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Solar-driven photo-oxidation is a very attractive and efficient
technique for chemical conversion of organic dyes in water into
non-hazardous compounds, but it requires a catalyst in order to
overcome the barrier of oxidation degradation. In this study we
use a membrane photo-reactor (MPR) made of nanosheets of
graphitic carbon nitride (g-C;N,), assembled by vacuum filtration.
The membrane was characterized by X-Ray Diffraction (XRD),
Nuclear Magnetic Resonance (NMR), electron microscopy and IR
spectroscopy. Photo-degradation studies show that the
membranes are very efficient in the degradation of sudan orange
G, rhodamine 110 and methylene blue. As the catalyst is a porous
laminate, the reactant can flow through the pores of the
membrane. Because the space between g-C;N, nanosheets is
comparable to the size of the dyes, the probability of the
reactants to be close to the catalyst is enhanced, making the
reaction very efficient.

Introduction

The textile industry is the main source of organic pollution
worldwide.™ Many of the dyes used have complex structure
and recalcitrant nature. They exhibit great biotoxicity and
possible mutagenic and carcinogenic effects. Therefore, an
efficient and low-cost technique for chemical conversion of the
dyes into non-hazardous compounds is desirable. Solar-driven
photo-oxidation is a very attractive technique, but requires a
catalyst in order to overcome the barrier of oxidation
degradation. Amongst all catalysts, TiO, nanoparticles are the
best materials for photo-catalytic degradation of organic
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pollutants because of their high efficiency, availability, low
cost, non-toxicity and chemical stability.4 However, TiO, only
absorbs UV Iight,s'7 so its efficiency is very low when used for
sunlight-driven photo-catalytic reactions. Various attempts
have been made to modify TiO,, either by changing its band
structure or by combining it with an antenna for light
absorption and transfer enhancement.®™! However, there are
still issues on limited efficiency, reproducibility, controllability,
and thermal stability of TiO, based catalysts.

Carbon nanostructures have been widely studied as catalysts for
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Figure 1 a) Schematic of the synthesis of g-CsN, bulk and
its liquid phase exfoliation in mixed solvents: The bulk
graphitic carbon nitride is prepared by thermal
annealing of melamine, followed by liquid-phase
exfoliation in IPA/water. Membranes are obtained by
using vacuum filtration. b) Typical UV-Vis spectra of
dispersed g-C5N, in IPA/H,0 mixtures (diluted 10 times).
c) Concentration of dispersed g-C3N, as a function of the
solvent ratio. The red line is the fit obtained by using
Equation 1 (see main text).
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1213 5 particular, the family of carbon

photo-oxidation reactions.
nitrides (C3N4)14’ 5 offers a valid alternative to modified TiO,.
Graphitic-C3N, (g-C3N4), which is the most stable form at room
temperature, has been shown to be an efficient photo-catalyst for
many reactions under visible light, from water splitting to
oxidization of alkanes and olefins."**® This ability has been
attributed to its medium-band gap (~2.7 eV) and to its HOMO and
LUMO levels, which encompass the oxidation and reduction
potential of water.'® %
of g-C5N,4 can be obtained by functionalization, similar to TiOz.16 An
alternative approach consists of enhancing the interaction between

Further improvement of the catalytic activity

the active site and the dye by increasing the surface area of the
catalyst. Therefore, nanocasting and templating approaches have
been used to produce mesoporous-C3N, (mpg-C3N4).3°'32 Recently, a
simple, low cost and controllable method to increase the catalytic
efficiency of g-C;N,, based on the use of 2-Dimensional (2D)
crystals, has been presented.ss'40 2D crystals are a new class of
stable, highly processable materials that feature distinctive
properties compared to their 3D counterparts. Graphitic carbon
nitride is a 2D covalent organic framework characterized by a three-
folded symmetric arrangement of tris-s-triazine connected by
tertiary amine in-plane (g-C5N, bulk in Figure 1A). In bulk g-C3N,,
most of the catalytic sites are not directly available as they are
inaccessible. Since bulk g-C;N, is a layered material, the simplest
way to maximize the exposure of the catalytic sites to the organic
pollutant is to exfoliate the material into few and single-layer g-
C3N4.34’ 3641 gulk g-C5N, can be efficiently exfoliated by using liquid-
phase exfoliation (LPE) in IPA/water,Ao’ 4243 35 shown in Figure 1A.

Results and Discussion

By using the LPE theory for mixed solvents® (full details in
the Section 1.1 of the Supporting Information) we found that
the natural logarithm of the concentration of the dispersed
material (C) is a quadratic function of the IPA volume ratio ¢:

InC=A+ By + Co? (1)
where A, B, C are three constants. By using different IPA
volume ratios and measuring the concentration by UV-Vis
spectroscopy, Figure 1B and C, we found that the maximum
concentration (~0.7mg/mL) is obtained at 44% volume ratio,
giving a yield of 35%, in agreement with results obtained for
other 2D t:rystals.44 Note that our result is in strong
disagreement with Ref.,40 which claims a yield of 90%, which
has never been reported for LPE of 2D crystals.

LPE g-C3N, nanosheets, used in traditional slurry-batch
photo-reactors, show improved catalytic efficiency for photo-
degradation of several dyes (Section S3 in Supporting
Information) due to the larger surface area and possibly due to
possessing different optical and electrical properties compared
to bulk g—C3N4.4°’ %> However, conventional photo-reactors
require the catalysts to be separated and recycled: typical
catalytic particles (e.g., TiO,) have average size of 100 nm, so
they are smaller than most commercial polymer filter papers
(pore size: 0.1-0.45um). As a result, catalysts are difficult to
remove from the final products and expensive post-processes

2| J. Name., 2012, 00, 1-3
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Figure 2 a) X-ray diffraction pattern of melamine, g-CsN, bulk
and membrane; b) Thickness of g-C5N, laminates as a function
of the weight per area; in-plane (c) and cross section (d) SEM
images of a g-C;N, membrane.

are required after water treatment. Furthermore, their large
surface area-to-volume ratio and surface energy create a
strong tendency for catalyst agglomeration during operation.

A technology based on MPR, where the catalyst is
immobilized on the surface or on the pores of the membrane
(e.g. fixed catalyst approachs, would remove the need for
post-treatment processes, allowing for low energy
consumption, automatic control, continuous operation with
simultaneous catalyst and product separation. Other
advantages include low maintenance and strong flexibility, as
more complex reactors can be built by connecting more
membranes into modules.*® However, the lack of control of
catalyst load and distribution in the membrane strongly
reduces the photo-catalytically active surface and causes the
photo-conversion kinetics to strongly depend on the mass-
transfer processes of the dyes from the liquid to the catalyst
surface.*® Overall, this strongly reduces the MPR photo-
catalytic efficiency, when compared to traditional photo-
reactors. This explains why MPR typically requires very thick
catalytic beds (even up to 1 m)46 and a very long water
treatment process (up to hours).47 Furthermore, the
structure and material properties are also
important in determining if and how the dyes can interact with
the catalyst. Ideally, the membrane should enhance surface
contact with the dyes and should not deteriorate over the
reaction time. Therefore, the discovery of new materials is
fundamental in developing novel and efficient MPRs.

Previous works®> ***' have used 2D-crystals to support
catalytic nanoparticles; however, the catalysts are weakly
bonded to the 2D crystals, so they detach from the support,
resulting in reduced photo-activity over the reaction time.

One has to remember that 2D crystals show unique
properties not only when used as individual nanosheets, but
also when assembled into membranes. Laminates composed
by millions of nanosheets all stacked to each other show very
different properties compared to the corresponding bulk

membrane
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Figure 3 (a) Schematic of the membrane-based continuous flux
degradation of Sudan Orange G (SG) and pictures of the
dispersions before and after treatment. b) Time-evolution of
the UV-Vis spectra for all three dyes investigated: sudan
orange G (SG), Rhodamine 110 (Rh) and methylene blue (MB).
c) Flow efficiency measured for 6 hours for different organic
pollutants.

. 52, 53
material.

For example, membranes made of graphene
oxide nanosheets have shown unique properties, such as
selective permeation of water, opening the possibility of using
these membranes for gas or liquid separation.s‘l'57

Here, we demonstrate the use of the g-C3N, laminate as a self-
catalytic MPR: in this approach, the membrane is the catalyst itself,
so separation and chemical reaction happen in situ and at the same
time. Nanosheet-based membranes can be easily fabricated by
vacuum filtration.”® * Because the catalytic activity strongly
depends on the precise structure (defects, amount of edges
exposed, etc.) characterization of the membranes was performed
using several techniquesso. Figure 2A shows that the X-Ray
Diffraction (XRD) characteristic of the molecular precursor
(melamine) disappears in either the g-C3N, bulk or membrane.
Therefore, we can exclude any melamine residuals or derivatives in
either the bulk or nanosheet g-C3N,. The XRD spectrum of g-C3N,
bulk and nanosheet-based membrane is characterized by a strong
peak at 27.8°, the typical interlayer stacking (002) peak of graphite,
corresponding to a distance of 0.326 nm.®* In bulk g-C5N4 a small
peak at 13° is visible, corresponding to an in plane structural

This journal is © The Royal Society of Chemistry 20xx

packing motif, due to the tri-s-triazine patterning.17’ 32 Note that the

in-plane repeat period observed (0.681 nm) is smaller than the one
of tri-s-triazine (~0.713 nm) and this has been attributed to small tilt
angularity in the structure.”” In g-C5N,4 nanosheets this peak seems
to shift at ~16°, indicating an increase in tilting. This is expected
considering that nanosheets usually assemble with tilting angles in
the laminate, giving rise to a structure with pores and capillaries
(See Figure 1 in Ref 62). Note that the XRD of our membrane is very
different from measured powder obtained after drying the g-C3N,
dispersion at 60 °C in vacuum. “ I this case a loose and irregular
morphology was obtained, while in our work a more ordered and
graphitic morphology, still retaining the inter-planar tri-s-triazine
characteristics of the initial material, has been observed. We
measured the thickness of the laminate by scanning electron
microscopy (SEM). As shown in Figure 2B, the thickness of the
laminate is found to be proportional to the weight per area. The
slope is 1.06+0.04 cms/g, so the density of the laminate is ~0.94
g/cms, which is smaller than the density of a g-C3N, crystal (2.5
g/cms).63 Figure 2C and D show in plane and cross-section SEM
images of the laminate, respectively, confirming that the membrane
is composed by partially overlapped and tilted nanosheets, giving
rise to a characteristic porous structure. This is confirmed by TEM
(Figure S5). The characteristic structure of the g-C;N, membrane
allows water to flow between the layers and at the same time
maximizes the number of catalytic active sites at the solution-
catalyst interface, Figure 3A.

We tested this idea by evaluating the residual dye content by UV-
Vis spectroscopy after the liquid has flown through the membrane.
In a typical process, 1 mg of g-C3N, nanosheets is deposited on an
alumina oxide filter with pore size of 0.02 um (Whatman Inc.) by
vacuum filtration. Then, the water containing 5x10° M of dye was
pumped through the membrane with a flow rate of 2 mL/h under
irradiation with a lamp. To demonstrate the versatility of this
method, we studied the photo-degradation of three dyes often
used in the textile industry: Sudan orange G (SG), Rhodamine 110

(Rh) and Methylene Blue (MB). We found that less than 1 % of the
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Figure 4 Conversion efficiency measured after 2 hrs using three
different types of g-C3N, (bulk g-C5N,, drop casted g-C5N, film
and g-C3N, laminates obtained by filtration). A control
experiment in the dark was also performed for the g-CsN,
laminates to evaluate the adsorption ability of the membrane.
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dye was left in the collected water after flowing through the g-C3N,
laminate, Figure 3B, showing that this approach has comparable
efficiency to the process based on individual nanosheets (see
Supporting Information). Furthermore, we tracked the reaction
over time to investigate the stability of the process. The time-
dependent flux conversion efficiency [FE(t)] is given by: FE(t)=1-
C¢(t)/Co, where C; refers to the concentration of the dyes left in the
treated liquid at a certain time, and C is the starting dye content.
Figure 3C shows that g-C3N, membranes achieve a FE of ~ 100% for
several hours.

In order to confirm that the decrease in concentration is
neither due to simple adsorption on the surface of the
membrane’ nor the rejection by the interlayer spacing, we also
performed a control experiment, where the same amount of
solution has been filtered under dark conditions. We found
that only ~5.4% of SG gets physisorbed in a ~2 ym thick
laminate (Figure 4). Therefore, this shows that most of the
molecules can move through the nanosheets and that changes
in the dye concentration are mainly produced by photo-
degradation. In the case of positively charged Rh and MB, the
effect of the physical absorption increases to ~20%, probably
due to steric effects with negatively charged g-C5sN,. Two very
recent references indicate that g-C3N, incorporated with
graphene oxide® or polymer65 can act as a separation
membrane. However, the bare g-C;N, membrane is unable to
stop the leaking of organic dyes in dark. Therefore, the
separation function of the membrane is not the dominant
effect for the degradation.

The experiment shown in Figure 3A was also performed by
replacing the laminate with g-C3N, bulk (section 3.2.2 in
supporting information). We observed that only 5.8% of SG
was degraded by the bulk g-C5N, (Figure 4), confirming the
higher degradation efficiency of the g-C;N, laminate. Note that
laminates produced by simple drop-casting show reduced
degradation efficiency, due to the non-uniform laminate
surface and to the tiny cracks produced from the evaporation
of the solvent, Fig S15. However, we believe an improved
solution processed coating method may result in better
degradation performance, for instance, the HNO; assisted
coating method as reported by Wang et al recently. e6

The superior degradation efficiency of the g-C3N, nanosheet-
based membranes is attributed to the increased amount of catalyst
active sites available to the dye, when the mobile phase is traveling
in the membrane (Figure 5a). This is confirmed by studying the
conversion efficiency for membranes of increasing thickness from
~0.8 to ~2 um: the thicker the membrane, the higher the
conversion rate (Figure 5b). Furthermore, there is an additional
effect that could be responsible for the superior efficiency: the
reaction is expected to happen in the small interlayer space
between the nanosheets (~1nm). It is known that confinement in
nanopores and nanobubbles can strongly affect nucleation of
6769 56 the interlayer space
may act as a nanoreactor for the photo-chemical degradation of the
dye, improving the kinetic rate.

As a consequence, the whole laminate can be treated as a

organic crystals and chemical reactions,

series connection of numerous nanoreactors. Using the model
of series reactor, we can further understand the high efficiency

4| J. Name., 2012, 00, 1-3
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Figure 5 a) Schematic of 2D-nanosheets based reactor for
photo-degradation. b) Change in the concentration of SG after
2 hrs as a function of the laminate thickness.

of the g-C5N, laminate. Under this approach, a large number
of small volume reactors in series is characterized by higher
conversion efficiency than few large volume reactors in series
(Supporting Information).

Conclusions

In summary, we have demonstrated that g-C;N, membranes can
be used to make low-cost, efficient, easy-to-produce MPRs for
water treatment under visible light. The high efficiency of this type
of MPR is attributed to its structure and composition: the
membrane is porous, allowing the water to move in the reactor; at
the same time, the reactor is made of g-C;N, nanosheets, which are
efficient photo-catalysts for degradation of organic pollutants
because their larger surface area. In this reactor, because the space
between g-C5N, nanosheets is comparable to the size of the dyes,
the probability of the reactants to be close to the catalyst is
enhanced, making the reaction very efficient. The membrane can
be therefore considered a self-catalytic reactor. Since g-CsN, has
been shown to be an efficient photo-catalyst for many reactions
under visible light, from water splitting to oxidization of alkanes and
olefins, we expect self-catalytic MPRs to find several applications in
sustainable chemistry.

Experimental Methods

The preparation of g-C;N, nanosheet: The yellow powder of
graphitic carbon nitride (g-C3N,) bulk phase was prepared by a
thermal annealing of melamine (Sigma Aldrich Inc.) at 600 [1 for 1.5
hours.*® 30 mg of g-C5N, bulks was mixed with 10 mL isopropanol

This journal is © The Royal Society of Chemistry 20xx
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and water mixtures. The soya-like suspension was mild sonicated in
a bath cleaner (DAWE 6290A, 150W, 25 kHz) for 12 hours to obtain
the dispersion of g-C5N,4 nanosheets. The large bulk was removed by
a centrifugation at 1000 rpm (~79g) for 10 min. To further separate
the thin layered g-C;N,, the supernatant (top 2/3) obtained in the
last process was then centrifuged at 3000 rpm (~664g) for 10 min.
The top 1/2 supernatant of g- CsN, was collected for the further
characterizations. To avoid the signal overflow, 0.5mL g- C3N,
dispersion was diluted ten times by the corresponding solvent
mixture for the measurement of UV-vis absorption (Cary 300,
Varian Inc.).

The fabrication of the fixed-bed catalyst membrane: by vacuum
filtration, the dispersion containing 1 mg catalyst was deposited on
the anodisc alumina oxide paper (0.02um pore size, 25 mm
diameter, Whatsman Inc.). The laminate was characterized by X-ray
diffraction (RINT2100; Rigaku, Japan) and scanning electron
microscope (FEI XL30 ESEM-FEG). The error bar in Figure 5 is
obtained by analyzing 20 different SEM cross sections for each
sample.

The photo-degradation was performed under a 100W mercury
lamp with a cutoff filter to remove the light below 400nm. The flow
efficiency of the catalytic degradation is calculated by following
equation: flow efficiency=(1- C(t)/C(0)), where C(0) represents the
C(t) is the
concentration of the pollutant at a certain time. Based on Lambert-

starting concentration of the organic pollutant,

Beer Law, we can replace C(t) by the absorbance measured at 433
nm for SG, at 499 nm for Rh and 664 nm for MB).
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Graphical Abstract

Novel membrane photo-reactor based on 2D crystals: the discovery of new materials is
fundamental in developing novel and efficient membrane photo-catalytic reactors. We
demonstrated that g-C3N4 nanosheets can be assembled in membranes permeable to water,
which allow making low-cost, efficient, easy-to-produce self-catalytic photo-reactors for water

treatment under visible light.



