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Nanotechnology

Working	at	the	atomic,	molecular	and	
supramolecular	levels,	in	the	length	scale	of	
approximately	1-100	nm	range,	in	order	to	

understand	and	create	materials,	devices	and	
systems	with	fundamentally	new	properties	and	

functions	because	of	their	small	structure.	
Definition	from	http://nano.gov

A	toolkit	of	new	materials	for	environmental	applications
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Case	Study:	Nano-enabled	Hg	capture
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Nanoselenium as	a	
Platform	Technology

Power	plant	flue	gas	capture
Cartridge-based	air-cleaning

for	NASA	spaceflights
Consumer	spill	
and	disposal	kits

Retail	drop-off	boxes

Smart	boxes,	bags	for	safe	recycling

Technologies	for	permanent	
Hg	sequestration



Case	Study:	Graphene-based
Environmental	Barriers

Pristine	monolayer	graphene
is	typically	fabricated	by:

- mechanical	exfoliation,	or	
- chemical	vapor	deposition	

and	used	on	substrates	for
electronic	applications

- first	observed	in	1962	(HP	Boehm)
- first	isolated	in	2004	(Geim,	Novoselov)
- led	to	the	Nobel	Prize,	2010	(Geim,	Novoselov)

Exhibits:	atomic	thinness;	high	electron	mobility;
high	conductivity,	optical	transparency
tunable	bandgap
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High-Volume-Production	Graphene-Based	Materials
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§ geomembranes for landfill liners and caps [Rowe 2004]

§ shipping and recycling of wastes containing volatile mercury [Johnson, 2008; Lee, 2009] 

§ barriers to “leachables and extractables” in food, beverage, and pharmacy products

§ vertical subsurface barriers, horizontal vapor intrusion barriers

§ functional layers in personal protective equipment 
for hazmat workers or military personnel

Environmental Barrier Technologies

Environmental barriers include:

Many environmental technologies are based on containment

Engineered barriers are used to prevent toxicant release or transport to zones 
where human exposure is likely



50	μm	

Graphene-Based	Vapor	Barriers
[Guo,	Hurt	et	al.,	ES&T,	2012]
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Water permeates “unimpeded” through 
graphene oxide films

(Nair et al., Science, 2012)

Breathable toxicant 
barriers based on 

multilayer graphene 
oxide films

§ In	dry	state,	graphene	oxide	films
reject	all molecules	(incl.	He)	

§ In	wet	state,	graphene	oxide	films
reject	molecules	/	substances	with	
hydrated	diameter	>	9	A

Open	questions

- Barrier	performance	against	small
molecule	toxicants

- Barrier	performance	during	active	water	flow

- Practical	suitability	in	breathable	fabrics
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Ruben	Spitz
SRP	Trainee

PhD	Program,	Brown

§ Developed	custom
device	for	membrane
testing	with	active	water	flux

§ Selected	TCE	and	ethanol
as	models	of	small	molecule
toxicants



Water

TCE
TCE, high external 
humidity

Breathability 
threshold2

1Bui et al, Adv Mater, 2016
2 Wartell et al, 1999
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Results:
Breathability	and	
Toxicant	Permeation

Recent CNT 
tech1



Rubber/clay composites3

Present data 
(graphene oxide)

3Srdihar & Tripathy, J Appl Polym Sci, 2006
4 McWatters & Rowe, J Geotech Geoenv Eng, 2010

Polymers4

Results: TCE permeation performance relative to other materials

Graphene	oxide
films	are	promising	barriers

(for	TCE),	especially	in
ultrathin/light	applications
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Uninterrupted translational order, as observed with pristine 
graphene, is not seen, being disrupted by the holes and the 
remaining functionalities. 

 This raGO material under study is substantially different 
from graphene as indicated by Figure  1 . Although signifi -
cantly restored graphitic nature is imparted upon reduction, 
the remaining functionalities and holes in raGO drastically 
differentiate it from graphene. Attempts at synthesizing limit-
edly oxidized graphene oxide or at introducing a carbon feed-
stock for the “healing” of raGO show promise for potentially 
addressing these observed differences between raGO and 
graphene, possibly resulting in minimal defects and reincorpo-
ration of carbon into the basal plane when missing from the 
synthesized raGO material. [  6  ,  11  ,  22  ,  23  ]  

 We turn now to a closer examination of the structure of GO. 
The main body of  Figure    2   shows another representative TEM 
image of GO, suitable for detailed examination. A high-contrast 

structure and 1.4 Å atomic spacing of graphene. The disor-
dered, high contrast oxidized regions of the basal plane form a 
continuous network throughout the GO sheet. 

 Monolayer raGO (Figure  1 C) is similarly structurally inho-
mogeneous with holes (blue), graphitic regions (yellow), and 
disordered areas with high contrast (red). The observed holes 
comprise approximately 5% of the area. An increase in the 
area of holes compared to GO is expected as CO and CO 2  form 
during annealing. [  10  ]  The anticipated signifi cant increase in 
graphitic area observed, up to approximately 70% of the area, 
indicates a substantial restoration of the original  sp 2   bonding 
character lost during the oxidation, by the reduction of oxygen 
functionalities. However, extensive disordered high contrast 
regions still exist, likely from nitrogen and oxygen function-
alities which persist even after reduction and annealing. [  8  ]  

      Figure  1 .     Aberration corrected TEM images of the following materials. 
Scale bar, denoting 2 nanometers, is valid for all images. (A) Single sus-
pended sheet of graphene. On the right, graphitic area indicated in yellow. 
(B) Single suspended sheet of GO. On the right, holes are indicated in 
blue, graphitic areas in yellow, and high contrast, disordered regions, indi-
cating oxygen functionalities, in red. (C) Suspended monolayer of raGO. 
On the right, holes indicated in blue, graphitic regions in yellow, and areas 
with remaining functionalities in red.  

      Figure  2 .     Aberration-corrected TEM image of a single sheet of suspended 
GO. The scale bar is 2 nm. Expansion (A) shows, from left to right, a 
1 nm 2  enlarged oxidized region of the material, then a proposed possible 
atomic structure of this region with carbon atoms in gray and oxygen 
atoms in red, and fi nally the average of a simulated TEM image (see 
Supporting Information) of the proposed structure and a simulated TEM 
image of another structure where the position of oxidative functionali-
ties has been changed. Expansion (B) focuses on the white spot on the 
graphitic region. This spot moved along the graphitic region, but stayed 
stationary for 3 frames (6 seconds) at a hydroxyl position (left portion 
of expansion (B)) and for 7 frames (14 seconds) at a (1,2) epoxy posi-
tion (right portion of expansion (B)). The ball-and-stick fi gures below the 
microscopy images represent the proposed atomic structure for such 
functionalities. The simulated TEM image for the suggested structure 
(see Supporting Information) agrees well with the TEM data. Expansion 
(C) shows a 1 nm 2  graphitic portion from the exit plane wave reconstruc-
tion of a focal series of GO and the atomic structure of this region.  
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Modelling:	What	toxicant	and	film	properties	govern	permeation?	

where:

Predicts	no back-diffusion	
of	TCE	against	water	flux	(??)

Generation	2	model

Erickson	
et	al.,	
Adv Mat

C,O

C

Generation	1	model	

GO:	oxidized	and	pristine	domains



>		The	ideal	graphene	sheet	is	a	perfect	molecular	barrier

>		Commodity	graphene	nanosheets can	be	practical	barriers	as	multilayers	(>	10).	
Most	attractive	for	ultrathin/light	applications

>		Graphene	oxide films	have	enlarged	intersheet “gallery”	spaces	and	show
complex	behaviors	in	wet	conditions		

>		Graphene	oxide	films	show	ultra-high	“breathability”	(water	permeation),	
and	exclude	agents	larger	than	0.9	nm	(bacteria,	viruses,	particles,	most	molecules)

>		Barrier	performance	against	small	molecule	toxicants	depends	on	water	solubility
(effective	for	TCE,	less	effective	for	EtOH)

>		Graphene	oxide	offers	promise	as	an	active	layer	in	breathable	
protective	technologies,	but	more	work	is	needed

Graphene	Environmental	Barriers:	Summary


