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Nanoscale pores introduced into paper via
mesoporous silica coatings using sol—gel
chemistryt
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Mesopores, with diameters between 2 and 50 nm, not only increase the specific surface area, but also
generate hierarchically porous materials with specific properties such as capillary fluid transport, ion
specific pore accessibility, or size exclusion. Paper is a strongly hierarchical, porous material with specific
properties, such as capillary force-driven fluid transport. However, paper fibers change their morphology
during the initial step of wood disintegration. This results in changes of the porous fiber structure. In par-
ticular paper fibers loose their mesopores during the final drying step in the fabrication process. Here, we
investigate silica mesopore formation in paper by sol-gel chemistry and evaporation induced self-assem-
bly to specifically introduce and rationally design mesopore formation and distribution in cotton linter and
eucalyptus sulfate paper sheets. We demonstrate the importance of synchronizing the solvent evapor-
ation rate and capillary fluid velocity to ensure mesopore formation as well as the influence of the fiber
type and sol-gel solution composition. The combination of argon and krypton sorption, SAXS, TEM and
CLSM provides systematic analysis of the porous structure and the silica distribution along the cellulose
paper fiber length and cross-section. These results provide a deeper understanding of mesopore for-
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Introduction

Nanoporous and hierarchically porous materials offer a large
platform for several applications in the field of transport,
sensing, and separation processes.’ Upon nanopore
functionalization, e.g. using stimulus responsive-polymers,
complex transport, sensing and separation allowing charge
specific ion concentration or exclusion have been demon-
strated.” Materials with a hierarchical porous structure, such
as paper, inherit material properties specifically based on this
structural hierarchy. Inexpensive, portable, and easy to use
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mation in paper and how the latter is influenced by paper fluidic properties.

paper-based devices have been implemented in the field of
point-of-care diagnostics, sensor technology, or lab-on-a-chip
applications benefiting from capillary driven fluid transport
and paper functionalization.® However, the intrinsic porous
structure of the fibres is affected by drying and rewetting pro-
cesses, in particular during wood disintegration which is the
initial step in pulp fibre preparation. Lovikka et al. showed
that the specific surface area of dried pulp decreased by about
more than 95% compared to that of wet pulp by nitrogen
adsorption measurements.” The decrease of the specific
surface area is ascribed to the collapse of the pores and
especially affects the size range of mesopores. S. Cichosz et al.
explained the collapse of the pores as a combination of capil-
lary forces and the surface tension of water.>® The reduction
of specific surface area is ascribed to the collapse of the pores
due to dehydration while drying. This process is known as hor-
nification and it is described in the work of Mo et al.” When
rewetting the cellulose fibres, fibre swelling occurs which leads
to an increase in the specific surface area.*® Nevertheless,
rewetting does not restore the initial specific surface area and
thus the fibre porosity as well as the specific surface area of
the fibres remain below the initial value detected before the
drying procedure.*’ To preserve the fibre porosity, drying tech-
niques such as freezing or critical point drying can be used as
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shown in the work of Lovikka et al. and Mo et al.*® However,
during the paper production, fibres are exposed to different
temperatures, which inevitably leads to fibre drying and thus
to pore collapse. Because of the structural changes due to the
collapse of the mesopores of paper fibres, direct pore
functionalization for introducing sensing, gating, and separ-
ation properties in ions and small molecules in paper is not
trivial. Therefore, composite materials containing metal-
organic frameworks (MOFs)’ or silica nanoparticles’® can
provide a stable porous environment which is already able or
which can be functionalized in a further step to sense, separ-
ate or gate ions or molecules. Abdelhamid et al. and Wang
et al. showed the possibility of heavy metal ion sensing and
removal through the introduction of ZIF-8 or Zn-BTC into lab
engineered papers.'”'? The sensing function of the paper
MOF composite material is mainly based on the coordination
of the metal in the MOF. Besides heavy metals like Pb(u),'* As
(v)*® or Cr(u),"* paper MOF composite materials can also be
used for removing organic compounds from water like
toluene™ and benzotriazole,'® and even the removal of the
drug aspirin'” is possible. MOF paper composite materials can
also be used as humidity sensors as shown by Rauf et al.'®
integrating a MIL-96 (AL) MOF film on commercially available
cotton textiles taking advantage of its high affinity for water
which allows the detection of humidity with a detection limit
of 0.71% RH. Wang et al. showed that it is possible to detect
small biomolecules like micro RNAs with paper-based sensors
through the integration of gold nanoparticles and copper con-
taining MOFs." Another strategy to insert stable nanoscale
pores into paper is to introduce mesoporous silica nano-
particles like SBA-15. Moreira et al. demonstrated that amine
functionalized SBA-15 particles with immobilized horseradish
peroxidase can be used for the detection of ascorbic acid in
paper.'® Another example of paper modified with SBA-15 as an
enzyme immunoassay is presented in the work of Scala-
Benuzzi et al.*® Again, amino functionalized SBA-15 particles
were brought into paper and the anti-ethinylestradiol antibody
ethinylestradiol was immobilized in SBA-15. Based on an enzy-
matic reaction, the synthetically produced estrogen ethinyles-
tradiol which is used in hormone replacement therapies was
detectable and the quantity determinable. Ghosh et al. showed
that ultra-fast detection of Cr(vi) ions is possible with an
amino functionalized silica nanoparticle paper composite
material, which makes this material an easy to handle sensing
device.*" Also, the amount of histidine and cysteine in human
urine is detectable with paper SBA-15 composite materials as
shown in the publication of Razavi et al.?*> All these studies
added porous particles to a paper substrate but did not directly
introduce nanoscale pores into the cellulose paper fibre itself.
Ceramic coatings are suitable to template the fibre and on
the other hand for fibre coating. During templating, the
ceramic penetrates the complete fibre whereby the structure of
the fibre is transferred to the ceramic material, resulting in a
negative of the fibre itself.>*>* The templating of properties
into ceramic was used by Persson et al. to investigate the cell-
wall structure of fibres.> However, with coating the wetting
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properties of the fibre can be modified.>* In our previous
work, we could demonstrate that sol-gel chemistry and evapor-
ation induced self-assembly (EISA) are well suited to influence
the cellulose paper wettability as well as the fluid transport vel-
ocity with dense and porous ceramic coatings. Due to dense
silica coatings, the wettability of the cellulose paper can be
tuned from highly hydrophilic to water exclusion.”**°® With the
introduction of well-defined pores into paper, the hydrophilic
character remains and the fluid transport through the paper
can be accelerated compared to unmodified cellulose papers.>”
Interestingly, the hydrophilic character of the cellulose paper—
mesoporous ceramic hybrid material can be switched into
hydrophobic by the functionalization of the pores with a
stimulus responsive polymer which allows the control of the
accessibility of the pores.”® This finding demonstrates the
importance of nanopores in papers and thus their targeted
introduction. Besides the control and design of the wettability
and fluid transport in cellulose paper, these coatings can be
asymmetrically distributed along the paper length or cross-
section generating Janus paper allowing even side selective
and directed oil-water separation.***%*”

Here we present the systematic investigation and tuning of
silica mesopore formation in cotton linter and eucalyptus sul-
phate paper sheets by sol-gel chemistry and EISA. Mesopore
formation during dip-coating based on the EISA process only
occurs if the critical micellar concentration (CMC) of the pore
forming template is reached upon solvent evaporation. Using
krypton and argon 87 K adsorption, transmission electron
microscopy (TEM), and small angle X-ray scattering (SAXS)
measurements, new insights into the mesopore formation
during the EISA process were gained. The interplay of the
capillary fluid transport velocity and solvent evaporation rate
together with micelle forming template concentration and
CMC was determined to be crucial factors in tuning mesopore
formation in paper. Correlating 87 K argon adsorption and
confocal laser scanning microscopy (CLSM), the silica distri-
bution along the cellulose paper fibre length and cross-section
as well as its templating properties were investigated showing
mesoporous silica formation on the outer fibre surface as well
as inside the fibre lumen.

Results and discussion

Interplay of solvent evaporation, critical micellar
concentration, and capillary transport velocity for mesopore
formation in paper

To understand the influence of paper on mesopore formation
during the functionalization by sol-gel chemistry and the dip-
coating based EISA-process, laboratory-engineered cotton
linter and eucalyptus sulphate paper sheets were functiona-
lized with mesoporous silica. Therefore, sol-gel solutions con-
taining the precursor tetraethoxysilane (TEOS) and three
different concentrations of a mesopore forming template
Pluronic® F127 (TEOS ethanol ratio 1:20; 1:40 and 1:80)
were used. After dip-coating, the silica coated paper samples
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undergo a thermal post-treatment and the mesopore template
is chemically extracted afterwards (Fig. 1, Fig. S1f and
Experimental details). The obtained hybrid silica-paper
material is analysed with respect to mesopore formation.
Interestingly, cotton linter and eucalyptus sulphate paper
show a template concentration and cellulose fibre type depen-
dent formation of mesopores as deduced from argon adsorp-
tion isotherms and SAXS measurements (Fig. 2a, b, 3a and b).
Mesopore formation requires reaching the CMC of the meso-
pore forming template Pluronic® F 127 upon solvent evapor-
ation from the applied cotton linter paper sheets. The CMC
seems to be reached suitably fast only when using the sol-gel
solution containing a TEOS : ethanol ratio of 1:20 and thus a
high template concentration. When using sol-gel solutions
with lower template concentrations with TEOS : ethanol ratios
of 1:40 or 1:80 the CMC is not reached sufficiently fast
during the coating process, and thus no mesopore formation
occurs. In contrast to cotton linter paper sheets, mesopores
are generated within the silica coating of eucalyptus sulphate
paper sheets when using a sol-gel solution with an intermedi-
ate (TEOS:EtOH = 1:40) template concentration (Fig. 3b).
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This probably indicates a faster solvent evaporation due to
faster capillary transport and thus micelle as well as mesopore
formation occurs at lower template concentration in eucalyp-
tus sulphate paper sheets as compared to cotton linter paper
sheets.

Analysing the argon adsorption isotherms measured at
87 K, cotton linter paper sheets coated with a TEOS:EtOH
ratio of 1:20 show a IV(a) shaped isotherm with a H2(b) hys-
teresis loop (Fig. 2a dark cyan). This type of isotherm indicates
mesopore formation in the paper sheet as well as the presence
of pore blocking during the desorption process.”®*° The
specific surface area increases from 1 m® g~ * (11-point krypton
BET) for unmodified cotton linter paper sheets to 16.4 m”> g~
(11-point BET of the argon measurement) after mesoporous
silica coating which is a 13x relative increase. Based on the iso-
therm as well as the hysteresis loop type, fibre swelling can be
excluded. In gas adsorption, fibre swelling is indicated by a
type II isotherm with a H3 hysteresis loop.*®*° Upon increas-
ing the TEOS:EtOH ratio from 1:20 to 1:40 and 1:80 and
thus decreasing template concentration, an argon adsorption
isotherm of type II with a minimal occurrence of a
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Fig. 1 Schematic illustration of the interplay between evaporation rate, critical micellar concentration, capillary transport and withdrawal speed
during the dip-coating procedure based on the EISA process and the necessary conditions for pore formation on paper.
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(a) Argon adsorption isotherms measured at 87 K between 0 and 1 relative pressure of silica cotton linter hybrid paper sheets, which were

coated with sol—gel solution containing 1: 20 (dark cyan), 1: 40 (orange) and 1: 80 (blue) TEOS : EtOH ratios after degassing for 12 h at 80 °C. (c) and
(d) TEM images of the silica coating with the 1: 20 (c) and the 1: 40 (d) TEOS : EtOH ratio after the thermal removal of the paper at 500 °C for 2 h.

H3 hysteresis loop is obtained, which indicates nonporous and
microporous silica coating (Fig. 2a and b orange and blue
isotherm).>®** Thus, a specific surface area of 1.7 m*> g~* for
the 1: 40 ratio and a specific surface area of 1.2 m* g™ for the
1:80 ratio are obtained, which indicate the absence of meso-
pore formation in accordance with the shape of the adsorption
isotherms. No increase in the specific surface area as com-
pared to unmodified cotton linter papers (specific surface area
of 1 m”> g”") is observed for these samples showing a type II
isotherm. The observations from argon adsorption are consist-
ent with TEM images (Fig. 2c and d). Mesopores with a dia-
meter of 6 nm are observed in the TEM images from cotton
linter paper with a 1: 20 ratio coating (Fig. 2¢). In comparison,
the TEM images of cotton linter papers with a 1:40 coating
show only micropores with a pore diameter <1 nm (Fig. 2d).
Table 1 summarizes isotherm as well as hysteresis loop type,
specific surface area and mesopore size for the cotton linter
paper hybrid materials coated with 1:20, 1:40 and 1:80
TEOS : EtOH ratio containing sol-gel solutions.

Along with SAXS measurements of unmodified cotton linter
papers (Fig. 3a grey SAXS measurement), cotton linter paper
coated using sol-gel solutions with high (Fig. 3a, cyan SAXS
measurement), intermediate (Fig. 3a, orange SAXS measure-
ment), and low (Fig. 3a, blue SAXS measurement) template
concentrations are consistent with argon adsorption and TEM
measurements. The SAXS measurement of the paper sheet

This journal is © The Royal Society of Chemistry 2023

coated with a high template concentration shows a broad
Bragg peak at 0.51 nm™'. This peak is caused by scattering
centres in the mesopore size range which are arranged in a
regular distance of 12.3 nm in accordance with the interpore
distance obtained from TEM images (Fig. 3a TEM image). In
silica coated cotton linter paper samples using a sol-gel solu-
tion with an intermediate as well as a low template concen-
tration (Fig. 3 orange and blue SAXS measurements) and in
unmodified cotton linter paper sheets, no Bragg peaks are
observed (Fig. 3a grey SAXS measurement) indicating the
absence of ordered mesopores in accordance with gas sorption
results (Fig. 2a and b).

For eucalyptus sulphate paper coated with both sol-gel
solutions with high (Fig. 3b cyan SAXS measurement) and
intermediate (Fig. 3b orange SAXS measurement) template
concentrations, a Bragg peak at 0.51 nm™" (Fig. 3b) is observed
indicating mesopore formation under both conditions in con-
trast to cotton linter paper sheets. Therefore, the Bragg peak of
the eucalyptus sulphate papers coated with sol-gel solution
with a high template concentration shows a higher intensity as
compared to the eucalyptus paper sheet coated with inter-
mediate template concentration of TEOS: EtOH = 1:40. The
sol-gel solutions do not only differ in their template concen-
tration but also in the precursor concentration. With a higher
TEOS precursor concentration, a larger amount of silica
coating is deposited and with this a thicker coating layer

Nanoscale, 2023, 15, 9094-9105 | 9097
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(a) and (b) SAXS results of unmodified cotton linter and eucalyptus sulphate paper with high (cyan), medium (orange) and low (blue) concen-

tration of the template in the sol-gel solutions. TEM image and the corresponding FFT of the mesoporous silica coating after the removal of the
fibre (c) SAXS results for dense silica followed by a mesoporous silica coating with medium concentration sol—gel solution coated cotton linter
paper. (d) Results of the XRR experiments on silicon wafer coated with high, medium and low concentration sol—gel solutions.

Table 1 Summary of the isotherm as well as hysteresis loop type, specific surface area determined by a 11 point BET and pore size extracted from
the TEM image of unmodified, with 1: 20, 1: 40 and 1: 80 TEOS : EtOH ratio containing sol—gel solutions

High template con.
TEOS : EtOH (1 : 20)

Unmodified paper

Intermediate template con.
TEOS : EtOH (1 : 40)

Low template conc.
TEOS : EtOH (1 : 80)

Isotherm type Krypton 11 point BET IV (a) I I

Hysteresis loop type — H2 (b) H3 H3

11 point MBET [m? g% 1; R = 0.9995 16.4; R = 0.9999 1.7; R = 0.9999 1.2; R = 0.9995
Pore size [nm] — 6 <1 <1

seems to be formed. Based on TGA measurements a silica
coating amount of 6 wt% on eucalyptus sulphate paper was de-
posited (SI eqn (1)) when using a sol-gel solution with a
TEOS : ethanol ratio of 1:20 (high template concentration).
With a TEOS:ethanol ratio of 1:40 (intermediate template
concentration) 3.5 wt% silica is deposited onto the paper
sheet. A lower amount of silica coating contains a smaller
quantity of scattering centres in the silica coating which
results in the lower intensity of the Bragg signal as compared

9098 | Nanoscale, 2023,15, 9094-9105

to that due to a higher silica amount containing more scatter-
ing centres. Table 2 summarizes the conditions under which
mesopore formation occurs on cotton linter paper, eucalyptus
sulphate paper and planar silicon wafer. Assuming that a
higher capillary fluid transport velocity relative to the evapor-
ation rate is necessary for reaching the CMC and thus for
mesopore formation in paper, a sufficient reduction in capil-
lary fluid imbibition speed should result again in mesopore
formation even under conditions where this did not happen

This journal is © The Royal Society of Chemistry 2023
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Table 2 Summary of the isotherm as well as hysteresis loop type, specific surface area determined by a 11 point BET and pore size extracted from
the TEM image of unmodified, with 1:20, 1:40 and 1: 80 TEOS : EtOH ratio containing sol—gel solutions

TEOS : EtOH ratio Cotton linter paper
High capillary transport

velocity = 2.7 £ 0.2 em™*

Silicon wafer
No capillary transport
velocity = 0 em™

Eucalyptus sulfate paper
Low capillary transport
velocity =2 + 0.16 ecm™"

1:20 Yes
High template conc.

1:40 No
Intermediate template conc.

1:80 No

Low template conc.

with faster capillary fluid transport. One possibility to reduce
the fluid transport velocity of paper is to deposit a dense silica
coating. SAXS measurements of dense silica coated cotton
linter paper do not show a Bragg signal in the range of meso-
pores (Fig. 3c). Using the sol-gel solution (TEOS:EtOH =
1:40) with an intermediate concentration of the template did
not result in mesopore formation in unmodified cotton linter
paper sheets. A Bragg signal is observed at 0.51 nm™' for
dense silica coated cotton linter papers demonstrating that on
slowing down the capillary fluid transport in cotton linter
paper sheet with the use of a dense silica coating, mesopore
formation becomes again possible. Furthermore, mesopore
formation is observed for all three applied sol-gel solution
compositions showing a highly ordered arrangement when
coating them onto a planar silicon wafer. The porosity and the
pore arrangement of the thin mesoporous silica films on
silicon wafers were investigated by X-ray reflectometry (XRR).
Fig. 3d shows XRR measurements for all three silica films on
the wafer. A critical angle below 0.22° (the value expected for
bulk SiO,) is observed, which clearly indicates that the film
has a lower density arising from the mesoporous structure.
Moreover, the observation of diffraction peaks indicates that
the mesoporous structure displays a high degree of crystallinity
(also confirmed by GISAXS experiments). Film density, inter-
planar distances and film thickness are presented in the ESI
(Fig. S4t). These results clearly indicate that mesopore for-
mation in paper sheets using dip-coating and EISA strongly
depends on the TEOS:EtOH ratio and thus on the template
concentration as well as the fibre type which is related to the
interplay of the evaporation rate reaching the CMC and the
solution capillary transport velocity. The CMC has to be
reached relatively fast as otherwise the paper fibre structure
seems to prevent micelle and thus mesopore formation. This
is attributed to a non-synchronized capillary solution transport
into paper, solvent evaporation, and critical micellar concen-
tration and not reaching the CMC in a suitable timescale
before the mesopore forming template is probably trapped
into the cellulose paper fibres not being able to arrange into
micelles anymore. Therefore, for papers with a high capillary
transport rate, higher evaporation and a high template concen-
tration are required in order to reach the critical micellar con-
centration rapidly, and thus allow mesopore formation and
arrangement. Consequently, mesopore formation on cotton

This journal is © The Royal Society of Chemistry 2023

Yes Yes
Yes Yes
No Yes

linter and eucalyptus sulphate papers is related to different
capillary flow velocities (for cotton linter: 2.7 + 0.2 cm s~' and
eucalyptus sulphate: 2 + 0.16 cm s~ ') in the corresponding
paper sheets which is also caused by differences in the fibre
origin (Fig. S3 and S107). The capillary flow velocity affects the
available time for solvent evaporation and thus for reaching
the CMC. This accordingly also influences micelle formation
which results in mesopores after calcination. In cotton linter
paper sheets, the fluid transport is faster than in eucalyptus
sulphate paper despite having identical grammage and refin-
ing degree (Fig. S31). Consequently, the capillary transport of
the sol-gel solution is faster in cotton linter paper while the
evaporation rate is constant. Therefore, the evaporation rate
determines the time to reach the CMC which then induces
micelle arrangement required for mesopore formation upon
calcination. Thus, faster capillary transport seems to allow
uptake and transport of the sol-gel solution into the cellulose
paper fibres before reaching the CMC which apparently pre-
vents sufficiently rapid micelle formation and arrangement
and thus prevents mesopore formation.

Localization of the silica coating as well as pore formation on
and in cotton linter fibres

For understanding mesopore formation and mesoporous silica
coating properties such as the specific surface area, pore size
and pore size distribution and the local distribution of the
silica coating in the paper sheet, both the silica-paper hybrid
material and the mesoporous silica coating after cellulose
paper fibre calcination were analysed by adsorption and CLSM
imaging. Due to the low amount of mesoporous silica coating
(up to 8 wt%) the specific surface area of the silica-hybrid
material increases from 1 m? g~ for unmodified paper to
16.4 m”> ¢~ 'and mesopores with a pore diameter of 5.7 nm are
inserted into the paper sheet (Fig. 4a and c). Therefore, the
mesoporous silica coating amount of up to 8 wt% does not
change the structural paper composition on the micrometre
scale (Fig. 4b). There are two options to obtain the specific
surface area of the mesoporous silica coating without the
paper material. First the sample amount from the gas adsorp-
tion measurement can be reduced to the coating amount
based on the silica residue obtained by TGA measurements or
second by the thermal removal and the gas adsorption
measurement of the remaining silica coating (information

Nanoscale, 2023, 15, 9094-9105 | 9099
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Fig. 4 (a), (d) and (h) argon 87 K adsorption isotherms for the silica-paper hybrid material (cyan), the mesoporous silica coating after the thermal

cellulose removal (light grey) and for the dense silica coating after the thermal cellulose removal (black). The paper silica hybrid material as well as
the silica residue after the thermal removal of the cellulose were degassed at 80 °C for 12 h. (c), (f) and (j) Pore size and pore size distribution of the
silica-paper hybrid material, the mesoporous and dense silica coating after the thermal cellulose removal. (b), (e) and (i) SEM images of the silica-
paper hybrid material (b), the mesoporous (e) and dense (i) silica coating after the thermal cellulose removal. (g) and (k) TEM images of the meso-
porous (g) and dense (k) silica coating after the thermal removal of the cellulose at 500 °C of 2 h.

regarding the surface area estimation can be taken from the
ESIT).

Upon thermally removing cellulose fibres at 500 °C for 2 h
only the silica remains. This remaining silica shows fibre-like
structures with cracks indicating that the coating bursts upon
fibre calcination (Fig. 4e). The isotherm of the remaining silica
coating has a type IV(a) shape and a H2(a) hysteresis loop
(Fig. 4d).>®**° Compared to the silica paper hybrid material,
the argon adsorption isotherm for the mesoporous silica after

9100 | Nanoscale, 2023, 15, 9094-9105

cellulose removal has a steeper increase of adsorbed volume in
the relative pressure range from 0.25 to 0.5. At a relative
pressure higher than 0.5, gas uptake does not increase signifi-
cantly further and a constant volume is reached. The small but
steady increase of the adsorbed volume in the hysteresis loop
indicates a change of the pore size and pore size distribution
in the silica coating which can be caused by the thermal
removal of the cellulose. Based on the BET method, a specific
surface area of 305 m> g~' is determined for the remaining

This journal is © The Royal Society of Chemistry 2023
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“paper-free” mesoporous silica coating obtained by a thermal
treatment up to 500 °C. Compared to the silica-paper hybrid
material, this is an increase of 19 times. This is a 6 times
higher specific surface area than the specific surface area after
the sample amount adjustment based on the TGA results. The
specific surface area considering only the weight of the meso-
porous silica coating was calculated to a specific surface area
of 206 m? g™*, which is within the range of the specific surface
area of never dried pulp. Furthermore, after the thermal paper
calcination the remaining silica contains micropores with a
pore diameter of 2 nm and mesopores with a pore diameter of
3.7 nm and 5.7 nm, with a broad peak for the mesopores
showing a maximum at 3.7 nm and a shoulder at 5.7 nm
(Fig. 4f). Fig. 4g shows the corresponding TEM image of the
mesoporous silica coating after the thermal removal of the
cellulose fibres. In the TEM image spherical shaped pores with
a diameter of 6 nm are observed. The pores have a hexagonal
arrangement in the silica coating. The pore size distribution
for the silica coating after the paper removal by calcination
shows that during the thermal treatment the micropores and
the mesopores with a pore diameter of 2 nm and 5.7 nm
remain but also pores with a diameter of 3.7 nm are detected.
The differences between the specific surface area of the meso-
porous silica coating before and after paper calcination are
attributed to the imprinting or templating of the cellulose
paper fibre structure into the silica coating. During the coating
process the sol-gel solution is distributed in the entire fibre.
After the thermal removal of the cellulose paper fibres, the
imprinted structures in the silica coating are accessible for the
gas during the gas adsorption measurement which leads to a
larger specific surface area for the “paper-free” mesoporous
silica after the thermal removal of the cellulose as compared
to the mathematically adjusted value.

The imprinting properties of the fibre are also indicated by
the specific surface area of 584 m?> g~' from cotton linter
papers coated with dense silica after the thermal removal of
the cellulose (Fig. 4h and i SEM image of the remaining dense
silica coating). This large increase in the specific surface area as
compared to 1 m® g~ for cotton linter paper with a dense silica
coating (Fig. S6af) is caused by micropores with a pore size of
1.7 nm (Fig. 4j and k TEM image) and is attributed to the
imprinting of the fibre into the dense silica coating. Table 3

View Article Online

Paper

summarises the isotherm as well as hysteresis loop type,
specific surface area, pore size and pore size distribution of
mesoporous or dense silica coated cotton linter paper as hybrid
material or after the thermal removal of the cellulose fibre.

The distribution of the silica coating within the cellulose
paper fibres was analysed by fluorescence microscopy imaging
(CLSM). To visualize the outer and inner cellulose paper fibre
surfaces, the cotton linter fibre was stained with calcofluor
white (CFW) before coating with silica. The silica coating was
stained with rhodamine B (RhoB) which was added to the
dense silica forming sol-gel solution as already demonstrated
in previous studies.***”' Single cotton linter fibres were
coated with the fluorophore containing sol-gel solution via
dip-coating and underwent a thermal post-treatment before
they were characterized by CLSM recording the z-stacks
(Fig. S91) to analyse the silica distribution along the fibre
length (Fig. 5a and b) and at fibre cross-sections (Fig. 5a and
c). On the molecular level, cotton linter fibres largely consist of
cellulose polymers. During cell wall synthesis, several cellulose
polymer chains bundle together to form microfibrils which
again arrange to the next larger structural unit, the macrofi-
brils.** Later, the cell wall producing cell dries out and leaves
an empty lumen surrounded by this cell wall, which is then
harvested as cotton or cotton linters (Fig. 5a). Due to this hier-
archical arrangement of cellulose into micro- and macrofibrils,
micro-, meso- as well as macropores are present in paper cell-
ulose fibre. After thermal treatment, mesopores in the cell-
ulose paper fibre largely collapse and only micro- and macro-
pores remain.»® Based on the resolution limitations of the
CLSM, individual micro- and macrofibrils cannot be resolved
but the fibre outer and inner surfaces as well as the fibre
lumen can be distinguished from one another (Fig. 5a-c).
Fig. 5b shows a lateral (XY) confocal scan of a dense silica
coated single fibre. In the figure, the CFW stained fibre is
shown in cyan and the rhodamine B dyed dense silica coating
in magenta. A very thin and homogeneous rhodamine B con-
taining silica layer is located at the outer surface of the fibre.
Also, a rhodamine B signal can be detected at the inner
surface of the cellulose paper fibre and in the fibre lumen, as
shown in an axial (XZ) confocal scan of the fibre’s cross-
section (Fig. 5c¢). For the fibre shown in Fig. 5b, the fibre
lumen is filled with the dense silica coating. The silica distri-

Table 3 Summary of the isotherm as well as hysteresis loop type, specific surface area determined by a 11 point BET, pore size and pore size distri-
bution of mesoporous and dense silica coated cotton linter paper as hybrid material or after the thermal removal of the cellulose fibre at 500 °C for

2h

Mesoporous
silica paper
hybrid material

Mesoporous
silica coating of
the hybrid material

Mesoporous silica
coating after thermal
paper removal

Dense silica
coating after
thermal paper removal

Dense silica
paper hybrid
material

Isotherm type IV (a) IV (a)
Hysteresis loop type H2 (b) H2 (b)

11 point MBET [m® g™'] 16.4; R =0.9999  206; R = 0.9999
Pore size [nm] 2; 5.7 2; 5.7

Pore size distribution [nm]  4.9-6.9 4.9-6.9

Bragg Peak Yes

This journal is © The Royal Society of Chemistry 2023

IV (a) Kr 77 K11 point BET  1II

H2 (a) — H2 (a)

305; R =0.9988 1; R =0.9995 584; R =0.9997
2; 3.7 — 1.7

3.1-5.8 1.4-2.8

Yes No No
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Fig. 5 (a) Structure of a cotton linter fibre.>? (b) CLSM image of a confocal cross section of the fibre length. The fibre walls are stained with CFW
and is shown in the CLSM image in cyan blue. The silica coating is marked with rhodamine B and is shown in magenta. (c) CLSM image of a dense
silica coated fibre cross section with the same colour code. (d) CFW and rhodamine B intensity profiles along the fibre cross section. (e) Relative fre-
quency of the silica at the outer and inner surfaces of the fibre and as well as in the fibre lumen.

bution along the fibre cross-section was analysed from the line
profile of the intensity values of the pixels for rhodamine B
dye along the fibre cross-section. High grey values for rhoda-
mine B and with this for the silica were obtained at the outer
and inner surface of the fibre. Based on the pixel intensity and
signal width, most of the silica coating is located in the fibre
lumen (Fig. 5d). All of the 25 investigated single cotton linter
fibres which were coated with silica by dip coating have silica
on the outer fibre surface. In more than 50% of the fibres,
silica is also present on the inner fibre surface and in more
than 40% the silica coating fills the fibre lumen (Fig. 5e).

The CSLM results demonstrate that the sol-gel solution
reaches the cotton linter fibre along the entire cross-section.
As a result, silica is not only present on the outer cellulose
paper fibre surface but also on the inner wall and in the fibre
lumen. These observations indicate that mesopore formation
takes place outside as well as in the fibre lumen of cellulose
paper fibre.

9102 | Nanoscale, 2023, 15, 9094-9105

Experimental section
Reagents

All chemicals and solvents were purchased from Merck and
used as received.

Paper fabrication

Lab-engineered papers were produced with cotton linter fibres
which were provided by the Eifeltor Miihle factory and eucalyp-
tus sulphate fibres. The cotton linter pulp and the eucalyptus
sulphate pulp were refined in a Voith LR 40 laboratory refiner
(SEL 0.7 ] m™, set 3-1.6-60) with an effective specific energy
of 100 kW h t™'. From these pulps, lab-engineered paper
sheets with a grammage of 50 g2 + 3% were fabricated using
a conventional Rapid-Koethen (FRANK-PTI GmbH, Birkenau,
Germany) hand sheet maker according to DIN 54358 and ISO
5269/2 in the absence of additives and fillers. Fiber and paper
characteristics can be taken from Tables S2 and S3 in the ESL.{

This journal is © The Royal Society of Chemistry 2023
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Mesoporous and dense silica coatings

Mesoporous silica coatings were synthesized via sol-gel chem-
istry based on the precursor tetraethoxysilane (TEOS) and the
template Pluronic® F127 according to our previous
studies.”**® Three different coating solutions with the respect-
ive reagent ratios shown in Table 4 were prepared and stirred
at room temperature for 24 h. For the dense silica coating, the
sol-gel solution with the TEOS:ethanol ratio of 1:20 and
without Pluronic® mesopore template was used.

Dry cotton linter (water content: 0.053 wt%; fluid flow vel-
ocity: 2.7 + 0.2 cm™ ") and eucalyptus sulphate (water content:
0.063 wt%; fluid flow velocity: 2 + 0.16 cm™') paper strips
(acclimatized at 50 + 2% RH and 23 + 1 °C) with a dimension
of 2 x 6 cm were dip-coated using different sol-gel solutions
under a relative humidity of 50 (+5) % and a temperature of 25
(¢1) °C.>*** 30 ml of sol-gel solution was used and 9 cm” of
the paper strips was covered with the sol-gel solution for 5 s
before the paper strips were withdrawn with a speed of 2 mm
s~'. Subsequently, the paper sheets coated with the template
containing sol-gel solutions were aged for 1 h under the same
conditions as the dip-coating was performed before they
underwent thermal post-treatment. Papers with a dense silica
coating directly undergo the thermal post-treatment without
the aging step. For the thermal post-treatment, the paper
sheets with the mesoporous as well as with the dense silica
coating were placed in an oven (Carbolite Gero GmbH,
Neuenhausen, Germany).

The thermal treatment was carried out starting with a temp-
erature increase from 25 °C to 60 °C in 10 min. After reaching
60 °C, the temperature was maintained constant for 1 h, fol-
lowed by a second temperature increase from 60 °C to 130 °C
in 10 min. The final temperature of 130 °C was maintained for
2 h before cooling to ambient temperature by waiting. For
removing the cellulose paper fibres, a subsequent temperature
increase to 500 °C with a rate of 1 °C min~"' was performed.
The temperature of 500 °C was maintained for 2 h before
cooling to room temperature. After the thermal treatment up
to the final temperature of 130 °C, the template in mesoporous
silica coated cotton linter paper samples was chemically
extracted by placing the samples in 125 mL of acidic ethanol
(0.01 M HCI) for three days. After the chemical extraction, the
samples were dried under ambient conditions at 25 °C for
24 h. The change in the sample weight during the post-treat-
ment steps is shown in Fig. S1b, ct and Fig. 6.

Table 4 Sol-gel solution for mesoporous silica coatings with the following molar ratios according to the published protocols
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Fig. 6 TGA measurement of unmodified cotton linter paper. The
different mass loss areas are connected to structural changes of the
paper.

Thermogravimetric analysis (TGA)

TGA analysis was performed on a TGA 1 instrument (Mettler
Toledo, Gief3en, Germany) and the evaluation of the obtained
curves was performed with the corresponding program Starl
(Mettler Toledo, Gieflen, Germany). The mesoporous silica
coated paper sample is placed in a 100 pL Al crucible and it is
heated from 25 °C to 600 °C at a rate of 10 °C min~" under
constant air flow of 30 mL min~". The maximum temperature
of 600 °C was maintained for 10 min.

Scanning electron microscopy (SEM)

SEM images were obtained using an ECO 10 (Zeiss, Aalen,
Germany) scanning microscope operating at an acceleration
voltage of 10 kV in a high vacuum mode. Before performing
SEM imaging, a 10 nm thick platinum(80)/palladium(20) (ESG
Edelmetall-Service Rheinstetten; charge number IN0145660)
layer was applied with a Cressington 208HR sputter coater
(TESCAN GmbH, Dortmund, Germany).

24,26,33

High template concentration

Medium template concentration

Low template concentration

Molar ratio Solution composition

Molar ratio

Solution composition Molar ratio Solution composition

TEOS 1 13.18 mL 1
EtOH 20 67.56 mL 40
Pluronic® F127 0.05 3.64¢g 0.05
Water 5 5.21 mL 5
conc. HCI 0.01 0.05 mL 0.01

This journal is © The Royal Society of Chemistry 2023

6.59 mL 1 3.30 mL
67.56 mL 80 67.56 mL
1.82 g 0.05 0.91g
2.60 mL 5 1.30 mL
0.03 mL 0.01 0.01 mL
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Argon and krypton adsorption

Surface area determination of unmodified paper samples and
dense silica powder were performed using krypton gas sorp-
tion at 77 K in a relative pressure range of 0.05 to 0.3 using an
Autosorb iQ (Anton Paar, Ostfildern-Scharnhausen, Germany).
With argon adsorption at 87 K, full isotherms in the relative
pressure range of 0 to 1 were measured. Based on the argon
isotherms the specific surface area, pore size and the pore size
distribution of mesoporous silica coated paper samples as well
as of the coating material after combustion of the fibre were
determined. Before each measurement, the samples were
degassed at 80 °C for 12 h under high vacuum. The measured
adsorption isotherms were evaluated based on the Brunauer—
Emmett-Teller (BET; 11 points between 0.05 and 0.3 P/P,)
model and the NLDFT kernels using the program ASiQwin
(Anton Paar, Ostfildern-Scharnhausen, Germany).

Transmission electron microscopy (TEM)

TEM images were recorded on a JEM 2100F microscope (JOEL,
Freisingen, Germany) with a maximum resolution of 2.2 A at
an acceleration voltage of 200 kv. TEM samples were prepared
by drop-casting ~5 pL of the silica film dispersion in ethanol
(sonicated for five minutes beforehand) on carbon-coated
copper grids (3.05 mm, 200 mesh size) followed by air-drying
overnight.

Small angle X-ray scattering (SAXS) and grazing-incidence
small-angle X-ray scattering (GISAXS)

SAXS experiments were performed in a XEUSS 1.0 SAXS setup
(XENOCS, Grenoble, France). Monochromatic X-rays (4 =
0.15419 nm) were produced with a GENIX 3D micro-focus
tube. The incoming X-ray beam was collimated to have a size
at the sample position of 0.5 x 0.5 mm?®. Scattered photons
were detected using a PILATUS 100 K detector placed at D =
2500 mm sample to detector distance (calibrated using Silver
Behenate as standard). XRR and GISAXS experiments were per-
formed under similar conditions except for the beam size that
was maintained at 0.15 x 0.15 mm? at the sample position.

Confocal laser scanning microscopy (CLSM)

For the localization of the silica coating along the fibre length
and the fibre cross-section, cotton linter fibres were stained
with calcofluor white (CFW) while stirring in a 2.5 x 107’ M
ethanolic CFW solution for 1 h. The CFW stained fibres were
dried under air and fixed on a 3D-printed perforated grid
(Fig. S771). The labelling of the silica coating was achieved by
dip coating the fibres into a pre-condensed dense silica sol-gel
solution containing 20 pM rhodamine B. The dip coating of the
single fibres was carried out under the same conditions as
described above under mesoporous and dense silica coatings
for the paper modification. Confocal microscopic imaging was
performed using a TCS SP8 microscope (Leica, Wetzlar,
Germany) equipped with a 63x water objective and HyD detec-
tor. Images of the fibres were then recorded as three-dimen-
sional z-stacks detecting the fluorescence of CFW (410-483 nm)
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and rhodamine B (557-707 nm) under excitation with a 405 nm
and 552 nm laser, respectively. Data processing of the obtained
images was conducted with the software Fiji,** including two
steps of background subtraction and application of a median
filter. Line profiles of the corrected grey value data within an
appropriate confocal section were finally evaluated to identify
structural characteristics of the fibres and to analyse and corre-
late the position of the silica coating with the latter (Fig. S97).

Conclusions

The combination of insights from argon adsorption, SAXS,
TEM and CLSM measurements for cotton linter and eucalyp-
tus sulphate paper sheets coated by sol-gel chemistry and
EISA under varying TEOS precursor, and thus mesopore-
forming template concentrations, reveals that the solvent evap-
oration rate, the critical micellar concentration, and the capil-
lary transport velocity are the determining factors for meso-
pore formation in paper. Therefore, the paper properties and
especially the cellulose paper fibre type, the fibrillation degree,
the fibre content as well as the pulping and bleaching process
are crucial as they determine the capillary fluid flow velocity in
paper. The CLSM results furthermore showed the silica distri-
bution along the cellulose paper fibre length and the cellulose
paper fibre cross-section, demonstrating the presence of silica
both at the outer surface and inside the fibre lumen.
Therefore, the processes occurring within the paper cellulose
fibre wall at small length scales remain an interesting open
question for future studies. Based on this fundamental under-
standing of mesopore formation and placement in paper
sheets, we aim to broaden the application potential of paper
in separation, sensing, and transport or even generating hier-
archically porous silica paper sheets after thermal removal of
the cellulose paper fibres.
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