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SUMMARY

Nutrient recovery is pressingly needed for advancing the sustainability of global
food production.Given the composition of nutrient streanmjtrient separation and
enrichment are needed foigh recovery efficiency and market viabilithembranebased
processes providing precise separaaomwell studiedor nutrient recovery. However, the
capital cost and energy consumpticemain the main challenges before large scale
commercialization.lonic hydrogelsoffer sufficient ion selectivityespeciallywithin a
concentratiomangecomparable tohe nutrient level invastewaterspresenting promising
potential for cheap and sustainabkplutions to nutrient recovery from wastewater.
Therefore th@verall objective of this research wasievebpand teshutrient particularly
phosphorous, enrichment, recovery, and raesénologies based on engineered ionic
hydrogels with the specific objectives to: ipvestigate thephosphate rejection and
enrichment performance of commercial ionic hydisgdrough spontaneousvater
absorbingandreveal themechanisms driving the selective ion exchange and transport in
the swelling hydrogel scaffoldi) develop advanced composhgdrogelswith high ion
rejection at elevated concentration for enhareadthment capabilityjii) develop green
composite hydrogels to recovery and rensé&ients through adsorption and controlled

release.

This researcldemonstrated thehosphate enrichment by negatively charged ionic
hydrogels asa seltdriven dewatering agent under different conditioflse phosphate
rejectiondecreased as its concentration increased but retéRfddeven in 1000 mg/L

PQO:> solution which is well beyod the phosphate concentration in typical wastewater

XV



concentrate?hosphate 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 hydrmegebved 100% of
nickel ions during the dewatag o the phosphate solution (Xi30 mg/L and P& 50
mg/L), presenting opportunity for simultaneous phosphate enrichmenpuaiftation
during the pretreatment for nutrient recovepm wastewater. The effects of the péhic
strength of the nutent strem, and the swelling ratio of hydrogels on the rejectbn
phosphate were investigatéthe interaction®f anionic hydrogel chains with phosphate

and heavynetal ionswere elucidatethrough molecular dynamic simulations.

To furtherenhance theelectivity of hydrogels, we developed a eehell polymer
composite (CSPC) foeffective ion rejection at high concentratiohhe core wasa
hydrogel sphere that can spontaneously absorhlir®&8 its own weight of water, while a
polyamide film, aghin as ~7 nm, formed through interfacial polymerization serves as the
separating shell. These flexible and etsyuse CSPCs exhibit higtapacity and selective
water absorptiowith a salt rejection of 99.8% a medium of 35 mM ionic strengtivhich
presened unique possibilities for recovering valuable resources from waste streams.

Extensive characterizations have been dom&he nanofilm shell.

Chitosan nanocomposite hydrogehs developedn this researclas a controlled
release nutrient excipiefdrmulato increase the nutrient use efficien®y introducing
elastic and flexible physical crosslinking induced bgiensional (2D)montmorillonite
(MMT) nanoflakes into the chitosan hydrogel, highly swellable and degradable chitosan
MMT nanocompositewere 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 eNidd3an

XVi



nanocomposite hydreyachieved a weltontrolled 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 poder, 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 civtigi§an
nanocomposite hydrogels exhibited high degradation of 57% after swelliragen fer 20

days. Such highly degradable fertilizer excipient poses minimal threat to théelomg

fertility of the soil.

Based orchitosanMMT controlled release formulderric (Fe)salt was added for
enhanced phosphate adstoyn capability of the copositeas aphosphate adsorbent and
controlled releaser to bridgecovery 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 prdgat 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 agrioeps and ii) ferric
oxide hydrate ligand exchangéersatilesorption pathways enabled stable capacity across
a range of pH. In successive desorption experiments, 72.4% of the loaded P was
continuously released over 16 day$ijgh content of which was bioavailable as indicated
by Mehlich 2 extraction test. With aitidnal water retaining capability, the-lRden

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 theevergrowing population farming is rapidly expandintgp increase the
crop productioralong with which comes the steady growtHartilizer consumptionThe
fertilizer demand is projected to increase 4% annuallged additional 2.3 billion people
by 2050(Xie et al., 2016a Current economically viable fertilizer productionethods
heavily ely on the consumption of nerenewable energy arfhite mineral resourcesn
particular, almost all the phosphorou®) fertilizer are sourced fromnonrenewable
phosphate rockslepleting at an accelerated rat€lser and Bennett, 20L1More
alarmindy, over 50% of the applied nitrogen (N) and 85% of the applied P are not
assimilated by crop&ilbertson et al., 202Qassaletta et al., 20L40verfertilization and
low assimilationrate lead tohigh nutrient content irwastewaters and surfaovaters
causing adversenvironmental effectdike eutrophicationP recovery from wastewater

reconcilegheparadox ofaccelerated depleticand excessive waste of P resources.

Struvite (MgNH4POs-6H20) precipitation is awell-establishednutrient recovery
processBYy supplementing nutrient streams with magnesium,ddl&nd P nutrient ions
can be recovered precipitates at a pH > 8lowever this method is severely limited by
two challenges: i) low P concentration in typicailtrient containingvastewatersesults in
low recovery efficiency; iixoxic heavy metalsould ceprecipitate with struvite raising
safety concerns if applied arop growing soils. Thereforautrient recovery technologies

of high selectivityare required tadvance sustaable food production.



Three main rambranebasedprocesses are studied B®lectivewastewater nutrient
recovery.Forward osmosis (FQ)tilizes draw agents dfigh osmotic pressure to dewater
the dilute nutrient feetb achieve nutrient enrichmefdcilitating subsequent recovery
Instead of osmotic pressure, membrane distillation (MD) aslithermal energy to drive
the separation afutrients from the feed based on thifference in partial vapor pressure
Under the recent trends of electrificatioelectrodialysis (ED) using electric field to drive
ion separation and enrichmethirough ion exchange membrarngsns many tractions.
These membrane processes could dbeer applied as a pretreatment for struvite
preciptation orintegratedo achieve nutrient purification amecovery.One key metri¢o
assess theommercialization potential of the wastewater P recovery technatothe
economic viabilitycompared to phosphate mining. Capital cost and energy consumption
remain the main challengeg®r membranéased recovery technologie&iven the
excessive P in wastewater dod efficiency Pfertilization,new adsorbents based on-eco
friendly biowastesre developed teecover P from wastewaters and subsequemibjied

in soil as Reontrolled release fertilizeaf potentially high nutrient use efficiency.

In response to thearadigm shiftin wastewater nutrient recovery, cheap and
sustainable recovery solutions are needads research explored the possibibfyaseries
of ionic hydrogelbasedP recovery and reuse solutions basedealrctive ion exchange,
spontaneous water absorption, and contraiésbrbatealelivery. lonic hydrogelscaffold
carries charges through protonation or deprotonation under diffiekg which provide
co-ion and countefon separation through ion exchanged Donnan membrane effect
(Sarkar et al., 2090Driven by the embeddesivelling pressure, the hydrophilic scaffold

could spontaneously absorb large amount of water to dewater the externahniduiu



self-driven water absorption and ion selectidoy anionic hydrogelscould be applied to
enrich and purifyphosphatestreams depending on tiparameters of théeed solution.
Thanks to thaunable and flexible crosslinked scaffold structure, hydrogelse been
studied as controlled release delivery systemloafded substancesThus, cationic
hydrogels maybe exploited as phosphate adsorbent and controlled estegsent to
transfer thd® nutient from wastewaters to crop growing saisleveraginglectrosorption
andscaffold regulated diffusiorOverall, ionic hydrogels present promising opportunities

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

1.2 Research Objectives

Theoverall objective of this research wasitvelop and te®enrichment, recovery,
and reuse technologies based on engineered ionic hydrdlgelspecific objectivesf this

research were to:

)] Demonstratéhe phosphate rejection and enrichmeibhgcommecial ionic
hydrogels through spontaneous water absorbing and reveal the mechanisms
driving the selective ion exchange and transport in the swelling hydrogel
scaffold;

i) Developadvanced composite hydrogels with high ion rejection at elevated
concentratiorior enhanced enrichment capability;

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

adsorption and controlled release.



1.3 Approach

1.3.1 Seltdriven phosphate enrichment and purification by ionic hydrogels

Weak acid ionic hydrogel scaffold (poly(sodium acrylate) (PSA) of excellent water
absorbencyvasused as the exemplifier hydrogel in this study. The theoretical linear mesh
size of FSA hydrogels at different pHivas calculated according t€anal and Peppas
equatiors (Canal and Peppas, 198®ppas and Merrill, 1976To understanthehydrogel
swelling behavior, simulatiowas conducted according to the FleRehner free energy
function(Hong etal., 2008l n t he meanti me, t he)foDalth¢g e scr
feed solutionswas calculated as well to beompared to the effective mesh size of the
hydrogels.For effectiveP enrichment, the water absorbency and P rejection rate of PSA
beadswere investigated in media of different ionic strengths andTjiite. concentration
factorof phosphatachievedy PSA hydrogelsinder varying experimental conditions was
investigated The relationships connecting gel mass, concentration factor, and swelling

ratiowereelucidated.

Theinteractions betweeinnction groups along theydrogel scaffold anghosphate
ions and the affinitpf various heavy metal ions to theionicacrylic acid function groups
were elucidated through molecular dynamic (MD) simulatidihe diffusion coefficients
of phosphate ions inside the PSA channels of varying size werdatattThrough the
comprehensive study of the dynamic ion exchange during the swelling of charged hydrogel
scaffolds, we gaied insights in mechanisms behind ion transport within the expanding
nanofluidic mesh channels. The knowledgmuld beleveraged toguide the process

engineering of hydrogddased nutrient purification and concentration and further shed



light on developing advanced hydrogels of superior selectivity that could incentivize

precise resource recovery.

1.3.2 Seltdriven nanofiltration bycore-shdl polymer composite€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 stamt selectivityThe hydrogel core of the
CSPSwassynthesized through suspensradicalpolymerization. The PA shell wrapping
the corewassynthesized through interfacial polymerizatiQomprehensive morphology,
structure, and chemical composition characterizatvog® carried out on both the core
and the as prepared nanofilm. The mechanical properties of thenshnelhvestigated
using wrinkling and cracking methofShung et al., 2001 The ion rejetion performance
by CSPCs for both single valent and bivalent iafisdifferent concentrations were

investigated.

1.3.3 Nutrient recovery and reuse by engineered biopolytimeough adsorption and

controlled release

A chitosan and nanoclay based biodegradabitdrolled release fertilizer formula
was developed. The cationic chitosan chains of different molecular weiggres
scaffolded with nanoclay flakes through physical associations and chemical bonding.
Thorough characterizations including morphologlememal composition, mechanical
properties were conducted@he effects of nanoclay content on nutrient release were
investigatedThe nutrient release profiles of the develofatllizer excipient in water and

soil were quantified. The degfability of the hylrogel composite was demonstrated.



Ferric ions were added into the matriXabricate the chitosatomposite hydrogels
as P adsorbent and releaskne adsorption kinetics and isotherms of the fabricgtdsl
were investigated. The effects of pH and co existing anions on the adsorption of phosphate
by the gel adsorbents were demonstrated as well. Finall{?, tekeasdehaviorof the R

laden gelsvere monitored and compared.

1.4 Researchimpacts

Accessible, affordablendeffectiveP recovery and reuse solutions could close the
loop for Pestablishinga supply cycle of fertilizer fosustainable agricultur@he solutions
developed in this studgrovides new opportunities to further lower the cost and energy
consumption of wastewater P recovery afticient reuse, makind® recovery more
economically viable compared to unsustainable phosphate mihirggovery at scale not
only ensures thdong-term food securityglobally but alsopaves way to sustainable

agriculturecritical for the growing population.



CHAPTER 2. BACKGROUND

2.1 Nutrient Recovery

Phosphorous (P) and Nitrogen (N) are essential nutrient resources to support global
food production to feed thevergrowing population. Current fertilizer production relies
on the consumption of nerenewable mineral resources and energy. Almost all of the P
used in agriculture comes from deposits of phosphate rock that will be completely
consumed in 3B00 yeargElser and Bennett, 20L1TThe production of ammonia from air
through HabeBosch process requires -85 MJ per kg nitrogen of energy, which
accounts for 2% of global energy consumptibesloover et al., 20)2The nutrient based
fertilizer demand is increasing 4% annud&lyser and Bennett, 20LHowever, nore than
50% of the applied\ and 85% of the applied P are not assimilated by i@pisertson et
al., 2020 Lassaletta et al., 2014 argefractions 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 wastewatgMayer 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 thadverse environmental effects of food produciidrest 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 StruvitePrecipitation



Strwite (MgNHsPQ:-:6H20) precipitation at pH >8 is one of the most promising
technologies for wastewater nutrient recovédg-Bashan and Bashan, 2Q04fter
recovery, struvite can be applied as sl@lease fertilizer to crops in soils of relatively low
pH value(Xie et al., 2016pa For the precipitation of nutrient ions, alkaline condition is
achieved by either basic solution addition or aeration stripping of 8@bsequent
introduction of magnesium salts initiates the precipitation of struvite. Nutrient recovery has
been demonsttad from various nutrientich streams, such as wastewgleshav et al.,

2013, anaerobically digested slud{@erardo et al., 20)3and uring(Triger et al., 201

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(Paffer et al., 2002Viiinch and Barr, 20Q1severely 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 prapitation (Celen et al., 20Q7Liu et al., 2011 Pastor et al., 2010
Ronteltap et al., 20)30Therefore, phosphorous enrichment is crucial as a pretreatment for
struvite precipitation of $esfactory 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 detted in the recovered struvite cryst@dlm et al., 2013. Moreover,

heavy metal hydroxides were found to be precipitating preferably on struvite through
heterogeneous nucleatigang et al., 2019 The presece of such toxic contaminants

requires higher selectivity for nutrient recovery of practical value.



2.1.2 MembranebasedEnrichment and Purification

Membranebased separation processes targeting nutrient enrichment and selectivity
enhancement offer opportungiéor advancing nutrient recovery technolodiEsble2.1).
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 t
enrich the nutrient. Comparted to the hydraulic presdtven reverse osmosis (RO), FO
has lower fouling propensity and higher fouling reversibi{Mi and Elimelech, 2010
Given the intrinsic reverse draw solute diffusion during FO, extrgnesium ions could
be supplemented to the feed if magneshase draw solution was used. It has been
demonstrated that the FO driven by Mg@taw solution concentrated the feed sludge
concentrate up to five times, resulting in an effluent containing H#§/2 ammonium,

615 mg/L phosphate, and magnesium from reverse solute flux ready to form struvite
precipitatgXie et al., 2014) FO has been utilized to recover nutrient from various streams
as the feed, in as urine, sewage, and sludigau et al., 2014Zhang et al., 2014&hang

et al., 2014k The intrinsic water permeabilityolute selectivity tradeff of FO
membranes remains the critical challenge in achieving high concentration factor of the feed

in FO.



Table 2.1 Summary of nutrient recovery by membranebased processes

Driving Source water Target Process  Performance Membran  Cost and energy
force e fouling consumption
Osmotic  Urine(Zhang etal., Ammonium, FO Recovery rate NA NA
pressure 20143 phosphate Ammonium50-80%,
potassium phosphate >90%,
potassiunm>90%
Activated sludge Ammonium, FO Recovery rate: Cake NA
(Nguyen et al., 203 phosphate Ammonium >96%, formation

phosphate >98%

Anaerobic sludg Phosphate FO-MD Recovery rate: Cake Draw agent temperature
(Xie et al., 2014p phosphate >B% formation 40 °C
Thermal Urine(Zhao et al., Ammonia Vacuum  Recovery rate: Scaling Feed temperature: 500
energy 2013 MD ammoniad1-75% °C;

Vacuum pressuré.5 kPa

Synthetic wastewater Ammonia Direct Recovery rate: NA Feed temperature: 55 °C;
(Qu et al., 2018 contact ammonia>99%
MD

ammonia stripping
solutiort 0.1 M H,SO,

Swine manure Ammonia Direct Recovery rate: Organic Feed temperaturd0 °C;
(Zarebska et al., contact ammonia >98% fouling
2014 MD and pore

| ammonia stripping
wetting solution: 05 M H,SQ,

Electricit  Urine (Pronk et al., Ammonia, ED Enrichment factar NA Applied current density:
y 2009 phosplate, ammonia 2.9, 22.5 mA/cn3; current
potassium potassium 3.1, efficiency: 50%

phosphate 2.7

Municipal Phosphate ED Enrichment factor: NA Applied current density:

wastewate(Zhang et phosphate 6.5 3.125 mA/cnft; current

al., 2013 efficiency: 72%; energy
consumption: 16.7
kWh/kg PO*

Synthetic wastewater Phosphate ED Concentration factor: NA Applied current density:

(Wang et al., 2013 phosphate 4.2 71.5 mA/cni

Table adapted fror{Xie et al., 2016n

Membrane distillation (MD) can enrich the nutrient in the feed solution by thermally
evaporating the water utilizing lograde heat. In MCthe aqueous feed stream is separated
from the distillate by a hydrophobic, microporous membr&hglrophobic membran
prevents the liquid from penetrating, whaldlowingthe transport of water vapor across the

membrane poredriven bythe partial vapor pressure differeneiggh concentrating factor

1C



can be achieved by MD since the water can be continuously evaporatedtife
increasingly concentrated feed. Ammonia can be effectively enriched in the permeate
stream and recovered in MD since ammonia is more volatile than (¥aiebska et al.,
2014). MD processes were configured as vacuum MD, gas sweeping MD and direct contact
MD for ammonia recovery from varying wasteeams as we(Qu et al., 2013Zarebska

et al., 2014Zhao et al.2013. MD has its own challenges in nutrient recovery depending
on the constituents of the feed strgd@iiji ng et al., 2015Van der Bruggen, 20)3Volatile
organic compounds could transport through the membrane with water vapor contaminating
the permea. Surfactants could lower the surface tension of the membrane causing water
breakthrough deteriorating separation performaDssolved organic matters and colloids

can lead to MD membrane foulinfgndering heat and mass transfer and triggepoig

wetting (Zarebska et al., 2004

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 avkd by iorexchange
membraneselectively passing only counter ions under Donnan gfferkar et al., 200
ED process selectively partitioned phosphate from wastewater effluent containing various
ionsinto a concentrated phosphate solution, achieving a concentfatitor of up to 7
(Zhang et al., 20)3Depending on the charge of the ion exchange membrane, ED suffers
from fouling increasing cell resistance and decreasing migration yield and ion sglectivi
(Mondor et al., 2009Vang et al., 2011 Specifically, more sever fouling was observed in

anion exchangemembrane when negatively charged humic substance, protein and
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surfactant were presefttee et al., 2000 By contrast, catiorselective membrane could be

hampered by calciurdominated scalingAyala-Bribiesca et al., 2006

2.1.3 Recoverythrough Adsorption

Adsorption processes are ceftective and sustainable for P removal, even at low P
concentrationsin typical wastewatergMitrogiannis et al.,, 2018Pap et al., 2020
Adsorption capacity and selectivity are highly dependent on the mechanisriv&ihio
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 chitosaamsed composite¥&arunarathna et al., 201%ofinas and
Kioussis, 2003Pap et al., 202&hang et al., 200)8modified clinoptilolite(Mitrogiannis
et al., 2018 and engineered bioch@fao et al., 2018 Constituat materials sourced from
widely available and eefrsiendly 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 forasnéndmen(Pap et al., 2020Engineered
biocharcompositegontaining rich M@ particlesexhibited excellent maximuphosphate
sorption capacityf >100 mg-¢t, thoughcontrolled byrelatively slow kinetis. The post
sorption biochar was used #%e slow release P fertilizethat stimulatedgrass seed
germination and growtliYao et al., 2018 Crosslinked chitosafe complex hydrogel
sorbents were reported to hayarajected maximum phosphate adsorption capacity of 15.7
mg/g(Zhang et al., 2008The relatively low capacity is probably due to the high chemical
crosslinking density of the synthesized chitosan hydrogels. Caluii@san composite

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

the medium pHPap et al., 2020

2.2 Efficient Nutrient Use by Controlled Release-ertilizers

Overpopulation poses pressure on sustaining fpooduction, 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 anifuske 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 impaciof agriculture and technological
advancements, foeslystem impacts are estimated to increas@6% by 205qGilbertson
et al., 2020 Springmann et al., 20)8Traditional 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 crofiSilbertson et al., 202Q.assaletta et al., 2014Slow and
controlled release fertilizerare rendered critical in mitigating adverse environmental
effects and increasing the productivity and profitability of crop producttmmtrolled
release systems for fertilizers enabled by the hydrogel network can be classified into three
categories based othe loading and releasing strategy: layered polymer coating

encapsulation, adsorptiatesorption, and entrapment bysitu gelation Figure2.1).
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Encapsulation Adsorption-desorption Entrapment-release

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 ofmitnieient salts, which presents
great potential to increase fertilizer use efficiency and crop yield. Many of them are
petroleumbased, like polystyrene, polysulfone, and glycerol eSfemaszewka and
Jarosiewicz, 2002Yang et al., 2018 The manufacturing of such caag materials is
relatively expensive. It often involves toxic organic solvents, which severely hinders the
commercialization of polymetoated fertilizer§Cong et al., 2010 Thereforedeveloping
cheap, nostoxic, renewable, and biodegradable alternatives has been the main task in
advancing slowrelease fertilizer§Cao et al., 2006 In that effort, many ecfriendly
biomaterials such as lignin, cellulose, chitin, and starch have been studied agliti@ean
coating material for slowelease fertilizers. With a doublayered coating consisted of
polyurethane from corn stover and chicken feather proteipobonerized with acrylic
acid (AA) with N,Nt -methylenebisacrylamidéMBA) crosslinker, the coatedirea
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 tfi¢asgjlet
al., 2013. In addition to nitrogen fertilizer, a tlayered coating was formed outside the

granule nitrogen, phosphorous, and potassium (NPK) fertilizers by coating poly(vinyl
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alcohol) (PVA), chitosan, and poly(acrylic acid)/paiydamide (poly(AAco-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 rKeysrPeppas model
(Noppakundilograt et al.,(5). Instead of irsitu polymerization of the monomers on the
fertilizer surface, fine particles of sodium alginate (NaAdepoly(AA-co-AM)
hydrogel/clinoptilolite clay nanocomposites were physically attached to the NPK fertilizer
granules. The coatddrtilizer exhibited a much slower and controlled release and achieved
a cumulative release ratio below 75% after 30 days in(Rathidzadeh et al., 2015
Although the polymeric coatings effectively slow down the release of fertilizers, the
layered coating processes are complex and far from scalablegpaitymercoated 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 thstes 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 chemizsglmking by lethyl3-
(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 controli8dbadini et al., 2038

Although great effort has be&evoted 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 crosslinkersSuch polymer/fertilizer composites will accumulate in the soil, degrade
soil fertility, or release toxic substances if degraded. Therefore, a truly biodegradable

controlledrelease fertilizer formulation remains a pressing need.

2.3 Engineered hydrogels

2.3.1 CrosslinkedHydrogels

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 behédicithe overall
efficiency of nutrient recovergXie 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 spanéous 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 reversibleysical 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 gdgy gel?) (Yunkai et al., 200Q The free energy of the
swelling hydrogel is well depicted by the FlagRehner function(Flory and Jr., 1943
covering the entropy of the network expanding along with the mixing with the solvent
moleculegHong 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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embeddedh the polymer chains. On top of the excellent water absorbency, ionic hydrogel
has demonstrated up to 64% of salt rejec{dn et al., 201% presenting potential for
nutrient ion concentration. With the fixed charge groups on the nanofluidic mesh channels,
ionic hydrogel scaffold pegsses ion separation capacity through ion exchange governed
by Donnan membrane effe¢Barkar et al., 2090 For example, an anionic hydrogel
scaffold has been used as the space charged nanofluidic channel to achieve high
conductance and outstanding cation selectivitggoerate osmotic pow¢Chen et al.,
20200. 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 nutriemthenent 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 intcethydrogel matrix, ion resources could be
recovered selectively through chelation in addition to electrosorption. It has been reported
that a soy proteibased polyethylenimine hydrogel demonstrated an excellent selectivity
for the removal of Cu ions with Cu/Zn selectivity coefficient of about 2%0iu et al.,

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

is intertwined with hydrogel mesh size, bulk gmo ionic strengthand 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 hydrdgpdel nutrient recovery.

2.3.2 Nanocomposit€hitosanHydrogels
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Chitosan is a linear polysaccharide composed of randomly distrildutét-4)-

linked D-glucosamine and {dcetytD-glucosamineunits (igure 2.2). It is mainly
produced through deacetylation of chitin, which is the second most abundant natural
biopolymer behind cellulog@hattarai et al., 201&umar et al., 2004 The most common
sources of chitin are the crab and shrimp shells. The primary aliphatic amines along the
chitosan chains can begponated in acidic solutions (amine pKa is §Bgrth et al., 1998

making it hydrophilic, caonic, and capable of forming polyelectrolyte copolymésr+
toxicity, biocompatibility, and biodegradability make chitosan an excellent excipient
studied extensively for applications in biomedical and biotechnological {|Kldsar et

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

release formulations.

OH OH

HO NH HO NH,

Figure 2.2 Chemical structure of chitosan

Given the ionic and hydrophilic nature of chitosan chaingysén hydrogels can be
prepared through various physical association strategies featuring electrostatic,
hydrophobic, hydrogen and secondary bonding forces between polymer @fattarai
et al., 2010Boucard et al., 2005Thanks 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 conplexes and polyelectrolyte complexes, respectively. In addition to the
electrostatic interaction, hydrogels can be formed by crystallite and secondary bonding
between chitosan and other wasetuble polymers, such as PVA, through fretmav
cycles(Berger et al., 2004 The chairchain 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 gsowith 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 chainf.adet 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 theomponents under appropriate conditions. The easy
synthesis and mild reaction conditions make it possible for tk#urgelation of chitosan
chains in the presence of the target cargo to form a controlled release system based on an
entrapmentelease stitagy (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
crosslinkirg agents, such aglutaraldehyde(GA) and genepin, has been used in the
supplement to the physical associatiBhattarai et al., 20)0Cargo release mechanisms

of hydrogel networks has been extensively studied for biomedical drug déBlexitarai

et al., 201D Multiple mathematic models based on swelling and diffusion have been
developedLin and Metters, 2006 With the advances in the development of chitesan

based drug delivery formulations, chitodaased hydrogels have also been exploited for
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the controlled release of fertilizers based on the entraprakeatse strategfdamnongkan

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 agpesibility for
achieving an application scenaspecific 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,astbeen reported that an interpenetrated
polymer network composed of long and short PVA chains formed through -treseze
cycles developed disordered interconnected pores resembling a sponge. Thdilsponge
structure achieved superior diffusion of padgglwithin the network compared to the

oriented channel structure formed with uniform PVA chéMastrangelo et al., 2020

The drive for advaring 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 resour¢&iltsertson et al., 2030
The usageof inorganic layered nanomateridike clay and clay minerals as active
ingredients or excipient®or medical purposeis a weltestablished practicéCui et al.,

2019. The interactiondbetween clay nanoparticles and drugs as well as other biological
moleculeshave been well investigatedthich makes clay material an ideal constitute of
controlled delivery system@ayrajsinh et al.2017. Moreover,the addition of clay into

the polymeic matrixenhances the mechanical propertiEthe biomaterialspwing to the

formationof nanocomposite@viousa et al., 2018
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Montmorillonite (MMT) is amajor component of Bentonite, which is approved by
FDA as an additive in various medicinal produ¢dayrajsinh et al., 20)7 More
specifically, MMT is dayered silicate [(Na,Ca}4Al,Mg) 2SisO10(OH)2AH20], belonging
to the smectite group of mineraggssessing high specific surface area (up to 600ght)
and aspect ratio. Threpeating structural unit of MMT consists of one alumina octahedral
sheet sandwiched in between two silicon tetrahedral laydrs. MMT particles are
generally rendered as 2D materials with a thicknesd esfmandadiameterof 0.22 ¢ m.
The overall surfee charge iamildly negative attributed tothe oxide anions, which
facilitatesthe mixing with cationicagentqCui et al., 20192 The unique cation exchange
capacity and the layered structure for intercalation make MMT an ideal candidate for
sustaining nutent releaséHakim et al., 2019Pereira et al., 20)2Moreover, 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 capacifidaraguchi et al., 2009Viousa et al., 2018 Besides
several reports have demonstrated plaabusscaffoldswereformed byintroducingMMT
into natural biomaterialsuch agelatin, collagen, silk, and chitos@@ui et al., 2019Hsu
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, MME h
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 denseapbsasslinking
contributing to an even slower release of the fertil{ttakim et al., 2019Rashidzadeh

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. Ovgratedecades, 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(\ayer et al., 2016
However, only about 16% of the P applied as fertilizer in the soil is assimilated into human
food (Mayer et al., 20L&Rittmann et al., 2001 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 eutrophioa. 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 fRittmann et al., 2011Xie et al., 2016p

Struvite  MgNH4POQi-6H20) precipitation is a welestablished process for
wastewater nutrient recoveKgleBashan and Bashan, 2Q04n struvite precipitation,
magnesium salts are added for crystallization with nutrient ions under basic conditions
achieved by adding NaOH or aeration stripping o£.CDe recovered struvite precipitates
can be applied in relatively acidic soil as slmshease fertilizer. Struvite precipitation has
been demonstrated previously to recover nutrients from wastellatehashi and
Hirooka, 2012 Lahav et al., 20L,3Ward et al., 2018 anaerobically digestke sludge
(Gerardo et al., 2033and uringTriger et al., 201 Nevertheless, two critical challenges

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

metal contaminants that could-peecipitate with struvit€Xie et al., 2016pn

The typical P concentration in wastewater influent and digested sludge supernatant
is 6 and 56 mg/L, respectivelyaffer et al., 2002Minch and Barr, 2001 Extensive
experimental results indieathat a P concentration above 100 mg/L is required to achieve
a struvite recovery efficiency over ~80Qaffer et al., 2002Minch and Barr, 20Q1Xie
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 toafacilite
precipitation of multiple toxic heavy metals, including Cu, Ni, Pb, Zn, As, and Cd through
sorption, nucleation, and coprecipitatiinn et al., 2013Ma and Rouff, 2012Pizzol et
al., 2014 Rouff andJuarez, 2014Tang 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 membrdvesed processes have been studied for obtaining
high nutrient concentration factor and selective recoyXrg et al., 2016aYan 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 (
osmotic pressure) are separated by a semipermeable membrane, creating a steep osmo

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 a®$pwiraw agent, the
nutrient in the feed solution can be enriched to a much higher concentragbZleang

et al., 2014pa It has been reported that FO has achieved high concentration factor for
nutrient streams like anaerobically digested slufidelloway et al., 200), activated
sludge(Achilli et al., 2009, and raw sewagéXie et al., 2014aXue et al., 201p 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., 201320143. Despite the progress in FO enabled wastewater nutéeovery,

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 ofniudtreams to
achieve enrichment. In MD, the feed stream is separate from the distillate by a hydrophobic
vapor transporting membrane. All noplatile constituents in the feed solution get
concentrated, including phosphate and toxic heavy metals.gtage heat as the driving
energy and scalesistant 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 volatilignohonia than watdZarebska et

al.,, 2014 Zhao et al., 2013 ED with multiple chambers separated by al&ting 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 @&ctated phosphate
solution of a concentration factor up t¢Zhang et al., 203,Zhang et al., 200)2Thanks

to the selectivity of ion exange 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 hurdlesbefore 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 feedolution for EDbased 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 3Bcaffoldsformed by crosslinking hydrophilic polymer
chains, hold highly tunable and reversible physical and chemical properties, attributed to
which, they are widely used in various fieldis particular, when embedded with ioni
groupsdepending on the solution pH and ionic strentitb,hydrogetould absorla large
massof water (up to ~1,000rgm pergram of dry gel) (Yunkai et al., 200 More
importantly, with fixed charge groups on the nanofluidic mesh channels of varying size,
ionic hydrogel scaffold possessém selection capacity through ion exchange and
exclusion governed by Donnan membrane ef(8etrkar et al., 20)0For 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., 2020bIn essence, ionic hydrogel is less crosslinked ion exchasie r
capable of simultaneous ion separation and concentration through dewatening.
exchange resins have been studied for heavy rftetahbal and SenGupta, 2Q0&nd

nutrient (Sendrowski and Boyer, 2013hepsko et al.,, 2019emoval through ion
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exchange. The current work demonstrated an easy and cheap pretreatment solution for
phosphate enrichment and heamyetal 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 screenitength 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 lecmlar 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 weranaflytical purity purchased

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

3.2.2 Characterizations of thelydrogels

The water absorbency or swelling ratio of hydrogels was quantified to evaluate the
effects of medium pH and ionic strength. Swing of different NaCl concentrations (O,
0.1, 1, 2, 5 mM) were adjust to different pH values (3, 5, 6.5, 9, 11) using 0.1 M NaOH
and HCI. Three SAP spheres (16.7£0.4 mg) were added into 10 mL media to allow swell
for 12 hours to reach equilibrium. The diea 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 @f.6,11,, 2, 5, 10 mM KEBPO4
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 usingV-VIS (Hach DR6000) after coloeactions using TNTplus 844 test

kits. The phosphate rejection was calculated based on the following equation,

0ET OPEABARA OF 1 — prmbP (3.

whereCO0 represents thphosphateoncentration of the stock feed soluti@t;represents
thephosphateoncentration of the residual solution at tim€Q;is the feed volume3 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/CO0).

The rejection variation along the swelling process was quantified by leaving the
sphere in the medium for differetine periods. Three SAP spheres (16.1+0.2 mg) were
allowed to swell in 3 mM KERPO4 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 usidgferent species of phosphate as listedale3.1.

27



Table 3.1 Characteristics of the phosphate media

Medium Conentration, mM lonic strength, mM  pH
HsPOQu 3 2.32 241

HsPQ: + NaHPQu 15+15 2.62 2.74
NaHPCQ 3 3.02 5.04

NaHPQ: + NaeHPOs 1.5+15 5.88 7.1
NaeHPOQu 3 8.72 9.12
NaeHPQ: + NasPOu 15+15 10.60 11.12
NasPOQu 3 12.40 11.25

3.2.3 Phosphaté&nrichment andPurification

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 sptigres0.3 to 26.8+0.4 mg) were
added into 3 mL of 0.5 mM KHPOQ: 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 tluspblate 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#®8P.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 comitoxic 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 hdlikel concentrations
before and after were measured usimyictivelycoupledplasmamassspectrometry

(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 lengtifhe theoretical linear mesh size of PSA hydrogels at different
swelling ratio was calculatey the equatiorliscussedy Canal and Peppas as follows

(Canal and Peppas9a9),

-, 0 _
0O —
0

, & (3.2

5¢

where Cn is the characteristicatio of the polymer @npsa=6.7 Gudeman and Peppas,
1995, M is the molecular weight of the average repeating unsoodium acrylatg94),

and &is the carborcarbon bond length (1.54), 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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whereV: is the molar volume of water (18 émol), Mn is the numberverage molecular
weight of the polymer (~50,000)[is the specific volume of the polymer (approximated

as 0.77 crflg), ..is the Flory polymesolvent interaction parameter (0.5 for PSA inavpt
(Gudeman and Peppas, 1998nd32,sand3zrare the polymer volume fractions of the
swollen gel and the relaxed gel (immediately after preparation, taken the value of 1),

respectivelyszsis calculated based on the following equation,

(3.4)

C=| C:
o

) Q
R p 0

whereQ is density otthe polymer 1.3 gim?®, Q is the density of water 1.0 g/énMb and

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

Debye screeningngth( @ for all the solutions was calculated as well based on the

equation below to be compared to #itective mesh size of the hydrogels.

7 (3.5)

I
w
e}

Q-

where” is the number concentration of ion type- - equals the permittivity of
hydrogel ¢ taken the number for water 78.5 at 25°C,is permittivity of free space
8.854x10% Ftm'Y), Tis the temperature (298 Kkis the Boltzmann constaht38064852

x 1022 m? kg s K1, andz is the ion valency.
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3.2.5 MolecularDynamicSmulations

Mol ecul ar dynamic ( MD) simulations solwv

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 ntonded interactions, like the Lennaldnes (LJ) Van der
waals interaction and coulombic interaction. The total molecular potential casdréddd

as follows(Bjgrlo, 201§,

Y 6 @ 6 — o - 0 i 61 (34

since intermolecular interactions are the focus of this study, thdamhed interaction

potentials using Lennatdbnes (LJ) and Coulombic (C) models take the form of:

wherei is the distance between siteandj, - (depth of the potential weélland,

(distance at which thparticleparticle potential energy is zrare the LJ parameterns,

andrn represents the charges on sitemdj, andi | equals the permittivity of space.
OPLSAA force field(Jorgensen et al., 199%/atkins and Jorgensen, 2Q04as 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 ihable3.2 (Canongia Lopes et al., 2004 et al., 2013.
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Table 3.2 LJ parameters for function groups and target ionsused in this study

Atom g, U, kJge
C-COO (acrylate) 0.375 0.43932 0.54
O-COO (acrylate) 0.296 0.87864 -0.52
S-S (sulfonate) 0.355 1.18 1.225
O-SGs (sulfonate) 0.315 0.837 -0.63

O-SQs (sulfonate, protonatec 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 theinteractions 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 GROMACE&021.3). In the diffusion simulation box (3.6x3xL frof
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 toform 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 steej@sstent energy minimization (EM)

to stabilize the system until the maximum force between atoms was lower t©@n 10
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kJ/mol/nm. The PSA chains were frozen throughout the simulations. After EM, a 50000
step NVT simulation was performed (lefipg algorithm with a time step of 2 fs), where

a constant simulation temperature of 300 K was maintained usirgescdle theriostat.

Both the shortange 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 Eirrgtiatmon

,?ao 0 i 0sO (3.10)

wheredd © 0 1 0sOis the mean square displacement (MSD) for a given relative

simulation timeo .

Different number of phosphate molecules, 1, 3, 5, and 7, were simulated for a channel
size of 5 nm to investigate the effect of-ioa on the diffusion of phosphate ions.

Corresponding sodium ions were added to keep the system neutral.

To simulate the imraction between acrylate group and heavy metal ions, 72 acrylic
acid molecules, 3 Ph 3 Cd*, 3 Cc**, 3 Zr?*, 3 Cw**, 3 Ni?* ions were added into a
simulation box of 7x7x7 nin Following the NVT simulation to reach the 300 K
temperature, an NPT simulati using ParrinelldRahman 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 lefapg integrator for 1000 ps in 500,000
steps remainedt 1 bar and 300 K. After the MD simulation, the radial density functions
between the reference @O0 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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groupsand 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 o8AP Hydrogels

Forphosphate solution concentration, water absorption capacity of SAP hydrogels is
critical. The swelling ofionic hydroges in an aqueous solution involves five steps: (i) the
diffusion of water molecules into the crosslinked hydrophdiac polymer chanals; (ii)
the dissociation of the ionic specieaving 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 expanstbe oétwork 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 whiah peéhydrogelstops 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 shokigune
3.1, the anionic PSA hydrogel absorbed larger amount of waadkalic pH, especially at
lower ionic strength attributed to higher degree of deprotonation when the pH of the
medium surpassesedtpKa 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 absorbencsteeply 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.
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Figure 3.1 Swelling ratio of PSA spheres in media of different pH and ionic strength.

3.3.2 Enrichment of Phosphas®lutions by SAP Hydrogels

Besides excellent spontaneous water absorption capability, effective phosphate
rejection is neessary 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 membrameffect driven by electrostatic interactions. The interaction between free
ions in the medium and the charged surface is the strongest within the Debye screening
| e n gd), basgd &n which the comparison between the medium Debye length and the
varying meh 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

phosphateRigure3.2a). 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 lebg}ih (2
Although there is uncovered area free of electrostatic force from ionic polymer at the
hydrogel surface, the excellent phosphate rejection is attributed to the myssteféective

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 hydrdgerkdoringing

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 concentr&igurd 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 inadeasd¢he medium pH
increased and reached at 77.4£3.0% when the medium pH wdadude@.2b). This is
probably because the ionic hydrogel network became more deptetl 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 evolutiomaglthe 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 incrdade rejection rate flattened out

and resided at 67.9+3.0% at 120 miRgy(re 3.2c). This can be explained by the initial
inhomogeneous swelling of the hydrogeheTl 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 sizeadient, 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 ower level. In the end, phosphate ion partition across the hydrogel

and medium phases equilibrated according to the external medium.
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Figure 3.2 (a) Phosphate rejection of hydrogels in mediaontaining 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 Debyentgh
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 solutiosplpdte was
concentrated 3.4 times with a recovery rate of 65.0+1.Hgufe 3.3a). When
experimented at a higher pH of 8.3, the concentration factor increased ta3:6lame

ratio of 5.2, accounting for a recovery rate of 70.0+3.E¥%ure3.3b). To take advantage

of the initial high rejection, more hydrogels were added tdrdacsame 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 |tveerthe recovery rate

when fewer hydrogels were add@gtdgure3.3c). Therefore, nutrient streams of higher pH

are more suitable for ionic hydrogedsed enrichmentrgtreatment 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 madeh#ird to promote diffusion and rinse off the
nutrient concentrated near the hydrogel surfaces. In summary, the best practice for
hydrogetbased nutrient enrichment should be conduct the enrichment in multiple stages
with each stage achieving a moderatecemtration factorAside from the concentration
factor, we demonstrated the heavy metal remasalell. A wright concentration of 0.5

wt% of gel was added into 3 mL ahediumcontaining0.5 mM of P and nickel. After
absorptionthe phosphateoncentratiomncreased to 0.8 mM accounting for 88% recovery,
while no nickel was detected the residual mediumF{gure 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 (b) swelling at pH 5.2
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Figure 3.4 Phosphate and Nickel concentrations before and after SAP hydrogel
absorption (pH=5.5, volume ratio =1.8)

3.3.3 MD Simuations of Interactions betwedanic PSA Chains and Target lons
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MD simulations were performed to understand the diffusion of phosphate ions in the
expanding charged channels formed with ionic hydrogel chgigare3.5a&b). When in
a relatively narrow PSA channel (5 nm), phosphate remained relatively steady at a fixed
position under stronger coulombic forc&sgure3.5a), 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 22x¥0s
about half of that of water molecules, as the channel size indréase 5 nm to 15 nm.
Moreover, only if the channel size reached 20 nm, the diffusion coefficient of phosphate
surpassed that of water molecul&sg(re 3.5¢). The lage 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 phdspbas entered the channEidure3.5d). After
converting the number density of phosphate to concentration, the simulation indicated that
a mesh size of 5 nm couldtain effective rejection of phosphate ions even at a medium
concentration of 0.2 MHRigure 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 théneavy 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 oder of Zr* > Ni?*> Cd*> Cl?* > Ca** > PI¥* (Figure3.6). Function groups
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capable of metal chelation need to be introduced to expand the heavy metal removal
capaciy 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 kgare€3.6). To achieve higher
concentration factor of phosphate nutrient streams, ionic hydrogels with sulfonate function
groups could be promisind.o further simulate the ion transpdhrough the charged
polymer meshlarger system aitoms will be builand the simulations will be run on high

performance computer clusters.
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acrylic acid molecules; RDF of phosphat@ns with reference to acrylic and sulfonic
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boxes.

3.4 Impact

The anionic hydrogdbased phosphate enrichment and heavy metal removal process
demonstrated in this work presented a cheap anetige#fn 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 solutiontewaser 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 phospbktenining,
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 wellestablishedeparatiorprocess, 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, compaptifoot
and scalabilityElimelech and Phillip, 203 Park et al., 201 7/Sholl and Lively, 2015 In
the era of increasingly pressing water ameérgy challenges, both highly permeable and
selective membranes are made possible through (i) selective layer thickness control (down
to sub10 nm)(Jiang et al., 2018 aran et al., 2015 (ii) molecularlevel morphology and
poresize design using alternative fabrication tegbe and novel polymeric materials
(Chen et al., 2020&olt et al., 2006 Tan et al., 2018Warg et al., 2018Werber et al.,
2016 Zhao et al., 2019and (iii) novel sieving membranes (e.g., graphene anc:Mbts
2019 Ries et al., 201,9Xu et al., 201% 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 simm@ad 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 damagingna cause the waste of the sample inside the syringe. In some other

cases, irsitu liquid separation in a complex matrix is needed fosita environmental
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monitoring or disease diagnosis, where the installation and operation of filtration devices

is imposible.

Different from normal filtration processes where filtrate passes through either a flat
or a curved cylindelike filtration interface, in which case, the flow vector is either
unidirectional (1D) or in the same plane (2D), a new concept of-thneensional (3D)
filtration using hydrogels was demonstratettenly for essentially spontaneous water
filtration and enhanced mass transfer in an immersive setup, where the water flows into the
hydrogel absorbers from all directiofdli et al., 2015 Wei et al., 2018Wu et al., 2020
Xie et al., 2016pbYu et al., 201% Hydrogels, a class of nebrks 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 alagpacity of water absorption (up to ~1,000
g-g dry gef) (Yunkai et al., 2000 Attempts have been made to explore the potential of
hydrogels for desalination, proving the water absorbing and solute rejecting ability of
hydrogels for water separatiohable4.1). 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 alpgion of ~20 gg dry gei (Ali et al., 2015. In another
example, while a salt rejection of 65% was achieved, the water absprifehe hydrogel
absorber was very low at ~3ggdry gef' (Yu et al., 2015 Given the relatively small
treating capacity, difficulties in continuous operation, and engrgysive water recovery,
hydrogel absorbers remain incompetent in large scale water purification applications.

Nevertheless, the setfriven, 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
corcentrate 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 nanoméxeeset al., 2016} In addition to be
applied for target quantification, hydrogddsmrbers 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 -50ryg get* have been used

to concentrate microalgae around #@ds 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 rattithe 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 thdetermines the filtration capacity. Such trademakes

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

In order to achieve setfriven 3D water filtration of both high selectivity and
capacity for enhanced comteating effect, we developed a cegieell polymer composites
(CSPCs): A hydrogel sphere serves as the core driving water absorption, with a polyamide
(PA) shell providing ion rejectior-{gure4.1). Different from the moleculdr e ve |- ficor e
shel | 06 s tpalymerd dtilzed Kor theofabrication of afitiuling nanofiltration
membranes for traditional filtratio(Diep et al., 2015 the innovative design of the

macroscale corshell configuration demonstrated here has never been reported. The core
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shell configuration effectively tackles the traoké between the sebdivity 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 osif@@smsvdhury et al., 2018

Karan et al., 2015Tan 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 watdsorbing ability of the
hydrogels(Razmjou et al., 20)3Given that, a 3D spherical cestell configuration is
advantageous. When the CSPC is immersed in an aqueous solution, water molecules
diffuse into the networlof 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 reachedt 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 ias along the water absorptidfigure4.1). In this way, water filtration could
happen spontaneously in these suspended 3Bsbeteabsorbers for extra versatilityca

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

To the best of our knowledge, such 3D filtration based on dynamiesbeike
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 corshell configuration enabling independent water absorbency and

selectivity control over hydrogel composite absorbers, the CSPCs synthesizeavirkhis
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achieved both high absorbency and selectivity presenting excellent separation performance
in aqueous solutionsTéble 4.1), which is especially useful in concentrating valuable

targets in complex aqueous matrixes for better detection, transport, and recovery.
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Figure 4.1 Schematic of the 3D water filtration based on the corshell polymer
composite (CSPC).
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Table 4.1 Comparison of the existing hydrogel absorbers for 3D filtration

Hydroggl Shell Morphology Water Selectivity Target Rejection Reference
composition absorbency control rate
PSAPNIPAM? - Disc ~23 ggdry gett  Hydrogel Na" 23% (Ali et al.,
2015
PSAPHEMAP - Particle ~3 ggdry gett  Hydrogel Na" 65% (Yuetal.,
2019
P(AM-co-lA) ¢ - Sphere ~60 gg dry gelt  Hydrogel Bacteria 98% (Xie et al.,
2016
P(AM-co-1A) - Sphere ~50 gg diy gef*  Hydrogel Bacteria 87% (Wu et al.,
2020
PAA‘ - Sphere ~60 gg dry gel* Hydrogel Microalgae N/A (Wei et
al., 2018
PSAPAM® PA! Sphere ~50 gg dry gef* Shell Na" 99% This work

3poly(sodium acrylatepoly(N-isopropylacrylamide)poly(sodium acrylateo-2-hydroxyethyl
methacrylate)Spoly(acrylamideco-itaconic acid)dPolyacrylic acidpoly(sodium acrylate)
polyacrylamidefpolyamide

4.2 Materials and Methods

4.2.1 Materials

Acrylic acid (AA), acrylamide (AM), tetrachloroethylene, toluereanmonium
persulfate (APS), N,NMethylenebisacrylamide (MBA), NaOH, ethanol (99.5%); m
phenylenediamine (MPD), trimesoyl chloride (TMC), and hexane were purchased from
SigmaAldrich. 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 morphologyidades
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 coatedldibeipre
characterization. In the swelling behaviour study, wrisikld evolution of the membrane
was observed by an environmental SEM (ESEM) (HitaeBY @N) under 14 kV and 100
Pa. Elemental composition was measured bayxphotoelectron spectrometéXPS)
(Thermo KAlpha) equipped with an Ar ion sputter gun. AluminurAkpha 1.486 KeV
is used as the photoelectron source. The cracking test of the PA shells was conducted under
an optical mi croscope (Zei ss Axi o obseryv
Polydimethylsiloxane (PDMS) substrate for the wrinkling test was measured by a universal

test machine (Testresources 100 series).

4.2.3 Preparation of the GPCs

The hydrogel core of the CSPC was synthesized through suspeaasical
polymerization(Zhang et al., 2019bA certain amount of AA was neutralized in an ice
bath with 250 g} NaOH solution to achieve 85% neutralization. Certain amount of AM
as the canonomer, 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, respectivehfter sonicating for 5 min, a welhixed readyto-
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 addgdwly without mixing as a top layer. The monomer
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solution was subsequently added into llhgeredorganic phase dropwise {T per drop)

to form dispersed individual spheres suspended in the system. During the polymerization
at 68°C, a density gradiemrfined at the layer interface through spontaneous diffusion and
heating turbulence to keep the spheres suspended along the polymerizgtioa4.2).

After reactingfor 30 min, the solidified spheres sank to the bottom for collection. Fhe as

prepared spheres were stored in ethanol before use.

Toluene: 0.87 g/ml

g ® @

Tetrachloroethylene: 1.62 g/ml

Figure 4.2 Schematic showing the spherical core suspensipolymerization.

The PA shell wrapping the core was synthesized through interfacial polymerization
(Yip et al., 201). The spheres were first immersed in aqueous MPD solutions of different
concentrations (2, 1, 0.5, or 0.1 wt% in DI waterypetively, for 1 hour to reach a final
diameter of ~10 mm. The organic suspension phase consisting of well mixed
tetrachloroethylene (~37 vol%) and hexane (¥6B%6) had a density close to that of the
hydrogel spheres. Because the density of the hydsgetres 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, tigauic solution was replaced with a 2
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M KCI aqueous solution to shrink and store thepeepared CSPCs before use. The
equilibrium diameter of the CSPCs in the 2 M KCI solution was ~3 Figufe4.3). 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 theshrinking of the CSPC

4.2.4 Preparation ofPA Shell Samples forCharacterizations

To investigate the physical and chemical properties gfregared PA shells, the
shell was separated from the spherical core and transferred onto silicon wafers following a
specal procedureRigure4.4). 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 immersedto 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-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 heFlat-SheetHydrogelBased PAViembranes

An aliquot of 1 ml agprepared monomer solution was cast onto a glass slide to form
a flat layer, and the slide was placed on a hot plate set at 68°C for 30 min to allow the
polymerization. The flasheet polymer @as 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 contairgn 0.1, 0.05, 0.025, or 0.005 wt% TMC. The interfacial
polymerization lasted 2 min. The-peepared flasheet hydrogel PA membrane composite
was immersed into DI water at an entering angle to separate and float the membrane for

transferring onto PDMS sulbvates for mechanical property tests.

4.2.6 WaterFiltration Experiments

After shrinking in a 2 M KCI solution for over 90 min, the CSPC was transferred

54



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 softiaeewater
absaption rate was calculated based on the changing volume of the sphere ov&ftéme.
45 min of water absorption, the ion concentration in the residual solution was measured by
atomic absorption spectroscopy (AAS). The salt rejection was calculatepasgchtion
4.0:

Gz 060z ® O

Y i @TQ'QT > E £ _ i z p 4.1
W o WO f8€ 5 7o prm (4.1)

whereCo represents the ion concentration of the stock feed sol@iarpresents the ion
concentration of the residual solution at tim¥djs the feed volume, 1 mY{” represents
the volume of the absorbed water, which equals the volume of the CSPC at Ve t (

minus the initial volume of the CSPEdp).

For the watefiltration experiments in bivalent ion solutions, the cation concentration
was 35 mM equivalent to the Naoncentration in 2 g4 NaCl. The swelling ratio (end
volume/initial volume) was controlled at 9 equivalent to that in the tests conducted in 2

g-LtNaCl.

4.2.7 MechanicalTests of thé-lat-SheetHydrogelBased PAMembranes

To investigate the mechanical properties of hydrigesled PA membranes, flat
sheet hydrogebased 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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abovemechanical tests impossible. Considering the thickness and roughness similarity to
the PA shells, flasheet PA membranes synthesized using only hexane as the organic phase
during interfacial polymerization were chosen as the samples. The thicknessgimessu

of the PA membrane samples were listed in the table below:

Table 4.2 Thickness and roughness of flat PA films

PA Me m{dmM&Ln

Il nte Thickness RMS8r o nngehs
pure hexa

ami ne) typ: (nm) Remb M)
2% MPD FI a 178.0 N 95. 2 K
1% MPD FIl a 97.0 N 1 51.3 K
0.5% MPD FI a 17.9 N | 15.0 K
0.1% MPD FI a 12.9 N | 0.8 N 0@

®RMS stands for root mean square.

Under compressive stress, the thin film placed on elastic substrate wrinkles and
forms a weldefined wave pattern, the elastic modulus of the thin film can be estimated

based on Equation (S(¢hung efl., 2011 Karan et al., 201;5Stafford et al., 2004

o
o do? o 4.2)

where,Eandzar e the elastic modulus and the Poi
subscripts s and m standing for substrate and membrane. The wavelength is annotated as

& Membrane thickness is annotatedhas

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 75°C for 2 hours. The tensile test wasgeby a
universal test machine on the PDMS stripes. The elastic modulus of PDMS (1.64 + 0.14
MPa) was obtained from the Iinear el astic
of PDMS and polyamide membrane was assumed to be 0.49 and 0.3&jvelpdaran

et al., 2015 To perform the wrinkling tests, the PDMS stripes of 20x15 mimension

was first stretched up to 10% strain using a 3D printed and akskstietching tool
(Figure4.5A). The synthesized PA membrane floating on the water was then transferred
onto the PDMS substrate and dried. After totally dried, tb&8 stripe was gently
recovered back to its original length by turning the screw reversely, which applied a
compressive stress on the top PA membranform the wave patternF{gure 4.5B).
Subsequently, the gawepared samples were analyzed by AFM for thevelength

measurements-{gure4.5C).
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0.1% MPD

1.0% MPD 2.0% MPD

Figure 4.5 Wrinkling test of the PA membranes.A, 3D printed stretching tool.B,
Schematics showing the wave forming procesS, AFM measurements of the as
prepared wrinkled PA membranes (wt% amine). The mean wavelgth 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 fragme@®Width,
is inversely proportional to the straifihus, based on the average width of fragments, both

the properties above can be obtained feppmation(4.3),
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where 0* is the fracture strength, and U®b
test wagperformed by stretching the PDM®A 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 recordeaiyptical microscope

4.2.8 MultiphysicsModelling of theSwelling of theHydrogelSohere

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 repmés a process of hydrogehter system
entropy increasing caused by the decrease of the chemical energy embedded in the polymer
chains, which is well depicted by the FldRghner free energy functidifflory 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 netwark vwater mass transfer,

respectively(Hong et al., 2009Hong et al., 2008Huggins, 1941

Given that, we simulated the initial transient swelling of the hydrogel sphere based
on the model developed by Lucantonio eflalicantorno et al., 201R The deformation of
the gel is depicted by the deformation gradientvhich is related to the gradient of the
displacement by F =1 + nu. Herel is the identity matrixThe determinant df, J, here
equédl swheere o represents the stretch. For

state, the following volume constraint holdsicantorio et al., 2013
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mo (4.4)

wherelor epresents the volume deformation from
the solvent molar volume, which is 6.023<16%-mol? for water, and c is the molar
concentration of the solvent in the ngdel. The conservative equations based on the force

and mass balance as follows should also be satisfied,

QQb m (4.5)
Qe .,
a9 2 0] | (4.6)

whereSis the first PiolaKirchhoff stress andt is the water mass flux.

To derive the constitutive equations in supplementary to the conservative equations,

the FloryRehner free energy density per unit of gel volume, referred %ovess written

as(Doi, 2009,

P. YUY

% —"0O o —0O 4.7)

o 2071 319 -

whereFo = al, and=J| denotes the inner product between two second order tensors

=h| ; Gis the shear modulus taking the value of 40 kPa in this nfbde&ntonio et al.,

2013, andH represents the mixing entropy taking tiorm,

Y
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where...represents the dimensionless measure of the enthalpy of mixing, which takes the

value of 0.2 in this modé€Lucantonio et al., 20)3Based on the free energy function, the

constitutive relations are determined as,

"% ., , O L 2
1l T moo1 M (4.9)
T % . s 2 MO P ? ‘
R 2 -, — — 4.10
T o o p o p me M @10
®O
1 (4.11)

whereF" = JFT; pis a Lagrange multiplier representing a pressure field remained unknown
in the modely is the chemical potential of the solvebtjs the diffusivity of the solvent,
which is 8x101° m?.s* for water.
Eventually, the model was implemented in COMSOL Multiphysics software to find
a displacement and a solvent concentratiario satisfy the conservatieguations 4.5)-

(4.6), the constitutive Equationg.9)-(4.11), and the volume constraint Equatich4j

under appropriate initial and boundary conditions.

4.3 Results and Discussion
4.3.1 Fabrication andcharacterizations of CSPCs
The hydrogelsphereswere synthesized with poly(sodium acrylate (PSA) and

polyacrylamide (PAM) through suspension radical polymerizakayure4.6A shows the

dried hydrogel spheres of a diameter of 1.9 + 0.1 mm (n>10). Hydrogel spheres of vastly
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di fferent sizes (fr om imetessycar ble faloricated tbroughm t
different procedure6Ahmed, 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. Tprepased
hydrogel spheres were immersedthe aqueousn-phenylenediamine (MPD) solution

(1 wt% in deionized water) to allow MPD molecules to enter the hydrogel netwignkré

4.6B). While the swollen hydargel sphere (10.8 0.5mm in diameter)Kigure4.6C) was
suspended in an organic phase containing 0.03 wt% trimesoyl chloride (TMC), MPD
molecules were released frame polymer channels to initiate IP on the surface of the
hydrogel sphere, forming a PA shefligure 4.6B & D). All the results shown in the
following are based on ¢ CSPCs fabricated from this MPD:TMC concentration
combination (1 wt%:0.03 wt%), unless specified. Immersed in saline water (2M KClI), the
CSPC gradually shrank to ~3 mm in diameter and became ready for swelling in different

solutions to achieve water fifttion Figure4.6E).
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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, mphenylenediamine; 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 phasScale 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, respe

FreestandingPA films separated from the hydrogel substrate were transferred onto
different substrates for thangh characterization. The PA shell prepared with 1% MPD

showed a t-agngviaclalle yiicr irdoguegh mor phol ogy with a
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+ 5.2 nm Figure4.6F-G) (Werber et al., 2006 This morphology can be easily tuned by
changing the IP precursor ammtration. When the MPD concentration was decreased to
0.1%, a smooth and ultrathin PA film, as thin as 7.4 £ 0.1 nm, was foffigpd€4.6H-

), indicating a contrdéd IP probably attributed to the unique diffusion of MPD molecules

in the hydrogel networkKaran et al., 2025 The ultrathin PA shell offers possibility for
ultrafag water absorption of the CSP(CBang et al., 203,&aran et al., 2015 The PA

shell synthesized on the spherical hydrogel surface was transferred onto silicon wafers as
described above for thickness and swefaoorphology 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 thickn&€sgu(e 4.7). AFM results are
summarized in table S1. Although the thickness of the relatively smooth PA shells is well
presentedKigure 4.7A andB), the thickness estimation for highly crumpled and rough
shells can only be accounted as the apparent thickness representing the thickness of the
whol e -adviaddJey o0 zone, while the actual t hi c
the lowest poinbn the height profile Figure 4.7C and D. The apparent thickness and
roughness of the PA shell increased as the precursor concentration incregises# (7

and Table 4.3). As the MPD concentration increased, the PA sbilhe final CSPC
became increasingly wrinkledrigure 4.8A-D). The syntheses using different precursor
concentrations resulted in PA shells with different morphaldgg smooth PA shell made

from 0.1% MPD had a roughness of only 0.4 + 0.1 Rigure4.8E, | & M andTable4.3).

As the precursor concentration increased, small protruding nodules started to form on the
shell surface Kigure 4.8F). Thesenodules grew bigger and clustered together as the

precursor concentration further increasétyre 4.8G & H). The roughness increased
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accordingly Table4.3). When happening at relatively high reactant concentrations, the
interfacial reaction generates heat faster than it can be dissipated. The RBgleégh
convection driven byhe local heat accumulatiqiKaran et al., 2015 together with the

l'i mited diffusion of MPD mol ecules in the
lateralinh bi t i ond p heno md@ametal, 2018Furtheencreasdd ecacfarat ¢ e
concentration, meaning higher heat and diffusion instakiliteads to the formation of
smal | crumples on top of the increas-ingly
andval |l eyo rough PA shell structure covered
200 nm Figure4.8JL). As shown in TEM images, the nodules are mostly hollow with
roughly 1030 nm thick walls Figure 4.8N-P). The PA shell synthesized with high
concentration MPD tends to have more nodule clusters of thick walls (~27Frgujg

48L & P).
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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% MPB), 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 R membranes synthesized under different conditions

PA memb RMSroughr

(wt % an R & nm)
2% MPD 66.5 PN
1% MPD 42.7 N
0.5% MPD 14. 4 N
0.1% MPD 0.4 N O

8RMS stands for root mean square.
bStandard deviations wecalculated 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. AD 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). EHH,
AFM images of the PA shells made t'm 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 (l), 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% NMD (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 resultshoweda similar surface atomic composition among the PA shells
(Table4.4). 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 predesfore the interfacial polymerization.
The primary chemical shift is most likely attributed to the elements directly bonded to the
carbon atom of i nt er eslsft)isattdboted totthe strong electoon d a r y
withdrawing groups (amidend carboxylic acid) bonded to the carbon a{éfaran et al.,
2015. To quantify the bonding state of the atoms of interest, peak deconvolution was
performed using Cas®S§S software. The C1s peaks of the membranes were deconvoluted
into five peaks at 284.8eV{C,C=C,andeH) , 2 8 5shifbfor &EONHHGCOO),

286.1 eV (GN), 288.1 eV (NC=0), and 289.0 eV (@=0). The narrow spectrum of O1s
confirmed the amount @mide bond at 532.0 eV {§=0) and the unreacted acyl chloride
group of TMC hydrolyzed to the carboxylic acid group at 533.2 e\NC&D). The amide
bond at 400.0 eV (MC=0) was found in the N1s spectrum with a small amount of
unreacted amine at 401.5 eV-fRH3) (Karan et al., 2015Tan et al., 2018(Figure 4.9

andTable4.5).
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Table 4.4 Atomic composition of the PA shells from the CSPCs

PAs h e(Wt% C% N% 0%
amine)
2.0%MPD 720+1.8 8.6+0.2 19420

1.0%MP D 70.4+0.2 12.3+0.5 17.2+0.3
0.5%MP D 69.2+0.1 13.0+0.2 17.7+0.2

0.1%MP D 72.1+05 12.6 £+ 0.2 153+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 frof1%
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 Cls O1s N1s
6%}:/;) E(Ta ?;)gy Species (%) E(r; e\z/r)gy Species (%) E(ré evr)gy Species (%)
284.8 C-H, CC, C=C 72.6
285.7 C-CONH,GCOO 141 532.0 N-C=0 62.6 400.0 N-C=0 92.0
2.0% MPD  286.4 C-N 5.2 533.7 O-C-0 374 401.7 R—N+H3 8.0
288.2 N-C=0 3.6
289.1 0O-C=0 4.5
284.8 C-H, CC, C=C 64.9
285.6 C-CONH,GCOO 11.2 532.0 N-C=0 66.8 400.0 N-C=0 98.5
1.0% MPD .
286.2 C-N 13.9 533.1 O-C-0 33.2 401.9 R-N H, 15
288.2 N-C=0 10.0
284.8 C-H, CC, C=C 63.0
285.5 C-CONH, GCOO 7.9 532.0 N-C=0 54.1 400.0 N-C=0 96.4
0.5% MPD 286.1 C-N 15.9 533.2 O-C-O 46.0 401.5 R—N+H3 3.6
288.1 N-C=0 111
289.0 0-C=0 21
284.8 C-H, CC, C=C 71.6
2855 C-CONH,GCOO 3.8 532.0 N-C=0 67.6 400.0 N-C=0 100
0.1% MPD
286.0 C-N 13.8 533.4 O-C-0 324
288.2 N-C=0 10.9

aBinding energies have a deviation of £ 0.2 eV.

4.3.2 Swelling Behavior oCSPCs

To withstand the swelling and shrinking of the CSPCs, mechanical endurance of

the shells is crucial. Wrinklingracking measurement€hung et al., 20)lwere carried

out on the flatsheet hydrogebased PA membraneBhe membranes can be classified into

two groups based on mechanical properties. Relatively smooth membranes exhibited much
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hi gher Youngés modul us and 7472 slRat respeetivelyt r e n g
for 0.1% MPD membrane) than the rough ones did (e.g., 26.04 and 56.94 MPa,
respectively, for 1% MPD membranefigure 4.10), indicating that he 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., 201)7and the voiecontaining 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
measuremas. 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 thecracks 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 measued data to the strainrdependent crack density model

Equation

(s11),

from whi

Summary of the results.

ch the intercept

The diameter of the CSPC increased from 3.2 + 0.1 to 7.2 = 0.1 mm in deionized

water within 35min (Figure4.11), corresponding to a water absorption of 52.8 + 1.9 g-g

dry get! (Figure4.12A). 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 FleRehner free energy functi¢qRlory and Jr., 19430
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provide conceptual demonstration of thalrogel swelling proces#&long with the initial

rapid swelling, the deformation transited from inhomogeneous to homogeneous within one
second. The initlarregular 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 bywater concentration gradient along the sphere radiggie 4.12B). The free
energy of the swelling hydrogel is well depicted by the FRehner functior{Flory and

Jr., 1943 covering the entropy of the network expanding along with the mixing with the
solvent moleculegHong 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 tipelymer chains. Thereforthe 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 coreshell 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 thaleformation 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). GE, Photographs of the swelhg 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 mmH; ESEM images
showing the PA shells on the swelling CSPCs at a diameter of ~3 mm (F), ~5 mm
(G), and ~7 mm ( H) :K, Sketchds depidtiagrthe profild 6f the m. I
ridges (1), wrinkles of small wavelengths (J), and wrinkles of big wavelengths (K).

The relaxation of the rough PA shell (1% MPD) on the swelling C3H{lire
4.12C-E) was recorded by ESENFigure4.12F-H). Before swelling, the PA shell on the
shrunkeé CSPC wrinkled into hierarchical ridges to release th@ane compression under
the strain exerted by the spherical core (3D strain), as bending is more energetically
efficient than compressi@kim et al., 2011b(Figure4.12F & ). During shell relaxation,
the large amplitude ridges evolved into mwavelength wrinklesKigure 4.12G & J)
(Efimenko et al., 2005im et al., 2011h Further swelling of the CSPC resulted in the
wrinkles of small amplitude but big wavelengtiigure4.12H & 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 straithefmore, no
overlapping of the shell was observed on the shrunken CSPC implying trivial permeance

hindrance.

Different from the rough shell (1% MPDIrigure4.12F), 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 swelkinguge4.13). This folddominant
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 differentibebav
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the smooth and rough shells under the 3D strain may be attributed to the different
mechanical properties-igure4.10). The more rigid and stiff the membrarse the more

likely the deformation of the membrane is focalized into fékim et al., 2011

Figure 4.13 Swelling behavior of CSPCL1. A and B, Photographs of the swelling
CSPC1 at the diameter of ~4 mm (A) and ~6 mm (B). The CSPC1 diameter was
guantified based on the circle radis (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 Filtrationby CSPCs

Methyl orange (MO) (molecular weight, 327.3 g-ntovolume, 0.86 nrf) (Karan
et al., 201%was used as a proeof-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 Figure4.14A-B). To further quantify the selective permeability of the CSPCs,

3D filtration was also conducted in aqueous solutions with different ion concentrattns a
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species. The CSPC swelled from 3.2 + 0.1 to 6.7 + 0.1 mm im'2\gCl in 45 mins
(Figure4.15). It is worth noting that, the residual MPD from the IP in the bgdl 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 chdswedl 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 geigtion
4.14C). Although the salt rejection of the CSPC dropped from 99.8 + 0.4% irt Rgdl

to 76.9 + 2.7% in 4 g4 NaCl, which was probably due to the stronger solute diffusion, no
further decrease occurred in 6 gNaCl (Figure4.14D). The CSPCs exhibited universally

high salt rejection (>96%) in bivalent ion solutiofagure 4.14E). The similar water
absorption (40.812.8 g-g dry getl) in 2 g-I'* 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) Table4.6) indicates thatite waterabsorbing 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 drywak achievedRigure

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 td00% in 2 g-f 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 thehetireydrogel
selective absorber. However, due to the intrinsic measurement efli@vqbin 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 indicatithre @tructure
and rejection mechanism of the PA shells, which has been intensively studied in the

literature(Childress and Elimelech, 2000ip et al., 2010.
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Figure 4.14 Demonstration of 3D water filtration by the CSPCsA 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 mnthe

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 CSFCs 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-* NaCl. Error bars represent
standard deviations from 3 indg@endent experiments.

—_— 0 min‘ 5 min

Figure 4.15 Photographs showing the swelling of the CSPC (1.0% MPD) in@I"*
NacCl solution.

Table 4.6 Summary of 3D filtration performance of all the CSPCs

CSPC 2 g-f* NacCl 4 g-f* NaCl 6 g-I* NaCl
PA
s(hell Salt Average water Salt Average water Salt Averagewater
Wit% rejection absorption (g-g rejection absorption (g-g rejection absorption (g-g
amine) (%) dry gei') (%) dry gei') (%) dry gei’)
2.0% 97.3+1.% 428+1.5 71.7+0.0 41.4+0.8 62.0+2.4 309+1.1
MPD
1.0% 99.8+0.4 415+21 72.4+6.7 443 +1.8 79.1+6.6 34.4+0.2
MPD
0.5% 86.9+0.1 40.6 0.5 80.1+8.6 34.3+0.8 94.0 £4.5 22.7+0.9
MPD
0.1% 100+ 0.0 33.0+£0.5 NDP ND ND ND
MPD

aStandard deviations were calculated based on 3 independent experiments.
®PND stands for not determined.
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Figure 4.16 Comparison between theswellings of the maize bran (MB)PSAbased
CSPC and the PAMPSAbased 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 hidner water absorption, compared with the CSPC (0.1% MPD) with impaired
shell Figure4.17). When the shell is impaired, allowing external ions to enter the polymer
netvork, 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 swell
pressure, which is exhibited as the lower water absorgtignre4.17). The experimental
evidence further verifies our hypothesis on the mechanism olvéiter 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 shell&, 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. Errobars 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 °C in an oven, whic
gave a water evaporation rate of 2.9 kg m'. 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 follewp research.
4.4 Impact

The spontaneous and highly selective (nanofiltration) water separation achieved by
the flexible CSPCsan 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, nanomaterigourification 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 faants. In that case, water is released under the negative
pressure generated by the plant rodtswever, this selfiriven filtration by CSPCs has its

own limitations. Unlike traditional membrane filtration processes, the CSPCs are only
compatible withbatch 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
compromses the cosgffectiveness of potential applications of the CSPKlsving
forward, kecause the CSPCs eliminate the traffe between the selectivity and
absorbency, the structure and chemical composition of the hydrogel core could be
conveniently modifiedfor fast and reversible water absorption. For example, porous
hydrogel core with thermesponsiveness can be made for enhanced water uptake and
recovery(Ali etal., 2015 Yu et al., 2015 Besides heat, muistimuli responsive hydrogels
can be made for fAsmarto control of water
(Downs et al., @20. 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 demah, 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 promisingpdirect

for the development of novel higierformance hydrogel absorbers.
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CHAPTER 5. HIGHLY DEGRADABLE CHITOSAN -
MONTMORILLONITE (MMT) NANOCOMPOSITE HYDROGEL

FOR CONTROLLED FERTILIZER RELEASE

5.1 Introduction

Given the watesoluble nature of conventional fertilizers, netri runoff and
leaching remain the main challesge enhancing fertilizer use efficiency and mitigating
adverse environmental effects of the expanding farming. Traditional farming practices
often overapply fertilizers to maximize crop yields. More thavh s the appliedhitrogen
(N) and 85% of the appligghosphorousR) are not assimilated by crofSilbertson et al.,
202Q Lassaletta et al., 20L4AWithout efforts to mitigate the environmental impacts of
agriculture and technological advancements, fe&ygtem impacts on the environment are
estimated to increase B80% by 2050 Gilbertson et al., 202®pringmann et al., 20]18
Controlledrelease fertilizers offer a promising opportunity to tackle the chall@regéahi
et al., 2021Li et al., 2019 Tian et al., 2019Xiang et al., 2017Zhang et al., 2020A
widerange of synthetic polymers has been used as the coating material outside the granule
fertilizers to limit the dissolution and release of the nutgé€hitan et al., 2019Zhang et
al., 2020, which presents great potential to increase fertilizer use efficiency and crop yield.
Many of them are petrolewvased, like polystyrene, polysulfone, and glycerol ester
(Tomaszewska and Jarosiewicz, 2082ng et al., 2018 The manufacturing of such
coating materials is relatively expensive. It often involves toxic organic solvents, which

severely hinder the commercialization of polyrseated fertilizerdCong et al., 201p
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Therefore, developing cheap, ntoxic, renewable, and biodegradable alternatives has

beena primarytask in advancing controlleglease fertilizer§Cao et al., 2006

In that effort, many ecériendly biomaterials such as lignin, cellulose, chiand
starch have been studied esnstituentcoating materia for slowrelease fertilizers
(Fertahi et al., 2021 With a doublelayered coating consisted of polyurethane from corn
stover and chicken feather protein-palymerized with acrylic acid (AA) usiny, N-
methylenebisacrylamide (MBA) crosslinker, the coated urea fertilizer efédgctigduced
N leaching and improved total N use efficiency by slowing down the N release rate and
increasing the water retention capability of the gging et al. 2013. In addition to
nitrogen fertilizer, a trlayered 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(&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., 20L5Instead of irsitu polymerization of the
monomers on the fertilizer surface, fine particles of sodium alginate (NaAig)y(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 (Ralshidzadeh 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 pobatest slow

release fertilizers less compatible with existing farming machinery and practices
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Chitosan is a linear polysaccharide composed of randomly distrildutét-4)-

linked D-glucosamine and {fdcetytD-glucosamine units. It is mainly produced through
the deacetylation of chitin, which is the second most abundant natural biopolymer behind
cdlulose (Bhattarai et al., 20tKumar et al., 2004 The most common sources of chitin
are the crab and shringbells. The primary aliphatic amines along the chitosan chains can
be protonated in acidic solutions (amine pKa is §Bgrth et al., 1998 making it
hydrophilic, cationic, and capable of forming polyelectrolyte copolymers-thixinity,
biocompatibility, and biodegradability make chitosan excellent excipient studied
extensively for controlledelease formulationgumar et al., 200/ In particular, besides

as the coating material to limit the fertilizer relegdagelo et al., 2021Fertahi et al.,
2021), chitosan has also been used as a fentitaerier to load and release nutrient ions
through adsorption and desorpti@antos et al., 20)5Neverthelesgo limit the nutrient

ion releasethese chitosabasedertilizer excipientsstill rely on formingdense and rigid
structures through chemical crosslinking with synthetic polymers or sodium hydroxide
neutralizaion. The accumulation of tlse hareto-degradepolymer materiad could impact

soil fertility in the long term. Therefore, a safe and degradable contrellease fertilizer

formulation remains a pressing need.

The drive for advancing more sustainable@agture and food systems has motivated
the emergence of transdisciplinary methodologies utilizing the properties of materials at
the nanoscale to address extensive and inefficient resour¢ElnagBaldar and Unrine,

2027 Gilbertson et al., 2030The usage of inorganic layered nanomaterials like clay and
clay minerals as a constitute of controlled delivery systems is eestablished practice

(Cui et al., 2019Jayrajsinh et al., 20).7Here,we developed a cheap, safe, amghly
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degradable controlletklease fertilizer formula based on chitosaontmorillonite(MMT)
nana@omposite hydrogels. Montmorillonite (MMT) is a major component of Bentonite.
More specifically, MMT is a layered silicate [(NZg).33(Al,Mg)2SisO10(OH)2AH20],
belonging to the smectite group of minerals, possessing a high specific surface area and
aspect ratio. The MMT patrticles are rendered as 2D materials with a thickness of ~1 nm
and adiameterof i2 ¢ m. T hserface ghargeasIimildly negative attributed to the
oxide anions, which facilitates the mixing with cationic agdfsi et al., 2019 The
unique cation exchange capacity and the layered structure for intercalation make MMT an
ideal candidate for sustaigmutrient releas@Hakim et al., 2019Pereira et al., 20)2
Moreover, nanoclays oaphysically crosslink the ionic polymer chains like chitosan
through electrostatic interactions and hydrogen bonds to form nanocomposite Isfrogel
unique mechanical properties and swelling capdelgraguchi et al., 2003 ousa et al.,

2018. A chitosanMMT composite has been fabricated through neutralization
condensation in sodium hydroxide for potassium adsorption and controlled ralehget

the degradability and the potassiuglease mechanism of the composite is unknown

(Santos et al., 20)5

In this study unlike the typical encapsulation practice, controlled fertilizer release
was achieved by tuning the swelling kinetics of the chitddMT 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 interr€laed.
chitosan chains were scaffolded using MMandlakes as the physical crosdter and

glutaraldehyde as the chemical crosslinRéPK fertilizer was loaded during the-gitu
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crosslinking under benign reaction conditiorighe crosslinking mechanisms were
investigated through comprehensive characterizations of the nanocompositgels/dro
The reversible physical bonds between MMT nanoflakes and chitosan chains facilitated
the degradation of chitos8dMT nanocomposite hydrogels, while sustaining the

controlled release of the fertilizer.

5.2 Materials and Methods

5.2.1 Materials

Chitosan (high (BOk-375k Da) and low (50490k Da) molecular weight) (¥85%
deacetylated), MMT nanoclay, glutaraldehyde (GA), acetic acid, and ethanol (99.7%) were
all purchased from Sigma Aldrich, MO, US. NPK fertilizer (Plant Fooe-24, 20.5%
urea nitrogen + 3.5% amoniacal nitrogen, 8%:2Ps, and 16% KO) and garden soil (All

purpose garden soil) were purchased from a local store (MiGdgeCA, US)

5.2.2 Preparation of Chitosan/Nanoclay Hydrogels

The high and low molecular weight chitospellets weredissolved in 10mL DI
water containindl% acetic acid at 1% and 2% w/v, respectively, at 60 °C and mixed for
30 mins (Angelo et al.,, 2021Cui et al., 2012 A certain volume of 10 g/L pre
ultrasonicated MMT stock solutiofprobe sonicator for 5 mins, 2Hz, 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 wA%@r mixing the solutiorior 4
hours at 60 °C, 50 wt% NPK fertilizer powder with respect to the total mass of chitosan

and MMT were added into the mixtur&n aliquot of200 uL of GA crosslinking agent

89



diluted to the desired concentration was subsequentlgdachaking he weight ratio of

GA to chitosar0.50Q 0.85 1.15 and1.65wt%. 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 frozer2& °C for 20 hours. After freezing, the
mixture was thawed at room temperature for 24 h@Jestrangelo et al., 2020The gel

was then rinsedral dried inethanol(190 proof)for 2 hours After further drying in air for

one more hour and in an ovah 40°Covernight the chitosanMMT controlledrelease

fertilizers were obtained.

5.2.3 Characterizations of the Hydrogels

The gels obtained aftéhawing at room temperature were freelzied for 16 hours
and sputter coated with a thin layer of Au befbeing imaged by scanning electron
microscope (SEM) (Hitachi 8230). Surface elemental mapping was conducted
simultaneously using energy dispersiveray spectroscopy (EDX) (Hitachi 8230).
Fouriertransform infrared spectroscoffyTIR) (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 tesitsgog
universal testing machine @nonModel 5944 Materials Testing Systemhe thawed gels
were cut into 1 crhcubes, and glued to the bottom of a container. A sphebahpthyl
methacrylatd PMMA) bead with radius oY = 3 mm was driven to press into the gel to a
depth of 0.6 mm at a speed of Imm/min. During the test, both the gels and the indenter

were in air.The test was finished in a few minutes, so the evaporafiarater from the
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gel can be neglected. The measurement was repeated at 3 different locations on each
sample. The forcd e pt h curve fits HeFiguebl mkesheaw ol ut i
modulus(G) of the gel can be extractém the Hertzian solutionwith Poi ssonbs r

(v) of 0.25 that is

oOp

v va ®-1)

where™Ois the reaction force on the indenter d8Qd the indentation dept{Cui et al.,

2019.
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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 hydrogeis indicated by the mass ratiotbe saturated gslto
dried ges. 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 chite88®#T compositedoaded

with NPK fertilizer, 0.1 g dried gel was added into 30 mL DI water, the conductivityeof
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water was measurement at certain time interf@sl2 days The conductivity of the
solution was converted to fertilizer concentration through calibration. The linear
correlation coefficient (R) between solution conductivity and fertilizer concemtratas
0.999. ChitosatMMT composites without NPK fertilizer were used in the same

experiment as the control.

The fertilizer release profile of 10% MMT (0.03 g MMT) chitosatMMT
nanocomposite in water was fitted to KorsmeleppagKorsmeyer et al., 19831) and
PeppasSahlin(Peppas and Sahlin, 1992) equations as follosy

0 @ 5.2
5 (5.2)
where,My0 is the fraction of fertilizer releasekjs the kinetic constant (with the unit
of TM), tis the release time amds the diffusional exponent for fertilizer release.
5 Q0 Qo (5.3)
where the first term of the rigitand side is the Fickian contributidq,is the diffusion

rate constant, the second term being the swelling relaxational contribkias,the

relaxation rate constantyis the diffusion exponent.

The fraction of fertilizerreleasedue to the Fickian diffusion mechanism, F, is

calculated agPeppas and Sahlin, 1989
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. P
° —; (5.4)
P 5o
After therelease the release meain was filtered through a 0.45 pum nylon filter
before nutrient quantification. The total phosphorous and total nitrogen was measured
using UM-VIS (Hach DR6000) after color reactions using TNTplus 844 and 827 test kits

(Hach, CO, US). Potassium concentratimas measured using Atomic Adsorption

Spectroscope (AAS) (PinAAcle 900, Perkin Elmer, MA, US).

Degradation othitosanMMT hydrogels was measured by the dry weight change of
hydrogels. The hydrogels were allowed to swell in DI water for 20 daysieBidual gel
was collected by filtering the g&later mixture through 0.45 pum filters. The residual gel
was dried in the oven at 60°C overnight. The degradation of hydrogels was calculated as

follows,
QQA'Q"QI O'Qdo Q£—%— pTT (5.5)

wherewo andws refer to the dry weight of the hydrogel at day 0 and day 20, respectively.

5.2.5 Fertilizer Release in Sail

To simulate the fertilizer release in soil, 5 g washed and dried soil pavietedirst
saturated with 5 g DI watethen0.1 g dried gefertilizerswere added into the saturated
soil. The mixture was filled into a 20 mL syringe sealed with 170 mekimrgyoth at the

bottom. During each measuremert mL DI water was added into the column, the
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conductivity of the effluent was measuré@the first measurement was taken right after the
gel fertilizers were added into the column. Later on, the measurevasriaken every 24

hours forl5 days. The cumulative fertilizer release was calculated as follows,

0 01 0Q ¢ 0O 0 W @ 0O 0 3 (5.6)

whereM is the cumulative mass of the released fertilixaris the fertilizer released at the
samplingMd is the total fertilizer content disposed during the previous samplirig the

dry weight of the soil columnw is the weight of the column before tekempling,w' is

the wight of the column after the sampling, an$ the measured concentration of the
effluent converted from the conductivity, the subscripts indicate thesampling.
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 loaddéd W03 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 chitdgdil hydrogels,0.1
g dried gel was mixed with 10 g soil and added into thegg 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, 3/ The weidnt of the soil column was recordéat 15 days

to calculate the water retention as follows,
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) 0
»'Y o pmTmb (5.7)

wherewt is the weight of the column at timeviy is the weight of the column containing

dry gel and soil.
5.3 Results and Discsgsion

5.3.1 Fabrication and Characterizations of ChitosddMT 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 cosslinking 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 througinetbze
thaw (FT) cycle. During the FT process, crystallization condensation presses chitosan
chains and MMT nanoflakes together to strengthen the secondary bonding and intercalation
physical association$-igure5.2) (Bhattarai et al., 201Mastrangelo et al., 2020After
drying, chitosafMMT nanocomposite particles loaded with fertilizers were obtained
(Figure5.3). Chitosan hgrogels fabricated withoIMT exhibited a dense surface under
SEM (Figure 5.4a), indicating a relatively homogeneous structure, compared to the
chitosanMMT nanocomppsites. Pores of a diameter ranging from 100 to 200 um were
observed on the surface of nanocomposites containinge3r3vi% MMT (Figure5.4b-

d). When the MMT content increased to 23.3 wt%, the lyophilized gels became highly
porous with pores over 500 um wideigure5.4e). Under high magnification, the texture

of the bulk of the chitosaWMMT composites appears more uniform and smoother than that
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of the pure chitosanF{gure 5.5). Scattered flakshaped bumps on the surface of the
composites indicate the presence of MMT nanoflaWéth MMT physical crosslinking,
chitosanMMT nanocomposite scaffold sustains the structure during the lyophilization
process, faning 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 nanocompositeKigure5.4f). Silicon was used as the indicator of MMT nanoclays.

No prominent cluster of nanoclay flakes was observed in the EDX mapping irgges(

5.4f), indicating that the nanoclay flakes were well dispevgi¢tuin the hydrogel scaffold

during the fabrication.
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Figure 5.2 Schematics demonstrating the crosslinking of chitosamontmorillonite
(MMT) nanocomposites.
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Figure 5.3 Pictures of dried chitosarMMT nanocomposites of different MMT
contents.
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Figure 5.4 (a-e) SEM images of chibsanrMMT 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 Xray spectroscopy (EDX ) mapping images
of chitosanrMMT 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, chitosatMMT nanocomposite
loaded with NPK fertilizer, and NPK fertilizer powder.
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Figure 5.5 SEM images of ChitosaAMMT composites of different MMT contents, 0O
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 crosdliokitosan,
MMT, chitosanMMT nanocomposite, and NPK fertilizer are shown in FigzgeFor the
original chitosan powder, the peak at 3287'amflects the NH stretching of alphatic
primary amines of chitosan, the peak at 2868 isirelated to the @ stretching of the
hydroxyl group along the chitosan chain. The peaks at 1648 and 156dremssigned to
C=0 stretching of secondary amidedaN-H bending of amine, respectively. After
chemicalcrosslinking with GA, the M stretching peak at 3287 crnshifted to 3198 cm
1 and the C=0 stretching of amide anéHNbending of amine peaks shifted to 1624 and
1529 cm', respectively, in the gel spieum, which is probably attributed to the formation
of the C=N bond from the aldehyde crosslinking with the amine grfarpsng imine
groups The peak at 3386 chin the MMT clay spectrum represents thédGtretching of
hydroxyl groups. The 987 ch(Si-O stretching) and 510 ch{Al-O stretching) peaks are

characteristic peaks of MMT cldiRashidzadeh and Olad, 2QThe AIO stretching pak
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shifted from 510 cm to 504 cm? in the spectrum ofhitosarMMT nana@omposite. The
peaks at 3198 cm(N-H stretching) and 2867 chn(O-H stretching) in the spectrum of
chitosan gel without MMT shifted to 3214 dnand 2877 cm, 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 (AFO and SiO bonds) proving the formation of physical crosslinkinhe peaks
betveen 33083500 cmt in the NPK fertilizer spectrum reflect thel®and NH stretching

from urea. The peak at 1587 ¢meflects the C=0 stretching of urea. The 1458 gaak
represents the P=0 stretching, and the 1099 peak is related to the-®H streching

from the phosphate saltSigure5.4g) (Rashidzadeh and Olad, 2014

To be applied in the soil and sustain feaér release, the mechanical strength of the
scaffold is critical. The shear modulus of the chitosMMT composite (3.3 wt% MMT)
was 1.23 kPa, which was similar to the 1.3 kPthe pure chitosan gdFigure5.6a). The
shear modulus hiked up to 2.7 and 2.84 kPa for the composites containing 607amtd/d
MMT, respectively Further increasg the MMT content to 23.3 wt% peaked the shear
modulus of the composite get 8.49 kPa. The mechanical property elucidates the
crosslinking mechanisms within the chitoddMT nanocompositesAs an increasing
massof MMT nandlakes were added into the matrix, aside from more crosslinking sites
being providedintercalation of catioic chitosan chainbetweenthe MMT layerscould
happen. The intercalations at the physical crosslinking joints fortifies the scaffold causing

asteep increase in modul(Rark et al., 2020

To help retain more water in the soil, the water absorbency of the nanocomposites is

a critical propertyThe nanocomposites became more swellable as more MMT nanoclays
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were added and theater absorbencyeached a peak around 140 g/g dry gel for the
chitosanAMMT nanocomposite containing 10 wt% MMTi§ure5.6b). The swelling ratio

was inversely corretad to the MMT contenwhen it is higher thahO wt% The chitosan

MMT composite of 28 wt% MMT could only absorb around 60 times of its dry weight

of water(Figure5.6b). More insights into the crosslinking process of the chitddadfr
nanocomposites were gained from the swelling tdstsally, the addition of MMT
physical crosslinkers provided attaching sites for cationic amino groups of chitosan chains
through lydrogen bond and electrostatic interactions. Such physical bonding left less
amine groups on the chitosan chain to be covalently crosslinke@witgubsequentlyin
comparison to the pure chitosan gel, a portion of chemical crosslinkage was cotoverted
physical crosslinkage in the chitosefMT nanocomposite Physical bonds are often
more flexible and elastic than chemical covalent bonds making the nanocomposite
hydrogels more swellabl@Bhattarai et al., 20)0However, 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 structurerdmed after the lyophilization of the chitossiMT

composites of high MMT contenfigure5.4e).
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Figure 5.6 Shear malulus (a) and swelling ratio in DI water (b) of chitosarMMT
composites of different MMT contents.

5.3.2 Fertilizer Release and Degradation in Water

The fertilizer release behavior of the chito$dNMT composites of 16.7 wt% MMT
crosslinked with different amount$ GA crosslinker was investigateBligure5.7a). As
the chemical crosslinking density increased, the chitddlslif composite hydrogels
exhibited lower cumulative fertilizer releaaad less controlled fertilizer releagédure
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 @@bure5.7b), 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 fezxsh, was released into the water from the
chitosanMMT composite gel crosslinked with.65wt% GA crosslinker Figure 5.7a).
Although 67.3% of the loaded fertilizer waeleased from the chitosMdMT crosslinked

with 0.5wt% 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 fertilizerelease and the sustainability of the controlled releh$é,
wt% of GA was selected as the optimal chemical crosslinker concentration for the rest of

the chitosarMMT nanocomposite hydrogels for controlled fertilizer release.

Chitosan gel made from onkhortchitosan chains (3 wt% in the pgel solution)
was fabricated, and the fertilizer release was investigated in DI rgeir€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 dgetgre5.8) after 20 days. Only 23.7% of
the loaded fertilizer ended up in the final release mmadihe chitosan gel of onlghort
chains exhibited low fertilizer withholding capacity and fast release in wimtethe
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 crosslifRaattarai et al., 20)0Therefore, the
chitosan gels in this study were fabricated with a mixture of chitosan abfaiow and

high molecular weightMastrangelo et al., 2020

The pure chitosan hydrogel fabricated with both short and long chitosan chains (2:1
wt% in the pregel solution) achieved a final cumulative fertilizer release of 129.7 mg/g in
12 days Figure5.7b), which is 64.4% higher than the final relefsen the chitosan gel
made from only short chains (3 wt% in the-ged solution)(Figure5.8). The cumulative
fertilizer release reached 132.5 and 133.3 mg/g géhéochitosarMMT 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 chitosarMMT (3.3 wt%) and chitosatMMT (10 wt%), respectivelyKigure 5.7b),
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indicating a more controlled release. Further increasing the physical crosslinking density
affected the release behavior semiy 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

dayfrom the chitosatMMT (23.3%) composited-igure5.7b).

Along with the increase of MMT content in the chito$dNT composites, less total
nitrogenwas released into the mediwater, while morgphosphorouandpotassiunwere
released Kigure 5.7c). Besides the relatively higher nitrogen content in the original
fertilizer (see the Method section for the composition of the fertilizée high nitrogen
concentration in the release mauicould also be attributed to the organic nitrogen for
chitosan Although high degradation of the gel was observed with the chitdd4ih (10
wt%) gel (Figure 5.8d), the electrostatic interactions and the intercalations between the
chitosan chains and the nanoclagsild make some portion dfie organic itrogenfrom
the degraded chitosan retained on the clay surface and thus filtered thet @y5 pm
filter. Hence, the pure chitosan gel released the most nitrogen to thenmveatier at 85.5
mg/g Figureb.7c), accounting for 106.9% of the total nitrogen added from the original
fertilizer. Potassiunis the second abundant nutrient element that ended up in thenmedi
Thanks to the cation exchange capacity of the MM€&,chitosarMMT (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 abéin gels than the neutral urea molecules. Also
due to the electrostatic interaction between the cationic chitosan chains and the anionic
phosphate ions, chitosddMT hydrogels exhibited excellent phosphorous withholding

capacity. As the anionic MMT enhastt the phosphate release, the chitdddT 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 nidaguxg5.7¢).

The most swellable and degradable chitelgBT (10 wt%) gel with the optim&y
controlled fertilizer release achieved a nitrogen release of 56.7 mg/g, a phosphorous release
of 7.1 mg/g, and a potassirelease of 6.5 mg/g, accounting for 70.9, 60.6, and 14.6% of
the nitorgen phosphorousandpotassiunin the original fertilizer added into the matrix,

respectively.

After 20 days of degradation in watdghe chitosarMMT (10 wt%) hydrogels
achieved the highest degradation of 57.0Btg(re 5.7d). The introduction ofself
disassemblablghysical crosslinking by MMT flakse facilitated the degradation of the
nanocomposite hydrogels in wat€he reversible physical associations become weaker as
the scaffold expands resulting in the dissolution of the gel compbs@éecordance with
the mechanical property tesand discugsn above, chitosaMMT nanocomposite
hydrogels ohighMMT content (23.3 wt%) exhibitetthe lowestegradatiorf 27.3%due
to the fortified scaffold supported by the increased physical crosslinking sites and the
intercalation of chitosan chains into tlagers of MMT flakes.Not only more gel content
of the chitosarMMT (10%) composites was degraded, the residual composite gel scaffolds
were also disassembled into much smaller fragments than the pure chitosdfiggets (

5.7d).
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Figure 5.7 (a, b) Cumulative fertilizer release profile of chitosarMMT composite
hydrogels of different GA contents (a) or MMT contents (b) fotal 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 pires 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 pregel solution, 2.3 wt% GA crosslinker with
respect to chitosan, 0.1 g dried gel in 30 mL DI water).

The fertilizer releaskinetic from the 10% MMT nanocomposite were analyzed by
fitting the experimental data to th€orsmeyerPeppasequation Figure 5.9a). The
experimental data exhibited an excellent fitting to the model with a coefficient of
determination Rof 0.995. The fitted diffusion exponent (n) was 0.14, which was well
below the 0.43 for typical Fickiagiffusion-controlled releaséPeppas and Sahlin, 1989
This is probably attributed to the electrostatic interactions between the ionic hydrogel
scaffold and the nutrient ions slowing down the diffugidoppakundilograt et al., 2015
The relative contribution of Fickian diffusion and hydrogel relaxation to the fertilizer
release was further evaludtdhrough the Pepp#ahlin model Figure 5.9a). The
coefficient of determination Rwas 0.995. Based on the parameters obtained from the
fitting, F, the fraction of értilizer release due to the Fickian diffusion mechanmesas
calculated and plotted against the percentage fertilizer relEmgad5.9b). As indicated
by F (Fickiandiffusion fraction) the release of fertilizer wagedominantly controlled by

Fickian diffusion during the initial release. As the hydrogel swelled, the scaffold relaxation



contribution became more pronounced and reached around 40% at the end ointpe test
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Figure 5.9 a. Percentageof fertilizer release of 10% MMT nanocomposite as a
function of time. Korsmeyer-Peppas: n=0.14; k=27.56 da¥'% R?=0.995; Peppas
Sahlin: m=0.11; k=18.87 day’'% k»=8.56 day®!% R?=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 d&y k,=8.56 day’ 1%

5.3.3 Fertilizer Release and Water Retention in Soil

Since the chitosaMMT (10 wt%) exhibited the optimal release behavior in the
water, and more significantly, has the highssgelling ratio, chitosatMMT (10 wt%) was
selected for the fertilizer releasastin the soil. The swelling of the gel in the soil is under
pressure; thyghe most swellable gel was selected to ensure the fertilizer release. Under
the release conditiosemulating the irrigation system in agriculture practices, the chitosan
MMT nanocomposite hydrogels exhibited a wadhtrolled fertilizer releasé-{gure5.10).

The average initial fertilizer release within one day was 16.7 £ 4.3% for the three soil
columns containing chitosaWMT composite hydrogels, while 89.3% of added fertilizer

was released gtantly during the first sampling in the control column containing traditional
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fertilizer powder. Kery day since day twdhe composite hydrogels steadily releaS8eti

+ 5.3 mg/g gefertilizer, abou2.8+ 1.6% of the total loaded fertilize©Over the carse of

15 daysan average af84.4+ 44.4mg/ggelfertilizer, accounting for 55.213.3% of the

total loaded fertilizewithin the nanocompositesyas releasedn this study the total
fertilizer release waguantified based on corrected conductivibéthe filtrates instead of
specific measurements of individual nutrients regarding NPKirther definitive
guantification of the released fertilizer compositiwill provide more insightsnto the
release behavior of traevelopedormulation. The averagevater retained by the 5 g soill

in the column right after the sampling (addition of 6 mL of DI) wds+ 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) mixture8.2 + 0.2 gwater was retined, 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 mixtrcolumn Figure5.11). Thanks to the excellent water
absorbency of the chitos8dMT nanocomposite hydrogels, the addition tbg gels
enhanced the water retention of sewhich could further increase both the teraand

fertilizer use efficienies.
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Figure 5.10 Fertilizer release in soil columns from chitosarMMT (10 wt%)
nanocomposite hydrogels and fertilizer powder (30 mg fertilizer loaded)
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Figure 5.11 Water retention profile of soil and soilgel mixture (see Materials and

Methods section for details).

well-controlled fertilizer relese 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 conditisnwhich 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 thigogelsminimize polymer material accumulation issues securing
the longterm safety and sustainability of farmimdthough chemical crosslinker was used

in the current chitosaMMT nanocomposite, a more efwendly formula can be further

achieved byeplacing GA with althernative greener crosslinkers.
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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 ecosy®&yar et al., 2016 A
phosphate concentration as low as ~0.02 mg/L could result in profuse algal growth
waters(Yao et al., 2018 The combined costs were approximately $2.2 billion annually as
a result of eutrophication in U.S. freshwat@edds 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
suppl is estimated to dwindle below the global P demand by #R&p et al., 2090As a
result, effective P recovery and reuse is critical in developing sustainable food industry to

close the loop for P.

Various P removalprocesses have been established for wastewater treatment,
including biological treatmenrtrang et al., 2018 struvite precipitatiorfLe Corre et al.,
2009, membranédased process€Buruya et al., 2017 and adsorptiofPap et al.202Q
Yang et al., 2020Zhang 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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treatmentgAjmal et al., 2018 While providing consistently effective P removal, chemical
precipitation may cause secondary pollution due to the introduction of new chgiRagals

et al., 202 Moreover, biological and chemical treatments may not ldalde for P
removal at low concentratioridlshameri et al., 2004 As for more advanced membrane
based processes, high costs and energy consumption remain the major concerns in large
scale applications. Adsorption processes areeffsttive and sustainable for P removal,
even at low P carentrations(Mitrogiannis et al., 2018Pap et al., 2020 Adsorption
capacity and seleeity 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 chitosafbased compositéd&arunarathna et al., 201Bofinas and Kioussis, 20Q0®ap

et al., 2020 Zhang et al., 2018 modified clinoptilolite (Mitrogiannis et al., 2013 and
engineered biochdlrao et al., 2018 Constituent materials sourced from widely available

and ecefriendly natural wastes are promising for the development ofclost and
sustainable P adsorption solutions. After adsorption, the P laden materials could be used as
a safe secondary P fertilizer for soil amendn{Bap et al., 2020Biodegradable 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
chitosanFe complex hydrogel sorbents wemported to have a projected maximum
phosphate adsorption capacity of 15.7 mfZbang et al., 2018 The relatively low
capacity is probably due to the high chemical crosslinking density of the synthesized
chitosan hydrogels. CalcHghitosan composite powder adsorbent was studied for

wastewater P removal. The powder absorbent aetlier relatively high phosphate
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adsorption capacity of 64.1 mg/g but was highly susceptible to the medi{Rapttt al.,

2020. So far, most studies on chitosan adsorbent focused on the adsorption behavior and
mechanismsYet the potential of chitosan hydrogel as contretieldase P fertilizer has

not been reported. It has been reported that a-iseenpenetrated polymer network
composed of poly(acrylic acido-acrylic amide) and ureormaldehyde oligomers
exhibited sbw release of P and potassium nutrients loaded during the prepd&katog

et al., 201Y.

To connect the P recexy from wastewater and the subsequent reuse in soll
fertilization, we introduce a chitosanontmorillonite(MMT )-Fe nanocomposite hydrogel
as a P adsorbent and controlled releddse.usage of inorganic layered nanomaterials like
clay and clay mineralssaa constitute of controlled delivery systems is a-established
practice(Cui et al., 2019Jayrajsinh et al., 20).MMT is a major component of Bentonite.
More specifically, MMT is a layered silicate [(Na,Ga{Al,Mg)2SiaO10(OH)AH20],
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 oxideg anions
which facilitates the mixing with cationic ager{Sui et al., 201R The unique cation
exchange capacity and the layered structure for intercalation make MMT an ideal candidate
for sustaining nutrient releagilakim et al., 2019Pereira et al., 20)2Moreover, MMT
nanoclays can physically crosslink the ionic polymer chains like chitosan through
electrostatic interactions and hydrogen bonds to form nanocomposite hgarogeique
mechanical properties and swelling capaiitaraguchi et al., 200%ousa et al., 2018
Nanocomposite polyacrylamide/methyl cellulose/calcic MMT hydrogels exhibited

controlled release of urea fertilizer in sorption and desorption(ist®lin et al., 201R
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Multivalent metal ions, especially Ferric i¢Wilfert et al., 201%, have been well studied

for their adsorption capacity for phosphate undarying pH conditiongKim et al.,

201139. In basic conditions, ferric ions will form ferric oxide hydrates which could adsorb
phosphate ions through inner layer bidentation (at low pH3)~and reversible
monodentation (at pH3 (Kim et al., 2011aWilfert et al., 201%. A Fe(lll)-polysaccharide
hydrogel has been previously reported to adsorb P from waste solutions and achieved

photacontrolledrelease of the loaded P in degradafiarunarathna et al., 2019

In this study chitosarMMT-Fe scaffold was crosslinked through physical
associations supplemented by chemical bonding. lonic complexation of mixed charged
systemsawvas formed between cationic chitosan chains and negatively charged surfaces of
MMT flakes and sulfates from added ferric séBhattarai et al., 20)0The 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
chitosanMMT -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-Rden composite hydrogels in soil as controllelase

fertilizers.

6.2 Materials and Methods

6.2.1 Materials

Chitosamnhigh (310k375k Da) and low (50490k Da) molecular weight75-85%

deacetylated), MMT nanoclay, glutaraltyde (GA), acetic aciderric sulfate (F§SQv)3),
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potassium phosphate monobagikiH2PQ:), NaOH, HCI,and ethanol (99.7%) were all

purchased from Sigma Aldrich, MO, US.

6.2.2 Preparation of ChitosatMMT-Fe Hydrogels

The high and low molecular weight chitogaoswders weralissolved in 10 mLDI
water containind % acetic acid at 1% and 2% w/v, respectively, and mixed for 30anhins
60 °C(Angelo et al., 2021Cui et al., 2019 Afterwards, 50 mg F€SQw)s was added into
the mixture.A certainvolume of 10 g/L preultrasonicated MMT stock solutiofprobe
sonicator for 5 mins, 20 kHz, 100 Wgs 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 §IMT/0.3 g ge). After mixing the solutiorior 4 hours at 60 °Gan aliquot
of 200 pL 50 wt% GA crosslinking agent diluted to the desired concentration was
subsequently addenhaking he weight ratio o6GA to chitosarD.83wt%. The crosslinking
process proeeded until the mixture became increasingly viscous in &@fbuins. Then
the mixture was degassed in a sonicator for 25 mins before being fro2én°at for 20
hours. After freezing, the mixture was thawed at room temperature for 24 hours
(Mastrangelo et al., 2020The gel was then rinsed and driecethanol(190 proof)for 2
hours.After further drying in air for one more hour and in an oaed0°Covernight the

chitosanAMMT -Fe nanocomposite adsorbent was obtained.

6.2.3 Characterizations of the Hydrogels

The post sorptiorgels were freezdried for 16 hours and sputter coated with a thi
layer of Au beforédbeingimaged by scanning electron microscope (SEM) (Hitachi 8230).

Surface elemental mapping was conducted simultaneously using energy dispape X
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spectroscopy (EDX) (Hitachi 8230}-ouriertransform infrared spectroscodfTIR)
(Nicolet 6700) tests were conducted using dried gel samgliese and post sorption in
phosphate solution® identify the characteristic functional groups and characterize the
bonding states of the nanocomposit#se post sorption gels from media of difént pH

(3 and 10) were freeze dried and the surface atomic composition was measured using
ray photoelectron spectroscopy (XR$hermo KAlpha, Aluminum 1.486 KeV source),

and peak deconvolution was performed using CasaXPS software.

6.2.4 P adsorption

Adsomption 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 througlv-VIS (Hach DR6000) aftechromogenicreactions
using TNTplus 844 test kits (Hach, CO, UShe calculated capacity was plotted against
the adsorption time to be fitted thifferent kinetic models, including pseuduwst-order,
pseudesecondorder, Ritchie ntforder, and Elovich models based on following eiquzs

(Liu et al., 2019,

n 1 nNQ (6.1)
QR o

Rl S 6.2

n 5 QR 6 (6.2)



(6.3)

A TE‘ 1o (6.4)

where @ (mg-g') and g(mg-g?) are the amount of phosphate adsorbed at equilibrium

and time t, respectivelyzKmin?), k2 (g-mg*-min), and k (g"*-mgt"-min?) are the

equilibrium rate constant associated with the psdiidborder, pseudsecondorder,

and Ritchientor der model , r &mipleistheiinitia sonption rate; dnchg L g

b ( ghlisnihg desorption constant.

Besides, the intraparticle diffusion kinetic model based on Weloeris model is
applied to further understand phosphate adsorption onto gels through the equation as

follows (Liu et al., 2019,

~

n Qo8 0 (6.5)

where k (mg-gt-min®9 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 (145% mg-L!) 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 @ncentration in the solution. The data was fitted to Langmuir and Freundlich

models as follows¢Liu et al., 2019,

v o

5 08 (6.6)

08 (6.7)

where ¢ (mg-g?) is the maximum adsorption amount at saturation state, afmgzL™?)
is the concentration of phosphate at equilibrium{lkmg?) and ke (mg-"-L".g?) are

the coefficients for Langmuir and Freundlich, respectively; and n isnaamlindex.

To assess the effect of pH on adsorption performance, 20 mg of gels was added into
10 mL phosphate solution (48 mgL The pH of the solutions was adjusted within the
range of 310 using 0.1 M HCI or NaOH. The adsorption lasted 3 hours d#ferPladen
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 eachedbtlowing anions:
Cl, NOs, SO?, and HCQ@. For the capacity under the influence of multipleiaas, all
the above ions were added together at the same concentration of 0.5 mM. All the adsorption

experiments were conducted in triplicates andrage 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., 201B8P 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 nfore Iblee phosphate

concentration in the extractant was measured.

Therelease 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 hoursoFthe 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 secondrder model based on the equation as follpie® et al., 2018
6 Qo

where ksis the rate constant (L-rgh), Ceand Gare 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 ratéPap et al.2020. Rapid adsorption of phosphate onto-BIWMT-Fe gel
adsorbents was observed during the initial 50nins followed by an equilibrating plateau
within 120 mins Figure6.1a). The experimental data was fitted to various kinetic models
as outlined in the method section. Tiirst-order, seconarder, and nth_order models
depict the kinetics of solidolution interactions based on mononuclear, binuclear, and n
nuclear adsorption, respectively. the Elovich model is an empirical equation differentiating

desorption from adsorptig(Yao et al., 2013Yao et al., 201 The fitted parameters are
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listed inTable6.1. All models except the Elovich equation fitterell with the experimental

data with a correlation coefficienfRbove 0.99, especially the atider model achieved

a R of 0.999, indicating the adsorption of phosphate onto the composite gels was governed
by multiple mechanisms. In addition, the intraparticle WeNderris diffusion model was

also applied to investigate the adsorption processes by plotting the capaicisy &gais

shown inFigure6.1b, the plot exhibits multiple linearities indicating two steps. The initial
step could be attributed to the solution to solid surékifesion 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 (& and ko), the intraparticlediffusion is the rate limiting step in phosphate
adsorption onto cHMMT -Fe composite gels. Adsorption isotherm experiment indicated
that the chiMMT -Fe gel adsorbent has an excellent phosphate adsorption capacity over 87
mg-g* (29 mg P-¢f), which is hidner than most of the reported chitossased phosphate
adsorbents. Although lower than then the reported number (>100"af-&gO-biochar
adsorben{Yao et al., 2018 chtMMT -Fe adsorbents exhibited much faster kinetics and
advantageairelease 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 dafeiglre 6.1c). The empirical Freundlich model
reproduced the data better with 4d® 0.989 indicating that the adsorption of phosphate

was governed by multilayer heterogeneous pathwegisl€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 ¢1=3.628+0.0914 mg-¢min°5 L;=-0.121+0.354 mg/g,
R12=0.999; k>=0.359+0.0293 mg-gmin©°, L,=21.151+0.321 mg/g, R=0.993). (c)
Adsorption isotherm and fittings. Experiments were caried out in triplicates using

chi-MMT -Fe gels (10 wt% MMT).

Table 6.1 Fit parameters from kinetic, isotherm, and desorption models

Parameter 1 Parameter 2 Parameter 3 R?
Adsorption kinetics
First-order k1=0.051+0.002 (min) e=25.525+0.227 (mg-8) 0.994
Secondorder  k2=0.0026+0.0002 (g-mfmin-t) (e=28.166+0.438 (mg-Y 0.991
n_thorder kn=0.0595+0.0047 (*-mg™-minl) ge=26.0232+0.265 (mg-H n=1.31+0.113; 0.999
hb=0.999N(
Elovich b=0.198N0.8®%0208 U=6.849N0oLmidR ( 0.903
Adsorption isotherms
Langmuir K1=0.0299+0.01323 (L-m§ gm=85.21+9.522 (mg-t) 0.925
Freundlich Kr=13.408+1.655 (mg"-L"-g %) n=0.305+0.0229 0.989
Desorption kinetics
Secondorder  kg¢s=0.02115+0.00177 (L-myht) Ce=15.433+0.222 (mg-£) 0.992
Ce=13.248+0.0909 (mg-h) 0.924

Seconéo r e kds=0.404+0.0514 (L-md-h?)

aConfidence level = 95%

bDesorption kinetics of ckire 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 phogpate adsorption capacity dropped severElguyre6.2). This could be
attributed to the extra physical crosslinking and chitosan chain intercalation provided by
the hgh 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 fo
adsorption. The swelling ratio of the éiiMT -Fe composite hydrogels decreased as the
phosphate concentration in the solution increased due to the elevated ionic skigagéh (

6.3). The chiMMT -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 complexatigBhattarai et al., 2090 The better
regulated swelling of the scaffold could contribute to the release of the loaded phosphate

in a controlled manndtLin and Metters, 20Q@Richbourg and Peppas, 2020
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Figure 6.2 Adsorption kinetic (0.5 mM) (a) and isotherm (b) curves of chMMT -Fe
gels containing different masses of MMT (0, 0.01, 0.03, 0.05 g/0.3 g gel)
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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 adsorptiecapacity 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. TheMIMT -Fe composite adsorbent exhibited
a stable adsorptiocapacity at around 20 mg/g for phosphate within the pH from 3 through
10 (Figure6.4a), which could be attributed to the multiple adsorption pathways enabled by

electrosorption and ligand exchange. At lower pH, the amine groups along the chitosan

124



chains (pKa=6.2) are more protonated carrying positive charges attracting phosphate
anions. A 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 conditigksm et al., 2011aWilfert et al., 201%, while inner
sphere bidentation is the main binding mechanism for ferric oxide and phosphate under
acidic conditionsln 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 powde(Mahaninia and Wilson, 2017Zhang et al., 2018
Therefore, the phosphate adsorption onteMNIT -Fe is more robust at low pH and more

reversible favoring later release at high pH.

When applied in wastewater, the phosphate adsorption capaditg @dsorbent
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 exhibitedegative impact
(Figure6.4b). Up to ~80% of the capacity was retained with the presence of all the anions
of the same concentration as the phosphate. This demodsthatie 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 coexisting anions (b) (all ions at 0.5 mM concentration)

6.3.2 P-Laden Gel Characterizations

The SEM images of the freedeied post sorption gels demonstrate the hollow
porous structure of ciHMMT-Fe nanocomposite scaffold of high surface area for
adsorption after relaxatiorFigure 6.58). The EDX elemental mapping confirmed the
surface distribution of chitosan (N), ferric oxide (Fe), and d#sbphosphate (PFigure
6.5b). FTIR spectroscopy was used to characterize the functional groups of the crosslinked
chitosan nanocomposite and identify the shifteraR adsorptionHigure 6.6). For the
original chiMMT -Fe ge) the peak at 37 cm? reflects the NH stretching of alphatic
primary amines of chitosan, the peak af28m is related to the @ stretching of the
hydroxyl group along the chitosan chain. The peaks 2@ a6d 135cm are assigned to
C=0 stretching of secondary amiderosslinking bond)and NH bending of amine,
respectively Amine groups have high fafity 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 adsorbEmgure6.6) (Pap et al., 2020 XPS spectra
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of the chiMMT -Fe composite adsorbent pre and post sorption helps explain the dominant
adsorption pathways under different gHgure 6.7). The N1s spectra were deconvoluted

into two peaks forNHz and-NHzs" at 399.4 and 401.5 eV, respectivefygure6.7a). The
content of protonated amine in the original-MtVIT -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 pronduatdow pH promoting
phosphate adsorption through electrosorption. On the other hand, the Ols spectra were
deconvoluted into three peaks #@-O-, FeOOH, and-C-O-H at 532.7, 531.4, and 533.7

eV, respectivelyKigure6.7b). 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 cae 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 pronoed(Kim et al., 2011a



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
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