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Nanocellulose/graphene oxide layered
membranes: elucidating their behaviour during
filtration of water and metal ions in real time+
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The deposition of a thin layer of graphene oxide onto cellulose nanofibril membranes, to form CNF-GO
layered-composite membranes, dramatically enhances their wet-mechanical stability, water flux and
capacity to adsorb water pollutants (P. Liu, C. Zhu and A. P. Mathew, J. Hazard. Mater., 2019, 371,
484-493). In this work, we studied in real time the behavior of these layered membranes during filtration
of water and metal ion solutions by means of in situ SAXS and reactive molecular dynamics (ReaxFF) com-
putational simulations. SAXS confirms that the GO layers limit the swelling and structural deformations of
CNFs during filtration of aqueous solutions. Moreover, during filtration of metal ion solutions, the connec-
tion of the CNF-GO network becomes highly complex mass-fractal like, with an increment in the corre-
lation length. In addition, after ion adsorption, the SAXS data revealed apparent formation of nanoparticles
during the drying stage and particle size increase as a function of time during drying. The molecular
dynamics simulations, on the other hand, provide a deep insight into the assembly of both components,
as well as elucidating the motion of the metal ions that potentially lead to the formation of metal
clusters during adsorption, confirming the synergistic behavior of GO and CNFs for water purification

rsc.li/nanoscale applications.

Introduction

Driven by the severe current environmental issues, there is
nowadays an urgent impetus towards the development of fast
and inexpensive solutions for water purification. Over the past
decade, extensive research has demonstrated the prominent
potential of nanocellulose (NC) as a building block to develop
porous membranes,' > owing to the ease of pore-size tunabil-
ity,® as well as the reactive surface of NC membranes that
allows the introduction of functional groups for ion adsorp-
tion.®> Nevertheless, although the use of nanocellulose-based
materials for water purification is indeed very promising, there
are several challenges that need to be addressed, for instance,
to improve the adsorption-capacity for filtration of complex
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water-streams, reduction of biofouling formation, and
enhancement of the mechanical robustness of membranes in
the wet-state, considering that the structural integrity of NC-
based materials is significantly compromised by water-
induced swelling.> A common strategy to improve the perform-
ance of membranes is via formulation of composite materials
that yield higher efficiency than native NC in removing hazar-
dous species and enhanced mechanical robustness.

Graphene oxide (GO), prepared by chemical exfoliation of
graphite, has been recently demonstrated to be a promising
nanomaterial for adsorption applications due to its highly
reactive surface arising from the abundant hydroxyl and car-
boxyl functional groups, as well as its large surface area, and
super hydrophobic n-n interaction.””® Moreover, GO also exhi-
bits excellent mechanical properties, amphiphilic behavior®
and good antifouling properties.'® The hybridization of NC
with GO has been previously studied, proving great synergistic
interaction between GO and cellulose nanofibrils (CNFs), pre-
sumably due to good interfacial contact between both com-
ponents, suggesting that the flexible 1D-structure of CNFs
allows establishing efficient bonding with the 2D-GO-
nanosheets."’ The potential of cellulose/graphene oxide-based
composite films has been readily explored for different appli-
cations, for instance in rechargeable zinc-air batteries,*
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forward osmosis'® and ion permeation.'* Moreover, in our pre-
viously published work,'> we have observed that the incorpor-
ation of a layer of GO sheets onto CNF membranes via sequen-
tial water filtration (to form layered-composite CNF-GO mem-
branes) improves the performance of the cellulosic mem-
branes in several aspects; for instance, their mechanical pro-
perties dramatically improves under dry, wet (4-fold higher
strength than pristine CNF membranes) and re-dried con-
ditions. Furthermore, although the pore-size in the dry-state of
the composite CNF-GO membranes is smaller than that of the
reference CNF membrane, the incorporation of GO increases
significantly the water flux (5-fold higher), presumably through
the creation of water transport nano-channels in a random
manner at which GO nanosheets accommodate within the cell-
ulose matrix. In addition, the composite membranes exhibit
>90% rejection of dyes, both negatively and positively charged.
However, there is still a lack of fundamental understanding on
the in operando structural evolution of CNF-GO composite
membranes. In this work we investigate in real time the behav-
ior of CNF-GO layered-composite membranes during filtration
of water and heavy metal ion solutions by utilizing X-ray as a
probe as well as computational simulations to concertedly
describe the various effects on the micro-, nano- and atomic-
scales. While in situ small angle X-ray scattering (SAXS) pro-
vides valuable insights into the structure development from
dry to swollen states during filtration and ion-adsorption,
reactive molecular dynamics (RMD) simulations realistically
predict the adsorption of metal ions under various environ-
mental conditions.

Experimental section
Materials

Cellulose nanofibrils (CNFs, 1.8 wt%) employed for the prepa-
ration of the membranes were acquired from Borregard,
Norway, as the commercial product Exilva. Graphene oxide
suspension (GO, 4 mg mL™" in water), copper nitrate (Cu
[NOs],) and silver nitrate (AgNO;) were purchased from Sigma-
Aldrich and used as received.

Membrane preparation

The CNF-GO layered-composite membrane was prepared fol-
lowing our previously reported procedure'® via sequential
vacuum filtration of the CNF suspension (0.48 g CNF, 0.8 g
L") followed by the GO suspension (4.8 mg GO in 600 mL of
distilled water) in a filtration setup, resulting in membranes
(GO:CNF mass ratio of 1:100) with a thickness of 19.3 +
4.0 pm (determined by SEM), where the GO layer corresponds
only to 110 nm of the membrane thickness. The average pore
size of the composite membrane is 7 nm calculated using the
Barrett-Joyner-Halenda (BJH) method. A reference membrane
comprising only CNFs was prepared in a similar manner
(excluding the deposition of GO), exhibiting a BJH pore size of
9.8 nm.
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Characterization

The morphology of the membranes was studied with a fast
scan atomic force microscope (AFM, Bruker, Nanoscope con-
troller, Santa Barbara, California, USA). In all cases, the height
sensor and the peak force error images were recorded using a
probe (Model: ScanAsyst-air, Bruker) under peak force tapping
mode. The collected data were processed with NanoScope
Analysis 1.5 (Bruker) software. The cross-section of the mem-
branes was investigated using a field emission scanning elec-
tron microscope (SEM, JSM-7401F, Japan) after sputter coating
(JEOL, JFC-1200) with gold for 30 seconds operating at 1 or 2
kv. The pore size of the membranes in the dry-state was deter-
mined from nitrogen adsorption-desorption measurements at
77 °K using the BJH method. The measurements were carried
out in a Micromeritics ASAP 2020 instrument and the samples
were degassed at 110 °C for 24 h under dry N, conditions prior
to measurement.

In situ SAXS measurements

To in situ examine the evolution of structures of CNFs and
CNF-GO membranes during filtration of water and metal ion
solutions (AgNO; and Cu(NO;), at 10 mg L™" in water), syn-
chrotron radiation-based SAXS experiments were performed.
The experiments were carried out at the P03 “MiNaXS” beam-
line with an incident photon energy of 13 keV and a sample-to-
detector distance of 1.5 m. The scattered photons were
detected using a 2-dimensional Pilatus 300 K detector. The
beam damage was carefully checked by evaluating the intensity
change at a single illuminated area under consecutive X-ray
exposures. A set-up similar to the one used in our previous
work has also been utilized here for the vacuum filtration of
water and metal salt solutions.'® The data were collected separ-
ately from three different states: (i) dry membranes before fil-
tration, (ii) during filtration of water, Ag(1) and Cu(u) solutions
at 100 mg L™" and (iii) during drying of the wet membranes.

To describe the SAXS data [scattering intensity vs. magni-
tude of scattering vector (q)] of in situ filtration, we use a two-
stage model by combining the correlation model and Gaussian
function. The first term on the left depicts the network built
by the CNF in correlation length & with n as the Porod expo-
nent, describing the network connection; the second term is a
generalized Guinier form assigned to entangled regions in the
radius of gyration, r,, on a smaller scale.

I _ (g x rg)z
I(q) = 15 (g x &) +1g exp( ]t background (1)

The scattering intensity of polydisperse-sized nanoparticles
without strong interference, i.e. structure factor ~1, can be
depicted by

I(q) = scale - Ef(r) x F(q,r) + background (2)

where the form factor [F(g)] of a sphere with a given radius r is
written as eqn (3) while the size distribution f(r) accounting

This journal is © The Royal Society of Chemistry 2019
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for the polydispersity of the system described by a Lognormal
distribution is given in eqn (4):

Flq) = scale [BV(Ap)(sin(qr) —gr cos(qr))} ’ 3)

14 (qr)’

10 (G (E)) e

with Norm numerically estimated as the integrated area of f(r)
between i = 0 nm and ry,,,x = 50 nm, the region of which is
sufficiently large to cover the particle size distribution. ryeq is
the median value of the size distribution and o is the width of
the distribution.

The nanoparticle growth kinetics was modeled by

realt) = rm{(l —e( = (k) + |77 exp(tjztglzt - tOR))j| kOR}'

(5)

The first term on the right is the Kolmogorov-Johnson-
Mehl-Avrami (KJMA) model which is well fit for some cases of
nanoparticle growth, and the second term is attributed to
Ostwald ripening. In the equation, n is known as the Avrami
exponent, 7, is a scaling factor, t is the time, ¢, is a rate para-
meter, w is the arbitrary time width parameter chosen as
2 min (ref. 17), tor is the Ostwald ripening “turn-on” time, and
kor is the Ostwald ripening rate.

Computational simulations

All MD simulations were carried out by means of the
Amsterdam Density Functional (ADF)/ReaxFF
implementation'®'®  [ReaxFF 2017, SCM, Theoretical
Chemistry, Vrije Universiteit, Amsterdam, The Netherlands,
http:/www.scm.com (2017)]. The main force field parameters
were taken from the force field used in a previous study®® and
the parameters for silver, extracted from ref. 21, were extended
to describe the interaction with the nitrogen atom (considering
the NO, and NO; groups only). A small training set of struc-
tures (20 in all) was prepared by optimizing the built geome-
tries at the QM level with the B3LYP functional and the DZVP
basis set following previous studies reporting similar systems
with silver ion interactions.’”** The parameters of the NO;
group were taken from ref. 24. The force field used is available
upon request to the authors.

The systems were energy minimized at 7= 100 K in the NVT
ensemble and then heated to 300 K. Equilibration was carried
out for about 300 ps. Then, the production dynamics were per-
formed in the NVT ensemble for about 350 ps and the system
structures were collected every 0.1 ps. Temperature was con-
trolled through a Berendsen thermostat® with a relaxation
constant of 0.1 ps and the time step was set to 0.25 fs.

The analysis of the production trajectories was focused on
the position of the metal ions in relation to the support, atom-
atom radial distribution functions (RDFs), spatial distribution
functions (SDFs), connections of the metals to the oxygen
atoms of the support, and hydrogen bonds. Visual inspection

This journal is © The Royal Society of Chemistry 2019
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of the trajectories was essential to disclose metal clustering
and the adsorption locations in terms of chelation and trap-
ping. Solvation effects were also checked to reveal the role
played by water and counterions.

Results and discussion

The outstanding adsorption properties of GO have been
demonstrated to be suitable for the removal of several types of
heavy metal ions, for instance, Cd(u),>® Co(u),>® Eu(u)*>” and
U(v1),*® where the efficient adsorption capacity arises from its
hydrophilic properties and the presence of oxygen containing
functional groups that can efficiently bind the metal ions by
sharing an electron pair.>® In the current work we have prepared
layered CNF-GO composite membranes, in which a dense ultra-
thin layer of GO was deposited on top of a relatively thick and
porous CNF network by vacuum filtration (Fig. 1a). The resul-
tant structure of the membranes is displayed in Fig. 1b-e. The
membrane architecture is a fundamental parameter in a fine
design, as it has been demonstrated in a number of papers that
the response of sorbents is markedly influenced by the arrange-
ment of the species, which could be assembled through rela-
tively strong or weak intermolecular interactions.>*”' As a con-
sequence, an appropriate scheme should be defined by a syner-
gistic association of selected species, which would result in
efficient low-cost filters®>**. Indeed, layered-anisotropic mem-
branes made of cellulose nanofibrils and graphene oxide sheets
were flexible (see the inset image) and appeared to be more
efficient than the corresponding isotropic structures in trapping
metal ions and dyes from aqueous media.">?°

The computational models of the CNF-GO layered mem-
branes, displayed in Fig. 1c, show that GO sheets are stably
adsorbed on the CNF supports through a dense network of
intermolecular hydrogen bonds involving the hydroxyl groups of
the two species that determined, together with self-interactions,
their relative orientation on the interface. The dynamic nature of
these types of interactions is responsible for the moderate mobi-
lity of the sheets and their relocation, which is driven by the
morphology of the fibril facet and by the presence of the other
GO units nearby. Closer inspection of the sampled configur-
ations reveals that a greater stability of the layer is acquired
when the oxygen-hydroxyl and hydroxyl-hydroxyl intermolecular
hydrogen bonds are reinforced by the participation of the car-
boxyl groups of GO. Indeed, the presence of carboxyl groups
confers a negatively charged character to the supports that, as
such, are prone to attract metal cations. This was confirmed by
checking the molecular electrostatic potential generated by the
polarizable charges assigned to the atoms of the final structures
through the electronegativity equalization method (EEM) on the
solvent accessible surface of the substrate models.

In situ SAXS measurements

To get a deeper understanding of the structure evolution of the
layered membranes during filtration of water and salt solu-
tions, synchrotron radiation-based SAXS measurements of the

Nanoscale, 2019, 11, 22413-22422 | 22415
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Fig. 1

(a) Schematic illustration of the preparation of the CNF-GO layered membranes. (b) Cross-sectional SEM image of the CNF-GO membrane.

(c) Computational model of the structure of a CNF-GO layered membrane. (d and e) Surface topography of a CNF membrane before (d) and after (e)
deposition of GO, measured by atomic force microscopy; a folded CNF-GO membrane is shown in the inset.

membranes before and after deposition of the GO phase were
performed. For the measurements, a custom vacuum filtration
cell was utilized, as has been described in our previous
reports.'® In Fig. 2, ex situ SAXS data of the CNF (a) and CNF-
GO (b) membranes in the as-prepared (black), wet (red) and re-
dried (blue) states are shown. In the dry state, both CNF-GO
(black dots) and pure CNF (black circles) membranes show
similar scattering patterns. By using eqn (1) to extract some
fitting parameters (Table S1t), we found that the correlation
lengths & of membranes are in the 10 to 20 nm range and the
r, of entangled regions on a smaller scale is around 2 nm.

The contribution of GO to the scattering is not obvious
because GO is a dense ad-layer on top of CNFs with a broad
domain size distribution, which might contribute to forward
scattering shielded behind the direct beam-stop when the
X-ray beam is perpendicular to the membrane surface. Thus,
the fitting results mainly reflect the dried CNF network struc-
ture in the two types of membranes.

Membrane interaction with water. When both membranes
are immersed in water, a clear intensity increase in the high g
region is observed, indicating a dramatic change on a small
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Fig. 2 Ex situ SAXS characterization of a pure CNF membrane (a) and

CNF-GO membranes (b) in dry (black), wet (blue) and re-dried (red)
states. The solid lines are fitting results by eqn (1).
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scale. By comparing the r, obtained from the Guinier term in
eqn (1), we found a slight increase compared to the as-pre-
pared dry states, as water swells the entangled region. The
higher I; also suggests that more such entangle regions could
be observed. This is in line with the change in the low ¢
region: first the Porod exponent a changes from around 4 to
lower numbers, namely, 2.4 for CNF-GO and 1.5 for CNFs. A
Porod exponent a of approximately 4 usually indicates that a
large structure with a smooth surface exists. If a is between
three and four, such a structure has a rough surface mor-
phology with a surface fractal dimension ds = 6 — @; when 2 <
a < 3, such a structure has a mass fractal structure with a
fractal morphology d,,, = @; when 1 < a < 2, the structure can be
depicted as a branched structure with a 1D backbone. In the
wet state, water infiltrates the large structure with a smooth
surface and swells it by enlarging the correlation length. This
makes the connection more complicated than in a densely
packed case. The lower exponent of the CNF membrane
suggests that the fibrillary networks are more dissociated than
those of the CNF-GO membrane, despite the slightly larger &
obtained for CNF-GO via fitting, which only provides an
average value of the correlation length. This behavior indicates
that the GO ad-layer protects the CNF network in the CNF-GO
composite membrane against the water flow during filtration.
After re-drying the membranes, both CNFs and CNF-GO
recover their structure only up to a certain extent, indicating
some irreversible structural changes. For example, in the low ¢
region, the Porod exponent becomes larger, again approaching
4, suggesting that the fibril network contracts to denser struc-
tures with smaller correlation lengths. However, at high g,
where the small entangled regions dominate the contribution,
CNF-GO and CNF membranes show different trends. In the
CNF membrane, the fitted r, increases further with a strong
intensity reduction, suggesting that the entangled regions
become larger as the fibril network becomes densely packed,

This journal is © The Royal Society of Chemistry 2019
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while in the CNF-GO membrane, the fitted r, becomes smaller
with only a slight decrease of intensity, which can be directly
observed from the scattering profiles (overlapping of the red
and blue curves - Fig. 2(b)). This suggests that when the GO
adlayer is present, the cellulosic entangled structures on a
smaller scale did not collapse or merge into large structures
during re-drying but just self-contracted. In sum, during
wetting and re-drying, the GO ad-layer protects the cellulose
fibrillary network against dramatic structural variations.
Overall, SAXS results show that the presence of GO prevents
the swelling as well as loss of the integral structure of the CNF,
on its interaction with water compared to that observed in the
pure CNF membrane. This may be related to the reduction of
the intake or the absorption of water and might also contrib-
ute to increased water flow while restricting the passage of
metal ions.

Membrane interaction with metal ion solutions. After verify-
ing the protective action of the GO ad-layer on the CNF
network, we proceeded to evaluate the filtration performance
of the CNF-GO membrane with salt solution. In Fig. 3(a and
d), the profile of the evolution of the SAXS spectrum of the
CNF-GO membrane from the dry to stable wet state in Ag(1)
and Cu(u) solutions is depicted. The fitting curves (red lines)
calculated by eqn (1) can reproduce the experimental data
(black circles) to a good extent, even though the scattering pro-
files show different features in two solutions. The evolutions of
the correlation length £ and r, as a function of time in Ag(1)
and Cu(u) solutions are plotted in Fig. 3(b) and (e), respect-
ively. In both cases, the infiltration starts to enter a stable
phase after 100 s as marked by a dash-dot line in (b-f).
Despite the rather different absolute values of the fitting para-
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meters, which might be related to a batch variation such as
different r, values, and different instant filtration conditions,
e.g. fitting parameter fluctuation before 100 s in (b), the
general trends of ¢ and ry are quite consistent: both para-
meters increase in the stable infiltration phase compared to
the dry membrane. The instability in the beginning of the fil-
tration is also reflected in the Porod exponent, which depicts
the complexity of the morphology of the network at a distance
comparable to correlation distance (£). As noted earlier, the
Porod exponent is close to 4 for both membranes in the dry
state, indicating a largely aggregated and rather smooth
surface. In the case of Ag(1), this value quickly reduces to 2.4
upon the filtration, suggesting that water rushes into the mem-
brane and breaks the aggregates into highly entangled net-
works, while on the other hand, in the case of Cu(u), the water
seems to wet the aggregated surface to further smoothen it,
with the Porod exponent even closer to 4. One of the reasons
leading to the instability could be pressure stock generated
when the vacuum pump started, which could lead to unpre-
dictable pressure-differences and subsequently different solu-
tion flow rates, which may modify the morphology of the mem-
brane differently. As the pumping process continues, the solu-
tion flow rate becomes more stable. It is also reflected in
Fig. 3c and f that the Porod exponent quickly approaches 3 in
the stable infiltration phase, suggesting that the connection of
the CNF-GO network becomes highly complex mass-fractal
like. These structural changes under continuous directional
salt solution flow show similar features to the pure water swell-
ing structure, changing the morphology from a densely
packed fractal surface to a mass-fractal network with increased
¢ and r,. The metal ion adsorption during the process as well
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as during the re-drying stage may also contribute to such
changes (as suggested by simulation results in the following
section).

After filtration of metal salt solutions, the re-drying of the
membranes was also followed in situ by SAXS, by stopping the
flow of the metal salt solution, followed by vacuum-drying the
membranes within the filtration cell (see Fig. 4).

To show clearly the increased intensities during drying, the
intensity difference is plotted in Fig. 4a and b by subtracting
the first scattering profile as a background from the sub-
sequent ones. The observed intensity variation suggests the
formation of nanoparticles which gradually grow as a function
of drying time. The size and distribution of the so-formed
nanoparticles were fitted by combining eqn (3)-(5) with a
spherical form factor and lognormal size distribution, and
plotted as a red curve (Fig. 4). The evolution of the form factor
of nanoparticles and no indication of a strong structure factor
are in line with other studies on nanoparticle growth kinetics
by SAXS.>**° Considering that the CNF-GO membrane con-
tributes more to a scattering intensity variation in the low g
region than in the high g region, the information of the nano-
particle size and distribution was fitted to the data when g was
greater than 0.15 nm ™" as marked by the dashed vertical lines.

The nanoparticles show a two-stage growth mode. Fitting
the median radius with eqn (5) it was found that for both Cu**
and Ag’, the r,,, n (Avrami exponent) and Ostwald ripening set-
on time f¢or were very close to each other (see Table S2t). For
copper, the nanoparticles displayed larger Avrami and Ostwald
ripening rates than for Ag, suggesting a faster growth process
for copper (fitting parameters in the ESI}). Nevertheless, how
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Fig. 4 In situ SAXS during drying of CNF-GO membranes after silver (a)
and copper solution (b) infiltration. Black circles are intensity differences
by subtracting the first scattering profile from the subsequent ones. The
fitting results are plotted as red lines. The arrow marks the progress as a
function of time. (c) Growth kinetics of the nanoparticles: the left axis is
the median size of nanoparticles (black) and the right axis is the width of
lognormal size distribution (blue); filled spheres are the variations in
median size while squares represent the variations in the width of the
size distribution.
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are these nanoparticles formed? As far as our knowledge goes
neither neat-CNFs nor GO exhibits the capacity to form metal
oxide NPs without adding further reducing agents or under
hydrothermal conditions. However, can they form such nano-
particles when they act synergistically together? Or is it just
due to “post-crystallization” of the respective metal salt solu-
tions upon drying as suggested by Sun et al.,*® for graphene-
oxide films. Although we do not explore the nature of such
nanoparticles in this work, we consider that it’s a prominent
focus for future research effort to elucidate this behavior and
the functionality of such nanoparticles.

Computational simulations

The contribution from GO in terms of adsorption of water pol-
lutants has been further probed by studying the behavior of
Ag" and Cu®" ions in relation to the CNF-GO support by
means of reactive molecular dynamics simulations (ReaxFF
approach), following our previous work.>®

The examination of the plots shown in Fig. 5a suggests the
adsorption of the cations on CNF-GO surfaces, which is con-
firmed by the sharp peaks at short distances in the radial dis-
tribution functions (RDFs) between the metal and the oxygen
atoms of the composite supports (Fig. 5c and d). Even though
at the beginning of the simulations all metal ions were rela-
tively far from the interface, at the end of the sampling they
were found in various locations on top of the surface con-
nected mainly to the carboxyl groups of the edge regions of
the GO sheets (first blue peaks in the RDFs -Fig. 5a) or
entrapped by the concerted action of the different oxygen
species (Fig. 5¢ and d). They were stably adsorbed on the
support and could be organized into small clusters of various
sizes and shapes depending on their relative locations.

RDF plots shows that the closest and strongest connections
are between metal ions and O(GO) with peaks at about 1.9 and
2.3 A for Cu(u) and Ag(1), respectively. These data are in perfect
agreement with previous studies where copper ion
coordination®'’ at approximately 1.94 A identified the first
shell and an equatorial position of the oxygen, and silver
nitrate®®?? Ag-O separations explored a slightly wider range
(2.31-2.45 A) depending on the method used to characterize
them. As far as the coordination number corresponding to
these peaks is concerned, it is around 1.6 for both species,
suggesting that the ions could be connected most probably to
two oxygen of GO. Instead, the interaction with CNFs seems to
be hindered by the presence of the GO layer and only the Cu**
ions seem capable of reaching the cellulose chains. Ion self-
interactions are confirmed by the trend of both metal-metal
RDFs where it can be seen that the copper clusters could be
more packed (closer distance around 2.8 A) than silver ones
(the first neighbors are found at around 3.5 A), which display a
broader peak.

Examination of the average number of metal ions around
each metal ion (in a range of 7 A) during the simulations
(Fig. 5b) indicates that the copper clusters contain a greater
number of atoms (8 at most) than those made of silver, where
the maximum number is 6 and the interatomic distances are

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Normalized RDFs of the adsorption of Cu?* and Ag* on CNF-GO. Atom—Atom Y is the metal ion and X is the selected oxygen species.
RDFs are between the metal ions and the oxygens of CNF (O(CNF)) and GO (O(GO)). Ag—Ag and Cu—Cu RDFs are also shown. (b) Average number of
metal ions found around each metal ion (within 7 A) during the simulation. The total number of metal ions is 32 in each case. (c) Ag+ ions are rep-
resented with light grey spheres and NO>~ ions are rendered with ball and stick models (blue nitrogen atoms). (d) Adsorption of Cu?* ions on CNF—
GO (layer model). Final structure extracted from the production simulations. Cu?* ions are represented with orange spheres and NO>~ ions are ren-
dered with ball and stick models (blue nitrogen atoms). Various binding modes of the metal ions to the support are displayed. Cu®* and Ag* are con-
nected to the carboxyl groups of GO and to other oxygen atoms of the sheets. Multiple types of interactions are visible and the closeness of Cu?* is
highlighted with cyan lines. CNFs are rendered through red (oxygen) and white (hydrogen) surface patches (carbon — light grey), and GO is displayed
through dark grey stick models with filled aromatic rings. A few water molecules surrounding these selected portions of the configuration have been
included and displayed as lines to give an idea of the complexity of the whole environment. Silver clusters are visible in the left hand side images.

longer. A few clusters of the two species and their adsorption
modes on the supports are shown in Fig. 5¢ and d.

Further confirmation of the experimental evidence of the
stability of the two types of metal ions on the surface comes
from the inspection of the permanence profiles on the inter-
face and their level of penetration in the composite matrices
(2D and 3D density plots, Fig. 6) derived from the simulations.
These data were collected considering the occupation of
specific positions (x and y coordinates) on the interface and

perpendicular to it (z coordinate) in each model (Fig. 6 - right
hand side). It is apparent that the general trend of the copper
ions is to be more strongly connected to the interface (con-
firmed by the highly populated sites visible in Fig. 6) and to go
more deeply into the substrate, reaching sometimes the CNF
cavities, than silver. This is visible in Fig. 6b where two sharp
peaks at shorter CNF-Cu separations are present and a more
compact organization of the ions closer to the sheet is
observed, which is in line with the Cu-O(CNF) trend in the

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 22413-22422 | 22419
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Fig. 7 Spatial distribution functions of the Ag* (white regions) and Cu?*
(orange regions) ions on an average structure of the CNF-GO model.
GO is rendered through stick models with filled aromatic rings. CNFs are
represented with a black solvent accessible surface. (a) Adsorption of
Ag*, (b) adsorption of Cu?*, and (c) superposition of the two models.

22420 | Nanoscale, 2019, 11, 22413-22422

RDF plot displayed in Fig. 5a. On the other hand, in the case
of silver the distribution of the z distance is shifted to longer
separations and only a peak in the CNF region is present. The
different adsorption behavior of the silver ions is also con-
firmed by the lower peaks in Fig. 6b. These data have been
complemented with three dimensional iso-surface (spatial dis-
tribution functions - SDFs) analyses to identify the most popu-
lated regions of the metal ions in the two cases. The results
are displayed in Fig. 7. The comparison confirms a greater
mobility of the Ag" ions due to their more superficial location
(more areas of the surface are explored) but a similar binding
mode to the membrane with the propensity to migrate towards
the carboxyl moieties of the GO sheets, suggesting the higher
adsorption capacity in the presence of GO sheets in the
layered-composite membrane.

Conclusions

In this work, the behavior of CNF-GO layered-composite mem-
branes was studied in real time by means of synchrotron SAXS
together with reactive molecular dynamics (ReaxFF) simu-
lations. The structural evolution of the membranes was fol-
lowed by in situ SAXS during filtration of water and metal
(Ag" and Cu®") ion solutions and the subsequent drying
process. The results demonstrate that the incorporation of a
GO layer prevents the expansion of the CNF network during
water filtration, presumably resulting in the enhanced wet-
mechanical properties previously observed. The GO ad-layer
also seems to protect the cellulosic network against dramatic

This journal is © The Royal Society of Chemistry 2019
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structural variations during re-drying, avoiding dramatic col-
lapse or aggregation as compared to a pristine CNF mem-
brane. Furthermore, the in situ SAXS studies during filtration
of metal ion solutions confirmed that membrane swelling
induces a very complicate re-structuring of the CNF-GO
network that reached a fractal dimension close to 3, masking
the effect due to adsorption of metal ions. In addition, during
drying of the pre-wet membranes after metal ion adsorption,
an evident intensity increase in the low g region of the scatter-
ing profiles suggests the formation of nanoparticles which
gradually grow as a function of drying-time. The molecular
dynamics simulations elucidated that the GO sheets are stably
adsorbed on the CNF support through a dense network of
intermolecular hydrogen bonds, together with self-inter-
actions, while the carboxyl groups of GO stabilize the ad-layer
of GO on CNFs, reinforcing the oxygen-hydroxyl and hydroxyl-
hydroxyl intermolecular bonds among the phases. Moreover,
the simulations also supported and confirmed all the observed
experimental data and explained at the atomic level the
motion of the metal ions, their specific location in the
CNF-GO layered configuration, the dynamic behavior during
adsorption and formation of metal nanoclusters.
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