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Abstract

While a number of graphene oxide (GO) materialsehbeen evaluated as nanofillers in
ultrafiltration membranes, there remain outstandjogstions regarding GO material properties
relating to membrane structure(s) and eventual opmdnce (i.e. structure-performance
relationships). In this work, we synthesize, applyd evaluate GO analog materials of different
shape, flat GO and crumpled GO (CGO), as nano$dlaks in polysulfone (PSF) ultrafiltration
membranes. GO/CGO-PSF composite membranes werdesizéd via phase inversion,
characterized using both microscopic and spectpsdechniques, and compared with respect
to permeability, rejection, and anti-fouling propes. Experimental results show that graphene
shape alone results in varied performance. Obsediféetences are attributed to the (more)
effective dispersion/stability of CGO nanoparticiesolvent (NMP) as a result of shape effects,
which lowers the tipping mass percentage after wkhe effect of viscosity increase outweighs
that of hydrophilicity increase. Our results alsggest that the change(s) in membrane porosity
is likely to be a more important factor comparedstaface hydrophilicity in determining
ultrafiltration membrane performance when grapheméles are applied with these mass
percentages. In addition to the effect of GO shégs,study also highlights the importance of
nanoparticle dispersiblity/stability in organic sehts when constructing the process-structure-
performance relationships for nano-enabled ultration membranes synthesized via phase

inversion.

Keywords: Graphene oxide, shape, dispersibilitiy, viscqogigrosity, hydrophilicity
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1. Introduction

Recent advances in materials science and nanc=ugileeering have offered
opportunities to develop advanced water treatnesftrtologies. In particular, surface nano-
engineering of conventional polymeric membranesshasvn tremendous potential [1]. To make
nano-enabled membranes, functional nanomateri@lseanmonly surface-coated onto, or
impregnated into, conventional polymeric matrides (as nanofillers). Nanofiller materials
have attracted attention due to the ease with wihiel can be readily integrated into current
state-of-art technologies for membrane fabricatiocluding phase inversion and interfacial
polymerization. To date, a number of nanopartibl®se been incorporated, including oxides
(e.g., TIQ[2, 3], Fg04[4], SiO,[5, 6]), metals (e.g., Ag [7, 8], Cu [9]), carboanomaterials
(e.g., Go[10], carbon nanotube (CNT) [11, 12], graphene163), metal-organic frameworks
(MOFs)[17, 18], and composites [19-21]. These studie® ltmmonstrated membrane structural
improvement with regard to surface hydrophilicitydege, porosity, and mechanical stability.
Corresponding enhancement in permeability, rejacémd anti-fouling properties were also
observed [22].

Among the aforementioned nanomaterials, graphased nanofillers, including
graphene oxide (GO), have attracted extensive i@ds@serest. In principle, GO patrtially
remains as a one-atom-thick planar sheet witif-bspded carbon structure while being
derivatized with oxygen functional groups both ba basal plane (typically as hydroxyl and
epoxy groups) and at the sheet edges (as carboaydabonyl based functionalities). For
membrane applications, GO has some unique magehi@ntages compared to graphene and
other nanocarbon analogs. For example, its manufagtconsumes only ca. 1% of the energy
needed for CNTs (i.e., 500-1000 MJ/Kg of GO vs.,000 MJ/Kg of CNTSs) [23]. Further, it is

highly tunable regarding both size and surface asteyn- the breadth of which can vary by
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orders of magnitude [24, 25]. In addition, GO miaiercan be engineered to have different
shapes and as hybrid/composite structures [26-28].

GO nanofillers have been primarily demonstrategalymeric ultrafiltration (UF)
membranes (e.g.,polysulfone (PSF), polyethersul{BiS), and polyvinylidene difluoride
(PVDF) [29]) via phase inversion synthesis rouRsatively small amounts of GO (usually 0.1-
6 wt.% with respect to the polymer) have been ipomated into conventional polymeric
structures, including PSF [14, 30], PES [31], aMiDF [12]. Through these processes,
membrane surface hydrophilicity increases due gration of GO to the membrane surface, as a
consistent decrease of ca. 20° (average) wateactimg angle has been observed. Further, for
most studies, overall membrane porosity also irsge$30-32]. Both factors have been
implicated in the increase of membrane permeabiktyich ranges from 10% to x20 times
compared to controls. However, the (relative) inb@ioce/contribution of surface hydrophilicity
and structural porosity, as they relate to enhamaadr flux and varied rejection performance, is
still under debate [3, 31-33]. While simultaneousrease in both water permeability and
rejection rate has been observed [12, 30, 31,483jr8/erse relationships between water
permeability and rejection rate (e.g., the watemaability increased however the rejection
decreased, and vice versa) have also been repa@e82, 35]. The relationship between water
permeability and rejection performance is compéddty varied properties of the applied GO
materials (surface functional groups, hybrids)edént mass loadings, and tested filtrates (e.qg.,
size and charge). For example, GO property variatare likely to have a significant impact on
its aggregation/dispersion states in processingeatd such as NMP and DMF that are
commonly used in membrane synthesis [36]. Moreexnad is thus needed for a complete

mechanistic understanding of the role of GO progeih affecting/changing the membrane
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structure(s) and ultimately membrane performance.

In this work, we aim to discern the role of G@pé as it affects PSF membrane structure
and performance. 3D GO analog materials, termexluespled graphene oxide (CGO), were
synthesized by physically crumpling flat GO nanatheising evaporation-induced confinement
force, while maintaining its surface chemistry.(tleat of flat GO) [26]. The two synthesized
materials (GO and CGO) were incorporated into PERrié¢mbranes at varied material loadings
(0, 0.5, and 1.5 wt.%) via a well-established phasgersion synthesis roufg2]. Pristine and
composite membranes were characterized using nompasand spectroscopic techniques, and
compared in terms of water flux, rejection, and-&miling properties. Taken together, data
presented provides new insights on how GO progeiiech as shape, affect the membrane

structures (surface hydrophilicity, porosity) amtbsequent membrane performance.

2. Experimental

2.1 Synthesis and Characterization of Flat and Crumpled Graphene Oxides

Material Synthesis. GO was synthesized by oxidation and subsequeantiadn of graphite,
namely the modified Hummer’'s method [37], as désatiin detail in our previous work [26].
Briefly, 50 ml of concentrated sulfuric acid {600,) was added into a beaker containing 2 g of
graphite powders (45 um, Sigma-Aldrich) at roompgenature. The mixture was cooled to 0 °C
by using an ice bath, and 6 g potassium permang&kdnO,) was then slowly added while
allowing it to warm to room temperature. The suspamwas stirred for 2 h at 35°C before
being cooled in an ice bath and diluted by 350 hadesonized (DI) water. Then, hydrogen
peroxide aqueous solution {8, 30%) was added drop wise until the gas evoluteased in

order to reduce the residual permanganate. Thessgm was then filtered, thoroughly washed
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by DI water, and dried at room temperature for 24 dbtain brownish graphite oxide powder.
The dry graphite oxide powder was redispersed iw&@ter and sonicated for 2 h to get
exfoliated nanosheets. The suspension was therifagatl at 10,000 rpm for 30 min and the
supernatant was used as the precursor for crungpégahene oxide preparation by a furnace
aerosol reactor (FUAR) method [26, 36].

In the aerosol-assisted process, flat GO sheetyangpled in a water droplet under the
capillary compression induced by rapid water evatian. GO aqueous solution (~ 50 mg/L,
mass concentration) was sprayed into micrometedgi2-4um) water droplets using a six-jet
Collison nebulizer (BGI Incorporated) under a puesf 14 psi, and the droplets were delivered
by nitrogen gas into an alumina furnace reactontaaied at 200 °C to heat it for a few seconds.
Each aerosolized droplet acts as a micro-reactovhich flat GO sheets are crumpled under the
capillary compression induced by rapid water evapon. A furnace temperature of 200 °C was
selected to achieve effective crumpling but mamthe surface chemistry, based on our previous
studies [36]. The CGO nanoparticles were finalljembed using a membrane filter (Millipore)
at the end stream of the reactor, weighed andegpiithe fabrication of PSF membranes as
described later.

Material Characterization. Detailed material characterization methods weseidleed in our
earlier work [36]. The morphology and size of th®/GGO samples were examined by
transmission electron microscopy (TEM, TecnaiTMriBpFEI Co.) and atomic force
microscopy (AFM, Veeco Nanoman). The sizes of GODG&&re determined as the longest
lateral dimension of a GO/CGO particle imaged bywAdr TEM and approximately 150
particles were counted for each material using Edapftware. Surface chemistry information

was obtained with X-ray photoelectron spectrosd{BS, PHI 5000 VersaProbe Il equipped
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with monochromatic Al k& (1486.6 eV) X-ray sourcej-potential (in 40 mg/L agueous solution)
was measured with a ZetaSizer Nano ZS instrumeabv@in Instruments, Worcestershire).
2.2 Membrane Fabrication

GO/CGO-PSF composite membranes were fabricateldebghase inversion method [14,
38] (Figure 1)A typical casting solution consists of 8.1 g of Efklyl-2pyrrolidinone (NMP,
Sigma-Aldrich), 0.1 g of polyvinylpyrrolidone (PVRw 10,000, Sigma-Aldrich), 1.8 g of PSF
(beads, average Mn ~22,000, Sigma-Aldrich), andsired amount of GO/CGO (0-1.5 wt. % to
the PSF mass). First, the dispersion of GO/CGONtPNvas prepared. To make GO-PSF
membranes, the graphite oxide power (0 - 27 mdeasribed in Section 2.1) was directly added
in the NMP solution (8.1 g) and sonicated for hloider to obtain exfoliated GO and a
homogeneous mixture. While for CGO-PSF membrahesCGO particles were directly added
into the NMP solution by washing off from the callien filter using NMP solution. A mild
sonication was applied afterwards for further dispa. The GO/CGO dispersion was then
added with PVP (0.1 g) and PSF beads (1.8 g). Tikeira was placed on a heating plate
(60 °C) and stirred for 24 h, during which the Rf$solved, forming a homogeneous casting
solution. After 24 h, the casting solution was eabilo room temperature slowly in order to
remove any bubbles.

Membrane casting was performed using a casting KiiQ)-Se-KTQ-150D, MTI Corp.)
on a clean glass plate with a denominated thickoaE2880xm. Immediately after casting, the
thin film was immersed into a water bath to ingighase inversion. During the process, the
casting solution was transformed into a two phgstes, namely, a solid polymer-rich phase
that formed the membrane structure and a liquigtmet-poor phase that formed the membrane

pores [38]. The membrane coupons that came offldes plate were stored in DI water before
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characterization and performance evaluation.
2.3 Membrane Characterization

Membrane surface and cross-sectional images weaimeld using field emission
scanning electron microscopy (FESEM, NOVA NanoSE3,ZFEI Co.). To avoid the
deformation during sample preparation, the membcangs-sections were prepared by
fracturing membrane coupons in liquid nitrogen. 5&M imaging, samples were sputtered with
gold for 90 s (Headway PWM32-PS-CB15PL). Membraméase morphology and roughness
were also investigated using atomic force microgd@dg-M Veeco NanoMan) in a tapping mode
(spring constant of 40 N/ m, resonance frequen@286fkHz, tip radius of 8 nm, and a cantilever
dimension of 125(L) x 30(W) x 4(H)m). The average surface roughness (Ra, deviation in
height) and root-mean-square roughness (Rq, theata deviation of surface heights) were
calculated and given by the instrument softwareEZD Nanoscope). Surface chemistry was
studied using Fourier transform infrared spectroyn@TIR, Nicolette Nexus 470).

Further, membrane surface hydrophilicity was staidhye measuring water contact angle
using a sessile drop method (Pheonix-300). Bef@asurement, the membranes were kept in
vacuum at 20 °C for 5 h to obtain dry coupons.esist six measurements were conducted for
each membrane coupon/case and the average valustaitdard deviation was obtained and
reported.

The gravimetric method was used to estimate thabmene porosity [12]. Membranes
were dried in a vacuum oven at room temperatur@4dr and then weighed in an electronic
balance to get the dry weighm{y). The membranes were then immersed in MilliQ wéie24
h and then weighed in wet state after carefully piog the surface water with clean tissue paper

(myey. The membrane thickneksvas measured by an automatic micrometer (Tecldk 82,
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Teclock Corporation), and at least 10 points frone¢ membrane coupons for each case were
measured. The average thickness was then obtdihegorosity was calculated as:

__ (mwet—Mgry)/pPw 0
€= o X 100% (Eqn. 1)

whereS s the surface area of the cut membrdmis, the thickness of the cut membrane, apd
is density of water, 1,000 kgfm

Membrane mechanical strength was tested and coth@dfeS CriterionTM Testing
Systems, Model 41). The length of each specimensetias 5 mm between the clamps, and the
width and thickness were previously measured bycaoscope (Carl Zeiss). Samples were
measured under a 25 N load cell using a constassbead rate of 40 mm/s at 50 Hz. The
Young's modulus was calculated by the instrumefitsoe.

Thermal stability analysis was carried out usirgytiogravimetric analysis (TGA, TA
Q5000). Membrane samples were cut into a smallvgitteweight of 1.8 + 0.2 mg and placed in
small aluminum pan followed by thermal analysisrira5 to 800 °C with a heating rate of
10 °C/min in a nitrogen environment.

2.4 Membrane Permeability and Selectivity

To evaluate the performance of the as-synthesizzdbranes, the permeability and
selectivity tests were performed according to distiabd procedures [39]. The tests were
conducted under a direct flow and constant pressesd-end filtration mode. Solutions (water
or 1 g/L bovine serum albumin, Mw ~66 kDa Sigma-+Adtl) were placed in a filtration tank
(Millipore Amicon 8200) and pressurized by nitroggas at a certain pressure (i.e., 1 bar). The
solution was stirred to minimize concentration paktion at the membrane surface. The
permeated solution was measured over time usimgtegrated electronic balance (Mettler

Toledo ML1502E) and data was logged automaticalB0Oss intervals.



211 For the rejection test, the membranes were chadlbg 1 g/L BSA and 10 mg/L methyl
212 orange (MO) solution. The concentrations of BSA B@ were measured using a UV-vis
213 spectrophotometer (Varian Bio 50) at an absorpgpesk of 278 and 463 nm, respectively. The

214  solute rejection percentage was calculated usiadalfowing equation:

215 Rejection = (1 - z_;:) X 100% ofE 2)
f

216  WhereC, andC; are the concentrations of BSA and MO in the petemaad feed solutions,

217 respectively. The rejection rates were averagebtain a mean value over a period of filtration
218 time, usually corresponding to the time for filtegi200 mL solution.

219 2.4 Membrane Fouling and Flux Recovery

220 For the fouling (resistance) test, pure water wasspd through the membrane until

221 the flux remained stable. After that, the solutiothe filtration cell was changed into the model
222 protein solution of 1 g/L BSA. The filtration exp@ent lasted for about 2 h until the flux

223 reached stable. After BSA ultrafiltration, the meware coupon was taken out from the cell and
224 flushed with MilliQ water for 3 min, mildly sonicatl for 1 min in a bath sonicator, and again
225  flushed with MilliQ water for 3 min, on both sidéBhe membrane coupon was replaced into the
226  cleaned filtration cell, and pure water permeabilbs re-measured. At least three membrane
227  coupons were tested for each case. The flux regagaéip (FRR) was calculated using the

228  following equation:

229 FRR = ~9%7 % 100% (Eqn. 3)

before

230  whereFpetore@ndFaser are the pure water fluxes of the pristine andddidleaned membrane,
231 respectively.

232 To reveal more fouling details, the total fouliregio (R), reversible fouling ratio (fRand
233 irreversible fouling ratio (R were calculated using Eqn 4-6 [40], whEggais the flux when
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filtering 1 g/L BSA solution.

Fbefore_FBSA
Ry = ——— (Eqgn. 4)
before
Fafter_FBSA
R, = —Lo—24 (Egn. 5)
before
_ Fbefore_Fafter
Ry =——"— (Eqn. 6)
before

3. Results and Discussion

3.1 Characterization of Graphene Oxides

The morphology, size, and surface chemistry of @@ @GO were characterized using
TEM, AFM, and XPS, which in part have been previpusported by our group (Figure 2) [36].
In terms of morphology, CGO has a distinctive gisgierical, crumpled structure, with
relatively smooth surfaces and sharp ridges (Figb)ewhich is in contrast to the well-known
flat morphology of pristine GO (Figure 2a). Ourlesarwork revealed that water evaporation
during the furnace processing induces a strondiagpforce that effectively crumples flat GO
sheets into paper-ball-like structures [26]. Welfar characterized the particle size distribtuions
of GO and CGO using AFM and TEM respectively (Feac). They both have very similar size
distributions, and approximately >80% of theseipkes are between 100 and 400 nm (Figure
2c).

Surface chemistry of GO and CGO were quantifiekB®. GO is considered as a one-
atom-thick planar $pbonded carbon sheet rich in oxygen functional gsofe.g. hydroxyl,
epoxy, carbonyl, and carboxyl groups, etc.) [4b}. & furnace temperature of 200 °C, a minor
amount of oxygen functional groups were observdattoemoved [26]. The high-resolution

carbon 1 S peak from XPS spectra was deconvolatedive oxidation states, which represent
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most commonly accounted surface functional compisnamcluding the C-C (284.8 eV), C-OH
(286.2 eV, 1-1.5 eV shift to higher binding ene(B¥)), C-O-C (287.1 eV, higher BE compared
to C-OH group), C=0 (287.7 eV, 2.5-3 eV shift tgler BE) and COOH (288.8 eV, 4-4.5 eV
shift to higher BE) functionalities [42, 43]. Asahlin in Figure 2d, GO is highly oxidized with
abundant oxygen-based functional groups, includir@H (~13% of area ratio), C-O-C (~ 35%),
C=0 (~6%), and COOH (~5%). Compared to GO, CGOavdg mildly reduced (the C-C area
ratios increased from ~41 £ 4 % of GO to ~45 + 8P GO), and other components remained
nearly the same, including C-OH (~8% of area ratiP-C (~ 37%), C=0 (~ 5%), and COOH
(~5%). The material characterization results shuat while the morphology changes, CGO
surface chemistry is very similar to GO. This iscatonsistent with thépotential
measurements, with both being around -46 mV (4Q_raglieous solution, pH 6.0 £ 0.3).
3.2 Membrane Characterization

The dispersibility of graphene oxides in organilvents is a critical factor to consider
when synthesizing GO-polymer composites includiregbranes. GO is polar in nature due to
oxygen-containing functionalities, therefore pdalvents are thought (and observed) to
facilitate its dispersion [44]. A previous studyealed that GO dispersions in organic solvents
such as DMF and NMP exhibit long-term stabilityyomhen the concentration is lower than 0.5
mg/mL [44]. In this work, sonication was used tdotate and disperse GO in NMP. Solid
graphene oxide (as a powder, 0, 9, 27 mg) wasttiradded in the NMP solution (8.1 g) and
sonicated for 1 h in order to achieve GO exfoliatmd homogeneous mixing (Figure 1).
Consistent with the previous study [44], our highQ Goncentration in NMP (> 1 mg/mL) leads
to dispersion of GO flakes, with a few aggregaadpobserved. In contrast, CGO was

observed to disperse well in NMP, even under thbést concentration (3.3 mg/mL). This
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observation agrees with our earlier findings of GGO stability in water [36]. GO stability in
watersignificantly increases (by 18-80%) when it is ghgy crumpled (as CGO), which
reducest—r interactions between discrete sheets, resultimpianced aggregation-resistance.
Casting solutions were used to synthesize membraae@sphase inversion process as
described in Section 2.2 and Figure 1. Comparedndrol PSF membranes that have a white
color, membranes incorporated with GO/CGO are gtagk in color (S.I., Figure S1),
suggesting successful incorporation of nanomateniaihe polymer matrix. As-synthesized
membranes were further characterized by SEM and Mrlyure 3), and GO or CGO patrticles
were not directly observed on/at the membrane sesfan top-view SEM images (Figure 3a-e).
The direct observation of nanoparticles on the ntam#b surface depends on the mass
percentage (total amount) of nanoparticles blenBedprevious reports observing surface
nanoparticles, the mass percentage (normalizdtetpdlymer mass) were typically higher than
3% (and up to > 30%) [2, 45, 46h contrast, in this work loadings were always lower than 2%.
It should be noted that for high aspect ratio malgsuch as carbon nanotubes, material
observation on the surface of similar membranesmed with mass percentages as low as 1%
[12, 47]. Direct comparison of the SEM top-view mea show that the membranes became
smoother with addition of nanoparticles (Figuree3aThe membrane cross-section exhibits a
finger-like morphology, typical of PSF UF membrasgathesized via phase inversion (Figure
2f-j). The dense, selective layer forms at thegogion of the membrane structure, and larger
pores gradually develop throughout the rest ohtleenbrane. Overall, no significant difference
in cross-sectional structure was identified betweendified and unmodified membranes. Figure
3(k-0) shows the three-dimensional AFM images efRISF and composite membrane surfaces.

The 3D surface images exhibit the same trendsoae tthirectly taken from SEM top-view
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images. This was further confirmed by surface rowegs properties obtained from AFM
analysis, including mean roughness (Ra) and roanmsguare of Z data (Rq) (Table 1). All the
roughness parameters of the composite membranessweller than those of the pristine PSF
membranes. The average Rq and Ra values for thene8brane were 76.2 + 34.9 and 60.7 +
29.5 nm, respectively, and for composite membraredsges decreased by ca. 50% (30-45 nm for
Rq, and 23-35 nm for Ra, Table 1). Further, surfacghness (Rq) continued to decrease from
~40 nm (with 0.5 wt.% addition) to ~30 nm (with 5% addition), and the variation among
measurements also decreased (as indicated byatidastl deviation). In other words, with
CGO/GO amendment, membranes became relatively serodreviously, both increases [12,
46] and decreases [32, 48, 49] in surface roughmeas been observed after the incorporation of
nanomaterials. It is generally considered that hosigfaces accumulate contaminants in the
valleys, leading to increased fouling tendenciey.[1

FTIR spectra of PSF and composite membranes dshoot significant differences due
to the dominance of polysulfone in the composité (6igure S2). For all, spectra show typical
absorption peaks of polysulfof0]: 1151 cm* (O-S-O stretching), 1244 ¢h{C-O-C
stretching), and 1585 ¢h{C-C aromatic), characteristic of the sulfone growhile absorption
peaks 1020 cthand 830 cni are indicative of C-H stretching of the aromaiigrof
polysulfone.

Contact angles (CA), a measurement of surface Ipyiroity, are presented in Table 1.
CA values decreased when GO and CGO weredadolecontrol membranes, a CA of 90.6 +
6.2° was measured, which decreased to below 8Gflifoomposite membranes. In particular,
membranes with 0.5% GO addition has a water coatagie of 64.6 + 4.0°, which is

considerably more hydrophilic compared to prisB&F membrane. Such enhancement is

14



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

attributed to the migration of GO particles onttgithe membrane surface during the phase
inversion process, thus imparting the surface Wwithrophilic oxygen-containing functional
groups [12]. Observed CA values also agree weh wirevious GO composite membranes,
which are in the range of 60 - 70° [12, 33, 51].

Based on porosity estimations, studied membraaes porosities ranging from 80 to
85% (Eqn. 1). GO modified membranes have a higheysity (~ 85%) than those of CGO
modified ones (~80-82%) (Table 1). The increaspawbsity is due to fast exchange of solvent
and non-solvent in the phase inversion processadldéion of hydrophilic particles, under
certain concentrations, can increase the thermadyniastability of the casting system and
decrease the de-mixing time of the casting soluf@ster de-mixing leads to more porous and
thus more permeable membranes, as described psgvimuothers [10]. However, the addition
of (excessive) GO leads to an increase in polymlertisn viscosity, resulting in delayed de-
mixing and the formation of smaller pores [34, 83]. It is also of note that compared to PSF
membranes, CGO-PSF membranes have lower porosityg(T).
3.3 Membrane Permeability and Rejection

Figure 4a shows pure water flux of pristine, G £GO-PSF membranes. Pure water
flux through the original PSF membrane was meastrée 60.3 + 13.8 L/(fah) (LMH). For
membranes with 0.5% of GO, permeability increaset?3.2 + 37.0 LMH (Figure 4a), however
for 0.5% CGO loading, the flux decreased to 488#LMH. Further, when the GO and CGO
loading further increased to 1.5%, the permeabhilitpure water decreased to 83.1 £ 19.1 and
30.2 £ 5.1 LMH, respectively. From these resulis) take away observations can be made:
First, the addition of GO and CGO of the same npassentage leads to markedly different

effects on permeability — GO addition results inrarease of permeabilityowever, the

15



348 addition of CGO has the opposite effect. Secondnpability decreases when the addition of
349  both materials is increased. The increase of flitk addition of GO is consistent with previous
350  studies showing a similar (increasing) trend [18], This is attributed to a substantial increase in
351 surface/pore hydrophilicity (water CA decreasedibgut 20°) and relative increase in

352 membrane porosity.

353 These two observations can be explained by théesds of a tipping mass percentage
354  for nanofiller addition [34, 48, 52, 53]. Overahe addition of (hydrophilic) nanofillers changes
355  the hydrophilicity and viscosity of the castingwan. Increased hydrophilicity leads to faster
356  exchange of solvent and non-solvent, forming mampsmembrane structure; however, with

357  further addition of nanomaterials, the viscosityttid casting solution increases, resulting in less
358  porous structures. Previous studies suggest ti@gpiag mass percentage is a critical point —
359  after which, the water flux decreases due to thbgfntial) increase of casting solution

360  viscosity (i.e. the effect of viscosity increasdveeighs that of hydrophilicity increase) [34, 48,
361  52-54]. The mass percentage can be <1% to a fevempeidepending on the additive and

362  polymer types. A decrease in the surface roughmas$€een observed for suppressed porous
363  structure formation due to slow(er) de-mixing [52].

364 CGO has a much lower tipping mass percentage alompared to GO. We tested CGO-
365 PSF membranes with 0.25 wt.%, which shows a higlag¢er flux than that of pristine PSF

366 membranes, suggesting a tipping mass percentage ¥d.5%. For GO, the tipping mass

367 percentage value is larger than 0.5%. For compares@revious study reported a tipping mass
368  percentage as low as 0.2% for GO materials [53 dltiference is likely due to more effective
369  dispersion/stability of CGO in NMP solvent, thusancing its material efficacy (i.e., more

370  interaction surfaces between CGO and PSF molecUlbis) observation is also supported by the

16



371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

change in surface hydrophilicity. For casting solg with higher viscosities, diffusion kinetics
are relatively slower for GO/CGO materials. As sute membranes with 1.5 wt.% addition have
decreased surface hydrophilicity compared to thage0.5 wt.% material addition.

There remains a debate over which factor, pore(pzesity) or hydrophilicity change,
is dominant with regard to water permeability erdeanent for nano-enabled, ultrafiltration
membranes as synthesized by phase inversion. Tefrpore size was believed to be more
important than surface hydrophilicity as discusisgdRazmjou et al.[2] and Li et al.[55]
however, others believe that surface/pore hydragptyilis key [47, 56]. In this study, CGO-PSF
membranes show that while surface hydrophilicitréased, porosity and water permeability
decreased. These findings likely suggest that ftgrdsr these membranes, is the more
important variable responsible for changes in waggmeability for similar material-based
conditions.

Separation performance was evaluated by filtratiobBSA and MO solutions (Figure 4b
and c). BSA is a serum albumin protein, with a $sokadius of ca. 3.48 nm for single molecules.
With a point of zero charge at pH 5i#dwas found to be negatively charged for our stadi
(measured by electrophoretic light scattering, pB:3) [39]. MO is a commonly studied dye,
much smaller than BSA with a molecular weight of 32a. The rejection rates of BSA are
almost the same for all membranes tested — vigd&l0% (Figure 4b). For MO, rejection rates
were inversely correlated with water flux (Figui®;4or higher water flux, lower rejection of
MO occurred. For example, pristine PSF membranes haetention rate of 48.9 + 7.4%. A
decrease was observed for GO-PSF membranes with@dierial loading (41.4 = 7.7%) which
then increased to 52.7 = 5.0% for CGO-PSF membuaathel.5% loading. These results are a

classic example of the trade-off between permeaglahd selectivity.
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The membrane rejection mechanisms can include, silaarge-, and adsorption-based
mechanisms, among which, size-based (sieving) nmésihas considered to be critical for
ultrafiltration membranes. Size exclusion rejeci®dependent on the pore size of membranes
and molecular weight of the solute. Previous stutieve attributed increased protein rejection
(with concurrent increase in water permeabilitygtdanced adsorption [12, 33], since proteins
were observed to have high adsorption tendencigw/ih carbon nanostructures) [57]. Here, we
were not able to observe an increase of proteattien with addition of GO due to the complete
rejection of BSA by all membranes evaluated. Ferrdjection of BSA, we believe it is mainly a
size exclusion mechanism, as previous reportsnufesi membranes revealed a MWCO size of
around 50 kDa [58]. Additionally, a hydrophilicitfiarge-based mechanism appears to be
minimal, as we did not observe higher rejectioesaif MO for GO membranes with higher
surface hydrophilicity (lower water contact angle).

3.4 Membrane Flux Recovery

Membrane flux recovery data, after fouling and sgjoent cleaning, is presented in Figure 5.
For pristine PSF membranes, 68.6 £ 25.1% of themfhtx could be recovered after BSA
fouling and cleaning. However for 0.5% and 1.5% BS&F membranes, 52.7 + 17.0% and 62.8
+ 0.4% of water flux were able to be recoveredpeetively. Both were lower than that of
pristine PSF membranes. This is in contrast torabau of previous reports that demonstrate
modified membranes with higher flux recovery rgff®®R) compared to pristine ones. For these,
enhanced surface hydrophilicity was believed tagaie protein adsorption due to the repulsion
force from the hydrated layers on the surface whisb preserves protein (tertiary) structure
[33]. However, we did not observe significant FRR enharer@ as a function of (enhancement

in) surface hydrophilicity. Interestingly, for 0.5€&G0O-PSF membranes, the highest water flux
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recovery ratio was achieved, with a percentages@® Z 17.0%. It is also noteworthy that 0.5%
CGO-PSF membranes had a lower surface hydropfiticéin 0.5% GO-PSF membranes. These
observations suggest that due to relatively lapgee sizes, the GO-PSF membranes had more
partially blocked pores during fouling, which sutygently decreased the flux (i.e. size
exclusion-based mechanism for solute rejectionis @lso supports the key role of porosity
(pore size), compared to surface hydrophilicityewldetermining and predicting membrane
performance. Our calculations using Eqgn. 4-6 shatlvatlonly irreversible fouling existed for
these membranes, and the total/irreversible foukigs were 0.31, 0.47, 0.24, 0.37, and 0.50
for PSF, 0.5% GO, 0.5% CGO, 1.5% GO, and 1.5% C@&lonanes, respectively.
3.5 Mechanical Strength and Thermal Stability

The tensile strength of the membranes are showigure S3. The PSF control
membranes have a Young's modulus of 71 + 8 MP&h WB% addition of GO, the mechanical
strength decreased likely due to increased porosity of the membrane; with further increase to
1.5% GO, the strength became similar to that of @8mbranes (69 £ 16 MPa). The low-
dimensional carbon nanomaterials were believedtasextensions for hybrid architectures,
which can become entangled with polymer chains #mhancing the strength, as noted by
others [12]. The eventual strength of the compasgenbranes was a trade-off between the
increase of porosity and the effects of GO as exben For both CGO scenarios, the strength
decreased, which was attributed to the shape efteet3D spherical structure likely cannot act
similarly for the hybrid architectures compare® structures.

For thermal stability, the PSF and composite memdsalid not show difference. They
were thermally stable until the temperature rea@rednd 510 °C, agreeing with the reported

values in literature [59, 60].
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4. Conclusions

In this work, we synthesized, applied, and companedtypes of GO material variables,
flat GO and crumpled GO (CGO), as nanoscale filleqzolysulfone (PSF) ultrafiltration
membranes. Our experimental results show that grembxide physical shape leads to varied
membrane structures, water flux, and rejectiongrerdnce(s). These differences are attributed
to the (more) effective dispersion of CGO nanophe$, which considerably lowers the tipping
mass percentage for substantial viscosity changfgeatasting solution. A tipping mass
percentage value between < 0.5% is observed for;G&@&O, the tipping mass percentage
value is larger than 0.5%. Results clearly indi¢htg GO material properties, such as varied
shape, affect the dispersion status and subsehyérdphilicity and viscosity of the mixture
casting solutions, thus affecting membrane strectsurface hydrophilicity and porosity) and
performance (permeability, rejection, and flux nexy). This study also suggests that a change
of porosity is likely to be a more important factban that of surface hydrophilicity in
determining ultrafiltration membrane performanceewlyraphene oxides are applied as

nanoscale fillers of these mass percentages.
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Figure 1. Schematic diagram of GO- and CGO-PSF mametfabrication.
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Figure 2. Material characterization of GO and CGO: (a) and (b), TEM images of GO and CGO;
(c) size distribution of GO and CGO obtained by analyzing AFM and TEM images respectively;
(d) surface chemistry information obtained by arnialg XPS data.
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Figure 3. Top view (a-e) and cross-section vieyy 8EM, AFM (k-0) of PSF, and GO, CGO-
PSF membranes (with 0.5% and 1.5% material loading)
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Figure 4. Pure water permeability and rejectiorigrerances of the pristine PSF and GO/CGO-

PSF membranes.

693
694

(@)

200

> o o o
e o @© N
(Y ,w/7) Anjigeswiad

« 5

0

Q

695

pdl

I I I
o o o o

o [s0] [(e] <t m

T (%) uonosley vsg
(e}
(@)
(o]

<+ [
(%) uondaley OW

O (6]
&lo cO " O | 5 cO . 5010(:,6

0.

697

698

28



699  Figure 5. Recovery of membrane flux after BSA fogli
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717  Table 1. Porosity and surface roughness of PSFE&hdCGO-PSF composite membranes.

718

Membranes Water CA (°) Porosity Rq (nm) Ra (nm) Rma (nm)
PSF 90.6 +6.2 83.8+4.6% 76.2+34.9 60.7+29.%553.6 +235.7
0.5% GO 64.6 + 4.0 84.7+5.0% 375+30.8 27.9#2 303.3+263.0
0.5% CGO 76.4+6.1 82.6+8.9% 45.0+22.7 3414  316.3+141.5
1.5% GO 73.1+34 85.1+14.0% 31.6+4.3 23.1%3 277.3+43.0
1.5% CGO 78.3+8.9 80.0+7.7% 30.8+1.2 24531 211.0+234
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Highlights

Graphene oxide materials of different shapes led to varied membrane structure and

performance.

More effective dispersion/stability of crumpled graphene oxide nanoparticles in NMP
considerably lowers the tipping mass percentage vaue for viscosity change of the casting

solution.
Change(s) in porosity is likely to be a more important factor than that of surface

hydrophilicity in determining UF membrane performance when graphene oxides are

applied with these mass percentages.





