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Abstract Nanocellulose has great potential for end
use in the pulp and paper industry, but its mechanical
production process is often extremely energy inten-
sive. Although various pre-treatment methods have
been introduced to significantly lower the energy
consumption of nanocellulose production, there still
remains a great challenge to match the cost to
mechanical strength performance of nanocellulose.
This research investigates the relationship between
energy consumption with numerous refining and
homogenization cycles towards the production of high
aspect ratio and low diameter nanocellulose, and
whether this is necessary to achieve high strength
sheets. Never-dried Bleached Eucalyptus Kraft pulp
was mechanically treated with a PFI mill refiner and
homogenizer. The actual homogenization energy
measured on a lab scale was significantly higher than
that predicted only from the simplified pressure drop
equation which is inaccurately independent of homog-
enizer design and size. We measured two aspects of
fiber quality believed to be related to sheet mechanical
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strength: the fiber diameter, which is inversely
proportional to the surface area available for bonding,
and the fiber aspect ratio, which is believed to control
the efficiency of stress transfer within a network. Both
refining and homogenization reduced the fiber diam-
eter and increased the aspect ratio, but homogeniza-
tion was more effective at both. There was surprisingly
little correlation between the measures of fiber quality
and mechanical sheet strength. All PFI mill refined
samples had a tensile index of around 100 Nm/g,
while additional treatment with homogenization
increased this only by approximately 20%. This was
despite the most heavily treated fibers (50,000 PFI
revolutions and 3 homogenization passes at 1000 bar)
having a median diameter of 12 nm and aspect ratio of
229 compared to the least treated fibers (10,000 PFI
revolutions) with a median diameter of 31 nm and
aspect ratio of 102. The most heavily treated fibers
required 39,000 kWh/t of energy, a tenfold increase
over the least heavily treated fibers. The results
confirmed that there was small benefit, in terms of
mechanical strength, of using very large amounts of
energy to produce very low diameter, high aspect ratio
nanocellulose fibers.
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Introduction

The 3 order of magnitude reduction in fiber dimen-
sions that occurs when cellulose fibers are broken
down into elementary microfibrils allows for the
production of a unique class of cellulose nanomate-
rials which have high strength, high specific surface
area, high elastic modulus, high thermal coefficient,
low toxicity, good biodegradability and good barrier
properties (Lavoine et al. 2012; Osong et al. 2016; Sir6
and Plackett 2010).

The many applications of nanocellulose include
food packaging (Aulin et al. 2010), reinforcements for
nanocomposite fillers (Ramires and Dufresne 2011),
anti-microbial films (Andresen and Stenius 2007) and
flexible electrodes for lithium ion batteries (El Baradai
et al. 2016). The unique rheology and viscoelasticity
of cellulose nanomaterials have also been highlighted
for various uses such as coatings for paper manufac-
turing with carboxymethyl cellulose (Dimic-Misic
et al. 2013), UV shielding composites made from
nanocrystalline cellulose (Chang et al. 2013), cosmet-
ics with cellulose nanofibrils (Nelson et al. 2016),
binder formulations (Dimic-Misic et al. 2014), med-
ical drug delivery with cellulose nanocrystals (Lewis
et al. 2016) and paper-based applications (Campano
et al. 2018; Syverud and Stenius 2009), the last of
which is the focus of this research. The term
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nanocellulose sheet is often used to define a 2D
material made from nanocellulose fibers into a hand-
sheet within a laboratory context, or paper, paper sheet
and board within an industrial end application context.
It has high strength, foldability and optical translu-
cency (Eichhorn et al. 2001). It has great potential to
be used for high strength packaging, electronics (Nogi
etal. 2009), novel cellulose-based filters and to greatly
simplify the roll-to-roll operations of functional coat-
ing on paper (Zhang et al. 2012).

The various methods of mechanical and chemical
treatments for cellulose nanomaterial production have
been reviewed extensively in the literature (Eichhorn
et al. 2010; Isogai et al. 2011b; Lavoine et al. 2012;
Osong et al. 2016; Sir6 and Plackett 2010). Mechan-
ical treatments work by subjecting fibers to large
shearing forces which fibrillate and liberate elemen-
tary microfibrils. This promotes the development of
nanocellulose with high aspect ratios which improves
entanglement in fiber networks. Common mechanical
treatments include: mechanical refiners (Kerekes
2005), homogenizers (Nakagaito and Yano 2005;
Raj et al. 2016; Sir6 et al. 2011), microfluidizers
(Ferrer et al. 2012; Siqueira et al. 2009) and grinding
equipment (Iwamoto et al. 2005). A PFI mill is a low
consistency refiner that works by rapidly applying a
high ratio of compressive to shearing force (Kerekes
2005) to fibrillate fibers pressed between two parallel
surfaces rotating under a constant load. This results in
high internal fibrillation, but has limitations such as
low external fibrillation and fiber shortening (Kerekes
2005). Low consistency refining is more common with
chemical pulps while thermomechanical pulps are
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often produced at a high consistency of about 30 wt%
(Kerekes 2015). Refining at high consistency however
does have its challenges due to the complex rheology
of suspensions and issues of refiner clogging at a high
consistency (Kerekes 2015). Low consistency refining
does offer some advantages such as easier pulp
handling, pumping and potentially lower energy
consumption owing to a more uniform distribution
of fibers along the length of the bar (Kerekes 2015).
With the homogenizer, the fiber is pressed through a
very narrow slit between a pressurized valve and valve
seat under high pressure (Klemm et al. 2011). This
results in hydrodynamic cavitation and very large
shearing forces to liberate the elementary microfibrils
(Karande et al. 2013).

Nanocellulose can be produced from a wide variety
of cellulose sources including hardwoods (Spence
et al. 2010), softwoods (Iwamoto et al. 2008), hemp,
sugarbeet (Vartiainen et al. 2015), wheat straw and soy
hulls (Alemdar and Sain 2008) and food waste, such as
carrot pomace (Varanasi et al. 2018). The fiber
dimensions in each nanocellulose subclass are well
defined in accordance with ISO TC229 standards
(Walker 2012). Microfibrillated cellulose (MFC) also
known as cellulose microfibrils (CMF), refer to the
larger nanocellulose fibers with diameters in the range
of 10-100 nm and lengths of more than 1 pm.
Nanofibrillated cellulose (NFC) also known as cellu-
lose nanofibrils (CNF), refer to the smaller fibers with
diameters in the range of 4-20 nm and lengths of more
than 1 pm. Within the confines of this research, MFC
refers to the larger nanocellulose fibers produced with
heavy refining while NFC refers to the smaller
nanocellulose fibers produced by subjecting highly
refined fibers to high pressure homogenization. It is
worth noting that these naming conventions are not
always limited to these select combinations of
mechanical treatments, but were used in this research
to simplify sample naming.

Many literature sources have noted that increasing
the energy consumption with refining and homoge-
nization reduces the fiber diameters of various feed-
stocks (Karande et al. 2013; Raj et al. 2016; Spence
et al. 2011). However, increasing the degree of
refining and homogenization passes for NFC produc-
tion comes at the expense of very high energy
consumption (Kumar et al. 2014). In the case of
homogenization, prominent examples include
mechanical energy consumption upwards of 27,000

kWh/t with sulphite pulp (Ankerfors 2012), 70,000
kWh/t with Kraft pulp (Eriksen et al. 2008) and 10,000
kWh/t per homogenizer pass with radiata pine pulp
(Syverud et al. 2011). As such, pre-treatment methods
such as TEMPO-mediated oxidation (Isogai et al.
2011a) and mild enzymatic hydrolysis (Henriksson
et al. 2007) are commonly performed to reduce the
energy consumption. However, criticisms such as the
high cost and toxicity of TEMPO (Osong et al. 2016),
and difficulty in harvesting the nanocellulose before
excessive hydrolysis to soluble sugars with enzymes
(Vigneshwaran et al. 2015) have been raised.

Thorough understanding of nanocellulose dimen-
sions through fiber characterization techniques is key
to tailor nanocellulose for specific applications such as
sheet formation, where the size of filter pores and
drainage times depend largely on fiber diameters
(Zhang et al. 2012) and for paper strength, where the
fiber length is critical as evidenced by the Page
equation for wood fiber sheets (Page 1969). This has
been the area of much research in recent decades.
Microscopic techniques such as scanning electron
microscopy (SEM), transmission electron microscopy
(TEM) and atomic force microscopy (AFM) coupled
with image analysis techniques have been used to
measure fiber diameter distribution (Pdidkko et al.
2007; Raj et al. 2016). Fiber length however, is often
more difficult to measure due to the highly entangled
fiber networks and difficulty in identifying the fiber
ends with SEM images at high magnifications (Hen-
riksson et al. 2008). Sedimentation experiments have
been developed for nanocellulose fibers (Varanasi
et al. 2013; Zhang et al. 2012) based on original work
done on wood fibers (Martinez et al. 2001). This has
been noted to be a simple yet effective tool to obtain
the gel point of a fiber suspension and correlate that to
the aspect ratio (length/diameter) of the fibers based on
empirical Effective Medium theory (EMT) (Celzard
et al. 2009).

Strength improvements by using nanocellulose
fibers have been well documented in the literature
(Klemm et al. 2011; Osong et al. 2016; Taipale et al.
2010). One study noted that tensile index and tough-
ness increases by a factor of 4-5 times for MFC films
as compared to wood fiber sheets due to improvements
in density (Spence et al. 2010). The addition of even
small amounts of MFC to wood fiber sheets will
improve the sheet strength (Su et al. 2013). MFC films
produced from Kraft pulp also showed significant
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improvements in bending strength and Young’s mod-
ulus (Nakagaito and Yano 2005). While some
researchers report the use of upwards of 15-20 passes
with a homogenizer (Karande et al. 2013; Spence et al.
2011) to obtain a desired fiber quality, this will
consume large amounts of energy.

Again, although it is widely accepted that an
increase in mechanical treatment and energy input
would result in a decrease in fiber dimensions, the
correlation between these nanoscale dimensions and
sheet strength is not well understood. One study
subjected spruce softwood pulp to refining and up to
50 homogenization passes at 50 MPa (Stelte and
Sanadi 2009). AFM measurements revealed that the
final cellulose nanofiber product after 50 passes had
diameters in the 10-25 nm range with aggregates less
than 100 nm in diameter (Stelte and Sanadi 2009). The
average fiber diameter was believed to decrease with
homogenization passes, but the progressive change
with each pass was not tracked (Stelte and Sanadi
2009). The refined sheets produced had an average
tensile strength of about 50 MPa which increased to
80 MPa with homogenization but remained approxi-
mately constant even after 50 homogenization passes
(Stelte and Sanadi 2009). Work done on Pinus Radiata
using a grinder noted that the nanofibers produced had
widths of about 20-50 nm after 5 passes and had
relatively constant stress at break values of about
90 MPa up to 9 passes (Iwamoto et al. 2007). Results
from cotton fiber NFC production with heavy refining
revealed that the average fiber diameter decreased
from 25,000 nm to 394 nm after 5 passes and
to 242 nm after 30 passes through a disc refiner
(Karande et al. 2011). Analysis of sheet mechanical
properties showed relatively constant stretch % and
breaking lengths even after 10 to 30 passes through the
refiner (Karande et al. 2011). A separate study
investigated the addition of cellulose nanofibrils
produced using multiple homogenization passes to
reinforce hydroxypropyl cellulose films (Lee et al.
2009). The fiber diameter was measured between 28
and 100 nm after 10 passes and was believed to be
even lower after 20 passes but this was not measured
(Lee et al. 2009). The addition of 3 wt% nanofibrils
produced after 5 passes increased the tensile strength
of the composite hydroxypropyl cellulose film from
18 MPa to about 23 Mpa (Lee et al. 2009). However,
this strength value remained relatively unchanged
even after the addition of fiber produced using 20
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homogenization passes (Lee et al. 2009). From the
multiple studies noted above, increasing amounts of
mechanical treatment do not always produce increases
in strength with many cases noting a plateau in
strength.

While there are specific applications where very
small nanocellulose fiber dimensions are desirable, as
in the case of fine cellulose-based filters (Zhang et al.
2012), a question is often raised on the need for such
small fibers for nanocellulose sheet strength at the
expense of large mechanical energy costs. A reduction
in fiber dimensions increases the fiber surface charge
which has been noted to reduce fiber agglomeration
and clogging issues with refiners (Dimic-Misic et al.
2018b) and homogenizers (Lindstrdom 2017). How-
ever, the presence of progressively smaller fibers
would also increase the gelation of the fiber suspen-
sion (Dimic-Misic et al. 2018b). This has been linked
to drawbacks such as suspension dewatering issues,
increased transportation costs and reduced process-
ability (Dimic-Misic et al. 2018b). The introduction of
MFC and NFC into the paper furnish allows for the
addition of a large amount of cheap pigment due to the
high surface area of the fibrils and the inter-fiber
hydrogen bonds formed (Rantanen et al. 2015). This
also raises the question as to whether very small fibrils
at the expense of very high energy consumption are
necessary. This cost to performance criteria of
nanocellulose must be taken into consideration for
economic and sustainable production.

In this paper, we investigated the effect of nanocel-
Iulose mechanical treatment on fiber quality and sheet
mechanical properties and correlated these results to
the mechanical energy consumption. Progressive fiber
fibrillation and fiber quality was characterized using
SEM images to measure the fiber diameter dimensions
and gel point sedimentation to estimate the fiber aspect
ratio. The results showed that median fiber diameter
decreases and aspect ratio increases significantly with
mechanical energy consumption. The nanocellulose
fibers were then formed into handsheets and their
mechanical properties were measured. Interestingly,
the most heavily refined and homogenized sample had
only marginal strength improvements over the least
heavily refined sample, but required a more than
tenfold increase in energy consumption to make.
There was surprisingly little correlation between the
measures of fiber quality (diameter distribution with
SEM image analysis and aspect ratio estimation with
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gel point sedimentation) and handsheet sheet strength.
Here, we have shown that very strong nanocellulose
sheets can be produced from larger diameter nanocel-
lulose fibers with heavy refining using much lower
energy.

Experimental
Materials

Never-dried unrefined bleached eucalyptus Kraft
(BEK 0OK) pulp was supplied from Australian Paper
Maryvale. BEK was selected as a starting material due
to its abundance and long-standing history as a
feedstock for papermaking. BEK hardwood fibers
are approximately 10—15 pm in diameter and I mm in
length. Large scale nanocellulose production with a
commodity fiber like BEK would be advantageous due
to the availability and familiarity of this as a fiber
source.

Methods
Mechanical refining as a pre-treatment

BEK fibers were mechanically pre-treated using a PFI
mill at 10 wt% in accordance with TAPPI T248
standards (TAPPI 2001a). The number of PFI mill
refiner revolutions were set to one of 10,000 (BEK
10K), 30,000 (BEK 30K) and 50,000 (BEK 50K).
After PFI refining, the BEK fibers were collected and
disintegrated for 15,000 revolutions at 1.2 wt% with a
3L Mavis Engineering (Model No. 8522) standard
disintegrator. Standard mechanical disintegration after
PFI refining is consistent with the TAPPI T248
standard of laboratory beating of the pulp. Although
the changes in fiber morphology with disintegration
were not tracked, disintegration was performed con-
sistently across all 7 fiber samples to form a dilute and
uniform suspension. Each sample was divided into
two. One part was sent directly for papermaking and
the other part was treated with high pressure homog-
enization (HPH) prior to papermaking. From previous
experience, a minimum mechanical pre-treatment of
10,000 revolutions was required to prevent clogging of
the homogenizer. A summary of fiber sample naming
conventions and treatment types is shown in Table 1.

To check the repeatability, two batches of BEK 10K
and BEK 10K 1P were made.

Production of NFC with high pressure
homogenization

The refined pulp was homogenized using a GEA Niro
Soavi Homogenizer (PANDAPLUS 2000) at a fixed
pressure of 1000 bar at 1 wt%. The BEK 10K and
BEK 30K refined fibers were sent for 1 pass through
the homogenizer to produce BEK 10K1P and BEK
30K1P, respectively. BEK 50K refined fibers were
homogenized for 3 passes to produce BEK 50K3P.
BEK 50K3P was chosen as the extreme case for the
data set and represents the upper limit of mechanical
energy consumption (39,000 kWh/t fiber) beyond
which the process becomes economically unattractive.
The chosen data set allows for the comparison of
noticeably different fiber fibrillation qualities on sheet
strength. Homogenizer energy usage is dependent on
many factors such as homogenizer design, size,
operating pressure and fiber suspension consistency
to name a few. A homogenization pressure of 1000 bar
and suspension consistency of 1 wt% was selected
based on previous experience with this instrument.
This results in the production of heavily fibrillated
nanocellulose while still preventing clogging.

Specific energy consumption

The mechanical energy consumption with both PFI
refining and homogenization was measured using a
Hager EC350 Three-Phase kWh-meter. It is worth
noting that all experimental energy consumption
values measured and expressed as kWh/t fiber in this
research refer to kilowatt-hour per oven-dry tonne of
fiber. The energy measurements were performed twice
for each sample to check for repeatability. The total
mechanical energy consumption measured in kWh
with each run was then divided by oven dried fiber
mass (in the case of the refiner) and by fiber suspension
mass and concentration (in the case of the continuous
homogenizer) to convert to kWh/t fiber. The specific
energy consumption values measured were then
compared with the values obtained from the pressure
drop equation, W, = [(P, — P;) x 1/p]l/c, where W,
is the homogenization work in kWh/t fiber, P, is the
atmospheric pressure, P, is set pressure of the
homogenizer at 1000 bars, p is the density of the
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Table 1 Fiber naming

PFI mill refining revolutions

Homogenization passes at 1000 bar

Sample

conventions and treatment

types BEK 0K 0
BEK 10K 10,000
BEK 30K 30,000
BEK 50K 50,000
BEK 10K1P 10,000
BEK 30K1P 30,000
BEK 50K3P 50,000

W = = O O O O

suspension and c is the suspension consistency which
converts wet tonne of fiber suspension to dry tonne of
fiber (Ankerfors 2012).

Surface charge measurements

The surface charge of BEK 0K, BEK 10K and BEK
50K3P were measured as a useful check to ensure both
refining and homogenization were progressively fib-
rillating the fibers. Zeta potential measurements were
performed for these suspensions with a Nanobrook
Omni (Brookhaven Instruments) in a cuvette cell at
25 °C. The zeta potential was calculated using the
provided software by determining the electrophoretic
mobility from an electrophoresis experiment using
laser Doppler velocimetry and applying the Smolu-
chowski equation.

SEM imaging and diameter distribution

For SEM imaging sample preparation, fiber samples
were first diluted to 0.001 wt%. A single drop of the
suspension was cast on top of a silicon chip and left to
air dry. The samples were then coated with iridium
before imaging. This process was repeated for all fiber
samples. SEM images were then taken using an FEI
Magellan 400 XHR FEGSEM fitted with a monochro-
mator at a 3.0 kV spot size and 6.3 pA current.

To obtain a fair and unbiased representation of the
fibers in an image, the methodology applied was
adapted and improved from that given in (Zhang et al.
2012). For each fiber sample, a SEM image which best
represented the fiber sample was first taken at a low
magnification of 175 x (400 pm scale bar) to capture
the large fibers. This image was then divided into 4
quadrants and a 60,000 x (1 um scale bar) high
magnification image was taken in each quadrant. To
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avoid bias fiber selection, all observable fibers in each
SEM image were counted with Image J processing
software by measuring the fiber diameters as image
pixels and correlating that to a length scale. Care was
taken to ensure each observable fiber was only
measured once. More than 16,000 fibers were mea-
sured in total, with more than 4000 fibers measured for
the most heavily treated sample. From the low
magnification images, the larger fiber diameters of
all samples were sorted into 2000 nm sized bins. From
the high magnification images, the nanocellulose fiber
diameters were sorted into 5 nm and 2 nm sized bins.
This was done using OriginPro 8 software. The value
of the bin centre was used for calculations. The fiber
counts were normalized by image area to counts/m?
which allowed for a fair comparison at different
magnifications. It is worth noting, for the high
magnification images with unrefined BEK OK, there
was typically 1 intact fiber measured per image. We
only analysed images with a fiber which when
normalized by the area assumes the same concentra-
tion of fibers repeating per m” of the image. This does
not take into account the blank spaces between the
unrefined fibers but was still performed to allow for
comparison between unrefined, refined and homoge-
nized fibers at high magnification. As such, trends
between fiber samples were only observed for a given
magnification and not between magnifications.
Detailed SEM images for all fiber samples before
and after image analysis can be found in the supple-
mentary information.

Sedimentation and gel point determination
Sedimentation tests were conducted with 250 mL fiber

suspensions at concentrations ranging between 0.1
wt% and 0.005 wt% for each sample. Each suspension
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was thoroughly mixed using a Kambrook hand stirrer
(Model Number KSB7) before being poured into a
measuring cylinder. The initial sediment height was
measured (h,). The fiber suspension was then left to
settle under gravity, for a minimum of 48 h before the
final sediment height was measured (hg). The initial
solids concentration (@,) was then plotted against the
ratio of final sediment height to initial sediment height
(hy/h,) to determine the gel point of the suspension
(Varanasi et al. 2013). By definition, the gel point is
the lowest solids concentration at which the fibers
form a continuous network.

For each sample, the data of initial solids concen-
tration (C,) versus (hy/h,) was fitted with a smoothing
spline (CSAPS, smoothing parameter of p = 0.998) in
MATLAB following (Raj et al. 2015). The constant
y-intercept value at the origin of the first derivative
curve gives the gel point.

Aspect ratio estimation

The gel points obtained via sedimentation were used to
estimate the aspect ratio of all wood and nanocellulose
fiber samples using EMT theory for an assumed
cellulose skeletal density of 1500 kg/m® (Varanasi
et al. 2013). The equation used was A = 3.19 C; 8
where A is the aspect ratio of the fibers and C. is the
solids concentration of the suspension at the gel point
(Varanasi et al. 2013). It should be noted that both the
low and high magnification fibers have been assumed
to have the same aspect ratio, which is unlikely to be
correct, but we have used it estimate the indicative
length of both the larger and smaller fibers. This was
done by multiplying the estimated aspect ratio with the
median fiber diameter for the high and low magnifi-
cation images, separately.

Handsheet making

Within the context of this research, the terms sheet or
nanocellulose sheet are used to define a laboratory
scale handsheet formed under these conditions. PFI
mill refined and homogenized pulp suspensions were
made into standard circular handsheets using an
Automatic British Handsheet Maker (handsheet diam-
eter of 0.159 m). All pulp suspensions were diluted to
0.2 wt% and mixed with a hand blender for even fiber
dispersion prior to sheet making. 60 gsm sheets were
formed using 1.2 oven dried grams of fiber suspension.

GE Whatman 541 Hardened Ashless filter paper
(22 pm pore size) was used on top of a standard
150-size drainage mesh (104 pm pore size) which
minimized fiber losses and ensured near 100% fiber
retention. For each fiber sample, 3 circular handsheets
were made. After conditioning and thickness mea-
surements, the 3 handsheets were cut with a cutting
template to obtain as many 10 cm long strips as
possible.

Handsheet conditioning and property
measurements

Handsheets were conditioned at 50% relative humid-
ity (RH) and 23 °C for a minimum of 24 h prior to
testing in accordance with TAPPI T402 standards
(TAPPI 2001b). The sheet thickness was measured as
an average of 10 random points for each sheet using an
L&W Micrometer. Stress—strain load measurements
were performed to fracture using an Instron Model
5566 Universal Testing Machine in accordance with
TAPPI T494 standards (TAPPI 2001c).

More than 15 separate 10 cm strips (from 3
handsheets) were evaluated for stress—strain load
measurements for each fiber sample. Cumulatively,
this allowed for approximately 100 measurements
across all 7 fiber samples. ANOVA analysis was
performed on the refined (BEK 10K, BEK 30K, BEK
50K) versus the refined and homogenized (BEK
10K1P, BEK 30K1P, BEK 50K3P) samples to deter-
mine statistical significance and 95% confidence
intervals were calculated. The strips from the tensile
tests were then collected and dried at 105 °C in a
Thermoline BTC-9090 oven to determine the sheet
grammage and density.

Results and discussion
Specific energy consumption

The specific energy consumption values measured are
summarised in Table 2. Repetitions for the energy
consumption measurements resulted in consistent
values of 7200 kWh/t fiber for the cases of BEK
10K to BEK 10K1P, BEK 30K to BEK 30K1P, BEK
50K to BEK 50K1P and BEK 50K1P to BEK 50K2P.
In the case of BEK 50K2P to BEK 50K3P, the energy
consumption values had slight variations between
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Table 2 Specific energy consumption measured for all fiber
samples

Sample Specific energy consumption (kWh/t fiber)
BEK 0K 0
BEK 10K 3542
BEK 30K 10,625
BEK 50K 17,709
BEK 10K1P 10,742
BEK 30K1P 17,825
BEK 50K3P 39,309

7000 and 7400 kWh/t fiber, with 7200 kWh/t fiber
being the most commonly occurring measurement and
average for this continuous homogenizer. Comparing
the energy consumption values, for this homogenizer,
a single pass at 1000 bar for a 1 wt% suspension is
equivalent to approximately 20,300 revolutions in the
PFI mill.

It is worth noting that the specific homogenization
energy measured using this power meter was much
higher than that predicted from only the pressure drop
equation in literature (Ankerfors 2012), as shown in
the Methods section. This pressure drop equation is
however, inaccurately independent of homogenizer
design and size (Raj et al. 2016) and does not take into
account the type of pulp such as chemical or mechan-
ical pulp, which is believed to affect the energy
consumption. As an example, estimations from the
pressure drop would for a 1 wt% consistency suspen-
sion at 1000 bars operational pressure result in a value
of 2775 kWh/t fiber per pass. Under the same
conditions, the actual energy consumption measured
with the power meter for this lab scale homogenizer
was 7200 kWh/t fiber per pass, which is 159% higher
than that predicted from the pressure drop.

Surface charge measurements

The zeta potential values of BEK 0K, BEK 10K and
BEK 50K3P were measured to be — 11 mV,
— 19 mV and — 31 mV respectively. As shown, the
zeta potential values become increasingly negative
with more refining and homogenization. These results
are consistent with progressive mechanical treatments
which increases the fiber surface charge (Dimic-Misic

@ Springer

et al. 2018a) indicating that progressive fiber fibrilla-
tion is occurring for all samples.

SEM imaging and diameter distribution

SEM images of the starting material of never-dried
unrefined bleached eucalyptus Kraft (BEK OK) fiber
are shown in Fig. 1. The SEM images displayed in
Figs. 2 and 3 show the changes in BEK fiber
morphology with progressive refining and homoge-
nization. The shearing forces applied during mechan-
ical refining initiates the process of fiber fibrillation,
with the larger fibers showing signs of fraying.
Increasing the degree of mechanical refining and
homogenization further aids in the breakdown of the
wood fibers to produce and liberate nanocellulose
fibers that have significantly smaller dimensions.

It is worth noting that progressive refining and
homogenization has been known to shift the rheology
of the fiber suspension to be more gel-like in
behaviour. This phenomenon has been extensively
reviewed in the literature (Hubbe et al. 2017). The
progressively large number of fibril contact points
entraps water on both the fibril surface as immobilized
water and in the interfibril spacing which forms the gel
structure (Dimic-Misic et al. 2016). The increased
water content could potentially result in wall-slip
effects occurring with the refiner and homogenizer
which reduces processing efficiency. As far as it was
observed with this data set up to 50,000 PFI mill
revolutions and 3 homogenization passes at 1000 bar,
all samples still showed notable changes in fiber
diameter and aspect ratio. Further work might be to
investigate the effect of nanofiber size on fiber
suspension rheology, to determine the point at which
refining would have little to no effect.

With highly homogenized NFC fibers in Figs. 2 and
3, most of the fibers can be seen to exist in the
nanometer scale based on the high magnification
images. Again, it is worth noting that SEM images for
all fibers sets were taken at the same 0.001 wt% fiber
concentration. Detailed SEM images for all fiber
samples before and after image analysis can be found
in the supplementary information. As shown in Fig. 3,
BEK 50K3P is the most homogenous of all samples
with the smallest median fiber dimensions observable
with both the low and high magnification images.
Interestingly, increasing the mechanical energy con-
sumption progressively shifts the state of the fiber
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Fig. 2 High magnification SEM images of a refined and
b refined and homogenized fibers. (BEK 50K3P is an
abbreviation for bleached eucalyptus kraft nanocellulose fiber

suspension from a more heterogeneous mixture with
both distinctly large and small fibers, towards a more
homogeneous mixture with smaller fiber diameters.

which has undergone 50,000 PFI mill refiner revolutions and 3
high pressure homogenization passes at 1000 bar)

This has the potential to be used for applications such
as novel nanocellulose filters to ensure uniform
filtration and sheet formation spray systems
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Fig. 3 Low magnification SEM images of a refined and
b refined and homogenized fibers (BEK S0K3P is an abbrevi-
ation for bleached eucalyptus kraft nanocellulose fiber which

(Shanmugam et al. 2018) to prevent nozzle clogging,
where the necessity for smaller fiber dimensions is a
critical parameter.

Understanding of fiber quality development with
mechanical energy is key to tailor nanocellulose fibers
with specific diameters and length. The fiber diameter
distribution from SEM image analysis is shown in
Figs. 4, 5 and 6, for all fiber samples at low
magnification, refined MFC fiber samples at high
magnification and homogenized NFC fiber samples at
high magnification, respectively. Tables 3 and 4 show
the minimum, median, maximum, skewness, kurtosis,
arithmetic mean, standard deviation, standard error of
mean and peak frequency bin center diameter of fiber
diameters for the smaller nanocellulose fibers at high
magnification, and the larger wood fibers at low
magnification, respectively.

From Tables 3 and 4, discrete statistical analysis of
all fiber diameter measurements revealed that most

@ Springer

has undergone 50,000 PFI mill refiner revolutions and 3 high
pressure homogenization passes at 1000 bar)

refined MFC and homogenized NFC fiber diameter
data sets had large positive skewness values. This
indicates a long right-tail-end distribution with very
few larger diameter fibers in comparison to the number
of the smaller nanocellulose fibers. Further analysis of
the high magnification images revealed that all data
sets had very large positive kurtosis values. This
indicates that the fiber distribution is leptokurtic,
exhibiting a sharp peak. This is also consistent with a
large proportion of the fibers having a small diameter,
as evidenced by the heterogeneous nature of the
samples from SEM imaging. Due to this, the measures
of standard deviation, standard error of mean and
arithmetic mean are not suitable to describe this data
set which exhibits an asymmetrical distribution. This
is supported by the difference in arithmetic mean and
median values shown in Tables 3 and 4 indicating a
notable deviation from normal. As such, the median
was instead chosen as a better representation of central
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tendency and was used for all calculations as it is more
robust in the presence of outliers. The choice of
median is also supported by the histogram peak
frequency bin center diameter values, which are
shown to be much closer to the median as compared
to the mean. These results are consistent with previous
work done on NIST (National Institute of Standards
and Technology) nanocellulose fibers produced using
a valley beater (Zhang et al. 2012). Here, standard
deviations were calculated to be larger than the
arithmetic mean fiber diameter.

All high magnification fiber samples show a
decrease in median fiber diameters with increasing
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Fig. 5 Diameter distribution of refined BEK fibers based on high magnification SEM images sorted into a 5 nm and b 2 nm bin sizes

mechanical energy consumption from refining and
homogenization. From Table 3, the BEK 10K median
nanocellulose fiber diameter of 31 nm reduces by 19%
to 25 nm with BEK 30K, and by 45% to 17 nm with
BEK 10K1P. With the larger fibers in Table 4, the
BEK 10K median wood fiber diameter of 12,242 nm
reduces by about 7.4% to 11,339 nm with BEK 30K
and by about 80% to 2430 nm with BEK 10K 1P. From
Table 2, it can be seen that the increase in specific
energy consumption from BEK 10K to BEK 30K
(7083 kWh/t fiber) and BEK 10K to BEK 10KI1P
(7200 kWh/t fiber) was relatively equal. Hence,
homogenization was shown to be more effective in
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Fig. 6 Diameter distribution of refined and homogenized BEK fibers based on high magnification SEM images sorted into a 5 nm and

b 2 nm bin sizes

reducing the median nanocellulose fiber diameters
than PFI mill refining. As expected, the normalised
fiber counts/m” increases with increasing energy
consumption. Based on the smaller nanocellulose
fibers in Table 3, the fiber counts/m” measured at 10*3
with refining increases by approximately an order of
magnitude to 10" with homogenization. This shows
that the homogenizer produces a greater proportion of
smaller diameter nanocellulose fibers than the refiner,
although both mechanical treatments reduce the fiber
diameter with increasing energy consumption.

Sedimentation and gel point determination

The results of the sedimentation experiments are
shown in Fig. 7. The first derivative of the curve at the
y-intercept gives the gel point for each fiber sample.
The aspect ratio (length/diameter) of each fiber sample
was then calculated from the gel point, which allows
for the estimation of indicative fiber length (Varanasi
et al. 2013).

From Fig. 7, increasing the amount of mechanical
refining and homogenization gradually reduces the gel
point of the fibers, as evidenced by the decreasing
slope of the trend lines. As expected, never-dried BEK
OK has the highest gel point (highest slope), and the
most highly processed fiber BEK 50K3P has the
lowest gel point (lowest slope). A lower gel point
represents a higher aspect ratio. The BEK 10K, BEK
30K and BEK 50K samples had almost similar gel
points. Homogenization however lowers the slope

@ Springer

significantly for all three samples. A summary of the
gel point values obtained is shown in Table 5.

From the literature, progressive refining and
homogenization increases the surface charge of the
fibrils (Dimic-Misic et al. 2018a). This results in an
increase in fibril area and contact points available to
entrap water (Dimic-Misic et al. 2016). The combi-
nation of immobilized water on the surface and water
in the interfibril spacing produces gel-like behaviour
within fibrillary matrices (Dimic-Misic et al. 2016).
The gel point, also known as the connectivity thresh-
old, is the lowest volume fraction where particles first
form a continuous network (Varanasi et al. 2013). Gel
point by sedimentation assumes gravity to be the
dominant force (Raj et al. 2016). However, an increase
in surface charge with progressive fibrillation results
in a significant electrostatic repulsive force component
(Raj et al. 2016). This causes the sediment height to
increase for a given solids concentration across all
samples. Again, while nanocellulose with high aspect
ratios can be used for specific applications, certain
rheological issues have been raised as a consequence
of this increase in gel-like behaviour. Notably, an
increase in suspension viscosity with progressive fiber
fibrillation causes detrimental effects with press
dewatering in papermaking at high sheet grammages
(Rantanen and Maloney 2013). This further brings into
question the necessity for such high aspect ratio and
low diameter fibers to achieve high sheet strength due
to these issues and the high energy cost of production.
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Fig. 7 Sedimentation behaviour of unrefined, refined and
homogenized BEK fibers

Aspect ratio estimation

A summary of gel point, EMT average aspect ratio,
median fiber diameter and indicative fiber length
values is shown in Table 5. As shown in Table 5, the
unrefined BEK OK average aspect ratio of 84 increases
by 21% to 102 with 10K refining but does not change
significantly with further refining. Homogenization
however greatly increases the aspect ratio of the fibers
by 69% to 142 with BEK 10K1P, and by 173% to 229
with BEK 50K3P. From Table 2, it can be seen that the
increase in specific energy consumption from BEK
10K to BEK 30K and BEK 10K to BEK 10K1P is
approximately equal. Hence, homogenization was
shown to be more effective in increasing fiber aspect

ratio than PFI mill refining. Increasing the number of
passes through a homogenizer can be used to produce
nanocellulose fibers with high aspect ratios, indicating
that fiber diameter reduction dominates over fiber
shortening.

As previously mentioned, the indicative fiber
lengths were estimated using the median fiber diam-
eter and EMT fiber aspect ratio. It is worth noting that
these estimations were performed merely to observe
trends and should not be taken as absolute values.
Estimations from the gel point measurements and high
magnification SEM images show that all refined and
homogenized fibers had approximately similar
2-3 um fiber lengths. With the larger fibers in the
low magnification SEM images, the indicative fiber
lengths obtained with the homogenizer were notably
shorter than those obtained from the refiner.

Sheet strength and mechanical properties

Figure 8 shows the representative stress—strain curve
relationship for the average breaking load and strain at
break for all fiber samples. Figures 9 and 10 shows the
average tensile index and Young’s modulus for
unrefined, refined MFC and homogenized NFC fibers
as function of density and specific energy consumption
with 95% confidence intervals, respectively. It is
worth noting that the Young’s Modulus values shown
in Figs. 9 and 10 were calculated as the average of
multiple strips taken from 3 handsheets for each
sample respectively. However, the representative
curves shown in Fig. 8 were plotted using the stress—

Table 5 Gel point, aspect ratio and indicative fiber length estimation of BEK fiber samples

BEK fiber  Gel point, C. (Wt%) EMT average aspect ratio, A Median fiber diameter, d (nm) Indicative fiber length, 1
[l=d x A] (um)

High Mag. Low Mag. High Mag. Low Mag.
0K 0.353 84 13,113 14,519 1101.5 1220
10K 0.256 102 31 12,242 32 1248
30K 0.243 105 25 11,339 2.6 1190
50K 0.230 108 24 8920 2.6 963
10K1P 0.144 142 17 2430 24 345
30K1P 0.089 188 16 2924 3.0 549
50K3P 0.063 229 12 2816 2.7 644
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@ Springer



Cellulose (2019) 26:4767-4786

4783

10K and BEK 10K 1P batches, the tensile index results
were also consistent with that from the original batch
at approximately 100 Nm/g and 120 Nm/g for BEK
10K and BEK 10KI1P, respectively. These replicate
values were also included as data points in Figs. 9 and
10.

Interestingly, BEK 10KI1P with a lower sheet
density compared to BEK 30K and BEK 50K, had a
higher sheet tensile index. Correlating back to the
energy consumption in Table 2, BEK 30K and BEK
10K1P had similar energy consumption values of
approximately 10,000 kWh/t fiber despite BEK 30K
sheets having a notably higher sheet density. As
evidenced, refining is more effective in increasing
sheet densification as compared to homogenization.
This could be attributed to the progressive effects of
fiber shortening with very heavy refining (Kerekes
2005) which increases fiber packing density. ANOVA
analysis performed on the refined MFC (BEK 10K,
BEK 30K, BEK 50K) versus the refined and homog-
enized NFC (BEK 10K1P, BEK 30K 1P, BEK 50K3P)
fiber tensile index data sets resulted in a p value of
5.38 x 10~ '°, F value of 82.42 and F-critical value of
3.928. Here, the F value is significantly greater than
the F-critical value, leading to a rejection of the null
hypothesis. The results are shown to have a statisti-
cally significant difference between the refined MFC
and the refined and homogenized NFC fiber samples.

From Fig. 9b, the Young’s modulus was shown to
increase with sheet densification from both refining
and homogenization. For a fixed sheet grammage of 60
gsm, an increase in density reduces the cross-sectional
area which improves the strength, even if the breaking
load has not changed. Also, a denser network would
promote the formation of more fiber—fiber bonds
which has been well established to increase the
Young’s modulus of the cellulose fiber material
(Niskanen 1998). This is due to an efficiency improve-
ment in dissipating and transferring stresses uniformly
throughout the fiber network.

When correlating specific energy consumption to
the increase in tensile index of handsheets in Fig. 10a,
surprisingly BEK 50K3P sheets had only relatively
marginal improvements of approximately 20% over
BEK 10K sheets but required a more than tenfold
increase in mechanical energy consumption to make.
This is despite the fiber aspect ratio, which is believed
to control the efficiency of stress transfer in the
network, increasing significantly by 124% from 102 to

229. Further, a more than twofold decrease in median
nanocellulose fiber diameters from 31 to 12 nm was
observed, which would result in significantly larger
fiber surface area available for bonding. However,
there is little to no evidence to suggest that sheet
strength behaves in accordance with the pronounced
developments in nanocellulose fiber quality, as had
been initially expected.

Consequently, a constant increase in mechanical
energy consumption with refining and homogeniza-
tion does not correlate to a progressive increase in
mechanical properties. This is despite the progres-
sively smaller nanocellulose fiber diameters and
higher fiber aspect ratio. These results confirm that
the PFI mill refiner is more effective than the
homogenizer in producing nanocellulose for high
strength applications, measured and compared from a
specific energy consumption and sheet tensile index
perspective. Future work might be to investigate the
effect of different pulp sources (such as chemical,
thermomechanical, bleached, unbleached, hardwoods
and softwoods) and hemicellulose content (Klemm
et al. 2011; Lavoine et al. 2012) on the strength
properties and fibrillation degree.

Conclusion

Bleached eucalyptus Kraft (BEK) pulp samples were
refined at a range of 10,000 to 50,000 revolutions and
passed through a high pressure homogenizer between
1 and 3 passes. Results from thorough SEM image
analysis of over 16,000 fibers showed that the initial
unrefined median fiber diameter of 13,113 nm
decreased significantly to 31 nm (in the case of the
least heavily refined fibers) and 12 nm (in the case of
the most heavily refined and homogenized fibers). The
least heavily refined fibers’ aspect ratio was shown to
increase by 21%, and the most heavily refined and
homogenized fibers’ aspect ratio increased by 173%
over the unrefined wood fibers with sedimentation
experiments. The Young’s modulus of all fiber sheets
increased with increasing densification. Interestingly,
all refined samples had a tensile index of around 100
Nm/g, a more than threefold increase over unrefined
wood fiber sheets. All additional homogenization
treatment further increased this value by only 20%
despite the significant developments fiber quality. This
was surprising considering the most heavily treated
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fibers (50,000 PFI revolutions and 3 homogenization
passes at 1000 bar) required a more than tenfold
increase in energy consumption to produce over the
least heavily treated fibers (10,000 PFI revolutions).

Here most importantly, we have shown that
nanocellulose sheet strength does not behave in
accordance with the developments in fiber quality
with increasing energy consumption. This is evi-
denced by the approximately constant tensile index
values of all refined sheets despite the observed
changes in fiber fibrillation with progressive refining.
This study confirms that while an increase in specific
energy consumption from homogenization can be used
to tailor nanocellulose fibers with progressively
smaller diameters and high aspect ratios for certain
applications, very strong nanocellulose sheets can be
produced from heavily refined fibers with significantly
lower energy.

We believe this work sheds light and counteracts
the common misconception that very high energy
consumption is necessary for good nanocellulose sheet
strength. Interestingly, this work has the potential to
reinvigorate further interest and research into refining,
a mature and well established technology in the pulp
and paper industry. While the production of nanocel-
lulose is still not without its challenges, it is crucial
that the energy cost to performance criteria for
nanocellulose be properly addressed in order to
compete with the economies of scale of existing
fossil-fuel based materials. Here we have shown that
these cellulose materials of the future can be produced
at lower energy while still retaining all its remarkable
strength properties in hopes of not only achieving
environmentally friendly but economically sustain-
able production.
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