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Mercury Porosimetry and X-ray Microtomography for
3-Dimensional Characterization of Multilayered Paper:
Nanofibrillated Cellulose, Thermomechanical Pulp, and
a Layered Structure Involving Both
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Mercury intrusion porosimetry (MIP) is an inexpensive and common
technique to characterize porous structures like paper. One major
limitation of MIP is the lack of information about the arrangement of pores
in the structure, information that is particularly relevant for multilayer
structures such as thickness-structured paper. In this article, results from
Synchrotron X-ray 3D microtomography are combined with MIP data to
provide in-depth and improved information about the structures.
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INTRODUCTION

Mercury intrusion porosimetry (MIP) is a common technique for the analysis of the
structure of porous materials (Johnson et al. 1999), which allows the characterization of a
wide range of pore sizes from the microscale (500 um) up to the nanoscale (3 nm). The
technique provides structural parameters such as porosity, pore volumes, pore size
distribution, density, and specific surface (Giesche 2006). Moura et al. (2005) showed that
MIP is suitable to detect structural differences in paper structures. Bloch and Kedadi (2001)
established that the MIP technique is efficient also to characterize the structure of a porous
medium displaying porosity gradients, such as a paper. MIP has been widely used to
characterize the structure of coated paper with micro- or nanofibrillated cellulose (MNFC)
(Hamada et al. 2010; Ridgway and Gane 2013; Dimic-Misic et al. 2014). However, MIP
cannot provide information about the pore shapes or about the spatial pore distribution in
the paper structure. To overcome such shortcoming, MIP measurements are usually
coupled with scanning electron images (SEM) to link observed variations in the MIP curves
to the SEM pictures of pore shape and diameter in the paper structure (Yamauchi 2007,
Zauer et al. 2014). Similar research has also been carried out for other materials, such as
cement (Abell et al. 1999). Some shortcomings of the comparison of the mercury intrusion
and 2D analysis have been described; for example, complementary experimental
characterizations such as SEM have been used (Munch and Holzer 2008). Simulations of
the evolution of the capillary pressure on a paper were presented (Hyvaluoma et al. 2007)
based on microtomography. This simulation aspect is not the scope of our work, rather our
study is dedicated to the characterization of multilayered papers.

High-resolution Synchrotron X-ray 3D microtomography (SuT) has shown its
capacity to analyze the paper structure (Rolland du Roscoat et al. 2005; Holmstad et al.
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2006). Besides the visualization of the internal structure of the paper, various structural
parameters such as porosity, specific surface area, and anisotropy are obtained by further
image treatment. In addition, SUT can provide the spatial pore and filler distribution in the
paper structure (Rolland du Roscoat et al. 2012). Paper-based composites were also studied
successfully (Considine et al. 2010). Recently, SUT was used to characterize the z-
structured paper by the layered addition of the MNFC (Charfeddine et al. 2016).

The MNFC was supplied by Omya International AG (Oftringen, Switzerland). It
was obtained from a mix of bleached eucalyptus pulp with ground calcium carbonate
(Hydrocarb®50, Omya) in the ratio of 80% cellulose and 20% mineral, which are
combined during the manufacture of the MNFC. The mixture at a consistency of 2.72%
was heated to 96 °C before being pumped, for a total of three passes, through a pilot scale
homogenizer (LPN 500 from GEA Niro Soavi). The pressure drop was fixed at 600 bars.
The obtained MNFC has a diameter ranging from 20 nm (nano-part) to 15 pum (micro-part)
and a length of up to 1 mm. For papermaking, the MNFC suspension was diluted to a
concentration of 0.1 wt% fibrils. In order to understand the effects of the MNFC layer
inclusion, the z-structures were obtained considering two positions in depth, namely the
top and middle of the sheet. The basis weight of the MNFC layers was varied from 2 to 20
g'm2. The total basis weight of the z-structured sheets for all sheets was 60 g'm?,
indicating no measurable loss of MNFC. A 100% TMP sheet, also at 60 g'm, and a 100%
MNFC sheet at 40 g-m served as references. After wet formation, the sheets were pressed
at 2, 3, and 4 bars between two blotting papers before drying at 105 °C for 10 min.

The technique proved to be efficient constituting a well-performing tool to identify
MNFC location in the paper structure. Furthermore, 3D tomography porosity profiles in
the paper thickness confirmed the retention of MNFC in the paper structure and the creation
of the targeted layered structures. Nevertheless, the access to SUT measurements is limited
due to the high cost and up-to-date technology needed. Thus, the aim of the present article
is to pair results from ST with results from MIP to improve overall MIP data analysis,
and also to improve the structural characterization of such paper structures.

EXPERIMENTAL

Paper Samples

The paper samples used were a 100% TMP sheet (the reference) with a basis weight
of 60 g'm and 100% MNFC film with a 40 g'm basis weight. The third sample is a z-
structured paper obtained by the addition of an MNFC film in the middle of to the TMP
sheet to constitute a layered structure. A MNFC layer of 6 g-m™ is added in the middle of
thickness of the paper during sheet formation. The final basis weight of the z-structured
paper is kept constant at 60 g'-m2. All paper samples are made at laboratory scale using the
Dynamic Sheet Former (DSF). Further details about the raw materials and the papermaking
condition can be found in (Charfeddine et al. 2016).

Methods
Mercury intrusion porosimetry

Mercury is a non-wetting liquid. In the method, pressure is applied to force mercury
to penetrate into the porous material. By increasing the pressure, the mercury fills smaller
pores according to the following Laplace relation,
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where y is the surface tension and 4 is the contact angle of mercury with the material to be
tested. @ is the mean equivalent pore diameter and P is the applied pressure.

MIP measurements were performed using an Autopore IV mercury porosimeter
(Micromeritics) that allows a maximum applied pressure of 207 MPa (30,000 PSI)
corresponding to pore diameters about 7 nm. To avoid air pocket formation, the samples
of 2 x 10 cm? were prepared according to the method described in Ridgway and Gane
(2003) before being installed in the penetrometer. All MIP data were corrected to the
expansion of the penetrometer. The specific surface area Sy was then calculated from the
pore volume curves using the equation obtained easily from the one published earlier
(Rootare and Prezlow 1967),

Sv=4le Y (del D); 2
where ¢ is the porosity and @ is the pore diameter.

X-ray Synchrotron microtomography

The 3D images were obtained in the ID19 beamline of the European Synchrotron
Radiation Facilities (ESRF) located in Grenoble (France). A pixel size of 0.65 pm was
selected to lead to a field of view of 1.4 x 1.4 x paper thickness (e) mm?®. The sample, fixed
on a rotating stage, was irradiated by the X-ray beam. The transmitted beam was recorded
using a high-resolution camera. A detailed description of the experimental set-up can be
found in (Rolland du Roscoat et al. 2005; Charfeddine et al. 2016).

From the X-ray images, the paper porosity and the specific surface were calculated
using Avizo 3D software (FEI corporated software). In 3D images, porosity is defined as
the ratio of the number of voxels in the porous region by the total voxel number of the
image. The specific surface is then calculated by dividing the fibers surface by the fibers
volume. The mean pore diameter of the paper is calculated using the Tomkieff relation
reported by Bloch and Rolland du Roscoat (2009),

<d>=4¢l Sy 3

where @ is the mean pore diameter of the paper, Sy is the specific surface of the paper,
and ¢ is the global paper porosity.

RESULTS AND DISCUSSION

Mercury Porosimetry

Figure 1 shows typical pore volume curves obtained from MIP. The difference
between the 100% TMP sheet and the 100% MNFC film curves reflects the difference in
the sample structure. MNFC film has a low cumulative pore volume of 0.4 cm®.g* when
compared to the reference TMP sheet at 1.5 cm®.g. Such a low pore volume is expected,
since many studies already reported the capacity of MNFC to form a dense structure with
low porosity (Brodin et al. 2014). Furthermore, the difference in the structure between the
TMP sheet and the MNFC film can be easily appreciated in the differential pores volume
curves. We consider that the single peak at 1 um in the MNFC curve represents the average
porosity between the MNFC fibrils. However, the TMP curve presents two peaks: a peak
at 8 um and a second one at 3 um. According to Zauer et al. (2014), the pores ranging from

Charfeddine et al. (2019). “Paper structure analysis,” BioResources 14(2), 2642-2650. 2644



PEER-REVIEWED ARTICLE b | oresources.com

10 nmto 5 pum are considered as microvoids in the paper structure. They include the pointed
end of lumens, pit apertures, and membrane voids. Thus, the peak at 8 to 9 um represents
the voids between the TMP fibers and the peak at 3 um is related to the lumen fiber volume
accessible from the fiber wall pits, as explained by Moura and Figueiredo (2002). The
addition of the MNFC layer to the TMP sheet reduced the total pore volume of the z-
structured paper down to 1.29 cm®.gL. It is notable that the MNFC addition does not impact
the pores with a diameter above 10 um as showed in the Fig. 1(a). The differential pore
curve of the z-structured paper points out a great decrease in the volume of pores with 8
um diameter, from 2.1 cm®g? in the TMP sheet down to 1.3 cm®.g? in the z-layered
structure. However, the pore volume of the pores around 1 pum in diameter does not show
any difference when compared to the TMP sheet.

The values of porosity, specific surface, and mean pore diameter obtained from the
MIP curves are presented in Table 1. As expected, the TMP sheet presented the highest
porosity (76.3%) while the MNFC film presents the lowest porosity (55.3%). This last
porosity value was higher than the one measured by Gonzalez et al. (2014) due to the
presence of the calcium carbonate filler in the MNFC suspension. As expected, the z-
structured paper had a slightly lower porosity than the TMP sheet (74.5%). The specific
surface values reveal the capacity of the MNFC film to develop a high specific surface
(4.68 um™) with a low mean pore diameter (0.47 um). The addition of an MNFC layer of
6 g-m increased significantly the paper specific surface from 1.08 pm™ for the TMP sheet
to 3.01 um for the z-structured paper. The reduction of the porosity and the increase of
the specific surface of the z-structured paper lead to the significant decrease of the mean
pore diameter of the paper, 0.99 um compared to 2.83 um for the TMP sheet.
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Fig. 1. Cumulative (a) and differential (b) pore volume of the paper samples

The MIP curves clearly demonstrate the change in the z-structured paper structure
from the TMP sheet to the z-layered sheet, which confirms the retention of the MNFC layer
in TMP sheet. However, these results do not provide any information about the MNFC
layer position in the paper thickness. Furthermore, MIP results give only global
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information about the structure, i.e. they do not allow to characterize the spatial structural
difference between the surface structure and the paper bulk structure.

Table 1. Porosity, Specific Surface, and Mean Pore Diameter Calculated from
MIP Curves

Mean pore diameter

Porosity € Specific surface Sy
Sample % = .
(Lm)
100% MNFC film 55.3 4.68 0.47
100% TMP sheet 76.3 1.08 2.83
Z-structured paper 74.5 3.01 0.99

3D X-ray Synchrotron Microtomography

The SUT method enabled the characterization of the internal 3D paper structure.
The 3D sample views presented in Fig. 2 show the differences between the TMP sheet and
the MNFC film structure. In fact, the TMP sheet (Fig. 2a) displayed oriented thick fibers
interwoven with fines. These fibers were oriented in the machine direction. The MNFC
film (Fig. 2b) presented a denser structure with few small pores compared to the TMP
sheet. MNFC fibrils appeared to be randomly oriented in the film structure. Obviously, the
z-structured paper showed a similar TMP sheet surface structure, since the MNFC layer
was added between two TMP layers (Fig. 2c). The paper section illustrates that the
expected three-layer paper structure was indeed obtained: a shiny thin MNFC layer
sandwiched between two TMP layers (Fig. 2d).

Fig. 2. 3D visualization of the studied samples: (a) 100% TMP sheet, (b) 100% MNFC film, (c) z-
structured paper surface, and (d) z-structured paper thickness section
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Table 2. Porosity, Specific Surface, and Mean Pore Diameter Calculated from
the 3D Images

| Porosity ¢ Specific surface Sy Mean por;dlameter
Sample (%) (um)
(um)
100% MNFC film 40 2.6 0.6
100% TMP sheet 71 1.8 1.6
z-structured paper 63 2.4 1.0

From the 3D images, the calculated porosity and specific surface are presented in
Table 2. As for the MIP results, the TMP sheet showed the highest porosity (71%), while
the MNFC film presented the lowest porosity (40%). The addition of the MNFC layer
reduced the z-structured paper porosity to 63%. The values of the porosity were lower than
that obtained from MIP results. The difference can be explained by: (i) some mercury
occlusion effect can be formed at the sample surface at low pressure, as explained by
Ridgway and Gane (2003). When the pressure is increased, the occlusion is filled with
mercury and is considered as paper porosity; (ii) some Post-it® adhesive used to fix the
sample during the tomography measurement remains stuck to the sample and is considered
as part of the sample structure in the 3D images. Considering the low Post-it® porosity, a
lower overall porosity is obtained.

Besides previous general information about the difference in porosity between the
different samples, 3D images offer the possibility to get additional information about the
local variation of the porosity in the thickness of a given sample. The 100% TMP sheet and
the 100% MNFC film porosity profiles along the paper thickness are presented in Fig. 3,
which shows the expected typical profile shape of a monolayer paper structure (Rolland du
Roscoat et al. 2008). The porosity decreased from the top surface to a constant plateau
value of porosity, and it increased again upon reaching the bottom surface. Indeed, the
plateau corresponded to the sheet bulk, whereas the varying parts were related to the top
and bottom surface porosity, which in the present work is named '3D roughness'.
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Fig. 3. Porosity profiles obtained from 3D data (SUT) among the normalized thickness of the
papers defined as the current position divided the paper thickness

The porosity profile of the z-structured paper was quite different. It presented a
non-constant porosity region in the middle of the bulk zone (at the same location of the
former plateau) corresponding to the location of the MNFC layer in the paper thickness.
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The porosity profile of the z-structured paper, with a lower porosity towards the middle of
the sheet, confirms the retention of the MNFC layer at the targeted middle position of the
paper thickness.

The porosity profiles in the thickness of the paper indicate that the global paper
porosity is made up of two porosity regions: (i) the bulk porosity, which is almost constant,
and (ii) the surface porosity, which increases at the surfaces of papers.

Considering such additional information, MIP results analysis can be improved to
detect the bulk and surface porosity.

Improved MIP Analysis

To separate the surface and the bulk structures, the diameters of 10 and 3 um were
chosen as references for samples containing TMP fibers and only MNFC fibrils,
respectively. The structural parameters were then recalculated from the MIP curves for the
surface and the bulk structures. The results presented in Table 3 indicate, as expected, that
most of the paper porosity originates from the bulk porosity. The surface porosity appears
to be constant for the two papers. However, the bulk has a high developed specific surface
when compared to the paper surface, leading to a reduced mean pore diameter in the bulk.

To validate such mathematical differentiation between the bulk and the surface
structures, the bulk structure parameters were measured from the 3D tomography images.
Results show that the bulk porosity values are very similar, almost the same, as the ones
calculated by the improved MIP data analysis (Table 3).

Table 3. Surface and Bulk Porosity, Specific Surface, and Mean Pore Diameter
Calculated from MIP Curves

MIP ST
Sample Surface Bulk Bulk
P & Sv 0} & Sv @ € Sv ®
%) | (um™) | (um) | (%) | (um™) | (um) | (%) | (um?) | (um)
0,
TOO% MNFC 1 98 | 01 | 54 | 25 | 80 | 01 | 20 | 27 | 03
100% TMP 1 18 | 01 | 51 |64 | 14 | 19 | 65 | 20 | 13
sheet
z-structured 17 0.2 3.4 57 4.8 04 51 2.5 0.8
paper

Notes: &: Porosity, Sv: Specific surface, ®: Mean pore diameter)

CONCLUSIONS

Mercury intrusion porosimetry (MIP) is frequently used to characterize paper
structure, but it only provides structural information, such as porosity or specific surface
of the whole sheet, without the capability to differentiate between surface and bulk
parameters. MIP does not provide any information about pores distribution in the paper
structure. To overcome such limitations, 3D Synchrotron X-ray microtomography images
were used to characterize both surface and bulk structures.

3D tomography images showed the presence of three zones in the porosity profile
among the paper thickness. The zone of almost constant porosity positioned in the middle
of the thickness represents the bulk porosity of the paper, and two zones of higher porosity.
These last two regions correspond to boundary layers (roughness) positioned at each
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surface of the sheet. From the results of the 3D tomography, MIP data were then divided
in two parts using either 3 or 10 um as the limit pore diameter value (depending on the
sample composition) between the bulk and the surface. Pore diameters higher than 3 or 10
pum were considered to characterize the surface structure, in contrast to the bulk structure.
The bulk porosity, calculated from MIP data, was found to be very similar to the bulk
porosity measured from the 3D X-ray images, confirming the validity of the new approach.
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