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ABSTRACT 

 

 

As the limiting nutrient in most waterways, increased phosphate (PO4) concentrations can promote 

accelerated eutrophication, which has a range of environmental and economic impacts. 

Eutrophication leads to increased water treatment costs, decreased recreational value; but notably, 

the proliferation of algal blooms. Some of these blooms produce cyanotoxins like microcystins 

and cylindrospermopsin which can be detrimental to both human and aquatic health (Anderson et 

al., 2002). Though chemical precipitation and biological treatments are commonly used methods 

for the remediation of PO4, problems including costs, sludge production, and stability/reliability 

issues has led to the research of alternative methods for the removal of PO4 from waterways.  

 

 

Unlike chemical precipitation and biological removal processes, adsorption is unique in that it can 

remove contaminants over a wide pH range and at low concentrations. A wide variety of materials 

have been investigated for the adsorption of phosphate including metal oxides, waste materials, 

zeolites, and polymers, yet lesser-studied materials for phosphate sorption are carbonates (Pan et 

al., 2014). Previous studies explored the use of calcium carbonates as phosphate binders to 

decrease phosphate concentrations in aquatic environments. Though phosphate binders are 

common medicinal compounds used to control blood phosphate levels in patients with 

hypertension or renal failure/insufficiency, their use as phosphate sorbents from waterways is 

gaining more attention. Therefore, in this study, three different carbonates such as calcium 

carbonate, magnesium carbonate, and lanthanum carbonate were chosen as adsorbents. Due to 

very low water solubility of CaCO3 (0.014 g/L at 25oC), MgCO3 (0.11 g/L, and Lantham carbonate, 

their pellets were prepared for their easy separation after their use for the removal of phosphate. 

In order to evaluate phosphate adsorption capacity of the pellets, they were packed in a column-

type reactor, with water containing phosphate flowing through the column (Govind et al., 2018). 

 

 

The results of X-ray diffraction analysis showed that raw carbonates were hydrated to form 

hydromagnesite and lanthanite during storing and phosphate adsorption except for calcium 

carbonate. The scanning electron microscopy images showed that the different adsorbents yielded 

quite different surface morphologies after phosphate adsorption. While adsorption is a surface-

based process, an increased BET surface area should correlate to an increased phosphate 

adsorption capacity. Yet the LaCO3 sample (which had the lowest BET surface area of 1.8 m...2/g) 

nearly adsorbed as much phosphate as the MgCO3 sample (which had the largest BET surface area 

of 26.0 m...2/g). These results indicate water insoluble carbonates could have a great potential for 

a practical application to remove or recover phosphate in water as reliable adsorbents. 
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INTRODUCTION 

 

 

Five years ago an impressive, international group of scientists unveiled nine biological and 

environmental “boundaries” that humankind should not cross in order to keep the earth a livable 

place. To its peril, the world has already crossed three of those safe limits: too much carbon dioxide 

in the atmosphere, too rapid a rate of species loss and too much pouring of nitrogen into rivers 

and oceans—primarily in the form of fertilizer runoff. 

 

 

It is well known that the primary causes of nutrient enrichment in surface waters, resulting in the 

growth of algal blooms in the summer, are effluents from centralized wastewater treatment plants, 

septic tanks, and stormwater runoff.  Conventional biological treatment systems which are 

designed to meet secondary treatment effluent standards often contain more than 10 mg/L of 

nitrogen and 5-20 mg/L of phosphorus. 

 

 

Industrial waste waters can have very large or very small amounts of aquatic plant nutrients. For 

example, some waste waters which cause serious; water-quality problems, such as waste water 

from pulp and paper plants, obtain relatively small amounts of nitrogen and phosphorus, but large 

amounts of carbon. However, waste waters, such as those associated with phosphate mining, do 

contribute large amounts of phosphorus to the water. The nutrient content of industrial waste 

waters may or may not be serious and varies front industry to industry. 

 

 

In this paper, three methodologies will be presented, which can be used to treat non-point sources 

of nutrients, such as stormwater runoff from farms, golf courses, home backyards, etc., as well as 

end-of-pipe sources such as wastewater treatment plants.  The three methodologies are the 

following: (1) pellets, consisting of water-insoluble carbonates of Magnesium, Calcium and 

Lathanum as well as other proprietary constituents; (2) open-cell foam coated with ferric hydroxide 

and other proprietary constituents, which acts like a nutrient sponge; and (3) open-cell foam 

biomedia which biologically denitrifies nitrates, converts ammonium to nitrates, and converts 

phosphorus biologically into cell membranes.   

 

The pellets are usually packed inside a boom, made of open-cell foam, which acts like a water 

filter to prevent the soil and clay from entering the pellets, as shown below in Figure 1.   These 

booms can be placed in the runoff channel, which usually forms the edge of a farm field.  Once 

the pellets are consumed after a growing season, they can be mixed with the soil to provide the 

absorbed nitrogen and phosphorus back to the crops. Alternatively, these booms can be deployed 

with flotation foam, as shown in Figure 2, where they are suspended vertically in the water column, 
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near the shore line, to remove nutrients in the runoff before it gets dispersed in the water, as well 

as increase the concentration of active aerobic biomass to prevent the growth of cyanobacteria.. 

 

 
Figure 1. Schematic of a boom with packed pellets inside the outer open-cell filter foam. 

 
 

Figure 2.  Open-cell foam biomedia column and Nutrient-Adsorbing Pellet booms floating 

in the water to prevent Harmful Algal Blooms. 

 



Bacteria are known to help control algae blooms and break down organics in bottom sediments. 

High concentrations of enzymatic bacillus and pseudomonas bacteria are effective in breaking 

down existing blooms. However, bioaugmentation requires periodic addition of bacteria from an 

external source, which is infeasible for large water bodies. Besides, bioaugmenting water bodies 

often results in rapid loss of active bacteria due to water flow. Water Warrior’s biomedia columns  

can be located up in the water where it becomes an ideal substrate for reproduction of beneficial 

bacteria needed to maintain higher concentrations up in the water. This reduces a need for regular 

bacteria additions. Harmful algal blooms breaks down and does not reform, as long as the nutrients 

remain controlled.  

 

 

Water Warrior’s biomedia sustains high concentrations of the beneficial bacteria that have been 

used effectively with various bacteria blends. The open-cell foam is coated with a proprietary 

coating to form effective biofilms rapidly, resulting in a 5-8 fold increase in active biomass 

concentration.  These active bacteria consume nutrients in the water, convert the organic 

contamination into carbon dioxide and water. This is nature’s way of controlling contaminants, 

and for a normal environment, existing bacteria are enough to prevent the growth of harmful algal 

blooms.  However, when the nutrient concentration increase, and there are insufficient aerobic 

bacteria present, cyanobacteria begin to grow resulting in harmful algal blooms.  
 
 

METHODOLOGY 

 

 

Three different carbonates were used as raw adsorbent materials. These carbonates were MgCO3 

(Sigma Aldrich), CaCO3 (Fisher Scientific), and La2(CO3)3 (Alfa Aesar). The binder used was 

cellulose obtained from Sigma Aldrich. For adsorption studies, sodium phosphate monohydrate 

(NaH2PO4·H2O, Fisher Scientific) was used as the representative orthophosphate. MOPS (3-(N-

morpholino)propanesulfonic acid) buffer (Sigma Aldrich) was used to maintain a constant pH of 

the solution during PO4
3- adsorption experiments. All materials and chemicals were used as 

received. 

 

Adsorbent Synthesis: Three chemicals were used as raw adsorbent materials: MgCO3, CaCO3, 

and La2(CO3)3. The raw materials were blended with cellulose at mass ratios of 10:1, 10:5, and 

1:1; then suspended in deionized water followed by mixing on a magnetic stir plate at 200 RPM 

for 2 hr. For example, 100 g CaCO3 and 10 g cellulous were dispersed in 300 mL distilled water 

to achieve 10:1 mass ratio. The resulting slurries were thoroughly air-dried and then ground into 

a fine, homogenized powder mixture using a pestle and mortar.  

 

After powdering, the mixtures of raw adsorbent materials and cellulose were mechanically pressed 

into pellets of c.a. 5 mm diameter and 4 mm depth by a TDP-1.5 pelletizer. After pelletizing, the 

adsorbents were burned in a muffle furnace at 200-350 °C for either 1 or 2 hr. Integrity tests and 

preliminary adsorption capacity tests were performed on the pellets to determine the optimal 

production parameters (i.e., adsorbent/binder ratio, burning temperature, and burning time) for the 

following adsorption experiments. Based on these preliminary experiments (data not shown), it 



was determined that optimal pellets were prepared with a 10:1 raw material to cellulose mass ratio 

burned at 300 °C for 1 hr. 

 

The Brunauer, Emmett, and Teller (BET) surface area of the adsorbents was determined using a 

Tristar 3000 porosimeter analyzer (Micromeritics). Samples were first outgassed by purging with 

nitrogen gas at 150°C for 2 hr using a Micromeritics FlowPrep 060. The surface morphology of 

the various materials was characterized using an environmental scanning electron microscope 

(ESEM, model Philips XL 30 ESEM-FEG). Elemental analysis of the samples was performed 

using Energy-dispersive X-ray spectrophotometer (EDS) installed in the ESEM. The crystal 

structure of the adsorbents was determined by X-ray diffraction (XRD) analysis using a Panalytical 

(Expert) 2-theta diffractometer (Panalytical, Almelo, Netherlands) at a wavelength of 1.54 µm and 

at 2-theta range 2-90º under CuKα radiation. To gain further insights on the physical properties of 

the synthesized materials, high resolution-transmission electron microscopy (HR-TEM, model 

JEM-2010F, obtained from JEOL) was used with a field gun emission at 200 kV. Before analysis, 

the materials were dispersed by ultrasonication (2510R-DH, Bransonic) in 99.8% pure isopropyl 

alcohol (Pharmco-AAPER) for 20 min. Then, a single drop of the supernatant was fixed on a 

carbon-coated copper grid (LC325-Cu, EMS) and dried at room temperature prior to imaging. The 

obtained images were analyzed using ImageJ, an image processing software (National Institutes 

of Health, Maryland, USA).  

 

 

Adsorption Experiments: To evaluate the effectiveness of each adsorbent for the removal of 

phosphate, several adsorption experiments were conducted and their results compared. Variable 

dose isotherm experiments were conducted to determine equilibrium adsorption parameters. 

Varying masses of adsorbent, ranging from 0.15-1.5 g, were placed in 125 mL Nalgene 

polypropylene bottles with 100 mL of the phosphate stock solution. The solution was prepared by 

dissolving sodium phosphate monohydrate in deionized water (2 mM) with 15 mM MOPS buffer 

to maintain a constant pH (pH 7). The bottles were placed on a G10 Gyrotary shaker (New 

Brunswick Scientific Co. Inc., USA) at 150 rpm for 2 weeks to ensure equilibrium was reached. 

After adsorbent saturation, samples were filtered using a 0.45 µm polypropylene syringe filter and 

analyzed for phosphate concentration remaining in solution. 

 

 

Column tests were conducted in 80 cm height and 1.9 cm diameter Harvel plastic columns. Ten 

grams of adsorbent media was placed in the columns with sand and gravel above and below, as 

well as a stainless steel sieve at the bottom end of the column to prevent washout. Using a Thermo 

Scientific™ FH100M Series Peristaltic pump, the phosphate solution (at an initial phosphate 

concentration of 215 mg L-1), was passed through the column at a rate of 2 mL min-1 at room 

temperature. Similar to the isotherm experiment, solution pH was adjusted initially and buffered 

to remain constant. The column effluent samples were collected, filtered using a 0.45 µm 

polypropylene syringe filter, and analyzed for phosphate concentration at various time periods. All 

isotherm and column experiments were conducted once and sample measurements were analyzed 

in triplicate and averaged. 

 



The phosphate concentration in all experiments was analyzed by a colorimetric measurement 

technique in which ammonium molybdate and potassium antimonyl tartrate react in an acidic 

solution with orthophosphate to form phosphomopydbic acid which can be reduced by ascorbic 

acid to form an intense blue color. The absorbance due to the blue complex was monitored at 880 

nm using a UV-Vis spectrophotometry (HACH model number DR 2700).  

 

 

Nutrient Sponge: Experimental studies with ferric hydroxide coated open-call foams were also 

conducted. Hydrogen peroxide (H2O2, 31.3%) were obtained from Sigma; Ferrous chloride 

(FeCl2.4H2O, ACS reagent) was from Fisher; and sodium hypochlorite (NaClO, 10-13%) was from 

Aldrich. PU foam (40 ppi, polyether) (FXI, Inc.) was used in all testing of the coated foam.  The 

surface area and average pore size of this 40 ppi foam is shown in Figure 6, as provided by the 

manufacturer, FXI, Inc.   

 

The preparation began by adding 10.0 g of the PU foam sample into a series of Erlenmeyer flasks, 

each containing 150.0 mL solution of increasing FeCl2 concentration (0.0020, 0.0050, 0.010, 

0.020, 0.050, 0.10 M). Each series was then treated under different oxidation conditions for a total 

of 24 h at 25 (1 °C, followed by washing with 200 mL Q-H2O three times and drying of PU foam 

at 80° Cf or 4 h. The treatments resulted in the following iron impregnated samples. (i) PU-Fe- 

degas: Ferrous chloride was dissolved into the degassed water containing PU foam and the pH was 

adjusted to 4.2-4.5. The bottle was tightly closed and shaken for 24 h, followed by washing and 

drying. (ii) PU-Fe: The same as i but without degassing for oxygen removal. (iii) PU-Fe-O2: 

During the mixing process, air was constantly bubbled through the system. The pH was adjusted 

to 5.0 with NaOH solution for the first 8 h and to 6.5 for the next 16 h, prior to washing and drying. 

(iv) PU-Fe-H2O2: Hydrogen peroxide was added four times during the mixing, with a 6-h interval, 

according to the ratio of FeCl2.4H2O/H2O2) 10 g/20 mL each  time. pH was controlled at 4.5-5.0. 

(v) PU-Fe- NaClO: Sodium hypochlorite was added four times during the mixing, with a 6-h 

interval, according to a ratio of FeCl2.4H2O/NaClO ) 10 g/20 mL. pH was controlled at 4.5-5.0. 

 

The performance of PU foam materials was assessed on the basis of both the amount of iron 

impregnated and the phosphate adsorption isotherm and pH edge. Iron in PU-Fe foam was 

extracted following the established acid extraction procedure: 0.100 g of sample was mixed with 

30 mL of 1:1 HCl, followed by shaking (150 rpm) at 25 ( 1° C for 2 h and then heating in a water 

bath at 90 °C for 20 min. The supernatant was collected by filtration and analyzed by ferrozine 

spectrophotometric method. The ability of various PU foams samples for phosphate removal was 

assessed in batch systems using Sodium phosphate solution.  

 

 

In each test, 90.0 mgof the PU foam was weighed into 50-mL glass bottle, followed by addition 

of 30.00 mL Sodium phosphate solution, resulting in a solid loading of 3.00 g/L.  After mixing on 

a shaker (150 rpm) for 24 h at 25 (1 °C, the sample was filtered through a 0.45-m membrane and 

the filtrate was analyzed for phosphate. The quantity of adsorbed phosphate was calculated by the 

difference between the initial and residual amounts of phosphate in solution divided by the weight 

of the adsorbent. 



An adsorption isotherm was obtained by changing initial phosphate concentration from 0.10 to 

30.0 mg/L at constant pH of 4.70 (acetate buffer). The adsorption edge was measured at 0.05-5.0 

mg/L of total phosphate and the pH was adjusted by NaOH or HNO3. The maximum amount of 

NaOH or HNO3 added was 0.20 mmol, so the ionic strength of the system was from 0.100 to 0.107.  

 

 

RESULTS 

 

 

Sample Characterization: The BET surface area for each adsorbent was measured prior to and 

after phosphate adsorption, as illustrated in Table 1.  

 

                   Table 1. Adsorbent Surface Area Before and After PO4
3- Adsorption 

 

The adsorbent with the highest BET surface area was the MgCO3 pellet, which had a surface area 

of roughly 26 m2 g-1 prior to phosphate adsorption, while the other adsorbents had much lower 

surface areas of about 2 m2 g-1. Since adsorption is a surface-based process, higher surface areas 

should correlate to an increased adsorption capacity as there are an increased number of sites for 

the phosphate ions to adhere to the sorbent surface. Upon comparison of BET surface areas prior 

to and after phosphate adsorption, the used samples were found to have higher surface areas. This 

increase in surface area after adsorption indicates that the phosphate is sorbed onto the material 

surface, forming a surface complexation, thus resulting in an increased surface area when 

compared to the unused sorbents.  

 

SEM was conducted to evaluate the surface morphology of the different adsorbents before and 

after PO4
3- adsorption as illustrated in Figure 1. The different adsorbents yielded quite different 

surface morphologies, which may play a significant role in overall phosphate adsorption. For the 

CaCO3 sample, seen in Figures 1 (a) and (b), the surface structure appears to form as a bulky, 

irregular crystal with particles ranging from nano- to micron-sized. The La2(CO3)3 sample, 

illustrated in Figure 1 (d), revealed the formation of aggregates ranging from 0.5 to 2.0 µm after 

PO4
3- adsorption compared to the pellet before adsorption as seen in Figure 1 (c). Figure 1 (f) 

shows SEM images for the MgCO3 adsorbent. This material had a sheet like structure, similar in 

appearance to the mineral selenite rose, with amorphous “sheets” averaging 2 µm in length. 

 



 

Figure 1. SEM images of CaCO3 (a) before and (b) after PO4
3- adsorption, LaCO3 (c) before and 

(d) after PO4
3- adsorption, and MgCO3 (e) before and (f) after PO4

3- adsorption. 

 

 

Figure 2 shows XRD patterns of MgCO3, CaCO3, and La2(CO3)3 samples. The peaks of XRD 

spectra were identified using JADE software (MDI, Inc., Livermore, CA) with JCPDS 04-013-

7631 for hydromagnesite (Mg5(CO3)4(OH)2(H2O)4), 04-009-5447 for magnesium oxide (MgO), 

04-010-3609 for lanthanite (La2(CO3)3(H2O)8), 01-080-9776 for calcium carbonate (CaCO3) and 

00-036-0426 for dolomite (CaMg(CO3)2). As seen in Figure 2 (a), raw MgCO3 powder was already 

converted into hydromagnesite due to humidity in the air. It was partially converted into MgO 

during the heat treatment with cellulose for the pellet preparation. MgO was converted into 

hydromagnesite again during PO4
3- removal processes. Unfortunately, the formation of newberyite 

(MgHPO4(H2O)3) was not observed, which may be due to concentrations below the detection limit. 

This may indicate that PO4
3- adsorption occurs on the surface of pellets since the presence of 

phosphorus was detected by EDS analysis. For lanthanum pellets, lanthanite (La2(CO3)3(H2O)8) 

was observed in raw La2(CO3)3 powders due to humidity in the air. However, lanthanite peaks 



were not detected in the sample calcined with cellulose but lanthanum still remained. Again, 

lanthanite formed after PO4
3- adsorption. A similar phenomenon was observed in the MgCO3 

samples where no peaks corresponding to phosphorus containing lanthanum were detected. This 

may also be due to the surface-limited reaction for PO4
3- adsorption. In this case, although the peak 

corresponding to phosphorus was detected in EDS analysis, the concentration of phosphorus could 

not be determined because of lower concentration of phosphorus on the surface of La2(CO3)3 

pellets as well as a masking effect due to gold coating for SEM analysis. For CaCO3 pellets, two 

compounds, CaCO3 and CaMg(CO3)2, were detected and these phases did not change during the 

entire preparation and treatment processes. This indicates CaCO3 samples are very stable in water. 

Interestingly, no phosphorus containing forms in all three pellets were detected with XRD analysis. 

As discussed before, this is likely due to the surface-limited reaction for PO4
3- adsorption and EDS 

analysis supported the findings. 

 

 

Figure 2. XRD patterns of different carbonate pellets: (a) MgCO3, (b) La2(CO3)3, and (c) 

CaCO3. 

 

Figure 3 shows HR-TEM images of each sample. As seen in Figure 3 (a), the measured lattice 

spacing in the MgCO3 pellets before PO4
3- adsorption were 0.270 and 0.211 nm, corresponding to 

(321) plane of Mg5(CO3)4(OH)2(H2O)4 and (400) plane of MgO, respectively. After PO4
3- 

adsorption, the lattice spacing of 0.230 nm, which corresponds to (400) plane of 

Mg5(CO3)4(OH)2(H2O)4,  was measured (see Figure 3 (b)). These results were in good agreement 



with the results of XRD analysis showing the presence of both hydromagnesite and magnesium 

oxide in the pellet before adsorption process and MgO was converted into hydromagnesite after 

PO4
3- adsorption. As seen in Figures 3 (c) and (d), the measured lattice spacing of 0.272 and 0.301 

nm corresponding to (016) and (115) planes of La2(CO3)3(H2O)8, respectively, indicated the 

presence of lanthanum carbonate in the pellets even though the XRD patterns were not clear after 

the pellet preparation using cellulose. For CaCO3 pellets, lattice spacings of 0.303 and 0.153 nm 

were observed, which correspond to the (104) plane of CaCO3 and (122) plane of CaMg(CO3)2, 

respectively. These results are also in good agreement with the XRD results. Unfortunately, no 

lattice spacing corresponding to phosphorus-containing compounds was observed in the analyzed 

area of each sample after PO4
3- adsorption since a very limited area can be shown with HR-TEM 

analysis at very high magnification of 800,000.  

 

 

Figure 3. HR-TEM images of each sample: MgCO3 pellets before (a) and after (b) PO4
3- 

adsorption, La2(CO3)3 pellets before (c) and after (d) PO4
3- adsorption, and CaCO3 pellets before 

(e) and after (f) PO4
3- adsorption. 

 

Adsorption Results: The specific relationship between the equilibrium adsorbate concentration 

in solution and the amount adsorbed at the surface can be revealed by adsorption isotherms. The 

isotherm results for phosphate adsorption onto the La-, Ca-, and Mg-CO3-based sorbents at a 

constant temperature of 21 °C were analyzed using the Langmuir and Freundlich isotherm models. 

The Langmuir adsorption equation is based on the assumptions that: (1) adsorption is limited to 



one monolayer, (2) all surface sites are equivalent (i.e. free of defects), and (3) adsorption to one 

site is independent of adjacent sites occupancy condition [36]. The Langmuir isotherm [37] is 

expressed as: 

 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                         (1) 

 

where qe is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g), Ce is the amount 

of unadsorbed adsorbate concentration in solution at equilibrium (mg/L), qmax is the maximum 

amount of adsorbate per unit mass of adsorbent to form a complete monolayer on the surface 

(mg/g), and KL is a constant related to the affinity of the binding sites (L/mg). In its linear form, 

the Langmuir equation can be expressed as: 

 

 
𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝑎𝑥
𝐶𝑒 +

1

𝐾𝐿𝑞𝑚𝑎𝑥
                             (2) 

 

The Langmuir constants qmax and KL, determined from experimental data are presented in Table 

2. While the LaCO3 and MgCO3-based adsorbents had similar monolayer phosphate adsorption 

capacities (49.5 and 52.6 mg/g, respectively), the CaCO3-based adsorbent had a much lower 

capacity for phosphate adsorption (18.7 mg/g). The dimensionless constant separation factor RL
 

[38] can be used to express essential characteristics of the Langmuir isotherm according to the 

following equation: 

 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
                                   (3) 

 

where C0 is the initial adsorbate concentration (mg/L) and KL is the Langmuir constant (L/mg). 

Values of RL can indicate the favorability of adsorption; that is, for favorable adsorption, 0 < RL < 

1; for unfavorable adsorption, RL > 1; RL = 1 for linear sorption; and for irreversible adsorption, 

RL = 0 [35]. Values of RL, documented in Table 2, were in the range of 0–1, suggesting favorable 

adsorption of phosphate onto the La-, Ca-, and Mg-CO3-based adsorbents.  

 

The Freundlich isotherm [39], applicable for non-ideal adsorption on heterogeneous surfaces with 

multi-layer sorption, is expressed as: 

 

 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

                                  (4) 

 

 

where KF is the adsorption capacity of the adsorbent (mg/g (L/mg)1/n) and n indicates sorption 

favorability, with values of n in the range 1 < n < 10 indicating favorable sorption. As values of n 

approach 1, the impact of surface heterogeneity can be assumed less significant and as n 

approaches 10, surface heterogeneity becomes more significant [40]. Typically, adsorption capacity 

of an adsorbent increases as the values of KF increase.  The Freundlich constants KF and n can be 



determined by the linearized form of the Freundlich equation: 

 

 

log 𝑞𝑒 = log𝐾𝐹 +
1

𝑛
log 𝐶𝑒     (5) 

 

The Freundlich constants determined from the experimental are documented in Table 2. 

 

Table 2. Langmuir and Freundlich Isotherm Parameters. 

 
 

Isotherm results best followed the Langmuir model, which assumes the formation of a monolayer 

of adsorbate on the adsorbent. According to the Langmuir isotherm, the Mg-CO3-based adsorbent 

proved to have the highest adsorption capacity, followed by the La-CO3-based adsorbent while the 

Ca-CO3-based adsorbent was not as effective at removing phosphate. The increased phosphate 

removal for the MgCO3 material is likely due to its increased BET surface area.  

 

 

Column experiments were conducted to quantify the mechanisms of phosphate adsorption as 

would be seen in an industrial-scale fixed bed adsorber. The breakthrough curves were constructed 

by plotting the ratio of PO4
3- concentration at time t to the initial influent concentration (C/C0) 

versus time (t). Figure 4 shows the typical “S” shape of the breakthrough curves indicating the 

effects of mass transfer parameters as well as internal resistance within the column. Phosphate 

adsorption was initially high, decreasing with time until fully saturated. Breakthrough for LaCO3 

and CaCO3 occurred at 30 min while, for MgCO3, the time to reach breakthrough was 1 hr. Yet, 

after 7 hr of operation, the CaCO3 adsorbent was 95% saturated while LaCO3 and MgCO3 were 

only 73 and 74% saturated, respectively. Though the time to reach breakthrough was twice as long 

for the MgCO3 sorbent compared to the LaCO3 sorbent, the LaCO3 sorbent proved to have the 

greatest phosphate column capacity as well as having a longer operation time to reach 95% 

saturation (36 hr compared to 30 hr), indicating that the LaCO3 adsorbent was the best sorbent for 



phosphate adsorption in continuous column experiments.  

 

 
Figure 4. Column Experiment for LaCO3, CaCO3, and MgCO3-based adsorbents. 

The cumulative adsorption capacity of the columns for phosphate adsorption was determined and 

illustrated in Table 3. Cumulative column adsorption capacity for LaCO3, CaCO3, and MgCO3 

was 20.1, 13.0, and 17.8 mg/g, respectively. These results show that the phosphate adsorbent 

capacity of the adsorbents in columns were lower when compared to batch experiments. However, 

the adsorbent mass differed between experiments and this is the likely reason for differing values 

of adsorbent capacity. Also, batch experiments were conducted using 0.1 L of phosphate solution 

while the continuous column experiments passed around 5.0 L of phosphate solution through the 

sorbents.  

 

Table 3. Comparison of Phosphate Capacity based on Column and Batch Experiments 



Nutrient Sponge Results: As illustrated in Figure 5, the amount of iron impregnated onto PU 

(FXI, 40 ppi) increased with increasing initial concentrations of Fe(II), tested with up to 0.10 M 

of FeCl2. The test conducted in an anaerobic nitrogen environment (a) represented the amount of 

ferrous iron that could be impregnated into the PU foam, since significant ferrous iron oxidation 

was not expected. Other sets involved oxidation of ferrous iron by oxygen present in the ambient 

air (b), supplied by active aeration (c), by addition of H2O2 (d), or NaClO (e), during the 

impregnation process. Results showed that the amount of iron impregnated was the lowest when 

no oxidant was present. Slightly more, but similar, amounts of iron were impregnated when oxygen 

was present in the ambient air or provided by active aeration: 14.5 and 12.8 mg/g of iron were 

impregnated, respectively, when an initial Fe2+ concentration was 0.10 M. Addition of H2O2 at 

very low Fe2+ concentration did not enhance iron impregnation, but at higher concentrations (0.05 

and 0.10 M) it doubled the amount impregnated when compared to oxygenation alone. Sodium 

hypochlorite (NaClO) was most effective, with the impregnated amount reaching 40 mg/g of PU 

foam at an initial iron concentration of 0.10 mol/L. 

 

 
Figure 5.  Iron-impregnated into PU foam with increasing initial ferrous chloride 

concentrations in the presence of different oxidants. 

 

Surface chemical differences and conditions influence the sorption capacity toward iron (57). 

Since Fe(III) in general has stronger complexation with ligands such as carboxyl and phenol 

groups than Fe(II), iron impregnation should be more effective when iron is present in trivalent 

oxidation state.  

 



Removal of Phosphate: Batch tests on phosphate removal were conducted at two initial phosphate 

concentrations (105 and 1031 g/L) for all treated PU foam samples under various initial 

concentrations of iron coupled with different oxidants. Because of the high adsorption capacity of 

the adsorbents, relatively high concentrations of phosphate had to be used to compare the relative 

effectiveness of different materials. Solid/solution ratio in the tests was 90.0 mg solid/30.0 mL 

solution. Solution pH was at 4.70, controlled by 0.010 M acetate buffer, and temperature was 25.0 

(1°C). The equilibration time was 24 h. Results indicated that phosphate removal reached 99.5% 

at phosphate concentration of 105 g/L and 98.4% at phosphate concentration of 1031 g/L.  

 

 

Phosphate  adsorption isotherms were determined for untreated PU foam samples and treated Pu 

foam samples by 0.50 M Fe(II) (refer to Figure 6). Phosphate adsorption onto untreated PU foam 

was minimal; in comparison, all treated PU foam samples had much higher adsorption and the 

amount adsorbed was the highest for the one treated with NaClO. As expected, the adsorbed 

amount of phosphate increased with increasing equilibrium concentration of aqueous phosphate.  

 

 
Figure 6.   Phosphate adsorption isotherms on various PU foam samples. The inset is for low 

concentration data points. 

 

 

 

 

 



DISCUSSION 

 

Nutrient adsorbing pellets made from water-insoluble carbonates exhibit good adsorption 

characteristics for phosphate and can eb deployed in booms to remove this nutrient effectively 

from stormwater runoff and from wastewater treatment plant effluents. The results of XRD 

analysis showed raw carbonates were hydrated to form hydromagnesite and lanthanite during 

storing and PO4
3- adsorption, except for CaCO3. HR-TEM analysis confirmed the results of XRD 

analysis by measuring lattice spacings of the samples. SEM analysis showed the different 

adsorbents yielded quite different surface morphologies after PO4
3- adsorption. According to the 

Langmuir model, adsorption capacities from highest to lowest followed the schematic MgCO3 > 

LaCO3 > CaCO3, however the mechanism of adsorption is not known. While adsorption is a 

surface-based process, an increased BET surface area should correlate to an increased phosphate 

adsorption capacity. Yet the LaCO3 sample (which had the lowest BET surface area of 1.8 m2/g) 

nearly adsorbed as much phosphate as the MgCO3 sample (which had the largest BET surface area 

of 26.0 m2/g).  

 

Nutrient sponge using polyurethane foam coated with ferric hydroxide showed good capacity for 

phosphate removal and can be deployed also a sponge by itself or with the pellets inside the boom, 

as shown in Figure 1. These booms can also be allowed to float in water, as shown in Figure 2. 

 

Benefits of Nutrient sponge are as follows: 

 

Figure 7 shows an implementation of the nutrient pellets and/or nutrient sponge in a Bioretention 

Pond.   

 

 

 

 

 



 

Figure 7.  Use of Nutrient Adsorbing Pellets and/or Nutrient Sponge in Bioretention Ponds. 

 

 

CONCLUSIONS 

 

 

The most recently published EPA assessment of U.S. lakes estimates that around 40% of the 

country’s lakes and reservoirs are at risk to Cyanobacterial Harmful Algal Blooms (CyanoHABs).  

As the limiting nutrient in most waterways, increased phosphate (PO4
3-) concentrations can 

promote accelerated eutrophication, which has a range of environmental and economic impacts. 

Eutrophication leads to increased water treatment costs, decreased recreational value; but notably, 

the proliferation of algal blooms. Some of these blooms produce cyanotoxins like microcystins 

and cylindrospermopsin which can be detrimental to both human and aquatic health . Though 

chemical precipitation and biological treatments are commonly used methods for the remediation 

of PO4
3-, problems including costs, sludge production, and stability/reliability issues has led to the 

research of alternative methods for the removal of PO4
3- from waterways.  

 

 

Nutrient pellet booms and Nutrient sponge can be effectively used to combat the buildup of 

nutrients in water bodies which causes harmful algal blooms.  This is a very cost-effective 

preventive approach to remove the source of the algal blooms rather  than treat or physically 

remove them after they have formed.    
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