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A B S T R A C T   

Eutrophication and the predicted limited future availability of rock phosphate has triggered the increased 
development of phosphorus (P) recovery technologies, however, for remote regions, recovery solutions are still 
limited. Here, we report on a novel pilot-scale technology (FILTRAFLOTM-P reactor) to recover phosphate (PO4

3− ) 
from wastewater effluent through a filtration/adsorption process in a rural setting. This unit employs enhanced 
gravitational filtration through adsorption media (here, a novel KOH deacetylated crab carapace based chitosan- 
calcite material (CCM)) with continuous self-backwashing. Trials were designed to assess how the FILTRAFLOTM- 
P unit would operate under ‘real’ conditions (both at low and high PO4

3− levels), and to ascertain the effectiveness 
of the adsorbent to recover phosphate from final effluent. High removal was achieved at low phosphate con-
centrations, bringing the residual effluent PO4

3− level below 1 mg/L (EU limit for sensitive water bodies), while 
phosphate was efficiently harvested (at more than 50%) at higher PO4

3− levels. Surface microprecipitation and 
inner-sphere complexation were postulated as the main PO4

3− adsorption mechanisms through XRD, XPS and 
EDX elemental mapping. Further, a quality assessment of the P-enriched CCM (which could be used as a potential 
soil amendment) was undertaken to consider elemental composition, microbiological assessment and quantifi-
cation of organic micropollutants. Quality analysis indicated ~2.5% P2O5 present, trace levels (well below 
legislative limits) of heavy metals and extremely low levels of organic pollutants (e.g., PCBs, pharmaceuticals). 
No detectable levels of target bacterial pathogens were observed. Pot trials showed that ryegrass cultivated with 
the addition of the CCM adsorbent achieved higher plant dry matter and P concentration when compared to 
unfertilised controls, with a slow-release kinetic pattern. This study showed that CCM used with the FILTRA-
FLOTM-P pilot reactor has high potential to recover phosphate from effluents and encourage resource recovery 
via bio-based management of waste.   

1. Introduction 

Phosphorus (P) is an essential element for all living organisms on 
Earth, with an unique role in modern agricultural production (Jiao et al., 
2021). However, the excess discharge of P into freshwater (which occurs 
mostly as phosphate (PO4

3− )) can lead to the degradation of water 
quality and eutrophication (Palansooriya et al., 2021; Suresh Kumar 
et al., 2019). Eutrophication results in a loss of biodiversity in water 
systems, and can lead to the production of toxic algal blooms (Shakoor 
et al., 2021). To address the problem of both phosphate pollution and 
dwindling terrestrial rock phosphate reserves, a number of PO4

3− re-
covery technologies have recently been developed at the laboratory and 

pilot scale (Bogdan et al., 2020; Egle et al., 2015). However, for rural 
regions, recovery solutions for PO4

3− are limited (e.g., decentralised 
treatment options, poor infrastructure, etc.) which is a limiting factor for 
further environmental development in such areas (Egle et al., 2016). 
Therefore, this study looked at a technical solution which would be 
practically applicable in a rural setting to remove PO4

3− from wastewater 
effluent. 

Phosphate removal and recovery through adsorption has been 
identified as an efficient technology as it requires little energy, is a 
simple technology to apply, and can be highly effective even at low P 
concentrations (Almanassra et al., 2021; Pap et al., 2021). In addition, 
adsorption solutions can provide potential economic benefits to an area 
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by recovering PO4
3− from wastewater through adsorption onto material 

sourced from industry waste (here, fishery and food waste). Later the 
saturated material could be re-purposed as a low-cost P-rich product (e. 
g., as a soil conditioner), if the final material is also low in other 
co-adsorbed contaminants (Chrispim et al., 2019). For instance, Cao 
et al. (2022) pyrolysed crab shells to enhance the adsorption perfor-
mance for PO4

3− , Park et al. (2018) explored the effect of pyrolysis 
temperature on PO4

3− removal, while Jang and Lee (2019) prepared a 
chitosan/Ca-organically modified montmorillonite beads to overcome 
the influence of competing ions. However, the adsorption capacity is a 
function of various adsorbent characteristics (i.e., surface chemistry and 
area), as well as the physicochemical characteristics of a wastewater (i. 
e., pH, concentration of P, and presence of other competing ions/organic 
molecules). The presence of co-adsorbed contaminants on a P-saturated 
material obtained from WWTP filtration will depend on the physico-
chemical characteristics of the wastewater and adsorbent selectivity 
(Pap et al., 2021). 

Efforts to upscale adsorption based PO4
3− recovery processes to a 

pilot-scale (e.g., as fixed-bed columns/adsorbers) using real wastewater 
are challenging due to high flowrates (exceeding the hydraulic proper-
ties and stability of the adsorbent), and fouling of the adsorbent (by the 
wastewater matrix) shortening its operational life (Pap et al., 2021). 
However, a few pilot-scale PO4

3- adsorption systems have been reported 
in the literature, namely: a hybrid of copper-modified chitosan beads 
combined with a dissolved air flotation process (An et al., 2019); a 
mobile pilot-scale plant using amorphous calcium silicate hydrates 
(Okano et al., 2016); and various processes using lanthanum-based 
polymeric nanocomposites (Zhang et al., 2021), iron oxide 
nanoparticle-loaded chitosan composites (Kim et al., 2018), iron-coated 
sand granules (Lambert et al., 2021), iron-manganese oxy-hydroxides 
(AquAsZero) (Kalaitzidou et al., 2016) and Fe3O4/La(OH)3 composites 
(Ahmed et al., 2021). 

Here, the FILTRAFLOTM-P reactor/adsorber used together with a 
chitosan-calcite adsorbent material (CCM) was implemented as a novel 
technology to recover PO4

3− from wastewater treatment plant (WWTP) 
final effluent through a filtration/adsorption process. Previously, we 
reported using this CCM for PO4

3- removal from synthetic aqueous so-
lutions (Pap et al., 2020b, 2020a). The FILTRAFLOTM-P is a 
non-commercial reactor which was developed by Veolia for rapid 
gravitational filtration (“Phosphorus adsorption for small scale use: 
FiltraFLOTM,” 2019). The CCM material can be synthesised using inex-
pensive and widely available waste material, such as crab carapace (or 
other exoskeleton/shell material). By scaling up this process (to the 
multi-kilogram scale) and utilising it within a real WWTP setting, this 
work aimed to provide a ‘proof of concept’ for this technology. The 
FILTRAFLOTM-P unit employs enhanced gravitational filtration through 
an adsorption media with continuous self-backwashing. Trials were 
designed to: (1) assess how the FILTRAFLOTM-P would operate under 
‘real’ WWTP conditions, (2) ascertain the effectiveness of the CCM in 
recovering/harvesting PO4

3− from high-P final effluent, and (3) ascertain 
the effectiveness of the CCM in reducing effluent P to <1 mg/L; thus, 
making the effluent compliant with EU discharge requirements for 
WWTP’s discharging into sensitive areas at risk of eutrophication 
(currently valid for WWTPs of >10,000 p.e.). Furthermore, a qualitative 
study using plants and pot trials was undertaken, to consider the 
applicability of the saturated CCM adsorbent as a fertiliser product. The 
novelty here lies in the holistic approach taken to address an emerging 
problem in the adsorption field. Few studies have undertaken pilot-scale 
testing of a ‘low-cost’ adsorbent using real WWTP effluent, utilised this 
saturated/spent adsorbent in a relevant agricultural setting and fully 
assessed the (chemical) quality of the spent adsorbent (in terms of 
co-contaminants). 

2. Materials and methods 

2.1. Materials and analytical methods 

All reagents were of analytical grade and solutions were prepared 
using Milli-Q water (Type I water; Merck Direct 8 system). The 
elemental content in wastewater and saturated CCM was determined 
using inductively coupled plasma optical emission spectroscopy (ICP- 
OES; Varian 720-ES, Agilent Technologies Inc., USA). The instrument 
was calibrated within the linear range for Ca, Mg, Na, K, Cu, Cd, Co, Mn, 
Pb, P, S, Cr, As, Al, Fe, Ni and Zn. Three certified reference materials 
(CRMs) were used: Domestic Sewage Sludge – Trace Metals 
(LRAC2187); Industrial Incinerator Ash - Trace Metals (CRM012-100G); 
and Strawberry Leaves – (LGC7162) (more information on these is given 
in Supplementary Materials S1). Residual PO4

3− , NH4
+ and TON (total 

oxidised nitrogen – nitrite + nitrate) concentrations were measured 
using a SEAL AQ2 Discrete Analyser (Seal Analytical, UK). Dissolved 
organic carbon (DOC) was analysed by high temperature catalytic 
combustion using a Shimadzu TOC-L instrument (Shimadzu, Japan). 
The pH and conductivity of unfiltered samples were determined with a 
hand-held probe (HANNA HI991300 portable meter, Hanna, UK). This 
was calibrated for conductivity with a 1413 µS/cm standard solution, 
and for pH with certified pH 4, 7 and 10 solutions. Turbidity of raw 
samples was analysed using a HACH 2100Qis portable turbidimeter 
(Hach, USA), calibrated with certified reference materials (CRMs 10, 20, 
200 and 800 NTU). Chemical oxygen demand (COD) was analysed 
through the reactor digestion method using a DR890 Hach colorimeter 
(Hach, USA). 

2.2. CCM adsorbent synthesis 

The parent material for the chitosan-calcite adsorbent used here was 
brown crab (Cancer pagurus) carapace. The chitosan-calcite adsorbent 
was created from the raw carapace through optimised thermochemical 
modification with deacetylation of the chitin chain in the presence of 
potassium hydroxide (KOH) (Pap et al., 2020a). Briefly, raw carapace 
material was washed (with tap water), dried, milled and sieved to 0.5–4 
mm. For example: 1 kg of material was then mixed with KOH solution 
(impregnation ratio: 0.1 kg KOH/kg raw material by weight). The 
resulting impregnated material was then heated at 105◦C for 150 min. 
After cooling, the resultant material was rinsed with Milli-Q water to 
eliminate any by-products or residues, dried at 60◦C for a further 2 h, 
and then stored in plastic boxes. The approximate calculated cost 
involved in production of this CCM was estimated at 0.561 US$/kg (561 
US$/ton) (Pap et al., 2020b). 

2.3. Pilot-scale trials for PO4
3− removal and recovery 

Based on laboratory bench-scale results (Pap et al., 2020a), the 
Veolia Water Technologies FILTRAFLOTM-P pilot reactor was tested 
using the CCM adsorbent at the Scottish Water Horizons Development 
Centre, at Bo’ness (Scotland), in January-February 2020 (Supplemen-
tary Materials S2, Fig. S1). The centre is integrated into the Bo’ness 
Wastewater Treatment Plant, a fully operational municipal WWTP that 
routinely employs advanced biological treatment to remove P from 
wastewater. The Development Centre facilitates the application of 
pilot-scale plants to treat wastewater from the adjacent WWTP, as 
effluent can be directly siphoned off (as required) from various stages 
within the WWTP process, i.e., raw influent wastewater, and primary, 
secondary or final effluents. For our trials, we utilised only the sec-
ondary/final effluent. 

A 100 L FILTRAFLOTM-P pilot reactor, 1.2 m in height and 0.5 m in 
diameter, made from 0.5 cm thick plastic, was mounted on a wooden 
support housing box (Fig. 1a). FILTRAFLOTM-P employs enhanced 
gravitational filtration through a granular media (here, the developed 
CCM) with continuous self-backwashing. The lower part of the reactor, 
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shaped as an inverted circular cone (15 L in size; and ~30◦ slope angle), 
was designed to increase backwash efficiency. The CCM granular 
adsorbent is shown in Fig. 1b. The reactor is equipped with an air sup-
ported self-backwashing system on the bottom to enable adsorbent 
recirculation (Fig. 1c). Through this system, the adsorbent from the 
bottom of the vessel can be airlifted (using an entrained compressed air 
flow) and reintroduced into the top of the reactor. As well as increasing 
adsorption efficiency, the backwashing helps to avoid compaction/ 
biofouling of the granular media. 

Four trials (#1–4) were carried out at the WWTP. During the first 
trial (#1), the reactor column was filled to a 15 cm bed depth (measured 
from the base of the cylindrical part) with ~11 kg of CCM granules 
(particle size 0.5–4 mm). These conditions were selected following 
preliminary lab-experiments to maximise P adsorption capacity and 
efficiency. For trials #2-4, the column was filled to 20 cm bed depth with 
~15 kg of CCM granules. The reactor inlet valve, which was fitted to the 
middle of the reactor (Fig. S2a), was connected with an accordion hose 
to feed inlet water (secondary treated wastewater) into the reactor. This 
was supplied from an intermediate 1 m3 bulk container (IBC) (Fig. S2b). 
The inlet water was diffused downward into the middle of the adsorbent 
bed volume (Fig. S3). Another hoses were connected to the outlet at the 
top of the reactor, to evacuate the filtered/treated and high turbidity 
(‘dirty’) water to a collection sewer (Fig. S3). The ‘dirty‘ water been 
generated on the isolated top part (red section on Fig. S3) of the reactor 
due to the adsorbent recirculation process. All valves were manually 
operated when needed. 

From the IBC tank, the wastewater was pumped into the adsorption 
bed at 200 L/h. An MXV electric submersible pump (Caprari, Italy) was 
used to convey water at the desired flowrate. For each run, once the 
adsorption bed was saturated with PO4

3− , the material was evacuated 
from the reactor manually and replaced with fresh adsorbent. The point 
at which saturation occurred was established using measurements of P 
using a Total Phosphate Tube Test (Lovibond™ Reagent Set, Germany), 
by measuring the inlet/outlet PO4

3− concentration at 2 h intervals. The 
saturated CCM was stored on site, in plastic boxes, until the end of the 
trial period. Subsequently, at the Environmental Research Institute 

(Thurso), the saturated CCM (after trial #1) was dried at 105 ◦C over-
night, prior to further analysis. For the four trials (e.g., low P = #1 and 
#2, spiked high P = #3 and #4), two were performed using low PO4

3−

concentrations (~1 mg/L), and two with higher PO4
3− concentrations 

(spiked to ~7 mg/L within the IBC inlet tank). Other than the difference 
in the weight of adsorbent mass and the bed height in trial #1, all other 
process parameters were kept fixed between trials. Fig. 2. shows the 
schematic of the pilot test process. 

2.4. Wastewater effluent 

The typical composition of the secondary wastewater effluent used in 
the trials is shown in Table 1. Inlet samples were taken two times per day 
with every refill of the IBC tank. Outlet samples (of about 1 L) were taken 
from the reactor at 2 h intervals while running, and pH, conductivity, 
turbidity, PO4

3− and COD were determined in the field after sampling. 
Aliquots of each sample were also filtered through 0.45 µm pore-size 
nylon syringe filters (Fisher Scientific, UK) for further analysis. The 
aliquot for ICP analysis was also stabilised/acidified with ultra-trace 
metal grade concentrated nitric acid (HNO3) immediately following 
filtration. Phosphate concentrations obtained on site using the Total 
Phosphate Tube Tests (Lovibond™ Reagent Set) were only used to track 
the PO4

3− breakthrough curves in the field. These results were only 
considered indicative and were not standardised, therefore, they are not 
included in the manuscript. 

2.5. Quality assessment of the saturated adsorbent 

A HNO3/H2O2 extraction of samples of the saturated CCM adsorbent 
was used to determine ’total’ concentrations of target elements. Addi-
tionally, Milli-Q water and 2% citric acid extractions were also utilised 
to estimate the relative solubility of target elements. Methodological 
details on all three extractions are given in Supplementary Materials S3. 
Table 2 shows a summary of the key conditions used for each of the three 
digestions/extractions noted above. Triple Super Phosphate (TSP) ob-
tained from Pillaert Meststoffen NV (Ghent, Belgium), was chosen as a 

Fig. 1. FILTRAFLOTM-P pilot reactor designed by Veolia (a), the CCM adsorbent developed by ERI (b) and the airlift supported self-backwashing system visible at the 
bottom and right side of the unit (c). 
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representative commercial fertiliser currently used in agriculture, and 
was analysed alongside the saturated CCM, as a fertiliser control. 

Regarding organic contaminants, organochlorine (OC) pesticides, 
polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocar-
bons (PAHs) (as the most representative of the persistent organic pol-
lutants), together with approximately 16 different common 
pharmaceuticals (PhCs) were tested in the spent CCM. More details on 
the organic assays are given in Supplementary Materials S4. 

2.6. Microbiological assay 

Given the pathogens regulated in the EU Fertiliser Regulations 2019/ 
1009 (Table S1) testing was performed (on spent CCM) using selective 
differential media (MacConkey agar) for enumeration of E. coli, total 
coliforms and Enterococcus spp., using a drop plate method with serial 
dilutions. In addition, spread plating of bacterial enrichments (from the 
saturated CCM) were used to assess presence/absence of E. coli, co-
liforms, Salmonella spp. and Shigella spp., while un-enriched suspensions 
were used to carry out total viable microbial counts. Full methodological 
details on the microbiological assays are given in Supplementary Ma-
terials S4. 

2.7. Characterisation of the saturated CCM adsorbent 

The saturated CCM after trial #1 was further characterised with 
different instrumental techniques. For CCM morphology and surface 
elemental characteristics analysis we employed a JEOL JSM-7800-F 
Field Emission Scanning Electron Microscope (FE-SEM) using an accel-
erating voltage of 20 kV and an approximate beam current of 1 nA. 
Energy dispersive X-ray spectroscopy (EDX) microanalysis utilised an 
Oxford Instruments X-max 80 mm2 detector. X-ray powder diffraction 
(XRD) data were collected using a Bruker D2 Phaser X-ray powder 
diffractometer in reflection geometry with Cu Kα radiation (1.5418 Å) 

over the two-theta range 6–60◦ for a total collection time of 10 min. X- 
ray photoelectron spectroscopy (XPS) was performed on a Thermo K 
Alpha using an Al Kα mono-chromated (1486.6 eV) source with an 
overall energy resolution of ≈350 meV. The analysis area captured was 
approximately 400 µm x 600 µm, focused on the centre of the sample 
area to check for elements present. Data were processed using the 
Thermo Scientific Avantage software. In all quantifications, Scofield 
relative sensitivity factors (RSF) were used and peaks were fitted using 
Shirley background and Gaussian 70%/Lorentzian 30% peak shapes. 

2.8. Pot trials 

Using the methods described in Bogdan et al. (2022), a pot trial was 
established to assess the P availability (to plants) of the CCM product. 
TSP was utilised as a positive control, while the omission of any fertil-
ising product (Zero P) was used as a negative control. For the trial, 
perennial ryegrass (Lolium perenne) was grown on slightly acidic - river 
sand (pH = 6.7) and an alkali - artificial mineral substrate (pH = 8.5). 

3. Results 

3.1. Phosphate recovery and water quality 

Fig. 3a–d shows the average phosphate concentrations in the influent 
and effluent, and removal efficiency fluctuation during the four different 
trials. For trial #1 and #2 (Fig. 3a, b), the horizontal dotted lines show 
that after approximately 17 and 35 h running time, the phosphate 
concentration of the effluent reached 0.5 mg/L (the regulatory limit for 
sensitive water bodies, as set by the EU Water Framework Directive 
(WFD) and US National Pollution Discharge Elimination System 
(NPDES)). 

Adsorption capacity increased approximately five-fold, from 300 
mg/kg and 363 mg/kg in trials #1 and #2, to 1590 mg/kg and 1859 mg/ 

Fig. 2. Schematic of the pilot test process using the FILTRAFLO™-P unit and CCM adsorbent.  
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kg in trials #3 and #4. The overall P-recovery rate of the demonstrator 
during the trials was ~50%. 

Fluctuations in effluent pH are shown in Fig. 4a. The initial pH of the 
wastewater influent was generally neutral and during the process the pH 
increased to ≈8.5, indicative of the alkali nature of the CCM (pHpzc =

8.78). 
Similarly, the conductivity of the effluent reduced only slightly from 

an average value of ~1450 μS/cm (Fig. 4b), and overall, the variation 
was negligible during the trials. Effluent turbidity increased during all 
the trials from ~10 NTU (Fig. 4c) to ~50-60 NTU (see Discussion). 
Fig. S4a–c in Supplementary Materials shows how these parameters 
evolved during the trials. 

To determine the ability of the CCM to remove other nutrients 
beyond phosphate (e.g., sulphate, TON (Total Oxidised Nitrogen), 
ammonium) and organic matter (expressed as COD and DOC), these 
parameters were also measured before and after the trials (Fig. 5a–d). 
Additionally, various macro- (Mg, Ca, K, Na) and microelements (Al, Fe, 
Cu, Mn, Ni, Zn) were monitored (Fig. S5a–d). Results revealed that 
small/trace amounts of DOC, Mg, Ni, and K were released into the 
effluent, while COD (during trial #1 and #2) was also released. Some of 
the micro- and macroelements (e.g., Ca, Cu, Fe, Mn, and Zn) were 
removed in low quantities (Fig. S5a–d). The concentration profiles for 
other parameters largely remained unchanged or only varied slightly 
during the trials. It is worth noting that microelement concentrations in 
the influents were also low (Table 1), so no notable quantities of metals 
were adsorbed onto the CCM, as was further confirmed with the quality 
analysis of the saturated CCM. 

3.2. Instrumental characterisation of the saturated CCM 

XRD results for the saturated CCM are presented in Fig. S6. The main 
crystalline phase identified in the CCM was calcite, with data matching 
well to the standard powder diffraction file in the International Centre 
for Diffraction Data (ICDD) database. Broad diffraction peaks around 
9.6◦ and 19◦ were likely due to the presence of the chitosan polymer. 
After a comparison with standard diffraction matrices for hydroxyapa-
tite (HAP) and brushite, these compounds could also be identified on the 
phosphate saturated CCM surface (Fig. S6). 

Fig. 6a, b shows the SEM-EDX elemental mapping images and 
spectra, respectively, while Table S2 shows the average elemental 
composition of the phosphate laden CCM adsorbent after the wastewater 
treatment. The EDX spectra confirmed high O (55.2%) and Ca (26.6%) 
content due to calcite, C (18.7%) due to chitosan, and the existence of P 
(1.0%) adsorbed to the particles of the CCM. Other elements (e.g., Mg, 
Na, K, Al) could be present from the adsorbent itself or from the 
wastewater, while the presence of Au was attributed to the coating used 
during the SEM/EDX analysis in order to improve image quality 
(Table S2). 

To determine the nature of C-, O-, N-, Ca- and P- functional groups 
present, and the adsorption mechanisms at play, XPS analysis of satu-
rated CCM samples was carried out (Fig. 7a–f). Fig. 7a shows a survey 
scan (for saturated CCM) with surface elemental composition. Analysis 
indicated a surface composition of: C 34.1 atomic%, O 45.4 atomic%, Ca 
10.7 atomic%, Mg 4.3 atomic%, N 3.4 atomic% and P 2.1 atomic% 
(which is slightly different to the EDX results). The three peaks at C1s 
were attributed to C-H, C-C (284.78 eV), C-O (286.28 eV) and O-C=O, 
CO3 (289.28 eV) (Lee et al., 2021). Due to the reaction of calcium with 
phosphate, the peak for CO3 (289.28 eV) was relatively weak. The O1s 
band was composed of two sub-bands (Fig. 7c), attributed to C=O, CO3 
(531.18 eV) and C-O (532.58 eV). Since the calcium phosphate peak at 
O1s were close to 530.9–531.1 eV region, which is in the range of the 
characteristic peak for carbonate (CO3), no characteristic P related peak 
could be detected on O1s (Ramola et al., 2021). The N1s spectrum of the 
P saturated CCM (Fig. 7d) was deconvoluted at binding energies of 
398.58 eV (-NH2) and 399.98 eV (-NH-, -C-N) (Zhang et al., 2018). The 
Ca2p spectrum of P-laden CCM contained a peak at 347.18 eV (CaCO3, 

Table 1 
Typical composition of the secondary wastewater effluent, here the influent used 
to test the FILTRAFLO™-P unit with the CCM adsorbent (Number of samples (n): 
Trial #1 = 7; Trial #2 = 12; Trial #3 = 9; Trial #4 = 11).  

Parameters Unit Low concentration P trials High concentration P 
trials 

Trial #1 Trial #2 Trial #3 Trial #4 
Mean 
(±STDV) 

Mean 
(±STDV) 

Mean 
(±STDV) 

Mean 
(±STDV) 

pH (6-9)*** - 7.3 (±0.2) 7.4 (±0.3) 7.2 (±0.1) 7.4 (±0.3) 
Conductivity (µS/ 

cm) 
1446 
(±366) 

1597 
(±666) 

1081 
(±93) 

1602 
(±747) 

Turbidity NTU 5.7 (±2.7) 15.0 
(±21.9) 

9.8 (±3.2) 6.6 (±2.9) 

COD (125) 
*** 

(mg/ 
L) 

23.3 
(±12.6) 

26.0 
(±5.4) 

33.0 
(±7.8) 

38.4 
(±8.7) 

DOC (mg/ 
L) 

4.6 (±2.0) 6.0 (±0.6) 5.2 (±0.7) 5.3 (±0.2) 

N-NH4 (mg/ 
L) 

0.1 0.1 0.2 0.5 

TON (10-15) 
*** 

(mg/ 
L) 

8.1 (±2.3) 9.0 (±1.7) 8.2 (±1.7) 7.2 (±0.9) 

Diss. P (1-2) 
*** 

(mg/ 
L) 

1.3 (±0.1) 1.0 (±0.1) 7.1 (±0.5) 
** 

7.1 (±0.3) 
** 

SO4
2− (mg/ 

L) 
129 (±29) 190 (±24) 219 (±30) 101 (±19) 

Diss. Al (µg/ 
L) 

21.7 
(±1.3) 

22.4 
(±1.7) 

21.7 
(±2.5) 

23.8 
(±3.6) 

Diss. As (µg/ 
L) 

<LOD* <LOD* <LOD* <LOD* 

Diss. Ca (mg/ 
L) 

63.9 
(±10.2) 

78.3 
(±7.5) 

81.3 
(±8.7) 

63.2 
(±10.5) 

Diss. Cd (µg/ 
L) 

<LOD* <LOD* <LOD* <LOD* 

Diss. Cr (µg/ 
L) 

<LOD* <LOD* <LOD* <LOD* 

Diss. Cu (µg/ 
L) 

1.3 (±0.2) 1.5 (±0.4) 1.3 (±0.4) 1.6 (±0.5) 

Diss. Fe (µg/ 
L) 

38.8 
(±5.1) 

42.4 
(±5.2) 

42.4 
(±7.2) 

35.9 
(±4.4) 

Diss. K (mg/ 
L) 

12.5 
(±2.6) 

21.8 
(±5.1) 

30.7 
(±4.8) 

16.6 
(±1.5) 

Diss. Mg (mg/ 
L) 

44.4 
(±9.9) 

70.9 
(±11.1) 

79.2 
(±11.6) 

33.4 
(±6.3) 

Diss. Mn (µg/ 
L) 

21.2 
(±20.6) 

60.2 
(±37.7) 

84.7 
(±57.9) 

37.2 (±29) 

Diss. Na (mg/ 
L) 

167 (±58) 348 
(±124) 

372 
(±109) 

120 (±57) 

Diss. Ni (µg/ 
L) 

2.3 (±0.8) 2.2 (±0.7) 2.4 (±0.7) 2.0 (±0.6) 

Diss. Pb (µg/ 
L) 

<LOD* <LOD* <LOD* <LOD* 

Diss. Zn (µg/ 
L) 

11.5 
(±2.0) 

12.9 
(±2.0) 

11.9 
(±2.1) 

12.2 
(±1.8) 

*Limit of detection (0.5 μg/L) 
**spiked concentrations 
***EU Secondary Treatment Standard Concerning Urban Wastewater Treatment 
(91/271/EEC) 

Table 2 
Summary of the key methodological parameters used during the total digestion 
and two solubility extraction processes.  

Method Extract Extract 
ratio (mL) 

Product 
mass (g) 

Tmax 

(◦C) 
Time at 
Tmax 

(min) 

Total – nitric 
acid/ 
peroxide 

HNO3: 
H2O2 

5:1.5 0.25 180 30 

Water H2O 25 0.5 room 24h 
2% citric acid C₆H₈O₇ 25 0.5 room 24h  
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CaHPO4, Ca3(PO4)2). This proves the existence of Ca2+ on the surface 
and thus possible Ca2+/phosphate interactions (Fig. 7e) (Samaraweera 
et al., 2021). The peak at 133.58 eV from P2p (Fig. 7f) was also the result 
of several calcium phosphate compounds (i.e., CaHPO4, Ca3(PO4)2) 
(Zhang et al., 2017). The composition (in atomic (%)) from high reso-
lution XPS scans of the phosphate laden CCM adsorbent is shown in 
Table S3. More detail on this CCM adsorbent and its characteristics can 
be found in Pap et al. (2020a, 2020b). 

3.3. Saturated CCM chemical quality 

Results for the three extraction methods used to determine macro-
element and microelement concentrations for the CCM are shown in 
Table 3 and Table 4, respectively. 

In terms of organic compounds present, very low concentrations of 
several organic contaminants (e.g., o, p’-DDE, p, p’-DDE and DDX), 
polychlorinated biphenyls - PCBs (e.g., PCB 28 and PCB 52) and phar-
maceuticals (e.g., paracetamol) were detected, at the low µg/kg level 
and far below current legislative limits for organo-mineral products as 
listed in the legislative limit for WHO toxicity equivalents kg− 1 dm of 
PCDD/F13. More information about organic pollutants in CCM can be 
found in Bogdan et al. (2022). 

Microbiological testing showed that there were no detectable target 
pathogens of concern (as listed in EU Fertiliser Regulations 2019/1009) 

present in the saturated CCM (Table 5). Un-enriched suspensions (uti-
lising 25 g of the saturated CCM) were also plated onto nutrient agar and 
incubated to assess general aerobic plate counts, (i.e., viable non-target 
bacteria and fungi). These returned positive growth for the saturated 
CCM, indicating that some microorganisms (likely fungi and bacterial 
spores) were present. Further non-target ‘genomic’ analysis would be 
required to determine the specific species cultured. 

3.4. P availability in soil 

The amendment of a slightly acidic substrate with the CCM showed a 
beneficial effect on plant P uptake (3.3 ± 0.8 mg P/g dry wt.) in shoots 
when compared to an unfertilised control (0.12 ± 0.02 mg P/g dry wt.) 
(Fig. S7). However, using an alkali substrate, plant P uptake in CCM 
fertilised pots reduced (0.38 ± 0.13 mg P/g dry wt.) and was only 
slightly higher than in unfertilised controls (0.20 ± 0.03 mg P/g dry wt.) 
(Fig. S7). Phosphorus uptake efficiency/availability (PUE, %) using the 
CCM, after four months of ryegrass growth with two substrates was 10 ±
2% (river sand substrate) and 1.1 ± 0.4% (alkali - artificial mineral 
substrate). Time had a pronounced effect on P release from the CCM, 
which indicated the slow-release characteristics of the CCM (Bogdan 
et al., 2022). 

Fig. 3. Phosphate removal efficiency using the CCM adsorbent, with phosphate concentrations in effluent. Scenarios with low phosphate concentration influents, 
trial #1 and #2 (a and b), and high concentration influents, trial #3 and #4 (c, d) - flow rate: 200 L/h, adsorbent mass: 11–15 kg, and operation duration: 28–46 h 
per trial. 0.5 mg P/L is shown as this is the EU Water Framework Directive (WFD) and US National Pollution Discharge Elimination System (NPDES) regulation limit 
for sensitive water bodies. 
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4. Discussion 

4.1. Pilot-scale study and mechanism analysis 

The results from the phosphate adsorption trials indicated two quite 
different options for the FILTRAFLOTM-P adsorber combined with the 
CCM adsorbent. Also, the average effluent composition after each trial 
and the comparison with the regulation limits (i.e., EU, USA and China) 
for the discharge showed in Table S4 for further comparation. As Fig. 3a, 
b illustrates, the CCM adsorbent was capable of removing phosphate 
even at low concentrations, bringing residual phosphate levels below 
0.5 mg/L. This shows its applicability in terms of efficient processing of 
low-P effluents (i.e., its potential for use in preventing eutrophication in 
sensitive receiving waters). The clear difference in the phosphate 
adsorption patterns between trial #1 and #2 is almost certainly a result 
of the different CCM masses used in the FILTRAFLOTM-P reactor in these 
2 trials (~11 kg vs ~15 kg). Further, the high phosphate concentration 
trials showed its high phosphate harvesting potential (Fig. 3c, d). At 
higher phosphate concentrations on calcite rich surface, it is proposed 
that the calcite will improve the microprecipitation/formation of cal-
cium phosphate phase and promote the growth of a calcium phosphate 
(Li et al., 2017). The use of secondary wastewater effluent (without 
residual suspended solids) limited fouling of the adsorption bed. From 
the results, it can be estimated that with 15 kg of CCM approximately 20 
m3 of wastewater could be filtered (whilst harvesting phosphate). 
Further process optimisation related to the bed height in the reactor, 
flow rate of the influent and granulation of the CCM adsorbent, should 

be considered. From the gathered data, the amount of phosphate 
enriched CCM adsorbent material which could be produced would range 
approximately from 10–200 tons/year/WWTP (from final effluent), for 
WWTP’s with capacities of 10–5,000 PE. Additionally, the FILTRA-
FLOTM-P is a mobile unit which can be easily transported by small truck 
and is readily installed. Therefore, it has the potential to offer a compact, 
labour-saving option for phosphate recovery at rural/remote areas (e.g., 
farms) and small WWTPs. The recovery of phosphate in these locations 
could mitigate surface runoff/eutrophication, with the additional 
benefit of that the saturated CCM can be used as a source of P in local 
production and consumption. Okano et al. (2016) also developed a 
mobile pilot-scale plant for P recovery. The mobile pilot plant consisted 
of a 1000 L reactor, a self-made filtration system and ancillary equip-
ment. They assessed the ability of amorphous calcium silicate hydrates 
to recover phosphate from anaerobic sludge digestion liquor. 

In this study, the process did not drastically alter the pH of the 
treated effluent (to extremely acid or alkaline), it would not be necessary 
to regulate outlet water pH after a ‘real’ water treatment scenario - thus 
reducing the need for additional chemicals/reagents (and reducing 
operational costs). At slight alkaline pH values on which the FILTRA-
FLOTM-P/CCM operates (at pH 8–9), OH− ions may interfere directly 
with phosphate adsorption; this may be partially counteracted by fav-
oured hydroxyapatite (Ca5(PO4)3(OH)) and brushite (CaHPO4) precip-
itation on the CCM surface (a microprecipitation mechanism) (Pap et al., 
2022). Another important removal mechanism was revealed due to the 
slightly increase in effluent pH, since under these conditions ligand 
exchange whereby H2PO4

− and HPO4
2− anions replaced CO3

2− on the CCM 

Fig. 4. Effluent pH (a), conductivity (b) and turbidity (c) during the trials.  
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surface and formed inner-sphere surface complexes (via Lewis acid-base 
interactions between P and –––Ca–CO3 groups) (Zhang et al., 2019). 
Phosphate anions behave like Lewis bases, and can act as electron do-
nors, donating electron pairs by binding to Ca atoms (Qu et al., 2020). At 
the same time, carbonate ions may be displaced into solution, driving pH 
increases (Fig. 4a). 

The sharp increase in turbidity at the beginning of each trial could be 
due to smaller/lighter adsorbent particles being washed out (flowrates 
were ~200 L/h). However, after the initial wash of the adsorbent bed, 
no significant loss of CCM was detected from the system. After this stage, 
the turbidity levels started to decrease again and stabilised at ~10 times 
the influent values (~50-60 NTU). This could be connected with the 
recirculation process (continuous self-backwashing) of the adsorbent 
and the main CCM phosphate removal mechanism, namely, the 
replacement of carbonate (CO3

2− ) ions. These may then form salts with 
available Mg, Na and K in the treated wastewater and thus increase 
turbidity (Kong et al., 2019), therefore before discharge it would be 
desirable to integrate/combine the FILTRAFLOTM-P unit with further 
filtration (e.g., slow sand filtration). The sand filter would be used to 
retain the larger suspended solids and dissolved organic matter up to a 
certain concentration. Slow sand filtration is a cost-effective and low 
energy technology. It easily integrates with physico-chemical (FILTRA-
FLOTM-P) and biological processes for turbidity removal from waste-
water (Verma et al., 2017). Patel et al. (2022, 2020) suggested an 
integration of different sand filters with waste biomass derived activated 
carbons to remove COD, BOD, and TDS from wastewater. 

The COD (indicative of organic compounds) and ammonium removal 
may have additional benefits, if this were to increase the organic carbon 

and nitrogen content of the loaded CCM (Wang et al., 2020), assuming 
these organics are not undesirable harmful contaminants (which is 
assessed in detail in the quality analysis section). Mg and K release could 
be explained by the material composition, since the CCM adsorbent 
contains high levels of Mg (originating from the crab carapace itself) and 
K (from the activation with potassium hydroxide). Additionally, K and 
Mg could form complexes with organic compounds and solubilise. 

Additional benefits for the saturated CCM as potential fertiliser could 
be seen in the removal trends for metals, i.e., Ca, Cu, Fe, Mn and Zn. It is 
well known that alkaline earth and transition metals are essential ele-
ments in the soil environment (Shepherd et al., 2016). These mineral 
nutrients can influence plant growth through both limitation and 
toxicity. Mn toxicity sometimes occurs in acid soils, while alkaline soils 
are characterised by poor availability of Fe, Cu, Mn and Zn (Liu et al., 
2014). 

Instrumental characterisation further confirmed the governing 
adsorption mechanisms for phosphate removal. Microprecipitation 
could be identified on the XRD pattern with the two vague peaks at ~26◦

and ~47◦, corresponding to HAP (hydroxyapatite), and ~31.5◦ for 
brushite, implying that a Ca-P interaction occurred in the adsorbents 
(Fig. S6) (Lin et al., 2017). These reactions can occur under alkaline 
conditions according to equations: 

5Ca2+ + 3HPO2−
4 + 4OH− → ≡ Ca5(PO4)3OH↓ + 3H2O(HAP) (1)  

Ca2+ + HPO2−
4 + 2H2O→ ≡ CaHPO4 × 2H2O↓(Brushite) (2) 

Through element mapping (Fig. 6a), it is clear that the distribution of 
P in CCM after phosphate adsorption is closely related to Ca. Based on 

Fig. 5. Organic compound and nutrient removal efficiency during the trials (a–d).  
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above SEM-EDX, it can be confirmed that the phosphate adsorption by 
CCM is strongly correlated with the proportion of calcium present on the 
surface (Park et al., 2018). 

Furthermore, XPS study explored P chemical state and potential 
adsorption mechanisms in CCM after the wastewater treatment. A strong 
P 2p peak was obtained for CCM (Fig. 7f), representing specific Ca-P 
interaction (133.58 eV) through a ligand exchange (inner-sphere 
complexation). These interactions can be expressed as: 

≡ Ca − CO3 + H2PO−
4 + H2O→ ≡ Ca − (H2PO4) + HCO−

3 + OH− (3)  

≡ Ca − CO3 + HPO2−
4 + H2O→ ≡ Ca − (HPO4) + HCO−

3 + OH− − (4) 

Phosphate ions (e.g., H2PO4
− and mostly HPO4

2− ) build surface 
complexes by bridging two calcium centres, forming mononuclear 
bidentate surface complexes, and one calcium centre forms mono-
nuclear monodentate surface complexes (Liu et al., 2019; Mitrogiannis 
et al., 2017; Yang et al., 2020). 

4.2. Quality analysis and pot trials 

Several key quality indicators for the CCM were assessed. P-content 

of the saturated CCM adsorbent ranged from 2% up to ~7% P2O5 
depending on the effluent phosphate content. Quality analysis indicated 
only trace levels (well below legislative limits) of heavy metals and 
organic pollutants, and no detectable levels of target bacterial patho-
gens. The trace levels of organic contaminants observed are to be ex-
pected given the organo-mineral nature of CCM through chitin/calcite 
(Chojnacka et al., 2020), while the detection of paracetamol (a pain-
killer) on sub µg/kg levels is almost certainly as a result of its widespread 
and frequent usage (Li et al., 2021). Taken together, these quality data 
indicate that the saturated CCM adsorbent, following use in wastewater 
treatment, is a good candidate for use as a soil/agriculture supplement. 

The two solubility extractions (e.g., water and 2% citric acid) would 
also be expected to differ from each other and from the ‘total’ fraction 
digests, as the aqueous extracts used would not be expected to dissolve 
all product phases, and each is instead used to simply estimate varying 
degrees of solubility (i.e., to estimate fractions of elements likely to be 
more or less extractable or ‘phytoavailable’) (Kabata-Pendias, 2004). 
Numerous aqueous extracts/chemical solutions are employable for this 
purpose, but in this case, we simply selected water to estimate the 
proportion of elements most easily/readily soluble in the products, 
along with 2% citric acid as this has previously been used in other work 

Fig. 6. SEM morphology (40 × magnification) with elemental mapping images for Ca, C, O, P, Mg and Na (a) and EDX spectra (b) of the saturated CCM adsorbent.  
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more focussed on P availability (Wang et al., 2012; Weber et al., 2014). 
In general, results obtained for the products tested for macro- and 

microelements are also compared to current legislative limits as stated 
within the EU Fertilising Products Regulation (FPR) (EU) 2019/1009, in 
Tables 3 and 4. In terms of potentially toxic elements, both products 
were within the legislative limits. Also, CCM product meet the key % 
P2O5 requirements. Tables 3 and 4 showed total concentrations (mg/kg 
dry weight) of elements and mineral oxide % values in comparison to 
current relevant EU legislative limits given in EU Fertilising Products 
Regulation (FPR) (EU) 2019/1009. 

CCM showed a beneficial effect on plant growth, P concentration in 
shoots and slow release kinetics, when compared to the unfertilised 
controls during the pot trials. Based on the pot trials and the CCM 
characteristics (2.5% P2O5), it can be compared to other commercial soil 
conditioners available on market. It should however be noted that a 
direct comparison between commercial products and CCM as a soil 
conditioners is only indicative because of the different P2O5 content, 
different route to the market (i.e., the price 561 US$/ton is for the 
adsorbent production and not the final price for the saturated material), 
and CCM have other beneficial characteristics such as increase in soil 

Fig. 7. XPS survey spectra (a) and high-resolution spectra of C 1s (b), O 1s (c), N 1s (d), Ca 2p (e) and P 2p (f).  
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organic matter content and texture, buffer against soil acidification and 
chitin/chitosan has antibacterial properties. Furthermore, the P2O5 
content of CCM could be increased (up to 7%) if the FILTRAFLOTM-P 
reactor if deployed to a rural area (e.g., on farm) and fed with a high 
phosphate effluent. 

4.3. General consideration 

Crab carapace is composed mainly of calcite and chitin, and is a 
common waste by-product from the seafood industry worldwide; mil-
lions of tons are created/wasted annually, most of which is disposed of 
in landfill (Lu et al., 2007). Re-purposing such waste into a value-added 
product, i.e., as a P-adsorbent and potential soil amendment, could 
provide multiple agricultural benefits including increased soil organic 
matter content, improved physical soil properties (texture) provision of 
essential plant nutrients, and buffering (through CaCO3 content) against 
soil acidification caused by nitrogen application. In addition, chitin/-
chitosan has antibacterial properties – which may in turn support 
rhizobial multiplication by biologically controlling root pathogenic or-
ganisms (Nekvapil et al., 2021; Pap et al., 2020a). 

If we consider the recycling pathways to adsorbent/fertilising 
product, the formulation proposed refers to a possible Product Function 
Category (PFC) according to the wording in the EU Fertilising Products 
Regulations ((EU) 2019/1009). The list of animal by-products (ABP) and 
derived products to be included under Compound Material Category 
(CMC) n◦ 10 is currently under definition. Crab carapace, belonging to 
Category 3 (k) (i) “shells from shellfish with soft tissue or flesh” of ABP 
Regulation (EC) 1069/2009 might be added, provided the ABP end point 

is achieved. However, due to the interaction of the adsorbent with 
wastewater, CCM requires an extensive QA/QC before it could be 
included in CMC 10. The recycling of CCM also can occur under existing 
national legislation. 

A further benefit of a CCM adsorbent is that it can be applied to land 
(without further processing, or, after milling to powder) using existing 
soil application machinery. It is an alternative to sewage sludge or 
manure spreading, and can act as a general soil improver; targeted users 
are primarily local farmers (for fertilisation of agricultural land), but 
also technical services within municipalities or private enterprises for 
landscaping works. A limiting factor may be that the seasonality of 
agricultural use may not coincide with the production cycle of the CCM, 
necessitating storage. However, if the CCM adsorbent is mixed with 
other organic fertilisers, the storage units of those products could be 
used and therefore there would be a priori no limiting factor for this use. 
Factors in support of this pathway include the direct use of CCM with an 
elevated P and Ca content, and several additional soil improvement 
properties (adding organic carbon, K and texture). Additionally, waste 
repurposing is utilised, creating circular links with the fishery and sea-
food industries. This approach is highly consistent with the principles of 
a sustainable ‘circular economy’, whereby re-use or recycling of waste 
materials is optimised to extract their maximum value. Fig. 8. shows the 
main stakeholders that may be involved in the recycling pathways 
(Ploteau et al., 2021a, 2021b). 

5. Conclusion 

A pilot-scale adsorption system was developed for in situ phosphate 

Table 3 
Macro element concentrations in the CCM (in mg/kg dry weight and % for oxide minerals).  

Materials Extraction Ca (mg/kg) CaO 
(%) 

Mg (mg/kg) MgO 
(%) 

Na (mg/kg) 
Na2O (%) 

K (mg/kg) K2O (%) P (mg/kg) P2O5 (%) S (mg/kg) SO3 (%) 

CCM Nitric acid/peroxide 
(total) 

364738 (±3088) 
51.0% 

10757 (±151) 
1.8% 

2112 (±24.3) 
0.3% 

1359 (±86.5) 0.2% 9962 (±782) 2.3% 133 (±2.5) not 
significant  

2% Citric soluble 
fraction 

18708 (±650) 
2.6% 

8882 (±77.0) 
1.5% 

1675 (±133) 
0.2% 

827 (±14.6) 0.1% 9479 (±368) 2.2% 115 (±2.9) not 
significant  

Water soluble 
fraction 

200 (±4) not 
significant 

539 (±36.5) 
0.1% 

357 (±30.6) 
0.1% 

190 (±0.8) not 
significant 

12.7 (±0.1) not 
significant 

41.5 (±2.2) not 
significant 

Legislative 
limit 

Organo – Mineral 
fertiliser 

N/A N/A N/A N/A >1.5* N/A 

NOTE: * = as in EU legislation 2019/1009; N/A = not applicable 

Table 4 
Trace element concentrations in the CCM (all in mg/kg dry weight - mean ±STDV).  

Materials Extraction Co Cr Mn Cu Ni Pb Zn As Al Fe Cd 

CCM Nitric acid/ 
peroxide 

<0.4 <0.3 70.1 (±0.8) 0.4 
(±0.1) 

<0.4 <1.2 16.1 
(±1.9) 

<4.6 49.2 (±9.7) 63.4 (±6.6) <0.1  

2% Citric <0.2 <0.1 32.2 (±3.9) 0.1 
(±0.0) 

<0.1 <0.2 <5.4 <0.8 19.0 (±0.9) 10.0 (±2.6) <0.1  

Water <0.1 <0.3 <0.2 <0.3 <0.4 <1.2 <0.3 <4.6 <5.0 <15.2 <0.1 
Legislative 

limit 
Organo - 
Mineral 

(>0.002%), 
20 mg/kg 

(<200) (>0.1%), 
1000 mg/kg 

<600* <50.0 <120 <1500* <40.0 (>0.5%), 
5000 mg/kg 

<3 (<5% 
P2O5), <60 
(>5% P2O5) 

(>0.002%), 
20 mg/kg 

NOTE: Where < shown, all values were <LOD (limit of detection). NOTE: * = as in EU legislation 2019/1009; however, these limits will not apply where Cu or Zn is 
intentionally added to the fertilising product for the purpose of correcting soil micronutrient deficiency and is declared following Annex III. The CCM was composed 
mainly of CaCO3, with smaller amounts of MgO, K2O and Na2O. The P2O5 level in the CCM ranged from 2.2-2.3%, depending on the extraction method used (Table 3). 
For organo-mineral fertilisers the minimum amount of P required is 1.5% (EU legislation 2019/1009). For microelements, the CCM contained detectable levels of Mn, 
Cu, Zn, Al and Fe. 

Table 5 
Microbiological results for the saturated CCM obtained from the trials and TSP (commercially available).  

Sample E. coli CFU/g Enterococcus spp. CFU/g E.coli in 1g Enterococcus spp. in 1g Shigella spp. in 25 g Salmonella spp. in 25g Aerobic Plate Growth (CFU) 

TSP <1 <1 Absent Absent Absent Absent No growth 
CCM <1 <1 Absent Absent Absent Absent >300  
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recovery at a Bo’ness WWTP. The main conclusions here are:  

• High phosphate removal/recovery was achieved during the trials, 
even at low phosphate concentrations, bringing the residual P level 
below 1 mg/L (the EU limit for sensitive water bodies).  

• The slightly increased turbidity noted in treated water (e.g., likely 
due to magnesium and potassium carbonates) may require integra-
tion/combination of the FILTRAFLO™M-P unit with slow sand 
filtration.  

• The results showed that the FILTRAFLO™M-P unit with CCM could 
serve as a water polishing unit (with low phosphate concentration 
effluents) or as a phosphate harvesting unit (where phosphate con-
centrations were high).  

• Surface microprecipitation and ligand exchange were postulated as 
key phosphate adsorption mechanisms through XRD, SEM-EDX and 
XPS analysis.  

• Quality assessment of the P-enriched CCM was based on elemental 
composition (macro nutrients and heavy metals), microbiological 
evaluation and quantification of organic micropollutants. This indi-
cated ~2.5% P2O5, trace levels (well below legislative limits) of 
heavy metals (i.e., Cu, Co) and organic pollutants (e.g., PCBs and 
paracetamol), and no detectable levels of target bacterial pathogens. 

• A pot trial was conducted (at Ghent University) to examine P avail-
ability of CCM on different substrate during a 4-month growth of 
perennial ryegrass. The results showed that ryegrass plants treated 
with the CCM adsorbent achieved higher plant dry matter and P 
concentration compared to the unfertilised control. 

Overall, this study has demonstrated a fully integrated approach 
assessing the feasibility of laboratory-scale to pilot-scale implementa-
tion of an adsorption technology with low cost adsorbent. 
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