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Abstract: (1) Phosphorus (P) is an essential plant nutrient, and P deficiency negatively affects plant
growth and development. Furthermore, P is a finite and nonrenewable resource, and there is an
urgent need to recover P from some of the important waste streams in society. Newly engineered cal-
careous materials (sol–gel coated cat litter (CATSAN®)) can bind P from wastewater in decentralized
treatment systems and potentially enable P recycling into agricultural production by direct addition
of the P saturated material. (2) The effects of the addition of two P-enriched calcareous materials as
fertilizers for maize (Zea mays L.) growth were investigated in a mesocosm experiment. We compared
fertilization with the P-enriched materials at rates of 6, 12, 25, 50, 100 kg P ha−1 yr−1 with fertilization
with commercial NPK fertilizer. (3) The P fertilization by the P-enriched materials had a significant
positive effect on plant height, biomass, maximum light-saturated photosynthetic rate, respiration
rate, and total P content in biomass. However, plants fertilized by the commercial NPK fertilizer
performed significantly better in the majority of measured parameters at identical fertilization rates.
(4) The bioavailability of the P bound to the calcareous material was very low. However, the studied
material has the potential to be used as part of a decentralized treatment solution to remove and
subsequently recover and recycle P from wastewater.

Keywords: phosphorus recovery; P sorption; P bioavailability; calcareous material; circular economy;
wastewater; treatment wetlands (TWs); constructed wetlands (CWs)

1. Introduction

Phosphorus (P) is an essential plant macronutrient and an important part of biochem-
ical compounds used in respiration and photosynthesis [1,2]. P deficits will negatively
affect plant growth and development [3] and result in reduced biomass production and
lower grain quality and yield [4]. Hence, an adequate P supply via fertilization is cru-
cial to maintain a sustainable agricultural food production. Currently, P fertilizers are
mainly obtained from phosphate rock reserves, which, however, are finite and have been
estimated to become depleted in the 22nd–23rd century at current extraction rates [5,6].
However, the phosphate rock reserve estimations have been heavily debated due to the
type of models used, parameters included and assumptions made, e.g., finite reserves or
price-driven changes in the size of reserves, supply–demand dynamics, future reuse and
recycling, etc. [7,8]. Nevertheless, the demand for P is increasing with the growing human
population, but at the same time, the P supply is decreasing [9]. Therefore, it is imperative
to find strategies and processes that allow safe recovery and recycling in agriculture of P
from waste streams that otherwise would be lost.
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One of several solutions to recover P is to increase the harvesting and recycling
of P from wastewaters back to agricultural production [10], giving added value to the
wastewater. To some extent, this is already occurring in regions using irrigation with
wastewater and sludge from wastewater treatment facilities as a common agricultural
practice. However, this practice is getting less common in agriculture because of the other
adverse effects of direct applications of wastewater and sludge to agricultural land [11].

Several decentralized wastewater treatment solutions have been developed during the
past decades, among others, nature-based technologies such as treatment wetlands (TWs).
TWs are engineered wetland systems designed to utilize natural processes for improving
water quality. Generally, the systems have proven efficient in removing organic material
and nitrogen (N) but have proven elusive in P removal [12]. The main P removal processes
in TWs are sedimentation, precipitation, sorption, and biomass uptake with subsequent
harvest [13]. Quantitatively the P removal is dominated by the sorption of P to the bed
material and hence the P sorption capacity of the material [14].

Previous research has shown, that the P removal capacity of various inorganic materi-
als is correlated to the calcium (Ca) content of the material [14,15]. In previous research,
we have documented that Ca-rich materials can have P removal capacities of up to 32 mg
P g−1 dry weight (DW). These materials can be installed as part of the treatment train in
TWs, preferably outside the main bed since this eases the later exchange of the material
once it is P saturated. The installation of P binding materials offers a simple and relatively
passive solution to overcome the P removal limitations of TWs. Ideally, when P saturated,
the material could be added directly to agricultural fields as a slow-release P fertilizer.

In this study, we aim to (i) evaluate the bioavailability of material-bound P through
plant growth and photosynthetic parameters, (ii) evaluate if material-bound P is as bioavail-
able as commercial fertilizer, and (iii) evaluate if two different coatings will affect the P
bioavailability. We hypothesized that (i) the addition of P-enriched calcareous materials
will have a positive effect on plant growth and photosynthesis, (ii) fertilization at equal
P levels (50 kg P ha−1 yr−1) with the P-enriched materials and a commercial NPK fertil-
izer will result in similar plant responses, and (iii) that fertilization with two P-enriched
materials with different coatings will affect plant performance differently.

2. Materials and Methods
2.1. Engineered Materials for P Removal

The calcareous material used in this experiment was CATSAN®, which is a cat litter
product composed of granules made from quartz sand and chalk. Fitting the linear form
of the Langmuir adsorption–isotherm equation to the isotherm data for the material
determined the P adsorption capacity of the raw CATSAN material to 32 mg P g−1 DW
(data not reported here). To improve the physical stability of the CATSAN® material for
installation in a P filter, the material underwent an engineering process performed by
the coating group at the Danish Technological Institute (DTI). The material was coated
using inorganic silica (SiO2) based hydrosol coating process, which is a technology used
to improve the function of materials and substrates [16]. In brief, the two engineered
materials were prepared by diluting a base coating solution of the inorganic silica sol–gel
coat in demineralized water with dilution ratios of 1:10 and 1:1. Subsequently, batches
of CATSAN® were soaked in beakers with the coating solutions (500 g material to 1 L
coating solution) for 5 min at room temperature. The mixture with material and coating
solution was carefully stirred halfway through the exposure period with a spatula until no
air bubbles from the CATSAN® material were observed. After ended exposure, the excess
coating solution was drained by filtration, and the materials were oven dried (140 ◦C for
1 h). The resultant materials were designated as material I and II, referring to the ratios of
1:10 and 1:1, respectively. The coating process was performed to improve the mechanical
properties of the material while, at the same time, maintaining a high P-sorption capacity.
The P adsorption capacity of the coated materials was, however, reduced, compared to
that of raw CATSAN®. The P adsorption capacity of material I and II were estimated
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to be 26 and 12 mg P g−1 DW, respectively, by fitting the linear form of the Langmuir
adsorption-isotherm equation to the isotherm data (data not reported here).

2.2. P-Enriched Material Preparation

The P-enriched materials were prepared by 13 days of exposure to deionized water
spiked with KH2PO4. This was performed to mimic water-saturated conditions in P-
filter treating wastewater, but with accelerated P load, compared to the normal load
in wastewater. More specifically, four containers (10 L) were each prepared with 4.5 L
deionized water, 500 mL stock solution (6.4 g PO4

3−-P L−1), and 1.2 kg engineered material.
Throughout the exposure period, the P solution was amended with an additional P four
times in an attempt to maintain a P concentration of 640 mg P L−1 in the solution. The
number of P additions was based on the apparent P-sorption capacity of the materials
because we strived to P-saturate the materials, resulting in material P concentrations
similar to their P-sorption capacities. The solutions were hand mixed once every day and
continuously stirred with a water pump to ensure a homogeneous exposure. Afterward,
the materials were removed from the mixture, oven dried (105 ◦C for 3 days), and their
P concentration analyzed (7.6 and 12.0 mg P g−1 DW for material I and II, respectively;
analytical details will follow).

2.3. Plant Preparation

The plant species used in the experiment was maize (Zea mays L.). Seeds of Northern
Extra Sweet Z. mays (article no. 8719, Weibulls, Econova, SE) were soaked in tap water for
24 h and pregerminated in well-watered commercial organic growth substrate (Sphagnum,
substrate mixture no. 4, Pindstrup Mosebrug A/S) in a walk-in growth chamber. The
climatic settings were set to a 14/10 h light/dark cycle with day/night temperature of
25/20 ◦C and relative air humidity of 60/80%. The light intensity (Photon Flux Density)
was 400 µmol photons m−2 s−1 during the light phase. The germination trays were covered
with white plastic to retain moisture and protect the emerging seedlings throughout the
pre-germination period. After one week, 60 similar-sized seedlings were transplanted to
the experimental units containing the preprepared growth medium.

2.4. Experimental Setup and Growth Medium Preparation

The experimental setup consisted of 12 treatments each with five replicates; control,
NPK fertilizer, and five levels of P-enriched material I and II, respectively. Each exper-
imental unit was composed of a plastic pot (Asurface = 0.023 m2, V = 3.5 L, D = 0.17 m)
with a saucer containing the preprepared growth medium and a pregerminated seedling.
The base of the growth medium for each unit consisted of a mixture of 2 L low nutrient
custom-made sphagnum (Pindstrup Mosebrug A/S, DK) and 1 L sand (washed beach
sand, DK), with additions of P-enriched material and/or commercial fertilizers according
to the treatments. The growth medium and nutrients added were thoroughly mixed to
ensure a homogenized soil. The P addition to the material treatments and NPK fertilizer
treatment was based upon the P area requirements established by the Danish Ministry
of the Environment and Food [17] of 30 kg P ha−1 yr−1. A range of material treatments
of 6, 12, 25, 50, 100 kg P ha−1 yr−1 were designed, spanning the recommended P area
requirements. The amount of P-enriched material added to the experimental units was
estimated based on the desired fertilization level and the P concentration in the materials.
Treatments with P-enriched materials were supplemented with inorganic NK fertilizer to
secure that the treatments only differed in P level added. The commercial NK fertilizer
(Pioner NK Macro 14-0-27 + Mg Hortensia, Horticoop Scandinavia A/S, DK) was added,
both to the material treatments and the control treatment; hence, no P source was added
to the control treatment. To achieve treatment of 50 kg P ha−1 yr−1 for the NPK fertilizer
treatment, the commercial fertilizer (Pioner NPK Macro 10-4-25 + Mg Yellow, Horticoop
Scandinavia A/S, DK) was added, and due to discrepancy in the N content compared to the
remaining treatments, the N content was adjusted by adding ammonium nitrate (NH4NO3)
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to ensure all treatment had an N addition of 250 kg N ha−1 yr−1. Hence, the P addition
in treatment 50 for material I and II corresponds to the P content in the NPK treatment.
Mass balance calculations were made for both P and N to ensure that the treatments only
differed in the P addition.

2.5. Plant Growth and Morphological Measurements

The experiment was performed in the same growth chamber with the climatic settings
as described in Section 2.3. The experimental units were distributed with 6 units in 10 boxes
in a randomized block design; hence, each box contained five levels of material treatment
and control or an NPK fertilizer treatment with both the unit position in the box and the
positions of the boxes being randomized. The plants were grown for eight weeks and every
second day, deionized water with a commercial micronutrient (Pioner micro plus with iron,
Horticoop Scandinavia A/S, DK) of 0.1 mL L−1 was supplied containing boron (B) 0.25%,
copper (Cu) 0.13%, iron (Fe) 1.61%, manganese (Mn) 0.63%, molybdenum (Mo) 0.06% and
zinc (Zn) 0.31%. Water was slowly added every second day until reaching the field capacity
of the growth medium to avoid any overflow from the saucer and nutrient leaching. The
boxes were repositioned once weekly to minimize chamber edge effects.

Weekly measurements of plant morphological parameters, i.e., plant height, number
of leaves, and chlorophyll content were performed. The maximum height was measured
from the soil surface to the tip of the longest leaf stretched out vertically. When counting
leaves both dead and alive leaves were noted separately. The relative chlorophyll content
(ChlSPAD) in the youngest fully developed (YFD) leaf was nondestructively measured with
a SPAD-502 Plus Chlorophyll Meter (Spectrum Technologies Inc., Aurora, IL, USA).

2.6. Photosynthetic Measurements

The photosynthetic measurements were performed on the second youngest fully
developed (2YFD) leaf of each plant with an LI-6400 XT infrared gas analysis technique
(IRGA) (LI-COR Biosciences Inc., Lincoln, NE, USA, 6400–02B red–blue LED source) after
the plants had grown for eight weeks in the treatments. The leaf microclimate control
system was set to a CO2 concentration at 400 µmol mol−1, an airflow rate at 400 µmol s−1,
and a temperature at 25 ◦C. The measurements were performed during five consecutive
days in a time window from 10 a.m. to 3 p.m. To determine the maximum light-saturated
photosynthetic rate (Amax) light was supplied at a photosynthetic photon flux density of
1600 µmol PAR photons m−2 s−1. The stomatal conductance (gs) and transpiration rate (E)
were determined simultaneously with Amax, while the respiration rate (Rd) was measured
in darkness.

2.7. Biomass Harvest

The above- and belowground biomass were harvested for each unit after the plants
had grown for eight weeks in the treatments. The aboveground biomass was divided into
stems, leaves (alive and dead leaves, and 2YFD leaf), while the belowground biomass
constituted all plant biomass below the soil surface. The 2YFD leaf was photographed and
later processed using ImageJ version 1.50d (LOCI, Madison, WI, USA) for calculation of
the leaf area (LA). The biomass fractions were dried (60 ◦C for 4–5 days) and the fractions
weighted (DW). The DW of the 2YFD leaf was used for the calculation of specific leaf area
(SLA) based on the ratio between the leaf surface area and the dry weight (m2 kg−1 DW).

2.8. Soil and Tissue Concentrations of P and Other Elements

Soil samples were collected from each unit after harvest of belowground biomass. To
ensure a representative and homogenized soil sample, the growth medium was mixed
in a tray and nine subsamples (15 mL) were pooled in one sample (135 mL) and dried to
constant weight (60 ◦C for 5–7 days). Soil samples (n = 3) and biomass fractions (n = 3)
were ground in a MKM6003 rotating blade grinder (Bosch, Gerlingen-Schillerhöhe, DE).
Subsamples of the grounded material (0.4–0.5 g DW) were digested in 4 mL nitric acid
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(65% HNO3) and 2 mL hydrogen peroxide (30% H2O2) in a Multiwave 3000 microwave
digestion system (Anton Paar, Graz, A). Blanks were included in all analyses.

The concentrations of P, Ca, magnesium (Mg), iron (Fe), and aluminum (Al) for soil
samples and P, Ca, Mg, Fe, Al, manganese (Mn), and potassium (K) for biomass fractions
were analyzed in an Optima 2000 DV ICP-OES (Perkin Elmer Instruments Inc., Shelton, CT,
USA) equipped with an autosampler. The total P content (mg P) in the plant biomass was
estimated based on the average biomass DW fractions and average P concentrations in the
plant fractions.

2.9. Statistics

The effects of P addition and material type on plant growth parameters were analyzed
by one-way and two-way ANOVAs. Prior to statistical analysis, all data were tested for
homogeneity of variance by Levene’s test, and if necessary logarithmic transformed before
analysis. For clarity, all data are presented as untransformed values. The NPK fertilizer
and control treatments were excluded in the two-way ANOVA analysis, resulting in the “P
addition” effect having five levels (6, 12, 25, 50, 100 kg P ha−1 yr−1) and the “Material” effect
having two levels (material I and II). All 12 treatment combinations were included in the
one-way ANOVAs, and post hoc Tukey tests were applied to identify significant differences
between individual treatment combinations from the one-way ANOVAs. Multivariable
correlation analysis was performed for a selection of the parameters (plant height, number
of leaves, chlorophyll content, total biomass, total P content in biomass, Amax, and SLA) to
explore correlations among parameters. All statistical analyses were conducted in JMP 14
at a significance level of 0.05 and figures were prepared in GraphPad Prism 7.00.

3. Results
3.1. Plant Growth and Morphological Measurements

The P addition had a significant effect on the height and the total biomass, with the P
addition explaining 24.5% and 33.9% of the variability, respectively (Table 1, Figure 1a,d).
Hence, an addition of the P-enriched material resulted both in taller plants and higher
total biomass production. Furthermore, a significant effect of the type of material was
observed for the plant height, explaining 7.1% of the variability (Table 1, Figure 1a). Hence,
material I resulted in slightly taller plants, compared to material II. None of the remaining
growth and morphological parameters, i.e., number of leaves, biomass, SLA, or ChlSPAD
were affected by the type of material added (Table 1). Likewise, there were no effect of the
P addition on the number of leaves, SLA, or ChlSPAD (Table 1). However, despite no main
parameter effects, the only significant two-way interaction for all parameters tested was
for the relative chlorophyll content, in which the two-way interaction contributed to 18.0%
of the variability in the data (Table 1).

In addition, one-way ANOVAs for all treatments were performed to identify dif-
ferences between treatments. Significant differences in plant growth and morphological
parameters were observed for the plant height (F(11, 48) = 14.74, p < 0.0001) and the total
biomass (F(11, 48) = 15.00, p < 0.0001). Tukey–Kramer post hoc tests revealed that plants
grown in the NPK treatment were significantly taller and had a larger total biomass than
plants grown in remaining treatments. The plants in the NPK treatment produced 52–55%
more biomass, compared to plants grown in the 50 kg P ha−1 yr−1 material treatments.
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Table 1. Summary of two-way ANOVA (percentages of total sum of squares (%SS)), showing the effects of two materials
(material I and II) and five levels of P addition (6, 12, 25, 50, and 100 kg P ha−1 yr−1). The experiment was performed on Zea
mays in a growth chamber with controlled conditions and measurements were performed after the plants had grown for
eight weeks in the treatments. The NPK and control treatments were excluded from the two-way ANOVA analysis, and the
P addition has five levels (6, 12, 25, 50, 100 kg P ha−1 yr−1) and the material effect has two levels (material I and II).

Parameter Data Main Effects Two-Way Interaction

Shown in P Addition Material P Addition × Material

Height (m) Figure 1a 24.5 ** 7.1 * 10.7 ns

Specific Leaf Area (SLA; m2 kg−1 DW) Figure 1b 3.2 ns 0.2 ns 0.8 ns

Relative chlorophyll content (ChlSPAD; unitless) Figure 1c 11.9 ns 4.2 ns 18.0 *
Total biomass (g DW) Figure 1d 33.9 ** 3.4 ns 1.6 ns

Leaves (no) not shown 7.5 ns 1.0 ns 11.5 ns

Photosynthetic rate (Amax; µmol CO2 m−2 s−1) Figure 2a 35.0 *** 1.1 ns 7.4 ns

Stomatal conductance (gs; mol H2O m−2 s−1) Figure 2b 15.0 ns 0.1 ns 12.0 ns

Dark respiration (Rd; µmol CO2 m−2 s−1) Figure 2c 35.3 *** <0.1 ns 7.3 ns

Transpiration (E; mol CO2 m−2 s−1) Figure 2d 15.9 ns 0.7 ns 9.6 ns

Aboveground biomass P concentration (mg P g−1 DW) Figure 3a 12.7 ns 12.5 ns 8.9 ns

Total P content in biomass (mg P) a Figure 3b 34.6 *** 4.9 ns 9.3 ns

P concentration in soil (mg P g−1 DW) Figure 3c 52.4 *** 4.8 ns 15.0 ns

D.f. material = 1, d.f. P addition = 4, d.f. interaction = 4 and d.f. residual = 40 for all parameters, apart from d.f. residual for aboveground
biomass P concentration, total P content in biomass and P concentration in soil after harvest of belowground biomass = 20. * p < 0.05;
** p < 0.01; *** p < 0.001; ns, not significant. a Total P content in biomass = tissue P concentration × tissue dry weight.
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Figure 1. Effects of increasing phosphorus (P) supply when added as P-enriched material (I or II) with five P levels (6, 12,
25, 50, 100 kg P ha−1 yr−1) on Zea mays (a) height (m), (b) specific leaf area (SLA; m2 kg−1 DW), (c) relative chlorophyll
content (ChlSPAD; unitless), and (d) total biomass (g DW). The control treatment had no P supplied and the NPK fertilizer
treatment had a P supply corresponding to 50 Kg P ha−1 yr−1. The experiment was performed on Zea mays in a growth
chamber with controlled conditions and measurements were performed after the plants had grown for eight weeks in the
treatments. Values are averages ± SEM (n = 5).
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3.2. Photosynthetic Measurements

The P addition had a significant effect on the maximum light-saturated photosynthetic
rate and the respiration rate, with the P addition explaining 35.0% and 35.3% of the
variability, respectively (Table 1, Figure 2a,c). Hence, the addition of the P-enriched material
resulted in higher Amax and Rd rates. On the other hand, no effects of the P addition were
observed for the transpiration and the stomatal conductance (Table 1, Figure 2b,d). The
type of material did not affect any of the photosynthetic parameters, and likewise, no
significant two-way interactions were found for any of the parameters (Table 1).

Recycling 2021, 6, x FOR PEER REVIEW 7 of 15 
 

controlled conditions and measurements were performed after the plants had grown for eight weeks in the treatments. 
Values are averages ± SEM (n = 5). 

3.2. Photosynthetic Measurements 
The P addition had a significant effect on the maximum light-saturated photosyn-

thetic rate and the respiration rate, with the P addition explaining 35.0 % and 35.3 % of 
the variability, respectively (Table 1, Figure 2a,c). Hence, the addition of the P-enriched 
material resulted in higher Amax and Rd rates. On the other hand, no effects of the P addi-
tion were observed for the transpiration and the stomatal conductance (Table 1, Figure 
2b,d). The type of material did not affect any of the photosynthetic parameters, and like-
wise, no significant two-way interactions were found for any of the parameters (Table 1). 

  
(a) (b) 

  
(c) (d) 

Figure 2. Effects of increasing phosphorus (P) supply when added as P-enriched material (I or II) with five P levels (6, 12, 
25, 50, 100 kg P ha−1 yr−1) on Zea mays (a) photosynthetic rate (Amax; µmol CO2 m−2 s−1), (b) stomatal conductance (gs; mol 
H2O m−2 s−1), (c) dark respiration (Rd; µmol CO2 m−2 s−1), and (d) transpiration (E; mol CO2 m−2 s−1). The control treatment 
had no P supplied, and the NPK fertilizer treatment had a P supply corresponding to 50 kg P ha−1 yr−1. The experiment 
was performed on Zea mays in a growth chamber with controlled conditions and measurements were performed after the 
plants had grown for eight weeks in the treatments. The measurements were performed in a time window from 10 AM to 
3 PM on the second youngest fully developed leaf with an IRGA. Values are averages ± SEM (n = 5). 

Additionally, one-way ANOVAs for all twelve treatments in the photosynthetic 
measurements were performed, and significant differences between all the photosynthetic 
parameters (Amax (F(11, 48) = 20.08, p < 0.0001), gs (F(11, 48) = 7.38, p < 0.0001), 
Rd (F(11, 48) = 11.88, p < 0.0001) and E (F(11, 48) = 5.94, p < 0.0001)) were found. As for the 
growth and morphological parameters, the Tukey–Kramer post hoc test revealed that 
plants grown in the NPK fertilizer treatment had significantly higher rates for all photo-
synthetic parameters, compared to plants grown in all other treatments. 

g s
(m

m
ol

 H
2O

 m
-2

s-1
 )

0 50
0.0

1.0

2.0

3.0

P addition (kg P ha-1 yr-1)

6 12 25 100

Figure 2. Effects of increasing phosphorus (P) supply when added as P-enriched material (I or II) with five P levels (6, 12,
25, 50, 100 kg P ha−1 yr−1) on Zea mays (a) photosynthetic rate (Amax; µmol CO2 m−2 s−1), (b) stomatal conductance (gs;
mol H2O m−2 s−1), (c) dark respiration (Rd; µmol CO2 m−2 s−1), and (d) transpiration (E; mol CO2 m−2 s−1). The control
treatment had no P supplied, and the NPK fertilizer treatment had a P supply corresponding to 50 kg P ha−1 yr−1. The
experiment was performed on Zea mays in a growth chamber with controlled conditions and measurements were performed
after the plants had grown for eight weeks in the treatments. The measurements were performed in a time window from
10 a.m. to 3 p.m. on the second youngest fully developed leaf with an IRGA. Values are averages ± SEM (n = 5).

Additionally, one-way ANOVAs for all twelve treatments in the photosynthetic
measurements were performed, and significant differences between all the photosyn-
thetic parameters (Amax (F(11, 48) = 20.08, p < 0.0001), gs (F(11, 48) = 7.38, p < 0.0001),
Rd (F(11, 48) = 11.88, p < 0.0001) and E (F(11, 48) = 5.94, p < 0.0001)) were found. As for the
growth and morphological parameters, the Tukey–Kramer post hoc test revealed that plants
grown in the NPK fertilizer treatment had significantly higher rates for all photosynthetic
parameters, compared to plants grown in all other treatments.

3.3. Soil and Tissue Concentrations of P and Other Elements

The P addition had no significant effect on the average P concentration in the above-
ground biomass (Table 1, Figure 3a). However, the P addition had a significant effect on
the total biomass P content with the P addition explaining 34.6% of the variability (Table 1).
Thus, the addition of P-enriched material significantly increased the total P content in the
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biomass but did not increase the average tissue P concentration. Moreover, the P addition
had a significant effect on the soil P concentration, with the P addition explaining 52.4%
of the variability (Table 1, Figure 3b). Hence, the increased P addition also resulted in a
larger soil P concentration. However, none of the parameters, i.e., total biomass P content,
aboveground biomass P concentration, and soil P concentration, showed any significant
effect of the type of material added (Table 1).
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Figure 3. Effects of increasing phosphorus (P) supply when added as P-enriched material (I or II)
with five P levels (6, 12, 25, 50, 100 kg P ha−1 yr−1) on (a) P concentration in aboveground Zea mays
biomass (mg P g−1 DW), (b) total P content in Zea mays biomass (mg P), and (c) P concentration in the
soil after harvest of belowground biomass (mg P g−1 DW). The control treatment had no P supplied,
and the NPK fertilizer treatment had a P supply corresponding to 50 kg P ha−1 yr−1. Values are
averages ± SEM (n = 3).

One-way ANOVAs for all treatments revealed significant differences in the P concen-
tration for the aboveground biomass (F(11, 24) = 10.23, p < 0.0001) and the total biomass P
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content (F(11, 48) = 84.35, p < 0.0001). The following Tukey-Kramer post hoc test revealed
that plants grown in the NPK treatment had the highest P concentration in the aboveground
biomass and the largest total biomass P content.

The results for the mineral element concentrations in the soils showed that the NPK
fertilizer treatment contained less Al and K than the remaining treatments, and that the
control treatment contained more Fe and Al than the remaining treatments (Table 2).
However, in general, the NPK treatment contained less of all elements, compared to the
control treatment. Similar element concentrations of Ca, Mg, and Mn were found for
all treatments (Table 2). In addition, the soil P concentration was also similar across the
different treatments, with the exception of the material I of 100 kg P ha−1 yr−1 having a
larger soil P concentration (Figure 3c). The only difference in the element concentrations for
the biomass was found for K concentration since the plants grown in the NPK treatment
contained half as much K as plants in the other treatments (Table 3).

Table 2. Mineral element concentrations in soil samples at the end of the experiment. Phosphorus (P) was added as
P-enriched material (I or II) with five P levels (6, 12, 25, 50, 100 kg P ha−1 yr−1). The control treatment had no P supplied,
and the NPK fertilizer treatment had a P supply corresponding to 50 kg P ha−1 yr−1. Values are averages (n = 3). The soil
samples were collected after removing the belowground biomass and homogenizing the soil.

Treatment (kg P ha−1 yr−1)
Control NPK Material I Material II

0 50 6 12 25 50 100 6 12 25 50 100

Ca (mg Ca g−1 DW) 4.96 3.74 4.61 6.00 4.22 4.75 6.52 4.01 4.89 4.52 5.30 4.80
Mg (mg Mn g−1 DW) 0.82 0.67 0.78 0.85 0.72 0.79 0.90 0.68 0.82 0.76 0.78 0.77
Fe (mg Fe g−1 DW) 3.12 2.19 2.90 2.15 2.17 2.51 2.35 2.80 2.40 2.47 2.10 2.13
Al (mg Al g−1 DW) 0.09 0.04 0.08 0.08 0.07 0.07 0.06 0.07 0.07 0.06 0.06 0.09
K (mg K g−1 DW) 0.81 0.39 0.78 0.63 0.49 0.53 0.59 0.68 0.59 0.59 0.53 0.61

Mn (mg Mn g−1 DW) 0.08 0.07 0.08 0.07 0.07 0.08 0.11 0.10 0.08 0.10 0.07 0.06

Table 3. Mineral element concentrations in Zea mays biomass. Phosphorus (P) was added as P-enriched material (I or
II) with five P levels (6, 12, 25, 50, 100 kg P ha−1 yr−1). The control treatment had no P supplied and the NPK fertilizer
treatment had a P supply corresponding to 50 kg P ha−1 yr−1. The biomass was harvest and divided into biomass fractions
and element concentrations were analyzed in all biomass fractions. Values are averages (n = 12).

Treatment (kg P ha−1 yr−1)
Control NPK Material I Material II

0 50 6 12 25 50 100 6 12 25 50 100

P (mg P g−1 DW) 0.59 1.49 0.57 0.62 0.61 0.67 0.63 0.60 0.64 0.67 0.62 0.63
Ca (mg Ca g−1 DW) 3.24 2.85 3.68 3.16 4.07 3.58 3.43 3.75 3.41 3.46 3.59 3.37

Mg (mg Mn g−1 DW) 1.96 2.41 2.17 1.89 2.34 2.14 2.10 2.20 2.08 2.07 2.13 2.11
Fe (mg Fe g−1 DW) 0.04 0.04 0.03 0.03 0.03 0.03 0.05 0.03 0.03 0.04 0.03 0.06
K (mg K g−1 DW) 31.2 17.6 31.0 30.8 28.7 30.4 31.6 29.9 31.8 29.4 29.9 30.6

Mn (mg Mn g−1 DW) 0.06 0.05 0.06 0.07 0.08 0.06 0.06 0.07 0.07 0.08 0.08 0.07

3.4. Multivariate Correlations Analysis

Several significant correlations between the seven plant parameters were found in
the multivariate correlation analysis. The total P content in the biomass was positively
correlated (p < 0.001, R > 0.62) with plant height, total biomass, ChlSPAD, and Amax (Table 4).
Hence, the plants with the highest total P content in the biomass were the tallest plants,
had the largest biomass, the highest chlorophyll content, and the highest maximum light-
saturated photosynthetic rate. Furthermore, the total biomass was positively correlated
(p < 0.001, R > 0.66) with plant height, ChlSPAD and Amax (Table 4). In addition, the SLA
was significantly negatively correlated (p < 0.05, R < −0.27) with the height, ChlSPAD, total
biomass, total P content in biomass, and Amax (Table 4), showing that the plants with a
low SLA had larger biomass and total P content in biomass and vice versa, indicating that
plants with the highest biomass had thicker leaves with lower SLA values.
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Table 4. Multivariate correlation analysis. Analysis performed for all 12 treatments for selected parameters (plant height,
number of leaves, chlorophyll content, total biomass, total P content in biomass, Amax, and SLA)) showing R-values.

Height Leaves ChlSPAD Biomass Amax Total P SLA

Height (cm) 1
Leaves (no) 0.215 ns 1

Chlorophyll content (ChlSPAD; unitless) 0.529 *** 0.146 ns 1
Total biomass (g DW) 0.863 *** 0.221 ns 0.661 *** 1

Photosynthetic rate (Amax; µmol CO2 m−2 s−1) 0.781 *** 0.169 ns 0.476 *** 0.732 *** 1
Total P content in biomass (mg P) a 0.809 *** 0.238 ns 0.630 *** 0.822 *** 0.921 *** 1

Specific Leaf Area (SLA; m2 kg−1 DW) −0.456 *** 0.223 ns −0.279 * −0.418 * −0.273 * −0.363 *** 1

* p < 0.05; *** p < 0.001; ns, not significant. a Total P in biomass = tissue P concentration × tissue biomass.

4. Discussion
4.1. The Material-Bound P Was Partly Bioavailable for Maize Growth

In hypothesis (i), we predicted that the P-enriched material addition would cause
positive effects on the total P content, biomass production, and photosynthetic parameters
of the plants. As explained below, our results supported hypotheses (i).

The P addition increased the total P content in the biomass, and this was explained by
a higher biomass production. The total P content increased with higher P additions, and it
was caused by a larger biomass and was not due to an increase in the tissue P concentration.
This was apparent since we found an effect of the P addition on the biomass production
and no effect for the tissue P concentration. These positive effects support the first part of
hypothesis (i) and are in agreement with previous findings for total P content [15,18,19]
and biomass production [15,19–21] in relation to P addition.

Furthermore, the positive effects of the increased P addition also resulted in plants
growing thicker leaves with a larger surface area. In the matrix correlation, we found
that the specific leaf area was negatively correlated with the total P content and biomass
production. Both SLA parameters (leaf area and dry weight) increased with the P addition,
but further data inspection of the correlation data revealed that the percentage-based
increase was larger for leaf DW. Hence, the smaller SLA values were a consequence
of a greater increase in DW, compared to LA, and the observed negative correlation
between SLA and total P content was therefore caused by plants growing thicker leaves.
The sensitivity of leaf surface area and leaf biomass under P deficiency is supported by
former research, with plants reducing both leaf area and leaf biomass in response to low P
availability [3,22].

Moreover, plants with a larger total P content, biomass, and thicker leaves had a
higher relative chlorophyll content. The correlation matrix showed that the ChlSPAD was
negatively correlated with SLA and positively correlated with the total P content and
biomass production. This indicates that as the leaves grew larger and thicker with the
increasing total P content and biomass, a simultaneous increase in the chlorophyll content
was observed. This implies that the plants’ overall health status increased with the P
addition. This is in agreement with former research, e.g., Usuda [3] found that total P
content, fresh weight, and chlorophyll content increased with P availability. These positive
effects on the ChlSPAD support hypothesis (i) because the P addition had a positive effect
on the plant growth in which ChlSPAD is included.

Lastly, the thicker leaves with a higher chlorophyll content enabled a higher maximum
light-saturated photosynthetic rate and a higher respiration rate. The correlation matrix
showed that Amax was positively correlated with the chlorophyll content, as we would
have expected based on former research [2,3]. This is supported by the positive ANOVA
main effect of P addition on Amax and Rd. Furthermore, the matrix correlation revealed
that the SLA was negatively correlated with Amax. The increase in Amax with P addition
was thus explained by a combination of thicker leaves and a higher chlorophyll content,
enabling higher photosynthetic activity per unit leaf area. The increase in Amax was not due
to an increase in the tissue P concentration since we did not find any effect of P addition on
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the tissue P concentration. To sum up, this increase in Amax and Rd was in agreement with
hypothesis (i).

4.2. The Material-Bound P Was Not as Bioavailable as the Commercial Fertilizer

The plants grown in NPK fertilizer treatment performed better in the majority of
measured parameters compared to plants grown in the material treatments. This re-
sult contradicted hypothesis (ii) which predicted that treatments with equal P addition
(50 kg P ha−1 yr−1) would perform similarly in the measured parameters. If the material-
bound P was as bioavailable as the P in the commercial NPK fertilizer, similar growth
and photosynthetic responses would have been expected. However, plants grown in the
NPK treatment had five times higher total P content, twice the biomass production, and
twice the maximum light-saturated photosynthetic rate, compared with material grown
plants in equal P addition. Plants grown in the NPK fertilizer treatment even outperformed
the material treatment with the double amount of P added (100 kg P ha−1 yr−1). Even if
the results were not as expected, our findings show that the material-bound P was partly
bioavailable for maize plant uptake since several parameters were positively affected by the
material addition. However, the plants grown in the NPK fertilizer treatment outperformed
plants grown in the material treatments, and we, therefore, had to reject hypothesis (ii).

4.3. The Photosynthetic Rates and Chlorophyll Content for Material Treatments Were Low

The photosynthetic rates for plants grown in material treatments were low, compared
to both the NPK treatment and other studies. The range of Amax rates measured for 50 kg
P ha−1 yr−1 material treatments was 12.8–15.5 µmol CO2 m−2 s−1, and this was less than
the range reported from former research with Amax rates of 17.5–25.3 CO2 m−2 s−1 [2,3,23]
for field- and pot-grown maize plants. Furthermore, the materials’ Amax rates differed
substantially from the rate of 27.1 µmol CO2 m−2 s−1 measured for the plants grown in the
NPK fertilizer treatment. These results show that the plants grown in material treatments
were P limited and not able to perform as well as plants grown with commercial fertilizer.

The effect of the P-enriched material addition on the chlorophyll content was not
as apparent as expected, and the ChlSPAD levels for the materials treatments were low.
We expected that the ChlSPAD content would increase with the P addition since former
research has shown that the chlorophyll content in maize was negatively affected by P
deficiency [2,3]. However, we did not observe any main effect of the P addition on ChlSPAD,
and therefore, no direct effect of the P addition. Nevertheless, we found an interaction
between the total P content and ChlSPAD in the matrix correlation, which supported the
expected relationship. Moreover, the ChlSPAD levels for the material treatments were low,
e.g., the material treatment of 50 kg P ha−1 yr−1 had a ChlSPAD content range of 23–30,
which were below both the ChlSPAD content for plants grown in the NPK treatment and the
content reported by Liu et al. [24] of 37–38 for field-grown maize of same vegetative stage
with similar N and P addition. These results also supported the fact that the material-bound
P was not as bioavailable as the commercial fertilizers.

4.4. The P Content for Material Treatments Were Less than Expected

The total P content in the biomass for plants grown in the NPK treatment was com-
parable with those reported in other studies, but plants grown in the material treatments
contained less than expected. The total P content in the biomass of 25 kg P ha−1 for the
plants grown in the NPK fertilizer treatment was in the range of other experimental find-
ings, e.g., the total P contents in the aboveground biomass for field-grown maize with a
P addition of 30 kg ha−1 were 21 kg P ha−1 [25] and 29–34 kg P ha−1 [26]. However, our
NPK fertilizer treatment had a higher P addition but was not allowed to reach full maturity,
as it was for the case in the experiment performed by Miller et al. and Key et al. [25,26].
Material treatments obtained much smaller total P contents of 5 kg P ha−1, hence, much
less than the reported yields from the literature and our NPK fertilizer treatment.
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Furthermore, plants grown in the material treatments had low tissue P concentrations,
compared to those observed for plants grown both with the NPK fertilizer treatment and
in other studies. The aboveground tissue P concentration for plants grown in the material
treatments ranged 0.64–0.76 mg P g−1 DW, which was considerably lower than the shoot-
tissue P concentration of 1.8–1.9 mg P g−1 DW for pot-grown maize plants reported by
Dessougi et al. and Assuero et al. [20,22]. This was also supported by an experiment with
field-grown maize running for 15 years, in which Tang et al. [27] found an overall average
tissue P concentration of 1.8 mg P g−1 DW with a P addition of 15.7–60.3 kg P ha−1. The
tissue P concentration of the plants grown in the NPK treatment was comparable with the
findings in literature report above, with a P concentration of 1.7 mg P g−1 DW.

The tissue P concentrations indicated that plants grown in the material treatments
were below the limit for optimal growth. According to former research, the tissue P concen-
tration for optimal maize growth has been reported to 1.5–2.9 mg P g−1 DW [19,25,28,29].
Plants grown in the material treatments had concentrations well below this limit, with P
concentrations ranging 0.64–0.76 mg P g−1 DW, while plants grown in the NPK treatment
was in the reported internal P requirement range. These results show that the plants grown
in the materials treatments were P limited, even though a P addition effect of the materials
was found.

4.5. The Bioavailability of P Is Affected by Different Parameters

Previous studies have found numerous parameters affecting the P
bioavailability [15,26,30–32], and it can be difficult to conclude which parameter played
the greatest role in this experiment. Blake et al. [30] compared the P balance for three Euro-
pean agricultural soils in a long-term (30 years) field experiment and found contrasting
differences due to soil type, but the climate and the balance of other major nutrients also
affected the P dynamics. In addition, parameters such as specific soil bacteria capable of in-
creasing the bioavailable P [26,31], the type of fertilizer [33,34], plant-related factors [35,36],
and soil sorption and desorption characteristics [15,30] have been reported to affect the
bioavailability of P. Some of these parameters may contribute to explain the lack of a strong
dose–response curve between the P-enriched material and measured parameters. How-
ever, the single most obvious explanation is that the P bound in the P-enriched calcareous
materials tested in this study, has a low bioavailability, at least in the short term (weeks).

The material-bound P was partly bioavailable because a slow P release occurred;
however, it was not as bioavailable as we expected. The sorption characteristic of the
materials may be responsible for the low bioavailability of the material-bound P. Previous
research has shown that soils with a high P sorption capacity needed a larger P addition,
compared to soils with a lower sorption capacity to achieve equal P concentrations in the
soil water [15]. It could therefore be speculated that materials with high sorption capacities
could also be prone to a low P bioavailability because the sorption could influence the
exchange of P between the material, soil water, and plant. The two materials differed in
their P adsorption capacities, with material I having the largest P sorption capacity. We,
therefore, predicted in hypothesis (iii) that the two materials would affect the bioavailability
differently, and these differences would be observed in the measured plant response
parameters. However, we did not generally observe any difference in the measured
response parameters caused by the type of material, as we only found an effect of the
material type on plant height and no effect for the remaining parameters. We, therefore,
had to reject hypothesis (iii) and conclude that the bioavailability not was affected by the
material type.

5. Conclusions

The results from this experiment showed a low bioavailability of the material-bound P
because and it was only partly bioavailable in the short term. Nevertheless, the P addition
through material-bound P increased plant height, biomass, maximum light-saturated
photosynthetic rate, respiration rate and the total P content in the biomass. The low P
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bioavailability was especially evident in the low tissue P concentrations and maximum
light-saturated photosynthetic rates when comparing the plants grown in the material
treatments with the NPK fertilized plants.

It is, however, important to stress that the studied calcareous material provides the
potential for P removal from wastewater, as a P filter can be easily installed/post-installed
as part of a decentralized treatment system. More experiments are, however, needed (i)
with higher P levels in the material treatments and other growth substrates to clarify the
bioavailability of the material-bound P and (ii) to optimize the coating of the material
in relation to both removal of P from wastewater and the possibility for P recovery and
recycling in agriculture.
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