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= ABSTRACT

Surface modification of cellulosic paper is demonstrated by employing plasma assisted
atomic layer deposition. Al203 thin films are deposited on paper substrates, prepared with
different fiber sizes, to improve their barrier properties. Thus, a hydrophobic paper is
created with low gas permeability by combining the control of fiber size (and structure) with
atomic layer deposition of Al203 films. Papers are prepared using Kraft softwood pulp and
thermomechanical pulp. The cellulosic wood fibers are refined to obtain fibers with smaller
length and diameter. Films of Al203, 10, 25, and 45 nm in thickness, are deposited on the
paper surface. The work demonstrates that coating of papers prepared with long fibers
efficiently reduces wettability with slight enhancement in gas permeability, while on shorter
fibers, it results in significantly lower gas permeability. Wettability studies on Al203
deposited paper substrates, have shown water wicking and absorption over time only in
papers prepared with highly refined fibers. It is also shown that there is a certain fiber size
at which the gas permeability assumes its minimum value, and further decrease in fiber size

will reverse the effect on gas permeability.

KEYWORDS: plasma-assisted atomic layer deposition, Al203 ALD, cellulose paper,

hydrophobicity, water vapor transmission rate, pulp refining.



* INTRODUCTION

Advances in our understanding of properties of cellulosic wood fibers and increasing
environmental concerns over sustainability and end-of-life disposal challenges have created
a new field of research to engineer paper substrates as potential replacements for synthetic
plastics. Development of the next generation of cellulosic based materials with new
applications in diverse areas, ranging from food packaging to microelectronics and
biomaterials, requires techniques that can modify the functionality of cellulose fibers while
maintaining desired substrate characteristics. Cellulosic paper serves as a promising
candidate for the development of a versatile, lightweight and environmentally friendly
composites. However, it is hydrophilic and hygroscopic, which makes it difficult to beat the
success of synthetic plastic materials without further modification. A wide range of studies
have examined surface alteration approaches to modify and tune barrier properties of
cellulosic surfaces 1-11. These methods involve morphological and chemical modifications by
plasma processing 13, deposition of organic and inorganic coatings 48, chemical vapor
deposition 9, and polymerization techniques 10. While these techniques offer
superhydrophobic and superamphiphobic properties on cellulosic substrates, some may
result in non-uniform coatings, surface damage of the cellulose substrate, and reduction in

strength properties.

Atomic layer deposition (ALD) is a chemically versatile, layer by layer thin film deposition
process which has been widely employed to deposit thin films of various materials 8 12 13,
The advantages of ALD rely on the self-limiting chemical reactions of the precursors on the
surface of the substrate, allowing for controlling film thickness at atomic level 12. This

method is proven to create densely packed and uniform films with low defect density, precise
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thickness, and low impurity contamination 12-15, In addition, ALD is a dry method. The waste
and by-products generation are very low with this technique and the coatings require no
thermal drying which is an energy intensive process 12 16, Studies have shown that ALD
coatings are perfectly suited to produce high performance permeation barriers on polymeric
and porous materials, such as poly (2, 6-ethylenenaphthalate), polylactide (PLA), polyimide,
polyethylene films, coated boards, and etc. 14 17-21, [n this regard Al203 is one of the widely
studied materials grown by ALD to improve oxygen and moisture barrier properties of
synthetic and bio-based plastics, biopolymers, and fiber-based materials 18 21 22, More
specifically, the studies for Al203 films grown by ALD on paper-based products have been
limited to the gas diffusion barrier performance of various (1) coated paperboards ((board
basis weights between 200-310 g-m2) coated with polylactide, galactoclugomannan, and
polyethylene (coating basis weight ranging from 15-35 g-m2)), (2) pigment coated and
calendared high gloss paper (60 g-m-2) (3) polyethylene coated paper (4) commercial
uncoated copy paper (80 g-m=) and (5) nanofibrillated cellulose (60 g-m-2) 18 21,22 ]t is
shown that Al203 deposited films improved the oxygen and water vapor barrier performance
18,21,22_ Accordingly, the lowest water vapor transmission rate (WVTR) for paperboards and
paper samples are reported for polylactide-coated boards with 25 nm Al203 deposition with
value of 1+0.2 g'm2-day! (at 23°C and 75% relative humidity (RH)) and for polyethylene
(LDPF) coated papers with 50 nm Al203 deposition with value of 3.1 g-m-2-day-! (at 23°C and
75% RH) respectively 18.21 It is also reported that 25 nm coatings of Al203 on nano-fibrillated

cellulose films decreased the WVTR from ~615 g-m-2-day-! to ~400 g-m-2-day-1 18,

In addition to the effect of Al203 ALD coatings on gas permeability, its effect on wetting
properties has been investigated 16 18 19, 23-25 On the hydrophilic PLA films, PLA-coated
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boards, and polyethyleneterephthalate films, the contact angles of water droplet decreased
after Al203 ALD 18 19,25, While results on natural cotton cellulose fibers (cotton mats and
cotton balls) show that there is transition in wetting properties from hydrophilic to
hydrophobic after few cycles of ALD, and as the ALD coating cycles continue the fibers return

to hydrophilic state due to the formation of hydroxylated aluminum oxide 16 24,

The effect of ALD coating on uncoated thin paper substrates free of hydrophobic binders,
chemical modifiers, fillers and additives have not previously been studied. The highly porous
structure of uncoated paper products has limited its use as a substrate of interest for
applications where low wettability and gas permeability is required. It is known that the use
of refined fibers produces paper with lower values of WVTR 26, In this study we present an
approach to the design and fabrication of hydrophobic thin paper substrates (60 g-m-2). Our
hypothesis is based on that using highly refined wood fibers in conjunction with ALD will
produce papers with low water vapor transmission rate comparable to that of synthetic
polymeric films. Moreover, we exploit the role of fiber size through the refining energy in
order to identify its optimum value for the purpose of minimizing WVTR. Therefore, we first
altered the average fiber size, to control inter-fiber spacing, by mechanical refining of
cellulosic fibers, and we used the refined fibers to form paper substrates. Second, we exploit
plasma assisted ALD to deposit thin Al203 coating on paper substrates in order to control the
inherent wetting and hygroscopic properties of the fibers. To the best of our knowledge, this
is the first report of engineered hydrophobic paper substrates - free of coatings, chemicals,
and additives present in commercial paper products- with WVTR values as low as 2.1 g-m-

2.day-! by employing plasma assisted ALD.

= EXPERIMENTAL METHODS



Pulp Refining. Micron-size cellulose fibers were prepared by mechanical treatment of
wood pulp using refiner. Refining is a common technique used to render wood fibers
suitable to improve the uniformity and strength properties of paper products 27. During the
refining process the pulp passes through the refiner plates that compress and shear the
wetted fibers, thereby ripping and fibrillating the individual wood fibers 27. In this study,
Bleached Softwood Kraft Pulps and Thermo-Mechanical Pulps (TMP) were obtained from a
pulp and paper mill in central British Columbia. The pulps were refined in two optimized
stages at the pilot plant in Pulp and Paper Centre at the University of British Columbia
(Vancouver, B.C., Canada). The detailed procedure is described elsewhere 28. During the

process, the pulp was refined between two parallel grooved plates, called rotor and stator

(Fig. 1) 2.

Stator

Rotor

Stage 1 Stage 2 Stage 3

Figure 1. Primary steps of refining process

Generally, the refining process is performed in three main stages shown in Fig.1. During
the first stage, which is called fiber pick up stage, the fibers in the pulp slurry of consistency
of 3.4%, (pulp consistency is defined as the [oven dried weight of pulp/ (weight of pulp +
water)] X100), are collected and trapped between the edges of the plates’ bars. In the
second stage, the fibers are compressed by the surface of rotor and stator bars and most of
the water is compressed out of the fibers. Finally, fibers are altered by shear forces resulting

in the delamination of the fiber’s cell wall 2°. The amount of refining is described by



evaluating the amount of energy given to the fiber by refiner and it is called specific refining
energy (SRE, [kWh/t]). SRE can be calculated by dividing the net power by the fiber mass
flow rate 29. In this study, different fiber sizes were obtained subjected to varying levels of
specific refining energies. The results here present three fiber sizes for softwood Kraft pulps
and two fiber sizes for thermo-mechanical pulps summarized in Table 1. For the ease of
reference, the handsheets prepared with these pulps are addressed as Kraft Unrefined (KU),

Kraft Refined 1 (KR1), Kraft Refined 2 (KRz), TMP Unrefined (TU), and TMP Refined (TR).

Table 1. Refined and unrefined fiber sizes

Handsheet Type Fiber Size (nm)
Kraft-Unrefined KU 882
TMP-Unrefined TU 520

TMP-Refined TR 142
Kraft-Refined 1 KR1 457
Kraft-Refined 2 KRz 245

It is known that the refining process influences the structural properties and surface
chemical composition of fibers 28 29, Specifically, the extent of refining significantly affects
the cellulose fiber morphology and network in the handsheet. In this study, refining at
different specific refining energies enabled us to control the fiber length and diameter, and
consequently the fiber-fiber bonding and porosity of the handsheets. Fig. 2 presents the SEM
images of cellulosic fibers before and after refining. Figure 2 (a) and (b) show KU and TU
fibers. TMP fiber and kraft softwood fibers at the onset of delamination and fibrillation can
be also seen in Fig. 2 (c) and (d) respectively. The arrows show fibrils as well as fracture and
delamination of the fiber wall. Fig. 2 (e) and (f) show refined fibers of KR1 and KR:

respectively that have been used in this study. The increase in refining energy results in



increase of the external surface area of the fibers, which enhances the bonding ability of

fibers due to the increase of hydrogen bonding 3°.

Figure 2. SEM images of (a) Kraft-Unrefined fibers (KU) (b) TMP-Unrefined fibers (TU) (c) TMP fiber at onset
of fibrillation (d) Kraft fiber at onset of fibrillation (e) KR1 fibers (f) KR: fibers

Cellulosic Handsheets Preparation. In order to control the effect of treatments solely
on fiber/fiber network, we fabricated our own paper substrates. These substrates are free
of hydrophobic binders, chemical modifiers, fillers, and additives, present in commercial

papers products, which can interfere with, or mask the effect of Al203 deposition. Therefore,



the paper substrates in this study consist of only softwood natural fibers and referred to as
handsheets in this manuscript. The handsheets were prepared using two different
procedures. For the unrefined pulps, the sheets were prepared using a modified former on
an applied vacuum 3. The former utilizes a simple filtration of pulp suspensions through a
forming fabric mesh. However, for refined pulps, a different procedure had to be used. Using
the handsheet former with refined pulps will result in low retention of fibers due to the
small size of the fibers which will easily pass through the forming fabric mesh. Therefore,
the sheets were prepared by a casting and drying method. In this method, a pulp suspension
with consistency of 1% was placed under vacuum and stirred for 15 min. The suspension
was slowly transferred into a petri dish followed by manual shaking to remove any
entrained air. Then the suspension was dried at ambient temperature and humidity to form
cellulosic handsheets. All handsheets in both methods were prepared with basis weight of

60 g'-m-2. The handsheets were kept at 23 °C and 50% RH before the treatment.

Plasma Assisted Atomic Layer Deposition of Al203. The Al203 films were grown on paper
substrates by the atomic layer deposition (ALD) technique using trimethylaluminum (TMA)
(97%, Sigma Aldrich) and Oz plasma as precursors. Prior to Al203 deposition the handsheets
were purged with N2 gas in order to remove possible surface contaminants. The depositions
were performed at 100°C in a FlexAL ALD reactor (Oxford Instruments, base pressure 10-7
mbar) equipped with a remote inductively coupled plasma (ICP) source. An ALD cycle
consists of a 0.75 s pulse of TMA exposure and a 2.5 s pulse of Oz plasma. After every
precursor pulse, the reactor is purged by an N2 flow for 3 s to remove the unused precursor
and reaction by-products. Under these experimental conditions, the growth rate of Al.03 was

0.14 nm/cycle. The number of ALD cycles was adjusted according to the desired Al203



coating thicknesses of 10, 25, and 45 nm. Due to the porous structure of handsheets the
actual thickness of coating was estimated by measuring the thickness of the Al203 layers
deposited on Si substrates under the same experimental conditions (i.e., temperature,
number of cycles). This thickness measurement was performed using ex situ spectroscopic

ellipsometry.

It should be noted that the existence of functional groups on the substrate plays an important
role on the initial growth and nucleation of Al203 films by ALD 25. Therefore, the hydroxyl
groups on cellulose substrates secure a good adhesion to the deposited Al203 films with high

chemical and thermal stability.

Characterization of Cellulose Handsheets. Fiber Size Measurements. The average fiber

size distribution in the wood fiber suspension was measured with the use of the Scircco 2000
Malvern Mastersizer (Malvern Instruments Inc., Malvern, UK). The device uses static light
scattering, and the particle size is reported as a volume equivalent sphere mean diameter.
The device size detection limit is within 0.02 to 2000 pm. The reported fiber size in this study
is the average of five measurements and the errors associated with them are within #4 ym

to £10 pm.

Contact Angle Measurements. The advancing and receding contact angles (fadv. and Orec.)

were obtained by the “add and remove” volume method demonstrated in our previous work
3,31, A 3 uL water droplet with dispense rate about 0.2 puL/s was used for dynamic contact
angle measurements. Static contact angles were determined by dispensing a 2 pL distilled
deionized water droplets (resistivity of 18.2 MQ-cm at 25 °C, a total organic C content of <10

ppb, and pH 7) on paper substrates with a piston-driven air displacement pipet. The image



of a water droplet on the substrate was captured with a high resolution camera (Nikon D90)
and analyzed with FTA32 version 2.0 software. Contact angles on Al203 deposited
handsheets were measured a few days after deposition. All handsheets were kept in a
controlled environment away from light, humidity, and contaminations prior to contact

angle measurements.

Water Vapor Transmission Rate. The water vapor transmission rate of the handsheets was

measured by the cup method at 23 °C and 50% RH. In this method, a paper sample was cut
into 1.6 cm diameter disc, then sandwiched between two rubber washers (0.9 cm aperture)
and mounted on a vial filled with anhydrous calcium chloride. A screw-cap with an aperture
of 1.1 cm tighten on the vial, compressing the washers against the vial to secure good sealing.
The paper disc was about 1 cm above the calcium chloride desiccant. The weight of the whole
set up increased as water vapor transported through the paper sample and absorbed by
desiccant. All samples were preconditioned at the controlled environment for 48 hours prior
to measurements. The weights were tracked for 10 days and the average values are reported.
The Water Vapor Transmission Rate (WVTR) and Water Vapor Permeability (WVP) were

calculated according to equations 1 and 2:

_Am (g)

WVTR (g-m~2 -day™1) = 1 (m2)

(1)
where Am is the difference between the initial mass (g) and the mass after 24h (g), and A4 is
the exposed area of paper sample.

WVTR (g- m~2 - day™?)
. -1 . -2 . -1 e
WVP (g-Pa~"-m™“-day™ ") P (Pa)(RH, — RH,)

(2)
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where Ps is the saturation vapor pressure (28.1 kPa at 23°C), RH: is the relative humidity of
condition room expressed as a fraction (0.5) and, RHz is the relative humidity in the vial

expressed as a fraction (0).

Air permeability. The air resistance of handsheets was evaluated by the Gurley method.
This method measures the time (s) that is required for 100 mL of air to pass through the
handsheets at pressure of 1.22 kPa. The TAPPI standard method of T460 om-02 was

followed for the measurements. The tests were performed at 23°C and 50% RH.

Profilometer Measurements. Roughness measurements were conducted using the Wyko

NT1100 Optical Profilometer. The average roughness values (Ra) were analyzed using the
Vision software (Veeco Instruments Inc.). The reported values in this study are the average

values for three measurements.

SEM Imaging. The surface structure and morphology of cellulosic fibers and films before
and after ALD deposition were examined with a Hitachi S-3000N-VP scanning electron
microscope at operating voltage of 5-10 kV. All images were obtained at variable pressure

mode since paper and Al203 films are insulators.

XPS Analysis. The elemental composition of the material surface was determined by X-ray
photoelectron spectroscopy. The spectra were collected by the Leybold model MAX200 XPS
with Al K-a X-rays and 15 kV, 20 mA emission current. The analyzed area for all samples was
4x7 mm?2 with the X-ray spot size of ~ 20 mm diameter. The pass energies to measure the

survey scan and narrow scan were 192 eV and 48 eV respectively.

FTIR-ATR Analysis. Fourier transform infrared spectra (FTIR) with attenuated total

reflectance (ATR) were obtained with the Thermo Niccolet AVATAAR 360 FTIR
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spectrometer. The 0.5x0.5 cm cut samples were pressed against the ATR crystal using a flat

metal with controlled pressure. The level of pressure kept constant for all test spices.

= RESULTS AND DISCUSSION

Effect of Al203 ALD on Wettability. Film Thickness Effect. It is well established that low

surface energy and surface roughness are the main parameters responsible for hydrophobic
and superhydrophobic surfaces 1-3. The equilibrium contact angle formed by a liquid on an
ideal, perfectly smooth, and chemically homogenous surface is represented by the Young’s

equation (Eq. 3):

cos Oy = % (3)

where ysy, Y51, and ypy are solid/vapor, solid/liquid, and liquid /vapor surface free energy
per unit area 32. According to Young’s equation, the contact angle is higher on surfaces with
lower surface free energy (i.e., lower ysv). Paper is composed of a random network of fibers.
Therefore, its wettability is not only dictated by the surface free energy, but also by the
morphology of the surface which plays an important role. In order to account for the
morphology of the surface, the two commonly cited models used for wetting on rough
surfaces are the Wenzel 33 and the Cassie-Baxter 34. The Wenzel model is for a homogeneous
wetting regime where the fluid follows the morphology of the surface, filling the roughness
grooves of the surface (creating a non-composite interface). Therefore, the roughness of the
surface enhances both hydrophobicity and hydrophilicity. In the Cassie-Baxter model, the
fluid exhibits a composite or heterogeneous wetting regime. In this state the droplet is
supported by air pockets trapped between asperities of the surface which reduces the liquid-

solid contact area.
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Prior to Al203 deposition all handsheets were hydrophilic. More specifically, the static
water contact angles on KU and TU handsheets can be considered practically to be zero, since
the droplet quickly absorbs and wicks onto the sheet upon contact. For KR and TR
handsheets, due to their denser structure, it takes time for a droplet to totally absorb. The
static water contact angles on KR and TR are between 10°-20°, immediately after the droplet
dispensed on the surface. The deposition of Al203 films on handsheets renders them
hydrophobic. To fully characterize and understand the effect of film thickness on the barrier
properties of handsheets, we have studied three coating thicknesses of 10, 25, and 45 nm.
The results for the advancing contact angles and the contact angle hysteresis (CAn) (the
difference between the advancing and receding contact angle values) of the three different
film thicknesses are presented in Fig. 3. In this study, the aim was to deposit Al203 on one
side of the sheets; however, the film growth on the other side could not be prevented and
resulted in hydrophobic surfaces on both sides of the sheets. According to the results, the
hydrophobicity of the handsheets was shown to slightly increase with Al203 film thickness.
This is more significant for unrefined Kraft and TMP handsheets in comparison with
handsheets formed with refined pulp fibers. As Fig. 3 demonstrates, handsheets with refined

pulp fibers are relatively unaffected by the increase of the coating thickness.
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Figure 3. Advancing contact angles and contact angle hysteresis for handsheets after Al.03 ALD at different

film thicknesses.

The effect of Al203 ALD (at deposition temperatures of 60° and 90°) on the wettability of
woven cotton mats and cotton balls was reported by Lee et al. 16, showing that there is a
wetting transition from hydrophilic to hydrophobic after the first few ALD cycles (2-3
cycles). However, the surface transitioned back to the hydrophilic state after about 15 ALD
cycles. In our study we observed a distinctly different behavior for the cellulosic wood fiber
handsheets. There was no transition from hydrophobic to hydrophilic state with increase of
ALD cycles. We observed an increase in contact angle for KU and TU handsheets from 10 nm
to 25 nm thicknesses which corresponds to 75 and 190 ALD cycles, respectively. However,
for a coating thickness of 45 nm (300 cycles) the increase in contact angles is insignificant
compared to that of 25 nm coating thickness. For handsheets with refined pulps (KR and TR),

on the other hand, the increase in contact angle is small (about 1-2 degrees which is within
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experimental error) with increase of ALD cycles. On the contrary to advancing contact
angles, the effect of film thickness is more evident on contact angle hysteresis as its value
increases significantly with film thickness (specially on unrefined samples). This is due to
the decrease of handsheet surface roughness (which is discussed further in the next section)
as the film thickness increases. It is established that the contact angle hysteresis depends on
chemical heterogeneity and surface roughness 35. Therefore, although the increase of film
thickness slightly enhanced the hydrophobicity of the handsheets, its effect on surface
roughness by reducing it has resulted in higher contact angle hysteresis values.

Fig. 3 also illustrates that the contact angles on handsheets prepared with unrefined
pulps (KU, TU) are higher than those of the refined pulps (TR, KR1, and KR2). Highly refined
samples (KR1 and KR2) resulted in lowest contact angles after Al203 deposition. This
behavior is attributed to the fact that refining results in higher specific surface area which in
turn increases the number of fiber-fiber bonds. Therefore, during sheet formation the strong
hydrogen bonding between the fibrils causes formation of a dense, nonporous, and smooth
surface for highly refined samples. The relative reduced roughness causes the decrease of
contact angle which is expected based on Wenzel equation. Fig. 4 illustrates advancing

contact angles vs. fiber size.
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Figure 4. Effect of fiber size on wetting transition for handsheets with TMP and Kraft Pulp for the three film
thicknesses.

Depending on the fiber size, the handsheets are either in the Wenzel or in the Cassie-
Baxter wetting state. In order to test our hypothesis, a 2 pL stained water droplet was
dispensed on the surface of the handsheets, and it was removed off the surface after 20 s by
letting the droplet wicks into a Kimwipes. The stained water droplet on KU and TU could be
removed without leaving any residual fluid on the handsheets that is visible by unaided eye.
However, on TR, KRi, and KRz (handsheets made with refined pulps) surfaces, water
droplets pinned on the surface even after inversion, and the stain of water droplet remains
on the surface when the droplet is removed. This implies that the droplet resides on the
handsheet according to the Cassie-Baxter state for KU and TU handsheets. On the other hand,
on TR, KR1, and KRz the droplets reside in the Wenzel wetting state, leading to higher
adhesion to the fibers. Fig. 5 shows the stain of water droplet on the surface of handsheets
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using inverted fluorescent microscope. We stained the water with rhodamine (which is
fluorescent) and took the images of the handsheets surface after withdrawing the droplet.
The homogeneous wetting on KRz handsheet is evident based on Fig. 5 (a). As mentioned,
macroscopically we did not observe stain residues on KU handsheet, but microscopically
there is an evidence of droplet pining on the very surface layer of the fibers. The smaller
contact area that is formed by stain of the droplet on KU handsheet (for 25 nm Al203
thickness) and the heterogeneous coverage of stain on the surface confirms the Cassie-

Baxter wetting state on these handsheets.

500 pm 500 pm 500 pm

Figure 5. Stain of water droplet on (a) KRz handsheet with 25 nm Al203 (b) KU handsheet with 25 nm Al203
and (c) KU handsheet with 10 nm Al20s.

The long term stability of contact angles also prove the wetting state hypothesis. Fig. 6
illustrates the static contact angles on handsheets with Al203 film thickness of 10 nm. The
images of a water droplet were captured every minute up to 20 min. In order to minimize
the evaporation effect, the droplet was covered, and the cover was removed only at the time
of capturing the image. According to the results, on KU and TU handsheets the droplet shape
remains stable over time and the slight decrease in contact angle, due to evaporation, is
within the range of hysteresis contact angle results shown in Fig. 3. On handsheets with

refined pulps, the contact angles decreased over time. According to Fig. 6 the decrease of

17



contact angle for KR1 and KRz samples is about 40° over 20 min which is significantly higher
than their hysteresis contact angle values reported in Fig 3. Specifically, after about 13 min,
the handsheets are not hydrophobic anymore and have contact angle of about 87°. Since the
droplets are in the Wenzel wetting state, there is higher adhesion of water droplet to the
fibers. Therefore, over time the liquid may come into contact with underlying fibers and
absorb into the substrate, causing the decrease of contact angles. Therefore, for refined
samples the decrease of static contact angles can be mainly due to wicking and absorption

over time.
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Figure 6. Long term static contact angles on handsheets with an Al203 film thickness of 10 nm.
The Al203 ALD coated handsheets are not noticeably different from the original
unmodified handsheets, having similar feel and flexibility. The SEM and profilometer images

of handsheets coated with 25 nm Al203 are shown in Fig. 7. The shorter fiber size results in
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a decrease of the handsheet porosity and individual fibers become harder to identify. For the
refined pulp handsheets, the increase of surface area and higher number of hydrogen bonds
between the fibrils creates aggregates that fill the pores in the fiber network leading to a

smoother appearance of the handsheets 2.
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Figure 7. Profilometer images (right) and complementary SEM images (left) of handsheets prepared from (a,
a’) KU (b, b’) KR1 (¢, ¢') KRz (d, d’) TU (e, ') TR.
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According to Fig. 3 and 4, the handsheets prepared by TMP pulps show higher contact
angles than the Kraft pulps. This is due to the presence of hydrophobic substances such as
lignin and extractives on TMP fiber surface. The wood fibers may consist of different
amounts of cellulose, lignin, hemicellulose, and extractives depending on the pulping

technique and this influences their wettability 3.36.37,

Roughness Effect. As mentioned earlier, Al203 films on handsheets create a low energy

surface, which renders the handsheets hydrophobic. However, the roughness of the
handsheets highly affects the contact angle values. Table 2 presents the average surface
roughness (Ra) before and after the Al203 deposition for refined and unrefined handsheets.
According to Table 2 the roughness of the sheets is highly dependent on fiber size and coating

thickness.

Table 2. Profilometer roughness values of handsheets before and after Al203 deposition

Average Roughness Values (Ra) (um)

Handsheet Type Fiber Size (nm)
Uncoated 10 nm 25 nm 45 nm
KU 882 9.3+0.2 8.2 +0.6 7.1+£0.5 6.3 £0.1
TU 520 8.7+0.5 7.9+0.8 7.0 £0.4 6.2+0.7
TR 142 3.5+0.3 34+0.3 3.2+0.1 29+04
KR1 457 25+0.1 2.5+0.1 2.2+0.3 2.1+0.3
KR2 245 1.7+0.1 1.7+0.1 1.2+0.1 1.3+0.1

Fig. 8 shows that handsheets with unrefined pulp (KU) resulted in the highest advancing
contact angles due to the higher roughness, which is expected based on the Wenzel and the
Cassie-Baxter wetting models. This is consistent in all three film thicknesses. However, as
the coating thickness increases, it leads to lower roughness values and smoother surfaces
which results in an increase in the contact angle hysteresis. Higher film thickness also results

in higher coverage of surface by Al203 film and loss of porosity.
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The higher contact angles of KU handsheets could be also due to the effect of free hydroxyl

groups on the KU handsheets before deposition of Al20s.
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Figure 8. Effect of handsheet’s roughness on advancing contact angles (6adv.) for handsheets prepared by
Kraft pulp.

More specifically, the FTIR-ATR results (Fig. 9) on untreated samples reveal a higher
number of hydroxyl (-OH) groups on unrefined pulp (KU) handsheets at peak wavenumber
of 3327 (cm1). The band intensity of ~-OH peaks decreased for KR1 and decreased further
more for KRz handsheets. This is due to the fact that refining increases the number of
hydroxyl groups on the fiber surface, and consequently increases the hydrogen bonding
between the fibers during handsheet formation 3° (i.e. higher number of -OH groups at the
surface of the fiber get involved in interfibrillar hydrogen bonding, which causes formation
of low porosity sheets). Therefore, according to the FTIR-ATR results, unrefined fibers have

large number of free or unbonded hydroxyl groups on the surface, which are more accessible
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for reaction with Al20s. It is known that the higher the number of free hydroxyl groups on a
surface, the more the surface is prone to modification. Based on this, we believe the higher
contact angles of KU handsheets is due to the presence of more free/unbonded -OH groups
available to react with Al203 compared to the case of refined samples with lower number of

free -OH groups.
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Figure 9. FTIR-ATR spectra on bare (untreated) Kraft pulp handsheets
The surface chemistry of plasma assisted Al203 ALD using infrared spectroscopy on pure
Al203 films shows dependency of the surface groups to the deposition temperature 38.
Basically, the study 38 shows at lower deposition temperature (25°C), the number of hydroxyl
groups on the surface created by Oz plasma increased compared to depositions at 100° and

150°C.
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In this study, XPS was employed to identify the elements and chemical bonds on the surface
of uncoated and Al203 coated handsheets. The survey scan spectra of an untreated handsheet
mainly show the presence of oxygen (01s: 27.09%) and carbon (C1s: 70.83%) elements with
oxygen to carbon (0/C) ratio of 0.38. The existence of chemical bonds on the surface was
determined by high resolution XPS carbon (Cis) spectra. The resulting deconvoluted three
major peaks of Cis for untreated and 10 nm Al203 deposited handsheets are shown in Fig. 10
(a) and (b) respectively. The C1 peak at 285.0 eV corresponds to carbon-carbon (C-C) or
carbon-hydrogen (C-H) bonds, the Cz peak at 286.6 eV is due to bonding of carbon to a single
non-carbonyl oxygen (C-0), and the C3 peak at 288.0 eV represents bonding of a carbon atom
to one carbonyl oxygen (C=0) or to two non-carbonyl oxygens (0-C-0). The three peaks are
consistent with the literature data for cellulose 32339 The intensity of C1, C2, and C3 peaks
decreases after 10 nm Al203 ALD deposition (Fig. 10 (a) and (b)). It should be noted that the
C3 peak on an uncoated handsheet shifts to a higher binding energy of 289 eV after ALD
coating which can correspond to one carbonyl oxygen and one non-carbonyl oxygen (0-C=0)
bonds to carbon atom. Also, the O/C elemental ratio increased from 1.61 (10 nm coating
thickness) to 1.97 for the 45 nm coating. This is due to the formation of Al203 (Al-O) which is
confirmed by the O1s peaks at 531.5 eV (Fig. 10 (c)). The O1s peak also confirms O-C bond at
533 eV on the uncoated handsheet. After the Al203 deposition, the O-C peak position shifts
to a lower binding energy consistent with oxygen binding mainly to aluminum (Fig. 10 (c)).
Also, the Al203 peaks become dominant after 10 nm and 45 nm deposition. This is consistent
with Al203 bonds on Alzp peaks for both coating thicknesses as demonstrated in Fig. 10 (d).
The intensity of the Alzp peak increased with respect to increase in coating thickness.

According to Lee et. al 16 the presence of Al-O-C peak at binding energy of 532.4 eV was the
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reason for hydrophobicity of cellulosic cotton mats after a few cycles of ALD. Their study

shows, that the formation of Al-(0-C-)s bonding units during interaction of
trimethylaluminum with -OH units on cellulose surface is the reason for hydrophobicity. In
addition, the air exposure of the sample after Al203 deposition caused adventitious carbon
adsorption which resulted in hydrophobicity of the cotton mats even after subsequent ALD
cycles 16, Qur XPS results here also shows the presence of carbon on the surface of
handsheets after Al203 deposition, which could originate from the adsorption of carbon from

environment or the presence of Al-O-C, which both affect the wettability of the surface.
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Figure 10. KR handsheets’ XPS high resolution spectra of (a) Cis for bare sample (b) Cis for 10 nm Al203 ALD

(c) O1s and (d) Alzp.

Effect of Al203 Film Thickness on Gas Permeability

The water vapor transmission rates (WVTR) and water vapor permeability (WVP) at
23°C and 50% RH for handsheets before and after ALD modifications are presented in
Tables 3 and 4 respectively. Although ALD modification greatly improves the wettability
of unrefined Kraft and TMP handsheets, it did not affect their WVTR significantly. The
reduction in WVTR value at 45 nm coating thickness is about 15% for KU handsheets and
about 36.6% for TU handsheets. However, for refined Kraft pulp handsheets, the WVTR
decreases 97% for KR1 and 98% for KRz after Al203 deposition. Table 3 clearly shows the
effect of fiber size on WVTR values. For both handsheets prepared by Kraft and TMP pulps
the decrease in fiber size results in decrease of WVTR values. This is due to the larger
surface area of fibers after refining. Accordingly, as mentioned before, the enhanced
bonding between the fibers results in a dense fiber network with smaller pores and
uniform dimensions 49. Therefore, the tortuosity increases within the sheets due to the
formation of this dense network, which lowers the permeability. In addition to fiber size,
fiber entanglement plays an important role in the increase of tortuosity 40. Studies have
shown that nano-fibrillated cellulose (NFC) has longer fiber sizes compared to crystalline
nano-cellulose (CNC) 40. However, the gas permeability of the CNC film is higher than that
of the NFC film due to the higher entanglement of fibrils within the NFC films which results
in increase of the tortuosity factor 40. The reported WVTR value (at 23°C and 50% RH) for
NFC film (with thickness of 42 um) is about 234 g-m-2-day-! 7 which is higher than the

WVTR values for the KR1 and KRz handsheets in this work. Although KR fibers are longer
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than KRz (Table 3), the lowest WVTR value for untreated samples are for handsheets
prepared with KR fibers. Therefore, it can be concluded that there is an optimum fiber size
that results into the lowest permeability. This can be due to the highest possible fiber
entanglements that increase tortuosity and consequently reduce gas permeability to a

minimum possible value.

Table 3. Water Vapor Transmission Rates for handsheets before and after Al03 ALD modification

Handsheet Fiber Size S_heet WVTR (g'm2-day-1)
T Thickness
ype (nm) (mm) Uncoated 10 nm 25 nm 45 nm
KU 882 0.21 694.8 +11.5 6159 +2 606.6 £ 8.9 589.9 +15.1
TU 520 0.34 858.6+16.1 602.1+12.6 566.0+10.6 544.6+14.2
TR 142 0.11 6409 +13.2 452.0+13.5 443.2 + 8.7 392.0+11.1
KR1 457 0.07 88.6 +4.6 23+0.2 25+0.4 2.5+0.2
KRz 245 0.06 107.1+2.5 2.2+0.9 2.1+0.2 2.2+0.5

Table 4. Water Vapor Permeability for handsheets before and after Al203 ALD modification

Handsheet Fiber Size S_heet WVP (g-m2-day-1-kPa)
T Thickness
ype (wm) (mm) Uncoated 10 nm 25 nm 45 nm
KU 882 0.21 49,5+ 0.82 43.8+0.14 43.2 +0.63 42.0+1.07
TU 520 0.34 61.1+1.15 429 +0.90 40.3+0.75 38.8+1.01
TR 142 0.11 45.6 + 0.94 32.2+0.96 31.5+0.62 279 +0.79
KR1 457 0.07 6.3+0.33 0.2+0.01 0.2+0.03 0.2+0.01
KR2 245 0.06 7.6 +0.18 0.2 +0.06 0.2+0.01 0.2 +0.04

The WVTR values for KR handsheets remarkably reduced after Al203 ALD compared to
KU handsheets. However, there is not a significant difference in the WVTR values between
the KR1 and KRz handsheets after Al203 deposition. The results also show that the increase
in coating thickness does not affect water vapor permeability by a great amount for KR1 and
KRz handsheets. Therefore, the combination of Al203 coating thickness of 10 nm and fiber
sizes as small as 457 pm (as in KR1) would be enough to achieve WVP values as low as about

0.2 g-m-2.day-1-kPal. It should be noted that although the refined TMP fibers have smaller
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fiber size compared to refined Kraft, the WVTR values for TR sheets are significantly higher
than RK sheets. This is due to the presence of lignin in TR fibers, which hinders hydrogen
bonding and forms more pores, resulting in higher WVTR values 40. As mentioned earlier, for
the purpose of this study all WVTRs were obtained at 23 °C and 50% RH and the effect of
treatment on handsheets at higher relative humidity were not investigated. Generally, for
uncoated paper based materials at higher relative humidity, the WVTR is expected to

increases due to the swelling of fibers 4.

The Gurley air permeability test was used to obtain the time required for air to pass
through a unit area at a given pressure. The air permeability values for untreated and 25 nm
Al203 ALD handsheets at 23 °C and 50% RH are presented in Table 5. Handsheets prepared
with refined pulp fibers have remarkably lower air permeability compared to handsheets

prepared with unrefined pulp fibers.

Table 5. Gurley air permeability for untreated and 25 nm Al203 ALD coatings

Air Permeability (s/100cc)

Handsheet Type Fiber Size (um) Uncoated 25 nm
KU 882 1.3+0.1 5.7 £ 0.54
TU 520 3.2+0.1 17.6+0.3
TR 142 2229+ 255 362 +20.1
KR1 457 352800 Impermeable
KRz 245 Impermeable Impermeable

The trend in air permeability agrees with the WVTR results. According to table 5, the air
permeability before and after treatment for the unrefined pulp handsheets (KU and TU) is in
the order of few seconds. However, for KR1 handsheets before the treatment, it takes 98
hours for the 100 cc of air to pass through the sheet. The KR1 and KRz samples after 25 nm

coating can be considered impermeable and the air permeability could not be quantified with
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Gurley method. As mentioned earlier this is due to the decrease in fiber size as well as filling

of the pores after Al203 ALD coatings which results in lower permeability.

Thus, the major finding in this work is that it demonstrates the requirements to achieve
an effective water vapor barrier by: (i) use of refined fibers (reduction in fiber size) to obtain
a densely packed cellulosic film; and (ii) deposition of Al203 to reduce the surface energy as
well as porosity of the sheets. A major target of highest gas barrier property with the lowest
number of coating thicknesses was achieved with the Al203 ALD method. A maximum water
vapor barrier improvement of ~98% (WVTR value of 2.1 g- m-2-day-1) was determined after
ALD treatment for Kraft refined handsheets. The reduction in Kraft pulp fiber sizes reduces
the WVTR by 87% for KR1 and 84% for KRz prior to ALD treatment. For comparative reasons
the WVTR of commercially available coatings and packaging materials such as
polyvinylidene chloride coated cellulose films, cellulose acetate films, and PET films are 6,
14, and 4 g-m-2-day-! respectively at 35 °C and 25% RH #! which are inferior to some of the
coated papers elaborated in this study. Contrary to polymers, these handsheets, regardless
of the process, are produced from a renewable material. The potentials are in packaging
applications and some may not be foreseen. For example, we have previously shown that by
using the highly refined fibers (bare KR1 and KRz samples here) we can make very thin and
high electrochemically conductive separators that can be used in the design of fast charging
supercapacitors [42].

CONCLUSIONS

The present study demonstrates that the use of refined wood fibers of suitable size in
conjunction with atomic layer deposition of Al203 enables the fabrication of paper with a
water vapor transmission rate that is superior to some of the commercially available coated
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films. The permeability is greatly reduced due to the formation of dense networks within the
sheets by smaller and more uniform fibers dimensions. The deposited Al203 has its maximum
effect on gas permeability with the paper produced with Kraft refined pulp. We observed the
lowest WVTR for cellulosic sheets prepared by 450 um fiber sizes from refined Kraft pulp.
This is due to the higher fiber entanglements within the cellulosic sheets that increase the
diffusion path for gas molecules. Further refining of the cellulose fibers to 245 pm reverses
the effect and caused increase in WVTR values. The coatings also effectively modified the
surface energy of handsheets and converted the highly hydrophilic cellulose surface to a
hydrophobic one. However, the hydrophobicity of the sheets is highly dependent on surface
roughness. The fabricated sheets in this study are comparable with commercial synthetic
polymers. Therefore, the preparation of hydrophobic and water vapor barriers by Al203 ALD
approach on engineered paper is a promising tool in renewable material science and

technology.
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