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Graphical Abstract
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Abstract: This article reports the comparison of different chemical methods to produce graphite-
based particles with varying degrees of oxidation as well as graphene oxide (GO) and pristine
graphite (PG). Detailed physico-chemical characterization of the resulting materials was carried
out, highlighting structural differences and variable oxygen content. The particles were then used
to produce supported membranes, which were tested for the rejection of three different organic
dyes (Rhodamine B, Methyl Blue and Congo Red), and their performance was rationalized in
terms of a combination of properties of the membranes and dyes. In particular, membranes
produced using edge-oxidized graphite (EOG) showed comparable performance to those derived

from GO in the removal of Congo Red, providing a promising alternative to the aforementioned.



Introduction
Water purification is one of the fastest growing markets: Boston Consulting Group reported a
demand of $47.7 billion for products related to waste water treatment in the top 40 national
markets in 2012, with an estimated compound annual growth rate of 10.2% for the period
between 2014 and 2019." Recent advances in nanotechnology offer opportunities to develop the
next-generation of water supply systems, with applications ranging from adsorption to
photocatalysis and membrane filtration systems.? Since the discovery of graphene, there have
been numerous studies related to its applications across the physical sciences, health sciences,
and engineering. Graphene has been widely studied for its electrical properties, transparency and
flexibility for energy storage, sensors, electronic devices, polymer composites and many other
applications,>® but it is graphene oxide (GO) that has mainly been studied for filtration
applications.’®*! GO is hydrophilic, easy to disperse in water and other solvents and readily
undergoes chemical functionalization.*? It has been shown that GO or functionalized GO sheets
can be stacked to produce high-flux membranes that can effectively be used for pervaporation,*?
nanofiltration,* ultrafiltration,®® microfiltration,’® reverse osmosis’’ and photocatalytic
degradation of contaminants.*®

GO is often produced via the harsh oxidation of graphite through Hummers’ method,*
with the main drawbacks of introducing severe disruption to the structure of the graphene sheets
and the use of high concentrations of hazardous chemicals. More recently, different groups have
reported relatively mild conditions for the functionalization of graphite to produce edge-oxidized
graphite (EOG), that could then be intercalated or exfoliated into graphene nano-sheets.?*??
In this study, we aimed to produce particles derived from graphite with different degrees

of oxidation, ranging from mild oxidation to heavily oxidized GO, and compare their physico-



chemical properties. The particles were then used for the production of supported membranes on
a modified nylon substrate by means of a simple vacuum-assisted self-assembly technique.
Finally, the rejection of three different organic dyes (Rhodamine B, Methyl Blue, Congo Red)

from water in stirred cell experiments was investigated.

Experimental

Materials

TIMREX® HSAG300 (PG: 6 pm diameter, 300 m?g surface area) was purchased from
TIMCAL and used as a starting material. NaNO3; (Anachemica), KMnQO, (Sigma Aldrich),
concentrated H,SO4, 70% HNO;3; and H,O, (Caledon) were used as reagents without further
purification. Methyl Blue, Congo Red (Sigma Aldrich) and Rhodamine B (Alfa Aesar) were
used as dyes for the rejection studies. Modified nylon membranes (EF004, average pore diameter
0.04 pm) were obtained from 3M Canada.

Sample preparation

Nitric acid oxidized (NAO) particles were prepared following a modified version of the
procedure reported by Dalai and co-workers.”® 5.0 g of HSAG300 were added to 32 mL of 70%
HNO3. This mixture was refluxed at 35 °C for 2.5 h using a reflux condenser connected to a
recirculating chiller. A magnetic stirrer was used for mixing during the reflux. The sample was
washed with H,O to remove residual acid and centrifuged repeatedly (ca. 15 times) at 4500 rpm,
until the supernatant pH reached neutrality. The resulting product was dried overnight at 80 °C to

yield 4.8 g of black powder.

Edge-oxidized graphite was prepared according to the method previously reported by
Wu, Zou and co-workers.?* 1.0 g of graphite was added to 23 mL of concentrated H,SO, and 0.1

g NaNOs in an ice bath, and stirred for 10 min. 0.8 g of KMnQ,4 were then slowly added to the
4



solution to maintain the temperature below 20 °C. The mixture was then brought to 35 °C and
stirred for an additional 30 min, followed by the slow addition of 45 mL H,0. After 15 min, 140
mL H,O and 7.5 mL of 30% H,0O, were added. The solution was then washed with H,O and
centrifuged repeatedly (ca. 15 times) at 4500 rpm, until the supernatant pH reached neutrality.

The resulting product was dried overnight at 80 °C to yield 1.1 g of dark grey powder.

Graphene oxide (GO) was produced according to a modified version of Hummers'
method.?? 1.0 g of graphite was added to 100 mL concentrated H,SO,4 and soaked for 12 h, after
which 0.74 g NaNO3 were added. The mixture was then cooled down in an ice bath and 3.4 g of
KMnO,4 were added, followed by stirring for 2 h in an ice bath and room temperature for 5 days.
5 mL of H,O were then slowly added to the mixture, and after 5 min another addition of 4 mL
and 3 mL of 30% H,0, was performed. 500 mL of H,O were then added to reduce the viscosity
of the mixture. The obtained solution (brown in colour) was then repeatedly washed with H,O
and centrifuged (ca. 30 times) at 4500 rpm, until the supernatant pH reached neutrality. The

resulting product was dried overnight at 80 °C to yield 0.9 g of black powder.

Powder characterization methods
Thermogravimetric analysis (TGA) profiles were obtained using a TA Instrument Q50 TGA and
Pt sample pans under a flow of N. Prior to the run, the temperature was equilibrated at 25 °C for
1 min followed by an increase to 1000 °C at a rate of 10 °C/min.

Powder X-ray diffraction (PXRD) analyses were conducted from 5-120° (26) using an
Inel CPS Powder Diffractometer with Cu X-ray radiation, equipped with an Inel XRG 3000

generator and Inel CPS 120 detector on an aluminum sample holder.



Raman spectroscopy was carried out using a Renishaw Invia Raman microscope

equipped with a 20x magnification objective and a 633 nm excitation laser.

Energy-dispersive X-ray (EDX) spectroscopy measurements were carried out using a
Hitachi TM-3000 SEM equipped with a Bruker Quantax 70 EDX detector at a 30x magnification

and 15 kV.

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Nova
Spectrometer located at Surface Science Western (The University of Western Ontario). All
samples were mounted by pressing a thick layer of the sample onto double sided adhesive tape.
The Kratos charge neutralizer system was used on all specimens. Survey scan analyses were
carried out with an analysis area of 300 x 700 microns and a pass energy of 160 eV. High
resolution analyses were carried out with an analysis area of 300 x 700 microns and a pass
energy of 20 eV. Spectra have been charge corrected to the C=C line of the carbon 1s spectrum
(graphitic carbon) set to 284.5 eV. Spectra were analysed using CasaXPS software (version

2.3.14).

Membrane preparation and characterization

Membranes were prepared as follows: a 400 ppm solution of the different samples was prepared
and sonicated for 2 h. After this, 100 mL of the solution were deposited on a 14.6 cm? disk of
porous substrate (modified nylon, average pore diameter 0.04 pum) by vacuum filtration. The

membranes were then air dried overnight in a fume hood.

The membranes thicknesses were measured with two different methods: a micrometer

(MITUTOYO IP 65 MICROMETER) and by SEM (NanoFabrication Facility, The University of



Western Ontario). The SEM measurements were carried out on a cross section of the membrane

using a LEO (Zeiss) 1540XB FIB/SEM at a 200x magnification and 5 kV EHT voltage level.

Dye rejection studies

Rejection experiments were carried out in a 316 stainless steel stirred cell (Steriltech HP4750) at
an operating pressure of 60 psi. Three solutions were prepared: Rhodamine B (50 mg/L), Methyl
Blue (10 mg/L) and Congo Red (50 mg/L). The experiments were carried out by running seven
consecutive filtration cycles and collecting 30 mL aliquots of each dye solution for each
membrane; their concentration was monitored using a Shimadzu UV-1800 UV-vis
spectrophotometer at wavelengths of 554, 594 and 498 nm, respectively. The data reported in
Fig. 10 were taken from the seventh filtration cycle, chosen as the % rejection values changed by
less than 5% compared to the sixth filtration cycle, to ensure that the adsorption sites on the
surface of the carbon layer were saturated. The data for each of the seven filtration cycles can be
found in Fig. S8—S10. The time required to collect the 30 mL sample was recorded and used to

calculate the flux normalized with respect to the surface and pressure as:

LMH Volume (L)
bar  Area (m2)-Time (h) - Pressure(bar)

Results and discussion

Powder characterization

Details of the preparation of oxidized graphitic particles are outlined in the experimental section.
Fig. 1 shows thermogravimetric analysis (TGA) data for the four different powder samples.
Pristine graphite (PG), used as a control, showed very limited weight loss (about 5%) in the

temperature window studied (25—1000 °C), while NAO had a total weight loss of about 19%,

mostly at temperatures above 600 °C. EOG showed significant weight loss in the 200-300 °C
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region. This is the region in which carboxylic acid groups and other oxygen-based functionalities
are thermally decomposed,?* yielding CO, CO, and steam, after which no significant weight loss
was observed. GO is the only sample that showed significant weight loss at temperatures below
100 °C. Usually, weight loss between 50-120 °C is attributed to the loss of water molecules
trapped within GO sheets.”® Analogously to EOG, significant weight loss in the 200-300 °C
region was attributed to the volatilization of oxygen-containing functional groups, while the

weight loss at T > 600 °C was due to the combustion of the carbon skeleton.?®
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Fig. 1. TGA data for PG (blue), NAO (black), EOG (green) and GO (orange).

The samples were further characterized by PXRD (Fig. 2). PG showed the typical narrow
graphitic [002] peak at 26.4° corresponding to an ideal layered structure with a d-spacing of 0.34
nm.?” In NAO, the [002] peak did not show any significant changes. There was an increase in the
intensity and sharpening of the [100/101] peak located at 44.0°, associated with a decrease in the
average crystallite size, suggesting that, despite the limited differences in the [002] peak between
the samples, physical changes are occurring during the oxidation process.?® In the case of EOG,
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while the peak location did not change, peak broadening was observed. This is usually attributed
to the presence of strain/defects, and could imply that most of the functional groups are located
at the edges of the graphitic domain and not in the basal planes,?® thus creating a straining effect
and preventing efficient stacking of graphene sheets. In the case of GO, the peak shifted to 10.9°,
which corresponded to an interlayer distance of about 0.81 nm, due to the presence of water

molecules trapped between the hydrophilic GO sheets.**

Y
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Fig. 2. PXRD data collected for PG (blue), NAO (black), EOG (green) and GO (orange).

In order to further understand the difference between the samples oxidized via different
chemical treatments, the oxygen and carbon contents were measured by EDX spectroscopy. The
results (Fig. 3) showed that no oxygen was detected in PG, while the oxygen level increased to
9% for NAO and 23% for EOG, up to a maximum of 44% weight for GO. This correspond to
atomic C/O ratios of 13.0, 4.3 and 1.7 for NAO, EOG and GO, respectively, which agree well

with previously reported values for EOG*? and GO.%*!
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Fig. 3. Oxygen content obtained by EDX spectroscopy for PG, NAO, EOG and GO. Error bars
calculated from three replicates.

Oxygen and carbon analysis by XPS (Fig. S1) showed strong Cis (~284.5 eV) and weak
015 (~532.0 eV) peaks for PG, and an increase in the Oy peak for NAO, EOG and GO, for which
the peak intensity surpassed that of the Cis peak. The oxygen and carbon contents were in
agreement with the values obtained by EDX spectroscopy (Fig. 4). The similar values obtained
using these techniques confirmed the uniform oxidation of the corresponding powders and small

discrepancies between the two methods may be attributed to chemisorbed oxygen.
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Fig. 4. Comparison between oxygen content values for PG (blue), NAO (black), EOG (green)
and GO (orange) obtained by EDX spectroscopy and XPS. Error bars calculated from three
replicates.

Due the high surface area of PG, its Raman spectrum (Fig. 5) showed a well-defined D
peak, usually absent in highly crystalline graphite samples. The defect-induced D’ Raman feature
was present as a shoulder of the G peak.*? Progressive red-shifts in both G (1327-1339 cm ™)
and D peaks (1570-1590 cm ™) from the bottom to the top of the graph as a result of increased
oxidation levels can be observed. The oxidation process also resulted in increased values of the
integrated Ip/lg peak ratio, corresponding to an increased concentration of defects in the planar
structure of graphite.®® The relationship between the oxygen content and Ip/lg ratio, as shown in
Fig. 6, follows a linear trend. The 2D peak (2680 cm™') is usually associated with the number of
graphene layers present and it can be observed that, while it was similar for PG, NAO and EOG,
the signal was absent in the case of GO. Rather, smaller intensity D+G peaks were observed as a

result of the disruption of stacking order associated with the oxidation reaction.*
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Fig. 5. Raman spectra of PG (blue), NAO (black), EOG (green) and GO (orange).
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Fig. 6. Relationship between the Ip/lg ratios and oxygen content from XPS measurements for
PG (blue), NAO (black), EOG (green) and GO (orange).

XPS data (Fig. 7) was further analyzed in order to reveal the differences between the
powder samples in terms of five different chemical functionalities observed at 284.5, 285.0,
286.5, 287.9 and 289.2 eV, respectively. These signals can be assigned to sp? carbon atoms in

aromatic rings (284.5 eV), C-C and C-H bonds (285.0 eV), C atoms bonded to hydroxyl and
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ether (C-OH, C-O-C, 286.5 eV) and carbonyl (>C=0, 287.9 eV) groups. Numerical values for

the percent content of each are reported in Table 1. Based on these data, it was observed that GO

was the only sample for which oxidation resulted in a significant reduction in the C=C content

and, as a consequence, an increase in C-C bond content. As expected, the content of oxygen-

based functional groups increased as PG < NAO < EOG < GO. Based on the TGA data, Raman

spectra and oxygen content measurements, one may expect a stronger differentiation between the

functional groups content of PG, NAO and EOG. However, it must be noted that XPS is a

surface analytical technique, thus it may not be as sensitive as other, more aggressive analysis

methods such as TGA.
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Fig. 7. XPS peak deconvolution for a) PG, b) NAO, ¢) EOG, and d) GO.

282

13

280



Table 1.  Surface functionalities determined by XPS (reported as % area).

C-C, C-OH,
C-H C-O-C

PG 90.3 0 5.9 2.0 1.8

C=C C=0 O0-C=0

NAO 88.5 0 6.1 2.4 2.9
EOG 85.4 0 7 2.8 3.8
GO 184 328 37.1 5.5 6.2

Membrane preparation and characterization

The powders described above were used to prepare 400 ppm water solutions, which were then
deposited onto permeable nylon substrates using vacuum filtration. Thickness measurements
were carried out independently with a micrometer and by Scanning Electron Microscopy (SEM)
on a membrane cross section. The two distinct measurement techniques provided results in the
same range (Fig. 8), and suggested that, when the particles have a higher oxygen content, the
resulting membranes are thinner. This could be due to the fact that the presence of oxygen
functionalities and, thus, localized defects, favored exfoliation during the sonication step carried
out prior to film deposition, which would result in smaller particles and efficient particle packing
during vacuum deposition. This was also observed in the SEM images in Fig. S2-S4, which
showed some loose particles on the top layer of PG, NAO and EOG, as opposed to the fairly
uniform and smooth surface of GO membranes (Fig. S5-S7). The GO membranes had a final
thickness of about 10 pum, which was in agreement with results previously reported in the

literature, 1130:34-3%
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Fig. 8. Film thickness of membranes derived from PG, NAO, EOG and GO powder measured
with a micrometer or by SEM imaging of a membrane cross section. Solid bars = micrometer
results, striped bars = SEM results. Error bars calculated from three replicates.

Dye rejection

Fig. 9 illustrates the structure of the three dyes employed in this study: a) Rhodamine B, b)
Methyl Blue, and ¢) Congo Red. Rhodamine B is a cationic, highly fluorescent dye which find
its most common uses as a fluorescence standard and in pigment formulations, for cell imaging
or in analytical chemistry.®*® Methyl blue, an anionic dye, is important for a number of biological
and industrial applications. Its uses include microscopic staining, nucleic acids assay, controlled
drug release and oral care.*” It is also used as an industrial colourant for paints, textiles, colour
fiber, inks and highlighters and magnetic toners.*” Congo Red is an anionic diazo dye that
exhibits pH-sensitive behavior: it is red in alkaline solution and blue in acid solution and, for this
reason, it is commonly used as an indicator and as a biological stain.*® Congo Red was also one

of the first synthetic dyes heavily used in the textile industry.*®
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Fig. 9. Dyes employed for the rejection studies: a) Rhodamine B, b) Methyl Blue, and c) Congo
Red.

The rejection of dyes by membranes derived from PG or oxidized graphite particles (Fig.
10 and S8-S10) could be due to one of three effects: 1) direct adsorption of dye molecules by the
high surface area carbon particles, 2) electrostatic interactions between charged dyes and the
functional groups of the membrane surface, and/or 3) physical sieving, which is controlled by
channel sizes. The rejection behaviour was evaluated after several filtration cycles, to ensure
saturation of adsorption sites. Thus, it was possible to evaluate the rejection characteristics of

each membrane due to only effects 2) and 3).

When considering the rejection of the anionic dyes, Methyl Blue and Congo Red, no
obvious trends emerged upon oxidation of the particles used to produce the membranes in this
study. However, the behavior was different when the rejection of Rhodamine B (cationic dye)

was studied. As the degree of oxidation, and thus the number of negative charges, of the
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membranes was increased their ability to reject Rhodamine B was also enhanced. This
observation provides critical insight into future membrane design, whereby membrane oxidation
may be used to tune the rejection of cationic molecules. Understanding dye rejection in the
context of physical sieving was slightly more difficult. When examining the rejection data for the
three dyes, no obvious correlation between the molecular weights of the dyes and their rejection
were observed. For each membrane type, Congo Red rejection was most efficient. We attribute
this behavior to Congo Red’s propensity to aggregate in aqueous and organic solutions via ©-1t
stacking interactions.**“° Thus, we postulate that Congo Red was rejected more efficiently due to

the larger relative size of these aggregates in solution.

Despite the fact that GO-based membranes showed the highest rejection for Rhodamine
B and Congo Red, EOG-based membranes showed a rejection of 87% for Congo Red. Thus, by
combining the information regarding the physico-chemical properties (charge, aggregation, etc)
of the dye or target molecule to be rejected and the properties of the membranes employed,
partially oxidized graphite-based membranes may provide a valid replacement for those based on
GO. Crucially, the use of such membranes would also circumvent the need for prolonged, harsh

chemical oxidation methods (i.e., Hummers' method).
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Fig. 10. Rejection of Methyl Blue (navy blue), Rhodamine B (pink) and Congo Red (red) dyes
by membranes derived from PG, NAO, EOG and GO. Selected error bars calculated from three
replicates.

The flux values, expressed in L per m? of membrane area per h (LMH) and normalized
with respect to the operating pressure in bar (LMH/bar, Fig. 11), for Rhodamine B were the
highest amongst the tested dyes. The flux values for Methyl Blue were slightly lower, potentially
relating to its higher molecular weight. In the case of Congo Red, the flux was significantly
lower, possibly due to the obstruction of some membrane channels by dye molecule aggregates.
GO membranes gave rise to the lowest flux values, potentially due to better particle packing
(membranes other than GO present some loose powder on their surfaces and possibly have large
channels between particles) and possible intercalation of GO sheets within the porous membrane
(Fig. S5). It is therefore reasonable to assume that GO membranes should have lower

permeability.
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Fig. 11. Flux (LMH/bar) of Methyl Blue (navy blue), Rhodamine B (pink) and Congo Red (red)
dyes by membranes derived from PG, NAO, EOG and GO. Error bars calculated from three
replicates.

Conclusions

Graphite-derived particles with different degrees of oxidation were produced and their properties
compared. An increasing degree of oxidation was correlated with an increase in the structural
disorder of the graphite particles and more efficient packing of the particles when used to
produce membranes. The resulting membranes were tested for the rejection of different types of
organic dyes (Rhodamine B, Methyl Blue and Congo Red), and their rejection performance was
explained in terms of both membrane and dyes characteristics. By combining this information, it
was possible to find an alternative to GO-based membranes, such as the ones produced with
EOG particles, which showed a rejection up to 87% for Congo Red. Moreover, the preparation of
EOG is less time consuming, and the oxidation method used to produce EOG reduces the

quantity of harsh chemicals used in the process and requires less washing steps than Hummers’
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method, presenting obvious manufacturing advantages and reduced environmental impact when

compared to GO production.
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Fig. S1. Cys and Og;s signals from XPS measurements.
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Fig. S2. SEM cross section of PG on nylon membrane support used for thickness determination.
Measurement taken at 5 kV.
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Fig. S3. SEM cross section of NAO on nylon membrane support used for thickness
determination. Measurement taken at 5 kV.
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EOG layer

Fig. S4. SEM cross section of EOG on nylon membrane support used for thickness
determination. Measurement taken at 5 kV.
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Fig. S5. SEM cross section of GO on nylon membrane support. Measurement taken at 5 kV. In
the case of GO, it was not possible to determine the thickness of the top layer by using the cross
section image, due to the lower thickness of the GO layer as opposed to the other membranes.
This image also seems to support the theory that some GO sheets intercalate into the membrane
to form a reinforcement for the matrix, which can explain the reduced flux observed for all dyes
in the case of GO membranes.
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Fig. S6. SEM (top view) of the GO membrane. The GO layer appears to be uniform, with no
visible large pores; most of the roughness appears to arise from the roughness of the membrane
support.
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Fig. S7. SEM image of a section of GO membrane etched with a gallium focused ion beam (FIB)
for thickness determination.
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Fig. S8. Rhodamine B rejection variation with number of cycles. Error bars calculated from three
replicates.
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Fig. S9. Methyl Blue rejection variation with number of cycles. Selected error bars calculated
from three replicates.
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Fig. S10. Congo Red rejection variation with number of cycles. Selected error bars calculated
from three replicates.
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