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H I G H L I G H T S

• N-doped graphene oxide (GO) samples
were prepared with different N pre-
cursors.

• A metal-free N-doped GO membrane
was also developed.

• The treatment of organic pollutants by
persulfate (PS) activation was in-
vestigated.

• Using the membrane, instead of pow-
ders, avoids the catalyst separation
step.

• Loss of N-pyridinic groups decreases
the membrane catalytic activity.
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A B S T R A C T

The persulfate (PS) activation can be successfully applied in water treatment and the use of carbon materials to
activate PS has been thoroughly described in the literature. Nevertheless, the prospect of employing a metal-free
catalytic membrane as the single activator of PS has to be better studied. In the present work, graphite oxide was
prepared by the modified Hummers’ method and different nitrogen precursors (melamine, urea and gaseous
ammonia) were investigated to produce N-doped graphene oxide catalysts. The material prepared with mela-
mine presented the highest nitrogen content (23.78 wt%) and the highest catalytic activity for the degradation of
phenol in aqueous solution. The membrane fabricated with this catalyst was applied in filtration experiments for
the degradation of phenol and oxalic acid. The catalytic mechanism is governed by both the radical and the non-
radical degradation of the pollutants, but a more notorious contribution of singlet oxygen species was observed.
It was demonstrated that the membrane lost the N-pyridinic groups during the reaction and, as consequence,
part of its catalytic activity, whereas N-quaternary species remained in the used membrane. An important ad-
vantage associated with the application of this metal-free catalytic membrane, instead of a catalyst in powder
form, is to avoid the final catalyst separation step.

1. Introduction

Water treatment is a research subject of wide interest, given the

universal importance of clean water. Advanced oxidation processes
(AOPs) can be successfully applied for water treatment and are mainly
focused on the generation of hydroxyl radicals (HO%) to oxidize the
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organic pollutants. On the other hand, sulfate radical (SO4
%‾) based

processes have shown significant advantages over conventional AOPs,
since SO4

%‾ has a high redox potential (2.5–3.1 V), long half-life
(30–40 µs), it reacts with organic compounds in a wide range of pH
values as well as with water or hydroxide ions to produce HO% radicals
[1–3]. SO4

%‾ can react with the organic compounds by hydrogen ab-
straction; electron transfer donating substituents; and addition reac-
tions with unsaturated bonds [1,4]. Peroxymonosulfate (PMS) and
persulfate (PS) are the most widely employed precursors of SO4

%‾, so-
dium persulfate (Na2S2O8) being preferred for water treatment appli-
cations, as it is very soluble and stable [1].

There are many approaches to activate the production of SO4
%‾, such

as light irradiation, ultrasounds, temperature, microwaves and metal or
non-metal catalysts [1]. At an industrial level, metal catalysts are used
for a variety of applications, which implicates high costs, both econom-
ically and environmentally. Thus, new research for non-metal catalysts is
crucial. Here, carbon materials appear as a good alternative to traditional
metals. In carbocatalysis, the active sites for metal-free oxidation of
contaminants with PS or PMS can be the sp2 carbon, zigzag edges and
electron-rich surface oxides (i.e. carboxyl and carbonyl groups) [1,5,6].

Among the vast assortment of carbon materials, graphene oxide
(GO) derivatives stand out, due to the fine-tuning potential of their
structure, making them suitable candidates for PS and PMS activation
in catalysis [1,7,8]. The first report on the use of reduced graphene
oxide (rGO) to activate PMS for the generation of SO4

%‾ radicals dates
back to 2012 [6]. This work showed that a GO derivative was able to
degrade phenol, 2,4-dichlorophenol and methylene blue more effi-
ciently than other carbon catalysts (activated carbon, graphite and
carbon nanotubes) and a cobalt-enriched catalyst, due to the presence
of structural defects, which can act as active sites. Moreover, nitrogen
(N) doping of graphene materials is known to improve the catalytic
performance, disrupting the sp2-hybridized carbon arrangement and
modulating the physical, chemical, and electrical properties of the
material, creating new active sites [5]. Accordingly, chemically mod-
ified or doped graphene derivatives are good catalysts due to their high
electrical conductivity, large specific surface area, and efficient electron
transfer rate in redox reactions, owing to the high-density sp2 electrons
[1]. Liu et al. [9] reported a successful metal-free N-rGO membrane to
activate PS for the degradation of phenol. N-rGO was prepared by the
hydrothermal method, using ammonia and a commercially available
GO material, and the respective membrane was produced by vacuum
filtration. The application of catalytic membranes for water treatment is
clearly advantageous over conventional powdered materials, as it
eliminates the additional procedure of catalyst removal after treatment,
being more cost effective and less labour intensive.

So far, the potential of non-metallic GO based catalytic membranes
for PS activation has not been fully exploited, since to the best of our
knowledge only the study referred above was reported [9]. Therefore,
in the present work, graphite oxide was prepared by the modified
Hummers’ method and different precursors (melamine, urea and gas-
eous ammonia) were investigated to obtain different N-doped GO
samples and to select the most active catalytic material. This strategy
allowed to develop for the first time, from the nano- to the macro-scale,
an innovative N-doped GO membrane prepared from the modified

Hummers’ method and applied in PS activation for the degradation of a
model industrial pollutant (phenol, Ph) and a low molecular weight
carboxylic acid (oxalic acid, OA) commonly found as refractory by-
product resulting from the oxidation of many organic pollutants [10].

2. Experimental

2.1. Chemicals

All chemicals were obtained from Sigma-Aldrich, except ethanol
that was obtained from Panreac, potassium permanganate from Merck,
methanol (HPLC grade) from Fisher chemical and urea from Acros or-
ganics. All solutions were prepared with ultrapure water.

2.2. N-doped Graphene oxide fabrication in powder form

Graphite oxide, prepared by the modified Hummers’ method [11],
was the starting material in this work, and it was produced as described
elsewhere [10]. The GO derivatives doped with nitrogen were fabricated
and named as described in Table 1. All the synthesised materials were
washed with ethanol and water and dried in an oven at 60 °C. For
comparison purposes, some characterization data are shown for the GO
material (GO-H), which is obtained by drying (ca. 60 °C) the exfoliated
(ultrasonic processor UP400S, 24 kHz) graphite oxide aqueous suspen-
sion (i.e., this material was not subjected to a temperature of 350 °C).

2.3. Membrane fabrication

Membrane fabrication requires the dispersion of the carbon material
in a solvent and, according to a previous publication [14], N-methyl-2-
pyrrolidone (NMP) gives the highest solubility value for GO
(8.7 µgmL−1) and rGO (9.4 µgmL−1) materials. Hence, NMP was used
to disperse the GO derivatives to a concentration of 0.5 g L−1, which
were sonicated for 60min. The dispersion was vacuum filtered onto a
Millipore JMWP PTFE substrate, providing a final catalyst mass of
15mg. The membranes were washed with ethanol and water prior to
use.

2.4. Materials characterization

A Quantachrome NOVA 4200e apparatus was used for the textural
characterization of the carbon materials by N2 adsorption at −196 °C,
all samples being outgassed for 3 h at 120 °C preceding the analysis.
The apparent surface area (SBET) was determined by the
Brunauer–Emmett–Teller (BET) equation.

Carbon, hydrogen, nitrogen and sulphur weight percentages were
assessed in an elemental analyser from Elementar (Rapid Micro Cube
module), whereas the oxygen content was determined by difference.

A Quanta 400 FEG ESEM / EDAX Genesis X4M electron microscope
with X-Ray microanalysis and electron backscattered diffraction ana-
lysis was used to perform scanning electron microscopy (SEM) analysis.

The attenuated total reflection Fourier transformed infrared (FTIR-
ATR) spectra of the GO derivatives were obtained in a JASCO spec-
trometer (FT/IR-6800), equipped with a ZeSn ATR crystal.

Table 1
Fabricated catalytic materials.

Material Procedure

rGO-A Graphite oxide treated in a furnace up to 500 °C under 10:90% NH3:N2 atmosphere, for 10min [12]
rGO-U Graphite oxide and 0.6 g of urea were dispersed in ethanol and the liquid was evaporated. The powder was treated in a muffle furnace at 350 °C, under air

atmosphere, for 30min [13]
rGO-M (0.4)* Graphite oxide and 0.4 g of melamine were dispersed in ethanol and the liquid was evaporated. The powder was treated in a muffle furnace at 350 °C, under air

atmosphere, for 30min [13]
rGO The same procedure [13] was employed without nitrogen precursors (i.e., a partially reduced GO sample is obtained)

*Materials with other amounts of melamine (0.2, 0.8 and 1.6 g) were also prepared by this procedure (rGO-M (0.2), rGO-M (0.8) and rGO-M (1.6), respectively).
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X-ray diffraction (XRD) patterns of the carbon materials were ac-
quired in a PANalytical X’Pert MPD equipment with a X’Celerator de-
tector and secondary monochromator (Cu Kα λ=0.154 nm, 40 kV,
30mA; the data were recorded at a 0.017° step size, 100 s/step).

A Kratos AXIS Ultra HSA spectrometer, with a monochromatic Al Kα
X-ray source and working at 15 kV (90W), was employed for X-ray
photoelectron spectroscopy (XPS) analysis. Binding energy values were
referred to the C1s peak at 285 eV. CasaXPS software was used to
analyse and deconvolute the obtained spectra.

High resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy (STEM) analysis was per-
formed with a Cs probe-corrected TEM/STEM Jeol ARM 200 CF mi-
croscope with a cold-FEG electron source, operated at 80 kV. Jeol
Centurio 100mm2 Energy dispersive X-ray spectrometer (EDXS) and
Gatan Quantum ER Double Electron Energy Loss Spectroscopy (EELS)
system were used for elemental analyses and mapping in scanning-
transmission mode (STEM). Samples were dispersed in ethanol and
placed on a copper lacy-carbon coated grid.

Cross-section specimen preparation and analysis of the membrane
was performed with FEI Helios Nanolab 650 dual-beam system (FIB -
focused ion beam) using 30 keV Ga ions for cutting and polishing. For
chemical analysis and elemental mapping, a MAX 80 silicon drifted
detector and an EDXS system from Oxford Instruments were used.

2.5. Catalytic experiments

Catalyst screening experiments with the powdered samples were
carried out using 7mL of 50mg L−1 phenol solution with 1mM of
Na2S2O8 and 1gL−1 of catalyst load, under stirring in batch mode at
room temperature (25 °C). The metal-free carbon membrane was tested
in dead-end filtration mode (effective area A=0.8× 10−4 m2) by
performing a set of experiments with complete recirculation of the fil-
trate (Fig. 1 – configuration A) and another set of experiments using
continuous flow without recirculation (Fig. 1 – configuration B). In the
first set of experiments, 15mL of a 50mg L−1 phenol solution (pH
6.6–7.0), or a 90mg L−1 oxalic acid solution (natural pH 3.0), con-
taining 1mM of PS, was recirculated through the membrane at a flow
rate of 1.5 mLmin−1 (provided by a peristaltic pump) and room tem-
perature (25 °C). Similar conditions were tested in the second set of
experiments, but in this case the filtrate was not recirculated as feed
and the initial phenol concentration was 5mg L−1. Prior to PS activa-
tion by the metal-free carbon membrane, adsorption of the tested pol-
lutants onto the membrane was evaluated. The pollutant concentration
was analysed immediately after sampling.

2.6. Analytical techniques

The phenol concentration was analysed by high performance liquid

chromatography (HPLC) with a Hitachi Elite LaChrom apparatus
equipped with a diode array detector (L-2450, at 270 nm) and
a Lichrocart Purospher Star RP-18 endcapped column
(250mm×4.6mm, 5 µm particles), with a mobile phase of water:
methanol (70:30) in a gradient step, at a fixed flow rate of 1mLmin−1

and at room temperature [15,16]. The oxalic acid concentration was
also determined by HPLC, but in this case with an UV detector (at
200 nm) and an Alltech OA-1000 column (300mm×6.5mm; 9 μm
particles) under isocratic elution with 5mM of H2SO4, at 0.5 mLmin−1

and at room temperature [10]. The total organic carbon (TOC) content
was monitored in a Shimadzu TOC-L equipment.

3. Results and discussion

3.1. Materials characterization

The results from elemental analysis and nitrogen adsorption-deso-
rption isotherms are shown in Table 2. The highest nitrogen percentage
(23.78 wt%) was obtained for the GO material doped with melamine
(rGO-M (0.4)). The small nitrogen content present in rGO (1.35 wt%)
results from NaNO3, which is employed for graphite oxidation in the
modified Hummers’ method, small percentages of nitrogen being re-
ported in the literature even for commercial graphene flakes [17]. All
the materials had a small specific surface area (5–25m2 g−1), due to the
stretched assembly of the GO sheets when the suspension is dried to
obtain the nitrogen adsorption–desorption isotherms, including those
samples prepared with different amounts (0.2, 0.8 and 1.6 g) of mela-
mine (6–8m2 g−1). rGO-A is the material with the highest surface area
probably due to the more extensive thermal treatment that was per-
formed for this material.

Specific functional groups of the fabricated materials were observed
by FTIR-ATR (Fig. 2). The FTIR-ATR spectrum of rGO-M (0.4) showed

Fig. 1. Schematic representation of the experimental set-up to test the mem-
brane (rGO-M (0.4)) under recirculation (configuration A) and continuous
mode (configuration B).

Table 2
Elemental analysis of the carbon materials and specific surface area (SBET).

Sample SBET
(m2 g−1)

N
[wt%]

C
[wt%]

H
[wt%]

S
wt%]

O
[wt%]

rGO 6 1.35 76.09 1.13 0.27 21.17
rGO-A 25 11.19 76.52 1.05 0.23 11.01
rGO-U 5 13.27 70.77 1.24 0.80 13.92
rGO-M (0.4) 8 23.78 57.96 1.86 1.29 15.11
Used rGO-M (0.4)

membrane material
n.d. 21.68 60.27 1.92 0.65 15.48

n.d. – not determined

Fig. 2. FTIR-ATR spectra of the GO-derivatives.
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the occurrence of a band at ca. 1620 cm−1, corresponding to the NeH
bending of primary amine groups (eNH2). The rGO-A sample presented
a broad band at around 1150 cm−1, indicative of the CeN stretching
from a secondary amine. On the other hand, rGO-U did not present any
evident typical peak associated to nitrogen functional groups. The rGO
sample presented bands at ca. 550, 600, 670, 1200, 1550 and
1720 cm−1, which can be attributed to eOH out of plane bending, CeH
bending, C]C bending, CeOH stretching, sp2 aromatic C]C bonds and
carbonyl groups (C]O), respectively. Some of these bands can be seen
in other samples.

The material with highest nitrogen content (also presenting the
highest catalytic activity for the degradation of phenol, as demonstrated
below), i.e. rGO-M (0.4), as well as undoped rGO and/or GO-H, were
additionally characterized by SEM (Fig. 3), XRD (Fig. 4), HRTEM
(Figs. 5 and 6) and XPS (Fig. 7).

From the SEM micrographs (Fig. 3), it can be inferred that the GO
treatment with melamine (rGO-M (0.4)) did not alter the typical sheet-
like appearance of rGO, meaning that N-doping does not destroy the
physical morphology of the original carbon material. Furthermore, the
cross-section of the rGO-M (0.4) membrane revealed its morphology
(Fig. 3c).

The XRD patterns of the GO precursor (GO-H) and all other samples
are shown in Fig. 4. GO-H presented a (0 0 1) diffraction peak at ca.
2θ=11.95°, indicative of an interlayer distance (d-distance) of
0.74 nm, as calculated with the Bragg’s equation. This peak disappeared
and a (0 0 2) diffraction peak appeared for the reduced samples, spe-
cifically at 2θ= 26.02° for rGO-M (0.4), which corresponds to a d-
distance of 0.34 nm. Thus, the d-distance was smaller for rGO-M (0.4)
comparatively to GO-H, as expected since the distance between layers is
commonly attributed to the oxygen surface groups (such as epoxy,
hydroxyl, carboxyl and carbonyl groups) abundant in the non-reduced
material [18]. The (1 0 0) diffraction peak was found around

2θ=42.5°. The Scherrer's equation (constant of 0.9) was applied to the
(1 0 0) and (0 0 2) diffraction peaks of rGO-M (0.4), and to (1 0 0) and
(0 0 1) in the case of GO-H, the determined average crystallite size
being 1.9 and 4.1 nm, respectively. Regarding the patterns of rGO-M
(0.2), rGO-M (0.8), rGO-M (1.6), rGO-A and rGO-U, both (0 0 2) and
(1 0 0) diffraction peaks are observed, small peaks between 17.5° and
21.5° appearing as higher is the amount of melamine employed in the
preparation of rGO-M samples.

The results obtained by HRTEM characterization of GO-H, including
both high-angle annular dark-field (HAADF-STEM) and bright-field (BF-
STEM) modes, are shown in Fig. 5. Aggregated GO flakes are clearly
observed in Fig. 5a-c, with sizes up to 50 nm. Those flakes are mostly
perpendicular to the electron beam (in [00.1] orientation regarding to
the beam), still some of them are curved so that part of the flakes are
parallel to the beam (〈10.1〉 types of orientations). The bright spots in
atomically resolved HAADF-STEM micrograph (Fig. 5d) where the in-
tensity strongly depends on atomic number (Fig. 5b and d) correspond
to the oxygen atoms, concentrated at the edge of GO flakes which are
curved so that we can estimate its thickness. From low-loss EELS spectra
where the maximum of σ+π plasmon was around 24 eV (not shown),
it is concluded that GO flakes in average consist of at least 10 sheets
[19]. The core-loss EELS spectrum from thin area (Fig. 5f) displays a
very low concentration of O atoms.

Regarding the rGO-M (0.4) sample, some heterogeneity was ob-
served (Fig. 6). For instance, in Fig. 6a is shown the rGO structure
obscured with an amorphous layer, the EELS spectrum (Fig. 6c) re-
vealing the presence of both nitrogen and oxygen in this zone. How-
ever, some other flakes of the same sample have zones without or with
low concentration of nitrogen and oxygen at the edges (Fig. 6b and d).
The EELS spectrum of an area with visible crystalline structure, but
without noticeable amounts of O and N (Fig. 6d), shows a characteristic
sharp line (peak) in C K edge (in σ* part), while in the amorphous area
with high O and N contents, this line is hardly seen or even missing.

HRTEM, HRTSTEM and EELS results are in good agreement with
XRD results, since the d-distance obtained with XRD and SAED (selected
area electron diffraction) can be directly compared. In Fig. S1 there is
an electron diffraction pattern of GO-H from an area with three layers
of GO rotated within angle of 7.4° – the zone axis is [0 0 0 1] (perpen-
dicular to basal planes). Measured d-distance values for the 10 plane
from SAED diffraction pattern (0.21 nm) are in good agreement with
measured values for lines (1 0 0) from XRD pattern (0.21 nm).

The information about sheet thickness can be directly obtained from
HRTEM (or HRSTEM) images, which is around ∼3 nm in the case of
GO-H, i.e. in good agreement with ∼4 nm obtained from XRD. In the
case of rGO-M (0.4), the thickness of the crystalline part of the flakes

Fig. 3. SEM micrographs of rGO-M (0.4) (a), rGO (b) and rGO-M (0.4) mem-
brane FIB cross-section (c) - Pt corresponds to the protective layer used for
analysis.

Fig. 4. XRD patterns of studied samples.
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Fig. 5. HRTEM micrograph (a), HAADF-STEM (b, d), BF-STEM (c, e) and EELS spectrum (f) of GO-H.

Fig. 6. HAADF-STEM of rGO-M (0.4): amorphous zone with high amount of nitrogen (a), crystalline zone without O and N (b), and EELS spectra (c and d,
respectively). Note the difference in the σ* line structure indicating the amorphous and crystalline nature of the investigated areas.
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was measured in reciprocal space, being around 2 nm, which is com-
parable to the XRD value (1.9 nm). XPS analysis of the N1s region was
performed to further understand the nature of the N-functionalities in
rGO and rGO-M (0.4) samples (Fig. 7). The rGO-M (0.4) sample
(Fig. 7a) presented 41.56, 38.07 and 20.37 at.% of N-pyrrolic (N5), N-
pyridinic (N6) and N-quaternary (NQ) species, respectively, while the
rGO sample (Fig. 7b) had some N5 (56.87 at.%) and N6 (43.13 at.%)
species. In the literature, the use of N-doped graphene powdered ma-
terials for PMS or PS activation has been reported for phenol de-
gradation, i.e. Li et al. [13] prepared similar N-doped graphene deri-
vatives using melamine, and the XPS analysis revealed 48.70, 39.50 and
11.80 at.% of N6, N5 and NQ species, respectively. Similarly, Duan
et al. [5] reported a melamine-doped GO material, treated at 700 °C,
with 54.42, 23.09 and 22.49 at.% of N6, N5 and NQ. The percentage of
nitrogen species in these works presents some differences (N6 >
N5 > NQ) in comparison to the rGO-M (0.4) sample of the present
study (N5 > N6 > NQ). Nevertheless, the higher abundance of N5 in
comparison with N6 has been reported for other N-doped GO materials
[9]. Regarding the materials prepared with different amounts of mel-
amine, a higher percentage of NQ and N6 was determined in rGO-M
(0.4) (Fig. 7a) than in samples prepared with higher amounts of mel-
amine (Fig. S2).

3.2. Catalytic performance

It has been documented that phenol oxidation by PS activation
alone cannot occur [2,9]. Therefore, a catalyst is needed to activate PS
in order to degrade the aromatic compound. An initial screening of the
catalytic activity of the fabricated N-doped powders for the removal of
phenol was performed in batch mode (Fig. 8).

Among the tested catalysts, the N-doped GO powder prepared with
melamine (rGO-M (0.4)) presented the highest phenol removal (i.e.
96% after 180min). This outcome clearly confirms that the nitrogen
precursor used for the functionalization of GO plays an important role
in the properties and catalytic performance of the material. Li et al. [13]
have found urea as the best nitrogen precursor for the synthesis of N-
doped graphene catalysts, since it outperformed catalysts prepared with
other precursors (like melamine, ammonium nitrate and cyanamide) in
the PMS activation for phenol degradation. In the present study, the
rGO-M (0.4) catalyst with the highest nitrogen percentage (23.78wt%)
provided the highest removal of phenol. Thus, different amounts of
melamine (0.2, 0.4, 0.8 and 1.6 g) were tested in order to evaluate its
effect on the catalytic activity of the N-doped GO material (Fig. 9). The
synthesis conducted with 0.4 g of melamine revealed the highest phenol
degradation. These findings are in line with the XPS analysis of the N1s

Fig. 7. Deconvoluted N1s spectra of rGO-M (0.4) (a) and rGO (b), N5, N6 and NQ corresponding to N-pyrrolic, N-pyridinic and N-quaternary species.

Fig. 8. Phenol (Ph) degradation by PS activation with different powdered
carbon catalysts. Experimental conditions: 7 mL of [Ph]= 50mg L−1;
[PS]= 1mM; pHinitial: 6.6–7.0; Catalyst load= 1gL−1; under stirring and at
25 °C.

Fig. 9. Phenol (Ph) degradation by PS activation with GO catalysts doped with
different amounts of melamine (0.2, 0.4, 0.8 and 1.6 g). Experimental condi-
tions: 7mL of [Ph]= 50mg L−1; [PS]= 1mM; pHinitial: 6.6–7.0; Catalyst
load= 1gL−1; under agitation and at 25 °C.
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region of the samples prepared with melamine (Fig. 7a and Fig. S2),
which revealed a higher percentage of NQ and N6 species in rGO-M
(0.4) than in materials prepared with higher amounts of melamine. NQ
species were referred in the literature as those contributing to a higher
catalytic activity in the PS activation reaction [5]. It has been also re-
ported the reduction of N6 species for a sample doped with urea that
was used in one cycle of phenol degradation by PMS activation [13],
thus evidencing the importance of N6 species in this type of reaction,
besides the NQ groups.

Given that rGO-M (0.4) was the most active catalyst for the de-
gradation of phenol by PS activation, it was used to produce mem-
branes. The fabricated rGO-M (0.4) membranes were subsequently
tested, under recirculation mode, for the PS activation in the de-
gradation of phenol and oxalic acid, for 3 consecutive runs with the
same membrane (Fig. 10). Prior to the catalytic reactions, adsorption
experiments (without PS addition) were carried out with 50mg L−1 of
phenol and 90mg L−1 of oxalic acid, showing negligible removal by
adsorption of either pollutant on the membrane (Fig. 10). However, the
removal of oxalic acid by PS activation was 100% in the first re-
circulation run after 180min (i.e., its concentration decreased to values

below the limit of quantification) and kept for the second cycle after the
same period of time, decreasing in the third one. Regarding the cata-
lytic oxidation of phenol, 94% of its removal was achieved in the first
cycle, but the performance decreased to 63 and 27% of degradation
after 180min in the second and third runs, respectively. The TOC va-
lues followed the same tendency as the phenol removal cycles, namely
55% of mineralization after the first run, a value that was gradually
reduced to 35 and 8% after the second and third cycles, respectively.
Results were not found in the literature for the oxalic acid degradation
by PS activation. However, the lower catalytic activity after the first run
has been observed previously with N-doped GO and rGO catalysts in the
powdered form for phenol oxidation by PMS activation. The lower
catalytic activity has been attributed to the adsorption of reaction by-
products and pollutant molecules onto the reaction sites of the carbon
material, thus compromising its catalytic activity for further reuses
[5,20,21]. Furthermore, a recent study [22] reported a GO erosion after
PS activation, due to radical attack on GO, leading to the formation of
GO fragments.

The significance of the pH in this type of catalytic reaction has been
reported, the initial pH between 6.5 and 7.0 being considered the ideal
for the oxidation of phenolic compounds [13]. The pH was monitored
after every reaction cycle with phenol, and again the trend was iden-
tical, with a sharp decrease after first run (pH 2.7) that was kept almost
constant for the second (pH 2.9) and third (pH 3.2) runs, most probably
due to the formation of low-molecular weight carboxylic acids. In the
case of oxalic acid, the pH after each run was very similar to the initial
and natural pH of the oxalic acid solution (pH∼3.0) contrarily to what
was observed in the degradation of phenol, where the values decreased
significantly after the first run.

To better investigate the reasons behind the lower catalytic activity
of the rGO-M (0.4) membrane after use, the material recovered from the
membrane was characterized. SEM imaging (Fig. 11a) showed a mor-
phology similar to the fresh one (Fig. 3a). However, elemental analysis
(Table 2) revealed a lower percentage of nitrogen in the used mem-
brane material (21.68wt%) relatively to the pristine one (23.78 wt%),
the deviation of triplicates being ± 0.15 wt% and 0.01 wt%, respec-
tively. Thus, this difference of ca. 2 wt% can be ascribed to the loss of
nitrogen functionalities throughout the catalytic reaction [23]. Never-
theless, the FTIR-ATR spectrum of the used membrane material
(Fig. S3) showed similarities to the pristine one (Fig. 2). Moreover, XPS
analysis of the membrane material performed after one cycle (Fig. 11b)
showed the absence of N6 groups. This result can explain the decreased
catalytic activity with each cycle, since it has been shown that N6
species have a pair of lone electrons, which can change the valance

Fig. 10. Reusability assessment of rGO-M (0.4) catalytic membranes for the
degradation of phenol (Ph) and oxalic acid (OA) by PS activation. Experimental
conditions: 15mL of [Ph]initial = 50mg L−1 or [OA]initial = 90mg L−1;
[PS]=1mM; pHinitial of Ph= 6.6–7.0 and pHinitial of OA=3.0 (natural pH);
1.5 mLmin−1; under recirculation mode and at 25 °C.

Fig. 11. SEM image of the rGO-M (0.4) membrane material used for PS activation in phenol degradation (a) and its deconvoluted N1s spectrum, showing only the
presence of pyrrolic (N5) and quaternary (NQ) nitrogen species (b).
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band of graphene-based materials and enhance the π states of Fermi
level [24]. Additionally, as referred above, the reduction of the N6
species has been reported in the literature for a sample doped with urea
that was used for phenol degradation by PMS activation (from 100% of
phenol removal in the 1st run to 83.1% in the 3rd run) [13], thus evi-
dencing the importance of N6 species in this type of reaction. Fur-
thermore, the nitrogen-rich active sites can be obstructed by the accu-
mulation of PS and/or by-products on the membrane, which could also
compromise its reusability. These findings attested the importance of
the composition of the carbocatalysts, which extensively impacted their
redox potential, influencing electron transfer from the carbon material
to PS or PMS [2]. However, Fig. 11b also shows that NQ species were
not lost, in contrast with N6, suggesting that even if some decrease of
the catalytic activity is expected, NQ could contribute to maintain some
of the material catalytic activity.

The PS concentration was also determined in both phenol and oxalic
acid degradation experiments (Fig. 12), following the methodology
described elsewhere [25]. As expected, the PS concentration decreased
throughout each experiment, in both cases reaching ca. 0.20mM of PS
after 180min. Thus, ca. 80% of PS is consumed in 180min, 100% and
94% of oxalic acid and phenol degradation, respectively, being
achieved at this reaction time.

Regarding the reactive oxygen species (ROS) involved in this reac-
tion, three pathways for PS and PMS activation were recently

summarized for carbon materials [4]. The first relies on the generation
of SO4

%‾ and HO% radicals; the second corresponds to a non-radical
mechanism that can include the formation of singlet oxygen (1O2), the
development of a charge transfer complex and/or direct catalysis; and
the third is a combination of radical and non-radical pathways. In the
present work, the active radicals involved in the reaction were studied
using both phenol (Fig. 13a) and oxalic acid (Fig. 13b). Methanol
(MeOH) was employed as scavenger of SO4

%‾ and HO% radicals and
furfuryl alcohol (FFA) as scavenger of 1O2, in a molar ratio of 1000:1
(scavenger: PS) [26]. The phenol degradation by PS activation with the
rGO-M (0.4) membrane and the tested scavengers (Fig. 13a) suggests
that 1O2 is the main ROS involved in this catalytic reaction: the removal
of phenol was only 10% after 180min in the presence of FFA, whereas
removals of 88% and 94% were respectively obtained with MeOH and
without scavengers after the same period of time. The significant con-
tribution of 1O2 in this reaction was confirmed when oxalic acid was
employed as probe molecule (Fig. 13b), the degradation of this organic
compound decreasing to 59% after 180min in the presence of FFA,
comparatively to 100% removal without scavengers and 93% in the
presence of MeOH. Thus, the catalytic mechanism is governed by both
the radical and the non-radical pathways, but a more notorious con-
tribution was observed from the non-radical one (1O2). The high re-
activity of 1O2 has been described in the literature, in particular to-
wards electron-rich molecules like phenol [2,27], some studies also
reporting the occurrence of the non-radical pathway for PMS activation
with N-doped graphene derivatives [13,28–31].

The rGO-M (0.4) membrane was also tested under continuous fil-
tration for the degradation of phenol and oxalic acid without re-
circulation of the filtrate (Fig. 14). Interestingly, a high removal of
phenol was observed by PS activation with the rGO-M (0.4) membrane
at the beginning of the experiment, decreasing significantly after
30min, but achieving a stable removal of phenol (ca. 30%) in con-
tinuous mode after 4 h, with a mineralization of 10.2% and the filtrate
having pH 3.6. Once again, N6 species were not detected by XPS ana-
lysis of the membrane used in this experiment, while NQ and N5 species
remain in the used membrane (not shown). Moreover, the oxalic acid
removal was nearly 25% and quite stable during the experiment, as well
as the respective pH, when the experiment was performed with the
highest concentration of this pollutant (90mg L−1). The oxalic acid
removal significantly increased up to 65% in 3 h (and was maintained
after this period of time) when its initial concentration was decreased
(to 30mg L−1). Considering that these experiments were performed
with quite high concentrations, these results demonstrate that this
metal-free catalytic membrane is highly active, its performance

Fig. 12. Persulfate concentration along the experiments with the rGO-M (0.4)
membrane under recirculation mode.

Fig. 13. Phenol (Ph) (a) and oxalic acid (OA) (a) degradation by persulfate activation with rGO-M (0.4) catalytic membranes and scavengers (methanol, MeOH and
furfuryl alcohol, FFA). Preliminary adsorption tests are performed without PS. Experimental conditions: [Ph]initial = 50mg L−1 or [OA]initial = 90mg L−1;
[PS]=1mM; [scavenger]= 1000mM; pHinitial of Ph= 6.6–7.0 and pHinitial of OA=3.0 (natural pH); 1.5 mLmin−1; under recirculation mode and 25 °C.
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depending on the initial pollutant concentration or, as alternative, the
water flow rate. Thus, these results demonstrate the potentialities of
this type of metal-free catalytic membranes for water treatment in
continuous mode, but more studies are needed, for instance performing
experiments with realistic matrices where the pollutants are often at
much lower concentrations, better performances being expected. The
findings suggest that both N6 and NQ species play a positive role in the
catalytic activity of this membrane, but N6 species are lost when the
material is used, in contrast with NQ species.

4. Conclusions

A N-doped GO powdered material with high catalytic activity for
persulfate activation and phenol degradation was prepared using mel-
amine as precursor. The respective membrane lost some of its catalytic
activity during filtration, due to the loss of N-pyridinic groups, in
contrast with the N-quaternary species that were detected in the used
membrane. In fact, after a certain period of time in continuous mode,
the catalytic activity is kept constant under a constant feed of the or-
ganic pollutants. Singlet oxygen reactive species were determined as
the main responsible for the degradation of the target pollutants. Thus,
the present study demonstrates the potentialities of this type of metal-
free immobilized catalysts, cutting back on expenses and labor asso-
ciated with catalyst separation from treated water. However, further
research is needed regarding the optimization of the operating condi-
tions and the performance with realistic matrices.
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