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A B S T R A C T

A bi-phasic and water-stable GO paper was developed based on a simple casting method and the addition of a
chitosan (CH) coating layer. While pure GO paper re-dispersed after water immersion water becoming a powder,
the bi-phasic GO/CH paper presented water stability. The stable GO/CH paper was able to adsorb both anionic
and cationic dyes showing a maximum monolayer adsorption capacity (qm) of 103mg/g and 232mg/g for
Methylene Blue and Methyl Orange, respectively. The biocidal behavior of GO and CH was rendered to the paper
presenting antibacterial capacity against Staphylococcus Aureus and Escherichia coli under continuous agitation.
These results show that our GO/CH paper can be a viable material for water treatment.

1. Introduction

Graphite oxide (GO) is a layered material consisting of hydrophilic
oxygenated graphene sheets bearing functional groups on their basal
planes and edges [1]. GO can be easily dispersed into a variety of sol-
vents, such as water, due to presence of these functional groups that
together with its planar structure makes it easy to assemble into paper-
like morphologies [2]. GO papers have been obtained by various ap-
proaches including flow-directed filtration [1], evaporation-assembly
[3], spin-coating [4], and Langmuir–Blodgett assembly [5]. The main
property emerging from these papers relates with the mechanical be-
havior since they can exhibit superior stiffness and strength as com-
pared with other paper-like carbon materials such as buckypaper and
flexible graphite foil [2,3,6–8]. The hydrogen-bonding between the
functional groups of the GO layers and water molecules explains the
stiffness, flexibility and ductile behavior of these materials [7]. How-
ever, there is a limit for this hydrogen-bonding forming intersheet
bridges and an excess of water molecules will both swell the structure
and facilitate lateral “sliding” of the nanosheets [7]. The latter also
means that a high amount of water molecules between the interlayers
can produce a drop in the mechanical stiffness [1,7,9,10]. Indeed, GO
films immersed in water are not stable as they are re-dispersed after
mild shake or by standing for more than 24 h, resulting in a homo-
geneous suspension of GO particles [11]. Therefore, the applications of
GO paper are limited to specific areas with well controlled humidity

and water content.
Similar to other layered based film materials, most of reports about

GO papers focus on the mechanical behavior and electrical conductivity
despite the potential multifunctionality of the resulting graphene based
structures [11]. For instance, GO membranes with tunable gas transport
can be produced showing excellent gas selectivity through both specific
interactions with the gases and the nanopores created by the edges of
non-interlocked sheets formed within the structure [12,13]. Similar to
GO particles [14], GO papers having silver nanoparticles can be used as
bactericidal agent for water disinfection with the antimicrobial beha-
vior coming from the metal nanoparticles [15]. A property still not
explored in GO papers relates with the high ability of GO particles to
adsorb different water pollutants such as dyes [16]. GO can be con-
sidered as an excellent water treatment agent because of its high surface
area, large amount of activated functional groups, good dispersibility in
water, relatively easy preparation methods, and biocompatibility
[16,17]. GO showed a high affinity for positively charged molecules/
ions because of its oxygen functional groups and, for instance, ad-
sorption capacities of Methylene Blue (MB) between 150 and 714mg/g
were obtained depending on the specific GO used [16,18,19]. The ad-
sorption capacity toward MB of GO increased exponentially by in-
creasing its oxidation degree [16,20] as the electrostatic interaction is
the primary binding strength between the pollutant and GO [21]. For
aromatic adsorbates, π-π stacking interactions are the dominant driving
force as found in DNA, porphyrin, and tetracyclines adsorption on GO
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[22–24]. Cation–π bonding can also contribute to the adsorption by a
cation-induced polarization and electrostatic force between the cation
and the permanent quadrupole of the π-electron-rich aromatic structure
from GO [24]. Hydrogen bonds between hydroxy or carboxyl surface
groups of GO, as a hydrogen electron donor, and oxygen atoms or
aromatic rings of dye molecule, as electron acceptor, improve the ad-
sorption capacity of GO [25]. Despite these outstanding results, GO
papers for dye adsorption have not been reported, likely due to issues
related with their water stability.

Unlike GO, natural biopolymers, such as polysaccharides, have been
extensively studied as adsorbents for removal of dye molecules
[26–28]. For instance, naturally cationic polysaccharides presented
excellent levels of dye removal due to a combination of electrostatic
attraction, van der Waals forces, and hydrogen bonding [26]. Even
some non-polar biopolymers can also present good dye adsorption due
to their greater hydrogen bonding [26]. To further improve the ad-
sorption behavior of these polymers, nanocomposites are currently
developed specially having carbon nanoparticles [29]. From the dif-
ferent biopolymers, chitosan is highlighted for dye adsorption due to its
low cost and outstanding chelation behavior [30,31]. While GO pre-
sents adsorption capacities between 50 and 600mg/g for cationic dyes
depending on the oxidation degree [20], chitosan samples can present
values as high as 2000mg/g for anionic dyes [30]. Due to GO can also
be used for adsorption of anionic dyes though hydrogen bonding and
π− π stacking forces [16], chitosan has been mixed with this nano-
particle to prepare either films, particles, fibers or hydrogel structures,
presenting adsorption of both cationic and anionic dyes mainly through
an electrostatic interaction [32–35]. The large surface area of GO im-
proves the adsorption behavior of pure chitosan systems [34,35].

The goal of this contribution is to prepare water stable GO/chitosan
papers by simple casting methods avoiding sophisticated instruments or
vacuum-filtration techniques. In our methodology, a GO dispersion is
casted and dry under ambient conditions, as reported previously
[36,37], and afterward a casting of a chitosan (CH) solution was carried
out on the surface of the slurry film allowing a bi-phasic GO/CH paper.
After drying, this paper presented improved water stability allowing its
use in adsorption of dyes and the elimination of bacteria due to the
contribution of each phase. Our bi-phasic GO/CH paper is the first re-
port of a composite biopolymer/GO taking advantage of the self-as-
sembling capacity of GO for water treatment.

2. Methodology

2.1. Materials

Graphite (extra pure fine powder) with a particle size< 50mm,
sulfuric acid (98.08%, H2SO4), potassium permanganate (99%,
KMnO4), hydrochloric acid (32%, HCl), and sodium nitrate (99.5%,
NaNO3) were obtained from Merck (Germany) and used as received.
Hydrogen peroxide (5%, H2O2) was purchased from Kadus S.A. Methyl
orange (MO) and Methylene Blue (MB) dyes were purchased from
Sigma Aldrich. Chitosan of medium molecular weight (50,000–190,000
[Da]) and with a 75–85% deacetylation was obtained from Sigma-
Aldrich.

2.2. Synthesis of GO papers

The first step is an oxidation of graphite with KMnO4 and NaNO3 in
concentrated sulphuric acid based on the Hummers and Offeman
method [38]. This oxidation was carried out using 250mL of con-
centrated sulfuric acid as dispersion medium per 10 g of graphite. To
the stirred dispersion, 5 g of NaNO3 was added and after 30min of
stirring, it was cooled down to 0 °C using an ice water bath. Then 30 g of
KMnO4 were slowly added during 4 h. When the addition was com-
pleted, the resulting dispersion was stirred at 35 °C for 1.5 h. The re-
action was quenched by pouring the dispersion into a 500mL solution

of water increasing the temperature to around 95 °C and stirred during
30min. Afterward, 400mL of a solution of hydrogen peroxide at 10%
was slowly added in order to remove excess of permanganate not re-
acted, and the mixture was stirred for 30min at 60 °C. Finally, the
agitation was stopped during 24 h to allow the sedimentation of the GO.
To remove impurities from GO, a two steps process was carried out.
First, GO solution was washed with hydrochloric acid to remove by-
products and then cleaned with distilled water to remove the excess of
acid, following the method described elsewhere [37]. After a sedi-
mentation period of 24 h, the precipitated was washed by vacuum fil-
tration using a paper filter (a mesh of 5 [μm]) with a solution of 400
[mL] of hydrochloric acid at 16%. At the end of this stage, the GO cake
formed was dispersed in a 2000mL beaker containing 1 L of distilled
water using magnetic stirring for 15 [min]. The content of the beaker
was settling during two days, and the supernatant was separated and
centrifuged at 6000 [rpm] for 4min, where only the highly exfoliated
mud that settled was retained. The settled of the last process was wa-
shed with distilled water and was settling during two days where the
supernatant is recovery and centrifuged at 6000 rpm for 4min. After-
ward, the precipitated was washed with 1 L of distilled water and
centrifuged at 6000 RPM for 4min. Finally, the last precipitated was
washed with 1 L of distilled water and centrifuged at 9000 rpm for
20min. The mud was recovered using a spoon and stored in a Petri dish
for the paper preparation.

The GO mud from the purification process was spread out by a
spatula of Teflon on a Teflon plate (polished using 1200 grit sandpaper)
delimited by scotch-paper [37]. Afterward, a more humid GO mud was
casted on that area using a micropipette, and allowed to dry for more
than 24 h at room temperature until a paper was formed, which was
then peeled out by using a metal spatula [39]. For the bi-phasic paper,
the GO mud film obtained from the spread out process was dried for a
short period (around 15min) and then a solution at 2 v/v% of acetic
acid having 10mg/ml of chitosan was coated on the GO film and dried
for 24 h.

2.3. Characterization

The samples were characterized by: Fourier Transform Infrared (FT-
IR) in Agilent Cary 630 equipment having ATR accessory; and X-ray
diffraction (XRD) analysis performed on a Siemens D-5000 dif-
fractometer with scintillation detector diffraction system and
Bragg–Brentano geometry operating with a Cu Kα1 radiation source
filtered with a graphite monochromator (k= 1.5406 Å) at 40 kV and
30mA in the 2 h range of 2–80° at a scan rate of 0.028/s. The zeta
potential of the suspensions having the GO was measured using Particle
Metrix equipment model Stabino.

For the maximum adsorption capacity over MB, between 2 and 8mg
of paper and between 6 and 16mg of powder were added into four
Falcon tubes containing 10mL of the dye solution with concentrations
ranging from 50 to 600mg/L. The tubes were shaken for 24 h and
centrifuged afterwards at 9000 RPM for 8min. A small sample was
taken from each tube and its dye concentration was calculated. For each
adsorption value, a Perkin Elmer Lambda 650 UV–vis instrument
equipped with a Praying Mantis and a Harrick powder cell was used at
660 nm and 465 nm, for MB and MO, respectively. The Langmuir and
Freundlich models were used to obtain the main parameters related
with the equilibrium adsorption as below explained.

The antibacterial contact (Kill kinetic assay) tests were based on a
method reported previously using Gram-negative Escherichia coli (ATCC
25922) and Staphylococcus aureus (ATCC 25923) in continuous agita-
tion. The E. coli and S. Aureus strains were grown in fresh Luria-Bertani
(LB) and Tryptic Soy Broth (TSB), respectively, at 37 °C for 24 h. The
bacterial suspensions were adjusted to reach the desired bacterial sus-
pension of 108 CFU/ml. In the antibacterial assessment, 10 mL of the
bacterial suspension was mixed with a square GO paper of 1× 1 cm2,
or the equivalent GO powder in grams, and incubated overnight at
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37 °C using a rotary shaker. 100 μl aliquots of the final suspension were
spread out and after different dilutions were plated out on TSA agar
plates (triplicate). The antibacterial perform was calculate further using
the reduction rate equation.

3. Results

The presence of oxygen groups in the GO due to the oxidation
process of graphite was confirmed by FTIR as displayed in Fig. 1a. Pure
GO paper showed the most characteristic GO structure bands at: 1717,
1604, and 1050 cm−1 corresponding to C]O stretching vibrations from
carbonyl and carboxylic groups, skeletal vibrations from un-oxidized
graphitic domains, and CeO stretching vibrations, respectively [40].
The broad band from the OeH stretching vibrations at 3430 cm−1 was
further observed. The GO structure in the paper was further confirmed
by Raman spectroscopy analyzing both the in-phase vibration of the
graphite lattice (G band at 1575 cm−1) and the disorder band caused by
graphite defects (D band at 1355 cm−1) as displayed in Fig. 1b [41].
With the oxidation process, the G band broadens displaying a shift to
higher frequencies, and the D band grows in intensity. Indeed, the D- to
G-band peak intensity ratio, ID/IG, is currently used to indicate defects
in the GO structure that increases with the defects. The GO/CH paper
shows a ratio of 1.50 meaning a high degree of defects in the GO
structures. The pure GO paper presented a ratio of 1.44 meaning
changes in the structures of GO by the presence of the chitosan film. An
increase in this intensity ratio is indicative of the interaction of GO with
CS as reported previously [42].

The structure of the papers was also analyzed by X-ray diffraction as
displayed in Fig. 2. While original graphite presented a peak at
2θ=26.3° from the (0 0 2) diffraction line of the natural flake, GO

powder and papers presented a peak at low angles (around 11.4°) that is
a further evidence of the oxidation process [43]. In papers based on
polymer/GO composites a change in the interlayer distance can be
found associated with adsorption of the polymer on the GO nanosheets
[11]. In our case, the diffraction peak angle of GO particles is barely
affected by either the paper process or the presence of the polymer,
shifting from 11.2° for GO powder to 11.4° and 11.7° for the GO and
GO/CH papers, respectively. This shift to higher angles and therefore to
smaller interlayer distance can be associated with some reduction
process during the dry of the GO paper and/or with the presence of
chitosan acting as a reductant agent [11,44]. The GO/CH paper further
presented two broad peaks at 2θ=16.6° and 22.7° associated with the
amorphous state of the chitosan film [39].

Fig. 3 shows optical images of the samples prepared. Papers with
sizes around 3× 3 cm2 were produced having excellent flexibility and
manipulation, especially after the addition of a layer of chitosan on the
GO paper. SEM images of the samples show a film having a thickness of
around 10 μm with an ordered layer morphology associated with the
high aspect ratio of the original GO particles (Fig. 4a and b). The high
degree of anisotropy of the original GO dispersion allow the alignment
in a specific direction driving the fabrication of self-aligned particle
paper with a high degree of orientation [36]. However, our papers
displayed a lower order and alignment as compared with previous re-
sults even under similar processing condition [1,24,36]. Indeed, in-
dividual GO sheets are not well compacted showing some waviness and
interlayer gaps as previously reported [11]. Disorder structures in GO
papers can be obtained by using smaller GO particles and structures
with higher water content [45]. The lower the aspect ratio of GO par-
ticle, the worse is the alignment through the “excluded volume” in-
teractions while the higher the amount of water content, the worse the
compact structure. This tendency agree with our results as the lateral
size of our GO particles in the paper is around some few micrometers
(estimated by SEM micrographs) and its high amount of functional
groups allows high water adsorption. The morphology of our paper
seems to be in agreement with a semi-ordered accumulation mechanism
where the adhesion between adjacent nanosheets is weak, producing a
loosely aggregated structure with a roughly alignment increasing the
interlayer distance [46]. By preparing GO paper by vacuum-assisted
self-assembly process, the excess of solvent in this stage can be removed
producing a second compressive phase reducing the spacing between
nanosheets while orienting them parallel to the air-water interface. In
our case, this last process is not produced explaining the morphology
observed.

The casting process on the GO paper during the dry process pro-
duced a homogeneous and continues CH film of around 3 μm thickness
(Fig. 4b). Regarding the interaction between chitosan and the GO
paper, elemental analysis carried out by EDS to the bi-phasic GO/CH
paper showed the presence of 13.2 w/w % of nitrogen atoms in the
chitosan phase due to the presence of the biopolymer (Fig. 5a). On the

Fig. 1. Fourier transform infrared of the GO paper and Raman spectroscopy of GO and GO/CH papers.

Fig. 2. X-ray diffractions of the different samples: original graphite, graphene
oxide (GO) power, pure GO paper, and GO/CH paper.
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other hand, nitrogen atoms were not detected on the surface of the GO
phase (Fig. 5b). However, on the lateral size of the GO phase of the bi-
phasic paper (Fig. 5c) a 9.7 w/w % of nitrogen atoms was observed
meaning that chitosan is presented in the structure of the GO phase.
Therefore, chitosan molecules were able to present diffusion through
the GO structure during the paper preparation.

The adsorption capacities of the papers were studied and quantified
by the Langmuir and Freundlich models. The adsorption capacity at
equilibrium was calculated by [47]:

=
−q C C V
m

( )
e

e0
(1)

where C0 is the initial concentration, Ce is the concentration at equili-
brium after being shaken the solution with the particles for 24 h and
afterward centrifuged, V is the volume of the sample (in L), and m the
mass of adsorbent used in the test (in g). From these concentrations of
dyes adsorbed, the Langmuir isotherm in its linear form can be ob-
tained:
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where qm is the maximum adsorption capacity (mg/g) and KL is the
Langmuir constant related to the energy of adsorption (L/mg). The
Freundlich isotherm otherwise could be represented as:

=q K C·e F e
n (3)

where n and KF (mg1-nLn)/g) are Freundlich parameters, in particular n
is the adsorption strength; and KF is generally related to the adsorption
ability of the adsorbent when the value of the adsorbate concentration
is equal to 1.

GO is a recognized good adsorbent agent for cationic dyes moti-
vating us to characterize this behavior using Methylene Blue (MB) as a
representative dye. Fig. 6 shows the adsorption isotherm of MB on the
different papers and on GO powder showing both their capacity to
adsorb the dye and that this process is highly depended of the material
structure. GO powder was able to reach an asymptotic behavior at low
dye concentrations (Ce) and with a high adsorption capacity (qe). Pure
GO paper presented a behavior as similar as GO particles regarding the
high adsorption capacity although at higher dye concentrations. The
similar behavior between the particle and the paper is explained by the

poor water stability of the latter as a re-dispersion of GO particles from
the paper after immersion in water was observed. Similar to other GO
papers, the interaction between the paper and water molecules swells
the paper structure and facilitates the lateral “sliding” of the carbon
sheets [7,11]. Therefore, GO paper during the adsorption tests pro-
duced GO particles behaving as GO powder in adsorption (Fig. 6c). On
the other hand, the GO/CH paper presented lower adsorption capacity
as compared with pure GO paper as this structure was stable during the
whole adsorption tests because of the chitosan/GO interactions as
concluded by EDS analysis (Fig. 6d). The structure of GO/CH paper
reduces the effective adsorption area as compared with GO powder
explaining these results. The maximum adsorption capacity (qm) and
the Langmuir constant related to the energy of adsorption (KL), together
with the Freunlich parameters, are summarized in Table 1. While GO
powder displayed a qm=322mg/g, GO paper presented a value of
370mg/g confirming the similar behavior between unstable paper and
GO powder. It seems that the higher porosity of GO papers even when
re-disperse increased the maximum adsorption capacity as compared
with GO particles. GO/CH paper otherwise presented a qm=103mg/g
meaning that the paper structure allows a high adsorption of MB al-
though lower than GO particles due to the chitosan film in one of the
paper face reducing the adsorption area. The reduction process likely
occurring on GO structures due to the presence of chitosan also can
explain the lower adsorption capacity of the hybrid paper [20]. KL

constant from the Langmuir isotherm presented similar values between
both papers although much lower as compared with GO particles. This
parameter is related to the affinity of the binding sites meaning that
isolated particles presented higher affinity to cation dyes than papers.
The 1/n parameter from the Freundlich model is also displayed in
Table 1 showing a value lower than 1 for the three materials indicating
a Langmuir isotherm. Moreover, n gives an indication of how favorable
is the process, confirming that GO particles have the highest value
presenting therefore the best affinity for MB.

Based on the well-known adsorption capacity of chitosan com-
pounds toward anionic dyes [30], the bi-phasic GO/CH paper was
tested for adsorption of Methyl Orange as displayed in Fig. 7 and
summarized in Table 1. The hybrid paper presented a maximum ad-
sorption capacity (qm) of 232.6 mg/g for MO that is even higher than
the value for MB. In chitosan systems several mechanisms can explain

Fig. 3. Optical images of GO (a and b) and bi-phasic GO/CH (c) papers.

Fig. 4. Scanning electron images (SEM) from GO (a) and bi-phasic GO/CH (b) papers.
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the adsorption of dye such as those based on: surface adsorption, che-
misorption, diffusion and adsorption-complexation theories. However,
chemisorption is commonly cited as the main mechanism for the ad-
sorption of anionic dyes where the amino groups from chitosan interact
with the anionic dye [45]. Surface adsorption is another plausible
mechanism by which dye molecules may be bound to chitosan, al-
though likely both mechanisms acted simultaneously. However, the
contribution of GO should also be considered in the adsorption of MO as
depending on the oxidation level, GO adsorbs anionic dyes [16,48]. In
this case, other mechanisms different from electrostatic interactions are

involved such as hydrogen bonding and π-π stacking. Hydrogen bonds
can occur between hydroxy or carboxyl surface groups of GO and
oxygen atoms or aromatic rings from the dye molecule [16,25]. Table 1
further confirms that the adsorption of dyes in chitosan compounds is
better fitted by Langmuir isotherm rather than Freundlich model
[30,49].

Based on these results regarding the adsorption capacity of GO/CH
paper for both anionic and cationic dyes, we can summarize the me-
chanisms involved depending on the characteristics of the dye. Cationic
dyes, such as MB, can interact directly through electrostatic

Fig. 5. Scanning electron images with the respective EDS analysis (black square) from the different areas of the bi-phasic GO/CH paper: (a) chitosan phase; (b) GO
phase; (c) chitosan phase in the lateral area; and (d) GO phase in the lateral area.

Fig. 6. (a) Langmuir adsorption isotherm of
Methylene Blue (MB) on the different papers
and on GO; and (b) its linear form; (c) optical
image of the pure GO paper after the adsorption
experiments showing the re-dispersion of GO
particles precipitating at the bottom; and (d)
optical image of the bi-phasic GO/CH paper
that was stable during the whole adsorption
experiment.
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mechanisms with the negative surface charge of GO produced from its
oxygen-based functional groups [16]. Negatively charged anionic dyes,
such MO, can interact otherwise with the protonated amine groups
from CH polymers also through long-distance electrostatic interactions
from the presence of oppositely charge groups [30]. Hydrogen bonding
can also explain, at least partially, the adsorption process in this case
[30]. However, GO can also contribute to the adsorption of anionic dyes
as the hydroxy or carboxyl groups from GO and the oxygen atoms or
aromatic rings from the dye molecule can react through hydrogen
bonds, the first as electron donor and the second as electron acceptor
[16]. GO can also present a relevant proportion of graphene structures
that can interact with the benzene rings and carbon double bonds from
the dye by π− π stacking [16,50]. Despite these results, the effect of
the structure of each dye should be considered as it is one of the most
important factors in adsorption processes [30]. The adsorption process
can depend on the molecular size and the number of sulfonate groups of
each dye although a correlation between adsorption and the structure
of the dye is difficult to find [51]. For instance, in the adsorption of Acid
Blue 9 and Food Yellow 3 dyes onto chitosan the main mechanism is the
chemiosorption through the amino and hydroxyl groups of chitosan
[52]. In this context, pH is a relevant variable that should be further
considered in our discussion affecting the efficiency of adsorption
through variations in the degree of ionisation of the adsorptive mole-
cule and the adsorbent [53]. Chitosan is able to adsorb dyes under
acidic and caustic conditions although with a mechanism that depends
on pH [54]. For instance, pH affects the amine groups of chitosan that
allow the adsorption through an electrostactic attraction [30]. By de-
creasing the pH, more protons are available to protonate the amine
group of chitosan increasing therefore the dye adsorption through
electrostatic interactions [30]. Under caustic conditions the covalent
bonding of dye and the hydroxyl groups of chitosan further contribute
to the adsorption together with both physical and chemical adsorption
mechanisms [54]. These mechanisms explain the stability of a proto-
nated cross-linked chitosan in removing MO in a wide range of pH
(from 1.0 to 9.1) [55].

Table 2 shows a summary of the equilibrium adsorption values
found in our GO/CH paper as compared with similar systems previously
published for the same dyes. This table confirms that our paper is a
good candidate for adsorption of dyes with values between those re-
ported for pure GO particles and other CH/GO systems. For instance,
our results for MB adsorption were lower than the values from the CH/
GO composite prepared by Yeng et al. although higher than GO/CH/β-
cyclodextrin compound prepared by Fan et al [32,35]. For MO dye, our
paper presents even better results showing one of the highest values,
that is only lower than pure GO particles. Based on these results, we can
state that the advantage of our system relate with its capacity to adsorb
both cationic and anionic dyes and the its structure facilitating the
posterior separation.

Motivated by the outstanding antibacterial behavior of both GO
particles and chitosan films, the capacity of the different samples to kill
Gram-positive Staphylococcus Aureus and Gram-negative Escherichia coli
bacteria was tested [59,60]. These results, together with the behavior of
a chitosan film and GO powder, are displayed in Fig. 8 confirming the
antimicrobial behavior of the different papers. Pure and bi-phasic GO
papers were able to kill S. Aureus and E. coli with a reduction around 54
and 25%, respectively, without a relevant effect of the type of paper.
The presence of an additional outer membrane in Gram-negative E. coli
bacteria explains its higher resistance to the toxicity of GO papers as
reported previously in GO powders [61]. The antimicrobial behavior of
GO arises from the bacteria disruption caused by the contact with these
nanoparticles under different mechanisms as recently reviewed [62].
One mechanism is based on the bacterial membrane stress meaning a
physical disruption of the membrane by the GO particles while another
mechanism is based on oxidative stress. Despite these antecedents, pure
chitosan film presented the highest antimicrobial activity coming from
its polycationic structure allowing electrostatic interaction with the
predominantly anionic components of the bacteria surface [60]. How-
ever, the high antimicrobial behavior of chitosan did not add any

Table 1
Parameters from the Langmuir and Freundlich adsorption isotherms for the
different samples studied. See equations 1–3 for details. The Freundlich con-
stant has been assumed 1 in all cases. MB: Methylene Blue; MO: Methyl Orange.

Sample Dye Adsorption isotherm

Langmuir Freundlich

qm [mg/g] KL [L/mg] R2 1/n [–] R2

GO powder MB 322.6 0.46 1.00 0.08 0.97
GO paper MB 370.4 0.07 0.99 0.15 0.95
GO/CH paper MB 103.1 0.11 1.00 0.19 0.87
GO/CH paper MO 232.6 0.08 0.98 0.29 0.51

Fig. 7. (a) Langmuir adsorption isotherm of Methyl Orange (MO) on the bi-phasic GO/CH paper and (b) its linear form.

Table 2
Dye adsorptions (MB and MO) of our GO/CH bi-phasic paper as compared with
other similar systems previously reported.

Sample Dye qe [mg/g]

GO MB 476.2–312.5 [16]
GO MB 48.8–598.8 [20]
GO MB 1939 [56]
GO MB 17.3 [48]
GO MB 223.8 [57]
GO/CH/β-cyclodextrin MB 84.3 [35]
GO/CH MB 468 [32]
GO/CH paper MB 103 [this work]
GO MO 105.3–263.2 [16]
CH MO 180.2 [55]
GO MO 16.8 [58]
GO/CH paper MO 232 [this work]
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synergic effect to the GO structures.
These results show that our novel CH/GO paper can be used for

water treatment as it can adsorb cationic and anionic dyes further
killing microorganisms, with high water stability overcoming some
limitations of standard graphene based papers. However, similar to
other materials based on carbon nanostructures, such as nanotubes and
graphene particles, environmental issues should be considered either
for the potential risks or for their effect on the adsorption processes
[63–66]. For instance, the increasing demand for these particles will
trigger a mass accumulation in soil and sediment due to their release
into the environment. Under these conditions, the high adsorption of
these carbon structures can generate issues related with resuspensions,
changes in the metabolic function of sediment microbial communities,
and modifications of the adsorption capacity of the sediment itself [65].
To our knowledge, these environmental studies have not yet been
carried out for graphene paper structures although based on the large
effect of water is hypothesized that the behavior will be as similar
graphene based particles. Another point that should be analyzed for the
real application of our CH/GO paper relates with the scaling up process,
not only for the paper preparation but also for the treatment of large
amount of water as dense films are not the most used materials for
adsorption processes. However, our methodology is based on a low cost
process using a cheap biopolymer such as chitosan, where the only
expensive compound is GO that should become cheaper in the long-
term as similar as the price evolution of carbon nanotubes [67].

4. Conclusions

A bi-phasic GO/CH paper was produced by a simple casting process
allowing to improve its water stability as compared with pure GO
paper. The bi-phasic paper was characterized by a GO layer thickness of
around 10 μm and a homogeneous CH thickness of 3 μm. EDS analysis
showed that CH molecules were able to diffuse through the GO layer
explaining the water stability of the paper. The bi-phasic GO/CH
structure was able to adsorb Methylene Blue (cationic dye) with a
maximum monolayer adsorption capacity (qm) of 103mg/g meanwhile
pure GO paper re-disperse during the adsorption tests with a behavior
as similar as GO powder. The bi-phasic paper was further able to adsorb
Methyl Orange (anionic dye) with a maximum adsorption capacity of
232mg/g due to the contribution of each phase. The antimicrobial
behavior of GO and CH was rendered to the papers presenting anti-
bacterial capacity against Escherichia coli and Staphylococcus Aureus,
with a higher toxicity for the latter strains. The improved water stability
of our bi-phasic GO/CH paper material can be used to take advantage of
the functionalities of each component allowing future design of mem-
branes for water treatment.
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