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Available online 29 April 2020 Experiments: TiO,-NPs-Cellulose sheets were made by first preparing PAE-cellulose suspensions of differ-

ent PAE dosages (10 and 50 mg of PAE/g fibres). The TiO, NPs suspension (at different NPs loading) was
then added to the cellulose-PAE suspension. The final suspension was used to make flexible paper-like
composites sheets. SEM and SAXS quantified NPs retention and aggregation state.

Findings: PAE dosage of 20 mg/g cellulose provides full surface coverage of cellulose fibres. A 10 mg of
PAE/g cellulose covers half the cellulose surface area and no free PAE remains in the suspension. PAE
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SEM dosage of 50 mg/g cellulose gives full cellulose surface coverage and provides a large amount of PAE
Small and Wide-Angle X-ray Scattering (30 mg/g cellulose) free in the suspension. Surprisingly, at both PAE dosages, NP coagulates and the size
(SAXS/WAXS) of the aggregates increase with NPs loading. Aggregates of two particle sizes (10 and 35 nm) are formed

and the number density of smaller particles is higher than larger particle. The NPs aggregates and their
retention are similar at both PAE dosages, which is explained by different PAE-NPs bridging mechanisms.
© 2020 Elsevier Inc. All rights reserved.

1. Introduction chemically stable [1-4]. Composites with embedded TiO, NPs have
emerged as functional materials for applications as photo-catalyst

TiO, nanoparticles (NPs) have a high surface area and a suitable for solar energy conversion and dye degradation, and act anti-
band gap (~3 eV) for photocatalysis, are non-toxic, transparent and bacterial agent for air and water purification [5-8]. The interaction
among NPs upon light exposure plays an important role in the
functionality of the composites. The control and quantification of
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the NP aggregation state within the composite are critical [9].
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Applications fully utilizing TiO, NPs potential require an
embedding network which keeps NPs functionality while prevent-
ing their leaching into the environment. Among the various mate-
rials, cellulose fibres and the non-woven composites made of those
are very attractive for their renewable aspect, low cost and ease of
manufacturing using the efficient papermaking process [10-12].
The composites produced are also thin and very flexible. The three
-OH groups per glucosidic monomer forming the cellulose chain
can directly interact with NPs or be easily chemically functional-
ized to retain NPs without losing their functionality [13]. Cellulose
nanofibres of diameter 5-30 nm provide a high strength network
of good optical transparency, large surface area, mechanical and
thermal properties [14-17].

Since cellulose is a negatively charged polymer, retention aids
are required to effectively hold anionic NPs in the cellulose fibres
network. Cationic polyacrylamide (CPAM) and Polyamide-amine-
epichlorohydrin (PAE) are commonly used in the paper industry
as retention aid and wet-strength agent, respectively, [18,19].
Ngo et al. characterized the CPAM charge density effect on the
aggregation state of gold NP and the resulting SERS amplification
achieved [20]. CPAM, however, does not provide the wet strength
required for the long use of composites under wet applications.
PAE can be used as retention aid to flocculate NPs into aggregates
of the desired size [21]. It is also a reactive bridging agent which
strengthen the fibre-fibre bond in wet conditions [22,23]. PAE
forms strong bonds with the cellulose through chemical cross link-
ing at 105 °C [24,25].

The composites photocatalysis properties and applications
depend on the good retention and dispersion of TiO, NPs in the cel-
lulose fibre network while maintaining strength. Different PAE
dosages affect the aggregation state, dispersion and retention of
NPs in the cellulose network. It is expected that at low PAE
dosages, PAE covers only a fraction of the cellulose fibre surface
area available and the NPs are retained as individual particles
(without NPs aggregation). However, at excess PAE dosages, pro-
viding the full surface coverage of cellulose fibres and leaving some
excess polymer in solution, NPs are anticipated to retain as aggre-
gates. The fundamental mechanisms by which the PAE dosage
affects the TiO, NPs dispersion in cellulose composites and their
respective photocatalysis properties are important for many appli-
cations but remain poorly understood.

X-rays scattering and electron microscopy are the two major
characterisation technics which can reveal the internal and local
structure as well as the composition of composites [34,35]. In par-
ticular, X-rays with wavelength in the angstrom scale are useful in
determining changes in the atomic and nanometre dimensions
[34]. Electron microscopy visualises the particles in the real space.
However, the delicate sample preparation combined with the
small area of view can create artefacts and provide misleading
information. Small angle X-ray scattering (SAXS) is a non-
destructive analytical method able to reveal structural information
for particle size ranging from 1 to 100 nm [25-27]. In composites,
SAXS can provide information on NPs shape, size, aggregates/
assemblies formation, volume fraction, interparticle interactions
and distribution of NPs over complete volume [26-28]. This
extracted information will help in controlling and engineering
the catalysis, photonic and structure dependent properties of
specific composites.

To prove our hypothesis, the objective of this study is to quan-
tify the retention level and aggregation state of TiO, NPs within the
cellulose composites under controlled PAE concentration. The
aggregation state and retention level of TiO, are quantified by
SEM and SAXS methodology. Our aim is to establish the interaction
mechanisms between TiO, NPs, PAE and the cellulose fibre net-
work. Such capability is currently lacking to guide the efficient
development of low cost- TiO, based paper solar panels and paper

diagnostics. This knowledge gained will help to better engineer the
photocatalytic functionality of TiO, based composites for water
decontaminations, energy generation and antibacterial activities.

2. Experiments
2.1. Materials

Microfibrillated cellulose (MFC) at 25 wt% solid was purchased
from DAICEL Chemical Industries Limited, Japan (grade Celish KY-
100G). The MFC mean diameter is 73 nm and the aspect ratio of
100-150. Anatase titanium dioxide (TiO,) nanoparticles (at 40 wt
% solids) of average diameter 5-50 nm was purchased from US
Research Nanomaterials, USA. Polyamide-amine-epichlorohydrin
(PAE) was supplied by Nopco Paper Technology Pty Ltd, Australia.

2.2. TiOy-cellulose composite sheets preparation

Composite sheets were prepared with a two-step process. In the
first step, PAE suspension (10 mg or 50 mg/g MFC) was added into
the 0.3 wt¥% (1.2 g fixed) MFC suspension at a constant flowrate of
30 mL/min by using a peristatic pump. While PAE is added, the
cellulose-PAE suspension was stirred at high shear using an elec-
tric hand mixer (Kambrook Pty Ltd, Australia, model KSB8WHT).
In the second step, the 0.1 wt% TiO, suspensions were pre-
sonicated (Sonicator model VCX750; John Morris Scientific Pty
Ltd) for 10 min at 80% amplitude. The sonicated TiO, suspension
was added to the MFC-PAE suspension at a constant flowrate of
20 mL/min. Finally, the TiO,-PAE-Cellulose suspension was poured
into the British hand sheet maker (model T205) and the composite
sheets were made. The prepared sheets were pressed at 385 kPa for
5 min and then dried at 105 °C. Detailed composite preparation
method is provided in our previous article [22]. Composites with
a fixed PAE dosage of 10 mg PAE/g MFC and with varying TiO, load-
ings of 0.5, 1, 2, 5, 10, 40 and 80 wt% were prepared with this
method by varying the PAE concentration.

2.3. Scanning electron microscope (SEM)

Scanning electron micrograph (SEM) of the composite sheets
were made using a FEI Magellan 400 FEGSEM. Samples were cut
into 3 mm x 3 mm mounted onto a metal sample holder and
coated with a thin layer of Iridium prior to imaging.

2.4. Small and Wide-angle X-ray scattering (SAXS/WAXS)

SAXS/WAXS measurements were performed at the SAXS/WAXS
beamline of the Australian Synchrotron, Australia [29]. SAXS/WAXS
measurements were made at the energy of 12 keV (. = 1.033 A) at
three sample to detector distances covering the g range between
~0.001 t0 0.2 A~'. The scattered photons from the sample were col-
lected using PILATUS 1 M detector (pixel size 70 pm x 70 pm). Sil-
ver behenate was used to calibrate the q values. Scattering curves
were normalized to the absolute scattering cross section by using
the scattering curve of the glassy carbon. The final scattering curves
were extracted after the data reduction and radial averaging using
the beamline specific ScatterBrain software.

3. Results
3.1. SEM micrographs
Scanning electron microscopy (SEM) provides the real space

images of TiO, NPs retention and aggregation in the cellulose net-
work at low (10 mg/g MFC) and high (50 mg/g MFC) PAE dosages.
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For the low PAE dosage and at 1 wt% NPs loading, the TiO, particles
adsorb as singlets and only a few small NP aggregates are observed
(Fig. 1a). At a higher NPs loading of 5 wt%, larger aggregates start
forming (Fig. 1b). The size of these aggregates increases with
increasing NPs loading until 80 wt% (Fig. 1c and d). NPs retention
increases with the loading of NPs in the cellulose network.

SEM micrographs of composites made with high (50 mg/g MFC)
and low (10 mg/g MFC) PAE dosage with 40 wt% and 80 wt% NPs
loading are compared (Fig. 1e and f). At both PAE dosages, micro-
graphs of composites made with 40 wt% NPs show similar NP dis-
tributions. However, composites loaded with 80 wt% NPs at the
high PAE dosage form and retain larger NPs agglomerates com-
pared to those made at low PAE dosage (Fig. 1f). SEM provides only
a local surface area map within a few micrometres depth. It is dif-
ficult with SEM to generate the complete information describing
the NPs retention, distribution and inter-particles interactions over
a significant and representative sample volume.

3.2. SAXS curves analysis

Small angle X-ray scattering (SAXS) measurements were per-
formed to extract TiO, NPs (1-80 wt%) retention and estimate

(e) 40 wt% Ti0,-50 mg PAE

SEX

the interparticle interactions for composites made at both the high
and low PAE dosages (Fig. 2a-d). SAXS is a non-destructive method
which provides a representative average value of the NPs shape,
size, distribution and inter-particle interactions over a larger vol-
ume [30-32]. SAXS curves for TiO, NPs loading (for low PAE
dosage) of up to 2 wt% have a similar shape with a broad hump
seen between q = 0.02 and 0.06 A~" (Fig. 2a). For the higher NPs
loading (>5 wt%), the SAXS curves show three pronounced ordered
peaks at q; =0.011 A~!, g, = 0.022 A~' and q5 = 0.033 A, respec-
tively. The clarity of these peaks is seen in the Kratky plots (Fig. 2c).
Multiple ordered peaks indicate the NPs are retained in a short-
range arranged assembly. The peak positions are not affected by
the NPs loading and become more pronounced at the higher NP
concentrations. An increase in the SAXS curves intensity as
increases the NPs loading (>5 wt%) reveals higher retention and
volume fraction of NPs in the cellulose network.

At the high PAE dosage, the SAXS curves for composites up to
40 wt% NPs loading are similar to the scattering curves of those
at low PAE dosage (supporting information S1). This result indi-
cates the same level of NPs retention for composites up to 40 wt
% NPs loading, and the NPs retention to be independent of PAE
dosage. At 80 wt% NPs loading, the SAXS curves of composites at

0 mg PAE

Fig. 1. SEM micrographs of TiO,/PAE/cellulose composites made with different loadings of TiO, nanoparticles (1-80 wt%) retained with 10 mg of PAE/g MFC (a-d). TiO, NPs

retained at 40 and 80 wt% loading with 50 mg of PAE/g cellulose (e-f).
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Fig. 2. (a) SAXS curves for composites made with 10 mg PAE/g cellulose and different TiO, NPs loading ranging from 0.5 wt% to 80 wt%. (b) SAXS curves comparison for the
TiO, NPs retention at dosages of 10 and 50 mg PAE/g cellulose with 80 wt% NPs loading. (c) Kratky plot of the Fig (a). (d) Kratky plot of the Fig (b).

high and low PAE dosage show a similar shape (Fig. 2b). However, a
high scattering intensity is observed for the composites with high
PAE dosages which is seen clearly in the Kratky plots (Fig. 2d). The
higher intensity indicates a higher amount of NPs retention at high
PAE dosage compared to composites made at low PAE dosage.

The upturn in all the SAXS curves intensity below q < 0.011 A~!
(Fig. 2a and b) shows the formation of larger size aggregates which
is beyond the measured SAXS q range. Further information on par-
ticle shape, size distributions, correlation length, volume fraction
and interparticle interaction is extracted from the SAXS curves by
fitting with appropriate structure models. The analysis is presented
below.

3.3. Information from SAXS curve fitting

The SAXS curves of composites made at the higher NPs loading
(>5 wt%) are well fitted with the two spheres model and a lognor-

mal distribution of particles. A structure factor of hard spheres sur-
rounded by the similar type of particles was included in the fitting
procedure. The fitted SAXS curves are provided in the supporting
information (S2). The SAXS curves were fitted with a bimodal dis-
tribution of spheres (two sizes) with mean diameters of 10 nm and
35 nm, respectively (Fig. 3). The inset in Fig. 3 shows the distribu-
tion of the small particles (10 nm). These particles mixed and
formed large assemblies of TiO, NPs in the cellulose network.
The structure factor (SF) obtained from the SAXS curves fitting
reveals the interparticle interactions and volume fraction of the
NPs retained in the cellulose network. The SF indicates how
strongly the particles are interacting within the aggregates. No
structure factor curve is observed for the TiO, NPs loading up to
2 wt%. The SF curves for the composites with TiO, NPs loading
greater than 5 wt% at 10 mg PAE/g MFC dosage are shown in
Fig. 4a. A broad single peak is observed for the sample loaded with
5 and 10 wt% TiO, NPs. Higher NPs loading (>20 wt%) shows 3 SF
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Fig. 3. Two spheres lognormal distributions obtained from SAXS curve fitting for
the 10 mg PAE/g cellulose dosage and different TiO, NPs loadings ranging from 5 wt
% to 80 wt%. Inset shows the distribution of small particles. The mean diameters are
10 nm (small) and 35 nm (large).

peaks at q=0.011 A~',0.022 A-' and 0.033 A~. The peaks position
remains at the same q values and does not change with higher NPs
loading concentrations. However, the sharpness of the peak
increases with loading, and the peaks are more pronounced. The
SF peaks reveal that the NPs retained at the higher NPs loadings
have stronger interparticle interactions compared to the NPs
retained at the lower NPs loading.

The experimental volume fraction value for the TiO, NPs
retained in the cellulose network with 10 mg PAE/g MFC is
obtained from the SAXS curve fittings. The theoretical volume frac-
tion is calculated by the mass and density of PAE (1.2 g/cm?), cel-
lulose (1.5 g/cm?) and anatase TiO, NPs (3.8 g/cm?) for different
NPs loading wt%. The experimental and theoretical volume frac-
tions are similar up to 40 wt% NPs loading (Fig. 4b). The mass frac-
tion obtained from the ash test measurements [22] are in good
comparison with the mass fraction calculated from the SAXS data
analysis (supporting information S3). A significant difference in
the volume fraction is obtained for the composites with 80 wt%
NPs loading. At 80 wt% NPs loading, 60% of the NP’s volume frac-
tion is expected (calculated theoretically) to retain in the cellulose
network. However, only half of the expected value of NPs volume
fraction (30%) is retained in the cellulose network (Fig. 4b). This
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difference in volume fraction might be due to the loss of NP’s
retention at high NPs concentrations [33].

The correlation length provides the size of TiO, NPs assemblies
in the cellulose network. Correlation length is evaluated from the
full width and half maxima (FWHM) of the SF peaks at q = 0.011

A~1. The correlation length increases linearly from 150 nm (at
5 wt% NPs loading) up to 240 nm (for the 80 wt% NPs loading) at
low PAE dosage (Fig. 5a). The number density obtained from the
SAXS curves fitting for two different sizes is plotted as a function
of TiO, NPs % loading for composites made at 10 mg of PAE/g
MEC in Fig. 5b. Results indicate the number density of smaller size
particles is dominating in the assemblies compared to the number
density of large size particles.

3.4. Wide angle X-ray scattering (WAXS) curve analysis

WAXS experiment provides information on changes in the
materials internal structure at the sub nanometre scale. In the
composites, the WAXS measurement reveals variations in the crys-
tallinity, degree of crystallinity and phases in the composite inter-
nal structure upon incorporating PAE and TiO, in the cellulose
network. WAXS curves for composites with TiO, NPs loading rang-
ing from 0.5 to 80 wt% for the 10 mg PAE/g MFC dosage are shown
in Fig. 6a. The two broad peaks at q = 1.45 A~ and 1.59 A~! are
from the cellulose structure which do not change with increase
in NPs loading. This indicates the cellulose structure is unaffected
by addition of PAE and TiO, NPs.

The peak at q = 1.78 A~! appears from the [1 0 1] plane of TiO,
[34]. The peak position remains the same for different NPs loading
percent. The peak amplitude and the area under the peak increase
significantly with increasing NPs loading wt% (Fig. 6b). Increase in
the WAXS peak intensity and area indicate increase in the NPs
retention amount in the [1 0 1] plane of TiO,.

The WAXS curve were also compared for the TiO, 80 wt% load-
ing at high and low PAE dosages (inset Fig. 6a). At high PAE dosage,
the peak at q = 1.78 A~! shows higher scattering intensity indicat-
ing higher NPs retention amount than at low dosage.

4. Discussion

In this study, we engineer microfibrillated cellulose (MFC)-TiO,
NP composites varying in NP content and assembly size. This was
achieved by using 2 dosages of a polyelectrolyte and varying the
NP addition level. The composites prepared are homogeneous,
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Fig. 4. (a) Structure factors evaluated after the SAXS curves fitting for composites with NPs loading ranging from 5 to 8 wt% at 10 mg PAE/g cellulose dosage. The dashed line
shows the structure factor peak from composites loaded with 80 wt% NPs with a dosage of 50 mg PAE/g cellulose. (b) Theoretical and experimental calculated volume

fractions of retained NPs at 10 mg PAE/g cellulose dosage.
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the peak represent the TiO, NPs at q = 1.78 A~".

photocatalytic and remain strong when wet and their properties
are reproducible [22]. The polyelectrolyte used is a polyamide-
amine-epichlorohydrin (PAE) of molecular weight 200 kDa. The
PAE monomer contains a cationic primary amide group (for reten-
tion) and an azetidinium function group for cross linking with the
COOH groups by covalent bonds [35]. PAE has a high affinity for
cellulose and is used as wet strength agent to maintain the integ-
rity of cellulose fibrous structures in water.

TiO,-cellulose composites were prepared by first mixing under
high shear the wet strength/retention aid PAE with the cellulose
nanofibre suspension. This was followed by addition of the TiO,
NPs suspension. Both MFC and TiO, are anionic; therefore, a catio-
nic polymer - PAE is used to retain NPs in the cellulose fibre
network.

The zeta potential of the cellulose fibres and TiO, NPs are
—26 mV and —11 mV, respectively. The low zeta potential of
TiO, contributes to its natural tendency to form small aggregates
in suspension. When 10 mg PAE/g is mixed with the cellulose
fibres, the zeta potential of the suspension reverses and increases
to +25 mV. For 50 mg PAE/g fibre, it becomes +40 mV. Positive
value of zeta potential drives the adsorption of negatively charged
TiO, onto the cellulose/PAE interface.

The surface area of MFC in all composites is ~44 m? and was
kept constant. The high PAE dosage of 50 mg/g of MFC was selected
to provide full surface coverage (20 mg PAE/g MFC) of fibres and to
leave a substantial excess in solution. The low PAE dosage of 10 mg
of PAE/g fibre provides half surface coverage of MFC (~22 m?). It is
associated with half the maximum coagulation rate, assuming a
purely bridging mechanism. The adsorption isotherm of PAE
adsorption onto cellulose fibres was published previously [22].

At low PAE dosage, no excess free PAE is expected in suspension
prior to the addition of TiO, NP. This is because of the high affinity
PAE has for cellulose and the low dosage used. Therefore, upon
adding NPs, the highest retention of TiO, as individual particles
onto MFC is expected. However, upon increasing TiO, NPs loading
(>10 wt%), the NPs retained as large aggregates of high correlation
lengths. This was not expected from a pure bridging mechanism.
The formation of NP aggregates can be explained by some transfer
of the low Mw PAE from the MFC surface to the NPs upon collision
(Fig. 7 left).

The effect of shear induced polymer transfer on aggregation was
previously analysed for CPAM of different molecular weight and
charge densities [36]. Basically, the shear induced polymer transfer
refers to the breaking-up of physical bonds between the adsorbed
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PAE and cellulose due to shear. High shear was applied during mix-
ing TiO, NPs with the PAE-cellulose suspension. The shear desorbs
some PAE molecules from the MFC surface upon collision of a NP.
This partially PAE coated NP then aggregates with other NPs upon
collision by a bridging or charge reversal mechanism. Accordingly
to the charge reversal mechanism, the PAE adsorbed at the TiO,-
NPs interface reverses the NP’s surface charge from negative to
positive. This allows NPs to interact with other negatively charged
NPs and to form aggregates by electrostatic interactions. These
PAE-TiO, aggregates adsorb at the MFC surface by electrostatic
attraction and retain in the network by filtration effect.

At high PAE dosage, 20 mg of PAE/g MFC is required to fully cov-
ers all the MFC fibres surface. The remaining 30 mg PAE remains as
an excess polymer in solution (Fig. 7 right). Upon loading different
content (wt%) of TiO, NPs, the excess PAE directly adsorbs onto the
NPs to form large aggregates mostly by bridging. At the highest
NPs loading, the size of the aggregates formed is 250 nm which
is comparable to that formed at low PAE dosage (230 nm). The
NPs aggregates later adsorb at the MFC surface or retained within
the fibrous structure upon eliminating shear for composite making.

At low NPs loadings up to 2 wt% (at both PAE dosages)- SEM
micrographs show fewer NPs retention as small aggregates
(Fig. 1a). Increasing NPs loading (up to 80 wt%) increases the reten-
tion of NPs and forms large aggregates in the cellulose network
(Fig. 1c and d). Both PAE dosages show a similar retention of NPs
in the cellulose network (Fig. 1c-f).

At both PAE dosages, SAXS curves of TiO, loading up to 2 wt%
show a dominating scattering from the large-scale heterogeneities
of cellulose fibre aggregates and their distribution. However, for
the higher NPs loading (>5 wt%), ordered peaks at q = 0.011 A,
q=0.022 A" and q = 0.033 A~ reveal the retained NPs in the cel-
lulose network. The peak positions indicate that the NPs are
arranged in a short range ordered aggregates (Fig. 2c). The NPs
aggregates are composed of a bimodal distribution of particle of
sizes 10 and 35 nm. In these aggregates, the number density of
smaller size particles is in excess compared to the big size particles
(Fig. 5b). The broad structure factor peaks up to 10 wt% NPs loading

shows weak interparticle interaction in the NPs aggregates. How-
ever, high NPs loading (>20 wt%) increases the interparticle inter-
actions within aggregates.

For composites up to 40 wt% NPs loading (at both PAE dosage),
the SAXS curves show the same scattering profile, revealing similar
retention of NPs for composites. Previously, ash test confirmed the
retention of NPs to be independent of PAE dosage up to a loading of
TiO, up to 40 wt% [22]. However, SAXS/WAXS curves for compos-
ites at 80 wt% loading and 50 mg PAE/g MFC dosage show a slightly
higher scattering intensity revealing higher NPs retention than
those at 10 mg PAE/g MFC (Figs. 6a and 2d).

At both PAE dosages, NPs retention increases with increasing NP
loading concentration. Interestingly, no structure difference is
found in the TiO, NPs aggregate sizes and retention on the MFC
surface. The similar NPs retention is due to application of different
retention mechanisms at low and high PAE dosages. At low PAE
dosage, the NPs aggregates are formed and retained by PAE trans-
ferred from the MFC surface. However, at high PAE dosage, the NPs
aggregate due to the excess PAE in the suspension. At both PAE
dosages, NPs aggregate by PAE induced bridging and charge rever-
sal mechanism.

5. Conclusion

A series of TiO,-Nanocellulose composites varying in nanoparti-
cle (NP) content and aggregation size was created and character-
ized with an advanced SAXS method. PAE was successfully used
as strength agent and retention aid to control the TiO, NPs distri-
bution in the cellulose fibre network. Flexible cellulose/TiO, NPs
paper composites were made with different NP (0.5-80%) loadings
at two PAE dosages corresponding to half cellulose coverage
(10 mg/g cellulose) and full coverage with excess in suspension
(50 mg/g cellulose).

At both PAE dosages, SEM and SAXS analysis show the NPs
retention and aggregate size to increase with the NPs loading in
the cellulose network. The aggregates are made of two NP sizes
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(10 and 35 nm) and exhibit a higher number density of the small
particles than the large particles. The broad structure factor peaks
reveal weak interparticle interaction in the NPs aggregates (up to
10 wt%). However, the interparticle interactions within aggregates
becomes stronger at high NPs loading (>20 wt%). WAXS measure-
ments prove that PAE and TiO, addition has no effect on the cellu-
lose nanostructure and only the NPs retention increases with
increasing NPs loading.

Similar NPs retention are measured in the cellulose network at
both PAE dosages; this is explained by different PAE-NPs interac-
tion mechanisms [37]. At low PAE dosage, all PAE adsorbs onto cel-
lulose and no free PAE remains in the suspension when the NP are
added. The NPs aggregate by shear induced PAE transfer from cel-
lulose to TiO, particles by a combination of bridging and charge
reversal mechanism [38]. However, at high dosages, PAE com-
pletely covers the cellulose fibres with an important excess of
PAE in suspension. This excess PAE aggregates NPs via a bridging
mechanism.

This study characterized in fine detail the nanoparticle reten-
tion and controlled aggregation in paper-like nanocellulose- TiO,
NPs composites using PAE, a polyelectrolyte providing the material
its wet strength. This is because TiO, distribution in a material
affects its photocatalysis [39-41]. SAXS/WAXS provide NPs reten-
tion, distribution and NPs-PAE-cellulose interaction mechanisms
at the nanometer and atomic scales, completing electron micro-
scopy characterizing the micro scale [40,42]. The PAE induced
NPs aggregation and retention in the cellulose network allow engi-
neering highly efficient and functional TiO, NPs cellulosic compos-
ites for catalytic applications.
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