
1	Introduction
Olivine,	(Mg,Fe,Mn,Ca)2SiO4,	is	a	family	of	orthosilicate	minerals	with	a	relatively	simple	structure	(silicate	tetrahedra	linked	to	magnesium	octahedra	through	oxygen	bonds).	It	is	one	of	the	most	abundant

minerals	in	the	Earth,	comprising	much	of	the	mantle	and	oceanic	crust,	and	is	also	abundant	in	many	terrestrial	environments,	such	as	the	Columbia	River	basalts	and	the	New	York	Palisades.	It	is	also	common	in

extraterrestrial	environments	such	as	the	surface	and	mantle	of	the	Moon	and	Mars,	asteroids	(e.g.	Vesta),	and	a	variety	of	other	extraterrestrial	materials	such	as	meteorites	and	interplanetary	dust	particles	(IDPs)

[1–3].	In	addition,	its	refractory	nature	and	insulating	properties	make	it	a	useful	ceramic	material	as	well (please	remove	the	words	as	well	-	not	needed	since	the	sentence	begins	with	In	addition)	[4].

While	less	abundant,	pyroxenes	also	play	an	important	role	in	many	geological	and	extraterrestrial	environments.	For	example,	the	presence	of	clino-	and	orthopyroxenes	in	metamorphosed	mafic	rocks	defines

the	granulite	facies	[5–7],	they	are	common	components	in	a	wide	variety	of	igneous	rocks	[8],	and	pigeonites	were	found	to	be	important	components	of	lunar	samples	[9].	Pyroxene	compositions	have	also	been	used

for	the	fabrication	of	glass-ceramics	[10–13],	and	phosphors	[14].	The	pyroxene	structure	is	more	polymerized	than	that	of	the	olivines,	as	it	is	a	single-chain	silicate	with	two	octahedral	sites	located	between	the

chains.	While	 the	range	of	solid-solutions	defined	by	potential	and	known	end-member	phases	 is	much	 larger	 in	 the	pyroxenes	 than	 in	olivines,	 the	enstatite	 (MgSiO3)	–	 ferrosilite	 (FeSiO3)	 join	 is	 compositionally

Nano-scale	synthesis	of	the	complex	silicate	minerals	forsterite	and	enstatite☆

Lawrence	M.	Anovitza,	⁎

anovitzlm@ornl.gov

Adam	J.	Rondinoneb

Lindsay	Sochalski-Kolbusc

Jörgen	Rosenqvista,	1

Michael	C.	Cheshirea

aChemical	Sciences	Division,	MS	6110,	P.O.	Box	2008,	Bldg.	4100,	Oak	Ridge	National	Laboratory,	Oak	Ridge,	TN	37831-6110,	USA

bCenter	for	Nanophase	Materials	Science	Division,	MS	6494,	P.O.	Box	2008,	Bldg.	8610,	Oak	Ridge	National	Laboratory,	Oak	Ridge,	TN	37831-6494,	USA

cChemical	and	Engineering	Materials	Division,	MS	6454,	P.O.	Box	2008,	Bldg.	8600,	Oak	Ridge	National	Laboratory,	Oak	Ridge,	TN	37831-6454,	USA

⁎Corresponding	author	at:	Chemical	Sciences	Division,	One	Bethel	Valley	Rd.,	P.O.	Box	2008,	MS	6110,	Oak	Ridge	National	Laboratory,	Oak	Ridge,	TN	37831-6110,	USA.

1Present	address:	Department	of	Chemistry	and	Molecular	Biology,	University	of	Gothenburg,	SE-412	96	Gothenburg,	Sweden.

Abstract

Olivine	 is	a	relatively	common	family	of	silicate	minerals	 in	many	terrestrial	and	extraterrestrial	environments,	and	 is	also	useful	as	a	refractory	ceramic.	A	capability	 to	synthesize	 fine	particles	of

olivine	will	enable	additional	studies	on	surface	reactivity	under	geologically	relevant	conditions.	This	paper	presents	a	method	for	the	synthesis	of	nanocrystalline	samples	of	the	magnesium	end-member,

forsterite	 (Mg2SiO4)	 in	 relatively	 large	batches	 (15–20	g)	using	 a	 sol-gel/surfactant	 approach.	Magnesium	methoxide	 and	 tetraethylorthosilicate	 (TEOS)	 are	 refluxed	 in	 a	 toluene/methanol	mixture	using

dodecylamine	as	a	surfactant	and	tert-butyl	amine	and	water	as	hydrolysis	agents.	This	material	is	then	cleaned	and	dried,	and	fired	at	800	°C.	Post-firing	reaction	in	hydrogen	peroxide	was	used	to	remove

residual	organic	surfactant.	X-ray	diffraction	showed	that	a	pure	material	resulted,	with	a	BET	surface	area	of	up	to	76.6	m2/g.	The	results	of	a	preliminary	attempt	to	use	this	approach	to	synthesize	nano-

scale	orthopyroxene	(MgSiO3)	are	also	reported.
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analogous	to	that	of	the	common	olivine	join	forsterite	(Mg2SiO4)	–	fayalite	(Fe2SiO4).

Recently	 the	 potential	 significance	 of	 forsterite	 (and	 pyroxene)	 for	 our	 understanding	 of	 Earth’s	 history	 has	 increased	 significantly	 with	 the	 publication	 of	 a	 theory	 [15–18]	 that	 proposed	 that	 water

incorporation	occurred	by	means	of	adsorption	of	water	on	dust	particles,	beginning	at	stage	one	of	planet	formation	when	dust	and	water	gas	were	still	present	in	the	accretion	disk.	Astronomical	observations	show

that	dust	clouds	consist	of	Mg-rich	olivine	(Mg2SiO4,	forsterite),	pyroxenes	and	other	refractory	minerals	with	radii	<	1	μm2 (please	remove	the	superscript	here	-	a	radius	is	a	linear	measure).	Several	authors	[19–21]	suggest	that	these	refractory

minerals	should	coalesce	during	stage	1	of	planet	formation	by	means	of	low-velocity	impacts	creating	low-density,	irregularly	shaped	fractal	structures.	Stimpfl	et	al.	[16–18]	suggested	that	the	concomitant	presence

of	small	fractal	particulates	with	high	surface	area	and	water	gas	in	an	environment	of	low-energy	impacts	could	lead	to	adsorption	of	1	and	3	times	the	volume	of	the	Earth’s	oceans	onto	the	dust	that	eventually

accreted	to	form	our	planet.

The	influence	of	water	in	geochemical	processes	under	nearly	all	conditions	has	been,	and	remains,	one	of	the	most	important	issues	in	geochemistry.	Water	is	the	ultimate	arbiter	of	weathering,	and	plays	an

important	role	 in	metamorphic	and	 igneous	processes	as	well.	Water	species	are	ubiquitous	on	the	surfaces	of	metal	oxides	 in	humid	environments,	and	may	adsorb	almost	 instantaneously	on	silica	even	at	high

vacuum	[22].	Studies	of	 the	surface	chemistry	of	oxides,	especially	rutile	and	cassiterite,	show	that	water	may	chemisorb	either	associatively	or	dissociatively	 (as	H2O	or	OH−),	and	physisorption	processes	often

involve	close	interactions	of	water	with	the	surface	in	several	layers	of	different	structures,	whose	properties	trend	towards	those	of	bulk	water	with	increasing	distance	from	the	surface	[23–27].

In	order	 to	experimentally	analyze	 the	 sorption	of	water	on	 solids,	however,	 a	key	 factor	 is	 the	availability	of	 starting	materials	with	 large	 surface	areas.	This	 is	especially	 true	 for	neutron	spectroscopic

approaches	such	as	quasi-elastic	and	inelastic	neutron	scattering	[24,25,27–30],	in	which	the	relatively	low	fluxes	of	even	the	best	sources	tend	to	necessitate	the	use	of	large	samples.	Nanoparticulate	materials	also

provide	the	opportunity	to	more	easily	study	the	surface	energies	of	the	materials	involved	through	titration	[31–34]	and	calorimetric	analyses	[4,35–36].	Several	studies	have	investigated	the	use	of	forsterite	as	a

starting	material	for	geological	carbon	sequestration	by	reaction	of	forsterite	with	CO2	to	form	magnesite	(MgCO3)	[37–49].	Forsterite	has	also	been	suggested	as	a	possible	drug	delivery	route	and	for	use	in	other

medical	applications	[50–54].

In	order	to	facilitate	the	study	of	the	surface	properties	of	olivines	and	pyroxenes,	and	the	nature	of	their	surface	interactions	with	water	and	CO2,	a	method	is,	therefore,	needed	to	synthesize	nano-scale	end-

member	forsterite	and	enstatite	with	sufficiently	large	surface	areas,	and	in	sufficiently	large	quantities	(10’s	of	grams)	to	permit	such	measurements	to	be	made.	This	paper	outlines	a	successful	method	designed	to

synthesize	nano-scale	olivine,	and	a	preliminary	attempt	to	use	a	slight	modification	of	this	method	to	synthesize	nano-scale	enstatite	as	well.

2	Previous	work
Several	methods	for	synthesis	of	micro	or	nanoforsterite	and/or	enstatite	have	been	reported	in	the	literature	[4,53–81].	With	the	exception	of	[58,63,69–71]	these	focused	on	synthesis	of	forsterite.	Several,

however,	yielded	impure	results.	Douy	[71]	noted	that,	of	the	older	works	he	evaluated	[55–59,65,67,69,70]	“only	Burlitch	et	al.	[57]	succeeded	in	preventing	the	phase	separation	of	MgO”.	This	was	also	true	of	others

[66,75,76],	and	purposely	so	of	the	results	of	McDonnell	et	al.	[72].	Unfortunately,	the	approach	of	Burlitch	et	al.	[57],	which	worked	for	both	forsterite	and	an	intermediate	forsterite/fayalite	solid	solution	(Fo90),

generated	relatively	coarse	particles	(approx.	5–10	μm)	once	the	powder	was	crystallized.	The	approach	of	Hassanzadeh-Tabrizi	et	al.	[53]	yielded	high	surface	area,	mesoporous	rod-like	structures.

One	goal	 of	 our	project	was	 to	 synthesize	nanoforsterite/enstatite	using	 a	 relatively	 simple	 approach	 to	 yield	 relatively	 equant	 crystal	 forms.	Thus,	we	avoided	 those	 techniques	 that	 required	 specialized

equipment	or	aimed	at	specific	crystal	shapes.	The	first	method	of	Douy	[71],	for	instance,	requires	a	spray	drier,	and	generates	relatively	coarse	particles	and	aggregates.	Similarly,	the	method	of	Tani	et	al.	[76]

requires	a	spray	flame	reactor,	while	the	method	of	Tsai	[73]	was	primarily	aimed	at	creating	fibers.	The	approaches	of	Kosanovic	et	al.,	Chen	et	al.,	Mirhadi	et	al.,	and	Barzegar	Bafrooei	et	al.	[54,74,80,81]	require

high-energy	ball	milling	and,	for	Kosanovic	et	al.	[73],	because	one	of	the	starting	materials	is	NH4-exchanged	Zeolite	A,	which	is	aluminous,	cannot	yield	a	pure	result.	The	second	approach	of	Douy	[71]	required	very

high	firing	temperatures,	which	resulted	in	slight	Mg	losses	from	the	forsterite	structure.	As	could	be	expected,	changes	in	firing	temperature	also	led	to	changes	in	the	enstatite	polymorph	formed.

Of	the	purely	chemical,	largely	sol-gel,	approaches	Chen	and	Navrotsky	[4]	followed	a	sucrose	template	approach	[77]	and	obtained	a	maximum	surface	area	of	31.32	m2/g	(BET),	which	is	yet	larger	than	the

value	reported	by	Saberi	et	al.	[77]	using	a	citrate/nitrate	method	(14.95	m2/g).	The	particles	obtained	by	Chen	and	Navrotsky	[4]	also	appear	to	be	less	agglomerated	than	those	of	Saberi	et	al.	[77,78].	Ni	et	al.	[75]

was	focused	on	generating	relatively	coarsely	crystalline	bioceramics,	and	the	intermediate	powders	were	highly	aggregated.	Sanosh	et	al.	[79]	used	a	simple	method,	aging	and	then	calcining	a	sol-gel	formed	from

magnesium	nitrate	hexahydrate	and	tetraethylorthosilicate	(TEOS).	This	yielded	fine	particles,	but	the	results	appeared	to	be	agglomerated,	and	no	surface	areas	are	given.

Many	of	these	techniques	also	used	magnesium	nitrate	hexahydrate	as	a	starting	material.	This	has	the	disadvantage	that	a	hydrated	starting	material	is	more	likely	to	prematurely	hydrolyze	TEOS	before

atomic-level	mixing (please	add	the	word	"of"	here)	TEOS	and	nitrate	salts	can	occur.	By	contrast,	our	approach	is	mostly	anhydrous,	which	is	expected	to	yield	better	mixing	at	the	atomic	level	and	a	controlled	hydrolysis



thereafter.	Park	et	al.	[60–62]	successfully	used	a	sol-gel	method	(based	on	the	approach	of	Burlitch	et	al.	 [57])	using	magnesium	or	magnesium	methoxide	(Mg(OMe)2)	and	TEOS	starting	materials	as	well	as	an

approach	 using	 poly(methacrylate)	 precursors.	 They	 found	 that	 the	 addition	 of	water	 to	 the	 atmosphere	 used	 to	 calcine	 the	 resultant	 powders,	 and	 the	 presence	 of	 residual	 carbon,	 aided	 in	 formation	 of	 pure

forsterite.	While	the	results	of	the	poly(methacrylate)	approach	were	somewhat	impure,	the	sol-gel	yielded	pure	forsterite.	No	surfactants	were	used	in	the	sol-gel	syntheses,	although	a	strong	base	(Bun)4NOH	was

added	to	help	complete	hydrolysis,	but	the	resulting	surface	area	was	relatively	small	(<4.5	m2/g).

From	the	above	discussion,	and	as	noted	by	Douy	 [71],	 it	 is	clear	 that	 the	synthesis	of	pure,	high	surface	area	nanoforsterite	and,	by	extension,	nanoenstatite,	 is	difficult.	 It	 is,	 therefore,	apparent	 that	a

relatively	simple	method	yielding	single-phase,	high	surface	area	forsterite	that	can	also	be	used	to	synthesize	enstatite	and	other	pyroxenes	is	needed.	As	the	approach	of	Burlitch	et	al.	[57]	and	Park	et	al.	[60–62]

yielded	a	pure	material	using	a	relatively	simple	approach,	we	have	modified	it	to	generate	non-agglomerated (please	remove	the	phrase	"non-agglomerated"),	high	surface	area	materials.

3	Synthesis	and	characterization	of	nanoforsterite	and	nanoenstatite
3.1	Starting	materials

Starting	materials	for	this	synthesis	consisted	of	methanol	(Fisher	Scientific),	toluene	(Fisher	Scientific),	magnesium	methoxide	(Alfa	Aesar),	tetraethylorthosilicate,	TEOS,	(Acros	Organics),	dodecylamine	(Aldrich),	and	tert-

butyl	amine	(Aldrich).	These	were	used	as	received.	Deionized	(DI)	water	was	generated	by	a	Millipore	water	purification	system,	and	had	a	resistivity	of	at	least	18	MΩ	cm.

3.2	Synthesis	method
Synthesis	was	 begun	by	 attaching	 a	 glass	 condenser	 to	 a	 1-literL,	 3	 neck	 flask.	 The	 top	 of	 the	 condenser	was	 attached	 to	 a	Schlenk	 line,	 and	 the	 flask	was	 placed	 in	 a	 silicone	 oil	 bath	 on	 a	magnetic	 stirrer/hotplate.	 A

recirculating	bath	set	at	18	°C	was	attached	to	the	condenser.	A	stir	bar	was	added	to	the	flask,	and	the	flask	and	condenser	were	evacuated	for	several	hours.	The	flask	was	then	backfilled	with	Ar,	which	was	allowed	to	continue

flowing.	375	mL	of	toluene	and	175	ml	of	methanol	were	then	added	and	allowed	to	stir	for	a	few	minutes	to	homogenize	the	solution.

The	magnesium	component	of	the	synthesis	was	obtained	from	a	magnesium	methoxide	(Mg(OMe)2)	solution.	This	was	analyzed	by	hydrolyzing	approximately	1	g	of	the	solution	with	concentrated	HCl,	then	drying	the	resultant

solution	and	firing	in	air	at	800	°C	overnight.	Comparison	of	the	weight	of	the	resultant	MgO	powder	with	the	initial	weight	of	magnesium	methoxide	provided	the	concentration	of	MgO	in	the	solution,	which	ranged	from	4.3	to	4.5

wt%.	A	portion	of	the	magnesium	methoxide	solution	was	then	transferred	to	a	1	L	Nalgene	bottle	for	easier	handling.	This	was	backfilled	with	Ar	and	sealed	when	not	in	use	to	keep	the	solution	from	reacting	with	atmospheric	water.

Silica	was	obtained	using	tetraethylorthosilicate	(TEOS).	A	similar	approach	was	used	to	test	its	composition,	which	was	found	to	closely	approximate	the	theoretical	value.

For	each	forsterite	synthesis	run,	the	goal	was	to	add	approximately	175	g	of	magnesium	methoxide	to	the	solvent	mixture.	Half	of	that	amount	was	added	for	enstatite.	To	do	so,	a	vertical	cm	scale	was	marked	on	the	Nalgene

bottle.	The	bottle	was	weighed,	approximately	3.5	cm	of	solution	poured	into	the	three-neck	flask	with	Ar	running	to	limit	air	access,	and	then	the	bottle	was	refilled	with	Ar,	closed	and	reweighed.	This	provided	the	mass	of	magnesium

methoxide	used,	and	an	estimate	of	solution	density	for	use	in	future	syntheses.	The	solvent	solution	was	then	allowed	to	stir	for	5	min,	followed	by	addition	of	a	stoichiometric	mass	of	TEOS	calculated	from	the	mass	of	magnesium

methoxide	actually	used.	The	resultant	solution	was	then	allowed	to	stir	again	for	at	least	5	min	while	amine	solution	was	prepared	for	use	as	a	surfactant/hydrolysis	agent.

The	amine	solution	was	prepared	by	first	adding	8.75	g	melted	dodecylamine,	the	surfactant	used	in	this	process,	to	50	mL	of	toluene.	To	this	was	then	added	1.75	g	of	 tert-butylamine,	 the	hydrolysis	agent.	The	resultant

solution	was	added	last	to	the	3-neck	flask,	and	the	whole	was	then	stirred	again	for	5	min.	At	this	point	the	cooling	water	for	the	condenser	was	turned	on,	and	the	hot	plate	heated	to	250	°C,	bringing	the	solvent	mixture	to	reflux

temperature	in	20–30	min.	Within	5–10	min	of	reflux	being	achieved	the	solution	turned	cloudy,	indicating	the	formation	of	(nano)particles.	The	solution	was	allowed	to	heat	for	at	least	1	h,	after	which	the	Ar	flow	was	turned	off,	and

∼2	ml	of	water	were	added,	dropwise,	to	the	mixture,	turning	it	a	milkier	white.	This	was	done	to	assure	that	the	hydrolysis	was	as	complete	as	possible.	The	solution	was	then	allowed	to	reflux	overnight,	two	additional	∼2	ml	water

additions	were	made	the	next	morning	and	early	afternoon,	and	the	heat	was	turned	off	in	the	evening,	typically	∼24–26	h	after	heating	was	begun.

Once	the	solution	cooled	it	was	spun	down	in	an	Eppendorf	multipurpose	centrifuge	at	9000	rpm	for	15	min.	The	solvent	was	decanted	and	discarded,	leaving	the	gel	in	the	centrifuge	tubes.	These	were	then	refilled	with	a	2:1

mixture	of	toluene	and	methanol,	and	the	gel	re-suspended	using	an	ultrasonic	probe	followed	by	a	Vortex	mixer.	The	re-suspended	gel	was	then	again	spun	down	and	the	new	solvent	again	decanted	and	discarded.	This	step	was

repeated	three	times	in	order	to	remove	as	much	as	possible	of	the	surplus	amine.	The	remaining	gel	was	then	dried	in	air,	ground,	and	fired	(2	h	to	800	°C,	2	h	at	800	°C,	cool	in	place	in	the	furnace).	This	firing	crystallized	the	initially

amorphous	nanoparticles.	Once	the	sample	had	cooled,	it	was	ground	in	an	agate	shatterbox	and	any	remaining	organic	material	was	removed	by	immersing	the	sample	in	a	30%	H2O2	solution	until	reaction	stopped	to	remove	any

remaining	organic	material (please	remove	the	phrase	at	the	end	of	the	sentence	"to	remove	any	remaining	organic	material."	it	is	repetitive	of	the	beginning	of	the	sentence).	X-ray	diffraction	of	the	samples	after	peroxide	treatment	showed	that

they	remained	forsterite/enstatite.



3.3	Characterization	methods
The	phases	present	in	each	synthesis	run	were	identified	by	powder	X-ray	diffraction	(XRD)	using	a	Panalytical	Empyrean	diffractometer	with	CuKα1,2	incident	radiation	(z	=	1.54	Å)	operated	at	45	keV	and	40	mA.	The	XRD

data	were	collected	at	room	temperature	using	powder	dispersed	on	a	zero-background	silicon	plate.	Data	were	collected	between	10	and	120	degrees	2Θ,	with	a	step	size	of	0.016°	and	a	count	time	of	325	s	per	step,	¼	mm	incident

and	diffracted	beam	slits,	and	a	½	mm	anti-scatter	slit.	A	diffracted	beam	monochromator	and	a	nickel	filter	were	used	to	remove	fluorescence	and	Kβ	radiation,	and	the	patterns	were	examined	using	High	Score	Plus	[82]	for	Rietveld

refinement.	The	diffraction	pattern	and	specific	surface	area	of	each	sample	was	obtained	both	before	and	after	H2O2	treatment.	The	specific	surface	area	was	obtained	using	a	Quantachrome	Autosorb	1	Brunauer-Emmett-Teller	(BET)

analyzer	at	liquid	nitrogen	temperatures.	Nitrogen	was	used	as	the	absorbant.	In	addition,	an	example	of	each	of	the	synthetic	powders	was	imaged	using	a	Zeiss	Libra	120Plus	transmission	electron	microscope	and	a	Hitachi	S-4800

scanning	electron	microscope.	Samples	for	TEM	were	collected	before	the	powders	were	treated	with	H2O2.	Samples	for	SEM	analysis	were	carbon	coated	and	imaged	at	15	kV.

4	Results	and	discussion
4.1	X-ray	diffraction

Figs.	1	and	2	shows	typical	XRD	patterns	for	forsterite	and	enstatite	grown	in	the	manner	described	above.	As	can	be	seen,	both	are	well	crystallized.	For	forsterite,	no	other	phases	are	present	at	the	detection	level	of	the	scan

(probably	<	1	mol	percent).	Rietveld	refinement	of	the	forsterite	pattern	yielded	unit	cell	parameters:	a	=	10.1993(3)	Å,	b	=	5.9763(1)	Å,	and	c	=	4.7467(1)	Å	in	the	orthorhombic	space	group	Pnma,	with	an	R	value	of	6.15%.	In	the

case	of	enstatite	both	ortho-	and	clino-enstatite	were	present,	as	was	a	 small	percentage	of	 forsterite.	Refinement	of	 the	enstatite	pattern	yielded	a	=	9.131(2)	Å,	b	=	8.800(2)	 Å,	 and	 c	=	 5.261(2)	 Å	with	 and	R	 value	 of	 7.48	 in

orthorhombic	space	group	Pbcn	for	orthoenstatite,	a	=	9.349(5)	Å,	b	=	8.797(4)	Å,	and	c	=	5.192	Å,	β	=	102.70(4)°	in	monoclinic	space	group	P21/c,	with	and	R	value	of	8.55%	for	clinoenstatite,	and	a	=	9.865(3)	Å,	b	=	6.148(2)	Å,	and

c	=	4.763(2)	Å	with	an	R	value	of	13.31	in	orthorhombic	space	group	Pnma	for	forsterite.

Fig.	1	X-ray	diffraction	pattern	for	synthetic	forsterite.

Fig.	2	X-ray	diffraction	pattern	for	synthetic	enstatite.	Cpx	=	peaks	for	clinoenstatite,	Opx	=	peaks	for	orthoenstatite.



This	polymorphic	assemblage	has	been	a	problem	in	previous	attempts	to	synthesize	nano-enstatite.	Echeverría	[58]	generated	unagglomerated,	300–600	Å,	approximately	spherical	particles,	with	a	surface	area	of	108	m2/g,

which	were	then	densified	into	an	interlocking	mosaic	of	0.5	μm	grains	of	ortho-,	clino-	and	protoenstatite.	Hayashi	et	al.	[63]	appear	to	have	formed	clinoenstatite,	but	only	a	single	X-ray	peak	was	reported,	so	it	is	uncertain	if	any	of

the	other	polymorphs	were	present.	Jones	et	al.	[70]	also	obtained	either	mixtures	or	pure	protoenstatite.	Ban	et	al.	[69]	do	appear	to	have	made	orthoenstatite	from	TEOS	(or	tetramethyoxysilane),	water	and	magnesium	metal	in

methanol	starting	materials	at	700	°C,	but	no	information	on	the	particle	size	or	surface	area	was	provided.	The	experiments	of	Douy	[71]	formed	all	three	polymorphs,	although	they	were	able	to	convert	the	material	to	nearly	pure

protoenstatite	on	firing	at	1500	°C	for	one	hour.	This	fact	that	a	mixture	of	enstatite	polymorphs	was	formed	in	our	experiment	as	well	suggests	that	a	refinement	of	the	method	is	needed	for	enstatite	if	pure	ortho-	or	clino-nano-

enstatite	 (high	or	 low)	are	 to	be	created.	This	may	 include	addition	of	extra	TEOS,	and/or	a	change	 in	 firing	 temperature	or	 time.	Although	the	 temperature	of	 the	experiment	 (800	°C)	 is	already	significantly	above	 the	accepted

equilibrium	transition	temperature	of	566	°C	at	1	bar,	the	transformation	is	known	to	be	quite	slow	[83–85],	and	similar	forsterite	and	crystobalitecristobalite	impurities	were	noted	by	Turnock	et	al.	[85],	who	heated	their	materials	at	up

to	 1200	 °C.	 Significantly	 higher	 temperatures,	 however,	 risks	 the	 formation	 of	 protoenstatite,	which	 becomes	 stable	 about	 985	±	 10	 °C	 [86].	 Care	would	 also	 have	 to	 be	 taken	 in	 such	 a	 case	 to	 avoid	 unwanted	 growth	 of	 the

nanoparticles.

4.2	BET
The	white	color	of	the	material	after	triple	washing	and	subsequent	firing	suggested	that	the	multiple	washing	steps	had	removed	the	organic	components	from	the	amines	(failure	to	triple-wash	the	sample	prior	to	drying	and

firing	yielded	a	dark	grey	product).	For	forsterite,	however,	comparison	of	BET	results	before	and	after	the	hydrogen	peroxide	treatment	suggested	that	this	was	not	the	case.	BET	analyses	of	the	initially	synthesized	material	yielded

surface	areas	ranging	from	16.9	to	24.6	m2/g,	respectively.	After	peroxide	treatment,	however,	surface	areas	ranged	from	38.9	to	76.7	m2/g.	For	enstatite,	however,	the	opposite	effect	was	observed.	The	as-synthesized	material	had	a

surface	area	of	13.0	m2/g,	but	after	hydrogen	peroxide	treatment	this	dropped	to	9.3	m2/g.	The	origin	of	this	loss	is	uncertain,	but	it	may	reflect	the	relative	tendencies	of	the	materials	to	aggregate	when	dry,	artificially	reducing	the

surface	area	measured	by	BET,	initial	surface	area	formed	by	the	organic	contaminants,	or	possible	reaction	of	the	enstatite	with	the	peroxide.

4.3	SEM/TEM
Fig.	3	shows	an	energy	dispersive	X-ray	spectrum	of	one	of	the	samples	of	synthetic	forsterite.	As	expected,	only	magnesium,	silicon	and	oxygen	are	present	(minor	carbon	and	aluminum	peaks	are	artifacts	from	the	sample

mount,	which	was	carbon	tape	on	an	aluminum	plate.	Figs.	4	and	5	show	SEM	and	TEM	images	of	the	synthetic	forsterite.	The	forsterite	images	are	from	the	sample	that	had	the	largest	surface	area	analyzed	–	76.7	m2/gm.	Although

the	measured	specific	surface	areas	given	above	(Section	3.2)	suggest	the	average	particle	diameter	should	be	in	the	range	of	25	to	–45	nm	(calculated	assuming	uniform	particle	size	and	spherical	particles)	it	is	clear	from	the	SEM

data	that	many	of	the	particles	are	agglomerated	into	ball-like	structures	that	are	themselves	agglomerated	into	larger	particles.	The	grain	shown	in	the	TEM	image	is	also	relatively	large,	but	may	show	the	preliminary	formation	of

crystal	faces	that	are	not	apparent	in	the	SEM.

Fig.	3	Energy	dispersive	spectrum	of	synthetic	forsterite	(batch	9).	Carbon	and	aluminum	peaks	are	from	the	sample	mount.



Fig.	6	shows	an	energy	dispersive	X-ray	spectrum	of	one	of	the	samples	of	synthetic	enstatite.	Again,	only	magnesium,	silicon	and	oxygen	are	present	except	for	minor	carbon	and	aluminum	peaks,	which	are	artifacts	from	the

sample	mount.	SEM	and	TEM	images	of	the	synthetic	enstatite	sample	is	shown	in	Figs.	7	and	8.	As	with	the	forsterite,	the	enstatite	particles	are	approximately	spherical	and	appear	to	be	agglomerations	of	smaller	particles.	Those

shown	in	the	SEM	images	vary	from	∼50	to	400	nm,	while	the	particle	shown	in	the	TEM	image	has	a	diameter	of	approximately	40	nm.	The	measured	specific	surface	areas	suggest	diameters	in	the	range	140	to	–200	nm,	which	is

Fig.	4	SEM	images	of	synthetic	forsterite	(batch	9).

Fig.	5	TEM	image	of	synthetic	forsterite.	Remnants	of	the	organic	surfactant	are	apparent.



consistent	with	these	observations.	In	both	cases	the	samples	had	not	been	treated	with	hydrogen	peroxide,	and	small	amounts	of	organic	matter	appear	to	still	be	present,	despite	the	high	temperatures	at	which	the	samples	were

fired.	This	is	consistent	with	the	observation	that	the	samples	reacted	for	various	periods	of	time	when	treated	with	H2O2.

Fig.	6	Energy	dispersive	spectrum	of	synthetic	enstatite	(batch	1).	Carbon	peak	is	from	the	sample	mount	and	residual	organic	surfactant.



5	Conclusions
As	can	be	seen	from	the	above	results,	the	approach	developed	here	has	been	very	successful	in	providing	significant	quantities	of	high	surface	area	forsterite	and	enstatite.	Typical	forsterite	and	enstatite

Fig.	7	SEM	images	of	synthetic	enstatite	(batch	1).	The	lower	two	images	show	enstatite	utilizing	residual	organic	surfactant	as	a	growth	substrate.

Fig.	8	TEM	image	of	synthetic	enstatite.	Minor	remnants	of	the	organic	surfactant	are	apparent.



runs	using	a	1-liter	three-necked	flask	yielded	15	to	–20	g	of	well-crystallized	material	per	run.	Importantly,	 to	the	extent	we	could	ascertain	the	material	resulting	from	this	approach	 is	quite	pure.	No	secondary

phases	were	identified	by	XRD,	or	seen	in	TEM	for	the	forsterite	if	the	stoichiometry	of	the	starting	material	was	maintained	and	the	organics	were	removed.	Some	refinement	of	the	method,	probably	in	terms	of

firing	 temperature	or	 time,	does	appear	 to	be	needed	 for	enstatite,	however,	 to	obtain	pure	polymorphs.	As	noted	 in	 the	descriptions	of	other	approaches	above,	both	are	significant	advantages	of	 the	 technique

described.	This	material	will,	therefore,	allow	reasonably	simple	synthesis	of	high	surface	area	forsterite	for	several	applications,	including	analysis	of	surface	dynamics,	thermodynamics	and	absorption	of	fluids	such

as	those	proposed	as	crucial	to	the	initial	acquisition	of	the	earth’s	water	[15–18],	reaction	kinetics	for	potential	carbon	sequestration	applications,	medical	applications	such	as	drug	delivery	systems,	and	synthesis	of

refractory	ceramics.	The	agglomerated	appearance	of	the	forsterite,	however,	suggests	that	even	greater	surface	areas	may	be	achieved,	possibly	by	grinding	the	material	prior	to	firing.	The	success	of	this	approach

for	synthesis	of	both	forsterite	and	enstatite	suggests	that	it	may	be	modified	to	yield	other	olivines	and	pyroxenes,	and	perhaps	other	silicates	as	well.	A	similar	approach	may	also	be	useful	for	making	germinate

analogues	[87].
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