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ABSTRACT: Most of the polymeric membranes used today in

water decentralization are synthesized through complicated and =
expensive processes, contain unrenewable petrochemical building  effent |
blocks, and are characterized by untailored surfaces. Besides their
significant drawbacks, they do not comply with environmental
requirements and regulations and thus should be replaced with

more eco-friendly products. The urgent need is to create robust

and tunable nano/micro materials for confidently designing

efficient and selective polymeric water filters with guaranteed
sustainability and biodegradability. Active hybrid membranes made

of eco-friendly high-grade microfibrillated cellulose (MFC),
appropriately functionalized, have shown superior performance

during the separation of metal ions from the industrial effluents, and their separation efficiency has been found to be tunable with a
proper selection of type and density of the functional groups. On the basis of these findings and needs, we have developed a chemo-
enzymatic functionalization strategy for grafting methyl and phosphate groups on the MFC fibers. This methodology can calibrate
the interlayer fiber spacing and control the pore-size distribution of the membranes appropriately. We demonstrate this in the
present work by characterizing the impact of Mg** and Cr** ions and their mixture (Mg”* and Cr**) on the membrane separation
performance extensively by using various experimental techniques and computational methods. Moreover, we have adapted this
sustainable, fully water-based system for upscaling the hybrid membranes in continuous mode by resorting to the phosphate-MFC
membranes for the spiral-bound modules in cartridge use. We have developed the flow-through (FTM) and flow-over (FOM)
modules and tested them to separate metal ions from the industrial effluent, ensuring regeneration and reusability. Our results
indicate that these prototype hybrid MFC membranes represent the most promising type of next-generation high-performance
filtration devices for a more sustainable society.
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B INTRODUCTION

The increasing population growth, urbanization, and rapid
industrialization are continually putting pressure on the global
water demand, which is translated into an alarming scenario
where available freshwater supply is no longer matching the
patterns of the running developments.'™

energy cost), high fouling tendency, and an asymmetric pore
morphology across the membrane thickness."*~"*

Under the framework of the European Union (EU) green
circular economy, biobased polymers for water filtration are
being promoted as an alternative to petrochemical-based
polymers for preserving and improving the environment for

Pressure-derived the future. Consumers are also more attracted by these eco-

membrane separation has long served as a feasible option to
provide safe water in many deserted areas, coastal regions, or
remote.’™® Despite its versatility in tackling water scarcity, this
type of membrane has been unfavorably addressed as the most
energy-intensive water treatment technology with high costs and
energy demand.”'® These combined requirements are often
beyond the impoverished communities’ possibilities that
desperately need low-cost, safe drinking water. Furthermore,
most polymeric membranes for water filtration (microfiltration
to ultrafiltration), including hollow fibers and spiral wound, are

g8

manufactured by the phase inversion metho that produces

structures with intrinsic limitations, like low water flux (high
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friendly products that can either replace or, at least, reduce the
dependence on petrochemicals."

In this context, nanocellulose, prepared through a top-down
approach from wood biomass and, in particular, microfibrillated
cellulose (MFC), has shown high efficiency for the removal of
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Figure 1. Summary of functional groups grafted on the surface of microfibrillated cellulose (MFC). (a) SEM images of functionalized MFC were
captured after freeze-drying. Computational 3D structures of the three functional groups (hydroxyl-, phosphate-, and methyl-) (b). Lab-scale
fabrication of composite membranes using pristine and functionalized MFC. The hybrid approach was followed to maintain a highly porous structure.
(c) Thus, long pine fibers (LPFs) were mixed with MFC for the fabrication of membranes using vacuum-filtration. The image also shows the produced
composite membranes and the SEM image at low resolution. (d) Scaling up of composite membranes for the production of spiral wound modules was
performed using the traditional paper making approach. The Experimental Paper Machine (XPM) was used for the production of composite

membranes via the roll-to-roll method in continuous mode (Figure S1).

various pollutants and has been modified and improved for this
action extensively by several groups.'®”'® Indeed, MEC has
unique characteristic properties, including high aspect ratio
(>100), crystallinity (65—95%), tensile strength (200—300
MPa), elastic modulus (6—7 GPa), and low {-potential (—10
mV).>"? Furthermore, the MFC adsorption ability and its
tendency to form stable networks when dried make it an
excellent candidate for flat sheet membranes or module
processing. As demonstrated by our group in earlier
works,”*™** MFC could be a useful, functional, and robust
biobased material in the field of water purification.

The removal of charged impurities by adsorption on MFC
membranes functionalized with charged moieties'”'® has the
advantage of lowering both the pressure and energy demands
without compromising the membrane selectivity. Even though
this area is a hot topic, only very few studies on the separation of
the charged impurities via affinity membranes with nano/

microfiber technology have been reported in the litera-
ture, 162425

Furthermore, extending the scale from the lab prototypes
(centimeter size) to the industrial pilot systems without
compromising water flux, selectively, mechanical stability, and
pore-size distribution is a huge design challenge. We have faced
this issue using the traditional paper-making approach through
the Experimental Paper Machine (XPM) and introduced pulp
fibers (5—2S pm diameter) as a matrix during the preparation
process for improving the porosity of the pristine MFC
membranes. These fibers have a more open networking
potential”***” and determine an ultrafast water flow in the
microfiltration range. We selected the commercial-grade MFC
with a high charge density and characterized it with a great
variety of experimental techniques and computational studies at
the atomic level. These simulations were very useful to disclose
the various types of supramolecular structures and the
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interactions of the grafted active groups (i.e., phosphate
(PO;*7), methyl (CH,), carboxylic (—COO~), hydroxyl
(—OH)) with the metal ions. Our final result is the development
of a fully biobased high-performance, functionally active MFC-
based membranes system that is entirely sustainable, biode-
gradable, and reusable.

We employed the chemo-enzymatic functionalization (i.e.,
phosphorylation using enzyme hexokinase and chemical
catalysis) to increase the density of the selected functional
groups for the effective separation of the pollutants and
technology transfer via a scaling up of active hybrid membranes,
which was utilized in continuous mode. To demonstrate the
idea, we designed and developed spiral wound modules that
were used as a cartridge for the separation of the metal ions from
the industrial effluent. Interactive nanoscale analysis of the
grafted functional groups in the presence of the impurities was
performed using various sophisticated techniques flanked by
classical molecular dynamics simulations based on a reactive
force field. These could describe bond breaking and formations
and all the interactions between the model MFC matrixes and
the polluted solution efficiently, providing a reliable interpreta-
tion of the experimental finding and predictions of the effects
deriving from the materials modulations. Likewise, these
fabricated fully biobased sustainable composite membranes
have the capability to emerge as new generation composite
membranes for the separation of charged nanopollutants like
metal ions and could be used in the future for dyes, drugs,
bacterias, viruses, etc. These functionalized microfiltration
composite membranes can be upscaled in a complete water-
based-system (continuous mode). Furthermore, an effective
design of the spiral module could extend its removal capabilities
to other pollutants present in solution. Thus, a new prototype of
modules that is capable of being used at pilot/industrial scale for
the continuous removal of pollutants from industrial effluent in
the long-run has been reported here.

B MATERIALS AND METHODS

High-grade microfibrillated cellulose (MFC) was provided for free by
Borregaard AB, Sarpsborg, Norway. The charge density was close to
28.54 + 4.09 pmol/g, and the dry concentration was 9.3 wt %.28
Enzyme hexokinase was purchase from Novozymes, and all other
chemicals used in this study were purchased from Sigma-Aldrich. All
the chemicals (analytical grade) were used without any further
purification. The industrial effluent (biosludge) contaminated with
metal ions was collected from a cellulose production mill (paper and
pulp industry) located in Sweden. Commercially available filters
(cartridges), porous spacers, and impermeable barriers were purchased
from IKEA.

Functionalization and Fabrication of MFC-Based Hybrid
Active Membranes. First, pine fibers were wet up overnight for
swelling and then disintegrated for 20 min (SR value 13.6). The fiber
suspension was stored at 4 °C for further use as required. The grafting of
functionally active polar and nonpolar groups (phosphate- and methyl-
) was performed as mentioned in the Supporting Information, and the
obtained charge density was 120.4 + 1.2 and 8.6 + 1.4 umol/g for
phosphate and methyl groups, respectively (Table S1).

Active hybrid membranes were fabricated using vacuum-filtration
(Figure 1c), as described in a previous publication” (see details in the
Supporting Information(SI)).

Upscaling and Module Design. Only phosphate-MFC functional
composite membranes were upscaled. The composition of the scaled
composite membranes was the same as the vacuum-filtered membranes
(1:1 ratio, total 1 wt %). A traditional paper-making approach (Figure
1d) on Experimental Paper Machine (XPM) was used in continuous
mode (Figure S1). The detailed process is reported in the Supporting
Information and in a previous paper of ours.”’

Modules of phosphate-MFC-based active composite membranes
were produced as flow-through (FTM) and flow-over (FOM) designs
(Figures S2 and S3).

Characterization of Grafted Functional Groups and Active
Hybrid Membranes. The quantitative analysis of the functional
groups was performed via titration.””® The surface {-potential of the
suspensions was measured using a Mutek SZP 06, MUTEK instrument
(SD).

All functionally active hybrid membranes were characterized using
an IR instrument (Varian 670-IR FTIR spectrometer) equipped with an
attenuated total reflection (ATR) detector. All samples were scanned
from 500 to 4000 cm™". The '*C CP/MAS spectra were captured using
295 + 1 K in a Bruker Avance III AQS 400 SB instrument operating at
9.4 T for pristine and methyl-CMF, and *'P MAS NMR spectra were
recorded in a Bruker Avance instrument using a MAS rate of 10 kHz
and a 4 mm probe as reported previously.” The X-ray diffraction
measurements were performed on a D/max III X-ray diffractometer
(Rigaku Tokyo, Japan), equipped with nickel-filtered Cu Ka radiation
(2 = 0.15418). Interlaminated spacing, d spacing was calculated using
Bragg law,”” for wet composite membranes first. Then the network was
arrested through freeze-drying (Supporting Information). Further-
more, the surface wettability test was carried out by means of an optical
contact angle meter at room temperature, with the sessile drop
technique.® The particle size distribution of filtered polyethylene glycol
(PEG) was characterized by laser diffraction (Mastersizer 3000,
Malvern, UK). Mechanical properties of dry and wet modules were
measured with a tensile tester (Lorentzen & Wettre, ABB), and strain
stress cured was drawn using raw data.

Nano-/Microstructured Morphology and Pore-Size Distribu-
tions. The morphologies of MFC and fabricated active hybrid
laminated membranes were analyzed using a scanning electron
microscope (JEOL, JSM-6010LV, SEM). Furthermore, the high-
resolution images of the active membranes were taken through a
TESCAN MAIA3 Triglav (Supporting Information). The N,
adsorption analysis was performed using a Micromeritics ASAP 2000
instrument for the measurement of the pore-size distribution.

Water Permeability of Active Hybrid Membranes and
Modules. The water permeability of all vacuum-filtered hybrid
membranes was analyzed through a customized dead-end cell apparatus
(Figure S4a) as reported by Zhu et al.'® In particular, an active filtration
area of 90 cm” was considered for the water permeability measurement
with a differential applied pressure of 0.5 bar. The water permeability of
the spiral modules (flow-through module and flow-over module) was
measured using a continuous flow system, as shown in Figure S4b.
Differential pressures of 1—4 bar were applied for the constant water
flow. It should be noted that only distilled water was employed for the
active hybrid membranes except for the spiral modules, where distilled
water and industrial effluent were used. For the continuous water
filtration test with time, a Convergence clean water flux (CWF) pilot
system was used as reported in a previous publication of ours.®

Separation of Metal lons from Industrial Effluent. The
industrial effluent contaminated with various metal ions (Table S2)
was used to measure the efficiency of the vacuum-filtered hybrid
membrane and the designed modules. The separation of metal ions
(vol. 300 mL) through lab-based hybrid membranes was carried out
with a customized dead-end-cell apparatus. For the spiral modules, 7 L
of industrial effluent was passed through (FTM) or over (FOM) in a
continuous process (Figure S4b). Quantitative and qualitative analyses
of the metal ions after adsorption were recorded on an inductively
coupled plasma optical emission spectrometer (ICP-OES) (details in
the Supporting Information).

Representative Molecular Models and Molecular Dynamics
Simulations. Possible models of the hybrid membranes functionalized
with phosphates and methyl groups were built starting from an already
optimized fiber that consisted of aligned glucosyl chains organized in a
rod-like structure.”'®™'® The original prototype was modified by
adding, randomly, phosphate or methyl groups on the four long sides of
the rod, in a concentration that agreed with the experiments (Figures SS
and S6). Then, to obtain the hybrid MFC matrixes, three fibers were
combined, in each case (i.e., phosphate- or methyl- MFC models),
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Figure 2. Characterization of grafted MFC using various advanced techniques. (a) Grafting of the phosphate (PO,>”) and the methyl (—CH,)
functional groups. (b) {-potential of pristine and modified MFC was calculated using a zeta-sizer. (c) Contact angle measurement was performed as
reported in the text, and a very high contact angle was found for the nonpolar methyl grafted functional group. Grafted functional groups were further

characterized using (d) FTIR and (e—h) XPS.

piling them one on top of the other (in the Z-direction) at an angle of
approximately 60°. A packed disordered bulk representation of the
hybrid cellulose-based filters (methyl-MFC and phosphate-MFC) was
obtained by employing a series of molecular dynamics simulations in
the NPT ensemble at ambient temperature and different pressures
(Figure S7). This stage was mandatory to induce a compact
reorganization of the chains in stable relative arrangements. Indeed,
during the dynamics runs, the glucosyl chains changed their
conformation and moved to other locations to produce more realistic
packing densities of approximately 1.5 g/cm?® (with a final box size of
approximately 71 X 73 X 25 A%).

The last sampled geometries of the NPT production dynamics (final
simulation at ambient temperature and pressure) were used as the
starting arrangements of the simulations in solution. The phosphate-
and methyl-MFC structures were solvated by adding water molecules

and metal ions (40 ions and approximately 3000 water molecules) on
top of one of their sides (plane XY), and periodic boundary conditions
were applied in all directions to mimic an infinite system. Mg>* and Cr**
metal ions were randomly inserted in the added water layers, separately
and in a 50—50% combination at a concentration that was defined on
the basis of the experimental evidence. The analysis of the simulation
results was focused on the last portion of the trajectories (100
configurations), considering atom—atom radial distribution functions
(RDFs), percentage of surrounding species (within a 3.5 A range),
membrane pores, and tunnels. A visual examination of the final
configurations was crucial to reveal possible adsorption trends in the
two MFC architectures and connections with experiments. Here, it is
worth mentioning that, under the influence of the surrounding solvent
molecules, at the end of the production runs, the cellulose chain packing
in each case became less compact and slightly inflated. Larger deviations
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were found in the case of the phosphate functionalization that
presented wider pockets and a more significant number of tunnels
(Figure S8). For more details, see the Supporting Information.

B RESULTS AND DISCUSSION

A first comparison between the functionalized MFC (-phos-
phate and -methyl) membranes and the pristine reference
revealed that the first ones have a higher charged density (Table
S1), which is more marked in the case of the phosphate
functionalization. Instead, the SEM images displayed in Figure
1a, which depict the morphology of these materials, suggest that
the differences are not significant (Figure 1b), and only a slight
thickening of the fibers takes place after methylation. This seems
to indicate more compact supramolecular arrangements. A
parallel with the models obtained through molecular dynamics
simulations revealed that the hydrophobic interactions of the
methyl groups were responsible for the creation of the tightly
packed structures with less porous glucosyl networks.””>"

Considering the scalable route, vacuum-filtration (Figure 1c),
and the physical properties of the produced hybrids reported in
Table S1, it was found a significant decrease in tensile strength
after grafting both phosphate and methyl groups and the
formation of porous materials with similar patterns in terms of
densities and air permeance (Table S1). The diagrammatic
representation of the hybrid membranes scaling up shown in
Figure 1d together with the XPM details of Figure S1 indicates
that there is no apparent significant difference between the
vacuum-filtered and upscaled hybrid membranes (Figure 1c,d)
except for high tensile strength in the case of the upscaled
hybrids that could be due to the alignment of the long pine fibers
toward the machine direction,”****~

The characterization of functionally active hybrid membranes
was performed using various advanced techniques (Figure 2).
The diagrammatic representation of the grafted functional
groups on the surface of MFC is illustrated in Figure 2a (C6
position of cellulosic monomer). A highly negative surface ¢-
potential was obtained for the phosphate-MFC membranes at
acidic pH (Figure 2b), whereas a positive {-potential was
recorded for the methyl-MFC membranes at acidic pH, and a
decrease in the surface {-potential from acidic to alkaline took
place in agreement with previous data.’*"*® The surface
wettability was evaluated through contact angle measurements.
A very high contact angle (68°) was recorded for the methylated
system, and a decrease in the contact angle was observed for
pristine- and phosphate-MFC-based membranes (Figure 2c).
Again, it could be speculated that the contact angle increases
with the hydrophobic nature of grafted moieties, in perfect
agreement with the decrease in the polarity of grafted functional
groups.”

The comparison of the attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectra of the grafted hybrid
membranes with pristine reference identified changes in the
structure through the appearance of the 1210 and 930 cm™
signals in the case of the phosphorylation that could be assigned
to the P=0 and P—OH vibration modes, respectively,40 and a
decrease in the intensity and change in the profile for 3400 cm ™"
band, which could be ascribed to the stretching of the O—H
bond due to partial substitution of hydrogen groups during the
methylation of MFC. Furthermore, an increase was observed for
the band around 3200 cm™" assigned to the C—H stretching
due to the CH and CH, groups of cellulose and CH; of methyl-
MEC (Figure 2d).M

A detailed X-ray photoelectron spectroscopy (XPS) analysis
of modified MFCs is illustrated in Figure 2e—h. As expected, the
spectra of the functionalized MFC showed signals from carbon
(C 1s) and oxygen (O 1s) mainly. For methyl-MFC, the C Is
spectrum revealed the presence of different chemical bonds:
C—H and C—C bonds at a binding energy of 284.4, a C—O
bond at 286.3, one peak at 287.8 assigned to C—O and O—
C—O bonds, and O—C—OR bonds at 290.5 eV.*>* High-
resolution C 1s XPS spectra of phosphate-MFC are displayed in
Figure 2g. The deconvolution into three subpeaks indicates
three types of C—O bonds. The pristine-MFC had peaks at
284.4 (shoulder), 286.2 (strong), and 287.4 (shoulder) for C—
C—, C—0, and —O0—C—0—, respectively.‘?”44 When
phosphorylation occurs, the intensity of the peaks is significantly
decreased due to the high amount of Mg ions.” Furthermore, a
symmetrical strong O 1s peak at around 532.7 for —C—O,
which changes to asymmetrical after phosphorylation, is shown
in Figure 2h. The main O 1s peaks are still located at around
532.7 eV for —C—O, but a weak shoulder appears at around
531.5 eV for —P—O—."" A full XPS scan of the function-
alized MFCs is given in Figure S9a in the Supporting
Information.

To qualitatively assess the covalent attachment of the
functional groups, '*C cross-polarized magic angle spinning
nuclear magnetic resonance (CP MAS NMR) was used, and the
comparison of the chemical shift of carbon six (C6) of the
functional groups before and after the reaction was carried out;
the spectra displayed in Figure S9b, exhibit typical signals of
cellulose at 107 (C1), 76 and 72 (C2, C3, and C5), and 66.6 and
64.4 ppm (C6). A parallel of this data with the spectra of
phosphate-MFC showed that the chemical shift of C6 shifts
from 66.5 to 55.2 ppm after its substitution with a phosphate
group. Instead, the methylated membranes have resonance lined
at 105, 87/75, and 60 ppm.

X-ray diffraction (XRD) spectra of all three-hybrid mem-
branes are shown in Figure S10. These were recorded in dry and
wet conditions to identify the fluctuation in the interlayer
spacing after the grafting of functional groups. A significant
shifting of the 002 peak (d spacing) of phosphate (+5.7 A) and
methyl (+3.2 A) compared to the pristine-MFC was recorded in
dry conditions, which confirmed the wider interlayer spacing of
phosphate grafted hybrid membranes and the followin§ pattern:
phosphate-MEC > methyl-MFC > pristine-MFC.***” Instead,
in wet conditions, a significant shrinking of the 002 peak (d
spacing) (—2.1 A) of methyl-MFC hybrid membranes (Figure
S10, inlet), a wide interlayer spacing of pristine-MFC (+6.4 A),
and intermediate for phosphate-MFC (+1.3 A) were recorded
(Figure S10, inlet). Such shifts indicate a swelling of the
membranes in water. Indeed, a high swelling of pristine-MFC
membranes corresponds to lower interlayer spacing, and after
the grafting of phosphate groups, low swelling was detected.” A
drastic quenching of the methyl-MFC interlayer spacing in wet
state could be ascribed to the tendency of the methyl groups to
escape from the water interface and reorganize the fibers in more
hydrophobic core regions. Thus, the fibers association strongly
depends on the distribution of the methyl moieties along the
cellulose chains and is induced by the more populated methyl
patches. The improved aggregation could be due to the interplay
between the swelling of the more polar regions and the
conn:;ctions developed because of the hydrophobic associa-
tion.

Sieving Performance of Grafted Hybrid Membranes.
We defined an approach where the sieving performance of the
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Figure 3. Pore structures and pore-size distribution of the fabricated laminated membranes using the BET analysis for (a) phosphate, (b) methyl, and
(c) laminate membranes produced on XPM in continuous mode. (d and e) Particle size distribution of commercially available filter having a pore size
0f 0.4S ym using a simple filtration approach. A comparative study of the particle size distribution of the PEG nanoparticles via (f) phosphate-MFC, (g)
methyl-MFC, and (h) membrane produced on XPM. (i) Water permeability of all four membranes (50 gsm) was analyzed; color coding: black, blue,
red, and green are for pristine, lab scale phosphate-, methyl, and upscaled phosphate-composite membranes, respectively. (k) Adsorption of metal ions
(water and industrial effluent model). (j) Comparative study with the literature.

fabricated composite membranes could be controlled by the
grafted functional groups. The pore-size distribution of all
hybrid membranes was measured using Brunauer—Emmett—
Teller (BET) analysis (N, adsorption). A narrow pore-size
distribution and low pore volume were detected for the pristine-
MFC hybrid membrane (Figure S11a), where the mean pore
size was approximately 0.27 um. In parallel, a significant

fluctuation in the pore-size distribution after grafting phosphate
and methyl groups was observed, as displayed in Figure 3a,b.
This fluctuation of the pores distributions is correlated with the
type of the grafted functional groups, as evidenced by the
theoretical predictions of an earlier investigation where it was
found that the interlayer spacing of phosphate and methyl
functionalizations was approximately 11.4 and 6.9 A, respec-
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Figure 4. Atom—atom radial distribution functions describing the relative positions of the metal ions and the cellulose oxygens, namely, all cellulose
chain oxygen, excluded the (a and b) phosphate head groups and (c) phosphate oxygens. (a) Methyl-MFC simulations and (b and c) phosphate-MFC
simulations. The different metal ions concentrations are indicated in the legend: black = only Cr** ions; red = only Mg** ions; blu and magenta = 50%
Mg** and 50% Cr*" ions. Some of the possible binding modes of the Mg>* and Cr** ions to the cellulose chains extracted from the final snapshot of the

(d) methyl-MFC and (e) phosphate-MFC simulations.

tively.” A similar trend was observed in this work by using the N,
adsorption analysis. It is worth mentioning that no significant
change in pore-volume and -size distribution was detected in the
upscaled hybrid membrane compared to its vacuum-filtered
counterpart, which indicates that the up-scaling approach of
hybrid membranes from the lab-to-pilot scale in water-based
sustainable systems was accurate and balanced.

To further elucidate these mechanisms, we compared the
sieving performance of the new membranes with that of
commercially available filters having a pore diameter of 0.45 ym

(Figure 3d,e), focusing on the filtration of polyethylene glycol
(PEG) nanoparticles and the resulting particle size distribution
after filtration (Figure 3f-h).

The PEG particle sizes from the commercial filters were
distributed in a range of 0.25—0.5S ym (Figure 3e), whereas
those obtained from the phosphate-MFC hybrid membranes
(Figure 3f) explored a slightly larger range (0.30—0.61 ym) that
well-compare with the data obtained from commercial devices.
In parallel, a drastic decrease in the particle size distribution was
recorded for the methyl- MFC hybrid membranes (Figure 3g),
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confirming their more compact supramolecular organization
with smaller openings. The PEG particles after filtration through
the upscaled hybrid membranes (Figure 3h) were in a similar
range as reported for vacuum-filtered hybrid membranes. These
results suggest that tuning the interlayer spacing within the
cellulosic hybrid membranes by grafting selected functional
groups can significantly affect the membrane performance.

The effect of functional groups on the water permeance of
active hybrid composite membranes was then investigated using
the customized dead-end cell technique (Figure S4a). The
density of fabricated hybrid membranes was adjusted to 50 g/m*
by controlling the filtered hybrid volume. The water
permeability of all composite membranes was tested with
respect to operation time (Figure S12). A drastic decline of the
water flow for the methyl MFC composite membrane was
obtained up to 120 min, and after that, a stable water flow was
observed. In parallel, a shorter decline time was recorded for all
other membranes compared to upscaled-MFC membranes. In
the case of pristine-MFC hybrid membranes, the water
permeance reached up to 1050 L/h/m? (Figure 3i), 42-fold
higher than that of the pristine-MFC nanosheet.””*’ We tested
the water permeance of other hybrid membranes similarly, using
pure water in dynamic mode. A significant increase in water
permeance due to the phosphate groups (1500 L/h/m?*) was
obtained, whereas in the case of methyl groups, a decrease in the
water flux was observed (900 L/h/m?) (Figure 3i). This agrees
with the close-to-ideal stacking of the grafted functional group
networks, where the interfiber spacing is regulated by the
effective size of the head groups and their electrostatic
interactions with the neighboring species. The size of grafted
functional groups decreases in the order of phosphates, and
methyls, hydroxyls (in agreement with the computational
studies), and a similar pattern was followed by the water
permeation analysis. Interestingly, the water flux decreased with
the polarity of functional groups, demonstrating the importance
of controlling the surface chemistry of these hybrid systems™*~>
to enhance the water permeance across the membranes (Figure
3i).

To further validate the performance of our active membranes,
we checked the behavior of the functionalization during
microfiltration. We measured the performance rate of several
metal ions in a dead-end configuration (Figure S4a). We
selected model wastewater contaminated with Mg*" (single ion
system) and a real industrial effluent (multi ions system). The
highest percentage removal (94%) was recorded for the
phosphate-MFC hybrid membranes followed by the methyl-
MEFC; the lowest percentage was obtained with the pristine-
MFC membranes in the case of magnesium ion in a single ion
solution (Figure 3j), but in parallel, the removal percentage of
ions from the industrial effluent was in the order of Co** > Cr** >
Cd* > Mg* for the phosphate-MFC hybrid membrane. A
similar pattern was followed for methyl- and pristine-MFC
composite membranes as detected by using ICP-OES. The ionic
radii of Cd**, Co?**, Mg**, and Cr’" were 0.95, 0.88, 0.86, and
0.75 A, respectively,”” and the pore-size distribution of hybrid
functionalized membranes were in the range 0.25—0.55 pm.
Thus, the sieving of metal ions through the fabricated
membranes was impossible. The surface charge densities of
grafted functional groups were 120.4 + 1.2, 8.6 + 1.4,and 32.5 +
2.3 pumol/g for phosphate-, methyl-, and pristine-MFC hybrid
membranes, respectively (Table S1). All these data indicate that
a higher concentration of negatively charged species maintained
in the assemblages a greater adsorption capacity of the positively

charged metal ions (strong electrostatic interactions).”>* It has
been noted that methyl-MFC has a positive surface charge at
acidic pH (5.0) (Figure 2b), which in principle should divert the
binding of the positively charged metal ions. Instead, as
demonstrated in the literature, chitin nanocrystals from crab
shells with a positively charged surface can be efficiently used for
the immobilization of negatively charged metal ions through a
chelation binding mechanism.”>*® This could explain our
results, and we could speculate that a sort of trapping takes
place also in the case of methyl groups, as shown by the
simulation results in Figure 4a.

The highest removal (94%) of Mg*" ions was obtained with
the phosphate-MFC action for the single type of metal system
compared to methyl-MFC (69%), whereas when different types
of metal ions were present, a similar pattern of adsorption is
being analyzed. We could speculate that the initial low
concentration of magnesium ions (2000 pg/L) determined
the high rate of removal in the single type of ions system. Saito
and Isogai’” reported that the primary factor influencing the
adsorption selectivity of metal ions is their electronegativity. The
electronegativity of the metal ions was in the order of Cd** >
Co*" > Mg** > Cr*",>® which does not follow the separation
order in the multiple ions system. The thermodynamics
explanation of this sorption affinity we have observed is
extremely challenging and requires long dedicated studies.

The hybrid functionalized membranes demonstrated remark-
able performance toward water purification and metal ions
capture compared to the current state-of-the-art (Figure 3k); the
highest capacity (mg/g) of phosphate-MFC hybrid membranes
was recorded for magnesium ions in a single type of ions system
(500 mg/g); furthermore, approximately 300 mg/g was
observed in industrial effluent (Figure 3k). Our results suggest
that the packing of fibers has a direct influence on the resulted
interlayer spacing and can be modulated appropriately to design
more selective scavengers.

Characterization of the Binding Modes of the lons and
Their Self-Interactions. The analysis of the simulation results
that identified the capture mechanisms in the two cellulose
models was mainly based on the inspection of the RDFs and
visualization of the regions surrounding all the ions, separately.

The starting configurations were prepared in such a way that
all the ions were well-solvated, located far apart from each other,
and positioned relatively far from the cellulose supports. Still,
already during the equilibration period, the ions started to
approach the cellulose interface and to interact with the various
oxygens of the chains directly or through the mediating action of
the water molecules of the first solvation shell. In fact, when not
in contact with the cellulose chains, the two metal ions appeared
as hexa-aqua-metal ions ([Cr(H,0)¢]*", [Mg(H,0)¢]*"),
octahedrally coordinated by six water molecules.

The high affinity of these ions for the oxygen atoms resulted in
a relatively strong water-metal electrostatic association that was
responsible for three possible types of connections of the other
species close by. The experimental data are also suggesting that
the electrostatic interactions are the dominant mechanism for
the separation of the metal ions. The binding reactions could
involve the outer coordination sphere (binding with the
interposed water molecules), the inner sphere (exchange
reactions), or both of them, and the processes could compete
with each other, influencing the rate of the whole mechanisms.

The extent of the local water content and the arrangement of
the cellulose chains were the main features that regulated the
ions binding mode, and the propensity to interact through the
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inner-sphere increased with the local hydrophobicity. In the case
of phosphates, it was found that, besides outer-sphere
interactions (mainly hydrogen bonds), monodentate, bidentate,
and bridge bidentate inner-sphere complexes could be formed.
This was mostly observed in the case of Mg2+, whereas the
chromium ion was often found as [ Cr(H,0);OH]*" species and
not as [Cr(H,0),]*". The whole scenario depicted by the
simulations entirely agrees with the experimental/theoretical
observations reported in the literature regarding the structure
and behavior of Mg*" and Cr’" ions in solutions and their
fundamental binding modes to different types of compounds.®”

As the RDFs plots shown in Figure S13c,d suggest, the first
solvation layer, identified by the sharp peaks at around 2.1 A with
a minimum at approximately 2.8 A, is relatively stable and does
not exchange solvent molecules with the second layer. This is
confirmed by the flat region between the first and the second
peaks at about 4.3 and 4.5 A for the methyl- MFC and
phosphate-MFC systems, respectively. Notwithstanding the
common trend, it is apparent that the presence of phosphate
moieties affected the shape of the first solvation layer, inducing a
reduction of the peaks’ heights and the splitting and shifting of
the peaks to shorter (around 1.8 A) and longer (2.25 A)
distances, both in pure and mixed solutions. These findings
indicate a stronger attraction of the ions to the phosphate head
groups and a preference for Mg*". The visualization of the
various ion-capturing modes by the cellulose oxygens revealed
different scenarios, including single connections, group
cooperation effects (involving various nearby chains), indirect
binding by intermediate water molecules, ions self-interactions,
or mixed Cr—Mg binding, but in all cases. Peaks splitting/
shifting effects are also visible in the RDFs plots of the ions with
all the cellulose oxygens, phosphate excluded (Figure 4a,b and
Figure S13c,d). A partial solvation shell was always present
(Figure 4d,e and Figures S14 and S15). Similarly, the dominant,
sharp Mg** peaks at short distances and the broader lower Cr**
peaks in the same range in all the RDFs plots of Figure 4 and
Figure S16 indicate, indeed, that, in all types of solutions, both
Cr’* and Mg** can be close to the phosphate head groups
(1.95—2.05 A). Then, the examination of the coordination
number, which in the case of Mg was almost twice the value of
Cr, revealed that the phosphate moieties could capture more
Mg** than Cr** ions. The inspection of the mixed ion solutions
also suggests that multiple types of ions influence their mutual
adsorption due to competitive binding, and the ion-coordinated
waters are perturbed in their number and configuration. In fact,
some are replaced by the phosphate oxygens, while others
remain connected to their ions, readapting their arrangement to
the new environment.

In sum, the overall tendency of the ions was to be connected/
adsorbed to the MFC matrixes while preserving a variable
amount of coordinated solvent oxygens and interacting with
each other. Indeed, a limited self-aggregation of the metal ions
was observed in both the mixed and pure ion solutions, together
with the formation of small mixed aggregates made of three ions
at most. In the case of magnesium, we could identify a diatomic
cluster where the two ions were at a distance of about 3.3 A. This
is not surprising because these species have been observed
experimentally and predicted by quantum chemistry calcu-
lations.””"

Characterization of the Porous Structure of the MFC
Models lon Location and Dynamics. To provide a picture of
a possible organization of the MFC matrixes during water and
ion adsorption, the final sampled structures were displayed,

highlighting their channels and pockets (identified and
characterized by means of the CAVER analyst software) in
Figure S17 of the Supporting Information. There, the methyl-
MEFC and phosphate-MFC filters can be compared by
considering pockets distribution and size (gray, orange/red
regions shown as solid surfaces in the top figures of each model),
water permeation (cyan stick in the central figures of each
model), and channels size and location (empty white zones in
the bottom figures of each model).

At first sight, it is evident that, in the phosphate-MFC model,
the water flux is remarkable, and practically, the water molecules
flow from one side to the other side of the box. The cellulose
chains are more loosely arranged, the number and size of the
pockets are larger than the corresponding descriptors of the
methyl-MFC structure, and the total volume of the channels is
20% greater. Even though the water content of the two models is
similar, the distribution inside the matrixes is quite different,
showing high water content confined in the big channels on top
of the methyl-MFC model and almost no waters in the bulk
portion of the structure. This suggests that the tight packing of
the glucosyl chains prevents a fast translocation of the solvent
and of the ions too.

Further details on the location of the ions inside channels and
pockets can be achieved by an inspection of two sections of the
membranes shown in Figure S and Figures S18 and S19.
Focusing on the ion position, it can be noticed that, in the
methyl-MFC model (Figure Sc,d), the ions remain prevalently
inside the water pockets, close to their walls, and only a few tend
to migrate toward the tiny central channels driven by the
movements of a few water molecules. No ions are found in the

Figure 5. Snapshots extracted from the final stage of the MD
simulations of the (a and b) hybrid phosphate-MFC and (c and d)
methyl-MFC models in water solutions containing Mg** and Cr** ions.
Each image represents a section of the simulation box where solid
surfaces, rendered through gray and red regions representing the
carbon/hydrogen and oxygen contributions, highlight the porous
morphology of the cellulose matrix. Various pockets and tunnels
containing water molecules (cyan spheres and ** and Cr** ions (green
and ice-blue spheres, respectively) are visible. The cellulose chains are
rendered through gray lines, orange, and sticks to highlight phosphate
groups (a, b). For each simulation, two different box sections are

displayed.
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Figure 6. Module design and separation performance. (a) Commercially available cartridge. (b) Sketch represents the flow of water for separation of
impurities. (c) Configuration arrangement of membranes for production of spiral wound modules. Two types of spiral wound modules, namely, (d)
flow-through module and (e) flow-over module, were designed. (f) Commercial porous filter and (g) the produced filter are displayed. (h) Water
permeability of FOM and FTM with distilled water and industrial effluent. (i) Separation of the metal ions through the modules. (j) Regeneration
studies by changing in the pH (10.0) and acid wash were performed only for FTM. (k) Reusability of FTM. (1) Long-term stability of used laminated

membrane was carried out in dry and wet conditions.

bulk portion of the matrix, which hosts only scattered water
molecules. The situation is totally different when the chains are
functionalized with phosphates. Water is concentrated in a few
pockets but also distributed in the tunnels of the bulk; the ions
can reach the central region of the matrix and remain entrapped
there due to their strong interactions with the phosphate head
groups that are randomly distributed along the cellulose chains.

Module Design and Performance Test at Pilot Scale. A
very novel approach was adapted for the real test of hybrid
membranes on an industrial scale. Only phosphate-MFC-based
hybrid membranes were upscaled using the traditional paper-
making approach (fully water-based sustainable system) on
XPM in roll-to-roll”” (Figure S1). The modules of phosphate-
MFC hybrid membranes (Table S3) were designed for cartridge
application (Figure 6a), and a diagrammatic representation is
given in Figure 6b. Two modules, flow-through module (FTM)
and flow-over module (FOM), were produced as mentioned in
the Supporting Information (Figure S2), a spiral design was
followed, as shown in Figure S2d,e, and the final spiral module is
shown in Figure 6g and Figure S2f. Various porous cores used
for the production of cartridge spiral modules are shown in

Figure 6fand Figure S3 (with inner and outer diameters’ range).
It must be noted that modules were designed in such a way that
maximum interactions of pollutants with available functional
groups are possible. For FTM, water passed through the pores of
hybrid membranes for maximum interactions between pollu-
tants and grafted functional groups. (Figure 6d); in parallel, the
flow of polluted water over the membranes is only possible in
FOM (Figure 6e).

First, the water permeability of designed modules was
measured using distilled water and industrial effluent, as
shown in Figure S4b, in continuous mode. As expected, a high
water permeability was calculated for the FOM, due to the free
flow of water on the surface of used>** (Figure 6h), indeed, by
using both used waters (distilled and industrial water). The
cross-flow system, as shown in Figure S4b, was also used for the
separation of metal ions from polluted water, and all the applied
parameters for the separation process are reported in Table S4.
Our measurement revealed that the removal percentage (R% =
Cuntreated — Cureated/ Cireatea X 100) for single magnesium ions was
100. Moreover, a high removal was recorded by FTM compared
to the FOM designed modules (Figure 6i). Notably, the
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Functional membrane

Pour channels in 3D

Chelation with methyl group

Figure 7. SEM images of upscaled active composite membranes showed (a) a connection with long pine fibers with MFC, (b) a low-resolution image
of online produced active membranes, and (c) a high-resolution image of membranes with a pour channel. Diagrammatic 3D representations of (d)
pour channels available within the produced active membranes, (e) interactions of metal ion (Mg**) with grafted phosphate functional groups with the
pour channel, and (f) possible chelation mechanism for bindings of metal ions by methyl- MFC composite membranes.

complete removal of Co?*" and Cr*" was recorded for FTM, but a
low percentage removal (Co** = 90 and Cr’* = 87) was
calculated for FOM. The surface area available for the
interactions of the ions is higher in FTM compared to FOM.
Hence, the binding of ions with high densities of functional
groups is possible in FTM.”>* Furthermore, a low initial
concentration of metal ions has a direct influence on the high
removal efficiencies of the modules” ™% (Table S2). An
energy dispersive spectroscopy (EDS) image of Mg ions
adsorption on the membranes of FTM is given in Figure S20a,
and the surface morphology of FTM membranes after the
separation of metal ions from industrial effluent is shown in
Figure S20b. Not any single fiber is visible after the filtration of
industrial effluent.

Desorption and Reusability. The ability to desorb metal
ions from an adsorbent is a crucial factor in determining the
lifetime of the adsorbent. Thus, the regeneration of the used
module was investigated. In the current study, fluctuation in pH
and 1 M HCl was selected to study the regeneration (Figure 6j).
The fluctuations in {-potential with respect to pH are shown in
Figure 2b and indicate —5 mV at pH 10.0. The 7 L solution of
pH 10.0 was prepared and passed through the module; 48%
recovery of magnesium ions was calculated in the first cycle
(Figure 6j). A significant regeneration of the module was
calculated in the third cycle but no further detachment of ions
was recorded in the fourth. In the second set of regeneration
studies, 1 M HCl was used for the separation of magnesium ions;
a regeneration value of approximately 70% was obtained in the
first cycle, and a significant decrease in the second cycle was
detected (Figure 6j). The results follow the same pattern
reported in recent studies.'”'*** Furthermore, to check the
reusability, a regenerated module was further applied for the
separation of Mg ions. First, the module was washed with
distilled water, and model water at pH 5.0 contaminated with
ions was passed through the module in cross-flow mode. It is not

surprising that 82% recovery was detected in the third passage of
water, and no adsorption of ions was detected further (Figure
6k). The wet stability of membranes is shown in Figure 6l. A 4-
fold decrease in tensile strength was recorded compared to that
of dry membranes. Indeed, the breaking of the hydrogen bonds
in water made the membranes less strong.16 Instead, the
adsorption capacity of the module remained unchanged, which
suggests that the regeneration using a pH change and acid
treatment was successful.

Evaluation of Nanochannels in Upscaled Composite
Membranes. We were interested to disclose the reason for the
high water permeability of the upscaled hybrid membranes
compared to the vacuum-filtered ones. The alignment of the
fibers during the upscaling of hybrid membranes was observed
and further confirmed by the tensile strength and SEM
analyses.”” In the current work, we hypothesized that the
increase in water passage is due to the existence of nanochannels
(Figure 7) because of the alignment of the fibers toward the
machine direction. To confirm this hypothesis, the SEM images
of produced hybrid membranes were analyzed in detail (Figure
7a—c). A deep nanochannel between the fibers could be easily
seen (Figure 7c). This allows for the free flow of water through
the membranes. On the basis of the above findings, we propose
to expand our viewpoint on the directed water channels, which
are controlled by the gap between the aligned fibers.*

B CONCLUSION

We have explained that the attachment of polar and nonpolar
functional groups using chemo-enzymatic approaches can
efficiently control the interlayer spacing and enhance the sieving
performance of hybrid functional membranes. The hybrid
functional membranes demonstrate remarkable performance
toward water purification compared to the current state-of-the-
art. We have succeeded in transferring technology from the lab
to the pilot scale, and the upscaled hybrid membranes were
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further used for the production of cartridge modules. Two
modules (i.e., FTM and FOM) were designed according to the
flow of water and applied for the removal of metal ions from
industrial effluent. Our results suggest that polluted water
passing through the pore of membranes is effectively purified.
Furthermore, regeneration and reusability studies suggested the
breakthrough in purification using modules. We believe that our
strategy paves the way for the preparation of hybrid membranes
with high functional groups and tunable sieving behaviors. The
control of the surface chemistry of 2D hybrid membranes allows
for the further exploitation of the nanofluidic phenomenon
inside hybrid membranes at fundamental and practical levels for
water purification. Furthermore, the produced modules have
outstanding capabilities and are now ready for a real field test.
Changes in the structural morphology from 2D to sphere could
also be achieved in the future for the replacement of the packed
bed column (Figure S21).
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