell et al., 2009), is the most 
important limiting element in this region (Xin et al., 2017). Thus, the 
supply of external P fertilizer is fundamental to realizing crop produc-
tivity. In China, the overapplication of mineral P fertilizers in pursuit of 
higher yields has been a common practice in wheat/maize production 
systems (Miao et al., 2011), and the total P input to maize fields in China 
was over 1527 Gg (109 g) in the 2000 s (Chen et al., 2018a). When in 

contact with the soil, the soluble and readily available inorganic P 
applied to the farmlands is rapidly immobilized, and only 10–20% of the 
applied inorganic P is made available to the crops within the season of 
application (Sattari et al., 2012). Meanwhile, surplus P can be trans-
ported in the runoff after rainfall, irrigation and snowmelt (Von, 2006). 
Thus, the environmental impact of P is mostly related to excessive 
discharge to natural waters, which contributes to the cultural eutro-
phication of water bodies throughout the world (Schindler, 2012). 

The fate of P and its effects on crops and aquatic ecosystems depend 
on its chemical speciation. Soils generally contain many inorganic and 
organic P forms, but only soluble orthophosphate anions can be taken up 
directly via plant roots (Richardson et al., 2011). And in surface runoff 
and leaching waters, P may occur as dissolved, colloidal or particulate 
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species (Andersson et al., 2013). Orthophosphate (PO4) is the main 
inorganic P form, which is the simplest and free ionic form. Phytic acid 
(PA), as the main organic form of P in seeds/grains (Raboy, 2003), can 
enter the soil via the extensive application of manure due to its low ef-
ficiency in monogastric animals (< 15% for pigs) for utilizing the P 
present in grains/seeds (Cunha, 2012). Thus, PA accounts for a large 
amount (20–80%) of P in the soil, and its content in soils is becoming 
higher with time (Zhao et al., 2022). “Particulate P” refer to P-con-
taining particles, such as hydroxyapatite (Ca10(PO4)3(OH)2, HAP). In 
calcite-rich fluvo-aquic soils, metastable intermediate phases of calcium 
phosphate tend to transform to the least soluble and thermodynamically 
stable HAP form (Wang and Nancollas, 2008). Meanwhile, HAP nano-
particles (nHAP) has been advocated as a promising P nanofertilizer due 
to their higher use efficiency and reduced leaching rate (Wang et al., 
2015), with extensive applications to remediate soils (Laperche et al., 
1996; Liang et al., 2012; Xing et al., 2016). 

Biogeochemical processes, including adsorption, precipitation, and 
complexation, determine the P retention or P availability in soils; and 
these chemical processes are highly dependent on the soil properties, 
such as the proportion of iron/aluminum (Fe/Al) (hydr)oxides, the 
amount and type of clay minerals, and the calcium carbonate content 
(Gerard, 2016). Iron and Al in solutions or as their (hydr)oxides can 
adsorb P through precipitation and ligand exchange reactions (Schou-
mans and Chardon, 2015), and Fe/Al (hydr)oxides have been generally 
recognized as vital agents in controlling P availability in soils due to 
their high P adsorption capacity and positive charge (Antelo et al., 2005; 
Ma et al., 2021; Xu et al., 2019a). For clay minerals, several in-
vestigations considered that clay minerals should be negligible P-bind-
ing constituents in soils, because of their low binding capacity (Manning 
and Goldberg, 1996; Pérez et al., 2014; Weng et al., 2011), however, 
other studies reporting clay minerals as an important P-binding con-
stituents can also be found in the literature. Results from experimental 
studies performed over a time period of 70 years suggested that in most 
soils the role of clay minerals in P-binding could possibly outcompete 
Fe/Al oxides (Ǵerard, 2016). Xiong et al. (2022) also indicated that 
about 50% of the active P was adsorbed by clay minerals under their 
experimental conditions, and proposed the important role of clay min-
erals in controlling P adsorption and P species in the subtropical Alfisol 
with high clay mineral concentrations. With the existence of calcium 
carbonate, the formation of calcium-P compounds, magnesium-P com-
pounds, and the P adsorption and precipitation by calcium carbonate 
could also occur, leading to high P retention in alkaline and calcareous 
soils (Eriksson et al., 2015; Ma et al., 2019). For example, strong P 
retention on calcite and Ca-kaolinite was observed, and the rate coeffi-
cient obtained by fitting a second-order kinetics equation was 30, 
000-fold higher for calcite than for Ca-kaolinite (Kuo and Lotse, 
1972). Lopez and Garcia (1997) also observed a similar correlation for P 
adsorption on calcite-rich vertisols. 

Taking Fe/Al (hydr)oxides as an example, inorganic and organic P 
species could be absorbed by forming bidentate binuclear or mono-
dentate mononuclear inner-sphere surface complexes (Antelo et al., 
2005; Yan et al., 2014). The amount of absorbed organic P species, in 
terms of moles, was less than that of inorganic phosphate (Lü et al., 
2017; Yan et al., 2014), suggesting that varied adsorption amounts of 
these P species implied different effects of Fe/Al (hydr)oxides on the 
transport of various P species in fluvo-aquic soil. There are limited 
studies on the transport of organic P, such as PA. A latest study indicated 
that PA could co-transport with Fe (oxyhydr)oxide, and ferrihydrite had 
a stronger facilitated ability for PA transport than hematite and GT 
(Zhao et al., 2022). For inorganic P, significant progress has been ach-
ieved in quantifying and modeling the PO4 transport behaviors in porous 
media. Although a limited number of studies have been conducted to 
investigate the transport behaviors of nHAPs in porous media, most of 
these studies are confined to well-defined artificial column systems with 
quartz sand (Piccirillo et al., 2013; Wang et al., 2012a, 2012b, 2015) 
whereas only a few studies have been conducted in natural soils (Xu 

et al., 2019b). In addition, these studies mainly focused on environ-
mental factors’ effects on nHAP transport, such as ion strength, ion 
composition, and surface charge heterogeneities on the collector sur-
faces. As discussed above, major soil components such as Fe/Al (hydr) 
oxides, clay minerals, or calcium carbonate are important controlling 
factors in determining the environmental behavior of P, but their 
retardation effects on different P species in fluvo-aquic soil has not been 
clarified. Therefore, a systematic study is required. The objectives of this 
study were to: (1) evaluate the transport and retention behaviors of PO4, 
PA, and nHAP in fluvo-aquic soil; (2) assess the role of Fe/Al (hydr) 
oxides, clay minerals, and calcium carbonate in controlling transport of 
different P species; (3) reveal the mechanism and dominated retardation 
factor for the transport of different P species. These results can provide 
insights into facilitating better assessments of the environmental 
behavior of P species and ultimately help to control the loss of P from 
soils. 

2. Materials and methods 

2.1. Soil sampling and analysis 

The surface soil sample (0–20 cm) used in this study was collected 
from the Quzhou Experimental Station at the China Agricultural Uni-
versity in Handan City (Hebei Province) located in a typical fluvo-aquic 
soil area on the North China Plain. The collected soil sample was 
digested in polytetrafluoroethylene tubes by a mixture of HNO3-HCl-HF 
(5:2:3). After digested, the samples were analyzed for the concentrations 
of P, Fe, Ca, and Al using an inductively coupled plasma optical emission 
spectrometer (ICP-OES, Optima 5300DV, Perkin-Elmer). The total 
organic carbon (TOC) of the samples were quantified using a TOC 
Analyzer (Analytik Jena multi N/C 3100) after removing the total 
inorganic carbon from the soil samples with HCl. The soil pH was 
measured in a 1:2.5 (w/w) soil/water suspension. 

2.2. Experimental materials preparation 

In this study, goethite (GT), aluminum oxide (Al2O3), kaolin, and 
calcium carbonate (CaCO3) were considered primary active Fe (hydr) 
oxides, Al (hydr)oxides, clays, and calcium carbonate components in 
soils respectively. And PO4, PA, and nHAP were to represent inorganic P, 
organic P and particulate P in soils respectively. Goethite was prepared 
using the method of Venema et al. (1998), and its preparation as well as 
identification are described in Chen et al. (2018b). Nanoscale hy-
droxyapatite was purchased from Beijing Deke Daojin Science and 
tTechnology Co., Ltd., and its morphology was observed by using 
scanning electron microscopy (SEM, Hitachi SU8010) (Fig. S1). Other 
experimental materials including kaolin, Al2O3, CaCO3, PA 
(C6H18O24P6), and sodium dihydrogen phosphate (NaH2PO4) are all 
analytically pure and purchased from Sinopharm Chemical Reagent Co., 
Ltd. 

2.3. Column experiments 

Two types of column experiments, a large column experiment and a 
small column experiment, were performed in glass chromatography 
columns. The objective of the large column (25-cm long and 4-cm inner 
diameter) experiment was to investigate the transport characteristics 
and retention fractions of different P species in fluvo-aquic soil. The 
small column (10 cm long and 1.6 cm inner diameter) experiment was 
used to study the retardation factor for the transport of different P 
species. 

The quartz sand was purchased from the Sinopharm Chemical Re-
agent Co., Ltd. with an average particle size of 182.2 µm. The sand was 
first soaked in 6 mol L-1 HCl for at least 24 h and then repeatedly rinsed 
with Milli-Q water. Four large columns were wet-packed (10% Milli-Q 
water, w/w) with a mixture of soil and quartz sand at a 1:1 (w:w) 
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proportion. After packing, three P species, including PO4 (prepared from 
NaH2PO4), PA, and nHAP, with concentrations of 20 mg P L-1, as well as 
Milli-Q water (control, CK) were respectively instilled in the columns’ 
inlet with 10 pore volumes (PVs) using a peristaltic pump (LongerPump 
BT100-1L) in down-flow mode. The 20 mg P L-1 nHAP suspension was 
prepared by adding 0.011 g of nHAP to 100 mL of Milli-Q water, and the 
suspension was homogenized by stirring and then sonicating for 60 min 

Following the large column experiments, the recovery of absorbed 
and effluent P, and distribution profiles of the P fractions in the columns 
were determined. The columns were dissected into 2.5 cm segments for 
a total of eight layers. The P concentrations in each layer were deter-
mined to obtain the absorbed P in columns, then the recovery of 
absorbed and effluent P was calculated based on the influent P con-
centration. The P fractions in each layer were extracted using the 
sequential extraction method proposed in Zohar et al. (2010), which was 
modified from the method reported in Hedley et al. (1982). The 
extraction method defined the P fractions as loosely sorbed on clay and 
mineral particles form (P-E), Fe and Al oxides associated form (P-Fe), Ca 
mineral associated form (P-Ca) and the residual form (P-R). The detailed 
procedures on the sequential P extraction were shown in Table S1, and 
the P-R is obtained by calculating the difference between the total P and 
the other three extracted P fractions. All the extracts were filtered 
through 0.45 µm cellulose-acetate filters after centrifuged. 

The small columns were wet-packed (10% Milli-Q water, w/w) with 
either quartz sand (Control, CK) or with the addition of GT, Al2O3, 
kaolin, and CaCO3 at different addition rates (0.1–2%). The specific 
packing settings can be found in Table S2. The bulk density and porosity 
of the packed sand were 1.59 g cm-3 and 0.39 cm3 cm-3, respectively. The 
pH of the influent solutions was adjusted to 8.0 using 1 mol L-1 HCl and 
NaOH, to mimic the pH condition of the fluvo-aquic soil. For all the 
small column experiments, first 10 PVs of different influent solutions 
with an ionic strength of 1 mmol L-1 NaCl were injected into columns, 
then 5 PVs of Milli-Q water with the same pH and ionic strength were 
eluted, at a constant Darcy velocity of 0.151 cm min-1 using a peristaltic 
pump in up-flow mode. 

The inorganic P and nHAPs (after digestion using 6 mol L-1 HCl) 
concentrations were determined by molybdenum blue method using a 
UV–vis spectrophotometer (UV2700, Shimadzu) at 800 nm (Chen et al., 
2015). Ascorbic acid was used as reducing agent in this method to avoid 
the influence of ion (such as Fe) in the solution on the detection of P. 
Phytic acid concentrations were determined using the ferric chloride 
and sulfosalicylic acid spectrophotometry method on a spectropho-
tometer at 505 nm (Naves et al., 2014). Duplicate samples and standard 
samples (both sample numbers were set as 5% of the total samples) were 
measured simultaneously to ensure the measurement accuracy. 

2.4. Transport model and simulation 

In this study, transport of inorganic and organic P were simulated 
using a convection-dispersion equation (CDE) model by assuming steady 
state flow and linear adsorption (Toride et al., 1999), first-order 
degradation and zero-order production were neglected due to short 
time of small column experiments. Then the two-site chemical 
non-equilibrium approach (Brusseau et al., 1991) was used to estimate 
the transport parameters of inorganic and organic P. For nHAP, the CDE 
with two kinetic retention sites (Bradford et al., 2003; Yu et al., 2013) 
was employed to describe its transport and retention in the column ex-
periments. All the detailed transport models and simulations could refer 
to Supporting Information S4. 

3. Results and discussion 

3.1. Transport of different P species in fluvo-aquic soil 

The fluvo-aquic soil showed a weak alkalinity with a pH of 7.69 and a 
low TOC content of 12.8 mg g-1. The concentrations of P, Al, and Fe were 

0.87, 68.9, and 23.6 mg g-1 respectively, and a high Ca content (31.5 mg 
g-1) was observed in the fluvo-aquic soil, which was consistent with the 
elemental characteristics of this soil type (Chen et al., 2020; Ma et al., 
2019). 

The breakthrough curves of three different P species in the fluvo- 
aquic soil were presented in Fig. 1, which were plotted with the 
effluent P concentrations as a function of the PV. The recovery of 
absorbed and effluent P ranged from 118.6% to 127.3%, exhibiting a 
reliable extraction result. During the experiment (10 PVs), none of the P 
species completely broke through the soil column at an initial P con-
centration of 20 mg L-1. Compared to the control, the first breakthrough 
of PO4 was at about 1.5 PV, whereas the breakthrough of PA occurred at 
approximately 6 PV. However, nHAP breakthrough was not observed in 
the fluvo-aquic soil. Thus, the transport ability of the three P species in 
the fluvo-aquic soil was different, following the order of nHAP < PA <
PO4. The nHAP exhibited the lowest transport ability, which was 
consistent with the previous studies that nHAP was essentially immo-
bile. In natural subsurface environments, nHAP tended to be retained 
owing to its high surface area and aspect ratio (Wang et al., 2011a), 
surface roughness and charge heterogeneity, and aggregation (Wang 
et al., 2011b). In addition, the mineral-associated organic matter (MOM) 
might further facilitate nHAP retention via mechanical straining 
enhanced by nanoparticle aggregation and surface deposition with 
MOM (Xu et al., 2019b). In soils, PA sorption to soil solid was stronger 
than that of the PO4 (McKercher and Anderson, 1989), which was 
consistent with the easier PO4 transport than that of PA in this study. 
Comparing to PO4, PA had more negative surface charges; however, the 
maximum adsorption capacity of the positively charged 
lanthanum-bearing Al hydroxide for PO4 (68.5 mg P g− 1) was about 
1.9-fold higher than that for PA (36.4 mg P g− 1) (Xu et al., 2020). This 
was probably resulted from the larger molecular dimensions of PA and 
thereby encounter enhanced steric hindrance than that of PO4 (Rut-
tenberg and Sulak, 2011; Yang et al., 2015). However, some Fe/Al 
(hydr)oxides (such as goethite, boehmite, hematite, and α-Al2O3) 
showed a lower adsorption capacity for PO4 than that for organic P 
(including PA) in terms of mass unit (Lü et al., 2017; Yan et al., 2014). 
Thus, the transport and retention behaviors of P in the mixture of arti-
ficially modified quartz sands and major soil components were further 
investigated to understand the dominant retardation factors for each P 
species. 

Fig. 1. Breakthrough curves of different P species in the fluvo-aquic soil (50%)- 
quartz sand (50%) columns at a pH of 8.0. The columns treated with Milli-Q 
water (CK), PO4, PA, and nHAP were denoted by hexagons, circles, triangles, 
and squares, respectively. 
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3.2. Retention characteristics and fractions of different P species in fluvo- 
aquic soil 

In the natural environment, the P fraction can be used to assess the 
potential environmental risks of P associated with plant health and 
groundwater pollution. Fig. 2 and S2 show the distribution of the P 
fractions and their increments in the columns, compared with the con-
trol. After the transport experiments, the total P contents in the columns 
increased by 5.87–7.73% compared with the initial soil P content; 
moreover, the largest increments were observed near the column inlet, 
especially for nHAP as shown in Fig. 2 and S2, which was consistent with 
the retention order of nHAP > PA > PO4 (Fig. 2 and S2) showed in 
Fig. 1. 

The P fractions in the soil columns all showed a similar trend of P-Ca 
> P-R > P-Fe > P-E (Fig. S2), which is similar to previous researches on 
the P fractions in calcareous soil (Jalali and Ranjbar, 2010; Ma et al., 
2019). There was a notable increase in the amount of each P fraction for 
PO4 and PA (Fig. 2), especially for P-E, which accounted for 60.1–63.6% 
of the total P increment. The NaHCO3 extracted P-E, with part of the 
labile organic P included, represents an estimation of the P that is loosely 
adsorbed onto clay and mineral particles. Moreover, compared with 
Fe/Al (hydr)oxides, the P adsorbed onto clay minerals could be desorbed 
more easily, thus indicating a much more readily availability of P 
adsorbed onto clay minerals to plants (Al-Kanani and Mackenzie, 1991) 
and the high P-E fraction may pose an environmental risk for P loss to 
surface water and lead to eutrophication. The P-Fe and P-Ca showed 
similar accumulation characteristics for PO4 and PA, and the total 
accumulated P-Fe and P-Ca contents for PA were higher than those for 
PO4, indicating the important role of Fe/Al (hydr)oxides and CaCO3 in P 
immobilization, especially for PA (Amini et al., 2020; Carreira et al., 
2006; Celi et al., 2020; Lü et al., 2017; Ma et al., 2019). For nHAP, 
significant content of P-Ca increments, but negligible contents of P-E and 
P-Fe increments, were observed in the soil column (Fig. 2), which was 
possibly resulted from the particulate form of nHAP as limited active P 
could be absorbed by clay and Fe/Al minerals. In addition, each P 
fraction showed a gradual decrement from the inlet to outlet of the 
column for PO4, while the gradual decrement in each P fraction for PA 
mainly occurred at the lower part of the column near the inlet. The P-Ca 
content for nHAP was most concentrated at the inlet, and the high 
content (up to about 245 mg/kg) could ascribe to the Ca that nHAP 
contained (Fig. 2), further suggesting the lowest transport ability of 
nHAP in fluvo-aquic soil (Fig. 1). The retention of P-R fraction fluctuated 
at around zero (Fig. S2) due to the determinate error, suggesting that 
there was no short-term residual P formation. 

3.3. Retardation factor for the transport of different P species 

3.3.1. Transport of PO4 
To further investigate the influence of major soil components on the 

transport and retardation of P species in fluvo-aquic soil columns, 
kaolin, CaCO3, Al2O3, as well as GT were artificially added. The 
observed and simulated breakthrough curves for P transport in small 
columns were shown in Fig. 3. The simulation results were listed in  
Table 1, and most of the experimental data well fitted with the model 
with high r2 values (0.65–0.87). The treatments with added GT exhibi-
ted high P retardation in columns (Fig. 3), thus the experimental data 
could not be fitted (such as 1% GT and 2% GT) or fitted with low r2 value 
(0.34 for 0.5% GT). The derived retardation factor R quantifies the so-
lute decrease during its transport. At a pH of 8.0, the variation magni-
tude in the R values for different columns was in the order of 2% CaCO3 
(389) > 2% Al2O3 (146) > 2% Soil (4.08) > CK (3.40) ≈ 2% kaolin 
(3.17), with CaCO3 exhibited the highest inhibition ability for PO4 
transport. Meanwhile, the above mentioned order was consistent with 
the order of the average relative concentration (Ave C/C0) for P in the 
effluent: 2% CaCO3 (0.114) < 2% Al2O3 (0.382) < 2% Soil (0.661) < CK 
(0.668) ≈ 2% kaolin (0.669) (Table 1). 

Although 2% GT was not fitted by the CDE model, its continuous zero 
C/C0 values throughout 15 PVs suggested that Fe minerals exhibited 
higher inhibition ability than CaCO3, considering that the release of 
labile P in the 2% CaCO3 column was observed during the pure-
water–elution period (11–15 PVs) (Fig. 3). This indicated that Fe min-
erals strongly inhibited PO4 transport compared to Ca (Ma et al., 2019), 
and this result was consistent with the observation that PO4 transport in 
the Fe-rich laterite soil was significantly slower than that in the cher-
nozem soil and fluvo-aquic soil (Ma et al., 2021). Several researches 
have also shown that PO4 adsorbed onto Fe minerals was present or even 
more important in neutral to calcareous soils (Beauchemin et al., 2003; 
Jiang et al., 2021; Ryan et al., 1985). To further investigate the inhibi-
tion abilities of Fe minerals and CaCO3, different proportions of GT 
(0.1%− 1%) and CaCO3 (0.2%) were added (Fig. 3b and c). As indicated, 
the inhibition ability of GT and CaCO3 is closely related to their addition 
rate. At a lower proportion (0.2%), CaCO3 showed limited PO4 inhibi-
tion with a higher Ave C/C0 ratio (0.603) of P in the effluent; however, a 
relatively lower Ave C/C0 ratio (0.341) indicated stronger inhibition 
from GT at an identical amount (Table 1). Meanwhile, for 0.2% GT 
treatment, we observed a relatively higher retardation factor R (202) as 
well as a lower β value (0.003) due to a decrement in the P instantaneous 
adsorption (Table 1). With an increase in addition rate of GT to 1%, no 
PO4 was detected in the effluent (1–15 PVs); while P was observed 

Fig. 2. Accumulated fractions of PO4 (a), PA (b), and nHAP (c) in the fluvo-aquic soil (50%) - quartz sand (50%) columns compared with the control. The fraction 
distributions of different P species in the columns were shown in Fig. S2. P-E, P-Fe, and P-Ca were denoted by circles, triangles, and squares, respectively. 
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during the purewater–elution period (11–15 PVs) for treatment with 
CaCO3 even added as 2%, further suggesting a stronger inhibition from 
Fe minerals than CaCO3 in this study. Meanwhile, increasing ω values 
following increasing amounts of GT (Table 1) indicated a reduced 
sorption time for PO4 adsorbed onto GT due to the high affinity of GT 
with its increasing amount. 

Previous research indicated that minerals such as GT and gibbsite 
strongly influenced P adsorption, with GT affected most and gibbsite to a 
lesser extent (Oliveira et al., 2020; Xiong et al., 2022). In our study, 
Al2O3 exhibited moderate inhibition for PO4 with an R value (146) lower 
than that of GT and CaCO3 at a 2% addition rate; meanwhile, a relatively 
higher Ave C/C0 ratio (0.382) for P in the effluent treated by 2% Al2O3 
was observed (Table 1), which was consistent with previous research. 
However, in the presence of kaolin, PO4 transport was almost not 
affected compared to CK, suggesting that kaolin was not a hindrance 
factor for PO4 retention in soils. As previous studies indicated, the 
adsorption of available P onto clay minerals was extremely low even 
though the clays had a high surface area and CEC (Zhang et al., 2019), 
and desorption of the sorbed P mostly occurred via a ligand exchange 
reaction (Geelhoed et al., 1999; Hinsinger, 2001). Thus, the minerals 
most strongly inhibiting P transport was Fe (hydr)oxides GT, followed 
by CaCO3; and the inhibition from Al (hydr)oxides Al2O3 was to a lesser 

extent. 

3.3.2. Transport of PA 
The observed and simulated breakthrough curves for PA transport 

with the addition of 0.2% of kaolin, CaCO3, Al2O3, and GT at a pH of 8.0 
were shown in Fig. 4, and the simulation results were listed in Table 2. 
As indicated, the experimental data fitted well with the model based on 
the high r2 values (0.63–0.91). At pH 8.0, different PA retardations were 
observed with the following order: 0.2% CaCO3 (R=897) > 0.2% GT 
(R=624) > 0.2% Al2O3 (R=103) > 0.2% kaolin (R=76) > CK (R=3.6), 
which was consistent with the observed increasing Ave C/C0 ratios for 
the above components (Table 2). Thus, CaCO3 and GT still played 
important roles in controlling PA transport, but CaCO3 showed a greater 
retention impact. 

For 0.2% CaCO3, it exhibited much stronger inhibition for PA (Ave 
C/C0 =0.07; R=897) than for PO4 (Ave C/C0 =0.60; R=4.33) (Table 1 
and Table 2), further indicating that CaCO3 should be the most influ-
ential factor in determining the different transport behaviors of PO4 and 
PA in fluvo-aquic soil. Moreover, the high ω value (2.43) for PA trans-
port in the CaCO3 added column (Table 2) further indicated rapid 
adsorption due to strong inhibition from CaCO3. As indicated, PA 
reacted readily in soils through adsorption reactions, and could form 

Fig. 3. Breakthrough curves of the PO4 
in quartz sand (control, CK) and quartz 
sand-filler mixture columns ((a)-(c)) at a 
pH of 8.0. Symbols show the observed 
data, and the solid lines show the 
simulation fitting. C and C0 represented 
the initial concentration of P species 
and the concentration of P species in the 
effluent, respectively. Pure quartz sand 
(CK) was denoted by circles, and quartz 
sand mixed with Kaolin, CaCO3, Al2O3 
and GT were denoted by squares, 
rhombuses, pentagons, and hexagons, 
respectively.   

Table 1 
Experimental and fitted parameters for PO4 transport using a two-site nonequilibrium transport model.  

Index CK 2% Kaolin 0.2% CaCO3 2% CaCO3 2% Al2O3 0.1% GT 0.2% GT 0.5% GT 1% GT 2% GT 

Ra 3.40 ± 0.13 3.17 ± 0.16 4.33 ± 0.10 389 ± 21 146 ± 3.8 158 ± 36 202 ± 42 878 ± 167 – – 
βb 0.93 ± 0.02 0.97 ± 0.03 0.98 ± 0.02 0.13 ± 0.01 0.04 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 – – 
ωc 0.00 ± 0.00 0.00 ± 0.00 0.15 ± 0.14 0.00 ± 0.00 0.57 ± 0.02 0.46 ± 0.03 0.69 ± 0.12 3.65 ± 0.57 – – 
Ave C/C0

d 0.668 0.669 0.603 0.114 0.382 0.414 0.341 0.085 0 0 
r2e 0.87 ± 0.00 0.86 ± 0.00 0.86 ± 0.06 0.65 ± 0.06 0.85 ± 0.01 0.83 ± 0.02 0.76 ± 0.03 0.34 ± 0.02 – –  

a retardation factor 
b fraction of instantaneous retardation (dimensionless) 
c mass transfer coefficient (dimensionless) 
d average relative concentration 
e correlation coefficient of the regression for the observed versus predicted data. 
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precipitates with Ca in alkaline soils (Von, 2006). Beißner (1997) 
investigated the P acquisition from PA by sugar beet plants cultured in 
quartz sand, and attributed the limited P acquisition from PA than that 
of PO4 to the low PA solubility even in the quartz sand system, probably 
owing to the formation of Ca-PA precipitates. 

Under the same addition rate (0.2%), GT exhibited a slightly stronger 
inhibition ability for PA (Ave C/C0 =0.31; R=624) than that of PO4 (Ave 
C/C0 =0.34; R=202) (Table 2), which was consistent with the obser-
vation that the sorption of PA was higher than that of PO4 onto Fe (hydr) 
oxides such as GT and ferrihydrite (Celi and Barberis, 2005). In addition, 
according to McKercher and Anderson (1989), inositol sorption to soil 
solid was also stronger compared to that of the PO4, and higher inositol 
phosphate sorption to soil solid phase would be observed with higher 
phosphorylation degree of the inositol ring. 

For Al (hydr)oxides and clay minerals, they both exhibited stronger 
inhibition for PA transport than that of PO4. Although the addition rate 
of Al2O3 and kaolin was decreased to 0.2%, the transport ability of PA 
was just slightly enhanced or even decreased (Table 2), compared to the 
PO4 transport with 2% Al2O3 and kaolin (Table 1). Celi et al. (1999) 
indicated that clay minerals such as kaolinite and illite could retain a 
higher amount of P in the organic form than in the inorganic one, which 
could lead to a severe inhibition of PA transport from kaolin. Further-
more, the high affinity of these clay minerals for PA might result from a 
more stable complex (lower energy state) with their surfaces (Celi et al., 
1999), with inner-sphere surface complex as major adsorbed species 
below pH 6 and outer-sphere surface complex as the dominant species 
above pH 7 (Hu et al., 2020; Ruyter-Hooley et al., 2017). However, in 

contrast with PO4 transport, PA retardation from Al2O3 (R=103, Ave 
C/C0 =0.41) and kaolin (R=76, Ave C/C0 =0.43) exhibited limited 
differences, with Al2O3 exhibiting slightly higher inhibition for PA 
transport. 

In general, PA transport was not favored in the presence of major 
fluvo-aquic soil components such as Fe/Al (hydr)oxides, CaCO3, and 
clays, and the preferential retain or accumulation of PA in soils could be 
attributed to its strong interaction with these soil components. In our 
study, PA transport in all the columns except CK, the β values (which 
represent the ratio of instantaneous retardation to total retardation) 
(Florido et al., 2010) were all very small (0.01–0.07, Table 2), revealing 
that a larger amount of PA was adsorbed at nonequilibrium sites rather 
than at equilibrium sites. Different from PO4, CaCO3 strongly inhibited 
PA transport, with Fe (hydr)oxides GT, Al (hydr)oxides Al2O3 and kaolin 
to a lesser extent. 

3.3.3. Transport of nHAP 
Similarly, we investigated the transport of nHAP in columns mixed 

with 0.2% kaolin, CaCO3, Al2O3, and GT at a pH of 8.0. The break-
through curves and simulation results were shown in Fig. 5, and the 
fitted parameters for nHAP transport were summarized in Table 3. The 
experimental data fitted well with the model, as indicated by the high r2 

values (r2 = 0.87–0.95). However, for columns with CaCO3 and GT, due 
to the strong inhibition of nHAP transport in these columns (Ave C/C0 =

0.042 and 0.051, Table 3), the experimental data were fitted with low r2 

values (r2 = 0.41 and 0.40). 
The transport ability of nHAP decreased as the following order: CK 

> 0.2% kaolin > 0.2% Al2O3 > 0.2% GT > 0.2% CaCO3 (Fig. 5), which 
was consistent with the order of the Ave C/C0 of P in the effluent 
(0.042–0.232, Table 3). Compared to CK (k2a: 0.74; k1d/k1a: 0.45), all 
the treatments exhibited relatively higher k2a (0.79–2.00) and lower 
k1d/k1a (0.01–0.43) values, and the magnitude of k2a and k1d/k1a also 
varied accordingly with the Ave C/C0 values (Table 3). The higher 
values of k2a indicated increased irreversible retention of nHAP, and the 
smaller k1d/k1a ratios further indicated the increased nHAP retention on 
time-dependent sites, suggesting the attachment interaction between 
nHAP and the collector was stronger than detachment. In general, 
CaCO3 exhibited the highest retardation of nHAP transport among 
different treatments, followed by GT. And this phenomenon could be 
caused by the presence of favorable surfaces (i.e., favorable attachment 
conditions) for nHAP attachment (Wang et al., 2012a). At ambient pH 
values, nHAP, as well as major soil components, such as silica and clay 
minerals, exhibited net negative surface charges (D’Amora et al., 2020; 

Fig. 4. Breakthrough curves of PA in the quartz sand (CK) and quartz sand- 
filler mixture columns at a pH of 8.0. Symbols show the observed data and 
solid lines show the simulation fitting. C and C0 represented the initial con-
centration of P species and the concentration of P species in the effluent, 
respectively. Pure quartz sand (CK) was denoted by circles, and quartz sand 
mixed with Kaolin, CaCO3, Al2O3 and GT were denoted by squares, rhombuses, 
pentagons, and hexagons, respectively. 

Table 2 
Experimental and fitted parameters for PA transport using the two-site 
nonequilibrium transport model.  

Index CK 0.2% 
Kaolin 

0.2% 
CaCO3 

0.2% 
Al2O3 

0.2% GT 

R 3.60 
± 0.33 

76 ± 35 897 ± 55 103 ± 16 624 ± 27 

β 0.83 
± 0.08 

0.07 
± 0.03 

0.03 
± 0.00 

0.05 
± 0.01 

0.01 
± 0.00 

ω 0.01 

± 0.01 

0.40 

± 0.10 

2.43 

± 2.40 

0.52 

± 0.04 

0.41 

± 0.40 
Ave C/ 

C0 

0.617 0.434 0.072 0.409 0.313 

r2 0.87 
± 0.01 

0.84 
± 0.03 

0.66 
± 0.04 

0.91 
± 0.01 

0.63 
± 0.04  

Fig. 5. Breakthrough curves for nHAP in the quartz (CK) sand quartz sand-filler 
mixture columns at a pH of 8.0. Symbols show the observed data and solid lines 
show the simulation fitting. C and C0 represented the initial concentration of P 
species and the concentration of P species in the effluent, respectively. Pure 
quartz sand (CK) was denoted by circles, and quartz sand mixed with Kaolin, 
CaCO3, Al2O3 and GT were denoted by squares, rhombuses, pentagons, and 
hexagons, respectively. 
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Wang et al., 2011b), whereas CaCO3, as well as Fe and Al oxyhydroxides, 
showed net positive surface charges due to their relatively high points of 
zero charge (PZC) (Abudalo et al., 2010; Johnson et al., 1996). Thus, 
nHAP attachment should be “unfavorable” for negatively charged col-
lectors and “favorable” for positively charged collectors (Wang et al., 
2012a). However, nHAP did not show high transport ability in the pure 
quartz sand (CK) or kaolin-mixed sand columns (Ave C/C0 ≈ 0.23, 
Table 3). Previous studies suggested that nHAP aggregation, nHAP 
surface charge heterogeneity, and roughness of the collector surface 
were significant factors in controlling nHAP retention in pure quartz 
sands (Wang et al., 2012a, 2012b). In Fe oxide-coated sand column, a 
significant amount of nHAP attachment was observed compared with CK 
as a result of the favorable electrostatic conditions between the nega-
tively charged nHAP and positively charged Fe oxide surfaces (Wang 
et al., 2012a, 2012b). Similarly, in this study, a much stronger nHAP 
retardation was observed in the columns containing positively charged 
Al2O3 and CaCO3. Comparing to the PZC for Al2O3 (9, refer to Wang 
et al., 2012a), the higher PZC for GT (9.3) led to stronger electrostatic 
interaction between GT and nHAP, further resulting in stronger nHAP 
retardation. For CaCO3, except for electrostatic interactions, the Ca2+

released at a pH of 8 could act as a bridging agent, resulting in larger 
nHAP aggregate formation (Wang et al., 2011a), thereby severely 
inhibiting nHAP transport. Thus, compared to PO4 and PA, nHAP 
exhibited the lowest transport ability. For nHAP, CaCO3 strongly 
inhibited its transport, followed by Fe (hydr)oxides GT and Al (hydr) 
oxides Al2O3, with kaolin to a lesser extent. 

3.3.4. Importance of CaCO3 and GT for retention of different P species 
The fate of P in the soil is controlled by P species, which varies with 

soil compositions. The contributions of individual soil constituents for 
the retention of P species during their transport in the fluvo-aquic soil 
can be evaluated by comparing their transport abilities. As mentioned 
above, the P species determined the P transport ability in fluvo-aquic 
soil, following the order of PO4 > PA > nHAP. Under the conducted 
experiment conditions, CaCO3 and GT were the most influential retar-
dation factors for PO4, PA, and nHAP transport, but they showed varied 
inhibition abilities even at identical addition rate. 

As shown in Table S3, in comparison to the CK, 0.2% GT exhibited 
similar inhibition (by ~49%) for both PO4 and PA, while 0.2% CaCO3 
showed significant inhibition (by 88.3%) for PA but only limited inhi-
bition (by 9.7%) for PO4, indicating that CaCO3 determined the different 
retention behaviors of PO4 and PA in soils. However, nHAP transport 
was strongly inhibited both by both CaCO3 (81.9%) and GT (78.0%), 

further suggesting that the strong retention of nHAP in soils resulted 
from the combined inhibition effects of CaCO3 and GT, with a slightly 
higher contribution from CaCO3. Thus, it can be deduced that CaCO3 
determined the different transport behaviors between PO4 and PA while 
GT determined those between nHAP and PA; both CaCO3 and GT 
determined the varied transport behaviors between PO4 and nHAP, with 
higher contributions from CaCO3. 

4. Conclusions 

As the dominant P species in soils, PO4, PA, and nHAP exhibited 
different transport abilities in the order of PO4 > PA > nHAP in fluvo- 
aquic soil. Approximately 60% of the retained P was in the P-E form 
for PO4 and PA, while about 95% of the retained P was in the P-Ca form 
for nHAP. Compared to the control, GT strongly inhibited PO4 transport 
(by 49.0%) whereas CaCO3 transport was only inhibited by 9.7%; 
similar GT inhibition (by 49.3%) but much stronger CaCO3 inhibition 
(by 88.3%) was observed for PA; and both CaCO3 (81.9%) and GT 
(78.0%) exhibited strong inhibition for nHAP transport. Our results 
indicated that CaCO3 played a key role in regulating the P retention in 
the calcareous soil such as fluvo-aquic soil, especially for organic P and 
particulate P. Moreover, the role of Fe (hydr)oxides in controlling 
inorganic P transport could outcompete that of CaCO3, which implied a 
limit inorganic P transport/loss in the Fe-rich soil, such as laterite soil. 
This study provided a comprehensive perspective for the assessment of 
retardation factors for the transport and retention of different P species 
in fluvo-aquic soil. 
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