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Abstract
Anthropogenic eutrophication and associated harmful algal blooms (HAB) are well-
known threats to aquatic ecosystems in the 21st century. Watershed-wide diffuse
nutrient sources are the most difficult to manage nutrient loads into aquatic ecosystems.
Phosflow™ and EutroSORB® F are claimed to be able to remove P from flowing waters
like agricultural ditches or tile-drainage outlets. To test whether they are fit for purpose,
shaking, adsorption kinetics, batch adsorption, and fixed-bed adsorption experiments
were carried out, along with other material characteristic tests: X-ray diffraction
(XRD), aqua regia destruction and elemental analysis, and sequential P extraction.
EutroSORB® F contains 40% böhmite (γ-AlOOH) and 41% calcite (CaCO3) by mass,
separated over two size-modes. Phosflow™ contains 71% böhmite by mass and around
4.3 mg Mg g−1. Both should be physically stable when in water with flow rates up to
between 2 and 2.8 L min−1, though EutroSORB® F is less sensitive to erosion than
Phosflow™. Their equilibrium maximum adsorption capacities (MAC) are around 10.3
mg P g−1, though P has greater affinity for EutroSORB® F than Phosflow™, with
K-values of 53 and 13 L g−1 respectively. Fixed-bed MACs are around 4.8 and 2.6
mg P g−1 for EutroSORB® F than Phosflow™ respectively, but these are reduced
to 2.19 and 2.12 mg P g−1 when using lake-water-based influent. P-fractionation
indicates that böhmite plays an important role in P-sorption in both product, with
precipitation of Ca-phosphate minerals possibly being prevalent in EutroSORB® F. It
is recommended to test both products in larger-scale fixed-bed adsorption experiments
under varying conditions regarding organic matter (OM), dissolved OM, and pH.
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Two In-Stream Phosphorus Adsorbents J.C. van Snippenberg

1 Introduction

1.1 Eutrophication

Freshwater biodiversity has been on the decline in the last
decades due to chemical pollution, habitat destruction,
resource extraction, climate change, and disturbed nutri-
ent cycles [1–3]. These threats to freshwater ecosystems
are not isolated, but interact with one another [1].

Harmful algal blooms (HAB) are one symptom of
how the disturbances of biosphere integrity and bio-
geochemical cycles meet. With high light availability,
higher temperatures, and high nutrient concentrations
in the water column, algae and cyanobacteria can out-
grow predative pressures and proliferate very quickly,
thus causing HABs. Cyanobacteria are especially infa-
mous, because various species can produce toxins or
cause unpleasant smells [4]. HABs thereby negatively
impact ecosystem services like drinking water production,
tourism, and aquaculture [5]. HABs have occurred more
frequently in the past decades [6] and this trend is likely
to continue [4].

Anthropogenic eutrophication is generally consid-
ered the main culprit of HABs. It is the artificial enrich-
ment of aquatic ecosystems with nutrients, the macronu-
trients phosphorus (P) and nitrogen (N) in particular,
and the excessive production of organic material that
follows [7, 8]. It can cause aquatic ecosystems to tran-
sition from a clear to a turbid, algae-dominated state
[9]. Algae then dominate the competition for light in
the water column and can cause anoxic conditions due
to respiration and their quick decomposition [10].

Sources of excessive nutrients into lakes can be
external or internal. Among external sources, point and
diffuse sources can be differentiated. Point sources in-
cludes urban centres and wastewater treatment outlets
[11]. Diffuse sources are spread out over watersheds,
entering surface waters via runoff or atmospheric de-
position. Agricultural activities are often the largest
contributor to diffuse emissions, via e.g. fertilisation
[11–13]. Nutrients applied in excess, especially P, can
accumulate in soils, forming a ‘legacy’ nutrient pool.
This can then form a source of increased diffuse emis-
sions over several decades, even after drastic changes in
agricultural practice reduced nutrient excesses [12, 14,
15]. Nutrients can also enter the water column from
within the water body itself. Sediments release P and
N into the water column from degrading organic matter
as a part of the natural nutrient cycles [16, 17]. This
internal loading can be enhanced by anthropogenic in-
puts, via the accumulation of inputs in the sediment
[18, 19], with systems with longer residence times being
more susceptible [20–22]. Enhanced internal loads only
tend to occur for P, and not N, because the former is

readily taken up by organisms and cannot be lost to the
atmosphere via processes analogous to denitrification
[17, 18].

1.2 Mitigation, prevention, & restoration
There are various measures to mitigate or prevent eu-
trophication and restore lake ecosystems. These can be
categorised as follows: 1) hydrological manipulations, 2)
biomanipulation or direct alterations of the ecosystem, 3)
external nutrient load reduction, and 4) internal nutrient
load reduction [23]. When choosing between measures,
it is necessary to map all nutrient fluxes and pools so
that the main causes of eutrophication and its symptoms
may be addressed [24].

Hydrological and biological manipulation

Hydrological manipulations are measures that aim to
change lake in- and outflows in order to bring about
a change in the ecological state of the system. Ex-
amples include hypolimnetic withdrawal [25, 26] and
high-nutrient source dilution or diversion [27]. Biomanip-
ulation, on the other hand, involves directly altering the
ecosystem structure to achieve the same goals. Typical
examples include removing benthivorous fish, introduc-
ing filter-feeding species, introducing piscivorous fish,
reintroducing macrophytes, and harvesting nutrient-rich
macrophytes [28–30].

External nutrient load reduction

Reducing nutrient sources external to lakes is, in prin-
ciple, the most sustainable of all measures. One could
change land management and agricultural practices such
that nutrient excesses are prevented, as well as improve
wastewater treatment [23, 31]. There also exist so-called
‘P removal structures’, which use filter media to re-
move phosphorus from flowing surface waters and urban
stormwater. [32–34].

The whole landscape may be engineered with the
same aims, in particular over the longer term [35, 36].
The (re)construction of buffer zones, sedimentation
ponds, and wetlands are typical examples at various
spatial scales [35, 36], as well as the alteration of con-
structed wetland soils or tiledrains with nutrient adsor-
bent materials [37–39].

Internal nutrient load reduction

When it comes to reducing internal loads in lakes, three
main strategies are typically used. 1) In small, shallow
lakes, surficial sediment may be removed wholesale by
dredging [23, 26]. 2) A lakebed may also be capped by
an inert material, preventing nutrients from entering the

1
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water column [23]. 3) Finally, materials and substances
may be added to flocculate particulate nutrient-rich
matter out of the water column, adsorb nutrients, or both
[23, 24, 40]. Furthermore, some adsorbents may also
act as a sediment-capping material [40, 41] or flocculant
ballast [42].

Nutrient adsorbents typically primarily target P,
rather than N [24, 40]. P is the main limiting nutrient
in most lakes; co-limitation with N is also common, but
lakes are only infrequently limited by N [43]. P reduction,
though not universally effective [22], has had success in
mitigating the symptoms of eutrophication [24]. As a
result, chemical inactivation or sequestration of P is still
considered an effective method for combating HABs and
improving water quality.

In a comprehensive summary of adsorbent materials,
Douglas et al. [40] distinguished 4 broad categories of nu-
trient sorbents, united by being enriched with carbonates,
Fe, Al, rare earth metals like La, or some mixture. Typi-
cally, they have maximum adsorption capacities (MAC)
between around 1 to 100 mg P g−1, though most have
capacities below 20 mg P g−1 [24]. Depending on the
environmental conditions in any given lake, adsorbents
can be more or less appropriate for use [24, 40]. Environ-
mental conditions such as redox status, pH, or salinity
can affect the solubility of an adsorbent. Nowadays, Al
salts, Al-(oxyhydr)oxides, or La-modified materials are
most often used, due to their relative insensitivity to
these conditions [23].

1.3 In-stream phosphorus adsorption
From the above discussion, we can identify a gap in
the available strategies. Once nutrients end up in the
surface waters, they are largely lost until they find their
way into lakes, where they cause eutrophication. The
majority of measures that act between the source and
the endpoint tend to involve larger-scale alterations in
the landscape such as the (re)construction of streams
or wetlands [36], or management structures such as the
P-removal structures [32, 33]. Wetland reconstruction
also provides other benefits, but they require a lot of
space and are typically costly [23]. P-removal structures
are much smaller and cheaper, but still more expensive
than in-lake P-removal with adsorbents [34, 44]. Edge-
of-field filter structures in agricultural catchments with
various filter materials have also been studied, though
again, these structures are often built into the landscape
[39]. As such, there is a need for more flexible strategies
that specifically target the nutrients in-stream, without
requiring the substantial monetary and spatial costs. One
can expect that such a strategy can speed up the recovery
of aquatic ecosystems, even with ongoing legacy diffuse
emissions. Furthermore, it would reduce the long-term

need for more invasive repeated in-lake measures, which
are arguably a necessity in areas with large intensive
agricultural industries, like the Netherlands [41].

In the last few years, two companies have brought
products on the market that claim to do just what
is outlined above. Water Warriors Inc. and SePRO
Corporation have put out Phosflow™ and EutroSORB®
F respectively [45, 46].

Phosflow™ is a medium made of solid, near-
spherical pellets, as shown in Figure 1 a), meant to
adsorb P from running waters up to an MAC of 26.4 mg
P g−1 [45]. According to Water Warriors Inc, it ‘can
be implemented as a filter media to remove phosphate
from a variety of environmental matrices such as lakes,
streams, drains and channels.’ One available safety data
sheet lists MgCO3 and Al2O3 as the main constituents
[47].

EutroSORB® F, shown in Figure 1 b), is a filter
material made with the same aim as Phosflow™ [46].
Beyond a claimed P-binding MAC of approximately 10
mg P g−1, not much is publicly available about this prod-
uct. However, a potentially related patent application
put out by the SePRO Corporation in the United States
of America claims a composite material consisting of a
‘nutrient-binding ingredient’ and a ‘biogenic additive’,
which should together lead to synergistic P adsorption
[48]. Various combinations of ingredients are claimed
in the patent, some of which are known P-binders, like
aluminium minerals. Aluminium-based constituents may
be expected (Fuhrmann, personal communication; see
Appendix C.1).

If Phosflow™ and EutroSORB® F (from here on
collectively referred to as ‘the products’) function as
claimed, they would fit neatly into the strategical gap
identified earlier, and they could nicely complement other
mitigation strategies, like changing land management
practices and in-lake measures [49]. However, it would
not be the first time that ineffective lake restoration
technologies are commercially available, as illustrated in
the Netherlands by Lürling & Mucci [41]. In the case of
these two products, there is very little public information
available, so it is vital that these technologies are tested
independently.

Given all the above, we can say that the perfor-
mance and properties of two commercially available in-
stream nutrient sorbents that could close a vital link
in the chain of eutrophication mitigation strategies are
largely unknown. From this problem statement, a main
research question follows:

What are the adsorptive characteristics of
Phosflow™ and EutroSORB® F and are they
fit for purpose?
In order to answer this question, the following as-

pects about these products will be studied: 1) their
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a) b)

Figure 1 – Two in-stream phosphate adsorbents – The two products side by side. (a) shows Phosflow pellets ™ and (b)
shows EutroSORB® F. These pictures were taken by the author.

physical characteristics, in particular with regards to
their stability in water; 2) their chemical nature in terms
elemental and mineral composition; 3) their adsorptive
behaviour under static equilibrium and under flowing
conditions; 4) the general environmental impact of their
use with regard to general water chemistry properties.
These may be formulated into more specific sub-research
questions.
1. What are the physical characteristics of the products,

in particular with regards to their stability in water?
2. What is the chemical nature of the products, in

terms of elemental and mineral composition?
3. What is the adsorptive behaviour under static equi-

librium and under flowing conditions?
4. What changes in the general water chemistry prop-

erties occur as a result of the usage of the products?
I.e., what is the further environmental impact of
using these products?
Information provided on the websites of the prod-

ucts and the found patent give a basis for setting up
some hypotheses. As this information is limited, espe-
cially with respect to EutroSORB® F, formulations of
most prior hypothesis must be kept vague or unspecified.
First, some general hypotheses: both products are stable
in water; they can adsorb phosphate, both in static and
flowing media; they have a limited expected environmen-
tal impact beyond adsorbing phosphate; the formation
of phosphate minerals will occur. The specific meaning
of words like ‘limited’ and ‘stable’ or not too important,
but should invoke a sense of what realm of endpoints
the research questions will deal with.

Now we come to those hypotheses that can be
based on what is known about the materials, as laid

out in earlier sections. Regarding Phosflow™: we may
suspect its composition to be dominated by a combina-
tion of magnesium carbonates (MgCO3) and aluminium
oxide (Al2O3), with a maximum P adsorption capacity
of around 26.4 mg P g−1. Regarding EutroSORB® F:
we may suspect that they are made of some known
phosphate adsorbent mixed with one or more other in-
gredients, some possibly of biogenic origin or including
a substantial amount of Al. It may have a maximum P
adsorption capacity of around 10 mg P g−1.

2 Methods & Materials
In order to determine whether the products EutroSORB®
F and Phosflow™ are fit for purpose, several smaller
experiment were carried out. Figure 2 gives a general
overview of the main methods employed. The main focus
was on P adsorption experiments. Furthermore, several
other endpoints were investigated to estimate the further
environmental impact that the products may have when
in use. Generally, these were pH, electrical conductivity
(EC), and turbidity or suspended solids. Placing these
two main aspects in context requires having an under-
standing of what the physical properties and chemical
make-up of the products are. They should provide ample
information to interpret the observed behaviour of the
products.

The main chain of different experiments started
with the shaking test. Its objective was to provide quali-
tative information on the resistance of products to me-
chanical abrasion. Furthermore, it allowed for determin-
ing a shaking regime with which the products could be

3
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RPM (Shaking)
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Size Distribution
Adsorption

kinetics

Adsorption
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Sequential P 

extraction

Aqua regia

extraction

Fixed-bed 

adsorption
X-ray diffraction

Adsorptive behaviourPhysical characterstics Environmental impactChemical nature

Results of tests relate to:

Figure 2 – Overview of the methods – An overview of the main methods that were employed here and how they fit
together. The arrows indicate that some results are used in the design of another experiment. In the case of the bold
arrows, this relates to numerical values or considerations of how to practically carry out the next experiment in the chain.
In the case of the broken arrows, some material produced in one experiment is directly used in another. All boxes in the
figure are coloured according to the domain of interest the results relate to. Yellow relates to the physical properties of the
materials, blue to the adsorptive behaviour of the products, green to further environmental impacts that may be expected
when the products are used, and grey to the chemical nature of the products

mixed without destroying the bulk while in suspension.
With this information, the room-temperature adsorption
kinetics could be determined. The time it takes to reach
equilibrium could then, in turn, be used to establish the
timeframe needed to perform further batch-adsorption ex-
periments. The main batch-adsorption experiments that
followed were done to construct adsorption isotherms,
and thereby determine equilibrium adsorption behaviour.
With those results in mind, fixed-bed adsorption ex-
periments were done to test the products’ capabilities
in flowing conditions, thereby determining whether the
products are actually fit for their intended purpose. Sev-
eral of these parts involve model-fitting and parameter
estimation. For this, linear least squares procedures
implemented in R version 4.2.3 were used [50], unless
otherwise described in the methods.

Alongside these experiments, various analyses were
performed to characterise the products. Loss on drying
(LOD; ∼105°C) and loss on ignition (LOI; ∼550°C) of
the products were determined to get a sense of their
room-temperature moisture content and whether they
contain more volatile constituents. The X-ray diffrac-
tion (XRD) spectra of the products were measured to
ascertain the minerals present in them. Finally, aqua
regia destruction followed by induced-coupled plasma-
mass spectrometry (ICP-MS) and ICP optical emission
spectrometry (ICP-OES) were performed to determine
the elemental composition of the products.

Several endpoints were measured across various
different experiments, for which the same instruments
were used. To measure pH and EC, a SenTix ® 41
pH-electrode (WTW®) and a Tetracon® 325 (WTW®)

were used, combined with various multimeters (pH 3110,
pH 320, pH/Cond 340i, pH cond3320; WTW®). For
Turbidity, a 2100P turbidimeter (Hach®) was used re-
spectively. Samples were analysed for soluble reactive P
(SRP) and total P (TP) using a segmented flow analyser
(SFA) (Skalar, SAN+ System), following NEN-EN-ISO
15681-2:2005 [51].

For SRP analysis, samples were filtered. All samples
and filtrates for TP and SRP analysis were stored at -20
°C until analysis, unless indicated otherwise. At the start
of the project, 0.45 µm syringe filters (cellulose acetate;
Whatmann™, 10462600) were used, while later experi-
ments used 0.2 µm membrane filters (cellulose nitrate;
Whatmann™, 10401314) mounted in a vacuum pump
(Shanghai Eyela Co., Ltd, Aspirator A-1000S). This
was done to pre-emptively reduce interference from the
products after filtration (see subsection A.1 for more de-
tails). Extensive use was made of 50-mL centrifuge tubes
(VWR®, 525-1113) and 15-mL centrifuge tubes (VWR®,
525-0605). For dry weight analysis, aluminium dishes
(VWR®, 611-1371) were generally used, unless indi-
cated otherwise. All liquid samples were stored in 50-mL
polyethylene (PE-LD) bottles (Kautex™, 2000770528).
Other materials that were used are indicated under the
subsection where their use is described. This concerns
materials that were only used for one experiment.

For all adsorption experiments, K2HPO4 (Merck
KGaA; 1.05104.1000) was used. When constructing the
adsorption isotherms, KCl (Merck KGaA, 1.04936.0500)
was also used. The following chemicals were used for
the sequential P extraction: a BD-reagent (containing
0.11 M Na2S2O4 (Merck KGaA, 1.06507.0500) and 0.11
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M NaHCO3(Merck KGaA, 1.06329.1000)); 0.1 M NaOH
(Merck KGaA, 1.06498.1000); 0.5 M HCl, diluted from
stock (Merck KGaA, 1.00317.100); 2M H2SO4, diluted
from stock (Merck KGaA 1.00731.1011)

Data analysis was done using Rstudio version 4.2.3
with its native packages [50], and figures were created us-
ing the ‘ggplot2’, ‘ggpubr’, ‘patchwork’, and ‘ggpattern’
packages [52–55]. Data analysis was further facilitated
by the ‘tidyverse’, ‘rstatix’, and ‘hydroGOF’ packages
[56–58].

2.1 Size distributions, LOD, & LOI
Given EutroSORB® F’s heterogeneous nature, under-
standing the size-distribution of the products would be
helpful in further investigations. Thus, known amounts
of product were deposited into a sieving tower, contain-
ing six sieves with different pore sizes. These are, in
decreasing order: 4.8, 2.8, 2.0, 1.0, 0.5, and 0.180 mm.
After sieving, the material left on each sieve was collected
and weighed. The fraction of material smaller than 0.180
mm were inferred by closing the mass balance, though
potential accidental losses were also confounded into this
size fraction, thereby forming an ‘Error/Rest’-fraction.
Sieving was done five-fold for both products.

The large EutroSORB® F ‘mode’ was also sepa-
rated by hand and the fraction of the total determined,
with six replicates. Such separation was done in further
characterisation as well, so this simple check can be
compared to the more general size-distribution.

The presence of moisture and/or hydrous minerals
at room temperature conditions may be inferred from
the loss on drying (LOD). Similarly, substantial loss on
ignition (LOI) indicates the presence of organic matter
such as cellulose or, to a lesser degree, minerals that can
degas at higher temperatures.

Thus, known amounts of both product were dried
at 105 °C for 64 h and subsequent percentual mass
losses calculated as in Equation 1. Here, M0 (g) is
the initial mass and Mdry (g) is the mass after drying.
After, the dried products were ignited at 550 °C for 3 h,
and then mass losses were calculated as in Equation 2.
There, Mash (g) is the mass after ashing. LOD- and LOI-
analysis was done with 5 replicates. After ashing and
weighing, the samples were stored at room temperature
in a desiccator for around a week.

LOD =
M0 −Mdry

M0
· 100% (1)

LOI = Mdry −Mash

Mdry
· 100% (2)

Finally, after the storage period, the samples were
weighed once more, aggregated, and sieved just like the

non-dried samples. The mass fractions of the total input
for each size fraction were compared with the mean
non-dried fractions.

2.2 Aqua regia extraction & X-ray diffrac-
tion

In order to determine the elemental composition of the
products, the products were chemically destroyed, and
the resultant solution analysed. EutroSORB® F was
separated by hand, and the two fractions were analysed
separately. Thus, 3 samples for analysis arose: the large
EutroSORB® F mode, the small EutroSORB® F mode,
and Phosflow™.

0.5 g of the samples was ground and suspended in
aqua regia (HNO3/HCl, 1:3 molar ratio), which was then
heated overnight at boiling point (∼108°C). The cooled
resultant solutions were filtered. One part was analysed
using induced-couple plasma mass spectrometry (ICP-
MS) (Thermo Element 2, Thermo Fisher Scientific) for
As, Cd, Cr, Cu, La, Ni, and Zn. Another part of the
solutions was analysed using ICP-optical emission spec-
tometry (ICP-OES) (Thermo iCAP 6500 DV, Thermo
Fisher Scientific) for Al, Ca, Fe, K, Mg, Mn, Na, P, Pb,
S, and Si. Destruction and analysis were carried out by
the Wageningen University & Research Soil Chemistry
Laboratory (CBLB) [59]. Based on the findings of XRD-
analysis, maximum mass fraction of dominant minerals
could be inferred.

To determine the mineral structure of the products
before and after use, X-ray diffraction (XRD) was used.
This was done with 3 samples from each product, with
the two modes of EutroSORB® F being separated before
analysis: untreated, dried at 80 °C for 2 days, incubated
in 2 L of solution with 100 mg P L−1 for two weeks and
then dried at 80 °C for 2 days. The mixtures in which the
products were incubated were analysed for SRP and TP
before and after incubation. For SRP analysis, solution
was filtered through a 0.2 µm membrane filter. Thus,
the P adsorbed per unit dried weight was calculated.

XRD analysis was then performed on the thus ac-
quired samples using a Bruker D8 Advance diffractometer
(Bruker AXS), with Cu-Kα radiation generated at 40
kV - 40 mA (wavelength of 0.154 nm). The angular
range used was 10 to 90° (2θ) with a step size of around
0.02°at 0.1 s per step and with a variable slit opening
(Fixed Sample Illumination 10 mm).

The found diffractogrammes were then identified by
comparing the found patterns with the crystallographic
open database(COD) [60]. Analysis was carried out by
the WUR Environmental Technology group.

5
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2.3 Shaking test
To gather a sense of the physical stability of Eu-
troSORB® F and Phosflow™, they were shaken over 7
days using different shaking regimes. After this, mass
losses, EC and pH were determined. The results from
this test aided in determining the shaking regime used
in further tests.

Around 2 g of product was applied to 40 mL of
deionised water (DIW), in triplicate, which was shaken
according to one of 9 regimes. These are a combination
of three different shaking times and strengths. Shaking
durations of 1, 3, and 7 days were chosen. The three
different shaking regimes were: leaving the mixture still
(‘Still’), putting it on a stirring table at 100 rounds per
minute (RPM) (‘Weak’), or putting it on a shaker table
at 140 RPM (‘Strong’).

While the samples were shaking, aluminium floats
and 0.8 µm fine-grained glass-fibre (GF/C) filters were
prepared. The latter were washed using DIW, and both
were pre-dried at around 110 °C for at least 2 hours.

Once a treatment had finished, pH (-) and EC (µS
cm−1) in the mixtures were recorded. These mixtures
were then sieved through a 0.180 mm sieve and the
effluent was collected. The bulk of the material left in
the sieve was deposited in aluminium floats. Between
samples, the sieve and funnel were washed with DIW.
All of the effluent was filtered using a vacuum pump and
a GF/C filter. Finally, the captured bulk material and
filters were dried at around 110 °C for at least 16 hours.

The total mass loss was determined from the differ-
ence between the dried bulk mass and the bulk mass put
into the mixtures. This number was corrected for the
LOD by subtracting the latter from the total mass loss:
a representation of the total mass percentage lost due
to shaking the mixtures ∆Mshake (%). The calculation
was done as in Equation 3: Mi (g) is the product mass
initially put into a mixture, Mdried (g) is the dried bulk
mass. LOD is given in Equation 1.

∆Mshake =
Mi −Mdried

Mi
· 100%− LOD% (3)

Dry suspended solids gathered on the filter after
shaking were determined from the mass differences be-
tween the mass of an empty filter (Mi,filter (g)) and
the same used filter (Mdried,filter (g)), as in Equation 4.
There, ∆MSS (%) is the mass loss percentage as the
suspended solids fraction. These were not corrected
for LOD. With all samples gathered and pre-analysis
done, then, means and 95% confidence intervals for
every treatment across the two products were estimated.

∆MSS =
Mdried,filter −Mi,filter

Mi,filter
· 100% (4)

To finish the analysis and determine the significance
of either time spent being shaken tshake (d) and at what
RPM (-) on all endpoints, multi-linear regression was
done. Such a model is shown in Equation 5. There, Y
is a representative of some endpoint, being ∆Mshake

(%), ∆MSS (%), pH (-), or EC (µS cm−1). A, ~B, and
~C are coefficients, the last two being vectors. This is
because the shaking regime must be introduced as a 3-
element vector ~RPM due to it being a qualitative factor.
All possible models are made, so every combination
of terms given in Equation 5, and compared with one
another using ANOVA. The least complex model with
the lowest adjusted R2 is reported. If there were two
or more models that are statistically equivalent, the
simplest model was chosen.

Y = Atshake + ~B · ~RPM+ tshake ~RPM · ~C (5)

2.4 Adsorption kinetics
In order to determine the room-temperature adsorp-
tion kinetics of EutroSORB® F and Phosflow™, an
adsorption-kinetics experiment was conducted over the
course of 3 weeks. 2 triplicates of DIW-based K2HPO4
solutions were made, containing 0.513 L with 50.7 mg
P L−1 and 1 g EutroSORB® F, the other containing
0.533 L DIW with 130.8 mg P −1 and 1 g Phosflow™.
If the hypothetical MACs of around 10 and 26.4 mg P
g−1 hold, around 20% of the P in solution should be
removed.

2 positive controls were prepared containing the
same P concentration as either product-solution mixture,
but without product. Finally, two blank mixtures, with
neither P nor product, were prepared. All mixtures were
made in 0.5 L flasks and shaken in upright position at
100 RPM on a shaker table.

At the end of every incubation interval, the content
of each bottle was sampled. 90 µL were taken from
the EutroSORB® F mixtures, and 35 µL were taken
from the Phosflow™ mixtures and mixed with 50 mL
DIW. These dilutions were filtered using 0.45 µm syringe
filters, and analysed for SRP. The positive controls were
treated as their analogous mixtures, and the blanks were
treated as the EutroSORB® F mixtures. With sampling
complete, pH and temperature (°C) were measured in
every mixture.

The initial experiment ran for 8 days, after which
the bottles were no longer shaken. However, the sam-
pling period was extended for 1.5 more weeks. At the
end of this second period, dry weight analysis was per-
formed on the bulk material. The same methods were
used here as described for the shaking test. The remain-
ing dry bulk material was then be used for sequential P
extraction, as described in subsection 2.7.

6



Two In-Stream Phosphorus Adsorbents J.C. van Snippenberg

Adsorption Q (mg P g−1) onto the products was
calculated according to Equation 6. Here, C0 (mg P L−1)
is the SRP measured in a bottle at time t = 0 d, Ct (mg
P L−1) is the SRP measured in a bottle at a later time t,
V (L) is the volume present in the bottle at time t (d),
and M (g) is the amount of product put into a bottle.
Potential mass losses of the products in the mixtures are
neglected for the sake of simplicity, since Figure 6 shows
low mass losses for similar a shaking regime (≤ 2.5% for
EutroSORB®F and < 1% for Phosflow™).

Qt = (C0 − Ct)
V

M
(6)

Then, a pseudo first-order model was fitted to the
data of each bottle, as in Equation 7. Though only an
empirical model, the parameters have a straightforward
physical interpretation. Qmax (mg P g−1) is the MAC
given the experimental conditions, and k (d−1) may be
interpreted as an adsorption rate. The mean of the model
parameters gained by fitting Equation 7 to each bottle
was calculated for each mixture type. The data from
the extended measurement period was used, given that
pH measurements indicated that chemical conditions in
the bottles were stable after the initial experiment (see
Figure B.2 b)).

Qt = Qmax(1− exp(−kt)) (7)

2.5 Adsorption isotherms
Further batch adsorption experiments were carried out
with the objective of constructing adsorption isotherms.
Thus, the products EutroSORB® F and Phosflow™ were
suspended into 7 solutions with different concentrations
of P PO4: 0, 1, 10, 25, 65, and 100 mg P L−1. To
homogenise the K+ concentrations in all solutions, KCl
was added to increase the concentration of K+ to that in
the solution with the highest P PO4 concentration. The
pH in the solutions was altered to be around 7 (±0.5)
using 0.1 M HCl, 1 M NaOH, and 6 M HCl solutions.
Samples were isolated from the main stock solutions
for TP and SRP analysis. For SRP analysis, samples
from the solutions were filtered using 0.2 µm membrane
filters.

The batches consisted of 0.5 g EutroSORB® F
suspended in 200 mL solution and 0.1 g Phosflow™
suspended in 100 mL solution, all prepared in triplicate.
EutroSORB® F was more challenging to sample consis-
tently, compared with Phosflow™, so more material was
used to prevent inconsistent batches. If hypothetical
MACs hold, reduction in the total available P in the
batches should be similar, hence the different product-
solution ratios. Treatments with 0 mg P L−1 and no
product, as well as pure distilled water were included

in triplicate as control groups. The mixtures with Eu-
troSORB® F and Phosflow™ were shaken at 100 RPM
on a stirring table for 6 and 13 days respectively, being
informed by the timescales shown in Figure 7. After
the shaking period, pH, EC, and turbidity (NTU) of the
mixtures were measured. Then, samples were taken and
half was filtered with 0.2 µm membrane filters for SRP
analysis, and the rest was kept for TP analysis.

The SRP and TP concentrations were corrected for
the average of the measured values in batches without P
and product, and adsorption isotherms were fitted using
non-linear regression. Here, the Langmuir model was
used, as shown in Equation 8. There, C (mg P L−1) is
the equilibrium ortho-phosphate concentration and K
(L mg−1 P) is the Langmuir coefficient. The adsorption
was calculated as in Equation 6, for both the results
from the TP and SRP analyses.

Q = Qmax
KC

1 +KC
(8)

2.6 Fixed-bed adsorption
A fixed-bed adsorption experiment was carried out to test
the performance of the products under flowing conditions.
A schematic of the fixed-bed setup is shown in Figure 3.

The beds were 1.2-cm diameter plastic tubes with
flexible plastic mesh (supplied by SePRO Co.; pore size
∼0.4 mm, B.C. Fuhrmann, personal communication)
fastened to the bottom. No information was available
on the average or normative pore size of the mesh. There
were 6 beds: 2 with 0.5 g Phosflow™, 2 with 0.75 g
EutroSORB® F, and two were left empty. Bed thick-
nesses were around 9±1 mm, i.e., although the amounts
of material were different, bed thicknesses were similar
(within ∼10%).

Two different solutions were pumped through a
set of three beds each, using a multichannel peristaltic
pump (Watson-Marlow type 202) at a mean flow rate q
of 2.16 mL min−1 ( ranging from 1.05 to 2.93 L min−1,
see also Figure B.1). The first was distilled water with
1 mg P L−1, and the second was water from a local

Table 1 – Fixed-bed adsorption intervals – An overview of
the timestep intervals in the fixed-bed adsorption experiment,
with indicative values of the flow-time, and mean flow rate.

Interval tflow (h) q (mL min−1)
1-7 0.75 2.09
8-9 2.9 2.37
10 6.5 2.30

11-12 14.75 2.34
13-14 21.2 1.91
15 15.5 2.52
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Figure 3 – Fixed-bed setup – Schematic of the fixed-bed setup for one solution. The solution is pumped using a
multichannel peristaltic pump intro three separate beds, one control without product, one with 0.5 g Phosflow™, and one
with 0.75 g EutroSORB® F. The effluents are all analysed for SRP, TP, pH, EC, and turbidity.

pond spiked with around 1 mg P L−1. This water was
gathered between October 27 and December 4, 2023,
on Wageningen University & Research grounds at (Lat.:
51.988164, Long.: 5.666855).

Every sampling interval involved passing the so-
lutions through the beds, capturing the effluent, and
measuring a collection of endpoints. Interval numbers,
indicative values for flow time for each interval, and mean
flow rate among all outlets within those intervals are
given in Table 1. At the start of every interval set, pH,
EC, dissolved oxygen (mg O2 L−1) (CellOx 325 probe;
WTW®), and turbidity were measured in the influent.
At the end of every interval, pH, EC, turbidity, flow
time tflow (min), and effluent volume (L) were measured.
Based on these last two, interval-mean flow rates for ev-
ery outlet were estimated; these are shown in Figure B.1.
Finally, approximately 50 mL effluent was collected, half
of which was filtered using a 0.2 µm membrane filter, for
SRP and TP analysis. The spiked pond-water effluents
were also analysed for total nitrogen (TN).

The TP and SRP time series were used to fit a
model of the form of Equation 9, with mean influent P
concentration C0 (mg P L−1) and effluent P concentra-
tion C (mg P L−1) and time t (min). b (-) and m (h−1)
are model parameters. Equation 9 is the form that vari-
ous fixed-bed adsorption models take when linearised [61,
62]. Here, the Bohart-Adams model with accompanying
parameters was used, as in Equation 10 and Equation 11.
There, kB (mg P L−1 h−1) is a rate constant, and M (g)
is the amount of product in the bed. Equation 11 can
directly be used as an estimate of the fixed-bed MAC.
The error on this figure can then be estimated via linear
error propagation. For this, the following errors were
assumed σM = 0.001 g, σCF

= 0.02 mg P L−1, and
σq = 0.145 mL min−1. σM and σCF

are based on the

detection limits of the analytical balance and P-analysis
respectively. σq is based on the accuracy of a regular
ruler to measure the effluent volume in a rectangular
box (0.5 mm).

ln

[
C0

C
− 1

]
= b−mt (9)

kB = m
C0

(10)

Qmax =
C0q
mM ln

[
eb + 1

]
(11)

Cumulative adsorbed P Qcum,t was calculated after
every time step using Equation 12 [63]. The sum runs
from time step i up to time step Nt. Here, ∆ti (min)
is the flow time for time step i. All other symbols are
the same as before, but at a discrete time step i. This
calculation was done using both experimental results
and model predictions based on Equation 9. When
calculating Qcum,t from model predictions, series mean
q and C0 were used.

Qcum,t =
1

M

Nt∑
i=1

(C0,i − Ci)qi∆ti (12)

2.7 Sequential P extraction
Sequential P extraction on the solid products provides
information about the different P-pools in a sample.
Consequently, the processes and substances controlling
adsorption and precipitation can be disentangled to some
degree. Here, dried bulk material from the kinetics
experiment were used. Given the large P concentrations
that these materials were exposed to, and equilibrium
was reached, one may expect that the products produced
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Table 2 – P-fractions in sequential extraction – Overview of the different extractions employed in the sequential P-
extraction and their rough correspondence to different pools of P in the material.

Phase Solution P-analysis Corresponding sorbent substrate
1 O2-free distilled water SRP Fe & CaCO3 surfaces; loose
2 O2-free 0.11 M Na2S2O4/NaHCO3 (BD) SRP & TP Fe-hydroxides & Mn-compounds
3 0.1 M NaOH SRP & TP Clay-minerals & metal(Al)-oxides
4 0.5 M HCl SRP & TP Carbonates & P-containing minerals
5 2 M H2SO4 SRP Refractory P

were essentially saturated with P. Alongside the saturated
products, in triplicate, the sequential extraction was also
performed on samples of unused product and blanks
without product, also in triplicate.

The whole procedure follows a protocol based on
the work described in Paludan & Jensen [64]. The mod-
ified protocol, along with extra relevant alterations, can
be found in Appendix A.2. All extractions except the last
one were carried out at 19 °C, while continuously shaking
at 140 RPM, lain horizontally on the shaker table. Every
such extraction was followed by centrifugation at 2800
RPM for 10 minutes, after which the supernatant was de-
canted. Any filtering mentioned was done using 1.2-µm
glassfiber filters (GF/C). Table 2 gives an overview of
the whole extraction procedure: the phase number, what
extraction reagent was used, the P-analysis done with
the final solutions, and some indicative correspondences
to P-pools in the materials.

Measured P concentrations were corrected for dilu-
tion factor, then blanks. From the differences between
TP and SRP measurements, soluble non-reactive phos-
phorus (SNRP) could be calculated. This yields a total
of 7 unique P-concentrations from associated P-pools.
Then Q was calculated for all 7 according to the protocol
in Appendix A.2.

Furthermore, for every solution-analysis pair indi-
cated in Table 2, pairwise comparison of means was
done for adsorbed P between the materials: untreated
products, and treated products. Thus, for every pool,
untreated products, and treated products were compared.
The same was done for the measured concentrations, for
which the blanks were also included. Given the low sam-
ple size per group (N = 3), non-normality was assumed
and non-parametric test were used. The comparisons
were done using Kruskall-Wallis tests followed by Dunn’s
tests with uncorrected p-values.

3 Results
3.1 Size distribution, LOD, & LOI
The upper panel in Figure 4 shows the size distribution of
the unused, untreated products. Phosflow™ is relatively
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Figure 4 – Size distributions & changes after LOI – The
upper panel shows size distributions of EutroSORB® F and
Phosflow™ with standard deviations (N = 5). The lower
panel shows the changes in the mass fraction after LOI with
respect to the means of the untreated distribution.

uniform, with more than 95% being between 2.8 and
4.8 mm in diameter. EutroSORB® F shows a clear
bimodal separation, with around 38% being larger than
2 mm, and the rest smaller than 2 mm. Visually, the
former corresponds to the larger irregular material in
the product, while the latter corresponds to the visually
uniform white material. In the size fraction running from
2 to 1 mm, there is a mix of the two visual fractions.

Table 3 – LOD & LOI – Loss on drying (LOD) and loss on
ignition (LOI) of both EutroSORB® F and Phosflow™ with
standard deviations (N = 5).

Product LOD (% ) LOI (% )
Phosflow 2.4 ± 0.8 9.5 ± 0.4

EutroSORB F 6.7 ± 0.4 6.1 ± 0.4
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Table 4 – Aqua regia destruction results – Results of the aqua regia destruction and analysis, split according to major
and trace elements. Inferred mineral fractions based on the total found major elements and the results of subsection 3.2 are
also indicated. Some elements were measured below the limit of detection in all samples (As, LOD: 0.1 µg g−1 ;K, LOD:
70 µg g−1; Pb, LOD: 3 µg g−1), denoted as ND.

Major elements (mg g−1) Inferred minerals (mg g−1)
Element Al Ca Mg Na AlOOH CaCO3 MgCO3 MgO
Limit of detection 0.04 0.04 0.01 0.1
Phosflow™ 320 0.381 4.28 2.94 711 0.951 14.8 7.09
Small EutroSORB® F 302 16.1 0.091 1.92 671 40.2 0.316 0.151
Large EutroSORB® F 0.631 390 1.73 0.393 1.40 973 6.01 2.87

Trace elements (µg g−1)
Element Cd Cr Cu Fe La Mn Ni P S Si Zn
Limit of detection 0.05 0.8 0.6 30 - 1 1.6 3 30 - 18
Phosflow™ 0.06 1.4 1.4 110 0.51 14.3 2.0 - - 75.3 71
Small EutroSORB® F ND ND 0.6 89 6.32 ND ND - - 66.7 22
Large EutroSORB® F ND 3.4 ND 145 0.91 7.7 ND 65 159 232 ND

When sorting EutroSORB® F by hand, the split
between large and small modes lies around the same value
reported above. The first, second, and third quartiles of
the large fraction in EutroSORB® F are 26.5, 41.9, and
44.1% (N = 6). The median roughly corresponds to
larger fractions in the upper panel of Figure 4, potentially
including similar material that may be included in the
2-1 mm pore size range. For the aqua regia extraction
and XRD analysis such by-hand separation occurred, so
there around 41% was taken from the bulk as ‘large’
EutroSORB® F.

Table 3 shows the LOD and LOI of the two products.
For EutroSORB® F, the two take on around 6.7% and
6.1% , while for Phosflow™, they are around 2.4% and
9.5% . As such, room-temperature EutroSORB® F
contains more water, but Phosflow™ more material that
can release volatiles at 550°C.

The lower panel in Figure 4 shows the changes in
the mass fraction in each size category after LOI with
respect to the averages in the untreated distribution, so
the distribution seen in the upper panel. Differences in
Phosflow™ ’s distribution are small (<0.03). Changes in
EutroSORB® F’s distribution suggest an increase in the
relative importance of the smaller fractions compared to
the larger fractions. Given that mass is lost, it may be
assumed that the larger size fractions lost most mass
and that losses in the fractions 1-0.5 and 0.5-0.18 mm
is much smaller. However, note that changes after LOI
are similar to the error interval of the fractions of the
undried product.

3.2 Aqua regia extraction & X-ray diffrac-
tion

Table 4 shows the results of the aqua regia destruction
and analysis. As noted before, EutroSORB® F was sep-
arated by eye, the large mode being about 42% of the
total product by mass (see subsection 3.1). Phosflow™
and the small EutroSORB® F mode are dominated by Al
and contain appreciable amounts of Mg and Ca respec-
tively. Based on mineral inference (see Figure 5), they
contain around 71 and 67% böhmite (γ-AlOOH). The
large EutroSORB® F mode is dominated by Ca, being
almost exclusively calcite (CaCO3) (97%). Furthermore,
Na forms a noticeable fraction of Phosflow™ (0.29%)
and small EutroSORB® F (0.19%).

All three materials contain trace amounts of most
other elements, except As, K, and Pb. The amounts of
these trace elements are less than 250 µg g−1.

For both products, material with adsorbed P of
around 4.6 mg P g−1 DW was used for XRD analysis.
Table B.3 shows more details about the ‘loaded’ ma-
terial. Figure 5 shows the X-ray diffractogrammes of
the untreated, dried, and loaded Phosflow™ and Eu-
troSORB® F. Of the large mode of EutroSORB® F only
the untreated diffractogramme is shown.

From the top panel (A), it can be seen that the
diffraction patterns of the three treatments of Phosflow™
are visually identical. From the second (B) and third
(C) panel, the similarity of untreated Phosflow™ and
the small EutroSORB® F mode is striking. The most
important difference there, is the peak at around 29.5°,
which is only visible in the latter. However, comparison
with the crystallograhy open database (COD), indicates
that this can be attributed to the same mineral, böhmite
[60]. However, it may also be attributable to calcite.
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Figure 5 – X-ray diffractogrammes – X-ray diffrac-
togrammes of the products. From top to bottom: A) a
comparison of untreated, dried, and loaded Phosflow™; B)
untreated Phosflow™; C) the large mode of untreated Eu-
troSORB® F; and a comparison of D) untreated, E) dried,
and F) loaded small mode of EutroSORB® F. Counts per
second (CPS) is plotted against 2θ. Database codes from
the crystallographic open database (COD) are also indicated
[60]. In the lowest three patterns, database peaks at around
30° were cut for convenience.

The large EutroSORB® F mode, in the bottom
panels (D-F), differs from both the large EutroSORB®
F mode and Phosflow™. According to database com-
parisons, the large mode consists of calcite [60]. The
untreated sample (F) is different from the other two
(D, E), including some extra peaks at 32.5°, between
51° and 53°, 61.5°, 68.5°, and 87°. The extra peaks
may potentially be attributable to lime, based on the
diffractogrammes found by Laskar et al. [65].

3.3 Shaking test
Figure 6 shows the results of the shaking test over time,
for each product and every endpoint of interest, along
with the linear models for every endpoint. Results of the
modelling are shown in Table B.4.

For the ‘Still’ and ‘Weak’ shaking regimes, Eu-
trosorb® F shows greater mass losses than Phosflow™,
as can be seen from the first two pairs of panels in Fig-
ure 6. The average ∆Mshake and ∆MSS are around 1-2%
for Eutrosorb® F, while they are close to 0% for Phos-
flow™. On the other hand, the average values for these
two mass loss endpoints is consistently higher for Phos-
flow™ in the ‘Strong’ regime, compared to Eutrosorb®
F.

The EC shows a somewhat different pattern (third
panel pair in Figure 6). Blank samples (40-mL DIW in
empty centrifuge tube) yielded water with a median EC
of 3.5 µS cm−1 (see Table B.1). For Eutrosorb® F, the
EC hovers around 200 µS cm−1 for all regimes, showing
only a light increase over time. The EC in the mixtures
with Phosflow™, however, show a visible upward trend
over time. The ‘Still’ regime goes from, on average, 178
to 267 µS cm−1, while the other two regimes go from
around 300 up to over 350 µS cm−1. These last two
regimes, are very similar in terms of the effects on the
EC.

Finally, the pH stays approximately constant over
time for both products, according to Figure 6. Blank
samples (40-mL DIW in empty centrifuge tube) yielded
water with a mean pH of 5.7±0.5 (see Table B.1). The
effect that Eutrosorb® F has on the mixture’s pH can
be characterised as less substantial compared to that of
Phosflow™, with the average final pH in all treatments
over time sitting between 9.5 and 8.5. Final average
pHs in the mixtures with Phosflow™ were between 9.75
and 10.5.

3.4 Adsorption kinetics
Figure 7 shows the results from the adsorption kinetics
test at room temperature. The upper panel shows the
calculated Q, while the lower panel shows the SRP for
the product-treated bottles. Shown alongside these Q
are models using the average model parameters, which
Table 5 lists. The ‘High-control’ positive control is asso-
ciated with Phosflow™ and the ‘Low-control’ positive
control is associated with EutroSORB® F. The blanks re-
main well below 5 mg P L−1 over the whole experiment.
However, most positive controls deviate substantially
from the value at t = 0, sometimes over 10 mg P L−1.
This is especially true for the ‘High control’ series, which
was diluted much more than the ‘Low control’ series
(dilution factors of 1430X versus 560X). Consequently,
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Figure 6 – Shaking test – The response of the products Eu-
trosorb® F and Phosflow™ to physical agitation in deionised
water over 7 days. Shown are, from top to bottom, shaking
mass loss ∆Mshake, suspended solids lost ∆MSS, EC, and pH.
Shown are the means with standard deviations, constructed
linear models and adjusted R2.

the standard deviation can be quite wide at some times
during the experiment. Several datapoints with these
intervals covering more than 10 mg P L−1 or 4 mg P g−1

can readily be spotted among the respective panels of
Figure 7. Furthermore, visually, the product-treatments
seem to follow the positive controls in their behaviour
over time.

The maximum adsorption capacity of EutroSORB®
F, 9.5 ± 0.3 mg P g−1, is within 5% of the value given
by their manufacturer, 10 mg P g−1; that of Phosflow™
is lower (16 ± 6 versus 26.4 mg P g−1), though with
the methods employed here, the error is an order of
magnitude larger than that associated with EutroSORB®
F. The k indicate timescales of around 3.3 ± 1.4 and
16.7 ± 2.4 days for EutroSORB® F and Phosflow™
respectively. Comparing the average model with all data
from a given treatment, so across the three replicates,
yields a R2 of 0.79 and 0.42 for the two respective
products.

Table 5 – Adsorption kinetics; mean parameters – Mean
model parameters of pseudo-first-order models of the time
series for Q of each product-treated bottle (N = 3). The
errors are standard errors of regression.

Parameter EutroSORB® F Phosflow™
Qmax (mg P g−1) 9.5 ± 0.3 16 ± 6

k (d−1) 0.30 ± 0.12 0.16 ± 0.06
Table 6 – Adsorption isotherms; fitted Langmuir model
– Parameters in the Langmuir model fitted to the measured
Q-SRP and Q-TP data. Indicated below the coefficients are
standard errors of regression.

Parameter EutroSORB®F Phosflow™
Qmax (mg P g−1) 10.3 ± 1.4 10.3± 1.9
K (L g−1 P) 53 ± 20 13b ± 10

Qmax,TP (mg P g−1) 9.0a ± 1.2 15± 6
KTP (L g−1 P) 66a ± 22 18b ± 14
a: 100 mg P L−1 data excluded; b: insignificant (p>0.05)

Eutrosorb F:  R²  = 0.79
Phosflow:  R²  = 0.49
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Figure 7 – Adsorption kinetics – The upper panel shows
mean Q with respect to t = 0 over time. Curves are models
with averaged parameters. The lower panel shows mean SRP
over time. ‘High control’ is the control associated with Phos-
flow™, while ‘Low control’ is associated with EutroSORB®
F. The dashed vertical line represents when the bottles were
no longer shaken. Errors are standard deviations (N = 3).

More detailed results are shown in Figure B.2, which
shows Q, SRP, pH, and T (°C) over time, and Table B.2,
which lists individual model parameters.
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Figure 8 – Adsorption isotherms & other endpoints – a) Q based on the measured SRP or TP versus the measured SRP
(left) or TP (right), along with the modelled Langmuir isotherms. b) Means of the other variables measured at the end
of the experiment. In the stock solution, they were measured before application of the product. From left to right, the
following is shown: pH, EC, and turbidity. All errors are standard deviations (N = 3, unless indicated otherwise).

3.5 Adsorption isotherms

Figure 8 a) shows the adsorption Q calculated from the
found SRP and TP, versus these same quantities, along
with fitted Langmuir isotherms. The parameters of these
models are listed in Table 6. For the non-linear least-
squares regression on the Q-TP series of EutroSORB®F
the points at around 100 mg P L−1 were excluded from
the fitting data. They had Q of 22.2 and 18.0 mg P
g−1, at least a factor 2 larger than all other datapoints
of the same series. Their exclusion will be justified in
detail in the discussion, but it hinges on the increased
turbidity in the mixture.

Generally speaking, all isotherms indicate maximum
adsorption capacities of around 10 mg P g−1 applied
product (Table 6). Qualitatively, there seems to be
no observable difference between these between these
capacities, all lying within one standard error of one
another. In fact, the Qmax found based on SRP removal
are the same (10.3 ± 1.4 for EutroSORB® F and 10.3
± 1.9 for Phosflow™). One exception to this is the
15±6 mg P g−1 gained by constructing an isotherm
for Phosflow™’s Q-TP data. Then again, all other
capacities lie within its standard error.

The fitted K seem to indicate that P has a greater
affinity for binding to EutroSORB® F rather than to
Phosflow™ (53 ± 20 versus 13 ± 10 L g−1 P for Q-
SRP and 66 ± 22 versus 18 ± 14 L g−1 P for Q-TP).
However, the K recovered for Phosflow™ were not found
significant. Correspondingly, the R2 for Phosflow™’s
isotherms is lower than those of EutroSORB® F, <0.65
versus 0.9.

Figure 8 b) shows the other measured variables
versus the measured SRP at equilibrium. pH, EC, and
turbidity are elevated with respect to the stock solu-
tions in every mixture. pH goes up from the starting
value at around 7, up to 8.5 for Phosflow™ and 9 for
EutroSORB® F in the batches with lower starting SRP
(<10 mg P L−1). At higher starting SRP, these changes
are smaller, down to 7.5 for Phosflow™ and 8 for Eu-
troSORB® F. For both, EC is elevated by around 25 µS
cm−1. However, this can be up to 40 to 50 µS cm−1

in EutroSORB® F batches with lower SRP (<10 mg
P L−1). Turbidity is elevated in Phosflow™ batches,
but never beyond 2.5 NTU. In EutroSORB® F batches,
values over >10 NTU were recorded, reaching over 15
NTU in batches with an initial SRP of 100 mg P L−1.
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Figure 9 – Fixed-bed adsorption – a) Cumulative adsorbed P for every bed, inferred from experimental SRP and TP
(points) and model results (curves). The R2 compares modelled and experimental cumulative Q. The lowest panel shows
Qmax, according to Equation 11, with calculated standard errors based on linear error propagation. b) Other variables
measured in the effluent; from left to right: pH, turbidity, and EC. Note the logarithmic y-axis for turbidity.

3.6 Fixed-bed adsorption

The cumulative adsorbed P Q for the different beds are
shown in Figure 9 a), along with estimations of bed
MACs Qmax. The models for bed Qcum,t are much more
robust (R2>0.8 for 6 of 8 models) than those of fitted
directly to the measured concentrations (R2<0.3 for
Phosflow™ and 0.55<R2<0.90 for EutroSORB® F; see
Figure B.3). This is likely because calculating Qcum,t

effectively entails integrating the signal over time.
EutroSORB® F adsorbs more efficiently under sim-

ilar conditions as Phosflow™, as can be seen from the
Q of the former being consistently higher. Consequently,
the calculated MAC is higher for EutroSORB® F in all 4
cases: 4.8 ± 1.1 versus 2.6 ± 2 and 2.19 ± 0.6 versus 2.1
± 1.1 mg P g−1 for SRP-based MACs in lab-based and
lake-water-based influents respectively. Note, however,
the considerable overlap of the errors estimated via linear
error propagation. Both products tend to adsorb less
efficiently from the used lake water than from the lab
solution. In most cases, the MAC calculated from the
SRP-based model somewhat is higher than that from the
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Figure 10 – Sequential P extraction; relative pools –
Relative size of the 7 different distinguishable P pools in
the loaded products. These pools are ordered from top
to bottom, starting with phase 1 and ending with phase 5
(see also Table 2). Soluble non-reactive P was gained by
subtracting SRP from TP. The values noted Qtotal are the
mean total adsorbed P in mg P g−1 with standard deviations.

TP-based model; EutroSORB® F in lake water seems
to be the one exception, though the values are hardly
distinguishable, given the estimated errors.

Both products visibly affect different water quality
variables in the lab water other than P concentrations, as
Figure 9 b) shows. pH is consistently elevated compared
to the control, with EutroSORB® F-treated samples hav-
ing the highest pH. Over time, this effect decreases in
magnitude. The same can be noted of the EC. For turbid-
ity, the picture is a little bit more complicated: the first
time step is particularly turbid, with the EutroSORB®
F-treated sample being comparatively very turbid. As
time goes on, product-treated beds and the control can
hardly be distinguished. For the beds through which
lake water was passed, control and products seem largely
indistinguishable. Any differences that can be seen are
relatively small. It is worth noting that the turbidity
decreased over time for both product and control beds.

Table 7 – Sequential P extraction; Comparisons – Signifi-
cantly different groups of products for every fraction when
comparing Q (mg P g−1) across products: empty (E) and
loaded (L) EutroSORB® F and Phosflow™. Thus, each row
is one comparison: kruskal-wallis followed by Dunn’s test with
α = 0.05. Similar letters indicate homogeneous groupings
that cannot be differentiated at the 95% level. Mean Q with
standard devations are shown in Figure B.4.

Fractions EutroSORB® F Phosflow™
E L E L

H2O a b a b

BD SRP ab c a bc
SNRP ab ab a b

NaOH SRP ab c a bc
SNRP a b ac bc

HCl SRP ab ac b c
SNRP ab ac b c

H2SO4 ab ac b c

3.7 Sequential P extraction
Figure 10 shows the mean relative P pools in the loaded
products along with their Qtotal. The Qtotal of the empty
EutroSORB® F and Phosflow™ were 8 ± 14 and 12
± 23 µg P g−1 respectively, so their relative P-pools
are not shown in Figure 10. Noteworthy is the domi-
nance of NaOH-SRP, followed by Ref-P, HCl-SRP, and
then NaOH-SNRP. H2O-SRP and BD, by contrast, are
negligible (<6% combined for both products).

Table 7 gives lettered groups based on pairwise
comparisons (Dunn’s test) of the different pools in terms
of Q across products (Table B.7 is similar for measured
concentrations). Loaded products are functionally in-
distinguishable. For all dominating pools but one (HCl-
SNRP), forming >90% of the total, loaded Phosflow™
is significantly different from its empty counterpart. For
EutroSORB® F, this is not so clear: out of the 4 dom-
inating pools, only NaOH-SRP and NaOH-SNRP are
significantly different between the loaded and empty
product.

Relative Q of the loaded products is given in Fig-
ure B.5, mean Q for the different pools across products
are given in Figure B.4, and the values for Qtotal are
given in Table B.6.

4 Discussion
The following discussion broadly follows the sub-research
questions. First, the physical characteristics and chem-
ical nature of the products are discussed; second, the
adsorptive behaviour are discussed in detail; third, ex-
pected environmental impacts of product application are
hypothesised based on the results and literature. Finally,
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these aspects are combined to form a coherent judge-
ment on the fitness-of-purpose of the two products.

4.1 Physical characteristics & chemical
nature

The size distributions in Figure 4 show that Phosflow™
is mostly between 4.8 and 2.8 mm in diameter. On the
other hand, EutroSORB® F shows a clear ‘bimodal’ dis-
tribution, with the two modes also being visually distinct.
Hence, the choice to separate these two fractions for
the XRD analysis and aqua regia extraction was deemed
justified.

The results of these analysis are found in Figure 5
and Table 4. The small EutroSORB® F mode and Phos-
flow™ were, as noted, identified as böhmite, γ-AlOOH
[60, 66], which is known for its P-adsorbing capabilities
[67–70]. Given the determined elemental composition
in Table 4, we may then say that the Phosflow™ and
the small EutroSORB® F mode contain around 70%
böhmite, joined by some substantial but minor amount
of Mg- or Ca-based materials. If the existence of pure
Mg-minerals is accepted, Phosflow™ contains around
1.5% MgCO3 or 0.7% MgO, though none such minerals
were observed in the XRD scans (see Figure 5). The
Large EutroSORB® F mode, on the other hand, con-
sists almost exclusively of calcite [65, 71], possibly in
the form of bivalve shells [72]. However, the presence
of lime in the XRD scan of the untreated large mode
is notable. On the whole, EutroSORB® F consists of
around 40% böhmite and 41% calcite, with the rest
being unidentifiable based on these results. Still, other
mineral substances with crystalline structure may be
largely excluded, such as Fe-(hydr)oxides, clay minerals
and other silicates. The same can be said of Phosflow™
regarding the unidentified ∼30% .

With these mineral compositions in mind, we can
revisit the LOI in Table 3. Böhmite dehydrates from
γ-AlOOH to Al2O3 when heated in excess of 400 °C
[73]. However, given that mass shifted from the large
mode to the small mode in Figure 4, it is possible that
decarbonation of the calcite contributes to the LOI, po-
tentially causing the large mode to fragment. Important
to restate is that the changes in the size distribution
are of the same order of that of the error on the mean
size fractions, meaning that we should be cautious with
drawing conclusions from these changes.

Phosflow™ does not contain sufficient amounts of
carbonates to dominate LOI, even though decarbonation
could occur with temperatures in excess of 400°C [74].
Other ignitable constituents have not been confirmed,
but the related patent application indicates cellulose
as a binder, though this was likely mostly burnt off
during production [75]. On the other hand, böhmite was

confirmed, so its dehydration is possibly responsible for
Phosflow™’s LOI. Given that MgCO3 might be present
present in such small amounts, it is unlikely that it is
primarily responsible for the LOI. Thus, the presence of
MgCO3 over MgO cannot be ascertained.

EutroSORB® F and Phosflow™ are now largely
characterised, and further results can be discussed with
this context. However, some things are still of note:
the found safety data sheet for Phosflow™ indicates
Al2O3 and MgCO3 as main ingredients, but this has not
been confirmed, contrary to what was hypothesised [47].
The description in a possibly relevant patent could also
not be confirmed [75]. The hypothetical composition
of EutroSORB® F was more or less confirmed, as it is
indeed made of multiple ingredients, one being a known
sorbent and another possibly being biogenic. Still, this
hypothesis could only be formulated in vague terms, as
the relevant patent application was rather unhelpful in
providing specific information [48].

The results of the shaking test, shown in Figure 6,
show that both products can be mechanically eroded.
Phosflow™ is more sensitive to this erosion than Eu-
troSORB® F, though the latter seems to contain small
material that can simply be lost by washing. Thus, shak-
ing/stirring at 100 RPM as opposed to 140 RPM was
justified for further experiments.

The question arises as to what this means for prod-
uct application. Above what flow rate or velocity can
we expect erosion to take place? A crude order-of-
magnitude estimate (appendix A.3) indicates that the
maximum average flow rates at 100 and 140 RPM would
be around 2 and 2.8 L min−1 respectively. Given that the
products erode when shaken at 140 RPM, there is a real
risk that the products erode when applied in situations
where the flow velocity is between these values and up-
wards. These are very liberal estimates: smaller figures
could be found with proper hydrodynamical modelling
or experiments. In the end, the hypothesis of physical
stability in water may be accepted, though with some
constraints regarding physical abrasion. EutroSORB®
F would contribute to turbidity at low flow, but this
contribution would be limited, even at higher flow (&2
L min−1). Noteworthy is the possibility that the back-
ground is just the result of initial material that is so
small that it can be washed from the rest of the bulk.
Thus, this background would be concentrated at the
start of application, but would decrease rapidly after-
wards. Phosflow™ does not show this background, and
should maintain its integrity below ∼2 L min−1.

4.2 Adsorptive behaviour
The EutroSORB® F’s MACs found with the batch and
kinetic experiments (see Table 5 and Table 6) agree
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with that reported by its producer, at around 10 mg P
g−1 [46]. Phosflow™’s MAC may be between 1.5 and
2.5 times lower than reported by its producer, between
10 and 15 mg P g−1, contrary to the initial hypothesis
of 26.3 mg P g−1 [45]. The values found from the
adsorption isotherms in Table 6 and the pseudo first-order
kinetics models in Table 5 agree, based on their standard
errors. However, the adsorption isotherms are likely
more reliable, given the large errors in the adsorption
kinetics experiment. This variability may be explained
by diluting samples with factors of around 1430 and 560
for Phosflow™ and EutroSORB® F respectively.

MACs found via the fixed-bed experiment in Fig-
ure 9 a) were a factor 4 lower compared to the other
found MACs, except that of EutroSORB® F in lab so-
lution, which was a factor 2 lower. In a review of edge-
of-field P filter materials, Mendes et al. [39] state that
hydraulic properties and retention time are crucial factors
in the effectiveness of a fixed-bed P adsorbent. Whether
using larger beds could increase the fixed-bed MAC, then,
depends on whether the small beds used here were rep-
resentative of the bulk, hydraulically speaking. If not,
MACs could be increased by using larger beds.

Broadly speaking, SRP has shown a greater affinity
for EutroSORB® F, rather than Phosflow™. This can
be seen from the faster adsorption in the adsorption
kinetics experiment Figure 7 with a smaller k in Table 5,
the greater K of the Langmuir isotherms in Table 6, and
the greater removal during the fixed-bed experiment in
Figure 9 a) (and larger kB in Table B.5).

With all of that in mind, one may explore how
the performance of the products compares to litera-
ture. Böhmite, an Al-oxyhydroxide, is part of class
of minerals known for their adsorbing capabilities. It
may have an MAC anywhere between 11.7 and 32.6
mg P g−1, depending on conditions such as pH, tem-
perature, and specific surface area [68, 76, 77]. The
negative pH-dependence of anion adsorption is typical
of Al-oxyhydroxides [78]. Affinity for adsorption is de-
creased in the presence of humic acids [76], which may
directly explain the reduced adsorption in the lake-water
fixed-bed setup, compared to the lab solution.

Calcite too, can have a wide range of MACs, de-
pending on experimental conditions. Both 31 [79] and
0.13 mg P g−1 [80] have been reported, differing in
experimental conditions and specific surface area. With
regards to Mg-based sorbents, MACs can be quite high
for products with Mg-contents upwards of 10%. Sor-
bents meant for industrial-scale P-removal in wastewater
treatment can be optimised to MACs from 6 to well
over 100 mg P g−1 product [81]. For both calcite and
MgO or MgCO3, increasing pH should result in crystalli-
sation of insoluble mineral species, like hydroxyapatite
and struvite (in the presence of ammonium) [79, 81].

When comparing the MAC of the tested products,
they are similar to those of the following solid-state P-
sorbents: half-burned dolomite, La-modified bentonite,
Al-, Fe-, and Al/Fe-modified bentonite (based on a list
compiled by Lürling et al. [24]). As described by Douglas
et al. [40], all of them contain Al, Fe, La, carbonates, or
some combination, like Phosflow™ and EutroSORB® F.
A notable difference is that most of these are modified
clay minerals (bentonite specifically), while Phosflow™
and EutroSORB® F are not.

Now we know what the products are and what we
may expect from them in terms of general performance,
but we can also make some observations regarding how
P is distributed within them. From the results of the
sequential P extraction in Figure 10, it is clear that
the pool extractable by NaOH dominates the rest, for
both products. This should mean that Al- or Mn-(oxy-
hydr)oxides dominate the adsorption processes in the
products. Since no Mn-based minerals were found in
XRD analysis, one may consider the Al-based minerals
as the dominant adsorbing ingredient in absolute terms.
These minerals are typically known for adsorbing oxy-
anions via electrostatic interactions and ligand exchange,
forming inner-sphere complexes [70, 78]. The lack of
crystaline bonds with P in the diffractogrammes indicate
that only these surface complexations occurred. How-
ever, the substantial contributions of the HCl and H2SO4
extractions show that carbonates and mineral formation
should play an appreciable role, even an outsized one
for Phosflow™. Surface complexation onto calcite was
deemed to be dominant at low SRP (<50 µg P L−1) by
Flower et al. [80], and Ekamparam & Singh [82] observed
the formation of apatite-species, as did Wan et al. [83].
As a result, the formation of such minerals should have
been possible in EutroSORB® F.

Mg-based phosphate mineral formation was likely
not possible in the adsorption kinetics experiment, as a
precipitation experiment by Tamimi et al. [84] indicates.
Furthermore, the review by Silva & Baltrusaitis [81] notes
that surface complexation is the typical mechanism for
P-removal by Mg-minerals, with later mineralisation in
combination with ammonium as struvite (MgNH4PO4·
6H2O) as a final endpoint. This may be understood to
be contrary to what was is visible in Figure 10, as one
should expect this mineralisation to much more limited
given the supposed dominance of surface complexation.

The absence of P-based minerals in the XRD
scans (see Figure 5) is noteworthy, particularly for Eu-
troSORB® F. Presumably, the around 2.5% by mass
that, e.g., hydroxy-apatite would form of the calcite
bulk would be too small to be observable against the
background in the XRD patterns. Typical molar ratios
of Ca:P used in literature upon apatite-synthesis seem
to be larger than what was used here (>0.5 versus <0.2)
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[80, 82, 83]. As such, it is difficult to say whether these
minerals should have been visible or not. An analogous
argument can be made for the Mg in Phosflow™.

Thus, with regards to P-mineral formation, we are
left with an obscured picture for EutroSORB® F and
with a paradox for Phosflow™ . After, all, the results
indicate that mineralisation took place, but there is no
known constituent of Phosflow™ that can be expected to
bring this about to an appreciable degree. This paradox
could be resolved by considering that the P was adsorbed
to surfaces deep within the pellets. If the porosity is high
enough, but the permeability sufficiently limited, the
extractants may not have been able to properly access
the P over the short shaking periods.

Another problem is that the total extracted P is
conspicuously lower than what might have been expected
from the kinetics experiment, 5.6 and 5.19 mg P g−1 ver-
sus closer to 10 mg P g−1 (see Figure 10 and Figure 7).
Of course, the loaded products were dried between that
experiment and extraction. Potentially, the adsorbing
capacity or affinity of the products decreased with tem-
perature, thereby releasing P, which could then form
evaporite solids. This is possible, though the adsorbing
capabilities of dominant mineral böhmite seem depen-
dent on further experimental conditions. Some reported
that Qmax decreased with temperature [67, 77], though
another found the opposite [68]. Not to mention that
these evaporites would have been visible in the diffrac-
togrammes. Still, overestimated Qmax from the kinetics
results seems unlikely, given its agreement with the ad-
sorption isotherms. Thus, there is another solution that
could resolve the Mg-P mineral paradox from before:
the used extractants may not have been able to fully
desorb the P. The leftovers would be moved on to the
next extraction phase, and by the end some amount of P
would simply be missed and left in the products. Causes
for this could be that the extraction volumes were too
small, the extraction times too short, or indeed that
the products were not permeable enough to access the
internal surfaces. If this line of thinking is true, then
the quantitative results of the sequential extraction after
phase 2 with the BD-reagent cannot be trusted.

Which sequence of events is correct cannot be
determined from the results presented here. For now, the
prevalence of Al-bound P is clear in both products, and
P-mineralisation to calcite is possible in EutroSORB® F.
The mechanism governing the distribution of P in the
strongly-bound fractions in Phosflow™ is still an open
question, however. The presented results give indications
that are contradictory to literature.

Limitations of the adsorption experiments

It is necessary to point out some limitations to the find-
ings of the other adsorption experiments, beyond what
has already be mentioned. To start: two datapoints for
the Q-TP relation of EutroSORB® F in Figure 8 a) were
excluded from the isotherm, which barred model conver-
gence when included. Turbidity in the EutroSORB® F
mixtures increased with measured SRP (see Figure 8 b)),
from around 10 to around 15.7. The samples at 100 mg
P L−1 were the extreme. Given that the found Q was
much higher than is deemed reasonable, the interference
could not be a result of light scattering off colloidal ma-
terial, increasing the TP-signal [85]. Rather, adsorbent
colloidal may have formed a complexation surface during
analysis [86]. Given that the Q calculated from SRP was
much more in line with expectations, it is reasonable
to consider that this complexation did not take place
before analysis. In the end, TP would be reduced due to
this interference, leading to anomalously high Q, which
should be excluded from the TP-based isotherm.

A second pertinent point, is that in every adsorption
experiment, the goodness-of-fit of regressed models is
poorer for Phosflow™ than for EutroSORB® F. In the
adsorption rate curve, this may be attributed to the large
uncertainties in the measured SRP.

For the adsorption isotherms, however, invalidity
of the assumptions underpinning the Langmuir model
seems plausible. The main suspect assumption is that
of homogeneous sites within the sorbent [69]. After all,
the results from the sequential extraction indicate that
this assumption cannot really be assumed to hold, for
neither product. There may have been several different
inactivation processes at play (as long as validity of the
sequential P extraction results may be assumed). Fur-
thermore, precipitation of apatites may strictly not even
be called ‘adsorption’. As such, the Langmuir isotherms
used and found here should be interpreted as empirical
approximations of a more complicated situation.

This trend of poor fit extends to the breakthrough
curves. Although the weak time-dependence may be one
culprit of the weak fit, the inconsistent flow rate, and
thereby less smooth adsorption efficiency, must also have
played a role. The actual time-dependence might then
simply have been overshadowed by this extra variability.
The integrative nature of the Q-curve in Figure 9 a)
smooths out some of this variability. Thus, a sufficient
goodness-of-fit (R2>0.5) would still indicate that some
time-dependence is captured in the breakthrough curves,
and therefore that adsorption is taking place. Indeed,
this seems to be the case, except for the SRP-based
Q-curve with lake-water influent. Potentially, this may
point to P being adsorbed to suspended material.
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4.3 Environmental impact

Both products seem to have substantial pH-buffering
capacity: they substantially elevate the pH of DIW, as
shown in Figure 6 (but also Figure B.2 b), Figure 8 b),
and Figure 9 b)). Phosflow™ increases pH to around 10,
and EutroSORB® to around 8.8 in the shaking test. EC
is also elevated in these systems. Under the used experi-
mental conditions and outcomes (pH>7.5), aluminium
minerals should be more soluble than calcium carbonate
[87, 88]. Thus, one would consider the elevated EC and
pH mostly a result of its dissolution or dissociation. The
matter of interest, then, is whether this buffering ca-
pacity will meaningfully impact the pH of the water the
products are applied in. The lake-water-based fixed-bed
experiment indicates that such an effect would be minor
(∆pH<0.3; see Figure 9 b)).

Both products release suspended material, the de-
gree of which is dependent on the flow regime, but also
the size distribution of the products themselves. The
fixed-bed experiment with lab-influent also shows ele-
vated turbidity, but the initial drop in this increase is very
steep, so overall effects may be very limited in the grand
scheme of things. Drawing further parallels between the
shaking test and turbidity measurements elsewhere is
not sound because the relation between turbidity and
suspended solids was not quantified [89].

The effects on the lake-water used in the fixed-bed
adsorption experiment, as shown in the lower panels
of Figure 9 b), are negligible. This goes for pH and
EC, while the turbidity decreased over time for all three
treatments. Regarding the latter, potentially solids got
trapped in the tubes, diminishingly accumulating there.

The product constituents are, in principle, not out
of place in the environment. Hence, although Al poses a
toxicity risk at the fringes of environmental pH [90, 91],
there is no reason to believe that the products should
pose a toxicological threat to aquatic systems [92]. At
least, not in applications where there is limited overall
impact on pH (.9) and EC, and thereby bioavailability,
such as in the lake-water based fixed-bed experiment.
Under high-pH conditions (pH>9), Al-minerals may dis-
solve, thereby releasing the toxic Al(OH) –

4 into solution
[92]. Excessive physical abrasion may cause Phosflow™
to release more bioavailable material under such high-pH
conditions, if EC in Figure 6 may be taken as a proxy of
general release of ions. A similar argument can be made
for EutroSORB® F, though the effect of abrasive action
is less clear.

It is also instructive to make a cursory comparison
of the contents of the other analysed metals to surveys
of metal contents in soils. Whether using the products
should form an additional source compared to the soils
around it may then be hypothesised, statistical models

of Europe, by Lado et al. [93] and Tóth et al. [94]
can be used for this purpose. The former indicates
that this is not the case for As, Cd, Cr, Cu, Ni, Pb,
and Zn [93]. That is to say, the values in Table 4
are on the far lower end of what those maps indicate.
The latter indicates the same thing for As, Cd, Cr, Cu,
Mn, Ni, and Pb [94]. Thus, one need not expect that
potentially toxic trace elements in the products pose an
extra ecotoxicological hazard under moderate conditions
(6<pH<8, DOC present, etc.).

4.4 Fit for purpose?
Given all the above, a general judgement of the fitness
for purpose of the two products is in order. Table 8 gives
an overview of the found MACs based on SRP removal.

Phosflow™ should be considered physically stable
under low-flow conditions, with a likely limited effect on
the pH, EC, and turbidity of environmental waters when
used in a fixed-bed capacity. However, its greater sensi-
tivity to physical abrasion should make water managers
cautious when using it under higher-flow conditions (>2
L min−1), and may release more bioavailable material
under such conditions. It has a static SRP MAC at
equilibrium of around 10.3 mg P g−1, so it is capable of
substantial P adsorption. However, the fixed-bed SRP
MAC found from the lake-water-based Bohart-Adams
model is much lower, around 2.1 mg P g−1.

EutroSORB® F is more stable than Phosflow™, has
a smaller effect on pH and EC, but does release some
amount of material upon first application. It is, however,
less sensitive to physical abrasion. Its static SRP MAC
at equilibrium is very similar to that of Phosflow™, at
around 10.3 mg P g−1. Again, fixed-bed SRP MACs
were lower than this static value, 4.8 and 2.2 mg P
g−1 for the tests with lab-based and lake-water-based
influents respectively. Here, the reduction that takes
place with the more ‘natural’ water is apparent, and
could be caused by all sorts of confounding factors, like
particulate OM or DOC, among others.

The Bohart-Adams models for lake-water-based
influents can be used to estimate product lifetimes un-
der more realistic conditions (2 kg product, 0.5 mg P
L−1; see Figure B.6), thereby taking these confound-
ing factors into account. The products would have a
lifetime of several weeks in low-flow conditions (0.2 L
min−1), but neither would last longer than 20 days in
more realistic baseflow conditions (2 L min−1). However,
these estimates are quite untrustworthy, given that for
both products one parameter was found insignificant
when fitting the breakthrough curves (see Table B.5).
This is especially true for Phosflow™, for which the
time-dependence was insignificant.

Product performance may therefore in the end be
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Table 8 – Found MACs – The Qmax based on SRP removal
found for EutroSORB® F and Phosflow™ by the experiments
reported here, along with the values reported by SePRO Co.
and Water Warriors Inc.. From top to bottom, they come
from the psuedo-first-order models fitted to the kinetics data,
the found Langmuir isotherms, the Lab-based Bohart-Adams
model, and the Lake-water-based Bohart-Adams model.

Qmax (mg P g−1) EutroSORB® F Phosflow™
Hypothesis ∼10 [46] 26.4 [45]

PFO 9.5 ± 0.3 16 ± 6
Langmuir 10.3 ± 1.4 10.3 ± 1.9
BA, Lab 4.8 ± 1 2.6 ± 2
BA, Lake 2.2 ± 0.6 2.1 ± 1

said to be quite dependent on the environmental con-
text in which the products are applied. In turn, the
response to this context is a function of the composition
of the products and how they adsorb the P. In both prod-
ucts P adsorption is dominated by an Al-oxyhydroxide,
onto which surface complexation may be assumed. In
EutroSORB® F, the mineralisation of P into Ca-based
apatites may be deemed possible. However, what causes
a majority of the P to be ‘precipitated’ in Phosflow™
is unclear. With all that in mind, one could expect
that P adsorbed to either product is, generally, not read-
ily bioavailable at moderate pH. However, users should
be cautious of high-pH (pH>9) conditions; böhmite
P-sorption capacity reduces with increasing pH, with a
point of zero charge between pH 8.5 and 9.5 [68, 70, 77,
78]. Furthermore, under such conditions it would start
dissolving, releasing toxic Al(OH) –

4 in the process [92].

5 Conclusions & Outlook
Here, Phosflow™ and EutroSORB® F were tested in
various ways to determine whether they are fit for purpose
as in-stream P-adsorbents. EutroSORB® F contains
around 40% böhmite and around 41% calcite by mass.
Phosflow™ contains around 71% percent böhmite by
mass, along with some 4.3 mg Mg g−1.

One should take care that flow conditions do not
exceed what the products can handle: between 5.8 and
8.2 cm s−1 and upwards the products may erode and
release suspended solids or constituent material into the
environment. In particular, aluminium or aluminium
minerals, like the main constituent böhmite, would be
released. Though the products can increase pH and
EC in unbuffered systems, the lake-water-based fixed
experiment indicates that such effects should be minor
in more natural, and therefore more extensively buffered,
systems. Thus, the products should not be expected to
pose an ecotoxicological hazard at moderate pH (<9),

though under more extreme conditions, toxic dissolved
Al-species could be released. With static equilibrium
MACs around 10.3 mg P g−1, both products are fairly
efficient P-sorbents. However, MACs can be reduced by
a factor of around 5 when the products are applied in a
fixed-bed experiment with lake-water-based influent.

This report provides the basis for future testing of
both products by investigating what the products are
made of and what might be expected of them when
applied in the field. A cost-benefit analysis was beyond
the scope of this research, but is still be necessary, given
that the price per captured kg P is still not known.
Moreover, it would have to be applied all across a (sub-
)catchment, and it is by no means clear whether that
is more cost-effective than regularly applying in-lake
measures. Finally, upscaled fixed-bed testing should be
done with environmental water, in which varying pH and
flow conditions would be crucial. Effluents should then
also be analysed for dissolved Al-species. With such
testing, toxicological hazards and risks may not just be
hypothesised, but quantified, as well as product lifetimes
and performance in the field determined.
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Appendix A Supplementary protocols
A.1 Product interference with the SFA
Any given sample must be filtered when measuring the soluble reactive phosphorus (SRP). The simplest would be
to use a syringe fitted with a 0.45 µm membrane filter cartridge. Still, colloidal material may still seep through
(SFA) (Skalar, SAN+ System). A simple test was done to determine whether this was the case.

2 g of Eutrosorb® F and Phosflow™ was weighed and transferred into separate 50-mL centrifuge tubes, to
which 40 mL deionised water (DIW) was added. Similarly, blanks without either product were prepared. These
tubes were all shaken for 27 h at around 100 RPM. Once incubated, 30 mL was taken from each tube, half of
which was filtered using a 0.45 µm membrane filter cartridge. These two fractions were then split once more,
and to one half, 86 µL 8 mg P L−1 was added. Thus, there were 12 treatments: samples with Eutrosorb® F,
Phosflow™ , or no product; filtered and unfiltered samples; samples with added P and those without. Every
treatment was prepared in quintuplet. All samples were stored at -20 °C until analysis. The filtered samples were
analysed for SRP and the unfiltered ones for total P using the SFA at 880 nm. The treatments with added P were
corrected for background P, using the average of the measured P in the blank samples without added P.

In order to find out whether the products reduce the signal compared to the blank with added P, the product
treatments with added P were compared to the blanks with added P using the Wilcoxon signed-rank test. Similarly,
to find out the opposite, the same test was used to compare the product treatments without added P with the
blank treatments without added P.

The results are shown in Figure A.1. The implication from this figure is that in unfiltered samples, Phosflow
tends to add a background to the signal when measuring at higher sensitivities. Both lead to some background
when measuring using unfiltered samples at lower sensitivities. However, when P is added, Eutrosorb F lowers the
signal at the higher sensitivity, whereas Phosflow increases the signal at lower sensitivity. One conclusion that may
be drawn, is that some product in colloidal form is passed through the filters that were used, leading to distortions
to the signal. Thus, as a preventative measure, samples for SRP analysis after the kinetics experiment were filtered
using 0.2 µm membrane filters, i.e., filters with smaller pores.
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Figure A.1 – Product interference in the SFA – Comparison of the different treatments for testing the product interference
in the SFA. Significance symbols are the same as elsewhere.
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A.2 Sequential P-extraction; in-house protocol
The protocol in Figure A.2 and Figure A.3 was carried out exactly, with some notable deviations. i) Instead of
performing 2 separate extractions in phase 1, 1 extraction with 50 mL oxygen-free distilled water was done. ii)
The second extraction in phase 2 was performed over 30 instead of 5 min. iii) The washes with distilled water in
the third and fourth phase were performed over 30 instead of 5 min. iv) In phase 4, 2 HCl extractions were done
instead of 1. The first 3 deviations were the result of practical considerations. The fourth was done because it was
feared that the pH-buffering capacities of the products (see also Figure 6 and Figure B.2 b)) would neutralise the
acid too much. This would lead to an underestimation of this fraction and an overestimation of the fraction of
phase 5.

Figure A.2 – Sequential P-extraction; page 1 – Page 1 of the in-house protocol for sequential P-extraction.
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Figure A.3 – Sequential P-extraction; page 2 – Page 2 of the in-house protocol for sequential P-extraction.

A.3 Estimation of flow velocity in shaking test
During the shaking experiment, the mixtures sat in a 50-mL tube. Assuming that the 40 mL was transported
entirely side-to-side. With 100−1 min rnd−1 and a back-and-forth ‘discharge’ of 20 mL rnd−1, the material
experienced 20/100 = 2 L min−1. For 140 RPM, this would be 2.8 L min−1. Given the cross-section of 5.73 cm2,
the maximum average flow velocities would be 5.8 and 8.2 cm s−1 respectively. These estimates are somewhat
larger than the axial velocities in the work by Zhu et al. [95] on flow in vertically rotated 50-mL disposable
bioreactors, but they are of similar order of magnitude. Thus, the actual average flow velocities may be between
the found values, and some smaller values.
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Appendix B Supplementary results and measurements
This appendix contains results supplementary to those in section 3. Table B.1 shows the measured blanks during
the shaking test. Figure B.1 shows the measured flow rates, dissolved oxygen, and lakewater total nitrogen (TN)
for the fixed-bed experiment. Figure B.2 gives the soluble reactive P (SRP) and Q timeseries for all bottles in the
kinetics experiment, along with the average pH and measured temperatures. Table B.2 shows the models for all
bottles with product in the kinetics experiment. Table B.3 shows the attributes measured for the products that
were loaded with P; dry weight, mass loss, SRP, and Q are all given. Table B.5 gives the found breakthrough
curve parameters. Table B.4 shows the modelling results of the shaking test in greater detail, giving the model
coefficients for all modelled variables. Table B.5 gives the fixed-bed model parameters, both the linear parameters
and the calculated Bohart-Adams parameters. Table B.6 gives Qtotal for the products used in the sequential P
extraction. Figure B.4 gives the Q for all pools across the products with standard deviations in the sequential
P extraction. Figure B.5 gives the relative distribution of the loaded products in the sequential P extraction.
Table B.7 gives a pair-wise comparisons of the measured concentrations in the sequential P extractions, where
similar letters indicate homogeneous groupings that cannot be differentiated at the 95% level.
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Figure B.1 – Fixed-bed adsorption; other endpoints – Shown are: flowrates as determined through all outlets in the
fixed-bed adsorption experiment; dissolved oxygen in the influent; and total nitrogen in all the lakewater samples
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Table B.1 – Shaking test; blanks – Shown are the measured pH and EC of the blanks for various shaking regimes. In
practice, then, these are from 40-mL DIW in 50-mL centrifuge tubes in equilibrium with the overhead space. The gases of
the initial overhead gas should have the same composition as the laboratory. The strategy of the blanks was poorly thought
out, as can be seen from this table. No linear trends were visible per blank series over time (R2 < 0.3). The EC were not
normally distributed (Shapiro-Wilks, p < 0.05), hence the median is given.

Shake Time (d) pH (-) EC (µS cm−1)

Still

1
- 0.6
- 0.6
- 0.9

3 5.48 14.6
6.37 5.6

7 6.08 2.6
6.092 6.9

Weak
3 5.84 7

5.15 2

7 5.41 5
5.12 4

Strong 1 5.775 2.4
5.479 3.5

mean 5.6796
σpH 0.420088

median 3.5

Table B.2 – Adsorption kinetics; all models – The experimental time series from every bottle, both SRP and Q.

Time series Qmax k (d−1) R2

EutroSORB®F
1 9.53 0.305 0.89
2 10.2 0.210 0.97
3 10.5 0.582 0.76

Phosflow™
1 16.0 0.163 0.36
2 31.6 0.0482 0.89
3 12.0 0.237 0.47

Table B.3 – XRD; adsorbed P-content in loaded samples – SRP measured and Q calculated after incubating the material
meant for XRD analysis. The mass loss after incubation and drying ∆M is also given as a percentage of the wet weight.
The error given on the initial concentration of the solution is the standard deviation (N = 2)

Product DW (g) ∆M (% ) SRP (mg P L−1) Q (mg P g−1 DW)
Initial - - 100 (±5) -

EutroSORB® F 18.54 7.7 57 4.64
Phosflow™ 9.95 0.38 77 4.62
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Table B.6 – Sequential P extraction; total Q – Total Q (mg P g−1) found after sequential P extraction of the products.
The errors are standard deviations (N = 3).

Series Phosflow™ Phosflow™, loaded EutroSORB®F EutroSORB®F, loaded
Mean 0.01 ±0.06 5.49 ±0.5 0.01 ±0.04 5.64 ±1.7
1 0.00 5.57 0.00 5.47
2 0.04 5.28 0.03 5.07
3 0.01 5.63 0.00 6.39
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Figure B.4 – Sequential P extraction; separate pools with errors – The absolute Q found for all products. The indicated
errors are standard errors (N = 3).

Estimating product lifetimes
Given Equation 11 and Equation 10, back-of-the-envelope estimations of product-lifetime under more realistic
conditions were done. For this, low-flow conditions in drainage pipes similar to that found in Rozemeijer et al. [96]
were taken, around 2 L min−1 as well as 0.2 L min−1. Furthermore, it was assumed that field application would
involve around 2 kg product. Matching other filter-material investigations in Mendes et al. [39], C0 was taken to
be 0.5 mg P L−1. Then, using C C−1

0 = 0.5 and C C−1
0 = 0.95, corresponding tlife were calculated by solving

Equation 9 for t with the aforementioned numbers plugged in and Qmax and kB as found for the SRP-based
models.

Estimated t1/2 (lifetimes for which CC−1
0 = 0.5) for Phosflow™ were negative in the Baseflow scenarios

(2 L min−1) (Figure B.6). This indicates that removal would already be well below 50% at the beginning of
application. For EutroSORB® F, these times are between 5 and 10 d. During low flow (0.2 L min−1), both
products perform much better, between 30 and 40 d for Phosflow™. EutroSORB® F hangs around for around
75 days in lab-based water, and around 35 days in lake-water-based influent. The large differences between
CC−1

0 = 0.5 and CC−1
0 = 0.95 values for Phosflow™ indicate rather shallow breakthrough curves, whereas those

of EutroSORB® F imply much steeper curves.
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Figure B.5 – Sequential P extraction; relative pools loaded products – Relative P pools of every loaded extraction.

Table B.7 – Sequential P extraction; Comparisons – Significantly different groups of products for every fraction when
comparing C (mg P L−1) across products. Thus, each row is one comparison: kruskal-wallis followed by Dunn’s test with
α = 0.05. Similar letters indicate homogeneous groupings that cannot be differentiated at the 95% level.

Fractions Blank EutroSORB® F Phosflow™
Empty Loaded Empty Loaded

H2O a a b a b

BD SRP ab ab c a bc
SNRP a a b a ab

NaOH SRP a ab c a bc
SNRP a a b ac bc

HCl SRP a ab bc a c
SNRP a ab bc a c

H2SO4 a ab bc ab c
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Figure B.6 – Fixed-bed adsorption; estimated lifetimes – Product lifetimes inferred from SRP-based model parameters
and more realistic environmental conditions for 2 kg product. Here, C0 = 0.5 mg P L−1, ‘Baseflow’ refers to q = 2 L
min−1, and ‘Low flow’ refers to q = 0.2 L min−1.
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Appendix C Personal Communications and Declarations
C.1 Summary of the meeting on June 10, 2023
Here follows a summary of the meeting held on June 10, 2023, at 13:00 UTC, regarding the filter media and
relevant topics for this report. Present were J.C. (Johan) van Snippenberg, the author of this proposal; my
supervisors, M.F.L.L.W. (Mike) Lürling and M.N.T. (Maíra) Mucci; B.C. (Byran) Fuhrmann and K.E. (Kate)
Waters-Hart from EutroPHIX and Phoslock Environmental Technologies (PET) respectively.

The patent we found for the phosflow is probably from another product, because there is no lanthanum in
there, as noted by Kate. Instead, there is aluminium oxide and magnesium carbonate in there. The product that
we found is the one supposed to be used in wastewater treatment, whereas phosflow is meant for stormwater
treatment. Mike notes that there are confusing data on the phosflow website, especially the timelines, which turns
out are constructed based on experiments on different conditions: i.e., two result from lab tests and two are from
field trials. (Kate), the folks from Australia have not really given here the data that she would like to have.

Mike noted that filtered lake water can be used in some of the experiments.
The products are used in small plastic mesh bags. However, phosflow is also intended to be used in cages

and anything else that can keep them in one place [Kate]. As such, it would be a good idea to work them into the
methods somehow. Specifically, the ones where I look at the stability of the things, and where they are shaken for
longer periods of time.

According to Byran, upscaling of the products is a real problem. In small amounts, it is clear that [Eutrosorb
F] has a very nice adsorption capacity. However, when put together in larger quantities, the adsorption is much
poorer: the bags can really restrict flow, thereby reducing discharge through the bag and hence removal efficiency.
They [Byran] did tests in which they put the materials at the end of drainage pipes, where water was sure to be
forced through the material: very high removal was achieved then. The materials work best when water can be
forced through them.

For identifying what the material is, Byran suggested acid digestion and then using ICP-MS. Check for
elements like Fe, Mg, Al, Ca, La, etc. He suggested testing the buffering capacities of the materials, that is,
treating it with acid and do a titration to see how much oxyanions versus oxides are in there. I should look this up
in more detail. He says that I could expect to find Al in there.

Furthermore, he warns me that Fe and Al tend to exaggerate the adsorption capacity compared to natural
conditions and compared to flowing conditions. That is, the environmental conditions can substantially impair the
adsorption capacity of a sorbent. Regarding the fixed-bed, go up to 1 or 2 mg/L, go down to 50 ug/L P as initial
conditions.

Suggestion for another experiment: He suspects that the adsorbents, on Al basis in particular, when used in
shallow lakes, can form a substrate for algae. An idea would be to make a larger batch of saturated material and
see if it can be used as a growth medium in a solution with non-limiting amounts of Nitrate and Ammonium +
micronutrients, and seeding it with a known algae strain. The algaemists could be used for this.

Desorption was also tested to some degree. It could be done with just a solution, but it can also be used with
plants directly. Use a P-less synthetic soil, mix used product in and see what happens. Use positive control with
known P-additive to soil, and negative control without any P in there. The product(s) would then fall somewhere
in between.

Kate suggested I test the materials in anoxic conditions. Maíra noted that this may also be inferred from
fractionation of saturated material. That is to say, once I know what is in there, I may fractionate them based on
this, and see which parts of the P are adsorbed to what aspects of the material.

Byran noted that I should make rather large batches of saturated material in solution. Maíra noted that I
would probably need more material than is currently available.

C.2 Declaration on the use of generative AI
In designing experiments, analysing and interpreting results, and writing this report, no use has been made of any
generative artificial intelligence.
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