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SUMMARY  

Nutrient recovery is pressingly needed for advancing the sustainability of global 

food production. Given the composition of nutrient streams, nutrient separation and 

enrichment are needed for high recovery efficiency and market viability. Membrane-based 

processes providing precise separation are well studied for nutrient recovery. However, the 

capital cost and energy consumption remain the main challenges before large scale 

commercialization. Ionic hydrogels offer sufficient ion selectivity especially within a 

concentration range comparable to the nutrient level in wastewaters, presenting promising 

potential for cheap and sustainable solutions to nutrient recovery from wastewater. 

Therefore the overall objective of this research was to develop and test nutrient, particularly 

phosphorous, enrichment, recovery, and reuse technologies based on engineered ionic 

hydrogels, with the specific objectives to: i) investigate the phosphate rejection and 

enrichment performance of commercial ionic hydrogels through spontaneous water 

absorbing and reveal the mechanisms driving the selective ion exchange and transport in 

the swelling hydrogel scaffold; ii) develop advanced composite hydrogels with high ion 

rejection at elevated concentration for enhanced enrichment capability; iii) develop green 

composite hydrogels to recovery and reuse nutrients through adsorption and controlled 

release.  

This research demonstrated the phosphate enrichment by negatively charged ionic 

hydrogels as a self-driven dewatering agent under different conditions. The phosphate 

rejection decreased as its concentration increased but retained 62% even in 1000 mg/L 

PO4
3- solution, which is well beyond the phosphate concentration in typical wastewater 



 xvi 

concentrates. Phosphate was concentrated 3.6 folds with a recovery of 70% using 0.5 v/v% 

of hydrogels in 50 mg/L phosphate solution. in addition, the hydrogel removed 100% of 

nickel ions during the dewatering of the phosphate solution (Ni2+ 30 mg/L and PO43- 50 

mg/L), presenting opportunity for simultaneous phosphate enrichment and purification 

during the pretreatment for nutrient recovery from wastewater. The effects of the pH, ionic 

strength of the nutrient stream, and the swelling ratio of hydrogels on the rejection of 

phosphate were investigated. The interactions of anionic hydrogel chains with phosphate 

and heavy metal ions were elucidated through molecular dynamic simulations.  

To further enhance the selectivity of hydrogels, we developed a core-shell polymer 

composite (CSPC) for effective ion rejection at high concentration. The core was a 

hydrogel sphere that can spontaneously absorb ~50 times its own weight of water, while a 

polyamide film, as thin as ~7 nm, formed through interfacial polymerization serves as the 

separating shell. These flexible and easy-to-use CSPCs exhibit high-capacity and selective 

water absorption with a salt rejection of 99.8% in a medium of 35 mM ionic strength, which 

presented unique possibilities for recovering valuable resources from waste streams. 

Extensive characterizations have been done on the nanofilm shell. 

Chitosan nanocomposite hydrogel was developed in this research as a controlled 

release nutrient excipient formula to increase the nutrient use efficiency. By introducing 

elastic and flexible physical crosslinking induced by 2-dimensional (2D) montmorillonite 

(MMT) nanoflakes into the chitosan hydrogel, highly swellable and degradable chitosan-

MMT nanocomposites were fabricated. The addition of MMT into the chitosan hydrogels 

enhanced the total release of phosphorous (P) and potassium (K), from 22.0% to 94.9% 

and 9.6% to 31.4%, respectively, compared to the pure chitosan gel.  The chitosan-MMT 
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nanocomposite hydrogel achieved a well-controlled overall fertilizer release in soil. A total 

of 55.3% of loaded fertilizer was released over 15 days with a daily release of 2.8%. For 

the traditional fertilizer powder, 89.2% of the fertilizer was washed out during the first 

irrigation under the same setup. In the meantime, the nanocomposites improved the water 

retention of the soil, thanks to its excellent water absorbency. Moreover, the chitosan-MMT 

nanocomposite hydrogels exhibited high degradation of 57% after swelling in water for 20 

days. Such highly degradable fertilizer excipient poses minimal threat to the long-term 

fertility of the soil.  

Based on chitosan-MMT controlled release formula, ferric (Fe) salt was added for 

enhanced phosphate adsorption capability of the composite as a phosphate adsorbent and 

controlled releaser to bridge recovery from wastewater and reuse in soil as a fertilizer. 

Sorption kinetics and isotherm were quantified in batch experiments. The hydrogel reached 

saturation within 2 hours and the projected maximum phosphate sorption capacity was 

above 86.7 mg/g. Mathematic models and characterizations suggested the sorption 

involved two main mechanisms: i) electrosorption with cationic amine groups and ii) ferric 

oxide hydrate ligand exchange. Versatile sorption pathways enabled stable capacity across 

a range of pH. In successive desorption experiments, 72.4% of the loaded P was 

continuously released over 16 days, a high content of which was bioavailable as indicated 

by Mehlich 2 extraction test. With additional water retaining capability, the P-laden 

hydrogels can be reused in soil amendment as a controlled release P fertilizer. 
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CHAPTER 1. INTRODUCTION  

1.1 Preface 

To feed the ever-growing population, farming is rapidly expanding to increase the 

crop production along with which comes the steady growth in fertilizer consumption. The 

fertilizer demand is projected to increase 4% annually to feed additional 2.3 billion people 

by 2050 (Xie et al., 2016a). Current economically viable fertilizer production methods 

heavily rely on the consumption of non-renewable energy and finite mineral resources. In 

particular, almost all the phosphorous (P) fertilizer are sourced from non-renewable 

phosphate rocks depleting at an accelerated rate (Elser and Bennett, 2011). More 

alarmingly, over 50% of the applied nitrogen (N) and 85% of the applied P are not 

assimilated by crops (Gilbertson et al., 2020; Lassaletta et al., 2014). Overfertilization and 

low assimilation rate lead to high nutrient content in wastewaters and surface waters 

causing adverse environmental effects like eutrophication. P recovery from wastewater 

reconciles the paradox of accelerated depletion and excessive waste of P resources. 

Struvite (MgNH4PO4·6H2O) precipitation is a well-established nutrient recovery 

process. By supplementing nutrient streams with magnesium salts, N and P nutrient ions 

can be recovered in precipitates at a pH > 8. However, this method is severely limited by 

two challenges: i) low P concentration in typical nutrient containing wastewaters results in 

low recovery efficiency; ii) toxic heavy metals could co-precipitate with struvite raising 

safety concerns if applied in crop growing soils. Therefore, nutrient recovery technologies 

of high selectivity are required to advance sustainable food production.  
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Three main membrane-based processes are studied for selective wastewater nutrient 

recovery. Forward osmosis (FO) utilizes draw agents of high osmotic pressure to dewater 

the dilute nutrient feed to achieve nutrient enrichment facilitating subsequent recovery. 

Instead of osmotic pressure, membrane distillation (MD) utilizes thermal energy to drive 

the separation of nutrients from the feed based on the difference in partial vapor pressure. 

Under the recent trends of electrification, electrodialysis (ED) using electric field to drive 

ion separation and enrichment through ion exchange membranes gains many tractions. 

These membrane processes could be ether applied as a pretreatment for struvite 

precipitation or integrated to achieve nutrient purification and recovery. One key metric to 

assess the commercialization potential of the wastewater P recovery technology is the 

economic viability compared to phosphate mining. Capital cost and energy consumption 

remain the main challenges for membrane-based recovery technologies. Given the 

excessive P in wastewater and low efficiency P fertilization, new adsorbents based on eco-

friendly biowastes are developed to recover P from wastewaters and subsequently applied 

in soil as P controlled release fertilizer of potentially high nutrient use efficiency.   

In response to the paradigm shift in wastewater nutrient recovery, cheap and 

sustainable recovery solutions are needed. This research explored the possibility of a series 

of ionic hydrogel-based P recovery and reuse solutions based on selective ion exchange, 

spontaneous water absorption, and controlled adsorbate delivery. Ionic hydrogel scaffold 

carries charges through protonation or deprotonation under different pH, which provides 

co-ion and counter-ion separation through ion exchange and Donnan membrane effect 

(Sarkar et al., 2010). Driven by the embedded swelling pressure, the hydrophilic scaffold 

could spontaneously absorb large amount of water to dewater the external medium. The 



 3 

self-driven water absorption and ion selection by anionic hydrogels could be applied to 

enrich and purify phosphate streams depending on the parameters of the feed solution. 

Thanks to the tunable and flexible crosslinked scaffold structure, hydrogels have been 

studied as controlled release delivery system of loaded substances. Thus, cationic 

hydrogels maybe exploited as phosphate adsorbent and controlled release excipient to 

transfer the P nutrient from wastewaters to crop growing soils by leveraging electrosorption 

and scaffold regulated diffusion. Overall, ionic hydrogels present promising opportunities 

for cheap, easy, and sustainable P recovery and reuse strategies.  

1.2 Research Objectives 

The overall objective of this research was to develop and test P enrichment, recovery, 

and reuse technologies based on engineered ionic hydrogels. The specific objectives of this 

research were to: 

i) Demonstrate the phosphate rejection and enrichment using commercial ionic 

hydrogels through spontaneous water absorbing and reveal the mechanisms 

driving the selective ion exchange and transport in the swelling hydrogel 

scaffold;  

ii)  Develop advanced composite hydrogels with high ion rejection at elevated 

concentration for enhanced enrichment capability;  

iii)  Develop green composite hydrogels to recovery and reuse nutrients through 

adsorption and controlled release.  
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1.3 Approach 

1.3.1 Self-driven phosphate enrichment and purification by ionic hydrogels 

Weak acid ionic hydrogel scaffold (poly(sodium acrylate) (PSA) of excellent water 

absorbency was used as the exemplifier hydrogel in this study. The theoretical linear mesh 

size of PSA hydrogels at different pH was calculated according to Canal and Peppas 

equations (Canal and Peppas, 1989; Peppas and Merrill, 1976). To understand the hydrogel 

swelling behavior, simulation was conducted according to the Flory-Rehner free energy 

function (Hong et al., 2008). In the meantime, the Debye screening length (ɚD) for all the 

feed solutions was calculated as well to be compared to the effective mesh size of the 

hydrogels. For effective P enrichment, the water absorbency and P rejection rate of PSA 

beads were investigated in media of different ionic strengths and pH. The concentration 

factor of phosphate achieved by PSA hydrogels under varying experimental conditions was 

investigated. The relationships connecting gel mass, concentration factor, and swelling 

ratio were elucidated.  

The interactions between function groups along the hydrogel scaffold and phosphate 

ions and the affinity of various heavy metal ions to the anionic acrylic acid function groups 

were elucidated through molecular dynamic (MD) simulations. The diffusion coefficients 

of phosphate ions inside the PSA channels of varying size were calculated. Through the 

comprehensive study of the dynamic ion exchange during the swelling of charged hydrogel 

scaffolds, we gained insights in mechanisms behind ion transport within the expanding 

nanofluidic mesh channels. The knowledge could be leveraged to guide the process 

engineering of hydrogel-based nutrient purification and concentration and further shed 



 5 

light on developing advanced hydrogels of superior selectivity that could incentivize 

precise resource recovery. 

1.3.2 Self-driven nanofiltration by core-shell polymer composites (CSPCs) 

In the effort to decouple the tradeoff between swelling ratio and selectivity limiting 

the concentrating capacity of the hydrogel, we fabricated a nanofiltration membrane on the 

surface of the ionic hydrogel core providing constant selectivity. The hydrogel core of the 

CSPS was synthesized through suspension radical polymerization. The PA shell wrapping 

the core was synthesized through interfacial polymerization. Comprehensive morphology, 

structure, and chemical composition characterizations were carried out on both the core 

and the as prepared nanofilm. The mechanical properties of the shell were investigated 

using wrinkling and cracking methods (Chung et al., 2011). The ion rejection performance 

by CSPCs for both single valent and bivalent ions of different concentrations were 

investigated.  

1.3.3 Nutrient recovery and reuse by engineered biopolymer through adsorption and 

controlled release 

A chitosan and nanoclay based biodegradable controlled release fertilizer formula 

was developed. The cationic chitosan chains of different molecular weights were 

scaffolded with nanoclay flakes through physical associations and chemical bonding. 

Thorough characterizations including morphology, elemental composition, mechanical 

properties were conducted. The effects of nanoclay content on nutrient release were 

investigated. The nutrient release profiles of the developed fertilizer excipient in water and 

soil were quantified. The degradability of the hydrogel composite was demonstrated. 
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Ferric ions were added into the matrix to fabricate the chitosan composite hydrogels 

as P adsorbent and releaser. The adsorption kinetics and isotherms of the fabricated gels 

were investigated. The effects of pH and co existing anions on the adsorption of phosphate 

by the gel adsorbents were demonstrated as well. Finally, the P release behavior of the P-

laden gels were monitored and compared.  

1.4 Research Impacts 

Accessible, affordable, and effective P recovery and reuse solutions could close the 

loop for P establishing a supply cycle of fertilizer for sustainable agriculture. The solutions 

developed in this study provides new opportunities to further lower the cost and energy 

consumption of wastewater P recovery and efficient reuse, making P recovery more 

economically viable compared to unsustainable phosphate mining. P recovery at scale not 

only ensures the long-term food security globally but also paves way to sustainable 

agriculture critical for the growing population.  
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CHAPTER 2. BACKGROUND   

2.1 Nutrient Recovery 

Phosphorous (P) and Nitrogen (N) are essential nutrient resources to support global 

food production to feed the ever-growing population. Current fertilizer production relies 

on the consumption of non-renewable mineral resources and energy. Almost all of the P 

used in agriculture comes from deposits of phosphate rock that will be completely 

consumed in 30-300 years (Elser and Bennett, 2011). The production of ammonia from air 

through Haber-Bosch  process requires 35-50 MJ per kg nitrogen of energy, which 

accounts for 2% of global energy consumption (Desloover et al., 2012). The nutrient based 

fertilizer demand is increasing 4% annually (Elser and Bennett, 2011). However, more than 

50% of the applied N and 85% of the applied P are not assimilated by crops (Gilbertson et 

al., 2020; Lassaletta et al., 2014). Large fractions are lost to soil erosion, animal wastes, 

and crop residues. Moreover, the P consumed in food often exceeds nutrient requirements 

leading to limited assimilation, which directly speaks to the excessive nutrients in 

municipal wastewater (Mayer et al., 2016). The lost nutrients end up being water pollution 

that causes eutrophication threatening water ecosystems. The combination of massive input 

and low use efficiency of fertilizers poses a pressing challenge to sustainably meet food 

demand while mitigating the adverse environmental effects of food production (West et 

al., 2014). To reconcile the simultaneous shortage and overabundance of nutrients, 

recovery and reuse of the lost nutrients in wastewater are crucial.  

2.1.1 Struvite Precipitation 
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Struvite (MgNH4PO4·6H2O) precipitation at pH >8 is one of the most promising 

technologies for wastewater nutrient recovery (de-Bashan and Bashan, 2004). After 

recovery, struvite can be applied as slow-release fertilizer to crops in soils of relatively low 

pH value (Xie et al., 2016a). For the precipitation of nutrient ions, alkaline condition is 

achieved by either basic solution addition or aeration stripping of CO2. Subsequent 

introduction of magnesium salts initiates the precipitation of struvite. Nutrient recovery has 

been demonstrated from various nutrient-rich streams, such as wastewater (Lahav et al., 

2013), anaerobically digested sludge (Gerardo et al., 2013), and urine (Triger et al., 2012). 

Despite the established commercial implementation of struvite precipitation for nutrient 

recovery, two critical challenges need to be addressed. One is the relatively low 

phosphorous concentrations in wastewater influent (6 mg/L) and digested sludge 

supernatant (56 mg/L) (Jaffer et al., 2002; Münch and Barr, 2001) severely limiting the 

nutrient recovery efficiency by struvite precipitation. Extensive experimental works have 

demonstrated that a phosphorous concentration above 100 mg/L is essential to achieve 

effective struvite precipitation (Çelen et al., 2007; Liu et al., 2011; Pastor et al., 2010; 

Ronteltap et al., 2010). Therefore, phosphorous enrichment is crucial as a pretreatment for 

struvite precipitation of satisfactory efficiency. The other challenge is the presence of 

heavy metal ions and emerging contaminants in wastewater posing concerns over safe 

agriculture application of the struvite. For example, an alarming arsenic concentration up 

to 570 mg/kg was detected in the recovered struvite crystals (Lin et al., 2013). Moreover, 

heavy metal hydroxides were found to be precipitating preferably on struvite through 

heterogeneous nucleation (Tang et al., 2019). The presence of such toxic contaminants 

requires higher selectivity for nutrient recovery of practical value.  
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2.1.2 Membrane-based Enrichment and Purification 

Membrane-based separation processes targeting nutrient enrichment and selectivity 

enhancement offer opportunities for advancing nutrient recovery technologies (Table 2.1). 

Forward osmosis (FO) could facilitate nutrient recovery through struvite precipitation by 

increasing both nutrient and magnesium concentrations in the feed solution. In FO, the feed 

solution of low concentration and the draw solution of high concentration are separated by 

a semipermeable membrane. The osmotic pressure difference provided by the concentrated 

draw solution drives the water permeate through the membrane from the feed solution to 

enrich the nutrient. Comparted to the hydraulic pressure-driven reverse osmosis (RO), FO 

has lower fouling propensity and higher fouling reversibility (Mi and Elimelech, 2010). 

Given the intrinsic reverse draw solute diffusion during FO, extra magnesium ions could 

be supplemented to the feed if magnesium-base draw solution was used. It has been 

demonstrated that the FO driven by MgCl2 draw solution concentrated the feed sludge 

concentrate up to five times, resulting in an effluent containing 1210 mg/L ammonium, 

615 mg/L phosphate, and magnesium from reverse solute flux ready to form struvite 

precipitate (Xie et al., 2014b). FO has been utilized to recover nutrient from various streams 

as the feed, such as urine, sewage, and sludge (Hau et al., 2014; Zhang et al., 2014a; Zhang 

et al., 2014c). The intrinsic water permeability-solute selectivity trade-off of FO 

membranes remains the critical challenge in achieving high concentration factor of the feed 

in FO.  
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Table 2.1 Summary of nutrient recovery by membrane-based processes 

Driving 

force 

Source water Target Process Performance Membran

e fouling 

Cost and energy 

consumption 

Osmotic 

pressure 

Urine (Zhang et al., 

2014a) 

Ammonium, 

phosphate, 

potassium 

FO Recovery rate: 

Ammonium 50-80%, 

phosphate >90%, 

potassium >90% 

NA NA 

 Activated sludge 

(Nguyen et al., 2013) 

Ammonium, 

phosphate 

FO Recovery rate: 

Ammonium >96%, 

phosphate >98% 

Cake 

formation 

NA 

 Anaerobic sludge 

(Xie et al., 2014b) 

Phosphate FO-MD Recovery rate: 

phosphate >97% 

Cake 

formation 

Draw agent temperature 

40 °C 

Thermal 

energy 

Urine (Zhao et al., 

2013) 

Ammonia Vacuum 

MD 

Recovery rate: 

ammonia 41-75% 

Scaling Feed temperature: 50-70 

°C; 

Vacuum pressure: 9.5 kPa 

 Synthetic wastewater 

(Qu et al., 2013) 

Ammonia Direct 

contact 

MD 

Recovery rate: 

ammonia >99% 

NA Feed temperature: 55 °C; 

ammonia stripping 

solution: 0.1 M H2SO4 

 Swine manure 

(Zarebska et al., 

2014) 

Ammonia Direct 

contact 

MD 

Recovery rate: 

ammonia >98% 

Organic 

fouling 

and pore 

wetting 

Feed temperature: 40 °C; 

ammonia stripping 

solution: 0.5 M H2SO4 

Electricit

y 

Urine (Pronk et al., 

2006) 

Ammonia, 

phosphate, 

potassium 

ED Enrichment factor: 

ammonia 2.9, 

potassium 3.1, 

phosphate 2.7 

NA Applied current density: 

22.5 mA/cm2; current 

efficiency: 50% 

 Municipal 

wastewater (Zhang et 

al., 2013) 

Phosphate ED Enrichment factor: 

phosphate 6.5 

NA Applied current density: 

3.125 mA/cm2; current 

efficiency: 72%; energy 

consumption: 16.7 

kWh/kg PO4
3- 

 Synthetic wastewater 

(Wang et al., 2013) 

Phosphate ED Concentration factor: 

phosphate 4.2 

NA Applied current density: 

71.5 mA/cm2 

Table adapted from (Xie et al., 2016a) 

Membrane distillation (MD) can enrich the nutrient in the feed solution by thermally 

evaporating the water utilizing low-grade heat. In MD, the aqueous feed stream is separated 

from the distillate by a hydrophobic, microporous membrane. Hydrophobic membrane 

prevents the liquid from penetrating, while allowing the transport of water vapor across the 

membrane pores driven by the partial vapor pressure difference. High concentrating factor 
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can be achieved by MD since the water can be continuously evaporated from the 

increasingly concentrated feed. Ammonia can be effectively enriched in the permeate 

stream and recovered in MD since ammonia is more volatile than water (Zarebska et al., 

2014). MD processes were configured as vacuum MD, gas sweeping MD and direct contact 

MD for ammonia recovery from varying waste streams as well (Qu et al., 2013; Zarebska 

et al., 2014; Zhao et al., 2013). MD has its own challenges in nutrient recovery depending 

on the constituents of the feed stream (Tiji ng et al., 2015; Van der Bruggen, 2013). Volatile 

organic compounds could transport through the membrane with water vapor contaminating 

the permeate. Surfactants could lower the surface tension of the membrane causing water 

breakthrough deteriorating separation performance. Dissolved organic matters and colloids 

can lead to MD membrane fouling hindering heat and mass transfer and triggering pore 

wetting (Zarebska et al., 2014). 

Electrodialysis (ED) separate nutrient ions from wastewater to produce concentrated 

high quality nutrient products by driving nutrient ions through ion exchange membranes 

under electric field. The ion separation in ED process is achieved by ion-exchange 

membranes selectively passing only counter ions under Donnan effect (Sarkar et al., 2010). 

ED process selectively partitioned phosphate from wastewater effluent containing various 

ions into a concentrated phosphate solution, achieving a concentration factor of up to 7 

(Zhang et al., 2013). Depending on the charge of the ion exchange membrane, ED suffers 

from fouling increasing cell resistance and decreasing migration yield and ion selectivity 

(Mondor et al., 2009; Wang et al., 2011). Specifically, more sever fouling was observed in 

anion exchange membrane when negatively charged humic substance, protein and 
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surfactant were present (Lee et al., 2009). By contrast, cation-selective membrane could be 

hampered by calcium-dominated scaling (Ayala-Bribiesca et al., 2006). 

2.1.3 Recovery through Adsorption 

Adsorption processes are cost-effective and sustainable for P removal, even at low P 

concentrations in typical wastewaters (Mitrogiannis et al., 2018; Pap et al., 2020). 

Adsorption capacity and selectivity are highly dependent on the mechanisms involved in 

the sorption processes dictated by adsorbent materials and the feed solution parameters 

(e.g., pH and concentration). Many adsorbents have been developed for P removal in 

wastewater, such as chitosan-based composites (Karunarathna et al., 2019; Kofinas and 

Kioussis, 2003; Pap et al., 2020; Zhang et al., 2018), modified clinoptilolite (Mitrogiannis 

et al., 2018), and engineered biochar (Yao et al., 2013). Constituent materials sourced from 

widely available and eco-friendly natural wastes are promising for the development of low-

cost and sustainable P adsorption solutions. After adsorption, the P laden materials could 

be used as a safe secondary P fertilizer for soil amendment (Pap et al., 2020). Engineered 

biochar composites containing rich MgO particles exhibited excellent maximum phosphate 

sorption capacity of >100 mg·g-1, though controlled by relatively slow kinetics. The post 

sorption biochar was used as the slow release P fertilizer that stimulated grass seed 

germination and growth (Yao et al., 2013). Crosslinked chitosan-Fe complex hydrogel 

sorbents were reported to have a projected maximum phosphate adsorption capacity of 15.7 

mg/g (Zhang et al., 2018). The relatively low capacity is probably due to the high chemical 

crosslinking density of the synthesized chitosan hydrogels. Calcite-chitosan composite 

powder adsorbent was studied for wastewater P removal. The powder absorbent achieved 
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a relatively high phosphate adsorption capacity of 64.1 mg/g but was highly susceptible to 

the medium pH (Pap et al., 2020). 

2.2 Efficient Nutrient Use by Controlled Release Fertilizers 

Overpopulation poses pressure on sustaining food production, demanding a 

significant increase in crop yield. The expansion of farming is accompanied by steady 

growth in fertilizer consumption. However, traditional fertilizers are applied in the form of 

soluble salts of the nutrients, which dissolve and diffuse upon application into the 

environment faster than the crops can uptake. Thus, a significant portion of nutrients is lost 

during leaching and runoff causing economic loss and environmental threats. Without 

efforts to mitigate the environmental impacts of agriculture and technological 

advancements, food-system impacts are estimated to increase 50ï90% by 2050 (Gilbertson 

et al., 2020; Springmann et al., 2018). Traditional farming practices often overapply 

fertilizers to maximize crop yields. More than 50% of the applied N and 85% of the applied 

P are not assimilated by crops (Gilbertson et al., 2020; Lassaletta et al., 2014). Slow and 

controlled release fertilizers are rendered critical in mitigating adverse environmental 

effects and increasing the productivity and profitability of crop production. Controlled 

release systems for fertilizers enabled by the hydrogel network can be classified into three 

categories based on the loading and releasing strategy: layered polymer coating 

encapsulation, adsorption-desorption, and entrapment by in-situ gelation (Figure 2.1).  
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Figure 2.1 Schematics of the three loading and release strategies 

A wide range of synthetic polymers has been used as the coating material outside the 

granule fertilizers to limit the dissolution and release of the nutrient salts, which presents 

great potential to increase fertilizer use efficiency and crop yield. Many of them are 

petroleum-based, like polystyrene, polysulfone, and glycerol ester (Tomaszewska and 

Jarosiewicz, 2002; Yang et al., 2013). The manufacturing of such coating materials is 

relatively expensive. It often involves toxic organic solvents, which severely hinders the 

commercialization of polymer-coated fertilizers (Cong et al., 2010). Therefore, developing 

cheap, non-toxic, renewable, and biodegradable alternatives has been the main task in 

advancing slow-release fertilizers (Cao et al., 2006). In that effort, many eco-friendly 

biomaterials such as lignin, cellulose, chitin, and starch have been studied as the candidate 

coating material for slow-release fertilizers. With a double-layered coating consisted of 

polyurethane from corn stover and chicken feather protein co-polymerized with acrylic 

acid (AA) with N,Nł-methylenebisacrylamide (MBA) crosslinker, the coated urea 

fertilizer effectively reduced N leaching and improved total N use efficiency by slowing 

down the N release rate and increasing the water retention capability of the soil (Yang et 

al., 2013). In addition to nitrogen fertilizer, a tri-layered coating was formed outside the 

granule nitrogen, phosphorous, and potassium (NPK) fertilizers by coating poly(vinyl 



 15 

alcohol) (PVA), chitosan, and poly(acrylic acid)/polyacrylamide (poly(AA-co-AM) in 

sequence. The obtained fertilizer released 84, 63, 36% of the N, P, and K nutrient, 

respectively, over the course of 30 days in water. The release profile indicated a pseudo-

Fickian diffusion release mechanism based on the Korsmeyer-Peppas model 

(Noppakundilograt et al., 2015). Instead of in-situ polymerization of the monomers on the 

fertilizer surface, fine particles of sodium alginate (NaAlg)-g-poly(AA-co-AM) 

hydrogel/clinoptilolite clay nanocomposites were physically attached to the NPK fertilizer 

granules. The coated fertilizer exhibited a much slower and controlled release and achieved 

a cumulative release ratio below 75% after 30 days in soil (Rashidzadeh et al., 2015). 

Although the polymeric coatings effectively slow down the release of fertilizers, the 

layered coating processes are complex and far from scalable, making polymer-coated slow-

release fertilizers less compatible with existing farming machinery and practices. 

Aside from the coating technique for limiting the dissolution and release of the 

nutrients, fertilizers can be loaded into the hydrogel network that acts as a nutrient carrier 

through adsorption. The loaded nutrients can be released during the swelling of the 

hydrogel immersed in water through desorption and diffusion (Figure 1). A gellan gum-

Jeffamine hydrogel network was synthesized through chemical crosslinking by 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide (EDC) for NPK nutrient adsorption and desorption. 

By changing the crosslinking ratio, the swelling ratio and the final cumulative fertilizer 

release of the gum hydrogel were controlled (Sabadini et al., 2018). 

Although great effort has been devoted to developing biodegradable materials for the 

controlled release of fertilizers, the listed works either utilized copolymers containing non-

degradable synthetic components or were mainly based on chemical crosslinking involving 
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toxic crosslinkers. Such polymer/fertilizer composites will accumulate in the soil, degrade 

soil fertility, or release toxic substances if degraded. Therefore, a truly biodegradable 

controlled-release fertilizer formulation remains a pressing need.  

2.3 Engineered hydrogels 

2.3.1 Crosslinked Hydrogels 

The membrane processes discussed above exhibited promising capacity to further 

wastewater nutrient recovery through nutrient separation and concentration. In a complete 

recovery cycle, integration of membrane processes is often beneficial for the overall 

efficiency of nutrient recovery (Xie et al., 2016a). Thermal and electrical external energy 

input is needed in these membrane processes either for providing driving force for 

separation or for the regeneration of the draw agent in FO. In pursuit of the same purpose, 

smart ionic hydrogel capable of spontaneous ion separation and concentration could offer 

a cheap and easy to use alternative for nutrient purification and concentration.  

Hydrogels, a class of 3D scaffolds formed by crosslinking hydrophilic polymer 

chains, hold highly tunable and reversible physical and chemical properties, attributed to 

which, they are widely used in various fields. In particular, when embedded with ionic 

groups, depending on the solution pH and ionic strength, the hydrogel could absorb a large 

mass of water (up to ~1,000 g·g dry gel-1) (Yunkai et al., 2009). The free energy of the 

swelling hydrogel is well depicted by the Flory-Rehner function (Flory and Jr., 1943) 

covering the entropy of the network expanding along with the mixing with the solvent 

molecules (Hong et al., 2008). Given that, the swelling of the hydrogel represents a process 

of hydrogel network entropy increasing caused by the decrease of the chemical energy 
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embedded in the polymer chains. On top of the excellent water absorbency, ionic hydrogel 

has demonstrated up to 64% of salt rejection (Yu et al., 2016), presenting potential for 

nutrient ion concentration. With the fixed charge groups on the nanofluidic mesh channels, 

ionic hydrogel scaffold possesses ion separation capacity through ion exchange governed 

by Donnan membrane effect (Sarkar et al., 2010). For example, an anionic hydrogel 

scaffold has been used as the space charged nanofluidic channel to achieve high 

conductance and outstanding cation selectivity to generate osmotic power (Chen et al., 

2020b). Given these advantageous properties, anionic hydrogels could be used to 

spontaneously absorb water and cations like heavy metals from nutrient rich streams while 

rejecting nutrient anions like phosphate to achieve nutrient enrichment and purification 

simultaneously advancing the nutrient recovery. The saturated hydrogels could be easily 

regenerated through acid elution owing to the excellent pH sensitivity of ionic hydrogels. 

By introducing different functional groups into the hydrogel matrix, ion resources could be 

recovered selectively through chelation in addition to electrosorption. It has been reported 

that a soy protein-based polyethylenimine hydrogel demonstrated an excellent selectivity 

for the removal of Cu ions with a Cu/Zn selectivity coefficient of about 250 (Liu et al., 

2017). The critical property of hydrogels in nutrient recovery is high ion selectivity, which 

is intertwined with hydrogel mesh size, bulk solution ionic strength, and pH value. 

Nevertheless, few studies have been reported to untangle and elucidate the interrelated 

relationships between the factors to guide the development of highly selective hydrogels 

and the operation processes of hydrogel-based nutrient recovery. 

2.3.2 Nanocomposite Chitosan Hydrogels 
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Chitosan is a linear polysaccharide composed of randomly distributed á-(1-4)-

linked D-glucosamine and N-acetyl-D-glucosamine units (Figure 2.2). It is mainly 

produced through deacetylation of chitin, which is the second most abundant natural 

biopolymer behind cellulose (Bhattarai et al., 2010; Kumar et al., 2004). The most common 

sources of chitin are the crab and shrimp shells. The primary aliphatic amines along the 

chitosan chains can be protonated in acidic solutions (amine pKa is 6.3) (Berth et al., 1998), 

making it hydrophilic, cationic, and capable of forming polyelectrolyte copolymers. Non-

toxicity, biocompatibility, and biodegradability make chitosan an excellent excipient 

studied extensively for applications in biomedical and biotechnological fields (Kumar et 

al., 2004). These favorable properties also make chitosan an ideal candidate for controlled 

release formulations. 

 

Figure 2.2 Chemical structure of chitosan 

Given the ionic and hydrophilic nature of chitosan chains, chitosan hydrogels can be 

prepared through various physical association strategies featuring electrostatic, 

hydrophobic, hydrogen and secondary bonding forces between polymer chains (Bhattarai 

et al., 2010; Boucard et al., 2005). Thanks to the cationic amino groups of chitosan, ionic 

interactions can occur between chitosan and anions and negatively charged polymer chains 
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to form ionic complexes and polyelectrolyte complexes, respectively. In addition to the 

electrostatic interaction, hydrogels can be formed by crystallite and secondary bonding 

between chitosan and other water-soluble polymers, such as PVA, through freeze-thaw 

cycles (Berger et al., 2004). The chain-chain interactions act as crosslinking sites of the 

hydrogel. Such interaction can also occur between chitosan chains. It has been 

demonstrated that by neutralizing the amino groups with sodium hydroxide that eliminates 

the ionic repulsion between the chains, hydrogen bond, hydrophobic interactions, and 

chitosan crystallites were formed. The interactions led to the condensation and gelation of 

chitosan chains (Ladet et al., 2008).  The physically associated hydrogel complexes formed 

without catalysts or reactive agents can be applied in various scenarios where safety 

concerns may arise. And the complexation process is often straightforward and can be 

obtained by simply mixing the components under appropriate conditions. The easy 

synthesis and mild reaction conditions make it possible for the in-situ gelation of chitosan 

chains in the presence of the target cargo to form a controlled release system based on an 

entrapment-release strategy (Figure 1). However, these physically associated gels have a 

relatively short lifetime in physiological media, ranging from a few days to a month. Thus, 

to achieve a sustained slow release of the target cargo, a wide spectrum of covalently 

crosslinking agents, such as glutaraldehyde (GA) and genepin, has been used in the 

supplement to the physical association (Bhattarai et al., 2010). Cargo release mechanisms 

of hydrogel networks has been extensively studied for biomedical drug delivery (Bhattarai 

et al., 2010). Multiple mathematic models based on swelling and diffusion have been 

developed (Lin and Metters, 2006). With the advances in the development of chitosan-

based drug delivery formulations, chitosan-based hydrogels have also been exploited for 
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the controlled release of fertilizers based on the entrapment-release strategy (Jamnongkan 

and Kaewpirom, 2010), which, compared to the other two strategies, offers much more 

simplicity and scalability. Moreover, the direct entrapment of the nutrients within the 

hydrogel network makes the release of the nutrients highly susceptible to the structure and 

properties of the hydrogel scaffold, in other words, tunable. It offers a great possibility for 

achieving an application scenario-specific controlled release of fertilizers by strategically 

designing the functional group distribution, mesh size, and microstructure of the hydrogel. 

In terms of the microstructure of the hydrogel, it has been reported that an interpenetrated 

polymer network composed of long and short PVA chains formed through freeze-thaw 

cycles developed disordered interconnected pores resembling a sponge. The sponge-like 

structure achieved superior diffusion of particles within the network compared to the 

oriented channel structure formed with uniform PVA chains (Mastrangelo et al., 2020). 

The drive for advancing more sustainable agriculture and food systems has motivated 

the emergence of transdisciplinary methodologies utilizing the properties of materials at 

the nanoscale to address extensive and inefficient resource use (Gilbertson et al., 2020). 

The usage of inorganic layered nanomaterials like clay and clay minerals as active 

ingredients or excipients for medical purposes is a well-established practice (Cui et al., 

2019). The interactions between clay nanoparticles and drugs as well as other biological 

molecules, have been well investigated, which makes clay material an ideal constitute of 

controlled delivery systems (Jayrajsinh et al., 2017). Moreover, the addition of clay into 

the polymeric matrix enhances the mechanical properties of the biomaterials, owing to the 

formation of nanocomposites (Mousa et al., 2018). 
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Montmorillonite (MMT) is a major component of Bentonite, which is approved by 

FDA as an additive in various medicinal products (Jayrajsinh et al., 2017). More 

specifically, MMT is a layered silicate [(Na,Ca)0.33(Al,Mg)2Si4O10(OH)2ÅnH2O], belonging 

to the smectite group of minerals, possessing a high specific surface area (up to 600m2 gī1) 

and aspect ratio. The repeating structural unit of MMT consists of one alumina octahedral 

sheet sandwiched in between two silicon tetrahedral layers. The MMT particles are 

generally rendered as 2D materials with a thickness of ~1 nm and a diameter of 0.2ï2 ɛm. 

The overall surface charge is mildly negative attributed to the oxide anions, which 

facilitates the mixing with cationic agents (Cui et al., 2019). The unique cation exchange 

capacity and the layered structure for intercalation make MMT an ideal candidate for 

sustaining nutrient release (Hakim et al., 2019; Pereira et al., 2012). Moreover, nanoclays 

can physically crosslink the ionic polymer chains like chitosan through electrostatic 

interactions and hydrogen bonds to form nanocomposite hydrogels of unique mechanical 

properties and swelling capacity (Haraguchi et al., 2005; Mousa et al., 2018). Besides, 

several reports have demonstrated that porous scaffolds were formed by introducing MMT 

into natural biomaterials, such as gelatin, collagen, silk, and chitosan (Cui et al., 2019; Hsu 

et al., 2012; Katti et al., 2008). In the light of the success in adding MMT into the 

biomaterial matrix for a controlled delivery formulation in biomedical fields, MMT has 

been reported to have a beneficial effect on controlled release systems for fertilizers. By 

adding MMT into the hydrogel network, such as PVA and sodium alginate, slower fertilizer 

release was achieved, and increasing the MMT content led to denser physical crosslinking 

contributing to an even slower release of the fertilizer (Hakim et al., 2019; Rashidzadeh 

and Olad, 2014).  
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CHAPTER 3. SELF-DRIVEN PHOSPHOROUS ENRICHMENT 

BY HYDROGELS FOR NUTRIENT RECOVERY  

3.1 Introduction  

Phosphorous (P) is an essential nutrient element for life. Over the past decades, to 

feed the ever growing population, nonrenewable phosphate rock has been intensively 

mined at a global rate of around 20 million metric tons of P per year (Mayer et al., 2016). 

However, only about 16% of the P applied as fertilizer in the soil is assimilated into human 

food (Mayer et al., 2016; Rittmann et al., 2011). The majority of the applied nutrient is lost 

to leaching, soil erosion, and animal wastes, ending up in wastewater through runoff as 

water pollution that causes eutrophication. One obviously way to reconcile the limited 

supply of P and the excessive P pollution in wastewater simultaneously is to recover and 

reuse the lost P (Rittmann et al., 2011; Xie et al., 2016a). 

Struvite (MgNH4PO4·6H2O) precipitation is a well-established process for 

wastewater nutrient recovery (de-Bashan and Bashan, 2004). In struvite precipitation, 

magnesium salts are added for crystallization with nutrient ions under basic conditions 

achieved by adding NaOH or aeration stripping of CO2. The recovered struvite precipitates 

can be applied in relatively acidic soil as slow-release fertilizer. Struvite precipitation has 

been demonstrated previously to recover nutrients from wastewater (Ichihashi and 

Hirooka, 2012; Lahav et al., 2013; Ward et al., 2018), anaerobically digested sludge 

(Gerardo et al., 2013), and urine (Triger et al., 2012). Nevertheless, two critical challenges 

remain to be tackled to achieve high efficiency struvite production for agriculture 
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application: i) low P concentration in source nutrient streams; ii) presence of toxic heavy 

metal contaminants that could co-precipitate with struvite (Xie et al., 2016a). 

The typical P concentration in wastewater influent and digested sludge supernatant 

is 6 and 56 mg/L, respectively (Jaffer et al., 2002; Münch and Barr, 2001). Extensive 

experimental results indicate that a P concentration above 100 mg/L is required to achieve 

a struvite recovery efficiency over ~80% (Jaffer et al., 2002; Münch and Barr, 2001; Xie 

et al., 2016a). Therefore, a pretreatment for P enrichment is necessary before struvite 

precipitation to improve the sustainability and economic viability of wastewater nutrient 

recovery. Depending on the source, toxic heavy metal contaminants need to be removed 

before struvite precipitation to ensure purity and value of the recovered struvite as slow-

release fertilizer. For instance, struvite crystal has been reported to facilitate the 

precipitation of multiple toxic heavy metals, including Cu, Ni, Pb, Zn, As, and Cd through 

sorption, nucleation, and coprecipitation (Lin et al., 2013; Ma and Rouff, 2012; Pizzol et 

al., 2014; Rouff and Juarez, 2014; Tang et al., 2019). Consequently, enriching and 

purifying pretreatment or alternative nutrient recovery processes of enhanced ion 

separation and enrichment are desired to advance the sustainability of wastewater nutrient 

recovery.   

Emerging and integrated membrane-based processes have been studied for obtaining 

high nutrient concentration factor and selective recovery (Xie et al., 2016a; Yan et al., 

2018). Forward osmosis (FO), membrane distillation (MD), and electrodialysis (ED) are 

the three most promising technologies. In FO, two solutions of different concentration (i.e., 

osmotic pressure) are separated by a semipermeable membrane, creating a steep osmotic 

pressure difference driving water flowing into the draw agent side of higher osmotic 
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pressure. By using disposed desalination brine or seawater as low-cost draw agent, the 

nutrient in the feed solution can be enriched to a much higher concentration level (Zhang 

et al., 2014a). It has been reported that FO has achieved high concentration factor for 

nutrient streams like anaerobically digested sludge (Holloway et al., 2007), activated 

sludge (Achilli et al., 2009), and raw sewage (Xie et al., 2014a; Xue et al., 2015). In 

addition to enrichment, due to the intrinsic reverse diffusion of draw solute, concentrated 

nutrient can be precipitated directly during FO by using magnesium salts as the draw agent 

(Xie et al., 2013; 2014a). Despite the progress in FO enabled wastewater nutrient recovery, 

a low-cost or easily recoverable draw agent is necessary for sustainable nutrient recover. 

Yet, toxic heavy metals remain in the enriched nutrient streams after FO. Other than 

osmotic pressure, MD uses thermal energy to drive dewatering of nutrient streams to 

achieve enrichment. In MD, the feed stream is separate from the distillate by a hydrophobic 

vapor transporting membrane. All non-volatile constituents in the feed solution get 

concentrated, including phosphate and toxic heavy metals. Low-grade heat as the driving 

energy and scale-resistant hydrophobic membrane are critical for efficient enrichment of 

target substance in the feed solution. So far, MD is mainly studied for ammonia recovery 

on the permeate side because of the higher volatility of ammonia than water (Zarebska et 

al., 2014; Zhao et al., 2013). ED with multiple chambers separated by alternating ion 

exchange membranes could achieve both nutrient ion enrichment and separation driven by 

external electric power. ED has been reported to demonstrate selectively partitioning of 

phosphate from wastewater effluent containing various ions for a concentrated phosphate 

solution of a concentration factor up to 7 (Zhang et al., 2013; Zhang et al., 2012). Thanks 

to the selectivity of ion exchange membranes, ED can achieve the removal of toxic heavy 
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metals cations from the phosphate concentrate. Despite the high selectivity and efficiency 

enrichment, relatively expansive ion exchange membranes and energy consumption remain 

the critical hurdles before phosphate recovery from wastewater through ED becomes 

economically viable compared to phosphate rock mining. System resistance is reversely 

correlated to the energy efficiency of ED process, nutrient streams of high concentration 

are the ideal feed solution for ED-based nutrient recovery. In summary, a cheap and easy 

pretreatment solution for source nutrient stream enrichment and purification is crucial for 

economically competitive nutrient recovery to enhance the sustainability of the food 

industry.  

Hydrogels, a class of 3D scaffolds formed by crosslinking hydrophilic polymer 

chains, hold highly tunable and reversible physical and chemical properties, attributed to 

which, they are widely used in various fields. In particular, when embedded with ionic 

groups, depending on the solution pH and ionic strength, the hydrogel could absorb a large 

mass of water (up to ~1,000 gram per gram of dry gel) (Yunkai et al., 2009). More 

importantly, with fixed charge groups on the nanofluidic mesh channels of varying size, 

ionic hydrogel scaffold possesses ion selection capacity through ion exchange and 

exclusion governed by Donnan membrane effect (Sarkar et al., 2010). For example, an 

anionic hydrogel scaffold has been used as the space charged nanofluidic channel to 

achieve high conductance and outstanding cation selectivity to generate osmotic power 

(Chen et al., 2020b). In essence, ionic hydrogel is less crosslinked ion exchange resin 

capable of simultaneous ion separation and concentration through dewatering. Ion 

exchange resins have been studied for heavy metal (Cumbal and SenGupta, 2005) and 

nutrient (Sendrowski and Boyer, 2013; Shepsko et al., 2019) removal through ion 
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exchange. The current work demonstrated an easy and cheap pretreatment solution for 

phosphate enrichment and heavy metal removal using ionic hydrogels combining 

spontaneous dewatering and ion selection. The rejection rate of phosphate by commercial 

anionic hydrogels was investigated and explained based on the comparison between mesh 

size of hydrogels and Debye screening length of nutrient media. The achievable 

concentration factor and recovery rate of phosphate under different pH and volume ratio 

were quantified. On molecular level, interactions between the ionic polymer chains and 

target ions were elucidated through molecular dynamic simulations to guide future 

hydrogel structure optimization. 

3.2 Materials and Methods 

3.2.1 Materials 

Poly(sodium acrylate) (PSA) Super Absorbent Polymer (SAP) beads (M2 Polymer 

Technologies, Inc., IL, US); all salts used in this work were of analytical purity purchased 

from Sigma Aldrich, MO, US; P test kits TNT 844 (Hach, CO, US). 

3.2.2 Characterizations of the Hydrogels 

The water absorbency or swelling ratio of hydrogels was quantified to evaluate the 

effects of medium pH and ionic strength. Solutions of different NaCl concentrations (0, 

0.1, 1, 2, 5 mM) were adjust to different pH values (3, 5, 6.5, 9, 11) using 0.1 M NaOH 

and HCl. Three SAP spheres (16.7±0.4 mg) were added into 10 mL media to allow swell 

for 12 hours to reach equilibrium. The swollen spheres were measured for the weight to 

calculate the swelling ratio under different pH and ionic strength. 
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Phosphate rejection performance of SAPs was quantified under different conditions. 

One SAP sphere (5.2±0.2 mg) was added into solutions of 0.1, 0.5, 1, 2, 5, 10 mM KH2PO4 

separately. After 2 hours, phosphate concentration in the residual medium and the weight 

of the swollen sphere were measured. Total P concentration throughout this experiment 

was measured using UV-VIS (Hach DR6000) after color reactions using TNTplus 844 test 

kits. The phosphate rejection was calculated based on the following equation, 
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where C0 represents the phosphate concentration of the stock feed solution; Ct represents 

the phosphate concentration of the residual solution at time t; V0 is the feed volume, 3 mL; 

V´ represents the volume of the absorbed water, which equals the volume of the gel at time 

t (VCt) minus the initial volume of the gel (VC0). 

The rejection variation along the swelling process was quantified by leaving the 

sphere in the medium for different time periods. Three SAP spheres (16.1±0.2 mg) were 

allowed to swell in 3 mM KH2PO4 for 10, 20, 30, 60, 120 mins. The rejection rates were 

calculated as above. To evaluate the effect of pH on phosphate rejection, media of different 

pH values were made using different species of phosphate as listed in Table 3.1. 
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Table 3.1 Characteristics of the phosphate media 

Medium Concentration, mM Ionic strength, mM pH 

H3PO4 3 2.32 2.41 

H3PO4 + NaH2PO4 1.5 + 1.5 2.62 2.74 

NaH2PO4 3 3.02 5.04 

NaH2PO4 + Na2HPO4 1.5 +1.5 5.88 7.1 

Na2HPO4 3 8.72 9.12 

Na2HPO4 + Na3PO4 1.5 + 1.5 10.60 11.12 

Na3PO4 3 12.40 11.25 

 

3.2.3 Phosphate Enrichment and Purification 

Concentration factor of phosphate using water absorbing SAP was quantified under 

different conditions to investigate the effects of volume ratio, pH, and swelling ratio of 

hydrogels on enrichment performance. One to five spheres (5.5±0.3 to 26.8±0.4 mg) were 

added into 3 mL of 0.5 mM KH2PO4 medium (pH=5.18) separately for 3 hours to dewater. 

Concentration factor, phosphate recovery rate, and volume ratio (3 mL divided by the 

volume after dewatering) were calculated based on the phosphate concentration and 

volume of the residual medium. The same experiment was repeated using media of the 

same concentration but an elevated pH of 8.34. In addition, to evaluate the effect of 

swelling ratio of hydrogels, three to fifteen beads (16.4±0.4 to 82.1±0.5 mg) were used to 

concentrate 3 mL of 0.5 mM phosphate solution with a pH of 8.34. The process lasted 30 

mins. 
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In addition to enrichment, the heavy metal removal capacity of the hydrogels was 

demonstrated as well. Nickel is one of the most common toxic heavy metals found in US 

wastewaters that remains ionized across a wide range of pH, therefore of the most 

relevance. Three spheres (16.4±0.5 mg) were added into 3 mL medium containing 0.5 

mM phosphate and nickel and allowed to swell for 2.5 hours. Nickel concentrations 

before and after were measured using inductively coupled plasma mass spectrometry 

(ICP-MS) (NexION 1000, Perkin Elmer, MA, US).  

3.2.4 Calculations 

The swelling ratio of hydrogels and the ionic strength of the medium as two 

governing factors in phosphate ion rejection were translated to hydrogel mesh size and 

Debye screening length. The theoretical linear mesh size of PSA hydrogels at different 

swelling ratio was calculated by the equation discussed by Canal and Peppas as follows 

(Canal and Peppas, 1989), 
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where Cn is the characteristic ratio of the polymer (Cn,PSA=6.7)(Gudeman and Peppas, 

1995), Mr is the molecular weight of the average repeating unit of sodium acrylate (94), 

and ὰ is the carbon-carbon bond length (1.54 Å), Mc is the molecular weight between 

crosslinks, which can be calculated by the equation discussed by Peppas and Merrill as 

follows (Peppas and Merrill, 1976), 
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where V1 is the molar volume of water (18 cm3/mol), Mn is the number-average molecular 

weight of the polymer (~50,000), ’Ӷ is the specific volume of the polymer (approximated 

as 0.77 cm3/g), … is the Flory polymer-solvent interaction parameter (0.5 for PSA in water) 

(Gudeman and Peppas, 1995), and ɜ2,s and ɜ2,r are the polymer volume fractions of the 

swollen gel and the relaxed gel (immediately after preparation, taken the value of 1), 

respectively. ɜ2,s is calculated based on the following equation, 
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where Ὠ is density of the polymer 1.3 g/cm3, Ὠ is the density of water 1.0 g/cm3, Mb and 

Ma are the masses of the polymer before and after swelling. 

Debye screening length (ɚD) for all the solutions was calculated as well based on the 

equation below to be compared to the effective mesh size of the hydrogels. 
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where ”  is the number concentration of ion type i, ‐‐ equals the permittivity of 

hydrogel (‐taken the number for water 78.5 at 25°C, ‐ is permittivity of free space 

8.854×10ī12 Fẗmī1), T is the temperature (298 K), kB is the Boltzmann constant 1.38064852 

× 10-23 m2 kg s-2 K-1, and zi is the ion valency. 
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3.2.5 Molecular Dynamic Simulations 

Molecular dynamic (MD) simulations solve Newtonôs equations of motion for a 

system of interacting atoms for the trajectory of each atom under the influence of the force 

field. The force field is a set of parameters used to define the intramolecular and 

intermolecular interactions, including bonded interactions, like bond stretching, angle 

bending, and torsion, and non-bonded interactions, like the Lennard-Jones (LJ) Van der 

waals interaction and coulombic interaction. The total molecular potential can be described 

as follows (Bjørlo, 2018), 

 Ὗ ό ὰ ό — ό • ό ὶ ό ὶ  (3.6) 

since intermolecular interactions are the focus of this study, the non-bonded interaction 

potentials using Lennard-Jones (LJ) and Coulombic (C) models take the form of: 
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where ὶ is the distance between sites i and j, ‐  (depth of the potential well) and „  

(distance at which the particle-particle potential energy is zero) are the LJ parameters, ή 

and ή represents the charges on sites i and j, and ‭‭ equals the permittivity of space. 

OPLSAA force field (Jorgensen et al., 1996; Watkins and Jorgensen, 2001) was used to 

model all the molecules in this work. The parameters used for the atoms to define the force 

field in this study are listed in Table 3.2 (Canongia Lopes et al., 2008; Li et al., 2013). 
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Table 3.2 LJ parameters for function groups and target ions used in this study 

Atom ů, nm Ů, kJ/mol q, e 

C-COO (acrylate) 0.375 0.43932 0.54 

O-COO (acrylate) 0.296 0.87864 -0.52 

S-SO3 (sulfonate) 0.355 1.18 1.225 

O-SO3 (sulfonate) 0.315 0.837 -0.63 

O-SO3 (sulfonate, protonated) 0.315 0.837 -0.68 

Ni 0.21882 0.1531344 2 

Cu 0.2066 0.1786568 2 

Zn 0.22978 0.13598 2 

Co 0.24534 0.11966 2 

Cd 0.292 0.12719 2 

Pb 0.4039 0.23305 2 

To calculate the interactions between different molecules, the LJ parameter 

combination rule is as follows, 

 ‐ ‐‐ (3.8) 

 „ „„ (3.9) 

PSA chains were built using Avogadro molecule builder. All the simulations were 

carried out using GROMACS (2021.3). In the diffusion simulation box (3.6×3×L nm3) of 

periodic boundaries, the PSA channel consists of 6 PSA chains of 12 repeating units each. 

Three PSA chains in parallel were placed at the top with the other three placed at the bottom 

of the box to form the channel. The channel size was controlled by the distance between 

the two clusters of PSA chains. The distance was set at 5, 10, 15, and 20 nm to simulate 

the diffusion of phosphate ion in hydrogel channels of varying size. One phosphate ion and 

37 sodium ions were added to neutralize the system. The box was solvated with 2020 water 

molecules. The system was firstly subjected to steepest-descent energy minimization (EM) 

to stabilize the system until the maximum force between atoms was lower than 1000 
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kJ/mol/nm. The PSA chains were frozen throughout the simulations. After EM, a 50000 

step NVT simulation was performed (leap-frog algorithm with a time step of 2 fs), where 

a constant simulation temperature of 300 K was maintained using a V-rescale thermostat. 

Both the short-range electrostatic and van der waals interactions cutoff range were set at 1 

nm. Particle Mesh Ewald (PME) was used to calculate long range electrostatics. The 

diffusion coefficient of phosphate ion was calculated using the Einstein relation 
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where ộȿὶὸ ὸ ὶὸȿỚ is the mean square displacement (MSD) for a given relative 

simulation time ὸ. 

Different number of phosphate molecules, 1, 3, 5, and 7, were simulated for a channel 

size of 5 nm to investigate the effect of co-ion on the diffusion of phosphate ions. 

Corresponding sodium ions were added to keep the system neutral.  

To simulate the interaction between acrylate group and heavy metal ions, 72 acrylic 

acid molecules, 3 Pb2+, 3 Cd2+, 3 Co2+, 3 Zn2+, 3 Cu2+, 3 Ni2+ ions were added into a 

simulation box of 7×7×7 nm3. Following the NVT simulation to reach the 300 K 

temperature, an NPT simulation using Parrinello-Rahman pressure coupling was run at 1 

bar reference pressure for another 100 ps in 50,000 steps to reach the ideal solution density. 

Finally, MD simulation was carried out using leap-frog integrator for 1000 ps in 500,000 

steps remained at 1 bar and 300 K. After the MD simulation, the radial density functions 

between the reference O-COO atoms and the heavy metal ions were plotted out based on 

the trajectory and coordinate files to rate the interaction between the hydrogel function 
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groups and the heavy metal ions. Same simulation was carried out with sulfonic acid, 

acrylic acid molecules, and phosphate ions to predict the rejection of phosphate by 

hydrogels with sulfonate groups. 

3.3 Results and Discussion 

3.3.1 Water Absorption of SAP Hydrogels 

For phosphate solution concentration, water absorption capacity of SAP hydrogels is 

critical. The swelling of ionic hydrogels in an aqueous solution involves five steps: (i) the 

diffusion of water molecules into the crosslinked hydrophilic ionic polymer channels; (ii) 

the dissociation of the ionic species leaving the branches along the backbone long chains 

charged; (iii) the relaxation and disentanglement of the polymer chains driven by the 

repelling force between likely charged branches; (iv) the expansion of the network creating 

vacuum within the hydrogel, which continuously draws water inside the channels; and (v) 

the decrease of the vacuum pressure along with the swelling until the equilibrium between 

the vacuum and osmotic pressure is reached, at which point, the hydrogel stops swelling. 

Therefore, the water absorbency of ionic hydrogels relies heavily on the dissociation of 

sodium ions followed by the relaxation of the overall polymer mesh. As shown in Figure 

3.1, the anionic PSA hydrogel absorbed larger amount of water at alkalic pH, especially at 

lower ionic strength attributed to higher degree of deprotonation when the pH of the 

medium surpasses the pKa of PSA which is 4.7. Yet the influence of pH on the swelling 

ratio appeared minor compared to that of the medium ionic strength. At a pH of 11, the 

PSA hydrogel exhibited a water absorbency of around 130 g/g dry gel in DI water. The 

water absorbency steeply decreased to around 80 g/g dry gel when the ionic strength of the 
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medium reached 5 mM. Hence, ionic hydrogel based nutrient enrichment pretreatment is 

more applicable to nutrient streams of relatively low ionic strength.  

 

Figure 3.1 Swelling ratio of PSA spheres in media of different pH and ionic strength. 

3.3.2 Enrichment of Phosphate solutions by SAP Hydrogels 

Besides excellent spontaneous water absorption capability, effective phosphate 

rejection is necessary for ionic hydrogels to achieve nutrient enrichment. The anionic 

function groups (acrylate) long the PSA hydrogel chains serve as negatively charged 

channels to regulate the transport of phosphate anions during water absorption through 

Donnan membrane effect driven by electrostatic interactions. The interaction between free 

ions in the medium and the charged surface is the strongest within the Debye screening 

length (ɚD), based on which the comparison between the medium Debye length and the 

varying mesh size of the swelling hydrogel, in other words the charged channel size, 

provides insights into the initial repulsion of phosphate ions from the hydrogel surface at 

the beginning of the swelling. As expected, the overall phosphate rejection rate of PSA 

hydrogel decreased from 93.2±1.0% in 0.1 mM phosphate to 56.9±12.3% in 10 mM 

phosphate (Figure 3.2a). At equilibrium in 0.1 mM phosphate, the calculated mesh size of 
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the hydrogel is 69.8±0.7 nm, around 10 nm bigger than the effective Debye length (2 ɚD). 

Although there is uncovered area free of electrostatic force from ionic polymer at the 

hydrogel surface, the excellent phosphate rejection is attributed to the much larger effective 

Debye length inside the hydrogel network governed by the much lower internal ionic 

strength. When the external phosphate concentration increased to further compress the 

electric double layer (EDL), more phosphate ions entered the hydrogel network bringing 

down the internal Debye length as well. As a result, the overall phosphate rejection rate 

dropped to below 60% when the surface Debye length dropped to around 6 nm compared 

to the 55±3.1 nm mesh size at 10 mM phosphate concentration (Figure 3.2a). With the 

similar hydrogel mesh size (~58 nm) and even slightly decreased surface Debye length 

(i.e., from 12.6 to 5.5 nm), the phosphate rejection rate increased as the medium pH 

increased and reached at 77.4±3.0% when the medium pH was 9.1 (Figure 3.2b). This is 

probably because the ionic hydrogel network became more deprotonated at higher pH as 

discussed above, resulting in a higher internal negative charge density. The stronger 

electrostatic repulsion at higher pH led to better phosphate rejection. Besides the 

equilibrium rejection numbers, the rejection rate evolution along the swelling of the 

hydrogel was also quantified. Counterintuitively, as the hydrogel rapidly expending 

initially, the phosphate rejection rate increased from 63.1±5.4% to 78.3±4.4% within the 

first 30 mins of swelling. As the mesh size further increased, the rejection rate flattened out 

and resided at 67.9±3.0% at 120 mins (Figure 3.2c). This can be explained by the initial 

inhomogeneous swelling of the hydrogel. The surface mesh size grew larger at the 

beginning contributing to the low phosphate rejection. Following the initial swelling, water 

further diffused into the core of the hydrogel at a higher speed than the phosphate ions 
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diffusing against the mesh size gradient, which explains the increase in the rejection rate 

before the hydrogel reached homogeneous swelling. Phosphate ions diffusion inside the 

network following the concentration gradient averaged out the phosphate distribution 

driving the rejection to a lower level. In the end, phosphate ion partition across the hydrogel 

and medium phases equilibrated according to the external medium.  

 

Figure 3.2 (a) Phosphate rejection of hydrogels in media containing different 

concentrations of phosphate (pH around 5); (b) phosphate rejection of hydrogels 

under different pH (3 mM phosphate); (c) phosphate rejection evolution along the 

swelling of the hydrogels (pH around 5, 3 mM phosphate, effective Debye length 

11.08 nm). 

The phosphate concentration factor and recovery rate achieved by different masses 

of hydrogels were quantified to find the optimal volume ratio in operation. By adding 
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around 1wt% hydrogels (5 beads) into 3 mL 0.5 mM phosphate solution, phosphate was 

concentrated 3.4 times with a recovery rate of 65.0±1.2% (Figure 3.3a). When 

experimented at a higher pH of 8.3, the concentration factor increased to 3.6 at a volume 

ratio of 5.2, accounting for a recovery rate of 70.0±3.2% (Figure 3.3b). To take advantage 

of the initial high rejection, more hydrogels were added to reach the same volume reduction 

in a much shorter time. Around 3 wt% of hydrogel decreased the medium volume by 

around 8 times in 30 mins. However, the concentration factor was only around 4.3, 

accounting for a recovery rate of 55.5±11.1%, which is much lower than the recovery rate 

when fewer hydrogels were added (Figure 3.3c). Therefore, nutrient streams of higher pH 

are more suitable for ionic hydrogel-based enrichment pretreatment for effective nutrient 

recovery. The volume ratio needs to be remained less than 3 for a favorable recovery rate 

of phosphate above 80%. Excessive hydrogels could lower the recovery rate by leaving too 

little residue medium outside that made it hard to promote diffusion and rinse off the 

nutrient concentrated near the hydrogel surfaces. In summary, the best practice for 

hydrogel-based nutrient enrichment should be conduct the enrichment in multiple stages 

with each stage achieving a moderate concentration factor. Aside from the concentration 

factor, we demonstrated the heavy metal removal as well. A wright concentration of 0.5 

wt% of gel was added into 3 mL of medium containing 0.5 mM of P and nickel. After 

absorption, the phosphate concentration increased to 0.8 mM accounting for 88% recovery, 

while no nickel was detected in the residual medium (Figure 3.4). The PSA hydrogel 

concentrated phosphate 1.6 times and removed 100% of Nickel simultaneously, presenting 

opportunity for cheap and easy nutrient enrichment and purification. 
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Figure 3.3 Concentration factor and recovery rate of phosphate feed solution plotted 

against volume ratio for experiment with: 1x hydrogel beads (1-5) swelling at pH 5.2 

for 3 hours (a); 1x hydrogel spheres swelling at pH 8.3 for 3 hours (b); 3x hydrogel 

beads (3-15) swelling at pH 8.3 for 0.5 hour (c). 

 

Figure 3.4 Phosphate and Nickel concentrations before and after SAP hydrogel 

absorption (pH=5.5, volume ratio =1.8) 

3.3.3 MD Simulations of Interactions between Ionic PSA Chains and Target Ions 
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MD simulations were performed to understand the diffusion of phosphate ions in the 

expanding charged channels formed with ionic hydrogel chains (Figure 3.5a&b). When in 

a relatively narrow PSA channel (5 nm), phosphate remained relatively steady at a fixed 

position under stronger coulombic forces (Figure 3.5a), indicating strong rejection. When 

the channel size increased to 20 nm, the phosphate displaced significantly within a short 

time (Figure 3.5b), indicating weaker rejection from the PSA mesh. As shown in Figure 

5c, the effective diffusion coefficient of phosphate ion stayed at around 1.2×10-5 cm2/s 

about half of that of water molecules, as the channel size increased from 5 nm to 15 nm. 

Moreover, only if the channel size reached 20 nm, the diffusion coefficient of phosphate 

surpassed that of water molecules (Figure 3.5c). The large deviation indicates vigorous 

oscillation. It aligns with the trend observed in the experiments that the phosphate rejection 

rate decreases as the mesh size of the hydrogel increases. The diffusion coefficient of 

phosphate ions increased as more phosphate ions entered the channel (Figure 3.5d). After 

converting the number density of phosphate to concentration, the simulation indicated that 

a mesh size of 5 nm could retain effective rejection of phosphate ions even at a medium 

concentration of 0.2 M (Figure 3.5d). These results provide insights into building ideal 

nanofluidic channels based on ionic hydrogel networks with high water flux for excellent 

co-ion rejection and counter ion conductance, harvesting various energy and resources 

(Chen et al., 2020b). 

To investigate the heavy metal selectivity of PSA hydrogel, MD simulations were 

conducted using deprotonated acrylic acid molecules and various heavy metal ions. The 

affinity of PSA to different heavy metal ions indicated by the radial density function (RDF) 

followed the order of Zn2+ > Ni2+ > Cd2+ > Cu2+ > Co2+ > Pb2+ (Figure 3.6). Function groups 
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capable of metal chelation need to be introduced to expand the heavy metal removal 

capacity of current ionic hydrogels. As indicated by the RDF of phosphate ions with 

reference to acrylic and sulfonic acid molecules, respectively, sulfonate function group 

exhibited much stronger repulsion towards phosphate ions (Figure 3.6). To achieve higher 

concentration factor of phosphate nutrient streams, ionic hydrogels with sulfonate function 

groups could be promising. To further simulate the ion transport through the charged 

polymer mesh, larger system of atoms will be built and the simulations will be run on high 

performance computer clusters. 
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Figure 3.5 MD NVT simulation screenshots of the phosphate ion at 20, 60, and 80 ps 

in between the PSA channel with a size of 5 nm (a) and 20 nm (b); effective diffusion 

coefficients of the phosphate ion and water molecules in the channel of different 

sizes (c); effective diffusion coefficients of the phosphate ions and water molecules in 

the channel of 5 nm with different phosphate concentrations (d). 
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Figure 3.6 Radial density function (RDF) of heavy metal ions with reference to 

acrylic acid molecules; RDF of phosphate ions with reference to acrylic and sulfonic 

acid molecules. The RDF was only plotted until half of the length of the simulation 

boxes. 

3.4 Impact 

The anionic hydrogel-based phosphate enrichment and heavy metal removal process 

demonstrated in this work presented a cheap and self-driven pretreatment solution for 

efficient nutrient recovery from wastewater. The simple process requires no external power 

source to drive the ion separation and concentration through dewatering. The saturated 

hydrogels could be easily regenerated through acid elution owing to the excellent pH 
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sensitivity of ionic hydrogels. If applied in nutrient streams containing no toxic 

contaminants, the swollen hydrogels carrying filtered water could be directly applied in the 

soil as water source for plants and soil conditioner to improve water use efficiency of 

irrigation in agriculture. With such easy nutrient enrichment solution, wastewater nutrient 

recovery can be achieved through either struvite precipitation or ED at a much higher 

efficiency to produce high value fertilizers lending economic viability to phosphate 

recovery. Once the recovery becomes more competitive than phosphate rock mining, 

phosphate supply chain can be transformed into a supply ring to greatly enhance the 

sustainability of food industry.  
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CHAPTER 4. SELF-DRIVEN NANOFILTRATION BY CORE -

SHELL POLYMER COMPOSITES (CSPCS) 

4.1 Introduction  

As a well-established separation process, membrane filtration plays a critical role in 

a variety of fields, including water purification, gas separation, bioprocessing, and 

chemical manufacturing, attributed to its favorable energy efficiency, compact footprint, 

and scalability (Elimelech and Phillip, 2011; Park et al., 2017; Sholl and Lively, 2016). In 

the era of increasingly pressing water and energy challenges, both highly permeable and 

selective membranes are made possible through (i) selective layer thickness control (down 

to sub-10 nm) (Jiang et al., 2018; Karan et al., 2015), (ii) molecular-level morphology and 

pore-size design using alternative fabrication technique and novel polymeric materials 

(Chen et al., 2020a; Holt et al., 2006; Tan et al., 2018; Wang et al., 2018; Werber et al., 

2016; Zhao et al., 2019), and (iii) novel sieving membranes (e.g., graphene and MoS2) (Mi, 

2019; Ries et al., 2019; Xu et al., 2019). In traditional filtration processes, the filtrate is 

pushed through a filter under an external driving force, usually pressure. However, such a 

filter and the external driving force may not be available or favorable under certain 

circumstances where a simple and flexible separation solution is needed. For instance, 

when concentrating biomedical or environmental samples, if they are of very small volume 

and the target component to be concentrated is delicate, the conventional syringe filter 

could be damaging and cause the waste of the sample inside the syringe. In some other 

cases, in-situ liquid separation in a complex matrix is needed for on-site environmental 
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monitoring or disease diagnosis, where the installation and operation of filtration devices 

is impossible.  

Different from normal filtration processes where filtrate passes through either a flat 

or a curved cylinder-like filtration interface, in which case, the flow vector is either 

unidirectional (1D) or in the same plane (2D), a new concept of three-dimensional (3D) 

filtration using hydrogels was demonstrated recently for essentially spontaneous water 

filtration and enhanced mass transfer in an immersive setup, where the water flows into the 

hydrogel absorbers from all directions (Ali et al., 2015; Wei et al., 2018; Wu et al., 2020; 

Xie et al., 2016b; Yu et al., 2016). Hydrogels, a class of networks formed by crosslinking 

hydrophilic polymer chains, hold highly tunable and reversible properties under stimuli, 

attributed to which, they are widely used in various fields. In particular, when embedded 

with ionic groups, the hydrogel possesses a large capacity of water absorption (up to ~1,000 

g·g dry gel-1) (Yunkai et al., 2009). Attempts have been made to explore the potential of 

hydrogels for desalination, proving the water absorbing and solute rejecting ability of 

hydrogels for water separation (Table 4.1). In one example, thermally responsive hydrogel 

discs of different crosslinking degrees were utilized to achieve brackish water (2 g/L NaCl) 

desalination through absorption and dewatering cycles. Only 23% salt content was 

removed at a moderate water absorption of ~20 g·g dry gel-1 (Ali et al., 2015). In another 

example, while a salt rejection of 65% was achieved, the water absorbency of the hydrogel 

absorber was very low at ~3 g·g dry gel-1 (Yu et al., 2016).  Given the relatively small 

treating capacity, difficulties in continuous operation, and energy-intensive water recovery, 

hydrogel absorbers remain incompetent in large scale water purification applications. 

Nevertheless, the self-driven, flexible, and simple nature of hydrogel absorbers renders 
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them rather promising in small scale applications such as concentrating biological or 

environmental samples. Hydrogel spheres have been successfully utilized to fast 

concentrate microorganisms in water samples for reliable quantitative detection. Both 

bacteria and viruses could be effectively concentrated as the size of the water channels in 

the hydrogel spheres was only several nanometers (Xie et al., 2016b). In addition to be 

applied for target quantification, hydrogel absorbers can also be utilized to concentrate 

valuable substances in aqueous solutions for more efficient transport and recovery. 

Hydrogel absorbers exhibiting a high water absorbency of ~60 g·g dry gel-1 have been used 

to concentrate microalgae around 40 times to a high biomass concentration for biofuel 

extraction (Wei et al., 2018). In most cases, the rejection of solutes is achieved through size 

exclusion by controlling the pore size of the hydrogels which should be smaller than that 

of the target substances. The crosslinking ratio of the polymer chain network governs the 

pore size of the hydrogel. The higher the crosslinking ratio, the smaller the pore size, which 

means higher selectivity. However, the crosslinking ratio is inversely correlated to the 

absorbency of the hydrogel that determines the filtration capacity. Such trade-off makes 

the ideal hydrogel absorbers of both high selectivity and absorbency rather challenging. 

In order to achieve self-driven 3D water filtration of both high selectivity and 

capacity for enhanced concentrating effect, we developed a core-shell polymer composites 

(CSPCs): A hydrogel sphere serves as the core driving water absorption, with a polyamide 

(PA) shell providing ion rejection (Figure 4.1). Different from the molecular-level ñcore-

shellò star block co-polymers utilized for the fabrication of anti-fouling nanofiltration 

membranes for traditional filtration (Diep et al., 2016), the innovative design of the 

macroscale core-shell configuration demonstrated here has never been reported. The core-
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shell configuration effectively tackles the trade-off between the selectivity and water 

absorbency and enables independent control over the two critical properties of such 

hydrogel absorbers. PA membrane as the active layer of thin film composite (TFC) 

membranes is widely used in nanofiltration and reverse osmosis (Chowdhury et al., 2018; 

Karan et al., 2015; Tan et al., 2018). The combination of hydrogels and nanofiltration 

membranes has been reported in forward osmosis desalination process, however the 

unidirectional (1D) filtration interface hardly exploits the water absorbing ability of the 

hydrogels (Razmjou et al., 2013). Given that, a 3D spherical core-shell configuration is 

advantageous. When the CSPC is immersed in an aqueous solution, water molecules 

diffuse into the network of the hydrogel, causing disentanglement and expanding of the 

hydrophilic network. The absorbing pressure created by the volumetric swelling of the 

hydrogel keeps driving water intake until the equilibrium between the absorption and 

osmotic flow is reached. It is worthy to note that, instead of being driven by osmotic 

pressure like in FO processes, the water absorption in CSPCs is driven by the swelling 

pressure created by the expending of the polymer network. The PA shell acts as a screen 

rejecting salt ions along the water absorption (Figure 4.1). In this way, water filtration could 

happen spontaneously in these suspended 3D core-shell absorbers for extra versatility and 

control in separation processes using customized size and amount of the absorbers. 

To the best of our knowledge, such 3D filtration based on dynamic core-shell 

polymer composites has never been reported before. Through interfacial polymerization 

(IP), an ultrathin PA shell was formed on the surface of the hydrogel core to obtain CSPC. 

With the innovative core-shell configuration enabling independent water absorbency and 

selectivity control over hydrogel composite absorbers, the CSPCs synthesized in this work 
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achieved both high absorbency and selectivity presenting excellent separation performance 

in aqueous solutions (Table 4.1), which is especially useful in concentrating valuable 

targets in complex aqueous matrixes for better detection, transport, and recovery. 

 

Figure 4.1 Schematic of the 3D water filtration based on the core-shell polymer 

composite (CSPC).  
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Table 4.1 Comparison of the existing hydrogel absorbers for 3D filtration 

Hydrogel 

composition 
Shell Morphology 

Water 

absorbency 

Selectivity 

control 
Target 

Rejection 

rate 
Reference 

PSA-PNIPAMa - Disc  ~23 g·g dry gel-1 Hydrogel  Na+ 23% (Ali et al., 

2015) 

PSA-PHEMAb - Particle ~3 g·g dry gel-1 Hydrogel Na+ 65% (Yu et al., 

2016) 

P(AM-co-IA) c - Sphere ~60 g·g dry gel-1 Hydrogel  Bacteria 98% (Xie et al., 

2016b) 

P(AM-co-IA)  - Sphere ~50 g·g dry gel-1 Hydrogel Bacteria 87% (Wu et al., 

2020) 

PAAd  - Sphere ~60 g·g dry gel-1 Hydrogel  Microalgae N/A (Wei et 

al., 2018) 

PSA-PAMe PAf  Sphere ~50 g·g dry gel-1 Shell  Na+ 99% This work 
apoly(sodium acrylate)-poly(N-isopropylacrylamide), bpoly(sodium acrylate-co-2-hydroxyethyl 

methacrylate), cpoly(acrylamide-co-itaconic acid), dPolyacrylic acid, epoly(sodium acrylate)-

polyacrylamide, fpolyamide 

4.2 Materials and Methods 

4.2.1 Materials 

Acrylic acid (AA), acrylamide (AM), tetrachloroethylene, toluene, ammonium 

persulfate (APS), N,N'-Methylenebisacrylamide (MBA), NaOH, ethanol (99.5%), m-

phenylenediamine (MPD), trimesoyl chloride (TMC), and hexane were purchased from 

Sigma-Aldrich. Commercial maize bran (MB) without processing was purchased from 

local supermarket. Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Chemical Co.). 

4.2.2 Characterization Methods 
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The thickness and roughness of the PA shells and flat membranes were measured by 

an atomic force microscope (AFM) (Veeco Dimension 3100). The morphology and surface 

features were observed by a scanning electron microscope (SEM) (Hitachi 8230) under 5 

kV accelerating voltage and a transmission electron microscope (TEM) (Hitachi HT7700) 

under 120 kV accelerating voltage. The SEM samples were sputter coated with gold before 

characterization. In the swelling behaviour study, wrinkle-fold evolution of the membrane 

was observed by an environmental SEM (ESEM) (Hitachi S-3700N) under 14 kV and 100 

Pa. Elemental composition was measured by x-ray photoelectron spectrometer (XPS) 

(Thermo K-Alpha) equipped with an Ar ion sputter gun. Aluminum K-Alpha 1.486 KeV 

is used as the photoelectron source. The cracking test of the PA shells was conducted under 

an optical microscope (Zeiss Axio observer 7). The Youngôs modulus of the 

Polydimethylsiloxane (PDMS) substrate for the wrinkling test was measured by a universal 

test machine (Testresources 100 series). 

4.2.3 Preparation of the CSPCs 

The hydrogel core of the CSPC was synthesized through suspension radical 

polymerization (Zhang et al., 2014b). A certain amount of AA was neutralized in an ice 

bath with 250 g·l-1 NaOH solution to achieve 85% neutralization. Certain amount of AM 

as the co-monomer, APS as the initiator, and MBA as the crosslinker were added to 12 ml 

of neutralized AA solution. The mass ratio of AA, AM, APS, and MBA was 

100:40:0.84:0.112, respectively. After sonicating for 5 min, a well-mixed ready-to-

polymerize monomer solution was obtained. To create a suspension phase for the 

polymerization, 5 ml tetrachloroethylene was added first into a 20 ml beaker as the bottom 

layer and 5 ml of toluene was added slowly without mixing as a top layer. The monomer 
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solution was subsequently added into the layered organic phase dropwise (7 ʈl per drop) 

to form dispersed individual spheres suspended in the system. During the polymerization 

at 68ºC, a density gradient formed at the layer interface through spontaneous diffusion and 

heating turbulence to keep the spheres suspended along the polymerization (Figure 4.2). 

After reacting for 30 min, the solidified spheres sank to the bottom for collection. The as-

prepared spheres were stored in ethanol before use.  

 

Figure 4.2 Schematic showing the spherical core suspension polymerization. 

The PA shell wrapping the core was synthesized through interfacial polymerization 

(Yip et al., 2010). The spheres were first immersed in aqueous MPD solutions of different 

concentrations (2, 1, 0.5, or 0.1 wt% in DI water), respectively, for 1 hour to reach a final 

diameter of ~10 mm. The organic suspension phase consisting of well mixed 

tetrachloroethylene (~37 vol%) and hexane (~63 vol%) had a density close to that of the 

hydrogel spheres. Because the density of the hydrogel spheres was fixed, no density 

gradient was needed. The mixed organic phase contained different concentrations of TMC 

(0.06, 0.03, 0.015, or 0.003 wt%). The swollen hydrogel sphere was suspended in the as-

prepared organic phase for 2 min, after which, the organic solution was replaced with a 2 
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M KCl aqueous solution to shrink and store the as-prepared CSPCs before use. The 

equilibrium diameter of the CSPCs in the 2 M KCl solution was ~3 mm (Figure 4.3). The 

MB-PAA based CSPCs were synthesized using the same procedure except that the AM 

was replaced by the same mass of MB. 

 

Figure 4.3 Photographs showing the shrinking of the CSPC. 

4.2.4 Preparation of PA Shell Samples for Characterizations 

To investigate the physical and chemical properties of as-prepared PA shells, the 

shell was separated from the spherical core and transferred onto silicon wafers following a 

special procedure (Figure 4.4). For characterization only, the integrity of the shell was put 

aside. Before coating, the sphere was fixed onto a needle for easy handling. After the 

interfacial polymerization, the CSPC was cut into hemispheres by a razor. The hemispheres 

were immersed into water at an angle to separate and float the shell. Eventually, the shell 

was transferred onto a silicon wafer for atomic force microscopy (AFM), scanning electron 

microscopy (SEM), and x-ray photoelectron spectroscopy (XPS) characterizations. The 

free-floating shells were also transferred onto copper grids for transmission electron 

microscopy (TEM) observation.  
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Figure 4.4 Schematics showing the PA shell separation and transfer process. 

4.2.5 Preparation of the Flat-Sheet Hydrogel-Based PA Membranes 

An aliquot of 1 ml as-prepared monomer solution was cast onto a glass slide to form 

a flat layer, and the slide was placed on a hot plate set at 68ºC for 30 min to allow the 

polymerization. The flat-sheet polymer was then immersed in MPD aqueous solutions of 

different concentrations (2, 1, 0.5, or 0.1 wt% in DI water), respectively. After swelling for 

1 hour, the curved up hydrogel sheet was cut into flat strips for membrane coating in hexane 

organic phase containing 0.1, 0.05, 0.025, or 0.005 wt% TMC. The interfacial 

polymerization lasted 2 min. The as-prepared flat-sheet hydrogel PA membrane composite 

was immersed into DI water at an entering angle to separate and float the membrane for 

transferring onto PDMS substrates for mechanical property tests. 

4.2.6 Water Filtration Experiments 

After shrinking in a 2 M KCl solution for over 90 min, the CSPC was transferred 
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into 1 ml feed solution to initiate the swelling. The size of the swelling CSPC was 

monitored by an optical microscope. The volume of the CSPC was calculated based on the 

radius measured by a circle measuring tool in the microscope software. The water 

absorption rate was calculated based on the changing volume of the sphere over time. After 

45 min of water absorption, the ion concentration in the residual solution was measured by 

atomic absorption spectroscopy (AAS). The salt rejection was calculated based on equation 

(4.1): 
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where C0 represents the ion concentration of the stock feed solution; Ct represents the ion 

concentration of the residual solution at time t; V0 is the feed volume, 1 ml; V  ́represents 

the volume of the absorbed water, which equals the volume of the CSPC at time t (VCt) 

minus the initial volume of the CSPC (VC0). 

For the water filtration experiments in bivalent ion solutions, the cation concentration 

was 35 mM equivalent to the Na+ concentration in 2 g·l-1 NaCl. The swelling ratio (end 

volume/initial volume) was controlled at 9 equivalent to that in the tests conducted in 2 

g·L-1 NaCl. 

4.2.7 Mechanical Tests of the Flat-Sheet Hydrogel-Based PA Membranes 

To investigate the mechanical properties of hydrogel-based PA membranes, flat-

sheet hydrogel-based PA membranes were chosen to perform the wrinkling and cracking 

based tests, due to the curved nature of the spherical membranes (PA shells) making the 
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above mechanical tests impossible. Considering the thickness and roughness similarity to 

the PA shells, flat-sheet PA membranes synthesized using only hexane as the organic phase 

during interfacial polymerization were chosen as the samples. The thickness and roughness 

of the PA membrane samples were listed in the table below: 

Table 4.2 Thickness and roughness of flat PA films 

PA Membrane-TMC in 

pure hexane (wt% 

amine) 

Interface 

type 

Thickness from AFM 

(nm) 
RMSa roughness 

Rrms (nm) 

2% MPD Flat 178.0 Ñ 7.2 95.2 Ñ 3.5 

1% MPD Flat 97.0 Ñ 13.2 51.3 Ñ 4.3 

0.5% MPD Flat 17.9 Ñ 0.4 15.0 Ñ 0.8 

0.1% MPD Flat 12.9 Ñ 0.2 0.8 Ñ 0.1 

aRMS stands for root mean square. 

Under compressive stress, the thin film placed on elastic substrate wrinkles and 

forms a well-defined wave pattern, the elastic modulus of the thin film can be estimated 

based on Equation (S1) (Chung et al., 2011; Karan et al., 2015; Stafford et al., 2004), 
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where, E and ɜ are the elastic modulus and the Poissonôs ratio, respectively, with the 

subscripts s and m standing for substrate and membrane. The wavelength is annotated as 

ɚ. Membrane thickness is annotated as hm.  

PDMS (1.2 - 1.6 mm thick) was used as the substrate for the wrinkling test, which 

was fabricated by casting the mixed solution of Sylgard 184 (base:curing agent, mass ratio, 
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10:1) onto a glass slide and cured at 75ºC for 2 hours. The tensile test was performed by a 

universal test machine on the PDMS stripes. The elastic modulus of PDMS (1.64 ± 0.14 

MPa) was obtained from the linear elastic region (less than 1% strain). The Poissonôs ratio 

of PDMS and polyamide membrane was assumed to be 0.49 and 0.39, respectively (Karan 

et al., 2015). To perform the wrinkling tests, the PDMS stripes of 20×15 mm2 dimension 

was first stretched up to 10% strain using a 3D printed and assembled stretching tool 

(Figure 4.5A). The synthesized PA membrane floating on the water was then transferred 

onto the PDMS substrate and dried. After totally dried, the PDMS stripe was gently 

recovered back to its original length by turning the screw reversely, which applied a 

compressive stress on the top PA membrane to form the wave pattern (Figure 4.5B). 

Subsequently, the as-prepared samples were analyzed by AFM for the wavelength 

measurements (Figure 4.5C).  
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Figure 4.5 Wrinkling test of the PA membranes. A, 3D printed stretching tool. B, 

Schematics showing the wave forming process. C, AFM measurements of the as-

prepared wrinkled PA membranes (wt% amine). The mean wavelength was 

estimated from at least 15 wavelengths. 

The supplementary mechanical properties, including onset fracture strain and 

fracture strength, were estimated based on the theory that the average fragment width, ộὨỚ, 

is inversely proportional to the strain. Thus, based on the average width of fragments, both 

the properties above can be obtained from equation (4.3),  
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where ů* is the fracture strength, and Ůô equals strain Ů minus onset strain Ů*. The cracking 

test was performed by stretching the PDMS-PA membrane composite using the stretching 

tool to form cracks on the membrane. The evolution of the average fragment width along 

the strain was observed and recorded by an optical microscope.  

4.2.8 Multiphysics Modelling of the Swelling of the Hydrogel Sphere 

The swelling of the hydrogel is a coupled process involving large deformation of the 

hydrogel network and mass transport of the absorbents, in this case, water molecules. From 

thermodynamics perspective, the swelling represents a process of hydrogel-water system 

entropy increasing caused by the decrease of the chemical energy embedded in the polymer 

chains, which is well depicted by the Flory-Rehner free energy function (Flory and Jr., 

1943). The free energy of the swelling hydrogel network consists two parts, the entropy of 

network stretching and the entropy of the mixing of network polymer and water molecules, 

which governs the displacement/deformation of the network and water mass transfer, 

respectively (Hong et al., 2009; Hong et al., 2008; Huggins, 1941).  

Given that, we simulated the initial transient swelling of the hydrogel sphere based 

on the model developed by Lucantonio et al. (Lucantonio et al., 2013). The deformation of 

the gel is depicted by the deformation gradient F, which is related to the gradient of the 

displacement u by F = I  + uɳ. Here I is the identity matrix. The determinant of F, J, here 

equals ɚ3, where ɚ represents the stretch. For the swelling of a hydrogel from the reference 

state, the following volume constraint holds (Lucantonio et al., 2013), 
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where J0 represents the volume deformation from the dry state to the reference state, ɋ is 

the solvent molar volume, which is 6.023×10-5 m3·mol-1 for water, and c is the molar 

concentration of the solvent in the hydrogel. The conservative equations based on the force 

and mass balance as follows should also be satisfied, 

 ὨὭὺ ╢ π (4.5) 
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where S is the first Piola-Kirchhoff stress and h is the water mass flux.  

To derive the constitutive equations in supplementary to the conservative equations, 

the Flory-Rehner free energy density per unit of gel volume, referred to as ‰ was written 

as (Doi, 2009), 
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where F0 = ɚ0I , and ═Ͻ║ denotes the inner product between two second order tensors 

═ȟ║ ; G is the shear modulus taking the value of 40 kPa in this model (Lucantonio et al., 

2013), and H represents the mixing entropy taking the form,  
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where … represents the dimensionless measure of the enthalpy of mixing, which takes the 

value of 0.2 in this model (Lucantonio et al., 2013). Based on the free energy function, the 

constitutive relations are determined as, 
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where F* = JF-T; p is a Lagrange multiplier representing a pressure field remained unknown 

in the model; µ is the chemical potential of the solvent; D is the diffusivity of the solvent, 

which is 8×10-10 m2·s-1 for water. 

Eventually, the model was implemented in COMSOL Multiphysics software to find 

a displacement u and a solvent concentration c to satisfy the conservative equations (4.5)-

(4.6), the constitutive Equations (4.9)-(4.11), and the volume constraint Equation (4.4) 

under appropriate initial and boundary conditions.  

4.3 Results and Discussion 

4.3.1 Fabrication and characterizations of CSPCs 

The hydrogel spheres were synthesized with poly(sodium acrylate (PSA) and 

polyacrylamide (PAM) through suspension radical polymerization. Figure 4.6A shows the 

dried hydrogel spheres of a diameter of 1.9 ± 0.1 mm (n>10). Hydrogel spheres of vastly 
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different sizes (from less than 100 ɛm to several millimeters) can be fabricated through 

different procedures (Ahmed, 2015), which makes CSPCs capable of water separation at 

different scales. The synthesis method and the size of the hydrogel spheres in this study 

was chosen for narrow size distribution and better characterization. The as-prepared 

hydrogel spheres were immersed in the aqueous m-phenylenediamine (MPD) solution 

(1 wt% in deionized water) to allow MPD molecules to enter the hydrogel network (Figure 

4.6B). While the swollen hydrogel sphere (10.8 ± 0.5 mm in diameter) (Figure 4.6C) was 

suspended in an organic phase containing 0.03 wt% trimesoyl chloride (TMC), MPD 

molecules were released from the polymer channels to initiate IP on the surface of the 

hydrogel sphere, forming a PA shell (Figure 4.6B & D). All the results shown in the 

following are based on the CSPCs fabricated from this MPD:TMC concentration 

combination (1 wt%:0.03 wt%), unless specified. Immersed in saline water (2M KCl), the 

CSPC gradually shrank to ~3 mm in diameter and became ready for swelling in different 

solutions to achieve water filtration (Figure 4.6E). 
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Figure 4.6 Fabrication and morphological characterization of the CSPCs. A, 

Photograph of dry hydrogel spheres. Scale bar, 2 mm. B, Schematics showing the 

CSPC fabrication. MPD, m-phenylenediamine; TMC, trimesoyl chloride. C, 

Photograph of a swollen hydrogel core containing MPD. Scale bar, 3 mm. D, 

Photograph of a CSPC suspended in the organic phase. Scale bar, 5 mm. E, 

Photograph of the CSPCs shrunk to different sizes. Scale bar, 5 mm. F and H, SEM 

images of the rough PA shell (1% MPD) and the smooth PA shell (0.1% MPD), 

respectively. Scale bars, 500 nm. G and I, AFM height images and corresponding 

height profiles of the rough PA shell (1% MPD) and the smooth PA shell (0.1% 

MPD) on top of a silicon wafer, respectively. Scale bars, 1 ɛm. 

 Free-standing PA films separated from the hydrogel substrate were transferred onto 

different substrates for thorough characterization. The PA shell prepared with 1% MPD 

showed a typical ñridge-and-valleyò rough morphology with an apparent thickness of 64.3 
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± 5.2 nm (Figure 4.6F-G) (Werber et al., 2016). This morphology can be easily tuned by 

changing the IP precursor concentration. When the MPD concentration was decreased to 

0.1%, a smooth and ultrathin PA film, as thin as 7.4 ± 0.1 nm, was formed (Figure 4.6H-

I), indicating a controlled IP probably attributed to the unique diffusion of MPD molecules 

in the hydrogel network (Karan et al., 2015). The ultrathin PA shell offers possibility for 

ultrafast water absorption of the CSPCs (Jiang et al., 2018; Karan et al., 2015). The PA 

shell synthesized on the spherical hydrogel surface was transferred onto silicon wafers as 

described above for thickness and surface morphology measurements. The height 

difference from the shell surface to the silicon wafer surface was estimated by the height 

profile across the shell edge to quantify the thickness (Figure 4.7). AFM results are 

summarized in table S1. Although the thickness of the relatively smooth PA shells is well 

presented (Figure 4.7A and B), the thickness estimation for highly crumpled and rough 

shells can only be accounted as the apparent thickness representing the thickness of the 

whole ñridge-and-valleyò zone, while the actual thickness is around 20 nm according to 

the lowest point on the height profile (Figure 4.7C and D). The apparent thickness and 

roughness of the PA shell increased as the precursor concentration increased (Figure 4.7 

and Table 4.3). As the MPD concentration increased, the PA shell of the final CSPC 

became increasingly wrinkled (Figure 4.8A-D). The syntheses using different precursor 

concentrations resulted in PA shells with different morphology. The smooth PA shell made 

from 0.1% MPD had a roughness of only 0.4 ± 0.1 nm (Figure 4.8E, I & M and Table 4.3). 

As the precursor concentration increased, small protruding nodules started to form on the 

shell surface (Figure 4.8F). These nodules grew bigger and clustered together as the 

precursor concentration further increased (Figure 4.8G & H). The roughness increased 
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accordingly (Table 4.3). When happening at relatively high reactant concentrations, the 

interfacial reaction generates heat faster than it can be dissipated. The Rayleigh-Bénard 

convection driven by the local heat accumulation (Karan et al., 2015), together with the 

limited diffusion of MPD molecules in the organic phase, causes the ñlocal buoyancy and 

lateral inhibitionò phenomenon at the interface (Tan et al., 2018). Further increased reactant 

concentration, meaning higher heat and diffusion instabilities, leads to the formation of 

small crumples on top of the increasingly curved up interface, which results in the ñridge-

and-valleyò rough PA shell structure covered by protruding nodules with sizes of 100 to 

200 nm (Figure 4.8J-L). As shown in TEM images, the nodules are mostly hollow with 

roughly 10-30 nm thick walls (Figure 4.8N-P). The PA shell synthesized with high 

concentration MPD tends to have more nodule clusters of thick walls (~27 nm) (Figure 

4.8L & P).   



 66 

 

Figure 4.7 Thickness quantification of the PA shells by AFM. Left, AFM images 

showing the PA shell made from 0.1% MPD (A), 0.5% MPD (B), 1.0% MPD (C), 

and 2% MPD (D) on the silicon substrate, respectively. Right, height profiles. The 

lines in the AFM images represent the positions where height profiles were taken. 
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Table 4.3 Roughness of PA membranes synthesized under different conditions 

PA membrane 

(wt% amine) 
RMSa roughness 

Rrms (nm) 

2% MPD 66.5 Ñ 11.8b 

1% MPD 42.7 Ñ 6.2 

0.5% MPD 14.4 Ñ 0.3 

0.1% MPD 0.4 Ñ 0.03 
aRMS stands for root mean square. 
bStandard deviations were calculated from results of at least three areas of each membrane 

sample. Samples were prepared in triplicates for each reaction condition. 
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Figure 4.8 The CSPCs with different PA shells. A-D Schematics (left top), 

photographs (left bottom), and surface optical microscope images (right) of the final 

CSPCs: 0.1% MPD (A), 0.5% MPD (B), 1.0% MPD (C), and 2.0% MPD (D). E-H, 

AFM images of the PA shells made from 0.1% MPD (E), 0.5% MPD (F), 1.0% MPD 

(G), and 2.0% MPD (H). I-L, SEM images showing the surface structures on the PA 

shells made from 0.1% MPD (I), 0.5% MPD (J), 1.0% MPD (K), and 2.0% MPD 

(L). M -P, TEM images of PA shells made from 0.1% MPD (M), 0.5% MPD (N), 
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1.0% MPD (O), and 2.0% MPD (P). The concentration ratio between MPD and 

TMC remained 20:1 for all the samples. 

The XPS results showed a similar surface atomic composition among the PA shells 

(Table 4.4). The relatively high oxygen concentration on the PA shell surface, especially 

the one fabricated with 2% MPD, is probably due to the oxidation of the precursor MPD 

molecules during the prolonged absorption process before the interfacial polymerization. 

The primary chemical shift is most likely attributed to the elements directly bonded to the 

carbon atom of interest, and the secondary shift (ɓ-shift) is attributed to the strong electron 

withdrawing groups (amide and carboxylic acid) bonded to the carbon atom (Karan et al., 

2015). To quantify the bonding state of the atoms of interest, peak deconvolution was 

performed using CasaXPS software. The C1s peaks of the membranes were deconvoluted 

into five peaks at 284.8 eV (C-C, C=C, and C-H), 285.5 eV (ɓ-shift for C-CONH, C-COO), 

286.1 eV (C-N), 288.1 eV (N-C=O), and 289.0 eV (O-C=O). The narrow spectrum of O1s 

confirmed the amount of amide bond at 532.0 eV (N-C=O) and the unreacted acyl chloride 

group of TMC hydrolyzed to the carboxylic acid group at 533.2 eV (O-C=O). The amide 

bond at 400.0 eV (N-C=O) was found in the N1s spectrum with a small amount of 

unreacted amine at 401.5 eV (R-N+H3) (Karan et al., 2015; Tan et al., 2018) (Figure 4.9 

and Table 4.5). 
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Table 4.4 Atomic composition of the PA shells from the CSPCs 

PA shells (wt% 

amine) 

C% N% O% 

2.0% MPD 72.0 ± 1.8a 8.6 ± 0.2 19.4 ± 2.0 

1.0% MPD 70.4 ± 0.2 12.3 ± 0.5 17.2 ± 0.3 

0.5% MPD 69.2 ± 0.1 13.0 ± 0.2 17.7 ± 0.2 

0.1% MPD 72.1 ± 0.5 12.6 ± 0.2 15.3 ± 0.2 

aStandard deviations were calculated from the results of two different areas on each sample. 
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Figure 4.9 XPS narrow spectrums of the PA shells. The PA shells made from 0.1% 

MPD (A), 0.5% MPD (B), 1.0% MPD (C), and 2.0% MPD (D). 
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Table 4.5 Deconvolution and composition of the XPS narrow spectrums of the PA 

shells of the CSPCs 

PA shell 

(wt.% 

amine) 

C1s  O1s  N1s 

Energy 

(eV) 
Species (%) 

 Energy 

(eV) 
Species (%) 

 Energy 

(eV) 
Species (%) 

2.0% MPD 

284.8a C-H, C-C, C=C 72.6         

285.7 C-CONH, C-COO 14.1  532.0 N-C=O 62.6  400.0 N-C=O 92.0 

286.4 C-N 5.2  533.7 O-C-O 37.4  401.7 R-N
+
H

3
 8.0 

288.2 N-C=O 3.6         

289.1 O-C=O 4.5         

1.0% MPD 

284.8 C-H, C-C, C=C 64.9         

285.6 C-CONH, C-COO 11.2  532.0 N-C=O 66.8  400.0 N-C=O 98.5 

286.2 C-N 13.9  533.1 O-C-O 33.2  401.9 R-N
+
H

3
 1.5 

288.2 N-C=O 10.0         

0.5% MPD 

284.8 C-H, C-C, C=C 63.0         

285.5 C-CONH, C-COO 7.9  532.0 N-C=O 54.1  400.0 N-C=O 96.4 

286.1 C-N 15.9  533.2 O-C-O 46.0  401.5 R-N
+
H

3
 3.6 

288.1 N-C=O 11.1         

289.0 O-C=O 2.1         

0.1% MPD 

284.8  C-H, C-C, C=C 71.6         

285.5 C-CONH, C-COO 3.8  532.0 N-C=O 67.6  400.0 N-C=O 100 

286.0 C-N 13.8  533.4 O-C-O 32.4     

288.2 N-C=O 10.9         

aBinding energies have a deviation of ± 0.2 eV. 

4.3.2 Swelling Behavior of CSPCs 

To withstand the swelling and shrinking of the CSPCs, mechanical endurance of 

the shells is crucial. Wrinkling-cracking measurements (Chung et al., 2011) were carried 

out on the flat-sheet hydrogel-based PA membranes. The membranes can be classified into 

two groups based on mechanical properties. Relatively smooth membranes exhibited much 
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higher Youngôs modulus and fracture strength (e.g., 689.21 and 274.72 MPa, respectively, 

for 0.1% MPD membrane) than the rough ones did (e.g., 26.04 and 56.94 MPa, 

respectively, for 1% MPD membrane) (Figure 4.10), indicating that the smooth PA 

membranes are more stiff and rigid while the rough ones are more elastic and flexible. 

These could be attributed to the dense isotropic structure of the smooth PA membranes 

(Foglia et al., 2017) and the void-containing crumpled structure of the rough ones. Due to 

the difficulty in precise quantification of the thickness of the rough membrane samples, the 

reported mechanical properties are calculated from average thickness from the AFM 

measurements. Thus, the results are only for comparison between different samples rather 

than absolute quantification.  
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Figure 4.10 Cracking test of the PA membranes. A, The optical microscope images 

showing the cracks of 1.0% MPD membrane formed at 28.1% strain (upper image) 

and 46.7% strain (bottom image). B, The plots of rescaled crack density versus the 

strain for PA membranes of different thicknesses. The dashed lines represent the 

linear fitting of the measured data to the strain-dependent crack density model 

Equation (S11), from which the intercept (Ů*) and the slope (1/ů*) were derived. C, 

Summary of the results. 

The diameter of the CSPC increased from 3.2 ± 0.1 to 7.2 ± 0.1 mm in deionized 

water within 35 min (Figure 4.11), corresponding to a water absorption of 52.8 ± 1.9 g·g 

dry gel-1 (Figure 4.12A). The coupled deformation and mass transport within the hydrogel 

core was simulated using a finite element method (mesh discretization) through COMSOL 

Multiphysics software based on Flory-Rehner free energy function (Flory and Jr., 1943) to 
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provide conceptual demonstration of the hydrogel swelling process. Along with the initial 

rapid swelling, the deformation transited from inhomogeneous to homogeneous within one 

second. The initial irregular surface deformation of the hydrogel was attributed to the finite 

triangular discretizing mesh elements mimicking the surface imperfection of the real 

hydrogel core. During homogeneous swelling, water diffusion within the hydrogel was 

driven by water concentration gradient along the sphere radius (Figure 4.12B). The free 

energy of the swelling hydrogel is well depicted by the Flory-Rehner function (Flory and 

Jr., 1943) covering the entropy of the network expanding along with the mixing with the 

solvent molecules (Hong et al., 2008). Given that, the swelling of the hydrogel represents 

a process of hydrogel network entropy increasing caused by the decrease of the chemical 

energy embedded in the polymer chains. Therefore, the swelling behavior of hydrogels can 

be tailored according to three factors: (i) polymer density; (ii) mixing coefficient 

(hydrophilicity); and (iii) swelling stress (crosslink density), for preferable swelling rate 

and core-shell interaction to meet specific needs. 
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Figure 4.11 The diameter of the CSPC plotted against the swelling time in DI water. 

Error bars represent the standard deviations from 3 independent experiments. 
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Figure 4.12 Swelling behavior of the CSPCs.  A, Water absorption of the CSPC 

plotted against swelling time. Error bars represent standard deviations from 3 

independent experiments. B, The distribution of the deformation and water volume 

fraction within the swelling hydrogel sphere at different times by the finite element 

method simulation. The colour scale bar represents the water volume fraction 

(water volume/initial gel volume). C-E, Photographs of the swelling CSPCs at a 

diameter of ~3 mm (C), ~5 mm (D), and ~7 mm (E).  The CSPC size was quantified 

based on the circle radius (red dashed circle). Scale bars, 2 mm. F-H, ESEM images 

showing the PA shells on the swelling CSPCs at a diameter of ~3 mm (F), ~5 mm 

(G), and ~7 mm (H). Scale bars, 30 ɛm. I-K, Sketches depicting the profile of the 

ridges (I), wrinkles of small wavelengths (J), and wrinkles of big wavelengths (K). 

The relaxation of the rough PA shell (1% MPD) on the swelling CSPC (Figure 

4.12C-E) was recorded by ESEM (Figure 4.12F-H). Before swelling, the PA shell on the 

shrunken CSPC wrinkled into hierarchical ridges to release the in-plane compression under 

the strain exerted by the spherical core (3D strain), as bending is more energetically 

efficient than compression(Kim et al., 2011b) (Figure 4.12F & I). During shell relaxation, 

the large amplitude ridges evolved into multi-wavelength wrinkles (Figure 4.12G & J) 

(Efimenko et al., 2005; Kim et al., 2011b). Further swelling of the CSPC resulted in the 

wrinkles of small amplitude but big wavelength (Figure 4.12H & K). Such morphology 

evolution indicates a relatively loose attachment between the PA shell and the hydrogel 

core presenting a low risk of shell cracking under the 3D swelling strain. Furthermore, no 

overlapping of the shell was observed on the shrunken CSPC implying trivial permeance 

hindrance. 

Different from the rough shell (1% MPD) (Figure 4.12F), the smooth shell (0.1% 

MPD) deformed predominantly into folds during the shrinking and retraced from arrayed 

deep folds to scattered shallow folds during the swelling (Figure 4.13). This fold-dominant 

morphology with large contact area and tight adherence to the swelling substrate may make 

the smooth shell (0.1% MPD) susceptible to cracking. The notably different behavior of 
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the smooth and rough shells under the 3D strain may be attributed to the different 

mechanical properties (Figure 4.10). The more rigid and stiff the membrane is, the more 

likely the deformation of the membrane is focalized into folds (Kim et al., 2011b). 

 

Figure 4.13 Swelling behavior of CSPC1. A and B, Photographs of the swelling 

CSPC1 at the diameter of ~4 mm (A) and ~6 mm (B). The CSPC1 diameter was 

quantified based on the circle radius (red dashed circle). C and D, ESEM images 

showing the PA shell on the swelling CSPC1 at the diameter of ~4 mm (C) and ~6 

mm (D). E and F, Sketches representing the profiles of folds of big amplitude (E) 

and folds of small amplitude (F). 

4.3.3 Water Filtration by CSPCs 

Methyl orange (MO) (molecular weight, 327.3 g·mol-1; volume, 0.86 nm3) (Karan 

et al., 2015) was used as a proof-of-concept indicator to demonstrate the selectivity of the 

CSPCs. The bare hydrogel sphere completely turned orange after swelling in the MO 

solution, while the hydrogel core of the CSPC remained colorless under identical 

conditions (Figure 4.14A-B). To further quantify the selective permeability of the CSPCs, 

3D filtration was also conducted in aqueous solutions with different ion concentrations and 
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species. The CSPC swelled from 3.2 ± 0.1 to 6.7 ± 0.1 mm in 2 g·l-1 NaCl in 45 mins 

(Figure 4.15). It is worth noting that, the residual MPD from the IP in the hydrogel network 

could negatively impact the water absorption ability of the hydrogel by forming hydrogel 

bonds with the polymer long chains restrain the relaxation and expansion of the network. 

Alternative shell synthesis methods involving no residual chemicals will be developed in 

the future work. The water absorption of the CSPC decreased as the salt concentration 

increased, as expected, due to the higher osmotic pressure of the feed solution (Figure 

4.14C). Although the salt rejection of the CSPC dropped from 99.8 ± 0.4% in 2 g·l-1 NaCl 

to 76.9 ± 2.7% in 4 g·l-1 NaCl, which was probably due to the stronger solute diffusion, no 

further decrease occurred in 6 g·l-1 NaCl (Figure 4.14D). The CSPCs exhibited universally 

high salt rejection (>96%) in bivalent ion solutions (Figure 4.14E). The similar water 

absorption (40.6-42.8 g·g dry gel-1) in 2 g·l-1 NaCl achieved in the same amount of time 

(45 min) by the CSPCs with rough shells of increasing thickness (i.e., 0.5%, 1.0%, and 

2.0% MPD) (Table 4.6) indicates that the water-absorbing hydrogel core is the rate limiting 

part of the CSPCs. By replacing the PAM with highly hydrophilic and biodegradable maize 

bran (MB), an even higher water absorption of 66.3 g·g dry gel-1 was achieved (Figure 

4.16). Moreover, it is worth noting that, although the ultrathin smooth PA shell (0.1% 

MPD) was particularly prone to defects during synthesis and swelling, it achieved a salt 

rejection close to 100% in 2 g·l-1 NaCl when remained intact. The 3D filtration tests in salt 

solutions show nanofiltration level selectivity of the CSPCs, which has never been realized 

by hydrogel absorbers, successfully demonstrating the concept of the core-shell hydrogel 

selective absorber. However, due to the intrinsic measurement error (5-10%) in current test 

procedures coming from the CSPC volume quantification and mild ion adsorption of the 
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shell, the reported salt rejection data does not provide further indication on the structure 

and rejection mechanism of the PA shells, which has been intensively studied in the 

literature (Childress and Elimelech, 2000; Yip et al., 2010). 

 

Figure 4.14 Demonstration of 3D water filtration by the CSPCs. A and B, 

Photographs of a bare hydrogel sphere (A) and a CSPC (B, with the shell peeled off) 

after swelling in the methyl orange (MO) solution for 40 min. Scale bars, 3 mm. The 

insets show the bare hydrogel and the CSPC immersed in the MO solution, 

respectively. C, Water absorption of the CSPCs plotted against swelling time. Error 

bars represent standard deviations from 3 independent experiments. D, Salt 

rejection of the CSPCs swelling in NaCl solutions. E, Salt rejection of the CSPCs 

swelling in bivalent ion solutions with a cation molar concentration of 35 mM, which 
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is equal to the Na+ molar concentration in 2 g·l-1 NaCl. Error bars represent 

standard deviations from 3 independent experiments. 

 

Figure 4.15 Photographs showing the swelling of the CSPC (1.0% MPD) in 2 g·l-1 

NaCl solution. 

Table 4.6 Summary of 3D filtration performance of all the CSPCs 

CSPC 

(PA 

shell 

wt% 

amine)  

2 g·l-1 NaCl  4 g·l-1 NaCl  6 g·l-1 NaCl 

Salt 

rejection 

(%) 

Average water 

absorption (g·g 

dry gel
-1
) 

 Salt 

rejection 

(%) 

Average water 

absorption (g·g 

dry gel
-1
) 

 Salt 

rejection 

(%) 

Average water 

absorption (g·g 

dry gel
-1
) 

2.0% 

MPD 

97.3 ± 1.1a 42.8 ± 1.5  71.7 ± 0.0 41.4 ± 0.8  62.0 ± 2.4 30.9 ± 1.1 

1.0% 

MPD 

99.8 ± 0.4 41.5 ± 2.1  72.4 ± 6.7 44.3 ± 1.8  79.1 ± 6.6 34.4 ± 0.2 

0.5% 

MPD 

86.9 ± 0.1 40.6 ± 0.5  80.1 ± 8.6 34.3 ± 0.8  94.0 ± 4.5 22.7 ± 0.9 

0.1% 

MPD 

100 ± 0.0 33.0 ± 0.5  NDb ND  ND ND 

aStandard deviations were calculated based on 3 independent experiments.  
bND stands for not determined. 
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Figure 4.16 Comparison between the swellings of the maize bran (MB)-PSA based 

CSPC and the PAM-PSA based CSPC in DI water. Error bars represent the 

standard deviations from 3 independent experiments. 

In addition, the CSPC (0.1% MPD) with intact shell, meaning good selectivity, 

exhibited higher water absorption, compared with the CSPC (0.1% MPD) with impaired 

shell (Figure 4.17). When the shell is impaired, allowing external ions to enter the polymer 

network, the increased ion concentration will compress the electron double layer in the 

vicinity of the long chains, which constrains the ion dissociation. Consequently, the long 

chains become less charged and less likely to expand, leading to decreased swelling 

pressure, which is exhibited as the lower water absorption (Figure 4.17). The experimental 

evidence further verifies our hypothesis on the mechanism of the water absorption by 

CSPCs introduced before, which is different to the FO process. 
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Figure 4.17 Swelling capacity of the CSPCs of intact and impaired PA shells. A, The 

CSPC* (0.1% MPD) with an impaired shell (showed no salt rejection) before (left) 

and after (right) swelling; B, The CSPC (0.1% MPD) with an intact shell (100% salt 

rejection) before (left) and after (right) swelling. C, The water absorption of the 

both CSPCs plotted against swelling time. Error bars represent the standard 

deviations calculated from 3 independent experiments. 

The regeneration of the CSPCs was investigated, trying to recover the absorbed water 

and reuse the CSPCs. A simple evaporation test was carried out at 60 ºC in an oven, which 

gave a water evaporation rate of 2.9 kg m-2 h-1. About 90% of absorbed water was 

evaporated within 2 hours. However, the PA shell became too crispy and fragile after the 

drying process and shattered when immersed in the feed solution, which rendered the 

current CSPCs unfeasible to reuse. Enhancing the durability of the shells of the CSPCs will 

be one of the main topics for our follow-up research. 

4.4 Impact 

The spontaneous and highly selective (nanofiltration) water separation achieved by 

the flexible CSPCs can be appreciated in various fields in different scenarios. For example, 

in sample processing, CSPCs can easily absorb the excessive water while leaving 

substances of interest behind to achieve biomedical and environmental sample 
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concentration, nanomaterial purification and harvesting, or nutrient (e.g., N, P) 

concentration and recovery in urine.  After extracting pure water from unconventional 

water sources like salty water or wastewater, the swollen CSPCs can be transported and 

used as the water source for plants. In that case, water is released under the negative 

pressure generated by the plant roots. However, this self-driven filtration by CSPCs has its 

own limitations. Unlike traditional membrane filtration processes, the CSPCs are only 

compatible with batch mode operations. The treating capacity of individual CSPC is 

restricted by its water absorbency. In addition, the reusability of the current CSPCs is 

limited by the insufficient mechanical strength and thermal stability of the PA shell, which 

compromises the cost-effectiveness of potential applications of the CSPCs. Moving 

forward, because the CSPCs eliminate the trade-off between the selectivity and 

absorbency, the structure and chemical composition of the hydrogel core could be 

conveniently modified for fast and reversible water absorption. For example, porous 

hydrogel core with thermo-responsiveness can be made for enhanced water uptake and 

recovery (Ali et al., 2015; Yu et al., 2016). Besides heat, multi-stimuli responsive hydrogels 

can be made for ñsmartò control of water release for effective regeneration of the CSPCs 

(Downs et al., 2020). On the shell side, cellulose, polybenzimidazole/polydopamine, 

chitosan/polyacrylic acid, and many other membranes of better endurance for recycling 

can be fabricated from various processes to replace the current PA membrane. Depending 

on the demand, shells of different levels of selectivity (e.g., nanofiltration, ultrafiltration, 

and microfiltration) can be coupled with the hydrogel core, presenting more possibilities 

for CSPCs. The prototype CSPC demonstrated in this work offers a promising direction 

for the development of novel high-performance hydrogel absorbers.   
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CHAPTER 5. HIGHLY DEGRADABLE CHITOSAN -

MONTMORILLONITE (MMT) NANOCOMPOSITE HYDROGEL 

FOR CONTROLLED FERTILIZER RELEASE  

5.1 Introduction  

Given the water-soluble nature of conventional fertilizers, nutrient runoff and 

leaching remain the main challenges in enhancing fertilizer use efficiency and mitigating 

adverse environmental effects of the expanding farming. Traditional farming practices 

often overapply fertilizers to maximize crop yields. More than 50% of the applied nitrogen 

(N) and 85% of the applied phosphorous (P) are not assimilated by crops (Gilbertson et al., 

2020; Lassaletta et al., 2014). Without efforts to mitigate the environmental impacts of 

agriculture and technological advancements, food-system impacts on the environment are 

estimated to increase 50ï90% by 2050 (Gilbertson et al., 2020; Springmann et al., 2018). 

Controlled-release fertilizers offer a promising opportunity to tackle the challenge (Fertahi 

et al., 2021; Li et al., 2019; Tian et al., 2019; Xiang et al., 2017; Zhang et al., 2020). A 

wide range of synthetic polymers has been used as the coating material outside the granule 

fertilizers to limit the dissolution and release of the nutrients (Tian et al., 2019; Zhang et 

al., 2020), which presents great potential to increase fertilizer use efficiency and crop yield. 

Many of them are petroleum-based, like polystyrene, polysulfone, and glycerol ester 

(Tomaszewska and Jarosiewicz, 2002; Yang et al., 2013). The manufacturing of such 

coating materials is relatively expensive. It often involves toxic organic solvents, which 

severely hinder the commercialization of polymer-coated fertilizers (Cong et al., 2010). 
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Therefore, developing cheap, non-toxic, renewable, and biodegradable alternatives has 

been a primary task in advancing controlled-release fertilizers (Cao et al., 2006).  

In that effort, many eco-friendly biomaterials such as lignin, cellulose, chitin, and 

starch have been studied as constituent coating materials for slow-release fertilizers 

(Fertahi et al., 2021). With a double-layered coating consisted of polyurethane from corn 

stover and chicken feather protein co-polymerized with acrylic acid (AA) using N, N-

methylenebisacrylamide (MBA) crosslinker, the coated urea fertilizer effectively reduced 

N leaching and improved total N use efficiency by slowing down the N release rate and 

increasing the water retention capability of the soil (Yang et al., 2013). In addition to 

nitrogen fertilizer, a tri-layered coating was formed outside the granule nitrogen, 

phosphorous, and potassium (NPK) fertilizers by coating poly(vinyl alcohol) (PVA), 

chitosan, and poly(acrylic acid)/polyacrylamide (poly(AA-co-AM) in sequence. The 

obtained fertilizer released 84, 63, 36% of the N, P, and K nutrients, respectively, in 30 

days in water (Noppakundilograt et al., 2015). Instead of in-situ polymerization of the 

monomers on the fertilizer surface, fine particles of sodium alginate (NaAlg)-g-poly(AA-

co-AM) hydrogel/clinoptilolite clay nanocomposites were physically attached to the NPK 

fertilizer granules. The coated fertilizer exhibited a much slower release and achieved a 

cumulative release ratio below 75% after 30 days in soil (Rashidzadeh et al., 2015). 

Although the polymeric coatings effectively slow down the release of fertilizers, the 

layered coating processes are complex and far from scalable, making polymer-coated slow-

release fertilizers less compatible with existing farming machinery and practices.  
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Chitosan is a linear polysaccharide composed of randomly distributed á-(1-4)-

linked D-glucosamine and N-acetyl-D-glucosamine units. It is mainly produced through 

the deacetylation of chitin, which is the second most abundant natural biopolymer behind 

cellulose (Bhattarai et al., 2010; Kumar et al., 2004). The most common sources of chitin 

are the crab and shrimp shells. The primary aliphatic amines along the chitosan chains can 

be protonated in acidic solutions (amine pKa is 6.3) (Berth et al., 1998), making it 

hydrophilic, cationic, and capable of forming polyelectrolyte copolymers. Non-toxicity, 

biocompatibility, and biodegradability make chitosan an excellent excipient studied 

extensively for controlled release formulations (Kumar et al., 2004). In particular, besides 

as the coating material to limit the fertilizer release (Angelo et al., 2021; Fertahi et al., 

2021), chitosan has also been used as a fertilizer carrier to load and release nutrient ions 

through adsorption and desorption (Santos et al., 2015). Nevertheless, to limit the nutrient 

ion release, these chitosan-based fertilizer excipients still rely on forming dense and rigid 

structures through chemical crosslinking with synthetic polymers or sodium hydroxide 

neutralization. The accumulation of these hard-to-degrade polymer materials could impact 

soil fertility in the long term. Therefore, a safe and degradable controlled-release fertilizer 

formulation remains a pressing need.  

The drive for advancing more sustainable agriculture and food systems has motivated 

the emergence of transdisciplinary methodologies utilizing the properties of materials at 

the nanoscale to address extensive and inefficient resource use (Elhaj Baddar and Unrine, 

2021; Gilbertson et al., 2020). The usage of inorganic layered nanomaterials like clay and 

clay minerals as a constitute of controlled delivery systems is a well-established practice 

(Cui et al., 2019; Jayrajsinh et al., 2017). Here, we developed a cheap, safe, and highly 
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degradable controlled-release fertilizer formula based on chitosan-montmorillonite (MMT) 

nanocomposite hydrogels. Montmorillonite (MMT) is a major component of Bentonite. 

More specifically, MMT is a layered silicate [(Na,Ca)0.33(Al,Mg)2Si4O10(OH)2ÅnH2O], 

belonging to the smectite group of minerals, possessing a high specific surface area and 

aspect ratio. The MMT particles are rendered as 2D materials with a thickness of ~1 nm 

and a diameter of 0.2ï2 ɛm. The overall surface charge is mildly negative attributed to the 

oxide anions, which facilitates the mixing with cationic agents (Cui et al., 2019). The 

unique cation exchange capacity and the layered structure for intercalation make MMT an 

ideal candidate for sustaining nutrient release (Hakim et al., 2019; Pereira et al., 2012). 

Moreover, nanoclays can physically crosslink the ionic polymer chains like chitosan 

through electrostatic interactions and hydrogen bonds to form nanocomposite hydrogels of 

unique mechanical properties and swelling capacity (Haraguchi et al., 2005; Mousa et al., 

2018). A chitosan-MMT composite has been fabricated through neutralization 

condensation in sodium hydroxide for potassium adsorption and controlled release, and yet 

the degradability and the potassium release mechanism of the composite is unknown 

(Santos et al., 2015). 

In this study, unlike the typical encapsulation practice, controlled fertilizer release 

was achieved by tuning the swelling kinetics of the chitosan-MMT scaffold through 

physical crosslinking. The mesh size increases along with the swelling of the scaffold, 

which promotes the diffusion of the loaded fertilizer to the external environment. 

Therefore, the swelling of the scaffold and the release of the fertilizer are interrelated. The 

chitosan chains were scaffolded using MMT nanoflakes as the physical crosslinker and 

glutaraldehyde as the chemical crosslinker. NPK fertilizer was loaded during the in-situ 
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crosslinking under benign reaction conditions. The crosslinking mechanisms were 

investigated through comprehensive characterizations of the nanocomposite hydrogels. 

The reversible physical bonds between MMT nanoflakes and chitosan chains facilitated 

the degradation of chitosan-MMT nanocomposite hydrogels, while sustaining the 

controlled release of the fertilizer. 

5.2 Materials and Methods 

5.2.1 Materials 

Chitosan (high (310k-375k Da) and low (50k-190k Da) molecular weight) (75-85% 

deacetylated), MMT nanoclay, glutaraldehyde (GA), acetic acid, and ethanol (99.7%) were 

all purchased from Sigma Aldrich, MO, US. NPK fertilizer (Plant Food 24-8-16, 20.5% 

urea nitrogen + 3.5% ammoniacal nitrogen, 8% P2O5, and 16% K2O) and garden soil (All-

purpose garden soil) were purchased from a local store (Miracle-Gro, CA, US). 

5.2.2 Preparation of Chitosan/Nanoclay Hydrogels 

The high and low molecular weight chitosan pellets were dissolved in 10 mL DI 

water containing 1% acetic acid at 1% and 2% w/v, respectively, at 60 °C and mixed for 

30 mins (Angelo et al., 2021; Cui et al., 2019). A certain volume of 10 g/L pre-

ultrasonicated MMT stock solution (probe sonicator for 5 mins, 20 kHz, 100 W) was 

diluted to 5 mL and then added into the chitosan solution to achieve the desired weight 

ratio with respect to the chitosan (3.3, 10, 16.7, 23.3 wt%). After mixing the solution for 4 

hours at 60 °C, 50 wt% NPK fertilizer powder with respect to the total mass of chitosan 

and MMT were added into the mixture. An aliquot of 200 µL of GA crosslinking agent 
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diluted to the desired concentration was subsequently added, making the weight ratio of 

GA to chitosan 0.50, 0.85, 1.15, and 1.65 wt%. The crosslinking process proceeded until 

the mixture became increasingly viscous in about 5 mins. Then the mixture was degassed 

in a sonicator for 25 mins before being frozen at -26 °C for 20 hours. After freezing, the 

mixture was thawed at room temperature for 24 hours (Mastrangelo et al., 2020). The gel 

was then rinsed and dried in ethanol (190 proof) for 2 hours. After further drying in air for 

one more hour and in an oven at 40°C overnight, the chitosan-MMT controlled-release 

fertilizers were obtained. 

5.2.3 Characterizations of the Hydrogels 

The gels obtained after thawing at room temperature were freeze-dried for 16 hours 

and sputter coated with a thin layer of Au before being imaged by scanning electron 

microscope (SEM) (Hitachi 8230). Surface elemental mapping was conducted 

simultaneously using energy dispersive X-ray spectroscopy (EDX) (Hitachi 8230). 

Fourier-transform infrared spectroscopy (FTIR) (Nicolet 6700) tests were conducted using 

dried gel samples to identify the characteristic functional groups and characterize the 

bonding states of the nanocomposites.  

The elastic properties of the gels were measured through indentation tests by using a 

universal testing machine (Instron Model 5944 Materials Testing System). The thawed gels 

were cut into 1 cm3 cubes, and glued to the bottom of a container. A spherical polymethyl 

methacrylate (PMMA) bead with radius of Ὑ = 3 mm was driven to press into the gel to a 

depth of 0.6 mm at a speed of 1mm/min. During the test, both the gels and the indenter 

were in air. The test was finished in a few minutes, so the evaporation of water from the 
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gel can be neglected. The measurement was repeated at 3 different locations on each 

sample. The force-depth curve fits Hertzianôs solution very well (Figure 5.1). The shear 

modulus (G) of the gel can be extracted from the Hertzian solution with a Poissonôs ratio 

(v) of 0.25, that is 

 
Ὃ
σὊρ ’

ψὬЍὙὬ
 (5.1) 

where Ὂ is the reaction force on the indenter and Ὤ is the indentation depth (Cui et al., 

2019). 

 

Figure 5.1 Representative indentation measurement results. The fitting curve is 

generated based on Hertzian solution for frictionless spherical indenter. 

5.2.4 Swelling and Fertilizer Release in Water 

Swelling ratio of the hydrogels is indicated by the mass ratio of the saturated gels to 

dried gels. The weight of the saturated gel was measured after 5 days of swelling in DI 

water.  To monitor the fertilizer release over time of the chitosan-MMT composites loaded 

with NPK fertilizer, 0.1 g dried gel was added into 30 mL DI water, the conductivity of the 
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water was measurement at certain time intervals for 12 days. The conductivity of the 

solution was converted to fertilizer concentration through calibration. The linear 

correlation coefficient (R) between solution conductivity and fertilizer concentration was 

0.999. Chitosan-MMT composites without NPK fertilizer were used in the same 

experiment as the control.  

The fertilizer release profile of 10% MMT (0.03 g MMT) chitosan-MMT 

nanocomposite in water was fitted to Korsmeyer-Peppas (Korsmeyer et al., 1983) (1) and 

Peppas-Sahlin (Peppas and Sahlin, 1989) (2) equations as follows,  

  ὓ

ὓ
Ὧὸ (5.2) 

where, Mt/ὓ  is the fraction of fertilizer released, k is the kinetic constant (with the unit 

of T-n), t is the release time and n is the diffusional exponent for fertilizer release.  

 ὓ

ὓ
Ὧὸ Ὧὸ  (5.3) 

where the first term of the right-hand side is the Fickian contribution, k1 is the diffusion 

rate constant, the second term being the swelling relaxational contribution, k2 is the 

relaxation rate constant, m is the diffusion exponent.  

The fraction of fertilizer release due to the Fickian diffusion mechanism, F, is 

calculated as (Peppas and Sahlin, 1989): 
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After the release, the release medium was filtered through a 0.45 µm nylon filter 

before nutrient quantification. The total phosphorous and total nitrogen was measured 

using UV-VIS (Hach DR6000) after color reactions using TNTplus 844 and 827 test kits 

(Hach, CO, US). Potassium concentration was measured using Atomic Adsorption 

Spectroscope (AAS) (PinAAcle 900, Perkin Elmer, MA, US).  

Degradation of chitosan-MMT hydrogels was measured by the dry weight change of 

hydrogels. The hydrogels were allowed to swell in DI water for 20 days. The residual gel 

was collected by filtering the gel-water mixture through 0.45 µm filters. The residual gel 

was dried in the oven at 60°C overnight. The degradation of hydrogels was calculated as 

follows, 

 ὫὩὰ ὨὩὫὶὥὨὥὸὭέὲ Ϸ
ύ ύ

ύ
ρππ (5.5) 

where w0 and wf refer to the dry weight of the hydrogel at day 0 and day 20, respectively. 

5.2.5 Fertilizer Release in Soil 

To simulate the fertilizer release in soil, 5 g washed and dried soil particles were first 

saturated with 5 g DI water, then 0.1 g dried gel fertilizers were added into the saturated 

soil. The mixture was filled into a 20 mL syringe sealed with 170 mesh nylon cloth at the 

bottom. During each measurement, 6 mL DI water was added into the column, the 
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conductivity of the effluent was measured. The first measurement was taken right after the 

gel fertilizers were added into the column. Later on, the measurement was taken every 24 

hours for 15 days. The cumulative fertilizer release was calculated as follows,  

 

ὓ ὓὶ ὓὨ φ ύ ύ Ͻὧ φ ύ ύ Ͻὧ (5.6) 

where M is the cumulative mass of the released fertilizer, Mr is the fertilizer released at the 

sampling, Md is the total fertilizer content disposed during the previous sampling, wd is the 

dry weight of the soil column,  w' is the weight of the column before the sampling, w'' is 

the wight of the column after the sampling, and c is the measured concentration of the 

effluent converted from the conductivity, the subscripts indicate the nth sampling. 

Triplicates measurements were taken from three soil columns containing gel fertilizers. A 

column containing only soil was used as the blank control to account for the conductivity 

increase contributed by the soil itself. Meanwhile, a soil column loaded with 0.03 g 

traditional fertilizer powder was set up to demonstrate the instant release of the commercial 

fertilizer. 

To monitor the water retention of the soil doped with chitosan-MMT hydrogels, 0.1 

g dried gel was mixed with 10 g soil and added into the syringe column sealed with mesh. 

The column was immersed in DI water for 20 hours to saturate the soil and gels; then the 

saturated soil was left in the air for 8 hours to dry. The water content by then is rendered 

as the initial water content, W8h. The weight of the soil column was recorded for 15 days 

to calculate the water retention as follows,  
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where wt
 is the weight of the column at time t, wd is the weight of the column containing 

dry gel and soil.  

5.3 Results and Discussion 

5.3.1 Fabrication and Characterizations of Chitosan-MMT Nanocomposite Hydrogels 

Chitosan chains become cationic with the protonation of the amine groups in acidic 

pH. The well dispersed long and short chitosan chains and MMT nanoflakes initiate 

physical crosslinking through hydrogen bonds and electrostatic interactions in the acetic 

acid solution. After the solvation of NPK fertilizer, GA crosslinks with the amine groups 

of chitosan chains to form the primary scaffold which is further fortified through the freeze-

thaw (FT) cycle. During the FT process, crystallization condensation presses chitosan 

chains and MMT nanoflakes together to strengthen the secondary bonding and intercalation 

physical associations (Figure 5.2) (Bhattarai et al., 2010; Mastrangelo et al., 2020). After 

drying, chitosan-MMT nanocomposite particles loaded with fertilizers were obtained 

(Figure 5.3). Chitosan hydrogels fabricated without MMT exhibited a dense surface under 

SEM (Figure 5.4a), indicating a relatively homogeneous structure, compared to the 

chitosan-MMT nanocomposites. Pores of a diameter ranging from 100 to 200 µm were 

observed on the surface of nanocomposites containing 3.3-16.7 wt% MMT (Figure 5.4b-

d). When the MMT content increased to 23.3 wt%, the lyophilized gels became highly 

porous with pores over 500 µm wide (Figure 5.4e). Under high magnification, the texture 

of the bulk of the chitosan-MMT composites appears more uniform and smoother than that 
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of the pure chitosan (Figure 5.5). Scattered flake-shaped bumps on the surface of the 

composites indicate the presence of MMT nanoflakes. With MMT physical crosslinking, 

chitosan-MMT nanocomposite scaffold sustains the structure during the lyophilization 

process, forming the voids after the water has been evaporated. The EDX mapping analysis 

of P, K elements confirmed a uniform distribution of the fertilizer within the chitosan-

MMT nanocomposite (Figure 5.4f). Silicon was used as the indicator of MMT nanoclays. 

No prominent cluster of nanoclay flakes was observed in the EDX mapping image (Figure 

5.4f), indicating that the nanoclay flakes were well dispersed within the hydrogel scaffold 

during the fabrication.  
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Figure 5.2 Schematics demonstrating the crosslinking of chitosan- montmorillonite 

(MMT) nanocomposites. 

 

Figure 5.3 Pictures of dried chitosan-MMT nanocomposites of different MMT 

contents. 
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Figure 5.4 (a-e) SEM images of chitosan-MMT nanocomposites of 0 wt% (a), 3.3 

wt% (b), 10 wt% (c), 16.7 wt% (d), and 23.3 wt% (e) MMT nanoclay crosslinked 

with 2.3 wt% GA. (f) Energy-dispersive X-ray spectroscopy (EDX ) mapping images 

of chitosan-MMT of 16.7 wt% MMT crosslinked with 1.15 wt% GA. (g) Fourier -

transform infrared spectroscopy (FTIR) spectra of uncrosslinked chitosan, 

chemically crosslinked chitosan gel, MMT powder, chitosan-MMT nanocomposite 

loaded with NPK fertilizer, and NPK fertilizer powder.  
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Figure 5.5 SEM images of Chitosan-MMT composites of different MMT contents, 0 

wt% (a), 3.3 wt% (b), 10 wt% (c), 16.7 wt% (d), and 23.3 wt% (e), under high 

magnification. 

The FTIR spectra of the uncrosslinked chitosan, chemically crosslinked chitosan, 

MMT, chitosan-MMT nanocomposite, and NPK fertilizer are shown in Figure 2g. For the 

original chitosan powder, the peak at 3287 cm-1 reflects the N-H stretching of alphatic 

primary amines of chitosan, the peak at 2868 cm-1 is related to the O-H stretching of the 

hydroxyl group along the chitosan chain. The peaks at 1648 and 1561 cm-1 are assigned to 

C=O stretching of secondary amide and N-H bending of amine, respectively. After 

chemical crosslinking with GA, the N-H stretching peak at 3287 cm-1 shifted to 3198 cm-

1, and the C=O stretching of amide and N-H bending of amine peaks shifted to 1624 and 

1529 cm-1, respectively, in the gel spectrum, which is probably attributed to the formation 

of the C=N bond from the aldehyde crosslinking with the amine groups forming imine 

groups. The peak at 3386 cm-1 in the MMT clay spectrum represents the O-H stretching of 

hydroxyl groups. The 987 cm-1 (Si-O stretching) and 510 cm-1 (Al -O stretching) peaks are 

characteristic peaks of MMT clay.(Rashidzadeh and Olad, 2014) The Al-O stretching peak 
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shifted from 510 cm-1 to 504 cm-1 in the spectrum of chitosan-MMT nanocomposite. The 

peaks at 3198 cm-1 (N-H stretching) and 2867 cm-1 (O-H stretching) in the spectrum of 

chitosan gel without MMT shifted to 3214 cm-1 and 2877 cm-1, respectively, in the 

spectrum of the composite with MMT, which could be attributed to the formation of 

hydrogen bonds between the chitosan chains (amine and hydroxyl groups) and the MMT 

flakes (Al-O and Si-O bonds), proving the formation of physical crosslinking. The peaks 

between 3300-3500 cm-1 in the NPK fertilizer spectrum reflect the O-H and N-H stretching 

from urea. The peak at 1587 cm-1 reflects the C=O stretching of urea. The 1458 cm-1 peak 

represents the P=O stretching, and the 1099 cm-1 peak is related to the P-OH stretching 

from the phosphate salts (Figure 5.4g) (Rashidzadeh and Olad, 2014).  

To be applied in the soil and sustain fertilizer release, the mechanical strength of the 

scaffold is critical. The shear modulus of the chitosan-MMT composite (3.3 wt% MMT) 

was 1.23 kPa, which was similar to the 1.3 kPa of the pure chitosan gel (Figure 5.6a). The 

shear modulus hiked up to 2.7 and 2.84 kPa for the composites containing 10 and 16.7 wt% 

MMT, respectively. Further increasing the MMT content to 23.3 wt% peaked the shear 

modulus of the composite gel at 3.49 kPa. The mechanical property elucidates the 

crosslinking mechanisms within the chitosan-MMT nanocomposites. As an increasing 

mass of MMT nanoflakes were added into the matrix, aside from more crosslinking sites 

being provided, intercalation of cationic chitosan chains between the MMT layers could 

happen. The intercalations at the physical crosslinking joints fortifies the scaffold causing 

a steep increase in modulus (Park et al., 2020).  

To help retain more water in the soil, the water absorbency of the nanocomposites is 

a critical property. The nanocomposites became more swellable as more MMT nanoclays 
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were added and the water absorbency reached a peak around 140 g/g dry gel for the 

chitosan-MMT nanocomposite containing 10 wt% MMT (Figure 5.6b). The swelling ratio 

was inversely correlated to the MMT content, when it is higher than 10 wt%. The chitosan-

MMT composite of 23.3 wt% MMT could only absorb around 60 times of its dry weight 

of water (Figure 5.6b). More insights into the crosslinking process of the chitosan-MMT 

nanocomposites were gained from the swelling tests. Initially, the addition of MMT 

physical crosslinkers provided attaching sites for cationic amino groups of chitosan chains 

through hydrogen bond and electrostatic interactions. Such physical bonding left less 

amine groups on the chitosan chain to be covalently crosslinked with GA subsequently. In 

comparison to the pure chitosan gel, a portion of chemical crosslinkage was converted to 

physical crosslinkage in the chitosan-MMT nanocomposites. Physical bonds are often 

more flexible and elastic than chemical covalent bonds making the nanocomposite 

hydrogels more swellable (Bhattarai et al., 2010). However, as more rigid MMT flakes 

were added to initiate intercalation and, in turn, fortify the scaffold, the composite gels 

became increasingly stiff, leading to a decreasing swelling ratio. This is also in consistency 

with the highly porous structure formed after the lyophilization of the chitosan-MMT 

composites of high MMT content (Figure 5.4e).  
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Figure 5.6 Shear modulus (a) and swelling ratio in DI water (b) of chitosan-MMT 

composites of different MMT contents. 

5.3.2 Fertilizer Release and Degradation in Water 

The fertilizer release behavior of the chitosan-MMT composites of 16.7 wt% MMT 

crosslinked with different amounts of GA crosslinker was investigated (Figure 5.7a). As 

the chemical crosslinking density increased, the chitosan-MMT composite hydrogels 

exhibited lower cumulative fertilizer release and less controlled fertilizer release (Figure 

5.7a). The dense chemical crosslinking made the chitosan gel more porous after drying, 

promoting the initial diffusion of the fertilizers attached to the gel surface, and more 

importantly, over crosslinking limited the swelling of the gel (Figure 5.7b), which severely 

restricted the overall release of the fertilizer loaded within the scaffold. Only 74.0 mg/g 

gel, accounting for 24.7% of the loaded fertilizer, was released into the water from the 

chitosan-MMT composite gel crosslinked with 1.65 wt% GA crosslinker (Figure 5.7a). 

Although 67.3% of the loaded fertilizer was released from the chitosan-MMT crosslinked 

with 0.5 wt% GA, the gel almost totally dissolved in the water within 5 days, making it 
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unsuitable for a more controlled fertilizer release in the long run. Therefore, to balance the 

overall cumulative fertilizer release and the sustainability of the controlled release, 1.15 

wt% of GA was selected as the optimal chemical crosslinker concentration for the rest of 

the chitosan-MMT nanocomposite hydrogels for controlled fertilizer release. 

Chitosan gel made from only short chitosan chains (3 wt% in the pre-gel solution) 

was fabricated, and the fertilizer release was investigated in DI water (Figure 5.8). Within 

the first day, 80.6% of the final cumulative fertilizer release was reached. The final 

cumulative fertilizer release was 78.9 mg/g gel (Figure 5.8) after 20 days. Only 23.7% of 

the loaded fertilizer ended up in the final release medium. The chitosan gel of only short 

chains exhibited low fertilizer withholding capacity and fast release in water. In the 

chitosan gels made from only relatively small molecules, there are more uncrosslinked 

short chains contributing to a loose scaffold than the gels made from longer chitosan chains 

crosslinked with the same amount of the crosslinker (Bhattarai et al., 2010). Therefore, the 

chitosan gels in this study were fabricated with a mixture of chitosan chains of low and 

high molecular weight (Mastrangelo et al., 2020). 

The pure chitosan hydrogel fabricated with both short and long chitosan chains (2:1 

wt% in the pre-gel solution) achieved a final cumulative fertilizer release of 129.7 mg/g in 

12 days (Figure 5.7b), which is 64.4% higher than the final release from the chitosan gel 

made from only short chains (3 wt% in the pre-gel solution) (Figure 5.8). The cumulative 

fertilizer release reached 132.5 and 133.3 mg/g gel for the chitosan-MMT composite of 3.3 

and 10 wt% MMT, respectively, which is similar to that of the pure chitosan gel. However, 

the first day release portion dropped from 81.5% of the pure chitosan gel to 74.6 and 68.4% 

of chitosan-MMT (3.3 wt%) and chitosan-MMT (10 wt%), respectively (Figure 5.7b), 
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indicating a more controlled release. Further increasing the physical crosslinking density 

affected the release behavior similarly as increasing the chemical crosslinking density did. 

The cumulative release dropped to 114.1 mg/g, with 91.9% of that released within the first 

day from the chitosan-MMT (23.3%) composites (Figure 5.7b).  

Along with the increase of MMT content in the chitosan-MMT composites, less total 

nitrogen was released into the medium water, while more phosphorous and potassium were 

released (Figure 5.7c). Besides the relatively higher nitrogen content in the original 

fertilizer (see the Method section for the composition of the fertilizer), the high nitrogen 

concentration in the release medium could also be attributed to the organic nitrogen for 

chitosan. Although high degradation of the gel was observed with the chitosan-MMT (10 

wt%) gel (Figure 5.8d), the electrostatic interactions and the intercalations between the 

chitosan chains and the nanoclays could make some portion of the organic nitrogen from 

the degraded chitosan retained on the clay surface and thus filtered out by the 0.45 µm 

filter. Hence, the pure chitosan gel released the most nitrogen to the medium water at 85.5 

mg/g (Figure 5.7c), accounting for 106.9% of the total nitrogen added from the original 

fertilizer. Potassium is the second abundant nutrient element that ended up in the medium. 

Thanks to the cation exchange capacity of the MMT, the chitosan-MMT (23.3 wt%) had 

the highest potassium release at 13.9 mg/g, accounting for 31.4% of the potassium added 

from the original fertilizer.  Due to the cationic nature of potassium ions, relatively less 

potassium was loaded into the cationic chitosan gels than the neutral urea molecules. Also 

due to the electrostatic interaction between the cationic chitosan chains and the anionic 

phosphate ions, chitosan-MMT hydrogels exhibited excellent phosphorous withholding 

capacity. As the anionic MMT enhanced the phosphate release, the chitosan-MMT with 
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the highest MMT content (23.3 wt%) had the highest phosphorous release at 11.0 mg/g, 

accounting for 94.9% of the original phosphorous added into the gel matrix (Figure 5.7c). 

The most swellable and degradable chitosan-MMT (10 wt%) gel with the optimally 

controlled fertilizer release achieved a nitrogen release of 56.7 mg/g, a phosphorous release 

of 7.1 mg/g, and a potassium release of 6.5 mg/g, accounting for 70.9, 60.6, and 14.6% of 

the nitorgen, phosphorous, and potassium in the original fertilizer added into the matrix, 

respectively.  

After 20 days of degradation in water, the chitosan-MMT (10 wt%) hydrogels 

achieved the highest degradation of 57.0% (Figure 5.7d). The introduction of self-

disassemblable physical crosslinking by MMT flakes facilitated the degradation of the 

nanocomposite hydrogels in water. The reversible physical associations become weaker as 

the scaffold expands resulting in the dissolution of the gel composite. In accordance with 

the mechanical property test and discussion above, chitosan-MMT nanocomposite 

hydrogels of high MMT content (23.3 wt%) exhibited the lowest degradation of 27.3% due 

to the fortified scaffold supported by the increased physical crosslinking sites and the 

intercalation of chitosan chains into the layers of MMT flakes.  Not only more gel content 

of the chitosan-MMT (10%) composites was degraded, the residual composite gel scaffolds 

were also disassembled into much smaller fragments than the pure chitosan gels (Figure 

5.7d). 
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Figure 5.7 (a, b) Cumulative fertilizer release profile of chitosan-MMT composite 

hydrogels of different GA contents (a) or MMT contents (b) (total fertilizer loaded 

in the gel was 300 mg/g). (c) Specific final cumulative release of each nutrient 

element. The dash lines indicate the total NPK loaded, respectively. (d) Degradation 

ratio of the composites in water after 20 days. Insets are the pictures of the filtered 

residual gels. 
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Figure 5.8 Cumulative fertilizer release of low molecular weight chitosan hydrogel 

(3 wt% short chain chitosan in pre-gel solution, 2.3 wt% GA crosslinker with 

respect to chitosan, 0.1 g dried gel in 30 mL DI water). 

The fertilizer release kinetic from the 10% MMT nanocomposite were analyzed by 

fitting the experimental data to the Korsmeyer-Peppas equation (Figure 5.9a). The 

experimental data exhibited an excellent fitting to the model with a coefficient of 

determination R2 of 0.995. The fitted diffusion exponent (n) was 0.14, which was well 

below the 0.43 for typical Fickian diffusion-controlled release (Peppas and Sahlin, 1989). 

This is probably attributed to the electrostatic interactions between the ionic hydrogel 

scaffold and the nutrient ions slowing down the diffusion (Noppakundilograt et al., 2015). 

The relative contribution of Fickian diffusion and hydrogel relaxation to the fertilizer 

release was further evaluated through the Peppas-Sahlin model (Figure 5.9a). The 

coefficient of determination R2 was 0.995. Based on the parameters obtained from the 

fitting, F, the fraction of fertilizer release due to the Fickian diffusion mechanism was 

calculated and plotted against the percentage fertilizer release (Figure 5.9b). As indicated 

by F (Fickian diffusion fraction), the release of fertilizer was predominantly controlled by 

Fickian diffusion during the initial release. As the hydrogel swelled, the scaffold relaxation 
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contribution became more pronounced and reached around 40% at the end of the testing 

period. 

 

Figure 5.9 a. Percentage of fertilizer  release of 10% MMT nanocomposite as a 

function of time. Korsmeyer-Peppas: n=0.14; k=27.56 day-0.14; R2=0.995; Peppas-

Sahlin: m=0.11; k1=18.87 day-0.11; k2=8.56 day-0.11; R2=0.995. b. Fickian release 

fraction, F, from 10% MMT nanocomposite hydrogel with m=0.11, as a function of 

percentage release, when k1=18.87 day-0.11; k2=8.56 day-0.11. 

5.3.3 Fertilizer Release and Water Retention in Soil 

Since the chitosan-MMT (10 wt%) exhibited the optimal release behavior in the 

water, and more significantly, has the highest swelling ratio, chitosan-MMT (10 wt%) was 

selected for the fertilizer release test in the soil. The swelling of the gel in the soil is under 

pressure; thus, the most swellable gel was selected to ensure the fertilizer release. Under 

the release conditions simulating the irrigation system in agriculture practices, the chitosan-

MMT nanocomposite hydrogels exhibited a well-controlled fertilizer release (Figure 5.10). 

The average initial fertilizer release within one day was 16.7 ± 4.3% for the three soil 

columns containing chitosan-MMT composite hydrogels, while 89.3% of added fertilizer 

was released instantly during the first sampling in the control column containing traditional 
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fertilizer powder. Every day since day two, the composite hydrogels steadily released 9.2 

± 5.3 mg/g gel fertilizer, about 2.8 ± 1.6% of the total loaded fertilizer. Over the course of 

15 days, an average of 184.4 ± 44.4 mg/g gel fertilizer, accounting for 55.3 ±13.3% of the 

total loaded fertilizer within the nanocomposites, was released. In this study the total 

fertilizer release was quantified based on corrected conductivities of the filtrates instead of 

specific measurements of individual nutrients regarding NPK. Further definitive 

quantification of the released fertilizer composition will provide more insights into the 

release behavior of the developed formulation. The average water retained by the 5 g soil 

in the column right after the sampling (addition of 6 mL of DI) was 6.0 ± 0.2 g, with the 

average water content drop within one day being 23.8 ± 5.0%/day. For the soil (5 g) and 

gel (0.1 g) mixture, 8.2 ± 0.2 g water was retained, and the average water content drop 

within one day was 17.6 ± 1.3%/day.  In the water retention experiment, after 15 days in 

the open air, 29.4% of the initial water content was left in the soil column, while 35.4% 

was left in the soil and gel mixture column (Figure 5.11). Thanks to the excellent water 

absorbency of the chitosan-MMT nanocomposite hydrogels, the addition of the gels 

enhanced the water retention of soil, which could further increase both the water and 

fertilizer use efficiencies.  
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Figure 5.10 Fertilizer release in soil columns from chitosan-MMT (10 wt%) 

nanocomposite hydrogels and fertilizer powder (30 mg fertilizer loaded) 

 

Figure 5.11 Water retention profile of soil and soil-gel mixture (see Materials and 

Methods section for details). 

5.4 Impact 

The chitosan-MMT nanocomposite hydrogels developed in this work achieved a 

well-controlled fertilizer release in soil, which offers an excellent opportunity to 

significantly mitigate the adverse environmental effects of overfertilization. The 

nanocomposites can be fabricated easily using cheap and widely available chitosan and 
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clay under mild reaction conditions, which ensures compatibility with the existing farming 

machinery and practices. The highly swellable hydrogels can also serve as the soil 

conditioner to improve water retention for better water use efficiency. Moreover, the highly 

degradable composite hydrogels minimize polymer material accumulation issues securing 

the long-term safety and sustainability of farming. Although chemical crosslinker was used 

in the current chitosan-MMT nanocomposite, a more eco-friendly formula can be further 

achieved by replacing GA with althernative greener crosslinkers. 

  



 112 

CHAPTER 6. CHITOSAN -MONTMORILLONITE -FE 

NANOCOMPOSITE HYDROGEL FOR PHOSPHATE 

RECOVERY AND REUSE 

6.1 Introduction  

Phosphorous (P) is an essential nutrient in fertilizer to support metabolism activities 

of plants. Overfertilization and low assimilation efficiency lead to excessive P in surface 

waters causing eutrophication that decimates aquatic ecosystems (Mayer et al., 2016). A 

phosphate concentration as low as ~0.02 mg/L could result in profuse algal growth in 

waters (Yao et al., 2013). The combined costs were approximately $2.2 billion annually as 

a result of eutrophication in U.S. freshwaters (Dodds et al., 2009).  P removal is necessary 

for wastewater to be cycled back into freshwaters. In parallel, as an essential nutrient 

element, P is currently intensively mined from nonrenewable phosphate rocks whose 

supply is estimated to dwindle below the global P demand by 2035 (Pap et al., 2020). As a 

result, effective P recovery and reuse is critical in developing sustainable food industry to 

close the loop for P.  

Various P removal processes have been established for wastewater treatment, 

including biological treatment (Yang et al., 2018), struvite precipitation (Le Corre et al., 

2009), membrane-based processes (Furuya et al., 2017), and adsorption (Pap et al., 2020; 

Yang et al., 2020; Zhang et al., 2018). Biological treatment, due to the dependence on P 

assimilating biota (i.e., algae, microbes, and plants), remains under optimized to achieve 

consistent P removal to meet the stringent discharge requirements without further 
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treatments (Ajmal et al., 2018). While providing consistently effective P removal, chemical 

precipitation may cause secondary pollution due to the introduction of new chemicals (Pap 

et al., 2020). Moreover, biological and chemical treatments may not be suitable for P 

removal at low concentrations (Alshameri et al., 2014). As for more advanced membrane-

based processes, high costs and energy consumption remain the major concerns in large-

scale applications. Adsorption processes are cost-effective and sustainable for P removal, 

even at low P concentrations (Mitrogiannis et al., 2018; Pap et al., 2020). Adsorption 

capacity and selectivity are highly dependent on the mechanisms involved in the sorption 

processes dictated by adsorbent materials and the feed solution parameters (e.g., pH and 

concentration). Many adsorbents have been developed for P removal in wastewater, such 

as chitosan-based composites (Karunarathna et al., 2019; Kofinas and Kioussis, 2003; Pap 

et al., 2020; Zhang et al., 2018), modified clinoptilolite (Mitrogiannis et al., 2018), and 

engineered biochar (Yao et al., 2013). Constituent materials sourced from widely available 

and eco-friendly natural wastes are promising for the development of low-cost and 

sustainable P adsorption solutions. After adsorption, the P laden materials could be used as 

a safe secondary P fertilizer for soil amendment (Pap et al., 2020). Biodegradable chitosan 

is cheap and widely available and has rich amine groups ready to be pronated for 

electrosorption of anions. Hence, it has been studied for P adsorption. Crosslinked 

chitosan-Fe complex hydrogel sorbents were reported to have a projected maximum 

phosphate adsorption capacity of 15.7 mg/g (Zhang et al., 2018). The relatively low 

capacity is probably due to the high chemical crosslinking density of the synthesized 

chitosan hydrogels. Calcite-chitosan composite powder adsorbent was studied for 

wastewater P removal. The powder absorbent achieved a relatively high phosphate 
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adsorption capacity of 64.1 mg/g but was highly susceptible to the medium pH (Pap et al., 

2020). So far, most studies on chitosan adsorbent focused on the adsorption behavior and 

mechanisms. Yet the potential of chitosan hydrogel as controlled-release P fertilizer has 

not been reported. It has been reported that a semi-interpenetrated polymer network 

composed of poly(acrylic acid-co-acrylic amide) and urea-formaldehyde oligomers 

exhibited slow release of P and potassium nutrients loaded during the preparation (Xiang 

et al., 2017). 

To connect the P recovery from wastewater and the subsequent reuse in soil 

fertilization, we introduce a chitosan-montmorillonite (MMT)-Fe nanocomposite hydrogel 

as a P adsorbent and controlled releaser. The usage of inorganic layered nanomaterials like 

clay and clay minerals as a constitute of controlled delivery systems is a well-established 

practice (Cui et al., 2019; Jayrajsinh et al., 2017). MMT is a major component of Bentonite. 

More specifically, MMT is a layered silicate [(Na,Ca)0.33(Al,Mg)2Si4O10(OH)2ÅnH2O], 

belonging to the smectite group of minerals, possessing a high specific surface area and 

aspect ratio. The overall surface charge is mildly negative attributed to the oxide anions, 

which facilitates the mixing with cationic agents (Cui et al., 2019). The unique cation 

exchange capacity and the layered structure for intercalation make MMT an ideal candidate 

for sustaining nutrient release (Hakim et al., 2019; Pereira et al., 2012). Moreover, MMT 

nanoclays can physically crosslink the ionic polymer chains like chitosan through 

electrostatic interactions and hydrogen bonds to form nanocomposite hydrogels of unique 

mechanical properties and swelling capacity (Haraguchi et al., 2005; Mousa et al., 2018). 

Nanocomposite polyacrylamide/methyl cellulose/calcic MMT hydrogels exhibited 

controlled release of urea fertilizer in sorption and desorption tests (Bortolin et al., 2013). 



 115 

Multivalent metal ions, especially Ferric ion (Wilfert et al., 2015), have been well studied 

for their adsorption capacity for phosphate under varying pH conditions (Kim et al., 

2011a). In basic conditions, ferric ions will form ferric oxide hydrates which could adsorb 

phosphate ions through inner layer bidentation (at low pH ~2-3) and reversible 

monodentation (at pH>7) (Kim et al., 2011a; Wilfert et al., 2015). A Fe(III)-polysaccharide 

hydrogel has been previously reported to adsorb P from waste solutions and achieved 

photo-controlled-release of the loaded P in degradation (Karunarathna et al., 2019).  

In this study, chitosan-MMT-Fe scaffold was crosslinked through physical 

associations supplemented by chemical bonding. Ionic complexation of mixed charged 

systems was formed between cationic chitosan chains and negatively charged surfaces of 

MMT flakes and sulfates from added ferric salts (Bhattarai et al., 2010). The amine groups 

and ferric oxide hydrates in the nanocomposite enabled effective phosphate adsorption 

under different pH. In addition to the characteristics and mechanisms of P sorption by 

chitosan-MMT-Fe hydrogels, the P release behavior of the postsorption hydrogels was 

investigated. Flexible physical crosslinking regulated the release of the loaded P through 

controlling the swelling of the scaffold. The bioavailability of the adsorbed P was evaluated 

to lend feasibility of applying the P-laden composite hydrogels in soil as controlled-release 

fertilizers. 

6.2 Materials and Methods 

6.2.1 Materials 

Chitosan [high (310k-375k Da) and low (50k-190k Da) molecular weight] (75-85% 

deacetylated), MMT nanoclay, glutaraldehyde (GA), acetic acid, ferric sulfate (Fe2(SO4)3), 
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potassium phosphate monobasic (KH2PO4), NaOH, HCl, and ethanol (99.7%) were all 

purchased from Sigma Aldrich, MO, US. 

6.2.2 Preparation of Chitosan-MMT-Fe Hydrogels 

The high and low molecular weight chitosan powders were dissolved in 10 mL DI 

water containing 1% acetic acid at 1% and 2% w/v, respectively, and mixed for 30 mins at 

60 °C (Angelo et al., 2021; Cui et al., 2019). Afterwards, 50 mg Fe2(SO4)3 was added into 

the mixture. A certain volume of 10 g/L pre-ultrasonicated MMT stock solution (probe 

sonicator for 5 mins, 20 kHz, 100 W) was diluted to 5 mL and then added into the chitosan 

solution to achieve the desired weight ratio with respect to the chitosan (3.3, 10, 16.7 wt%; 

0.01, 0.03, 0.05 g MMT/0.3 g gel). After mixing the solution for 4 hours at 60 °C, an aliquot 

of 200 µL 50 wt% GA crosslinking agent diluted to the desired concentration was 

subsequently added, making the weight ratio of GA to chitosan 0.83 wt%. The crosslinking 

process proceeded until the mixture became increasingly viscous in about 30 mins. Then 

the mixture was degassed in a sonicator for 25 mins before being frozen at -26 °C for 20 

hours. After freezing, the mixture was thawed at room temperature for 24 hours 

(Mastrangelo et al., 2020). The gel was then rinsed and dried in ethanol (190 proof) for 2 

hours. After further drying in air for one more hour and in an oven at 40°C overnight, the 

chitosan-MMT-Fe nanocomposite adsorbent was obtained. 

6.2.3 Characterizations of the Hydrogels 

The post sorption gels were freeze-dried for 16 hours and sputter coated with a thin 

layer of Au before being imaged by scanning electron microscope (SEM) (Hitachi 8230). 

Surface elemental mapping was conducted simultaneously using energy dispersive X-ray 
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spectroscopy (EDX) (Hitachi 8230). Fourier-transform infrared spectroscopy (FTIR) 

(Nicolet 6700) tests were conducted using dried gel samples before and post sorption in 

phosphate solutions to identify the characteristic functional groups and characterize the 

bonding states of the nanocomposites. The post sorption gels from media of different pH 

(3 and 10) were freeze dried and the surface atomic composition was measured using x-

ray photoelectron spectroscopy (XPS) (Thermo K-Alpha, Aluminum 1.486 KeV source), 

and peak deconvolution was performed using CasaXPS software. 

6.2.4 P adsorption  

Adsorption kinetics were investigated by adding 30 mg gels into 20 mL phosphate 

solutions (48 mg/L) contained in 50 mL centrifuge tubes for different periods up to 180 

mins at room temperature (22 °C). The tubes were kept agitated on a mechanical shaker 

throughout the experiments. The post sorption gels were weighed and dried in an air oven 

at 40 °C for further characterizations. And the residual phosphate concentration in the 

solutions was measured through UV-VIS (Hach DR6000) after chromogenic reactions 

using TNTplus 844 test kits (Hach, CO, US). The calculated capacity was plotted against 

the adsorption time to be fitted to different kinetic models, including pseudo-first-order, 

pseudo-second-order, Ritchie nth-order, and Elovich models based on following equations 

(Liu et al., 2019), 

 ή ή ήὩ  (6.1) 

 
ή

Ὧήὸ

ρ Ὧήὸ
 (6.2) 



 118 

 

ή ή ρ
ρ

‍ Ὧ ὲ ρὸ
 (6.3) 

 
ή

ρ

‍
ÌÎ‌‍ὸ (6.4) 

where qe (mg·g-1) and qt (mg·g-1) are the amount of phosphate adsorbed at equilibrium 

and time t, respectively; k1 (min-1), k2 (g·mg-1·min-1), and kn (gn-1·mg1-n·min-1) are the 

equilibrium rate constant associated with the pseudo-first-order, pseudo-second-order, 

and Ritchie nth-order model, respectively; Ŭ (mgĿg-1·min-1) is the initial sorption rate; and 

ɓ (gĿmg-1) is the desorption constant.  

Besides, the intraparticle diffusion kinetic model based on Weber-Morris model is 

applied to further understand phosphate adsorption onto gels through the equation as 

follows (Liu et al., 2019), 

 ή ὯὸȢ ὒ (6.5) 

where kd (mg·g-1·min-0.5) and L (mg/g) are the rate parameter and thickness of boundary 

layer, respectively. 

Adsorption isotherms were measured by adding 30 mg gels into 20 mL solutions 

containing different initial phosphate concentrations (14.25-570 mg·L-1) to allow 

adsorption overnight until equilibrium. The residual phosphate concentration was 

measured as outlined above and the calculated equilibrium capacity was plotted against the 
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equilibrium concentration in the solution. The data was fitted to Langmuir and Freundlich 

models as follows (Liu et al., 2019), 

 
ή

ὑήὅ

ρ ὑὅ
 (6.6) 
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where qm (mg·g-1) is the maximum adsorption amount at saturation state, and Ce (mg·L-1) 

is the concentration of phosphate at equilibrium; KL (L·mg-1) and KF (mg1-n·Ln·g-1) are 

the coefficients for Langmuir and Freundlich, respectively; and n is nonlinear index. 

To assess the effect of pH on adsorption performance, 20 mg of gels was added into 

10 mL phosphate solution (48 mg·L-1). The pH of the solutions was adjusted within the 

range of 3-10 using 0.1 M HCl or NaOH. The adsorption lasted 3 hours before the P-laden 

gels were collected and the residual phosphate concentrations were measured. The effect 

of individual coexisting anions on P adsorption was studied by adding 20 mg gels into 10 

mL solutions containing 0.5 mM phosphate and 0.5 mM of each of the following anions: 

Cl-, NO3
-, SO4

2-, and HCO3
-. For the capacity under the influence of multiple co-ions, all 

the above ions were added together at the same concentration of 0.5 mM. All the adsorption 

experiments were conducted in triplicates and average experimental data are reported. 

6.2.5 P Release 

The bioavailability of the loaded P on the gels was tested using Mehlich 2 soil test 

method.(Mehlich, 1984; Yao et al., 2013) P was extracted from dried saturated gels at a 
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gel to extractant ratio of 1:10. The samples were shaken for 5 mins before the phosphate 

concentration in the extractant was measured. 

The release kinetics was measured by mixing 30 mg dried saturated gels with 30 mL 

DI water. The phosphate concentration in the medium was measured at certain time 

intervals up to 120 hours. For the next 11 days, the gels were picked out from the medium 

and added to 30 mL of fresh DI water every day to release phosphate. The desorption 

profile was fitted to second-order model based on the equation as follows (Yao et al., 2013), 

 
ὅ
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where kds is the rate constant (L·mg-1·h-1), Ce and Ct are the phosphate concentration (mg·L-

1) in the medium at equilibrium and t, respectively. 

6.3 Results and Discussion 

6.3.1 P Adsorption 

Adsorption kinetics indicate mass transfer mechanisms based on the evolution of 

adsorption rate (Pap et al., 2020). Rapid adsorption of phosphate onto chi-MMT-Fe gel 

adsorbents was observed during the initial 10-15 mins, followed by an equilibrating plateau 

within 120 mins (Figure 6.1a). The experimental data was fitted to various kinetic models 

as outlined in the method section. The first-order, second-order, and nth_order models 

depict the kinetics of solid-solution interactions based on mononuclear, binuclear, and n-

nuclear adsorption, respectively. the Elovich model is an empirical equation differentiating 

desorption from adsorption (Yao et al., 2013; Yao et al., 2011). The fitted parameters are 
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listed in Table 6.1. All models except the Elovich equation fitted well with the experimental 

data with a correlation coefficient R2 above 0.99, especially the nth-order model achieved 

a R2 of 0.999, indicating the adsorption of phosphate onto the composite gels was governed 

by multiple mechanisms. In addition, the intraparticle Weber-Morris diffusion model was 

also applied to investigate the adsorption processes by plotting the capacity against t0.5. As 

shown in Figure 6.1b, the plot exhibits multiple linearities indicating two steps. The initial 

step could be attributed to the solution to solid surface diffusion of phosphate ions onto the 

gels. The second step could account for the gradual transportation of phosphate ions into 

the gel network driven by the concentration gradient until equilibrium. From the rate 

constants (kd1 and kd2), the intraparticle diffusion is the rate limiting step in phosphate 

adsorption onto chi-MMT-Fe composite gels. Adsorption isotherm experiment indicated 

that the chi-MMT-Fe gel adsorbent has an excellent phosphate adsorption capacity over 87 

mg·g-1 (29 mg P·g-1), which is higher than most of the reported chitosan-based phosphate 

adsorbents. Although lower than then the reported number (>100 mg·g-1) of MgO-biochar 

adsorbent (Yao et al., 2013), chi-MMT-Fe adsorbents exhibited much faster kinetics and 

advantageous release properties as discussed below. This high loading capacity presents 

potential for application in soils as P fertilizer. Langmuir and Freundlich isotherm 

equations were used to fit the data (Figure 6.1c). The empirical Freundlich model 

reproduced the data better with a R2 of 0.989 indicating that the adsorption of phosphate 

was governed by multilayer heterogeneous pathways (Table 6.1) (Liu et al., 2019).  
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Figure 6.1 (a) Adsorption kinetic and fittings. (b) Weber-Morris intraparticle 

diffusion model fitting (k d1=3.628±0.0914 mg·g-1·min-0.5, L1=-0.121±0.354 mg/g, 

R1
2=0.999; kd2=0.359±0.0293 mg·g-1·min-0.5, L2=21.151±0.321 mg/g, R22=0.993). (c) 

Adsorption isotherm and fittings. Experiments were carried out in triplicates using 

chi-MMT -Fe gels (10 wt% MMT). 

Table 6.1 Fit parameters from kinetic, isotherm, and desorption modelsa 

 Parameter 1 Parameter 2 Parameter 3 R2 

Adsorption kinetics 

First-order k1=0.051±0.002 (min-1) qe=25.525±0.227 (mg·g-1)  0.994 

Second-order k2=0.0026±0.0002 (g·mg-1·min-1) qe=28.166±0.438 (mg·g-1)  0.991 

n_th-order kn=0.0595±0.0047 (gn-1·mg1-n·min-1) qe=26.0232±0.265 (mg·g-1) n=1.31±0.113; 

ɓ=0.999Ñ0.0115 

0.999 

Elovich ɓ=0.198Ñ0.00208 (gĿmg-1) Ŭ=6.849Ñ0.262 (mgĿg-1·min-1)  0.903 

Adsorption isotherms 

Langmuir  KL=0.0299±0.01323 (L·mg-1) qm=85.21±9.522 (mg·L-1)  0.925 

Freundlich  KF=13.408±1.655 (mg1-n·Ln·g-1) n=0.305±0.0229  0.989 

Desorption kinetics 

Second-order kds=0.02115±0.00177 (L·mg-1·h-1) Ce=15.433±0.222 (mg·L-1)  0.992 

Second-orderôb kds=0.404±0.0514 (L·mg-1·h-1) Ce=13.248±0.0909 (mg·L-1)  0.924 
aConfidence level = 95% 
bDesorption kinetics of chi-Fe sample 
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The effect of MMT content on the adsorption performance of the gel was 

investigated. The composite gel adsorbents of different MMT contents showed similar 

adsorption kinetics and isotherms, except once the MMT content increased up to 16.7 wt% 

the maximum phosphate adsorption capacity dropped severely (Figure 6.2). This could be 

attributed to the extra physical crosslinking and chitosan chain intercalation provided by 

the high content of MMT flakes. The negatived charged MMT surfaces could take up 

cationic amine groups as the adsorption sites to phosphate ions and the high crosslinking 

density limited the relaxation of the scaffold, resulting in less effective surface area for 

adsorption. The swelling ratio of the chi-MMT-Fe composite hydrogels decreased as the 

phosphate concentration in the solution increased due to the elevated ionic strength (Figure 

6.3). The chi-MMT-Fe with 10 wt% MMT exhibited the highest swelling ratio implying 

excellent relaxation at this ionic chain to MMT flake ratio as the result of reversible 

physical crosslinking through ionic complexation (Bhattarai et al., 2010). The better 

regulated swelling of the scaffold could contribute to the release of the loaded phosphate 

in a controlled manner (Lin and Metters, 2006; Richbourg and Peppas, 2020). 
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Figure 6.2 Adsorption kinetic (0.5 mM) (a) and isotherm (b) curves of chi-MMT -Fe 

gels containing different masses of MMT (0, 0.01, 0.03, 0.05 g/0.3 g gel) 

 

Figure 6.3 Swelling ratios (SR) of composite gels containing different masses of 

MMT (0, 0.01, 0.03, 0.05 mg/0.3 g gel) after the adsorption in solutions of different 

phosphate concentrations 

The phosphate adsorption capacity under different pH is critical in understanding the 

application scenario of the adsorbents. Phosphate speciation and chitosan protonation 

varies according to the pH of the solution. The chi-MMT-Fe composite adsorbent exhibited 

a stable adsorption capacity at around 20 mg/g for phosphate within the pH from 3 through 

10 (Figure 6.4a), which could be attributed to the multiple adsorption pathways enabled by 

electrosorption and ligand exchange. At lower pH, the amine groups along the chitosan 
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chains (pKa=6.2) are more protonated carrying positive charges attracting phosphate 

anions. At higher pH>7, phosphate ions could be adsorbed onto ferric oxides through 

ligand exchange with hydroxy groups. The binding is often through outer sphere reversible 

monodentation under basic conditions (Kim et al., 2011a; Wilfert et al., 2015), while inner 

sphere bidentation is the main binding mechanism for ferric oxide and phosphate under 

acidic conditions. In addition, the crosslinked chitosan composite has enhanced stability to 

withstand a wide range of pH, presenting better applicability to different waste streams 

compared to chitosan powders (Mahaninia and Wilson, 2017; Zhang et al., 2018). 

Therefore, the phosphate adsorption onto chi-MMT-Fe is more robust at low pH and more 

reversible favoring later release at high pH.  

When applied in wastewater, the phosphate adsorption capacity of the adsorbent 

needs to retain under the influence of coexisting ions. Only the same concentration of 

sulfate ions led to a drop of around 12% in the phosphate adsorption capacity of the chi-

MMT-Fe gels, while all the other most common anions exhibited no negative impact 

(Figure 6.4b). Up to ~80% of the capacity was retained with the presence of all the anions 

of the same concentration as the phosphate. This demonstrated that the synthesized 

composite adsorbent can be applied for effective phosphate recovery from various 

wastewaters. 
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Figure 6.4 Adsorption capacity of the adsorbent at different pH (a) and under the 

influence of co-existing anions (b) (all ions at 0.5 mM concentration) 

6.3.2 P-Laden Gel Characterizations 

The SEM images of the freeze-dried post sorption gels demonstrate the hollow 

porous structure of chi-MMT-Fe nanocomposite scaffold of high surface area for 

adsorption after relaxation (Figure 6.5a). The EDX elemental mapping confirmed the 

surface distribution of chitosan (N), ferric oxide (Fe), and adsorbed phosphate (P) (Figure 

6.5b). FTIR spectroscopy was used to characterize the functional groups of the crosslinked 

chitosan nanocomposite and identify the shifts after P adsorption (Figure 6.6). For the 

original chi-MMT-Fe gel, the peak at 3237 cm-1 reflects the N-H stretching of alphatic 

primary amines of chitosan, the peak at 2872 cm-1 is related to the O-H stretching of the 

hydroxyl group along the chitosan chain. The peaks at 1630 and 1535 cm-1 are assigned to 

C=O stretching of secondary amide (crosslinking bond) and N-H bending of amine, 

respectively. Amine groups have high affinity for anions, and after P adsorption onto the 

protonated amine groups, the intensity of the amine peaks reduced significantly as shown 

in the spectrum of the post sorption adsorbent (Figure 6.6) (Pap et al., 2020). XPS spectra 
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of the chi-MMT-Fe composite adsorbent pre and post sorption helps explain the dominant 

adsorption pathways under different pH (Figure 6.7). The N1s spectra were deconvoluted 

into two peaks for -NH2 and -NH3
+ at 399.4 and 401.5 eV, respectively (Figure 6.7a). The 

content of protonated amine in the original chi-MMT-Fe adsorbent was 42.9%, which 

increased to 48.7% post adsorption at a pH of 3. And the number dropped to 40.3% post 

adsorption at a pH of 10. The amines were more pronounced at low pH promoting 

phosphate adsorption through electrosorption. On the other hand, the O1s spectra were 

deconvoluted into three peaks for -C-O-, FeOO*H, and -C-O-H at 532.7, 531.4, and 533.7 

eV, respectively (Figure 6.7b). The content of the oxygen of the hydroxyl group in ferric 

oxide hydrate sharply decreased from 29.5% pre sorption to 18.3% post sorption at a pH 

of 3. At lower pH, more hydroxyl groups can be released into the acidic medium through 

phosphate ligand exchange. More ferric oxide binding sites promotes robust bidentation 

with phosphate ions in acidic medium. While at high pH, with less binding sites, the 

reversible monobentation is more pronounced (Kim et al., 2011a). 
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Figure 6.5 SEM images (a) and EDX surface elemental mapping (b) of post sorption 

freeze dried adsorbent 

 

Figure 6.6 FTIR spectra of the adsorbent pre and post sorption 
















































