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ABSTRACT

Graphene has a great potential to substitute other amorphous carbon materials

and has been widely used in many water and wastewater treatments such as

purification or photocatalytic processes. Graphene powder with different

degrees of oxidation was synthesised and subsequently used to prepare sup-

ported membranes. Ceramic porous materials were chosen as membrane sup-

port due to the robustness and long life required in a likely application.

Ultrathin membranes (7–9 lm) were successfully prepared through vacuum

filtration of highly oxidised graphene or reduced graphene oxide solutions

(1 mg ml-1). The influence of depositing different amounts of membrane pre-

cursor was extensively studied (0.003–0.037 mg cm-2); above 0.037 mg cm-2,

drying-related shrinkage problems are detected. Moreover, the ceramic support

pore size (SPS) (0.008–0.08 lm) shows little impact in terms of the overall

membrane flux resistance, and the deposited graphene layer usually governs the

membrane permeation. Finally, long-term filtration experiments were also

performed for weeks without substantial variation of the membrane structure or

permeation (B2 %), which is demanded in most conventional water treatments.

Overall, the addition of partially oxidised graphene to conventional ceramic

membranes greatly decreases their electrical resistivity (*2.8 9 10-5 X m),

opening up the possibility of being employed for many environmental

purposes.
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Introduction

Since its first report in 2004, graphene has become

one of the main attractions of the scientific world due

to its outstanding electrical, optical and mechanical

properties [1]. Monolayer graphene shows Young’s

modulus of 1 TPa and fracture strength of 130 ± 10

GPa, being considered the world’s strongest material

[2]. Some studies have estimated its electrical resis-

tance as only 20.16 X/sq [3] and optical transparency

around 97.7 % [4]. Initially, single-layer graphene

nanosheets were prepared by mechanical exfoliation

of bulk graphite, also known as the ‘‘scotch tape’’

method [5]. However, the exfoliation of the highly

ordered pyrolytic graphite allows for the preparation

of only small areas between nanometres and

micrometres in lateral dimension [6]. A different

approach to synthesise graphene, epitaxial chemical

vapour deposition (CVD), is commonly used for

applications that require small areas of high-quality

graphene [7–10]. On the contrary, CVD shows a lack

of controllability when transferring graphene films

between different substrates, and it is not the best

technique to synthesise homogeneous large-area size

[11].

An absolutely different method is the chemical

reduction of exfoliated graphite oxide [12]; unlike the

other techniques, this one allows for the synthesis of

graphene in large scale and reasonable cost [13]. In

1958, Hummers and Offeman [14] developed a rapid

and relatively safe method to synthesise the highly

oxidised graphene oxide (GO) from graphite. This

technique introduced a new way to prepare GO

using KMnO4 and NaNO3 in concentrated H2SO4,

which is suitable for large-scale production [15], and

is commonly used to prepare large GO films [16–19].

GO oxygen groups can be removed by different

physical [20] or chemical methods [21]. In this study,

GO was reduced by the solvothermal method [22].

GO is a promising material to fabricate membranes

because of its hydrophilicity, excellent strength, large

surface area, low flux resistance and relevant per-

meation [23]. In addition, the intrinsic 3D heteroge-

neous structure of GO films may also help to improve

the selectivity [24, 25], since open gaps between the

stacked platelets are approximately of 1 nm width

[26], and thus, these gaps can act as nanopores for

molecular transport [27]. GO membranes can be

useful in many applications, such as filters for water

treatment, catalysis, electrical devices, or molecular

sieving processes [28–30]. The fabrication of these GO

films involves different techniques including Lang-

muir–Blodgett assembly [31], vacuum filtration [24],

molecular templates [19], spin-coating [13, 32] and

spray coating. On the contrary, reduced graphene

oxide (RGO), yet showing hydrophobic properties,

provides higher electrical conductivity than GO. For

these reasons, RGO membranes can be applied in

water processes where minimising the electrical

resistance is needed [33]. Great efforts have been

taken in depositing uniform films onto substrates,

which has been considered as a major hurdle; this

study is focused on the vacuum filtration technique,

which has been successfully applied to prepare gra-

phene films with different oxidation degrees. A

notable advantage is the possibility of controlling

perfectly the membrane thickness [24, 29].

Graphene membranes are reported as freestanding

films [34–39] or supported ones [40, 41]. However,

most water treatment processes are subjected to high

pressures, so that membranes must be robust enough

to operate for long periods, therefore supported

membranes are preferred. Ceramic materials have

been reported as membrane support, because they

possess many important advantages such as high

thermal and chemical stability, pressure resistance,

long lifetime, and catalytic properties arising from

their intrinsic nature [42, 43]. The chemical stability is

highly significant especially for membrane modifi-

cation or preparation processes. Hence, ceramic

porous elements offer the possibility to be used as

support for the graphene layer becoming a composite

membrane.

This study deals with the preparation of GO and

nitrogenated RGO (GO and NrGO) membranes sup-

ported over ceramic porous materials. To the best of

our knowledge, there are no previous studies

involving the synthesis of GO or NrGO membrane

supported over ceramics (ZrO2–TiO2), focusing on

the influence of the graphene oxidising degree,

amount of membrane precursor employed for the

preparation or the pore size of the ceramic support.

These membranes could enhance many environ-

mental processes where other adsorbent and con-

ductive materials are currently being used [44, 45],

such as activated carbon filters [46]. Potential appli-

cations include photocatalytic or biological processes.

Photocatalysis is a clean technology, which uses

semiconductor-based nanomaterials such as carbon-

based films (TiO2/activated carbon) [47] to separate
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and remediate contaminated organic wastewater [48].

However, decorating titania photocatalyst with GO is

of particular interest due to GO’s ability to increase

the photocatalytic activity of TiO2 [49]. On the other

hand, graphene-based membranes can be employed

to intensify the biodegradation of recalcitrant pollu-

tants present in wastewater, which cannot be effi-

ciently removed by conventional methods. Some of

these processes are limited by the electron transfer in

redox systems [46]; at this point, both GO and spe-

cially NrGO provide better properties as electron

mediator than other ones, such as activated carbon,

which have been widely employed over recent dec-

ades [50]. Moreover, GO offers a 3D sponge structure

favouring the microbial growth and presents excel-

lent adsorption capacity [51]. The adsorption capacity

and the presence of an electron shuttle are highly

beneficial for the degradation of recalcitrant organic

compounds in wastewater [52]. In addition, the pro-

posed catalytic membrane allows for the degradation,

separation, and microorganism retention in a single

stage, thus intensifying the process.

Experimental

Membrane precursor preparation

Highly oxidised graphene powder (GO)

Highly oxidised graphene (GO) was synthesised

following a modified Hummer’s process [22]. Pristine

graphite powder was purchased by Fluka with an

average particle size of B20 lm. The starting mate-

rial, i.e. graphite powder, was ground for 30 min by

using mortar and pestle, and then 2.5 g of ground

graphite was mixed with 2 g of NaNO3 in a 250 ml

flask. Sulphuric acid (70 ml) was added to the blend

and stirred until homogenised. The mixture was

cooled in an ice bath and 10 g of KMnO4 was then

added, and left overnight followed by heating at

50 �C for 24 h. Subsequently, 10 g of KMnO4 and

70 ml of water were slowly added to the mixture and

kept stirring for 24 h. The graphite oxide formed was

poured into 400 ml of ice water, and then 3 ml of

H2O2 was added and stirred overnight. The graphite

oxide mixture was purified by dispersing in 500 ml

aqueous solution of 3 wt% H2SO4 and 0.5 wt% H2O2.

After 24 h, the graphite oxide pellet was collected

by centrifuging at 3000 rpm for 30 min, and the

supernatant was removed. This process was repeated

five times. The solid product obtained was rinsed

with copious water and dried in oven. Graphite oxide

was exfoliated in water by ultrasonication for 2 h to

obtain GO sheets. The GO dispersion was centrifuged

at 1000 rpm for 5 min to remove thicker sheets, and

the supernatant was again centrifuged at 3000 rpm

for 30 min. The obtained GO pellet was dried in oven

at 60 �C for 48 h. Before sonication and separation,

the material is called graphite oxide, and after soni-

cation and separation, the material is referred to as

GO. All the chemicals were purchased from Sigma-

Aldrich.

Nitrogen-doped reduced graphene oxide powder (NrGO)

The preparation of N-doped GO is based on previous

studies showing that N-doped graphene exhibits

better electrocatalytic activity than graphene [53]. The

enhanced performance of N-graphene is mainly

attributed to the existence of nitrogen functional

groups, oxygen-containing groups and structural

defects.

Nitrogen-doped reduced GO (NrGO) was synthe-

sised through the solvothermal reaction of GO with

ammonia and hydrazine [54]. In a typical experiment,

synthesised GO was suspended in water to give a

concentration of 1 mg ml-1 followed by sonication

for 30 min to disperse the material in water. The pH

of the solution was adjusted to 10 using ammonia

hydroxide, and then 1 ml of hydrazine (35 wt% in

H2O) was added to the solution and stirred for

15 min. The resultant solution was transferred to a

100 ml Teflon-lined vessel to carry out the

solvothermal reaction at 160 �C and 5 bar for 3 h. The

resultant product was cleaned with plenty of deio-

nised (DI) water and collected by centrifugation at

3000 rpm for 45 min. The pellet was dried under

vacuum at 60 �C for 48 h.

Membrane supports

Composite ceramic discs (Ø47 mm; thickness 28 mm)

made of TiO2 with a slender superficial layer of

ZrO2–TiO2 were provided by TAMI Industries

(France); these are filtration elements in the range of

ultrafiltration or fine ultrafiltration with different

pore sizes equivalent to 1, 15, 50 and 150 kDa

molecular weight cut-off (MWCO). Their intrinsic

properties—physical strength, chemical and thermal
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inertia or solvent insensitivity—make them suit-

able for synthesising membranes with relatively long-

life and reusability after an adequate chemical

cleaning procedure involving diluted nitric, phos-

phoric acid or sodium hydroxide. This fact is extre-

mely beneficial with a view to a potential application

in wastewater treatment or water purification.

Synthesis of graphene (GO or NrGO) membranes

Homogeneous GO or NrGO solutions were prepared

by dispersing a certain amount (10 mg) of previously

synthesised graphene powder into deionised water

by sonication for 45 min. These solutions (GO or

NrGO) were vacuum filtrated through the final

membrane support, forming a superimposed film

with controllable thickness on the surface of the

ceramic support. The absence of requirement for

peeling-off the deposited film reduces the prepara-

tion time. This length of time was around 5–15 min

depending on the ceramic SPS. After the preparation,

the membrane was dried for 24 h at 40 �C and ready

to be used.

Membrane characterisation

Transmission electron microscopy (TEM JEOL, JEM-

1011, USA) and environmental scanning electron

microscopy (ESEM QUANTA 600, FEI, Dawson

Creek Drive, Hillsboro, OR, USA) were used to study

the synthesised material.

Membrane microstructure was examined by AFM

(Pico Plus 2500 from Molecular Imaging, Bid-Service,

LLC, Freehold, NJ, and USA), operating in the tap-

ping mode.

Membrane precursor properties were further

studied by conducting Raman spectroscopy. The

analyses were performed at room temperature using

a LabRAM 300 Raman spectrometer (Horiba Jobin–

Yvon) equipped with a HeNe (633 nm) laser and a

motorised XYZ mapping stage.

X-ray diffraction (XRD) measurements were also

performed using a Bruker-AXS D8-discover diffrac-

tometer equipped with parallel incident beam (Göbel

mirror), vertical h–h goniometer, XYZ motorised

stage and a GADDS (General Area Diffraction Sys-

tem). Samples were placed directly on the sample

holder, and the area of interest was selected with the

aid of a video-laser focusing system. An X-ray colli-

mator system allowed analysing areas of 500 lm. The

X-ray diffractometer was operated at 40 kV and

20 mA, employing a monochromatic CuKa radiation

source (k = 1.54 Å). The GADDS detector was a HI-

STAR (multiwire proportional counter of 30 9 30 cm

with a 1024 9 1024 pixel) placed at 15 cm from the

sample and covering a range of 3�–37� 2h.
The synthesised powders were also examined

using an X-ray photoelectron spectroscopy (XPS)

system (Kratos Axis Ultra DLD spectrometer)

equipped with a monochromatic AlKa X-ray

(1486.6 eV). The chamber pressure was maintained

below 2.39 9 10-11 bar, and surface charging was

compensated with a secondary electron gun.

The membrane electrical resistance was measured

using a multi-height microposition four-point prob-

ing system combined with a Keithley K2420

SourceMeter.

Membrane-filtration tests

The deionised (DI) water flux of the prepared mem-

branes was measured in a dead-end cell (TAMI

Industries) equipped to hold ceramic membranes in

the form of discs. The effective area of membrane

surface was 13.1 cm2. All the experiments were car-

ried out until reaching steady state of 25 �C and a

constant transmembrane pressure of 0.2 bar. The

permeate flux was continuously monitored by a

precision balance and automatically recorded in a

computer database. A scheme of the experimental

setup is shown in Fig. 1.

Permeation flux is calculated according to the Eq. 1

[55].

Jw ¼ V

A � t ; ð1Þ

where Jw is the pure water flux (m3 m-2 h-1), V is the

collected permeate volume (m3), A is the membrane

active area (m2), and t is the permeation time (h).

Results and discussion

Graphene (GO or NrGO) synthesised
powder characterisation

GO powder (1 mg) in N-methyl-2-pyrrolidone

(NMP) solutions was characterised by ESEM and

TEM (Figs. 2, 3) after applying ultrasounds for

15 min, followed by quick solvent evaporation using
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infrared lamp. The powder sample was deposited

onto an aluminium support, and the solvent was

evaporated and immediately introduced into the

ESEM. In the case of TEM analysis, a drop of sample

was placed on a 200 lm mesh copper grid with a

Formvar film.

On the other hand, NrGO sheets demonstrated a

3D wrinkled appearance of particle clusters with an

interconnected porous network as observed else-

where [22, 56]. Low-magnification TEM image

(Fig. 3b) exhibited the same morphology, which is

characteristic of NrGO powder produced by harsh

oxidative and reductive treatments, and is indicative

of defective structure.

The Raman spectra of GO and NrGO powders are

shown in Fig. 4. The G and D bands in the case of GO

are at 1584 and 1330 cm-1. The G and D bands for

NrGO are at 1574 and 1323 cm-1, respectively. The

shift in the G band position of NrGO towards lower

wavelengths indicates decrease of the oxygen func-

tional groups and recovery of sp2 network following

the solvothermal reduction. The ID/IG intensity ratio

increased from 1.05 for GO to 1.4 for NrGO, sug-

gesting the decrease in the size of sp2 domains

[54, 57]. It should be noted that in our study, an

additional factor could be the incorporation of N

dopants, which contributed to the enhancement of

the D band intensity upon solvothermal reduction.

Figure 5 shows the XRD patterns of GO and NrGO

powders. The XRD pattern of pristine graphite con-

sists of a sharp peak at 26�, which corresponds to an

interlayer spacing of 0.33 nm [58]. The complete

absence of any peak at 2h of 26� suggests that there

are no graphitic contaminants present in the GO.

Moreover, the GO pattern shows a characteristic peak

at 11.9�, which corresponds to an interlayer distance

of 0.7 nm. This indicates that the distance between

the (002) planes of the graphite was increased due to

the presence of high amount of oxygen functional

groups produced through oxidation by the Hum-

mer’s method. After the solvothermal reduction with

hydrazine, NrGO has two characteristic peaks at 2h
angles of 24� and 44�. The interlayer spacing of (002)

plane of NrGO was calculated as 0.362 nm, which is

greater than the atomic spacing of graphite (0.33 nm).

This indicates that only a moderate level of oxidation

is present in the NrGO.

X-ray photoelectron spectrometer (XPS) was used

to determine the elemental compositions and bond-

ing states of GO and NrGO. Figure 6a, b shows the C

Figure 2 ESEM (a) and TEM (b) images of GO powder

synthesised by a modification of Hummer’s method. Hydrophilic

GO powder (a, b) shows a 3D homogenous material distribution

of particle aggregates.

Figure 1 Dead-end filtration experimental setup: (1) nitrogen gas

cylinder; (2) gas pressure regulator; (3) relief valve; (4) feed tank;

(5) membrane holder; (6) weighing scale.
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1s of GO and NrGO. The high resolution C 1s of GO

shows a well-defined peak at 286.46 eV, in addition

to sp2 carbon peak at 284.5 eV, which is a signature of

extreme oxidation of GO. It can be noted that C 1s

core-level spectra for GO contain four major peaks at

284.4, 285.1, 286.4 and 287.9 eV, which are attributed

to the sp2 carbon, hydroxyl (C–OH), epoxide (C–O–

C) groups and the combined contribution from car-

bonyl ([C=O) and carboxyl (HO–C=O) groups,

respectively [57]. The C 1s of NrGO can be fitted with

three components at 284.4, 285.1 and 287.7 eV, which

correspond to sp2 carbon, C–N and also contributions

from carbonyl and carboxylic groups [54].

Figure 6c shows the N 1s of NrGO, which can be

considered being divided into four components:

pyridinic N (398.8 eV), pyrrolic N (400.0 eV), gra-

phitic N (401.54 eV), and pyridine N-oxide

(403.4 eV), and these assignments are in agreement

with the literature [59]. Figure 6d shows the ele-

mental compositions of GO and NrGO. The C/O

ratios in the case of GO and NrGO are 2.5 and 9.6,

respectively, which show that oxygen content has

been considerably reduced after solvothermal

reduction with ammonia and hydrazine.

Membrane characterisation

Figure 7a, b shows membrane surfaces of the GO and

NrGO, respectively, which evidences that homoge-

neous coating was performed since no significant

defects were detected. However, in a potential

application, the main role of the graphene would not

only be catalysing the process, but also helping in the

separation. In the specific case of GO membranes, the

superficial layer adopted the same homogeneous

porous structure as the conglomerate powder pre-

cursor (Figs. 2, 7c). On the contrary, the NrGO sur-

face (Fig. 7d) exhibited a heterogeneous distribution

in consonance with the powder precursor structure.

ESEM X-ray (EDX) system for chemical analysis

was applied for the membrane surfaces of graphene

(GO and NrGO)–ceramic, and the overall composi-

tions are shown in Table 1.

It must be taken into account that the deposited GO

is fragmented into particles or aggregates of different

sizes, a fraction of them being small in size; therefore,

they are probably able to penetrate into the ceramic

support pores, thus conforming to a sort of composite

(graphene–ceramic). Once the pores are constricted,

on top of this composite, the GO sheets settle down

and form a homogeneous GO layer. Therefore, the

membrane is probably composed of a thin superficial

layer of graphene (either GO or NrGO) followed by a

Figure 3 ESEM (a) and TEM (b) images of NrGO powder

synthesised by solvothermal method.

Figure 4 Raman spectrum of GO and NrGO powders.
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composite of these compounds and ZrO2, due to the

graphene intrusion into the porous surface layer of

the support, rich in ZrO2. The membrane surface

composition varied in both the cases. The use of

reduced GO as membrane precursor increased the

ratio C/O which is in concordance with the synthe-

sised powder composition described in Fig. 6d. Note

that the X-ray penetration depth under the operating

conditions is estimated to be around 5 lm (20 kV),

assuming the presence of only graphene (GO or

NrGO). The detection of zirconia reduces this elec-

tron penetration depth to even lower values.

On the other hand, as can be seen in Fig. 7e, f, the

GO and NrGO membrane thicknesses were about 7

and 9 lm, respectively.

The membrane surface was further investigated by

AFM, and the height profiles are depicted in Fig. 8. A

root-mean-square (RMS) roughness analysis was also

applied to the membrane surface, as expected, and

GO membrane showed much more roughness (136.1)

than the NrGO ones (0.2). Both materials present a 3D

multilayer structure. However, NrGO shows a less

porous structure with punctual irregularities on its

topography. GO membrane shows a porous structure

with larger surface area, which could be interesting in

specific applications where, besides the electrical

conductivity, the adsorption plays an important role.

A rough estimation based on AFM imaging using

SPIPTM software indicates that both membranes

present most of the pores in the range of 20–40 nm.

Figure 6 High-resolution C

1s XPS spectra of GO (a) and

NrGO (b); high-resolution N

1s XPS spectra of NrGO (c);

elemental composition of GO

and NrGO (d).

Figure 5 XRD characterisations of GO and NrGO powders.
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Nevertheless, the significant differences can be found

on the areas occupied by these pores: 29.8 and 7.6 %

for GO and NrGO membranes, respectively.

On the other hand, the electrical properties of the

carbon membranes are a measure of its suitability in

some wastewater processes such as photocatalytic

degradation [60] and anaerobic biodegradation [50].

Figure 7 ESEM images: GO (a, c, e) and NrGO (b, d, f) discs, membrane surface, and cross-sectional view, respectively. (ceramic

support 50 kDa; deposited GO or NrGO amounts: 0.1 mg).

Table 1 Elemental compositions of GO or NrGO composite

membranes (wt%)

C O Zr Ti

GO 14.17 28.00 57.60 0.23

NrGO 33.48 23.49 41.73 1.30

Ceramic support 50 kDa, deposited graphene amount 0.1 mg

J Mater Sci



The electrical resistance was measured using a multi-

height microposition four-point probing system. On

the contrary, the membrane thickness was defined by

ESEM. Thus, the resistivity (X m) could be calculated

using the Eq. 2:

q ¼ Rs � t; ð2Þ

where Rs (X) defines the electrical resistance, and

t (m) corresponds to the sheet thickness. The calcu-

lated value for NrGO sheets was *2.8 9 10-5 (X m)

in agreement with previous studies [61]. This is more

than 10–100 times lower than the resistances of sim-

ilar sheets of amorphous carbon [62] typically used in

such environmental applications.

Interactions on the membrane surface

Hydroxyl groups always exist on the surface of metal

oxides such as ZrO2 [60]; on the other hand, carboxyl

groups are one of the main forms of oxygen-con-

taining functions in oxidised graphene [63]. It has

been reported that there is a significant attraction

between hydroxyl and carboxyl groups [64]. For this

reason, oxidised graphene would be partially ionised,

creating anions and hydrogen cations, which would

react with the hydroxyl groups on ZrO2 surface. This

phenomenon makes easier the synthesis of strong,

continuous and homogeneous coatings over this type

of ceramic materials. The interactions taking part in a

similar process were already described by Hu et al.

[40]. Although their study involved alumina modifi-

cations (AlO2) with highly oxidised graphene, the

mechanism could be assimilated in our study as

illustrated in Fig. 9.

The use of reduced GO implies that a decrease in

the presence of carboxyl groups weakens the inter-

actions between both the materials. Thus, highly

reduced GO may complicate the preparation of these

composites.

Membrane permeation tests

DI water fluxes of the filtration element were mea-

sured before and after coating with GO or NrGO.

Figure 10 plots the evolution of the water flux over

the time.

Figure 8 AFM images: GO

(a, b) and NrGO (c,

d) membrane topographies

2D, and 3D, respectively

(ceramic support 50 kDa;

deposited GO or NrGO

amount: 0.1 mg).
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As can be seen, the permeability decreases signifi-

cantly due to the graphene layer deposition. Several

empirical equations correlate permeability and

membrane pore size. The Hagen–Poiseuille equation

[65] is defined by Eq. 3:

Jw ¼ e � r2
8 � l � s �

DP
d

; ð3Þ

where DP is the hydraulic pressure difference (Pa), l
is the viscosity (Pa s), Jw is the pure water flux

(m3 m-2 s), e is the porosity, r is the pore radius (m), s
is the tortuosity and d is the membrane thickness (m).

Taking into account the Hagen–Poiseuille depen-

dence and the experimental pure water flux reduc-

tion (71 %), the pore diameter in the GO membrane

would be reduced by around 46 % with respect to the

original size (assuming similar porosity, tortuosity

and flux resistance controlled by the GO membrane).

The pore constriction is usually associated with

increase in the separation ability and lower perme-

ations. However, in the case of high demanding

fluxes, the pore size reduction can be limited by

depositing smaller amounts of the membrane pre-

cursor. In addition, note that the filtration experi-

ments were carried out at very low transmembrane

pressures (0.2 bar), thus higher driving forces may be

applied in case of specific requirements.

GO presents a 3D structure and relatively thick

layers regarding graphene (2D) sheets. This fact not

only has a clear detrimental impact on the perme-

ation, but also increases the surface area, which is of

great value in specific applications such as organic

removal, e.g. photocatalytic degradation or anaerobic

biodegradation, in wastewaters conducted over sur-

face. The permeation was even lower for NrGO films

probably due to its hydrophobic properties [66].

However, NrGO membranes offer less liquid per-

meation but higher electrical conductivity than GO

layers do. Therefore, the selection of the proper

membrane must be made depending on the require-

ments of a specific application.

In addition, potential applications such as water

purification demand a stable performance for long

periods. Tests conducted for 3 weeks showed that the

flux was almost constant, which suggests no changes

on membrane structure and guarantees their use for

relatively long periods.

Some studies of GO membranes on alumina hollow

fibre substrates reported drying-related shrinkage

and instability at the dry state [41]. To check this

effect, the disc membranes were subjected to drying

for 24 h at 40 �C between two consecutives filtration

tests. The experimental cycle was repeated twice in

order to subject the membrane to further mechanical

stress. Afterwards, no differences in permeability

were found, thus refuting any drying-related prob-

lems. However, it must be noted that this phe-

nomenon was indeed observed in case of depositing

1 mg or higher GO amounts (results not shown). In

this case, membranes must be maintained in wet state

in order to avoid any drying-related shrinkage and

subsequent cracks.

Influence of membrane thickness

The impact of depositing different amounts of

membrane precursor was studied. GO was chosen to

carried out this investigation. The amount of GO

deposited on the ceramic support can be easily

Figure 10 Pure water flux. (GO or NrGO deposited: 0.1 mg;

ceramic support: 0.04 lm; hydraulic pressure difference: 0.2 bar).

Figure 9 GO membrane over

ZrO2 surfaces. Interaction

mechanism.
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controlled by using the vacuum filtration technique.

The volume filtrated and corresponding GO concen-

tration define the ultimate film thickness. As can be

seen in Fig. 11, an increase of any of these variables

provides thicker membranes.

In comparison to the ceramic support, the most

important flux reduction (70 %) took place depositing

small amounts (below 0.1 g) of GO. At this point, it is

likely that the material filled completely the ceramic

disc pores, and the pure water flux decreased notably

from 0.017 to 0.005 m3 m-2 h-1 (Fig. 11). For this

reason, the deposition of larger amounts (0.5 g) of GO

showed little additional impact on reducing the flux

(4 %). Therefore, the graphene–ceramic composite

zone exercises control over permeation, while

superimposed GO layers impact the flux only

slightly. This behaviour could be positive for specific

applications where denser films of GO are needed.

In fact, the GO membrane physical structure as 3D

aggregates and not 2D crystalline planes could be

detrimental for filtration applications because of the

additional membrane resistance and derived reduc-

tion on the permeation. However, GO membrane

structure may benefit its performance in other pro-

cesses where thicker and rougher films are

preferable.

Support pore size influence on membrane
preparation

The effect of the SPS in the preparation of highly

oxidised graphene membranes was further studied.

GO membranes were synthesised under identical

conditions with the exception of the SPS. The

permeability and membrane resistances, assuming a

resistance in series model, are displayed in Fig. 12

and Table 2, respectively.

The overall membrane resistance Rm (m-1) was

calculated using the Eq. 4:

Rm ¼
X

Ri ¼ Rs þ RGO ¼ DP
g � Jw

; ð4Þ

where Rs is the ceramic support resistance (m-1), RGO

is the GO membrane resistance (m-1), DP is the

hydraulic pressure difference (Pa), Jw is the pure

water flux (m3 m-2 s-1), and g is the viscosity

(kg m-1 s-1).

As the resistance of the support, RS, can be

obtained from its original pure water flux, the addi-

tional resistance provided by the GO layer, RGO, can

be calculated.

Non-significant membrane resistance differences

(B10 %) were detected by modifying the SPS from

0.008 to 0.08 lm. As can be observed in Table 2, the

pure water permeability was mostly governed by the

GO layer intrinsic resistance independently of the

SPS used. This can be explained by the ceramic disc

pores constriction, which takes place in a greater or

lesser extent depending on the initial pore size when

the graphene sets down, yet reaching the same final

state defined by the particles or aggregates deposited.

Note that the initial GO particles’ aggregate size,

which was estimated to be around 1 lm (Figs. 2, 3),

changes after sonication and vacuum filtration due to

the physical forces involved in these processes, and

thus reaches smaller single particle or aggregate sizes

allowing the penetration into the greater pores.

Figure 12 Influences of the support pore sizes on the permeate

flux. (GO coated: 0.1 and 0.2 mg; hydraulic pressure difference:

0.2 bar; T = 20 �C).

Figure 11 Dependence of the pure water flux on the GO

deposited (ceramic support: 0.04 lm).
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On the contrary, the permeability of the ceramic

support with the smallest pore size (0.003 lm) was

only slightly diminished after depositing the carbon

film. In this specific case, as can be observed in

Table 2, the flux resistance is controlled by the cera-

mic support instead of the ultrathin GO layer. The

most likely reason may be that the GO particles or

aggregates settled onto the ceramic surface as they

presented a bigger size than most ceramic pores

(0.003 lm), so they were not able to penetrate the

support pores. Therefore, the pore size was only

slightly reduced, and its derived impact on the

overall membrane resistance was less pronounced.

Conclusions

GO–ZrO2 and NrGO–ZrO2 membranes have been

synthesised by means of the vacuum filtration tech-

nique. GO hydrophilicity favours the preparation of

homogeneous precursor solutions and coatings.

Moreover, the interactions between GO carboxyl and

ceramic hydroxyl groups increase the robustness of

these composites. In the specific case of NrGO–ZrO2,

although stable ultra-thin coatings were achieved, the

coating was not as homogeneous as those derived

from using GO powder because functional groups

resulting from the chemical reduction of GO impart a

hydrophobic character. These should be removed to

improve the quality of these coatings.

GO–ZrO2 membranes showed higher roughness

than NrGO/ZrO2. Their associated large surface area

is required in specific applications where, besides the

electrical conductivity, the adsorption plays an

important role. On the other hand, NrGO membranes

electroconductivity was found to be many orders of

magnitude higher than that offered by other carbon

forms such as GO or activated carbon. For this rea-

son, these materials may enhance any water process

such as photocatalytic decolourisation or anaerobic

biodegradation of wastewaters where separation,

surface area and electrical conductivity are simulta-

neously necessary.

In relation to the membrane synthesis, as expected,

the precursor amount used determines the thickness.

Thicker membranes provided lower permeability.

However, note that the study is focused on composite

membranes, and thus, the first GO layers deposited

promoted the constriction of the support pores

reducing its original flux to a greater extend. On the

other hand, the SPS was changed in order to study

the derived impact on the synthesised membrane. No

differences were detected on the permeation that

could be defined by the membrane precursor size.
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