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Abstract 17 

Harmful algal blooms (HAB) are a major environmental concern in eutrophic aquatic systems. To 18 

mitigate HABs and recover the phosphorus that drives algal growth, this study developed hydrogel 19 

composites seeded with calcium phosphate and wollastonite particles, which first adsorb phosphate (P) 20 

and then precipitate it as calcium phosphate. Using a fast-growing cyanobacterium, Synechococcus 21 

elongatus 2973, as a model microalga, we found that the mineral-hydrogel composites reduced dissolved 22 

P in BG11 media from 5.1 mg/L to 0.31 mg/L, initially reducing the biomass growth rate by up to 73% 23 

and ultimately reducing the total biomass concentration by 75%. When applied to municipal wastewater 24 

and agricultural run-off, the composites removed 96% and 91% of the dissolved P, respectively. 25 

Moreover, when the recovered P-enriched composites were reused as a slow-release bio-compatible 26 

fertilizer in a photobioreactor, they effectively supported algal growth without blocking light and 27 

interfering with photosynthesis. The P-enriched composites could tune the P concentration in the culture 28 

medium and significantly promote algal lipid accumulation. This study demonstrates the mineral-29 

hydrogel composites’ potential to treat point sources of P pollution and subsequently facilitate 30 

photoautotrophic biofuel production as a substrate, effectively recycling the captured P. 31 

Keywords: cyanobacteria, hydrogels, photo-biorefinery, shading effect, biofuel   32 
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Introduction 33 

The large release of phosphorus (P)-rich wastewater into environments (Correll, 1998) and P from 34 

agricultural run-off (Daniel et al., 1998; Trottet et al., 2021) leads to excessive algal growth in aquatic 35 

environments (Davis et al., 2015). Since 1940, P fertilizer consumption in the United States has increased 36 

by over 18-fold (Jasinski, 2020). Worldwide, increased P in water resources has caused and worsened 37 

harmful algal blooms (HABs) (Gobler, 2020). HABs deteriorate surface water quality, affecting aquatic 38 

life and increasing water treatment costs, threatening environmental and economic sustainability (O’Neill 39 

et al., 2018). In HABs, cyanobacteria are prominent algal species (Bullerjahn et al., 2016), which not only 40 

generate cyanotoxins (Paerl et al., 2001), but also fix atmospheric nitrogen to elevate algal growth 41 

(Berman-Frank et al., 2003; Zehr, 2011). Compounding the problem related to P resource management, P 42 

is sourced mainly from non-renewable mined phosphorus rock (Wurtsbaugh et al., 2019). Thus, its 43 

recovery from wastewater and agricultural run-off is critically important for sustainable P management 44 

(Carpenter and Bennett, 2011; Mayer et al., 2016; Reijnders, 2014).  45 

Reducing P concentrations in water systems is an effective HAB controlling strategy (Yaakob et al., 46 

2021). Hence, multiple effective P removal and recovery methods have been developed. For example, 47 

biological P removal through sludge separation is a common technique for municipal wastewater 48 

treatment. Struvite precipitation, a well-established P recovery method, targets wastewater streams with 49 

high P concentrations (Kumar and Pal, 2015). Adsorption of P using sorbents, such as ion exchange 50 

materials (Guida et al., 2021; Zarrabi et al., 2014), metal oxides (Li et al., 2016), biochars (Bolton et al., 51 

2019; Yao et al., 2013), and activated carbon (Braun et al., 2019; Mahardika et al., 2018; Wang et al., 52 
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2018), have also been suggested for removing P from wastewater and then reusing it as fertilizer (Bacelo 53 

et al., 2020; Kumar et al., 2019a). However, current P removal technologies still have three innate 54 

limitations. First, most adsorbents are applied as micrometer-scale powder-like materials that are difficult 55 

to separate from water after their use. If applied in fixed bed media reactors, they require sufficient 56 

hydraulic residence time to remove P and extra pumping energy to overcome the pressure drop across the 57 

packed media. Second, engineering an adsorbent with a high P affinity at low P concentrations is still 58 

challenging. For example, non-specific electrostatic adsorption sites have a low affinity for phosphate, 59 

especially in the presence of competing anions (Kumar et al., 2019a). Methods relying on inner-sphere 60 

complexation, ion exchange, or layered metal hydroxides (Bacelo et al., 2020; dos Santos et al., 2021; 61 

Kumar et al., 2019a; Wu et al., 2020; Zhang et al., 2020; Zhi et al., 2020), can achieve high selectivity and 62 

high phosphate affinity.  However, their high phosphate binding strength necessitates costly regeneration 63 

techniques using harsh chemicals, creating a tradeoff between P selectivity and recovery costs. Third, P 64 

removal from wastewater is expensive, with an average cost of $52 per pound of P removed (Bashar et 65 

al., 2018), and the cost of achieving ultra-low concentrations (< 0.15 mg-P/L) can be higher (Kumar et al., 66 

2019a). Furthermore, rather than discarding the absorbent as solid waste, reusing it in different 67 

commercial processes (upcycling) can offset the cost of P removal (Shepherd et al., 2016). 68 

To address these limitations, recently we developed mineral-hydrogel composites that immobilized 69 

in situ formed calcium phosphate (CaP) mineral seeds in millimeter-scale hydrogel composite beads (Kim 70 

et al., 2018; Tan et al., 2021b). These millimeter-sized particles are easy to separate from water. The 71 

mineral seeds within the composites decreased the CaP nucleation barrier and facilitated heterogeneous 72 
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nucleation and growth of CaP (Kim et al., 2018). In this way, the novel composites leverage CaP mineral 73 

precipitation chemistry, enabling a high P-loading (removal) of 96.4 mg P g-1 dry seed at a low P 74 

concentration of 0.7 mg-P/L (Kim et al., 2018). These composites were further improved by incorporating 75 

calcium silicate hydrate (CSH) minerals to raise the composites’ internal pH and provide additional 76 

calcium for CaP formation (Tan et al., 2021a). Compared to the mineral-hydrogel composite formulation 77 

of Kim et al. (2018), the CaP + CSH/Ca-Alg composite offered several advantages. Its phosphate-removal 78 

kinetics were twice as fast as those of CaP-only mineral-hydrogel composites, it had lower chemical 79 

requirements for synthesis (e.g., 75% less calcium and ~70% less phosphate), and it even captured 80 

phosphorus from hydroxyapatite-undersaturated solutions (Tan et al., 2021a). The results showed that 81 

calcium silicate mineral dissolution synergistically works with the CaP mineral seeds during phosphate 82 

removal. To advance further, for the current study, we designed new mineral-hydrogel composites with 83 

CaP and wollastonite (CaSiO3). Wollastonite, a naturally occurring calcium silicate mineral, has lower 84 

solubility (Chen et al., 2004; Jambor et al., 2002) than the previously used CSH mineral seeds. 85 

Wollastonite also has slower dissolution kinetics (~10-13.5 mol/m2s at pH ~10 for wollastonite) (Schott et 86 

al., 2012) than CSH (10-10.4 – 10-12.4 mol/m2s at pH ~ 10) (Trapote-Barreira et al., 2014), leading to a more 87 

controlled P capture within the composites and avoiding the formation of potentially mobile CaP mineral 88 

precipitates in solution which can be induced by fast CSH dissolution. (Tan et al., 2021b).     89 
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 90 

Fig. 1: P management framework of the novel CaP + wollastonite mineral-hydrogel composite. 91 

 92 

After we developed the new CaP + wollastonite mineral-hydrogel composites, for a better circular P 93 

utilization, we explored its use in promoting algal growth in photobioreactors. While algae can cause 94 

environmental hazards, they produce valuable food, chemicals, and biofuels from only light and CO2 (Li 95 

et al., 2019; Yu et al., 2013). Algal species have a luxury P-uptake, and thus algal refineries consume 96 

significant P (Solovchenko et al., 2019a; Solovchenko et al., 2019b). In the past, diverse absorbents, such 97 

as activated carbon (Braun et al., 2019; Li et al., 2018) and biochars (Bolton et al., 2019; Dalahmeh et al., 98 

2020), were used for P capture from wastewater and then reused as P sources. However, these absorbents 99 

are not directly usable in photo-biorefineries because their dark, fine particles absorb light. In contrast, 100 

mineral-hydrogel composites are a promising P-resource for algae cultivation, releasing P with minimal 101 

light interference. Thus, utilizing our newly developed mineral-hydrogel composites, this study examines 102 

whether the composites can control HAB by removing P from eutrophic sources and can resupply P for 103 

photobioreactor cultivation. Specifically, we investigated three aspects of their application: (1) the 104 
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composites’ P capture/release kinetics and interactions with cyanobacteria when applied directly or as a 105 

pretreatment, (2) the growth responses of a fast-growing cyanobacterial species and a natural algal 106 

community after P capture, and (3) the composite’s potential for treating municipal wastewater and 107 

agricultural run-off. Overall, distinct from our previous studies (Kim et al., 2018; Tan et al., 2021b), here 108 

we focus on the interactions of our newly developed mineral-hydrogel composites with a model 109 

cyanobacterium, and we evaluate their potential as a P-supply for photobioreactors. To assess their 110 

broader application potential, the mineral-hydrogel composites in this study were also tested in more 111 

complex aqueous environments than in our previous studies (e.g., BG11 medium or complex wastewater 112 

samples). Ideally, the developed composites will assist us to enable efficient P capture and release, 113 

alleviate HAB’s adverse impacts, and facilitate sustainable bioproduction (Fig. 1).  114 

Materials and methods 115 

Synthesis of mineral-hydrogel composites. A precursor solution was prepared using 0.6% w/w sodium 116 

alginate with 40 mM of Na2HPO4 and 2.6 g/L of wollastonite (NYAD 5000®, obtained from NYCO, 803 117 

Mountain View Drive, Willsboro, NY)). The wollastonite had a median particle size of 3 µm. In 118 

preliminary tests, we found that mineral-hydrogel composites containing CaP alone, as in our previous 119 

work (Kim et al., 2018), were unstable in photo-bioreactor environments, because the reactor can be 120 

undersaturated with respect to hydroxyapatite (HA) (Figure S4). Therefore, to improve the composite 121 

performance under HA undersaturated conditions, we added wollastonite, which can supply calcium from 122 

the hydrogel matrix for alginate crosslinking and mechanical stability. We then verified that adding 2.6 123 

g/L of wollastonite to the composite formulation provided increased mechanical stability in photo-124 
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bioreactor environments (Figure S4) and confirmed the mineral-hydrogel composite’s P-removal ability. 125 

Subsequently, to focus on the response of the algal system to composites, we maintained the same 126 

mineral-hydrogel composite formulation throughout all the experiments.  127 

To synthesize mineral-hydrogel composites, the precursor solution was well-mixed and then dripped 128 

into a gelation solution containing 100 mM CaCl2 and 20 mM NaOH (pH = 12) using a syringe 129 

(HenkeSassWolf, Tuttlingen, Germany) with a 0.514 mm internal diameter needle (Becton, Dickenson 130 

and Company, Franklin Lakes, NH, USA). A syringe pump (KD scientific, MA, USA) was set to deliver 4 131 

mL/minute, and the needle outlet was positioned 5 cm above the gelation solution. The volume ratio 132 

(precursor to gelation bath) was set at 1:10, based on our previous work (Kim et al., 2018; Tan et al., 133 

2021a). After the hydrogel beads had formed and matured under stirring in the gelation solution for 4 134 

hours, they were rinsed three times in DI (deionized) water (≥ 18.1 MΩ‧cm, obtained using a NANOpure® 135 

DiamondTM system). The dry weight percentages of mineral-hydrogel composites were based on the dry 136 

weights of the precursor materials: 36% alginate, 48% CaP mineral seed, and 16% wollastonite. To 137 

determine the water content in the wet composite beads, we measured the weight difference before and 138 

after drying them on a heating plate (n = 2). The water content of the composites was 95.3 ± 0.1% w/w. 139 

Other components were 2.3% CaP, 1.7% alginate, and 0.8% wollastonite by weight.  140 

P capture and release by mineral-hydrogel composites. The dose of composites into a P-rich solution 141 

was expressed in wet weight percentages, specifically 1%, 2%, and 5% (corresponding to 10 g/L, 20 g/L, 142 

and 50 g/L). Blue-green medium (BG11), used as a synthetic P-rich wastewater, was used for 143 

cyanobacterial growth (Abernathy et al., 2017). The initial pH of the BG11 was 7.5. To study P capture 144 
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and release, BG11 was mixed with mineral-hydrogel composites in a shaking flask and shaken at 100 rpm 145 

at room temperature for 24 hours. To capture P from realistic waste streams, we tested two complex water 146 

systems: First, 20 mL of municipal wastewater from the Missouri River Treatment Plant was mixed with 147 

1 g of composites (5% w/w composite wet weight) in a flask, with a stir bar providing agitation. Second, 148 

we treated Bold 3N media (UTEX, Texas) with 5% composites. Note that Bold 3N is an undefined HAB 149 

medium containing soil water, vitamins, and tracer metals, which mimics agricultural run-off water. Then 150 

the treated water samples were diluted with P-free BG11 medium to simulate P release to a larger 151 

waterbody. After they had captured P from municipal wastewater, the P-recovered composites were used 152 

to release P to P-free BG11 over multiple cycles. In each cycle, P-free BG11 was mixed with 5% (50 g/L) 153 

P-recovered composites in a shaking flask at 100 rpm and room temperature for 24 hours.  154 

For P concentration measurement, 0.2 mL samples were taken for ion chromatography (Thermo 155 

Scientific Dionex Integrion RFIC) analysis. An AS18 anion testing method was used: sample delivery 156 

speed =1.6 mL/min, delay volume = 70 μL, flush factor = 3, conductivity cell temperature = 35 °C, 157 

column heater = off, and total run time = 18 minutes/sample (Wang et al., 2020). All P capture 158 

experiments were done in duplicate, and the +/- standard deviation (SD) was calculated.   159 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 160 

Characterization. Mineral-hydrogel composites were dehydrated, swollen in pure ethanol, and then 161 

ground with a pestle in a mortar. Afterward, the fragmented sample was air-dried at room temperature, 162 

forming a powder that was sputtered with 10 nm of gold coating (Leica EM ACE High Vacuum Sputter 163 

Coater) for imaging by a SEM equipped with a backscattering electron detector (ThermoFisher Quattro S 164 
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E-SEM, ThermoFisher, Waltham, MA). EDS measurements were also performed (Oxford Instruments 165 

EDS detector), and ImageJ 1.8 was used to analyze hydrogel composites and the mineral seed sizes from 166 

SEM-BSE images. At least 10 sites per sample of the powders were imaged. For the EDS data presented 167 

in the SI, at least 10 sites were examined to determine the Ca/P ratios. For Ca/P ratio determination, the 168 

small interference from wollastonite (indicated by Si atomic percentage) was subtracted from the total 169 

calcium atomic percentage. Other characteristics of the powders, such as their pore size and pore volume, 170 

were not measured, because the dry surface area does not reflect the hydrated state of the mineral-171 

hydrogel composites. 172 

Algal culture. Synechococcus elongatus 2973, a fast-growing cyanobacterium, was the model microalgae 173 

(Abernathy et al., 2017). For seed culture preparations, cells freshly grown in normal BG11 were 174 

centrifuged, and the pellets were washed once (using 0.9% NaCl solution) then resuspended into P-free 175 

BG11 before inoculation. This step avoided P carry-over in the inoculum. The growth experiments (15 176 

mL cultures) were all started at the same cell optical density, an OD730 of 0.1, in shake flasks at 160 rpm. 177 

To mimic algal growth responding to different environmental conditions, algal cultivations were 178 

conducted under different light conditions (continuous light intensity of either 100 or 200 μE m−2 s−1) and 179 

temperatures (30 or 37 °C). Four sets of experiments were performed to explore potential applications of 180 

mineral-hydrogel composites.  The first set examined cyanobacterial growth with treated synthetic 181 

wastewater. We varied composite doses, temperature, and the light condition and observed the S. 182 

elongatus growth response. BG11 was the synthetic wastewater medium. The composite doses were 1% 183 

and 2% w/w (10 g/L and 20 g/L, respectively). The + P control was the untreated BG11 medium. In the 184 
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second set of experiments, we studied natural algal community growth in treated synthetic wastewater. On 185 

August 15, 2021, algae were sampled from a pond in Forest Park, St. Louis, Missouri, United States, 186 

38.643282° N, 90.272553° W). The sampled algae were grown separately in pretreated and untreated 187 

BG11 media. The composite dose was 2% w/w (20 g/L), and the +P control was the untreated BG11 188 

medium. The third set of experiments evaluated cyanobacterial growth with either municipal wastewater 189 

or agricultural run-off. To mimic releasing P to a large waterbody, the treated and untreated wastewaters 190 

were diluted with P-free BG11 in v/v ratios of 10x, 30x, and 100x and then used for S. elongatus growth. 191 

Real municipal wastewater was used as sampled (composition in Table S1), and Bold 3N medium was a 192 

proxy for agricultural run-off water. The municipal wastewater cation content (Na+, K+, Mg2+, Ca2+) was 193 

measured using inductively coupled plasma optical emission spectroscopy (ICP-OES) after the sample 194 

was digested using 5% w/w Nitric acid and 5% H2O2 at 80 oC for 4 hours. The municipal wastewater 195 

anion content was measured by ion chromatography using the same procedure described above. The 196 

composite dose was 5% w/w (50 g/L). In the fourth experimental set, we examined cyanobacterial growth 197 

and lipid production under controlled release of P from mineral-hydrogel composites. P-recovered 198 

composites and new composites were separately added to P-free BG11 as slow-release fertilizers to 199 

promote lipid accumulation in S. elongatus. The composite dose was 1% w/w (10 g/L). 200 

 During all cultivations, the algal growth was monitored by either dry cell weights or OD730 using a 201 

UV-Vis spectrometer (Agilent Cary 60 UV-vis, CA). For each experiment, at least two replicates were 202 

performed. Cell morphologies were imaged by a microscope (Zeiss Axio Observer Z1, Germany). 203 

Fatty acid quantification. Because algal fatty acids can be used as biodiesel fuels (Yu et al., 2013), we 204 
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examined S. elongatus fatty acid accumulation using P-recovered composites as fertilizer. The fatty acids 205 

methyl ester measurement followed the procedure in Amara et al. (Amara et al., 2016). Each time, 5 mL 206 

of cell culture was sampled, and the cell pellets after centrifugation were resuspended in 0.5 mL of 10% 207 

v/v H2SO4 in methanol, which contained 40 mg/L C19:0 fatty acid as an internal standard. Then 0.5 mL of 208 

chloroform was added. The mixture was transferred to a sealed glass vial and heated at 100 °C for one 209 

hour. The lysed cells were rapidly cooled by submerging them in cold water, and 1 mL of DI water was 210 

then added. The cell extracts were centrifuged, and the bottom chloroform layer was taken out and 211 

analyzed by a GC-MS (Agilent 7820A with HP-5m column and 5977E MSD). A standard curve was 212 

constructed by using a fatty acid methyl ester (FAME) standard solution (Millipore Sigma, St. Louis, 213 

USA). Three replicates were performed for each condition. 214 

Statistics. Kinetic data curve fitting was done by using the MATLAB nlinfit function, which returned the 215 

95% confidence interval and root-mean-square-error (rmse) of each parameter. A one-tail, two-sample 216 

Student’s t-test was performed using the MATLAB ttest2 function.  217 

Results and Discussion 218 

Characterization of mineral-hydrogel composites and their P capture kinetics. The composites were 219 

imaged using SEM-EDS, both before and after 24 hours of P-removal reaction in cell-free BG-11.  The 220 

representative images in Fig. 2 clearly show micrometer-scale wollastonite mineral seeds (identified 221 

using EDS) and nanoscale CaP mineral seeds. Both before and after the reaction, CaP mineral seeds had 222 

two co-existing morphologies: (1) small, rounded, amorphous particles and (2) larger rod-shaped 223 
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particles. A sample of 32 amorphous particles seen in Fig. 2a-I had an average diameter of 94 nm ± 42 224 

nm; a similar sample of 32 particles from Fig. 2b-iii had an average diameter of 130 nm ± 37 nm.  A 225 

sample of 32 particles from Fig. 2a-ii had an average length of 323 nm ± 75 nm and a width of 93 ± 20 226 

nm.  A similar sample from Fig. 2b-iv had an average length = 303 nm ± 62 nm, and a width of 90 ± 17 227 

nm. Before the P-removal, distinct regions of amorphous and the elongated rod-shaped particles were 228 

observed. However, after P-removal, while both particle morphologies were present, the shapes were less 229 

clearly distinct. The heterogeneous nucleation and growth of CaP particles caused the more mixed particle 230 

morphologies. Both before and after P removal, the Ca/P ratios, measured by EDS, did not differ between 231 

the two CaP morphologies, with values ranging from 2.2–2.5 (Fig. 2c, d and Fig. S2). In addition, based 232 

on SEM-EDS elemental analysis, larger rectangular wollastonite particles, with lengths of ~2–5 µm, were 233 

also visible (the scan areas are indicated by the purple boxes in Fig. 2a, b).  234 
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  235 
Fig. 2: SEM images of 40 mM CaP + 2.6 g/L wollastonite mineral-hydrogel composites and 236 

corresponding EDS scans: (a) Before P removal. The large rectangular wollastonite particle (purple box 237 

indicates EDS scan area) centered in the image is surrounded by two different morphology CaP particles 238 

(green and yellow boxes indicate EDS scan areas). (b) After P removal. The rectangular wollastonite 239 

particle (purple box indicates EDS scan area) in the image is surrounded by CaP particles (green, blue, 240 

yellow, and orange boxes indicate EDS scan areas). Both before and after P removal, more amorphous, 241 

rounded CaP particles (green and blue boxes) and more elongated rod-shaped CaP particles (shown in the 242 

yellow and red boxes) are observed, but their Ca/P ratios do not differ significantly (Fig. S2). The colors 243 

of the lines in the EDS plots (c and d) indicate the results from the corresponding-colored boxes in the 244 

SEM images. 245 

 246 

 To test the removal of P by the synthesized mineral-hydrogel composites, we added them into BG11. 247 

Fig. 3a, b, and c show that the composites effectively removed P from the BG11 medium. When 1% 248 
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composites (wet weight, 10 g-composites/L) were added to BG11 with an initial P concentration of 5.14 249 

mg/l, they removed 83% of the P in 24 h (final P = 0.89 mg/L). When 2% composites were used, P 250 

removal was faster, with 92% P removed (final P = 0.43 mg/L). With 3% composites, the final P 251 

concentration was reduced by 94% (final P = 0.31 mg/L).  252 

 253 
Fig. 3. (a) P removal kinetic data (n = 2). (b) The kinetic models used to describe the P capture process (n 254 

= 2). (c) Final P concentrations after composites pretreatment (n = 2). The experiments were at room 255 

temperature. 256 

 257 

In the mineral-hydrogel composites, CaP mineral seeds and wollastonite are located close to each 258 

other. The CaP mineral seeds facilitate heterogeneous CaP nucleation and growth, while the wollastonite 259 

mineral seeds’ dissolution locally increases the pH in the composites' microenvironment and provides 260 

calcium for CaP nucleation (Tan et al., 2021a). The seed particles formed inside the hydrogel composites 261 

reduce the nucleation energy barrier for new CaP formation from bulk water (Kim et al., 2018). The 262 

amorphous CaP growth follows Eq. 1 (Combes and Rey, 2010), and wollastonite participates in 263 

dissolution and ion exchange with the aqueous solution (Eq. 2 and 3) (Weissbart and Rimstidt, 2000; Xie 264 

and Walther, 1994).  265 
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During P transport from the bulk solution to the surface of composites, adsorption is the first step, 266 

followed by the heterogeneous nucleation and crystal growth of CaP. Therefore, adsorption isotherm 267 

models cannot fully describe such a dynamic process. Even so, it would be useful to provide a guideline 268 

to estimate P transport. Thus, we applied four reported kinetic models to simulate P transport (Cantor, 269 

2003; Yao et al., 2013).  270 

Table 1. Kinetic models and parameter estimation by regressions of the experimental data 271 
Kinetic model Assumption Equation Parameter 1 Parameter 2 rmse 

Mass transfer 
(Shuler and 

Kargi, 2002) 

P removal rate is 
linear to its aqueous 
concentration. 
 

�[�]

� 
= �"#�[
] � [
]∗�  "#  = 1.13±0.32  

(h-1) 
[
]∗ = 0.58±0.24 
(mg/L) 

0.16  

First order (Lin 

and Wang, 2009; 

Yao et al., 2013) 

P removal is a first 
order reaction with 
respect to available 
adsorption sites. 
 

%& 

%'
= (1�&*

� & � 
(+ = 1.13±0.32  
(h-1) 

&,= 10.11±0.53 
(mg/g) 

0.36  

Second order 
(Lin and Wang, 

2009; Yao et al., 

2013) 

 

P removal is a second 
order reaction with 
respect to available 
adsorption sites. 

%& 

%'
= (2�&*

� & �
2 

(� = 0.18±0.03  
(mg-1g1h-1) 

&,  = 10.79±0.19 
(mg/g) 

0.094  

Intraparticle 
diffusion (Itodo 

et al., 2010) 

The bulk phase is 
well-mixed. 

& = (-'
+
� � � 

(-  = 1.86±1.99  
(mg1g-1h-0.5) 

� = 3.72±5.39 
(mg/g) 

2.76 

±: 95% confidence interval, determined by MATLAB nlinfit. 272 

In Table 1, the mass transfer model describes P removal from the aqueous solution. The first order 273 

and second order models assume the P capture processes are controlled by available adsorption sites and 274 

the P-loading (removal) equilibrium,	&,. The intraparticle diffusion model assumes intraparticle transport 275 

is rate-limiting (
+

�
 order dependence on time). The two parameters for each model were estimated based 276 

on experimental data, using MATLAB nlinfit. Among the four models, the second order model best fits 277 
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the experimental data (Fig. 3b), with the smallest root-mean-square-error (rmse) 0.094. Neither the first 278 

order kinetics nor the intraparticle diffusion model fits the experimental data well (Bujdák, 2020; 279 

Rudzinski and Plazinski, 2006), indicating that as we predicted, the P capture process is governed by 280 

multiple processes (diffusion, adsorption, precipitation, and heterogeneous CaP nucleation).  281 

Treatment of synthetic wastewater using mineral-hydrogel composites to reduce algal growth. To 282 

evaluate the P removal efficacy of the composites for reducing HABs, we tested S. elongatus growth 283 

using two protocols: (1) direct introduction of the culture to the medium, and (2) pretreatment of the 284 

medium before inoculation. In the first protocol, the composites were mixed with S. elongatus cultures. 285 

Fig. 4a-d shows S. elongatus growth with composites under two different temperatures and two light 286 

intensities. Because the cyanobacterial P-uptake is highly efficient (Kromkamp et al., 1989; Ritchie et al., 287 

2001), On average, the mixture of 1% composites with BG11 cultures showed only a moderate growth 288 

rate reduction over a 24 hour period, compared to the BG11 control (+ P ctrl) at each light and 289 

temperature condition, At 30℃, there was a 2%  reduction (ns, n = 3) under 100 μEm−2s−1 (Fig. 4a), and a 290 

14% reduction (ns, n = 3)  under 200 μEm−2s−1 (Fig. 4b).  At 37℃, there was a 16% reduction (p < 0.01, n 291 

= 3) under 100 μEm−2s−1 (Fig. 4c), and a 28% reduction (p < 0.05, n = 6) under 200 μEm−2s−1 (Fig. 4d).  292 

In the second protocol, we pretreated the BG11 by adding the composites, and used the resulting P-293 

reduced medium for algal growth. All the treated media showed significant reductions in cyanobacterial 294 

growth. For example, the cyanobacterial growth rate in the pretreated BG11 decreased by 73% (p < 0.005, 295 

n = 3) under 30℃ and 200 μEm−2s−1 (Fig. 4b). The 2% composites pretreatment reduced the final S. 296 

elongatus biomass concentrations by 75% compared to the BG11 control, while the same pretreatment 297 
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decreased final biomass concentrations of the natural algae community by 48% (Fig. 4e, f). Also, the 298 

cyanobacteria in the pretreated medium became light green and yellowish, suggesting lower chlorophyll 299 

concentrations and impaired photosynthesis (Feng et al., 2010). Fig. 4 also shows that the low P medium 300 

more severely impaired algal growth under high light intensity (e.g., a hot summer season), which is 301 

consistent with a previous study (Litchman et al., 2003).  302 
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 303 

Fig. 4. Application of mineral-hydrogel composites to reduce S. elongatus growth. Fig. 4a-d: Note the 304 

differing Y axis ranges. Cell growth (OD730) change per hour at (a) 30℃ and 100 μEm−2s−1, (b) 30℃ 305 

and 200 μEm−2s−1, (c) 37℃ and 100 μEm−2s−1, and (d) 37℃ and 200 μEm−2s−1.  “+ P ctrl”: Normal BG11 306 

medium; “- P ctrl”: BG11 medium without P; “1% composites”: culture in the presence of 1% 307 

composites; “1% or 2% composites pretreat”: The BG11 medium was pretreated with either 1% (wet 308 

composites basis: 10 g/L) or 2% (wet composites basis: 20 g/L) mineral-hydrogel composites before 309 
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being used for algal culture. Conditions (initial pH, final pH) after 24 h: + P ctrl (7.46, 10.63), - P ctrl 310 

(7.62, 8.36), 2% composites pretreat (8.95, 9.38). “ns” means not significant. Fig. 4e and 4f show total 311 

biomass after 7 days growth on BG11 medium treated by the mineral-hydrogel composites: (e) S. 312 

elongatus growth under 37℃ and 200 μEm−2s−1, n=3, (f) natural algae community growth (including both 313 

cyanobacteria and eukaryote algae) under 37℃ and 200 μEm−2s−1, n = 3. The final cultures were imaged 314 

for color comparison. Note that one OD730 is equivalent to 0.3 g/L dry biomass.   315 

 316 

We further tested treatment of real wastewater using the mineral-hydrogel composites. As shown in 317 

Fig. 5a, the use of 5% w/w composites greatly reduced the dissolved P in both municipal wastewater (-318 

96%) and agricultural run-off water (-91%). To simulate a field application of the composites, we diluted 319 

the treated water with P-free BG11 media (analogous to releasing it into a large waterbody). To keep the 320 

nitrogen concentration constant in all testing solutions, three dilution factors were used: 10x, 30x, and 321 

100x. The controls were untreated P-rich wastewater diluted with P-free BG11 at the same rate. Then S. 322 

elongatus was inoculated into the diluted solutions. Compared to the control groups, both treated 323 

wastewaters showed much less algal growth (Table 2). For example, the algal growth reduction was -65% 324 

in treated municipal wastewater and -71% in treated agricultural run-off water (after 100x dilution).  325 

In summary, we found that the newly developed mineral-hydrogel composites can capture P from 326 

different sources of wastewater, reducing their concentrations to as low as 0.3~0.5 mg/L. Consistent with 327 

the mineral-hydrogel composites presented in our previous works (Kim et al., 2018; Tan et al., 2021a), the 328 

mineral-hydrogel composites used here reduced P to similarly low concentration levels (0.70 mg/L in 329 

Kim et al. and 0.25 mg/L in Tan et al.), despite the interfering presence of other ions in either the BG11 330 

medium or the complex wastewater. Such high P removal from wastewater is expected to effectively 331 

reduce eutrophication and limit HABs in aquatic systems (Carvalho et al., 2013), especially when the 332 
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temperature and sunlight are optimal for algal growth. Furthermore, the P captured by the composites is 333 

easily released in a P deficient medium over multiple cycles, resulting in 0.5–0.6 mg-P /L in the solution 334 

(Fig. 5b).  We will investigate the composites’ use as fertilizer in the next section. 335 

 336 

Fig. 5. Potential field applications with mineral-hydrogel composites. (a) 5% composites (50 g/L) 337 

treatment of municipal wastewater and synthetic agriculture run-off water. (b) P release from 5% P-338 

recovered composites in three successive P-release cycles. Each P-release cycle lasted 24 hours in P-free 339 

BG11 medium, resulting in relatively constant P level in the medium. 340 

 341 

Table 2. S. elongatus growth reduction% in treated wastewater and treated agricultural run-off 342 

S. elongatus OD730 reduction%  
Dilution factor 

10x 30x 100x 

Treated wastewater -49 ± 1% -59 ± 1% -65 ± 5% 

Treated agricultural run-off -31 ± 2% -49 ± 2% -71 ± 5% 

Note: reduction % = (1 – (OD730 in treated media ÷ OD730 in untreated media)) × 100%. Here, n = 2 and ± 343 

indicates the standard deviation. 344 

 345 

Application of mineral-hydrogel composites to supply P for algal cultivation and lipid 346 

accumulation.  347 

S. elongatus is a promising chassis for bioproduction (Abernathy et al., 2017). To test the recyclability 348 

(and its upcycling potential) of P-recovered composites as P nutrient delivery media, we further 349 

investigated the composites’ P delivery and compatibility with cyanobacterial cultivations. Note that HAB 350 
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remediation and algal cultivation for biomanufacturing are two sides of a coin (illustrated in Fig. 1), and 351 

our mineral-hydrogel composites can operate in both contexts. In P-rich conditions, the mineral-hydrogel 352 

composites capture P from the culture medium, but under P-deficient conditions they release P through 353 

the dissolution of the mineral seed. The CaP mineral’s solubility determines the switch between these two 354 

functions. In contact with algal species, the controlled release of P depends on the solution pH, calcium 355 

concentration, and algal P utilization. For example, with the calcium concentrations commonly found in 356 

municipal wastewater (20–120 mg/L) and at pH 7.5, the composites maintained 0.3–0.5 mg-P/L in the 357 

solution (Fig 3a and 5a). Moreover, the synergy between CaP and the wollastonite mineral seeds further 358 

improves the reusability of the composites as a P-source for photo-biorefinery applications. Compared to 359 

the results of previous studies using composites with only CaP (Kim et al., 2018; Tan et al., 2021b), the 360 

wollastonite addition increased the mineral hydrogel composites’ structural integrity and resistance to 361 

mechanical stress from photobioreactor mixing (Fig. S4). Here, we further tested whether the slow release 362 

of P from the composites could support microalgae growth and fatty acids (biodiesel precursors) 363 

accumulations. As shown in Fig. 6a, the S. elongatus growth with fresh mineral-hydrogel composites 364 

(1%, without loading extra phosphorous) in P-free BG11 was reduced by ~50% compared to normal 365 

BG11 cultures. S. elongatus cultures with the same amount of composites (after P capture from synthetic 366 

wastewater) restored the growth rates by 70% in P-free BG11. As expected, severely P-limited conditions 367 

led to elongated cell sizes (Fig. 6c) and significantly higher fatty acid content in biomass (Peng et al., 368 

2019; Singh et al., 2015). Compared to P-sufficient samples, S. elongatus cells increased their major lipid 369 

components by 3.7-fold in P-free BG11 cultures with fresh mineral-hydrogel composites, which had a 370 
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low release of P (Fig. 6b).  In general, P-bioavailability is often used to balance lipid accumulation and 371 

biomass growth in many microalgae species, such as Scenedesmus sp. and Chlamydomonas reinhardtii. 372 

(Kamalanathan et al., 2015; Xin et al., 2010; Yang et al., 2018). In future studies, mineral-hydrogel 373 

composites can be loaded with different amounts of P to regulate algal biomass growth or lipid 374 

accumulations.  375 

 376 

Fig. 6. The effects of P concentration on cyanobacterial growth and lipids accumulation. (a) Growth 377 

curves under a P-limited condition, n = 3, 1% composites (10 g/L).  (b) Fatty acids contents in biomass 378 

(upper column segment, C14:1; middle segment, C16:1 unsaturated; bottom segment, C16:1 saturated). 379 

The fatty acid methyl esters extracted (mg FAME/L/OD730) are normalized by OD730. (c) 380 

Representative microscopic images of S. elongatus for three conditions (left, BG11; middle, no P in BG11 381 

with new composites; right, no P in BG11 with P-recovered composites). Elongated cells indicate P-382 

deficient stress. 383 
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 384 

Novelty of the composites and future opportunities. Traditional P capture methods, using chemical 385 

precipitation (Marti et al., 2010; Song et al., 2006) or agents such as engineered biochar (Yao et al., 2013) 386 

or activated carbon powder (Wang et al., 2018), have been proposed to remove P as well as to reuse it as 387 

fertilizer (Khan et al., 2008; Ramli, 2019). Our mineral-hydrogel composites employ CaP mineral seeds 388 

as a template, facilitating in situ heterogeneous CaP nucleation (Kim et al., 2018; Tan et al., 2021a) and 389 

reducing P to low concentrations (as low as 0.3 mg-P/L). This performance has been achieved despite the 390 

presence of multiple competitive and interfering cations and anions. In the tested wastewaters, the 391 

composites had loadings of 5.6 and 10.6 mg-P/g-dry CaP mineral seed, exceeding loadings of many 392 

reported adsorbents (Fig. S3) (Almasri et al., 2019; Awual, 2019; Chen et al., 2022; Cui et al., 2020; Hao 393 

et al., 2019; Huang et al., 2022; Kumar et al., 2019b; Liu et al., 2019; Shan et al., 2019; Shi et al., 2019; 394 

Xu et al., 2021; Zhang et al., 2021). For common adsorbents, a trade-off exists between high P-affinity 395 

and the reusability of the captured P. In contrast, our mineral-hydrogel composites not only have high P 396 

capture but also release P at a sufficient level to sustain algal growth. Mediated by the CaP mineral seed’s 397 

solubility and calcium concentrations, our composites can easily switch between P capture and release 398 

modes.  399 

Moreover, the added wollastonite seeds in the composites improves the reusability of the composites 400 

as a P-source for photo biorefinery applications by increasing the mineral hydrogel composites’ structural 401 

integrity and resistance to mechanical stress (Fig. S4). In addition, because of their large average size 402 

(~1.5 mm in diameter), the composites can be easily recovered after use. Therefore, we expect our 403 
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composites can be employed and reused by local water treatment facilities or on-site wastewater treatment 404 

systems to treat point sources of P pollution. 405 

What’s more, the P-enriched mineral-hydrogel composites do not increase water’s turbidity and are 406 

made from non-toxic materials, enabling their excellent reuse as controlled P release materials for algal 407 

growth and lipid accumulations. The alginate hydrogel in the composites is also fully biodegradable at the 408 

end of its life. Compared to hydrothermal liquefaction approaches that convert algae biomass into bio-409 

oils, followed by P recovery from the biochar (Dandamudi et al., 2021), our process not only does not 410 

generate toxic hydrothermal byproducts but also avoids the expensive catalytic process for upgrading bio-411 

oil to biodiesel.   412 

For large-scale application of our technology, future studies are still required. First, our mineral-413 

hydrogel composites need to be optimized for repeated applications or reusability. Since Ca-P interaction 414 

is the dominant mechanism for P capture, multiple P capture-release cycles from composites may deplete 415 

internal Ca minerals and reduce the effectiveness of P recovery. In this case, we will have to develop 416 

convenient protocols to regenerate composites using calcium solution. Second, the composites’ P capture 417 

capability is controlled by the solubility of the CaP mineral seeds (i.e., the Ca2+ concentration and pH of 418 

the wastewater). Fig. S5 describes the estimated theoretical thresholds of P concentrations that can be 419 

captured by the composites as functions of Ca2+ and pH, based on hydroxyapatite (Ca5(PO4)3(OH)) 420 

solubility. In municipal wastewater (calcium concentration > 20 mg/L and pH > 7), the hydrogel 421 

composites are able to reduce P below 0.3 mg/L. However, if wastewater is acidic or has low Ca2+ 422 

concentrations, the composites will capture less P. New methods should be developed to improve the 423 
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composites’ performance in acidic and low Ca2+ wastewater. Third, future work is needed to investigate 424 

the cost-benefits, the life cycle, the scalability of the mineral-hydrogel composites, and their optimal 425 

application in continuous configurations.   426 
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Conclusions  427 

Our novel mineral-hydrogel composites offer a new route for P capture that utilizes heterogeneous 428 

mineral nucleation and growth. They can reduce P to low concentrations even for complex wastewater 429 

samples. This study also shows after the composite’s treatment of point source P, algal growth can be 430 

significantly reduced. After P capture, the P-recovered composites can be utilized for useful biorefinery. 431 

Specifically, the P-recovered composites can release P in a bioreactor to promote lipid accumulation by 432 

providing P for algal growth. This study presents a potential new platform that connects wastewater 433 

treatment and HAB control with sustainable bio-manufacturing. Finally, this study is a lab-scale proof-of-434 

concept, and steps remain between this concept and its large-scale application. We hope that this work 435 

serves as a modest spur to future research on this approach to capturing phosphorus from wastewater and 436 

reusing it in biomanufacturing. 437 
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