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Abstract	
	 This	 thesis	 focuses	 on	 the	 varied	 applications	 of	 core-shell	 structured	 stimuli-

responsive	 polymer	 materials	 and	 their	 applications	 in	 water	 treatment.	 The	 relevant	

background	 and	 introduction	 to	 stimuli-responsive	 polymers,	 core-shell	 particles	 and	

morphologies,	and	membrane	separations	systems	is	detailed	in	Chapter	1.		

	 Chapter	 2	 explores	 the	 effect	 of	 shell	 thickness	 on	 the	 uptake	 and	 release	 of	 dye	

loaded	 into	 pNIPAm-based	 microgels.	 The	 modified	 core	 is	 designed	 for	 the	 uptake	 of	

oppositely	charged	dye	species	where	the	release	of	the	dye	can	be	triggered	by	changes	in	

pH.	The	release	profiles	from	the	loaded	microgels	free	in	solutions	as	well	as	immobilized	

on	a	gold	surface	at	temperatures	below	and	above	the	LCST	was	observed.		

	 Chapter	 3	 utilized	 a	 similar	 morphology	 core-shell	 nanogel	 where	 a	 poly(N-3-

aminopropyl)methacrylamide	 polymer	 shell	 was	 added	 to	 a	 pNIPAm	 core	 that	 could	 be	

covalent	 crosslinked	 to	 the	 selective	 polyamide	 layer	 used	 in	 thin-film	 composite	 (TFC)	

membranes.	The	 feed	 temperature	of	 the	pressure-driven	nanofiltration	membranes	was	

heated	above	the	LCST	of	the	nanogels	to	observe	the	changes	in	flux	and	salt	rejection	when	

the	nanogels	were	incorporated	within	the	polyamide	structure.	Further,	the	nanogels	were	

localized	on	the	surface	of	the	polyamide	to	observe	the	impact	they	had	on	improving	the	

antifouling	properties	of	the	TFC	membrane.		

	 The	final	project	detailed	in	Chapter	4	utilizes	a	spherical	pNIPAm	hydrogel	coated	in	

the	 polyamide	 skin	 layer	 to	 create	 a	 self-driven	water	 filtration	 system.	The	 clean	water	

absorbed	by	the	hydrogel	can	be	recovered	by	heating	the	hydrogels.	The	salt	rejection	was	

evaluated	 by	 ICP-AES	 and	 confirmed	 excellent	 rejection	 performances	 for	 the	 optimized	

polyamide	layer	against	a	variety	of	salt	species.	
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Chapter	1	 Introduction	 to	Thermo-responsive	Polymers	and	Composite	

Membranes		

1.1	 Introduction	to	Stimuli-Responsive	Polymers	

Stimuli-responsive	 polymer	 materials	 have	 been	 incorporated	 in	 many	 different	

systems	to	integrate	“smart”	characteristics	made	possible	by	the	intrinsic	properties	of	the	

material	to	respond	to	changes	repeatedly	and	reversibly	in	the	system	environment.	For	

example,	 these	 polymers	 can	 undergo	 physical	 or	 chemical	 changes	 in	 response	 to	

temperature,	light,	pH,	or	magnetic	fields.	The	focus	of	this	chapter	is	to	explore	the	general	

characteristics	of	temperature	responsive	pNIPAm-based	polymer	materials	as	they	pertain	

to	studies	of	dye	release	and	water	treatment	systems.		

1.1.1 Stimuli-Responsive	Polymer	Materials	

Stimuli-responsive	 polymers	 can	 be	 synthesized	 through	 the	 polymerization	 of	

specific	monomers	 that	 possess	 such	 properties,	 or	 by	 incorporating	 them	 physically	 or	

chemically	into	a	pre-existing	matrix.	Like	many	polymer	materials,	the	3-D	structures	can	

often	be	tuned	and	manipulated	to	fit	the	desired	system.	Whether	it	be	large	macro-scale	

hydrogels	 or	 micro-scale	 nanoparticles,	 the	 flexibility	 of	 the	 size	 of	 material	 is	 a	 key	

advantage	 when	 exploring	 the	 applications	 in	 controlled	 drug	 delivery,1,2	 sensing,3	

biomimetic	actuators,4	separation,5	and	water	treatment.	6	

Generally,	the	polymeric	structures	are	formed	by	crosslinking	hydrophilic	polymer	

chains	by	chemical	or	physical	interactions.	The	resulting	sponge-like	structure	can	absorb	

and	retain	up	to	103	times	the	dry	polymer	weight	in	water	without	dissolving	depending	on	

the	crosslinking	density	and	hydrophilic	nature	of	the	bulk	polymer.7	Without	the	presence	

of	a	barrier,	the	porous	structure	will	allow	for	the	transport	of	ions	and	small	molecules	into	

and	out	of	the	polymer	matrix	depending	on	the	mesh	size.		

	Consider	a	hydrogel	in	pure	water	without	a	hindering	selective	layer	to	influence	

the	 swelling	 kinetics	 of	 the	 system.	 In	 this	 case,	 the	 Flory-Rehnor	 theory	 describes	 the	

equilibrium	swelling	of	the	hydrogel	as	the	enthalpy	of	polymer-solvent	mixing	and	limited	
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by	the	elasticity	related	to	the	degree	of	crosslinking,	represented	by	the	following	equation	

(1.1).8	

(1.1)		 	 	 	 	 ∆"!"! = ∆"#$ +	∆"%&'	

Where	the	Gibbs	free	energy	of	the	system	(∆Gtot)	is	the	summation	of	∆Gel	and	∆Gmix	which	

are	 the	 elastic	 and	mixing	 forces,	 respectively.	When	 a	 dry	 hydrogel	 contacts	water,	 the	

swelling	pressure,	or	osmotic	pressure,	of	the	polymer	drives	the	absorption	of	water	until	

a	 maximum	 at	 equilibrium	 swelling.	 When	 a	 stimuli-responsive	 hydrogel	 responds	 to	 a	

change	 in	 the	 environmental	 conditions,	 the	 swelling	 equilibrium	 shifts	 and	 the	 water	

absorption	ratio	decreases,	as	a	measure	of	mass	of	water	absorbed	in	relation	to	the	mass	

of	the	polymer	(g/g	dry	gel).	This	effect	can	be	induced	by	changes	in	UV	exposure,	magnetic	

fields,	temperature,	pH,	ionic	strength,	and	other	physical	or	chemical	stimuli	depending	on	

the	chosen	polymer.9		

1.1.2	 	Thermo-responsive	Polymers	

Thermo-responsive	 polymers	 are	widely	 studied	 due	 to	 their	 ability	 to	 reversibly	

undergo	significant	changes	in	solubility,	volume,	and	refractive	index	with	varying	changes	

in	temperature.	This	class	of	polymer	will	change	phase	at	a	given	lower	or	upper	critical	

solution	temperature	(LCST	or	UCST,	respectively),	or	both.		The	LCST	can	be	described	as	

the	lower	bound	temperature	interval	in	which	all	components	of	the	polymer	are	soluble	in	

the	solvent	environment	that	transitions	to	insoluble	at	temperatures	above	the	LCST.	The	

inverse	is	true	for	a	polymer	with	a	USCT	where	it	transitions	from	insoluble	to	soluble	as	

the	temperature	is	increased	above	the	USCT.	10–12	

Popular	LCST	polymers	include	poly(N-	isopropylacrylamide)	(pNIPAm),	poly(N,N’-

diethylacrylamide)	 (pDEAAm),	 and	 poly(N-vinylcaprolactam)	 (pVCL).	 The	 structures	 of	

these	 LCST	 thermos-responsive	 polymers	 are	 shown	 in	 Figure	 1.1.	 Polymers	 with	 LCST	

behaviour	typically	contain	both	hydrophilic	and	hydrophobic	groups	that	contribute	to	the	

rearrangement	 structure	 when	 they	 undergo	 solubility	 transitions.	 This	 can	 be	

thermodynamically	described	by	the	Gibbs	free	energy	equation	(Equation	1.2).	
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(1.2)		 	 	 	 	 	∆G	=	∆H	-	T∆S	

Where	∆G	represents	the	interactions	with	the	polymer	in	solvent,	∆H	corresponds	to	the	

change	 in	enthalpy,	T	 is	 the	 temperature	 in	Kelvin,	 and	∆S	 is	 the	 change	 in	entropy.	The	

polymer	is	soluble	when	∆G	is	negative	and	water	molecules	are	hydrogen	bonded	to	the	

hydrophilic	regions	of	the	polymer	chain,	in	combination	with	the	hydrophobic	effect	where	

water	molecules	form	a	cage-like	arrangement	around	the	hydrophobic	regions	of	the	chain,	

resulting	 in	 an	 exothermic	 arrangement	 and	 decreased	 entropy.	 As	 the	 temperature	

increases,	 the	 increased	 entropy	 dominates	 resulting	 in	 a	 positive	 ∆G	 as	 an	 increase	 in	

polymer-polymer	and	solvent-solvent	interactions	is	observed.	The	hydrophilic-hydrophilic	

and	 hydrophobic-hydrophobic	 interactions	 results	 in	 a	 spontaneous	 rearrangement,	

collapsing	 the	polymer	network	on	 itself,	 and	expelling	 the	bound	water	molecules	 in	an	

endothermic	process.11–13	

	 The	LCST	of	a	polymer	is	subjective	to	the	hydrophilic	and	hydrophobic	substituents	

of	the	monomer	unit	as	the	transition	is	largely	dependent	on	the	hydrogen	bonding	between	

the	 solvent	 and	 the	 polymer.	 Generally,	 the	 LCST	 is	 increased	with	 the	 addition	 of	more	

hydrophilic	 groups	 or	 polar	 groups	 present	 in	 the	 polymer.14	 The	 opposite	 is	 true	when	

increasing	 the	 hydrophobicity	 of	 the	 polymer,	 the	 LCST	will	 decrease.	 This	 can	 tune	 the	

polymer	system	to	a	targeted	transition	temperature	depending	on	the	system.	For	example,	

the	LCST	of	pNIPAm	is	around	32°C,	near	physiological	temperatures,	which	makes	it	highly	

useful	for	targeted	drug	delivery	in	vivo.	By	increasing	the	LCST	by	adding	hydrophilic	units	

such	as	polyacrylamide,	the	LSCT	increases	to	near	40	°C	and	imparts	a	pH	sensitivity	to	the	

polymer	allowing	for	a	triggered	release	of	loaded	species	only	under	the	right	conditions	of	

pH	 and	 temperature.15	 LCST	 can	 also	 be	 impacted	 by	 co-solvent	 systems,	 crosslinking	

density,	size,	and	structure	of	the	polymer.	
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1.1.3		 pNIPAm-based	Polymer	Materials	

pNIPAm	is	the	most	widely	studied	thermo-responsive	polymer	and	as	a	result	there	

are	many	innovative	applications	exploiting	 its	properties	such	as	 its	biocompatibility,	 its	

high-volume	phase	transition,	and	easily	tunable	size	and	shape.	The	LCST	behaviour	allows	

for	it	to	be	easily	polymerized	into	spherical	nanogels	or	microgels	ranging	from	<100	nm	

up	to	several	µm	in	diameter,	respectively,	via	free-radical	polymerization.	These	small,	soft	

materials	respond	rapidly	to	temperature	and	retain	a	large	volume	transition	ratio	when	

heated	above	LCST	in	comparison	to	larger	hydrogel	structures.	The	larger	scale	pNIPAm	

hydrogels	have	been	used	in	artificial	muscles	and	biomimetic	systems	that	behave	as	living	

organisms	do	in	nature,	responding	to	external	stimulus	like	Venus	flytraps	that	snap	shut	

when	touched.16	Systems	that	utilize	pNIPAm	can	chemically	modify	the	bulk	polymer	by	

incorporating	pH	and	light	sensitive	monomers,15,17,18	chelating-agents	for	analyte	specific	

detection	or	 capture	 and	 release,19,20	 and	DNA-grafts	 for	 sensing	 and	 target	 treatment	 in	

vitro.21	

1.1.4		 pH	Responsive	Polymers	

The	 addition	 of	 pH	 sensitive	 monomers	 to	 pNIPAm	 produces	 a	 polyelectrolyte	

polymer.	Where	pNIPAm	alone	is	nonionic,	the	addition	of	charged,	ionic	monomer	units	will	

increase	 the	 LCST	 above	 that	 of	 pure	 pNIPAm	 and	 dominate	 the	 deswelling	 kinetics	 via	

electrostatic	 repulsion.14,22,23	 Although,	 this	 may	 be	 favourable	 as	 increased	 Coulombic	

Figure	1.1	Structures	of	common	monomers	that	have	LCST	properties.	(prepared	in	ChemDraw)		
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repulsion	 between	 the	 immobilized	 ionic	 moieties	 will	 increase	 the	 water	 absorbance	

capacity	of	 the	polymer	and	 the	 increase	 in	 swelling	pressure	allows	 for	 rapid	hydration	

compared	 to	 pure	 pNIPAm.	 Some	 common	 ionic	 comonomers	 are	 acrylic	 acid	 (AAc),	

methacrylic	acid	(MAAc),	maleic	acid	(MA),	4-vinylpyridine	(4-VP),	and	N-(3-	aminopropyl)	

methacrylamide	 hydrochloride	 (APMA)	 (Figure	 1.2).	 The	 carboxylic	 acid	 groups,	 or	 the	

amine	group	in	DMAEMA	and	APMA,	are	ionizable	depending	on	the	dissociation	constant	

(Ka)	of	the	group.	The	incorporation	of	the	ionic	monomer	imparts	a	reversible	pH	dependent	

swelling	responsive	behaviour	that	is	triggered	at	approximately	the	pKa	of	the	monomer.24–

26	In	the	case	of	a	pNIPAm-co-AAc	polymer,	the	pKa	of	AAc	is	~4.3.	Therefore,	at	a	pH	below	

the	pKa,	majority	of	the	carboxylic	acid	group	of	AAc	are	protonated.	By	increasing	the	pH	

above	the	pKa,	the	carboxylic	acid	will	be	deprotonated,	and	an	increased	swelling	capacity	

is	observed	in	the	polymer	network.	

This	variety	of	polyelectrolyte	polymer	will	also	respond	to	the	presence	of	ions	or	

small	 molecules	 of	 opposite	 charge.	 If	 the	 majority	 of	 the	 AAc	 groups	 in	 a	 polymer	 are	

deprotonated	and	in	the	presence	of	NaCl,	the	dissociated	Na+	ions	will	interact	the	negative	

charges,	 this	 is	 known	 as	 Debye	 screening.27,28	 This	 assumption	 that	 the	 pH	 triggered	

transition	in	the	presence	of	salt	is	relative	to	the	pKa	is	highly	dependent	on	the	composition	

ratio	 of	 ionic	 and	 non-ionic	 monomers	 and	 the	 ionization	 state	 of	 the	 groups	 in	 the	

surrounding	environment.	A	polyelectrolyte	with	a	high	charge	density	is	also	very	sensitive	

to	ionic	strength	as	the	pKa	can	shift	to	several	magnitudes	higher	for	an	acidic	polymer	or	

inversely,	lower	for	a	basic	polymer.	For	example,	the	pKa	for	pAAc	in	1	mM	NaCl	is	closer	to	

11	than	the	4.3	of	a	single	pAAc	chain.24	In	the	interest	of	species	uptake	and	pH	triggered	

release	in	functionalized	polymer	particles,	as	is	the	focus	of	the	work	detailed	in	Chapter	2	

of	 this	 thesis,	 the	dramatic	change	 in	pH	is	enough	to	overcome	the	Debye	screening	and	

disrupt	other	polymer-ion	interactions	to	observe	rapid	deswelling	of	the	material.		
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1.2		 Core-shell	Materials	

Core-shell	 structures	 are	 particles	 that	 consist	 of	 two	 or	 more	 different	 material	

layers	that	are	unique	in	their	flexible	composition	and	size.	The	ability	to	selectively	tune	

the	functionalities	of	both	the	core	and	shell	layer	to	suit	is	highly	useful	when	developing	

smart	 materials.	 These	 materials	 have	 practical	 applications	 in	 the	 food	 and	 cosmetic	

industry,	biomedical	purposes	like	drug	encapsulation	and	delivery,	as	well	as	materials	for	

aiding	in	water	treatment	systems.29	

1.2.1		 Functionalities	of	Different	Layers	of	Core	and	Shell	

The	composition	and	morphology	of	 spherical	 core-shell	particles	 can	vary	by	 the	

nature	of	 the	core,	 the	shell,	 and	number	of	 shell	 layers	 to	customize	 the	particle	 for	 the	

desired	application.	The	core	of	the	particle	can	be	hollow,	or	gas	filled,	which	are	typically	

formed	by	etching	away	a	solid	core	template	after	the	shell(s)	have	been	formed	around	it.	

Hollow	particles	 can	act	as	protective	membrane	 for	active	compounds	 like	proteins	and	

enzymes,	or	nutrient	encapsulators	such	as	probiotics	that	can	be	protected	from	the	gastric	

environment	by	a	polymer	shell	until	delivery	to	the	small	intestine.30	The	core	can	also	be	a	

liquid	phase	where	the	shell	is	often	a	nonpermeable	layer	to	protect	the	core	contents	from	

Figure	1.2	Structures	of	common	anionic	monomers	(left)	and	cationic	monomers	(right).	

Anionic	monomers	 Cationic	monomers	
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the	surrounding	environment.	The	liquid	cores	are	very	interesting	as	they	can	be	used	in	

artificial	cells.31	One	study	found	that	a	liquid	core-hydrogel	shell	microsphere	was	able	to	

significantly	 improve	embryonic	 stem	cell	proliferation	within	7	days	when	compared	 to	

immobilized	cultured	cells	or	3D	microgels	without	the	core-shell	morphology.32	A	core-shell	

particle	can	also	have	a	 solid	core	 that	 can	be	made	of	metal,33–35	 silica,36,37	 and	polymer	

materials	 like	 polystyrene	 or,	 in	 the	 context	 of	 this	 work,	 pNIPAm.38–41	 The	 solid	 core	

increases	 the	 particle	 integrity,	 and	 the	 added	 layer	 increases	 the	 potential	 for	 multi-

functionalized	use.		

The	shell	can	similarly	be	tailored	in	several	ways	by	composition	and	number	of	shell	

layers.	The	shell	must	be	a	solid	phase	and	can	be	an	organic	layer	like	the	natural	polymer	

chitosan.	 Chitosan	 is	 biocompatible,	 biodegradable,	 and	 non-toxic	making	 it	 an	 excellent	

material	candidate	for	drug	transport	and	release.	A	study	by	Yang	et	al.	reported	a	core-

shell	 microparticle	 that	 contained	 both	 free	 drug	 molecules	 as	 well	 as	 drug-loaded	

poly(lactic-co-glycolic	acid)	(PGLA)	nanoparticles.	The	particle-within-a-particle	system	was	

designed	 so	 that	 the	 pH	 triggered	 release	 of	 the	 free	 drug	 and	 PGLA-drug	 nanoparticles	

resulted	in	both	an	immediate	release	of	the	drug	as	well	as	the	time-delayed	release	of	the	

drug	 as	 the	PGLA	 slowly	degraded.42	 Alternatively,	 an	 inorganic	 shell	 like	 silica	 or	metal	

species	 like	 gold,	 copper,	 or	 nickel,	 will	 improve	 the	 thermal	 stability	 and	 thermal	

conductivity.43	The	presence	of	a	gold	shell	has	applications	in	in-vivo	NIR	imaging	due	to	its	

biocompatibility	 and	photo	absorbing	properties.44	 The	versatility	of	 core-shell	materials	

will	be	further	discussed	in	the	scope	of	the	work	to	follow	where	a	core-shell	structure	of	

solid	 polymer	 core	 and	 shell	 can	 be	 used	 for	 both	 dye	 molecule	 uptake	 and	 release,	

incorporation	in	thin-film	composite	membranes	for	water	treatment,	and	as	a	novel	core-

shell	structure	for	self-driven	water	treatment.		
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1.2.2 Synthesis	of	Core-shell	Materials	

There	 are	 several	 synthetic	 methods	 for	 making	 a	 core-shell	 structure	 including	

physical	 methods	 such	 as	 layer-by-layer	 assembly,	 sol-gel	 templating,	 spray	 drying	 and	

electrospray,	 as	 well	 as	 chemical	 polymerization	 routes.	 Herein	 only	 chemical	

polymerization	routes	were	used	and	will	be	discussed	in	detail.		

Microfluidics	 is	 a	 common	 route	 for	 fabricating	 uniform	 core-shell	 nano-	 and	

microspheres	that	have	narrow	size	distribution	and	precise	control	over	shell	thickness.45	

This	is	usually	done	in	a	one-	or	two-step	sequence	where	uniform	droplets	of	an	emulsion	

of	 monomer	 and	 crosslinker	 are	 suspended	 in	 an	 immiscible	 phase	 where	 the	 surface	

tension	 maintains	 the	 droplet	 shape	 until	 the	 polymerization	 is	 complete.	 Successive	

polymerizations	can	be	done	to	add	one	or	more	shells	in	a	multi-step	synthesis.	Recently	

there	have	been	methods	developed	that	allow	for	the	core	and	shell	to	be	polymerized	in	a	

one-step	polymerization.	An	example	that	well	represents	the	general	process	of	a	one-step	

fabrication	method	was	presented	by	Zhou	et	al.	where	aqueous	droplets	of	dissolved	core	

monomer	 (PEGDA)	 and	 photoinitiator	 are	 directed	 into	 a	 continuous	 immiscible	 toluene	

phase	containing	dissolved	shell	monomer	(GPTA)	and	surfactant	as	seen	in	Figure	1.3-e.	

UV	exposure	activates	the	photoinitiator	contained	in	the	core	droplet,	generating	radicals	

that	diffuse	throughout	the	polymer	core.	Eventually	the	radicals	will	migrate	towards	the	

edge	of	the	core,	though	the	surfactant	layer,	triggering	the	polymerization	of	the	GPTA	to	

form	the	shell.46	Microfluidic	platforms	have	also	been	used	to	create	particles	with	surface	

microstructures	 (i.e.	 folds,	 pits,	 bubbles,	 protruding	 “tentacle”	 growths)	 to	 increase	 the	

surface	area	and	show	great	potential	for	bioapplications.47,48	There	are	clear	advantages	to	

using	microfluidics	to	synthesize	core-shell	structures	 including	uniform	and	tunable	size	

and	thickness,	but	this	is	limited	in	production	rates	for	large	scale	synthesis.		

Alternative	methods	to	microfluidics	are	large-scale	polymerizations	that	still	utilize	

the	 same	 fundamental	 radical	 polymerization	 techniques	 but	 without	 the	 microfluidic	

platform.	Free	radical	precipitation	polymerization	is	a	common	method	and	was	used	to	

prepare	 the	materials	presented	 in	 this	work.	 In	a	 two-step	method,	 the	 cores	were	 first	

synthesized	 from	 an	 aqueous	 volume	 of	 dissolved	 monomer	 (pNIPAm),	 N,N’-
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methylenebisacrylamide	 (BIS)	 crosslinker,	 and	 cetrimonium	 bromide	 (CTAB)	 as	 a	

surfactant.	 The	 volume	 was	 heated	 to	 70	 °C	 then	 initiated	 with	 2,2’-azobis(2-

amidinopropane)	dihydrochloride	(V50).	The	spherical	cores	grow	from	small	aggregates	of	

collapsed	 crosslinked	 pNIPAm	 polymer,	 as	 the	 reaction	 temperature	 is	 above	 the	 LCST,	

resulting	 in	outward	growth	to	a	stable	and	decently	monodisperse	precipitation	method	

with	 good	 yields.	 The	 second	 step	 shell	 addition	 occurs	 must	 like	 the	 first	 where	 the	

collapsed	core	particles	act	as	nuclei	for	further	polymerization	rather	which	is	preferential	

over	new	growth	(Figure	1.3-a).40	

Other	multi-step	polymerizations	can	generate	interesting	surface	morphologies	on	

the	 shell	 as	 is	 done	 in	 stepwise	 hetero-coagulation	 procedures.	 For	 this	 design,	 cationic	

polymer	 units	 are	 packed	 onto	 an	 anionic	 core	 polymer	 when	 heated	 above	 the	 glass	

transition	 temperature	 (Tg)	 of	 the	 cationic	 shell	 particles.49	 The	 shell	 morphology	 for	

particles	 made	 by	 this	 route	 can	 vary	 from	 relatively	 smooth	 and	 uniform,	 to	 a	 bulky	

“raspberry-like”	appearance	depending	on	the	size	and	packing	density	of	the	shell	polymer	

(Figure	1.3-c).37,50	

Block	copolymerization	methods	can	also	be	used	to	form	core-shell	materials	as	seen	

in	Figure	1.3-d.	Block	copolymers	self-assemble	to	form	micelles	in	solvents	appropriate	to	

solvate	one	of	the	blocks.	Usually,	the	core	forms	a	micelle	which	can	be	crosslinked	while	

the	soluble	shell	blocks	form	a	corona	shell	around	it.39	The	ends	of	the	shell	polymer	chains	

can	be	functionalized	for	multiple	applications	or	for	further	modification.	Alternatively,	the	

core-shell	structure	can	be	achieved	by	crosslinking	the	shell	rather	than	the	core.	38	
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Figure	 1.3	 Schematic	 illustrations	 of	 multi-step	 polymerization	 methods	 to	 generate	 core-shell	
materials	(a-d)	and	(e)	is	a	scheme	of	microfluidic	one-step	polymerization	of	core-shell	spheres.	Both	
reprinted	with	permission	from	Ref.	46	©	2015	IEEE.	
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1.3		 Background	on	Thin-film	Composite	Membranes	for	Water	Treatment	

The	demand	for	new	and	innovative	advancements	for	water	treatment	has	grown	

significantly	in	recent	years	to	meet	the	stresses	for	clean	water	globally.	Not	only	will	this	

impact	the	human	population,	but	also	wildlife,	agriculture	and	food	systems,	and	industrial	

sectors.51,52	A	filtration	membrane	must	be	robust	enough	to	withstand	long-term	filtration	

cycles,	be	resistant	 to	 fouling	of	organic	and	 inorganic	matter,	and	maintain	selectivity	to	

produce	a	clean	permeate,	while	being	cost-effective	to	produce.	The	details	in	this	chapter	

section	summarizes	relevant	background	information	on	thin	film	composite	membranes	for	

pressure	driven	filtration	systems	as	well	as	self-driven	systems	utilizing	hydrogels.		

1.3.1		 Modified	Membrane	Separation	Systems	

Thin-film	composite	(TFC)	membranes	are	semi-permeable	materials	that	allow	the	

passage	of	water	molecules	but	excludes	larger	solutes	when	a	driving	force	is	applied	to	the	

membrane,	 forces	 such	 as	 pressure,	 temperature,	 concentration	 gradients,	 or	 electrical	

potential.	Pressure-driven	filtration	is	the	most	common	as	it	can	be	tailored	for	the	removal	

of	 different	 sized	 solutes	 based	 on	 the	 desired	 level	 of	 separation.	 Microfiltration	 (MF),	

ultrafiltration	(UF),	nanofiltration	(NF),	and	reverse	osmosis	(RO)	will	separate	solutes	of	

decreasing	 size	 from	 >	 1	 µm	 down	 to	 dissolved	 salt	 ions	 that	 are	 <	 1	 nm	 in	 diameter,	

schematically	represented	in	Figure	1.4.	As	the	solute	size	decreases,	the	applied	pressure	

increases	to	drive	the	separation.53	While	the	selectivity	of	the	membrane	is	important	to	

evaluate	performance,	the	flux	and	permeability	is	also	significant	and	can	be	affected	by	the	

feed	temperature	or	by	fouling	that	can	occur	on	the	membrane	surface.		

Improving	the	thermal	stability	of	TFC	membranes	is	of	interest	to	meet	the	demand	

of	industrial	separation	processes	that	maintain	high	feed	temperatures.	For	example,	food	

process	water	is	typically	maintained	at	temperatures	above	80	°C	to	deter	the	growth	of	

microorganisms.54	The	structure	of	a	TFC	is	a	polymer	bilayer	consisting	of	a	membrane	

support,	commonly	polyethersulfone	(PES),	polysulfone,	(PSf),	or	polyetherimide	(PEI),	

and	a	selective	polyamide	(PA)	layer	that	is	formed	on	the	membrane	support	by	interfacial	

polymerization	(IP).	The	polyamide	is	responsible	for	the	separation	of	solutes	where	the	

support	layer	improves	the	integrity	of	the	material	during	high	pressure	and	temperature	
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filtration.53	Both	layers	can	be	modified	and	optimized	to	enhance	thermal	stability.	There	

are	numerous	examples	in	the	literature	reporting	the	improved	thermal	stability	of	

membranes	by	incorporating	inorganic	materials	such	as	antimony-doped	tin	oxide	

nanoparticles,55	zeolites,56	or	modified	silica	nanoparticles.57,58	The	same	can	be	said	for	

organic	materials	like	modified	polystyrene	nanoparticles 59	or	with	thermo-responsive	

polymer	materials	of	varied	morphologies	such	is	the	focus	of	the	work	herein.3,60–65	The	

modified	membranes	not	only	enhance	the	thermal	stability	but	often	mitigate	the	impact	

of	membrane	fouling.	 

	

1.3.2		 Modification	of	Polyamide	Selective	Layer	with	pNIPAm	

Membrane	fouling	occurs	when	feed	solutes	accumulate	on	the	membrane	and	block	

the	passage	of	water,	compacted	by	the	applied	pressure	driving	the	separation.	Often	the	

hydrophilic-hydrophilic,	hydrophobic-hydrophobic,	or	electrostatic	charge	interactions	will	

result	in	the	deposition	of	colloidal,	organic,	or	dissolved	macro-materials	on	the	membrane	

surface.	 There	 have	 been	 developments	 in	 physical	 coatings	 and	 chemical	 grafting	

techniques	 to	 impart	 antifouling	 properties	 on	 membranes	 to	 prolong	 the	 performance	

lifetime.	 While	 physical	 coating	 methods	 are	 generally	 simpler,	 adaptable	 to	 many	

substrates,	 and	 inexpensive,	 the	 weak	 attachment	 interaction	 is	 not	 a	 good	 long-term	

solution	as	it	can	be	washed	away	during	filtration.66	Chemical	grafting	methods	are	more	

Figure	1.4	Scheme	of	pressure-driven	membrane	separation	stages.	Created	with	BioRender.	
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sophisticated	 as	 they	 typically	 use	 tailor-made	 functionalized	 materials	 that	 can	 be	

chemically	crosslinked	to	or	from	the	membrane	surface	to	create	a	stronger	more	robust	

attachment	between	the	two	materials.	 In	the	scope	of	this	work,	unreacted	acyl	chloride	

groups	 (-COCl)	 from	 the	 trimesoyl	 chloride	 (TMC)	 used	 in	 the	 IP	 reaction	 to	 form	 the	

polyamide	selective	layer	is	available	to	covalently	bond	with	any	amine	modified	material.	

It	 is	 often	 the	 case	 that	 the	materials	 will	 increase	 the	 hydrophilicity	 of	 the	membrane,	

decreasing	the	attachment	of	hydrophobic	solutes,	as	well	as	decreasing	the	negative	charge	

that	is	intrinsic	of	an	unmodified	polyamide	due	to	the	high	density	of	carboxylic	acids	(from	

hydrolyzed	 acyl	 chloride	 groups).67	 While	 there	 have	 studies	 that	 report	 an	 antifouling	

membrane	with	pNIPAm	incorporated	into	the	support	layer	of	the	membrane,65	or	layered	

underneath	the	polyamide,68	 it	 is	more	common	to	modify	the	polyamide	itself	where	the	

material	will	be	in	direct	contact	with	the	feed.62,64,69	

While	 the	 addition-elimination	 reaction	 discussed	 above	 is	 the	 most	 convenient	

chemical	grafting	method,	there	are	others	reported	in	the	literature.	For	example,	a	study	

by	Tripathi	et	al.	reported	a	thermo-responsive	ultrafiltration	membrane	that	grafted	amino-

terminated	pNIPAm	chains	via	polydopamine.62	The	physical	deposition	of	polydopamine	on	

a	PET	membrane	allowed	for	the	covalent	grafting	of	the	terminal	amine	on	the	modified	

pNIPAm	chain.	The	grafted	pNIPAm	was	found	to	decrease	the	pore	size,	which	consequently	

increased	when	the	feed	temperature	was	raised	to	45	°C	because	of	pNIPAm	chain	collapse.	

Additionally,	 the	 rejection	 of	 bovine	 serum	 albumin,	 a	 hydrophobic	 foulant,	 significantly	

increased	when	comparing	the	base	membrane	to	the	pNIPAm	modified	membrane	due	to	

the	 increased	 concentration	 of	 water	 localized	 around	 the	 pNIPAm	 chains	 below	 LCST,	

decreasing	the	fouling	behaviour.		

In	 other	 instances,	 pNIPAm	 nanogels	 were	 incorporated	 directly	 into	 the	 bulk	

membrane	or	polyamide	by	non-covalent	 interactions.	Luo	et	al.	 reported	the	trapping	of	

pNIPAm	nanogels	in	the	membrane	bulk	by	casting	a	homogeneous	mixture	of	lyophilized	

nanogels	 with	 polyethersulfone	 in	 solution	 via	 vapour-induced	 phase	 separation.	 This	

technique	 controls	 the	 temperature,	 humidity,	 and	 exposure	 time	 to	 tailor	 the	

microstructure	of	 the	membrane	pores	that	will	produce	a	membrane	with	“smart	gates”	
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that	will	open	and	close	 in	response	to	 temperature.63	Alternatively,	Wu	et	al.	modified	a	

commercial	TFC	membrane	for	reverse	osmosis	by	letting	an	aqueous	solution	of	pNIPAm-

co-Am	microgels	sit	on	the	surface	of	the	membrane	for	24	h	at	25	°C.	They	reported	that	the	

physical	 adhesion	 via	 hydrogen	bonding	between	 the	 carbonyl	 groups	 and	 amine/amide	

groups	present	in	both	the	polyamide	and	microgels	will	be	strong	enough	the	withstand	RO	

filtration	 at	 100	 psi.64	 While	 these	 and	 other	 similar	 literature	 examples	 can	 achieve	

excellent	 rejection	 and	 antifouling	 properties,	 the	 fabrication	 and	modification	 steps	 are	

lengthy	whereas	 the	 simple	 covalent	 crosslinking	 can	be	done	during	or	 in	 succession	of	

fabricating	the	membrane.		

1.3.3 Hydrogels	for	Water	Treatment	

Traditional	 pressure	 driven	 membrane-based	 systems	 have	 been	 optimized	 and	

readily	employed	for	large	scale	water	treatment	worldwide.70,71	To	compensate	for	the	high	

energy	 costs	 of	 running	 pressure-driven	 systems,	 research	 focus	 has	 shifted	 to	 both	

modifying	commercial	membrane,	as	discussed	above,	as	well	as	exploring	new	materials	to	

increase	 the	 efficiency	 of	 water	 treatment	 processes.	 Employing	 thermo-responsive	

hydrogels	for	self-driven	filtration	is	an	interesting	niche	of	water	treatment	research	as	it	

does	not	require	the	same	energetic	costs	of	continuous	pressure	or	electric	forces.		

Forward	 osmosis	 desalination	 is	 driven	 solely	 by	 the	 osmotic	 potential	 of	 a	

concentration	gradient	across	a	membrane	where	water	moves	from	regions	of	low	osmotic	

pressure	to	high,	or	from	feed	to	draw.	In	a	simple	FO	system,	water	(feed)	will	move	across	

a	semi-permeable	membrane	to	high	osmotic	pressure	saline	solution	(draw).	But	this	is	not	

effective	in	recovering	clean	water,	rather	it	is	just	diluting	the	brine	and	further	desalination	

treatment	is	required,	such	as	RO.	Instead,	draw	agents	have	been	employed	which	work	to	

induce	high	osmotic	pressure	 and	 therefore	 a	high	water	 flux	 that	 can	be	 recovered	and	

reused	 from	 the	 draw	 volume,	 solutes	 such	 as	 sugars72	 or	 ammonium	 bicarbonate.71	

Unfortunately,	 draw	 agents	 will	 often	 experience	 reverse	 ion	 diffusion,	 resulting	 in	

contaminated	feed	solutions	and	generating	the	same	problem	as	in	a	simple	water/brine	

system.	This	issue	has	been	recently	addressed	by	incorporating	highly	hydrophilic	polymer	

layers	 on	 FO	 membranes,	 creating	 high	 osmotic	 potentials,	 and	 eliminating	 reverse	 ion	
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diffusion.	 For	 example,	 Razmjou	 et	 al.	 fabricated	 a	 double-layer	 of	 pNIPAm-co-sodium	

acrylate	and	pure	pNIPAm	as	draw	agents	on	an	FO	membrane.	The	high	osmotic	potential	

of	 the	 absorptive	 polyelectrolyte	 pSA	hydrogel	 layer	will	 draw	water	 from	 the	 feed.	 The	

second	pNIPAm	 layer	will	 acts	 as	 a	 dewatering	 layer	whereby	 solar	 energy	 can	heat	 the	

hydrogels	above	the	LCST	to	recover	the	clean	water.71	The	potential	to	use	renewable	solar	

energy	to	recover	clean	water	and	scale	this	membrane	framework	up	to	achieve	essentially	

zero-cost	water	desalination.		

Hydrogels	have	also	been	used	as	independent	filtration	materials	without	coupling	

to	a	membrane.	Polyelectrolyte	hydrogels	have	been	used	in	several	studies	for	clean	water	

uptake	due	to	the	high	ionic	charge	density	contained	within	the	polymer	that	creates	a	high	

osmotic	pressure	within	the	gel.7,73–76	While	it	seems	counterintuitive,	the	Donnan	exclusion	

of	salt	ions	in	the	feed	can	be	rejected	from	the	hydrogel	matrix	due	to	the	charge	density,	

even	 those	 of	 opposite	 charge	 and	 the	 water	 taken	 up	 by	 the	 gel	 in	 salt-depleted	 in	

comparison	to	the	feed.	pAAc	hydrogels	have	a	reported	rejection	of	35%	but	the	mode	to	

reclaim	 the	 salt	 depleted	water	 for	 polyelectrolyte	 hydrogels	 is	 only	 through	mechanical	

squeezing.73	 Attempts	 to	 copolymerize	 these	 ionic	 polymers	 with	 thermo-responsive	

polymers	like	pNIPAm	in	hopes	to	recover	clean	water	by	heating	are	largely	unsuccessful	

due	to	 the	electrostatic	repulsion	dominating	the	dewatering	transition	when	heated	and	

with	decreased	ionic	character,	both	the	swelling	ratio	and	rejection	decreased	without	any	

significant	recovery	where	for	example	pNIPAm-co-SA	hydrogel	could	similarly	achieve	up	

to	20%	salt	 rejection	but	only	9%	water	 recovery.7	Attempts	 to	 improve	 the	 rejection	of	

polyelectrolyte	 hydrogels	 was	 done	 by	 coating	 the	 hydrogels	 in	 a	 polyamide	 skin	 layer	

identical	to	that	used	in	TFC	membranes	to	create	a	core-shell	structure.	This	selective	skin	

layer	allowed	for	>90%	rejection	of	both	monovalent	and	divalent	salt	species	but	the	water	

contained	in	the	hydrogels	could	not	be	recovered	without	damaging	the	PA	layer.74	Gupta	

et	al.	reported	an	optimized	method	for	forming	a	robust	PA	layer	on	a	pNIPAm	hydrogel	

that	 could	 withstand	 up	 to	 100	 heating	 cycles	 without	 showing	 signs	 of	 cracking	 or	

delamination	 by	 incorporating	 branched	 polyethyleneimine	 to	 anchor	 the	 PA	 to	 the	

hydrogel.76	However,	they	were	only	able	to	selectively	reject	larger	divalent	salt	species,	not	

Na+	or	Li+.	To	combat	the	challenges	outlined	here,	Chapter	4	details	a	thermo-responsive	
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hydrogel	that	is	capable	to	rejecting	both	monovalent	and	divalent	salts	and	can	withstand	

the	heat	cycling	to	recover	clean	water	3	times.			

1.4		 Conclusion	

In	 this	chapter,	 the	relevant	background	on	 thermo-responsive	polymers	and	how	

they	work,	how	they	can	be	used	in	sensing,	and	how	they	can	be	structured	in	core-shell	

morphologies	for	different	applications	has	been	detailed.	Additionally,	thin-film	composite	

membranes	 for	water	 remediation	were	 introduced	 and	 how	 they	 can	 be	modified	with	

different	polymeric	materials	to	achieve	better	thermal	stability,	rejection,	and	antifouling	

properties.	 And	 finally,	 the	 use	 of	 larger	 scale	 hydrogels	 for	 self-driven	 filtration	 for	

desalination	was	discussed.	

For	 the	 scope	 of	 work	 detailed	 herein,	 the	 temperature	 dependent	 swelling	 and	

deswelling	of	the	polymer	pNIAPm	in	an	aqueous	environment	is	the	focus	and	how	various	

core-shell	 morphologies	 of	 this	 material	 can	 be	 used	 in	 the	 controlled	 release	 of	 small	

molecules	and	for	water	treatment	and	remediation	purposes.	Specifically,	in	Chapter	1	the	

dye	uptake	and	release	of	free-solution	and	immobilized	functionalized	pNIPAm	cores	with	

varying	 shell	 thicknesses	 is	 evaluated	 under	 different	 pH	 and	 temperature	 conditions.	

Similar	core-shell	nanogels	with	an	APMA	shell	were	fabricated	for	the	incorporation	into	a	

thin	 film	 composite	 membrane	 via	 covalent	 crosslinking	 between	 the	 nanogel	 and	 the	

membrane	 system	 to	 evaluate	 flux	 behaviour	 and	 salt	 rejection	 with	 increasing	 feed	

temperatures.	 Additionally,	 the	 localization	 of	 the	 same	 nanogels	 on	 the	 surface	 of	 the	

membrane	was	evaluated	for	antifouling	performance	is	detailed	in	Chapter	2.	Lastly,	a	novel	

core-shell	structure	of	pNIPAm	hydrogel	cores	coated	in	a	polyamide	shell	was	evaluated	for	

monovalent	and	divalent	salt	rejection	as	well	as	 its	ability	to	withstand	multiple	heating	

cycles	to	recover	the	clean	water	taken	up	by	the	gel.		
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Chapter	 2	 Poly(N-isopropyl	 acrylamide)-based	 Core-shell	Microgels	 for	

Controlled	Release	of	Dyes		

2.1		 Introduction	

Polymer	materials	have	been	used	in	a	wide	range	of	applications	from	drug	delivery	

to	 contaminant	 uptake	 for	 environmental	 treatment.	 Previously,	 the	 Serpe	 group	 has	

explored	 the	 uptake	 and	 release	 of	 organic	 dyes	 from	 pNIPAm-based	 microgels	 and	

assemblies.77–79	 Organic	 dye	 species	 like	 crystal	 violet	 (CV)	 and	 orange	 II	 (OII)	 are	

considered	 environmental	 contaminants	 due	 to	 their	 use	 in	 many	 industries	 but	 most	

notably	the	textile	industry	as	fabric	dyes.	Both	are	toxic	and	genotoxic	and	are	becoming	

increasingly	present	in	soil	and	water	where	they	persist	for	long	periods	of	time.52,80	The	

concern	for	wildlife,	agriculture,	and	human	exposure	has	led	to	management	options	for	the	

uptake	or	degradation	of	these	dye	species	and	others	like	it.		

In	the	context	of	mechanistic	uptake	and	release,	the	previously	mentioned	studies	

found	 that	 OII	 uptake	 in	 pNIPAm	 microgels	 was	 limited	 compared	 to	 pNIPAm-co-AAc	

microgels.77	 The	 argument	 being	 that	 the	 increased	 size	 of	 the	 pNIPAm-co-AAc	 network	

allowed	 for	more	 dye	molecules	 to	 enter	 the	microgel	 due	 to	 the	 increased	 electrostatic	

repulsion	between	the	deprotonated	carboxyl	groups	in	AAc	at	a	pH	above	the	pKa,	which	is	

~4.3,	 compared	 to	 when	 the	 carboxyl	 group	 is	 protonated	 below	 the	 pKa.	 A	 schematic	

representation	of	acrylic	acid	(AAc)	containing	microgels	 in	response	 to	changes	 in	pH	 is	

presented	 in	 Figure	 2.1-a.	 	 The	 uptake	 was	 also	 dependent	 on	 the	 environmental	

temperature	due	to	the	LCST	properties	of	pNIPAm	as	discussed	in	detail	in	section	1.1.2,	

where	uptake	was	greater	below	the	LCST	when	the	polymer	is	in	the	swollen	hydrated	state.	

This	study	also	found	that	there	was	a	significant	amount	of	leaching	of	the	dye	molecules	

with	time,	where	25.6%	of	retained	dye	was	lost	to	the	surrounding	water	environment.77	

This	is	likely	due	to	the	negative	charge	of	the	deprotonated	carboxyl	group	and	the	anionic	

OII	dye	contributing	additional	repulsion	interactions	despite	the	additional	volume	of	the	

microgel	 in	 this	 state.	 An	 additional	 study	 by	 the	 same	 authors	was	 done	 exploring	 the	

uptake	 efficiency	 of	 the	 individual	 pNIPAm-co-AAc	 microgel	 particles	 compared	 to	

aggregates	formed	from	crosslinking	the	microgels	with	N,N’-methylenebisacrylamide.	The	
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uptake	 of	 the	 microgels	 increased	 from	 29.5%	 to	 44.2%	 when	 in	 aggregates	 at	 room	

temperature	and	even	more	so	when	heated	above	the	LCST.	78	This	result	is	interesting	and	

prompted	the	idea	that	there	may	be	a	difference	in	both	loading	and	release	behaviour	for	

similar	microgel	materials,	such	as	core-shell	structures	of	pNIPAm	polymer,	free	in	solution	

and	 when	 immobilized	 on	 a	 gold	 surface	 which	 may	 mimic	 the	 aggregates	 previously	

studied.	

	 The	loading	and	subsequent	release	of	dye	from	immobilized	microgels	sandwiches	

between	gold	layers	in	an	etalon	structure	was	also	explored.	pNIPAm	microgels	have	been	

employed	in	etalons	for	colorimetric	sensing	of	many	different	target	species	such	as	heavy	

metal	 species	 (Pb2+,	 Hg2+,	 and	 Cr3+),81	 hormone	 species,82,83	 and	 other	 organic	 dyes	 like	

methylene	 blue.79	 Etalons	 are	 unique	 in	 their	 sensitivity	 to	 small	 changes	 in	 distance	

between	 the	 two	 gold	 layers	will	 result	 in	 visible	 colour	 change.	 The	 stimuli-responsive	

pNIPAm	microgels	 are	 an	 ideal	material	 for	 the	middle	 dielectric	 layer	 that	 change	 size	

rapidly	 in	 response	 to	 different	 stimuli.84,85	 In	 the	 literature,	 a	 sulfide	 group	 is	 usually	

employed	to	create	a	strong	interaction	between	pNIPAm	based	materials	to	a	gold	surface	

either	by	modifying	the	terminal	ends	of	the	polymer	chains	with	a	-SH	group	or	utilizing	a	

disulfide	 bridge	 from	 a	 specific	 crosslinker	 to	 create	 a	 monolayer	 to	 polymer	 on	 gold	

surfaces.86,87	 But	 it	 has	 been	 has	 observed	 that	 there	 is	 some	 non-covalent	 binding	 that	

occurs	 between	 pNIPAm	 and	 gold	 surfaces	 that	 allows	 pNIPAm	 based	 microgels	 to	 be	

painted	 onto	 a	 gold	 surface	 with	 good	 adhesion	 for	 exploring	 the	 properties	 when	

immobilized.	It	is	hypothesized	that	the	immobilization	of	pNIPAm	on	a	gold	is	due	to	the	

interaction	between	the	lone	pairs	of	the	amide	group	and	the	Au	surface.88	The	impact	of	

ionic	 strength	 (IS)	 and	 charge	 contained	 within	 the	 microgels	 themselves	 will	 alter	 the	

microgel-microgel	and	microgel-surface	interactions	in	turn	altering	the	packing	density	and	

assembly	on	the	gold	surface.	If	the	pH	is	above	the	pKa	of	AAc	and	the	ionic	strength	is	low,	

as	it	is	in	the	experiments	detailed	below,	the	formation	of	microgel	aggregates	is	lower	as	is	

the	packing	density.89	This	idea	that	immobilized	microgels	may	behave	as	aggregates	and	

will	have	improved	loading	compared	to	individual	microgel	particles	as	was	determined	in	

the	previously	mentioned	study,	led	to	the	work	presented	in	this	chapter.	In	this	work,	a	

core-shell	microgels	were	made	by	copolymerizing	pNIPAM	with	acrylic	acid	(AAc)	or	N-(3-
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aminopropyl)methacrylamide	hydrochloride	(APMA)	to	create	a	spherical	core,	followed	by	

the	addition	of	a	pNIPAm	shell	of	varying	thickness.	As	some	leaching	of	the	loaded	dye	was	

observed	from	both	the	microgels	and	the	aggregates,	the	addition	of	the	shell	may	help	in	

preventing	leaching	of	the	dye.	77,78	

The	 design	 of	 the	 experiment	 is	 using	 the	 same	 theory	 of	 loading	 the	 microgel	

modified	with	AAc	or	APMA	when	the	comonomer	is	charged	as	was	done	in	the	previous	

dye	 loading	 studies,	where	 the	 chosen	 dye	 carries	 an	 opposite	 charge	 to	 that	 inside	 the	

polymer	to	improve	the	loading	and	prevent	leaching.	The	model	system	of	loading	pNIPAm-

co-AAc	 microgels	 with	 cationic	 crystal	 violet	 (CV)	 and	 pNIPAm-co-APMA	 with	 anionic	

orange	II	(OII)	dye	was	chosen.	The	behaviour	of	the	modified	cores	is	compared	to	the	same	

cores	with	added	pNIPAm	shells	to	observe	the	impact	of	the	shell	thickness	on	the	release	

of	the	target	dye	both	below	and	above	the	LCST	and	whether	the	shell	will	have	a	greater	

influence	 on	 the	 dye	 release	 in	 solution	 or	 when	 immobilized.	 	 The	 free	 solution	 and	

immobilized	sample	methodology,	dye	uptake	study,	TEM	and	most	DLS	characterization,	

and	all	core-shell	microgel	sample	synthesis	was	performed	by	Dr.	Krista	Freuhauf.	The	dye	

release	experiments,	remaining	DLS,	AFM,	and	data	processing	was	performed	by	me.	
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2.2							Experimental	Section	

	 Materials:	 N-isopropylacrylamide	 (NIPAm)	 purified	 by	 recrystallization	 from	

hexanes	(ACS	reagent	grade,	EMD,	Gibbstown,	NJ)	before	use.	N,N’-methylenebisacrylamide	

(BIS,	 99%),	 acrylic	 acid	 (AAc,	 99%),	 N-(3-aminopropyl)methacrylamide	 hydrochloride	

(APMA),	ammonium	persulfate	(APS,	≥98%),	sodium	dodecyl	sulfate	(SDS,	99%)	and	sodium	

hydroxide	(NaOH)	were	obtained	from	Sigma-Aldrich	(Oakville,	Ontario)	and	were	used	as	

received.	Hydrochloric	acid	(HCl)	was	purchased	from	Caledon	Lab.	Deionized	(DI)	water	

a)
a	

b)	

Figure	2.1	Illustration	of	the	swelling	and	shrinking	mechanism	of	(a)	acrylic	acid	comonomer	and	(b)	N-
(3-aminopropyl)methacrylamide	in	response	to	changes	in	pH	above	and	below	the	respective	pKa.	



  21 

with	a	resistivity	of	18.2	MΩ	cm	was	obtained	from	a	Milli-Q	Plus	system	and	was	used	for	

all	experiments.	A	pH	meter	(JENCO	6173)	was	used	to	tune	solution	pH.			

2.2.1	 Core-shell	Microgel	Synthesis	

Core-shell	microgels	were	 synthesized	 in	 a	 two-step	 precipitation	 polymerization.	

Two	 different	 microgel	 core	 compositions,	 pNIPAm-co-AAc	 and	 pNIPAm-co-APMA,	 were	

synthesized.	NIPAm	(11.7	mmol	and	12.6	mmol	for	co-AAC	and	co-APMA,	respectively)	and	

BIS	(0.7	mmol)	and	either	AAc	(0.7	mmol)	or	APMA	(0.7	mmol)	were	dissolved	in	Milli-Q	

water	(98	mL)	and	transferred	to	a	round	bottom	flask.	1	mL	of	SDS	(0.2	mmol)	was	added	

to	the	pNIPAm-co-AAc	core	synthesis	only	at	this	time.	The	solution	was	heated	to	70	°C	in	

an	oil	bath	and	sparged	with	N2	gas	for	30	min.	The	volume	was	initiated	with	APS	(1	mL,	0.1	

mmol)	under	an	N2	atmosphere	maintained	at	70	°C	for	3	h.	After	3	h,	the	flask	was	removed	

from	the	bath	 to	cool	 to	room	temperature	before	opening	 to	air	 to	quench.	Volume	was	

filtered	through	Whatman	no.	1	filter	paper	then	transferred	to	12	kDa	dialysis	tubing	for	a	

minimum	of	8	water	changes	over	1	week.	The	yield	and	concentration	were	determined	by	

lyophilization.	

The	 pNIPAm	 shell	 additions	with	 increasing	 concentration	were	 added	 to	 the	 as-

prepared	cores	(5	mM,	10	mM,	and	20	mM).		The	diluted	core	samples	(9	mL,	~	62	mg)	were	

heated	to	70	°C	under	nitrogen	before	adding	the	monomer	solution	containing	NIPAm	(0.09	

mmol,	0.2	mmol,	and	0.38	mmol)	and	BIS	(0.02	mmol).	After	30	min	of	heating,	the	volume	

was	initiated	with	APS	(0.04	mmol)	and	allowed	to	proceed	at	constant	temperature	for	3	h	

in	nitrogen	atmosphere.	The	volume	was	cooled	to	room	temperature	before	opening	to	air	

to	quench	the	reaction.	The	core-shell	microgels	were	purified	by	centrifugation	3	times.		
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2.2.2	 Dye	Uptake,	Loading,	and	Release	Experiments		

A	 solution	 of	 the	 as-prepared	 cores	 and	 core-shell	microgels	 (0.25	mg/mL)	were	

incubated	 with	 the	 appropriate	 dye	 at	 a	 pH	 above	 and	 below	 the	 respective	 pKa	of	 the	

polymer	for	30	min.	The	AAc	containing	gels	were	incubated	with	22	µM	CV	at	pH	3	and	6.5.	

The	APMA	containing	gels	were	incubated	with	45	µM	OII	at	pH	5.5	and	11.	The	pH	of	Milli-

Q	water	was	adjusted	with	0.01	M	NaOH	and	0.01	M	HCl	and	monitored	by	pH	probe.	After	

30	min,	the	volume	was	centrifuged	at	14k	rpm	for	20	min.	The	supernatant	was	measured	

before	 and	 after	 microgel	 loading	 with	 UV-Vis	 (590	 nm	 for	 CV	 and	 486	 nm	 for	 OII)	 to	

determine	the	uptake.		

70	°C,	3	h	
APS	

a)
a	

b)	

Figure	2.2	Polymerization	reaction	scheme	for	the	fabrication	of	(a)	functional	pNIPAm	cores	and	(b)	pNIPAm	
shell	addition	to	make	core-shell	microgels.		

OR	
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2.2.3	 Dye	Loading	and	Release	from	Free-Solution	Microgels		

In	conditions	similar	to	those	of	the	immobilized	samples,	the	dye	release	kinetics	of	

core	 and	 core-shell	 microgels	 free	 in	 solution	was	 observed.	 In	 an	 eppendorf	 tube,	 AAc	

microgels	 (1	 mg/mL)	 were	 incubated	 in	 CV	 (1	 mM)	 at	 pH	 6.5	 overnight.	 The	 tube	 was	

centrifuged	at	12k	 rpm	 for	20	min	and	 resuspended	 in	pH	6.5	water	overnight,	 this	was	

repeated	twice	more	to	remove	excess	dye.	The	final	pellet	was	diluted	to	0.2	mg/mL	(5	mL	

total)	with	pH	6.5	water.	The	sample	was	circulated	by	peristaltic	pump	with	a	flow	rate	of	

2.5	 mL/min	 through	 a	 quartz	 UV-Vis	 flow	 cell	 quartz	 cuvette	 at	 room	 temperature	 and	

blanked	to	ensure	no	dye	release.	50	µL	of	0.01M	HCl	was	added	to	the	volume	and	spectra	

were	collected	every	5	s	for	6	min	at	590	nm.	The	same	procedure	was	followed	except	the	

sample	was	warmed	in	a	water	bath	at	40	°C	before	adding	the	HCl,	and	the	cuvette	cell	was	

also	heated	to	40	°C	to	observe	temperature	effects.	The	same	procedure	was	followed	for	

the	APMA	microgels	using	1	mM	OII	at	pH	5.5.	Adding	3	drops	of	0.1	M	NaOH	to	increase	the	

pH	to	11	before	collecting	spectra	every	5	s	for	8	min	at	486	nm.	The	pH	of	the	solution	was	

measured	after	the	experiment	was	completed	to	ensure	the	correct	release	pH	was	reached.	

A	schematic	illustration	of	the	experiment	setup	is	shown	in	Figure	2.3.		

Figure	2.3	Illustration	of	dye	release	experiment	set	up.	Created	with	BioRender.	

UV-Vis	Spectrometer	

Peristaltic	pump	

Quartz	cuvette	
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2.2.4		 Dye	Loading	and	Release	from	Immobilized	Microgels		

The	release	kinetics	of	the	core	and	core-shell	gels	was	observed	when	immobilized	

on	 a	 gold	 surface.	A	 concentrated	 volume	of	 the	microgels	was	painted	 glass	 slides	with	

thermally	deposited	gold	(2	nm	Cr,	45	nm	Au)	and	allowed	to	dry	at	35	°C	before	soaking	in	

water	at	30	°C	to	remove	any	unbound	microgels	from	the	gold	surface.		

The	immobilized	AAc	microgel	cores	and	core-shells	(4	mg/mL)	were	soaked	in	pH	

6.5	 CV	 solution	 (1	 mM)	 for	 at	 least	 3	 days	 to	 maximize	 the	 loading.	 The	 slides	 were	

transferred	 to	 pH	 6.5	 water	 overnight	 to	 remove	 any	 excess	 dye	 not	 contained	 in	 the	

microgels.	The	slide	was	then	transferred	to	a	shallow	dish	containing	5	mL	volume	of	fresh	

pH	6.5	water	that	was	circulated	by	a	peristaltic	pump	(2.5	mL/min)	through	a	quartz	UV-

Vis	flow	cell	at	room	temperature.	Each	sample	was	blanked	to	confirm	no	premature	dye	

release	before	replacing	the	volume	with	5.0	mL	pH	3	water	to	trigger	the	release.	The	pH	3	

volume	was	blanked	again	before	taking	measurements	every	30	s	for	30	min	at	590	nm.	

This	same	procedure	was	repeated	where	the	shallow	dish	was	warmed	to	40	°C	and	the	

holding	cell	for	the	cuvette	was	set	to	the	same	to	measure	above-LCST	release	kinetics.	The	

same	 general	 procedure	was	 followed	 for	 loading	 immobilized	 APMA	microgels	 using	 5	

mg/mL	OII	at	pH	5.5.	pH	11	water	was	used	to	trigger	the	release	of	the	dye	and	spectra	were	

collected	every	30	s	for	30	min	at	486	nm.		

2.2.5		 Characterization	of	Microgels	

Dynamic	light	scattering	(DLS)	measurements	were	done	to	approximate	the	size	of	

the	microgels	in	solution	and	confirm	the	addition	of	the	shell.	The	size	of	the	core	and	the	

cores	with	5	mM,	10	mM,	and	20	mM	shell	additions	were	measured	at	pH	below	and	above	

the	pKa	of	the	functional	comonomer	as	well	as	at	temperatures	below	and	above	the	LCST	

of	pNIPAm.	The	yield	and	size	of	the	microgels	under	these	conditions	is	summarized	in	table	

2.1.	

Brightfield	 transmission	 electron	microscope	 (TEM)	 images	 of	 the	 dried	microgel	

cores	and	core-shell	particles	to	approximate	the	dry	diameter	using	a	JEOL	JEM-ARM200CF	

S/TEM.	Without	 staining,	 the	vague	 shape	of	 the	microgels	 can	be	 seen	 (Figure	2.4).	 	An	
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image	of	AAc	core	impregnated	with	CV	was	imaged	(Figure	2.4-a)	and	did	not	improve	the	

contrast	in	the	image.	While	TEM	is	excellent	for	imaging	small	particles,	the	pNIPAm-based	

microgels	are	very	soft	materials	and	therefore	defined	edges	are	hard	to	image.	Figure	2.5	

summarizes	the	atomic	force	microscopy	data	(DI	Dimension	3000)	that	was	used	to	observe	

the	packing	of	the	microgels	onto	the	gold	surface.	From	the	AFM	the	dry	diameter	of	the	

immobilized	microgels	can	be	approximated.	

	

Table	 2.1	 Hydrodynamic	 diameter	 of	 microgel	 cores	 and	 core-shells	 at	 different	 pH,	

temperature,	and	polymerization	yields.	

Nanoparticle	 pH	 Dh	at	25	°C	(nm)	 Dh	at	40	°C	(nm)	 Yield	

AAc	Core	
3	 222	±	5	 116.3	±	0.6		

72%	
6.5	 321	±	7	 169	±	8		

AAc	Core/5	

mM	Shell	

3	 221	±	2	 131	±	2		
78%	

6.5	 341	±	4	 306	±	6		

AAc	Core/10	

mM	Shell	

3	 219	±	2	 136	±	19	
70%	

6.5	 363	±	6	 333	±	6		

AAc	Core/20	

mM	Shell	

3	 225.9	±	0.4	 124	±	1		
93%	

6.5	 308	±	3	 250	±	40		

APMA	Core	
5.5	 880	±	5	 766	±	8		

40%	
11	 715	±	8	 639	±	4		

APMA	Core/5	

mM	Shell	

5.5	 610	±	10	 540	±	10		
66%	

11	 518	±	3	 480	±	10		

APMA	Core/10	

mM	Shell	

5.5	 700	±	80	 455	±	6		
66%	

11	 580	±	10	 434	±	5		

APMA	Core/20	

mM	Shell	

5.5	 790	±	20	 644	±	9		
82%	

11	 600	±	20	 508	±	8		
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Figure	2.5	 AFM	 images	 of	 the	 immobilized	 (a)	AAc-core,	 (b)	AAc-20,	 (c)	APMA-core,	 and	 (d)	APMA-20	
microgels	on	a	gold-coated	glass	slide	with	the	approximate	dry	microgel	radius	(inset).		

a)	 b)	

c)	 d)	

a)	 b)	

Figure	2.4	Brightfield	TEM	image	of	dried	microgel	samples	(a)	AAc-core	and	(b)	APMA-core.	
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2.3	 Results	and	Discussion	

Eight	 different	 microgel	 samples	 were	 synthesized	 by	 free	 radical	 precipitation	

polymerization	as	detailed	in	section	2.2.1.	Two	pNIPAm	core	particles	copolymerized	with	

an	 anionic	monomer	 (AAc)	 and	a	 cationic	monomer	 (APMA)	were	 further	modified	with	

shells	 of	 pNIPAm	 in	 increasing	monomer	 concentrations	 (5	mM,	10	mM,	 and	20	mM)	 to	

increase	the	shell	thickness	(referred	to	as	AAc-core,	AAc-5,	AAc-10,	AAc-20	and	APMA-core,	

APMA-5,	 APMA-10,	 and	 APMA-20,	 herein).	 The	 core	 and	 core-shell	 microgels	 were	

characterized	 by	 DLS,	 summarized	 in	 Table	 2.1.	 The	 size	 of	 AAc-Core	 microgels	 was	

evaluated	at	pH	3	and	6.5,	above	and	below	the	pKa	of	AAc,	which	is	near	4.3.	The	size	of	

APMA-Core	microgels	was	measured	at	pH	5.5	and	11,	above	and	below	the	pKa	of	APMA	at	

approximately	10.	When	the	pH	was	below	the	pKa	of	the	respective	functional	monomer,	

the	ionizable	groups	are	protonated.	In	the	case	of	AAc,	the	carboxyl	group	is	protonated	and	

therefore	 neutral	 in	 charge.	 When	 the	 pH	 is	 increased	 to	 6.5,	 the	 carboxyl	 groups	 are	

deprotonated	 and	 create	 a	 localized	 negative	 charge	 density,	 increasing	 the	 electrostatic	

repulsion	within	the	core,	and	increasing	the	observable	size.	The	same	concept	is	applied	to	

the	APMA	containing	microgels	where	the	primary	terminal	amine	on	APMA	is	protonated	

below	the	pKa	and	is	carrying	a	positive	charge,	increasing	the	size	of	the	core.	When	the	pH	

is	raised	to	11,	the	amine	is	deprotonated	and	neutrally	charged,	resulting	in	a	decrease	in	

size.	The	effect	of	temperature	on	the	size	was	also	measured	by	increasing	it	above	the	LCST	

of	pNIPAm	at	~	32	°C.	The	decrease	in	size	between	25	°C	and	40	°C	can	be	observed	in	all	

samples	in	Table	2.1.	The	exact	shell	thickness	is	difficult	to	determine	from	the	DLS	data.	

The	core-restricted	swelling	of	pNIPAm-co-AAc	cores	with	a	pNIPAm	shell	was	investigated	

by	Jones	&	Lyon	where	they	reported	that	the	shell	adds	a	layer	of	rigidity	to	the	system	that	

does	not	allow	for	the	full	volume	change	observed	in	the	cores	alone.90	The	shell	addition	is	

done	 above	 the	 LCST	 of	 the	 core,	while	 it	 is	 in	 the	 collapsed	 deswollen	 state,	where	 the	

swelling	of	the	core	upon	cooling	below	the	LCST	will	be	restricted	both	above	and	below	

the	pKa	of	AAc.	Consider	the	AAc-Core	compared	to	AAc-20,	the	size	at	pH	3	at	25	°C	is	not	

significantly	different,	222	±	5	nm	and	225.9	±	0.4	nm,	respectively.	Increasing	the	pH	to	6.5	

at	25	°C,	the	size	of	AAc-20	is	smaller	than	AAc-core,	308	±	3	nm	and	321	±	1	nm,	respectively.	

The	 shell	 restricted	 swelling	 is	 even	more	 obvious	 in	 the	 APMA	 samples,	 where	 APMA-
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5/10/20	all	are	smaller	than	APMA-core	when	in	the	protonated	state	at	pH	5.5	at	25	°C.	

Decreasing	from	880	±5	nm	of	the	core	to	610	±	10	nm,	700	±	80	nm,	and	790	±	20	nm	for	

APMA-5,	APMA-10,	and	APMA-20,	respectively.	Additionally,	the	pH	responsive	cores	will	

undergo	 a	 smaller	 volume	 transition	 when	 heated	 above	 the	 LCST	 due	 to	 the	 charge	

repulsion	resisting	complete	collapse	of	the	pNIPAm	chains	around	them.	But	the	addition	

of	a	the	pNIPAm	shell	will	compress	the	core	even	when	in	the	charged	state	above	the	LCST.	

Again,	this	is	best	seen	in	the	APMA	samples	where	the	charged	APMA-core	at	pH	5.5	at	40	

°C	is	766	±	8	nm	in	diameter	compared	to	540	±	10	nm,	455	±	6	nm,	and	644	±	9	nm	for	

APMA-5,	 APMA-10,	 and	 APMA-20,	 respectively.	 All	 showing	 a	 decreased	 diameter,	 or	

increased	volume	transition,	due	to	the	compression	of	the	core	even	when	charged.	Taking	

this	into	consideration,	while	the	exact	shell	thickness	cannot	be	determined,	the	DLS	results	

do	 confirm	 the	 presence	 of	 a	 shell	 in	 agreement	with	 the	 trends	 reported	 for	 core-shell	

materials	of	 this	nature.90	 	Brightfield	TEM	images	 for	 the	microgel	cores	and	core-shells	

seen	in	Figure	2.4	are	not	well-defined	spheres	as	pNIPAm	polymer	materials	are	very	soft	

and	 intensity	 of	 the	 electron	beam	will	 typically	 penetrate	 through	 the	material.	 But	 the	

approximate	dry	diameter	of	the	samples	can	be	determined.	Other	studies	have	used	stains	

such	 as	 phosphotungstic	 acid	 (PTA)	 for	 pNIPAm	 polymer	 materials	 to	 produce	 higher	

contrast	images,	but	this	was	done	in	this	work.91			 	

Utilizing	the	negative	charge	in	the	AAc	samples	or	the	positive	charge	in	the	APMA	

samples,	 the	 uptake	 of	 oppositely	 charged	 species	 can	 be	 explored	 by	 the	 electrostatic	

interactions.	For	AAc,	the	deprotonated	carboxyl	group	will	attract	positively	charged	dye	

molecules	like	crystal	violet,	the	same	phenomena	will	be	observed	between	the	protonated	

amine	group	in	APMA	and	negatively	charged	dye	species	like	Orange	II.	This	was	validated	

by	performing	a	dye	uptake	test	under	different	pH	conditions	by	measuring	the	absorbance	

of	the	feed	before	and	after	adding	microgel	sample	to	a	dye	solution	of	known	concentration	

by	UV-Vis.	As	seen	in	Figure	2.6-a,	the	loading	of	CV	into	the	AAc	microgels	was	best	achieved	

at	pH	6.5	above	the	pKa	compared	to	below	at	pH	3,	as	expected.	There	is	a	small	amount	of	

uptake	that	can	be	seen	at	the	“neutral”	pH	which	could	be	due	to	a	small	amount	of	negative	

charge	imparted	by	the	APS	initiator	incorporated	into	the	polymer	attracting	some	dye	or	

not	achieving	complete	protonation	of	all	the	AAc	groups	after	adjusting	the	pH.	The	same	
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trend	is	observed	for	the	APMA	containing	microgels	where	a	largest	change	is	seen	when	

the	 gel	 is	 positively	 charged	 at	pH	5.5	 compared	 to	pH	11	 in	Figure	2.6-b.	The	observed	

uptake	at	pH	11	could	be	explained	similarly	to	the	AAc	samples	where	not	all	the	amine	

groups	were	deprotonated	at	this	pH.	With	this	proof	of	concept,	the	investigation	on	the	

release	of	dye	from	the	different	core	and	core-shell	microgels	immobilized	on	a	gold	surface	

and	free	in	solution	was	done.	

	

A	test	experiment	of	5µM	CV	and	OII	in	pH	6.5	and	5.5	water,	respectively,	without	

any	 microgel	 present	 was	 circulated	 through	 the	 peristaltic	 pump,	 the	 instrument	 was	

blanked,	and	circulated	for	1	min	before	adjusting	the	pH.		The	effect	of	pH	on	the	absorbance	

of	 the	dye	was	measured	at	25	°C	and	40°C	and	the	change	 in	absorbance	with	time	was	

observed	 and	 presented	 in	 Figure	 2.7-(c	 &	 d).	 In	 general,	 the	 shape	 of	 the	 free	 solution	

profiles	is	due	to	the	mixing	of	the	sample	through	the	peristaltic	pump.	For	CV,	the	dye	will	

reportedly	change	colour	from	yellow	to	purple	at	pH	0-2.	By	decreasing	the	pH	from	6.5	to	

3,	there	is	an	observable	increase	in	the	colour	intensity	to	the	eye	validating	the	increased	

absorbance	at	the	lmax	(590	nm).	For	OII,	the	colour	changes	from	a	yellow-orange	to	deep	

orange-red	at	pH	11.	This	shifts	the	lmax	to	a	higher	value	as	it	become	more	red	resulting	

Figure	2.6	Bar	graph	depicting	 the	change	 in	absorbance	of	a	dye	solution	before	 (blue,	 left	bar)	and	after		
(orange,	right	bar)	adding	microgel	samples	to	it.	(a)	The	addition	of	AAc-core,	AAc-5,	AAc-10,	and	AAc-20	to	
22	µM	CV	at	pH	3	and	pH	6.5.	(b)	The	addition	of	APMA-core,	APMA-5,	APMA-10,	and	APMA-20	to	45	µM	OII	at	
pH	5.5	and	11.	

a)	 b)	
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from	an	increase	in	light	passing	through	the	sample	at	486	nm	compared	to	the	blank	run	

with	OII	at	pH	5.5,	and	a	negative	absorbance	curve.		

The	free	solution	experiments	consisted	of	0.2	mg/mL	concentration	of	each	microgel	

sample	loaded	with	the	respective	dye,	and	the	release	was	triggered	by	adjusting	the	pH	to	

that	which	would	neutralize	 the	 charged	group	of	 the	 functional	 comonomer,	detailed	 in	

section	2.2.3.	The	results	of	 these	experiments	are	summarized	 in	Figure	2.7	where	each	

presented	sample	is	the	average	absorbance	profile	of	3	dye	release	experiments	for	each	

sample.	Figure	2.7-a	shows	the	absorbance	profiles	of	each	AAc	sample	at	25	°C	(solid	line)	

and	40	°C	(dashed	line).	The	results	from	these	experiments	show	that	the	release	of	CV	from	

the	microgels	with	shells	at	25	°C	is	greater,	particularly	AAc-5	and	AAc-10,	than	the	AAc-

core	alone.	When	the	polymer	is	in	the	swollen	state	and	the	pH	is	changed	to	neutralize	the	

carboxylic	acid	groups,	the	polymer	network	will	shrink	with	reduced	charge,	but	the	shell	

will	remain	in	the	solvated	state	so	that	dye	molecules	can	leave	freely.	It	is	possible	that	the	

thinner	shells	(ie	AAc-5	and	AAc-10)	will	allow	for	more	dye	loading	when	compared	to	the	

core	alone	where	the	shell	may	help	to	retain	the	dye	molecules	whereas	the	core	might	leach	

dye	during	the	centrifuging	and	washing	steps.	The	decreased	release	from	AAc-20	could	be	

due	to	the	thicker	shell	hindering	the	uptake	of	dye	to	begin	with	and	therefore	less	would	

be	 released.	 Measuring	 the	 exact	 shell	 thickness	 is	 difficult	 and	 was	 not	 achieved,	 as	

discussed	previously,	but	from	the	reactions	yields	reported	in	Table	2.1,	it	may	be	that	the	

improved	 yield	 of	 the	 shell	 addition	 to	 AAc-20	 resulted	 in	 a	 considerably	 thicker	 shell	

compared	to	AAc-5	or	AAc-10.	It	can	be	reasoned	that	there	is	a	threshold	for	the	maximum	

total	dye	uptake	and	release	in	relation	to	shell	thickness	for	this	system	is	optimal	at	5	mM,	

comparable	at	10	mM,	and	hindered	at	20	mM.	 	At	40	 °C	 the	 release	of	dye	dramatically	

decreases	due	to	the	collapsed	core	and	shell	restricting	the	exit	of	dye	in	combination	with	

premature	 dye	 loss	when	 heating	 the	 sample	 to	 40	 °C	 before	 beginning	 the	 experiment.	

Although	when	comparing	the	AAc-core	to	the	samples	with	a	shell,	the	average	dye	release	

is	marginally	greater	for	those	with	a	shell	which	could	possibly	be	due	to	some	squeezing	

effect	of	the	core.	This	trend	is	observed	for	the	APMA	samples	as	well,	at	25	°C	the	release	

profiles	for	all	APMA	samples	are	similar	to	each	other.	But	at	40	°C,	the	samples	with	a	shell	

seem	to	have	a	 larger	dye	release	 than	the	core	alone,	 in	 this	case	 the	more	negative	 the	
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change	in	absorbance	corresponds	to	a	larger	release	in	OII	in	agreement	with	Figure	2.7-d.	

The	 APMA-5	 microgels	 also	 showed	 the	 greatest	 release	 of	 dye	 at	 25	 °C	 although	 not	

significantly	compared	to	the	APMA-core.	Therefore,	the	theory	that	there	is	an	optimal	shell	

thickness	that	will	allow	for	the	greatest	uptake	and	release	is	consistent	for	both	samples	at	

5	mM	when	free	in	solution.	Interestingly,	the	absorbance	for	the	release	from	microgels	at	

25	°C	remains	positive,	which	was	not	observed	in	the	change	in	absorbance	of	OII	alone	at	

the	 same	 temperature.	 There	 may	 be	 some	 effect	 from	 the	 solvated	 microgels	 at	 this	

temperature	that	hinders	the	passage	of	light	from	hitting	the	detector	at	this	wavelength	

even	if	the	lmax	of	the	dye	has	shifted.		
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As	mentioned	previously,	 the	immobilization	interaction	of	pNIPAm	microgels	and	

gold	is	through	the	amide	group	of	pNIPAm	as	well	as	some	ancillary	interaction	between	

the	carboxyl	group	of	AAc	or	primary	amine	in	APMA.	The	charge	carried	by	the	microgel	at	

the	time	of	painting	on	the	gold	will	impact	the	monolayer	assembly	and	packing	density.	

For	the	AAc	samples,	the	pH	was	left	at	~	6.5	where	the	carboxyl	group	was	charged,	and	the	

IS	was	not	controlled.	Theoretically	this	would	result	in	a	more	loosely	packed	monolayer,	

but	the	presence	of	the	shell	would	seem	to	impact	the	packing	as	seen	in	the	AFM	images	

Figure	2.7	Plot	of	absorbance	versus	time	for	the	dye	release	of	(a)	crystal	violet	dye	release	at	590	nm	from	
AAc-core	(blue),	AAc-5	(red),	AAc-10	(green),	and	AAc-20	(purple)	at	25	°C	(solid	line)	and	at	40	°C	(dashed	
line).	(b)	orange	II	dye	release	at	486	nm	from	APMA-core	(blue),	APMA-5	(red),	APMA-10	(green),	and	APMA-
20	(purple).	The	absorbance	plots	for	5	µM	concentrations	of	(c)	CV	at	pH	6.5	adjusted	to	pH	3	after	1	min	of	
circulating	and	(d)	OII	at	pH	5.5	adjusted	to	pH	11	after	1min	of	circulating	at	25	°C	(blue)	and	40	°C	(red).		

a)	 b)	

HCl	
added	

NaOH	
added	

c)	 d)	
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that	there	is	some	surface	morphology	due	to	overpacking	or	layering	of	microgels	on	the	

surface.	They	are	still	discernable,	but	it	is	not	a	uniform	monolayer	as	expected.	The	APMA	

microgels	were	not	so	easily	immobilized	on	the	surface.	The	first	attempt	at	painting	the	

APMA-core	onto	the	gold,	the	dried	layer	seemed	to	flake	off	when	left	to	soaked	in	water	

over	time.	Increasing	the	painting	pH	to	11,	to	neutralize	the	amine,	seemed	to	improve	the	

adhesion	 but	 not	 as	 densely	 as	 the	 AAc	 microgels.	 Spin	 coating	 was	 also	 attempted	 to	

improve	the	adhesion	but	was	unsuccessful.	This	decreased	sample	loading	on	the	gold	was	

also	observed	for	the	APMA	core-shell	microgels,	which	is	interesting	as	the	purely	pNIPAm	

shell	should	have	improved	the	interaction	with	the	gold.	Nevertheless,	there	was	enough	

sample	 packing	 on	 the	 surface	 to	 observe	 dye	 loading	 and	 release	 as	 the	 AFM	 images	

confirmed	the	presence	on	the	gold	surface.	The	dry	diameter	of	the	immobilized	microgels	

can	also	be	approximated	 from	 the	AFM	 in	Figure	2.5.	The	 immobilized	diameter	 can	be	

approximated	from	the	cross-section	profiles	of	a	small	selection	of	the	AFM	image	where	

the	microgels	can	be	seen.	The	dry	diameter	of	AAc-core	is	~49	nm	(Figure	2.5-a	(inset))	

compared	to	~125	nm	from	the	TEM	image	(Figure	2.4-a).	This	aligns	with	the	theory	that	

the	interaction	between	the	AAc	microgels	and	the	gold	is	strong	and	will	have	increased	

packing	density	thereby	decreasing	the	diameter	as	more	microgels	are	packed	together.	The	

same	cannot	be	said	for	the	APMA-Core	that	have	a	diameter	~400	nm	(Figure	2.5-c	(inset))	

compared	to	~263	nm	from	the	TEM	image	(Figure	2.4-b).	It	appears	that	the	dry	microgels	

are	larger	when	immobilized	on	the	surface	which	could	possibly	be	due	to	the	decreased	

packing	density	or	some	layering/aggregation	of	the	microgels	during	the	drying	process	as	

the	 microgel-microgel	 interaction	 is	 presumably	 greater	 than	 the	 microgel-surface	

interaction	 as	 observed	 in	 the	 difficulty	 in	 immobilizing	 the	 sample	 in	 the	 first	 place.	

Regardless,	the	successful	immobilization	of	the	microgels	on	the	gold	surface	was	done	so	

that	a	more	detailed	insight	on	the	dye	release	kinetics	could	be	done.		

The	immobilized	microgels	on	gold	coated	glass	slides	were	loaded	with	dye	and	the	

release	rate	was	measured	as	detailed	in	section	2.2.4.	In	general,	the	total	observed	release	

of	CV	was	much	greater	than	OII	by	several	magnitudes	as	can	be	seen	in	Figure	2.8.	This	is	

likely	due	to	the	superior	adhesion	of	the	AAc	microgels	to	the	gold	compared	to	the	APMA	

microgels	as	discussed	previously.	An	interesting	trend	of	note	is	that	since	the	microgels	
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are	stuck	to	the	gold	and	are	not	circulating	through	the	instrument,	only	the	dye	molecules	

released	are	detected,	and	therefore	it	would	be	expected	that	the	OII	absorbance	would	be	

negative	as	it	was	in	the	control	experiment	(Figure	2.7-d).	While	this	result	is	unexpected,	

it	does	not	detract	from	the	larger	general	trend	of	dye	release	from	the	immobilized	samples	

below	 LCST	 is	 greater	 than	 that	 when	 above	 LCST	 and	 agrees	 with	 the	 free-solution	

experiments.	This	once	again	indicates	that	the	collapsed	polymer	network	after	adjusting	

the	pH	to	neutralize	the	functional	comonomer	will	hinder	the	release	of	the	dye	molecules.	

The	release	of	CV	in	the	immobilized	samples	was	much	like	the	free	solution	samples	where	

AAc-5	and	AAc-10	showed	a	significantly	larger	release	profile	compared	to	the	AAc-Core	

and	AAc-20	samples.	The	 immobilized	 APMA	 samples	 behaved	 in	 a	 more	 linear	 fashion	

where	the	APMA-Core	had	a	larger	observed	dye	release	followed	by	APMA-5,	APMA-10,	and	

APMA-20	 in	 order	 of	 increasing	 shell	 thickness.	 At	 40	 °C,	 the	 APMA	 samples	 are	 again	

showing	that	the	release	is	lower	that	at	25	°C	and	in	ascending	order	of	shell	thickness.	It	is	

documented	 that	 with	 increasing	 shell	 thickness	 and	 crosslinking	 density,	 the	 shell	 will	

squeeze	 the	core	 to	a	smaller	size	 than	 the	core	would	alone	when	heated	above	LCST.90	

While	the	argument	could	be	made	that	the	increased	squeezing	on	the	core	would	result	in	

greater	 release	 of	 dye,	 it	 is	 likely	 preventing	 dye	 release	 in	 this	 system	 of	 the	 bound	

microgels.	The	molecular	size	of	CV	is	~1.4	nm2	and	OII	 is	slightly	smaller	at	0.9	nm2.92,93	

pNIPAm	microgels	with	similar	crosslinking	densities	(10	mol%	BIS)	have	a	reported	mesh	

size	minimum	of	2.30	nm	in	the	swollen	state,	the	length	of	a	single	BIS	chain,	and	as	small	

as	 0.7	 nm	 when	 collapsed.94	 While	 the	 actual	 mesh	 size	 is	 highly	 dependent	 on	 the	

crosslinking	 and	 molecular	 weight	 of	 the	 polymer,	 and	 the	 semi-fluid	 state	 of	 swollen	

pNIPAm	will	allow	much	larger	MW	molecules	to	enter	the	matrix,		it	is	reasonable	to	suggest	

that	the	collapsed	core	with	the	additional	collapsed	dense	polymer	shell	could	prevent	the	

passage	of	both	CV	and	OII	out	of	the	microgel.	

The	rate	of	dye	release	in	the	free-solution	samples	was	clearly	much	faster	than	the	

immobilized	samples.	The	release	profiles	for	both	CV	and	OII	had	stabilized	after	about	3	

min	of	 triggering	the	release.	The	 immobilized	microgels	had	a	significantly	 lower	rate	of	

release,	reaching	equilibrium	after	~15	min	for	majority	of	samples.	This	could	be	due	to	a	

number	of	contributing	factors	such	as	the	hindered	actuation	of	the	microgels	on	the	surface	
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when	triggered	or	the	suspected	aggregates	and	layering	of	certain	samples	would	impact	

the	release.	In	general,	the	shell	thickness	appears	to	have	a	greater	influence	on	the	amount	

of	 dye	 released	 for	 the	 immobilized	 samples	 compared	 to	 the	 free	 solution	 experiments	

where	APMA	samples	show	a	linear	decrease	in	dye	release	with	increasing	shell	thickness	

both	below	and	above	the	LCST.	

	

	

	

	

	

	

	

	

a)	 b)	

Figure	2.8	Absorbance	profiles	with	time	collected	via	UV-Vis	to	measure	the	dye	release	from	(a)	immobilized	
AAc-containing	microgels	and	(b)	APMA	-containing	microgels	below	the	LCST	(solid	line)	and	above	the	LCST	
(dashed	line).	



  36 

2.4	 Conclusion	

In	summary,	 the	 release	of	CV	 from	AAc	containing	microgels	and	OII	 from	APMA	

microgels	with	varying	thicknesses	of	pNIPAm	shells	free	in	solution	and	immobilized	on	a	

gold	surface	was	investigated.	The	microgels	were	characterized	by	DLS,	TEM,	and	AFM	to	

measure	the	size	and	the	nature	of	packing	on	the	gold	surface.	In	general,	the	AAc	microgels	

we	smaller	in	size	and	displayed	a	higher	packing	density	when	immobilized	compared	to	

the	 larger	APMA	microgels.	 The	 release	 of	 dye	 from	 the	microgels	when	 free	 in	 solution	

confirmed	that	the	collapsed	core-shell	structure	above	the	LCST	hindered	the	release	of	dye	

but	the	rate	of	release	was	comparable	to	the	release	below	the	LCST.	This	trend	was	also	

observed	 for	 the	 immobilized	microgels	where	 the	 APMA	 samples	 followed	 the	 trend	 of	

decreased	dye	release	with	increasing	shell	thickness	both	below	and	above	the	LCST.	The	

rate	of	release	 from	the	 immobilized	samples	were	also	comparable	 to	each	other	but	all	

together	 slower	 than	 the	 free	 solution	 samples	 due	 to	 restricted	 deswelling	 and	

packing/layering	of	the	microgels	in	the	surface.		
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Chapter	 3	Coupling	 Thermo-responsive	 Core-shell	 Nanogels	with	Thin-
film	 Composite	 Membranes	 for	 Improved	 Thermal	 and	 Anti-fouling	

Behaviour	

3.1	 Introduction	

A	variety	of	thermo-responsive	materials	have	been	coupled	to	thin-film	composite	

membranes	for	both	flux	and	antifouling	improvement	purposes.	pNIPAm-based	polymers	

are	ideal	for	modifying	membranes	because	of	their	hydrophilicity,	simple	fabrication,	and	

tunable	size	and	functionalities.65,95	The	flexible	properties	of	pNIPAm	polymers	allows	for	

the	incorporation	into	the	membrane	support,60,68	the	polyamide	layer,64	or	layered	on	top	

of	 the	 selective	 layer	 69,96	 to	 alter	 performance	 in	 response	 to	 increasing	 the	 feed	

temperature	above	the	LCST.	pNIPAm	is	highly	hydrophilic	and	protein	resistive	due	to	the	

large	localization	of	water	molecules	around	the	polymer	chains	below	the	LCST.	Having	a	

gel-like	layer	of	pNIPAm	on	the	surface	does	well	to	prevent	the	adsorption	of	hydrophobic	

foulants	 on	 the	 surface	 and	 prolonging	 the	 lifetime	 of	 the	 membrane.	 Alternatively,	

incorporating	pNIPAm	into	the	bulk	structure	of	the	membrane	either	in	the	membrane	pore	

structures	or	within	the	polyamide	will	impact	the	flux	and	salt	rejection.	Many	studies	have	

reported	using	pNIPAm	based	materials	as	“smart	gates”	that	will	open	and	close	in	response	

to	temperature.61,63,97	A	study	utilizing	pDMAEMA	grafted	to	the	surface	of	the	polyamide	

post	IP	reaction	reported	an	increase	in	flux	for	all	modified	membrane	at	25	°C	that	further	

increased	at	50	°C	where	there	was	an	observed	jump	in	flux	around	the	LCST.61	However,	

these	incorporation	methods	usually	involve	a	number	of	modification	steps	to	the	polymer	

and/or	 the	 membrane	 and	 can	 take	 several	 days	 to	 fabricate.	 For	 example,	 the	

zwitterionization	 of	 pNIPAm-co-polyethylenimine	 microgels	 with	 1,3-propane	 were	

crosslinked	to	the	surface	of	a	poly(ethylene	terephthalate)	(PET)	membrane.95	The	track-

etched	PET	membranes	were	protected	with	a	 layer	of	Cd(OH)2	to	prevent	 the	microgels	

from	clogging	the	pores	during	the	pressure-coating	process,	which	has	to	be	etched	away	

before	use.	Polydopamine	has	also	been	used	to	graft	amino-terminated	pNIPAm	microgels	

onto	 PET	 membranes,	 which	 requires	 24	 h	 coating	 times	 followed	 by	 several	 grafting,	
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washing,	and	curing	cycles	before	use.62	The	modified	membranes	had	improved	antifouling	

and	rejection	properties	at	20	°C	that	declined	at	45	°C.		

To	 simplify	 the	 incorporation	of	 pNIPAm	 in	 a	TFC	membrane	 for	nanofiltration,	 a	

pNIPAM	core-APMA	shell	nanogel	was	synthesized	for	coupling	to	the	polyamide	selective	

layer	on	a	PES	membrane	support.	Two	different	fabrication	methods	were	explored;	(1)	the	

crosslinking	of	the	nanogels	within	the	bulk	polyamide	layer	to	observe	the	effect	on	flux	and	

rejection	 during	 high	 temperature	 filtration	 and	 (2)	 the	 modification	 of	 the	 polyamide	

surface	for	improved	antifouling	properties.	The	nanogels	can	be	incorporated	during	the	IP	

reaction	to	form	the	polyamide	or	in	a	10	min	surface	modification	immediately	after	the	IP,	

limiting	the	additional	steps	and	keeping	the	fabrication	time	to	a	minimum	compared	to	

other	methods.	The	preparation,	filtration	experiments,	and	characterization	of	the	nanogels	

and	membranes	was	performed	by	me	apart	from	the	SEM	and	TEM	imaging,	performed	by	

my	 lab	 mates	 Haley	 Hunter	 and	 Alyssa	 Fu,	 respectively.	 The	 filtration	 experiments	 and	

membrane	 fabrications	 were	 performed	 in	 the	 AWRL	 lab,	 and	 this	 project	 was	 done	 in	

collaboration	with	Dr.	Pooria	Karami	and	Dr.	Mohtada	Sadrzadeh.		

3.2	 Experimental	Section	

Materials:	 N-isopropylacrylamide	 (NIPAm)	 recrystallized	 from	 hexanes,	 N,N’-

methylenebisacrylamide	 (BIS,	 99%),	 N-(3-Aminopropyl)methacrylamide	 hydrochloride	

(APMA),	 2,2’-Azobis(2-methylpropionamidine)	 dihydrochloride	 (V50,	 98%),	

cetyltrimethylammonium	 bromide	 	 (CTAB,	 ≥98%),	 sodium	 dodecyl	 sulfate	 (SDS,	 99%),	

piperazine	(PIP),	1,3,5-benzenetriarbonyl	trichloride	(TMC),	triethylamine	(TEA,	≥99.5%),	

sodium	hydroxide	(NaOH,	≥97%),	sodium	alginate	(SA),	and	bovine	serum	albumin	(BSA)	

were	 obtained	 from	 Sigma-Aldrich.	 Calcium	 chloride	 (CaCl2)	 purchased	 from	 Fisher	

Chemicals.	 Polyethersulfone	membrane	 filters	 (0.03	 µm,	 293	mm)	were	 purchased	 from	

Sterlitech	Corp.	(Auburn,	WA).	Deionized	(DI)	water	with	a	resistivity	of	18.2	MΩ	cm	was	

obtained	from	a	Milli-Q	Plus	system	and	was	used	for	all	synthesis	and	monomer	solutions.					
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3.2.1		 Core-shell	Nanogel	Synthesis	

Core-shell	microgels	 were	 synthesized	 in	 a	 two-step	 precipitation	 polymerization	

presented	 in	 Figure	 3.1.	 NIPAm	 (9.7	mmol),	 BIS	 (0.3	mmol)	 and	 CTAB	 (0.5	mmol)	were	

dissolved	 in	Milli-Q	water	 (99	mL)	 and	 transferred	 to	 a	 3-neck	 round	 bottom	 flask.	 The	

solution	was	heated	to	70	°C	in	an	oil	bath	while	stirring	and	sparged	with	N2	gas	until	steady	

temperature	was	reached.	The	volume	was	initiated	with	V50	(1	mL,	0.5	mmol)	under	an	N2	

atmosphere	maintained	at	70	°C	for	3	h.	After	3	h,	the	flask	was	removed	from	the	bath	to	

cool	 to	 room	 temperature	 and	 opened	 to	 air	 to	 quench.	 Volume	 was	 filtered	 through	

Whatman	no.	1	filter	paper	then	transferred	to	12	kDa	dialysis	tubing	for	a	minimum	of	5	

water	changes	over	1	week.		

The	APMA	shell	was	added	to	the	as-prepared	cores	presented	in	Figure	3.1-b.	The	

diluted	core	(50	mL	diluted	to	189	mL	with	DI	water)	was	heated	to	70	°C	under	nitrogen	

and	stirring	in	a	3-neck	round	bottom	flask	before	adding	the	monomer	solution	APMA	(0.95	

mmol)	and	BIS	(0.05	mmol)	dissolved	in	10	mL	DI	water.	After	temperature	was	reached,	

the	 volume	was	 initiated	with	1	mL	V50	 (0.2	mmol)	 and	allowed	 to	proceed	at	 constant	

temperature	for	3	h	in	nitrogen	atmosphere.	The	volume	was	cooled	to	room	temperature	

and	opened	to	air	to	quench	the	reaction.	The	core-shell	nanogels	were	dialyzed	again	for	a	

minimum	of	8	water	changes	over	1	week.	The	pH	of	the	volume	was	adjusted	to	11	before	

lyophilizing	for	use.		
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3.2.2		 Fabrication	of	Composite	Membranes		

The	 formation	 of	 the	 selective	 polyamide	 (PA)	 layer	 on	 the	 surface	 of	 the	

polyethersulfone	(PES)	support	membrane	was	done	by	interfacial	polymerization	(IP).	A	

square	portion	of	the	commercial	0.03	µm	pore	size	PES	support	was	cut	to	fit	the	frames	

that	hold	the	membrane	during	the	IP	reaction.	A	solution	of	aqueous	monomer	of	desired	

concentration	was	made	in	aqueous	volume.	PIP	was	dissolved	in	solution	with	either	0.2	

wt%	SDS	and	1	wt%	TEA	or	in	0.1	M	NaOH	depending	on	the	membrane.	The	PES	membrane	

was	impregnated	with	the	aqueous	PIP	monomer	solution	for	9	min	and	excess	solution	was	

poured	off.	The	membrane	was	then	rolled	once	with	an	acrylic	roller	on	paper	towel	and	

again	 on	 standard	 printer-type	 paper	 to	 remove	 excess	 monomer	 solution	 from	 the	

membrane	surface.	A	TMC	solution	of	desired	concentration	 in	heptane	was	 then	poured	

over	the	membrane	and	allowed	to	sit	for	2	min	to	complete	the	IP	reaction	followed	by	4	

min	 curing	 in	 a	 60	 °C	 oven.	 The	membrane	was	 then	washed	 for	 several	minutes	 under	

running	distilled	water	before	storage	in	water	overnight	before	using.		

	 The	 incorporation	 of	 the	 core-shell	 particles	 was	 done	 during	 the	 IP	 reaction	 or	

directly	after	the	IP	to	localize	them	on	the	surface.	A	desired	concentration	of	lyophilized	

a)	

b)	

Figure	3.1	Polymerization	scheme	for	(a)	pNIPAm	core	and	(b)	APMA	shell	addition.	
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nanogels	was	dispersed	in	the	aqueous	monomer	phase	and/or	the	organic	heptane-TMC	

phase	and	sonicated	to	improve	the	dispersion	before	the	IP	reaction.	To	surface	modify	the	

membrane,	the	nanogels	were	dispersed	in	heptane	and	sonicated.	Following	the	IP	reaction	

after	 the	excess	heptane-TMC	phase	had	been	poured	off	 the	membrane,	 the	surface	was	

washed	twice	with	10	mL	portions	of	heptane	then	the	heptane-NG	solution	was	poured	over	

the	top	and	allowed	to	react	for	10	min.	The	membrane	was	cured	and	washed	in	the	same	

procedure	as	detailed	above.		

3.2.3		 Temperature	Ramp	Nanofiltration	Experiments	

	 The	performance	of	 the	modified	membranes	was	tested	 in	a	nanofiltration	set	up	

pictured	 below	 in	 Figure	 3.2.	 To	 observe	 the	 effect	 of	 temperature	 on	 the	 flux	 and	 salt	

rejection,	the	initial	flux	of	the	membrane	was	measured	at	25	°C	for	20	min	before	adding	

Na2SO4	to	the	water	feed	(2000	ppm	total	feed	concentration)	and	the	effect	of	salt	on	the	

flux	was	observed	for	another	~30	min.	The	pressure	applied	was	adjusted	to	40	psi	for	the	

0.5%	 PIP	 membranes,	 and	 ~90	 psi	 for	 1	 %	 PIP	 membranes	 while	 the	 crossflow	 was	

maintained	at	2.0	LPM.	After	initializing	the	flux	at	25	°C,	the	feed	temperature	was	ramped	

to	 50	 °C	 and	 the	 rate	 was	 recorded	 to	 plot	 the	 change	 in	 flux	 with	 temperature.	 The	

conductivity	of	the	feed	and	permeate	was	measured	to	determine	the	salt	rejection	at	25	°C	

and	 at	 50	 °C	 using	 a	 conductivity	 meter	 (Fisher	 Accumet	 AR50	 Dual	 Channel	 pH-ISE-

Conductivity	Meter).	The	membrane	properties	and	filtration	conditions	are	detailed	in	table	

3.1	below.		
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Table	3.1	Summary	of	membrane	properties	for	temperature	ramp	experiments.	

Sample	
Name	

[PIP]	
(wt%)	

[TMC]	
(wt%)	

Nanogel	
Modification	

Pressure	
(psi)	

Initial	Flux	
(LMH)	

0.5%	PIP	
Base-1	 0.5	 0.2	 -	 40	 ~7	

0.5%	PIP	
Base-2	 0.5	 0.2	 -	 40	 ~8	

0.5%	PIP	
200	 0.5	 0.2	

200	ppm	NG	in	
heptane-TMC	 40	 ~14	

0.5%	PIP	
800	 0.5	 0.2	

800	ppm	NG	in	
heptane-TMC	 40	 ~11	

0.5%	PIP	
2000	 0.5	 0.2	 2000	ppm	NG	in	

heptane-TMC	 40	 ~9	

1%	PIP	
Base	 1	 0.2	 -	 90	 ~15	

1%	PIP	
800	aq.	 1	 0.2	

800	ppm	NG	in	aq.	
PIP	 70	 ~8	

1%	PIP	
800	 1	 0.2	 800	ppm	NG	in	

heptane-TMC	 90	 ~15	

1%	PIP	
2000	 1	 0.2	

2000	ppm	NG	in	
heptane-TMC	 80	 ~12	

Figure	3.2	Nanofiltration	set	up	used	for	testing	the	TFC	membranes.	

Feed	tank	

Pump	

Pressure	and	
crossflow	controls	

Temp.	controlled	
water	circulator	

Membrane	
stage	

Permeate	collection	
on	digital	balance	
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3.2.4		 Antifouling	Nanofiltration	Experiments	

	 The	effect	of	the	same	core-shell	nanogels	localized	on	the	surface	of	the	polyamide	

on	antifouling	of	the	membrane	was	also	tested.	The	same	nanofiltration	set	up	was	used	as	

displayed	 in	Figure	3.2	 above.	The	membrane	was	 loaded	 into	 the	holding	 stage	and	 the	

applied	 pressure	 was	 adjusted	 so	 that	 the	 initial	 flux	 of	 each	 tested	 membrane	 was	

approximately	the	same,	around	~80	LMH,	and	the	crossflow	was	held	constant	at	2.0	LPM.	

The	initial	pure	water	flux	was	recorded	for	20	min	before	adding	a	150	ppm	sodium	alginate	

solution,	 which	 was	 prepared	 by	 vigorously	 stirring	 150	mg	 SA	 in	 250	mL	 DI	 water	 to	

completely	dissolve	before	gradually	adding	in	55	mg	CaCl2	and	stirring	for	another	30	min	

before	 using	 in	 the	 filtration	 experiment.	 After	 adding	 the	 foulant,	 the	 flux	 decline	 was	

recorded	for	60	min.	The	filtration	was	stopped,	the	applied	pressure	was	reduced	to	0	psi,	

and	the	feed	tank	was	cleaned	and	replaced	with	water	that	was	heated	to	50	°C.	Once	at	

temperature,	the	pump	was	turned	on	with	the	pressure	still	at	0	psi	and	the	crossflow	set	

to	2.0	LPM	as	 the	membrane	 surface	was	washed	 for	20	min.	The	pump	was	once	again	

turned	 off,	 the	 feed	was	 emptied	 and	 replaced	with	 25	 °C	water,	 then	 the	 pressure	was	

increased	back	to	that	what	it	was	at	the	beginning	of	the	experiment	and	the	recovered	flux	

was	recorded	for	20	min.	Feed	and	permeate	samples	were	collected	and	the	conductivity	

was	measured	to	determine	rejection.	The	membrane	properties	and	filtration	conditions	

are	detailed	in	Table	3.2	below.	

Table	3.2	Summary	of	membrane	properties	for	antifouling	experiments.	

	

Sample	
Name	

[PIP]	
(wt%)	

[TMC]	
(wt%)	

Nanogel	
Modification	

Pressure	
(psi)	

Initial	Flux	
(LMH)	

PIP	Base	 0.1	 0.2	 -	 40	 ~78	

400/400	 0.1	 0.2	

400	ppm	NG	in	aq.	
monomer	phase	&	
heptane-TMC	phase	

during	IP	
70	 ~80	

400	s-mod	 0.1	 0.2	
400	ppm	NG	surface	

modified	 60	 ~82	

800	s-mod	 0.1	 0.2	
800	ppm	NG	surface	

modified	 70	 ~81	
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3.2.5		 Characterization	of	Nanogels	and	Membranes	

	 The	size	of	 the	core-shell	nanogels	were	characterized	by	dynamic	 light	scattering	

(DLS),	zeta	potential	(ZP),	and	transmission	electron	microscopy	(TEM).	The	DLS	instrument	

(Zetasizer	Nano	S)	was	used	to	measure	the	hydrodynamic	diameter	and	zeta	potential	of	

the	nanogel	core	and	the	core-shell.	The	size	was	measured	at	temperatures	below	(25°C)	

and	above	(40	°C)	the	LCST	of	pNIPAm	and	a	pH’s	below	(6.5)	and	above	(11)	the	pKa	of	

APMA.	The	ZP	was	measured	using	a	dip	cell.	The	summary	of	data	and	conditions	for	the	

size	and	ZP	measurements	is	presented	in	Table	3.3.	Brightfield	TEM	images	captured	on	a	

200	kV	JEOL	2100	transmission	electron	microscope	were	also	collected	for	the	core-shell	

sample	 to	 confirm	 spherical	 morphology	 and	 to	 approximate	 the	 dry	 diameter	 of	 the	

nanogels	 in	 Figure	 3.3-a.	 The	 presence	 of	 the	 APMA	 shell	 was	 verified	 by	 performing	 a	

bromophenol	blue	staining	test	on	the	core	and	core-shell	nanogels.	In	the	presence	of	an	

amine,	the	indicator	will	stain	blue	by	the	acid-base	reaction	between	the	basic	amine	and	

the	 indicator.	 400	 µL	 of	 0.25	 wt%	 bromophenol	 blue	 was	 added	 to	 a	 small	 amount	 of	

lyophilized	 core	 and	 core-shell	 nanogels.	 The	 sample	 was	 allowed	 to	 rehydrate	 in	 the	

indicator	 solution	 for	 1	 h	 before	 centrifuging	 to	 create	 a	 pellet	 and	 the	 supernatant	was	

removed	and	replaced	with	pH	6.5	DI	water.	This	was	repeated	3	times	to	wash	the	sample	

and	removed	excess	indicator.	The	membrane	surface	was	characterized	by	a	Hitachi	S-4800	

FESEM	high	resolution	scanning	electron	microscope	(SEM),	a	DI	Dimension	3000	atomic	

force	microscope	(AFM),	and	contact	angle	(CA)	(Drop	Shape	Analyzer	DSA100)	and	the	data	

is	 summarized	 in	 Figure	 3.6	 below.	 The	 SEM	 and	 AFM	 images	 are	 of	 the	 dry,	 pristine	

membranes	 to	 observe	 the	 surface	 morphology.	 The	 dynamic	 contact	 angel	 of	 both	 the	

pristine	and	fouled	surface	modified	membranes	was	measured	at	time	0	s,	10	s,	and	30	s,	

after	adding	the	water	droplet.	A	portion	of	the	membrane	was	dried	on	a	glass	slide	at	60	

°C	overnight	before	taking	the	measurements.		
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Table	 3.3	 Summary	 of	 DLS	 data	 of	 core	 and	 core-shell	 nanogels	 for	 measuring	 the	
hydrodynamic	size	at	different	temperatures	and	pH’s	and	zeta	potential.	

Nanoparticle	 pH	
Dh	at	25	°C	

(nm)	

Dh	at	40	°C	

(nm)	
ZP	(mV)	*	

Yield	

pNIPAm	core	
6.5	 106.4	±	0.4	 69.2	±	0.1	

0.4	±	0.5	 70%	
11	 93.8	±	0.1	 63	±	5	

pNIPAm	core-

APMA	shell	

6.5	 105	±	2	 44.6	±	0.9	
7.5	±	0.9	 72%	

11	 102	±	1	 90	±	2	

*	Zeta	potential	measured	at	pH	6.5	at	25	°C.	

3.3		 Results	and	Discussion	

	 The	 synthesis	 of	 small	 thermo-responsive	 core-shell	 nanogels	 is	 detailed	 above	 in	

section	3.2.1.	An	APMA	shell	was	added	to	the	pNIPAm	core	so	that	the	primary	amine	at	the	

end	 of	 the	 APMA	 unit	 was	 accessible	 for	 further	 reactions	without	 altering	 the	 thermo-

responsive	 properties	 of	 the	 pNIPAm	 core.	 The	 core	 and	 core-shell	 nanogel	 synthesis	

conditions	were	optimized	to	yield	a	<	100	nm	diameter	particle	by	introducing	a	surfactant	

during	 the	 polymerization.	 The	 presence	 of	 the	 surfactant	 during	 precipitation	

polymerizations	increases	the	colloidal	stability	of	the	particle	nucleation	sites	formed	in	the	

Figure	3.3	(a)	Brightfield	TEM	image	of	the	core-shell	nanogels	and	(b)	bromophenol	blue	staining	test	for	
amines	on	the	core-APMA	shell	(right)	and	the	pNIPAm	core	(left).		

a)	 b)	
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early	 stages	 of	 polymerization,	 which	 lowers	 the	 diameter	 and	 increases	 the	 number	 of	

particles	 formed	 in	 solution.98	 The	 DLS	 data	 in	 Table	 3.3	 summarizes	 the	 measured	

hydrodynamic	size	of	the	pNIPAm	core	and	the	core	with	the	added	APMA	shell.	The	core	

alone	displays	a	temperature	dependent	collapse	that	decreases	the	size	from	106	nm	to	69	

nm	when	heated	from	25	°C	to	40	°C	at	pH	6.5.	The	measured	diameter	of	the	core	at	pH	11	

at	25	°C	and	40	°C	was	smaller	than	when	in	pH	6.5	solution.	While	pure	pNIPAm	does	not	

possess	any	pH	sensitive	functional	groups,	the	behaviour	of	the	polymer	is	very	sensitive	to	

changes	in	pH	and	ionic	strength.	A	study	by	Pei	et	al.	reported	that	LCST	of	pNIPAm	in	a	pH	

10	 buffer	 shifts	 from	 32	 °C	 to	 ~	 27	 °C	 by	 disrupting	 the	 hydrogen	 bonding	 that	 occurs	

between	the	water	molecules	and	the	polymer	chains.99	This	could	explain	why	the	core	has	

a	slightly	smaller	diameter	under	these	conditions.	As	with	the	core-shell	particles	discussed	

previously	 in	 Chapter	 2,	 the	 addition	 of	 the	APMA	 shell	 does	 not	 appear	 to	 increase	 the	

hydrodynamic	size	at	pH	6.5,	when	the	primary	amine	is	protonated	and	positively	charged,	

or	at	pH	11,	when	it	is	neutral.	Since	the	APMA	is	not	incorporated	into	the	pNIPAm	polymer	

structure,	the	presence	of	the	charge	at	pH	6.5	is	localized	to	the	outside	of	the	particle	shell,	

where	it	should	not	affect	the	size	as	much	except	to	perhaps	repel	other	charged	groups	on	

adjacent	polymer	chains	surrounding	it.41	This	in	combination	with	the	previously	discussed	

shell	restriction	on	the	swelling	of	the	core	both	below	and	above	the	LCST,	can	explain	why	

the	shell	thickness	cannot	be	directly	measured	by	DLS	as	the	core	will	no	longer	possess	the	

same	swelling	properties	after	the	shell	has	been	added.90	At	25	°C,	the	size	of	the	core-shell	

microgel	appears	to	be	about	the	same	size	at	pH	6.5	and	11.	Although	APMA	does	not	have	

any	intrinsic	temperature	responsive	properties,	the	diameter	of	the	core-shell	at	pH	6.5	is	

much	smaller	than	at	pH	11	when	heated	to	40	°C,	45	nm	and	90	nm,	respectively.	This	seems	

counter	 to	what	 is	expected	as	 the	reduced	positive	charge	on	 the	outside	shell	at	pH	11	

should	contribute	to	the	deswelling	of	the	particle	by	reducing	the	electrostatic	repulsion.	

The	contribution	of	charge	at	pH	6.5	above	LCST	will	repel	surrounding	particles	whereas	

once	 the	 shell	 becomes	 more	 neutral,	 perhaps	 there	 is	 increased	 particle-particle	

interactions	that	will	inflate	the	observed	hydrodynamic	diameter.	A	brightfield	TEM	image	

of	 the	 core-shell	 nanogel	 was	 taken	 as	 seen	 in	 Figure	 3.3-a	 where	 the	 dry	 diameter	 is	

approximately	65	nm	across	and	indeed	spherical.	While	the	exact	shell	thickness	could	not	

be	measured	by	DLS,	the	same	instrument	was	used	to	measure	zeta	potential	of	the	core	
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and	core-shell	nanogels.	The	results	are	included	in	Table	3.3	where	the	ZP	for	the	pNIPAm	

core	is	nearly	0	mV	which	increased	to	7.5	mV	with	the	APMA	shell	at	pH	6.5	at	25	°C.	This	

increase	ZP	indicates	the	successful	addition	of	an	APMA	shell	where	the	positive	primary	

amine	at	pH	6.5	would	contribute	a	positive	charge.	Finally,	a	test	with	bromophenol	blue	

was	done	on	the	core	and	core-shell	nanogels.	Bromophenol	blue	indicator	can	undergo	and	

acid-base	 complexing	 with	 basic	 primary,	 secondary,	 and	 even	 aromatic	 amines.100	 The	

staining	and	washing	of	 the	core	and	core-shell	resulted	 in	a	dark	blue	stained	core-shell	

nanogel	where	the	core	alone	remained	colourless	(Figure	3.3-b),	confirming	the	presence	

of	the	APMA	shell.		

The	modification	of	thin	film	composite	membranes	with	nanomaterials	is	of	great	

interest	 to	 improve	 the	 performance	 of	 the	 membrane	 during	 filtration.	 The	 thermo-

responsive	 core	 and	 the	primary	amine	modified	 shell	 allows	 for	 the	modification	of	 the	

polyamide	(PA)	selective	layer	in	two	ways;	(1)	incorporating	the	nanogels	into	the	PA	for	

temperature	 ramped	 filtration	 and	 (2)	 the	 surface	 localization	 of	 nanogels	 to	 improve	

antifouling	 performance.	 The	 formation	 of	 the	 PA	 occurs	 between	 two	monomers	 at	 the	

interface	 of	 two	 immiscible	 layers	 in	 which	 they	 are	 dissolved,	 and	 the	 conditions	 are	

detailed	in	section	3.2.2.	A	scheme	of	the	IP	reaction	is	presented	in	Figure	3.4.	TMC	must	be	

solubilized	 in	 a	 dry	 aprotic	 solvent	 that	 is	 immiscible	 with	 water	 to	 prevent	 the	

hydrolyzation	of	the	acyl	chloride	groups.	The	aqueous	monomer	PIP	rapidly	diffuses	up	into	

the	heptane-TMC	phase	where	the	amine	on	PIP	covalently	crosslinks	with	the	acyl	chloride	

groups	on	the	TMC	to	 form	the	polyamide.	The	addition	of	1	wt%	triethylamine	or	0.1	M	

NaOH	is	present	to	neutralize	the	HCl	byproduct	formed	by	the	reaction.	This	is	convenient	

for	when	 incorporating	 the	 nanogels	 during	 the	 IP	 reaction	 because	 the	 pH	 needs	 to	 be	

maintained	 above	 the	 pKa	 of	 APMA,	which	 is	~10.2,	 so	 that	 the	 primary	 amine	 remains	

deprotonated	and	can	therefore	also	covalently	crosslink	with	the	TMC.	This	method	should	

anchor	 the	nanogels	 to	 the	PA	 so	 that	 they	will	 not	 be	washed	 away	during	pressurized	

filtration.	The	nanogels	are	highly	soluble	in	polar	protic	solvents,	but	when	attempts	were	

made	to	add	the	nanogels	to	the	heptane-TMC	phase	or	surface	modify	in	pure	heptane,	the	

volume	was	sonicated	for	several	minutes	to	improve	the	dispersion	and	limit	the	formation	

of	large	aggregates.		
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	 The	details	of	the	temperature	ramped	NF	experiments	are	detailed	in	section	3.2.3	

above.	The	 interest	behind	TFC	membranes	with	 incorporated	nanogels	 is	 to	observe	the	

impact	 of	 feed	 temperature	 on	 the	 performance	 in	 terms	 of	 flux	 and	 rejection	 during	

filtration.	The	flux	of	unmodified	TFC	membranes	will	increase	with	temperature	as	the	mass	

transfer	of	water	increases	while	viscosity	decreases	in	combination	with	the	relaxation	of	

the	polyamide	chains	results	in	a	lowered	salt	rejection.53,68	The	original	hypothesis	for	the	

behaviour	 of	 the	nanogels	 incorporated	 into	 the	polyamide,	 not	 surface	 coated,	was	 that	

when	heated,	the	pNIPAm	core	would	collapse	and	create	a	nanochannel	around	the	particle	

so	that	the	flux	would	significantly	increase	as	the	temperature	increased	above	the	LCST	

without	 sacrificing	 rejection	 as	 had	 been	 reported	 in	 other	 studies	 using	 similar	

materials.60,95	Many	 attempts	 to	 observe	 this	 flux	 phenomena	were	made	by	 varying	 the	

monomer	and	nanogel	concentrations,	the	incorporation	methods	(i.e.	nanogels	present	in	

the	aqueous	monomer	or	heptane-TMC	phase),	and	the	filtration	set	up.	For	brevity,	not	all	

experimental	data	is	included,	but	a	selected	comparison	to	represent	the	broad	results	is	

summarized	in	Figure	3.5.	Membranes	fabricated	with	1%	PIP	were	tested	first	and	it	was	

determined	 that	 incorporating	 the	nanogels	 in	 the	heptane-TMC	phase	performed	better	

than	when	in	the	aqueous	phase.	The	flux	of	1%	PIP	800	aq.,	with	800	ppm	nanogel	present	

in	the	aqueous	PIP	phase	during	IP,	did	appear	to	have	a	jump	in	flux	around	36	°C	(Figure	3	

(a))	but	the	salt	rejection	of	65.7%	decreased	to	62.2%	at	high	temp.	filtration	(Figure	3.5-

Figure	3.4	Interfacial	polymerization	scheme	for	the	formation	of	the	polyamide	on	the	membrane	support.	
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c).	 Comparing	 this	 membrane	 to	 the	 unmodified	 base	 membrane,	 the	 flux	 profiles	 are	

comparable,	 but	 the	 rejection	 is	worse	 indicating	 that	 this	 incorporation	method	 overall	

worsens	 membrane	 performance.	 Instead,	 incorporating	 nanogels	 in	 the	 heptane-TMC	

phase,	 as	 was	 done	 in	 all	 other	 modified	 membranes	 presented	 in	 these	 experiments,	

improved	the	salt	rejection	with	increasing	temperature.	In	turn,	the	presence	of	nanogels	

incorporated	into	the	polyamide	decreased	the	change	in	flux,	which	can	be	related	to	the	

slope	of	 the	 flux	change	with	 temperature.	The	base	membrane	had	a	steeper	slope	with	

larger	flux	 increase	compared	to	1%	PIP	800	and	1%	PIP	2000	seen	in	Figure	3.5-a.	This	

result	indicates	that	the	initial	hypothesis	is	not	true	but	rather	the	opposite,	the	nanogels	

are	 crosslinked	much	more	 strongly	 to	 the	 polyamide	 that	when	 the	 core	 collapses,	 the	

polyamide	 is	drawn	in	tighter	around	the	gel,	and	the	pore	sizes	decreases.	This	explains	

both	 the	 observed	 increased	 salt	 rejection	 and	 the	 decrease	 in	 flux	 improvement	 with	

temperature.	After	this	discovery,	the	optimization	of	the	polyamide	was	done	by	varying	

the	PIP	 concentration.	 The	 applied	pressure	 during	 filtration	 of	 1%	PIP	membranes	was	

quite	high	for	nanofiltration	(80-90	psi).	By	decreasing	the	PIP	concentration	to	0.5%,	the	

applied	pressure	was	reduced	to	40	psi	to	achieve	approximately	the	same	initial	flux	as	the	

1%	 PIP	 membranes.	 In	 figure	 3.5-b,	 the	 trend	 of	 decreasing	 flux	 improvement	 with	

increasing	 nanogel	 concentration	 is	 evident.	 The	 two	 base	 membranes	 had	 comparable	

performances	and	the	initial	flux	around	8	LMH	improved	to	about	20	LMH,	while	0.5%	PIP	

2000	had	about	the	same	initial	flux	and	only	improved	to	12	LMH.	Where	all	membranes	

modified	with	nanogels	 had	 an	 improved	 salt	 rejection	with	 temperature	while	 the	 base	

membranes	did	not.	The	exception	being	0.5%	PIP	200,	which	did	have	the	improved	salt	

rejection,	 but	 the	 initial	 rejection	 was	 62%	 improving	 66%.	 This	 is	 likely	 due	 to	 some	

inconsistency	during	 the	 fabrication	steps	resulting	 in	a	more	porous	selective	 layer.	The	

results	 from	the	modified	membranes	 indicates	 that	 the	 incorporation	of	nanogels	 in	 the	

heptane-TMC	 layer	 will	 improve	 the	 salt	 rejection	 with	 temperature.	 Exploring	 the	

performance	of	these	membranes	for	selective	rejection	of	smaller	salt	species	such	as	Li+	

would	be	of	great	interest	in	the	future.		
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The	surface	modification	of	the	polyamide	with	the	same	core-shell	nanogels	was	also	

explored	for	improving	the	antifouling	properties	as	detailed	in	section	3.2.2.	The	idea	that	

thermo-responsive	materials	can	improve	the	antifouling	properties	of	TFC	membranes	has	

been	studied	before,62,95,101	but	the	unique	morphology	of	the	core-shell	nanogel	modified	

with	 APMA	 shell	 for	 chemical	 crosslinking	 has	 not	 yet	 been	 reported	 to	 date.	 For	 these	

experiments,	 the	 flux	 recovery	 of	 the	modified	membrane	was	 evaluated	 by	 varying	 the	

washing	 temperature	 to	 observe	 the	 effect	 of	 the	 swelling/deswelling	 actuation	 of	 the	

nanogels	on	removing	the	foulant	cake	layer.	Typically,	the	membrane	is	made	to	be	more	

Figure	3.5	The	change	in	flux	with	increasing	temperature	plot	for	(a)	1%	PIP	base	and	modified	membranes	
and	for	(b)	0.5%	PIP	base	and	modified	membranes.	The	%	salt	rejection	at	25	°C	(blue)	and	at	50	°C	(red)	for	
(c)	1%	PIP	membranes	and	(d)	0.5%	PIP	membranes.		

a)	 b)	

c)	 d)	
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hydrophilic	or	hydrophobic	depending	on	the	foulant,	so	that	the	interaction	between	the	

membrane	 surface	 and	 the	 foulant	 is	 decreased.	 For	 example,	 sodium	 alginate	 is	 a	

hydrophilic	foulant	so	the	membrane	would	be	made	to	be	more	hydrophobic	to	repel	the	

foulant	and	make	the	washing	more	effective.102	What	is	not	intuitive	about	this	system	is	

that	the	addition	of	nanogels	should	increase	the	hydrophilicity	of	the	membrane	surface	as	

both	 the	 core	 and	 shell	 are	 hydrophilic	 in	 nature.	 The	 dynamic	 contact	 angle	 of	 the	

membrane	was	measured	at	time	0	s,	10	s,	and	30	s	after	adding	the	water	droplet	to	the	

surface	to	observe	the	change	in	wettability	with	the	hydration	of	the	nanogels,	and	found	

that	the	surface	modified	membranes	were	more	hydrophobic	compared	to	the	base,	seen	in	

Figure	3.6-a.	A	contact	angle	>90°	usually	classifies	the	surface	as	hydrophobic	but	there	are	

other	 factors	 such	 as	 surface	 roughness	 that	 can	 inflate	 contact	 angle	 measurements	

according	to	Wenzel’s	corrections	made	to	Youngs	equation.103,104	

(3.1)		 	 	 	 	 &'()( = * )!"*)!#)#"
= *&'()	

Where	)( 	is	the	apparent	contact	angle,	*	is	the	roughness	factor	or	ratio	of	actual	surface	
area	to	the	projected	surface	area	due	to	roughness,	and	the	contributions	to	contact	angle	

from	 the	 solid-vapour,	 solid-liquid,	 and	 liquid-vapour	 interface	 tensions	 ++, , ++$ , and	+$, .	
According	 to	 this	 model,	 when	 a	 surface	 is	 hydrophilic	 (CA	 <90°),	 increasing	 surface	

roughness	will	decrease	contact	angle	whereas	the	hydrophobic	surface	(CA	>90°)	will	have	

an	increased	contact	angle	with	increasing	surface	roughness.104	But	there	are	also	several	

reported	exceptions	that	exist	outside	the	confines	of	the	model.	For	example,	plant	species	

that	 have	 nano-	 to	microscale	 surface	 roughness	 can	 alter	what	 should	 be	 a	 hydrophilic	

surface	into	the	superhydrophobic	range	(>150°).105	The	surface	roughness	was	measured	

by	AFM	shown	in	Figure	3.6-(c-f)	to	better	understand	the	surface	morphology.	From	the	

AFM	data,	the	surface	modified	membranes,	0.1%	PIP	400	s-mod.	and	0.1%	PIP	800	s-mod.	

in	particular,	have	an	increased	roughness	compared	to	the	base.	Although	the	scale	at	which	

the	 roughness	 is	 increasing	 would	 not	 seem	 to	 be	 solely	 responsible	 for	 increasing	 the	

contact	angle	by	nearly	40°,	there	does	not	seem	to	be	another	explanation	considering	the	

nanogels	are	inherently	hydrophilic	in	nature.		
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While	 the	 contact	 angle	 and	 change	 in	 surface	 roughness	 indicates	 the	 successful	

coupling	of	the	nanogels	to	the	surface	of	the	membrane,	it	was	further	confirmed	by	zeta	

potential.	After	the	IP	reaction,	the	washed	PA	surface	was	covered	in	nanogels	dispersed	in	

heptane	for	10	min.	Any	residual	acyl	chloride	groups	would	then	be	available	to	covalently	

crosslink	with	the	primary	amine	on	the	end	of	APMA.	On	the	base	membrane,	these	acyl	

chloride	groups	would	be	immediately	hydrolyzed	to	carboxylic	acid	group	that	contribute	

negative	 charges	 on	 the	 surface	 of	 the	 polyamide.	 The	 protonation	 state	 of	 TMC	 bound	

carboxylic	 acids	within	 the	polyamide	 is	 highly	 variable	 and	 the	pKa	shifts	 higher	 as	 you	

penetrate	 further	 into	 the	 polyamide.106	 This	 explains	 why	 the	 zeta	 potential	 of	 the	

membrane	surface	becomes	more	negative	as	the	pH	increases	as	seen	in	Figure	3.6-b.	The	

surface	 modified	 membranes	 all	 have	 a	 higher	 measured	 zeta	 potential	 than	 the	 base	

membrane,	 measuring	 more	 positive	 with	 increasing	 concentration	 of	 nanogel	 added.	

Scanning	electron	microscopy	images	were	also	taken	to	attempt	to	visualize	the	nanogels	

on	the	surface	shown	in	Figure	3.6.	From	these	images,	there	appears	to	be	some	clusters	of	

particles	that	could	be	nanogels,	most	prevalent	on	the	0.1%	PIP	800	s-mod	sample,	that	are	

not	seen	on	the	base	membrane.	The	nanogels	are	soft	polymer	materials	that	are	difficult	to	

image	by	electron	microscopy	techniques	as	the	electron	beam	will	penetrate	through	the	

material	and	lowering	the	intensity,	lowered	to	5	kV	as	in	the	images	presented,	will	sacrifice	

the	 resolution.107	 Taking	 this	 characterization	 data	 into	 account,	 it	 can	 be	 reasonably	

concluded	that	the	nanogels	are	coating	the	surface	of	the	polyamide	and	the	impact	they	

have	on	antifouling	of	the	membrane	was	explored.		
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Ra	=	17	±	2	nm	
Rq	=	22	±	3	nm	

Ra	=	16.1	±	0.7	nm	
Rq	=	20.4	±	0.9	nm	

Ra	=	11	±	4	nm	
Rq	=	15	±	4	nm	

Ra	=	11.7	±	0.4	nm	
Rq	=	14.7	±	0.6	nm	

Figure	3.6	(a)	dynamic	contact	angle	and	(b)	zeta	potential	data	for	the	base	and	modified	membranes.	AFM	
and	SEM	 images	for	 the	base	membrane	 (c	&	g),	400/400	(d	&	h),	400	s-mod	(e	&	i),	and	 the	800	s-mod	
membrane	(f	&	j).	

a)	 b)	

c)	 d)	

e)	 f)	

g)	 h)	

i)	 j)	



  54 

	 Details	for	the	antifouling	experiments	is	included	in	section	3.2.5	above,	but	briefly,	

the	pure	water	initial	flux	was	measured	at	25	°C	before	adding	crosslinked	sodium	alginate	

with	 CaCl2	 to	 foul	 the	membrane.	 The	 feed	was	washed	 and	 heated	 to	 50C	 to	wash	 the	

membrane	without	any	applied	pressure	before	cooling	again	to	25	°C,	reapplying	the	same	

initial	pressure,	and	recording	the	recovered	flux.	The	flux	results	from	these	experiments	

are	summarized	in	Figure	3.7.	Sodium	alginate	is	the	hydrophilic	foulant	used	herein	that	is	

crosslinked	with	CaCl2	to	form	a	gel.	The	Ca2+	ions	can	also	act	as	a	bridging	agent	between	

the	 foulant	and	 the	membrane	surface,	 interacting	with	 the	deprotonated	carboxylic	acid	

groups	 on	 the	 membrane	 surface.108,109	 By	 reducing	 the	 net	 negative	 charge	 on	 the	

membrane	surface,	 the	 calcium	bridging	effect	 can	be	mitigated.67	The	 localization	of	 the	

thermo-responsive	nanogels	on	the	surface	of	the	membrane	not	only	reduces	the	negative	

surface	 charge,	 as	 seen	 in	 the	 ZP	 data,	 but	 the	 actuation	 of	 the	 nanogel	 from	

swollen/hydrophilic	to	deswollen/hydrophobic	will	both	reduce	the	severity	of	fouling	and	

improve	 the	 flux	 recovery	 after	 washing.	 The	 base	 membrane	 (Figure	 3.7,	 in	 blue)	

experienced	the	most	severe	fouling	where	the	flux	declined	nearly	50%	in	1	h	and	having	a	

flux	 recovery	 of	 74%.	 Comparing	 this	 result	 to	 the	 modified	 membranes,	 the	 impact	 of	

fouling	 on	 the	 flux	 is	 decreased,	 approximately	 30%,	 19%,	 and	 15%	 flux	 decline	 due	 to	

fouling	 for	0.1%	PIP	400/400,	400	s-mod,	and	800	s-mod,	respectively.	And	all	achieving	

≥90%	flux	recovery.	It	is	not	expected	that	the	base	membrane	would	experience	much	flux	

recovery	under	low	temperature	washing,	as	done	in	other	antifouling	studies	with	thermo-

responsive	materials,61	 but	with	 heating	 the	washing	 feed,	 the	 sodium	 alginate	 becomes	

more	soluble	and	some	of	the	cake	layer	will	wash	away.	It	is	when	the	nanogels	are	present,	

it	 can	 be	 reasoned	 that	 the	 transition	 from	 swollen	 to	 the	 deswollen	 state	 will	 aid	 in	

dislodging	the	 foulant	cake	 layer.	There	could	also	be	some	additional	 influence	 from	the	

hydrophilic	 to	 hydrophobic	 transition	 of	 the	 pNIPAm	 core,	 despite	 the	 APMA	 shell	 that	

should	 provide	 some	 screening	 between	 the	 collapsed	 pNIPAm	 the	 surrounding	

environment.	 Referring	 back	 to	 Figure	 3.6-a,	 the	 dynamic	 contact	 angle	 of	 the	 fouled	

membranes	after	filtration	was	measured.	For	the	surface	modified	membranes,	the	contact	

angle	is	significantly	lower	than	the	pristine	membrane,	indicating	that	despite	having	a	flux	

recovery	 ≥90%,	 there	 is	 still	 remnants	 of	 the	 hydrophilic	 foulant	 on	 the	 surface	 after	

washing.	While	these	results	are	very	promising,	the	performance	of	the	membrane	was	not	



  55 

ideal	 as	 the	 rejection	 for	 all	 membranes	 tested	 was	 ≤36%.	 To	 address	 this,	 the	 PIP	

concentration	was	increased	but	the	significant	impact	to	the	initial	flux	was	observed	to	the	

point	where	 the	 applied	 pressure	was	 very	 high,	 and	 the	 effects	 of	 fouling	 could	 not	 be	

observed	due	to	the	low	flux.	That	data	is	not	included	here,	but	the	work	is	ongoing	and	will	

be	continued	in	the	future.		

	

	

	

	

	

	

	

Figure	3.7	Change	in	flux	with	time	where	the	initial	flux	was	recorded	(0-20	min),	the	impact	of	fouling	on	
the	flux	(20-80	min),	and	the	recovered	flux	after	washing	(80-100	min)	for	the	base	(blue)	and	modified	
membranes.	
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3.4	 Conclusion	

	 In	 summary,	 the	 incorporation	 of	 thermo-responsive	 core-shell	 nanogels	 into	 the	

polyamide	of	thin-film	composite	membranes	was	achieved.	The	presence	of	the	nanogels	in	

the	heptane-TMC	phase	during	interfacial	polymerization	incorporated	the	nanogels	into	the	

polyamide	 structure	 and	 resulted	 in	 an	 increased	 salt	 rejection	with	 increased	 filtration	

temperatures.	But	the	flux	improvement	with	temperature	was	depressed	with	increasing	

nanogel	concentration.	Additionally,	 the	 localization	of	 the	nanogels	on	the	surface	of	 the	

polyamide	reduced	the	severity	of	sodium	alginate	fouling	and	improved	the	flux	recovery	

with	high	temperature	washing.	These	results	are	not	consistent	with	other	work	that	couple	

thermo-responsive	materials	to	a	TFC	membrane	and	should	be	very	interesting	should	this	

work	continue	for	exploring	the	combined	effects	of	the	incorporated	and	surface	modified	

membranes	for	the	rejection	of	smaller	target	species	such	as	Li+	ions,	where	research	is	very	

focused	 currently	 given	 the	 importance	 of	 lithium	 recovery	 for	 batteries	 and	 other	

manufacturing	sectors.	110	
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Chapter	4	Self-driven	Water	Filtration	and	Clean	Water	Recovery	using	
Polyamide-coated	Thermo-responsive	Polymer	Hydrogels		

4.1		 Introduction	

It	 is	 recognized	 that	 membrane-based	 separation	 systems	 excel	 in	 a	 number	 of	

industrial	and	environmental	applications.	Popular	membrane-based	systems	are	pressure-

driven	 and	 can	 achieve	 excellent	 levels	 of	 separation	 with	 high	 permeability	 and	 tuned	

properties	 such	 as	 pore	 size,	 selective	 layer	 morphology,	 and	 added	 functionalities	 for	

optimal	 membrane	 performance.71,111	 While	 advancements	 in	 membrane	 separation	 are	

growing	more	rapidly	 than	any	other	method	 for	water	remediation,	 this	may	not	be	 the	

most	practical	system	for	addressing	the	major	challenges	we	are	facing	globally	regarding	

climate	change,	energy,	and	water.	Where	 the	popular	processes	of	desalinating	brackish	

water	via	reverse	osmosis	(RO)	or	electrodialysis	(ED)	are	very	effective	at	producing	clean	

water,	they	are	energetically	expensive	due	to	the	high	osmotic	pressure	of	saline	water	and	

require	the	infrastructure	to	treat	large	volumes	of	water	to	offset	the	costs.112	Solutions	to	

the	 larger	 concern	 of	 global	 accessibility	 to	 clean	 water	 is	 the	 goal	 and	 the	 research	

community	has	shifted	focus	to	explore	the	potential	of	alternative	materials	that	will	aid	

other	 sectors	 effected	 by	 the	 water	 crisis	 such	 as	 the	 agriculture,	 manufacturing,	 and	

environmental	 conservation	 industries.6	 In	 this	 context,	 hydrogels	 have	 emerged	 as	 a	

promising	 alternative	 due	 to	 their	 unique	 properties	 such	 as	 tunable	 swelling	 behavior,	

biocompatibility,	and	stimuli-responsive	nature.	

Hydrogels	are	hydrophilic,	cross-linked	polymer	structures,	that	can	swell	and	take	

up	large	volumes	of	water	but	will	not	dissolve.7	The	properties	of	the	hydrogel	can	be	tuned	

by	altering	the	size,	physical	structure,	monomer	composition,	and	degree	of	crosslinking	to	

function	in	the	system	of	interest.	Highly	hydrophilic	hydrogels	capable	of	absorbing	<	103	

times	their	dry	weight	in	water	have	been	incorporated	into	urban	agricultural	systems	to	

help	 reduce	 the	 stress	 of	 irrigation	 in	 drought-wrought	 environments	 by	 improving	 soil	

moisture.51,113,114	 Other	 hydrogel	 matrixes	 have	 been	 modified	 with	 target-specific	

functional	monomers	to	selectively	capture	heavy	metal	contaminants	in	water	such	as	Pb	2+	

and	Cd2+.35,115,116	In	these	instances	where	the	recovery	of	the	hydrogel	contents	is	desired	
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to	 isolate	 the	 contaminants,	 stimuli-responsive	 polymers	 such	 as	 poly(N-

isopropylacrylamide)	 (pNIPAm)	 have	 been	widely	 utilized	 due	 to	 the	 thermo-responsive	

nature.	pNIPAm	has	a	 lower	 critical	 solution	 temperature	 (LCST)	at	32	 °C	and	exhibits	 a	

reversible	 hydrophilic	 to	 hydrophobic	 transition	 when	 heated	 above	 the	 LCST.6	 The	

hydrogen	bonds	formed	between	the	water	molecules	and	the	amid	group	of	the	polymer	

energetically	dominates	when	the	temperature	is	below	the	LCST.	When	heated	above	the	

LCST,	the	solvation	of	the	hydrophobic	regions	becomes	unstable	forcing	the	rearrangement	

of	 the	 polymer	 chains	 to	 a	 globule	 conformation,	 breaking	 the	 hydrogen	 bonding,	 and	

expelling	the	water	molecules.11	

Recently,	 the	applications	of	hydrogels	 for	desalination	have	centered	around	 two	

main	 processes:	 stimuli-responsive	 hydrogels	 and	 polyelectrolyte	 hydrogels.	 The	

polyelectrolyte	hydrogels	exploit	the	high	charge	density	contained	within	the	gel	to	create	

an	osmotic	pressure	gradient	in	which	the	high	osmotic	pressure	of	brackish	water	deters	

the	passage	of	salt	ions	into	a	high	charge	concentrated	area	of	the	gel	phase.7,8,73	These	types	

of	 hydrogels	 excellent	 at	 rapid	 swelling	 achieving	 salt	 rejection	up	 to	35%	when	using	 a	

polyacrylic	acid	gel	in	10	g/L	NaCl	feed	solutions.73	The	limitation	of	these	materials	is	that	

the	clean	water	is	recovered	either	by	mechanical	means,	by	applying	stress	to	the	gel	and	

squeezing	the	gel	like	a	sponge,	or	by	copolymerizing	with	a	stimuli	responsive	polymer	such	

as	pNIPAm.	But	this	lends	to	very	low	recovery	rates	(<	10	%)	as	the	high	charge	density	in	

the	 gel	 increases	 the	 LCST	 dramatically	 or	 depressing	 the	 thermo-responsive	 properties	

altogether.	7	

Combining	 a	 hydrogel	 material	 with	 a	 highly	 selective	 polyamide	 coating	 for	 the	

recovery	 of	 clean	 water	 has	 been	 explored	 recently	 for	 applications	 in	 aqueous	 sample	

concentration.	A	study	by	Dou	et	al	combined	a	polyacrylic	acid	hydrogel	core	coated	with	a	

polyamide	(PA)	membrane	shell	typical	of	a	TFC	membranes	for	desalination.	This	material	

was	 able	 to	 achieve	 >96	%	 salt	 rejection	 but	 the	mechanism	 for	water	 recovery	was	 by	

evaporation	at	60	°C,	and	the	material	was	not	able	to	withstand	repeat	swelling/deswelling	

cycle	for	reuse.74	To	improve	the	PA	adhesion	to	a	hydrogel	surface,	Gupta	and	coworkers	

optimized	a	pNIPAm-co-pSA	hydrogel	that	exploited	the	charge	interaction	between	the	pSA	
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and	 polyethyleneimine,	 the	 amine	 containing	monomer	 for	 the	 IP	 reaction,	 acting	 as	 an	

anchor	 for	 the	 PA	 layer.76	 This	material	 was	 able	 to	 withstand	 100	 swelling/deswelling	

cycles	without	any	observed	delamination	between	the	PA	and	the	hydrogel.	Although,	the	

rejection	of	inorganic	salts	was	varied	and	was	not	selective	to	smaller	Li+	and	Cl-	ions.76	

In	this	study,	a	novel	membrane	system	based	on	a	pNIPAm	hydrogel	as	the	support	

material	 that	 is	 coated	 with	 a	 polyamide	 selective	 layer	 for	 enhanced	 separation	

performance	 is	 presented.	 The	 developed	 water	 treatment	 system	 shows	 comparable	

performance	in	terms	of	water	flux	for	a	non-ionic	polymer	and	excellent	selectivity	for	a	

number	of	solutes.	Furthermore,	the	thermo-responsive	behavior	of	the	pNIPAm	hydrogel	

allows	 for	 the	 recovery	 of	 water	 from	 the	 membrane	 system	 using	 heat	 and	 maintain	

performance	for	3	swelling/deswelling	cycles.	This	material	can	potentially	reduce	energy	

consumption	 and	 enhance	 the	 sustainability	 for	 many	 different	 wastewater	 or	 sample	

treatment	 applications.	 All	 fabrication	 optimization,	 filtration	 experiments,	 and	

characterization	was	performed	by	me	with	the	exception	of	the	FTIR,	which	was	performed	

by	Dr.	Pooria	Karami,	and	ESEM/cryo-TEM,	which	was	submitted	through	nanoFAB.	

4.2		 Experimental	Section	

Materials:	 N-isopropylacrylamide	 (NIPAm)	 recrystallized	 from	 hexanes,	 N,N’-

methylenebisacrylamide	 (BIS),	 ammonium	 persulfate	 (APS,	 >98%),	

tetramethylethylenediamine	(TEMED),	 toluene,	chloroform,	ethanol,	m-phenylenediamine	

(MPD),	 trimesoyl	 chloride	 (TMC,	 >98%),	 triethylamine	 (TEA),	 and	 lithium	 chloride	 (LiCl,	

≥99%)	purchased	from	Sigma-Aldrich.		Sodium	chloride	(NaCl)	and	Calcium	chloride	(CaCl2)	

purchased	from	Fisher	Chemicals.	And	magnesium	sulfate	(MgSO4)	purchased	from	Caledon.	

4.2.1		 Preparation	of	Spherical	Hydrogels	and	Polyamide	Coating	

The	 spherical	 hydrogels	 were	 prepared	 using	 a	 1M	 aqueous	 monomer	 solution	

containing	4.9	mmol	NIPA,	0.02	mmol	BIS,	and	0.08	mmol	APS.	100	µL	volumes	of	monomer	

solution	were	carefully	placed	at	the	interface	of	chloroform	and	toluene-2	wt%	TEMED	in	a	

glass	 vial.	 The	polymerization	was	 carried	 out	 for	 20	minutes	 at	 room	 temperature.	 The	

hydrogel	spheres	were	dried	in	100%	ethanol	for	a	minimum	of	12	hours.		For	the	polyamide	
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shell	 addition,	 the	 hydrogels	 were	 hydrated	 in	 an	 aqueous	 MPD	 solution	 of	 desired	

concentration	for	a	minimum	of	12	hours.	The	hydrated	gels	were	then	submerged	in	a	mix	

of	 heptane	 and	 chloroform	 containing	 the	 desired	 concentration	 of	 TMC	 for	 2	min.	 The	

resulting	 PA	 coated	 hydrogels	were	 left	 in	 2	M	KCl	 overnight	 to	 remove	water	 from	 the	

hydrogel	before	experiments.		

4.2.2		 Preparation	of	Flat	Hydrogels	

Flat	hydrogels	were	prepared	for	characterization	purposes	by	using	the	as-prepared	

monomer	solution	described	above.	5.0	mL	monomer	solution	and	100	µL	1%	TEMED	in	

deionized	water	was	added	to	a	small	petri	dish	and	left	for	30	minutes.	The	flat	hydrogel	

was	rinsed	3x	with	deionized	water	to	remove	unreacted	monomer	before	placing	in	100%	

ethanol	to	dry.	Small	portions	of	the	flat	hydrogel	were	cut	using	a	razor	blade	before	the	

polyamide	coating	reaction,	which	was	the	same	as	described	above.		

4.2.3		 Filtration	Experiments	and	Data	Treatment		

A	 quantitative	 estimation	 of	 the	 flux	 was	 obtained	 by	 measuring	 the	 weight	 and	

radius	 changes	 of	 the	 coated	 hydrogels	 after	 immersing	 the	 as-prepared	 PA	 coated	

hydrogels,	deswollen	in	2	M	NaCl,	in	1.0	mL	volumes	of	a	salt	solution	feed	at	regular	time	

intervals	 after	 gently	 drying	 the	 surface	 of	 the	 gel	 with	 a	 wipe.	 The	 hydrogels	 are	 not	

perfectly	spherical	throughout	the	swelling	process,	as	shown	in	Figure	4.1,	but	an	effort	to	

approximate	the	surface	area	of	the	polyamide	membrane	layer	was	made	to	estimate	the	

flux	was	defined	by	Equation	4.1.	

(4.1)		 	 	 	 	 	Flux	(LMH) =	#- .!!−!"
4$%-2 /	

Where	0	is	the	average	time	between	the	intervals,	in	this	case	15	min,	1&	and	1!is	the	weight	

of	the	gel	before	and	after	the	time	interval	had	passed,	2̅	is	the	mean	radius	of	the	gel	before	
and	 after	 the	 time	 interval.	 Flux	 is	 typically	 reported	 as	 LMH	 (or	 L•(m2•h)-1).	 Using	 the	

change	in	radius	of	the	“spherical”	hydrogel,	the	surface	area	of	the	membrane	(the	PA	skin)	

can	be	 approximated,	 the	 change	 in	mass	of	 the	 gel	 at	 each	 time	 is	 the	 amount	of	water	
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passing	 through	 the	 membrane,	 and	 the	 time	 is	 the	 average	 time	 between	 each	

measurement.	

The	corresponding	water	uptake	of	the	gels	over	the	same	time	scale	was	obtained	as	

follows.	

(4.2)		 	 	 	 Water	Uptake	(%)	 =	 .!!−!$
!%−!$

/100	

Where	1/ 	is	the	dry	weight	of	the	gel	after	drying	at	60	°C	overnight	and	1+ 	is	the	equilibrium	
weight	of	the	hydrated	gel	after	24	h	in	the	same	feed	concentration	as	the	experiment	at	

room	temperature.		

	 The	performance	of	the	polyamide	coated	hydrogels	in	selectively	rejecting	salt	was	

determined	by	measuring	the	target	salt	ion	concentration	in	the	feed	recovered	after	the	

first	2	h	 filtration,	and	after	1	h	 for	subsequent	 filtrations.	An	aliquot	of	 feed	sample	was	

diluted	 20x	 and	 the	 concentration	 was	measured	 using	 an	 Optima	 DV	 2100	 inductively	

coupled	 plasmon	 atomic	 emission	 spectrometer	 (ICP-AES).	 The	moles	 of	 salt	 in	 the	 feed	

before	and	after	filtration	were	presented	as	a	mole	ratio	where	selective	rejection	meant	a	

ratio	=	1	as	defined	by	the	following	Equation	4.3.	

(4.3)		 	 	 	 	 Mole	Ratio =	4&&'&&"'" 5	 	 	

Where	6& 	and	60	are	the	concentration	of	the	target	salt	ion	in	the	feed	before	and	after	the	
filtration,	respectively.	7&and	70	are	the	feed	volume	before	and	after	filtration,	respectively,	
derived	 from	 the	 weight	 of	 the	 swollen	 hydrogel	 corresponding	 to	 the	 weight	 of	 water	

absorbed.		

	 The	gels	were	transferred	into	deionized	water	before	placing	in	a	50	°C	water	bath	

for	60	min	and	allowed	to	shrink.	To	obtain	the	percent	water	recovered,	the	weight	of	the	

gel	 before	 and	 after	 heating	 was	 measured	 and	 compared	 to	 the	 total	 weight	 of	 water	

absorbed	by	the	hydrogel	in	Equation	4.4.		
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(4.4)		 	 	 	 Water	Recovery	(%) =	.!ℎ−!(
!ℎ−!"

/ 	100	

Where	11	 is	 the	weight	of	 the	hydrated	gel	after	 the	 filtration	prior	 to	heating,	1( 	 is	 the	
weight	of	the	shrunken	gel	after	heating,	and	1&is	the	mass	of	the	hydrogel	after	dewatering	

in	KCl.	The	gels	were	then	cycled	through	into	a	fresh	feed	volume	and	allowed	to	rehydrate	

for	1	hr,	determining	the	membrane	selectivity	and	subsequent	water	recovery	a	total	of	3	

times.		

	

4.2.4		 Characterization		

Surface	 morphology	 of	 the	 bare	 hydrogel	 and	 the	 polyamide	 coating	 was	

characterized	by	several	 techniques.	To	prepare	samples	 for	SEM	 imaging,	 the	PA	coated	

hydrogel	 was	 fully	 hydrated	 to	 swelling	 equilibrium	 in	 deionized	 water	 before	 gently	

Figure	4.1	Images	of	a	pNIPAm	hydrogel	with	a	1%	MPD-0.4%	TMC	PA	coating	swelling	in	water	captured	
every	15	min	for	2	h	and	after	~	24	hr.	
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separating	 the	PA	 from	 the	hydrogel	 surface	using	 a	 razor	 blade	 in	 the	water	 volume	 to	

minimize	surface	damage	before	collecting	on	the	appropriate	substrate	 for	 imaging.	The	

SEM	samples	were	sputter	coated	with	gold	before	imaging	done	under	10	kV	accelerating	

voltage	 using	 a	 Hitachi	 S-4800	 FESEM	 high	 resolution	 (SEM).	 The	 collected	 images	 are	

presented	 in	 Figure	 4.3.	 It	 was	 difficult	 to	 collect	 a	 sample	 area	 large	 enough	 using	 the	

described	method,	so	flat	hydrogel	samples	were	used	instead	as	detailed	in	section	4.2.2.	

The	 flat	samples	were	allowed	to	air	dry	overnight	before	collecting	AFM	images	using	a	

Dimension	3000	AFM	to	calculate	surface	roughness.	The	AFM	data	is	summarized	in	Figure	

4.6.	 Chemical	 characterization	 of	 the	 polyamide	 and	 the	 hydrogel	 was	 done	 by	 Fourier	

transform	 infrared	spectroscopy	(FTIR)	shown	 in	Figure	4.2.	Hydrated	 flat	 samples	were	

imaged	using	to	observe	the	film	thickness	of	the	polyamide	coating	via	STEM	(Figure	4.3)		

	

	
	
	
	
	

Figure	 4.2	 FTIR	 spectra	 of	 the	 bare	 hydrogel	 (in	 red)	 and	 the	 hydrogel	 coated	 in	 2%	 MPD-0.4%	 TMC	
polyamide	composition	(in	green).		
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4.3		 Results	&	Discussion	

There	are	several	approaches	to	making	hydrogels	similar	in	nature	to	those	used	in	

this	study.7,74,117	Typically,	a	thermal	radical	initiator	is	employed	and	activated	by	heating	

the	 monomer	 solution.	 Details	 of	 precipitation	 polymerization	 and	 its	 benefits	 for	 the	

synthesis	 of	 small	 pNIPAm-based	 nano-	 and	 microgels	 has	 been	 discussed	 in	 previous	

chapters	 of	 this	 thesis.	 For	 this	 work,	 the	 goal	 of	 fabricating	 a	 more	 dense,	 macroscale	

spherical	 hydrogel	 required	 a	 different	 polymerization	 method.	 A	 previously	 reported	

method	 used	 the	 interface	 between	 tetrachloroethylene	 (TCE)	 and	 toluene	 to	 suspend	

individual	aqueous	monomer	spheres	that	contained	APS	that	was	then	heated	to	70	°C	to	

initiate	the	polymerization.74	In	that	case,	8	µL	droplets	were	used	whereas	in	this	work	100	

µL	 droplets	 were	 used	 and	 it	 was	 observed	 that	 heating	 the	 organic	 fractions	 caused	

convection	 agitation	 that	 resulted	 in	 the	 monomer	 droplets	 merging	 before	 the	

polymerization	had	begun.	 Instead,	 chloroform	was	 substituted	 for	TCE	and	TEMED	was	

added	to	the	toluene	phase	to	activate	the	APS,	eliminating	the	need	to	heat	the	volume,	and	

resulted	 in	 a	 20	min	 polymerization	where	 the	 size	 of	 the	 hydrogels	 could	 be	 tuned	 for	

Figure	4.3	FESEM	images	of	the	polyamide	layer	on	a	dried	flat	hydrogel	for	(A)	1%	MPD-0.1%	TMC,	(B)	
1%	MPD-0.4%	TMC,	(C)	2%	MPD-0.1%	TMC,	and	(D)	2%	MPD-0.4%	TMC	(with	high	mag.	Inset).	
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different	 scale	 filtrations	 by	 varying	 the	 monomer	 droplet	 volume.	 After	 drying	 the	 as-

prepared	spheres	in	ethanol,	they	were	hydrated	in	an	aqueous	m-phenylenediamine	(MPD)	

solution.	The	fully	hydrated	diameter	of	the	spheres	was	~8	mm.	The	gels	were	suspended	

in	a	volume	of	58%	heptane	:	42%	chloroform	with	trimesoyl	chloride	(TMC)	for	2	minutes	

and	the	colourless	opaque	PA	film	was	formed	by	interfacial	polymerization.	This	fraction	of	

heptane	to	chloroform	was	determined	experimentally	to	be	about	the	same	as	the	density	

of	the	hydrated	hydrogels	so	that	the	gels	would	sit	submerged	in	the	TMC	solution	without	

touching	the	sides	of	 the	glass	vial	and	therefore	encouraging	the	even	and	unobstructed	

formation	of	the	polyamide.	The	PA	coated	hydrogels	were	then	transferred	into	2	M	KCl	to	

deswell	to	~3	mm	before	filtration	experiments.	The	polymerization	and	polyamide	coating	

scheme	are	presented	in	Figure	4.4.		

	

Figure	4.4	Polymerization	and	polyamide	coating	scheme.	Created	with	BioRender.	



  66 

The	 PA	 film	was	 characterized	 from	 samples	 gently	 separated	 from	 the	 hydrogel	

surface	onto	the	appropriate	substrate	for	analysis.	Noting	that	the	PA	samples	were	formed	

on	a	curved	surface	and	then	placed	on	a	flat	surface	for	imaging,	it	is	expected	that	some	

amount	of	wrinkling	and	folding	would	occur	but	at	the	scale	at	which	the	images	were	taken	

it	can	be	assumed	that	they	are	representative	of	the	surface	in-situ.	The	surface	of	the	bare	

hydrogel	 and	 the	 separated	 PA	 films	 were	 images	 with	 SEM	 and	 AFM.	 At	 the	 lowest	

concentration,	1%	MPD-0.1%	TMC,	the	PA	morphology	was	generally	smoother	appearance	

with	fewer	clusters	of	polyamide	in	comparison	to	1%	MPD-0.4%	TMC,	seen	in	Figure	4.5-(b	

&	 c).	 The	 higher	 2%	 MPD	 concentration	 samples	 had	 a	 noticeable	 increase	 in	 surface	

roughness	and	wrinkling,	with	 larger	more	dense	clusters	of	PA	that	propagate	outwards	

during	the	film	formation,	seen	in	Figure	4.5-(d	&	e).	This	effect	is	often	observed	in	films	

formed	by	interfacial	polymerization	when	the	respective	monomer	concentrations	are	high,	

the	rapid	rate	of	polymerization	generates	local	convection	moments	and	disrupts	diffusion	

of	MPD	into	the	nonpolar	phase	containing	TMC,	resulting	in	non-uniform	folds	and	lateral	

growths.6,118	Separating	a	piece	of	the	polyamide	from	the	hydrogel	surface	that	was	large	

enough	for	AFM	imaging	without	damage	was	difficult	as	the	polyamide	is	strongly	adhered	

to	the	hydrogel.	Therefore,	flat	hydrogel	samples	were	prepared	as	outlined	in	section	4.2.2	

for	AFM,	FTIR,	and	FESEM.	The	FTIR	results	displayed	a	fair	number	of	similar	peaks	due	to	

the	similar	bonding	nature	of	pNIPAm	and	the	polyamide	coating.	But	a	few	distinct	peaks	

became	more	intense,	particularly	those	at	1540	cm-1	(C-N	stretching	of	the	amide	bond)	and	

1660	cm-1	(C=O	stretching	of	amide	bond).	With	the	appearance	of	distinct	peaks	at	1610	

cm-1	(aromatic	amide	ring	stretch)	and	1710	cm-1	(C=O	stretch	of	terminal	carboxylic	acid	

from	 hydrolyzed	 acyl	 chloride	 groups	 on	 TMC)	 that	 are	 characteristic	 of	 the	 polyamide	

(Figure	4.2).	The	calculated	surface	roughness	from	the	AFM	images	are	shown	in	Figure	4.6.	

The	bare	hydrogel	is	very	smooth,	as	expected.	With	increasing	concentration	of	TMC,	the	

surface	roughness	also	increases	for	the	1%	MPD	samples.	The	average	roughness	increasing	

from	 48.1	 nm	 to	 62.1	 nm	 as	 TMC	 increases	 from	 0.1%	 to	 0.4%,	 respectively.	 As	 the	

concentration	of	MPD	increases	to	2%,	the	surface	roughness	remains	largely	unchanged	at	

88.2	nm	and	85.6	nm	for	0.1%	and	0.4%	TMC,	respectively.	This	indicated	that	there	is	an	

upper	 threshold	where	 increasing	 the	TMC	 concentration	 at	 this	MPD	 concentration	 has	

minimal	 effect	 on	 the	 polyamide	 lateral	 growth.	 At	 a	 certain	 point,	 the	 initial	 layer	 of	



  67 

polyamide	formed	when	the	two	solutions	meet	will	impact	that	later	diffusion	of	the	MPD	

into	 the	 TMC/organic	 phase	 surrounding	 the	 hydrogel.	 If	 the	 concentrations	 of	 the	 two	

monomers	is	high,	the	insipient	polyamide	layer	will	be	dense	enough	to	prevent	the	rapid	

diffusion	 of	 the	MPD	 into	 the	 TMC/organic	 phase	 surrounding	 the	 hydrogel.	 The	 results	

presented	here	would	indicate	that	with	2%	MPD,	increasing	the	concentration	from	0.1%	

to	0.4%	has	little	impact	of	the	polyamide	thickness	and	surface	roughness.		

		

	

a)	 b)	 c)	

d)	 e)	

Figure	4.5	SEM	images	for	the	(a)	bare	hydrogel,	(b)	1%MPD-0.1%	TMC,	(c)	1%	MPD-0.4%	TMC,	(d)	2%	MPD-
0.1%	TMC,	and	(e)	2%	MPD-0.4%	TMC	polyamide	layers	separated	from	the	spherical	hydrogels.		
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The	 hydration	 of	 hydrogels	 in	 an	 aqueous	 environment	 is	 driven	 by	 the	 swelling	

pressure	 of	 the	 polymer.	 The	 swelling	 pressure	 of	 hydrogel	 can	 be	 described	 as	 the	

difference	 in	 osmotic	 pressure	 between	 the	 two	 phases,	 the	 hydrogel	 and	 surrounding	

aqueous	phase,	and	can	be	represented	by	the	following	formula;	71,73,119	

(4.5)		 	 	 	 	 8 = 8%&' + 8#$ + 8&"2	 	 	

Where	the	swelling	pressure	(8)	is	the	summation	of	the	energies	of	the	polymer/solvent	
mixing,	 the	elasticity	of	 the	polymer	chains,	 and	 the	 ionic	 contribution	of	 the	mobile	and	

bound	 ions	 in	 the	 system,	 represented	 by	8%&' ,	8#$ ,	 and	8&"2,	 respectively.	 The	 swelling	

Ra	=	48.1	nm	
Rq	=	60.2	nm	

Ra	=	62.1	nm	
Rq	=	71.2	nm	

Ra	=	2.50	nm	
Rq	=	3.19	nm	

Ra	=	85.6	nm	
Rq	=	66.1	nm	

Ra	=	88.3	nm	
Rq	=	70.6	nm	

Figure	4.6	 AFM	 images	 to	 determine	 surface	 roughness	 of	 the	 (a)	 the	 bare	 hydrogel,	 and	 the	 polyamide	
coatings	of	(b)	1%	MPD-0.1%	TMC,	(c)	1%	MPD-0.4%	TMC,	(d)	2%	MPD-0.1%	TMC,	and	(e)	2%MPD-0.4%	
TMC.	

a)	 b)	

c)	
d)	

e)	
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kinetics	 of	 pNIPAm	 hydrogels	 have	 been	 widely	 studied,	 by	 model	 and	 experiment,	 in	

organic	solvent	systems	as	well	as	NaCl.119–121	Tanveer	and	Chen	performed	thermodynamic	

analysis	of	pNIPAm	hydrogel	swelling	in	NaCl	solutions	and	concluded	that	when	the	mass	

fraction	of	salt	in	the	bulk	feed	increases	above	0.03,	the	dominant	ion	hydration	between	

water	and	salt	ions	is	cause	for	the	deswelling	of	the	hydrogel,	at	which	point	the	osmotic	

dewatering	can	occur	as	 it	does	in	the	first	step	of	the	filtration	experiments.121	Although	

determining	the	swelling	pressure	of	the	hydrogel	was	not	explored	within	the	scope	of	this	

work,	the	effects	of	external	osmotic	pressure	applied	by	increasing	the	concentration	of	salt	

in	 the	 feed	on	 the	 flux	can	be	seen	 in	Figure	4.7	and	 is	 consistent	with	 the	model	 trends	

represented	in	the	literature.119	For	both	1%	MPD-0.4%	TMC	(Figure	4.7-a)	to	2%	MPD-0.4%	

TMC	 (Figure	4.7-b)	 samples,	 as	 the	 salt	 concentration	 increases	 from	deionized	water	 to	

1000	ppm,	the	flux	and	rate	of	water	absorption	behaviour	for	both	gel	samples	are	relatively	

similar.	When	the	feed	concentration	was	increased	to	10	000	ppm	NaCl,	both	the	flux	and	

%	water	uptake	with	time	is	decreased.	The	flux	and	rate	of	water	uptake	is	dependent	on	

the	film	thickness	as	they	decreased	from	~4.5	LMH	and	50%	to	~2.4	LMH	and	40%	as	the	

MPD	monomer	concentration	increased	from	1%	to	2%,	respectively.		

	

Figure	4.7	Calculated	flux	of	the	hydrogels	with	(a)	1%	MPD-0.4%	TMC	and	(b)	2%	MPD-0.4%	TMC	PA	coating	
in	various	feed	concentrations	(in	blue)	and	the	percent	water	taken	up	by	the	gel	within	the	time	scale	(in	
green).		

a)	 b)	
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Following	the	IP	reaction	and	dewatering	step	in	2	M	KCl,	the	deswollen	PA	coated	

hydrogels	were	used	in	a	preliminary	filtration	experiment	with	reactive	red	(MW	1338.1	

g•mol-1)	 to	 validate	 the	 selectivity	 of	 polyamide	membrane	 layer.	 Herein,	 the	 successful	

rejection	of	dissolved	species	in	the	feed	solution	is	presented	as	a	ratio	of	the	moles	of	the	

analyte	in	the	feed	before	and	after	the	filtration.	In	the	case	where	the	PA	film	successfully	

rejects	the	analyte	from	passing	into	the	gel,	the	number	of	moles	in	the	feed	should	remain	

the	same	after	the	filtration,	resulting	in	a	mole	ratio	=	1.	If	the	PA	film	fails,	due	to	cracks	or	

delamination	 from	the	gel,	 the	analyte	will	enter	 the	gel	and	the	ratio	will	be	<	1.	UV-Vis	

measurements	of	the	concentrated	dye	feed	after	allowing	the	gels	to	hydrate	for	2	hrs	was	

done	to	calculate	 the	rejection	of	RR	based	on	the	change	 in	mass,	and	therefore	mass	of	

water	absorbed	by	the	gels	in	that	time.	The	hydrogel	without	the	PA	coating	and	the	lower	

concentration	TMC	PA	films	(0.1%	&	0.2%)	allowed	the	dye	molecules	to	enter	the	gel	as	it	

hydrated,	shown	in	the	bar	graph	in	Figure	4.8	(in	red).	The	negative	rejection	is	indicative	

of	significant	dye	absorption	into	the	gel,	resulting	in	a	decreased	dye	concentration	in	the	

feed	after	the	experiment.	Whereas	a	positive	rejection	is	a	result	of	the	dye	concentration	

increasing	 in	 the	 feed	 after	 filtration.	 The	 polyamide	 compositions	with	 0.4%	 TMC	 both	

selectively	 rejected	 the	dye	 (Figure	4.8,	 in	blue).	This	proof-of-concept	 indicated	 that	 the	

thinner,	and	perhaps	more	brittle,	PA	shells	were	not	appropriate	for	filtration	experiments.	
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The	selective	permeability	of	the	PA	coating	was	further	demonstrated	in	filtration	

experiments	 of	 different	 aqueous	 salts.	 The	 volume	 of	 water	 absorbed	 by	 the	 gel	 was	

determined	by	measuring	the	weight	of	gel	before	and	after	the	filtration	experiment	after	

gently	removing	any	remaining	water	on	the	surface	with	a	lab	wipe.	The	first	filtration	is	

done	using	the	dewatered	gels	hydrate	in	100	ppm	NaCl	for	2	hr.	After	the	first	filtration,	the	

gels	are	weighed	and	transferred	to	DI	water	and	heated	in	a	50	°C	water	bath	for	1	hour	to	

allow	the	hydrogel	core	to	collapse	and	expel	clean	water.	The	mass	of	the	same	collapsed	

gel	was	weighed	before	cycling	again	into	new	100	ppm	NaCl	solution,	allowing	the	gel	to	

rehydrate	for	1	hour	at	room	temperature.	After	this	filtration	cycle,	the	PA	film	composed	

of	0.1%	and	0.2%	TMC	failed	as	the	gel	took	up	salt	ions	and	the	resulting	mole	ratio	was	<1,	

likely	due	to	cracks	occurring	during	the	rapid	collapse	of	the	hydrogel	core,	seen	in	Figure	

4.9-a.	This	is	consistent	with	the	results	of	the	experiments	with	reactive	red.	The	denser	

0.4%	TMC	PA	films	were	able	to	withstand	the	heat	induced	deswelling	to	recover	the	clean	

water	without	experiencing	any	decline	in	rejection.		

The	average	volume	of	clean	water	recovered	from	3	samples	of	the	1%	MPD	–	0.4%	

TMC	samples	was	about	38	±	5%	of	the	total	clean	water	in	gel	(Figure	4.9-c,	in	green)	after	

Figure	4.8	Images	of	PA	coated	hydrogels	in	(A)	1%	MPD-0.1%	TMC,	(B)	1%	MPD-0.2%	TMC,	(C)	1%	MPD-
0.4%	TMC,	(D)	2%	MPD-0.1%	TMC,	(E)	2%	MPD-0.2%	TMC,	(F)	2%	MPD-0.4%	TMC,	and	(G)	a	bare	hydrogel	
after	2	h	in	10	ppm	reactive	red	solution.	Bar	graph	is	rejection	plot	of	reactive	red	for	each	gel.	
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one	cycle	compared	to	the	15	±	4%	of	the	total	water	volume	in	the	gel	recovered	from	the	

2%	MPD-0.4%	 TMC	 gel	 (Figure	 4.9-d,	 in	 green).	While	 both	membranes	 performed,	 the	

thicker	 PA	 film	 hindered	 the	 recovery	 of	 clean	 water	 when	 heated.	 Therefore,	 it	 was	

determined	that	1%	MPD-0.4%	TMC	was	the	optimal	PA	composition.	The	cycling	of	this	gel	

was	 repeated	 3	 times	 and	 the	 selectivity	 and	 rejection	 performance	 of	 the	 gel	 remained	

consistent	the	mole	ratio	of	salt	in	the	feed	remained	close	to	1	(Figure	4.9-(c	&	d)).	In	some	

cases	that	the	mole	ratio	of	salt	is	>	1,	particularly	in	the	first	cycle	and	in	the	experiments	

with	the	different	salt	species.	As	there	is	no	route	to	introduce	more	salt	ions	in	the	system,	

this	can	be	attributed	to	small	deviations	between	the	measured	mass	of	water	taken	up	by	

the	gel	and	the	actual	mass.	As	the	hydrogel	hydrates	from	the	dewatered	state,	as	it	does	in	

the	first	cycle,	the	density	of	the	polymer	is	changing	slightly	which	is	difficult	to	correct	for.		

A	control	experiment	was	done	with	a	bare	hydrogel	core	and	the	decrease	 in	 the	

concentration	of	salt	after	the	filtration	results	in	an	average	mole	ratio	of	0.87	±	0.03	after	

each	heat	cycle	shown	in	both	Figure	4.9-(c	&	d)	(red	bar	graph).	Not	only	is	the	salt	entering	

freely	without	the	membrane	film,	but	the	small	negative	charge	carried	in	the	gel	imparted	

by	the	any	residual	APS	initiator	could	be	attracting	Na+	ions.	It	is	important	to	note	that	the	

time	allowed	to	swell	in	the	feed	from	its	deswollen	state	from	2	M	KCl	was	2	hours	before	

taking	the	hydrated	weight	and	then	continuing	to	the	next	heat	cycling	experiment	with	the	

same	gel.	As	discussed	above,	the	total	water	uptake	for	the	optimized	hydrogel,	the	total	

water	uptake	percent	is	approximately	60%	after	2	hours	(Figure	4.9-a).	As	the	gel	has	not	

reached	equilibrium	swelling,	the	recovery	of	the	gel	may	be	inflated	somewhat	in	the	first	

cycle	as	it	is	in	the	following	cycles.	By	the	3rd	heat	cycle,	the	%	water	recovery	has	decreased	

from	 38%	 to	 15%	 for	 the	 optimized	 polyamide	 sample.	 Therefore,	 with	 each	 cycling	

experiment,	the	gel	is	allowed	to	sit	in	the	feed	solution	for	an	additional	1	hour,	and	it	is	

approaching	equilibrium	swelling.	Because	of	 this,	 the	percent	recovery	 in	relation	to	the	

total	volume	of	water	taken	up	by	the	gel	after	three	cycles	is	expected	to	decline.	Even	so,	

comparing	1%-0.4%	to	2%-0.4%,	the	percent	water	recovery	is	still	greater	after	3	heating	

cycles	for	the	optimized	membrane.		



  73 

The	selectivity	of	this	gel	was	evaluated	against	100	ppm	feed	solutions	of	LiCl,	CaCl2,	

and	MgSO4.	The	optimized	1%-0.4%	PA	membrane	was	selective	to	both	the	larger	divalent	

Ca2+	Mg2+	ions	as	well	as	the	smaller	Li+	ions.	These	results	are	promising	as	the	optimized	

gel	is	selectively	permeable	against	a	wide	range	of	tested	solutes	of	varying	size	and	charge.	

The	recovery	of	the	clean	water	is	simple	and	efficient	and	if	the	gel	further	optimized	to	be	

less	dense/crosslinked,	 the	%	recovery	of	 clean	water	would	stand	 to	 increase	per	cycle.		

These	 hydrogels	 have	 potential	 for	 applications	 in	 aqueous	 environmental	 sample	 pre-

concentration	prior	to	analysis.	It	may	also	be	possible	to	scale	up	the	hydrogels	to	achieve	

larger	volumes	of	water	recovery	for	water	treatment	or	remediation	purposes.	

	

Figure	4.9	(a)	The	performance	of	different	PA	compositions	after	one	filtration	and	recovery	cycle.	(b)	The	
selectivity	of	1%	MPD-0.4%	TMC	against	different	salts.	The	mole	ratio	of	salt	of	the	PA	coated	hydrogel	(in	
blue)	and	a	bare	hydrogel	control	(in	red)	bar	graph,	where	a	ratio	≥1	is	indicative	of	a	selective	PA.	Both	1%	
MPD-0.4%	TMC	(c)	and	2%	MPD-0.4%	TMC	(d)	were	able	to	withstand	3	filtration	and	heat	recovery	cycles.	
The	%	water	recovered	in	presented	in	green	on	for	each	respective	heat	cycle.		

a)	 b)	

c)	 d)	
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4.4	 Conclusion	

	 The	work	presented	 in	 this	 chapter	details	 the	use	of	 thermo-responsive	pNIPAm	

hydrogels	with	a	polyamide	skin	coating	to	yield	a	reusable	material	that	is	selective	to	both	

reactive	red	dye	and	a	variety	of	smaller	salt	species	where	up	to	40%	of	the	clean	absorbed	

water	can	be	recovered	by	heating	the	gel	above	the	LCST.	A	novel	polymerization	method	

for	fabricating	large	spherical	hydrogels	was	optimized	by	utilizing	an	activator	to	initiate	

polymerization	in	a	layered	solvent	system	using	the	density	of	chloroform	and	toluene	to	

suspend	the	aqueous	monomer	solution	at	the	interface.	The	addition	of	the	polyamide	to	

hydrogel	materials	has	been	previously	reported	but	none	have	achieved	both	good	rejection	

of	small	salt	ions	(ie	Na+	or	Li+)	as	well	as	reusability.	While	the	rate	of	hydration	of	a	neutral	

polymer	 like	pNIPAm	is	slower	when	compared	to	a	polyelectrolyte	 like	pAAc,	 the	added	

thermo-responsive	 recovery	 potential	 is	 simpler	 than	 a	 mechanical	 recovery	 system.	

Increasing	the	concentration	of	the	polyamide	monomers	resulted	in	a	thicker,	more	flexible	

polyamide	 that	 can	 withstand	 3	 repeated	 cycles	 of	 swelling	 and	 deswelling	 without	 the	

appearance	of	cracks	or	delamination	from	the	hydrogel.	
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Chapter	5	Conclusions	and	Future	Work	

	 The	focus	of	the	thesis	is	centered	around	the	thermo-responsive	polymer	pNIPAm	

and	how	core-shell	morphologies	of	 this	polymer	 can	be	modified	and	 functionalized	 for	

water	 treatment	 applications.	 In	 Chapter	 2,	 a	 systematic	 study	 of	 functionalized	 core-

pNIPAm	shell	microgels	with	increasing	shell	thicknesses	were	investigated	for	the	uptake	

and	pH	triggered	release	of	target	dye	molecules	when	free	in	solution	and	immobilized	on	

a	gold	surface	at	room	temperature	and	at	40	°C.	The	copolymerization	of	pNIPAm	with	some	

functional	monomer	will	incorporate	an	acidic	(AAc)	or	a	basic	(APMA)	moiety.	These	added	

functionalities	will	 impart	a	negative	or	positive	charge	within	the	polymer	matrix	that	 is	

dependent	on	the	pKa	of	that	group.	This	charge	will	electrostatically	attract	and	retain	dye	

molecules	of	opposing	charge	within	the	polymer	until	the	pH	is	changed	as	to	neutralize	the	

charge,	 at	 which	 point	 the	 dye	 molecules	 will	 be	 released	 from	 the	 polymer	 into	 the	

surrounding	 environment.	 The	 addition	 of	 thin	 pNIPAm	 shell	 (AAc-5	 and	AAc-10)	 had	 a	

larger	release	of	CV	when	immobilized	and	free	in	solution	compared	the	AAc-core	and	AAc-

20	samples.	This	 indicates	that	there	may	be	some	threshold	where	the	thinner	shell	will	

help	in	dye	uptake	and	retention	where	a	thick	shell	will	hinder	the	uptake,	the	release,	or	

both.	The	APMA	samples	behaved	in	a	more	linear	fashion	where	the	APMA-core	generally	

had	 a	 larger	 dye	 release	 profile	 which	 decreased	 with	 increasing	 shell	 thickness	 for	 all	

samples	below	and	above	the	LCST.	There	are	several	factors	that	could	contribute	to	the	

different	behaviour	between	 the	 two	 sample	 sets	 including	 the	 size	of	 the	microgels,	 the	

incorporation	efficiency	of	the	copolymer,	and	the	carrying	shell	thickness.		

Chapter	3	focused	on	using	similar	pNIPAm-based	core-shell	nanogels	to	couple	them	

to	a	TFC	membrane	to	observe	their	effects	on	rejection	during	high-temperature	filtration	

and	 for	 antifouling	 purposes.	 The	 pNIPAm	 core	 and	 APMA	 shell	 resulted	 in	 a	 thermo-

responsive	particle	that	could	covalently	crosslink	to	the	selective	polyamide	layer	through	

residual	 acyl	 chloride	groups	 remaining	after	 the	 IP	 reaction.	 Incorporating	 the	nanogels	

during	the	IP	reaction	allowed	for	the	nanogels	to	be	dispersed	throughout	the	polyamide	

layer	so	that	during	high	temperature	filtration.	Where	the	flux	would	typically	increase	and	

salt	rejection	would	decrease	in	response	to	the	lowered	viscosity	of	water	and	relaxation	of	
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the	polyamide	chains,	the	nanogels	instead	were	able	to	pull	the	bound	polyamide	around	in	

tighter	 when	 the	 cores	 collapsed	 as	 the	 temperature	 rose	 above	 the	 LCST.	 So,	 as	 the	

concentration	 of	 the	 nanogels	 incorporated	 increased,	 the	 flux	 improvement	 with	

temperature	declined	and	salt	rejection	increased.		

	 The	localization	of	the	nanogels	on	the	surface	of	the	polyamide	following	the	IP	was	

investigated	for	antifouling	purposes.	Typically,	a	TFC	membrane	is	modified	to	be	either	

highly	charged	or	to	have	increased	hydrophilicity/hydrophobicity	to	improve	antifouling.	

In	this	system,	sodium	alginate	(SA)	crosslinked	with	Ca2+	ions	was	used	as	a	model	foulant,	

which	 is	 hydrophilic	 and	 net	 positively	 charged.	 	 Extensive	 surface	 characterization	was	

performed	 to	confirm	the	successful	 coating	of	 the	nanogels	and	 found	 that	 the	modified	

membranes	 were	 both	 more	 hydrophobic,	 from	 the	 contact	 angle,	 and	 more	 positively	

charged,	from	the	zeta	potential	measurements.	As	detailed	in	the	chapter	discussion,	the	

nanogels	 themselves	 are	 hydrophilic	 polymer	 materials	 and	 therefore	 should	 not	 have	

increased	the	contact	angle	so	significantly	and	it	is	assumed	that	there	is	some	inflation	due	

to	 the	 added	 roughness	 and	 texture	 of	 the	 nanogel	 aggregates	 on	 the	 surface.	With	 this	

information,	it	would	stand	to	reason	that	the	fouling	of	the	modified	membrane	would	be	

worse	given	the	increased	electrostatic	and	hydrophilic-hydrophilic	interactions.	However,	

the	opposite	was	observed	where	the	modified	membranes	experience	far	less	fouling	and	

improved	flux	recovery	when	washed	at	high	temperature.	This	is	attributed	to	the	actuation	

and	 additional	 hydrophilic	 to	 hydrophobic	 transition	 of	 the	 pNIPAm	 cores	 during	 high	

temperature	 washing.	 Due	 to	 time	 restraints	 this	 combined	 project	 was	 not	 developed	

further,	 but	 these	 interesting	 results	 can	 be	 investigated	 further	 and	 perhaps	 the	 two	

modification	methods	can	be	combined	and	 the	separation	of	 smaller	 species	 such	as	Li+	

could	be	explored,	which	is	a	major	interest	for	battery	research	and	manufacturing.110	

	 In	Chapter	4,	the	fabrication	of	a	polyamide	coated	thermo-responsive	hydrogel	was	

developed	and	optimized	for	a	self-driven	filtration	material	that	is	selective	against	reactive	

red	 dye	 and	 a	 variety	 of	 salt	 ions.	 The	 mixed	 organic	 suspension	 phase	 polymerization	

method	 was	 tailored	 to	 fabricate	 the	 large	 pNIPAm	 hydrogel	 spheres	 which	 were	 then	

impregnated	with	the	aqueous	monomer	used	in	the	interfacial	polymerization	reaction	with	
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TMC.	The	swelling	pressure	of	the	polymer	hydrating	from	a	dry	state	drives	the	filtration.	

The	PA	coatings	made	with	0.4%	TMC	were	able	to	reject	salt	ions	from	the	feed	and	were	

robust	enough	to	withstand	3	heating	and	filtration	cycles	without	losing	any	selectivity.	The	

optimized	polyamide	composition	was	determined	to	be	1%	MPD-0.4%	TMC	as	it	showed	a	

higher	%	water	recovery	upon	heating	as	well	as	a	higher	%	water	uptake	and	flux	in	high	

salt	concentrations.	The	practical	applications	of	these	materials	in	environmental	sample	

concentration	or	larger	scale	filtrations	experiments	were	not	performed	and	therefore	it	is	

not	known	if	this	polyamide	could	experience	fouling.	In	which	case,	there	has	not	been	a	

study	 published	 to	 date,	 to	 the	 best	 of	my	 knowledge,	 of	 any	modifications	made	 to	 the	

polyamide	coatings	of	hydrogels.	Additionally,	the	hydrogels	could	be	optimized	further	to	

improve	 the	 swelling	 rate	 by	 coupling	 pNIPAm	 with	 a	 polyionic	 material	 like	 tri-n-

alkyl(vinylbenzyl)phosphonium	 chloride	 that	 will	 still	 deswell	 when	 heated	 above	 the	

LCST.75	
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