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ABSTRACT 

 Development of Non-conventional Iron-based Nanomaterials for Water 
Treatment 

by 

Camilah D. Powell  

Magnetic	 particles,	 generally	 nanostructured	 and	 magnetite-based,	 have	 been	

used	extensively	to	remove	drinking	water	contaminants	via	adsorption	or	catalytic	

degradation.	Compositions	alternative	 to	Fe3O4	could	address	 long-standing	 issues	

of	 magnetic	 recoverability	 and	 material	 integrity	 in	 real	 waters.	 Two	 alternative	

compositions	 of	magnetic	 nanoparticles	 (Fe3C@C	 and	 AuFe)	 are	 studied	 as	 nano-

absorbents	 and	 nano-catalysts,	 respectively.	 The	 stability,	 magnetic	 separability,	

and	adsorptive	properties	of	nanostructured	carbon-coated	 iron	carbide	(Fe3C@C)	

were	 compared	 to	 those	 of	 Fe3O4	 and	 other	 common	 iron	 oxide-based	

nanomaterials.	 Experimental	 results	 show	 that	 (i)	 Fe3C@C	 is	 chemically	 stable	 in	

simulated	drinking	water,	(ii)	can	be	separated	from	water	magnetically	under	flow	

with	 ³	99%	recovery,	and	(iii)	is	capable	of	removing	organics	(1.60	mg-MB/m2)	or	

oxo-anions	(6.75	µg-As/m2)	from	simulated	drinking	water.		

In	 terms	 of	 scale	 up,	 an	 optimized	 permanent	magnetic	 nanoparticle	 recovery	

device	 (i.e.,	 the	MagNERD)	was	 developed	 and	 operated	 to	 separate,	 capture	 and	

reuse	 superparamagnetic	 nanoparticles	 from	 treated	 water	 in-line	 under	

continuous	 flow	 conditions.	 Experimental	 data	 and	 computational	 modeling	



	
	

demonstrate	how	the	MagNERD’s	efficiency	to	recover	nanoparticles	depends	upon	

reactor	 configuration,	 including	 the	 integration	 of	 stainless-steel	 wool	 around	

permanent	magnets,	hydraulic	 flow	conditions,	 and	magnetic	nanoparticle	uptake.	

The	 MagNERD	 efficiently	 removes	 high	 concentrations	 (500	 ppm)	 of	 magnetic	

nanopowder	 (e.g.,	 >95%	 removal)	 under	 scalable	 and	 process-relevant	 flow	 rates	

(e.g.,	1	L/min	through	a	1.11-L	MagNERD	reactor)	from	varying	water	matrices	(e.g.,	

ultrapure	water,	brackish	water)	and	after	treatment	of	As	contaminated	simulated	

drinking	water	(e.g.,	³94%	removal	of	arsenic-bound	Fe3O4).		

Additionally,	 we	 investigate	 nano-magnetism	 for	 the	 purposes	 other	 than	

magnetic	 removal	 –	 magnetic	 nanoparticle	 heating	 –	 and	 explore	 the	 structure	

property	 relationship	 between	 a	 classically	 non-magnetic	 material	 (e.g.,	 nano-

hematite)	 and	 magnetic	 nanoparticle	 heating.	 Lastly,	 the	 legitimacy	 of	 using	 a	

magnetic	 and	 environmentally	 bengin	 AuFe	 bimetallic	 catalyst	 for	 environmental	

remediation	 is	 explored.	 Using	 nitroarene	 reduction	 –	 a	 simple	 model	

environmental	reaction	–	as	a	probe	reaction	and	AuFe	bimetallic	catalyst,	we	found	

applying	 an	 alternating	 magnetic	 field	 (AMF)	 increased	 nitroarenes	 reduction	

reaction	rates	by	200%,	via	localized	particle	surface	heating.	This	rate	constant	was	

equivalent	to	a	~27	°C	bulk	reaction	temperature,	suggesting	AMF	exposure	raised	

the	AuFe	NP	surface	temperature	~4	°C	above	ambient.	

	



	

	

Acknowledgments 

I	would	like	to	thank	Dr.	Wong	for	being	my	advisor	and	guiding	me	through	the	

PhD	process.	 I	would	thank	Barbara	Windish	 for	always	helping	me	figure	out	 the	

administrative	 hoops	 to	 jump	 through	 for	 candidacy	 in	 the	 ChBE	 department.	 I	

would	 like	to	thank	my	fellow	lab	members,	past	and	present,	 for	being	incredibly	

supportive	and	making	me	laugh	while	working	in	the	lab	and	office.	I	would	like	to	

thank	Jacob	Arredondo	for	all	of	his	help	with	the	GC,	HPLC,	and	RF	AMF	generator	–	

I	could	not	have	used	or	fixed	them	without	you!	I	would	like	to	thank	Dr.	Wooten	

for	being	a	mentor	throughout	my	undergraduate	and	graduate	academic	career.	 I	

would	 like	to	thank	all	of	my	friends	in	the	Rice	Graduate	Christian	Fellowship	for	

being	a	wonderful	sense	of	community	and	helping	me	to	grow	in	my	Christian	faith.	

I	would	 like	 to	 thank	my	 family	 for	 their	 constant	 source	of	 encouragement,	 love,	

support,	and	laughter.	I	would	like	to	thank	Pastor	Samuel	Galindo	and	Mrs.	Penny	

Troutman	for	 the	abundance	of	 love	and	encouragement	 they	provided	during	my	

darkest	 of	 times.	 And,	 most	 of	 all,	 I	 would	 like	 to	 thank	 Jesus	 Christ.	 He	 is	 my	

greatest	counselor	and	hope	and	the	very	reason	I	get	out	of	bed	every	morning	to	

try	again.		

“But	You,	O	Lord,	are	a	shield	for	me,	my	glory,	and	the	lifter	of	my	head.	With	my	voice	

I	cry	to	the	Lord,	and	He	hears	and	answers	me	out	of	His	holy	hill.	Selah”	

	Psalms	3:3-4		

	



	

	

Contents 

Acknowledgments ...................................................................................................... iv 

Contents ...................................................................................................................... v 

List of Figures ............................................................................................................. ix 

List of Tables ............................................................................................................. xiii 

List of Equations ........................................................................................................ xiv 

Introduction .............................................................................................................. 17 

1.1. The Current State of Water .................................................................................... 17 

1.2. Nanotechnology and Water Treatment ................................................................. 20 

1.3. Nanotechnology and Water Treatment ................................................................. 21 

1.3.1. Magnetic Nanomaterials as Adsorbents ......................................................... 22 

1.3.2. Magnetic Nanomaterials as Catalysts .............................................................. 23 

1.4. Magnetic Principles ................................................................................................ 24 

1.4.1. Foundational Principles of Magnetism [32] ..................................................... 24 

1.4.2. Foundational Principles of Nano-Magnetism .................................................. 32 

1.4.3. Fundamentals of High Gradient Magnetic Separation .................................... 33 

1.4.4. Fundamentals of Magnetic Nanoparticle Heating ........................................... 34 

1.5. Thesis Overview ..................................................................................................... 39 

Magnetically recoverable carbon-coated iron carbide for arsenic adsorptive removal 43 

2.1. Introduction ........................................................................................................... 43 

2.2. Materials and Methods .......................................................................................... 46 

2.2.1. Materials .......................................................................................................... 46 

2.2.2. Synthesis of c-Fe3O4@SiO2 Nanopowders ....................................................... 47 

2.2.3. Synthesis of s-Fe3O4 and α-Fe2O3 Nanopowders ............................................. 47 

2.2.4. X-ray Diffraction (XRD) .................................................................................... 48 

2.2.5. X-ray Photoelectron Spectroscopy (XPS) ......................................................... 48 

2.2.6. Nitrogen Physisorption Analysis ...................................................................... 48 

2.2.7. Magnetic Measurements ................................................................................ 49 

2.2.8. Simulated Drinking Water Preparation ........................................................... 49 



vi	
	

2.2.9. Jar Tests for Assessing Stability ....................................................................... 50 

2.2.10. Arsenic Adsorption Experiments ................................................................... 51 

2.2.11. Magnetic Column Separation Experiments ................................................... 52 

2.3. Results and Discussion ........................................................................................... 54 

2.3.1. Nanopowder Characterization ........................................................................ 54 

2.3.2. Iron Leaching Behavior in Simulated Drinking Water ...................................... 59 

2.3.3. Arsenic Adsorption Experiments ..................................................................... 60 

2.3.4. Magnetic Separation Flow Results .................................................................. 63 

2.4. Conclusion .............................................................................................................. 64 

2.5. Acknowledgements ................................................................................................ 65 

Magnetic Nanoparticle Recovery Device (MagNERD) Enables Application of Iron Oxide 
Nanoparticles for Water Treatment ........................................................................... 67 

3.1. Introduction ........................................................................................................... 67 

3.2. Materials and Methods .......................................................................................... 71 

3.2.1. Magnetic capture unit flow simulations .......................................................... 71 

3.2.2. Materials and characterization ........................................................................ 71 

3.2.3. Synthesis of simulated brackish water and simulated drinking water ............ 72 

3.2.4. Preparation of the NP slurries ......................................................................... 73 

3.2.5. Magnetic capture system (MagNERD) ............................................................. 73 

3.2.6. Magnetic NP capture and recovery using MagNERD ...................................... 74 

3.2.6.1. Magnetic NP capture ................................................................................ 74 
3.2.6.2. Magnetic NP recovery ............................................................................... 76 

3.2.7. Arsenic removal from simulated drinking water ............................................. 77 

3.3. Results and Discussion ........................................................................................... 78 

3.3.1. Magnetic capture unit flow simulations .......................................................... 78 

3.3.2. MagNERD optimization & capture efficiency .................................................. 80 

3.3.2.1. Horizontal versus vertical configuration ................................................... 80 
3.3.2.2. Flowrate .................................................................................................... 81 
3.3.2.3. Influent NP concentration and mass loading ............................................ 83 
3.3.2.4. Water matrix ............................................................................................. 84 

3.3.3. Recovery of NP from MagNERD for reuse ....................................................... 84 

3.3.4. Demonstrating arsenic removal with the MagNERD ....................................... 85 



vii	
	

3.4. Conclusion .............................................................................................................. 87 

3.5. Acknowledgements ................................................................................................ 88 

Hematite Nanorods Are Effective for Radiofrequency (RF) Magnetic Heating ............ 90 

4.1. Introduction ........................................................................................................... 90 

4.2. Materials and Methods .......................................................................................... 92 

4.2.1. Materials .......................................................................................................... 92 

4.2.2. Synthesis of a-Fe2O3 Rugby balls ..................................................................... 92 

4.2.3. Synthesis of a-Fe2O3 nanospheres .................................................................. 92 

4.2.4. Synthesis of a-Fe2O3 nanodiamonds ............................................................... 93 

4.2.5. Synthesis of a-Fe2O3 nanosheets .................................................................... 93 

4.2.6. Synthesis of a-Fe2O3 nanorods ........................................................................ 94 

4.2.7. Magnetic Characterization .............................................................................. 94 

4.2.8. X-ray Diffraction (XRD) Measurements ........................................................... 95 

4.2.9. Scanning Electron Microscopy (SEM) .............................................................. 95 

4.2.10. Radio Frequency (RF) Heating Experiments .................................................. 95 

4.3. Results and Discussion ........................................................................................... 96 

4.4. Conclusion ............................................................................................................ 104 

Magnetically Driven Catalysis of Gold-Iron Nanoparticles for Water Treatment ....... 107 

5.1. Environmental Significance Statement ................................................................ 107 

5.2. Introduction ......................................................................................................... 108 

5.3. Materials and Methods ........................................................................................ 110 

5.3.1. Materials ........................................................................................................ 110 

5.3.2. Synthesis of 4-nm Gold Nanoparticles .......................................................... 111 

5.3.3. X-ray Diffraction,  z-Potential, and Dynamic Light Scattering ....................... 112 

5.3.4. Transmission Electron Microscopy (TEM) ..................................................... 112 

5.3.5. High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy 
(HAADF-STEM) and Scanning Transmission Electron Microscopy Energy Dispersive 
X-ray (STEM-EDX) .................................................................................................... 113 

5.3.6. X-ray Photoelectron Spectroscopy ................................................................ 113 

5.3.7. Magnetic Measurements .............................................................................. 114 

5.3.8. Radio Frequency (RF) Heating Experiments .................................................. 114 



viii	
	

5.3.9. p-Nitrophenol Catalytic Reduction Experiments with and without an 
Alternating Magnetic Field (AMF) ........................................................................... 116 

5.3.10. p-Nitrophenol Catalytic Reduction Experiments with Conventional Bulk 
Heating .................................................................................................................... 118 

5.4. Results and Discussion ......................................................................................... 118 

5.4.1. Structural Characterization of the AuFe nanoparticles ................................. 118 

5.4.2. Magnetic Properties ...................................................................................... 122 

5.4.3. Assessing the Bulk Heating Properties of AuFe nanoparticles ...................... 124 

5.4.4. p-Nitrophenol Catalytic Reduction Experiments ........................................... 127 

5.4.5. p-Nitrophenol Arrhenius Plot to determine surface temperature ................ 131 

5.5. Conclusions .......................................................................................................... 133 

5.6. Acknowledgements .............................................................................................. 133 

Summary and Future Works .................................................................................... 136 

6.1. Thesis Summary ................................................................................................... 136 

6.2. Recommended Future Works .............................................................................. 137 

References .............................................................................................................. 142 

Appendix A .............................................................................................................. 168 

 

	



	

	

List of Figures 

Figure	1.1	–	Example	of	the	poles	on	a	bar	magnet.	..................................................	25 

Figure	1.2	–	The	magenetic	field	of	a	mangetic	dipole.	............................................	27 

Figure	1.3	–	Bar	magnetic	in	a	uniform	field	of	H.	......................................................	28 

Figure	1.4	–	Magnetization	Curves	for	(a)	diamagnetic,	(b)	paramagnetic	or	
antiferromagnetic,	(c)	ferrimagnetic	or	ferromagnetic.	.........................................	30 

Figure	1.5	–	Magnetic	field	lines	produced	by	the	spin	of	an	electron.	...............	32 

Figure	2.1	–	Benchtop	magnetic	capture	unit	with	quartz	column	containing	
stainless-steel	wool	(SSW)	above	the	two	magnetic	faces;	inset:	close	up	of	the	
SSW	packing.	...........................................................................................................................	53 

Figure	2.2	–	XRD	patterns	for	Fe3C@C	(green),	c-Fe3O4	(blue),	c-Fe3O4@SiO2	
(orange),	s-Fe3O4	(red),	and	α-Fe2O3	(gray)	nanopowders.	....................................	55 

Figure	2.3	–	Magnetization	curves	for	Fe3C@C	(green),	c-Fe3O4	(blue),	c-
Fe3O4@SiO2	(orange),	s-Fe3O4	(red),	and	α-Fe2O3	(gray)	nanopowders,	at	27	°C	
from	-10	kOe	to	10	kOe.	Inset	top	left:	zoomed-in	view	of	the	magnetization	
curve	for	the	Fe3C@C	nanopowders	with	the	magnetic	remanence	(Mr)	and	
coercivity	(Hc)	labeled.	Inset	bottom	right:	Magnetization	curve	for	α-Fe2O3	at	
27	°C	from	-50	kOe	to	50	kOe.	...........................................................................................	57 

Figure	2.4	–	Freundlich	isotherm	fittings	for	arsenic	equilibrium	adsorption	
within	simulated	drinking	water	after	a	contact	time	of	3	days	for	Bayoxide	
E33	(purple),	Fe3C@C	(green),	and	c-Fe3O4	(blue)	at	a	pH	of	~7.5.	Initial	As	
concentration	(C0-As)	~	50	µg/L.	Absorbent	dosage	range	for	Bayoxide	E33,	
Fe3C@C,	and	c-Fe3O4:	4	mg/L	to	400	mg/L.	Note:	no	iron	leaching	was	detected	
for	any	of	the	adsorbents	via	ICP-MS.	.............................................................................	61 

Figure	3.1	–	Magnetic	capture/removal	scheme	of	contaminants	from	water	
using	the	magnetic	3D	reactor.	1.	Contaminated	water	is	introduced	to	
magnetic	nanopowders	(MNPs;	*a	concentrated	MNP	solution	for	direct	reuse,	
regeneration	&	reuse,	or	disposal).	2.	The	contaminants	within	the	water	
adsorb	onto	the	MNPs	upon	mixing.	3.	The	contaminant-MNPs	complex	is	
magnetically	separated	from	the	water	using	a	permanent	magnet	mounted	
within	a	reactor.	5.	A	small	portion	of	water	is	passed	through	the	outlet	of	the	



x	
	

MagNERD	to	flush	out	the	contaminant-MNPs	complexes.	6.	The	flushed	
contaminant-MNPs	complexes	are	collected	for	future	regeneration	and	reuse	
completing	the	MNP	recovery	process.	.........................................................................	70 

Figure	3.2	–	The	MagNERD	apparatus	with	components	displayed	and	labeled.
	.....................................................................................................................................................	74 

Figure	3.3	–	Flow	orientations	used	for	the	MagNERD:	(a)	vertical	upward	flow,	
(b)	entire	MagNERD	assembly,	(c)	horizontal	flow.	..................................................	76 

Figure	3.4	–	Fluid	streamlines	in	the	magnetic	3D	reactor	viewed	from	the	top:	
(a)	MagNERD	in	horizontal	flow	with	&	without	SSW	at	0.24	L/min,	(b)	
MagNERD	in	horizontal	flow	with	&	without	SSW	at	1.0	L/min,	(c)	MagNERD	in	
vertical	upward	flow	with	&	without	SSW	at	0.24	L/min,	(d)	MagNERD	in	
vertical	flow	with	&	without	SSW	at	1.0	L/min.	The	velocity	profile	changes	
with	increasing	flow	rate.	Note:	the	magnetic	fingers	are	depicted	as	white	
circles.	.......................................................................................................................................	79 

Figure	3.5	–	Effect	of	reactor	configuration	on	(a)	Fe3O4	NP	capture	efficiency	
with	horizontal	flow	(orange	diamonds)	versus	vertical	upward	flow	(blue	
circles)	and	location	of	NP	capture	on	the	magnetized	SSW/magnetic	fingers	
when	operated	in	(b)	horizontal	flow	configuration	versus	(c)	vertical	upward	
flow	configuration.	MagNERD	was	operated	with	SSW,	500	ppm	Fe3O4	NP	in	DI	
water,	and	at	1	L/min.	.........................................................................................................	81 

Figure	3.6	–	(a)	Fe3O4	NP	removal	efficiency	for	the	MagNERD:	(green	
triangles)	500	mg-Fe3O4/L	in	simulated	brackish	water	at	a	flowrate	of	1.0	
L/min;	(blue	circles)	500	mg/L	in	DI	water	at	1.0	L/min;	(orange	squares)	500	
mg/L	in	DI	water	at	0.3	L/min;	and	(light	blue	asterisks)	1000	mg/L	in	DI	
water	at	1.0	L/min.	(purple	diamonds)	Fe3O4	NP	removal	efficiency	for	a	
handheld	magnet	using	500	mg/L	of	Fe3O4	NP	in	DI	water.	(b)	Fe3O4	NP	
removal	efficiency	for	the	MagNERD	containing	SSW	up	to	90	L	of	water	(500	
mg/L	in	DI	water	at	1.0	L/min).	.......................................................................................	82 

Figure	3.7	–	(a)	MagNERD	capture	efficiency	for	As-Fe3O4	(orange	diamonds)	
and	Fe3O4	(blue	triangles)	in	simulated	drinking	water	at	1	L/min.	Arsenic	
concentration	of	effluent	(green),	compared	to	influent	concentration	(gray	
square).	(b)	M	vs.	H	curves	for	the	Fe3O4	nanopowder	before	(blue)	and	after	
arsenic	adsorption	(orange	curve).	................................................................................	87 



xi	
	

Figure	4.1	–	Magnetization	curves	at	300	K	from	-50	kOe	to	-50	kOe	for	the	
hematite	nanorods	(gray	squares),	nanosheets	(green	asterisks),	
nanodiamonds	(yellow	diamonds),	nanospheres	(blue	spheres),	and	rugby	
balls	(red	triangles)	shaped	particles.	...........................................................................	97 

Figure	4.2	–	Temperature	profiles	for	the	hematite	nanorods	(grey	squares),	
nanosheets	(green	asterisks),	nanodiamonds	(yellow	diamonds),	nanospheres	
(blue	spheres),	and	rugby	balls	(red	triangles)	shaped	particles	at	4	mg/mL.	
RF	heating	testing	conditions:	magnetic	field	frequency	=	325	kHz,	magnetic	
field	strength	=	13.3	kA/m.	.............................................................................................	101 

Figure	4.3	–	SAR	values	for	the	hematite	solutions	of	varying	concentrations;	4	
mg/mL	(red	diagonal	stripes)	and	1	mg/mL	(solid	grey).	...................................	103 

Figure	5.1	–	MagneTherm	instrument.	From	left	to	right:	RF	generator	
(frequency	range:	110	kHz	-	334.15	kHz),	Insulated	sample,	DC	generator	(~30	
V	&	5.4	A),	AMF	generator	(H	=	10.6	kA/m	or	~133	Oe).	......................................	115 

Figure	5.2	–	TEM	(a,b)	and	HAADF-STEM	(c,d)	of	AuFe	nanoparticles	(scale	
bars	100	nm).	......................................................................................................................	120 

Figure	5.3	–	XRD	pattern	of	the	AuFe	nanoparticles	with	database	
identification	of	Au0.6	Fe0.4	alloy	(ICC	PDF	Card	#	04-055-6758),	synthesized	
Fe	(ICC	PDF	Card	#	04-008-1610),	and	pure	Au	(ICC	PDF	Card	#	04-020-3092)	
PXRD	patterns.	....................................................................................................................	121 

Figure	5.4	–	STEM-EDX	element	analysis	and	XPS	of	AuFe	alloy	nanoparticles.	
(a)	STEM	image	of	AuFe	alloy	nanoparticles,	(b)	STEM-EDX	elemental	map	of	
iron	(red)	and	gold	(blue),	(c)	Measured	x-ray	intensity	in	the	x-ray	spectrum	
from	the	selected	rectangle	area	shown	in	the	b	for	iron	(red	line)	and	gold	
(blue	line)	and	(d)XPS	of	the	surface	of	AuFe	nanoparticles.	.............................	122 

Figure	5.5	–	Magnetization	(M)	vs.	Magnetic	Field	Strength	(H)	Curve	for	AuFe	
nanoparticles.	Inset:	Zoomed-in	view	of	the	M	vs.	H	curve	for	the	AuFe	
nanoparticles.	......................................................................................................................	124 

Figure	5.6	–	(a)	Catalytic	reduction	of	p-nitrophenol	over	time	for	Au	
nanoparticles	(Blue	Diamonds	6.8e-4	mg/mL)	and	AuFe	nanoparticles	(Red	
Squares;	5.3e-3	mg/mL)	and	(b)	Normalized	initial	reaction	rate	(kcat)	for	Au	
nanoparticles	(Blue	Diamonds	6.8e-4	mg/mL)	and	AuFe	nanoparticles	(Red	
Squares;	5.3e-3	mg/mL).	.................................................................................................	128 



xii	
	

Figure	5.7	–	Normalized	initial	reaction	rate	constants	for	p-nitrophenol	
reduction	with	AuFe	nanoparticles	with	RF	(dotted	red;	5.3e-3	mg/mL),	AuFe	
nanoparticles	without	RF	(solid	red;	5.3e-3	mg/mL),	3-nm	Au	nanoparticles	
with	RF	(dotted	blue;	6.8e-4	mg/mL),		Au	nanoparticles	without	RF	(solid	blue;	
6.8e-4	mg/mL).	...................................................................................................................	130 

Figure	5.8	–	Catalytic	reduction	of	p-nitrophenol	over	time	for:	(a)	Au	
nanoparticles	without	RF	(filled	blue	diamonds)	vs.	Au	nanoparticles	with	RF	
(empty	blue	diamonds;	6.8e-4	mg/mL),	(d)	AuFe	nanoparticles	without	RF	
(filled	red	squares;	5.3e-3	mg/mL)	vs.	AuFe	nanoparticles	with	RF	(empty	red	
squares;	5.3e-3	mg/mL).	..................................................................................................	131 

Figure	5.9	–	Arrhenius	plot	of	(a)	the	initial	reaction	rate	constant	vs	
temperature	for	the	conventional	bulk	heating	controls	of	Au	nanoparticles	
(blue	triangles;	6.8e-4	mg/mL)	and	AuFe	nanoparticles	(red	squares;	5.3e-3	
mg/mL)	as	compared	to	the	initial	reaction	rate	constant	obtained	for	the	
AuFe	w/	RF	(gold	star)	and	(b)	the	initial	reaction	rate	vs	temperature	for	the	
conventional	bulk	heating	controls	of	Au	nanoparticles	(blue	triangles;	6.8e-4	
mg/mL)	and	AuFe	nanoparticles	(red	squares;	5.3e-3	mg/mL).	Temperatures	
tested:	20	°C,	40	°C,	60	°C.	Extracted	energy	of	activation	values	for	Au	and	
AuFe	nanoparticles	are	12.9	kJ/mol	and	30.8	kJ/mol,	respectively,	using	8.31	J	
mol-1K-1	as	the	gas	constant.	...........................................................................................	132 

Figure	6.1–	TEM	of	(a)	Untreated	(“Nano-Sphere”)	Fe3C@C	nanopowder	(scale	
bar	100	nm),	(b)	HCl-treated	(“Nano-Jax”)	Fe3C@C	nanopowder	(scale	bar	200	
nm),	(c)	magnetization	curves	for	Fe3C@C	Nano-Jax	(blue)	and	Fe3C@C	Nano-
Spheres	(orange)	nanopowder	at	300	K	from	-50	kOe	to	-50	kOe	(inset:	
zoomed	in	view	of	the	magnetization	Curves	for	Fe3C@C	nanopowder),	(d)	SAR	
values	for	Fe3C@C	Nano-spheres	and	Fe3C@C	Nano-Jax	at	4	mg/mL	(green),		2	
mg/mL	(blue),	and	1	mg/mL	(yellow).	.......................................................................	138 

	



	

	

List of Tables 

Table	1.1	–	The	magnetizing	forces	of	everyday	objects.	........................................	26 

Table	2.1	–	Structural	and	magnetic	properties	of	tested	nanopowders.	..........	56 

Table	2.2	–	Leaching	experiments	in	simulated	drinking	water.	.........................	59 

Table	2.3	–	Freundlich	parameters	for	arsenic	adsorption.	...................................	62 

Table	2.4	–	%	Recovery	for	Fe3C@C	and	c-Fe3O4	nanopowders	(500	ppm,	50	
mL	total	volume)	in	simulated	drinking	water	at	pH	~7.5.	Influent	c-Fe3O4	and	
Fe3C@C	nanopowder	suspensions	were	362	ppm	and	467	ppm,	respectively.
	.....................................................................................................................................................	64 

Table	4.1	–	Magnetic	Properties	of	Shaped	Hematite	Particles.	............................	97 

Table	4.2	–	Calculated	and	measured	SAR	values.	..................................................	100 

Table	5.1	–	Magnetic	Properties	of	AuFe	Nanoparticles.	......................................	124 

Table	5.2	–	Calculated	and	Measured	SAR	values	for	AuFe	Nanoparticles	at	
varying	frequencies.	..........................................................................................................	126 

	



	

	

List of Equations 

Equation	1.1	–	The	Force	between	two	magnetic	poles.	..........................................	25 

Equation	1.2	–	Force	of	a	magnetic	pole	on	its	neighboring	magnetic	pole.	.....	26 

Equation	1.3	–	Magnetizing	Force	exerted	by	a	magnetic	pole.	.............................	26 

Equation	1.4	–	Magnetizing	moment	of	a	magnet	in	a	magnetic	field.	................	28 

Equation	1.5	–	Magnetization.	...........................................................................................	29 

Equation	1.6	–	Specific	Magnetization.	..........................................................................	29 

Equation	1.7	–	Magnetic	Susceptibility.	.........................................................................	29 

Equation	1.8	–	Force	exerted	on	a	magnetic	nanoparticle	in	an	HGMS	system.
	.....................................................................................................................................................	34 

Equation	1.9	–	Hysteretic	heat	loss.	................................................................................	36 

Equation	1.10	–	Specific	Adsorption	Rate	for	hysteretic	heating.	........................	36 

Equation	1.11	–	Neel	relaxation	time	constant.	..........................................................	37 

Equation	1.12	–	Brownian	relaxation	time	constant.	...............................................	38 

Equation	1.13	–	Effective	relaxation	time	constant.	..................................................	38 

Equation	1.14	–	Heat	loss	via	magnetic	relaxations.	.................................................	38 

Equation	1.15	–	Magnetic	susceptibility	of	randomly	oriented	magnetic	
nanoparticles.	.........................................................................................................................	39 

Equation	2.1	–	Freundlich	adsorption	isotherm	model.	..........................................	52 

Equation	3.1	–	Nanoparticle	(NP)	capture	efficiency.	...............................................	75 

Equation	3.2	–	Cummulative	nanoparticle	(NP)	uptake	equation.	.......................	75 

Equation	3.3	–Nanoparticle	(NP)	recovery	efficiency.	..............................................	77 

Equation	4.1	–	Measured	SAR	calcuation.	.....................................................................	96 



xv	
	

Equation	4.2	–	Hysteretic	heat	loss.	.............................................................................	100 

Equation	4.3	–	Specifc	Adsorption	Rate.	.....................................................................	100 

Equation	5.1	–	Measured	SAR	calcuation.	..................................................................	116 

Equation	5.2	–	Pseudo-first	order	rate	law.	..............................................................	117 

Equation	5.3	–	Heat	loss	from	hysteretic	heating.	...................................................	125 

Equation	5.4	–Specific	Adsorption	Rate.	....................................................................	125 

Equation	5.6	–	Linearized	Arrhenius	Equation.	.......................................................	131 

	



	

	

 

	



	

17	
	

Chapter 1 

Introduction 

1.1. The	Current	State	of	Water	

The	 importance	of	water	 is	underscored	by	 its	 impact	on	 the	 functionality	and	

quality	 of	 human	 life	 which	 it	 facilitates.	 Thus,	 inadequate	 or	 insufficient	 water	

supplies	 lead	 to	 drastic	 negative	 consequences	 reflected	 in	 human	 health,	 the	

environment,	and	the	economy.	Across	the	world,	884	million	people	lack	access	to	

safe	drinking	water	and	1.8	million	children	die	every	year	 from	diarrhea	 induced	

by	 poor	 water	 sanitation	 [1].	 These	 startling	 statistics	 demonstrate	 the	 need	 of	

affordable	 water	 treatment	 facilities	 in	 developing	 countries	 that	 have	 deficient	

water	and	wastewater	infrastructure	[1],	[2].	Water	challenges	are	not	just	reserved	

for	 developing	 countries,	 however;	 water	 systems	 in	 developed	 countries	 face	 a	

myriad	 of	 challenges	 as	 well	 (e.g.	 the	 water	 crisis	 in	 Flint	 Michigan).	 The	

effectiveness	 and	 potency	 of	 conventional	 technologies	 (i.e.	 coagulation	 systems,	
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flocculation	systems,	 filtration	systems,	and	oxidation/disinfection	systems)[3]	are	

beginning	to	peak	with	the	rise	of	emerging	contaminants	such	as	pharmaceuticals,	

personal	 care	 products,	 and	 viruses	 [1].	 Even	 more	 so,	 the	 dated	 conventional	

technologies	 consume	 significant	 amounts	 of	 energy,	 lose	 water,	 and	 cause	

secondary	contamination	of	water	supplies	[1].		

The	 bleak	 outlook	 becomes	 even	 more	 distressing	 when	 one	 considers	 that	

Earth’s	 viable	 water	 supply	 will	 decrease	 by	 one	 third	 due	 to	 an	 increase	 in	 the	

world’s	 population	 and	 the	 resulting	 growing	 demand	 from	 the	 food	 and	 energy	

sectors	[2],	[4].	Thus,	the	notion	of	reusing	wastewater	as	a	source	of	drinking	water	

is	 garnering	 much	 deserved	 attention	 [2].	 Unfortunately,	 wastewater	 collection	

methods	and	current	water	supply	systems	are	not	designed	to	meet	this	need	[1].	

Priority	 pollutants	 and	 emerging	 contaminants	 have	 reportedly	 been	 detected	 in	

drinking	 water	 sources,	 sewage	 treatment	 plant	 effluents,	 and	 natural	 waters	 at	

levels	of	significant	concern	worldwide	[5],	[6].	In	light	of	this,	many	are	leading	the	

way	 to	 address	 these	 problems	 by	 creating	 new	 technologies	 that	 are	 highly	

efficient,	multifunctioning,	and	flexible	in	their	system	dimensions	[1].		

	

Drinking	 water	 (water	 originating	 from	 surface	 waters	 or	 groundwater)	 is	

susceptible	to	a	plethora	of	contaminants	stemming	from	natural	to	anthropogenic	

sources.	Drinking	water	contaminants	can	be	classified	into	two	groups	–	chemical	

and	 microbial	 contamination.	 Chemical	 contaminants	 include	 dissolved	 metals,	

organic	compounds,	and	radioactive	material.	Microbial	contaminants,	on	the	other	

hand,	 include	 a	 host	 of	 pathogens	 that	 are	 harmful	 to	 human	 health	 such	 as	
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Ligonella,	 Giardia	 Lamblia,	 and	 Cryptosporidium	 [7].	 Under	 the	 umbrella	 of	

chemical	 contaminants,	 the	 most	 concerning	 contaminants	 come	 from	 natural	

sources	 and	 include	 compounds	 such	 uranium,	 fluoride,	 selenium,	 and	 arsenic	

where	 trivalent	 arsenic	 –	 As(III)	 –	 is	 60´	 more	 toxic	 to	 the	 human	 body	 than	

pentavalent	arsenic	–	As(V)	–	and	has	been	positively	linked	to	the	development	of	

diabetes	in	adults	[8]–[10].	For	chemical	contaminants	attributed	to	anthropogenic	

sources,	 common	 contaminants	 of	 concern	 are	 pesticides,	 organic	 solvents	 (e.g.,	

benzene),	 poly	 aromatic	 hydrocarbons	 (e.g.,	 benzo(a)pyrene),	 and	 disinfection	

byproducts	 (e.g.,	 trihalomethanes)	 [11].	 Also,	 as	 mentioned	 previously,	

pharmaceuticals	 and	 personal	 care	 products	 are	 among	 the	 list	 for	 common	

contaminants	of	concern	stemming	from	anthropogenic	sources.		

	

Wastewater	 can	 take	 on	 a	 variety	 of	 definitions.	 However,	 a	 broaden	working	

definition	 of	 wastewater	 is	 “a	 combination	 of	 one	 or	 more	 of:	 domestic	 effluent	

consisting	of	black	water	(excreta,	urine,	fecal	sludge)	and	grey	water	(kitchen	and	

bathing	 wastewater);	 water	 from	 commercial	 establishments	 and	 institutions,	

including	 hospitals;	 industrial	 effluent,	 storm	 water,	 and	 other	 urban	 run-offs;	

agricultural,	 horticultural	 and	 aquaculture	 effluent”	 [12].	 Common	 contaminants	

found	 in	 wastewater	 are	 suspended	 solids,	 organic	 pollutants	 (i.e.	 pesticides,	

dioxins,	 polychlorinated	 biphenyls,	 pharmaceuticals,	 etc.),	 pathogens	 (i.e.	 E.	 coli,	

etc.),	 priority	 pollutants	 (i.e.	 benzene,	 phenols,	 etc.),	 heavy	 metals	 (i.e.	 Arsenic,	

Chromium,	 Nickel,	 Cobalt,	 Mercury,	 etc.),	 and	 dissolved	 inorganic	 solids	 (i.e.	

nitrogen,	sulfide,	phosphorous,	etc.)	[13].			
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1.2. Nanotechnology	and	Water	Treatment	

Again,	 clean	 water	 finds	 its	 greatest	 significance	 within	 the	 realms	 of	 global	

health	and	economic	development.	In	essence	clean	water	is	the	life	blood	of	these	

two	spheres	which	characterize	the	development	and	vitality	of	society.	Therefore,	

the	 importance	 of	 establishing	 safe	 and	 affordable	water	 sources	 to	 the	 universal	

whole	 cannot	 be	 overstated	 and	 the	 challenges	 associated	 with	 such	 take	

precedence	in	preeminence.	Just	concern	for	public	and	environmental	health	arises	

in	light	of	the	persistent	detection	of	priority	pollutants	and	emerging	contaminants	

in	 current	 drinking	 water	 sources,	 sewage	 treatment	 plant	 effluents	 and	 natural	

waters	[5].	Said	pollutants	are	detected	at	alarming	concentration	levels	and	range	

from	 naturally	 occurring	 contaminants	 such	 as	 pathogenic	 microorganism	 and	

heavy	metals	(i.e.	arsenic)	to	pesticides,	volatile	organics,	endocrine	disruptors,	and	

pharmaceuticals	 [5].	 The	 persistence	 of	 these	 pollutants	 in	 preexisting	 water	

treatment	 infrastructures	 calls	 for	 the	 development	 of	 decentralized,	 small	 scale,	

technological	innovation	[5],	[14].		

Nanotechnology,	specifically	engineered	nanomaterials	(ENMs),	has	become	the	

tip	of	the	technological	spear	to	address	the	current	issues	within	the	global	water	

sector.	 Manipulating	 the	 structural	 properties	 of	 such,	 aptly	 positions	

nanotechnology	 to	 remarkably	 enhance	 the	 cost	 efficiency	 of	 current	 water	

treatment	 systems	 by	 imparting	 catalytic,	 adsorptive,	magnetic,	 and	 antimicrobial	
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properties	 [5].	 Additionally,	 the	 implementation	 of	 ENMs	 into	 current	 water	

systems	offers	a	reduced	footprint	and	boosts	treatment	efficiency	[5].		Beneficially,	

ENMs	have	the	uncanny	ability	 to	 integrate	multiple	 treatment	methodologies	(i.e.	

adsorption,	 catalytic	 degradation,	 microbial	 disinfection,	 etc.)	 in	 to	 one	 succinct	

multifunctional	material.	A	prime	example	is	the	“bait-hook-and-destroy”	concept	in	

which	a	highly	adsorptive	and	photocatalytic	ENM	pre-concentrates	a	contaminant	

on	 its	 surface	 for	 subsequent	photocatalytic	degradation	 [5],	 [14].	Other	examples	

emerge	when	one	considers	magnetic	ENMs.		

1.3. Nanotechnology	and	Water	Treatment	

Among	all	the	ENMs,	magnetic	ENMs	couple	their	intrinsic	magnetic	properties	

with	 that	 of	 their	 catalytic	 or	 adsorptive	 properties.	 	 The	 small	 nano-scale	 size	 of	

magnetic	ENMs	offers	vast	benefits	including	enhanced	surface	reactivity	(i.e.,	high	

surface	 to	 volume	 ratio),	 superparamgnetism,	 and	 magnetic	 nanoparticle	 heating	

[15].	 Literature	 is	 rife	 with	 examples	 detailing	 the	 degradation	 or	 adsorption	 of	

contaminants	 from	 ground	 and	 surface	 waters	 using	 nano-sized	 zero	 valent	 iron	

(nZVI)	[16]–[18]	and	Fe3O4	nanoparticles	[19],	[20]	along	with	their	facile	magnetic	

removal	 from	 suspensions.	 In	 fact,	 in	 terms	 of	 all	 the	 environmental	 grand	

challenges	 (e.g.,	 global	 warming,	 energy	 &	 food	 security,	 water	 cleanliness,	 etc.)	

[21],	magnetic	ENMs	have	proved	to	have	the	biggest	impact	for	water	remediation	

[21].				
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1.3.1. 	Magnetic	Nanomaterials	as	Adsorbents	

Ideally,	adsorbents	should	have	a	high	adsorption	capacity	facilitated	by	a	large	

surface	 area,	 be	 highly	 stable	 and	 mobile	 in	 aqueous	 solutions,	 demonstrate	 a	

specificity	for	the	contaminant	of	concern,	and	be	readily	removed	from	suspension	

[21].	 Literature	 encompasses	 a	 wide	 variety	 of	 nano-sized	 magnetic	 adsorbents	

used	 for	 environmental	 remediation	 and	 focuses	mainly	 on	 using	 iron	 oxides	 and	

ferrites	supported	on	a	variety	of	 inorganic	(e.g.,	carbon,	graphene,	silica,	zeolites)	

and	 organic	 (e.g.,	 macromolecules,	 polysaccharides,	 polymers)	 compounds	 as	 the	

adsorbent	 and	 arsenic,	 heavy	 metals,	 dyes,	 and	 other	 organic	 compounds	 as	 the	

contaminants	of	concern	[21]–[23].	However,	barriers	(i.e.,	selectivity,	regeneration,	

capturability,	 and	 stability)	 that	 prevent	 magnetic	 ENM	 treatment	 from	 being	

implemented	 in	 large-scale	water	 treatment	 applications	 continue	 to	 persist	 [24],	

[25].	 In	 spite	of	 these	 common	barriers,	most	 studies	 that	use	magnetic	ENMs	 for	

wastewater	 remediation	 remain	 silent	 on	 leaching	 and	 lower	 performance	 issues	

that	can	occur	upon	testing	in	realistic	waters	[5],	[14],	[26],	[27].			

Moreover,	magnetic	nano-adsorbents	are	typically	separated	from	water	using	a	

handheld	magnet	over	a	scale	of	 centimeters	within	 laboratory	bench-top	settings	

[21].	 Separating	 magnetic	 nanoparticles	 over	 a	 range	 of	 a	 few	 centimeters	 is	

sufficient	 for	 small	 scale	 separations	 such	 as	 in	 bio	 separation	 applications.	

However,	for	larger	scales	that	include	industrial	in-situ	environmental	remediation	

applications,	much	larger	separation	distances	are	required	and	consequently	larger	

magnetic	field	strengths	that	surpass	those	of	typical	handheld	magnets	are	needed	
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[21].	 Additionally,	 large	 scale	 applications	 are	 likely	 to	 operates	 under	 flow	

conditions	 rather	 than	 the	 batch	 conditions	 commonly	 used	 in	 literature	 [21].	 	 In	

short,	 knowledge	 gaps	 concerning	 the	 (i)	 chemical	 and	 magnetic	 stability	 of	

magnetic	nano-adsorbents	in	drinking	water,	(ii)	their	complete	and	facile	removal	

from	drinking	waters	using	low/non	energy	intensive	magnetic	separation,	and	(iii)	

the	 optimization	 of	 a	 magnetic	 separation	 system	 for	 the	 complete	 magnetic	

removal	 under	 large	 scale	 flow	 conditions	 relevant	 to	 industrialized	 scale	 water	

remediation	schemes	still	persists.		

1.3.2. Magnetic	Nanomaterials	as	Catalysts	

An	 alternative	 method	 for	 removing	 unwanted	 contaminants	 from	 drinking	

water	sources	 is	via	catalysis	–	a	 foundational	principle	 in	“green	chemistry”.	And,	

environmentally	 benign	 “green”	 catalysts	 are	 a	 proper	 pair	 with	 this	 “green	

chemistry”	 principle	 [28].	 An	 ideal	 “green	 catalysts”	 is	 highly	 activity,	 stable,	

selective	 and	 can	 be	 effectively	 recovered	 and	 recycled	 [28].	Magnetic	 nano-sized	

catalysts	(e.g.,	precious	metal	catalysts	supported	on	iron	oxides,	ferrites,	alloys,	and	

Co,	 Ni,	 and	 Fe	 nanoparticles)	 are	 prime	 targets	 for	 “green	 catalysis”	 considering	

their	enhanced	catalytic	activity,	selectivity,	and	stability	due	to	their	large	surface-

to-volume	ratio	[28].	Additionally,	because	of	their	small	size	and	magnetic	nature,	

nanomagnets	 can	 overcome	 diffusional	 mass	 transfer	 limitations	 –	 a	 common	

obstacle	 of	 heterogeneous	 catalysis	 –	 without	 compromising	 their	 ability	 to	 be	

facilely	 separated	 from	 solution	 –	 a	 problem	 that	 plagues	 most	 homogenous	

catalysis	[28].		
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Traditionally,	 elevated	 temperatures	 can	enhance	 the	 catalytic	of	 catalysts	 and	

can	reverse	catalysts	deactivation	and	surface	fouling	(e.g.,	regeneration)	–	common	

problems	 that	 contribute	 to	 high	 operational	 costs	 for	 industrialized	 catalytic	

processes.	 In	 light	 of	 such,	 many	 researchers	 have	 exploited	 nanomagnetism	 for	

purposes	other	 than	magnetic	 separation.	Magnetic	nanoparticle	heating	has	been	

utilized	 to	 enhance	 the	 catalytic	 activity	 of	 catalysts	 for	 a	 number	 of	 industrially	

important	reactions	(e.g.,	Fischer-Tropsch	synthesis	[29],	hydrodeoxygenation	[30],	

CO2	hydrogenation	[31],	etc.	[28]).	Such	reports	stimulate	interest	in	using	magnetic	

nanoparticle	heating	to	enhance	the	catalytic	properties	of	green	catalysts	for	water	

remediation	–	a	venture	few	have	tried.		

1.4. Magnetic	Principles	

1.4.1. Foundational	Principles	of	Magnetism	[32]	

Before	 moving	 forward,	 it	 is	 important	 to	 introduce	 some	 basic	 principles	 of	

magnetism	 that	 will	 undergird	 the	 application	 and	 magnetic	 recovery	 of	 the	

magnetic	materials	 that	will	be	discussed	 later	on	 in	 the	 text.	To	start,	one	should	

know	 that	 every	magnet	 has	 two	 ends	 and	 two	 corresponding	 poles	 respectively	

(Figure	 1.1).	 The	 first	 pole	 points	 towards	 the	 Earth’s	 north	 pole	while	 the	 other	

pole	points	towards	the	south	pole.	It	should	be	noted	here	that	poles	always	occur	

in	pairs	within	magnetized	bodies	and	opposite	poles	attract	while	like	poles	repel.	

The	law	that	governs	the	forces	between	two	poles	states	that:	(i)	the	force	between	

them	 is	proportional	 to	 the	product	of	 the	strength	of	each	pole	 (p1	&	p2)	and	 (ii)	



	 25	

inversely	 proportional	 to	 the	 squared	 distance	 (d)	 between	 them	 (Equation	 1.1)	

with	k	being	a	proportionality	constant.		

	

 

Figure	1.1	–	Example	of	the	poles	on	a	bar	magnet.	

! = # $%$&
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Equation	1.1	–	The	Force	between	two	magnetic	poles.	

A	magnetic	pole	always	creates	a	 field	around	 itself	and	produces	a	 force	on	a	

second	 pole	 nearby.	 This	 force	 is	 directly	 proportional	 to	 the	 product	 of	 pole	

strength	 (p)	 and	 field	 strength	 or	 field	 intensity	 (H)	 (Equation	 1.2)	 again	 with	 k	

being	the	proportionality	constant.	An	example	of	this	would	be	if	an	unmagnetized	

piece	 of	 iron	 were	 placed	 close	 to	 a	 magnet,	 the	 piece	 of	 iron	 would	 become	

magnetized	through	the	magnetic	field	created	by	the	magnet.	In	light	of	this,	H	can	

also	be	referred	to	as	the	magnetizing	force;	a	magnetizing	force	of	unit	strength	has	

an	 intensity	 of	 one	 oersted	 (Oe).	 To	 put	 this	 in	 context,	 examples	 of	magnetizing	

forces	for	familiar	objects	are	summarized	in	Table	1.1.	However,	from	Equation	1.1	
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and	 Equation	 1.2	 it	 can	 be	 shown	 that	 the	 strength	 of	 the	 magnetic	 field,	 or	

magnetizing	force,	decreases	inversely	proportion	to	the	squared	distance	from	the	

pole	 that	 is	 the	 source	 of	 the	 magnetic	 field	 (Equation	 1.3).	 Assuming	 the	

proportionality	constants	in	both	Equation	1.1	and	Equation	1.2	are	the	same.		

 

! = #()  

Equation	1.2	–	Force	of	a	magnetic	pole	on	its	neighboring	magnetic	pole.	

 

Table	1.1	–	The	magnetizing	forces	of	everyday	objects.	
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Equation	1.3	–	Magnetizing	Force	exerted	by	a	magnetic	pole.	
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If	we	were	to	cut	the	magnet	in	Figure	1.1	in	halve	and	double	the	strength	of	its	

poles	the	resulting	magnetic	field	would	be	the	same.	If	this	were	continued	until	a	

very	short	magnet	until	a	finite	moment	remained,	the	resulting	magnet	would	be	a	

magnetic	dipole	(Figure	1.2).	Thus,	any	magnet,	when	considering	its	external	field,	

can	 be	 thought	 of	 as	 an	 amalgamation	 of	 a	 number	 of	 dipoles.	 Consequently,	 the	

total	moment	of	a	magnet	 is	 the	sum	 its	dipole	moments.	Consider	a	magnet	with	

poles	of	strength	p	 located	at	each	respective	end	and	separated	by	a	distance	 l	 is	

placed	 into	 a	 uniform	 field	 of	 strength	H	 at	 an	 angle	 of	  q	 (Figure	 1.3).	 A	 torque	

operates	on	the	magnet,	turning	the	magnet	in	line	with	the	magnetic	field.	Equation	

1.4	 below	 gives	 the	 resulting	 moment	 of	 the	 torque	 where	 m	 is	 the	 magnetic	

moment	of	the	magnet.		

	

Figure	1.2	–	The	magenetic	field	of	a	mangetic	dipole.	
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Figure	1.3	–	Bar	magnetic	in	a	uniform	field	of	H.	

	

* = ((),-./) 12
3
4 + ((),-./) 12

3
4 = ()6,-./    

Equation	1.4	–	Magnetizing	moment	of	a	magnet	in	a	magnetic	field.	

The	quantity	of	the	magnetic	moment	is	a	very	important	variable	because	it	can	

be	precisely	measured	(unlike	p	and	l	which	are	uncertain	quantities).	Additionally,	

the	magnetic	moment	per	unit	volume	is	known	as	the	magnetization	(M)	and	given	

by	 Equation	 1.5.	However,	 if	 the	 volume	 of	 a	 sample	 is	 unknown	 the	mass	 of	 the	

sample	 can	 lead	 to	 the	 specific	 magnetization	 (σ).	 The	 specific	 magnetization	 is	

defined	 as	 the	 magnetic	 moment	 per	 unit	 mass	 rather	 than	 per	 unit	 volume,	

(Equation	1.6),	where	w	is	the	mass	with	units	of	grams	(g),	and	the	units	of	m	are	

defined	as	the	electromagnetic	unit	of	magnetic	moment	(emu).	Furthermore,	those	
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who	work	with	magnets	 consider	H	as	 the	 “fundamental”	magnetic	 field,	which	 in	

turn	produces	a	magnetization	(M)	 in	magnetic	materials.	Although	the	magnitude	

and	sign	of	the	magnetization	characterizes	magnetic	materials,	it	is	only	partial.	In	

looking	 at	 how	 the	magnetization	 (M)	 varies	with	 the	 applied	 field	 (H),	magnetic	

materials	are	further	characterized.	The	ratio	of	these	two	variables	is	the	magnetic	

susceptibility	(χ)	of	a	material	(Equation	1.7).		

	

7 =	9
:
;9<
=9>   

Equation	1.5	–	Magnetization.	
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Equation	1.6	–	Specific	Magnetization.	

D = 	
7
)

A*B
EA	 ∙ 	 G*H	

Equation	1.7	–	Magnetic	Susceptibility.	

When	the	variation	of	the	magnetization	is	plotted	with	respect	to	the	magnetic	

field,	the	resulting	curves	are	called	magnetization	curves	as	depicted	in	Figure	1.4.	
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Curves	 (a)	 and	 (b)	 are	 representative	 of	 diamagnetic	 and	 para-	 or	 antiferro-	

magnetic	materials	respectively.	These	materials	generate	linear	curves	that	do	not	

retain	magnetism	when	the	magnetic	field	is	removed.	Curve	(c)	on	the	other	hand,	

typifies	the	curves	for	ferro-	and	ferri-	magnetic	materials.	Noticeably	different,	this	

magnetization	curve	is	nonlinear	and	demonstrates	two	distinctive	phenomena.	The	

first	is	magnetic	saturation.	At	large	values	of	the	magnetic	field,	the	magnetization	

of	 a	material	 becomes	 constant	 at	 its	 saturation	 value	 (Ms).	 The	 second	 is	 called	

hysteresis	or	 irreversibility.	Once	the	magnetic	material	has	reached	 its	saturation	

value,	decreasing	the	magnetic	field	does	not	reduce	the	magnetization	back	to	zero	

resulting	 in	 irreversible	 behavior	 and	 the	 material	 retaining	 some	 magnetization	

which	 is	 known	 as	 magnetic	 remanence	 (Mr).	 To	 remove	 the	 remaining	

magnetization	 within	 the	 material,	 a	 magnetic	 field	 is	 necessary	 to	 coerce	 the	

materials	magnetization	back	to	zero.	The	field	strength	required	to	do	this	is	called	

the	coercivity	(Hc).		

	

Figure	1.4	–	Magnetization	Curves	for	(a)	diamagnetic,	(b)	paramagnetic	or	

antiferromagnetic,	(c)	ferrimagnetic	or	ferromagnetic.	
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To	understand	how	the	different	types	of	magnetic	properties	emerge	in	nature,	

we	have	to	look	at	the	electrons	that	surround	the	atoms	that	make	up	the	magnetic	

material.	It	should	be	noted	here	that	the	magnetic	moment	produced	by	the	spin	of	

an	 electron	 (Figure	 1.5)	 is	 critical	 in	 determining	 the	 magnetic	 properties	 of	

materials	[33].	Note	also	that,	the	magnetic	moment	of	the	nucleus	–	produced	from	

its	spin	–is	very	tiny	(i.e.	~10e-3)	and	therefore	neglected	[33].	In	every	atom,	there	

are	many	 electrons	 each	 spinning	 about	 its	 own	axis	 and	producing	 an	 individual	

magnetic	 moment.	 If	 we	 were	 to	 sum	 all	 of	 the	 magnetic	 moments	 from	 the	

electrons	in	a	particular	atom	two	magnetic	scenarios	emerge.	The	first	is	that	all	of	

the	 magnetic	 moments	 of	 the	 electrons	 are	 oriented	 in	 such	 a	 way	 that	 they	 all	

cancel	 each	other	out.	This	 results	 in	 an	 atom	with	no	net	magnetic	moment	or	 a	

non-magnetic	 atom.	 In	 turn,	 a	 collection	 of	 these	 non-magnetic	 atoms	 produces	 a	

diamagnetic	material.	The	second	scenario	is	when	the	cancellation	of	the	magnetic	

moments	 of	 the	 electrons	 is	 partial,	 not	 all	 magnetic	 moments	 are	 voided.	 This	

results	in	an	atom	with	a	net	magnetic	moment	or	a	magnetic	atom.	The	grouping	of	

these	atoms	produces	the	remaining	types	of	magnetic	materials:	para-,	antiferro-,	

ferri-,	and	ferro-	magnetic.		
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Figure	1.5	–	Magnetic	field	lines	produced	by	the	spin	of	an	electron.	

The	 type	 of	magnetism	 that	 occurs	 as	 a	 result	 of	 grouping	magnetic	 atoms	 is	

dependent	upon	the	orientation	of	the	magnetic	dipoles	for	each	atom.	For	example,	

when	 magnetic	 atoms	 with	 random	 magnetic	 dipole	 orientations	 are	 grouped	

together	 the	 resulting	 net	 magnetic	 dipole	 moment	 is	 zero	 and	 paramagnetism	

emerges.	When	magnetic	atoms	are	grouped	in	such	a	way	that	there	are	an	equal	

number	of	 atoms	with	magnetic	 dipoles	with	 a	 “positive”	 orientation	 as	 there	 are	

with	 a	 “negative”	 orientation,	 the	 net	 magnetic	 dipole	 moment	 is	 zero	 and	

antiferomagnetism	 occurs.	 When	 a	 grouping	 of	 magnetic	 atoms	 contains	 more	

atoms	with	magnetic	dipoles	in	a	“positive”	orientation	than	those	with	a	“negative”	

orientation,	 the	 net	 magnetic	 dipole	 moment	 is	 in	 the	 “positive”	 orientation	 and	

ferrimagnetism	occurs.	Finally,	when	a	group	of	magnetic	atoms	all	have	the	same	

magnetic	dipole	orientation	ferromagnetism	emerges.		

1.4.2. Foundational	Principles	of	Nano-Magnetism	

For	the	atoms	in	paramagnetic	materials	all	have	the	same	net	magnetic	moment	

considering	that	all	the	moments	induced	by	the	spin	of	the	electrons	do	not	cancel	

out.	 In	 the	 absence	 of	 an	 applied	 field,	 the	 atomic	 moments	 point	 randomly	 and	

ultimately	 cancel	 one	 another	 out.	 Thus,	 the	 magnetization	 of	 the	 material	 in	

question	is	zero.	However,	when	a	paramagnetic	material	is	exposed	to	a	magnetic	

field,	 the	 magnetic	 moment	 of	 each	 atom	 has	 the	 propensity	 to	 turn	 toward	 the	

direction	of	the	field.	If	all	opposing	forces	(e.g.,	thermal	agitation)	are	absent,	all	of	
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the	atomic	moments	will	completely	align	inducing	a	very	large	magnetic	moment	in	

the	direction	of	the	field.	However,	if	thermal	agitation	is	present,	the	likelihood	for	

the	magnetic	moments	of	 the	 atoms	 to	 align	 is	 greatly	diminished	and	 the	 atomic	

moments	 will	 continue	 to	 point	 randomly.	 The	 result	 of	 thermal	 agitation	 is	 the	

partial	alignment	of	the	atomic	moments	in	the	field	direction	and	a	small	positive	

susceptibility.		

Superparamagnetic	 material	 exhibits	 the	 same	 behavior	 as	 paramagnetic	

material,	 a	 magnetic	 field	 will	 align	 the	 moments	 of	 the	 particles	 while	 thermal	

energy	will	scatter	them,	“with	one	notable	exception”	[32].	The	magnetic	moment	

per	atom	in	normal	paramagnetic	material	is	significantly	smaller	than	the	magnetic	

moment	per	atom	in	superparamagnetic	material	(i.e.	approx.	~6000	to	4000	times	

smaller)	 [32].	 Even	more	 so	 superparamagnetic	 particles,	 ferromagnetic	 particles	

below	a	 critical	 diameter	of	 approximately	50	nm	 [34],	will	 not	 exhibit	 hysteresis	

(e.g.,	Mr	 =	 Hc	 =	 zero)	 in	 their	 magnetization	 curves	 even	 though	 their	 behavior	

mimics	 that	 of	 ferromagnetic	 magnetization	 curves	 which	 display	 magnetic	

saturation	and	nonlinear	curves	(Figure	1.4).	This	means	that	a	superparamagnetic	

material	behaves	 like	strong	 ferromagnets	 in	 the	presence	of	a	magnetic	 field	and	

simple	paramagnets	in	the	absence	of	a	magnetic	field.		

1.4.3. Fundamentals	of	High	Gradient	Magnetic	Separation	

A	common	method	to	remove	magnetic	nanoparticles	is	high	gradient	magnetic	

separation	(HGMS).	In	an	HGMS	system,	a	column	packed	with	a	bed	of	magnetically	

susceptible	wires	 (i.e.	 SSW)	 is	 put	 between	 two	 adjacent	 electromagnets.	When	 a	
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magnetic	field	is	applied	across	the	column,	the	wires	dehomogenize	(or	varies	with	

respect	 to	 location)	 the	 magnetic	 field	 in	 the	 column.	 This	 produces	 large	 field	

gradients	 (areas	where	 the	magnetic	 field	 is	no	 longer	uniform)	around	 the	wires	

that	 attracts	 magnetic	 particles	 and	 subsequently	 immobilizes	 them	 onto	 their	

surface.	 The	 magnetic	 field	 gradients	 are	 a	 large	 contributor	 to	 the	 attractive	

magnetic	 force	applied	on	a	particle	 in	a	magnetic	 field	as	 shown	by	Equation	1.8	

below	where	IJ	is	the	permeability	of	free	space,	KL	is	the	particle	volume,	ML	is	the	

particle	magnetization,	and	NO	 is	the	magnetic	field	gradient	at	the	location	of	the	

particle	[35].	The	strong	magnetic	forces	produced	by	the	large	field	gradients	at	the	

edges	 of	 the	 SSW	wires	 are	 extremely	 effective	 at	 capturing	 fine	 (<100	microns)	

particles	of	even	weakly	magnetic	substances	[36].		

!9 = PQR$7$∇) 

Equation	1.8	–	Force	exerted	on	a	magnetic	nanoparticle	in	an	HGMS	system.	

Note:	 For	 magnetic	 separation	 using	 HGMS	 methods,	 the	 magnetic	 force	 (Fm)	

exerted	on	the	magnetic	particle	must	overcome	competing	forces	 imposed	on	the	

particle	 (i.e.,	 gravitational	 forces,	 fluid	 drag,	 inertia,	 diffusion,	 buoyance,	 and	

Brownian	motion,	etc.)	[21].	

1.4.4. Fundamentals	of	Magnetic	Nanoparticle	Heating	

When	magnetic	materials	are	exposed	to	a	magnetic	 field,	 the	atomic	magnetic	

moments	–	or	magnetic	dipoles	–	 readily	orient	 themselves	 in	 the	direction	of	 the	
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external	magnetic	 field.	 If	 the	magnetic	 field	 is	 switches	 to	 the	opposite	direction,	

the	 magnetic	 dipoles	 within	 the	 material	 will	 align	 themselves	 in	 the	 opposite	

direction.	 Upon	 exposure	 to	 an	 alternating	 magnetic	 field	 (AMF),	 the	 magnetic	

moments	 within	 a	 material	 oscillate	 at	 the	 frequency	 of	 the	 AMF.	 This	 causes	

magnetic	particles	to	undergo	different	heating	mechanism	depending	on	their	size	

[37].	 An	 alternating	magnetic	 field	 causes	magnetic	 particles	 to	 generate	 heat	 by	

way	 of	 four	 different	 mechanisms:	 eddy	 current	 heating,	 hysteretic	 heating,	

Brownian	relaxation,	and	Neel	relaxation	[37].		

For	bulk	size	magnetic	materials	–	on	the	centimeter	scale	or	larger	–	heating	is	

attributed	 to	 resistive	 heating	 or	 inductive	 heating	 where	 an	 AMF	 induces	 eddy	

currents	within	a	material	via	electrical	conduction	[37],	[38].	Note	here,	however,	

that	 iron	 oxide	 nanoparticles	 are	 typically	 ineffective	 for	 generating	 heat	 via	

inductive	heating	because	they	generally	have	 low	electrical	conductivity	[38].	For	

multi-domain	 nano-sized	 particles	 (e.g.,	  ³	 50	 nm),	 the	 heating	 mechanism	 is	

dominated	by	domain	wall	shifting	(i.e.,	hysteretic	heating)	and	is	closely	dependent	

upon	the	magnetic	saturation	of	 the	nanoparticle.	For	single	domain	nanoparticles	

(e.g.,	<	50	nm),	magnetic	relaxations	such	as	Brownian	and/or	Neel	relaxations	are	

responsible	 for	 heating	 [37].	 In	 general,	 the	 main	 source	 of	 heat	 generation	 for	

magnetic	multidomain	nanoparticles	 (i.e.,	<	100	nm)	 is	via	hysteresis	 (i.e.,	domain	

wall	shifting)	[38],	[39].		

In	hysteretic	heating,	electromagnetic	energy	is	converted	to	heat	losses	via	the	

coupling	of	atomic	spins	to	crystal	 lattice	of	 the	material	 [38].	The	amount	of	heat	
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released	 by	 a	 magnetic	 nanoparticle	 can	 be	 estimated	 by	 the	 area	 within	 the	

hysteresis	 loop	of	a	particle’s	magnetization	curve	as	the	AMF	oscillates	(Equation	

1.9	below	where	A	is	the	amount	of	heat	generated,	H	is	the	magnetic	field	strength,	

 µ0	is	the	permeability	of	free	space).	The	heating	power	–	or	the	specific	adsorption	

rate	(SAR)	–	can	be	estimated	by	multiplying	 the	energy	released	per	cycle	by	 the	

frequency	of	 the	oscillating	AMF	(Equation	1.10	below	where	 f	 is	 the	 frequency	of	

the	 magnetic	 field)	 [38],	 [40].	 In	 general,	 increasing	 the	 frequency	 increases	 the	

amount	of	heat	generated	by	the	AMF.		

T = 	U PQ7())V)
WXYZ[

\XYZ[
	

Equation	1.9	–	Hysteretic	heat	loss.	

]T^ = 	T_	

Equation	1.10	–	Specific	Adsorption	Rate	for	hysteretic	heating.	

For	 sufficiently	 small	 enough	 particles	 that	 can	 be	 classified	 as	 single	 domain	

and	 superparamagnetic	 (i.e.,	 <	 50	 nm),	 Brownian/Neel	 relaxations	 cause	

nanoparticle	 heating	 [37].	 Magnetic	 hysteresis	 is	 a	 non-equilibrium	 process	

meaning	that	once	the	external	magnetic	field	is	removed,	the	magnetic	dipoles	with	

the	material	 relax	 at	 time	 (t)	 to	 their	parent	 state	due	 to	 thermal	 agitation	 (kBT).	

[38].	This	process	is	known	as	magnetic	relaxation.	For	bulk	magnetic	minerals	like	

magnetite,	 relaxation	 times	 are	 on	 the	 order	 of	 millions	 of	 years	 but,	 for	 single	
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domain	 nanoparticles	 relaxation	 times	 are	 on	 the	 order	 nanoseconds	 [38].	 For	

single	domain	magnetic	nanoparticles,	magnetization	relaxation	is	countered	by	an	

energy	 barrier	 defined	 by	 product	 of	 the	 magnetic	 anisotropy	 –	 the	 directional	

dependence	 of	 a	 nanoparticle’s	 magnetic	 properties	 –	 and	 volume	 of	 the	

nanoparticle.	 This	 relaxation	 is	 known	 as	 Neel	 relaxations	 (Equation	 1.11	 below	

where	K	 is	 the	 anisotropy	 constant,	V	 is	 the	 particle	 volume,	kB	 is	 the	Boltzmann	

constant,	and	T	is	the	temperature)	and	occur	in	nanoparticles	that	are	immobilized.		

`a = `Q ∙ A
b∙c

de∙fg 	; 	`Q	~	10\l,		

Equation	1.11	–	Neel	relaxation	time	constant.	

However,	 for	 free	 nanoparticles	 with	 a	 considerable	 energy	 barrier	 against	

magnetization	relaxation,	the	entire	nanoparticle	rotates	within	solution	under	the	

influence	 of	 an	 alternating	magnetic	 field.	 The	 rotating	 nanoparticle	 releases	 heat	

via	 friction	 losses	 between	 the	 rotating	 nanoparticle	 and	 the	 viscous	 fluid	 that	

surrounds	 it.	 This	 process	 is	 known	 as	 Brownian	 relaxation	 and	 is	 defined	 by	

Equation	1.12	where	h	 is	 the	viscosity	of	the	suspension,	Vh	 is	 the	particle	volume	

based	off	its	hydrodynamic	particle	size,	kB	is	the	Boltzmann	constant,	and	T	is	the	

temperature	 [37],	 [38].	 Typically,	 Brownian	 and	 Neel	 relaxation	 occur	 in	 parallel	

leading	to	an	effective	relaxation	time	(mnoo;	Equation	1.13)	that	accounts	for	both	

relaxations	mechanism	and	is	dominated	by	the	relaxation	mechanism	that	permits	

magnetic	reversal	within	the	shortest	time	frame.		
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`p = `Q ∙
Hq∙cr
d∙f

		

Equation	1.12	–	Brownian	relaxation	time	constant.	

1
`stt

= 	
1
`a
+	

1
`p
	

Equation	1.13	–	Effective	relaxation	time	constant.	

The	 amount	 of	 heat	 lost	 via	magnetic	 relaxation	 (Arelax)	 is	 approximated	with	

Equations	 1.14	 and	 1.15	 where	 c0	 is	 the	 magnetic	 susceptibility	 of	 randomly	

oriented	magnetic	nanoparticles,	H2	is	the	magnitude	of	the	magnetic	field,	and	w	is	

the	 angular	 frequency	 (2pf)	 [41].	 Said	 equations	 were	 developed	 using	 Linear	

Response	 Theory	 (LRT)	 –	 a	 model	 that	 assumes	 the	 magnetic	 system	 is	 linearly	

dependent	on	the	magnetic	field	and	describes	the	dynamic	response	of	an	assembly	

of	magnetic	nanoparticle	using	Neel	and	Brownian	relaxation	times	[41]–[43].	Here	

too,	the	heating	power	–	or	the	specific	adsorption	rate	(SAR)	–	can	be	estimated	by	

multiplying	the	energy	released	via	magnetic	relaxations	per	cycle	by	the	frequency	

of	the	oscillating	AMF	–	or	Equation	1.10	[37],	[39],	[41].		

Tu;vwx = 	PQyDQ)3 z
{`stt

1 +	|{`stt}
3~	

Equation	1.14	–	Heat	loss	via	magnetic	relaxations.	



	 39	

DQ =
PQ7�

3R
3#pÅ

	

Equation	1.15	–	Magnetic	susceptibility	of	randomly	oriented	magnetic	

nanoparticles.	

It	should	be	noted	here	that	for	a	constant	magnetic	field	strength,	a	maximum	

amount	 of	 heat	 generated	 occurs	when	{`stt	 =	 1,	 suggesting	 a	 critical	 frequency	

that	produces	a	maximum	SAR	value.		Below	this	critical	frequency	(i.e.,	{`stt	 ®	0)	

or	 above	 the	 critical	 frequency	 (i.e.,	 {`stt	  ®	 ∞)	 the	 SAR	 value	 considerably	

depletes	and	become	null	[37],	[41].		 	

1.5. Thesis	Overview	

The	 importance	 of	 drinking	 water	 to	 human	 life	 cannot	 be	 overstated.	

Unfortunately,	 current	 drinking	 water	 methods	 prove	 to	 be	 inept	 in	 addressing	

emerging	contaminants	of	concern	or	are	 in	accessible	 to	millions	of	persons.	And	

again,	 public	 concern	 exists	 regarding	 the	 persistence	 of	 priority	 and	 emerging	

contaminants	in	current	drinking	water	sources	after	treatment	[5].	The	persistence	

of	 these	 pollutants	 in	 preexisting	water	 treatment	 infrastructures	 encourages	 the	

development	 of	 decentralized,	 small	 scale,	 technological	 innovation	 [5],	 [14].	

Magnetic	nanotechnology	–	specifically	magnetic	nano-catalysts	and	magnetic	nano-

adsorbents	 –	 can	 help	 address	 the	 aforementioned	 present-day	 issues	within	 the	

water	sector	if	current	knowledge	gaps	are	filled.			
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Again,	 a	 common	knowledge	gap	 that	hinders	 the	 implementation	of	magnetic	

nano-adsorbents	 into	 water	 treatment	 applications	 is	 the	 uncertainty	 that	

surrounds	the	chemical	and	magnetic	stability	of	magnetic	nano-adsorbents	in	“real-

world”	 drinking	 water.	 Most	 studies	 surrounding	 magnetic	 iron-based	

nanomaterials	for	wastewater	applications	tend	to	side-step	leaching,	stability,	and	

capturability	 issues	 that	 can	 occur	 in	 realistic	waters.	Chapter	 2	 addresses	 these	

issues	head	on	and	sheds	light	on	the	chemical	integrity	of	iron-based	materials	in	

simulated	 drinking	 water.	 I	 also	 investigate	 Fe3C@C	 as	 a	 magnet-based	 water	

treatment	material.	I	found	that	Fe3C@C	and	Fe3O4	nanopowders	are	(i)	chemically	

and	 magnetically	 stable	 in	 simulated	 drinking	 water;	 (ii)	 capable	 of	 adsorbing	

arsenic	 (6.75	 µg-As/m2	 for	 Fe3C@C	 and	 9.62	 mg-As/m2	 for	 Fe3O4)	 and/or	

methylene	 blue	 (1.60	 mg-MB/m2	 for	 Fe3C@C),	 and	 (iii)	 facilely	 removed	 and	

recovered	from	flowing	water	using	a	permanent	magnet	( ³	99%	recovery).	

Other	knowledge	gaps	that	prevent	the	large-scale	use	of	magnetic	nanoparticles	

for	 water	 treatment	 is	 the	 hesitation	 of	 their	 complete	 and	 facile	 removal	 from	

drinking	waters	 using	 low/non	 energy	 intensive	magnetic	 separation	 as	well	 as	 a	

lack	 of	 the	 optimization	 of	 a	 large-scale	 magnetic	 removal	 system	 for	 complete	

magnetic	 removal	 under	 industrial	 scale	 flow	 conditions.	 Chapter	 3	 presents	 an	

optimized	 permanent	 magnet	 nanoparticle	 recovery	 device	 (i.e.,	 the	 MagNERD)	

developed	 and	 operated	 to	 separate,	 capture	 and	 reuse	 superparamagnetic	 Fe3O4	

from	 treated	 water	 in-line	 under	 continuous	 flow	 conditions	 (removal	 >	 95%).	

Experimental	 data	 and	 computational	modeling	 demonstrate	 how	 the	MagNERD’s	

efficiency	 to	 recover	 nanoparticles	 depends	 upon	 a	 variety	 of	 factors	 including:	
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reactor	 configuration,	 integration	 of	 stainless-steel	 wool	 around	 permanent	 the	

magnets,	hydraulic	flow	conditions,	and	magnetic	nanoparticle	uptake.		

Here	 in	 I	 also	 explore	 the	 use	 of	 nano-magnetism	 for	 purposes	 other	 than	

magnetic	 removal	 and	 pivot	 toward	 magnetic	 nanoparticle	 heating.	 Chapter	 4	

introduces	 fundamental	 knowledge	 concerning	 structure	 property	 relationships	

between	 nano-hematite	 –	 a	 classically	 non-magnetic	 material	 –	 and	 magnetic	

nanoparticle	heating.	I	found	that	increasing	the	shape	anisotropy	of	nano-hematite	

(i.e.,	nano-hematite	in	the	shape	of	rods)	increases	its	magnetic	saturation	and	SAR	

values	by	>	6´	 as	compared	 to	 its	nano-spherical	 counterpart.	 	To	apply	magnetic	

nanoparticle	heating	to	water	remediation,	I	investigate	how	magnetic	nanoparticle	

heating	 can	 enhance	 the	 catalytic	 activity	 of	 “green”	 AuFe	 catalysts	 for	 water	

contaminant	reduction	reactions.	 In	Chapter	5,	 I	posit	 that	magnetically	enhanced	

catalysis	can	help	treat	concentrated	waste	streams	of	pharmaceuticals	and	recycle	

them	 back	 into	 important	 chemical	 monomers.	 As	 found,	 magnetic	 nanoparticle	

heating	induced	by	an	AMF:	(i)	increases	AuFe	nanoparticle	catalytic	activity	for	the	

reduction	 of	 a	 model	 pharmaceutical	 compound	 by	 200%	 without	 raising	 bulk	

reaction	temperature	via	localized	particle	surface	heating.	

	

	

	

	



	 42	

	

	

	

	

	

	

	

	

 

	

	

	



	 43	

Chapter 2 

Magnetically recoverable carbon-
coated iron carbide for arsenic 

adsorptive removal 

2.1. Introduction	

Nanocrystalline	 magnetite	 is	 one	 of	 the	 most	 commonly	 studied	 magnetic	

engineered	nanomaterial	(ENM)	for	water	treatment	[26]	due	to:	(1)	its	ability	to	be	

easily	removed	from	the	reaction	medium	via	magnet	capture	[44],	(2)	its	ability	to	

remove	 a	 host	 of	 contaminants	 ranging	 from	heavy	metals	 to	 organic	 compounds	

[44]–[49],	 and	 (3)	 the	 relatively	 low	 toxicity	 concern	 of	 iron	 [26],	 [27].	

Nanocrystalline	 Fe3O4	 is	 commercially	 available,	 easy	 to	 synthesize,	 and	 has	 size	

dependent	 magnetic	 properties	 such	 as	 superparamagnetism	 which	 emerges	 for	

single	 crystalline	 particle	 sizes	 <	 50	 nm,	 enabling	 its	 recovery	 and	 reuse.	 Such	

advantages	have	 led	 to	pilot-scale	 testing,	 for	example,	 layered	double	hydroxides	
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(LDH)/silica/magnetite	 and	 lanthanum-based	 magnetite	 ENMs	 for	 phosphorous	

removal	 from	 wastewater	 streams	 [25],	 [50]	 and	 uncoated	 magnetite	 ENMs	 for	

treating	 arsenic	 contaminated	 ground	water	wells	 in	Mexico	 [51].	However,	 there	

are	 still	 barriers	 (i.e.,	 selectivity,	 regeneration,	 capturability,	 and	 stability)	 that	

prevent	 magnetic	 ENM	 treatment	 from	 being	 implemented	 in	 large-scale	 water	

treatment	 applications	 [24],	 [25].	 Most	 studies	 surrounding	 magnetic	 ENMs	 for	

wastewater	applications	do	not	address	leaching	and	lower	performance	issues	that	

could	occur	when	testing	in	realistic	waters	[5],	[14],	[26],	[27].		

Iron	oxides	have	limited	chemical	stability	in	water	[49],	[52].	The	surface	Fe2+	

sites	 of	 Fe3O4	 slowly	 oxidize,	 which	 lowers	 their	 magnetic	 saturation	 [45],	 [53].	

Under	acidic	conditions,	the	Fe3+	leaches	into	solution	readily	[54]–[57].	To	combat	

these	 issues,	 protective	 coatings	 are	 used	 to	 increase	 materials	 stability,	 but	 the	

resulting	core-shell	structure	has	lower	magnetic	strength	[58].	A	greater	magnetic	

field	strength	or	gradient	would	be	needed	for	complete	recovery,	as	the	attractive	

magnetic	force	is	partly	dependent	on	the	material's	magnetization	[59]–[63].		

It	 is	 notable	 that	 most	 reported	 nanocrystalline	 Fe3O4-based	 absorbents	 have	

non-zero	 magnetic	 remanence	 and	 coercivity	 values,	 and	 are	 therefore	 not	

technically	superparamagnetic	[32],	[64],	[65].	However,	their	magnetic	remanence	

and	coercivity	values	are	sufficiently	small	to	allow	for	aggregation/disaggregation	

in	the	presence/absence	of	a	magnetic	field.	Such	materials	can	be	suitable	for	water	

treatment	 scenarios	 in	 which	 partially	 magnetized	 particle	 aggregates	 can	 be	

tolerated.	
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Alternative	iron	compositions	could	improve	the	magnetic	recovery	and	stability	

issues	of	iron	oxide	based	magnetic	ENMs	in	water	treatment.	One	such	material	is	

carbon-coated	 iron	carbide	("Fe3C@C").	Containing	6.7	wt%	carbon	and	93.3	wt%	

iron	 [66],	 Fe3C	 has	 been	 studied	 as	 a	 nonprecious	 metal	 catalyst	 for	 oxygen	

reduction	 reactions	 in	 neutral	 and	 alkaline	 solutions;	 it	 dissolves	 under	 acidic	

conditions	 though	 [67],	 [68].	Fe3C	has	a	higher	magnetic	 strength	 than	bulk	Fe3O4	

(e.g.,	~140	emu/g	[69]	vs.	92	emu/g	[32])	and	retains	 its	magnetic	strength	when	

crystal	domain	sizes	are	reduced	to	the	nanometer		size	range	[51],	[67],	[68],	[70].	

Synthesized	 through	 gas-phase	 pyrolysis	 or	 flame	 spray	 techniques,	 nano-sized	

Fe3C@C	 carries	 a	 graphitic	 coating	 that	 protects	 the	 Fe3C	 surface	 from	 oxidizing.	

Fe3C@C	 has	 magnetic	 remanence	 and	 coercivity	 values	 somewhat	 similar	 with	

those	of	"superparamagnetic"	Fe3O4	nanoparticles	found	in	literature	[64],	[65].	

In	 this	 work,	 we	 evaluated	 the	 stability,	 adsorptive	 properties,	 and	 magnetic	

recovery	of	nanocrystalline	Fe3C@C	in	powdered	form	(nanopowder).	We	subjected	

a	commercially	sourced	Fe3C@C	nanopowder	to	jar	tests	under	mild	and	aggressive	

conditions	 (i.e.,	 60	 °C	 and	 pH	 3),	monitoring	 for	 dissolved	 iron.	We	 quantified	 its	

adsorption	 isotherms	 for	 arsenic	 and	 studied	 the	magnetic	 separation	 of	 Fe3C@C	

using	an	 in-house	permanent-magnet	 capture	device.	We	used	 four	common	 iron-

based	 nanopowders	 as	 comparison	 materials:	 commercially	 available	 Fe3O4	

nanopowder,	 the	 Fe3O4	 nanopowder	 coated	 with	 SiO2,	 as-synthesized	 Fe3O4	

nanopowder,	 and	 as-synthesized	 a-Fe2O3	 nanopowder.	 Our	 analyses	 show	 that	

Fe3C@C	 (i)	 is	 chemically	 and	magnetically	 stable	 in	 simulated	drinking	water;	 (ii)	

has	 appreciable	 adsorption	 capacity	 for	 arsenic,	 compared	 to	 commercially	 used	
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iron	oxide	hydroxide	adsorbent	Bayoxide	E33;	and	(iii)	can	be	effectively	removed	

from	flowing	water	using	a	permanent	magnet.		

2.2. Materials	and	Methods	

2.2.1. Materials		

All	iron-based	materials	studied	were	nanopowders,	 i.e.,	 in	powdered	form	and	

containing	 XRD-detectible	 nanocrystalline	 domains.	 Carbon	 coated	 iron	 carbide	

nanopowder	 ("Fe3C@C";	 prepared	 through	 a	 high-temperature	 plasma	 chemical	

vapor	 deposition	 process)	 from	 Nanostructured	 &	 Amorphous	 Materials	 Inc.	 and	

commercial	 Fe3O4	 nanopowder	 ("c-Fe3O4")	 from	 Sigma	 Aldrich	were	 used	 for	 the	

stability,	 magnetic	 recovery,	 and	 adsorption	 experiments	 (Table	 S1).	 As-received	

iron	 oxide	 hydroxide	 goethite	 granules	 (Bayoxide	 E33;	 CAS	 #	 51274-00-1;	 from	

Lanxess)	were	crushed	and	used	for	the	adsorption	studies.	The	silica	coating	for	"c-

Fe3O4@SiO2"	was	performed	using	HCl	(35	vol%),	and	tetraethyl	orthosilicate	(TEOS)	

obtained	from	Sigma	Aldrich	and	used	as-received.	For	the	synthesis	of	s-Fe3O4	and	

a-Fe2O3,	 ACS	 grade	 FeCl2·4H2O,	 FeCl3·6H2O,	 Fe(NO3)3	 and	 FeCl3	 purchased	 from	

Sigma	Aldrich	were	used.		

Simulated	drinking	water	was	prepared	with	the	following	ACS-grade	chemicals	

(Sigma	 Aldrich):	 NaHCO3,	 CaCl2,	 MgSO4·7H2O,	 Na2SiO2·9H2O,	 NaNO3,	 NaH2PO·H2O,	

and	 NaF	 (fluoride	 standard	 solution	 from	 Ricca	 Chemical).	 Sodium	 arsenate	

(Na3AsO4	in	the	form	of	an	Atomic	Adsorption	Spectroscopy	Arsenic	Standard	from	
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Sigma	 Aldrich;	 1000	mg/L	 As	 in	 2%	 nitric	 acid	 prepared	with	 high	 purity	 As2O3,	

HNO3,	NaOH,	and	H2O)	was	used.			

For	the	NEMI	3500	Fe-B	iron	detection	method,	HCl	(35	vol%),	hydroxylamine,	

ammonium	 acetate,	 acetic	 acid,	 and	 1,10-phenanthroline	 monohydrate	 were	

obtained	from	Sigma	Aldrich	and	used	as-received.	

2.2.2. Synthesis	of	c-Fe3O4@SiO2	Nanopowders		

The	c-Fe3O4@SiO2	nanopowder	was	prepared	as	follows:	1	g	of	c-Fe3O4	nanopowder	

was	 placed	 in	 0.1	 M	 HCl	 aqueous	 solution	 (50	 mL)	 and	 ultrasonicated	 for	 10	 min,	

magnetically	separated	and	washed	three	times	with	DI	water,	and	then	dispersed	in	a	

solution	of	ethanol	(80	mL),	DI	water	(20	mL)	and	concentrated	ammonia	(1.0	mL,	28	

wt%	aqueous	 solution).	TEOS	 (0.9	g,	4.32	mmol)	was	added	 immediately	 afterwards.	

The	resulting	mixture	was	stirred	at	room	temperature	for	12	h,	and	the	resulting	solid	

product	was	magnetically	 collected,	washed	with	 ethanol	 and	water	 three	 times,	 and	

dispersed	in	ethanol.		

2.2.3. Synthesis	of	s-Fe3O4	and	α-Fe2O3	Nanopowders		

Fe3O4	nanopowder	was	synthesized	by	dissolving	1.4	g	of	FeCl2·4H2O	and	2.7	g	of	

FeCl3·6H2O	 in	 100	 mL	 of	 DI	 water.	 The	 resulting	 solution	 was	 heated	 to	 80	 °C.	

Ammonium	 hydroxide	 (25	 wt%)	 was	 added	 dropwise	 until	 the	 nanopowder	

precipitated	 out	 of	 solution.	 After	 being	 separated	 from	 the	 solution	 with	 a	

neodymium	magnet,	 the	nanopowder	was	washed	with	DI	water	 and	ethanol	 and	

dried	overnight	under	vacuum	at	80	 °C	 ("s-Fe3O4").	The	α-Fe2O3	nanopowder	was	
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synthesized	from	Fe(NO3)3	and	FeCl3	through	forced	hydrolysis,	as	described	in	an	

earlier	report	[71].	

2.2.4. X-ray	Diffraction	(XRD)	

Each	 nanopowder	 was	 analyzed	 by	 powder	 x-ray	 diffraction	 (XRD)	 using	 a	

Rigaku	diffractometer	with	Cu	Kα	radiation	(1.5418	Å).	The	data	was	collected	from	

3°	 to	 90°.	 The	 average	 crystallite	 size	 of	 each	 nanopowder	 was	 calculated	 using	

Scherrer's	formula	[72].	

2.2.5. X-ray	Photoelectron	Spectroscopy	(XPS)	

The	 atomic	 ratio	 of	 the	 Fe3C@C	 nanopowder	 was	 obtained	 from	 x-ray	

photoelectron	spectroscopy	(XPS)	performed	using	a	PHI	Quantera	SXM	with	an	Al	

source	(focused	beam	of	1.5	kV,	25	W).	The	pass	energy	of	the	survey	spectra	was	

140	eV	with	step	size	of	0.5	eV,	while	the	one	of	atomic	spectra	was	26	eV	with	step	

size	of	0.1	eV.	Each	sample	was	dried	and	loaded	to	Al	foil.	XPS	spectra	was	analyzed	

with	MultiPak	software.	All	peak	positions	were	corrected	based	on	C	1s	at	284.8	eV.	

2.2.6. Nitrogen	Physisorption	Analysis		

The	specific	surface	area	of	the	nanopowders	and	the	Bayoxide	E33	powder	was	

determined	by	first	degassing	each	sample	at	250	°C	under	vacuum	overnight.	Once	

degassed,	nitrogen	adsorption-desorption	isotherms	were	collected	at	77	K	using	a	

QuantaChrome	 (Model	 #AS3B)	 instrument.	 The	 specific	 surface	 area	 for	 each	

nanopowder	was	calculated	with	a	standard	five-point	BET	analysis	method	(P/P0	=	
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0.10,	0.15,	0.20,	0.25,	and	0.30).	The	pore	size	distribution	and	pore	volume	of	the	

Fe3C@C	nanopowder	were	determined	from	the	adsorption	branch	of	the	nitrogen	

isotherms	using	the	non-localized	density	functional	theory	(NLDFT)	model	[73].	

2.2.7. Magnetic	Measurements		

Magnetic	 characterization	 was	 conducted	 with	 the	 Superconducting	 Quantum	

Interference	Device	(SQUID)	fitted	with	a	MPMS	XL	(Quantum	Design	Inc.).	For	each	

hysteresis	curve	generated,	the	nanopowder	was	weighed,	wrapped	in	Teflon	tape,	

and	analyzed	at	27	°C	from	-10	to	10	kOe.	

Magnetic	stability	measurements	were	performed	using	15	mg	of	c-Fe3O4	and	15	

mg	 of	 Fe3C@C	 placed	 into	 15	mL	 of	 a	 solution	 of	 simulated	 drinking	 water.	 The	

resulting	dispersions	were	then	sonicated	for	10	min	and	placed	on	a	shake	table	for	

4	weeks	at	25	°C.	Periodically,	 liquid	aliquots	were	taken	from	the	suspension	and	

dried	on	Teflon	tape	under	vacuum	at	40	°C.	The	resulting	dried	nanopowders	were	

weighed,	wrapped	in	Teflon,	and	measured	from	-10	kOe	to	10	kOe	at	27	°C.	

2.2.8. Simulated	Drinking	Water	Preparation		

Simulated	drinking	water	was	prepared	in	accordance	with	the	NSF	53	challenge	

water	by	using	 the	 following	 salt	 concentrations:	NaHCO3	 (252	mg/L),	 CaCl2	 (147	

mg/L),	MgSO4·7H2O	 (124	mg/L),	Na2SiO3·9H2O	 (95	mg/L),	NaNO3	 (12	mg/L),	NaF	

(2.2	 mg/L),	 and	 NaH2PO4·H2O	 (0.18	 mg/L).	 The	 solution	 was	 adjusted	 to	 pH	 7.5	

using	 HCl	 (1.0	 M).	 The	 resulting	 ionic	 strength	 and	 total	 dissolved	 solids	 (TDS)	

values	were	8.5	mM	and	478	mg/L,	respectively.	
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2.2.9. Jar	Tests	for	Assessing	Stability	

The	stability	of	the	magnetic	materials	was	assessed	in	simulated	drinking	water	

at	 25	 °C	 and	 neutral	 pH	 (~7.5),	 and	 also	 at	 an	 elevated	 temperature	 (60	 °C)	 and	

neutral	and	low	pH	values	(~7.5	and	~3)	to	accelerate	any	potential	iron	leaching.	

The	 amount	of	 dissolved	 iron	 for	 the	 stability	 tests	was	quantified	with	 a	Perkins	

Elmer	 Optima	 8300	 Inductively	 Coupled	 Plasma	 -	 Optical	 Emission	 Spectrometer	

(ICP-OES).	The	pH	of	 the	bulk	solution	was	adjusted	 to	a	desired	pH	(~7.5	or	~3)	

with	dropwise	additions	of	HCl	solution	(1.0	M),	and	the	resulting	solution	was	used	

immediately.	 An	 appropriate	 amount	 of	 water	 was	 combined	 with	 the	 desired	

nanopowder	 such	 that	 the	 final	 weight	 concentration	 of	 each	 nanopowder	

suspension	was	500	ppm.		

After	sonication	for	10	min,	2-mL	aliquots	were	taken	from	each	sample,	filtered	

with	 a	 0.2-µm	PTFE	 syringe	 filter,	 and	 stored	 in	 2-mL	microcentrifuge	 tubes.	 The	

sonicated	 solutions	were	 then	 placed	 inside	 a	 temperature-controlled	 shake	 table	

(60	 °C,	 shaking	 speed	 of	 150	 rpm)	 for	 24	 h.	 The	 suspension	 pH	 did	 not	 change	

during	the	24-h	period.		

Liquid	aliquots	(2	mL)	were	extracted	from	each	sample	and	filtered	with	a	0.2-

µm	 PTFE	 syringe	 filter.	 All	 samples	 were	 then	 analyzed	 for	 dissolved	 iron	

concentrations	 by	 using	 adapted	 procedures	 from	 the	 National	 Environmental	

Methods	Index	(NEMI).	Specifically,	the	NEMI	3500	Fe-B	(phenanthroline)	method,	

which	 is	 well	 suited	 for	 field	 tests,	 was	 used	 [74].	 For	 each	 sample,	 1	 mL	 was	

removed	 and	 combined	 with	 a	 solution	 containing	 HCl	 (40	 µL;	 38	 wt%	 conc.	
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aqueous	 solution),	 hydroxylamine	 (20	 µL,	 22.14	 mM),	 ammonium	 acetate	 buffer	

(200	 µL,	 587	mM),	 and	 phenanthroline	 solution	 (80	µL,	 0.31	mM).	 The	 resulting	

solution	 (final	 pH	of	~3.3)	was	 vigorously	 agitated	 and	 then	 allowed	 to	 sit	 for	30	

min	before	being	analyzed	with	UV-vis	spectroscopy	at	510	nm	(Shimazdu	UV-2450	

UV-Spectrophotometer).		

2.2.10. Arsenic	Adsorption	Experiments	

Batch	arsenic	equilibrium	adsorption	experiments	were	conducted	in	simulated	

drinking	water	at	25	°C.	The	initial	pH	value	of	the	solution	was	set	to	~7.5	and	the	

initial	 concentration	 of	 arsenate	was	 set	 to	~50	µg-AsO4/L.	 Fe3C@C,	 c-Fe3O4,	 and	

Bayoxide	 E33	were	 used	 as	 the	 adsorbent	media.	 The	 adsorbent	 dosages	 ranged	

from	 4	 mg/L	 to	 400	 mg/L.	 Experiments	 were	 conducted	 in	 LDPE	 wide-mouth	

bottles,	 and	 the	 samples	 were	 continuously	 agitated	 for	 ~3	 days	 to	 ensure	

equilibrium.	 When	 collecting	 samples	 (2	 mL)	 for	 analysis,	 the	 adsorbent	 was	

removed	 from	 the	 suspension	 via	 a	 0.2-µm	 Nylon	 syringe	 filter.	 The	 equilibrium	

water-phase	 concentration	 of	 arsenic	 was	 quantified	 using	 a	 tuned	 Thermo	

Scientific	X-Series	 II	 Inductively	Coupled	Plasma	Mass	Spectrometer	 (ICP-MS)	and	

fit	to	the	Freundlich	adsorption	isotherm	model.	

Assuming	a	distribution	of	multiple	adsorption	sites	with	differing	affinities	

for	 various	 adsorbates,	 the	 resulting	 adsorption	 data	 was	 analyzed	 with	 the	

empirical	 Freundlich	 adsorption	 isotherm	 model	 (Equation	 2.1),	 where	 qe	 is	 the	

adsorption	 capacity	 (units	 of	 mg-adsorbate/g-adsorbent),	 Kf	 is	 the	 Freundlich	

adsorption	 capacity	 parameter	 (units	 of	 mg-adsorbate/g-adsorbent)(mg-
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adsorbate/L)1/n),	Ce	 is	 the	 equilibrium	 concentration	 of	 the	 contaminant	 (units	 of	

mg-adsorbate/L),	 and	1/n	 is	 the	Freundlich	 affinity	 of	 adsorption	parameter	 [75].	

The	 maximum	 adsorption	 capacity,	 qe-max,	 was	 determined	 using	 the	 largest	

measured	adsorption	capacity	value	taken	from	the	Freundlich	isotherm	fitting.	

É; = ÑtÖ;
2 Üg 	

Equation	2.1	–	Freundlich	adsorption	isotherm	model.	

2.2.11. Magnetic	Column	Separation	Experiments	

Our	benchtop	magnetic	capture	unit	was	set	up	like	a	conventional	high	gradient	

magnetic	separator	(HGMS),	except	that	permanent	magnets	were	used	in	placed	of	

electromagnets	 [35],	 [61],	 [76].	 A	 column	 packed	 with	 magnetically	 susceptible	

wires	 (e.g.,	 stainless	 steel	 wool,	 SSW)	 causes	 an	 applied	 magnetic	 field	 to	

dehomogenize,	producing	large	field	gradients	(regions	where	the	magnetic	field	is	

no	 longer	uniform)	around	the	wires	 to	attract	magnetic	particles	 to	 their	surface.	

The	 strong	magnetic	 forces	produced	by	 the	 large	 field	gradients	at	 the	SSW	wire	

surface	are	extremely	effective	at	capturing	fine	particles	(<100	microns)	of	weakly	

magnetic	substances	[36].	

Our	 bench-top	magnetic	 capture	 unit	 consisted	 of	 a	 cylindrical	 quartz	 column	

with	an	 internal	 radius	of	0.330	cm	and	a	 length	of	12	cm	(a	 total	volume	of	4.11	

cm3)	(Figure	2.1).	The	5-cm	bed	length	was	filled	with	SSW	(wire	diameter	of	50	µm,	

550	 mg,	 grade	 434	 stainless	 steel),	 such	 that	 the	 bed	 density	 was	 321.6	 mg-
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SSW/cm3	(void	fraction	=	0.96).	The	column	was	placed	in	a	2-cm	gap	between	two	

permanent	 magnets	 housed	 within	 a	 rectangular	 steel	 frame.	 The	 total	 magnetic	

field	strength	produced	was	estimated	to	be	within	the	range	of	1.5-2.0	Tesla	(15-20	

kOe).		

	

Figure	2.1	–	Benchtop	magnetic	capture	unit	with	quartz	column	containing	

stainless-steel	wool	(SSW)	above	the	two	magnetic	faces;	inset:	close	up	of	the	

SSW	packing.	

A	 nanopowder	 suspension	 (50	 mL)	 was	 pumped	 through	 the	 column	 at	 a	

desired	flow	rate	(1,	3,	5,	or	7	mL/min)	using	a	KD	Scientific	Syringe	Pump	System	

(Model	 number:	 100,	 Series	 number:	 4377).	 The	 empty	 bed	 contact	 time	

(volumeEmptyBed	÷	flow	rate)	for	each	flow	rate	was	1.71	min,	0.57	min,	0.34	min,	and	
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0.24	 min,	 respectively).	 The	 respective	 residence	 times	 (volumeEmptyBed	 ´	 (void	

fraction)	÷	flow	rate)	were	1.64	min,	0.55	min,	0.33	min,	and	0.23	min.	A	high	inlet	

suspension	 concentration	 of	 500	 ppm	 (362,	 467,	 and	 350	 ppm-Fe	 for	 c-Fe3O4,	

Fe3C@C,	 and	 α-Fe2O3,	 respectively)	 was	 chosen	 to	 test	 the	 robustness	 of	 the	

magnetic	capture	unit.	Collected	periodically,	the	dissolved	iron	concentration	in	the	

effluent	samples	were	analyzed	with	the	NEMI	Fe	3500-B	method	(Figure	S1).	

2.3. Results	and	Discussion	

2.3.1. Nanopowder	Characterization	

Figure	2.2	shows	the	x-ray	diffraction	(XRD)	patterns	for	the	nanopowders.	The	

c-Fe3O4,	 c-Fe3O4@SiO2,	 and	 s-Fe3O4	materials	were	 verified	 to	 have	 the	magnetite	

Fe3O4	crystalline	phase	[77],	with	the	s-Fe3O4	having	a	smaller	grain	size	(Table	1).	

The	silica	content	of	c-Fe3O4@SiO2	estimated	to	be	~21	wt%,	based	on	molar	ratios,	

indicating	a	thickness	of	~2	nm	as	detected	through	TEM	(Figure	S2).	The	α-Fe2O3	

sample	was	verified	to	be	the	α	phase	of	Fe2O3	(hematite)	[78].		
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Figure	 2.2	 –	 XRD	 patterns	 for	 Fe3C@C	 (green),	 c-Fe3O4	 (blue),	 c-Fe3O4@SiO2	

(orange),	s-Fe3O4	(red),	and	α-Fe2O3	(gray)	nanopowders.	

	

The	Fe3C@C	nanopowder	has	 the	cementite	 crystalline	phase	 [68].	From	x-ray	

photoelectron	 spectroscopy	 (XPS)	 analysis,	 the	 C:Fe	 atomic	 ratio	 of	 Fe3C@C	 is	

2.08:1,	which	 is	higher	than	the	C:Fe	atomic	ratio	 for	Fe3C	(1:3)	due	to	the	carbon	

coating.	The	coating	accounts	for	~14	wt%	of	the	Fe3C@C	material,	suggesting	~26	

monolayers	of	graphene	(a	single	sheet	is	0.34	nm	thick)	[73].	This	closely	matches	

the	 carbon	 coating	 thickness	 (~9	 nm)	 as	 detected	 through	 TEM	 (Figure	 S3).	 As	

measured,	Fe3C@C	has	a	specific	surface	area	(SSA)	of	24.9	m2/g	and	(Table	1).		
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Nanopowders 
dXRD 

(nm) 

SSA 

(m2/g) 
Ms (emu/g) Mr (emu/g) Mr/Ms 

Hc 

(Oe) 

Fe3C@Ca 11 24.9 138.2 20.6 0.161 200 

c-Fe3O4b 22 44.2 77.1 8.06 0.105 80 

c-Fe3O4@SiO2b 22 15.5 54.4 9.00 0.165 160 

s-Fe3O4b 11 54.5 70.0 1.08 0.015 4 

α-Fe2O3c 32 55.4 n/d 0.196 n/d 2.75 

a Ferromagnetic; b	Ferrimagnetic;	c	Antiferromagnetic 

Table	2.1	–	Structural	and	magnetic	properties	of	tested	nanopowders.	

From	its	 low	magnetic	remanence	(Mr)	and	coercivity	(Hc)	values	derived	from	

its	magnetization	curve,	c-Fe3O4	displayed	superparamagnetic-like	behavior	(Figure	

2.3,	Table	1)	[15],	 [79].	The	magnetic	saturation	(Ms)	of	c-Fe3O4	and	c-Fe3O4@SiO2	

were	77.1	emu/g	and	54.4	emu/g,	respectively.		
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Figure	 2.3	 –	 Magnetization	 curves	 for	 Fe3C@C	 (green),	 c-Fe3O4	 (blue),	 c-

Fe3O4@SiO2	(orange),	s-Fe3O4	(red),	and	α-Fe2O3	(gray)	nanopowders,	at	27	°C	

from	 -10	kOe	 to	10	kOe.	 Inset	 top	 left:	 zoomed-in	view	of	 the	magnetization	

curve	 for	 the	 Fe3C@C	 nanopowders	 with	 the	magnetic	 remanence	 (Mr)	 and	

coercivity	(Hc)	labeled.	Inset	bottom	right:	Magnetization	curve	for	α-Fe2O3	at	

27	°C	from	-50	kOe	to	50	kOe.	

	

Even	 after	 normalizing	 to	 only	 the	 Fe3O4	 content	 (77.1	 emu/g-Fe3O4	 and	 68.9	

emu/g-Fe3O4),	 the	magnetic	 saturation	was	 lower	 after	 coating,	which	 is	 possibly	

due	to	surface	spin	disorder	caused	by	the	silica	shell	and	the	interactions	between	

the	 non-magnetic	 SiO2	 atoms	 and	 the	magnetic	 c-Fe3O4	 atoms	 [77],	 [80],	 [81].	 In	
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addition,	 the	c-Fe3O4@SiO2	had	greater	magnetic	 remanence	and	coercivity	values	

than	 c-Fe3O4,	 due	 to	 the	presence	of	 its	 SiO2	 shell	 [82].	The	 s-Fe3O4,	 had	a	 similar	

magnetic	saturation	to	that	of	the	c-Fe3O4,	but	had	lower	magnetic	remanence	and	

coercivity	values.	Fe3C@C	had	the	highest	magnetic	saturation	of	all	the	iron-based	

nanopowders	analyzed,	with	a	measured	magnetic	saturation	value	of	138.2	emu/g,	

slightly	 lower	than	the	value	 for	bulk	Fe3C	(Ms	~140	emu/g)	[69]	and	80%	higher	

than	that	for	c-Fe3O4.		

The	 ratio	of	magnetic	 remanence	 to	magnetic	 saturation	 (Mr/Ms)	 indicates	 the	

extent	 of	 ferromagnetism.	 s-Fe3O4	 can	 be	 considered	 less	 ferromagnetic	 (or	more	

superparamagnetic,	Mr/Ms	=	0.015)	 than	c-Fe3O4	 (Mr/Ms	=	0.105),	 consistent	with	

its	smaller	grain	size	[64].	To	contrast,	α-Fe2O3	is	antiferromagnetic	[32]	and	did	not	

reach	magnetic	saturation	within	the	magnetic	field	range	of	-50	kOe	to	50	kOe	(Fig.	

3,	 inset).	While	 technically	a	 ferromagnetic	material,	Fe3C@C	can	be	considered	to	

have	 superparamagnetic-like	property	 (Mr/Ms	=	0.161)	 as	 c-Fe3O4@SiO2	 (Mr/Ms	=	

0.165).	

Within	 error	 (±9.59	 emu/g),	 the	 c-Fe3O4	 and	 the	 Fe3C@C	 nanopowders	 were	

magnetically	unchanged	after	one	month	of	being	 immersed	 in	simulated	drinking	

water	(pH	~8.5)	and	DI	water	(pH	~6.5)	at	room	temperature,	indicating	structural	

stability	and	a	lack	of	iron	leaching	(Tables	S1-S2).		
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2.3.2. Iron	Leaching	Behavior	in	Simulated	Drinking	Water		

For	 all	 nanopowders	 tested	 at	 room	 temperature	 in	 simulated	drinking	water,	

the	 amount	 of	 dissolved	 iron	 found	 after	 the	 24-h	 testing	window	was	 below	 the	

ICP-OES	detection	limit	(<0.1	ppm)	(Table	2).	Dissolved	iron	was	also	not	detected	

when	the	samples	were	subjected	to	testing	at	60	°C	(Table	2).		

	

 25 °C (or 60 °C) and pH 7.5 60 °C and pH 3 

Nanopowders 
[Fe] (ppm) 

Time = 0 day 

[Fe] (ppm) 

Time = 1 day 

[Fe] (ppm) 

Time = 0 days 

[Fe] (ppm) 

Time = 1 day 

Fe3C@C BD BD 7.89±1.4 9.34±0.04 

c-Fe3O4 BD BD BD 0.69±0.09 

c-Fe3O4@SiO2 BD BD BD BD 

s-Fe3O4 BD BD 0.24±0.03 0.82±0.06 

α-Fe2O3  BD BD BD 0.05±0.07 

*BD denotes below the detection level of the calibration curve from the NEMI 3500 Fe-B 

method (i.e. 0.1 mg/L) 

Table	2.2	–	Leaching	experiments	in	simulated	drinking	water.	

Under	 the	 more	 aggressive	 acidic	 water	 condition,	 c-Fe3O4	 and	 s-Fe3O4	 both	

leached	 significantly	due	 to	 low-pH	dissolution	 (FeOOH	+	3HCl	®	 FeCl2+	+	2	Cl-	 +	

2H2O).	Dissolved	iron	levels	reached	0.69	mg/L	and	0.82	mg/L,	respectively	(Table	

2)	[83].	α-Fe2O3	also	leached,	but	the	extent	of	iron	leaching	was	considerably	less;	

of	 all	 iron	 oxides,	 hematite	 is	 the	most	 stable	 [84].	 Dissolved	 iron	 concentrations	
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were	monitored	at	the	beginning	of	the	leaching	experiments	(i.e.,	immediately	after	

the	nanopowders	were	added	to	the	room	temperature	solution)	also.	Roughly	30%	

of	 the	 total	 amount	 of	 leached	 iron	 from	 s-Fe3O4	was	 released	 initially.	 Coating	 c-

Fe3O4	with	SiO2	is	well	noted	in	literature	to	reduce	and	even	prevent	leaching	[85].	

Over	the	24-h	period,	no	leaching	was	detected	for	c-Fe3O4@SiO2	(Table	2).		

It	was	hypothesized	that	Fe3C@C	would	behave	similarly	to	c-Fe3O4@SiO2	since	

both	have	a	protective	coating.	However,	Fe3C@C	leached	significantly	at	pH	3	after	

24	h	(Table	2).	 It	 leached	significantly	at	 the	beginning	of	 the	 leaching	experiment	

also,	releasing	>80%	of	the	total	dissolved	iron.	While	the	protective	carbon	coating	

of	 the	Fe3C@C	 fully	 covers	 the	Fe3C	 core,	 the	 leaching	might	be	attributable	 to	 its	

detected	 porosity	 (PSD	 of	 ~	 40	 nm	 and	 PV	 ~	 0.04	 cm3/g	 from	 N2	 adsorption	

measurements),	which	would	allow	the	acid	to	reach	the	Fe3C	core.	It	is	important	to	

note	that	the	USEPA	regulates	drinking	water	pH	to	the	range	of	6.5-8.5	as	a	part	of	

the	 National	 Secondary	 Drinking	 Water	 Regulations;	 drinking	 water	 is	 never	

provided	 to	consumers	below	a	pH	of	5.5	or	above	a	pH	of	10.	Therefore,	 there	 is	

little	 risk	 of	 exceeding	 the	 USEPA	 secondary	 maximum	 contaminant	 level	 of	 0.3	

mg/L	for	iron.		

2.3.3. Arsenic	Adsorption	Experiments		

Arsenic	 equilibrium	 adsorption	 data	 for	 Fe3C@C,	 c-Fe3O4,	 and	 Bayoxide	 E33	

adsorbents	 were	 fit	 to	 the	 Freundlich	 isotherm	 model	 (Figure	 2.4,	 Table	 3).	 In	

literature,	 activated	 carbon	 and	 graphene-based	 materials	 have	 been	 shown	 to	

remove	arsenic,	although	the	process	and	optimal	conditions	for	arsenic	adsorption	
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remain	unclear	[86]–[89].	In	our	studies,	Fe3C@C	shows	slight	adsorption	aversion	

for	the	negatively	charged	arsenate	oxyanion	–	due	to	the	carbon	surface	of	Fe3C@C	

being	 negatively	 charged	 at	 a	 pH	 of	 ~7.5	 (Figure	 S4;	 isoelectric	 point	 (IEP)	 of	

Fe3C@C	~	4.2)	–	as	indicated	by	its	Freundlich	adsorption	affinity	parameter	(1/n	=	

1.13)	 being	 greater	 than	 1.	 In	 spite	 of	 this,	 an	 appreciable	 arsenic	 adsorption	

capacity	 emerges	 for	 Fe3C@C	 possibly	 due	 to	 arsenate	 oxyanion	 species	 diffusing	

through	 its	 porous	 carbon	 coating	 and	 adsorbing	onto	 the	positively	 charged	 (i.e.,	

IEP	~	10)	iron-carbide	core	[90].		

	

Figure	 2.4	 –	 Freundlich	 isotherm	 fittings	 for	 arsenic	 equilibrium	adsorption	

within	 simulated	drinking	water	 after	 a	 contact	 time	of	3	days	 for	Bayoxide	

E33	 (purple),	 Fe3C@C	 (green),	 and	 c-Fe3O4	 (blue)	 at	 a	 pH	 of	 ~7.5.	 Initial	 As	

concentration	 (C0-As)	 ~	 50	 µg/L.	 Absorbent	 dosage	 range	 for	 Bayoxide	 E33,	
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Fe3C@C,	and	c-Fe3O4:	4	mg/L	to	400	mg/L.	Note:	no	iron	leaching	was	detected	

for	any	of	the	adsorbents	via	ICP-MS.	

	

On	 mass	 adsorbent	 basis,	 the	 comparison	 material	 Bayoxide	 E33	 (commonly	

used	 to	 remove	 anionic	 arsenate	 from	 groundwater)	 adsorbed	~9´	more	 arsenic	

than	Fe3C@C	at	an	equilibrium	arsenic	concentration	Ce	of	20	µg/L	and	~5´	more	

arsenic	at	Ce	~	40	µg/L,	due	 to	greater	affinity	 to	arsenic	 (1/n	=	0.906	<	1)	and	a	

4.8´	higher	surface	area.	When	normalized	to	surface	area,	 the	arsenic	adsorption	

capacity	of	Fe3C@C	was	~12%	 less	 than	 that	of	Bayoxide	E33	(qe-max-SSA	=	6.75	vs.	

7.67	mg/m2,	respectively).	While	it	did	not	surpass	Bayoxide	E33	with	regard	to	As	

capacity,	Fe3C@C	is	superparamagnetic-like	and	Bayoxide	E33	is	non-magnetic.	

	

Adsorbent 

Kf: 
Freundlich 
Adsorption 
Capacity 
Parameter 

(µg/g)(	µg /L)-1/n 

Specific 
Surface 

Area 
(m2/g) 

1/n: 
Freundlich 
Affinity of 
Adsorption 
Parameter 

qe-max: As 
Adsorption 
Capacity  
(µg/g of 

adsorbent)  

qe-max-SSA: 
Normalized 

As 
Adsorption 

(µg/m2) 

E33 32.75 120.0 0.906 920 7.67 

Fe3C@C 2.095 24.9 1.13 168 6.75 

c-Fe3O4 0.491 44.2 1.73 425 9.62 

* maximum adsorption capacity (qe-max) measured at Ce = 50 µg/L 

Table	2.3	–	Freundlich	parameters	for	arsenic	adsorption.	
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The	 comparison	 material,	 c-Fe3O4,	 adsorbed	 1.4´	 more	 arsenic	 by	 absorbent	

mass	 than	Fe3C@C	at	 an	equilibrium	concentration	Ce	of	20	µg/L,	 and	~2´	 	more	

arsenic	 at	 Ce	 ~	 40	 µg/L.	When	 normalized	 to	 surface	 area,	 the	maximum	 arsenic	

adsorption	capacity	of	Fe3C@C	was	~30%	less	that	of	c-Fe3O4	[51]	(qe-max-SSA	=	9.62	

vs.	6.75	µg/m2,	respectively).	

2.3.4. Magnetic	Separation	Flow	Results		

We	tested	the	removability	of	the	Fe3C@C	nanopowder	suspended	in	simulated	

drinking	water	at	different	flow	conditions	in	the	bench-top	magnetic	capture	unit.	

Effluent	 samples	were	 collected	 and	 acidified,	 and	 any	 non-captured	 nanopowder	

was	quantified	using	 the	NEMI	3500-B	method.	 For	 the	 Fe3C@C	nanopowder,	 the	

total	dissolved	iron	levels	in	the	effluent	were	below	the	EPA	secondary	maximum	

contaminant	level	(SMCL	£	0.3	mg/L)	at	all	flow	rates	tested,	and	below	or	near	the	

lower	limit	of	detection	(0.1	mg/L)	(Table	4).	For	the	comparison	material,	c-Fe3O4	

nanopowder,	 the	 total	 dissolved	 iron	 levels	 were	 below	 the	 SMCL	 and	 below	

detection	 limit	 (<	 0.1	 mg/L).	 Both	 magnetic	 nanopowders	 were	 successfully	

magnetically	captured	from	simulated	drinking	water	regardless	of	contact	time	for	

the	tested	flow	rates	below.	To	explore	the	applicability	of	Fe3C@C	for	larger	water	

treatment	 schemes,	 we	 are	 developing	 a	 magnetic	 capturing	 unit	 that	 can	

accommodate	larger	volumes	and	higher	flow	rates	of	water.	
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Flow rate 

(mL/min) 

Residence Time 

(min) 

Total Dissolved Iron in 

Effluent (Fe3C@C) 

(mg/L) 

Total Dissolved Iron in 

Effluent (c-Fe3O4) 

(mg/L) 

1 1.64 BD BD 

3 0.55 BD BD 

5 0.33 0.13 ± 0.02 BD 

7 0.23 BD BD 

*BD denotes below the detection level of the calibration curve from the NEMI 3500 Fe-B 

method (0.1 mg/L)  

Table	2.4	–	%	Recovery	for	Fe3C@C	and	c-Fe3O4	nanopowders	(500	ppm,	50	

mL	total	volume)	in	simulated	drinking	water	at	pH	~7.5.	Influent	c-Fe3O4	and	

Fe3C@C	nanopowder	suspensions	were	362	ppm	and	467	ppm,	respectively.	

2.4. Conclusion	

The	 stability,	 magnetic	 separation,	 and	 arsenic	 adsorptive	 properties	 of	

nanostructured	carbon-coated	iron	carbide	("Fe3C@C")	were	quantified	for	the	first	

time.	 Fe3C@C	 is	 highly	magnetic,	with	 a	magnetic	 saturation	 value	 that	 is	 at	 least	

80%	higher	 than	 that	 of	 Fe3O4	 nanopowders.	 It	 retains	 its	 chemical	 integrity	 and	

superparamagnetic-like	property	 in	simulated	drinking	water,	and	 it	 is	completely	

removable	using	a	permanent	magnet	(i.e.,	removal	>	99%).	While	it	adsorbs	arsenic	

with	 a	 surface-area-normalized	 capacity	 that	 is	 modestly	 lower	 compared	 to	

Bayoxide	 E33	 goethite	 (by	~12%)	 and	 Fe3O4	 (by	~30%),	 Fe3C@C	 is	magnetically	
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recoverable	(whereas	Bayoxide	E33	is	not).	Fe3C@C	offers	a	functionalizable	carbon	

surface	 (that	 Fe3O4	 does	 not	 have),	 which	 removes	 arsenic	 and	 plausibly	 other	

contaminants	from	real	waters.	
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Chapter 3 

Magnetic Nanoparticle Recovery 
Device (MagNERD) Enables 

Application of Iron Oxide 
Nanoparticles for Water Treatment  

3.1. Introduction	

Functionalized	 superparamagnetic	 nanoparticles	 –	 or	 nano-sorbents	 –	 can	 be	

used	 to	 remove	 contaminants	 from	 water	 to	 enabling	 various	 applications	 [91].	

However,	 it	 is	 essential	 to	 integrate	 a	 system	 within	 each	 application	 that	 can	

remove	all	magnetic	nano-sorbents	after	contaminant	sorption.	Removing	the	nano-

sorbents	 is	 intended	 to	 ensure	 nanoparticle	 concentrations	 and/or	 dissolved	

species	do	not	exceed	primary	or	secondary	regulatory	 limits	 for	water	 (e.g.,	 total	

iron	 <	 300	 ppb	 for	 potable	 water).	 In	 literature,	 most	 studies	 using	 magnetic	

nanoparticles	 are	 performed	 at	 the	 bench	 scale	 and	 utilize	 handheld	magnets	 for	
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magnetic	capture.	Unfortunately,	handheld	magnetic	separation	techniques	become	

infeasible	when	 treating	continuous	 flows	or	 large	volumes	of	water.	Additionally,	

these	 studies	 rarely	 address	 magnetic	 capture	 using	 realistic	 water	 matrices	 or	

conditions	nor	 the	 extent	 of	magnetic	 nanoparticle	 removal.	While	 advances	 have	

been	 recognized	 in	 surface	 modification	 and	 synthesis	 techniques	 of	

superparamagnetic	 nanoparticles	 for	 environmental	 applications	 [92],	 relatively	

few	 reports	 [35]	 quantify	 nanoparticle	 capture	 or	 recovery	 or	 include	 details	 on	

relevant	nanoparticle	separation	methods.			

High	gradient	magnetic	separation	(HGMS)	can	be	a	viable	candidate	to	remove	

magnetic	 nanomaterials	 deployed	 in	 large-scale	 water	 [15],	 [35],	 [63],	 [93],	 [94]	

HGMS	 systems	 use	 strong	 magnets	 (i.e.	 permanent	 or	 electromagnetic)	 and	

magnetically	 susceptible	 wires	 to	 capture	 micron	 sized	 magnetic	 particles	 [76],	

[95]–[97].	 As	 a	 green	 separation	 technology	 that	 requires	 less	 operational	 energy	

than	 conventional	 separation	 methods	 (i.e.,	 membrane	 separation,	 settling,	 etc.),	

HGMS	 has	 garnered	 attention	 within	 the	 water	 purification	 and	 nanotechnology	

assisted	water	treatment	fields.	While	robust	and	not	limited	by	variations	in	pH	or	

ionic	 concentration	 [62],	 [63],	 [98]–[100],	 its	 optimization	 and	 use	with	magnetic	

nanoparticles	 in	water	 treatment	 is	 limited	 [63],	 [100].	 The	 extent	 and	 quality	 of	

magnetic	 capture	 by	 HGMS	 depends	 on	 a	 variety	 of	 forces	 and	 interactions	 -	

magnetic,	 viscous,	 inertial	 forces,	 gravity,	 friction,	 and	 interparticle	 interactions	 -	

acting	on	each	magnetic	particle,	and	all	of	which	must	be	properly	optimized	with	

respect	 to	 each	 other	 for	 effective	magnetic	 capture	 [36],	 [63],	 [76].	 For	 example,	

capture	 efficiency	 and	 the	 ability	 to	 recover	 the	 nanoparticles	 from	 the	 HGMS	
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system	is	heavily	size	dependent,	with	capture	efficiency	increasing	with	increasing	

particle	size	and	recovery	decreasing	with	increasing	particle	size	[35],	[61].		

To	enable	the	use	of	HGMS	systems	as	part	of	a	water	treatment	process	at	pilot-	

and	 full-scale,	 a	 proof-of-concept	 demonstration	 needs	 to	 be	 performed.	

Additionally,	 the	 HGMS	 system	 must	 (i)	 effectively	 capture	 nanosized	 magnetic	

materials	 to	 below	 application	 specific	 limits	 (e.g.,	 the	 EPA	 secondary	 maximum	

contaminant	 level	(SMCL)	for	 iron	in	drinking	water	 is	<0.3	mg-Fe/L)	to	move	the	

technology	 forward	 and	 (ii)	 potentially	 enable	 recovery	 of	 nanoparticles	 for	

subsequent	reuse	 in	 the	water	purification	system.	Related	non-nano	 technologies	

are	already	employed	 in	 the	water	 industry	 [101],	 [102].	For	example,	millimeter-

size	magnetic	 ion	exchange	resin	particles	 is	an	alternative	 to	chemical	coagulants	

(e.g.	 alum,	 ferric	 chloride)	 to	 remove	 natural	 organic	 matter.	 After	 use	 and	

separation,	the	resin	is	regenerated	using	strong	base	and	then	reused.	Processes	to	

do	 the	same	with	superparamagnetic	nanoparticles	has	yet	 to	be	demonstrated	 in	

continuous	flow	for	water	treatment.		

In	 this	manuscript,	we	develop	 a	 continuous	 flow	nanoparticle	 separation	 and	

capture	 process	 using	 a	 magnetic	 nanoparticle	 removal	 device	 (termed	

"MagNERD").	 We	 performed	 process	 optimization	 and	 the	 effects	 of	 operational	

parameters	(i.e.,	 flowrate,	amount	of	exposed	magnetized	surface	area,	and	system	

orientation);	modeled	 fluid	 flow	 inside	of	 the	MagNERD	using	 computational	 fluid	

dynamics;	 demonstrated	 the	 ability	 of	 the	 MagNERD	 to	 remove	 magnetically	

nanosized	adsorbents	with	sorbed	contaminants	from	flowing	water;	and	explored	
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the	MagNERD’s	feasibility	to	recover,	clean	and	reuse	the	magnetic	particles	(Figure	

3.1).	

	

Figure	 3.1	 –	Magnetic	 capture/removal	 scheme	 of	 contaminants	 from	water	

using	 the	 magnetic	 3D	 reactor.	 1.	 Contaminated	 water	 is	 introduced	 to	

magnetic	nanopowders	(MNPs;	*a	concentrated	MNP	solution	for	direct	reuse,	

regeneration	 &	 reuse,	 or	 disposal).	 2.	 The	 contaminants	 within	 the	 water	

adsorb	 onto	 the	 MNPs	 upon	 mixing.	 3.	 The	 contaminant-MNPs	 complex	 is	

magnetically	 separated	 from	 the	water	 using	 a	 permanent	magnet	mounted	

within	a	reactor.	5.	A	small	portion	of	water	is	passed	through	the	outlet	of	the	

MagNERD	 to	 flush	 out	 the	 contaminant-MNPs	 complexes.	 6.	 The	 flushed	

contaminant-MNPs	complexes	are	collected	for	future	regeneration	and	reuse	

completing	the	MNP	recovery	process.	
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3.2. Materials	and	Methods	

3.2.1. Magnetic	capture	unit	flow	simulations		

Simulating	 fluid	 flow	with	 computational	 fluid	mechanics	 simulation	 software	

(COMSOL)	was	carried	out	to	understand	the	effect	of	unit	design	and	stainless-steel	

wool	on	the	potential	ability	to	remove	magnetic	nanoparticles	from	flowing	water.	

The	MagNERD	unit	was	modeled	as	a	packed-bed	reactor.	Fluid	streamlines	for	the	

reactor	 with	 and	 without	 stainless-steel	 wool	 were	 generated	 by	 solving	 the	

continuity	equation	(i.e.,	characterizing	the	conservation	of	mass),	the	Navier-Stokes	

equation	 (i.e.,	 characterizing	 the	 conservation	 of	 momentum),	 and	 the	 Brinkman	

equation,	 respectively	 (Eqns.	 S1-S11)	 [103].	 The	 Brinkman	 equation	 is	 a	

modification	 of	 the	Navier-Stokes	 equation	 and	 accounts	 for	 the	 viscous	 forces	 of	

the	 fluid	passing	 through	 the	pores	of	 the	stainless-steel	wool	matrix	by	 including	

the	 porosity	 (0.998)	 and	 permeability	 of	 a	 porous	 matrix	 (0.0305	 m2).	 Other	

assumptions	 and	 model	 parameters	 are	 provided	 in	 the	 electronic	 supplemental	

material.		

3.2.2. Materials	and	characterization		

Magnetite	 iron	 oxide	 nanopowder	 (Fe3O4)	 was	 purchased	 from	 US	 Research	

Nanomaterials,	Inc	with	a	metal	basis	purity	of	99.6%	and	a	specific	surface	area	of	

82	m2/g	 as	 reported	 by	 the	manufacturer.	 The	 nanopowder	 (NP)	 is	 comprised	 of	

aggregated	 nanoparticles	 with	 sizes	 ranging	 from	 15-20	 nm	 as	 reported	 by	 the	

manufacture.		
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Simulated	 brackish	 water	 and	 arsenic-spiked	 simulated	 drinking	 water	 were	

synthesized	with	the	following	ACS-grade	chemicals	purchased	from	Sigma	Aldrich:	

CaCl2-H2O,	 MgSO4·7H2O,	 NaCl,	 Na2SO4·10H2O,	 NaHCO3,	 NaOH,	 and	 HCl,	

Na2SiO2·9H2O,	NaNO3,	NaH2PO·H2O,	and	NaF	(fluoride	standard	solution	from	Ricca	

Chemical).	 Sodium	 arsenate	 (Na3AsO4	 in	 the	 form	 of	 an	 Atomic	 Adsorption	

Spectroscopy	Arsenic	Standard	from	Sigma	Aldrich;	1000	mg/L	As	in	2%	nitric	acid	

prepared	with	high	purity	As2O3,	HNO3,	NaOH,	and	H2O)	was	used.	

Magnetic	 characterization	 was	 conducted	 with	 a	 Superconducting	 Quantum	

Interference	 Device	 (SQUID)	 completed	 with	 a	 MPMS	 XL	 (Quantum	 Design	 Inc.).	

Hysteresis	curves	were	collected	 for	Fe3O4	and	arsenic	bound	Fe3O4	NPs.	For	each	

measurement,	 the	 material	 was	 weighed,	 wrapped	 in	 Teflon	 tape,	 and	 measured	

from	-10	kOe	to	10	kOe	at	a	constant	temperature	(300	K).	

3.2.3. Synthesis	of	simulated	brackish	water	and	simulated	drinking	water		

Simulated	brackish	water	was	prepared	using	the	following	salt	concentrations:	

CaCl2·H2O	 (3,925	 mg/L),	 MgSO4·7H2O	 (2,637	 mg/L),	 NaCl	 (2,397	 mg/L),	

Na2SO4·10H2O	 (1,381	 mg/L),	 and	 NaHCO3	 (1,280	 mg/L).	 The	 solution	 pH	 was	

adjusted	 to	7.5	using	HCl	 (1.0	M).	The	 resulting	 ionic	 strength	and	 total	dissolved	

solids	(TDS)	values	were	~190	mM	and	~8,429	mg/L,	respectively.		

Simulated	 drinking	water	was	 prepared	 in	 accordance	with	 the	NSF	 challenge	

water	 [104]	 by	 using	 the	 following	 salt	 concentrations:	 NaHCO3	 (252	 mg/L),	

CaCl2·H2O	 (147	mg/L),	MgSO4·7H2O	 (124	mg/L),	Na2SiO2·9H2O	 (95	mg/L),	NaNO3	
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(12	mg/L),	NaF	(2.2	mg/L),	NaH2PO4·H2O	(0.18	mg/L).	The	solution	was	adjusted	to	

pH	7.5	using	HCl	(1.0	M)	and	the	resulting	ionic	strength	and	total	dissolved	solids	

(TDS)	values	was	~8.5	mM	and	~478	mg/L,	respectively.	

3.2.4. Preparation	of	the	NP	slurries		

Concentrated	NP	slurries	were	made	by	mixing	9	g	of	NP	(e.g.	Fe3O4	with	1	L	of	

test	 water	 –	 DI	 or	 simulated	 brackish	 water).	 Concentrated	 NP	 solutions	 were	

dispersed	with	a	probe	sonicator	for	25	minutes	at	a	pulse	rate	of	282	seconds	and	

amplitude	 of	 45%.	 An	 ice	 bath	 was	 used	 to	 surround	 the	 beaker	 during	 the	

sonication	 process	 to	 prevent	 excessive	 heating.	 The	 concentrated	 NP	 solutions	

were	 then	 diluted	 to	 18	 L	 to	 give	 a	 final	 NP	 concentration	 of	 500	 ppm.	 Dilution	

occurred	under	constant	mixing	to	ensure	a	uniform	dispersion	of	NP.		

3.2.5. Magnetic	capture	system	(MagNERD)	

The	MagNERD	unit	was	purchased	 from	Eriez	 Inc.	 (a	 stainless-steel	 Super	B-2	

Model	Trap)	and	consisted	of	five	parts:	(1)	the	main	enclosure,	(2)	five	columns	of	

neodymium	magnetic	fingers,	(3)	a	stainless-steel	protective	sleeve	for	the	magnetic	

fingers,	(4)	a	seal	ring,	and	(5)	a	fine	mesh	filter	screen.	The	entire	apparatus	(Fig.	2)	

has	a	maximum	fluid	volume	of	1.11	L.	For	all	experiments,	the	five	magnetic	fingers	

were	 kept	 inside	 of	 the	 protective	 sleeve	 to	 preserve	 their	 integrity.	 The	 sleeved	

fingers	were	placed	inside	of	the	main	enclosure.	The	seal	ring	was	used	to	seal	the	

sleeved	 fingers	 and	 the	 main	 enclosure	 together	 and	 prevent	 leaks.	 In	 select	

experiments,	stainless-steel	wool	(SSW;	wire	diameter	of	50	µm,	grade	434	stainless	
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steel)	 was	 wrapped	 around	 each	 sleeved	 finger	 throughout	 the	 full	 extent	 of	 the	

reactor.	 The	 total	 amount	 of	 SSW	 used	 within	 the	 unit	 was	 ~20	 g.	 The	 entire	

magnetic	recovery	system	and	reactor	set	up	are	shown	in	Figure	3.2	and	Figure	S1,	

respectively.		

	

Figure	3.2	–	The	MagNERD	apparatus	with	components	displayed	and	labeled.	

	

3.2.6. 	Magnetic	NP	capture	and	recovery	using	MagNERD	

3.2.6.1. Magnetic	NP	capture	

Unless	otherwise	 specified,	 the	MagNERD	was	 fitted	with	~20	g	of	SSW	 for	all	

magnetic	 capture	experiments.	Each	experiment	was	carried	out	with	18	L	of	500	

ppm	 NP	 suspensions	 subjected	 to	 constant	 stirring.	 NP	 suspensions	 were	 passed	

through	the	MagNERD	with	a	peristaltic	pump	at	one	of	two	flowrates:	0.3	L/min	or	
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1	 L/min.	 The	 MagNERD	 was	 either	 vertically	 (water	 flowing	 upward)	 or	

horizontally	aligned	as	shown	in	Figure	3.3.		

Every	3	minutes,	25	mL	samples	of	the	effluent	were	collected	for	analysis	until	

the	 entire	 effluent	 was	 captured.	 Effluent	 samples	 were	 analyzed	 with	 UV-vis	

spectroscopy	 (Shimazdu	 UV-2450	 UV-Spectrophotometer)	 at	 365	 nm,	 the	

wavelength	at	which	the	Fe3O4	NP	showed	maximum	absorbance.	Calibration	curves	

were	 generated	 to	 quantify	 NP	 concentrations	 at	 mg/L	 (Fig.	 S2).	 The	 capture	

efficiency	and	mass	 loading	of	the	MagNERD	were	calculated	using	Equations.	3.1-

3.2	 as	 a	 function	 of	 the	 NP	 concentration	 in	 the	 influent	 (Csol)	 and	 effluent	 (Ceff)	

solutions.	

àâ	Öä(ãBåA	ç__-G-A.Gé(%) = 	
ÖêëvÜ − Östt

ÖêëvÜ
× 100%	

Equation	3.1	–	Nanoparticle	(NP)	capture	efficiency.	

ÖB*B6äã-@A	àâ	î(ãä#A		(*C) = 	ÖêëvÜ 1
*C
ï
4 × 	!6ñó	^äãA	 ò

ï
*-.

ô × 	Å-*A(*-.)	

Equation	3.2	–	Cummulative	nanoparticle	(NP)	uptake	equation.	
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Figure	3.3	–	Flow	orientations	used	for	the	MagNERD:	(a)	vertical	upward	flow,	

(b)	entire	MagNERD	assembly,	(c)	horizontal	flow.	

	

3.2.6.2. Magnetic	NP	recovery	

To	recover	the	NPs	once	magnetically	captured,	the	MagNERD	was	backwashed.	

After	 the	 NP	 suspension	 passed	 through	 the	 MagNERD,	 the	 permanent	 magnetic	

fingers	were	 removed	 from	 their	 sleeve	and	 set	 aside.	The	MagNERD	was	 flushed	

with	3.4	L	of	DI	water	in	the	opposite	flow	direction	as	the	initial	magnetic	capturing	

experiments.	The	flushed	NP	suspension	was	captured,	dried	(105	°C	for	24	h)	and	

weighed.	Recovery	efficiency	was	calculated	using	Equation.	3.3.			
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àâ	^AGñ@Aåé	ç__-G-A.Gé(%) = 	
öA-Cℎã	ñ_	åAGñ@AåAV	Våé	àâ
öA-Cℎã	ñ_	àâ	-.-ã-ä66é	äVVAV	

× 100%	

Equation	3.3	–Nanoparticle	(NP)	recovery	efficiency.	

3.2.7. Arsenic	removal	from	simulated	drinking	water		

The	ability	of	the	magnetic	particles	to	adsorb	arsenic	in	batch	experiments	and	

then	 to	 be	 removed	 from	 flowing	 water	 by	 the	 MagNERD	was	 evaluated	 using	 a	

simulated	drinking	water	matrix	containing	arsenic	(100	ppb-AsO4).	Fe3O4	(0.5	g/L)	

–	the	adsorbent	media	–	was	added	to	the	12	L	of	arsenic-spiked	simulated	drinking	

water	and	stored	within	LDPE	bottles.	Adsorption	experiments	were	conducted	at	

25	 °C.	 Samples	were	 continuously	 agitated	 for	 72	 h	 to	 ensure	 equilibrium.	 Liquid	

aliquots	(10	mL)	were	filtered	with	a	0.2-µm	Nylon	syringe	filter	and	collected	for	

analysis	 at	 the	 end	 of	 the	 adsorption	 period.	 The	 equilibrium	 water-phase	

concentration	 of	 arsenic	 was	 quantified	 using	 a	 Thermo	 Scientific	 X-Series	 II	

Inductively	Coupled	Plasma	Mass	Spectrometer	(ICP-MS).	

At	 the	 end	 of	 the	 adsorption	 period,	 the	 12-L	 suspension	 was	 continuously	

mixed	with	a	mechanical	stirrer	and	passed	through	the	MagNERD	at	a	flowrate	of	1	

L/min.	 During	 magnetic	 capture,	 the	 effluent	 was	 collected,	 and	 50-mL	 samples	

were	 taken	 every	 3	min.	 The	 concentration	 of	magnetic	 absorbent	 in	 the	 effluent	

was	 quantified	 by	 absorbance	 at	 λ	 =	 365	 nm	 (SI	 Fig.	 S2).	 Capture	 efficiency	 was	

calculated	with	Equation	3.1.	
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3.3. Results	and	Discussion	

3.3.1. Magnetic	capture	unit	flow	simulations		

Streamline	profiles	of	the	COMSOL	flow	simulations	are	displayed	in	Figure	3.4.	

In	 the	 horizontal	 configuration	 the	 MagNERD	 volume	 is	 filled	 with	 the	 feed	

suspension	with	eddy	currents	 (e.g.,	back	mixing)	emerging	behind	each	magnetic	

finger	 for	 high	 flowrates	 (i.e.,	 1	 L/min;	 Figure	 3.4	 a-b).	 The	 SSW	 had	 a	 negligible	

effect	 on	 fluid	 flow	 inside	 of	 the	 MagNERD	 and	 yields	 negligible	 pressure	 drop	

(Figure	3.4	a-b).		
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Figure	3.4	–	Fluid	streamlines	in	the	magnetic	3D	reactor	viewed	from	the	top:	

(a)	 MagNERD	 in	 horizontal	 flow	 with	 &	 without	 SSW	 at	 0.24	 L/min,	 (b)	

MagNERD	in	horizontal	flow	with	&	without	SSW	at	1.0	L/min,	(c)	MagNERD	in	

vertical	 upward	 flow	 with	 &	 without	 SSW	 at	 0.24	 L/min,	 (d)	 MagNERD	 in	

vertical	 flow	with	&	without	 SSW	 at	 1.0	 L/min.	 The	 velocity	 profile	 changes	

with	 increasing	 flow	 rate.	 Note:	 the	 magnetic	 fingers	 are	 depicted	 as	 white	

circles.	
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For	the	comparative	vertical	upward	flow	scheme,	the	entire	MagNERD	volume	

is	 filled	 with	 fluid	 regardless	 of	 flowrate	 with	 back	 mixing	 emerging	 at	 higher	

flowrates	behind	the	magnetic	fingers	closest	to	the	inlet	(1	L/min;	Figure	3.4c-d).	

The	model	suggests	more	back	mixing	occurs	in	the	vertical	upward	high	flow	rate	

regime,	 evident	 by	 a	 higher	 concentration	 of	 contours	 behind	 the	 right	 inlet	

magnetic	 finger,	 due	 to	 gravity	 forces.	 This	 suggests	 that	 the	 feed	 suspension	will	

have	more	interactions	with	the	magnetic	fingers	at	the	inlet	and	potentially	capture	

more	magnetic	NP	at	the	front	of	the	MagNERD	than	the	horizontal	flow	scheme.		

3.3.2. MagNERD	optimization	&	capture	efficiency		

3.3.2.1. Horizontal	versus	vertical	configuration		

To	determine	the	optimal	flow	configuration	of	the	MagNERD,	the	amount	of	NP	

captured	 at	 the	 target	 flowrate	 (1	 L/min)	was	 compared	 for	 the	 vertical	 upward	

flow	scheme	and	the	horizontal	flow	scheme	(Figure	3.3).	The	upward	flow	regime	

had	 a	 capture	 efficiency	  >	 85%	 (Figure	 3.5a;	 blue	 circles).	 Comparatively,	 the	

horizontal	flow	regime	had	a	capture	efficiency	between	65%	to	80%	(Figure	3.5a;	

orange	diamonds)	and	a	capture	efficiency	of	~12%	without	magnetic	components	

present.	For	both	the	horizontal	and	vertical	flow	regimes,	most	of	the	magnetic	NP	

was	captured	at	the	front	of	the	reactor	as	predicted	with	COMSOL	modeling	(Figure	

3.4	&	3.5b-c).	Additionally,	the	higher	capture	efficiency	of	the	vertical	upward	flow	

configuration	can	be	attributed	to	the	contact	availability	of	magnetized	surface	area	

at	the	inlet	of	the	reactor.	For	the	vertical	upward	flow	scheme,	the	NP	suspension	

contacted	 the	 full	 height	 of	 the	magnetic	 fingers	 and	magnetized	 SSW	within	 the	
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reactor	(Figure	3.5c).	This	was	not	the	case	for	the	horizontal	flow	configuration;	NP	

contact	 with	 the	 magnetized	 surfaces	 was	 limited	 to	 half	 the	 total	 height	 of	 the	

magnetic	 fingers	 and	 SSW	 (Figure	 3.5b).	 In	 subsequent	 experiments	 the	 vertical	

upward	flow	configuration	was	chosen.	

	

Figure	3.5	–	Effect	of	reactor	configuration	on	(a)	Fe3O4	NP	capture	efficiency	

with	 horizontal	 flow	 (orange	 diamonds)	 versus	 vertical	 upward	 flow	 (blue	

circles)	and	 location	of	NP	capture	on	 the	magnetized	SSW/magnetic	 fingers	

when	operated	in	(b)	horizontal	flow	configuration	versus	(c)	vertical	upward	

flow	configuration.	MagNERD	was	operated	with	SSW,	500	ppm	Fe3O4	NP	in	DI	

water,	and	at	1	L/min.	

	

3.3.2.2. Flowrate	

Figure	3.6a	shows	that	under	all	testing	conditions,	the	MagNERD	removed	NPs	

(94-97%	removal)	better	than	the	handheld	magnet	control	(80-85%	removal).	The	

effect	of	flowrate	on	NP	capture	was	evaluated	using	two	flow	rates:	a	low	flow	rate	

relevant	to	bench	scale	operations	(0.3	L/min)	and	a	high	flow	rate	relevant	to	pilot	

or	 proof-of-concept	 scale	 operations	 (1	 L/min).	 The	 low	 flowrate	 had	 a	 greater	
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capture	 efficiency	 (97%)	 than	 the	 high	 flowrate	 (95%;	 Figure	 3.6a).	 Presumably,	

lower	 flowrates	 increase	magnetic	 capture	due	 to	 increased	contact	 time	between	

the	NP	suspension	and	the	magnetized	surfaces.		

	

Figure	 3.6	 –	 (a)	 Fe3O4	 NP	 removal	 efficiency	 for	 the	 MagNERD:	 (green	

triangles)	 500	mg-Fe3O4/L	 in	 simulated	 brackish	 water	 at	 a	 flowrate	 of	 1.0	

L/min;	(blue	circles)	500	mg/L	in	DI	water	at	1.0	L/min;	(orange	squares)	500	

mg/L	 in	 DI	 water	 at	 0.3	 L/min;	 and	 (light	 blue	 asterisks)	 1000	mg/L	 in	 DI	

water	 at	 1.0	 L/min.	 (purple	 diamonds)	 Fe3O4	 NP	 removal	 efficiency	 for	 a	
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handheld	 magnet	 using	 500	 mg/L	 of	 Fe3O4	 NP	 in	 DI	 water.	 (b)	 Fe3O4	 NP	

removal	efficiency	for	the	MagNERD	containing	SSW	up	to	90	L	of	water	(500	

mg/L	in	DI	water	at	1.0	L/min).	

	

Although	the	MagNERD	achieved	a	95%	NP	capture	efficiency,	the	effluent	iron	

concentration	 (~25	mg/L)	exceeded	 the	USEPA	drinking	water	SMCL	of	0.3	mg/L	

for	 iron.	 For	 non-potable	 applications	 or	 disposal	 (e.g.,	 industrial	 wastewater	

treatment)	 the	 presence	 of	 iron	 in	 the	 effluent	 is	 likely	 a	 lower	 priority	 than	 for	

drinking	water.	Based	upon	a	95%	NP	removal,	the	initial	Fe3O4	NP	concentrations	

should	be	limited	to	≤	6	mg/L	to	meet	the	drinking	water	standards.	Alternatively,	

the	MagNERD	can	undergo	a	multi-pass	 configuration	–	where	 the	effluent	passes	

through	 the	 MagNERD	 multiple	 times	 –	 to	 increase	 the	 amount	 of	 magnetic	 NP	

captured	(e.g.,	from	~60%	to	70%	upon	the	2nd	pass,	Figure	S3a)	and	decrease	the	

amount	of	Fe3O4	NP	 in	 the	resulting	effluent	 (e.g.,	 effluent	Fe3O4	NP	concentration	

decreases	~78%	from	the	1st	pass	to	the	2nd	pass;	Figure	S3b).	These	results	indicate	

that	if	the	magnetic	surface	area	of	MagNERD	was	doubled,	the	removal	of	NP	could	

be	 increased	 by	 an	 order	 of	 magnitude,	 i.e.	 from	 95%	 removal	 and	 effluent	

concentration	of	25	mg/L	in	one	pass	to	99.8%	removal	and	effluent	concentration	

1	mg/L	in	two	passes	or	with	doubling	the	magnetic	surface	area.	

3.3.2.3. 	Influent	NP	concentration	and	mass	loading	

The	 effect	 of	 NP	 concentration	 on	NP	 capture	was	 also	 evaluated.	 Figure	 3.6a	

shows	 that	 the	 initial	 NP	 concentration	 did	 not	 substantially	 affect	 capture	
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efficiency.	The	MagNERD	successfully	captured	≥	94%	of	the	Fe3O4	NP	for	influent	

NP	concentrations	of	500	ppm	(blue	circles)	and	1000	ppm	(blue	stars).	Therefore,	

we	 believed	 the	 system	 was	 mass	 loading	 dependent	 rather	 than	 concentration	

dependent.	However,	we	were	not	able	to	exceed	a	mass	loading	that	decreased	the	

removal	 efficiency	 of	 NP	 potentially	 because	 of	 the	 large	 amount	 of	 magnetized	

surface	 area	within	 the	 reactor	 (e.g.	 the	 SSW;	 0.486	 cm2/g-SSW).	 Even	 as	 the	 NP	

mass	 loaded	 into	 the	 system	 exceeded	 50	 g,	 removal	 efficiencies	 remained	 above	

94%	(Figure	3.6b).			

3.3.2.4. Water	matrix		

The	water	treatment	application	of	magnetic	NPs	could	range	from	the	removal	

of	 ionic	 species	 in	 ultrapure	 water	 to	 industrial	 wastewater	 for	 drinking	 water	

purposes	to	non-potable	reuse	or	even	to	meet	disposal	requirements.	Therefore,	to	

encapsulate	this	range	of	influent	waters,	we	compared	capture	of	magnetic	NPs	in	

deionized	water	(<	1.6	mM	TDS)	and	simulated	brackish	water	(190	mM	TDS).	No	

matter	 the	 water	 matrix,	 the	 MagNERD	 consistently	 maintained	 a	 NP	 capture	

efficiency	>	95%	(Figure	3.6a).		

3.3.3. Recovery	of	NP	from	MagNERD	for	reuse		

Backwashing	experiments	were	conducted	to	determine	the	MagNERD’s	ability	

and	efficiency	 to	 recover	NP	 for	 reuse.	 For	 experiments	with	or	without	 SSW,	 the	

MagNERD	was	flushed	with	~4	L	(e.g.,	20%	of	treated	water)	of	the	initially	treated	

water	(MagNERD	effluent).	The	majority	of	NP	recovered	were	in	the	first	500	mL	
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(e.g.,	2.5%	of	treated	volume).	The	recovery	efficiency	for	Fe3O4	NP	in	the	absence	of	

steel	wool	(~75%,	some	NP	remained	on	the	magnetic	fingers)	is	nearly	double	the	

recovery	efficiency	for	Fe3O4	NP	in	the	presence	of	steel	wool	(~44%).	The	reduced	

recovery	of	NP	 from	the	MagNERD	with	SSW	present	 is	 likely	due	to	(i)	 increased	

residual	 magnetization	 with	 SSW,	 (ii)	 the	 formation	 of	 large	 Fe3O4	 nanoparticle	

aggregates	which	become	stuck	within	the	mesh-like	structure	of	the	SSW	[61],	and	

(iii)	 the	 inability	 of	 the	 fluid	 shear	 forces	 to	 remove	 the	 nanoparticle	 aggregates	

from	 the	SSW	pores.	 	With	and	without	 SSW,	 the	NP	 that	 remained	 in	 the	 system	

was	 visibly	 left	 on	 the	 previously	 magnetized	 surfaces	 (i.e.,	 fingers	 and	 SSW).	

Depending	on	the	requirements	of	the	application,	the	SSW	may	not	be	desirable	to	

use	due	to	inability	to	clean	out	the	MagNERD	for	subsequent	use	and/or	the	limited	

ability	to	recover	the	NP.	If	much	more	than	4	g	is	 loaded	into	MagNERD,	the	SSW	

may	enable	more	capture	as	opposed	to	 the	magnetic	 fingers	alone,	 though	this	 is	

speculation	 and	 was	 not	 directly	 observed.	 If	 this	 hypothesis	 were	 true	 and	 the	

capture	of	a	high	amount	of	NP	was	needed	-	and	the	ability	to	recover	NP	for	reuse	

was	not	a	priority	-	then	the	SSW	could	just	be	replaced	after	the	maximum	loading	

was	exceeded	and	NP	capture	efficiency	decreased.		

3.3.4. Demonstrating	arsenic	removal	with	the	MagNERD	

A	 proof-of-concept	 experiment	 was	 performed	 to	 demonstrate	 the	 use	 of	 the	

MagNERD	 to	 remove	 adsorbents	 adsorbed	with	 a	 target	 pollutant	 (arsenic)	 from	

realistic	waters	under	a	realistic	operational	scenario.	Simulated	drinking	water	(12	

L)	containing	arsenate	(100	ppb-AsO4)	was	first	contacted	with	Fe3O4	NP	(0.5	g/L),	
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and	 then	 the	 suspension	 was	 pumped	 through	 the	 MagNERD	 at	 1	 L/min.	 On	

average,	0.5	g/L	of	Fe3O4	removed	~35	µg/L	As	from	the	simulated	drinking	water	

(i.e.,	0.976	µg-As/m2-Fe3O4)	and	³	95%	of	the	resulting	As-Fe3O4	NP	was	removed	

by	the	MagNERD	(Figure	3.7a).	The	water	quality	improved,	with	the	treated	water	

containing	~60	µg-As/L	and	£	 20	mg-Fe3O4/L	 (compared	 to	 the	 initial	 solution	of	

~100	µg-As/L	and	~360	mg-Fe3O4/L).		

The	Fe3O4	NP	was	superparamagnetic-like,	as	verified	by	its	low	coercivity	(Hc),	

magnetic	remanence	(Mr),	and	extent	of	ferromagnetism	(Mr/Ms)	(Figure	S4,	Table	

S1)	[15],	[79].	Given	its	substantial	magnetic	saturation	(~50	emu/g),	the	Fe3O4	NP	

proved	 to	have	a	strong	magnetic	attraction	 to	 the	magnetized	components	 in	 the	

MagNERD	 as	 evident	 by	 the	 large	 capture	 efficiencies	 achieved	 by	 the	 MagNERD	

(Figure	 3.7a,	 orange	 diamonds)	 [35],	 [61],	 [100].	 The	 weight	 of	 the	 amount	 of	

sorbed	arsenic	species	onto	the	surface	of	the	Fe3O4	NP	was	found	to	be	80µg-As	per	

g-Fe3O4.		
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Figure	3.7	–	(a)	MagNERD	capture	efficiency	 for	As-Fe3O4	(orange	diamonds)	

and	 Fe3O4	 (blue	 triangles)	 in	 simulated	 drinking	 water	 at	 1	 L/min.	 Arsenic	

concentration	 of	 effluent	 (green),	 compared	 to	 influent	 concentration	 (gray	

square).	(b)	M	vs.	H	curves	for	the	Fe3O4	nanopowder	before	(blue)	and	after	

arsenic	adsorption	(orange	curve).	

	

The	addition	of	the	sorbed	non-magnetic	arsenic	atoms	[105]	on	the	surface	of	

the	Fe3O4	NP	reduced	its	magnetic	saturation	by	approx.	38%	(i.e.	Ms	for	Fe3O4	~50	

emu/g	 whereas	 Ms	 for	 As-Fe3O4	 ~31	 emu/g;	 Figure	 3.7b).	 The	 adsorbed	 arsenic	

accounted	for	~0.01	wt%	of	the	As-Fe3O4	complex,	which	is	too	small	to	account	for	

the	 loss	 of	 magnetic	 saturation.	 The	 loss	 in	 magnetic	 saturation	 after	 arsenate	

adsorption	 is	 probably	 due	 to	 surface	 spin	 disorder	 caused	 by	 the	 interactions	

between	the	non-magnetic	adsorbed	arsenate	atoms	and	the	magnetic	Fe3O4	atoms	

[77],	[80],	[81].	However,	in	spite	of	the	depression,	the	magnetic	saturation	of	the	

As-Fe3O4	 was	 still	 large	 enough	 to	 produce	 MagNERD	 capture	 efficiencies	 above	

90%	 (Figure	 3.7a,	 gray	 diamonds).	 Such	 results	 successfully	 demonstrate	 the	

MagNERD’s	ability	 to	 remove	As-Fe3O4	 from	water	 treatment	 schemes	under	 flow	

conditions.			

3.4. Conclusion	

Because	of	the	inability	to	separate	nanoparticles	from	flowing	water,	hesitation	

has	 surrounded	 the	 large-scale	 use	 of	 beneficial	 nano-adsorbents	 for	 water	

remediation.	To	alleviate	such	concerns,	high	gradient	magnetic	separation	(HGMS)	
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is	a	promising	green	separation	technology	that	can	facilitate	the	effective	removal	

of	nano-absorbents	 from	water	once	optimized.	 In	 this	work	we	developed	a	 cost	

effective,	 large	 scale,	 HGMS	 system	 (MagNERD)	 for	 remote,	 real	 world	 working	

conditions	 and	 describe	 its	 optimization.	 From	 modeling	 the	 optimal	 flow	

configuration	 for	 effective	 capture	 efficiency	 was	 successfully	 predicted.	 Also,	

further	testing	proved	SSW	to	be	beneficial	for	exceptionally	large	NP	mass	loadings	

(i.e.	50	g)	maintaining	capture	efficiencies	>	94%.	Lastly,	given	its	ability	to	remove	

³	 94%	 of	 As-Fe3O4	 from	 simulated	 drinking	 water	 after	 arsenic	 treatment,	 the	

MagNERD	 can	 be	 envisaged	 as	 an	 excellent	 technology	 to	 be	 integrated	 into	 real	

world	water	treatment	schemes.	As	found,	the	MagNERD	can	effectively	capture	(>	

94%)	and	recover	(>	80%)	magnetic	nano-adsorbents	from	complex	water	matrices	

under	process	 relevant	 flow	conditions	encouraging	 the	 safe	use	of	nanomaterials	

for	large-scale	water	treatment	systems.		
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Chapter 4 

Hematite Nanorods Are Effective for 
Radiofrequency (RF) Magnetic Heating 

4.1. Introduction	

As	 the	most	 stable	 iron	 oxide	 under	 acidic	 [84]	 and	 ambient	 conditions	 [106],	

hematite	 (i.e.,	 a-Fe2O3)	 has	 been	 heavily	 studied	 for	 a	 variety	 of	 applications	

including:	 waste	 water	 treatment	 [106]–[109],	 catalysis	 [110],	 gas	 sensors	 [106]	

and	 electrodes	 [111].	 Although	 environmentally	 benign	 and	 biocompatible	 [37],	

[112],	 bulk	 hematite	 is	 not	 suitable	 for	 radio	 frequency	 (RF)	 magnetic	 heating	

applications	 because	 it	 is	 weakly	 ferromagnetic	 at	 room	 temperature	 [32],	 [113]	

(i.e.,	 MS,bulk	 ~	 0.3	 emu/g	 [114]).	 An	 alternating	 magnetic	 field	 causes	 magnetic	

particles	 to	 generate	 heat	 by	 way	 of	 four	 different	 mechanisms:	 eddy	 current	

heating,	hysteretic	heating,	Brownian	relaxation,	and	Neel	relaxation	[37].	Bulk	size	

particles	 (i.e.,	 centimeter	 scale	 or	 larger)	 undergo	 eddy	 current	 heating	 and	 is	
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dependent	 upon	 the	 electrical	 conductivity/resistivity	 of	 a	 material.	 For	 multi-

domain	nano-sized	particles	(e.g.,	 ³	50	nm),	RF	heating	is	generated	by	domain	wall	

shifting	 (i.e.,	 hysteretic	 heating)	 and	 is	 closely	 dependent	 upon	 the	 magnetic	

saturation	of	the	nanoparticle.	Alternatively,	for	single	domain	nanoparticles	(e.g.,	<	

50	nm)	Brownian	and/or	Neel	relaxations	contribute	to	RF	heating	[37].	Control	of	

nanoparticle	 size,	 shape,	 and	 crystallinity	 of	 superparamagnetic	 materials(i.e.,	

Fe3O4,	  g-Fe2O3,	and	MFe2O4	where	M	=	Ni,	Mn,	or	Co	[115])	can	be	manipulated	to	

enhance	 their	 magnetic	 properties	 and	 their	 RF	 magnetic	 heating	 performance.	

There	have	been	studies	on	 the	 structure-property	 relationship	between	hematite	

nanoparticles	 and	magnetism	 [116]–[121]	but	none	–	 to	 the	authors	knowledge	–	

exists	on	RF	heating.	

In	this	work,	we	prepared	five	different	hematite	samples	by	manipulating	their	

size,	 shape,	 and	 crystallinity	 to	 examine	 the	 structure-property	 relationship	

between	 hematite	 nano-magnetism	 and	 RF	 heating.	 Their	 syntheses	were	 carried	

out	following	procedures	previously	developed,	but	their	magnetic	properties	were	

not	 characterized	 [122],	 [123].	 We	 find	 that	 nanostructural	 changes	 in	 hematite	

nanoparticles	 elicit	 marked	 differences	 in	 their	 magnetic	 profile	 and	 RF	 heating	

response.		
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4.2. Materials	and	Methods	

4.2.1. Materials	

All	 materials	 used	 for	 synthesizing	 the	a-Fe2O3	 rugby	 balls,	 nanospheres,	 and	

nanodiamonds,	were	ACS	grade	reagents	purchased	from	Sigma	Aldrich.	For	the	a-

Fe2O3	nanosheets	and	nanorods,	all	chemicals	were	purchased	from	Sigma	Aldrich	

with	purity	≥ 97%.	All	gases	used	were	purchased	from	Airgas	at	ultra-high	purity.	

4.2.2. Synthesis	of	a-Fe2O3	Rugby	balls	

Rugby	ball	 shaped	a-Fe2O3	particles	were	synthesized	according	 to	procedures	

outlined	in	previous	works	[122].	Succinctly,	500mL	of	0.2M	Fe(ClO4)3	was	rapidly	

heated	to	98°C	and	immediately	incubated	at	98°C	for	seven	days.		

4.2.3. Synthesis	of	a-Fe2O3	nanospheres	

Sphere	shaped	a-Fe2O3	nanoparticles	were	synthesized	according	to	procedures	

outlined	in	previous	works	[122].	In	summary,	0.02M	of	Fe	of	fresh	FeCl3	∙	6H2O	was	

added	to	2L	of	98°C	0.002M	HCl	under	stirring.	The	mixed	solution	was	then	sealed	

and	allow	to	incubate	at	98°C	for	ten	days.	

	



	 93	
	

4.2.4. Synthesis	of	a-Fe2O3	nanodiamonds	

Diamond	 shaped	 a-Fe2O3	 nanoparticles	 were	 synthesized	 according	 to	

procedures	 outlined	 in	 previous	 works	 [122].	 In	 short,	 2L	 of	 0.002M	 HNO3	 was	

heated	 to	98°C.	Once	heated,	0.02M	Fe	of	Fe(NO3)3×	9H2O	was	added	under	 rapid	

mixing.	The	solution	was	then	sealed	to	incubate	for	seven	days.			

4.2.5. Synthesis	of	a-Fe2O3	nanosheets	

Sheets	 of	 a-Fe2O3	 nanoparticles	 were	 synthesized	 according	 to	 procedures	

outlined	in	previous	works	[123].	In	summary,	the	nanosheets	were	produced	using	

a	hard	template	of	copper	oxide	(CuO)	Nano-Sheets.	Upon	magnetic	stirring,	900	mg	

of	 CuO	 nanosheets	were	 dispersed	 in	 900	mL	 of	 DI	water;	 the	 solution	was	 then	

heated	to	60°C.	3.4	g	of	FeSO4×	7H2O	was	dissolved	 into	 the	heated	solution.	After	

2hrs,	the	solution	color	changed	from	black	to	dark	orange.	The	resulting	precipitate	

was	filter	out	of	the	solution	and	washed	with	excess	DI	water.	To	remove	the	CuO	

hard	 templates,	 the	 precipitate	 was	 washed	 three	 times	 with	 300	 mL	 of	

concentrated	 ammonium	 hydroxide.	 The	 remaining	 orange	 sample	 was	 washed	

again	with	DI	water,	vacuum	dried,	and	crushed	into	a	powder.	The	crushed	powder	

was	then	heated	in	air	at	400°C	for	30	minutes.		
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4.2.6. Synthesis	of	a-Fe2O3	nanorods	

a-Fe2O3	 nanorods	 were	 synthesized	 according	 to	 procedures	 outlined	 in	

previous	works	 [123].	 60	 g	 of	 NaOH	was	 dissolved	 into	 450	mL	 of	 DI	water	 and	

heated	to	50°C.	At	the	same	time,	1.95	g	of	of	FeSO4	∙	7H2O	was	dissolved	into	50mL	

of	DI	water.	Nitrogen	gas	(N2)	was	bubbled	through	each	solution	for	30	minutes	to	

remove	 dissolve	 oxygen.	 Both	 solutions,	 the	 iron	 sulfate	 solution	 and	 the	 sodium	

hydroxide	 solution,	 were	 added	 together	 and	 allowed	 to	 react	 for	 1hr	 under	

magnetic	stirring	with	N2	bubbling	at	50°C.	The	resulting	precipitate	was	green	 in	

color.	 The	 precipitate	was	 filtered,	washed	with	 excessive	DI	water	 under	N2	 gas,	

vacuum	dried,	and	crushed	into	a	powder.	The	crushed	powder	was	then	heated	in	

air	at	400°C	for	15	minutes.		

4.2.7. Magnetic	Characterization	

Device	(SQUID)	complete	with	a	MPMS	XL	(Quantum	Design	Inc.).	Magnetization	

curves	 from	 -10	 kOe	 to	 10	 kOe	 at	 300	 K	 were	 collected	 for	 each	 nanoparticle	

morphology.	For	the	zero-field	cooled	(ZFC)	and	field	cooled	(FC)	curves,	magnetic	

measurements	were	taken	from	5	K	to	300	K	with	a	set	magnetic	field	of	100	Oe.	For	

each	magnetic	measurement	 the	hematite	 samples	were	weighed	and	wrapped	 in	

Teflon	tape.		
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4.2.8. X-ray	Diffraction	(XRD)	Measurements	

Each	 nanomaterial	 was	 analyzed	 by	 powder	 x-ray	 diffraction	 (XRD)	 using	 a	

Rigaku	 SmartLab	 X-ray	 diffractometer	with	 Cu	 K°	 radiation	 (1.5418	 Å).	 For	 each	

nanomaterial	the	data	was	collected	from	2q	=	3°	to	90°.		

4.2.9. Scanning	Electron	Microscopy	(SEM)	

Dilute	 dispersions	 of	 the	 hematite	 samples	 in	 ethanol	 were	 drop-coated	 onto	

silicon	 wafers	 and	 imaged	 with	 the	 Helios	 660	 SEM/FIB	 microscope	 (Thermo	

ScientificTM)	with	an	acceleration	voltage	of	2.5	or	5	kV.		

4.2.10. Radio	Frequency	(RF)	Heating	Experiments	

Radio	 Frequency	 (RF)	 Heating	 experiments	 were	 carried	 in	 a	 very	 similar	

fashion	 as	 that	 laid	 out	 in	 previous	 works	 [124].	 For	 such	 experiments,	 a	 1	 kW	

EASYHEAT	 induction	heating	system	(Ambrell),	which	can	generate	an	alternating	

magnetic	field	at	the	fixed	frequency	of	325	kHz.	The	heating	system	consisted	of	a	

5-turn	coil	with	peak	field	strength	13.3	kA/m	(5	cm	inner	dia.,	3	cm	height).		

To	measure	SAR	values,	each	nanomaterial	was	dispersed	1	mL	of	DI	water	and	

placed	inside	of	a	2	mL	cryovial.	The	cryovial	was	then	insulated	with	Styrofoam	and	

placed	into	the	center	of	the	inductive	coil.	The	induction	heating	system	was	then	

turned	on	for	90	s.	The	temperature	of	the	solution	was	measured	with	a	real-time	

fiber	optic	temperature	sensor	probe	over	time	(LumaSense	Technologies	m3300),	

from	which	a	 linear	 fit	of	 the	average	slope	(dT/dt)	of	 the	 first	20	s	was	obtained.	
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The	 average	 slope	 of	 the	 solvent	 alone	 was	 subtracted	 to	 compensate	 for	 heat	

exchange	 with	 the	 surroundings.	 SAR	 was	 calculated	 with	 equation	 4.1	 	 below	

where	*a\¢£&§> 	 is	 the	mass	of	 the	hematite	sample,	Ö�ëv 	 is	 the	specific	heat	of	 the	

solvent	 (ÖX&§ = 4.184	JK\2g\2),	*�ëv 	 is	 the	mass	 of	 the	 solvent,	 and	VÅ Vã⁄ 	 is	 the	

slope	of	the	temperature	versus	time	graph.		

]T^ = 	
1

*a\¢£&§>
Ö�ëv*�ëv ò

VÅ
Vã
ô	

Equation	4.1	–	Measured	SAR	calcuation.	

4.3. Results	and	Discussion	

We	 confirmed	 the	 synthesized	 hematite	 nanoparticles	 had	 the	 α-Fe2O3	 crystal	

structure	 through	x-ray	diffractometry	(Figure	S1).28	SEM	verified	the	shape,	size,	

and	crystallinity	of	each	nanorod,	nanodiamond,	nanosheet,	nanosphere,	and	rugby	

ball-shaped	 sample	 (Figure	 S2;	 Table	 S2).23	 The	 nanospheres,	 nanosheets,	 and	

nanorods	had	magnetic	saturation	(Ms)	values	of	0.69	emu/g,	3.25	emu/g,	and	4.58	

emu/g,	respectively	(Figure	4.1,	Table	4.1).		
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Figure	4.1	 –	Magnetization	 curves	 at	 300	K	 from	 -50	kOe	 to	 -50	kOe	 for	 the	

hematite	 nanorods	 (gray	 squares),	 nanosheets	 (green	 asterisks),	

nanodiamonds	 (yellow	 diamonds),	 nanospheres	 (blue	 spheres),	 and	 rugby	

balls	(red	triangles)	shaped	particles.		

 

Sample Names Avg. Sizea (nm) Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe) 

nanorods 20-37 [123] 4.58 0.264 0.058 30.0 

nano-sheets 4-7 [123] 3.25 0.020 0.006 20.0 

nano-diamond 23 [122] - 0.004 - 27.8 

nano-sphere 66 [122] 0.69 0.020 0.029 27.5 

rugby balls 150 [122] - 0.200 - 2750 
a determined from SEM images 

Table	4.1	–	Magnetic	Properties	of	Shaped	Hematite	Particles.	
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The	rugby	ball	and	nanodiamond	shaped	nanoparticles	did	not	reach	magnetic	

saturation,	 up	 to	 the	 maximum	magnetic	 field	 of	 50	 kOe.	 The	 rugby	 ball	 shaped	

hematite	particles	(~150	nm)	displayed	magnetic	behaviour	similar	to	that	of	bulk	

hematite	 (~3	 µm;	 weakly	 ferromagnetic	 [32],	 [113],	 [114])	 at	 room	 temperature	

[113],	[125].	The	other	hematite	nanoparticle	shapes	(nanospheres,	nanodiamonds,	

nanosheets,	and	nanorods)	showed	superparamagnetic-like	behaviour	considering	

their	very	low	coercivity	(Hc)	and	magnetic	remanence	(Mr)	values	[126].	The	Mr/Ms	

ratio	 (which	 signifies	 the	 extent	 of	 ferromagnetism)	 of	 the	 nanospheres	 and	 the	

nanorods	were	 0.029	 and	 0.058,	 respectively,	 indicating	 they	were	 ferromagnetic	

[120].	The	hematite	nanosheets	had	a	smaller	Mr/Ms	ratio	(=	0.006),	indicating	that	

they	were	most	like	a	superparamagnetic	material	(which	has	a	Mr/Ms	ratio	of	0).	

The	size,	crystallinity,	and	shape	of	a	nanoparticle	all	have	noticeable	effect	on	its	

magnetic	 properties.	 As	 size	 decreases,	 the	 magnetic	 saturation,	 magnetic	

remanence,	and	coercivity	all	decrease,	and	superparamagnetic	behaviour	develops	

because	of	 the	 loss	of	magnetic	domains	 [32].	For	example,	 the	nanospheres	(~66	

nm)	have	strong	superparamagnetic	behaviour	as	opposed	to	the	rugby	balls	which	

are	more	 than	 twice	 the	 size	 (~150	nm).	With	 regard	 to	 crystallinity,	 the	domain	

wall	 mechanism	 predominates	 for	 nanospheres	 because	 the	 grains	 within	 the	

polycrystalline	 nanoparticles	 (as	 determined	with	 SEM)	 act	 as	magnetic	 domains,	

causing	 them	 to	 saturate	 at	 lower	magnetic	 field	 strengths	 than	 single	 crystalline	

materials	(Figure	S4;	the	nanospheres	vs.	the	nanodiamonds)	[32].	The	same	can	be	

said	of	the	polycrystalline	nanorods	and	nanosheets	which	start	to	saturate	around	
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10	 kOe	 (Figure	 S4,	 Table	 S2).	 In	 contrast,	 the	 single	 crystalline,	 single	 domain	

nanodiamonds	 require	 magnetic	 fields	 larger	 than	 50	 kOe	 to	 reach	 magnetic	

saturation	because	domain	rotation	predominates	[32].		

	

Shape	 has	 a	 significant	 effect	 because	 elongating	 a	 nanoparticle	 increases	 its	

coercivity,	 magnetic	 remanence,	 and	 saturation	 values	 [32],	 [116],	 [117],	 [127]–

[129].	 The	 high	 saturation	 values	 of	 the	 hematite	 nanosheets	 and	 nanorods	 (3.25	

emu/g	 and	4.58	 emu/g,	 respectively)	 are	 caused	by	 shape	 anisotropy	 [32].	 Shape	

further	 plays	 a	 role	 in	 the	 magnetic	 saturation	 because	 magnetization	 decreases	

with	 increasing	 cross-sectional	 area	 (e.g.,	 magnetization	 =	 pole	 strength	 /	 cross-

sectional	 area)	 [32].	 This	 explains	 why	 the	 nanorods	 have	 a	 higher	 magnetic	

saturation	 than	 the	 nanosheets.	 The	 localized	magnetic	 dipole	 at	 the	 ends	 of	 the	

nanorods	 cause	 a	 greater	magnetization	 as	 opposed	 to	 the	magnetic	 dipole	 being	

distribution	 over	 the	 length	 of	 the	 nano-sheets	 [32].	 Here,	 however,	 the	 surface	

spins	 (or	 the	magnetic	 dipole	moments	 of	 the	 surface	 atoms)	 presumably	 have	 a	

negligible	effect	on	the	magnetic	properties	because	all	of	the	nanoparticle	sizes	are	

 ³	4	nm	[130]–[132].	

	

For	multi-domain	magnetic	 nanoparticles,	 specific	 adsorption	 rates	 (SAR)	 –	 or	

heating	 rates	 –	 can	 be	 characterized	 by	 hysteretic	 heating.	 SAR	 values	 can	 be	

estimated	 from	 the	 area	 within	 magnetic	 nanoparticles	 hysteresis	 loops	 using	

equations	4.2-4.3	where	A	 is	 the	 amount	 of	 heat	 generated	by	 randomly	oriented	
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magnetic	nanoparticles	as	estimated	by	 the	Stoner-Wohlfarth	model	 [41],	H	 is	 the	

magnetic	field	strength,	 µ0	is	the	permeability	of	free	space,	and	f	is	the	frequency	of	

the	magnetic	 field.	The	 calculated	SAR	values	were	 compared	with	measured	SAR	

values	for	each	hematite	sample	(Table	4.2).	It	should	be	noted	here	that	estimated	

SAR	values	are	typically	significantly	higher	than	measured	SAR	values	due	to	a	lack	

of	system	optimization	[41].	

T = 	U PQ7())V)
WXYZ[

\XYZ[
	~	2PQ)=7�	

Equation	4.2	–	Hysteretic	heat	loss.	

]T^ = 	T_	

Equation	4.3	–	Specifc	Adsorption	Rate.	

Sample  
Calc. SAR (W/g-

a-Fe2O3) 
Meas. SAR (W/g-a-

Fe2O3); 4 mg/mL 
Meas. SAR (W/g-a-

Fe2O3); 1 mg/mL 

nanorods  89.3 43.5 ± 3.0 24.0 ± 7.0 
nano-sheets  42.3 4.13 ± 0.4 16.7 ± 4.4 

nano-
diamonds 

0.00 3.15 ± 0.4 14.2 ± 3.8 

nano-spheres 12.3 6.88 ± 0.4 13.4 ± 1.7 
rugby balls 0.00 5.18 ± 1.2 27.3 ± 3.4 

Table	4.2	–	Calculated	and	measured	SAR	values.	
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The	 polycrystalline	 nanorods,	 nanosheets,	 and	 nanosphere	 undergo	 hysteretic	

heating	 due	 to	 their	 apparent	 hysteresis	 (Figure	 4.1,	 inset)	 and	 their	 respective	

extent	 of	 ferromagnetism	 (i.e.,	 Mr/Ms	 >	 0).	 As	 predicted,	 the	 nanorods	 show	 the	

fastest	 heating	 rate	 of	 all	 the	 hematite	 samples	 (Figure	 4.2).	 With	 the	 largest	

hysteresis	(Figure	4.1,	inset),	the	nanorods	outperform	the	nanospheres	by	~6.3´	

(Table	4.2)	because	of	shape	anisotropy.	The	enhanced	magnetic	susceptibility	and	

saturation	 values	 caused	 by	 shape	 anisotropy	 translate	 to	 higher	 SAR	 values	 for	

hysteretic	heating	[39]	(e.g.,	shifting	domain	walls	 in	multi-domain/polycrystalline	

materials).		

	

Figure	4.2	–	Temperature	profiles	 for	 the	hematite	nanorods	(grey	squares),	

nanosheets	(green	asterisks),	nanodiamonds	(yellow	diamonds),	nanospheres	

(blue	spheres),	and	rugby	balls	 (red	 triangles)	shaped	particles	at	4	mg/mL.	

RF	heating	 testing	 conditions:	magnetic	 field	 frequency	=	325	kHz,	magnetic	

field	strength	=	13.3	kA/m.		
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In	comparison,	the	nanosheets	have	a	lower	SAR	value	than	the	nanorods	due	to	

a	smaller	hysteresis	area	–	 low	Mr/Ms	and	coercivity	values	(Figure	4.1)	–	which	

depletes	 hysteretic	 heating	 in	 spite	 of	 having	 similar	 magnetic	 susceptibility	 and	

saturation	 values	 to	 the	 nanorods	 (Table	 4.1).	 Lastly,	 of	 all	 the	 nano-sized	

polycrystalline	 particles,	 the	 nanospheres	 have	 the	 lowest	 SAR	 value	 as	 projected	

because	of	their	small	magnetic	saturation	value	(Tables	4.1-4.2).	

	

Contrary	 to	 SAR	 calculations,	 the	 rugby	 balls	 and	 the	 nanodiamonds	 generate	

appreciable	 SAR	 values	 upon	 exposure	 to	 the	 AMF	 (Table	 4.2,	 Figure	 4.3).	 This	

implies	that	the	polycrystalline	rugby	balls	and	the	single	crystalline	nanodiamonds	

generate	heat	through	alternative	heating	mechanisms.	From	its	size	(~150	nm),	the	

rugby	balls	are	capable	of	generating	heat	via	eddy	current	heating	which	dominates	

for	 bulk	 materials.	 Although	 hematite	 has	 a	 low	 electrical	 conductivity,	 the	 bulk	

sized	rugby	balls	still	produce	an	appreciable	SAR	value	of	~5	W/g	of	a-Fe2O3	[39].	

All	 things	 considered	 however,	 a	 noticeable	 size	 effect	 emerges	 for	 the	

polycrystalline	 samples.	 The	 nano-sized	 polycrystalline	 hematite	 (e.g.,	 the	

nanosheets,	 nanorods,	 and	 nanospheres)	 consistently	 outperform	 the	 bulk	

polycrystalline	 hematite	 sample	 (e.g.,	 the	 rugby	balls).	 This	 trend	 suggests	 that	 at	

high	 concentrations	 (e.g.,	 4	 mg/mL)	 smaller	 hematite	 particles	 dominated	 by	

hysteretic	heating	are	better	at	heating	than	their	bulk	sized	counterparts.	
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Figure	4.3	–	SAR	values	for	the	hematite	solutions	of	varying	concentrations;	4	

mg/mL	(red	diagonal	stripes)	and	1	mg/mL	(solid	grey).		

	

The	 nanodiamonds	 on	 the	 other	 hand	 generate	 heat	 via	 Neel/Brownian	

relaxations	which	dominate	for	single	crystalline,	single	domain	nanoparticles.	At	4	

mg/mL,	 the	 nanodiamonds	 produce	 SAR	 values	 that	 are	 ~2´	 lower	 than	 the	

nanospheres,	~14´	 lower	 than	 the	nanorods,	 and	~2´	 lower	 than	 the	 rugby	balls	

(Figure	 4.3,	 Table	 4.2).	 This	 highlights	 the	 influence	 of	 particle	 crystallinity	 on	

heating	efficiency	and	suggests,	 for	hematite	particles	at	 least,	 that	polycrystalline	

heating	mechanisms	(i.e.,	hysteretic	heating	or	eddy	current	heating)	produce	larger	

heating	efficiencies	than	Neel/Brownian	relaxations	at	high	concentrations.		

	

To	 determine	 the	 effect	 of	 particle	 concentration	 on	 heating	 efficiency,	 each	

hematite	 sample	was	 examined	 at	 two	different	 concentrations	 –	 4	mg/mL	 and	1	
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mg/mL	(Figure	4.3).	For	all	other	hematite	samples,	SAR	increases	with	decreasing	

concentration	 –	 a	 common	 trend	 found	 in	 literature	 which	 asserts	 reduced	 SAR	

values	 are	 caused	 by	 enhanced	 aggregation	 at	 higher	 concentrations	 [37],	 [133].	

This	 trend	did	not	hold	 for	 the	nanorods.	Potentially,	 the	 larger	 concentrations	of	

nanorods	contain	a	higher	ratio	of	nanorods	aligned	to	the	magnetic	field	direction	

before	exposure	to	the	alternating	magnetic	field	leading	to	SAR	values	high	enough	

to	 qualify	 potential	 magnetic	 hyperthermia	 applications	 [133].	 At	 the	 lowest	

concentration	(i.e.	1	mg/mL)	the	nanorods	produce	SAR	values	that	are	1.8´	below	

the	highest	concentration	tested	(i.e.,	4	mg/mL)	which	is	a	different	trend	than	that	

seen	for	the	other	hematite	samples.	

4.4. Conclusion	

In	this	study	we	explored	the	relationship	between	hematite	structure	(i.e.,	size,	

shape,	crystallinity)	and	its	magnetic	heating	properties	by	understanding	the	effect	

of	hematite	structure	on	magnetism.	We	found	that	increasing	the	axial	anisotropy	

of	hematite	produces	the	largest	influence	on	the	specific	adsorption	rate	(i.e.,	43.5	

W/	 g	 of	a-Fe2O3	 nanorods	 vs.	 6.89	W/	 g	 of	a-Fe2O3	 nanospheres).	 The	 nanorods	

produce	 SAR	 values	 similar	 to	 those	 suggested	 in	 literature	 for	 therapeutic	

treatment	 on	 4	 mm	 tumours	 in	 spite	 of	 not	 achieving	 temperatures	 typically	

demonstrated	 in	 literature	 (i.e.	 T ³	 40°C)	 within	 90	 seconds	 –	 such	 limitations	

would	 result	 in	 longer	 treatment	 sessions	 in	 combination	 with	 radiation	 and	

chemotherapy	[37],	[132]–[135].	Our	results	demonstrate	that	hematite	nanorods	–	
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via	hysteretic	heating	–	are	suitable	for	RF	heating	and	provides	a	footing	for	future	

studies	into	designing	better	hematite	nanostructures	for	RF	heating	applications.	
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Chapter 5 

Magnetically Driven Catalysis of Gold-
Iron Nanoparticles for Water 

Treatment 

5.1. Environmental	Significance	Statement	

Although	 gold	 nanoparticles	 are	 active	 for	 a	 variety	 of	 environmentally	 and	

industrially	 relevant	 reactions,	 their	 reaction	 kinetics	 under	 energy	 efficient	

conditions	 (e.g.,	 ambient	 temperatures	 and	 pressures)	 are	 considerably	 slow.	

Magnetically	 enhanced	 catalysis	 can	 help	 enhance	 the	 reaction	 kinetics	 of	 gold	

nanoparticles	 under	 ambient	 temperatures	 and	 pressures	 and	 impart	 a	 variety	 of	

benefits	 (e.g.,	magnetic	 recovery,	 regeneration,	 and	 recyclability)	 to	make	a	better	

gold-based	 “green”	 catalysts	 for	 a	 variety	 of	 water-clean	 up	 reactions	 to	 treat	

persistent	emerging	drinking	water	contaminants.	For	example,	p-nitrophenol	 is	a	

model	 pharmaceutical	 contaminant	 considering	 polar	 organics	 molecules	 with	 a	
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NO2	 terminal	 group	are	 found	 in	 a	 variety	of	 pharmaceuticals	 (e.g.,	 antimicrobials	

such	as	metronidazole	and	chloramphenicol)	which	are	highly	prescribed	(>1000	kg	

per	year)	and	detected	in	surface	and	groundwaters	around	the	world	[5],	[6],	[136],	

[137].	We	 found	 an	 alternating	magnetic	 field	 (AMF)	 increases	AuFe	 nanoparticle	

catalytic	activity	by	200%	without	raising	bulk	reaction	temperature	under	energy	

efficient	 conditions	 via	 localized	 particle	 surface	 heating	 (i.e.,	 at	 ambient	

temperatures	and	pressures).	

5.2. Introduction	

Gold	nanoparticles	are	active	reduction	catalyst	known	to	hydrogenate	a	variety	

of	organic	molecules	(e.g.,	alkenes,	carbonyls,	nitroarenes,	etc.)	in	the	presence	of	a	

reducing	agent	(i.e.	H2)	[138]	and	can	be	catalytically	active	under	mild	conditions	

(i.e.,	 ambient	 temperature,	 etc.)	 [139].	 A	 typical	 problem	 associated	 with	 gold	

catalysts	is	that	under	ambient	conditions	(i.e.	room	temperature	and	atmospheric	

pressure)	 reaction	kinetics	 can	be	 slow.	However,	 elevated	 temperatures	 enhance	

the	 catalytic	 activity	 of	 precious	 metal	 catalysts	 as	 well	 as	 reverse	 catalysts	

deactivation	and	surface	fouling	(e.g.,	regeneration).		

Many	 researchers	 have	 utilized	 magnetic	 nanoparticle	 heating	 to	 enhance	

catalytic	 purposes	 for	 a	 variety	 of	 industrially	 important	 reactions	 (e.g.,	 Fischer-

Tropsch	 synthesis	 [29],	 hydrodeoxygenation	 [30],	 CO2	 hydrogenation	 [31]).	 In	

general,	 when	 magnetic	 nanoparticle	 heating	 is	 used	 to	 increase	 catalytic	 rates,	

strong	ferromagnetic	magnetic	nanoparticles	(e.g.,	Fe3O4,	or	nZVI)	are	exposed	to	an	
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alternating	 magnetic	 field	 and	 used	 to	 convert	 electromagnetic	 energy	 into	 heat	

[19],	 [124].	However,	a	common	drawback	 is	 that	 these	 iron-based	catalysts	often	

prove	 to	 be	 unstable	 and	 undergo	 corrosion	 or	 surface	 oxidation	 in	 oxygen-rich	

environments.	Pairing	gold	with	a	magnetically	susceptible	material,	like	iron,	opens	

the	door	to	enhance	the	catalytic	properties	of	Au	via	magnetic	nanoparticle	heating,	

enables	 their	 facile	magnetic	 separation	 from	 solution,	 and	 protects	 the	magnetic	

iron	component	of	the	material	from	oxidation	and	corrosion	[140].		

Core-shell	 gold	 iron	 nanomaterials	 are	 typically	 synthesized	 via	 chemical	 co-

precipitation	 and	 reversed	micelle	 methods	 [141].	 However,	 to	 synthesize	 ligand	

free	 and	 gold-rich	 AuFe	 alloy	 nanoparticles,	 laser	 ablation	 in	 liquid	 is	 a	 viable	

method	 for	 produce	 metastable	 AuFe	 nanoparticles	 on	 a	 gram	 scale	 [141].	

Classically	 ferromagnetic	 at	 room	 temperature	 [142],	 gold-rich	 (e.g.	 >	50	 at%	Au)	

AuFe	nanoparticles	are	capable	of	using	magnetic	nanoparticle	heating	to	 increase	

catalytic	 reaction	 rates.	 Considering	 the	 use	 of	 magnetic	 and	 non-magnetic	 gold	

nanoparticles	 for	 water	 treatment	 [143],	 [144],	 few	 have	 channeled	 magnetic	

nanoparticle	heating	 to	enhance	 the	 catalytic	properties	of	 gold	nanomaterials	 for	

water	remediation	applications.		

In	 addition	 to	 synthesizing	 AuFe	 nanoparticles	 [145],	 IMRA	 America	 Inc.	 has	

expertise	 in	 synthesizing	 bio-conjugated	Au	 nanoparticles	 [146]–[148],	 PtPb	 alloy	

nanoparticles[149],	 AgAu	 alloy	 nanoparticles	 [150],	 ZnO	 nanoparticle	&	 nanorods	

[151],	 and	 Ni	 nanoparticles	 [152]	 via	 laser	 ablation	 in	 liquid	 primarily	 for	

biomedical	applications	relating	to	cancer	therapies.	Although	vast	 in	composition,	
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their	nanomaterials	have	yet	to	find	a	niche	in	environmental	clean-up	applications.	

Herein,	we	use	magnetic	gold	(AuFe)	NPs	in	the	presence	of	an	AMF	to	enhance	the	

catalytic	 reduction	of	p-nitrophenol	–	a	nitroarene	with	a	 terminal	NO2	group	and	

model	polar	pharmaceutical	 compound	–	 to	4-hydroxyaniline	via	 localized	surface	

heating	[153].		

	

5.3. Materials	and	Methods	

5.3.1. Materials	

Iron	 embedded	 gold	 alloy	 nanoparticles	 (“AuFe”;	 iColloid	 Magnetic	 AuFe	

nanoparticles)	were	 synthesized	 at	 IMRA	America	 Inc.	 via	 laser	 ablation	 in	 liquid	

(i.e.,	water	with	sodium	citrate	as	a	stabilizer)	[150]	and	were	used	as	received	from	

IMRA	 America	 Inc.	 Nano	 zero	 valent	 iron	 (nZVI)	 nanopowder	 (25	 nm	 Iron	

nanopowder;	 99.5%	 Fe	 purity;	 Stock	 #	 US1105)	 was	 purchased	 and	 used	 as	

received	 from	US	Research	Nanomaterials	 Inc.	and	commercial	Fe3O4	nanopowder	

(<	50	nm	Iron	(II,III)	Nanopowder;	purity	98%)	was	purchased	and	used	as	received	

from	 Sigma	Aldrich.	 Tetrachloroauric	 (III)	 acid	 (HAuCl4·3H2O,	 >99%),	 tannic	 acid	

(C76H52O46,	 >99.5%),	 potassium	 carbonate	 (K2CO3,	 >99.5%),	 palladium(II)	

chloride(PdCl2,	 99.99%),	 and	 formic	 acid	 (HCOOH,	 >%)	 were	 all	 purchased	 from	

Sigma-Aldrich	 while	 sodium	 citrate	 dihydrate	 (Na3C6H5O7·2H2O,	 >99.5%)	 was	
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purchased	 from	 Fisher	 Scientific.	 All	 experiments	 were	 conducted	 in	 Nanopure	

water	(>18	MΩ-cm,	Barnstead	NANOpure	Diamond).	

5.3.2. Synthesis	of	4-nm	Gold	Nanoparticles	

To	 synthesize	 Au	 approximately	 4	 nm	 nanoparticles,	 a	 5wt%	 HAuCl4	solution	

(0.126	M)	was	prepared	by	dissolving	5	g	of	HAuCl4·3H2O	 in	100	mL	of	nanopure	

water.	 Separate	 solutions	of	 1	wt%	sodium	citrate,	 1wt%	 tannic	 acid,	 and	25	mM	

potassium	 carbonate	were	made	 by	 dissolving	 0.2	 g	 of	 sodium	 citrate	 dehydrate,	

0.2g	 of	 tannic	 acid,	 and	 0.049	 g	 of	 potassium	 carbonate	 into	 20	mL	 of	 nanopure	

water.	 A	 precursor	 solution	 of	 gold	 salt	was	prepared	by	mixing	200	  µL	of	 the	 5	

wt%	 HAuCl4	 solution	 into	 79.8	 mL	 of	 nanopure	 water.	 The	 gold	 salt	 precursor	

solution	was	then	heated	to	60	°C	in	a	water	bath	with	moderate	stirring.	A	reducing	

agent	was	prepared	next	by	adding	5	mL	of	the	tannic	acid	solution	to	5	mL	of	the	

potassium	carbonate	 solution,	4	mL	of	 the	 citrate	 solution,	 and	6	mL	of	nanopure	

water.	 The	 reducing	 agent	 solution	 was	 then	 heated	 to	 60	 °C.	 The	 two	 solutions	

above	were	kept	at	60	°C	for	at	least	2	minutes	before	combining	and	mixing	to	form	

the	 Au	 nanoparticles.	 The	 Au	 nanoparticle	 formation	 occurred	 instantly	 upon	

mixing	 the	 reducing	 agent	 and	 the	 diluted	 gold	 solution	 as	 evident	 by	 the	 color	

change	of	the	solution	from	clear	to	ruby-red.	This	ruby-red	solution	was	brought	to	

a	 boil	 and	 allowed	 to	 boil	 for	 2	minutes.	 After	 boiling,	 the	 solution	was	 removed	

from	the	heat	source	and	subsequently	diluted	with	nanopure	water	to	100	mL	and	



	 112	
	

left	 to	 cool	 overnight	 to	 an	 ambient	 temperature	 before	 being	 stored	 in	 a	

refrigerator.		

5.3.3. X-ray	Diffraction,	 z-Potential,	and	Dynamic	Light	Scattering	

Each	 nanopowder	 was	 analyzed	 by	 powder	 x-ray	 diffraction	 (XRD)	 using	 a	

Rigaku	diffractometer	with	Cu	Kα	radiation	(1.5418	Å).	The	data	was	collected	from	

3°	to	90°.	The	average	crystallite	size	(≠Æ)	of	each	nanopowder	was	calculated	using	

Scherrer's	 formula	 [72].	 ζ-Potential	 and	 Dynamic	 Light	 Scattering	 values	 were	

measured	 through	 phase	 analysis	 light	 scattering	 (PALS)	 with	 a	 Brookhaven	

ZetaPALS	 instrument.	 A	 dip-in	 electrode	 system	with	 a	 4	mL	 polystyrene	 cuvette	

was	used	for	each	measurement	and	all	measurements	were	taken	at	25	°C.	

	

5.3.4. Transmission	Electron	Microscopy	(TEM)	

Dilute	 dispersions	 of	 AuFe	 samples	 in	 ethanol	were	 drop	 onto	 copper	meshes	

and	 imaged	 with	 the	 JEOL	 2100	 Field	 Emission	 Gun	 Transmission	 Electron	

Microscope	with	an	acceleration	voltage	of	80	kV.		
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5.3.5. High-Angle	Annular	Dark-Field	Scanning	Transmission	Electron	

Microscopy	(HAADF-STEM)	and	Scanning	Transmission	Electron	

Microscopy	Energy	Dispersive	X-ray	(STEM-EDX)	

STEM	 analysis	 was	 performed	 on	 a	 Thermo	 Scientific™	 Talos	 F200X	 TEM	

equipped	with	a	Schottky	field-emission	gun	operated	at	200	keV	with	a	10.5	mrad	

convergence	angle.	HAADF-STEM	images	(1024	pixels	×	1024	pixels)	acquired	on	a	

HAADF	 detector	 with	 a	 camera	 length	 such	 that	 the	 inner	 cutoff	 angle	 of	 the	

detector	 was	 59.0	 mrad.	 The	 scanning	 acquisition	 was	 synchronized	 to	 the	 ac	

electrical	power	to	minimize	60	Hz	noise	and	a	pixel	dwell	time	of	50	µs	was	chosen.	

The	AuFe	alloy	nanoparticles	supported	on	a	copper	grid	coated	with	an	ultrathin	

layer	 of	 carbon	 (Electron	 Microscopy	 Sciences,	 FF200-Cu-UL).	 STEM	 EDX	 were	

performed	using	a	Thermo	Scientific™	Talos	F200X	TEM	equipped	with	a	Super-X	

EDX	detector.	

	

5.3.6. X-ray	Photoelectron	Spectroscopy	

The	 atomic	 ratio	 of	 the	 AuFe	 nanoparticles	 was	 obtained	 from	 x-ray	

photoelectron	spectroscopy	(XPS)	performed	using	a	PHI	Quantera	SXM	with	an	Al	

source	(focused	beam	of	1.5	kV,	25	W).	The	pass	energy	of	the	survey	spectra	was	

140	eV	with	step	size	of	0.5	eV,	while	the	one	of	atomic	spectra	was	26	eV	with	step	

size	of	0.1	eV.	Each	sample	was	dried	and	loaded	to	Al	foil.	XPS	spectra	was	analyzed	

with	MultiPak	software.	All	peak	positions	were	corrected	based	on	C	1s	at	284.8	eV.	
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5.3.7. Magnetic	Measurements		

Magnetic	 characterization	 was	 conducted	 with	 the	 Superconducting	 Quantum	

Interference	Device	(SQUID)	fitted	with	a	MPMS	XL	(Quantum	Design	Inc.).	For	each	

hysteresis	curve	generated,	the	nanopowder	was	weighed,	wrapped	in	Teflon	tape,	

and	analyzed	at	27	°C	from	-10	kOe	to	10	kOe.	

	

5.3.8. Radio	Frequency	(RF)	Heating	Experiments	

Radio	frequency	(RF;	frequency	range:	110	kHz	–	625	kHz)	heating	experiments	

were	carried	 in	a	very	similar	 fashion	as	that	 laid	out	 in	previous	works	[124].	RF	

heating	 involves	 applying	 an	 alternating	magnetic	 field	 (AMF)	 to	 a	 suspension	 of	

magnetic	nanomaterials,	generating	heat	by	via	Brown	and	Neel	relaxations	or	eddy	

current	 and	 hysteretic	 heating.	 For	 such	 experiments,	 a	 MagneTherm	 Radio	

Frequency	Generator	(Figure	5.1),	which	generates	an	AMF	at	a	 fixed	frequency	of	

334.15	kHz.	For	the	heating	system,	a	17-turn	coil	characterized	by	a	50	mm	inner	

diameter	 was	 used.	 As	 reported	 by	 the	 manufacturer,	 the	 peak	 field	 strength	

generated	by	the	17-turn	coil	was	~133	Oe.		
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Figure	 5.1	 –	 MagneTherm	 instrument.	 From	 left	 to	 right:	 RF	 generator	

(frequency	range:	110	kHz	-	334.15	kHz),	Insulated	sample,	DC	generator	(~30	

V	&	5.4	A),	AMF	generator	(H	=	10.6	kA/m	or	~133	Oe).		

	

To	measure	the	specific	adsorption	rate	(SAR),	the	nanomaterial	was	dispersed	

1.8	mL	of	DI	water	and	placed	inside	of	a	2-mL	HPLC	vial.	The	HPLC	vial	was	then	

insulated	 with	 Styrofoam	 and	 placed	 into	 the	 center	 of	 the	 inductive	 coil.	 The	

nanoparticle	 solution	was	exposed	 to	 the	AMF	 for	60	 s.	A	 fiber	optic	 temperature	

probe	(Lumasense	STF-2M)	measured	the	temperature	of	the	solution	in	real-time.	

The	average	slope	of	the	temperature	vs.	time	profile	was	obtained	by	using	a	linear	

fit	of	the	linear	portion	of	the	temperature	profile	(Figure	S1).	The	average	slope	of	

Insulated Sample

DC Generator

Radio Frequency Generator

AMF Generator
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the	 solvent	 alone	 was	 subtracted	 to	 compensate	 for	 heat	 exchange	 with	 the	

surroundings.	SAR	was	calculated	with	the	following	equation	(Eqn.	5.1)	below:		

]T^ = 	
1
*Ø;

Ö�ëv*�ëv ò
VÅ
Vã
ô	

Equation	5.1	–	Measured	SAR	calcuation.	

where	m¢£	 is	 the	mass	 of	 the	 iron	 sample,	C≤≥¥	 is	 the	 specific	 heat	 of	 the	 solvent	

(ÖX&§ = 4.184	JK\2g\2),	*�ëv 	is	the	mass	of	the	solvent,	and	dT dt⁄ 	is	the	slope	of	the	

temperature	rise.		

	

5.3.9. p-Nitrophenol	Catalytic	Reduction	Experiments	with	and	without	an	

Alternating	Magnetic	Field	(AMF)		

During	 p-Nitrophenol	 catalytic	 reduction	 experiments	 were	 conducted	 in	 a	

similar	fashion	as	to	that	published	in	previous	reports	[154],	initial	concentrations	

of	 9.7	 x	 10-2	mM	 (~13.5	 ppm)	 p-nitrophenol	 and	 6.5	mM	 (~246	 ppm)	 of	 sodium	

borohydride	were	added	to	3	mL	of	lab	grade	DI	water	and	sealed	within	a	vessel.	

The	 sealed	 vessel	 was	 purged	 with	 N2	 gas	 for	 1.5	 minutes	 to	 avoid	 reaction	

inhibition	 caused	by	dissolved	oxygen	 [155].	 The	 resulting	 solution	pH	was	~	11.	

The	reaction	was	started	upon	an	appropriate	amount	of	the	AuFe	stock	solution	to	

produce	 a	 total	 Au	 concentration	 of	 4.9x10-5	mM.	 For	 each	 experiment,	 solutions	
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were	mixed	using	a	vortex	mixer	for	approximately	1	minute	and	30	seconds	before	

each	UV-Vis	scan.	Lower	concentrations	of	Au	were	used	under	similar	conditions	

but	with	no	observable	p-nitrophenol	reduction.	

p-Nitrophenol	 catalytic	 reduction	 experiments	with	were	 also	 conducted	upon	

exposure	 to	 an	 AMF	 at	 334.15	 kHz	 in	 a	 similar	 fashion	 as	 to	 that	 above	with	 the	

following	 exceptions:	 the	 solutions	 were	 mixed	 using	 a	 vortex	 mixer	 for	

approximately	45	 seconds	 and	 exposed	 to	 the	AMF	 for	 approximately	30	 seconds	

before	each	UV-Vis	scan.	Reaction	temperature	was	measured	before	and	after	the	

reaction	with	a	fiber	optic	temperature	sensor.		

The	duration	of	the	reaction	was	kept	within	20	minutes	and	the	reduction	of	the	

p-nitrophenol	 molecule	 was	 monitored	 over	 time	 using	 UV-vis	 spectroscopy	 (a	

Shimadzu	 2450	 UV-vis	 spectrophotometer;	 Figure	 S2)	 and	 measuring	 the	

absorbance	peak	of	the	p-nitrophenol	nitro	group	(l	=	400	nm).	The	initial	reaction	

rate	 constant	 (kmeas.)	was	 calculated	using	 a	 pseudo-first	 order	 rate	 law	 (Eqn.	 5.2)	

with	respect	to	p-nitrophenol	considering	the	sodium	borohydride	concentration	is	

in	great	excess	as	compared	to	the	p-nitrophenol	concentration.		

−V[Ö]
Vã

= 	#9;w�.[Ö]	

Equation	5.2	–	Pseudo-first	order	rate	law.	
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5.3.10. p-Nitrophenol	Catalytic	Reduction	Experiments	with	Conventional	

Bulk	Heating	

Catalytic	 p-Nitrophenol	 reduction	 experiments	with	 conventional	 bulk	 heating	

were	 conducted	 in	 a	 similar	 fashion	 as	 above	 but	 in	 a	 multi-cell	 UV-vis	

spectrophotometer	 (a	Cary	Series	UV-Vis-NIR	Spectrophotometer	#G9825A).	Each	

solution	 was	 uniformly	 heated	 by	 the	 temperature-controlled	 cell	 holder.	 The	

temperature	of	the	solutions	was	allowed	to	reach	equilibrium	(~2	min)	before	the	

start	 of	 each	 experiment.	 The	 solutions	 were	 constantly	 mixed	 with	 a	 magnetic	

stirrer	housed	within	the	UV-vis	cell	 itself.	Reaction	temperatures	(i.e.,	20°C,	40°C,	

60°C)	 were	 kept	 constant	 during	 the	 extent	 of	 the	 reaction.	 The	 reaction	 was	

allowed	 to	 proceed	 for	 ~40	 minutes	 and	 the	 reduction	 of	 the	 p-nitrophenol	

molecule	was	measured	every	30	seconds.	The	initial	reaction	rate	constant	(kmeas.)	

was	calculated	using	a	pseudo-first	order	rate	law	(Eqn.	5.2)	and	data	from	the	first	

3	minutes	of	the	reaction.	

5.4. Results	and	Discussion	

5.4.1. Structural	Characterization	of	the	AuFe	nanoparticles	

ζ	 -	 Potential	 measurements	 were	 carried	 out	 with	 to	 determine	 the	 surface	

charge	and	stability	of	the	AuFe	nanoparticles.	The	AuFe	nanoparticles	are	stable	in	

suspension	 and	 bear	 a	 negative	 surface	 charge	 as	 evident	 by	 their	 averaged	 ζ	 -	

potential	 value	 of	 –	 40	 mV.	 Dynamic	 light	 scattering	 measurements	 were	 also	
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carried	 out.	 The	 nanoparticles	 have	 a	 hydrodynamic	 diameter	 of	~160	 nm	which	

corroborates	 their	 average	 particle	 size	 of	 ~	 66	 nm	 determined	 by	 TEM	 (Figure	

5.2a-b,	S3).	From	XRD	analysis,	the	AuFe	nanoparticles	are	comprised	of	60	at%	Au	

and	 40	 at%	 Fe	 (Figure	 5.3)	 and	 are	 an	 alloy	 as	 determined	 from	 HAADF-STEM	

(Figure	 5.2c-d).	 The	 binary-phase	 diagram	 of	 AuFe	 further	 characterizes	 the	

nanoparticles	 to	 be	FCC	 alloys	 [141],	 [156].	 STEM-EDX	 shows	gold	 and	 iron	 atom	

are	dispersed	throughout	the	AuFe	nanoparticle	with	a	shell	comprising	of	a	larger	

percentage	of	iron	species	(Figure	5.4a-c).	

Carbon,	oxygen,	 iron	and	gold	were	all	detected	 to	be	on	 the	 surface	with	XPS	

(Figure	 5.4d	 below).	 Atomic	%	 ratios	 for	 elements	 are:	 27	 at%	 C1s:	 45	 at%	O1s:	

22at%	 Fe2p:	 6	 at	%	 Au4f	 -	 includes	 Au,	 Fe,	 and	 citrate	 stabilizer	 on	 the	 surface.	

Atomic	%	ratios	for	Au	&	Fe	elements	alone:	78	at%	Fe2p:	22	at	%	Au4f.	The	Fe2p	

3/2	BE	of	710.7	eV	indicates	the	iron	is	oxidized	in	the	2+	or	3+	oxidation	state	[157]	

and	corroborates	the	presence	of	the	Fe3O4	species	reported	to	be	on	the	surface	of	

the	AuFe	 alloy	 nanoparticles	 [145],	 [158],	 [159].	Metallic	 iron	would	 be	 indicated	

with	lower	intensity	peaks	at	around	707	eV	and	720	eV	[160].	The	Au4f	7/2	BE	of	

84.0	eV	indicated	the	gold	is	metallic	[157].		
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Figure	 5.2	 –	 TEM	 (a,b)	 and	 HAADF-STEM	 (c,d)	 of	 AuFe	 nanoparticles	 (scale	

bars	100	nm).		

	

a) b)

c) d)
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Figure	 5.3	 –	 XRD	 pattern	 of	 the	 AuFe	 nanoparticles	 with	 database	

identification	of	Au0.6	Fe0.4	alloy	(ICC	PDF	Card	#	04-055-6758),	synthesized	

Fe	(ICC	PDF	Card	#	04-008-1610),	and	pure	Au	(ICC	PDF	Card	#	04-020-3092)	

PXRD	patterns.		
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Figure	5.4	–	STEM-EDX	element	analysis	and	XPS	of	AuFe	alloy	nanoparticles.	

(a)	STEM	image	of	AuFe	alloy	nanoparticles,	(b)	STEM-EDX	elemental	map	of	

iron	(red)	and	gold	(blue),	(c)	Measured	x-ray	intensity	in	the	x-ray	spectrum	

from	 the	 selected	 rectangle	area	 shown	 in	 the	b	 for	 iron	 (red	 line)	and	gold	

(blue	line)	and	(d)XPS	of	the	surface	of	AuFe	nanoparticles.		

	

5.4.2. Magnetic	Properties		

The	AuFe	nanoparticles	display	ferromagnetic	behavior	(Figure	5.5),	considering	

their	magnetic	saturation	(Ms),	coercivity	(Hc)	and	magnetic	remanence	(Mr)	values	

(Table	5.1).	The	magnetic	saturation	of	the	AuFe	nanoparticles	is	~	40	emu/g	which	
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is	~5´	lower	than	that	of	bulk	iron	(i.e.,	~200	emu/g	[161])	due	to	the	diamagnetic	

contributions	of	the	gold	atoms	[162]	within	the	AuFe	alloy.	The	Mr/Ms	ratio	–	or	the	

extent	of	ferromagnetism	in	a	material	–	for	the	AuFe	nanoparticles	is	small	(~0.02)	

and	 akin	 to	 that	 of	 a	 soft	 ferromagnet	 like	 pure	 iron	 [120],	 [161].	 Although	 not	

superparamgnetic	(i.e.,	Hc	and	Mr	are	zero),	the	magnetic	remanence	and	coercivity	

values	 of	 the	AuFe	 nanoparticles	 (Mr	 =	 0.79	 emu/g,	Hc	 =	 30	Oe,	 respectively)	 are	

sufficiently	 small	 enough	 to	 allow	 for	 aggregation/disaggregation	 in	 the	

presence/absence	 of	 a	 magnetic	 field.	 From	 their	 magnetic	 properties,	 the	 AuFe	

nanoparticles	 can	 be	 facilely	 removed	with	 a	 permanent	magnet	 (Figure	 S4)	 and	

resuspended	in	solution	after	magnetic	capture.		
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Figure	5.5	–	Magnetization	(M)	vs.	Magnetic	Field	Strength	(H)	Curve	for	AuFe	

nanoparticles.	 Inset:	 Zoomed-in	 view	 of	 the	 M	 vs.	 H	 curve	 for	 the	 AuFe	

nanoparticles.		

	

Material Ms (emu/g-AuFe) Mr (emu/g) Mr/Ms Hc (Oe) 

AuFe NPs 39.9 0.79 0.02 30 

Table	5.1	–	Magnetic	Properties	of	AuFe	Nanoparticles.	

5.4.3. Assessing	the	Bulk	Heating	Properties	of	AuFe	nanoparticles		

For	multi-domain	magnetic	 nanoparticles,	 specific	 adsorption	 rates	 (SAR)	 –	 or	

heating	rates	–	can	be	characterized	by	hysteretic	heating.	Estimates	of	SAR	values	

can	 be	 calculated	 from	 the	 area	 within	 a	 nanoparticles’	 hysteresis	 loop	 using	

equations	5.3-5.5	where,	A	 is	 the	amount	of	heat	generated	by	 randomly	oriented	

magnetic	 nanoparticles	 as	 estimated	 by	 the	 Stoner-Wohlfarth	 model,	 H	 is	 the	

magnetic	field	strength,	 µ0	is	the	permeability	of	free	space,	and	f	is	the	frequency	of	

the	 magnetic	 field	 [41].	 Given	 their	 apparent	 hysteresis	 and	 non-zero	 extent	 of	

ferromagnetism	 (i.e.,	 Mr/Ms	 =	 0.02),	 the	 AuFe	 nanoparticles	 were	 presumed	 to	

generate	heat	via	the	hysteretic	heating	mechanism	(e.g.,	generating	heat	in	an	AMF	

via	 domain	 wall	 shifting).	 Therefore,	 equations	 5.3-5.4	 were	 used	 to	 determine	

calculated	 SAR	values	 for	AuFe	nanoparticles	 for	 various	 frequency	 (Table	 5.2).	 It	
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should	be	noted	here	however	that	calculated	SAR	values	are	typically	significantly	

higher	 than	measured	 SAR	 values	 due	 to	 optimized	 nanoparticle	 heating	 systems	

[41].	

T = 	U PQ7())V)
WXYZ[

\XYZ[
~	2PQ)=7�	

Equation	5.3	–	Heat	loss	from	hysteretic	heating.	

]T^ = 	T_	

Equation	5.4	–Specific	Adsorption	Rate.	

Measured	 SAR	 values	 of	 the	 AuFe	 nanoparticles	 were	 obtained	 via	 radio	

frequency	(RF)	heating	experiments	carried	out	in	a	very	similar	fashion	to	previous	

works	[124].	The	average	slope	of	the	temperature	vs.	time	profile	was	obtained	by	

using	a	 linear	 fit	of	 the	 temperature	profile	(Figure	S2).	The	measured	SAR	values	

were	quantified	with	Equation	1	and	compared	to	the	calculated	SAR	values	(Table	

5.2).	 As	 predicted,	 concentrated	AuFe	nanoparticles	 (i.e.,	 4	mg/mL)	 generate	 heat	

upon	 exposure	 to	 an	 alternating	 magnetic	 field	 (f	 =	 334.15	 kHz)	 and	 yield	 a	

measured	 SAR	 value	 of	 80.7	W/g	 of	 Fe.	 However,	 the	 heating	 response	 does	 not	

increase	with	increasing	frequency.	Upon	testing	the	heating	response	of	the	AuFe	

nanoparticles	at	different	frequencies	using	the	same	concentration	(4	mg/mL),	the	

largest	magnetic	nanoparticle	heating	response	–	or	critical	 frequency	[37]	for	our	
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system	 –	 emerged	 at	 the	 second	 highest	 frequency	 (334.15	 kHz;	 Table	 5.2)	

suggesting	that	the	AuFe	nanoparticles	do	not	generate	heat	via	hysteretic	heating	

which	holds	that	SAR	values	increase	with	frequency	(Eqn.	5.4).	

Frequency 

(kHz) 

Calc. SAR 

(W/g-Fe) 

Meas. SAR 

(W/g-Fe); 4 

mg/mL 

Meas. SAR 

(W/g-Fe); 2 

mg/mL 

Meas. SAR 

(W/g-Fe); 1 

mg/mL 

111.95 ~ 107 NS  NS 71.4 

334.15 ~ 320 80.7  NS NS  

476.30 ~ 456 NS NS NS 

*NS = No measurable SAR value due to lack of detectable bulk temperature increase  

Table	5.2	–	Calculated	and	Measured	SAR	values	for	AuFe	Nanoparticles	at	

varying	frequencies.	

Considering	 the	 non-magnetic	 nature	 of	 gold	 [162],	 the	 gold	 atoms	 do	 not	

contribute	 to	heating	 (Figure	S5).	Rather,	 it	 is	 the	 ferromagnetic	 iron	 components	

within	the	AuFe	alloy	that	distributes	heat	throughout	the	nanoparticle	structure	to	

the	 nanoparticle	 surface.	 The	 exact	 mechanism	 responsible	 for	 converting	 the	

electromagnetic	energy	from	the	alternating	magnetic	field	into	measurable	heat	is	

most	 likely	 Neel	 relaxations	 [37]	 –	 the	 rotation	 of	 the	 magnetic	 moment	 in	 the	

nanoparticle	–	given	the	small	size	of	the	iron	cores	within	the	AuFe	alloy	(i.e.,	 <	15	

nm)	and	the	non-viscous	nature	of	the	Au	atoms	around	the	iron	cores.		
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To	determine	the	effect	of	AuFe	nanoparticle	concentration	on	heating,	additional	

bulk	heating	experiments	were	conducted	with	different	concentrations	of	AuFe	at	

various	frequency	(Table	2).	Bulk	heating	(a	linear	increase	in	solution	temperature	

over	time)	was	not	observed	for	concentrations	below	4	mg/mL	at	 f	=	334.15	kHz	

indicating	 that	 the	 elevated	 temperatures	 generated	 at	 the	 surface	 of	 the	 AuFe	

particle	are	not	enough	collectively	to	affect	the	bulk	solution	temperature	for	low	

concentrations	(Figure	S1).	This	suggest	that	the	heating	effects	induced	by	a	334.15	

kHz	AMF	 for	 concentrations	 below	4	mg/mL	 are	 primarily	 discreet	 and	 localized,	

heating	 only	 the	 nanoparticle	 surface	 and	 the	 area	 immediately	 adjacent	 to	 its	

surface	 [153].	 On	 the	 hand,	 bulk	 heating	 was	 observed	 for	 the	 lowest	 AuFe	

nanoparticle	concentration	at	111.95	kHz	and	measured	SAR	values	were	obtained	

(Table	2).	This	suggests	that	discreet	localized	heating	is	a	function	of	frequency	in	

addition	 to	 nanoparticle	 concentration.	 Therefore,	 considering	 334.15	 kHz	

produced	bulk	fluid	heating	at	high	concentrations	and	discreet	localized	heating	a	

low	concentration,	all	future	experiments	were	conducted	at	334.15	kHz.		

5.4.4. p-Nitrophenol	Catalytic	Reduction	Experiments		

AuFe	 nanoparticles	 are	 catalytically	 active	 for	 p-nitrophenol	 achieving	 90%	

degradation	within	15	minutes	and	a	catalytic	activity	of	2,235	L	min-1	g	of	surface	

Au-1	(Figure	5.6;	Table	S1).	Compared	to	the	control	material,	AuFe	nanoparticle	are	

1.77´	more	active	than	Au	nanoparticles	presumably	due	to	the	enhanced	electron	

transfer	 between	 the	 Fe3O4	 and	 Au	 surface	 atoms	 previously	 reported.[163]	
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Catalytic	 p-nitrophenol	 reduction	 experiments	 were	 also	 conducted	 with	 Fe3O4	

nanopowder	 to	 determine	 the	 effect	 of	 oxidized	 iron	 (i.e.,	 2+	 &	 3+)	 Fe3O4	 surface	

species	in	the	reaction.	The	catalytic	activity	of	Fe3O4	under	comparable	conditions	

was	similar	to	previous	reports	[163],	[164]	and	no	p-nitrophenol	was	degraded	in	

the	 presence	 of	 Fe3O4	 under	 these	 conditions	 (Figure	 S6).	 Additionally,	 catalytic	

reduction	 experiments	 were	 conducted	 with	 nZVI	 nanoparticle	 under	 reaction	

relevant	conditions	(catalyst	loading	and	reaction	temperature).	As	found,	nZVI	was	

inactive	 for	 p-nitrophenol	 reduction	 (Figure	 S7)	 –	 showing	 surface	 gold	 to	 be	 the	

predominately	active	species	during	the	reaction.		

	

	

Figure	 5.6	 –	 (a)	 Catalytic	 reduction	 of	 p-nitrophenol	 over	 time	 for	 Au	

nanoparticles	 (Blue	 Diamonds	 6.8e-4	mg/mL)	 and	 AuFe	 nanoparticles	 (Red	

Squares;	5.3e-3	mg/mL)	and	(b)	Normalized	initial	reaction	rate	(kcat)	for	Au	

nanoparticles	 (Blue	 Diamonds	 6.8e-4	mg/mL)	 and	 AuFe	 nanoparticles	 (Red	

Squares;	5.3e-3	mg/mL).		
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Exposing	 AuFe	 nanoparticles	 to	 an	 AMF	 has	 dramatically	 increases	 their	

catalytic	activity	by	200%	(Table	S1;	Figure	5.7,	5.8a).	In	the	presence	of	an	AMF	the	

AuFe	nanoparticles	have	 a	 catalytic	 activity	 of	 4,448	L	min-1	 g	 of	 surface	Au-1	 and	

outperforms	 the	 control	material	 by	 3.52´	 reducing	more	 than	 90%	 of	 the	 initial	

concentration	 of	 p-nitrophenol	 in	 the	 solution	 (Figure	 5.7).	 The	 enhanced	

performance	of	AuFe	nanoparticles	in	the	presence	of	an	AMF	can	be	attributed	to	

the	 discreet	 heating	 at	 the	 surface	 of	 the	 nanoparticle	 and	 not	 bulk	 heating	

considering	the	low	AuFe	nanoparticle	concentrations	used	in	the	experiment	(i.e.,	

5.3e-3	mg/L).		

The	 catalytic	 activity	 of	 the	 comparison	 material	 of	 Au	 nanoparticles	 did	 not	

change	 upon	 exposure	 to	 the	 AMF	 (Table	 S1;	 Figure	 5.7,	 5.8b).	 Considering	 Au	

nanoparticles	 do	 not	 generate	 heat	 within	 an	 AMF	 we	 are	 confident	 that	 the	

presence	of	an	AMF	alone	does	not	increase	catalytic	activity.	
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Figure	 5.7	 –	 Normalized	 initial	 reaction	 rate	 constants	 for	 p-nitrophenol	

reduction	with	AuFe	nanoparticles	with	RF	(dotted	red;	5.3e-3	mg/mL),	AuFe	

nanoparticles	without	 RF	 (solid	 red;	 5.3e-3	mg/mL),	 3-nm	Au	 nanoparticles	

with	RF	(dotted	blue;	6.8e-4	mg/mL),		Au	nanoparticles	without	RF	(solid	blue;	

6.8e-4	mg/mL).		
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Figure	 5.8	 –	 Catalytic	 reduction	 of	 p-nitrophenol	 over	 time	 for:	 (a)	 Au	

nanoparticles	without	RF	(filled	blue	diamonds)	vs.	Au	nanoparticles	with	RF	

(empty	 blue	 diamonds;	 6.8e-4	 mg/mL),	 (d)	 AuFe	 nanoparticles	 without	 RF	

(filled	red	squares;	5.3e-3	mg/mL)	vs.	AuFe	nanoparticles	with	RF	(empty	red	

squares;	5.3e-3	mg/mL).		

	

5.4.5. p-Nitrophenol	Arrhenius	Plot	to	determine	surface	temperature	

The	 surface	 temperature	 of	 the	 AuFe	 nanoparticles	 during	 the	 AMF	 enhanced	

reaction	was	determined	from	an	Arrhenius	plot	generated	from	initial	reaction	rate	

constant	(kcat)	and	initial	reaction	rate	(kobs)	values	obtained	via	bulk	conventional	

heating	controls	(Figures	S8,	5.9).	The	surface	temperature	of	the	AuFe	nanoparticle	

during	the	AMF	enhanced	reaction	was	found	to	be	~27	°C	–	an	 increase	of	~4	°C	

from	 the	 initial	 solution	 temperature	 (i.e.,	 23	 °C).	 The	 activation	 energy	 and	 pre-

exponential	 factors	 for	 catalytic	 p-nitrophenol	 reduction	 by	 Au	 and	 AuFe	

nanoparticles	 were	 also	 determined	 from	 with	 Equation	 5.6	 where	 A	 is	 the	 pre-

exponential	factor,	Ea	is	the	energy	of	activation,	R	is	the	gas	constant	(8.31	J	mol-1K-

1),	and	T	is	the	temperature	(K).		

ln(#9;w�.) = 6.T −	1sZ
ºf
4		

Equation	5.5	–	Linearized	Arrhenius	Equation.	
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The	 calculated	 energy	 of	 activation	 values	 for	 the	 Au	 and	 AuFe	 are	 similar	 to	

those	 reported	 previously	 in	 literature	 for	 gold	 (e.g.,	 12.7	 kJ/mol)	 and	 bimetallic	

systems	 including	 Au-Fe3O4	 systems	 (e.g.,	 20-40	 kJ/mol)	 [154],	 [163].	 The	

monometallic	Au	nanoparticles	 had	 an	 activation	 energy	 of	 12.9	 kJ/mol	while	 the	

energy	 of	 activation	 for	 the	 bimetallic	 AuFe	 nanoparticles	 was	 found	 to	 be	 30.8	

kJ/mol	 –more	 than	 2´	 that	 of	 Au.	 The	 larger	 energy	 of	 activation	 of	 the	 AuFe	

nanoparticles	 suggests	 that	 the	 surface	 reaction	 of	 p-nitrophenol	 reduction	 is	

noticeably	 more	 sensitive	 to	 temperature	 increases	 than	 monometallic	 Au	

nanoparticles	 (Figure	 5.9).	 Such	 temperature	 sensitivity	 explains	 the	 marked	

increase	in	kcat	 for	the	AuFe	nanoparticles	upon	AMF	induced	nanoparticle	surface	

heating.	

	

Figure	 5.9	 –	 Arrhenius	 plot	 of	 (a)	 the	 initial	 reaction	 rate	 constant	 vs	

temperature	 for	 the	 conventional	 bulk	 heating	 controls	 of	 Au	 nanoparticles	

(blue	 triangles;	 6.8e-4	mg/mL)	 and	AuFe	 nanoparticles	 (red	 squares;	 5.3e-3	

mg/mL)	 as	 compared	 to	 the	 initial	 reaction	 rate	 constant	 obtained	 for	 the	
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AuFe	w/	RF	(gold	star)	and	(b)	the	initial	reaction	rate	vs	temperature	for	the	

conventional	bulk	heating	controls	of	Au	nanoparticles	(blue	triangles;	6.8e-4	

mg/mL)	and	AuFe	nanoparticles	(red	squares;	5.3e-3	mg/mL).	Temperatures	

tested:	 20	 °C,	 40	 °C,	 60	 °C.	 Extracted	 energy	 of	 activation	 values	 for	 Au	 and	

AuFe	nanoparticles	are	12.9	kJ/mol	and	30.8	kJ/mol,	respectively,	using	8.31	J	

mol-1K-1	as	the	gas	constant.		

5.5. Conclusions	

AuFe	nanoparticles	in	the	presence	of	an	AMF	catalytically	reduce	p-nitrophenol	

–	a	model	polar	pharmaceutical	compound	used	as	a	probe	reaction	to	demonstrate	

the	 benefit	 of	 using	 magnetic	 nanoparticle	 heating	 for	 water	 remediation	

applications.	 We	 found	 magnetically	 sensitive	 AuFe	 nanoparticles,	 are	 more	

effective	 than	 non-magnetic	 nanoparticles	 when	 exposed	 to	 alternating	 magnetic	

field	(AMF)	due	to	localized	surface	heating.	AuFe	nanoparticles	exposed	to	an	AMF	

were	~2´	more	active	than	AuFe	nanoparticles	not	exposed	to	an	AMF.	The	reaction	

temperature	 (23	 ±	 0.1	 °C)	 remained	 unchanged	 during	 AMF	 exposure	 indicating	

discreet	surface	heating	effects.		
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Chapter 6 

Summary and Future Works 

6.1. Thesis	Summary	

As	 pointed	 out	 in	 Chapter	 1,	 magnetic	 nanotechnology	 can	 help	 address	 the	

current	issues	within	the	global	water	sector,	enhance	the	cost	efficiency	of	current	

water	treatment	systems	and	potentially	reduce	the	footprint	and	boost	treatment	

efficiency	 [5].	 	 Chapter	 2	 shed	 light	 on	 the	 chemical	 integrity	 of	 iron-based	

materials	 in	 simulated	 drinking	water	 and	 introduced	 Fe3C@C	 as	 a	magnet-based	

adsorbent	 capable	 for	 removing	 organics	 and	 oxo-anions	 for	 water	 treatment.	

Chapter	 3	 presented	 an	 optimized	 permanent	 magnetic	 nanoparticle	 recovery	

device	 (i.e.,	 the	MagNERD)	 that	was	 developed	 and	 operated	 to	 separate,	 capture	

and	 reuse	 superparamagnetic	 Fe3O4	 nanopowder	 from	 treated	 water	 under	

continuous	flow	conditions.	Chapter	4	explored	the	use	of	nano-magnetism	for	the	

purposes	 other	 than	 magnetic	 removal	 and	 introduces	 fundamental	 knowledge	

concerning	 the	 structure	 property	 relationship	 between	 nano-hematite	 –	 a	
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classically	 non-magnetic	 material	 –	 and	 magnetic	 nanoparticle	 heating.	 Lastly,	

Chapter	5	demonstrated	the	benefits	of	magnetic	nanoparticle	heating	for	catalytic	

reactions	pertinent	to	water	remediation	using	green	chemistry	concepts.		

6.2. Recommended	Future	Works		

In	Chapter	2,	 I	 demonstrated	 the	 chemical	 stability	 of	 iron-based	materials	 in	

simulated	 drinking	 water	 and	 introduced	 Fe3C@C	 as	 an	 alternative	 magnetic	

adsorbent	 that	 can	 successfully	 remove	 organics	 and	 oxo-anions.	 In	 the	 future,	

studies	 might	 investigate	 the	 regeneration	 and	 reusability	 of	 Fe3C@C	 as	 an	

adsorbent	by	monitoring	contaminant	desorption	via	a	chemical	washing	step.	For	

example,	 to	 remove	 adsorbed	 arsenic	 species	 from	 Fe3O4,	 the	 magnetic	 nano-

adsorbents	 can	 be	 repeatedly	 washed	 with	 NaOH	 solutions	 [165].	 Alternatively,	

studies	 could	be	 conducted	 that	 explore	 regenerating	Fe3C@C	as	 an	 adsorbent	 by	

enhancing	desorption	via	magnetic	nanoparticle	heating	[166]	considering	Fe3C@C	

is	susceptible	to	magnetic	nanoparticle	heating	(Figure	6.1d).		
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Figure	6.1–	TEM	of	(a)	Untreated	(“Nano-Sphere”)	Fe3C@C	nanopowder	(scale	

bar	100	nm),	(b)	HCl-treated	(“Nano-Jax”)	Fe3C@C	nanopowder	(scale	bar	200	

nm),	(c)	magnetization	curves	for	Fe3C@C	Nano-Jax	(blue)	and	Fe3C@C	Nano-

Spheres	(orange)	nanopowder	at	300	K	from	-50	kOe	to	-50	kOe	(inset:	

zoomed	in	view	of	the	magnetization	Curves	for	Fe3C@C	nanopowder),	(d)	SAR	

values	for	Fe3C@C	Nano-spheres	and	Fe3C@C	Nano-Jax	at	4	mg/mL	(green),		2	

mg/mL	(blue),	and	1	mg/mL	(yellow).	
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In	 Chapter	 3	 I	 optimize	 the	 large-scale	 removal	 of	 Fe3O4	 magnetic	 nano-

adsorbents	 from	 treated	 simulated	 drinking	 water	 under	 continuous	 flow	

conditions	using	a	permanent	magnetic	 recovery	device	–	 the	MagNERD.	To	build	

upon	this	study,	 future	works	can	 focus	on	optimizing	the	MagNERD	for	 flowrates	

that	exceed	1	L/min	to	make	the	device	more	suitable	for	industrialized	large-scale	

applications.	 Future	 studies	 can	 focus	 on	 quantifying	 the	 percent	 removal	 of	

magnetic	nanoparticles	from	treated	simulated	waters	(e.g.,	waters	akin	to	brackish	

groundwater,	drinking	water,	or	wastewater)	using	the	MagNERD	at	targeted	test-

bed	or	pilot	scale	regulated	flow	rates	(e.g.,	 ³	1	gal/min)	[167].		

Regarding	 magnetic	 nanomaterials	 as	 catalysts,	 I	 examine	 the	 role	 of	 nano-

magnetism	 in	magnetic	nanoparticle	heating	using	nano-hematite	 and	explore	 the	

use	of	magnetic	nanoparticle	heating	to	enhance	water	remediation-based	catalysis	

with	 AuFe	 catalysts.	 In	 Chapter	 4,	 I	 prove	 that	 increasing	 the	 anisotropy	 of	 a	

material	 by	 elongating	 its	 shape	has	 a	dramatic	 increase	on	 the	 rates	 of	magnetic	

nanoparticle	heating.	Based	off	of	this	study,	 future	works	could	focus	on	applying	

these	 principles	 to	 other	 traditionally	 non-magnetic	 environmentally	 benign	

nanomaterials	 (e.g.,	  a-Fe2O3)	 to	 produce	 a	 wider	 variety	 of	 green	 catalysts	

applicable	 for	 magnetically	 enhanced	 catalysis	 and/or	 more	 viable	 for	 magnetic	

separation	schemes	from	treated	waters.	

	To	 build	 off	 the	work	 conducted	 in	Chapter	 4,	 I	 demonstrate	 the	 benefits	 of	

using	 magnetic	 nanoparticle	 heating	 to	 assist	 gold-based	 catalysis	 with	 AuFe	

nanoparticles	in	Chapter	5.	Future	works	can	investigate	targeting	other	oxo-anions	
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(e.g.,	 chromate	 [168])	 that	 necessitate	 elevated	 temperatures	 to	 reduce	 with	

magnetic	 nano-catalysts	 like	 AuFe.	 To	 achieve	 such	 aim,	 future	 studies	 might	

explore	increasing	the	amount	of	heat	produce	by	AuFe	nanoparticles	by	elongating	

the	spherical	structure	into	rods.	Alternatively,	studies	could	focus	on	immobilizing	

precious	metal	 catalysts	 onto	 the	 surface	 of	 the	 Fe3C@C	 via	methods	 outlined	 by	

Stark	 and	 co-workers	 [68],	 [169].	 Given	 its	 protective	 carbon	 coating	 and	 higher	

magnetic	saturation	Fe3C@C	can	serve	as	a	powerful	green	nano-catalyst	and	nano-

heater	 which	 readily	 employs	 the	 “bait-hook-and-destroy”	 strategy	 to	 degrade	

persistent	and	emerging	organic	contaminants	[170].		
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Appendix A 

Supplemental	 information	 for	 Chapter	 2	 –	Magnetically	 recoverable	 carbon-

coated	iron	carbide	for	arsenic	adsorptive	removal:	

Table S1: Descriptions of the Fe3C@C and the Fe3O4 nanopowders as reported by the 

supplier 

Nanopowders 
Commercial 

Names 

Grain Size 

(nm) 
Purity Company 

Fe3O4 
Iron (II, III) 

Nanopowder 
< 50 98% Sigma Aldrich 

Fe3C@C 
Fe (Carbon 

Coated) 
25 

99.6% (metal 

basis, O < 10%) 

Nanostructured & 

Amorphous 

Materials Inc. 
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Figure	S1:	Calibration	curve	of	dissolved	iron	concentration	in	ppm	vs.	absorbance	

measured	at	510	nm	via	UV-vis	spectroscopy	in	accordance	with	the	NEMI	3500	Fe-

B	standard.	

	

Figure	S2:	TEM	images	of	(a)	c-Fe3O4	and	(b)	c-Fe3O4@SiO2	
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Figure	S3:	TEM	images	of	Fe3C@C.	

	

Figure	 S4:	 Graph	 of	 the	 zeta	 potential	 (mV)	 vs.	 solution	 pH	 for	 the	 Fe3C@C	

nanopowder.	As	shown,	the	isoelectric	point	of	the	Fe3C@C	nanopowder	in	DI	water	

occurs	at	a	pH	of	~	4.2.	
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Table S1: Magnetic saturation for the Fe3C@C and the Fe3O4 nanopowders after 2.5 

months of agitation at 25 °C in DI water. 

Powders 
Ms (emu/g) 

Time < 0 days (Dry) 

Ms (emu/g) 

Time = 1 month 

Fe3O4 77.1 79.1 

Fe3C@C 138.2 125.6 

	

Table S2: Magnetic saturation for the Fe3C@C and the Fe3O4 nanopowders after 2.5 

months of agitation at 25 °C in simulated drinking water; TDS: 478 mg/L, Ionic strength: 

8.5 mM, pH ~7.5 

Powders 
Ms (emu/g) 

Time < 0 days (Dry) 

Ms (emu/g) 

Time = 1 month 

Fe3O4 77.1 81.2 

Fe3C@C 138.2 170.1 

* The magnetic saturation values are taken at 10kOe or 1 Tesla. At this magnetic field 

value, the magnetic nanopowders have reached magnetic saturation. 
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Supplemental	 information	 for	 Chapter	 3	 -	 Magnetic	 Nanoparticle	 Recovery	

Device	(MagNERD)	Enables	Application	of	Iron	Oxide	Nanoparticles	for	Water	

Treatment:	

	

Fig.	 S1:	 The	 entire	 magnetic	 recovery	 system.	 From	 left	 to	 right:	 a	 mechanical	

stirrer,	the	nanopowder	solution,	a	peristaltic	pump,	the	MagNERD,	and	the	effluent	

collector.	

Magnetic Capturing Unit (MagNERD) Set Up: 

The MagNERD was model as a flow reactor with a porous matrix. The porous matrix 

was defined as the stainless-steel wool inside of the MagNERD. The permeability and 

porosity of the MagNERD were calculated to be 0.0305 m2 and 0.998, respectively, using 

Eqns. S4-S9.[171],[172] The maximum amount of wool that could physically fit inside of 

the 1.11 L MagNERD (~ 20 g) was taken to be the mass of the stainless-steel wool 

porous matrix “pellet” and the density of the “pellet” was taken to be the density of the 

434 stainless-steel wool (e.g. 7.74 g/cm3).  
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The inlet and outlet channels of the reactor have free flowing fluid and are described 

by the traditional Navier-Stokes equation. The highest target flow rate  (e.g. 1 L/min) has 

a Reynolds number of ~469 – Eqns. S10-S11  – and is well below that for turbulent flow 

regimes (Re > 1500).[171] All simulations were run under laminar flow conditions and 

turbulent flow conditions were deemed beyond the scope of this project. The magnetic 

fingers of the MagNERD are depicted as circles in Figure 6 with the x and y axes 

denoting the length (11 in or 0.3 m) and width (5.5 in or 0.14 m) of the MagNERD.  

 

Equations S1 – S11: 

Ω æø
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Fig.	 S2:	 Calibration	 curve	 for	 Fe3O4	 nanopowder	 concentration	 (ppm)	 vs.	 UV-Vis	

Abs.	@	365	nm.	
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Fig.	 S3:	Fe3O4	nanopowder	(A)	 capture	efficiency	 for	 a	horizontal	multi-pass	 flow	

system	with	SSW	operating	a	 flowrate	of	1	L/min	over	 time	and	(B)	 nanopowder	

concentration	over	time;	1st	pass	(Blue	Diamonds)	and	2nd	pass	(Yellow	Triangles).	

	

Figure	S4:	Magnetization	curves	for	Fe3O4	nanopowder	measured	at	300	K	from	-10	

kOe	 to	10	kOe;	 Inset	 top	 left:	Zoomed	 in	view	of	 the	magnetization	curves	 for	 the	

nanopowders	at	300	K	from	-1	kOe	to	1	kOe.		

Table S4: Characterization of the magnetic nanopowder 

Magnetic 
Nanopowders dXRD (nm) 

Magnetic 
Saturation 
(emu/g) 

Magnetic 
Remanence 

 (emu/g) 
Mr/Ms Coercivity 

 (Oe) 

Fe3O4 11.0 49.4 0.14 0.003 ~0.0 
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Supplemental	information	for	Chapter	4	–	Hematite	Nanorods	Are	Effective	for	

Radiofrequency	(RF)	Magnetic	Heating:	

Particle	Characterization:		

The	five	α-Fe2O3	particle	materials	had	crystal	lattice	spacings	which	correspond	

well	with	literature	[78].	2θ	of	24.2°,	33.2°,	35.6°,	40.9°,	and	49.4°	corresponding	to	

α-Fe2O3,	 are	 shown	 in	 the	 XRD	 patterns	 in	 Figure	 S1.	 All	 samples	 are	 highly	

crystalline	with	 the	 exception	of	 the	hematite	 nanosheets.	 SEM	verified	 the	 shape	

and	size	of	each	sample	(Figure	S2).		

	

	

Figure	 S1:	 XRD	 spectra	 for	 the	 hematite	 nanorods	 (Grey),	 nanosheets	 (Green),	
nanodiamonds	 (Yellow),	 nanospheres	 (Blue),	 and	 rugby	 balls	 (Red)	 shaped	
particles.		
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Figure	S2:	SEM	of	the	α-Fe2O3	(A)	rugby	balls,	(B)	nanospheres,	(C)	nanodiamonds,	
(D)	nanorods,	and	(E)	nanosheets	particles.		

	

ZFC	and	FC	curves:	

Zero-field	 cooling	 (ZFC)	 and	 field	 cooling	 (FC)	 curves	were	 collected	 at	 100	Oe	

from	6	K	to	300	K	for	all	the	nano-sized	hematite	samples	(Figure	S3).	ZFC	and	FC	

curves	were	not	collected	for	the	rugby	balls	since	they	were	magnetically	similar	to	

bulk	hematite.	In	Figure	S3D,	the	ZFC	and	FC	curves	for	the	nanospheres	mimicked	

those	of	bulk	hematite;	they	showed	irreversibility	at	temperatures	higher	than	300	

K	(i.e.,	the	curves	do	not	overlap)	due	to	particle-particle	interactions	[173].	The	ZFC	

and	FC	curves	of	the	nanodiamonds	and	the	nanorods	(Figure	S3C,S3A)	also	did	not	

overlap,	 and	 they	converged	at	 room	temperature	 (i.e.,	 irreversibility	 temperature	

at	 ~300	 K;	Table	 S1).	 On	 the	 other	 hand,	 the	 nanosheets	 show	 an	 irreversibility	
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temperature	of	229	K	(Figure	S3B).	The	 larger	 irreversibility	 temperatures	of	 the	

nanosheets	 and	 nanorods,	 as	 compared	 to	 the	 other	 nanoparticles,	 indicated	

contributions	 of	 crystalline	 and	 shape	 anisotropy	 on	 their	 magnetic	 properties	

[174].	

	

The	Morin	 transition	 (Tm)	 –	 the	 temperature	where	 the	magnetic	properties	 of	

hematite	 transition	 from	weakly	 ferromagnetic	 to	antiferromagnetic	–	occurred	at	

198	 K	 and	 209	 K	 for	 the	 nanospheres	 and	 nanodiamonds	 (Figures	 S3C,D),	

respectively,	 indicating	 their	 weakly	 ferromagnetic	 nature	 at	 room	 temperature.	

Both	Morin	 transition	 temperatures	 are	 less	 than	 that	 of	 bulk	hematite	 (~263	K),	

caused	 by	 the	 small	 particle	 sizes	 of	 the	 nanospheres	 and	 nanodiamonds	 [113],	

[121],	 [175],	 [176].	Comparatively,	 the	nanosheets	and	nanorods	did	not	display	a	

Morin	transition	since	both	samples	have	particles	with	sizes	of	20	nm	or	less	[176].		

	

The	nanodiamonds	had	a	blocking	temperature	(below	which	the	nanoparticles	

ceased	 to	 be	 superparamagnetic)	 of	~57	K	 (Figure	 S3C).	 This	material	 showed	 a	

paramagnetic	Curie	tail	that	suggests	spin	glass	behaviour	at	temperatures	below	50	

K	 [58],	 [175],	 [177].	 The	 nanosheets	 and	 nanorods	 had	 blocking	 temperatures	

measured	 at	 201	 K	 and	 ~95	 K,	 respectively,	 consistent	 with	 their	

superparamagnetic-like	behaviour.		
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Figure	S3:	ZFC	and	FC	curves	at	100	Oe	from	6K	to	300	K	displaying	the	Blocking	
Temperature	 (Tb),	 Irreversibility	 Temperature	 (Ti),	 and	 the	 Morin	 Temperature	
(Tm)	for	the:	(A)	nanorods,	(B)	nanosheets,	(C)	nanodiamonds,	(D)	nanospheres.	

	

Table S1: ZFC and FC Curve related properties  

Sample Blocking  
Temperature (Tb) 

Irreversibility 
Temperature (Ti) 

Morin  
Temperature (Tm) 

nanorods 95 K ~300 K - 
nanosheets 201 K 229 - 

nanodiamonds 57 K ~300 K ~ 209 K 
nanospheres - >300 K ~ 198 K 
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Table S2: Crystallinity of the Hematite Particles 
Sample Crystallinity 

nanorods Polycrystalline [123] 
nanosheets Polycrystalline [123] 

nanodiamonds Single crystal [122] 
nanosphere Polycrystalline [122] 
rugby balls Polycrystalline [122] 

 
 

 
 

Figure S4: Magnetization curves at 300K from 0 kOe to 50 kOe for the hematite 
nanorods (grey squares), nanosheets (green asterisks), nanodiamonds (yellow diamonds), 
nanospheres (blue spheres), and rugby balls (red triangles) shaped particles.  
	

	

	

	

0

1

2

3

4

5

0 20 40

M
ag

ne
tiz

at
io

n 
(e

m
u/

g)

Magnetic Field (kOe)

nanorods

nanosheets

nanodiamonds

nanospheres

rugby balls



	 181	
	

Supplemental	 information	 for	 Chapter	 5	 –	 Magnetically	 driven	 Catalysis	 of	

Gold-iron	Nanoparticles	for	Water	Treatment:	

	

Figure	 S1:	 Temperature	 profiles	 of	 AuFe	 nanoparticles	 at	 varying	 concentrations	

and	frequencies:	(a-b)	4	mg/mL	of	AuFe	at	111.95	kHz	(grey	diamonds),	334.15	kHz	

(orange	squares),	and	467.30	kHz	(yellow	circles);	(c)	2	mg/mL	of	AuFe	at	111.95	

kHz	(grey	diamonds),	334.15	kHz	(orange	squares),	and	467.30	kHz	(yellow	circles);	

(d)	1	mg/mL	of	AuFe	at	111.95	kHz	(grey	diamonds),	334.15	kHz	(orange	squares),	

and	467.30	kHz	(yellow	circles).	

	

	

y = 0.0187x - 0.0867
R² = 0.9945

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

1.3

0 20 40 60 80

ΔT

Time (sec)

111.95 kHz; 4 mg/mL
334.15 kHz; 4 mg/mL
476.30 kHz; 4 mg/mL

-0.1
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1

0 20 40 60 80

ΔT

Time (sec)

111.95 kHz; 4 mg/mL
334.15 kHz; 4mg/mL
476.30 kHz; 4 mg/mL

-0.1
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1

0 20 40 60 80

ΔT

Time (sec)

111.95 kHz; 2 mg/mL
334.15 kHz; 2 mg/mL
476.30 kHz; 2 mg/mL

-0.1
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1

0 20 40 60 80

ΔT

Time (sec)

111.95 kHz; 1 mg/mL
334.15 kHz; 1 mg/mL
476.30 kHz; 1 mg/mL

a)

c) d)

b)



	 182	
	

	

Figure	S2:	Calibration	curves	of	p-Nitrophenol	concentration	in	ppm	vs.	absorbance	

measured	at	400	nm	via	UV-vis	spectroscopy.	

	

	

Figure	S3:	Particle	size	distribution	with	a	Gaussian	fit	as	determined	by	TEM.		

Conc. = 7.3864*Abs - 0.0224
R² = 0.9997

0

2

4

6

8

10

12

14

16

0 0.5 1 1.5 2

p-
Ni

tro
ph

en
ol

 C
on

c.
 (p

pm
)

Abs @ 400 nm

0

5

10

15

20

25

30

35

40

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

Fr
eq

ue
nc

y

Nanoparticle Size (nm)



	 183	
	

	

Figure	S4:	4	mg/mL	of	AuFe	nanoparticles	 in	(a)	the	absence	of	a	magnet	and	(b)	

the	presence	of	a	magnet.	

	

	

Figure	S5:	Temperature	profile	of	0.01	mg/mL	Au	nanoparticles	(the	concentrated	

stock	solution)	at	334.15	kHz.	
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Table S1: catalytic reduction of p-nitrophenol with Au nanoparticles and AuFe 

nanoparticles 

Sample 
% Au Surface 

Atoms 

kmeas.  

(min-1) 

kcat.  

(L min-1 g of surface Au-1) 

AuFe NPs w/ RF 0.79* 0.140 4,448 ± 311.4 

AuFe NPs w/o RF 0.79* 0.070 2,235 ± 312.8 

Au NPs w/ RF 27.6** 0.298 1,255 ± 138.1 

Au NPs w/o RF 27.6** 0.299 1,265 ± 101.2 

*surface	atom	%	was	determined	from	a	spherical	nanoparticle	model	

**surface	atom	%	was	determined	from	the	magic	cluster	model	

	

	

Figure	 S6:	 Conventional	 bulk	 heating	 controls	 with	 Fe3O4	 nanoparticles	 (7.5e-3	

mg/mL)	at	20	C,	40	C,	and	60	C	(a-c)	demonstrating	that	Fe3O4	 is	not	active	for	p-

nitrophenol	even	at	elevated	temperatures.	
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Figure	 S7:	 Conventional	 bulk	 heating	 controls	 with	 nZVI	 nanoparticles	 (5.3e.3	

mg/mL)	 at	 20	 C	 and	 30	 C	 (a-b)	 demonstrating	 that	 nZVI	 is	 not	 active	 for	 p-

nitrophenol	at	reaction	relevant	temperatures.		

	

	

Figure	S8:	Conventional	bulk	heating	controls	with	AuFe	nanoparticles	at	20	C,	40	

C,	and	60	C	(a-c)	and	Au	nanoparticles	at	20	C,	40	C,	and	60	C	(d-f).	Initial	reaction	

rates	were	 calculated	using	data	points	 gathered	within	 the	 first	3	minutes	of	 the	

reaction	(circled).		
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