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A B S T R A C T   

Iron-coated sand (ICS) is a by-product from drinking water treatment made of sand coated with ferric iron (hydr) 
oxides. It is considered a suitable material for large-scale measures for phosphate removal from natural and 
agricultural waters to prevent eutrophication. Previous studies demonstrated that the residence time of water 
must be very long to reach equilibrium partitioning between phosphate and ICS but specifics for application are 
missing. First, SEM-EDX images were used to support the conceptual assumption that P adsorption inside the 
coating is a transport-limited process. Second, a conceptual model of phosphate adsorption was proposed 
considering two types of sites: one type with fast adsorption kinetics and reaching equilibrium with the perco-
lating solution, and another type for which adsorption is also reversible but described by pseudo-first-order 
kinetics. The latter is conceived to account for transport-limited adsorption in the interior of the coating while 
the former fraction of sites is assumed to be easily accessible and located close to the grain surface. Third, the 
kinetics of phosphate adsorption on ICS were quantitatively determined to describe and predict phosphate 
retention in filters under various flow conditions. The model was calibrated and validated with long-term column 
experiments, which lasted for 3500 h to approach equilibrium on the slowly reacting sites. The model reproduced 
the outflowing phosphate concentrations: the pronounced increase after a few pore volumes and the slow in-
crease over the remaining part of the experiment. The parameterized model was also able to predict the time 
evolution of phosphate concentrations in the outflow of column experiments with different flow velocities, flow 
interruption, and in desorption experiments. The equilibrium partition coefficient for the experimental condi-
tions was identified as 28.1 L/g-Fe at pH 6.8 and a phosphate concentration of 1.7 mg-P / L. The optimized first- 
order mass transfer coefficient for the slow adsorption process was 1.56 10− 4 h− 1, implying that the slow 
adsorption process has a time scale of several months. However, based on the parameterized model, the slow 
adsorption process accounted for 95.5% of the equilibrium adsorption capacity, emphasizing the potential 
relevance of this process for practical applications. The implications for the design, operation, and lifespan of ICS 
filters are exemplarily illustrated for different scenarios.   

1. Introduction 

Particulate and dissolved phosphorus (P) losses from agriculture are 
a major threat to surface water quality (Bol et al., 2018; De Klein and 
Koelmans, 2011; Dupas et al., 2018; Kronvang et al., 2007; Schoumans 
et al., 2014; Withers et al., 2014). Because of the legacy P stored in the 
soil, reducing manure and fertilizer application is insufficient to reduce 
P loads reaching surface waters (Barcala et al., 2020; Bieroza et al., 

2019; Gu et al., 2017; Sharpley et al., 2013). Phytoremediation, 
reducing the P in the soils by plant uptake, can reduce the legacy P but it 
will take decades before P losses to surface waters are reduced (Fior-
ellino et al., 2017; Koopmans et al., 2004; Lucas et al., 2021; Stoll et al., 
2021). One option for short-term P load reduction is the implementation 
of permeable reactive barriers filled with iron (Fe)-containing materials. 
They can remove P from percolating water on its hydrological pathway 
from groundwater to surface waters (Das Gupta et al., 2012; Nur et al., 
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spectroscopy. 
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2014; Penn et al., 2011, 2017, 2020; Rittmann et al., 2011; Stoner et al., 
2012). Particularly well-suited are byproducts from water treatment 
containing ferric iron (hydr)oxides given their easy availability and high 
binding affinity for P. 

Iron-coated sand (ICS) and Fe sludge are residuals of deferrization of 
drinking water. A common procedure for deferrization is to oxidize 
dissolved Fe (II) and remove the produced Fe (hydr)oxides using sand 
filters. By this, an Fe coating develops around the sand grains resulting 
in ICS (Ippolito et al., 2011; Sharma et al., 2002; Van Beek et al., 2016, 
2020). ICS and Fe sludge have been used to adsorb phosphate in soils, in 
filters around or at the end of tile drains, and in decentralized water 
treatment at farms (Boujelben et al., 2008; Chardon et al., 2021; 
Koopmans et al., 2020; Lambert et al., 2020; Moelants et al., 2011; 
Vandermoere et al., 2018; Zhang et al., 2022). The adsorption capacity 
of ICS is often underestimated as slow adsorption kinetics, controlled by 
intra-particle diffusion, are neglected (Ajmal et al., 2018; Koopmans 
et al., 2004; Willett et al., 1988). Iron (hydr)oxides in the coating of ICS 
are usually poorly crystalline or amorphous and exhibit a large specific 
surface area accounting for a high adsorption capacity (Chardon et al., 
2012; Koopmans et al., 2020). However, the coating can be several 
hundreds of micrometers thick implying that the outer surface only 
represents a minor part of the total interfacial area. The outer surface of 
the ICS is in direct contact with the percolating water and the rates of 
adsorption are only controlled by the kinetics of the reaction. However, 
adsorption sites located in the interior of the coating can only be 
accessed via intra-particle diffusion. 

The time scale of intra-particle diffusion is generally much longer 
than that of the surface reactions and, hence, the phosphate adsorption 
rates in the interior of the coating are transport limited. The long-term 
adsorption capacity of ICS can be underestimated when neglecting the 
slow transport-limited kinetics. The time scale of the slow adsorption 
exceeds the duration of typical batch adsorption experiments. Chardon 
et al. (2012) showed that the experimentally derived adsorption ca-
pacity of Fe sludge progressively increased in batch experiments over 
the duration of 21 days and in column experiments which lasted 238 
days even further. The relevance of processes with different time scales 
was also reflected in the column experiments: P concentrations in the 
effluent quickly increased without reaching the inflow concentrations; 
instead, a quasi-steady state was reached at different P concentrations 
depending on the amount of Fe sludge in the column. This implies that 
the removal efficiency of Fe-containing filters depends on the contact 
time of the water in the filter being a function of pore volume and flow 
rates. 

Lambert et al. (2020) and Zhang et al. (2022) investigated phosphate 
adsorption on ICS in batch and column experiments. Zhang et al. (2022) 
reported that the P outflow concentrations reached a quasi-steady state 
while the experimental data in Lambert et al. (2020) only represent fast 
P adsorption as experiments were stopped before the quasi-steady state 
was reached. In both studies, the Bohart-Adams model was applied to 
describe the breakthrough curves of phosphate. The Bohart-Adams 
model only accounts for the kinetics of one irreversible adsorption re-
action and, consequently, its performance is limited when dealing with 
processes proceeding with different paces. Lambert et al. (2020) 
parameterized the model for the pronounced increase in dissolved P 
concentrations until adsorption equilibrium is reached for the fast- 
reacting sites. However, when changing flow velocities, the contribu-
tion of the slow adsorption processes to P retention varied and, conse-
quently, column experiments with different flow velocities required 
individual optimization of model parameters. In particular, the obtained 
P adsorption capacity was larger for the column operated at slow flow 
than that at fast flow, and both were significantly larger than the ca-
pacity obtained in a 1-day batch experiment. Furthermore, Lambert 
et al. (2020) reported that a pilot filter operated with intermittent 
resting periods performed better than when operated with continuous 
flow for the same treated volumes. These results demonstrate that slow 
adsorption kinetics need to be considered for optimizing the operation of 

ICS filters and the need for a reactive transport model, which accounts 
for the kinetics of both, fast and slow, adsorption processes. Here and in 
the following, the term ‘kinetics’ is used in the broadest sense, encom-
passing rates and mechanisms of chemical reactions as well as transport 
processes such as diffusion (Zhang, 2008). 

The objective of this study was to develop a quantitative model for 
phosphate adsorption on ICS that can adequately account for slowly 
proceeding phosphate adsorption, which can be easily implemented and 
applied to optimize the operation of ICS containing filters. Electron 
microscopy in combination with energy-dispersive X-ray spectroscopy 
was used to illustrate the model consideration that phosphate retention 
in the interior of the iron coating is transport limited. A process-based 
physical model, including kinetic adsorption of phosphate on ICS, was 
parameterized using long-term column measurements. The model rep-
resents the slow kinetics dominated by the diffusion of phosphate inside 
the ICS coating and the fast adsorption on the outer surface of the ICS. It 
is shown that the model can be a valuable tool to optimize the design and 
operation of ICS filters over their whole lifespan with different flow 
velocities and intermittent flow regimes. 

2. Materials and methods 

2.1. Iron coated sand 

The ICS used in this study was provided by AquaMinerals BV 
(https://aquaminerals.com/en/). The material was obtained from one 
mixed batch originating from different drinking water production sites. 
The ICS received no pre-treatment, was obtained air-dried, and stored in 
the dark at room temperature. The ICS contained on average 127.2 mg/g 
Fe, 9.4 mg/g Mn, 0.5 mg/g S, 9.6 mg/g Ca, and 0.9 mg/g P (± 0.1 mg/g 
standard deviation) determined by total destruction. The Brunauer- 
Emmet-Teller specific surface area (BET-SSA) was 71.2 m2/g and was 
determined using argon gas with an ASiQwin instrument (Quantach-
rome Instruments). In addition, the pore size distribution in the ICS was 
determined with the BET-SSA analysis, nano-pores with a diameter be-
tween 0.42 and 2.00 nm were related to 54% of the specific surface and 
mesopores between 2.00 and 50.0 nm to 46%. Details of the measure-
ment are specified in the Supplement Material. 

2.2. Column experiments 

We performed flow experiments in 3 columns, named I, II, and III. 
The three columns were made from transparent polyethylene tubes of 
30.8 cm height and 4.3 cm internal diameter. The column dimensions 
were selected accounting for dispersivity and reducing boundary flow 
effects along the tube walls (Bromly et al., 2007; Lewis and Sjöstrom, 
2010). The reactive core of the columns contained 30 g of ICS and 300 g 
of quartz sand, both with grain diameters between 1.18 mm and 2.00 
mm. The ICS was mixed with quartz sand to reduce the breakthrough 
times by maintaining column dimensions according to recommenda-
tions based on previous column experiments (Bromly et al., 2007; Lewis 
and Sjöstrom, 2010). Quartz sand is commonly used as an inert filling 
material in column experiments (Chardon et al., 2012; Jerez and Flury, 
2006; Mystrioti et al., 2015; Pérez-López et al., 2007) and it is assumed 
that it does not contribute to phosphate retention in the columns. This 
implies that equilibrium constants or partition coefficients Kp [L/g] 
determined for the whole stationary phase can be normalized to the 
content of ICS. Two layers of 180 g quartz gravel (> 2 mm) were added 
at the top and bottom of the columns to improve the flow distribution. 
The columns were fed from the bottom via tubes of 0.8 mm internal 
diameter, which were also used for the outflow. The total volume of the 
tubing was 14.5 cm3 and taken into consideration in the parametrization 
of the models. The inflow solution was stored in 10 L glass bottles pro-
tected from the light with black plastic bags. The bottles’ cups were 
modified to work as Mariotte bottles (Maroto et al., 2002) to maintain a 
constant head pressure of approximately 2 cm above the columns 
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assuring full saturation. A peristaltic pump (Masterflex L/S) with the 
corresponding tubing (13 L/S, Masterflex) was used for each column to 
maintain a constant flow. The flow rate at the given pump speed was 
checked prior to the experiments. Different flow regimes were used in 
the three different columns, including constant flow at various veloc-
ities, but also variable flow patterns. Furthermore, one column was used 
for a desorption experiment. The chosen flow rates correspond to the 
range of flow velocities measured in field applications of ICS for 
retaining phosphate in drainage systems (Barcala et al., 2022; Groe-
nenberg et al., 2013). The flow rate in column I was 0.65 mL/min for 
3500 h (over 560 pore volumes). For the first 1440 h, column II was 
running in parallel to column I with a flow rate of 0.65 mL/min. Af-
terward, the flow rate was reduced to 0.39 mL/min for600 hours. We 
also aimed to maintain the flow rate in column III at 0.65 mL/min during 
the first 1440 h of the experiment but clogging occurred The cause of the 
clogging was the obstruction of the outflow tube by particles. The issue 
was solved by flushing the tube with water. The tube was cleaned six 
times during this period. Although unintended, clogging provided the 
opportunity to study the effect of interrupted flow and the data were 
included in this study. After the problematic tube had been replaced for 
a new one, column III was used without interruptions during 720 h in a 
desorption experiment at 0.65 mL/min. In addition, a second adsorption 
experiment with a flow rate of 0.39 mL/min was performed in column III 
for the last 600 h. Adsorption experiments were performed with a so-
lution prepared from demineralized water containing 1.70 ± 0.05 mg /L 
P in the form of monobasic sodium phosphate solution. In order to 
maintain the ionic strength constant 0.10 M NaCl was also added. The 
desorption experiment was performed with 0.10 M NaCl without P. The 
pH was adjusted with NaOH to 6.80 ± 0.05 and controlled weekly in the 
inflow and outflow. The retention times at 0.65 mL/min where 375 min 
in column I, 329 min in column II, and 301 min in column III. 

Samples were collected every 8 h with an autosampler (SC-4DXS, 
Elemental Scientific) in 50 mL PE centrifuge tubes pre-acidified with 1 
mL 6 M HCl. The volume collected by the autosampler during a sampling 
interval served as a periodic control of the flow rate. P concentrations 
[mg/L] (equivalent to mg-P/L) in samples were measured photometri-
cally (DR3900, Hach), as samples form a blue complex that follows 
Beer’s law when reacting with an acidified ammonium heptamolybdate 
solution and freshly added ascorbic acid (Murphy and Riley, 1962). For 
the first 40 days, one sample per day was analyzed with ICP-OES (Avio 
500, Perkin-Elmer) as an independent measurement. Because Stanmod 
(Simunek et al., 1999; Van Genuchten et al., 2012) can only deal with 
constant flow velocities, the data series from columns I and II were 
quality checked and a few points that were affected by flow rate re-
ductions were removed. Preliminary tracer experiments were performed 
in all columns to determine pore volumes and porosities. For this 0.10 M 
NaCl solution was used containing additionally 0.10 M NaBr. The flow 
was 0.65 mL/min. Samples were taken manually every 12 min for 9 h. 
Electric conductivity (EC) was measured and bromine (Br) concentra-
tions were determined by ion chromatography (ICS6000, Thermo Sci-
entific) to determine the breakthrough of the non-reactive tracer. 

2.3. ICS imaging techniques 

SEM-EDX analyses were performed to investigate the structure of the 
ICS coating and to examine the P distribution. This was done to illustrate 
the conceptual idea of transport-limited uptake of P inside the coating. 
SEM micrographs and elemental maps were made for fresh ICS and for 
ICS after adsorption from column III. The grains were embedded in resin 
and polished to investigate cross-sections. Secondary electron and 
backscattered electron images were acquired on a SEM (EVO 15, Zeiss), 
using the SmartSEM user interface (v 6.06). (Semi-) qualitative chemical 
compositions were obtained using EDX (Esprit v. 2.1, Bruker XFlash). 

2.4. Reactive transport model 

The conceptual model was parametrized into a reactive transport 
model using the advection-dispersion equation, and including two 
reactive adsorption terms. In order to account for different adsorption 
rates, two types of adsorption sites were included: fast-reacting sites for 
which the reaction progresses in time scales shorter than the hydraulic 
residence and conceived to reach equilibrium with the P concentrations 
in the mobile phase, and sites for which the adsorption is kinetically 
controlled. Adsorption of P to ICS is conceived as a reversible process. 
The fast adsorption process was characterized by linear adsorption using 
an equilibrium partition coefficient (Kp). The assumption of linearity is 
warranted at relatively low P concentrations as the relative occupation 
of adsorption sites remains low in equilibrium and the concentrations of 
occupied sites can be neglected in the mass balance for the reactive sites. 
When the content of vacant sites can be assumed to be constant, the 
kinetics of P adsorption to ICS simplify to pseudo-first-order rate laws for 
P adsorption and desorption solely depending on the P concentration in 
the mobile phase and P adsorbed to slowly reacting sites, respectively. 
The derivation of the equations is available in the Supplementary 
Material. 

Based on this conceptual model, the corresponding mass balance 
equations for P in the mobile and stationary phase in one-dimension 
read: 
(

1+
ρf Kp

θ

)
∂c
∂t

= D
∂2c
∂x2 −

v∂c
∂x

−
ρα
θ
(
seq − s

)
(1)  

∂s
∂t

= α
(
seq − s

)
(2) 

Where c is the P concentration [mg/L] in the mobile phase, x is the 
longitudinal coordinate [cm], t is time [h], ρ is the bulk ICS density [g/ 
L], f is the fraction of fast reacting sites, θ is the porosity, Kp is the 
equilibrium constant or partition coefficient [L/g], D is the dispersion 
coefficient [cm2/h], v is the pore-water velocity equal to the darcian 
flow velocity divided by porosity [cm/h], α can be attributed to the rate 
constant for P desorption but also conceived as the exchange coefficient 
between the stagnant and mobile phase [1/h] (see Supplementary Ma-
terial for details), and s is the P concentration in the solid phase for which 
adsorption is kinetically controlled [mg/g]. seq is not an extra variable 
but the equilibrium concentration in the solid phase of the slow sites 
equal to Kp(1 − f)c. The concentration of P bound to the fast-reacting 
sites, being in equilibrium with the percolating solution, is not a state 
variable in the model but is calculated based on the product of f, c, and 
Kp. 

2.5. Model solution and parameter estimation 

At constant flow and constant P concentrations in the inflow, the 
equation system has an analytical solution that has been implemented in 
the code Stanmod (Simunek et al., 1999; Van Genuchten et al., 2012). 
We used the module CXTFIT (Toride et al., 1995) for parameter esti-
mation that minimizes the root mean squared error (RMSE) between the 
experimental and calculated concentrations. 

The hydraulic properties, pore-water velocity v, and the porosity θ, of 
each column, were determined separately from the tracer experiments. 
We identified adsorption parameters f, α, and Kp by calibrating the P 
concentrations in the effluent of column I over the first 690 h of the 
experiment. During the first 690 h, ICP-OES was used to measure P 
concentrations. Afterward, the photometric method was used, having a 
higher analytical uncertainty and some irregularities occurred in the 
flow such as short periods of flow decrease. These points were still 
included in the data series as the long-term P retention could still be 
observed. The model was validated by calculating RMSE and the coef-
ficient of determination (R2) for the effluent concentrations in column I 
over the whole experiment duration of 3500 h, the concentrations in 
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column II during the first1440 hours, and the P concentration of the last 
600 h of column III. In the latter case, the experiment was conceived as 
an independent P-removal experiment and any possibly remaining P in 
the column after the preceding adsorption and desorption experiments 
was neglected. 

For variable flow rates, eqs. 1 and 2 do not have an analytical solu-
tion. Therefore, we implemented a numerical solution using the R- 
packages ReacTran and deSolve (Soetaert and Herman, 2009; Soetaert 
and Meysman, 2012; Soetaert and Petzoldt, 2010). The model in R was 
fed with the calibrated parameters obtained from column I. The dynamic 

model allows to validate the experiment with intermittent flow veloc-
ities (flow interruptions). We calculated the RMSE and R2 between the 
parametrized model’s results and the effluent of column III during the 
flow interruptions and for the desorption experiments. The model is 
available at https://github.com/victoriabarcala/ICS_adsorptionmodel. 

The optimized value for Kp is conditional and accounts for the af-
finity of sorption sites for P at the given conditions plus the total con-
centration of sites. For example, phosphate adsorption to ferric iron 
(hydr)oxides depends, among other factors, on pH and ionic strength 
(Morel and Hering, 1993). To assess the possibility to extrapolate the 

Fig. 1. SEM-EDX images of ICS grains from column III after adsorption experiments. While grain A (c&e) is superficially polished, grain B (d&f) shows a cross- 
section. Electric high tension (EHT), scales and working distances are indicated on each image. 
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model to other conditions, we compared the obtained value of Kp with 
calculated values based on surface complexation models. For this, the 
generic diffuse double layer (DDL) model parameterized by Dzombak 
and Morel (1991) for hydrous ferric oxide and implemented in MINEQL 
(version 5.0) was used to calculate the P partition for the given experi-
mental conditions and calculate the corresponding Kp. 

2.6. Practical example 

We used the numerical R-model to set up a practical example illus-
trating the implications of considering the kinetics of P adsorption in the 
application of ICS. The example considers the use of ICS to remove 
dissolved P from water at the effluent of tile drains installed in an 
agricultural area. Thus, the chosen setting parameters are close to re-
ality. The average P concentration in the incoming water is assumed to 
be 1.0 mg/L and the target P concentration should be below 0.15 mg/L 
after passing the filter. This concentration was chosen as the Dutch 
implementation of the water framework directive establishes a 0.15 mg/ 
L limit in total phosphorus for open regional waters such as ditches 
(Fraters et al., 2021). The filter has a porosity of 0.50, 1770 g/L bulk 
density with a Fe concentration of 0.13 mg-Fe/g-ICS, and the filter di-
mensions are 40x40x40 cm. The flow rate during operation is 4 L/h. We 
compare the efficiency of four different filter operations: (i) continuous 

flow, (ii) resting 3 months a year (during summertime), (iii) resting 1 
week, and (iv) 2 weeks per month. 

3. Results 

3.1. Microscopy and ICS analysis 

The coatings around ICS grains have a thickness between 100 μm and 
300 μm and often exhibited an anisotropic structure (Fig. 1). The Fe-rich 
coating is traversed by Mn-rich layers typically exhibiting a higher 
porosity (Fig. 1-a and 1-b). In the investigated coatings, EDX analyses 
show a distinct P enrichment in their outer part (Fig. 1-d, highlight point 
1 and 1-f, point 4, EDX spectra are available in the supplementary ma-
terial). In the outer parts (Fig. 1-f point 4), comprising about 20% of the 
coating, P/Fe ratios were around 0.040 and about 10 times larger than in 
the P-poor areas (Fig. 1-f, point 5) with ratios about 0.004. Additionally, 
several thin layers with elevated P/Fe ratios were identified close to the 
core (Fig. 1-f point 3). No P was detected in the Mn-rich areas (Fig. 1-f 
point 6). The coatings were disrupted by several cracks. Some of the 
cracks exhibited P enrichments at the margins (Fig. 1-d, point 2). 
However, most cracks seen on Figs. 1-c and 1-d do not show this feature 
and were possibly created when vacuuming the sample before SEM 
analysis. 

Fig. 2. Results from continuous flow adsorption experiments and reactive transport model implemented in Stanmod with different pore-water velocities, a) model 
calibration column I at v = 4.92 cm/h the black dashed line in a shows the best fit using a one-site equilibrium adsorption model, b) long-term validation in column I 
at v = 4.92 cm/h, c) validation in column II at v = 5.55 cm/h, and d) validation in column III at v = 3.66 cm/h. The black dashed line in a shows the best fit using a 
one-site equilibrium adsorption model. The inflow concentration C0 is 1.70 mg/L. 
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3.2. Adsorption experiments 

The general features of the time evolution of P concentrations in the 
effluent of column I were representative of the adsorption experiments 
with all columns. After an initial increase in outflow concentrations, a 
quasi-steady-state was reached at concentrations lower than in the 
inflow solution (Fig. 2-a). Between hours 240 and 960, the outflow 
concentrations were about 1.05 mg/L for column I representing 62% of 
the inflow concentration. The pronounced increase in P concentrations 
occurred significantly later than the hydraulic retention time, reflecting 
the retention of P via adsorption also at the beginning of the experiment. 
A one-site model assuming equilibrium partitioning of P cannot trace the 
measured effluent P concentrations (Fig. 2-a). In particular, the model 
cannot produce a prolonged period of virtually constant concentrations 
below inflow concentration. In contrast, the two-site model based on 
eqs. 1 & 2 was able to reproduce the features of the concentration curve 
including the pronounced increase after the first days of operation and 
the plateau concentration reached after about 240 h (Fig. 2). The 
equilibrium constant for the fast sites Kp was identified with 0.155 L/g 
for the ICS-sand mix and 3.57 L/g for pure ICS with 95% confidence 
intervals [1.15, 5.98] L/g (Table 1). The small value for the fraction of 
fast adsorption sites f, 0.045, indicates that most adsorption sites were 
located within the Fe coating. The small value for the mass transfer 
coefficient α, 1.56 10− 4 h− 1 reflects the slow transfer process. 

Hydraulic parameters have been identified separately through tracer 
tests, which showed recovery rates of 97%. The dispersion coefficient D 
was fitted to 30 cm2/h, and the Peclet number to 5.05. The tracer test 
curves and sensitivity analysis of the parameters in Stanmod are avail-
able in the Supplementary Material. 

The model was first validated for column I by modeling the whole 
duration of the experiment (3500 h) beyond the first 960 h for which 
parameters were determined. The larger deviation between observed 
and calculated data is associated with an increase in analytical uncer-
tainty due to the switch in the analytical method. Notably, the model 
accounted for the slow increase in P concentration as the system was 
approaching equilibrium (Fig. 2-b and 3-b). The change in outflow 
concentration due to the slow adsorption process is emphasized when 
comparing concentrations at an early and a late stage of the experiment 
in Fig. 3-b. 

By the end of the experiment the effluent concentration in column I 
reached around 1.35 mg/L, corresponding to a P content in the solid 
phase of around 2.16 mg/g-ICS or 17.0 mg/g-Fe (0.03 P/Fe molar ratio). 
At this moment, the effluent concentrations were still below the inflow 
concentration implying that equilibrium was not reached. With the 
model we extended the running-time to two years, the projected outflow 
P concentration was 1.60 mg/L (94% of the inflow concentration) and 
the concentration in the solid phase was 6.00 mg/g-ICS or 47.02 mg/g- 
Fe. This value is close to the expected P loading in equilibrium (seqtot = c 
• K) of 6.07 mg/g-ICS or 47.57 mg/g-Fe (0.09 P/Fe molar ratio). We thus 
conclude that when the experiment ended, about 36% of the equilibrium 
concentration in the solid was reached. 

We obtained more validation results by running the transport model 
for the other columns with the parameters f, α, and Kp identified for 
column I and the specific hydraulic parameters for each column. The 
model reproduced very well the effluent concentrations from column II 
(Fig. 2-c, Table 1) and column III (Fig. 2-d, Table 1) at different flow 
velocities. When column III reached quasi-steady-state the effluent 
concentrations were around 0.75 mg/L and significantly lower than the 
values reached in columns I and II with higher flow velocities. The flow 
rate in column II was decreased to 0.39 mL/min to investigate the effect 
of changing the flow rate on the P concentrations at quasi-steady-state. 
As expected, P concentrations decreased and stabilized at a new quasi- 
steady-state about 0.2 mg/L lower than effluent concentrations of col-
umn I (Fig. 3-a) illustrating the increasing effect of the slow adsorption 
process at increasing contact time. 

Stop-flow situations were studied with the early column III data 
where unintended flow interruptions due to obstructions in the outflow 
tube. Our conceptual model predicts the transfer of P from fast to slow 
sites due to diffusion during stopped flow accompanied by decreasing 
concentrations of dissolved P in the column. Consequently, we expect 
lower P concentrations in the effluent after resuming the flow, similar to 
the initial phase of the column experiments. Indeed, at most flow in-
terruptions, the P concentrations in the effluent followed the expected 
pattern and the previous concentrations were approached with some 
retardation (Fig. 4-a). 

The numerical model was able to reproduce the stop flow regime in 
column III (R2 0.91, Table 1). Figs. 4-c and 4-d show the calculated time 
evolution of the concentrations in the mobile and stationary phases in-
side column III. The flow interruptions were reflected in a pronounced 
decrease in dissolved P concentrations, in particular at the lower part of 
the column where the solution was entering. The continuation of P 
adsorption during stopped flow resulted in increasing contents of 
adsorbed P (Fig. 4-d). After 1481 h but only 693 h with flow, 1.39 mg/g- 
ICS of P were adsorbed, being 22% of the equilibrium concentration. 
Later, 0.57 mg/g (about 40% of the previously adsorbed mass) was 
recovered in the desorption experiment, in 720 h. The transfer of 
phosphate from fast to slowly reacting sites becomes less efficient when 
the slow sites approach equilibrium as the distance from equilibrium 
(seq − s), which drives the transfer, becomes smaller. During the 
desorption experiment in column III, the effluent concentrations 
decreased and reached a quasi-state concentration of about 0.4 mg/L 
(Fig. 4-b). This can be attributed to the release of P from the slow- 
reacting sites. The quasi-steady-state behavior was well reproduced by 
the model while the agreement between the model’s results and obser-
vation is lower in the transition period as concentrations drop faster than 

Table 1 
Summary of tracer experiment results, as well as results of model calibration and 
validation for column experiments.  

Tracer experiment  

column I column 
II 

column 
III 

Hydraulic retention time (min) (at 0.65 
mL/min) 

375 329 301 

Porosity ϴ 0.55 0.49 0.44 
Pore volume (mL) 243 241 196 
Flow velocity v (cm/h) at 0.65 mL/min 4.92 5.55 6.09 
Flow velocity v (cm/h) at 0.39 mL/min – 3.33 3.66   

Calibration, Fig. 2-a  

Kp [L/g]* α [1/h] f 

Column I, adsorption, 4.92 cm/h, 960 h 0.155 1.56e-4 0.045 
Lower 95% confidence interval 0.05 1.47e-4 0.012 
Upper 95% confidence interval 0.259 1.65e-4 0.076 
R2 0.988 
RMSE (mg/L) 0.03   

Validation  

r RMSE (mg/L) 

Column I, adsorption, 5.55 cm/h, Fig. 2-b, 3024 h 0.88 0.138 
Column II, adsorption, 5.55 cm/h, Fig. 2-c 0.99 0.058 
Column III, adsorption, 3.66 cm/h, Fig. 2-d 0.98 0.059 
Column III, stop-flow, 6.09 cm/h, Fig. 4-a 0.91 0.182 
Column III, desorption, 6.09 cm/h, Fig. 4-b 0.96 0.074 

* Kp is of the ICS-sand mix. The Kp of the ICS is 3.57 L/g, 95% confidence in-
tervals [1.15, 5.98] L/g. For the equilibrium model, parameter fitting yielded 
unrealistic values in order to approach the quasi steady state concentrations 
after the initial rise in P concentrations: Kp was2.2 × 1034 L/g with 95% CI 
[− 5.6 × 1035, 6.1 × 1036] L/g, D was 0.169 × 1038 cm with 95% CI [− 0.434 
x1039cm, 0.468 x1039cm], and R2 was 0.82. 
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predicted. The desorption process was modeled with the same mass 
transport rate (α), implying that transport limitations also retard 
desorption. Consequently, techniques only relying on P desorption may 
not be efficient for phosphate recovery due to the long time scale of 
desorption. 

4. Discussion 

4.1. Expediency of the two-side model 

Considering transport-limited kinetics for the adsorption process in a 
two-site model was crucial to reproduce P outflow concentrations of 
long-term column experiments. The two-site adsorption model proved 
suitable to describe and predict P retention for different operational 
scenarios, including the variations in constant flow velocities, inter-
rupted flow, and desorption. Although parameterized for one column 
experiment for a limited duration, it was able to reproduce the features 
of the observed effluent P concentrations in all other experimental 
settings. 

In particular, quasi-steady-state concentrations, being key in deter-
mining the P removal throughout the experiments, were well repro-
duced at all flow conditions. Only during transient flow periods, when 
resuming the flow or after abrupt changes in inflow concentrations, the 
predictive capability of the model was lower. The apparent delay in the 
predicted P concentrations in the outflow after flow interruptions or in 
the desorption experiment can be partially attributed to the remaining 
solution in the inert gravel layer at the top of the column. This layer is 
not included in the dynamic model and dissolved P concentrations do 
not change during no-flow concentrations due to the absence of ICS. 

The reactive model does not include an explicit description of the 
intra-coating diffusion process. Instead, the transport limitation is 
accounted for in the parameter α, which can be interpreted as an ex-
change coefficient between the stagnant phase (intra-coating porosity) 
and a mobile phase (see Supplementary Material for details). An 
equivalent approach was used before to describe phosphate desorption 
from soil particles (Koopmans et al., 2004). Adsorption was considered 
to be reversible and to follow a linear isotherm. The desorption exper-
iment demonstrates that adsorption of P to ICS is reversible. Studying P 
adsorption onto ICS, Lambert et al. (2020) employed Langmuir and 
Freundlich isotherms for dissolved P concentrations in the range of 
0–1200 mg/L. Both isotherms may be approximated by a linear rela-
tionship at concentrations lower than 20 mg/L. In our study, dissolved P 

concentrations remain below levels at which deviation from linearity is 
typically reported for P adsorption isotherms and solid phase contents 
remain below the saturation capacity, for example, reported for ferri-
hydrites (Wang et al., 2013). The linear approximation is justified in the 
context of applying ICS for P removal in drainage water in the 
Netherlands which typically have soluble reactive phosphate concen-
trations below 2 mg/L P (Rozemeijer et al., 2014). 

4.2. Model parameters 

Despite the dilution of ICS with non-reactive sand and the long 
duration of the experiment, equilibrium between dissolved and adsor-
bed P was not achieved. The correlation of parameters f, Kp and α 
complicate the unequivocal determination of each parameter. Particu-
larly, the pronounced, initial increase in P concentrations can be 
reproduced with infinite combinations of f and Kp. Similarly, quasi- 
steady-state concentrations are controlled by a combination of Kp and 
α. However, the very slow increase in dissolved P concentrations after 
the initial increase constraints α, and allows a robust estimation of the 
partition coefficient Kp and consequently f. 

The major part of the adsorption capacity lays inside the coating. The 
fraction of fast adsorption sites f was only 4.5% reflecting the small 
number of sites at the outermost layer of the coating, which is in direct 
contact with the porewater. SEM-EDX analyses support the conceptual 
assumption that P adsorption inside the coating is a transport-limited 
process: P is not homogeneously distributed but enriched in the outer 
part of the coating and in some narrow layers inside the coating. 
Although SEM-EDX micrographs indicate the possibility of P transport 
through macro pores in the coating, transport into the bulk of the 
coating is likely controlled by diffusion through the intra-porosity of the 
Fe precipitates, which is supposed to be faster than solid diffusion 
(Willett et al., 1988). The Fe-(hydr)oxides in the coating are expected to 
be of low crystallinity comparable to the structure of ferrihydrite. A pore 
width between 0.42 and 50 nm was obtained from BET analyses being 
about half of them mesopores (2–50 nm). The range of pore widths in-
dicates that the majority of pores are sufficiently large to allow for 
diffusion of hydrogen- and dihydrogen phosphate with Stoke’s radii of 
0.35 and 0.26 nm, respectively(Hong et al., 2009). The relevance of 
mesopores for P adsorption was demonstrated by Suresh Kumar et al. 
(2017) who found, at low P concentrations, a linear relationship be-
tween the mesopore BET specific surface area and P adsorption in 
granulated activated carbon coated with Fe oxides. The pore size values 

Fig. 3. Measured concentrations during slow adsorption. a) Effect of flow rate decrease: column II with v = 3.33 cm/h and column I with v = 4.92 cm/h at a late 
stage of the experiment. b) Differences in the slow adsorption in column I with time: steeper increase at early times (hour 460 to 930) compared to late time (hours 
2520 to 3020). Shaded areas indicate 95% confidence interval of the trend lines. The inflow concentration C0 is 1.70 mg/L. 
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for 2-L and 6-L ferrihydrite obtained by Wang et al. (2013) range from 
1.6 to 4.4 nm. The relatively large variability of pore sizes measured for 
ICS can be explained by changing conditions in the surrounding water 
during the growth of the coating. The composition of the inflow water in 
the sand filter can be variable as well as the position of the grains in the 
filter caused by backflushing. Both types of events might affect the 
structure of Fe precipitates in the sand filters (Jentzsch and Penn, 2006; 
Van Beek et al., 2020) and hence pore size distribution. 

Based on the optimized mass transfer coefficient α of 1.56 10− 4 h− 1 

the time scale of the slow adsorption process is about 6400 h. Conse-
quently, the required equilibration times for determining Kp in batch 
experiments using ICS grains would be much longer than the duration of 
the column experiments. This implies that column experiments in 
combination with reactive transport modeling appear to be more effi-
cient for estimating the equilibrium partition coefficient of P for ICS. 
Furthermore, there are practical limitations for the use of batch exper-
iments to constrain Kp for ICS as the coating can be lost during shaking 
and reduced to small pieces (Chardon et al., 2012). 

The obtained value of Kp compares well to those reported in other 

studies. We found Kp = 3.56  L/g for pure ICS or 28.1 L/g-Fe (deduced 
from the estimated Kp for the ICS-sand mixture, see Table 1) at an 
equilibrium P concentration of 1.70 mg/L, corresponding to P contents 
of 6.06 mg/g-ICS or 47.7 mg-P/g-Fe (0.09 P:Fe molar ratio) in the solid 
phase. Wang et al. (2013) report a value of 52.3 mg/g-Fe for 2-L ferri-
hydrite powder in equilibrium with 1.0 mg/L dissolved P, while Char-
don et al. (2012) obtained 56.83 mg/g-Fe for iron sludge from drinking 
water treatment in column experiments at 3.95 mg/L after 283 days 
(6792 h). Lambert et al. (2020) report a maximum adsorption of 16.3 
mg/g-Fe for ICS in a column experiment after 280 days (6720 h) and a 
20 mg/L inflow concentration. Surprisingly, the value is lower than 
ours, as the inflow concentrations in Lambert et al. (2020) experiment 
were considerably higher, and the duration of their experiment was 
longer compared to our experiments. However, the amount of ICS in the 
column used by Lambert et al. (2020) was 195 g, about seven times 
larger than in this study at a comparable flow rate of 2.53 cm/h. The 
experiment only captured the pronounced, initial increase in effluent 
concentrations and not the prolonged slow increase afterward. In this 
stage of the experiment, adsorption at the slow sites is of lower relevance 

Fig. 4. Column III results of P concentrations. The inflow concentration C0 is 1.70 mg/L. a) Measured and numerically modeled P in the outflow during interrupted 
flow, b) measured and modeled outflow P during desorption, c) P in the mobile phase along the column during the experiment with flow interruptions, d) adsorbed P 
content along the column during the experiment with flow interruptions. 
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leading to lower values when calculating an apparent partition coeffi-
cient. According to our results, the equilibrium solid concentration at a 
dissolved P concentration of 20 mg/L is 120.7 mg/g-Fe. When only 
considering the fraction with fast rates (4.5% of total adsorbed), 5.5 mg/ 
g-Fe are reached, which is close to the value obtained by Lambert et al. 
(2020) in their batch experiments with 24 h equilibration time (5.93 
mg/g-Fe). Per surface area, the maximum P adsorption we obtained was 
0.084 mg/m2 which is very similar to the value of 0.081 mg/m2 ob-
tained by Koopmans et al. (2020) for Fe-containing precipitates from 
drinking water treatment, which was used 14 months for soil 
amendment. 

The optimized partition coefficient Kp is conditional and expected to 
depend on pH, ionic strength, and the presence of other ions adsorbing 
to ICS. The model was calibrated and validated for pH 6.80 ± 0.05, 0.10 
M ionic strength, 1.70 ± 0.05 mg/L inflow concentration, and no 
competing ions. Higher pH reduces P adsorption (R. Zhang et al., 2022) 
due to competing OH− ions and a decreasing surface charge at higher 
pH. Differences in ionic strengths can alter P adsorption by mitigating 
electrostatic effects. The effect of pH and ionic strength could be 
accounted for when applying surface complexation models including the 
acid-base chemistry of surface sites and electrostatic corrections such as 
the generic DDL model parameterized by Dzombak and Morel (1991) for 
hydrous ferric oxides (HFO). The generic DDL provides a Kp value of 
36.10 L/g-Fe for HFO at our experimental conditions. This value is 28% 
higher than the Kp we obtained for ICS but is in the same order of 
magnitude. The corresponding surface excess of 0.064 mg/m2 is, how-
ever, lower than calculated by the DDL model as Dzombak and Morel 
(1991) consider a theoretical SSA of 600 m2/g for HFO, which is higher 
than the BET surface area of ICS. Nevertheless, we consider the possi-
bility that based on the DDL model the Kp value could be adjusted to 
other conditions by determining the relative effect of P distribution 
when changing pH or ionic strength. Next to pH and ionic strength, the 
equilibrium distribution coefficient can be affected by the presence of 
ions such as organic matter, sulfate, carbonates, silicates, and arsenate 
competing with phosphate for surface sites (Grafe et al., 2002; Hiemstra, 
2018; Liu et al., 2018; Mendez and Hiemstra, 2019) and should be taken 
into consideration when treating natural waters. Also temperature is 

expected to effect both equilibrium concentrations and rate constants, 
but the temperature effect is out of the scope of this study. 

4.3. Implications for practical applications 

The contribution of slow sites to P adsorption has practical conse-
quences for the design, operation, and lifespan of ICS filters. Integrating 
stop-flow periods in the operation of filters allows the regeneration of 
fast adsorption sites, but the resting times have to be sufficient for P to be 
transferred to slow sites. We tested five different operation scenarios: (i) 
continuous flow, (ii) resting 3 months a year (during summer time), (iii) 
resting 1 week and (iv) 2 weeks per month, for a 40x40x40 cm filter with 
4 L/h flow and 1 mg/L inflow water. The target is to keep concentrations 
below 0.15 mg/L. The scenarios are not strictly comparable, scenarios 
(ii) and (iii) treat the same volume, 75% of the total volume in scenario 
(i). Scenarios (ii) and (iii) demonstrate the contributions of slow kinetics 
and the effect of different lengths in the resting periods on P retention. 
To make the treated volume in scenario (iv) comparable to scenario (i), 
we assumed that 2 filter compartments (of the given dimensions) are 
used with alternating resting periods every 2 weeks. Fig. 5 displays the P 
concentrations in the effluent for all scenarios. 

Scenario (ii) exhibits a larger recovery than scenario (iii), this effect 
is reached because the resting period is longer. Nevertheless, after 
24.000 h (2 years in operation) they both reach a comparable final 
concentration of about 0.15 mg/L and retain a similar mass of P for the 
same treated volume, about 0.065 kg P. Comparing scenarios (i) and (iv) 
with the same treated volume, the continuous filter scenario (i) needs to 
be replaced three times in five years (every 1.65 years) to meet the 0.15 
mg/L target. Instead, scenario (ii) can meet the target using only two 
filters and alternating operation every 2 weeks. Making use of two filters 
scenario (ii) retains 0.342 kg while scenario (i) retains 0.167 kg P using 
three filters in five years. 

5. Summary and conclusion 

A quantitative model for phosphate adsorption on ICS was devel-
oped, which was able to account for slow adsorption reactions, with the 

Fig. 5. P outflow concentrations for practical example of a 5-year ICS filter operation with 4 different operative scenarios:: (i) continuous flow, (ii) resting 3 months a 
year (during summer time), (iii) resting 1 week and (iv) 2 weeks per month. The dashed red line indicates the target outflow concentration, 0.15 mg/L. 
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intention to provide a tool for optimizing the application of ICS filters. 
The conceptual two-site model including transport-limited adsorption 
kinetics was supported by electron microscopic analyses of ICS. Long- 
term column experiments under several flow conditions were used to 
calibrate and validate the model. The model reproduced phosphate 
concentration of continuous and intermittent flow conditions, as well as 
adsorption and desorption. Adsorption proceeded rapidly on a small 
number of sites (4.5%) and is described with a linear equilibrium 
adsorption model. Adsorption on most sites proceeded slowly on the 
time scale of months, which we related to intra-particle diffusion. The 
calculated maximum adsorption capacity under experimental condi-
tions was 47.7 mg/g-Fe, or 0.084 mg/m2 at 1.70 mg-P/L inflow 
implying an equilibrium partition coefficient of 28.1 L/g-Fe. The model 
was used to test how ICS filter operation can be optimized to exploit the 
high capacity of the slow adsorption. An example shows how intro-
ducing resting periods improve the phosphate removal and operation 
duration of ICS filters. 

From your results we conclude:  

• Phosphate adsorption on ICS takes place at two times scales: fast 
adsorbing sites at the outside of the grains and slow kinetic adsorp-
tion into the iron coating.  

• Only 4.5% of sites are in equilibrium and represent fast-accessible 
sites. 

• Optimal ICS filter operation contains recovery phases. Flow in-
terruptions in the time scale of the slow adsorption process (weeks to 
months) can extend the filter operation time significantly. 
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org/10.1016/j.jconhyd.2023.104160. 

References 

Ajmal, Z., Muhmood, A., Usman, M., Kizito, S., Lu, J., Dong, R., Wu, S., 2018. Phosphate 
removal from aqueous solution using iron oxides: adsorption, desorption and 
regeneration characteristics. J. Colloid Interface Sci. https://doi.org/10.1016/j. 
jcis.2018.05.084. 
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