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This research proposes to develop facile screen-printing
systems for massive production of vertically aligned carbon
nanotube based osmosis membranes from liquid crystalline
solutions. It entails rational design of novel nanotube orientation
templates and pursues the manufacturing of vertically aligned
nanotube composites from liquid crystalline solutions as a step
towards the realization of ideal mixed matrix membranes for
water desalination.

Background and Motivation
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2.  Results from Prior NSF Funding 

CMMI-1345138: “EAGER (RUI): Vertically Aligned Bulk Heterojunctions by Combining 
Screen Printing and Lyotropic Liquid Crystal Processing” by Zhang (PI), Rong and 
Fernando, $99,603, 08/13-11/15. The objective of the project is to develop liquid crystal 

printing routes to produce vertically aligned bulk heterojunctions of core-shell hybrid 

nanocomposites serving as photovoltaic elements. To date, we have grafted various 

polythiophenes onto ZnO nanowires, and studied polymer crystal structures and photophysics. 

Currently, we are studying rheology of printable ink and wet printing of aligned structures. So 

far, two papers have been published: (1). “Anisotropic core-shell nanocomposites by direct 

covalent attachment of a side-functionalized poly(3-hexylthiophene) onto ZnO nanowires”, 

Polymer 2013, 54, 7004-7008; (2). “Effect of surface-modified zinc oxide nanowires on solution 

crystallization kinetics of poly(3-hexylthiophene)”, Polymer, 2014, 55, 2008-2013. More than 10 

undergraduate students have been working in this project.  

EAR-0745842: “The Genetics Underlying Prokaryote-Antimony Interactions, with 
Emphasis on Antimony Oxidation” by Lehr (PI), $149,319, 08/08-07/12. The goal of this 

project was to investigate the role that prokaryotes may play in environmental Sb redox cycling. 

In particular, we investigated the genes that encode for functions important to prokaryotic Sb(III) 

oxidation in a genetically tractable Agrobacterium tumefaciens soil isolate. We developed a novel 

analytical method for the determination of Sb(III) that was published under the title “Kinetic

analysis of Sb(III): an experiment for the quantitative analysis laboratory” in the Journal of 
Chemical Education (2013,  90, 15013-1503) with 5 undergraduate coauthors. A second 

manuscript, “Arsenite oxidase also functions as antimonite oxidase”, detailing genetic 

contributions to Sb oxidation in A. tumefaciens has been submitted  to Applied Environmental 
Microbiology.

3.  Background 

3.1 Water nanofluidics inside nanotubes 

The SWNTs are a one-dimensional (1D) nanostructured allotropic form of carbon and possess 

the unique characteristic of molecular pipes.
21

 The inner walls of SWNTs are atomically smooth 

and hydrophobic. Confined inside the SWNTs, water molecules transport through a nano-

channel substantially differently from those observed in the bulk.
11,13,14,22-25

 Typically, movement 

of water inside SWNTs exhibit a ballistic motion of 1D ordered chain-like structures owing to 

strong intermolecular hydrogen bonding
17,26-29

 (Figure 1). 

Water molecules move through SWNT pores orders of 

magnitude faster than through other pores of comparable size 

and the flow rate is largely independent of the SWNT 

length.
30

 It is believed that the weak attractions between the 

water and smooth graphitic inner walls of the SWNTs 

produce almost frictionless and ultrafast water flow. The 

water passage and permeability is highly determined by the 

SWNT diameter and structures.
28,31-36

 In general, a narrower 

inner diameter of SWNTs leads to faster transport of water 

molecules. Moreover, these narrow pores of SWNTs reject 

large size ions extremely well.  

Confined inside the nanotubes,
water molecules transport through a
nano-channel substantially differently
from those observed in the bulk.
Typically, movement of water inside
nanotubes exhibit a ballistic motion of
1D ordered chain-like structures due to
strong intermolecular H-bonding. Water
molecules move through nanotube
pores orders of magnitude faster than
through other pores of comparable size.

Figure 1. Transport of
water molecules through
a single walled carbon
nanotube
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The addition of chemical groups at the tips of nanotubes will significantly improve water flux 
and ion rejection.19,37-42 Chemical functionalization can introduce positively or negatively 
charged groups at the tips of SWNTs. The hydrophilic functional groups will increase the 
binding energy between water and SWNTs, and thereof facilitate water flux. Meanwhile, the 
electrostatic interactions between surface charges and solution ions effectively enhance the 
control of ion flow through the selective ion rejection and retention. In addition, steric channel 
gating of the functionalized SWNTs enhances the independence of SWNT diameter on the ion 
selectivity. Moreover, the functionalized SWNTs tend to trigger inactivation of bacterial cells and 
thus alleviate the bio-fouling effect.43-45

3.2 Nanotube-polymer mixed matrix membranes 
One of most common approaches of exploiting nanotubes in water treatment is to incorporate the 
nanotubes into the polymer matrix.40,43-49 The resulting membrane is called the mixed matrix 
membrane (MMM). In this regard, nanotubes act to produce preferential permeation pathways 
for superior selectivity and permeability while the polymer possesses the high processability for 
cost-effective MMM fabrication. In the well-dispersed nanotube MMMs, water can move into 
the hollow interiors of nanotubes with an ultrafast flow rate, while the large size ions are 
rejected47 (Figure 2).  On the other hand, water can also go along the outer surface of tubes and 
slide quickly on the hydrophobic outer walls. For this reason, the fully exfoliated nanotubes will 
produce maximum active surfaces that serve as fast transport pathways for water. The formation 
of continuous pathways of fast transport will occur when the tube content is above the 
percolation threshold.47 At this point, the nanotubes form continuous networks in a bulk volume 
and water traverses the entire membrane cross-section through the tube networks. Moreover, the 
nanotubes have strong abilities to adsorb organic compounds for separation.50

Miscibility between the polymer and nanotubes is of importance for the production of high 
performance MMMs.40,42,47,51 In general, the nanotubes exist as bundles owing to the strong van 
de Waals attractions. Strategies of tube surface modification including covalent bonding or 
physical adsorption have been made to screen out the inter-tube interactions to improve the 
nanotube dispersibility in the polymer matrix.52-54 Meanwhile, full exfoliation of nanotubes may 
enhance the interfacial wetting and adhesion between the two,55,56 leading to minimization of 
defects in the membrane.47 Under appropriate conditions, the polymer may form nano-porous 
structures for the enhanced permeability.42 To this end, the separation performance of the MMMs 
is highly determined by the composition and interactions between the polymer and nanotubes. 

While the nanotube-based MMMs have shown improved separation performance in terms of 
selectivity and permeability, the overall enhancement is largely dependent on the processing 
conditions.47 Fabrication parameters during the physical 
mixing, such as the solvent used, nanotube loading, nanotube 
diameter, nanotube orientation, surface functionalization 
degree, and post-treatment, are the most critical factors in 
determining the membrane structure and thereafter water 
transport.43 Noticeably, there is a complex interplay among 
the influence factors during the membrane formation, which 
is a kinetically unstable process. More importantly, the 
intrinsic structure of the nanotube-polymer MMMs contains 
the disordered tube networks, which lead to a tortuous 
pathway for water transport.  

One of most common approaches of
exploiting nanotubes in water treatment
is to incorporate nanotubes into the
polymer matrix, resulting in a mixed
matrix membrane (MMM). Nanotubes
act to produce preferential permeation
pathways for enhanced selectivity and
permeability, whereas the polymer
possesses the high processability for
cost-effective MMM fabrication. Water
can move into the hollow interiors of
tubes with an ultrafast flow rate, while
the large size ions are rejected.

Figure 2. Transport of
water molecules through
the nanotube based
mixed matrix membrane

The ideal nanotube-based MMMs for water treatment possess
well-ordered microstructures in which vertically aligned
nanotubes are dispersed in the polymer matrix. The development
of effective strategies to control vertical alignment of nanotubes in
the polymer matrix is crucial for maximizing selectivity and
permeability. In this project, we use a liquid crystalline printing
technique to fabricate large-area vertically aligned nanotube-
based MMMs for water desalination.

Liquid Crystal-Nanotube Composites
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transitions from isotropic to hexagonal, to 
cubic, and to lamellar LC phases with 
increasing concentration.89  In the proposed 
research, great attention will be paid on the 
formation of hexagonal LC phases. The 
identification of each LC phase and the phase 
boundary will be studied using SAXS and 
POM. The LC phase diagram will be 
determined with systematic variations of 
concentration, temperature and aliphatic tail 
length of surfactants. The comprehensive 
phase diagram established will serve as a 
foundation for investigating SWNT dispersion and alignment.  

The SWNT dispersion and exfoliation in the polymerizable LC surfactants will be systematically 
studied with an aid of vertex shaking. In water, the surfactants will form cylindrical micelles 
with hydrophobic cores.  The physical absorption of nonpolar tails of surfactants on the surface 
of SWNTs will result in debundled nanotubes, which are incorporated inside cylindrical micelles 
(Figure 7). With increasing concentration above the critical value, the surfactants will form a 
hexagonal LC phase89 in which nanotubes are hosted (Figure 7). We propose to systematically 
investigate the effect of various factors on LC surfactant assisted SWNT dispersion and 
exfoliation in water, such as vertex time, nanotube loading, nanotube size, concentration of the 
surfactant, aliphatic tail length of the surfactant, and surface functionalization of nanotubes. The 
quality of the resulting SWNT dispersion will be evaluated using UV-vis and Raman 
spectroscopy.   

Shear-induced alignment of the LC molecules has been well recognized.72 The shear forces could 
induce the LC molecules to re-
organize along the shear direction. In 
the proposed research, the SWNTs will 
accompany LC surfactants to reach 
same alignment. It is proposed to focus 
on the effect of shear flow on 
alignment of surfactant wrapped 
SWNTs in the hexagonal LC phases. Many factors such as shear rate, shear strain, nanotube 
concentration, as well as surfactant concentration will affect nanotube alignment. The 
optimization of formulation of nanotube dispersions in hexagonal phases for best alignment is 
important and serves as guidance for the next step of LC printing. Macroscopic alignment of 
SWNTs in the hexagonal LC phase will be characterized using POM and SAXS.  

Polymerization of hexagonal LC surfactants containing SWNTs with retention of phase 
microstructures will be studied under UV radiation. Photo-initiated free radical polymerization 
allows LC surfactants for rapid initiation and subsequent cross-linking enables to stabilize 
hexagonal microstructures and nanotube alignment, which will be transferred to the resulting 
polymer composites. It is proposed to systematically study the effect of the amount of initiator, 
cross-linker and UV radiation on retaining and controlling phase microstructures during 
polymerization. The resulting nanocomposites will be evaluated using SAXS, POM, DSC, and 
SEM.

Figure 3. Dispersion and exfoliation of single walled carbon-nanotubes in hexagonal
liquid crystalline surfactants

The carbon nanotube dispersion and exfoliation in polymerizable liquid
crystalline surfactants have been systematically investigated. In water, the
surfactants form cylindrical micelles with hydrophobic cores (Figure 3). The
physical absorption of nonpolar tails of surfactants on the surface of
nanotubes produces de-bundled tubes, which are incorporated inside
cylindrical micelles. When concentrated above a critical value, the surfactants
form hexagonal liquid crystalline phases in which nanotubes are hosted. We
have found that addition of nanotubes does not alter liquid crystalline phases
of the host surfactants (Figure 5) but enhances the order-disorder transition
temperature (Figure 6). After photo-polymerization, the liquid crystalline
microstructures are retained in the solid films (Figure 5).
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4.  Preliminary Work  
In the preliminary work, a polymerizable 
LC surfactant DEMA-C12Br (Figure 4a) 
has been successfully synthesized by 
quarternization of (dimethylamino)ethyl 
methacrylate (DEMA) with 12-
bromododecane (C12Br) on the base of the 
previous methods.85-88 The chemical 
structure of the resulting surfactant 
DEMA-C12Br was confirmed by nuclear 
magnetic resonance (1H-NMR) spectroscopy, Fourier transform infrared (FTIR) spectroscopy 
and differential scanning calorimetry (DSC). The DEMA-C12Br formed micelles at a 
concentration above the critical micelle concentration (CMC). The nanotube dispersion was 
prepared by adding 0.05wt% SWNTs to aqueous micelle solution of the surfactant, followed by 
vertex shaking for 4 hrs to fully exfoliate SWNTs into individual tubes. The polymerization 
(Figure 4) occurred by placing the mixture of nanotubes, surfactants, cross-linker (1, 6-
hexanediol dimethacrylate, HDDMA) and initiator (Irgacure-65) under photo-radiation with a 
strong ultraviolet (UV) lamp at room temperature. 

The preliminary study on the phase behavior of the micelle solution of the LC monomer 
surfactant as a function of 
concentration has been performed at 
room temperature. The system 
spontaneously underwent phase 
transitions from isotropic to hexagonal 
LC phases with increasing 
concentration. The critical 
concentration for the phase transition was established by examining optical birefringence using 
polarized optical microscope (POM). The homogeneous LC solution exhibited a focal conic 
texture typical of the columnar hexagonal mesophase85 (Figure 5a). Interestingly, adding SWNTs 
into the hexagonal LC phase changed little on liquid crystal textures (Figure 5b), indicating the 
hexagonal packing of cylindrical micelles was retained. Importantly, after photo-polymerization, 
the hexagonal LC phase was cross-linked to produce a solid film with retention of phase 
microstructures (Figure 5c). The small-angle X-ray scattering (SAXS) confirmed the hexagonal 
structures before and after polymerization. The effect of shear flow on nanotube alignment was 
conducted in the hexagonal LC phase. The system showed the single-domain LC order with 
micelle-wrapped nanotubes aligned along the shear direction. After polymerization, nanotube 
alignment was maintained in the polymer nanocomposites. 

So far, the preliminary data firmly demonstrate that the polymerizable LC surfactant is very 
effective to disperse the SWNTs in the columnar hexagonal mesophase. The nanotubes are 
located in the core of the cylindrical micelles. Under simple shear flow, cylindrical micelles with 
nanotubes are aligned along the shear direction. Polymerization can lock nanotube alignment and 
the single-domain hexagonal LC order. Because the printing process involves various shear 
forces, in particular screen-printing will generate high-speed vertical shear flow toward the 
substrate,78,83,84 liquid crystal printing of vertically aligned nanotube-polymer membranes will 
represent a new paradigm of osmosis membranes for seawater desalination.
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Figure 4. Chemical structures of (a) polymerizable surfactant, (b) cross-linker, and (c)
photo-initiator

Figure 5. Optical images under crossed polarizers. (a) Hexagonal phase of surfactant
solution, (b) same solution as (a) with addition of nanotubes, and (c) polymerized film of
the solution (b)
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Figure 6. Liquid crystalline phase diagrams. (a) Effect of carbon chain length
of surfactants and (b) effect of carbon nanotubes

Conclusions

The future work will focus on screen-printing nanotube
dispersions in hexagonal liquid crystalline surfactants followed by
photo-polymerization.

• A series of polymerizable liquid crystalline surfactants are
synthesized

• Addition of nanotubes does not alter hexagonal phases but
enhances order-disorder transition temperature of surfactants

• After photo-polymerization, the ordered microstructures are
retained in the solid thin films
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5.3. Liquid crystal printing of vertically aligned nanotube composites 
The proposed research will focus on screen-printing SWNT dispersions in hexagonal LC 

surfactants followed by photo-polymerization. Early printing experiments will be conducted on a 

facile flatbed, single sheet press for evaluation on LC printing of vertical alignment of SWNTs in 

polymerized LCs, with a long-term goal of rotary screen printing and other type of roll-to-roll 

screen printing presses.  

In a typical screen-printing 

process, the SWNT dispersion 

in hexagonal LC surfactants 

will be pressed into the screen 

by linearly drawing the 

squeegee across the screen 

surface. As a result, the 

dispersion will vertically flow 

through the mesh to the 

substrate.
78,83,84

 After the squeegee passes over a region, the screen will separate from the 

substrate, leaving behind ink that will form patterned lines. The quality of the production lines 

will be investigated with variations of the processing parameters including printing speed and 

pressure, squeegee angle and hardness, screen material, substrate, as well as mesh opening size 

and structure. All these processing parameters could be readily engineered during printing. The 

rheological properties of printable ink are of importance for producing well-structured printing 

lines.
90,94

 The shear thinning effect of LC solution would provide an easy printing route for the 

fabrication of continuous printing lines. The negative N1 and careful control of thixotropy as well 

as viscoelasticity of LC solutions should result in the well-structured printing lines without 

significant deformation.  

During screen-printing, various shear flows are generated which significantly affect alignment of 

SWNTs in the hexagonal LC phases. When the squeegee is moved to cast the SWNT dispersion 

across the screen, the dispersion will vertically flow toward the substrate to fill the open space of 

the screen (Figure 9). As a result, there is vertical shear force acting on the solution in the 

screen.
78,83,84,91

 The corresponding vertical shear rate ( ) in the screen is determined by  

                       (1) 

where dscreen is the thickness of the screen, rscreen is the radius of the screen openings, and  is the 

shear rate in bulk. Clearly, a small mesh size and a thick thread result in a high vertical shear rate, 

, in the screen. The maximum shear rate for ordinary printing screens may reach 1000s
-1

.

This high vertical shear flow could induce vertical alignment of nanotubes in the hexagonal LC 

phase under appropriate conditions. The proposed research will focus on the production of 

vertical alignment of nanotubes with variations of mesh size, thread diameter and applied 

squeeze shear rate in bulk. After screen-printing, UV irradiation will be immediately employed 

to polymerize aligned LC phases in which nanotubes are well aligned. Alignment of nanotubes 

in the polymerized LCs will be analyzed using Raman and XRD. Direct visualization of 

nanotube alignment will be performed using TEM, SEM and STM.  

Figure 7. Screen printing of vertically aligned nanotube MMM


