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Abstract

Although various special materials have been studied for their potential for phospho-
rus removal in constructed wetlands, varying methodologies make direct comparisons
of adsorption capacities observed in laboratory experiments difficult. This paper aims
to establish a methodology for determining the optimal ratio of phosphate to material
mass for different materials and for achieving the necessary contact time for adsorption
isotherms. To minimise the number of experiments required, pretests over 24 h should
be repeated to determine the phosphate-specific ratios until they show around 60% of the
initial concentration. The tested materials included lava sand and expanded sand (ExS),
which showed saturating kinetics curves after 24 to 48 h. However, aggregates contain-
ing calcium silicate hydrate (CSH) phases (autoclaved aerated concrete AAC, sand–lime
brick SLB, and hydrothermal granules HTG) did not show saturating curves, complicating
contact time determination. Consequently, adsorption velocity is proposed to identify the
phase with the lowest adsorption rate, which is then used as the contact time in adsorption
isotherm experiments. Using this method, adsorption times of 48 h were observed for HTG
and SLB, while that for AAC was 24 h. This methodology is intended as an initial approach
to establish a common basis for researchers investigating novel materials and make the
results comparable.

Keywords: phosphate elimination; material evaluation; contact time experiments;
methodology development; filter substrates; CSH

1. Introduction
The protection of water bodies and further reducing the eutrophication potential

of wastewater treatment plant (WWTP) effluent are still important topics. The new
EU-UWWTD [1] targets middle-sized (>10.000 PE) and large (>150.000 PE) WWTP for
stricter P-effluent values, especially in sensitive areas. In Germany in 2022, small WWTPs
up to size class 3 (<10.000 PE) emitted around a quarter of the total phosphorus loads into
rivers and streams; size class 4 alone is responsible for around 40% [2]. Of course, limitation
values are also size-related, but more and more small WWTPs have to comply with lower
total phosphorus (TP) threshold concentrations due to the sensitivity of the receiving water
body [3]. While for larger WWTPs, technical systems for P elimination like precipitation
and flocculation and/or filtration are viable options to reduce phosphate emissions [3], for
smaller WWTPs, less technologically demanding solutions have to be considered.
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Constructed wetlands (CW), which are a low-tech solution, could be used to treat the
effluent of WWTPs further, to reduce phosphorus loads into rivers and streams. However,
concerning phosphorus elimination, the standard CW filter materials like fluviatile sand
exhibit highly variable elimination rates from less than 50% [4,5] up to 85% TP [6] and 90%
phosphate-phosphorus (PO4-P) [7]. The performance strongly depends on the sand prop-
erties, which greatly influence phosphate removal efficiency [8]. The media composition
is particularly critical: a high content of accessible aluminium (Al), iron (Fe), and calcium
(Ca) compounds enhances phosphate elimination [8–10]. This improvement is achieved
through adsorption onto the surface, as well as through precipitation processes involving
Fe/Al minerals or the formation of Ca-phosphate minerals [11,12].

To improve phosphorus removal, filter materials with enhanced phosphate adsorption
properties have been, therefore, a focus of research in the past years, for example, biochar
activated carbon [13], volcanic sands [14] or construction and demolition waste containing
calcium silicate hydrate (CSH) [15,16]. Recycling materials suitable for binding phosphate
by CSH can include, for example, crushed concrete, autoclaved aerated concrete and sand–
lime brick [11,17–23]. Some of these materials, such as concrete and aerated concrete, also
contain calcium aluminate hydrate (CAH) or calcium aluminate silicate hydrate (CASH)
phases, which further contribute to phosphorus binding [24–26].

To assess and compare the suitability for phosphorus elimination and the binding
mechanisms behind it, the adsorption kinetics and the adsorption isotherm of phosphate
on the filter material have to be determined. The adsorption kinetics show the loading of
the target substance on a specific amount of solid over time. The time when equilibrium is
achieved is called the equilibrium time. This time is also used as the contact time needed in
the adsorption isotherm experiments [17] (p. 54).

For many materials, the equilibrium time and load capacity can be found in the lit-
erature, but usually the experimental conditions vary widely between kinetics studies.
Therefore, the specified parameters in the literature can rarely be applied to one’s own
research. The heterogeneity of kinetics studies is illustrated by Table 1, which compares
experimental setups for gathering kinetics parameters of different materials for phosphorus
removal. It shows that over the selected literature, the experiment setups are inconsistent
concerning many parameters, e.g., tested grain sizes, the phosphate supply per gram of
material, and the scale of the experiment. Due to the lack of a clear methodology, the
results in the literature are heterogenous and difficult to compare. Also, a missing stan-
dardised method results in new researchers being unable to follow a protocol when testing
new materials.

In order to standardise the procedure for evaluation of unknown materials and to
determine a sensible ratio of material to phosphate and test duration, this work developed
an experiment scheme that can help to close this gap in methodology. The experiment
scheme starts with an iteration of test experiments until the optimal experiment setup is
found. Hereby, empirical values were used to find a threshold value, at which iteration was
stopped. The kinetics experiments can then be conducted based on these obtained values.

The present methodology is intended as an initial approach to establish a common
basis for researchers investigating novel materials, with a view to facilitating the comparison
of results.
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Table 1. Comparison of experiment setups for kinetics experiments for phosphorus adsorption. Exp.: experiment; Ref.: reference.

Material Particle Size Phosphate
Source Start Conc. c0

Adjustment of
pH of Start

Solution
T Volume of

Batch
Mass of
Material

Exp.
Duration Ref.

mm - mg/L P - ◦C L g -

Pre-activated
red ceramic 0.3–6.3 KH2PO4;

KCl 57 * no n.d. 0.045 3 96 h [11]

Aerated
concrete Blocks: 13.8 × 13.8 × 10 cm3 n.d. 1–3 adjusted to 7 n.d. 3 300 120 h [24]

Aerated
concrete 0.063–2 KH2PO4 100 various 20; 55 0.05 n.d. 1 h [27]

Ceramsite 6–8 KH2PO4 50 adjusted to 7 30 0.05 1 24 h [28]
Calcined

Clay
0.8–4.78;
0.25–0.85

KH2PO4;
KCl 500 no ca. 25 0.045 2 192 h [29]

Brick 0.8–4.57 KH2PO4;
KCl 250 no ca. 25 0.045 2 192 h [29]

Calcinated
alunite 0.09–0.15 K2HPO4 25–150 adjusted to 5 ca. 25 1 1 2 h [30]

Limestone <0.1 KH2PO4 2; 100 no ca. 23 0.05 1 12 d [31]
n.d. no data. * Calculated based on the data in the paper.
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2. Materials and Methods
The materials used in this research are two kinds of volcanic sands from two dif-

ferent quarries in the “volcanic Eifel” region in Germany, LVI and LVII. Expanded sand
(ExS), autoclaved aerated concrete (AAC), and sand–lime brick (SLB) were purchased from
building material stores. Hydrothermal granules (HTG) were produced in-house from
SiO2- and CaO-rich secondary raw materials, specifically masonry rubble and paper ash.
The masonry rubble serves as the quartz component (SiO2). The paper ash supplies the
lime component (CaO) and, additionally, contains hydraulic reactive calcium silicates and
aluminates. After crushing and grinding, the masonry rubble was homogenised together
with the paper ash. For shaping, the powder was then slightly moistened and granulated.
The green granules were then hydrothermally treated in an autoclave at 180 ◦C in saturated
water vapour atmosphere at approx. 12 bars. The strength and the microstructure of
the hydrothermal granules develop through the formation of different CSH and CA(S)H
phases. More information about CSH phases can be found in Supplementary Materi-
als Additional Information S1. Further information about the properties of the HTG is
given in [23,32].

The physical characteristics of the substrates are listed in Table 2. The BET surface area
was determined using the N2 gas adsorption method. Sample preparation was performed
by outgassing for at least 18 h in a vacuum at room temperature. The measurement itself
was performed by measuring the whole ad- and desorption isotherm of N2 at 77.3 K.

Table 2. Specifications of materials used in the experiments.

Material Abbreviation Type Grain Size BET
Surface Area

BET Surface
Area After

Grinding to
<0.1 mm

Moisture
Content of
Material
<0.1 mm

Lava sand I LVI Lava sand 0–2 mm 39 27 1.3%
Lava sand II LVII Lava sand 0–4 mm 55 43 1.6%
Expanded

sand ExS Expanded sand 0–2 mm 1 1 0.4%

Autoclaved
aerated
concrete

AAC Construction waste 0.5–2 mm 48 38 2.4%

Hydrothermal
granules HTG Hydrothermal

granules 0.5–2 mm 27 24 2.8%

Sand–lime
brick SLB Construction waste 0.5–2 mm 13 12 0.9%

The moisture content was measured by the weight loss during sample preparation for
the BET measurement, except for the moisture content of LVI. For LVI, the weight difference
before and after heating to 40 ◦C for 3 days was used.

The materials LVI, LVII and ExS can be assigned into the group “sand and aggregates
from thermal processes” and the others to the group “aggregates with CSH phases”.

An overview of the experiments carried out to obtain the experimental duration of
adsorption isotherms is given in Figure 1. The determination of the adsorption isotherm
itself (Figure 1, step 3) is not the subject of this work, but the way to obtain the equilibrium
time. This time is extracted from kinetics experiments (Figure 1, step 2) and set as the
experiment duration for the adsorption isotherm. The ratio of material mass (m), volume (V)
and concentration (c) for the kinetics experiments needed to be determined in preliminary
experiments (Figure 1, step 1).
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Figure 1. Overview of the different experiments, including goals, differences in setup, duration, and
phosphate analytics.

All experiments were conducted at room temperature with artificial phosphate so-
lution to minimize the effect of other ions on adsorption. As a phosphate source, a stock
solution was prepared with KH2PO4 and diluted to the required concentration with ultra-
pure water. The aim of this research is the treatment of effluent of WWTPs up to approx.
50,000 PE, which have already P elimination in the main treatment stage, reaching average
effluent values of around 0.25–2 mg/L TP [33]. Based on the assumption that few solids are
found in WWTP effluent and that the dissolved fraction consists mainly of orthophosphate,
a concentration of 1 mg/L PO4-P was set. For AAC, the concentration of the phosphate
solution had to be adapted to 2 mg/L, due to the small material mass used (see Supplemen-
tary Materials, Table S1). The pH of the solution was not adjusted to reduce the effect of
interfering ions. As the solution of 1 mg/L PO4-P has an electrical conductivity of around
5 µS/cm, it is seen as a solution of low ionic strength. The measurement of pH is, therefore,
problematic, with long stabilization times and incorrect measurements [34]. Therefore, the
pH of the PO4-P solution was calculated based on [35] and [36] to be 5.81 for 1 mg/L and
5.65 for 2 mg/L. (For the calculation, see Supplementary Materials, Calculation S1.)

For the kinetics experiments, a separate sampling flask filled with weighed material
was prepared for every sampling time to reduce the disturbance of the kinetics experi-
ment [17] (p. 141). Depending on the experiment, different volumes were used. The volume
of 0.05 L was measured with bulb pipettes; higher volumes were measured with volumetric
flasks and then transferred to the sample flasks. For all experiments, an overhead shaker
with twelve seats, in which bottles of different sizes can be clamped, was used. The speed
was set to the maximum of 16 rpm. For samples of 0.05 L, Falcon tubes were used as
experimental vessels. For higher volumes, wide-neck PE bottles of different sizes (0.1–1 L)
were used.

The ground material was weighed on a precision balance and ranged between
0.15 and 1 g, depending on the experiment. Some of the materials used are produced
in the laboratory and are, therefore, not available in large quantities. For this reason, for
the first iteration of pretests, it was decided to use 0.5 g and 1 g of the material with
0.05 L of phosphate solution (at a concentration of 1 mg/L PO4-P) in a Falcon tube with
shaking for 24 h in an overhead shaker. For the following experiments, the parameters
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V, m and, in one exception, c were iteratively adjusted until a threshold value was achieved.
In the experiments, it was empirically determined that, for an experimental duration of
72 h, the target value for P elimination after 24 h should be around 60% (c24h/c0 = 40%
removal). A detailed explanation of how this threshold was determined can be found in
Section 3.1 Pretests.

To analyse the phosphate concentration, the supernatant of the samples of all exper-
iments was filtered with a 0.45 µm syringe pre-filter and prepared for analysis. For the
pretesting, phosphate concentrations were measured with LCK 349 Cuvette Tests (Hach
Lange GmbH, Düsseldorf, Germany), as the results had to be quickly available to further
proceed. In this stage, single determinations were conducted, as the values were then
validated by the kinetics experiment. The test is valid for concentrations between 0.05 and
1.5 mg/L P. The limit of detection (LOD) is 0.007 mg/L. For graphical purposes, values
below 0.05 mg/L are shown as 50% of 0.05 mg/L. Values below the LOD were assumed to
be 0 mg/L. For the kinetics experiment, the samples were measured via ion chromatogra-
phy for anions in double determination. For PO4-P, the LOQ in the ion chromatography
was 0.03 mg/L PO4-P and the LOD was 0.013 mg/L PO4-P. For graphical purposes and to
calculate adsorption, values below the LOQ were calculated to be 50% of the LOQ; if it was
lower than the LOD, it was assumed to be 0. The calcium concentration was also measured
with ion chromatography.

The equipment details can be found in Table S2.
The amount of P removed equals the amount of P adsorbed to the material and was

calculated according to Equation (1):

Loading q =
(c0 − ct) ∗ V

m
(1)

c0: initial concentration of the solution in mg/L;
ct: concentration of solution after time t in mg/L;
V: volume of the solution in L;
m: mass of the adsorbent material in g.
As the moisture content of all the materials was below 3%, it was not considered in

the specific loading.
When conducting kinetics adsorption experiments, the aim is to achieve a concentra-

tion that is low enough to minimise measurement inaccuracy, but high enough so that it
does not reach zero. Otherwise, no statement can be made about the equilibrium concen-
tration [17], and the experiment has to be repeated. To conduct the experiments, the ratio
of phosphate provided to the quantity of material must be known. In this work, this ratio
is called the “Specific Phosphate Provided” (SPP) and can be calculated via Equation (2):

SPP
(

mg
g

)
=

phosphate provided (mg)
material (g)

=
V ∗ c0

m
(2)

It was assumed that the amount of P removed equals the loading of the material.
The remaining PO4-P concentration after the 24 h test shows whether the ratio of material
quantity to phosphate load needs to be adjusted.

After having determined the suitable ratio, kinetics experiments were conducted. Each
kinetics experiment was conducted with at least one replicate; the kinetics experiment
for LVI was conducted in triplicate. The samples were prepared with the material mass,
volume and concentration determined in the step before. The sampling times were 30 min,
1 h, 2 h, 4 h, 8 h, 24 h, 48 h, and 72 h.

The time between samplings is defined as a sampling slot with a start and an end. The
sampling time marks the end of the time slot (see Table 3).
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Table 3. Overview of the classification of sampling times.

Sampling
n

Sampling Time
t in Hours

Time Slot Start
in Hours

Time Slot End
in Hours

0 0
1 0.5 0 - 0.5
2 1 0.5 - 1
3 2 1 - 2
4 4 2 - 4
5 8 4 - 8
6 24 8 - 24
7 48 24 - 48
8 72 48 - 72

With this information, the loading rate or velocity in between samplings can be
calculated using Equation (3). To obtain a better understanding of the range of velocity, the
relative loading rate in% is calculated using Equation (4). It relates the loading velocity at
sample n to the maximum loading velocity of the overall experiment.

Loading velocity [mg/g/min] vn =
qn − qn−1
( tn − tn−1)

with n > 1 (3)

qn = loading at sampling n
qn−1 = loading at sampling (n − 1)
tn = time in minutes of sampling n
tn−1 = time in minutes of sampling n − 1

Relative loading velocity [%] rvn =
vn

max(vn)
∗ 100 (4)

To determine the BET surface area of AAC during the experiments, the material of a
sample after 24 h, 48 h, and 72 h was collected. To obtain a blank sample, the experiment
was repeated with the same amount of material and volume of ultrapure water and stirred
briefly. Then, the material was filtered on a paper filter with a diameter of 90 mm and
a pore size of 4–7 µm, rinsed with ultrapure water and then dried in a drying cabinet at
40 ◦C for three days.

The experimental data were modelled with well-known kinetic adsorption models:
the pseudo-first-order (PFO) model is based on Lagergren [37]. The adsorption rate is
governed by the diffusion of the adsorbate across the adsorbent surface. The model predicts
the equilibrium adsorption capacity qe, while the parameter k1 is often used to describe the
velocity until the equilibrium is reached [38]. The PFO model is better suited to systems
with high initial adsorbate concentrations. It provides a more accurate prediction of the
initial adsorption stages and reflects conditions in which only a small number of adsorbate
ions can interact with the available active sites [38].

PFO has the non-linear form presented in Equation (5):

qt = qe

(
1 − e−k1t

)
(5)

qe = adsorption capacity at equilibrium (mg/g);
k1 = Pseudo-first-order rate constant (g/mg/h).
The pseudo-second-order (PSO) model [39] also predicts an equilibrium adsorption

capacity qe and a rate constant k2 (see Equation (6)). The model performs best at low initial
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concentrations, provides a better fit for the final stages of the adsorption process, and works
particularly well with materials that offer many active sites [38].

qt =
q2

ek2t
1 + qek2t

(6)

qe = adsorption capacity at equilibrium (mg/g);
k2 = Pseudo-second-order rate constant (g/mg/h).
The Weber–Morris intraparticle diffusion model (IPD) is an internal diffusion

model [40] commonly applied to evaluate the contribution of intraparticle diffusion to
the overall adsorption mechanism. The formula is displayed in Equation (7). It helps to
distinguish whether intraparticle diffusion is the rate-limiting step or only one of several
controlling processes. If C = 0, it can be assumed that intraparticle diffusion is the con-
trolling process. If C > 0, other processes, like film diffusion or surface adsorption are
also participating [38].

qt = kdiff
√

t + C (7)

kdiff = intraparticle diffusion coefficient (mg/g/
√

h);
C = IPD Constant (mg/g).
The Elovich model [38,41] (Equation (8)) assumes that activation energy increases pro-

gressively with adsorption time, and that adsorption occurs on a heterogeneous surface [38].
The model is often connected with chemisorption processes [42], but the mechanisms are
not always clear [38].

qt =
1
B
(ln(1 + ABt)) (8)

A = initial adsorption rate (mg/g/h);
B = desorption rate constant (mg/g/h).
The iteration algorithm used for modelling was Levenberg–Marquardt algorithm [43,44].

R2 and R2 adjusted (R2 adj.) are used as evaluation parameters and calculated when modelling
with Origin® 2025.

3. Results and Discussion
3.1. Pretests

To determine a suitable SPP for the contact time experiments, the pretests were per-
formed for each material iteratively. A graph comparing the removal after 24 h and the
availability at start of the experiment helped to categorise the results and start the next
iteration loop with a new SPP ratio, adjusting either the volume or material mass quantity
(Figure 2). Only if the two parameters V and m could no longer be adjusted due to the condi-
tions of the laboratory (e.g., if the amount of material was already 0.15 g), the concentration
was raised, but only to a level within the same order of magnitude. The decision-making
for each iteration step is also shown in Table S1 (Supplementary Materials).

The iteration was stopped when the concentration after 24 h reached a target value. In
the beginning, there was no information or experience regarding the range of the target
value. Thus, some of the kinetics experiments had to be conducted several times because
concentrations were either too small or changed too little over time, leading to unusable
data. Whether the target value was chosen correctly could, therefore, only be determined in
the kinetics studies. Empirically, it was determined that, for an experiment duration of 72 h,
the target value after 24 h should be around 60% c24h/c0 (=40% phosphate elimination). As
can be seen in Figure 2, the c24h/c0 ratios for successful kinetics experiments lie between
53% and 64%. An exception is LVII, where the kinetics experiment was conducted at 41%
c24h/c0. This was only successful because lava sand shows a flattening curve, as will be
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discussed in Section 3.2. The target range can be set at 60 ± 7%. The parameters that led to
usable kinetics experiments are displayed in Figure 2 with red circles, and in Table 4.

Figure 2. Ratio of concentration after 24 h and start concentration applied against SPP. Red circles
mark the ratio that was successfully used in the kinetics experiments. For cuvette tests, concentrations
smaller than 0.05 mg/L are included in the calculation of the load with 0.025 mg/L. Values below the
LOD were evaluated as 0 mg/L. LVI, LVII: lava sands; ExS: expanded sand; AAC: autoclaved aerated
concrete; SLB: sand–lime brick; HTG: hydrothermal granules.

Table 4. Experiment parameters for the kinetics studies determined after multiple iterations of pretests.
LVI, LVII: lava sand; ExS: expanded sand; AAC: autoclaved aerated concrete; HTG: hydrothermal
granules; SLB: sand–lime brick. c0: concentration at t = 0; SPP: specific phosphate provided.

Material
Quantity in g Volume in L c0 in mg/L SPP in mg/g

LVI 1.0 0.05 1 0.05
LVII 0.5 0.05 1 0.10
ExS 0.3 0.05 1 0.17

AAC 0.15 0.5 2 6.67
HTG 0.15 0.25 1 1.68
SLB 0.2 0.1 1 0.51

3.2. Kinetics Curves

Figure 3 shows data from the kinetics experiments, including the fittings to the four
well-known kinetics models. The R2 and adjusted R2 (R2 adj.) values are presented in
Table 5. If comparing PFO and PSO models, all materials are better explained by PSO (see
Table 5). In this study, low concentrations of adsorbent solution were used, which explains
this observation [38]. PFO and PSO underestimate the real adsorption capacity seen in the
data in all cases.

When comparing the six graphs, three different kinds of kinetics curves can be ob-
served in the lab data presented in Figure 3.

ExS, LVI, and LVII show a quick rise in loading, followed by a plateau. These obser-
vations are supported by k2 being 23.63, 50.00, and 39.66 g/mg/h for the three materials,
respectively. The PSO predicted equilibrium loading capacity is 0.099 mg/g, 0.018 mg/g,
and 0.059 mg/g for ExS, LVI, and LVII, respectively. The standard errors are relatively low
at 6%, 7%, and 6%. The material data of LVI, LVII, and ExS have the best fit with the Elovich
model (R2: 99.94%, 99.67%, 97.82%), which indicates that the materials bind phosphate
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chemically on the surface. As lava sands have been known to bind phosphate with their
aluminium and iron contents [45], this is plausible.

Figure 3. Kinetics experiments and fitted pseudo-first-order (PFO), pseudo-second-order (PSO),
Weber–Morris intraparticle diffusion (IPD), and Elovich models for the different materials: lava sand I
(LVI), lava sand II (LVII), expanded sand (ExS), sand–lime brick (SLB), hydrothermal granules (HTG),
and autoclaved aerated concrete (AAC). The experiments were conducted with the experimental
design shown in Table 4.
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Table 5. R2 and R2 adjusted (R2 adj.) for the tested materials and the pseudo-first-order model,
pseudo-second-order model, Weber–Morris intraparticle diffusion model, and Elovich model.

Pseudo-First-Order
(PFO)

Pseudo-Second-
Order (PSO)

Intraparticle
Diffusion (IPD) Elovich

R2 R2 adj. R2 R2 adj. R2 R2 adj. R2 R2 adj.

ExS 87.26% 85.66% 95.17% 94.57% 60.39% 60.39% 97.82% 97.82%

LVI 86.52% 84.60% 94.67% 93.91% 76.25% 72.85% 99.94% 99.93%

LVII 87.16% 85.33% 94.05% 93.20% 59.63% 53.86% 99.67% 99.62%

AAC 96.14% 95.37% 96.27% 95.52% 95.54% 94.65% 96.44% 95.72%

AAC—adapted * 99.54% 99.42% 99.80% 99.75% 99.40% 99.25% 99.89% 99.86%

HTG 80.45% 77.65% 87.90% 86.18% 95.48% 94.84% 95.47% 94.82%

SLB 88.29% 86.33% 92.12% 90.81% 98.52% 98.27% 95.64% 94.91%
* The last value was excluded to evaluate the lower part of the graph before the S curve.

SLB and HTG show a flatter curve with no saturation. If comparing PSO pa-
rameters, the rate constant is substantially lower, than those of ExS, LVI, and LVII
(k2 (SLB) = 0.29 g/mg/h, k2 (HTG) = 0.26 g/mg/h). The modelled equilibrium capacities
are 0.98 mg/g and 0.26 mg/g, respectively, with standard errors of 10% and 13%. The
equilibrium time of these materials is more difficult to determine graphically, as they exhibit
neither a visible reduction in velocity nor the development of an equilibrium. As a similar
curve was seen for red ceramic waste [11], it can be concluded that the slope of the HTG
and SLB cannot reach an equilibrium.

For SLB, the fitting results are better with IPD. Even though CSLB is not zero, it is low
at 0.012 mg/g, indicating a negligible effect of processes other than intraparticle diffusion.

HTG is equally well fitted by IPD (R2: 95.48%) and Elovich. CHTG is 0.16 mg/g,
indicating that not only intraparticle diffusion, but also other processes take place.

On closer inspection, AAC differs from HTG and SLB as its adsorption curve
shows a slowdown between 24 and 48 h, followed by a renewed acceleration after 48 h
(Figures 3 and 4). For AAC, the modelled PSO equilibrium capacity is the highest with
15.85 mg/g. The standard error is especially high for AAC, with 64%, indicating that, even
though the R2 adj. of 95.5% is acceptable, the model’s predictions do not fit well. AAC has
the best model fit with Elovich (R2: 96.44%).

When excluding the last data point (Table 5: AAC adapted), the model fit improves
strongly, to 99.89% R2 for Elovich. This might suggest chemisorption as the adsorption
type, with another process taking over after 48 h, which cannot be predicted well by the
Elovich model. Due to the material properties, chemisorption by calcium ions is most likely.

To better understand the unexpected curve for AAC, BET analyses of the material
were performed at different time points (see Figure 4). The BET surface value of AAC after
short contact with water falls from 48 g/m2 in the dry state to 34 m2/g as small particles
are washed away. Then the value stays constant for 24 h until further increasing at 48 h
to 47 m2/g. In parallel with this, the calcium concentration in the supernatant increases
to a concentration of around 10 mg/L Ca at 24 h. Afterwards, the concentration starts
decreasing (Figure 4).
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Figure 4. Phosphate loading on AAC over time, corresponding calcium concentration in the super-
natant at the same sampling times, and BET surface of AAC at experiment times t = 0 h, t = 24 h and
t = 72 h, extracted from the liquid phase. AAC: aerated autoclaved concrete.

These measurements can be explained with a crystallization process taking place:

1. At contact with water, AAC starts dissolving calcium components that also contain
CSH phases. At this point, phosphate precipitation only occurs in the solution and
does not change the BET surface area of the material.

2. The dissolution leads to an increase in pH, as well as an increase in Ca concentration. The
alkaline environment promotes the precipitation of calcium phosphates. For precipitation
products to crystallize, first the solution has to be supersaturated [46] (p. 237).

3. Crystal seeds in the solution can act as catalysts, reducing the energy barrier for
further crystallization [46]. The precipitation products in the solution can serve as
precipitation seeds kickstarting the phosphorus uptake after 24 h. The crystallization
now takes place on the surface of the material, making it rougher. The increase in
roughness correlates with an increase in BET-value.

The influence of precipitation seeds with crystallized material was also shown by
Song et al. [46]. In their study, they compared crystallization with and without calcite as
crystallization nuclei. The experiment with calcite seeds showed faster phosphate removal
compared to the experiment without calcite. After 24 h, the sample with calcite exhibited a
clear increase in phosphate elimination compared to the one without. This study supports
the assumption that, also in the tested AAC, crystallization nuclei cause a distinct rise in
phosphorus retention, observed here after 48 h.

AAC appears to be the most effective adsorbent, with an adsorption capacity of up
to 5.7 mg/g after 72 h. Next is HTG, with an adsorption capacity of 1.11 mg/g after 72 h.
SLB has an adsorption capacity of 0.25 mg/g, while ExS has the next lowest capacity of
0.1 mg/g. LVII exhibits an adsorption capacity of 0.07 mg/g, while LVI demonstrates the
lowest capacity of 0.02 mg/g after 72 h.

3.3. Determination of the Contact Time for the Different Kinetics

Since some of the kinetics experiments described in Section 3.2 do not show clear
saturation, a method must be found to determine the contact time of all materials equally.
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For the S-shaped kinetics of AAC, it is particularly important to perform the adsorption
isotherm at the point with the lowest adsorption rate, as even a slight delay in sample
preparation can lead to different results. Other materials not showing saturation behaviour
like HTG and SLB also do not have a “classic” equilibrium time.

Therefore, the loading velocity vn was used to determine the time slot with the lowest
change in adsorption capacity (see Equation (3)). This time slot corresponds to the point at
which equilibrium is reached, defined as the time when no further change in adsorption
occurs. The relative loading capacity rvn (Equation (4)) helps to sort the velocities and find
the lowest velocity immediately. The rvn value compares the vn of a given time interval
with that of the remaining intervals, thereby indicating whether saturation is approaching
(rvn → 0%), or whether the loading velocity remains relatively high compared to the
maximum (rvn >> 0%).

Choosing the start time of the time slot with the lowest relative adsorption velocity is
considered the best option so that the risk of distorted results due to a time lag is reduced as
much as possible, even if it cannot be completely eliminated for materials with a minimal
rvn >> 0%.

For all the materials discussed in this study, the loading velocities and relative loading
velocities are shown in Table S3 (Supplementary Materials). The determined contact times
for each material for the adsorption isotherms are summarized in Table 6.

Table 6. Resulting contact times for the adsorption isotherm. LVI, LVII: lava sand; ExS: expanded
sand; AAC: autoclaved aerated concrete; HTG: hydrothermal granules; SLB: sand–lime brick.

Material Contact Time for Adsorption
Isotherm Experiment

LVI 48 h
LVII 48 h
ExS 24 h

AAC 24 h
HTG 48 h
SLB 48 h

For LVI and LVII, the rv in the timeslot 24 h to 48 h is close to 0%, indicating an
equilibrium state. In the time slot 48 to 72 h, the relative loading velocity reaches its
minimum, resulting in 48 h as the equilibration time. For ExS, the rv of 24 h to 48 h is also
close to 0%, and the equilibrium is, therefore, set at 24 h.

AAC has the lowest rv in the time slot of 24 to 48 h. After that, rv reaches over 7%
of the maximum rvn seen in this experiment. As this is such a significant increase, it is
essential to ensure that the sampling does not occur after the inflection point of the curve.
For this reason, a contact time of 24 h has been selected.

For HTG, rvn remains stable at 2% between 8 and 72 h. As the increase was constant
and relatively small, 48 h was chosen to maximize adsorption capacity. The same procedure
was used for SLB (rv (24–72 h) = 3%), which also results in an equilibrium time of 48 h.

3.4. Discussion of the Overall Methodology

The complete methodology, which was developed based on the experiment results
discussed, can be found in Figure 5. It explains graphically how to determine the ratio of
material quantity and phosphorus load before starting the kinetics experiments. To ensure
the reliability of the results, it is imperative that the test experiments are conducted for a
minimum duration of 24 h. The materials used in this work cover a wide range of different
structures and origins. For these materials, the target value of 60 ± 7% c/c0 after 24 h was
a good benchmark over all materials.
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Figure 5. Methodology for (1) determining the material-to-phosphorus ratio in kinetics adsorption
experiments and (2) establishing the appropriate contact time for (3) adsorption isotherm experiments.
Applicable across different materials, regardless of their distinct adsorption behaviors.
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The methodology scheme specifies that the concentration should only be adjusted if
the volume and material mass cannot be changed any further. This is because adsorption is
greatly affected by concentration. In Özacar [30], the adsorption of phosphate on calcined
alunite showed adsorption capacities of around 100 mg/g for a solution of 150 mg/L
versus around 20 mg/g for a concentration of 25 mg/L. This was also confirmed by
Li et al. [47] for phosphate removal in CSH phases. For increasing concentrations between
40 and 120 mg/L PO4 (approx. 13–39 mg/L PO4-P), the phosphate loading capacities
increased from around 19 to around 50 mg/g. But in both cases, the equilibrium time was
independent of the initial phosphate concentration [30,47]. It can be concluded that, when
determining the contact time, the initial concentration is of minor importance. However, to
accurately estimate the adsorption capacity in kinetics experiments, a concentration within
the range expected in real applications is necessary. The pretests have to be repeated as
long as SPP does not reach the aimed for concentrations.

Once SPP has been found, the trials can begin. This means that the determined amount
of material is poured into individual sample vials that can hold the determined volume.

After the solution with the desired concentration has been added, the respective sam-
ples must be clamped in the overhead shaker. After that, the samples are removed, filtered
and measured at the appropriate time. If one of the values is close to the determination
limit, this means that the material removes phosphate better than expected. Since at least
40% elimination after 24 h is already proven beforehand, it can be guaranteed that the
measurements will, in any case, produce a measurable difference, and SPP will not have to
be corrected downwards, only upwards.

The three kinetics curves displayed in the methodology (Figure 5) were the ones that
were produced in this work. Depending on the material, other curves might be possible,
for example, if a material shows time-lagged dissolution properties and even desorbs
phosphorus after some time. The curves should be examined to interpret their trends. For
materials with a linear increase, such as SLB and HTG, the literature shows that saturation
does not occur [11]. If the elimination does not approach a high level, this could also mean
that the curve is simply in the lower part of a saturating curve and saturation has simply
not yet taken place. This case should not actually occur with the 60% rule in the pretest.

If a researcher is unsure, the experiment should be conducted with a lower SPP to
check whether the curve only flattens out when the concentration in the solution approaches
zero. If the kinetics of the curves are clear, even for non-saturating materials with no visual
equilibrium time, the contact time can be calculated via the formula presented. Using the
relative loading velocity of the timesteps in between measurements, the smallest change in
adsorption capacity over time can be determined. With this calculation, the most important
parameter for determining adsorption isotherms, the experiment duration, can now be
determined for materials behaving differently.

One notable aspect of the experimental conditions was that the pH was not adjusted, as
the materials all reacted as a base, and already after few minutes, the pH was alkaline. But
at least for the materials containing CSH, an acidic environment can lead to a decomposition
of the material (e.g., [48,49]). In further studies, it should be investigated if and how a
neutral pH would improve comparability of the materials. In this context, a buffer system
with a neutral pH could also be established by utilising a mixture of potassium dihydrogen
phosphate and dipotassium hydrogen phosphate [36].

The experiments were conducted with an artificial phosphate solution to minimise
interactions with other ions. But when transferring the system to real operation require-
ments, the matrix of real treated wastewater could interact with the material and change
the adsorption capacity. The buffer capacity of real wastewater also affects the pH, which is
an important factor for adsorption. Depending on the objective of the study, real wastew-
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ater should, therefore, also be considered as a medium for the experiments. It must be
considered that the composition of wastewater can vary greatly within short time peri-
ods; hence, the same batch of wastewater should be used throughout the experiments to
ensure consistency.

To date, the processes of precipitation in the solution and adsorption of phosphate on
the particles have not been analysed separately. Consequently, ions present in the solution
capable of precipitating with phosphorus are also included in the adsorption capacity. In
the case of solutions prepared with ultrapure water, this is minimal. Nevertheless, such
ions might also be dissolved from the investigated materials and would subsequently
precipitate as precipitation products in the solution. Although phosphate is not adsorbed
on the particle surface, its elimination is added to the material’s adsorption capacity. It
would be valuable to find a way to separate the two processes in the kinetics experiments
to better understand what is happening at a particle level. In Cabral et al. [11] and in White
et al. [29], they used potassium chloride to diminish the co-precipitation of calcium with
phosphate. Future experiments should compare both options to also determine the effect
of precipitation in some of the tested materials.

4. Conclusions
This study is a first attempt to find a common basis for adsorption experiments of

materials for phosphate elimination in constructed wetlands. This is because inconsis-
tent experimental designs for adsorption kinetics and isotherms make it very difficult
to compare the adsorption capacities and performance of materials in different research
projects and papers. This approach ensures that the contact time for kinetics experiments is
scientifically proven and not just assumed. The presented methodology gives researchers
a clear plan for carrying out kinetics experiments with completely unknown materials,
so that the results are comparable not only between materials in the same paper, but also
between different papers and working groups.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/purification1020007/s1. Additional Information S1. Additional
Information on CSH. Table S1: Visualization of the iteration steps for the lava sands LVI, LVII,
expanded sand (ExS), autoclaved aerated cement (AAC), sand–lime brick (SLB), hydrothermal
granules (HTG). Calculation S1: Calculation of pH of a KH2PO4 solution with a low ionic strength
and 1 mg/L and 2 mg/L PO4-P. Table S2: List of materials and brands used in the laboratory
experiments and for analysis. Table S3: Overview of all loading velocities (vn) and relative loading
velocities (rvn) for the materials ExS, LVI, LVII, AAV, HTG, and SLB. Refs. [50–56] are cited in
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Abbreviations
The following abbreviations are used in this manuscript:

A Initial Elovich adsorption rate, in mg/g/h
AAC Autoclaved aerated concrete
Al Aluminium
B Elovich desorption rate constant, in mg/g/h

BET
Brunauer–Emmett–Teller model that determines the mass-related specific surface
area of a solid.

C IPD Constant, in mg/g
c PO4-P-concentration, in mg/L
c0 PO4-P-concentration at the beginning of the experiment, at t = 0
c24h PO4-P-concentration at t = 24 h
Ca Calcium
CAH Calcium aluminate hydrate phases
CASH Mixed calcium aluminate silicate hydrate phases
CSH Calcium silicate hydrate phases
CT Cuvette test
CW Constructed wetland(s)
EU-UWWTD European urban wastewater treatment directive
ExS Expanded sand
Fe Iron
HTG Hydrothermal granules
IC Ion chromatography
IPD Intraparticle diffusion (kinetic model)
k1 Pseudo-first-order rate constant, in g/mg/h
k2 Pseudo-second-order rate constant, in g/mg/h
kdiff Intraparticle diffusion coefficient, in mg/g/

√
h

LOD Limit of detection
LOQ Limit of quantification
LV Lava sand
m Material mass, in g
Mg Magnesium
P Phosphorus
PE People equivalent
PFO Pseudo-first-order (kinetic model)
PO4-P Phosphate related to phosphorus
PFO Pseudo-second-order (kinetic model)
q Loading, in mg phosphate/(g material)
qe adsorption capacity at equilibrium, in mg/g
Ref. Reference
rvn Relative loading velocity at time step n, in%
SLB Sand–lime brick
SPP Specific phosphate provided in mg PO4-P per g material
TP Total phosphorus
V Volume, in L
vn Loading velocity at time step n, in mg/g/min
WWTP Wastewater treatment plant
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