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ABSTRACT

Pollution of water sources is a growing problem in modern society, with dyes from the textile and
manufacturing industry being one of the most common pollutants in wastewater. The improper
disposal of water with residual dyes represents a risk of contamination of effluents, fresh water
sources and soil. The identification of approaches to treat dyes wastewater is a need. Carbon
nanomaterials, especially graphene oxide (GO) and reduced graphene oxide (rGO), are good
candidates for application in filtration membranes, due to their chemical structure and physical
properties. In this study, we described the production and characterization of rGO dispersions
with suitable properties for the application in filtration membranes production. A facile spray coat-
ing method was employed to deposit rGO on cellulose acetate membranes, producing uniform
and stable rGO filtration membranes. The thickness of deposited rGO layer varies from 0.25 to
0.72 pum, the rejection to aniline blue reached 70% and the pure water flux was 26.5 L/m*h, indi-
cating that these membranes has good application prospects for dyes removal. Our study reveals
a simple, cost-effective, and scalable strategy for eliminating a large proportion of dyes from

wastewater across multiple industry sectors.
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1. Introduction

Dyes are one of the most common pollutants in waste-
water from many different fields of industry. Improper
disposal of this material can contaminate potable water
source and soil, causing damage to humans, animals and
the environment. Since dyes may present potential biolog-
ical toxicity, teratogenicity, carcinogenicity, and mutagen-
icity, it is essential to remove them from wastewater with
effective methods [1-3].

* Corresponding author.

There are many methods of dyes removal, with differ-
ent characteristics and aspects. Coagulation is an import-
ant technique, because it is efficient and simple, being
able to remove 88% to 96% of insoluble dyes from water.
For soluble dyes, this method has limited effect, what is
a disadvantage [4]. Biodegradation is a simple and inex-
pensive method that can completely mineralize pollutants,
but this procedure alone may not be sufficient to remove
non-biodegradable components from dyes [5]. Activated
carbon absorption technique is also effective in dyes
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removal from water, mainly from textile industry. Despite
this, commercial activated carbons can be expensive, which
makes the development of activated carbons from cheap
sources a goal [6,7].

The membrane separation technique stands out in rela-
tion to other procedures, mainly due to its continuous sepa-
ration process, high degree of treatment, cost-effectiveness,
ability to remove pollutants with different sizes and sim-
plicity [8]. Nawaz et al. [9] studied a novel polyaniline
(PANI)/polyvinylidene fluoride (PVDF) hybrid mem-
brane and achieved 85% dye rejection. Zhao et al. [10]
produced a nanofiltration membrane with layered double
hydroxides/polymer and also obtained high rejection for
dyes (methyl blue 97.9% and acid fuchsin 97.5%)

Graphene oxide (GO) and reduced graphene oxide (rGO)
are good candidates for producing composite membranes
for water purification, as the capillary effect generated by
stacked nanosheets increases both water flux and solute
rejection [1]. Some characteristics of these materials are
crucial for this application, such as flexibility, hydrophilic-
ity, good mechanical strength, low-cost production and the
possibility of production in large scale [11].

Fan et al. [12] compared GO and rGO membranes for
dyes removal and concluded that the rGO membranes
exhibited better stability, high water permeance and rejec-
tion. Qiu et al. [13] concluded that reduction temperature
of rGO membranes could affect the permeation properties
for nanofiltration. Zhang et al. [14] studied rGO membranes
and obtained 56.3 L/m*h-bar of water permeance and high
rejection over 95% for various dyes. Sheng et al. [15] pre-
pared rGO composite membranes for catalytic oxidation
of sulfamethoxazole and confirmed the potential of these
membranes for practical applications in water purification.
Pei et al. [16] obtained faster permeation in rGO mem-
branes, compared to those produced with pristine graphene
oxide, revealing the potential of using graphene-based
membranes in desalination and water treatment.

In this work, a simple, original and fast method to remove
dyes from wastewater with rGO-based sprayed filtration
membranes was demonstrated, which can be scaled-up for
water treatment in paper, cosmetics, plastics, printing and
textile industries. Morphology and composition of rGO
membranes were evaluated by X-ray diffraction, Raman
spectroscopy and scanning electron microscopy. Pure water
flux, hydrophilicity and dye rejection were also studied.

2. Materials and methods
2.1. Preparation of rGO dispersions

Modified Hummers method [17,18] was applied to pro-
duce GO dispersion, promoting intercalation and oxidation
for 7 d, by adding 10 g of graphite flakes to 7.6 g of sodium
nitrate (NaNQO,), 338 mL of sulfuric acid (H,SO,) and 49.5 g
of potassium permanganate (KMnO,), followed by exfolia-
tion with 12 washing/centrifugation steps with sulfuric acid
and hydrogen solution (3% H,SO, 0.5% H,O,) plus 5 centrif-
ugation steps with distilled water.

GO was reduced by adding ascorbic acid as reducing
agent, ammonium hydroxide (NH,OH) and polystyrene
sulfonate (PSS), the mixture was stirred using a magnetic

plate for 35 min. After this step, the material was placed in
an oven and heated at 80°C for 3 d, followed by 5 washing/
centrifugation steps with distilled water in order to eliminate
excess reagents, producing rGO dispersions.

2.2. Preparation of rGO filtration membranes

Cellulose acetate (CA) membranes from UNIFIL (Brazil),
with 0.2 um of pore size and 25 mm of diameter, were used as
substrate to deposit graphene. rGO dispersions were elected
to produce filtration membranes (FM) because this material
presents less oxygen-containing functional groups, which
improves membrane permeability and stability, without
sacrificing rejection [10]. rGO FM were produced by spray
coating method (Steula BC-66-08 airbrush with nozzle of
0.8 mm). The following parameters were used: 1.0 mg/mL
rGO dispersions, 20 psi of nitrogen as carrier gas, membrane
temperature of 90°C (heated with a hot plate), 1 s time of
coating deposition, 30 s of drying time between depositions
and variable numbers of coatings: 40 (named as 40-coat. rGO
FM), 60 (60-coat. rGO FM), 80 (80-coat. rGO FM) and 100
(100-coat. rGO FM).

2.3. Characterization

GO and rGO dispersions were characterized by X-ray
photoelectron spectroscopy (XPS), by SPECS 100 equipment,
using a double Al-Ka radiation source, 2-DLine detector and
scanning with initial energy from 1,280 to 20 eV. The data
obtained were later processed with the help of the CasaXPS
software. rGO flakes were analyzed by scanning electron
microscopy (SEM) in QUANTA FEG FEI equipment, with
magnifications ranging from 500x to 1,000x, voltage of
2 kV, spot size 4.5 to 5.0 and working distance from 4.7 to
8.3 mm. The lateral dimension of rGO flakes was obtained
by measuring with XT microscope control software help.

Chemical and morphological characterizations of filtra-
tion membranes were obtained by the following techniques:
X-ray diffraction (XRD), with a X'Pert MRD PANalytical
equipment, cobalt source, 40 kV and 40 mA of voltage
and current; Raman spectroscopy, with a home-built spec-
trometer from Interfaces Laboratory of CBPF with a laser
of 488 nm and 180 s of radiation time and SEM, also in
QUANTA FEG FEI, with voltage of 5 kV, spot size 3 to 5
and working distance from 11.5 to 14.4 mm. All samples
were analyzed to verify if there would be any contamina-
tion or other problem in deposition method. For cross-sec-
tion images, the samples were cryo-snapped with liquid
nitrogen [15] and analyzed with a JEOL (JSM 7100F, Japan)
SEM equipment, using voltage of 5 kV.

Stability was observed by soaking the membranes in
deionized water for 5, 15 and 30 d. Hydrophilicity and the
permeate flux were also evaluated. An analysis of the con-
tact angle was performed with an FTA100 goniometer, taking
three measurements of a deionized water drop with 0.2 uL in
each surface membrane at room temperature.

Pure water flux was evaluated by a home-made perme-
ation cell (Fig. 1), with 2 bar of N,. Before analysis, mem-
branes were pre-pressurized during 1 h, until water perme-
ance reached a stable value. The water flux was calculated
using Eq. (1), where Q (L) is the volume of permeation,



A.M. Lima et al. | Desalination and Water Treatment 278 (2022) 217-225 219

A (m?) is the effective area analyzed and Af (h) is the perme-
ation time [19,20].

_Q
Jo= M)

2.4. Evaluation of dye removal

The capability of dye removal of rGO filtration mem-
branes was evaluated using the same home-made perme-
ation cell (Fig. 1), also with 2 bar of N,. Pre-pressuring proce-
dure for 1 h was also applied. CA pure membrane and rGO
filtration membranes with 40, 60, 80 and 100 coatings were
tested. 20 ppm aniline blue aqueous solution was used as
feed solution, simulating a dye wastewater.

UV-Vis absorption spectra of feed and permeation solu-
tion were made with CARY 5000 spectrophotometer, from
VARIAN. The analyses were obtained for wavelengths from
400 to 700 nm. A standard curve in 578 nm (where the ani-
line blue absorption peak was found experimentally) was
performed and used to obtain dye concentration in ppm.
The rejections (R) were calculated using Eq. (2), where C_is
the concentration of the permeate and C, is the feed solution
concentration [20-22].

C
R= (1 ——”] x100% ()
Cf

Fig. 1. Permeation cell.

3. Results and discussion
3.1. rGO dispersion characterization

Fig. 2 exhibits the XPS spectra of GO and rGO disper-
sions. It is possible to note the presence of sodium (Na 1s),
oxygen (O 1s), carbon (C 1s) and sulfur (S 2p) in rGO sample.

Comparing the atomic percentage values obtained
between the reduced and non-reduced samples, it is observed
that the reduction process was effective, given the oxygen
decrease (37% to 24%) and carbon increase (58% to 69%) in
the rGO sample in relation to GO. GO reduction can also be
confirmed by C/O ratio: 1.58 for GO and 2.83 for rGO.

SEM micrographs for rGO flakes can be observed in
Fig. 3. It is possible to notice morphological characteristics
compatible with rGO, such as thin sheets and folds. The lat-
eral dimensions of flakes were also studied, 50 flakes were
measured reaching an average value of 45.9 + 26.6 um; this
dimension is very appropriate since large GO and rGO sheet
sizes can direct affect permeability, salt rejection and other
aspects. For example, large graphene sheets are more suc-
cessful in eliminate salt from water then medium and small
sizes [23].

3.2. rGO filtration membranes characterization

As evidenced from XRD diffractograms in Fig. 4, CA
membrane presents an amorphous halo at 20 = 7.2° and
rGO filtration membranes have a peak at 20 = 7.8°, which
are related to (002) crystal plane of GO [24-26], which
means that the rGO employed was partially reduced.
Above 60 coatings, the characteristic peak of GO became
more intense.

Raman spectra for the CA membrane and rGO filtration
membranes can be observed in Fig. 5. It is possible to note ele-
vations in the Raman shift correlated to the D (1,361 cm™) and
G (1,595 cm™) bands, which are related to structural defects
and to the sp? carbon domains, respectively, being D band the
one that identifies the structure of graphene, confirming that
the deposition method was efficient [26].

The 2D band is presented at 2,701 cm™ of all spectra and is
related to the intensity of the number of graphene layers [27].
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Fig. 2. XPS spectra of GO and rGO dispersions.
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Fig. 3. SEM micrographs for (a) rGO and (b) rGO with dimension measurements.
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Fig. 4. XRD patterns for CA membrane and rGO filtration mem-
branes (FM) with different number of coatings (coat.).

At 2,958 cm™, D + G band is identified, which is activated
by defects [28]. The CA membrane practically does not have
bands in comparison with rGO filtration membranes.

SEM micrographs (Fig. 6) also indicated that the spray
coating method was efficient in deposit graphene flakes on
membrane surface. In Fig. 6a it is possible to observe the
uniform surface with pores from the commercial CA mem-
brane, whereas in as-prepared rGO filtration membranes
samples (Fig. 6b—e) the micrographs acquire a rough aspect,
characteristic from an accumulation of graphene, with
plenty of wrinkles and without visible defects.

Fig. 7 displays the cross-sectional SEM images for all
membranes in this study and their respective rGO deposited
thickness. It is possible to observe that the thickness of the
rGO layer varies from 0.25 to 0.72 pm and increases, recip-
rocally, with the amount of layers deposited over the pure

—— 40-coat rGO FM
—— 60-coat rGO FM
—— 80-coat rGO FM
——— 100-coat rGO FM
—— CA membrane

Intensity (a.u.)

T T
2000 3000

Raman Shift (cm™)

T
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Fig. 5. Raman spectra of CA membrane and rGO FM.

membrane. This corroborates that the spray coating method
is suitable for the production of rGO filtration membranes
and also that the thickness of rGO layer does not affect the
surface morphology.

3.3. Membrane stability, permeate flux and hydrophilicity

Hydrated membranes remained stable and intact during
at least 30 d immersed in water. The stability could be
attributed to the balance between van der Waals forces and
repulsive hydration of graphene [29]. This interlayer sta-
bility achieved with the spray technique represents great
significance for filtration applications.

Pure water flux and the contact angle of different rGO
FM are presented in Fig. 8. The flux values of 40-coat. rGO
FM, 60-coat. rGO FM, 80-coat. rGO FM and 100-coat. rGO
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Fig. 6. SEM micrographs for: (a) CA membrane, (b) 40-coat. tGO FM, (c) 60-coat. rGO FM, (d) 80-coat. rGO FM, and
(e) 100-coat. rGO FM.
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Fig. 7. Cross-sectional SEM micrographs for: (a) 40-coat. rGO FM, (b) 60-coat. rtGO FM, (c) 80-coat. rGO FM, and (d) 100-coat. rGO FM.

FM were 20.35 + 10.7, 10.68 £ 4.7, 1549 + 7.3 and 8.8 + 4.6 L/
m?h, respectively. The highest water flux was exhibited
by 40-coat. rtGO FM and the lowest by 100-coat. rGO FM,
which is related to the membrane thickness and possibly, the
presence of longer channels for water passage, resulting in
increased of the transport resistance [12]. These results are in
agreement with the values obtained by other authors, for GO
and rGO filtration membranes, produced with more complex
and laborious techniques [12,25,29].

The contact angles of the studied filtration membranes are
between 17° and 30°, the hydrophilic character of the mem-
branes also supports the hypothesis that rGO was partially
reduced, therefore, the residual oxygen-containing func-
tional groups are responsible for this behavior. Composite
membranes which exhibit hydrophilic surfaces can provide
a fast channel for the passage of water molecules [30]. So, the
membrane with the highest water flow is the one presenting
the lowest contact angle, as shown in Fig. 8.

3.4. Dye removal evaluation

The aspect of CA membrane and rGO filtration mem-
branes, before and after permeation test, can be seen in Fig. 9.
It is possible to observe that the analyzed area of all rtGO FM
did not suffer significant damage during tests, indicating
that the studied membranes are stable in water flux.

The UV-Vis absorption spectra of feed and permeated
solutions can be seen in Fig. 10. Analyzing the curves, it
is possible to notice that the CA membrane has the abil-
ity to filter out some part of the dye, but not a significant
amount. By absorption spectra analysis, it is also possi-
ble to indicate that most of the dye was successfully elim-
inated from the feed solution in samples with 40, 60 and
80 coatings of rGO deposited on the CA membrane.

The permeated solution of the filtration membrane with
100 layers of rGO presented a light brown color, which may
indicate that some part of the graphene detached off the
membrane, mixing to the permeated water, even though the
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membrane appearance (Fig. 9j) did not exhibit a significant
failure in rGO film surface. It could indicate that 100 coatings
of deposited rGO can be excessive and prejudicial to the fil-
tration process.

Dye rejection is show in Fig. 11, which is an important
parameter for membrane performance [1]. It is possible to
notice an increase of about 15% in the rejection capacity of
membranes with rGO (72%), compared to the pure CA mem-
brane (57%). These results are slightly below those obtained
in other studies (74% and 88% of rejection for methyl orange
and methylene blue in GO membranes [1], 96% for methyl
blue also in GO membranes [22], 99% for methyl blue in rGO
membranes [12] and 99.7% for methylene blue in MWCNTs-
COOH intercalated GO membranes [34]); but the spray
method employed in the present work has the advantage of
being a faster and simpler production process, with the pos-
sibility of scalability for the industry [31-33].

- Pure Water Flux A
|| Contact Angle
30

i o
; i
0- 0

40-coatrGO FM  60-coat rGO FM 80-coatrGO FM  100-coat rGO FM

I

Pure Water Flux (L/m?h)
1
N
=
Contact Angle (°)

-
o

Fig. 8. Pure water flux and contact angle for rtGO FM.

The increase in the number of rGO film coatings depos-
ited did not affect the rejection rate, which indicates that
only 40 coatings of deposited film present satisfactory
results, making the process faster and economical. The 100-
ly rGO FM rejection results were impacted by the material
detachment during analyses.

4. Conclusions

In summary, an effective strategy to produce rGO fil-
tration membranes was described in detail. GO disper-
sion was successfully reduced, and rGO flakes presents
lateral size and properties suitable for production of fil-
tration membranes. Various methods were employed to
characterize the rGO membranes, and the results indicate
that the spray coating method was capable to produce
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Fig. 10. UV-Vis absorption spectra for feed and permeated
solutions.

Fig. 9. Filtration membranes: (a) CA membrane, (b) 40-coat. rGO FM, (c) 60-coat. rGO FM, (d) 80-coat. rGO FM, (e) 100-coat. rGO FM
before permeation test, (f) CA membrane, (g) 40-coat. rGO FM, (h) 60-coat. rGO FM, (i) 80-coat. rGO FM, and (j) 100-coat. rGO FM

after permeation test.



224

100

804

Rejection (%)

40-coat rGO FM  60-coat rGO FM  80-coat rGO FM  100-coat rGO FM

- CA membrane

Fig. 11. Dye rejection of CA membrane and rGO FM.

uniform, uncontaminated and stable membranes. The
efficiency of the produced membranes was evaluated
through the permeation test, which proved that the result-
ing membrane has a fast pure water flow (26.5 L/m*h) and
a good retention rate (70%). This works provides a sim-
ple, low-cost and scalable strategy to remove most part
of aniline blue from manufacturing and textile industry
wastewater.
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Symbols

I, — Water flux, L/m>h

Q — Volume of permeation, L

A — Effective area, m?

At — Permeation time, h

R — Rejections, %

Cr: — Permeate solution concentration, ppm
C y — Feed solution concentration, ppm
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