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We demonstrated for the first time that inkjet printing can be a low-cost, easy, fast, and scalable method for
depositing ultrathin (7.5-60 nm) uniform graphene oxide (GO) nanofiltration membranes on polymeric
supports for highly effective water purification. A large area (15 x 15 cm?) GO nanofiltration membrane
was printed successfully on a modified polyacrylonitrile (M-PAN) support. Water permeance and
rejection of small organic molecules (<1 nm, charged and uncharged) of printed GO membranes can be
adjusted by controlling the GO “ink” concentration and/or printing time. Compared with commercial
polymeric nanofiltration membranes, printed GO membranes, after optimization, showed approximately
one order of magnitude higher water permeance and much higher rejection (>95%) of small organic
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Introduction

Graphene oxide (GO), a novel two-dimensional (2D) carbon-
based material, has attracted a lot of attention recently with
regard to the fabrication of water nanofiltration membranes; this
is because of its excellent mechanical properties, atomically thin
thickness, excellent dispersion in water, and ease of forming
high-quality lamellar structures with sub-nanometer nano-
channels."” Various solution-based deposition methods using
water as an environmentally friendly solvent, including vacuum
filtration,® pressurization,” drop-casting,® evaporation,® and spin
coating,'” have been used for depositing small-area GO
membranes on porous substrates for water purification studies.
Joshi et al.™ used vacuum filtration to deposit approximately
micrometer-thick GO membranes and found, by measuring
liquid-phase diffusion rates of hydrated ions and dissolved
organics, a sharp cut-off size of nanochannels at ~0.9 nm.
Huang et al** deposited 500 nm thick GO membranes by
vacuum filtration and studied the effects of feed pressure, pH,
and salt concentration on water filtration performance; they re-
ported that low pH and high pressure (~1.3 MPa) resulted in the
lowest water permeance but the highest Evans blue (EB) dye
rejection, because of the narrowed interlayer spacing/
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GO membranes for effective water nanofiltration purification.

nanochannels under these conditions. Sun et al.® used a drop-
casting method to fabricate micrometer-thick (<10 pm) free-
standing GO membranes that effectively separated Na' from
Cu”* by strong coordination interactions between heavy metal
ions and functional groups of GO. These promising results on
thick GO membranes demonstrated that nanochannels between
GO flakes have potential for selective water purification.
However, water permeance through these thick membranes was
reported, and would be expected, to be low due to the high
membrane thickness and, thus, high transport resistance.
Targeting higher water permeance, ultrathin GO membranes
have been prepared and investigated for water purification. Han
et al.® deposited ultrathin (22-53 nm), partially reduced GO
membranes for nanofiltration by vacuum filtration of base-
refluxing reduced GO dispersion. They obtained pure water
permeance as high as 21.8 L m > h ™" bar™ ' and >99% rejection
for organic dyes, such as methyl blue (MB) and direct red 81
(DR). The ultrathin membranes also showed moderate rejection
(20-60%) of salts with different cation to anion charge ratios.
Hu et al.® prepared GO membranes of less than 50 layers by
a novel layer-by-layer deposition process using 1,3,5-benzene-
tricarbonyl trichloride as a cross-linking agent. The resulting
membrane showed high water permeance (8-27.6 L m~> h™"
bar '), moderate rejection (46-66%) of MB, and high rejection
(93-95%) of rhodamine-WT. These lab-scale, ultrathin GO
membrane preparation methods, however, are either time-
consuming or not scalable, or both, although the potential of
such ultrathin, high-quality GO membranes for nanofiltration
has been demonstrated. Recently, Akbari et al.'* developed
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a rapid (<5 s) and scalable casting method for depositing large-
area (13 x 14 cm®) GO membranes on a polymeric support; they
obtained >90% rejection for organic molecules larger than
~1 nm (charged and uncharged) and 30-40% retention for
monovalent and divalent ions. This casting method, however,
produced relatively thick GO membranes (65-360 nm) using
highly concentrated (40 mg mL™") and viscous GO paste that
may not be stable over a long storage time; moreover, a signifi-
cant amount of GO may be lost during the casting process.
Additionally, it is challenging to cast a ~1 pm thick GO paste
uniformly on large-area polymeric supports in a continuous
process. Thus, an economic, relatively simple, fast, and scalable
method for depositing ultrathin, high-quality GO nanofiltration
membranes for highly permeable water purification application
remains desirable.

Experimental section
Materials and chemicals

Single-layer graphene oxide (SLGO) powder (500-700 nm) was
purchased from Cheap Tubes Inc. and characterized in our
previous study.™ All the chemicals, including pharmaceutical
components (gemfibrozil, 17a-ethynylestradiol, diclofenac
sodium salt, and iodixanol), salts (sodium chloride (NaCl),
magnesium chloride (MgCl,), magnesium sulfate (MgSO,), and
sodium sulfate (Na,SO,) with purity higher than 99%), concen-
trated sulfuric acid (H,SO,4, 99.99%), potassium permanganate
(KMnOy, >99%), hydrochloric acid (HCl, 37%), and hydrogen
peroxide (H,0,, 30% (w/w)) were purchased from Aldrich and
used as received without further purification. Expandable
graphite (Grade 1721-Asbury Carbon) was supplied by Asbury
Carbon, and was used for synthesis of large GO flakes (>1 um;
see ESIt for experimental details). The PAN (M-PA400-GPET)
ultrafiltration membrane, with a pore size of 20-50 nm, was
purchased from Nanostone Water, Inc. P030 (Microdyn Nadir),
TS40 (TriSep), and NF90 (Dow Filmtec) nanofiltration
membranes were purchased from Sterlitech Corporation.

Modification of PAN. To prepare M-PAN, the PAN support
was first immersed in 2 M NaOH solution at 50 °C for 30 min.
Then, M-PAN was washed with DI water several times and
stored in DI water for 24 h. M-PAN was dried at room temper-
ature for 12 h before use for GO printing.

Printing GO coating

First, GO “ink” was prepared by dispersing 400 mg of SLGO in
100 mL DI water by ultrasonication for >2 h to ensure excellent
dispersion of GO flakes in water. Then, the GO dispersion was
centrifuged (5 min, 1000 rpm) to remove any large particles or
aggregates. No obvious GO concentration change, as confirmed
by UV-vis measurements, was observed before and after centri-
fugation, indicating a negligible amount of GO aggregates. Then,
the supernatant was collected and diluted in DI water to prepare
different concentrations of GO “ink”. After making uniform GO
“ink”, a commercial Deskjet 1112 HP printer was used to print
GO coatings on the surface of M-PAN support. For one-time
printing, the printed GO membrane was dried for 12 h at
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room temperature and then 2 h at 80 °C; for multi-time printing,
4 h drying at room temperature was used between printings.

Characterization

Surface morphology and thickness of the printed GO coatings
were examined by Field Emission Scanning Electron Micro-
scope (FESEM) and Atomic Force Microscopy (AFM). Fourier
transform infrared spectroscopy-attenuated total reflection
(FTIR-ATR) spectroscopy was also used to investigate the func-
tional groups of the PAN and M-PAN support surfaces. The
water-contact angle was measured using a Ramé-Hart contact
angle goniometer (Succasunna, NJ).

Permeation testing. A dead-end system was used for pres-
surized pure water permeation and salt/dye/pharmaceutical
component rejection measurements, and a cross-flow system
was used for the purification of water containing a pharmaceu-
tical component (iodixanol) over an extended period. The
concentrations of organic components in the feed and
permeate were measured using a total organic carbon (TOC)
analyzer (Tekmar Phoenix 8000-Persulfate), and salt concen-
tration was measured using a conductivity meter (Pour Grainger
International, Lake Forest, IL, USA).

Results
Printing GO on polymeric support

Here, for the first time we demonstrate an easy, fast, and scal-
able printing method using a conventional inkjet printer to
deposit ultrathin, high-quality GO nanofiltration membranes
on a polymeric support for effective water purification. We used
a commercial HP ink cartridge (resolution: 1200 dots per inch,
DPI) to hold an appropriate GO dispersion for printing (Fig. 1A);
the inset field emission scanning electron microscopy (FESEM)
image shows that the hole size of the cartridge nozzle was
~30 pum with a distance between holes in the same row of 90 um
and a distance between rows of 1000 um (see Fig. S11 for more
details). To develop an effective GO “ink” for printing, we
identified two key properties of the GO dispersion: GO flake size
and concentration. We found that dispersions with large GO
flakes (>1 pm, prepared in our lab; see ESIt for more details) can
readily block cartridge nozzle pores during printing, even at GO
concentrations as low as 0.5 mg mL ™', whereas dispersions with
small GO flakes (~500 nm, purchased from Cheap Tubes Inc.)
at the same concentration allowed smooth printing without
blockages. With increasing GO concentrations, to higher than
4.0 mg mL~ ", ink blockage was observed even if small GO flakes
were used. At GO concentrations below 0.5 mg mL ™', “ink”
leakage from cartridge nozzle pores was seen, apparently due to
the lower viscosity of the GO dispersion (see Fig. S21 for more
details). Thus, in this study we chose small, purchased GO
flakes to prepare GO “ink” in the concentration range from
0.5 to 4 mg mL ™" for printing ultrathin GO membranes.

Modification of polymeric support layer

A hydrophilic surface of the polymeric supports was expected to
be important to allow good wetting of the “ink” droplets and the
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Fig. 1 Printed, ultrathin GO membranes. (A) Schematic showing the procedure for printing ultrathin GO membranes. (B) Digital picture of
a printed GO membrane (15 x 15 cm?) on modified PAN (M-PAN) support. (C) and (D) FESEM images of surface (C) and cross-sectional (D) views
of a GO membrane printed using GO concentration of 1 mg mL™! and with one-time printing; the inset in (C) shows the image at higher
resolution. (E) Average printed GO coating thickness measured by FESEM as a function of GO concentration; one-time printing was applied. (F)
Water contact angle as a function of average printed GO thickness; black column represents one-time printing, red column two-time printing,

and blue column four-time printing.

subsequent merging of these droplets to form a continuous
liquid film, to facilitate the deposition of uniform, continuous
GO coatings (see proposed GO deposition mechanisms by
printing in Fig. S31). We selected polyacrylonitrile (PAN) ultra-
filtration (UF) membranes with a skin-layer pore size of
20-50 nm as the base support for GO printing (Fig. S4A and C¥).
Poor and non-uniform GO coating on a PAN support after
printing can be seen clearly, even with the naked eye (Fig. S5A%),
and FESEM images (Fig. S5B and Ct) showed areas with and
without GO coating and obvious gaps between the areas. This
was apparently due to the relatively hydrophobic PAN support
surface (water-contact angle: 85°; Fig. S4At inset) that resulted
in poor wetting by the GO dispersion droplets and, thus, droplet
separation. To improve the hydrophilicity, the PAN support was
hydrolyzed with sodium hydroxide solution to form a more
hydrophilic surface (Fig. S61). After this surface modification,
no obvious surface or pore-size change could be seen (Fig. S4B
and Dt), but the surface became more hydrophilic (water-
contact angle: 35°; Fig. S4Bf inset). Moreover, Fourier-
transform infrared spectroscopy-attenuated total reflection
(FTIR-ATR) spectra (Fig. S4Et) showed that the acrylonitrile
(-CN) groups of the PAN support were converted to acid
(-COOH) groups and amide (-CONH) groups during the

20862 | J. Mater. Chem. A, 2017, 5, 20860-20866

hydrolysis process, which improved the surface hydrophilicity
significantly.”*” GO coating on the modified PAN (M-PAN) by
printing was uniform by visual examination (Fig. S5D¥), and
FESEM images (Fig. S5E and Ff) showed a consistent uniform
and thin GO coating, apparently due to the improved hydro-
philicity of the M-PAN surface. Fig. 1B shows a digital picture of
a representative, large area (15 x 15 cm?), and uniform GO
coating on the M-PAN support by the printing process (Video
S1t), demonstrating great potential for scalable production of
ultrathin GO membranes by this easy printing method. Fig. 1C
shows the surface of an ultrathin, uniform GO coating on M-
PAN support, printed using 1 mg mL™ ' GO “ink”. Compared
with a blank M-PAN support (Fig. S4D%), M-PAN with a printed
GO coating (Fig. 1C inset) does not have any exposed surface
pores, indicating complete GO coverage on the support surface.
A cross-sectional view of the printed GO coating (Fig. 1D) shows
slight coating thickness variation, suggesting high uniformity
of the printed GO coating.

Printed GO layer characterization

To investigate how well the printing method could control the
average thickness, we took FESEM images of GO coatings

This journal is © The Royal Society of Chemistry 2017
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(Fig. S7A-Ft) deposited using GO “ink” with different concen-
trations and with one-time printing. Fig. 1E shows the average
GO coating thickness as a function of GO “ink” concentration
after one-time printing; as expected, printed GO coating thick-
ness increased linearly with the increase in GO concentration,
indicating an easy way of controlling coating thickness. To
further verify the average GO coating thickness and coating
uniformity, we used atomic force microscopy (AFM) to measure
the thickness of GO coatings printed using different GO
concentrations and at different places (Fig. S7G and H; see ESIT
for experimental details), and found results consistent with the
FESEM images. We also calculated expected GO coating thick-
ness (see ESIt for details), which was in good agreement with
FESEM and AFM results. These experimental results clearly
demonstrate that printing is an effective technology for
producing ultrathin, uniform GO coatings with well-controlled
thickness on appropriate porous supports.

Nanofiltration performance and water purification

Water wettability of the membrane surface is important for
water permeation performance.'*'® Fig. 1F shows the water-
contact angle of GO coatings printed under different condi-
tions. For one-time printing, water-contact angles were almost
constant at 36-37° for 7.5 and 15 nm coatings, and then
increased to 47° and 49° for 30 and 60 nm coatings, respectively.
For a fixed GO coating thickness, multiple printing steps can
also be used while reducing the GO concentration accordingly.
At a fixed GO coating thickness of 30 nm, the water-contact
angle decreased slightly, to 43° and 41° after two- and four-
time printing, respectively. AFM measurements (Fig. S8t) of
the GO coatings after one-time printing showed that the surface
roughness decreased gradually, from 33.7 to 22.4 nm with an
increase in GO coating thickness from 7.5 to 30 nm, and then
increased to 31.4 nm for a 60 nm-thick GO coating. Because of
the rough M-PAN support, a very thin GO coating (7.5 nm)
conformally covers the support surface and replicates its rela-
tively high roughness; with an increase in GO coating thickness
to 30 nm, the relatively smooth GO coating dominates the
surface roughness, but when further increasing the thickness,
to 60 nm, the GO coating became rougher and surface rough-
ness increased again. For a fixed GO coating thickness, multi-
time printing seemed to have a negligible effect on surface
roughness. FESEM images (Fig. S91) showed that for one-time
printing, a thin GO coating (15 nm) showed a conformal
coating, replicating the support morphology, whereas thicker
GO coatings (30 and 60 nm) had more characteristics of the GO
coating itself; for multi-time printing of 30 nm coatings, slight
surface morphology differences can be seen. It is known that
surface roughness influences water wettability; according to the
Wenzel equation, for a hydrophilic surface, water wettability
improves with an increase in the nano-scaled surface rough-
ness.' The trend in water-contact angles of printed GO coatings
thus, generally, followed the Wenzel equation's prediction
when GO membrane was thinner than 30 nm. For thicker GO
coating (60 nm), it was less hydrophilic, although its roughness
was larger than that of 15 and 30 nm GO coatings and
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comparable to that of 7.5 nm coating. FESEM images in Fig. SOt
showed 60 nm coating had larger wrinkles (~micrometer-scale)
than those of 15 and 30 nm coatings. Probably, surface
morphology also has influence on the surface hydrophilicity,
and relatively large wrinkles may lead to less hydrophilic
surface. Similar phenomenon was found for 30 nm coatings
deposited by different times of printing; with the decrease of
printing time, less and larger wrinkles were found (Fig. S97),
which also led to less hydrophilic surface (Fig. 1F).

GO membranes printed under different conditions were
evaluated for pure water permeation, rejection for dyes and
pharmaceutical components, and brackish water desalination.
Fig. 2A shows the pure water permeance (PWP) of GO
membranes with different thicknesses and different printing
times, measured using a dead-end system (Fig. S101). For one-
time printing, PWP increased slightly with the increase in
coating thickness from 7.5 to 15 nm, although the coating
thickness doubled, and then decreased markedly, 3.6 and 6.9
times, for 30 and 60 nm coatings, respectively. Recently, we
found that the interlayer nanostructure of GO membranes with
a lamellar structure plays an important role in water permeation;
for GO membranes with the same thickness, self-assembly of GO
flakes via a longer relaxation time consistently resulted in 2.5-4
times higher PWP and higher salt rejection, resulting from the
more and narrower hydrophobic domains that allowed faster
and more selective water permeation.”* Compared with the
7.5 nm coating, the longer drying time of a 15 nm GO coating is
expected; as a result, better self-assembled interlayer nano-
structure, allowing faster water permeation, may form. The PWP
of a 15 nm GO membrane, therefore, is actually higher than that
of a 7.5 nm membrane, although it is twice as thick. For still
thicker GO coatings (30 and 60 nm), although a better self-
assembled interlayer nanostructure with a faster water perme-
ation rate may result, the much thicker GO coating and, thus,
higher transport resistance resulted in the greatly reduced PWP.
For multi-time printed, 30 nm GO coatings, with the increase in
printing time, PWP increases gradually, probably due to
improved self-assembly during the multiple rounds of printing
and drying processes. Thus, the PWP of printed GO membranes
can be controlled by coating thickness and printing time, and
optimized coating thickness and multi-time printing may greatly
enhance PWP.

Both water permeance and rejection of small organic mole-
cules are vital in evaluating nanofiltration membranes. We
selected methyl orange (MO; molecular diameter: 0.79 nm;
charge: —1) as a probe molecule to examine the quality of
printed GO membranes by measuring its rejection (numbers
above columns in Fig. 2A). Before each dye-rejection measure-
ment, pure water permeation was conducted until a steady state
permeance was obtained, and then dye filtration was per-
formed; dye rejection after 2 h filtration was reported. Typically,
water permeance decreased slightly, by ~15%, after the 2 h MO
filtration testing. The thinnest 7.5 nm GO coating had the
lowest rejection (79.6%), probably due to being too thin and,
therefore, having occasional uncovered support pores
(Fig. S117). Increasing GO coating thickness increases MO
rejection gradually, and the 60 nm GO coating showed the

J. Mater. Chem. A, 2017, 5, 20860-20866 | 20863
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Fig. 2 Water permeation performance of printed GO membranes and comparison with commercial polymeric nanofiltration membranes. (A)
Pure water permeance of printed GO membranes as a function of thickness and printing times; black column represents one-time printing, red
column two-time printing and blue column four-time printing; numbers above each column are rejection of methyl orange (MO); pressure drop:
206.8 kPa (B) pure water flux of printed GO membrane (l: 30 nm, two-time printing) and commercial nanofiltration membranes (A : Microdyn
Nadir; & : Trisep; O: Dow Filmtec); MO rejections by membranes from Microdyn Nadir, Trisep and Dow Filmtec are 15.8%, 37.7% and 75.6%,

respectively.

highest rejection, 96.7%. For 30 nm GO coatings, two-time
printing resulted in comparable rejection to that of a 60 nm
coating, but the PWP was 3.5 times higher. For 30 nm GO
coatings, multi-time printing (2 and 4 times) generally led to
improved rejection for MO, probably resulting from the nar-
rower hydrophobic channels due to the better self-assembly
during the drying (between printing) and rewetting (during
printing) process. These MO rejection results indicated that the
printed GO membranes had rejection performances in the
nanofiltration range, and coating thickness and optimized
printing time are important for controlling dye rejection.

To compare the nanofiltration performance of printed GO
membranes with commercial nanofiltration membranes, we
selected the 30 nm GO membrane with two-time printing
because of its excellent MO rejection and moderate PWP. We
also measured rejection of this GO membrane for charged and
uncharged dyes with different molecular diameters to evaluate
further its nanofiltration performance (Table 1); high rejection
was obtained, suggesting excellent nanofiltration performance
of the printed GO membrane. Three commercial nanofiltration
membranes, from Microdyn Nadir, Trisep, and Dow Filmtec,
were selected for water flux comparisons. Fig. 2B shows water
flux versus pressure drop for the two-time printed, 30 nm GO
membrane and the commercial nanofiltration membranes. The
water flux of the printed GO membrane was about 10 times
higher than that of the commercial nanofiltration membranes,
whereas the commercial membranes had much lower MO

Table 1 Dye rejection of two-time printed, 30 nm GO membrane

rejection (Table S11 and caption in Fig. 2). These results indi-
cated that the printed GO membranes have great potential for
high permeance and high-rejection nanofiltration applications.
The PWP and MO rejection of the printed GO membranes were
comparable to, or higher than, those of reported GO
membranes in the literature,**>'**>*> which were prepared by
processes that are difficult to scale up (Table S27). The printed
GO membrane also showed similar salt rejection to reported GO
membranes (Fig. S121 and discussion).

Pharmaceutical organic rejection. Another potential use of
nanofiltration membranes is to remove contaminants of
emerging concern (CECs) from water, including pharmaceuti-
cals and personal care products, antibiotics, and endocrine-
disrupting compounds, and their human-produced metabo-
lites.”**” We evaluated the rejection of four different pharma-
ceutical contaminants by a two-time printed, 30 nm GO
membrane after 2 h permeation in a dead-end system (Table
S3t1). The GO membrane showed excellent rejection, of 76.4,
80.1, 83.0, and 95.2% for gemfibrozil, 17a-ethynylestradiol,
diclofenac sodium salt, and iodixanol, respectively. As a refer-
ence, most commercial polymeric nanofiltration membranes
have rejections of <50% for these organic compounds.?® Fig. 3
shows the nanofiltration performance of the printed GO
membrane for removing iodixanol by a cross-flow system
(Fig. S10t) over an extended operating period. In 120 h running,
water permeance decreased by <10% with a slight decrease in
rejection from >99% to 94% at 20 h, and was constant

Dye molecule Molecular diameter,” nm Molecular weight, g mol ™ Charge Rejection, %
Methyl orange 0.79 327.3 -1 95.9
Riboflavin 0.83 376.3 0 97.6

Basic blue 0.86 359.89 1 96.3

Acid blue 45 0.84 474.33 -2 99.9

Acid blue 80 1.02 678.68 -2 >99.9%

20864 | J. Mater. Chem. A, 2017, 5, 20860-20866

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7ta06307e

Published on 20 September 2017. Downloaded by Rensselaer Polytechnic Institute on 3/23/2020 10:56:04 PM.

Paper
4R |_> 1100
1.2-AA ]
D mama AAD Ay pla 1% ¢
1.0 pug {90 5
9 n ofem =
2 i Sy sl Nig, ls5 8
0.8} I &
180
06} |e
04 70
0 50 100 150

Time, h

Fig. 3 Extended period nanofiltration performance testing for water
containing a pharmaceutical contaminant (iodixanol; 10 ppm) by two-
time printed, 30 nm GO membrane (Jo = DI water permeability, J =
iodixanol/water permeability).

thereafter. We also measured the feed concentration of iodix-
anol after collecting 100 mL permeate from 300 mL feed, and
found that the ratio of final and initial concentrations was 1.29,
suggesting that exclusion, not membrane adsorption, is the
dominant mechanism for the high rejection. These results
suggest that printed GO membranes have excellent stability and
negligible fouling during nanofiltration testing.

Conclusions

In conclusion, we demonstrated for the first time that printing
using a conventional inkjet printer is a low-cost, easy, fast, and
scalable method for depositing ultrathin GO membranes for
high water permeance and high-rejection nanofiltration. Water
permeance and rejection for small organic molecules of the
printed GO membranes can be tuned by adjusting the GO
coating thickness and printing times. Compared with
commercial nanofiltration membranes, the printed GO
membranes showed approximately one order of magnitude
higher water permeance and higher rejection of small organic
molecules. The printed GO membranes also showed excellent
nanofiltration performance for removing pharmaceutical
contaminants in water and excellent long-term stability. We
believe that inkjet printing could be a highly effective method
for preparing ultrathin GO nanofiltration membranes for water
purification.
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