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Abstract

Cellulose nanofibers (CNFs) are typically supplied as a 3 wt.% suspension and this leads
to higher costs because of the economics associated with shipping a product that is 97%
water. Filter pressing is the common approach to reduce shipping cost as water removal
leads to approximately 20 wt.% CNF suspensions. In this manuscript, we describe a
method to achieve an approximately 35 wt.% CNF suspension by contact dewatering with
a dissolvable particle. In this work, contact dewatering was performed using slightly ani-
onic precipitated calcium carbonate (PCC), anionic ground calcium carbonate (GCC), and
cationic GCC. After dewatering, calcium carbonate is removed from the CNF suspension
by washing with acidic water, and thus a pure CNF suspension is regenerated. Fiber size
analysis and scanning electron microscopy imaging showed that the regenerated CNF
suspensions had the same properties as the original supplied suspensions.

Keywords: CNFs; calcium carbonate; dewatering; filter pressing; vacuum filtration

1. Introduction

Cellulose nanofibers (CNFs) are high-aspect-ratio fibers with diameters of 5 to 100
nm and lengths up to a few microns. CNFs are manufactured by mechanical fibrillation
which results in a distribution of fibers in aqueous suspension with various lengths and
widths. They are composed of cellulose, a linear chain polymer consisting of repeating
anhydro glucose units (AGUs) [1]. Each AGU contains three hydroxyl groups that form
intrachain hydrogen bonds, stabilizing the AGU linkages and creating a hydrogel struc-
ture in aqueous suspensions. The hydrogen bonding network gives cellulose a high me-
chanical strength and makes it a relatively stable polymer [2]. Within the cellulose net-
work, there are regions where the cellulose chains are highly ordered and have a crystal-
line structure. The crystalline part of CNFs is reported to have an axial elastic modulus
greater than Kevlar [2]. This high tensile strength property makes CNFs a candidate for
use in a variety of industries such as electronics, health care, bioplastics, and polymers [3-
5] and as a reinforcement for biodegradable plastics such as polylactic acid (PLA) [6-8].
Furthermore, upon drying, the CNFs aggregate into films and these films have excellent
oxygen, oil, and grease barrier properties, which make CNFs desirable for use in packag-
ing materials [9,10]. When dried using a hot press, layers of CNF films have shown
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mechanical properties with specific strengths of 184-207 MPa and a toughness six times
that of polystyrene [11,12]. It is important to develop methods to dewater CNFs for ship-
ping applications, since its use is so widespread.

The hydroxyl groups on the AGUs form hydrogen bonds with water and between
fibers producing a hydrogel-like network that retains high amounts of water. As a result,
CNFs are usually supplied as a 3 wt.% suspension. Understanding the nature of the water
in these suspensions is important in the development of dewatering methods. Differential
scanning calorimetry (DSC) measurements of 3 wt.% CNF suspensions have shown a
sharp exothermic peak at 255 K and a broader peak at 230-250 K [13]. The peak at 255 K
agrees well with the crystallization of water and was assigned to free water and the second
peak at 230-250 K to bound freezing water [13]. These two peaks did not account for the
total amount of water, and the difference was attributed to non-freezing bound water.
Dewatering of a CNF suspension involves removing the free water to obtain a solids con-
tent of approximately 30 wt.%, while drying refers to the complete removal of all three
types of water until the suspension exhibits <0.1% weight change at room temperature
and 20-30% relative humidity for 1 h [14]. For most applications, CNFs are utilized as a
dilute aqueous suspension, and thus any dried CNF material that is shipped would re-
quire rehydration at the customer site such that the CNFs return to their native state. Thus,
the development of a dewatering or drying process that does not alter the CNFs” mor-
phology or dimensions is needed.

Evaporative drying of CNF suspensions is perhaps the easiest and simplest approach.
However, this approach is an energy-intensive process due to the retention of water in the
hydrogen-bonded network of fibers [15,16]. This method also leads to irreversible fiber
agglomeration due to the capillary forces exerted upon water evaporation [17]. Agglom-
eration reduces the material properties, such as a lower viscosity at the same CNFs wt.%
[18]. The viscosity of a CNF hydrogel is known to be highly dependent on its morpholog-
ical characteristics, such as the fibers’ structure, length, and aspect ratio [19].

One method that has been used to dry CNFs and maintain their nano-dimensional
architecture is freeze-drying. However, this process is costly due to high energy consump-
tion and long freezing times. Freeze-drying can often take several days as the slower the
freeze-drying process, the less fiber agglomeration that occurs [20]. Another method to
remove water from CNF suspensions is spray drying. The spray drying method atomizes
the fibers into a water droplet that evaporates with the addition of hot gas [17]. However,
agglomeration of the CNFs occurs as the surface tension of the droplet forces the fibers to
fold upon themselves into various rounded, collapsed shapes [21].

The most common non-evaporative method to dewater CNF suspensions for ship-
ping purposes is filter pressing. For example, the Process Development Center (PDC) at
the University of Maine uses a plate and frame press to dewater CNF suspensions and
achieved a pressed cake with 18 wt.% CNFs [14]. Pressing to dewater CNF suspensions
has also been performed for paper- and film-making applications as CNFs are a promising
material to strengthen paper and board products [22]. While achieving a higher CNFs wt.%
is desirable, it is difficult to achieve with simple filter pressing. Furthermore, it is unknown
if filter pressing above 20 wt.% CNFs will lead to irreversible fiber agglomeration.

Other non-evaporative dewatering methods such as ultrasonication [23] and contact
dewatering [14,24] have been reported. The use of ultrasound has been demonstrated as
a low-cost, non-thermal, and scalable method to dewater CNF suspensions. Vibrating
mesh transducers were used as an ultrasonic dewatering platform to continuously remove
water from the CNF suspensions. Using this approach, 72% water removal has been
achieved [23]. However, this results in a final CNF concentration of about 11 wt.%, less
than can be achieved with filter pressing.
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Amini et al. first demonstrated the process of contact dewatering by adding wood
flour to a CNF suspension [24]. The hydrogel-like structure occurring in a pure CNF sus-
pension is interrupted by the adsorption of the CNFs on the wood flour, releasing the free
water in the process. They also showed that contact dewatering works best with high sur-
face area particles as there is more surface for the CNFs to adsorb. We recently extended
the concept of the contact dewatering process to dewater CNF suspensions with polylactic
acid (PLA) particles [25,26]. In our case, rather than using a filter press to expel the water,
we used a solvent exchange with liquid CO2 (L-COz2). The CNFs adsorbed onto the PLA
particles and the water was then pushed out from the suspension by the L-COz. The L-
CO: was then converted to supercritical COz(SC-CO2) before venting by raising the tem-
perature above 31.1 °C, resulting in fully dispersed CNFs distributed throughout the PLA
matrix. Although PLA and wood flour work well as contacting particles for dewatering
CNF suspensions, they would not be suitable for shipping applications as the CNF sus-
pensions would then be contaminated with the PLA or wood flour. Unless the added par-
ticle is a desired component in the final formulation, a means to remove the particle from
the dewatered CNF suspension would be required.

The work presented in this manuscript describes a proof of concept for a novel con-
tact dewatering method that could be used to dewater CNF suspensions, in which the
contacting particle can be removed. The approach uses calcium carbonate (CaCO:s) as the
pigment for contact dewatering. Cationic and anionic precipitated CaCO:s (C- and A-PCC)
have been shown to increase water drainage from CNF suspensions [27] via contact de-
watering, and the pigment can also be dissolved from the suspension by washing with an
acidic solution [28,29]. Hence, the use of CaCO:s offers a way to dewater CNF suspensions
without contaminating the material or altering the fibers’ morphology and dimensions.

2. Materials and Methods
2.1. Materials

The CNFs were prepared from bleached softwood kraft pulp by mechanical
processing and were provided as a 3 wt.% aqueous slurry at 90% fines from the University
of Maine’s PDC. Omyafil®—FL GCC, a strongly anionic ground CaCOs (A-GCC), was
supplied by Omya® Products (Omya Inc., Alpharetta, GA, USA). Albacar 5970, a slightly
anionic PCC (A-PCC), was supplied by Specialty Minerals (Minerals Technologies Inc.,
Bethlehem, PA, USA).

The zeta potential and particle size for the A-PCC and the A-GCC and the zeta po-
tential of the CNFs were measured on a Zetasizer 300 Has (Malvern Instruments, Malvern
UK). A dilute (0.01 wt.% solids) suspension was prepared for measuring zeta potential
and particle size and was sonicated with a tip sonicator (Sonic Dismembrator, Model 100,
Fisher Scientific, Waltham, MA, USA) for 30 s before measurement. For measuring particle
size, the dilute suspension was added to a cuvette. DI water with a pH of 5.3-6 was used
to dilute for all measurements and the pH of the suspension was subsequently adjusted
using 1 M NaOH. Hydrochloric acid (36.5-38%) was purchased from Fisher Chemical
(Fair Lawn, NJ, USA) and was used at 1 M concentration.

The zeta potential of the A-GCC was -16.3 mV + 3.7 (denoted strongly anionic) and
had an average particle diameter of 575 nm; the zeta potential of the A-PCC was -5.5 mV
+ 2.8 (denoted slightly anionic) and had an average particle diameter of 1.9 pm. The aver-
age zeta potential of the CNFs at pH 10 was -24.7 mV + 1.9. The A-PCC has a specific
surface area of 7 m?/g and the A-GCC has a specific surface area of 11.5 m¥/g.
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2.2. Cationic GCC Preparation

Experiments were performed using a cationic GCC (C-GCC) that had the same
particle size as the A-GCC. This C-GCC was prepared by adsorbing a cationic polymer,
poly(diallyldimethylammonium chloride) (PDADMAC), onto the A-GCC using a proce-
dure described elsewhere [30]. In brief, a 2 wt.% PDADMAC solution was prepared by
pipetting 0.572 mL of 35 wt.% PDADMAC into a 20 mL beaker, followed by dilution with
10 mL of DI water. Next, a 20 mL sample of a 10 wt.% A-GCC suspension was prepared
by placing 2 g of A-GCC into a 50 mL beaker and adding 18 g of DI water. The 10 wt.%
A-GCC suspension was stirred at 500 rpm using a magnetic stirrer for 15 min to obtain a
homogenous suspension. The entire volume of the 10 wt.% A-GCC suspension was then
added dropwise to 1.5 mL of the 2 wt.% PDADMAC in a 50 mL beaker (final A-GCC
suspension-to-PDADMAC solution volume ratio was 13) while stirring at 1000 rpm using
a magnetic stirrer. The resulting C-GCC suspension was centrifuged at 3400 rpm for 10
min. The supernatant was then decanted, and the C-GCC was redispersed in 12 mL of DI
water, and the centrifugation was repeated three times to remove excess PDADMAC. The
zeta potential of the C-GCC was +22.1 mV # 0.5 and had the same particle size of 575 nm
as the A-GCC.

2.3. Preparation of CNF/CaCOs Suspensions for Vacuum Filtration

In this work, we utilized vacuum filtration as well as a conventional filter press to
dewater CNF suspensions. The vacuum filtration method was used to provide a rapid
means for screening materials and processes, while the filter press method was tested as
it is a low energy process and is easily scalable [14]. We do not envisage that vacuum
filtration is a competing option to filter pressing as the CNF suspensions for vacuum fil-
tration required dilution to 0.5 wt.% and the highest dewatering only achieved a 10 wt.%
CNF suspension, much less than can be achieved using filter pressing.

A 3 wt.% CNF suspension was diluted to a final concentration of 0.5 wt.% because at
3 wt.% CNFs, the suspension was too viscous to be used with vaccum filtration. To begin,
we generated a 0.6 wt.% CNF suspension by diluting 16 g of a 3 wt.% CNF suspension
with 64 mL of DI water in a 200 mL beaker and this was stirred at 600 rpm using a mag-
netic stir bar for 30 min. Next, 0.5 g of A-PCC, A-GCC, or C-GCC was added in one shot
to the stirred 0.6 wt.% CNF suspension, and the batch was mixed by hand with a spatula
for 1 min, creating a ~1.2 wt.% total solids suspension and 1:1 CNFs: CaCOs on a dry mass
ratio. Selection of a 1:1 CNFs: CaCO:s ratio was based on work reported in the literature
which showed that this ratio was optimal when working at 0.6 wt.% CNFs for achieving
the fastest water drainage rate from the films [27]. Lastly, 20 mL of DI water was added to
adjust the suspension to 1 wt.% total solids (0.5 wt.% CNFs), and this was stirred at 600
rpm using a magnetic stir bar for 30 min. The sample with A-PCC is denoted as 0.5PA,
the sample with A-GCC is denoted as 0.5GA, and the sample with C-GCC is denoted as
0.5GC, where 0.5 represents the CNFs wt.%, P and G represent PCC and GCC, and A and
C represent anionic and cationic (see Table 1).

Table 1. Sample formulation details including their abbreviations.

CNFs:CaCOs  Typeof Particle Size of Final wt.% Final wt.%

Label Ratio CaCO:;  the CaCOs (um) CNFs Solids
3GA-4 4:1 A-GCC 0.6 3 35
3GA-2 2:1 A-GCC 0.6 3 42
0.5GA 1:1 A-GCC 0.6 0.5 1
0.5PA 11 A-PCC 1.9 0.5 1
0.5GC 1:1 C-GCC 0.6 0.5 1
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2.4. Preparation of CNF/CaCOs Suspensions for Filter Press

Filter press measurements were performed with the same 0.5 wt.% CNF samples
used for vacuum filtration as well as an additional set of samples prepared using a 3 wt.%
CNF suspension. In this case, the PCC or GCC was added directly to the stock 3 wt.%
suspension to provide a comparison to the same wt.% CNFs used in the production filter-
ing process at the University of Maine. A 3 wt.% CNF suspension is viscous and difficult
to stir. Therefore, we tested 2:1 and 4:1 CNFs: GCC dry basis ratios rather than the 1:1 ratio
used for the vacuum filtration samples. This resulted in suspensions with final solids
contents of 4.2% for the 2:1 ratio sample and 3.5% for the 4:1 ratio sample.

First, 10 g of a 3 wt.% CNF suspension was placed in a 100 mL beaker. Next, 0.15 or
0.08 g GCC was dispersed in 0.5 mL of DI water in a separate beaker. This was mixed by
hand with a spatula and was subsequently added in one shot to the 3 wt.% CNF suspen-
sion. The suspension was then mixed by hand with a spatula for 1 min before being trans-
ferred to a 10 mL vial and was then vortex mixed for 10 s. For comparative purposes, a 3
wt.% CNF suspension without GCC was tested. Details on the various samples used in
this work and their abbreviations are provided in Table 1.

2.5. Dewatering by Vacuum Filtration

For vacuum filtration dewatering, 15-20 g of 0.5GA, 0.5PA, or 0.5GC was placed in a
13.5 cm diameter Biichner funnel lined with a wet 12.5 cm diameter filter paper (Fisher-
brand grade Q5, Global Life Sciences Solutions USA LLC, Marlborough, MA, USA). The
drainage was performed under 0.33 atm pressure provided by a water aspirator, and the
suspensions were vacuum filtered until the drops of water coming out were 10 s apart
[27]. For comparative purposes, we also vacuum filtered a 1 wt.% CNF suspension con-
taining no CaCQOs. After filtration, the film was removed from the Biichner funnel and
weighed to determine the water loss. The procedure to gravimetrically determine the %
water lost and wt.% CNFs after each cycle are reported in our previous work [25]. In this
manuscript, all % water loss or wt.% CNFs values are reported as the average of three
replicates and the error reported is the standard deviation from three separate trials.

2.6. Dewatering by Filter Press

For dewatering by filter press, 15-20 g of 0.5GA was pressed using a DAKE (Grand
Haven, MI, USA) hydraulic press [31]. The sample was placed in between two 14.5 x 14.5
cm? 60 mesh stainless steel screens (OV-546; Ovsor, Shenzhen, Guangdong, China) and
filter paper (Fisherbrand grade Q5, Global Life Sciences Solutions USA LLC, Marlborough,
MA, USA) was placed on top of the mesh to prevent the sample from sticking inside the
mesh. Paper towels were placed underneath the bottom mesh to prevent re-absorption of
water by the sample. Unless otherwise stated, the samples were pressed for 60 s under
0.29 MPa and this is referred to as one dewatering cycle.

After each cycle, the pressure was released and the sample was scraped off the filter
paper with a metal spatula. The paper towels were replaced between cycles to facilitate
moisture removal. After each dewatering cycle, the sample was weighed to determine the %
water loss and wt.% CNFs before placing it back onto the mesh screens for another
dewatering cycle. After each dewatering cycle, we observed that the sample had been
flattened to a height of less than 1 mm. Therefore, before performing the next dewatering
cycle, we fluffed the sample with a metal spatula to restore it to the original height of
approximately 1 cm before repressing (Figure 1). This was done to increase the contact of
the CNFs and GCC during pressing. For comparative purposes, we also performed the
same experiment using a 1 wt.% CNF suspension that did not contain GCC.

While these initial experiments with multiple filter press cycles provided an estimate
of the maximum level of dewatering, the most likely scenario and the one used at the
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University of Maine is to filter press using only one press cycle and using 3 wt.% CNFs.
For one press cycle, approximately 3 g of 3GA-4 or 3GA-2 was placed in between the same
stainless steel screens previously described with filter paper placed on top of the screens.
Paper towels were placed underneath the bottom mesh to prevent re-absorption of water
by the sample. The samples were pressed under 0.39 MPa pressure and for 60 s. For
comparative purposes, we also pressed 3 wt.% CNF suspensions without GCC.

(b)

Figure 1. 0.5GA sample (a) after pressing for 1 min at 0.29 MPa, and (b) 0.5GA after fluffing between
cycles 1 and 2.

2.7. Removal of CaCOs

Dissolution of the CaCOs was performed by acidification of the CNF/CaCOs suspen-
sions. After dewatering, the suspensions were placed in a 35 mm diameter Pyrex gravity
funnel, and a volume equivalent to 2 mL of 1 M HCl per 100 mg of CaCOs was added. The
HCl was poured over the suspensions in one shot, and allowed to drain until the
suspension had the same consistency as a 3 wt.% CNF suspension. The effluent was
collected in a 100 mL beaker placed underneath the funnel that was continuously stirred
at 700 rpm using a magnetic stir bar, and the pH was monitored with a pH probe placed
in the beaker. The acidified samples contained in the Pyrex funnel were then washed by
adding 10 mL of DI water followed by two aliquots of 5 mL of DI water to obtain a pH
between 5 and 6 for the CNF suspension. The CNF suspension was then removed from
the funnel and placed in a 100 mL beaker.

The solubility of CaCO:s in water at varying pH levels was determined by first deter-
mining the [H*] in water as a function of pH. Next, the [Ca?] in solution as a function of
pH was determined using the Ksp (5 x 10-?) and Kz (4.8 x 10-1") constants at 25 °C for CaCO:s
and the known [H*] in solution, and this was calculated using Equation (1). Then, the sol-
ubility of CaCOs in water in g/L as a function of pH was determined using Equation (2),
and this was subsequently converted to molarity (M) by dividing by the molar mass of
CaCOs. Measurement of pH was used to determine the point of complete dissolution of
the CaCOs. The pH remained in the range of 5-6 while the CaCOs was dissolving due to
the formation of CaClz, CO., and water (Scheme 1). When all CaCOs had dissolved, the
pH dropped to 2.

[Ca?t] = \/KSP x (1+ [1;]) 1)
2
Solubility (%) — [Ca?*] x 100 @)
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2HCl (aq) + CaC05(s) —» CaCl,(aq) + CO,(g) + H,0 ()

Scheme 1. Dissociation of CaCO:s in aqueous media.

2.8. Determination of HCI: CaCOs Ratio

To ensure that the CaCOs would dissolve in a reasonable amount of time, an experi-
ment was performed to determine the ratio of HCl: CaCOs needed. In this experiment, 100
mg of slightly anionic PCC was dissolved in 10 mL of DI water in a 50 mL beaker, and 1
M HCl was added dropwise to the beaker while continuously stirring with a magnetic stir
bar at 700 rpm. The pH was continuously measured and the HCl was added until the pH
dropped to 2. After the HCl: CaCOs ratio was determined, we will no longer need to
monitor the pH of the suspension or add the HCI dropwise. We can simply calculate the
volume of 1 M HCl needed to remove the CaCO:s from a suspension based on how many
mg of CaCOs were in the suspension and then add this volume of HCl to the suspension
in one shot. We also confirmed that the CaCOs was gone by infrared (IR) spectroscopy.

2.9. Infrared Spectroscopy

Infrared spectroscopy (IR) was used to determine if the CaCOs had been removed
from the samples after acid washing. IR spectra were recorded using attenuated total
reflectance (ATR) spectroscopy on a Spectrum Two FT-IR Spectrometer (PerkinElmer,
Llantrisant, UK).

To measure the amount of CaCOs removed after HCI addition, a small portion (~1
mg) of the dewatered CNF suspension was used for ATR-IR analysis. CaCOs produces a
strong broad IR band around 1430 cm™ and so the intensity of this band was used to
determine the relative amount of CaCOs in the suspension. From the intensity ratio of this
band to the O-H stretching band for CNFs at 1060 cm™, the amount of CaCO:s per g of
CNFs in the sample was determined using Equation (3), where 2323 cm?/g is the extinction
coefficient of the 1430 cm™ band, 1400 cm?/g is the extinction coefficient for the band at
1060 cm™1, and 1.32 is the ATR correction factor.

abs(1430 cm™1)
2323 cm?/g

abs(1060 cm~1)
1400 cm?/g

wt. CaCO;5 per g CNF = %X (1.32) 3)

The extinction coefficient of the O-H stretching peak at 1060 cm™ was determined
from the slope of a Beer's Law plot of known amounts of dried CNFs in KBr pellets
recorded in transmission mode (Figure 2) and had a value of 1400 cm?/g. The extinction
coefficient of the CaCQO:s peak at 1430 cm™! was determined the same way and had a value
of 2323 cm?/g.
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Figure 2. Calibration plot for O-H stretching peak for CNFs at 1060 cm™.

2.10. Rehydration to 3 wt.% CNFs

The dewatered CNF samples were diluted back to the original 3 wt.% CNFs by ad-
dition of an appropriate amount of DI water at 1 mL increments while manually stirring
with a spatula, followed by manual stirring with a spatula for an additional min and then
vortex mixing for 10 s.

2.11. Fiber Size Analysis

For measuring fiber size, the rehydrated 0.5GA suspension after A-GCC removal was
diluted to 0.005 wt.% CNFs by adding 1 L of DI water to 50 mg (dry basis CNFs). The
0.005 wt.% suspension was placed on the carousel on a Techpap Morfi Fiber Analyzer
(IDM, Barcelona, Spain) and the suspension was circulated through the instrument at a
rate of 200 mL/min and values for the average fiber lengths and widths were obtained.
For comparative purposes, average fiber lengths and widths were also recorded for the
original supplied 3 wt.% CNF suspension using this same procedure.

2.12. Scanning Electron Microscopy (SEM)

A Zeiss N vision 40 scanning electron microscope (SEM; Oberkochen, Germany) was
used to record SEM images of the dewatered 0.5GA suspension, the rehydrated 0.5GA
suspension after GCC removal, and the original supplied 3 wt.% CNF suspension.

The samples were prepared by performing a series of dilutions with ethanol to ex-
change the water in the suspensions with ethanol prior to imaging. Ethanol was added to
the suspensions at a 10:1 ethanol: water ratio, and the suspensions were then manually
mixed using a spatula for 2 min. After 5 min, the CNFs began to settle, and the top layer
of ethanol/water was decanted. This same process was repeated 5 more times until all the
water in the suspension had been replaced with ethanol. Finally, the suspensions were
diluted to 0.005% using ethanol.

To prepare the samples for imaging, a silicon wafer was mounted on a stub using
carbon tape, and 1 drop of the 0.005% suspensions was placed on the wafer. The ethanol
evaporated from the suspensions, and the samples were then placed in a desiccator
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overnight. Finally, the samples were sputter coated with 6 nm of Au/Pd prior to imaging
and were scanned at an accelerating voltage of 3.00 kV.

The resulting SEM images were analyzed using Image]J software (version 1.54g). Two
SEM images for each sample were uploaded to the software, and a grid was overlaid on
top of the image using the Grid plugin feature with the area per point set to 200,000 nm?.
The diameter of each fiber that passed through a square on the grid was measured and
recorded, and the length of each fiber that passed through multiple horizontal lines on the
grid was also measured and recorded. Examples of these images can be found in the Sup-
plementary Materials Figures S1 and S2. The average fiber diameter and length for all
samples was reported.

2.13. Energy Dispersive X-Ray Spectroscopy (EDS)

Elemental analysis of the dewatered 0.5GA suspension, the rehydrated 0.5GA sus-
pension after GCC removal, and of the original supplied 3 wt.% CNF suspension were
recorded using an AMRay 1820 SEM (AMRay Inc., Bedford, MA, USA), using a model
550i iXRF system (IXRF Systems, Austin, TX, USA) with an operating voltage of 20 kV.
The samples were coated with carbon using a Denton DV502 rotary evaporator (Denton
Vacuum, Inc., Moorestown, NJ, USA).

2.14. X-Ray Diffraction (XRD)

XRD patterns of the dewatered 0.5GA suspension, the rehydrated 0.5GA suspension
after GCC removal, and of the original supplied 3 wt.% CNF suspension were examined
using a Malvern PANalytical X'Pert PRO MRD XL X-ray diffractometer (PANalytical B.V.,
Almelo, The Netherlands). Incident X-rays were columnated using a parabolic mirror.
Diffracted X-rays were collected using a 1-D multichannel PIXcel detector (PANalytical
B.V., Almelo, The Netherlands).

3. Results and Discussion
3.1. Dewatering by Vacuum Filtration

After vacuum filtration, the measured wt.% CNFs for the 0.5PA and the 0.5GC were
statistically equivalent with values of 10.5 + 0.8 and 9.9 + 0.2 wt.% CNFs, respectively, and
these were slightly higher than the 8.6 + 0.6 wt.% CNFs obtained for 0.5GA. The higher
dewatering level for the 0.5GC suspension compared to the 0.5GA is attributed to the cat-
ionic nature, as the anionic CNFs have an electrostatic interaction with the C-GCC. This is
consistent with drainage rates reported by Rao et al. [11]. Furthermore, the total drainage
time (defined as the time from the initial pouring of the suspension into the Biichner fun-
nel to the time when water drops dripping from the Biichner funnel were ten seconds
apart) for the 0.5GA suspension was 225 s compared to the total drainage time of 210 s for
the 0.5GC suspension. In the case of the 0.5PA suspension, the Albacar 5970 PCC used is
slightly anionic (-5.5 + 2.8) and has a specific surface area of 7 m?/g. The slightly higher
zeta potential of the PCC compared to the A-GCC allows for more CNFs to adsorb onto
the particles, leading to an increase in dewatering levels.

In contrast, the pure 1 wt.% CNF suspension with no CaCOs gave 5.4 + 0.2 wt.% CNFs,
approximately two times less than what can be achieved by adding either cationic or ani-
onic CaCOs. When CaCO:s is added to the CNF suspension, the porosity of the CNF films
is increased because the PCC or GCC pigments set the pore structure, and the CNFs fill in
the pores between the pigments [27]. Thus, the addition of the pigment increases the po-
rosity of the films and leads to higher levels of dewatering.
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3.2. Dewatering by Filter Press

We first investigated the use of multiple filter press cycles with the 0.5GA sample to
see if the dewatering level could be amplified with each additional filter press cycle. The
0.5GA as well as a pure 1 wt.% CNF suspension were pressed at 0.1 MPa for 60 s for
multiple cycles and the results are shown in Figure 3. At first glance, the curves in Figure
3 show that there is no difference in the 1 wt.% CNFs after 1 cycle for 0.5GA compared to
a starting 1 wt.% CNF suspension. However, in absolute terms with respect to the volume
of water removed, more water is removed from the 0.5GA sample. This is because a 1 wt.%
CNF suspension has about 50% less total water per g CNFs in the sample than the 0.5GA
sample and this translates to two times more water removed from the 0.5GA compared to
the 1 wt.% CNF suspension. Figure 3 also shows that the difference in dewatering levels
accumulates with each subsequent filter press cycle. After six dewatering cycles, an ap-
proximately 40 wt.% CNF suspension was achieved using 0.5GA, whereas the 1 wt.% CNF
suspension plateaued after six dewatering cycles to approximately 18 wt.% CNFs. Overall,
we achieve two times higher wt.% CNFs for a starting 0.5 wt.% CNFs suspension by add-
ing GA particles compared to pressing without any CaCOs present.

—8— 0.5GA
o— 1wt.% CNF )
40
p
30 -+ il )
() -
% y
) 4
O 20 P
X I B o *
E A +—1
10 - /S
o~
0 - ¥
v L) v T h Ll v I M T v ] v I v 1
-1 0 1 2 3 4 5 6 7
Cycles

Figure 3. wt.% CNFs for 0.5GA and 1 wt.% CNF suspensions as a function of pressing cycles. The

error bars represent the standard deviation from three separate trials.

3.3. Filter Press Using 3 wt.% CNF Suspensions

Table 2 shows that the highest wt.% CNFs value was obtained starting with the orig-
inal supplied 3 wt.% CNF suspension without GCC after one press cycle (0.39 MPa, 60 s).
Thus, the GCC does not have the same effect on the dewatering as it does when a 0.5 wt.%
CNF suspension is used. One possible explanation for this could be the difficulty in mix-
ing when working with the more viscous 3 wt.% CNF suspension. Another possibility
could be due to the mechanism of dewatering. The 3 wt.% samples were dewatered using
mechanical pressing via a cold press, while the 0.5 wt.% samples were dewatered by vac-
uum filtration.
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Table 2. wt.% CNFs values obtained after 1 press cycle (0.39 MPa, 60 s) with various amounts of
anionic GCC.

Pressure (MPa), Time (s) of

Ratio CNFs:GCC wt.% CNFs
Press
No GCC 0.39, 60 36.4+3.1
2:1 0.39, 60 268+1.2
4:1 0.39, 60 33.4+27

3.4. Removal of CaCOs

Based on the known solubility of CaCOs in water as a function of pH, we determined
that the amount of CaCOs at pH 2 in a 1 wt.% CNF suspension containing a 1:1 CNFs:
CaCOsratio would be 10 times lower than the solubility limit (Figure S3). Thus, from a
thermodynamic perspective, acidifying the suspension to pH 2 after contact dewatering
dissolves all CaCOs and releases the CNFs.

A ratio of 2 mL of 1 M HCI per 100 mg of CaCOs was determined to be the optimal
ratio to achieve complete dissolution of the CaCQO:s particles. The absence of CaCOs in the
CNF suspensions was confirmed by recording ATR-IR spectra of the suspensions (Figure
4).

022 (b) 0-H mode

0.20 _ / 1650 cm™!
0.18 L
0.16 |
0.14 |

0.12 CO;™2 mode

/ 1430 cm™!

Absorbance

0.10
0.08 !
0.06
0.04
0.02 :
‘17000 1800 1500 1400 1300 1200 1100 1000
Wavenumbers (cm 1)

Figure 4. IR spectra for (a) the dewatered 0.5GA suspension and the 0.5GA suspensions after acid
washing with (b) 2 mL HCl/1 g GCC and (c) 2 mL HC1/100 mg GCC. The key bands in this spectrum

have been indexed.

After dissolving C-GCC, the adsorbed cationic PDADMAC would likely remain in
the suspension and affect the colloidal properties of the system. Contact dewatering with
C-GCC was to demonstrate the concept that the CNF is adsorbing onto the GCC. Thus,
for scale-up we would not recommend using C-GCC.

3.5. Infrared Spectroscopy

Figure 4 shows the IR spectra of the 0.5GA sample dewatered to approximately 40
wt.% CNFs (a) and the same sample after the addition of 2 mL of HCl per g GCC (b) and
after the addition of 2 mL of HCI per 100 mg GCC (c). The key bands in these spectra are
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the COs2 mode of CaCO:s at 1430 cm™ and the C-O stretching mode of CNFs at 1060 cm™!
as described previously.

Figure 4(a) is the spectrum recorded before adding HCl, and the 1430 and 1060 cm™
bands are of similar intensities. Figure 4(b) is the IR spectrum after the addition of a vol-
ume of HCl equivalent to 2 mL HCI per g of GCC. In this case, a band at 1430 cm™ is
observed, indicating that GCC is still present in the sample. However, in Figure 4(c), a
band at 1430 cm™ is not observed which means that the GCC, if present, is below the noise
limit of the spectrum and is estimated to be less than 1% of the original amount of GCC in
the suspension. This shows that the 2 mL of HCI per 100 mg of GCC ratio was sufficient
for removing the GCC particles from the dewatered suspension. There is also no observed
decrease in the CNFs band at 1060 cm, indicating no CNF degradation after HCI washing.

After HCI washing, we observe an increase in the band at 1650 cm™. This band is
assigned to the O-H bending vibration of adsorbed or bound water, After HCl washing,
this band became more pronounced because the IR spectra was taken after the CNFs had
been rehydrated from 30 wt.% to 3 wt.%.

3.6. Rehydration to 3 wt.% CNFs

Figure 5 shows pictures of (a) the 0.5GA before dewatering, (b) after dewatering, (c)
after acid-washing and rehydration and (d) of the starting 3 wt.% CNF suspension. The
dewatered suspension was able to be rehydrated back to 3 wt.% by a simple manual
mixing method. Visually, the rehydrated suspension appears to have the same
consistency as the original 3 wt.% CNF suspension. Fiber analysis was conducted as
further evidence.

(a) (b) (9 (d)
Figure 5. (a) 0.5GA suspension, (b) dewatered 0.5GA suspension, (c) rehydrated 0.5GA suspension,

(d) original 3 wt.% CNF suspension.

3.7. Fiber Size Analysis

The average fiber length and width after rehydration of the 0.5GA sample back to 3
wt.% CNFs were 33.5 + 0.42 and 23.3 + 0.92 pm, respectively. These values are equivalent
to the fiber length and width values of 34 + 0.28 um and 24.6 + 0.14 um obtained for the
original supplied 3 wt.% CNF suspension. This indicated that our method did not alter
the fiber dimensions.

3.8. Scanning Electron Microscopy

The SEM images for the original supplied 3 wt.% CNF suspension, the rehydrated
0.5GA suspension after GCC removal, and the dewatered 0.5GA suspension before GCC
removal by acid washing are shown in Figure 6a, 6b, and 6c, respectively. In Figure 6a,b,
50 nm diameter fibers are observed, showing that the dewatering and rehydration process
did not alter the fiber dimensions. Furthermore, in Figure 6b there are no GCC particles
present, providing further evidence that the acid washing removed all CaCOs from the
suspensions without changing the fiber dimensions. In Figure 6c, GCC particles are
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observed and several of these particles are interacting with the CNFs which in indicative
of the contact dewatering process.

The average fiber diameter and length for the 3 wt.% CNFs control, as measured us-
ing Image]J software (see Figures S1 and S2), was reported to be 61.2 nm and 4.4 um, re-
spectively. The average fiber diameter and length for the rehydrated 0.5GA after GCC
removal was reported to be 60.2 nm and 3.5 pm, respectively. This indicates no CNF ag-
gregation or degradation during the dewatering, HCl washing, or rehydration steps.

Figure 6. (a) 3 wt.% CNFs control; (b) rehydrated 0.5GA after GCC removal; (c) dewatered 0.5GA
suspension before GCC removal.

3.9. Energy Dispersive X-Ray Spectroscopy (EDS)

The elemental analysis obtained by EDS for the dewatered 0.5GA suspension, the
rehydrated 0.5GA suspension after GCC removal, and the original supplied 3 wt.% CNF
suspension are shown in Figure 7a—f, respectively. Figure 7a,c,e show the SEM images and
Figure 7b,d,f show the elemental analysis for carbon, oxygen, and calcium present in each
sample.

For the dewatered 0.5GA suspension, the CNFs and GCC were in a 1:1 ratio, and thus
the Ca concentration in the sample shows 58 wt.% (Figure 7b). Figure 7a shows the corre-
sponding SEM image for this sample at 1kx magnification, and spherical GCC particles
are observed; however, no individual CNFs are observed because they are adsorbed on
the GCC. After washing with HCI, the concentration of Ca in the sample drops to 0.8 wt.%
(Figure 7d), and the corresponding SEM image (Figure 7c) shows the fibrous CNFs, indi-
cating that the GCC has been removed. The SEM image of dried CNFs from the original

3 wt.% CNF suspension (Figure 7e) shows aggregated CNFs, which are not observed us-
ing our process as shown in Figure 7.
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Figure 7. (a) SEM image of dewatered 0.5GA suspension before GCC removal; (b) elemental analy-
sis of dewatered 0.5GA; (c¢) SEM image of rehydrated 0.5GA after GCC removal; (d) elemental anal-

ysis of rehydrated 0.5GA; (e) SEM image of 3 wt.% CNF suspension; (f) elemental analysis of 3 wt.%
CNF suspension.

3.10. X-Ray Diffraction (XRD)

Figure 8 shows the XRD patterns for (a) the dewatered 0.5GA suspension, (b) the
rehydrated 0.5GA suspension after GCC removal, and (c) the original supplied 3 wt.%
CNF suspension. All patterns show characteristic diffraction peaks of 26 at 14.6, 16.5, and
22.4° which correspond to the 110, 110, 200 crystalline planes of cellulose [32], indicating
that the crystallinity of cellulose did not change after the addition of GCC and after the
removal of GCC with 1 M HCI. CaCO:s has a distinct peak at 29.4° which corresponds to
the 104 crystalline plane for calcite. There are also minor peaks at 35.9° and 39.4°, corre-
sponding to the 110 and 113 planes for calcite [33]. These peaks are observed in Figure
8(a), which shows the XRD pattern for the dewatered 0.5GA suspension, indicating that
GCC is present in this sample. However, after HCI washing, the calcite peaks disappear,
indicating the removal of GCC using our process. The small peak around 28.5° in Figure
8(c) could be due to mineral contamination in the cellulose slurry. The small peak around
26.5° observed in Figure 8(a,b) could be due to an impurity in the GCC, as the data sheet
indicates that it is only 98% GCC. The data sheet states that the main impurity in the sys-
tem is MgCOs; however, this does not align with the peak at 26.5°. Consistent with the IR
spectra shown in Figure 4, the concentrations of calcium, carbon, and oxygen in the con-
trol sample are within 0.2, 3, and 4% as the concentrations in the acid-washed sample,
confirming that the GCC has been removed.
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Figure 8. XRD patterns for (a) dewatered 0.5GA suspension, (b) rehydrated 0.5GA suspension after
GCC removal, (c) original supplied 3 wt.% CNF suspension.

4. Conclusions

We show a proof of concept for a contact dewatering method using CaCO:s as a dis-
solvable pigment as the CaCOs can be removed after dewatering by washing the suspen-
sion with acidified water. At 0.5 wt.% CNFs, two times more CNFs per 100 g dewatered
sample were obtained when performing dewatering press cycles with CaCOs compared
to without CaCOs. The dewatered 0.5GA suspension was rehydrated back to 3 wt.% CNFs
after acid washing and had the same fiber sizes as those measured for the original sup-
plied 3 wt.% CNF suspension. The EDS and XRD data indicate that all CaCOs was re-
moved after acid washing, and SEM images of the rehydrated 0.5GA suspension show
that nano-dimensional fibers were retained during the dewatering and rehydration pro-
cesses. This indicates that our dewatering method does not cause irreversible fiber ag-
glomeration and thus is a viable method for lowering the shipping costs of CNF suspen-
sions.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/suschem?7030041/s1, Figure S1: Example SEM image of
CNFs with grid overlaid by Image] software for fiber dimension analysis; Figure S2: Example SEM
image of CNFs with grid overlaid by Image]J software for fiber length analysis; Figure S3: Solubility
curve for CaCO:s at varying pH.
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