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Abstract

Graphene oxide (GO) membranes with tunable interlayer spacings are of interest for dye removal
from salty textile wastewater, and the membranes are often reduced to improve their stability,
which inevitably lowers water permeance. Herein, we demonstrate that reduced GO (rGO)
membranes can be facilely modified using peracetic acid (PAA) in situ to dramatically enhance
water permeance while retaining dye rejection. Specifically, PAA-modified membranes (PrGO)
are synthesized by vacuum-filtering hydrazine-reduced rGO nanosheets onto Nylon substrate and
then exposing them to PAA solutions. The effects of the rGO layer thickness, PAA content, and
PAA exposure time on the membrane chemistry, nanostructures, and salt/dye separation properties
are thoroughly examined. For example, the PAA oxidation of a 100 nm-thick rGO membrane for
10 min increases water permeance by 180%, from 35 to 93 liter m™ h™! bar’!, and decreases Na2SOx4
rejection from 10% to 3.3% while retaining the rejection of Congo red at =99.7%. The PrGO
membranes exhibit stable water permeance and > 99% dye rejection in multi-cycle tests in a
crossflow system, surpassing state-of-the-art GO membranes and showcasing their potential for

practical applications.

Keywords: Reduced graphene oxide membrane; Peracetic acid; In situ oxidation; Dye

desalination
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1. Introduction

Textile industries release significant quantities of wastewater containing various dyes and
salts (such as NaCl or Na2SOs) that are used to improve dyeing efficiency [1, 2]. Membrane
technology, with high energy efficiency, low cost, and excellent scalability, has attracted
substantial interest in recovering water and salts and mitigating dye release into the environment
[3-5]. Membranes should have high permeance for water and salts and great dye rejection.
However, existing commercial membranes optimized for other applications are not suitable for
treating textile wastewater. For example, polyamide-based nanofiltration (NF) membranes show
high rejection of both Na2SO4 and dyes [6]; ultrafiltration (UF) membranes can achieve high water
and salt permeance but have low dye rejection [7]. Ideal membranes should have pore sizes larger
than hydrated ions (6 - 8 A) to attain high water and salt permeance but smaller than dye aggregates
(10 - 100 nm) in aqueous solutions to reject dyes [6, 8].

Two-dimensional (2D) graphene oxide (GO) nanosheets have emerged as an appealing
platform for designing membranes with desirable size-sieving channels [9-11]. The interlayer
spacing is governed by the m—m interactions between adjacent nanosheets [8, 10, 12], and
importantly, it can be manipulated by rich functional groups on GO nanosheets (including
hydroxyl, carboxy, and epoxy groups). As GO nanosheets are hydrophilic and can be dispersed in
aqueous solutions, directly deposited GO layers can be easily peeled off from the substrate during
underwater operation. To overcome their underwater instability, the GO sheets are often cross-
linked using polyamines [4, 13-16] or reduced thermally [10, 13] to improve their hydrophobicity
and stability in water [17, 18]. Particularly, GO nanosheets can be chemically reduced using
hydrazine [19], hydriodic acid [20], and vitamin C [21]. Regardless of the methods used to improve

GO stability, the interlayer spacing of nanosheets is often decreased [22], decreasing water and
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salt permeance. There is a delicate balance between the degree of GO reduction and the associated
trade-off between water and salt permeance and dye rejection because the degree of reduction may
not be easily manipulated during the one-step modification [23]. On the other hand, reduced GO
(rGO) nanosheets can be reversibly oxidized to optimize various properties [23, 24], such as
thermoelectric properties [25].

Herein, we demonstrate a facile approach to modify rGO membranes in situ with a model
oxidant to fine-tune interlayer spacings and improve salt/dye separation properties (Fig. 1). The
oxidant used in this study, peracetic acid (PAA, CH3:COOOH), is an organic peroxide that has
been used for disinfecting municipal wastewater and food washing water [26, 27]. PAA can
hydrolyze to produce hydrogen peroxide (H20:2) and acetic acid [28, 29], and it can react with C=C
bonds in rGO to reform epoxy groups [30-32]. Specifically, rGO membranes were prepared by
vacuum filtration of hydrazine-reduced GO nanosheets onto Nylon support and then treated with
PAA (100 - 500 ppm) in situ at =23 °C for 10 min to form PrGO membranes with enhanced surface
negative charge and improved water and salt permeance while retaining great dye rejection. For
instance, exposure to 250 ppm PAA doubles water permeance while maintaining < 5% rejection
for NaCl and NaxSO4 and >99% rejection for various dyes, including Congo red (CR), direct red
80 (DR 80), and methyl blue (MB) with molecular weight ranging from 697 to 1373 g/mol. Overall,
the PrGO membranes exhibit excellent dye removal performance for continuous crossflow

operation, demonstrating their potential for practical applications.
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T

GO after sonication

Fig. 1. Preparation of PrGOx/y membranes, where x and y represent Jthe estimated rGO layer
thickness (nm) and PAA concentration (ppm). (a) Chemical synthesis of PrGO, including
hydrazine reduction of GO nanosheets and PAA oxidation. (b) Schematic of GO, rGO, and PrGO
membranes. Atomic force microscope (AFM) images of (¢) GO nanosheets, (d) GO nanosheets
after ultra-sonication, and (e) rGO nanosheets.
2. Experimental
2.1. Materials

Natural graphite flakes (99%, 325 mesh), H202 (30 wt% in H20), H2SO4 (99%), KMnO4
(= 99.0%), CR (697 Da), DR 80 (1373 Da), PAA (32% in acetic acid, containing 5.4% H20: in
the equilibrium mixture), NaCl (= 99.0%), Na2SOa4 (= 99.0%), and poly(ethylene glycol) (PEG, 2,
5, 10, 20, 35, and 100 kDa) were purchased from Sigma-Aldrich Corporation (St. Louis, MO).

HCI (1.0 M) was obtained from Supelco (Bellefonte, PA). MB (800 Da) and isopropanol (IPA,

5
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99%) were acquired from Fisher Scientific International (Pittsburgh, PA). Nylon support (a
microfiltration (MF) membrane with a pore size of ~200 nm) was supplied by Cytiva
(Marlborough, MA). The physical properties of the dyes are also recorded in Table S1.
2.2. Preparation of GO, rGO, and PrGO membranes

GO nanosheets were prepared from graphite flakes using a modified Hummer’s method
[4], and then they were reduced by hydrazine at 60 °C and pH = 10 after a probe ultrasonication
[19, 33]. The obtained rGO nanosheets were fabricated into membranes (9.1 cm?) on Nylon
supports by vacuum filtration, and the amount of rGO deposited on the support can be used to
estimate its theoretical thickness (x, nm) [19, 20]. The rGOx membranes were then exposed to
PAA aqueous solutions (100 - 500 ppm) for 10 min before washing with deionized (DI) water
(Fig. S1). The membranes were masked with impermeable plastic films to leave an active area of
2.9 cm? before being immersed in water prior to use.
2.3. Characterization of nanosheets and membranes

The chemical structures of rGO and PrGO membranes were characterized by a Vertex 70
FTIR spectrometer (Bruker, Billerica, MA) and a Raman spectrometer (Renishaw InVia, U.K.).
The elemental composition of selective layers was analyzed using a PHIS000 VersaProbe Il X-ray
photoelectron spectroscopy (XPS, Physical Electronics Inc., Chanhassen, MN). Zeta potential was
determined using a SurPASS 3 Surface Zeta Potential Analyzer (Anton Paar, Austria) with
Ag/AgCl electrodes and a 0.01 M KCl electrolyte solution. The pH of the electrolyte solution was
adjusted to 11 by adding a 0.05 M NaOH solution. Zeta potential measurements were taken in pH
increments of ~0.5 from 11 to 3 through auto-titration with a 0.05 M HCI solution. The membrane
surface was characterized for hydrophilicity using a Rame-Hart 190 contact angle goniometer

(Succasunna, NJ).
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Membrane surface roughness was obtained using an AFM (Bruker Dimension Icon with
ScanAsyst, Bruker, Germany) in air tapping mode. Surface and cross-sectional images were taken
by a focused ion beam (FIB) scanning electron microscope (SEM, Carl Zeiss, Germany). The d-
spacing of selective layers was characterized using an X-ray diffractometer (XRD, Ultima IV
diffractometer, Rigaku, Japan) with Cu Ko radiation (A = 1.54 A).

The sizes of dye aggregates in the aqueous solutions were determined using dynamic light
scattering (DLS, Zetasizer Lab, Malvern, UK). Dye concentrations were determined by a Vernier
UV—vis spectrophotometer (Vernier Software & Technology, Beaverton, OR).

Water permeance (4w, liter m™? h! bar’! or LMH/bar) was determined using a dead-end
filtration cell (HP4750, Sterlitech, Kent, WA) at a feed pressure of 1 bar. The 4w is calculated
using Eq. 1 [34]:

_Jw_ _1 av
W= Ap - Am-Ap dt (1)

where Jw is steady-state water flux (LMH), 4p is transmembrane pressure (bar), Am is active
membrane area (cm?), and dV/dt is permeate flow rate (L h™).

The rejection (R, %) of dyes, salts, and PEGs can be calculated using Eq. 2:

R, = <1—ii> x 100% )

Fi
where Crand Cp are the solute concentrations in the feed and permeate, respectively. The subscript
i represents D for dyes, S for salts, and PEG for PEGs. The salt and PEG concentrations were
determined using a conductivity meter and a total organic carbon (TOC) analyzer (Shimadzu,
Japan), respectively.
The molecular weight cut-off (MWCO) of membranes was evaluated using 1 g/L PEG

solutions, and it is defined as the molecular mass (M, Da) of PEG with 90% rejection. The
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membrane pore size (a, nm) equals the Stokes radius of the PEG with 90% rejection and is given
by [34, 35]:
a= 16.73 x 1073 M0557 3)

The salt/dye separation factor () is calculated using Eq. 4:

_ Cps/Crs _ 1-Rs 4)
Cpp/CFp  1-Rp

3. Results and discussion
3.1. Enhanced water permeance by PAA exposure

We wish to first highlight the unexpected increase in water permeance by PAA exposure.
Fig. 2a,b shows the impact of PAA treatment conditions on membrane performance. Treatment by
100 ppm PAA does not substantially alter the water permeance or dye rejection for the membranes
with 75 or 100 nm rGO layers; however, 250 ppm PAA treatment roughly doubles and triples the
water permeance for these membranes, respectively. The PrGO100/250 exhibits water permeance
of 105 +13 LMH/bar and rejections of CR, DR 80, and MB greater than 99.5% (Fig. 2d). However,
the PrGO75/250 membrane shows CR rejection of ~98% and DR 80 and MB rejection of < 96%
(Fig. 2¢) likely attributed to the formation of defects. Fig. S2 also confirms that increasing the rGO
layer thickness decreases pure water permeance and increases dye and salt rejection, partially
because of eliminated defects.

For rGO100, 100 or 250 ppm PAA treatment has no impact on dye rejection; >99.5%
rejection is maintained for CR, DR 80, and MB (Fig. 2d). Further increasing PAA concentration
to 500 ppm (PrGO100/500) leads to <90% rejection for all dyes because of defect formation as
evidenced in the SEM image in Fig. Se. Overall, the PrGO100/250 membrane exhibits the best

performance, achieving both high water permeance and high dye rejection.
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Fig. 2. Enhanced salt/dye desalination properties in PrGO membranes by PAA treatment. Pure
water permeance for (a) rGO75 and (b) rGO100 membranes. CR, DR 80, and MB (0.2 g/L)
rejection of (¢) rGO75 and (d) rGO100 membranes. The error bar is the standard deviation for at
least 3 membrane samples.

Fig. 3 compares the desalination performance of rGO100 and PrGO100/250 membranes as
a function of the salt type and concentration. For both NaCl and Na>SO4 across concentrations

ranging from 2 to 60 g/L [2], PrGO100/250 consistently exhibits lower salt rejection and higher

water permeance than rGO100. At high salinity (60 g/L), PrGO100/250 also exhibits more
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consistent water permeance (45 LMH/bar for Na2SO4 and 56 LMH/bar for NaCl) than rGO100
(13 LMH/bar for Na>SO4 and 35 LMH/bar for NaCl). For both membranes, increasing the NaCl
and Na2SO4 content decreases their rejection and the associated water permeance, and the change
is more significant for Na2SOa4 than NaCl. For example, as the Na2SO4 content increases from 2 to
60 g/L, its rejection decreases from 14.4% to 1.2% for PrGO100/250 and from 20.9% to 7.4% for
rGO100. Both membranes are negatively charged at pH = 7, and the high salinity decreases the

Donnan potential and thus increases the SO4* sorption, enhancing salt permeance [19, 36].
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® 1100 < 4100
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Fig. 3. Effect of the salt content on their rejection and water permeance in rGO100 and
PrGO100/250 membranes for (a) NaCl and (b) Na2SOa.

Because PAA is an organic peroxide and its stock solution contains H2O2 as a stabilizer,
we also synthesized an H20:z-treated rGO100 membrane (prepared by exposure to a 30% H202
solution at 23 °C for 10 min; HrGO100) and compared its performance with rGO100. A negligible
difference in separation properties between HrGO100 and rGO100 membranes is observed (Fig.
S3), suggesting an absence of reactions between the rGO and H20a. Therefore, the difference

between rGO and PrGO is caused by the direct reaction between the rGO and PAA.

10
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3.2. Stability and dye desalination performance of PrGO membranes

The PrGO100/250 membrane, exhibiting both high water/salt permeance and high dye
rejection, was challenged in a continuous four-cycle filtration test over 40 h in a crossflow system
with 0.2 g/LL MB in the feed. Fig. 4a shows that the membrane retains high water permeance and
high MB rejection (> 99%), demonstrating its stability. Notably, when 0.2 g/L MB is used as the
feed solution, the water permeance is 40% lower than its pure water permeance; using pure water
feed after a cycle only slightly recovers water permeance, suggesting that dye adhesion within the
PrGO layers is responsible for most of the water permeance loss. Nevertheless, the dye water

permeance is very stable over the 40-hour test at ~ 45 LMH/bar.

(@ 120 : : : (b) . .
A ¢ A 1000 | PrGO
S 1 = 5 E o 100/250
2 2 3 .
B
o —
£ £ % ©
g 5 &
-] 1 & & 100 5 PrGO _
S 08 o 3 % 5 5 75/250
s [ o 3 o ( B
E 30l 0.2 g/L MB 1 2 = [ o
3 ©
2 {20 w» [0 O GO-based
L PrGO100/250 | | membranes ©
0 R 1 R 1 R 1 R 0 10 N B B
0 600 1200 1800 2400 0 40 80 120
Testing time (min) Water permeance (LMH/bar)

Fig. 4. Superior dye desalination in PrGO100/250 membranes. (a) Long-term stability test with
0.2 g/LL MB for four cycles. (b) Comparison with state-of-the-art GO membranes [11, 37-45] and
commercial NF membranes [46, 47]. Details are summarized in Table S2.

Fig. 4b compares the dye desalination performance, as indicated by the salt/dye separation
factor and pure water permeance, between two PrGO membranes and the state-of-the-art GO-

based membranes reported in the literature [11, 37-45] and commercial polyamide-based NF

membranes [46, 47]. Compared with the GO membranes, our PrGO membranes exhibit much

11
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higher water permeance and comparable or greater salt/dye separation factor. For example,
PrG0O100/250 exhibits a salt/dye separation factor roughly 50% lower than commercial Sepro NF6
membrane (which has the highest salt/dye separation factor among all membranes shown here),

but its water permeance was 6.6 times greater.

3.3. Chemical and morphological structure of PrGO membranes

To explore the mechanism of PAA treatment for improving membrane performance, PrGO
membranes were characterized by a suite of analytical tools and compared with the rGO
membranes. Overall, PAA treatment does not create obvious changes in the apparent
characteristics of the rGO membranes, such as thickness and morphology; its effects on the
substantial improvement in membrane performance can be attributed to the fine-tuned surface
chemistries of the rGO layer, including the O content and zeta potential.

The prepared GO nanosheets have a thickness of ~1 nm and lateral size of about 10 um
(Fig. Ic). Probe-ultrasonication and hydrazine reduction reduce the nanosheet sizes to <4 pm (Fig.
1d,e). Unfortunately, the size of isolated PrGO nanosheets cannot be measured by AFM due to
detachment from the mica substrate upon PAA treatment. Fig. S4a compares the UV-vis spectra
of GO and rGO dispersion, and the peak shifts from 230 to 260 nm, validating the newly formed
graphitic domains after reduction [19].

Fig. 5a,b displays that the deposition of rGO layers (=100 nm thick) fully covers the pores
of the Nylon support (~200 nm) and leads to wrinkle structures. Varying the PAA concentration
between 100 and 250 ppm has no effect on the rGO surface morphology (Fig. 5c,d), but a further
increase to 500 ppm generates small defects on the surface (Fig. 5e). Fig. 5f-j also compares the

cross-sectional SEM images of Nylon, rGO100, and PrGO100. Both rGO and PrGO layers show

12
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layered structures (which is typical for GO nanosheets), and their thicknesses are very close to the
estimated thickness (=100 nm), indicating that PAA treatment does not influence the selective
layer thickness. Consistent with the results from SEM images, the AFM photos of the rGO/PrGO
membranes show that PAA treatment does not have a major effect on local surface roughness (Fig.

S4b-e).

a) Nylon support <} (b) rGO100 (c) PrGO100/100 (d) PrG0100/250 (¢) PrG0100/500

an 50/250. .
1069 nm_ N - - 1

e 108 £ 15 nm 3 Y e
.l ‘;’- ‘

Flg 5. Surface SEM images of (a) Nylon support (b) rGOlOO membrane, (c) PrGO100/100
membrane, (d) PrGO100/250 membrane, and (c) PrGO100/500 membrane. Cross-sectional SEM
images of (f) Nylon support, (g) rGO100 membrane, (h) PrGO100/100 membrane, (i)
PrGO100/250 membrane, and (j) PrGO100/500 membrane. The thickness uncertainty is the
standard deviation for at least 3 membrane samples.

Raman spectroscopy analysis further shows that PAA exposure has a negligible effect on
the crystalline structures of rGO (Fig. S5a): the rGO and PrGO membranes exhibit similar values
of Ip/Ic, the ratio of peak intensity at 1350 and 1595 cm ™!, corresponding to the D band (disordered
carbon structures) and G band (ordered graphitic structures), respectively [48]. Fig. S5b also shows
that the PAA treatment does not significantly influence the water contact angle.

Fig. 6a compares the FTIR spectra of the GO100, rGO100, PrGO100/100, and
PrGO100/250 membranes. All membranes exhibit the characteristic peaks of C-O stretching at
1350 and 1150 cm'; the signals were weaker for the rGO and PrGO membranes than GO100,
consistent with the removal of epoxide groups by hydrazine reduction [49]. The subsequent PAA
oxidation of rGO membrane does not significantly increase the C-O stretching peak, indicating

13
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that the formation of new C-O moieties (e.g., epoxide or hydroxyl groups), if occurring, is

relatively minor relative to the detection sensitivity of FTIR.
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Fig. 6. Comparison of chemical structures of GO, rGO, and PrGO membranes. (a) FTIR spectra,

(b) surface molar ratios of O/C and N/C, and (c¢) molar concentration of C-O, C=0, and C-C for C

Is from XPS. The uncertainty in b is the standard deviation for more than 3 membrane samples.
Compared with FTIR, XPS is more surface-sensitive and provides information for the top

few nanometers of the materials. Fig. 6b and Table S3 compare the surface elemental composition

of the GO, rGO, and PrGO membranes obtained from XPS analyses. The N/C ratios for GO and
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rGO were similar [33, 50] and consistent with the proposed GO reduction pathways by hydrazine.
As expected, the treatment with the PAA does not affect the N/C ratio either.

The hydrazine reduction significantly decreases the O/C ratio to 0.25340.003, consistent
with the removal of oxygen-containing functional groups as reported in the literature [50].
Surprisingly, the treatment of rGO with 100 ppm PAA further decreases the O/C molar ratio to
0.230+0.003. Exposure to higher concentrations of PAA solutions (250 and 500 ppm) gradually
recovers and eventually increases the O/C ratios, such that the O/C ratio of PrGO100/500 was
0.277+0.007, exceeding that of rGO100, suggesting an epoxidation reaction [30]. To provide
further mechanistic insight, attempts were made to deconvolute the C 1s peaks, as shown in Fig.
S6 and Table S3. The C 1s peak is deconvoluted into three peaks [51] corresponding to C-C (284.6
eV), C—OH/C-O-C (286.5 e¢V), and C=0 (287.8 eV) [52]; the O=C-O (289.0 eV) [53, 54] signal
is not apparent. The mol% of C-O and C=O peaks can be used to infer the relative change of the
oxygen-containing functional groups they each represent (Fig. 6¢). As GO100 is reduced to
rGO100, epoxide/hydroxyl groups are removed; with the overall decrease in O/C ratio, the increase
in C=0 mol% can be explained by the preferential removal of epoxide/hydroxyl groups over
ketone groups by hydrazine. Between rGO100 and PrGO100/500, the latter has a higher O/C ratio
but a lower C=0 mol%, indicating that PAA treatment formed more epoxide/hydroxyl groups than
ketone groups, consistent with the ability of PAA as an epoxidation agent [55, 56], the formation
of epoxide/hydroxyl groups in 100 and 250 ppm PAA-treated rGO membranes is also supported
by the data in Table S3.

Fig. 7a,b presents the XRD patterns of the rGO and PrGO membranes under dry and wet
conditions (samples were prepared with 1 pm rGO/PrGO thickness for better resolution). Under

dry conditions, the rGO100 membrane exhibits a peak at 26 = 15°, corresponding to a d-spacing
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of 0.59 nm, and the peaks for the 100 and 250 ppm PAA-treated PrGO membranes indicate very
similar d-spacing (0.59 - 0.60 nm). Under wet conditions, a greater difference between rGO and
PrGO is observed: the 15° peak for the rGO100 membrane shifts to < 5°, indicating an enhanced
d-spacing of > 1.7 nm [19]. On the other hand, no corresponding peak is detected for PrGO100/100
and PrGO100/250, presumably because of even higher d-spacing values, which would be

consistent with the greater water permeance of PrGO membranes [19].
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Fig. 7. Comparison of the XRD patterns of the Nylon support, rGO1000, PrGO1000/100, and
PrGO1000/250 under (a) dry conditions and (b) wet conditions. (¢) MWCO for the rGO100,
PrGO100/100, and PrGO100/250 membranes. (d) Surface zeta potential for the membranes.
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Fig. 7c shows the MWCO of the rGO100 and PrGO100 membranes determined using the
PEGs (2 - 100 kDa). Both PrGO100/100 and PrGO100/250 membranes exhibit an MWCO of =99
kDa (corresponding to a nominal pore radius of 10 nm estimated using Eq. 3), similar to rGO100
(with an MWCO of 90 kDa and a nominal pore radius of 9.0 nm). Interestingly, considering that
the membranes have a nominal pore radius larger than the size of individual dye molecules (2.4 -
4.5 nm; Table S1), the high rejection of dyes can be attributed to the formation of dye aggregates
(=300 nm) in aqueous solutions at textile wastewater-relevant concentrations (0.2 g/L) and salinity
[57]. Indeed, DLS results suggest that CR, DR 80, and MR show particle hydrometers of 490 +
270, 390 £ 250, and 360 = 150 nm, respectively.

The surface zeta potential of the rGO membranes exhibits significant change after PAA
treatment (Fig. 7d). The GO100 membrane surface is negatively charged at all testing pH (3 - 11),
attributable to the abundance of carboxylic acid (-COOH) and hydroxyl (-OH) groups [58-60].
The rGO100 has an isoelectric point (IEP, defined as the pH value where the zeta potential is 0)
of 7.7, and the PAA treatment at 100 and 250 ppm decreases the IEP to 5.1 and 3.6, respectively.
At typical textile wastewater pH (~7) [2], the zeta potential of rGO is 2 mV; PAA treatment reduces
the zeta potential to -7 mV for PrGO100/100 and -5 mV for PrGO100/250, closer to that of the
GO membrane (-11 mV), as illustrated in Fig. 1b. Overall, these results suggest that PAA treatment
increases the electronegativity on the rGO surface, which may be attributed to the formation of
hydroxyl/carboxylic acid groups and/or an increase in these functional groups at the edge sites [60,
61]. Organic peracids (e.g., PAA) are known to oxidize ketone/aldehyde to ester/carboxylic acid
(i.e., the Baeyer—Villiger reaction) or oxidize aromatic ring to form benzoquinone [62, 63]. The

defects in PrGO100/500’s SEM image suggest that PAA treatment can interrupt the nanosheets
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and thereby create more edge sites; it is reasonable to expect a similar phenomenon to occur in
PrGO100/100 and PrGO100/250 membranes.

Overall, the characterization results show that the enhanced performance of PrGO
membranes is attributed to the small changes from the PAA treatment of rGO membranes. PrGO
membranes exhibit similar surface morphology and crystallinity as rGO membranes, but PrGO
membrane has a lower zeta potential. The observations that FTIR does not detect a change in the
C-O signal and that XPS suggests the formation of epoxide/hydroxyl group indicate that the PAA
modification of rGO chemistries is limited to the top few layers of nanosheets on the membrane
surface. Although PAA can react with aromatic compounds to form benzoquinones, evidence is

not strong in forming ketone groups on the PrGO surface.

4. Conclusions and perspectives

We demonstrate that the degree of oxidation and reduction of GO nanosheets can be fine-
tuned to design thin rGO membranes with high permeance and excellent salt/dye separation
properties. GO nanosheets are reduced by hydrazine and then fabricated into rGO membranes,
which are then oxidized using PAA at 23 °C for only 10 min, as validated by XPS. The PAA
exposure remarkably increases water permeance, slightly decreases salt rejection, and retains great
dye rejection, which can be ascribed to the enhanced negative charges on the surface. Importantly,
exposure to PAA solution at 250 ppm or lower has a negligible effect on the rGO thickness or
hydrophilicity, and the mild fabrication conditions make it easy to scale up membrane fabrication.
PrGO100/250 shows water permeance of over 100 LMH/bar and CR rejection of 99.7% with
Na2SOs4/dye separation factor as high as 490, surpassing the state-of-the-art NF membranes and

GO membranes reported in the literature.

18



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

We expect that in situ oxidation with PAA can be a versatile approach to improving other
reduced or cross-linked GO membranes developed, as PAA facilely imparts oxygen-containing
groups on the GO nanosheets and improves water permeance. The PAA exposure may also be
seamlessly combined with periodic membrane cleaning for fouling control in GO/rGO membrane
systems. This approach could be adopted to improve separation performance for other 2D

materials-based membranes.
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