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Polyacrylamides of different molecular weight, charges and dosages allow to control the retention and
distribution of nanoparticles (NPs) in composites, and optimise composite properties and functionality.
Our aim is to evaluate the effect of high molecular weight (13 MDa) cationic polyacrylamide (CPAM)
charge and dosage on SiO2 (74 nm) NP’s assembly in cellulose nanofibers composites.
Engineered cellulose/SiO2 composites were investigated by SEM, SAXS and DLS. SEM images show the

local area retention of NPs into the cellulose matrix. SAXS provides an average NPs distribution and inter-
NPs distance over complete volume of composite. DLS gives the hydrodynamic radius of CPAM adsorbed
onto SiO2 NPs in a suspension.
SAXS analysis reveals a structure conformation made of spherical SiO2 NPs core of diameter 74 nm sur-

rounded by a CPAM polyelectrolyte shell 2.5 nm thick. Surprisingly, CPAM induced assembly of SiO2 NPs
with constant inter-nanoparticle distance, which is irrelevant of polymer charge density. However, NPs
retention in the cellulose fibre network increases with CPAM dosage. The assembly mechanism is gov-
erned by the balance of electrostatic and steric forces following CPAM coverage onto NPs and the
inter-nanoparticle CPAM bridging conformation. This maintains the constant inter-nanoparticle distance
and the assembly of NPs in the cellulose network.

Crown Copyright � 2018 Published by Elsevier Inc. All rights reserved.
1. Introduction

Progress in nanocellulose and nanoparticle (NP) technologies
has been very fertile in the last decade, with applications lagging
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Table 1
Measured cationic polyacrylamide (CPAM) charge densities.

CPAM charge density (wt%) from
company

Charge density (�10�3eq/g)
measured

50 1.30
40 1.00
30 0.77
20 0.50
10 0.30
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science. Composites of nanocellulose fibrils or crystals are strong,
flexible, transparent to translucent and possess low gas permeabil-
ity [1,2]. However, they have poor moisture resistance and limited
optical, thermal and electrical properties. Functional NPs such as
metals and oxides can be incorporated into the nanocellulose
fibrous network to engineer composites with novel properties
[3]. NP loading up to 80 wt% and controlled NP assembling mor-
phology have been reported using ultra high molecular weight
polyelectrolytes [4]. Composites varying in structure and proper-
ties can be achieved by controlling the polyelectrolyte molecular
weight, charge density and surface coverage onto NP [5].

Despite numerous theoretical [6–8] and experimental [9–12]
studies, much less attention has arisen from the recent progress
in ultrahigh molecular weight polyelectrolytes (over 10 MDa)
[13,14]. These polymers can remain water soluble and are available
from a variety of monomers and at various charge densities. High
molecular weight polyelectrolytes can have a radius of gyration
in the same length scale as the NP diameter with end-to end dis-
tances orders of magnitude higher, allowing many unique struc-
tures to be engineered [15].

Cationic polyacrylamide (CPAM) is a high molecular weight
polyelectrolyte widely used in industry (Mw up to13 MDa). CPAM
is common in papermaking as a retention aid to adhere fines, NPs
and mineral fillers onto fibres [11,16]. CPAM/SiO2 based cellulose
composites combine properties of both organics, with CPAM and
cellulose providing flexibility and ductility, to those of inorganics,
with SiO2 having large surface area, thermal stability, and rigidity
[17]. These composites deliver high mechanical strength, dielectric,
optical and barrier properties and present attractive avenues for
applications in packaging, water filtration and coatings [18]. The
functionality of such composites depends on the NP distribution,
the interparticle interactions and their assembly within the cellu-
lose network.

CPAM dosage significantly affects the properties and functional-
ity of composites [20,22]. A high CPAM dosage causes NP aggrega-
tion which increases particle size but hinders the even distribution
of NPs and their ability to fill the smaller pores and voids of cellu-
lose nanofibers networks. Large NP aggregates affect the nanocom-
posite properties in packaging and water filtration. A low CPAM
dosage results in lower NP retention in the cellulose nanofiber
matrix which reduces the SiO2 NPs contribution [19]. CPAM charge
density also plays a crucial role in surface charge neutralisation,
affecting the electrostatic repulsion between charged particles
and their aggregates [4,20]. High charge density CPAM can lead
to large NP aggregates in the cellulose network.

Previously, Salmi et al. studied layer structures formed by SiO2

NPs and cellulose nanofibers with CPAM on a cellulose surface
using QCM-D and AFM [21]. They demonstrated the SiO2 NP’s abil-
ity to penetrate into CPAM chains. However, the cellulose fibres
formed individual layers between CPAM. Garnier et al. quantified
the effect of CPAM charge density, concentration, and molecular
weight on the aggregation of gold NPs on CPAM treated cellulose
sheets. They observed an order of magnitude enhancement in the
surface-enhanced Raman signals (SERS) for CPAM pre-treated
sheets compared to the untreated surface [22,23]. Wagberg et al.
investigated the effect of ionic strength on the adsorption of CPAM
and SiO2 NPs on silica interface by ellipsometer [24]. They reported
the CPAM treated surface adsorbs high amounts of SiO2 NPs and
forms thick films; the adsorption of both CPAM and SiO2 increases
with ionic strength.

Thus, nanoparticle retention, aggregation and distribution in
cellulose networks can be controlled by optimising the CPAM
charge density and dosage. Still, the role of CPAM polyelectrolytes
in the NPs assembly and distribution in nanocellulose structures
remains poorly characterized and understood. Few techniques
are available to measure the conformation of CPAM on NPs and
the NP aggregate structure. This has been limiting the development
of functional nanocellulose composites.

The objectives of this study are twofold. First to develop a
robust analytical methodology to characterize the effect of CPAM
in nanocellulose-NP composites; second, to quantify the effect of
CPAM dosage and charge density on the NPs assembly formation,
distribution and retention in cellulose networks. We explore meth-
ods to quantify the thickness of adsorbed CPAM layer at the NP
interface and its effect on NP assemblies in cellulose composites.

Nanocomposite structure characterization was achieved by
combining Small Angle X-ray Scattering (SAXS) [25,26], Dynamic
Light Scattering (DLS) and Scanning Electron Microscopy (SEM)
analysis. SEM provides real space images of nanostructures in cel-
lulose network. SEM is however restricted to small surface areas
and the sample preparation can produce artefacts which distort
structure analysis. Alternatively, scattering methods such as DLS
and SAXS are indirect non-destructive methods providing nano
and microscale structure information from a larger volume. Com-
posite structural information is extracted by fitting scattering
curves with different structure models; this requires some pre-
knowledge of the nanostructure morphology expected. Combining
both microscopy and scattering methodologies provides a com-
plete picture of NP assembly, distribution and their interactions
within a matrix.

In this article, we are reporting the effect of CPAM dosage (sur-
face coverage) and charge density on the assembly of SiO2 NPs in a
cellulose nanofiber network. The model NPs selected are SiO2 of
diameter 74 nm having a specific surface area of 55 m2/g. Since
both cellulose nanofibers and SiO2 NPs are sufficiently negatively
charged to form an electrostatic stabilized suspension, CPAM is
used as NPs retention aid. CPAMs of different charges (10, 20, 30,
40 and 50% charge content) but constant molecular weight (13
MDa) were tested at different dosages for retaining NPs. Finally,
cellulose/SiO2 NP composite sheets were prepared by controlling
the CPAM dosage and charge density. The formation and dispersion
of SiO2 NP assemblies into cellulose fibrous networks and their
interactions were investigated by SAXS, SEM and DLS methods.
Quantifying the influence of CPAM dosage and charge density on
the NPs distributions in a cellulose network is crucial to engineer
- at the nano and micro scales -the structure of cellulose/NP com-
posites for packaging, filtration and advanced applications.
2. Experiments

2.1. Materials

Mircofibrillated cellulose (MFC) of mean diameter 73 nm and
aspect ratio of 100–150 at 25 wt% solids was purchased from DAI-
CEL Company, Japan. The cationic polyacrylamide (CPAM) polymer
of molecular weight of 13 MDa and cationic charge content
between 10 and 50% were kindy provided by Aquatech, Switzer-
land (SnowFlake series). The measured CPAM charge densities
are given in Table 1. The error range in the CPAM charge density
measurement is between 5 and 10%. Silicon dioxide (SiO2)
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nanoparticles (at 40 wt% solids) of average diameter of 74 nm was
purchased from Sigma Aldrich.

2.2. SiO2/cellulose composite preparation

SiO2/cellulose composite sheets were prepared by first mixing
SiO2 NPs (25 wt% of the total composite at 0.1 wt%) with the
required amount of CPAM in a beaker using two peristaltic pumps.
SiO2/cellulose composites made at a fixed CPAM dosage (0.1, 0.5 or
1.0 mg CPAM/m2 dosage) for a series of CPAM varing in charge
densities (20%, 30% and 40%). The SiO2/CPAM suspension was sim-
ilarly mixed with the 1.2 g MFC/water suspension using two peri-
staltic pumps to the final composite suspension. Each step had a
mixing time of 8 min. Final composites sheets were obtained by
pouring the final suspension in a British handsheet maker with a
woven filter; the wet webs were dried at 105 �C in a sheet drier.

2.3. Scanning Electron Microscopy (SEM)

Scanning electron micrographs (SEM) of the composite sheets
were made on a FEI Magellan 400 FEGSEM. Samples were cut into
3 � 3 mm2 samples mounted onto a metal sample holder and
coated with a thin layer of Iridium prior to imaging.

2.4. Small Angle X-ray Scattering (SAXS)

SAXS measurements of the composite sheets were performed at
the SAXS/WAXS beamline of the Australian Synchrotron, Australia
[27]. SAXS measurements were made at an energy of 12 keV (k =
1.033 Å) at 2 sample to detector distances (7 m and 1 m) covering
the q range between �0.001 and 0.2 Å�1. The scattered photons
from the sample were collected using a PILATUS 1 M detector
(pixel size 172 lm � 172 lm). Silver behenate was used to cali-
brate the q scale. Scattering curves were normalized to an absolute
scattering cross section by the pre-calibrated scattering curve of
the glassy carbon. Final scattering curves were extracted after
the data reduction and radial averaging using the beamline specific
ScatterBrain software.

2.5. Dynamic Light Scattering (DLS)

A fresh 0.1 mg/mL of CPAM solution was prepared at least 8 h
prior to the experiment. SiO2 NPs were diluted to 0.5 wt% from
the stock solution. The SiO2 NPs and CPAM solution was sonicated
for 2 min at 100% amplitude, respectively, to ensure evenly distri-
bution. SiO2 NPs suspension was then added through a peristaltic
pump at 10 mL/min into the CPAM solution which was stirred at
200 rpm/min with a magnetic stirrer. This method of addition
allowed the SiO2 NPs suspension to be added drop by drop into
the CPAM solution. This process was repeated for different surface
coverages of CPAM to nanoparticle. Dynamic Light Scattering (DLS)
using a Nanobrook Omni (Brookhaven) instrument was used to
measure the hydrodynamic size of the NPs with adsorbed CPAM
layers.

3. Results

The thin SiO2/cellulose composite sheets (Fig. 1a) were first
characterized by SEM to visualise the retention and structure
formed by the SiO2 NPs in the cellulose fibre network. Fig. 1b
shows the SEM micrograph of SiO2 NPs retained in the presence
of CPAM. Complementary SEM images are provided in supporting
information (S1). The micrograph illustrates NPs achieve high
retention by assembling to fill the interfiber gaps of the cellulose
fibre network; very few isolated NP are observed. However, SEM
provides punctual information over a localised area and provides
limited statistical data on structure, CPAM conformations, NP
interface, inter NPs distances and interactions over a significant
volume. Energy dispersive spectroscopy (EDS) shows the distribu-
tion of carbon, oxygen and silicon of SiO2 – nano cellulose compos-
ites (supporting information, S2).

Small Angle X-ray Scattering (SAXS) is a well recognised non-
destructive method to charaterize nanostructures (1–1000 nm)
over a complete volume [28]. All SAXS experiments were per-
formed under high fluxmode at the Australian synchrotron facility.
Fig. 2 shows the SAXS curves for the composites made of SiO2 NPs
dispersed into a cellulose fibre network and prepared using CPAM
of different charge density (20%, 30%, 40%) and dosage (0.1, 0.5 and
1 mg CPAM/m2). These dosage were selected to correspond
roughly to minor, half and full polymer surface coverage on NPs.

All SAXS curves show the same shape with mutiple peaks and
intensity varying for the composites made at different CPAM
dosages. The mutiple peaks of the curves indicate assemblies of
SiO2 NPs having a fixed inter NPs distance in the cellulose fibre
network.

Fig. 2(a1, b1, c1) shows the SAXS curves for SiO2/cellulose com-
posites made at a fixed CPAM dosage (0.1, 0.5 or 1.0 mg CPAM/m2

dosage) for a series of CPAM varing in charge densities (20%, 30%
and 40%). At a fixed CPAM dosage, varying CPAM charge density
has no effect on the SAXS curves shape and intensity profile; SAXS
curves are all identical.

Fig. 2(a2, b2, c2) displays the SAXS curves for SiO2/cellulose
composites at a fixed CPAM charge density but with CPAM dosages
varying from 0.1 to 1 mg CPAM/m2. At a given CPAM charge den-
sity, varying the CPAM dosage does not change the SAXS curves
shape and only increases the scattering intensity with CPAM
dosage. An increase in the SAXS scattering curves indicates an
increase in the retention of NPs in the cellulose matrix.

Further information from the SAXS curves was extracted by fit-
ting with a form factor including a distribution function. SiO2 NPs
are interacting with each other, forming the assemblies in cellulose
fibrous network visible by SEM; a structure factor is therefore
included in the fitting procedure. A log normal distribution with
spherical core shell model form factor and a hard sphere structure
factor fits well the scattering curves [19,29].

SAXS data fitting and analysis reveals the formation of a spher-
ical core shell structure with a SiO2 core of diameter 75 nm sur-
rounded by a thin CPAM shell of 2.5 nm thickness. The relative
electron density profile evaluated in Fig. 3a indicates that the
SiO2 core has a higher electron density while the CPAM shell has
a lower electron density than the cellulose matrix. This is in agree-
ment with the trend in the mass density of SiO2 (2.5 g/cm3), the
CPAM shell 1.1 g/cm3 and cellulose 1.5 g/cm3.

The structure factor profiles obtained from fitting the SAXS
curves of the composites with 30% CPAM charge density and at dif-
ferent CPAM dosages are shown in Fig. 3b. Structure factor profile
shows multiple peaks for each sample. However, there are no
changes in the structure factor profile observed as increases the
CPAM dosage. Similarly, the structure factor at a given CPAM
dosage for polymers of different charge density does not change.
Multiple structure factor peaks with no change indicate the forma-
tion of NPs assemblies having a constant inter NPs distance.

SAXS analysis of solid composite sheets provides key informa-
tion on the formation of the CPAM layer over SiO2 NPs and the inter
NPs interactions in the cellulose network. However, to probe only
the CPAM-SiO2 NPs interactions, Dynamic Light Scattering (DLS) is
a unique technique. Experiments were performed at low SiO2 NPs
concentration at different CPAM charge density and dosages. DLS is
sensitive at the higher concentrations and provides unreliable



Fig. 1. (a) Picture of the thin and flexible SiO2/Cellulose composite. (b) SEM micrographs showing retention and distribution of 74 nm SiO2 NPs in the cellulose fibre network.

Fig. 2. SAXS curves for the SiO2/cellulose composites with different CPAM charge density and dosages. SAXS curves for varying CPAM charge density 20, 30 and 40% at a
constant CPAM dosage of 0.1, 0.5 and 1.0 mg CPAM/m2 are given in a1, b1 and c1, respectively. SAXS curves for varying CPAM dosages 0.1, 0.5 and 1.0 mg CPAM/m2 at a
constant CPAM charge density of between 20%, 30% and 40% are given in a2, b2 and c2, respectively.
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Fig. 3. (a) Relative electron density distribution obtained from SAXS curve fitting.
(b) Hard sphere structure factor obtained from fitting the SAXS curves in Fig. 2(b2).
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results; therefore, low concentrations of SiO2 NPs were used. DLS
measurements provides the hydrodynamic size of the particle
characterized by the Brownian motion of NPs in suspension [30].
Fig. 4. (a1) DLS Correlation curves for SiO2 NPs suspensions with CPAM of varying charg
1.0 mg CPAM/m2. The measured size distributions are given in (a2) and (b2), respective
Fig. 4 shows the DLS correlation curves and lognormal size dis-
tributions of SiO2 NPs with CPAM dosages of 0.1 and 1.0 mg CPAM/
m2, and for CPAM charge density of 10%, 30% and 50%. The correla-
tion curves for dosage of 0.1 mg CPAM/m2 at different CPAM
charge density decays at the same rate (Fig. 4a1) and their size dis-
tributions are nearly identical (Fig. 4a2). The correlation curves for
1.0 mg CPAM/m2 dosage in Fig. 4b1 shows a faster decay for 10%
charge density and a slower decay for 30% and 50%. The average
lognormal mean hydrodynamic diameter is large for 50% charge
density than 30% and 10% (Fig. 4b2).

The measured hydrodynamic mean diameter from DLS is plot-
ted against CPAM charge densities and dosages (Fig. 5). For 0.1
mg CPAM/m2 dosage, the mean hydrodynamic diameter is 79 ± 5
nm and identical for CPAM of all charge densities. Similarly, for
0.5 mg CPAM/m2 dosage, the hydrodynamic diameter increases
to 150 ± 12 nm and remains independent of CPAM charge density.
However, at the higher CPAM dosage of 1 mg CPAM/m2 and at 10%
and 30% charge density CPAM, the hydrodynamic diameter
increases to 200 ± 20 nm, but further rises to 380 ± 30 nm with
the 50% charge density CPAM.
4. Discussion

The zeta potential measured for SiO2 NPs is �30 mV and that of
cellulose is �26 mV [19]. Both SiO2 NPs and cellulose are nega-
tively and sufficiently charged to induce a strong electrostatic
repulsion preventing significant SiO2 NPs retention into the fibrous
network. High retention of SiO2 NPs requires a positively charged
retention aid such as a high molecular weight polyelectrolyte to
adsorb and aggregate NPs into the cellulose network.

Cationic-polyacrylamide (CPAM) is an efficient and widely used
flocculant, well known as retention aid in the pulp and paper
industry [31]. The CPAMs selected are positively charged
e density of 50%, 30% and 10% at a fixed CPAM dosage of 0.1 mg CPAM/m2 and (b1)
ly.



Fig. 5. Hydrodynamic SiO2 NPs size measured from DLS for different CPAM dosages
between 0.1 and 1.0 mg CPAM/m2 and plotted against varying CPAM charge density
between 10 and 50%.

Fig. 6. Schematic on the effect of CPAM dosage (at a constant CPAM charge density)
on the SiO2 nanoparticles assembly.
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polyelectrolytes having a very high molecular weight of 13 MDa
corresponding to a radius of gyration (Rg) ranging between 30
and 40 nm [32]. The zeta potential of CPAM stabilized colloids
ranges from +50 mV to +80 mV depending on charge density.

CPAMs of three different charge densities (20, 30 and 40%) were
investigated at three different dosages (0.1, 0.5 and1.0 mg CPAM/
m2) to construct cellulose/SiO2 NPs composites of well-defined
structures. The amount of cellulose fibre was kept constant (1.2
mg) in all composites while NP concentration varied as a function
of retention.

While preparing SiO2/cellulose composites, CPAM was first
mixed with the SiO2 NPs. The diameter of SiO2 NPs in suspension
is around twice larger than the CPAM Rg. Sections of CPAM adsorb
at the NP surface, driven by electrostatic attraction forces. The
CPAM/SiO2 suspension is then mixed with a stable cellulose sus-
pension and the CPAM/SiO2 entities adsorb onto and disperse
within cellulose fibres network.
4.1. Effect of CPAM concentration

SAXSmeasurements (Fig. 2a2, b2, c2) show the scattering inten-
sity of composites increases with CPAM dosage at a given polymer
charge density. Increase in scattering intensity indicates higher
retention of NPs in the cellulose network with high CPAM dosages.
These results are consistent with the previously reported SAXS
investigations on CPAM dosage effect on 8 and 22 nm SiO2 NPs dis-
persion in the cellulose matrix [19,33]. A variation in the scattering
intensity difference indicates the surface coverage is approaching
the saturation plateau towards the high CPAM dosages. However,
the scattering peaks position remains at the same q values reveal-
ing the NPs are surrounded by the same type of NPs forming a
structure assembly with fixed inter-NPs distance. This constant
inter-NP distance is reflected by the structure factor evaluated in
Fig. 3b.

At low dosage (0.1 mg CPAM/m2), the CPAM chain concentra-
tion in solution is limited and the SiO2 NPs surface area available
is sufficiently large to adsorb all CPAM. The CPAM chains adsorb
into a flat conformation (trains) driven by a high electrostatic affin-
ity for SiO2 surface. The polymer chain distributes over the NP
interface via multiple contacts (anchor points) resulting in a thin
and permeable CPAM shell 2.5 nm thick. The adsorbed CPAM chain
also bridges the nearby bare SiO2 NPs (Fig. 6). NPs bridging leads to
the formation of NPs assemblies of constant inter-NPs distance dri-
ven by the force balance between SiO2-SiO2 repulsion with CPAM-
SiO2 attraction (via bridging). At low CPAM dosage, fewer NPs
assemblies are formed and most of the bare SiO2 NPs remain stable
in the suspension. The obtained adsorbed CPAM conformation
thickness (2.5 nm) on SiO2 NPs is in agreement with the previous
reported adsorbed CPAM thickness (1.5 nm) on silicon wafers
obtained by neutron reflectivity studies [32].

Increasing the CPAM dosage to 0.5 mg and 1.0 mg CPAM/m2

increases the CPAM chains concentration in the suspension. The
increased number of CPAM chains bridges additional bare SiO2

NPs which creates newer assemblies of constant inter NPs dis-
tances (Fig. 6). This is in agreement with the DLS results (Fig. 5)
showing the formation of NP dimers at 0.5 mg CPAM/m2 and tri-
mers and larger assemblies with 1.0 mg CPAM/m2. The inclusion
of NPs into bigger and new assemblies increases the NPs volume
fractions [34] in the cellulose composite. The force balance
between SiO2-SiO2 repulsion and CPAM-SiO2 attraction dominates
and insures a constant inter-NPs distance for all CPAM dosages.
4.2. Effect of CPAM charge

The absence of change in the shape and intensity of the SAXS
curves (Fig. a1, b1, c1) indicates the inter-NPs interactions are
unaffected by CPAM charge – at a particular dosage. The CPAM
charge density (Table 1) is higher than the SiO2 charge density
(1.8 � 10�4 eq/g). The charge density of 50% CPAM is 7 times
higher than that of SiO2 NPs and twice as high as 10% CPAM. The
average end to end chain length of the high charge density CPAM
is expected to be higher than the low charge density polymers
due to the stronger inter monomer repulsions.

Longer CPAM chains develop more contact points with the NP
surface and better distribute to cover a larger area on single NPs.
The CPAM chain also bridges the nearest SiO2 NPs having a bare
or partially CPAM covered surface. The force balance resulting from
the SiO2-SiO2 repulsion with the SiO2-CPAM attraction maintains
the constant inter NPs distance observed. Interestingly, increase
in CPAM charge density does not create significantly larger NPs
assemblies so the NP volume fraction remains constant (Fig. a1,
b1, c1).

Increasing the number of CPAM chains (dosage) in suspension
has a significant effect on the NPs assembly formation. High CPAM
dosage creates more NPs assemblies of high volume fraction which
retain better in the cellulose fibrous network. However, increasing
CPAM charge density (which increases chain length) at a particular
CPAM dosage has no effect on the formed NPs assemblies and the
inter-NPs interactions remains constant as unaffected.
4.3. CPAM/SiO2 and cellulose fibre interactions

Upon mixing the CPAM/SiO2 suspension with the cellulose
fibres suspension, the CPAM covered NPs and their assemblies
are electrostatically attracted towards the cellulose fibres; this
NPs system adsorbs and retains onto the cellulose matrix. Low
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CPAM dosage creates less and smaller NPs assemblies; this results
in a lower NPs retention into the cellulose network. Increasing
CPAM dosage increases the formation of newer and bigger NPs
assemblies for a higher volume fraction of NPs retained in the cel-
lulose fibre network. Adsorption at the cellulose interface also hin-
ders the movements of SiO2 assemblies and contributes to
retaining the order/assembly structure of NPs.

5. Conclusion

We previously reported on the conformation of CPAM adsorbed
on SiO2 NPs of different sizes and its effect on the dispersion of the
NPs in micro fibrillated cellulose (MFC) networks [29]. The CPAM
chain interacts differently with different diameter of NPs which
affects the composite nanostructures. CPAM dosage influences
the NPs assembly within the CPAM chain which increases NPs vol-
ume fraction in the composites [19,33].

Here, the effect of dosage and charge density of very high
molecular weight (13 MDa) cationic polyacrylamides (CPAM) on
the formation and dispersion of SiO2 NPs assemblies in cellulose
nanofibre networks was investigated. A characterization method-
ology combining SAXS, DLS and SEM was developed. CPAMs are
well known to adsorb onto many colloids to control their stability
based on dosage, molecular weight and charge [4,15,18,21,24]. The
radii of gyration of the CPAM investigated (30–40 nm) are half the
average diameter of the SiO2 NPs (74 nm). CPAM assembles NPs
into cellulose fibre networks by a bridging mechanism. SAXS and
DLS analysis show that increasing the CPAM dosage increases the
average number of NPs in assemblies, which results in a higher
retention of NPs in the cellulose network. However, increase in
the CPAM charge density at a particular CPAM dosage has no effect
on the assembly retention. Within the assembly, the NP-NP inter-
distance remains constant at 5 nm; this inter-NPs distance is
affected neither by the CPAM dosage nor by its charge density. This
is explained by the force balance arising from the electrostatic
interactions between SiO2 NPs and CPAM. The analytical method-
ology developed can be used to quantify the structure of any inor-
ganic and metal NP of size 1–75 nm dispersed into composites
with an organic continuous phase.

This work contributes to the manufacturing of functional
biodegradable cellulose composites, and provides new analytical
tools to gain a fundamental understanding of composites struc-
tures at the nanoscale.
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