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INTRODUCTION

Paper consists of a network of wood ﬁbres produced by chemically or mechanically processed wood chips, combined with ‘ﬁnes’ particles (vessels, ray
cells, ﬁbrils, microﬁbrils and parenchyma cells) and mineral ﬁllers such as
kaolin or calcium carbonate. A good description of the wood ﬁbres and
chemistry involved is given by Roberts [1]. Paper is made both as an uncoated
and coated substrate depending upon the end use requirement. For coated
papers the surface ﬁbres are often covered with a thin layer of mineral pigment and polymeric binder to improve its optical properties and ‘printability’. Common minerals for ﬁlling and coating include kaolin, calcium
carbonate (both natural ground and precipitated) and talc. Filler minerals are
often produced as ﬂocculated slurries or containing very low dispersant
doses. For coating applications where high solids is important, dispersants
such as sodium polyacrylate are always used. For coatings the mineral slurry
is combined with a polymeric latex binder and a thickener (usually a modiﬁed
natural polysaccharide or a synthetic polymer) to form a coating ‘colour’.
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The coating colour may contain small quantities of other additives such as
biocides, optical brightening agents, lubricants and surfactants. The coating
colour is applied to the base paper with an applicator, which may be a roller,
rod, blade or jet. The excess coating colour is usually removed with a metering blade or rod, resulting in a uniform coating of controlled coat weight
(mass per unit area) to a typical thickness of 8–30 μm depending on application. Pre-metering methods are also used for example: metered size press
coating, spray coating and curtain coating. The ﬁnal coating is a porous layer
consisting of pigment, binder and air. The amount and distribution of air
within the coating is mainly inﬂuenced by the particle packing characteristics
of the mineral pigments and the proportion of binder present. The air is
present throughout the coating structure as a series of small pores (approx.
0.02–1.0 μm diameter) of different sizes, shapes, and connectivity [2], [3]. A
good introduction to paper coating is given by Priest [4].
There are numerous grades of paper which have been developed over many
years as the major information transfer medium. These cover a range of
grammage, quality and constituents depending upon their end use. For each
paper grade, both the surface and bulk properties have been modiﬁed and
optimised to suit the appearance, optical and printing properties required.
Surface analysis techniques are currently used for quality control, production
developments and competitive analysis.

Figure 1. Typical components in a paper coating formulation (J. Husband).
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Figure 2. There is a wide variety of paper grades available at different qualities,
designed to suit their end purpose.

However, more recently rising costs and limited growth in the market have
led to over supply of paper and increased competition. The result has been
closure and consolidation of paper mills [5]. The growth of the internet is also
seen potentially as a problem if advertisers start to prefer electronic media to
paper as an information medium. These factors have led to decoupling of the
growth of paper from GDP, making future growth in demand difﬁcult to
forecast. The industry has responded by cutting costs as much as possible,
and also by looking at new innovative ways of using ﬁbre based products.
Due to these problems, many companies have responded by developing high
value, niche products, in which careful control of the surface is often critical.
The accurate determination of surface properties is an important part of
facilitating the development of high value products, for example those used in
printed electronics, sensors and biologically active printing substrates [6], [7],
[8], [9]. This has led to the development of many new techniques in recent
years which may be combined to provide a powerful description of the
chemical and structural nature of paper.
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Surface analysis of paper is often a complex and difﬁcult task. Problems
may relate to the use of coating formulations which contain a range of
natural products that are very similar in their chemical constituents and
therefore difﬁcult to differentiate. The substrate is also inhomogeneous,
rough, porous and absorbent. Surface topographical features such as depressions, may sometimes be considered as surface porosity or surface roughness
depending upon the technique used to detect and quantify them. Indeed a
deﬁnition of the surface is not always easy, and the differentiation between
surface pores, surface micro-roughness and bulk porosity is often blurred.
Chemical signals for example from X-ray Photoelectron Spectroscopy (XPS)
or contact angle measurements for surface energy determination are often
impacted heavily by the topography and local micro structure of the surface
and chemical heterogeneity.
The choice of technique is often governed by the requirements and limitations of the sample. For example the spatial resolution requirements may
determine the choice of analysis technique. Some techniques such as Secondary Ion Mass Spectrometry (SIMS) give qualitative or at best semiquantitative information, whereas others e.g. XPS are quantitative, can be
used to determine the amount of chemical constituents in a surface as well as
the chemical environment of the elements and give some idea of spatial resolution. There may also be physical constraints on analysis of certain samples.
Many instruments operate under a strong vacuum, but this is not suitable for
samples which have a highly volatile component, or which are in solution.
A good summary of the criteria for selection of analysis technique was
given by Ernstsson and Warnheim [10];
•
•
•
•

Analysis depth requirements – how surface sensitive do you need?
What chemical information is required e.g. elements, functional groups?
Qualitative or quantitative, or semi quantitative?
Lateral resolution – do you need to be able to map the distribution of the
components?
• Other information required, for example do you need to know the
topography of the samples as well as the chemical composition?
• Physical requirements for sample analysis – for example some samples need
to be smooth and homogeneous, some need to have a conducting surface
and samples which require an ultra high vacuum need to be dry and not in
solution.
Table 1 summarises some of the techniques discussed in this review in
terms of their analysis area and the information they provide.
A good overview of the basic operating principles of many different surface analytical techniques together with examples of how these can be used to
14th Fundamental Research Symposium, Oxford, September 2009
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Figure 3. Schematic of different analytical techniques included in terms of the
nature of their analysis (surface or bulk, chemical or physical – Adapted from Swift
and West Ceram).

analyse organic coatings is given by Perry and Somorjai [12]. These include a
range of techniques used to a lesser extent in the paper industry such as High
Resolution Energy Electron Loss Spectroscopy (HREELS), an electron scattering technique which is ideal for studying surface mono-layers and Ultraviolet Photoelectron Spectroscopy (UPS), which probes the valence bands of
materials and the density of the electronic states, and can ﬁngerprint organic
materials. Auger Electron Spectroscopy is only really useful in determining
chemical structure on conducting samples, and its relevance to paper and
printing is limited, as a result it will not be discussed further here. A good
review of techniques to probe the optical appearance of paper is given by
Dube et al. [13] and a good general text for the use of surface analysis in the
ﬁeld of paper and printing is given by Conners and Banerjee [42].
This review mainly covers the chemical analysis of paper, but a short section on physical analysis including mercury porosimetry and topography is
also included for completeness, as physical characteristics often affect
the same phenomenological properties as paper chemistry. A glossary of
abbreviations is appended to this review.
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resolution

Imaging

Elemental,
oxidation state,
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1000 ppm
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Quantiﬁcation
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Elements detected All except H, He
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X-rays/electrons
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analysed

Analysis area

Solids and low
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Sampling depth

XPS/ESCA
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molecular
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Yes, 1 μm
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Negligible

ppm-ppb
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Elemental,
molecular,
Functional
Groups,
Isotopical

All

Yes, 0.5 μm
resolution

50 μm–1 mm
diameter

1–2 nm

0.5nm–5 μm
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diameter
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FT-IR(ATR)

Solids

EDX

Negligible

1%
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Molecular,
functional groups

All

No
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0.5–5 μm

Some at High
Beam Current
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All except Na
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Elemental Map

Yes, 0.1 μm
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Photons/Photons Electrons/X-rays

Solids and low Solids & Liquids
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Solids

Dynamic SIMS
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diameter

lons or atoms /
ions
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liquids

Static SIMS

Summary of different analysis techniques (Adapted from Swift and West [11] and Ernstsson and Warnheim [10]).

Technique
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2

CHEMICAL STRUCTURE

2.1

Infra Red (IR) spectroscopy

IR spectroscopy is a widely available and commonly used laboratory tool. In
the paper industry, IR spectroscopy is used for identiﬁcation of individual
components, studies of binder migration [14], [15], identiﬁcation of any
contaminants that may be present in the paper product [16] and sometimes
for competitive analysis. Fourier Transform Infra Red (FTIR) is the most
commonly used example of IR spectroscopy and has been used to study
laboratory prepared uncoated papers [17]. Details of the theory [18] and
sample preparation [19] techniques can be found elsewhere. IR spectroscopy
primarily gives information about molecular vibrations which are characteristic of molecules and functional groups. Infra red light is absorbed by the
molecular species, and the absorbance of this radiation is plotted either as
transmittance or absorbance as a function of the wave number (1/wavelength). The technique is generally used to identify unknown organic or
inorganic species, by comparing the resulting spectrum to libraries of different spectra; for example –COOH and –OH groups are readily detected.
Studying the relative areas of the peaks can give some quantiﬁcation of ratios
of different components in a mixture for example, as long as there is no
overlap in the peaks used. However if fully quantitative analysis is required a
series of standards must be available, using known amounts of the components in the sample.
The degree of surface sensitivity is controlled to a large extent by the type
of accessory used to hold the sample. Measurements from the bulk can be
obtained by using transmission spectra of thin ﬁlms. The attenuated total
reﬂectance set up, gives information from the top few microns and if a grazing angle infra-red reﬂection absorption spectroscopy (IRAS) attachment is
used, the depth is only nanometres [10]. This is particularly useful for the
study of thin surface ﬁlms or contamination; however care must be taken that
migration of soluble species into these upper layers does not mislead the
researcher. A diffuse reﬂectance sphere attachment is used for study of the
spectrum from rough or highly scattering surfaces. The scattered IR radiation
is collected by the sphere and a system of mirrors before passing into the
detector. The best lateral resolution that can be obtained is around 5μm [20].
2.1.1

Attenuated Total Reﬂectance IR (ATR-IR)

ATR-IR is one of the most commonly used systems in the ﬁeld of paper
science, as the preparation of the samples is very quick and easy. IR radiation
is passed through an ATR-IR crystal which has a higher refractive index than
756
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Figure 4.

The multiple internal reﬂection ATR-IR crystal (from ref. [230]).

that of the sample being measured (Figure 4). With the correct geometry and
crystal refractive index, the IR beam is totally internally reﬂected within the
ATR crystal. When a coated paper sample is contacted with the surface of
the ATR crystal, the light is repeatedly reﬂected from the crystal surfaces in
contact with the coating. The evanescent wave exists at the boundary between
the sample and the crystal and penetrates into the sample with an intensity
that decreases with distance; this results in an IR spectrum with peaks which
can be assigned to different components [21]. The ATR method measures
approximately 8 cm2 sample for each measurement. The technique is nondirectional in an XY plane and therefore measures an average both the
machine and cross machine directions in the case of paper.
The depth of beam penetration, dp, is deﬁned as the distance from the
crystal-sample interface where the intensity of the evanescent wave decays to
1/e of its original value (∼ 37%) [22] and is given by:
dp = λ/(2πn1 (sin2 θ − n212)1/2)

[1]

Where λ is the wavelength, n1 = refractive index of ATR crystal (2.37 for a
thallium bromide iodide crystal KRS5 crystal), n2 is the refractive index of
the sample, and n21 is the ratio of the refractive index of the sample to the
refractive index of the crystal. θ is the angle of incidence of the IR radiation.
One problem with ATR-IR is that the quality of the spectra obtained
depends greatly on pressure applied to the sample. This means that without
pressure control the data quality may be poor [23]. More recently a single
reﬂection ATR set up using a diamond crystal has been used by some authors
[29]. This allows a more constant amount of pressure to be applied to the
sample, and this set up is applicable for many different sample types. However
the area of sample assessed with this is much less than for the KRS5 crystal
described above.
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2.1.2

Photo Acoustic Spectroscopy (PAS)

Photo Acoustic Spectroscopy (PAS) is another useful variant of IR spectroscopy. This method involves almost no sample preparation and is a completely non-destructive technique. The technique involves the application of a
modulated IR beam to the sample surface, which results in a modulated
temperature change on the sample. This causes the gas inside the chamber to
expand and contract causing pressure waves which are subsequently
recorded by a microphone. More detailed information can be found elsewhere [24]. This technique is used for coat weight determination, however,
problems can occur for more accurate depth proﬁling if effects such as light
scattering and coating homogeneity are not taken into account.

2.1.3

Examples of uses of IR spectroscopy in paper

Rousu [25] used FTIR to study the separation of offset ink oils on thin layer
chromatography plates which had been coated with different pigments and
binders. She found it possible to detect the carbonyl functionality present in
vegetable oils which was absent in mineral oils. Wickman [26] also used FTIR
analysis to detect the proportion of alkyd resin remaining in a model ink after
laboratory Prufbau printing onto different substrates. In this work an absorption peak at 1736 cm−1 was used to detect the alkyd resin and a peak at 1464
cm−1 present in both the alkyd and heatset oil was used to obtain a calibration
curve for alkyd resin proportion. Vikman and Sipi [27] used FTIR-ATR and
Raman spectroscopy as methods to determine the lightfastness of prints
made with dye based inkjet inks. Both techniques proved useful for this as
systematic changes in the spectra could be observed as the papers were
exposed to light.
Hiorns et al. [28] used the ATR-IR technique to determine the relative ratio
of pigment to latex or plastic pigment in the top 0.5 μm of coated paper
surfaces. Peaks characteristic of the latex (760 cm−1 & 970 cm−1) and the
plastic pigment (760 cm−1) were identiﬁed and were compared to a normalised
peak from the calcium carbonate (712 cm−1) present in the coating layer
(Figure 5). A series of standards were ﬁrst prepared with known ratios of
calcium carbonate and binder and a calibration curve constructed (Figures
6–9). This was then used to determine the surface binder levels of coatings
containing carbonates of different particle sizes.
Analysis of surface binder content may be important in printing, where the
absorbency of the coating surface can be critical in determining ink setting
rate, fount solution absorbency, picking, etc. The technique can also be used
to evaluate if differential migration of binders occurs when different
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Figure 5. IR Spectra of coating components.

Figure 6.

Spectrum of coated paper.

pigments of widely varying particle size or shape are used together. The
technique was less useful for determination of components used at lower
levels in the coating formulation such as CMC and OBA, as the peaks were
rather obscured by noise in the data or by peaks from other components.
A similar study was carried out by Halttunen et al. [29], who also used
FTIR/ATR spectroscopy to determine surface latex content of different coatings. A diamond ATR-IR crystal was used with an IR microscope, and this
allowed mapping of the samples surface, with a lateral resolution of 60μm.
14th Fundamental Research Symposium, Oxford, September 2009
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Figure 7.

IR spectrum for different latex levels 760 cm-1 peak.

Figure 8.

Removal of the background from the peak.

Maps of 400 spectra at 50 μm steps allowed the binder coverage of a basepaper to be assessed.
Another example of ATR-IR use is for the determination of the surface
particle alignment of kaolin particles in a paper coating [30]. In this work a
penetration depth of approximately 0.5−0.6 μm, was calculated using equation [1] and a KRS5 crystal with θ = 45°. Kaolin particles have two absorption wavelengths resulting from -OH stretching at 3695 and 3620 cm−1. The
band at 3695 cm−1 is due to vertically orientated particles, and the stretch at
760
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Figure 9.

Calibration curve for latex level in the colour and relative peak height for
different latex levels (from Hiorns et al. [28]).

3620 cm−1 due to horizontally orientated particles. A ratio of these two peak
heights (β) gives a measure of the alignment of the kaolin platelets in the
coating [230]. ATR spectra for the samples were collected and the ratio
β = I3695/I3620 measured, using the peak heights. This technique was used by
Preston et al. to show the change in particle alignment which occurred on
calendering a kaolin containing paper, with increase in calender pressure [30].
The total –OH signal is related to the degree of contact between the crystal
surface and the paper. In Figure 10, this increases as the calender pressure
increases, and the paper becomes smoother and has improved crystal contact.
2.2

Raman spectroscopy

The Raman effect was ﬁrst discovered in 1928 and was initially used to study
the vibrational states of simple molecules. With the development of lasers in
1960, Raman spectroscopy was increasingly used to solve a variety of problems. The main draw back of the technique was laser-induced ﬂuorescence
(LIF) which overwhelms the Raman signal. However with the development
of near IR FT Raman spectroscopy LIF is less of a problem [31]. The use of
longer wavelengths also reduces the probability of ﬂuorescence. In the ﬁeld of
paper, ﬂuorescence generally derives from optical brighteners and lignin.
Raman spectroscopy is a very similar technique to IR spectroscopy. There
are however, differences between the two. For example Raman spectroscopy
14th Fundamental Research Symposium, Oxford, September 2009
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Figure 10. Variation in Particle Alignment of Coated Surfaces with Calendering
Pressure ATR Ratio of peaks I 3695 / I 3620 from Preston et al. [30].

is sensitive for non-polar molecules whereas IR spectroscopy is only sensitive
to polar species making the techniques complimentary [32]. Raman spectroscopy also uses a single wavelength laser light to excite the sample. This
lower wavelength, more intense light, enables better focussing and therefore
superior spatial resolution can be achieved. Swerin et al. [33] suggest that a
resolution can be obtained down to the optical diffraction limit ∼200 nm.
Raman spectroscopy is also insensitive to water (useful for analysis in the
paper industry), and there is reduced overlapping of peaks. Raman spectroscopy requires almost no sample preparation and the technique is mostly
non-destructive [23].
2.2.1

Variants of Raman spectroscopy and examples of use in paper

Apart from conventional Raman spectroscopy there are also many other
adaptations available:
• Confocal Raman Microscopy [34]: This combines the techniques of
Raman spectroscopy and confocal microscopy and allows chemical
assessment in the z direction. The resolution is set by the wavelength of the
light and also the aperture of the microscope objective and is 200nm in the
x-y direction and roughly double this in the z direction. This has been used
by Vyorykka et al. [32] to study distribution of binder and pigment in
coatings and also under a layer of printed ink (Figure 12). Vyorykka [35]
also developed an immersion technique for studying pigment / binder dis762
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Figure 11. Raman mapping of SB latex (green), CaCO3 (red), cmc (black) Image
courtesy of YKI.

Figure 12. Raman Depth proﬁling by cross section and analysis.

tribution throughout the bulk of the coating which was necessary due to
the light scattering of the coating layer. The combination of two microscope objectives allowed both surface and bulk analysis of the GCC/SB
latex distribution to be obtained. Vikman and Sipi [27] also used depth
proﬁling Raman to study the lightfastness of dye based inkjet inks.
14th Fundamental Research Symposium, Oxford, September 2009
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• Resonance Raman Spectroscopy: This is where the laser wavelength
coincides with the electronic spectrum of the molecule which gives a much
enhanced signal (∼x 106). One example is where a UV laser of wavelength
244 nm has been used to enhance the spectrum from butadiene, due to its
conjugated double bonds. Fluorescence was also less of a problem as the
ﬂuorescence and Raman spectrum did not overlap [23].
• Surface-enhanced Raman Spectroscopy: In this variant the molecules of
interest are absorbed on metal surfaces, or conversely, metal colloidal particles e.g. silver or gold are absorbed onto the sample surface, both causing
a signiﬁcant enhancement of the signal. However, problems do exist; for
example the colloidal metal may cause burning of the sample, and the
spectra are less straightforward to interpret [23].
• Kerr-gated resonance Raman spectroscopy: In this technique, the ﬂuorescence is separated from the Raman spectrum, by using a high frequency
laser pulse. A Kerr gate accepts the Raman signal which scatters within a
few pico seconds, but the ﬂuorescence emission takes place much more
slowly and is therefore separated from the signal of interest. This method
was successfully used by Vikman et al. [36] in determining inkjet ink / paper
chemical interactions in the study of lightfastness of inkjet printed papers.
• Raman spectroscopy combined with atomic force microscopy (AFM): This
technique has the advantage of being able to obtain both chemical and
topographical information from the sample at the same time.
Advancements in the Raman technique not only allow determination of
unknown compounds, but now allow it to be used to detect differences in
crystallinity, for example the separating of calcite and aragonite in a calcium
carbonate sample. One example of this in the paper industry is shown by
Santos et al. [37]. In this work PCC and GCC of different particle size distributions were made into coating colours as sole pigments and as blends.
Uncalendered papers were measured and papers calendered under two
different conditions. A range of techniques including Raman spectroscopy,
scanning electron microscopy (SEM) and atomic force microscopy (AFM)
were used to determine the relationship between the topography and sheet
gloss. Shifts in the peaks were observed with different calendering conditions
and due to differences in the particle packing of the different morphology
pigments.
The technique can also be used in the identiﬁcation of components of
recycled paper pulp [38]. One major advantage is that Raman spectroscopy
can separately detect styrene, butadiene, acrylate and acryonitrile allowing
different latices to be distinguished [23], [32].
Swerin et al. [33] used confocal Raman spectroscopy to depth proﬁle inkjet
764
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inks into different inkjet coating layers. For every ink / paper combination
peaks were selected for the ink which had no signiﬁcant overlap with the
other paper components (Epson 1290–1376 cm−1, Canon 1117–1207 cm−1 and
HP 1057–1160 cm−1). The Full Width Half Max (FWHM) of certain peaks
were analysed for each. The inks were shown to be held within the coating
layers in all instances. The deepest penetration of the ink occurred for the
sample coated with a mixture of kaolin and amorphous silica, which also had
the lowest % of small pigment pores.
2.3

X-Ray Photoelectron Spectroscopy (XPS)

The surface analytical technique XPS (also known as ESCA, or Electron
Spectroscopy for Chemical Analysis), was ﬁrst developed in the mid 1960’s by
Siegbahn et al. [39], but is based upon the photoelectric effect discovered by
Einstein. It is a powerful tool for chemical surface analysis. The development
of the technique of XPS from 1900 to 1960 has been reviewed by Jenkin [40].
More recent texts describing XPS are given in [41] and in relation to paper in
reference [42] & [43].
The main strengths of this technique are that it is extremely surface sensitive (top 2–10 nm of the surface), it is quantitative and reasonably easy to
interpret, and there is not only elemental information for all of the elements
(apart from hydrogen and helium), but also information concerning the chemical environment of that element (chemical state, bonding etc). The lateral
resolution of the technique is improving with time and is now around 3μm
which makes mapping of some paper constituents and contaminants possible.
The basic principle of XPS involves irradiating a sample surface with
mono-energetic soft X-rays and analysing the emitted electrons according to
their kinetic energy. The whole process takes place under a high vacuum, as
the mean free path of the emitted electrons is very small. Istone [89] cites the
work of Ahmed et al. [44] showing the importance of using a monochromatic
X-ray source. A standard X-ray source was shown to cause cellulose to
degrade, whereas a monochromatic X-ray source did not cause this.
If an atom is exposed to a photon of energy which is greater than the
binding energy of the electrons in the atomic orbitals, then electrons can be
ejected. The photoelectrons have kinetic energies which can be given by:

where hp is Planck’s constant, v is the frequency of the exciting radiation
(X-ray beam), KE is the kinetic energy of the photoelectron, BE is the binding
energy of the electron in its orbital and s is the spectrometer work function.
14th Fundamental Research Symposium, Oxford, September 2009
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Figure 13. The XPS photoelectron emission process (reproduced from 11).

The XPS spectrum consists of a series of lines, indicative of the binding
energies of the electrons being ejected. They are generated for electrons
from different orbitals, (which have different binding energy levels) and also
from different spin states within each orbital. The binding energy can be
described as the energy difference between the initial and ﬁnal states after
the photoelectron has left the atom [45]. There is a variety of possible ﬁnal
states for the atoms and therefore there will be a spread in the kinetic
energies of the emitted electrons, leading to a number of different peaks.
There is also a range of probabilities of achieving each end state, which
results in different peak intensities. Peaks from the core electrons are the
most intense and are usually diagnostic for each element; measurement of
their intensities can be used for quantiﬁcation. Only the outermost electrons
retain all of their kinetic energy and are analysed, the lower electrons
experience energy loss and their signal becomes part of the background
signal. The kinetic energy of the ejected electrons is very small (0–1500 eV),
and therefore they cannot travel large distances through matter, hence the
surface sensitivity.
Each element has a unique spectrum which is affected by the immediate chemical environment of that element. The chemical environment and the
polarisability of the element will give rise to certain shifts in the binding
energies (known as chemical shifts), which can be up to around 8 eV in
magnitude. These chemical shifts can be useful for determining the chemical
state of the elements being analysed. For example C−C has a 1s core line at
766
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285.00 eV, whereas C=C has a 1s core line at 284.73 eV. A CO3 (carbonate
ligand) has a carbon 1s line at 290.44 eV.
2.3.1

Depth proﬁling

Some depth proﬁling information is possible using two different methods.
Angle resolved depth proﬁling allows some limited depth information of
planar surfaces between 1 and 10 nm depth. The surface sensitivity is
increased by decreasing the angle between the sample and analyser thus
allowing the depth measurement of 1 nm to be achieved.
Depth proﬁling can also be achieved by etching, for example by using an
argon ion beam (2 μA), and then reanalysing the surface using XPS. This
approach was used by Dalton et al. [46] who used depth proﬁling over an etch
area of 5 × 5 mm followed by analysis with the XPS (Figure 14). After
etching, a measurement was taken over an area of 4 × 3 mm. A calibration of the depth of etching of an ink ﬁlm printed onto a non-porous
substrate (Melinex™) was carried out using AFM, which showed the etch rate
to be approximately 1 nm min−1.
2.3.2

Use of XPS for ﬁbres

A good review of the use of several surface analysis techniques is given by
Koljonen[47] as part of her thesis on the effect of ﬁbre surface properties on

Figure 14. XPS wide spectra of clay coated paper with a 0.33 μm printed ink ﬁlm
thickness. Spectra taken at different time intervals after etching with Ar+ ion
beam [46].
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paper properties with mechanical and chemical pulps. In this work XPS has
been utilised with solvent extraction to evaluate the surface lignin and extractives contents on the pulp surface. As part of this work Johannson et al. [48]
describe two methods of analysis to monitor the pulp surfaces: the oxygento-carbon ratio (O/C) measured from the wide spectrum and aliphatic carbon
(C1, C−C) measured from high resolution spectra. Both methods of analysis
turned out to be consistently good indicators of surface lignin content for a
variety of extracted pulps.
Heijnesson, Hulten et al. [49] compared different XPS techniques in analysis of ﬁbre surfaces. Three different methods of analysis were compared using
the XPS instrument; based on the O/C atomic ratio, C1 carbon content, and
Hg amount for Hg treated lignin. The sensitivity, reproducibility and stability
of the 3 methods were assessed. The work showed that the surface of the
ﬁbres was richer in lignin and extractives than the bulk of the ﬁbre. Of the 3
methods the mercury was found to be the most reproducible, although some
degradation occurred during the XPS analysis. This method gave the same
result for surface lignin content of thermo-mechanical ﬁbres as the other
methods, but found a lower surface lignin content for the kraft pulp ﬁbres,
possibly because of contamination due to adventitious carbon, which would
be seen with the O/C and C1 methods. The O/C and C1 methods were also
sensitive to the method of sample drying.
The experimental procedure for XPS determination of pulp extractives was
studied by Johansson et al. [50] who carried out a round robin study on a
series of pulp samples with varying lignin content in 5 different laboratories.
They suggested that although XPS had been used extensively, little attempt
had been made to standardise the procedures, despite the often complex and
variable nature of the ﬁbre based materials studied. The results showed that
despite minor differences in analysis methods, reproducible results could be
obtained. These were further improved if the X-ray exposure was restricted
and from a monochromatic source. Carefully controlled sample handling
procedures and comparison with a paper based reference also improved the
validity of the data obtained.
2.3.3

Use of XPS in determining failure at interfaces

XPS can also be used to determine the chemical nature and position of both
visible and invisible defects in a coating. When dealing with a visible defect it
is often difﬁcult to determine if the defect is on the surface of the coating or
between the ﬁbre surface and coating. If the defect lies on the surface, then
the XPS spectrum for defect and non-defect areas will differ. If the defect is
beneath the coating then both XPS spectrums should be identical. Such
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defects are usually caused by contamination on rolls, dryer, or contaminants
falling onto the sheet (e.g. grease, oils, and graphite). Knowing the location of
the defect often allows the problem to be easily ﬁxed as shown by Istone et
al. [51].
Hemminger [52] described the use of XPS in determining chemical changes
occurring at the paper surface after coating and also gives an example of
surface wax distribution and wax bloom from wax additives present with
developmental latices. In areas of wax bloom an increase in the surface carbon was observed and a decrease in the latex base peaks such as Cl, Na and S.
A number of applications for XPS have been summarised by West and
Stevenson in reference [53]. Amongst these examples are the study of the
surface coatings of TiO2 pigments, where the amount and distribution of an
alumino-silica coating layer can be assessed, and the study of plasma treated
packaging prior to its printing. Angle resolved XPS was also used to study
surface degradation. The XPS was used at several angles of incidence, with
respect to the detector, allowing the depth of detection to be varied between
1 and 10 nm. As an example both sides of an interface where failure had
occurred were analysed and were found to be rich in amine. It was shown that
the amine species had migrated to the interface from the top coat of a paint,
displacing oxygen.
Andersson et al. [54] used XPS to study the surfaces of a precoated paper
before and after application of a barrier coating. The coating was also fractured after heat sealing and the technique used to look at the failure, to see if
it was a cohesive or adhesive failure occurring. In the ﬁbrous areas of failure,
a cohesive failure within the board was mainly the cause. In the coated areas,
both adhesive and cohesive failure had occurred, and it was suggested that an
intermediate, surfactant rich layer with low adhesion was present. The XPS
data showed an enrichment of latex near the barrier coating surface, so that
there was a surface area fraction of more than 95% in the surface layers
compared to 75% in the bulk of the coating.
Swift and West [11] have used XPS to look at the degradation of colour
from a coating layer. The technique was able to determine that the colour
fade was linked to a decrease in the polysulphide concentration and an
increase in the sulphate concentration. The fading was due to a decrease in
the NaSx chromophore as the sulphide radical was oxidised to the sulphate
state.
2.3.4

The use of XPS to determine surface chemistry of coatings

Strom et al. [55] used XPS to determine the surface composition of coated
papers containing different mineral compositions (clay and calcium carbonate)
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and different types of latex binders. They used a variable angle technique
(decreasing the angle between the paper and the analyzer) to sample the
surface to different depths and established that no thin over layer of carbon
existed on the surface of these paper coatings. Their work also gave valuable
insights into the surface composition of the paper coatings and the degree of
latex that was present. Decreasing the pigment particle size increased the
speciﬁc surface area and resulted in less binder at the coating surface.
Brungard and Cleland [56] used XPS to determine relative pigment concentrations in the surface layers of coated papers containing kaolin, calcium
carbonate and TiO2. The technique was reliable in estimating these concentrations, although the TiO2 had to be present at over 5wt.% concentration.
Calendering, coat weight and the use of two different binder types did not
impact the results signiﬁcantly. Tomimasu et al. [57] also studied the pigment /
binder content of the surface of coated papers and agreed that calendering
had little impact on the pigment / binder ratio. They used XPS to determine
the coating surface binder content and study the impact of pigment
composition, particle size of latex and its functional groups and drying conditions. They suggested that latex selectively migrates to the surface more
than starch, but this is a ﬁnding which is not generally accepted by other
authors [15].
Seppanen et al. [58] explored the relationship between surface energy, topography, wettability and surface chemistry using XPS for a set of pilot coated
papers. They found that there was a good correlation between the surface
energy of the coated papers found by using a sessile drop, contact angle
technique and the surface chemistry of the coatings determined using the
XPS. They showed that the surface energy decreased with increasing amount
of latex near the paper surface, and also that the paper topography had little
impact on the result when droplets of 1.7μl or larger were used.
Al-Turaif and Lepoutre [59] have used XPS to study the surface structure
and chemistry of pigment and latex coatings during drying. Samples of SB
latex and kaolin were prepared at a wide range of pigment volume concentrations (PVC) and were then freeze dried during various stages of drying.
Microscopy, gloss, XPS and surface energy measurements were used to study
the changes in the surface occurring with drying time. They found that the
SB/clay ratio increased at the surface with drying time. The surface energy,
especially the polar component decreased during ﬁlm formation. The interaction between the latex and the pigment differed below and above the
Critical Pigment Volume Concentration (CPVC). Above the CPVC, the latex
continues to coalesce even above the second critical concentration (when air
is introduced into the coating), whereas below the CPVC the coalescence is
complete by this point.
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Al-Turaif & Lepoutre [60] reported the use of XPS to study the impact of
sintering on the surface chemistry of pigment and latex coatings. Sintered
coatings formulated below the critical pigment volume concentration
(CPVC), dried in the absence of water, had a higher SB latex:pigment ratio on
the surface of the coating, and a lower surface energy than a standard wet
coalescence process. When the systems were formulated above the CPVC, no
signiﬁcant differences were seen compared to the wet drying process.
In a later publication Al-Turief [61] carried out a study looking at kaolin
and PCC blends combined with styrene butadiene acrylonitrile (SBN) latex.
XPS was used to characterise differences in surface composition when these
coatings were applied to both porous and non-porous substrates. It was seen
that as the proportion of prismatic PCC particles increased, so did the proportion of SBN latex at the surface. The author suggested that this was due to
the PCC disrupting the surface giving more pathways to the surface allowing
more latex movement. In addition the PCC was suggested to enhance latex
spreading on the surface.
Johansson et al. [62] used XPS to study the interactions between alkyd
resin binders and kaolinite. Sorption and desorption studies were both carried out on the pure kaolinite with a soybean alkyd and linseed oil. The
interactions were studied by quantifying the change in the C (1s) peak, Si (2p
3/2) and Al (2p 3/2) peaks as the alkyds were added. They found that the
alkyd resins were absorbed strongly onto the kaolinite and that there was a
speciﬁc interaction between the fatty acid double bonds in the alkyd resins
and the aluminium groups or hydroxyl groups next to the aluminium in the
kaolinite. In another publication Wickman and Johansson [63] stated that
after washing and desorption tests, analysis using the XPS instrument
showed that 81% of the alkyd resin was still attached to the kaolinite.
2.3.5

XPS for analysis of paper surface treatments

XPS has also been used extensively in determining whether surface treatments to paper have been successful in changing their surface chemistry, for
example Rentzhog showed that increasing corona dosage to PE coated board
resulted in an increased O/C ratio and a higher surface energy [64].
Pykonen et al. [65] have used XPS to study the degradation in the plasma
and corona activation of paper with time (Figures 15–18). Surface sized and
coated papers were treated with laboratory and pilot scale atmospheric
plasma treatment and also conventional corona treatment. Changes in the
surface energy were assessed directly after the treatment, and for three
months after this. XPS measurements and contact angle measurements using
the KSV CAM 200 showed that the treatments caused an increase in the
14th Fundamental Research Symposium, Oxford, September 2009

771

Janet Preston

Figure 15. High resolution C1s spectrum and deconvolution for the untreated
pigment coated paper.

oxidation of both paper surfaces and also the surface energy. During the
aging process the surface energy was found to decrease initially during the
ﬁrst few weeks, but then the rate of decrease slowed considerably, approaching a stable level (Figure 18). The oxidation level however did not decrease
and remained stable throughout the 12 weeks. These differences were
explained in terms of the orientation of some polar species. These may have
been rotated by the plasma process, but then rotated back into the material
with time. There may also be some recontamination of the surface where low
surface energy constituents in the paper may have migrated to the surface of
the paper with time.
In a later publication Pykonen et al. [66] studied the changes in surface
energy and chemistry which occurred on plasma treatment and the impact of
these changes on the offset printability of surface sized and coated papers.
Contact angle measurements and surface energy determination showed that
the plasma treatment had resulted in an increase in the polar surface energy
due to the formation of oxygen containing molecular groups such as carboxyl
and ester groups with laboratory plasma treatment and alcohol, aldehydes
and ketones with pilot scale plasma treatment. When a hydrophobic surface
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Figure 16. High resolution C1s spectrum and deconvolution for the laboratory scale
plasma treated pigment coated paper.

Figure 17.

O/C ratio for pigment coated paper.

sized paper was treated with the plasma, the damping water absorption was
changed impacting ink transfer, print density and gloss.
More detailed evaluation of the changes in surface chemistry occurring on
plasma and corona treatment of coated and pigmented papers showed that
the plasma treatment oxidised the long polymer chains present in surfactants
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Figure 18. Polar component of surface sized paper.

and other paper chemicals. The CO+ groups were distributed unevenly in the
pilot scale treatment, but were more even in the laboratory treatment. The
treatment also increased the micro-scale roughness for the coated papers and
this resulted in an increase in the wettability [67].
2.4

Secondary Ion Mass Spectrometry (SIMS)

SIMS uses an energetic beam of primary particles (commonly oxygen, caesium or gallium) targeted onto the substrate surface. The beam causes the
substrate to disintegrate at the very surface, releasing molecular fragments
characteristic of its composition. These fragments are identiﬁed by measuring their molecular mass in a mass spectrometer and are separated as a function of their charge to mass ratio [68]. These species can then be analysed to
give a positive or negative SIMS spectrum.
The energy transferred by this bombardment causes atoms, ions and electrons to be ejected, or sputtered, from the surface. The ejected species may be
uncharged, positively, or negatively charged. The species can be atoms, clusters of atoms or molecular fragments. The system operates under a vacuum,
and separates the fragments as a function of their molecular mass and charge.
The ions can be passed through an energy ﬁlter before being detected, so that
ions with a speciﬁc range of kinetic energies are analysed. The mass analyser
can be a quadrupole, magnetic sector, or a time of ﬂight analyser (TOF).
The SIMS process involves two main stages; the emission of the particle
(sputtering) and ionisation. The particles may be sputtered or ejected from
the surface by direct collision with the incident beam, or from knock-on
collisions to neighbouring particles. At high primary beam densities a thermal spike may cause transient vaporisation of atoms in the impact region.
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Only a proportion of the particles emitted from the surface are ionised and
analysed. After the bombardment of the surface with the primary particle
beam, the crystalline structure of the solid is considerably disrupted. It is
therefore not likely that the electronic structure is that of a perfect solid. It
has been suggested that the area of emission is amorphous with a continuum
of energy states [69].
SIMS analysis is concerned with the yield of secondary ions from a surface
which can be described by the following expression:

where iMs is the secondary ion current of an element of species M
ipf is the primary particle ﬂux (number of ions or particles per s)
S is the sputter yield for M
R+ is the ionisation probability to positive secondary ions
θ M is the fractional coverage of M
μ is the transmission of the analysis system which is determined by the
ion collection / mass spectrometer used.
S and R+ are important parameters for the amount of ions produced.
There are a number of different variants of SIMS, e.g. Static SIMS
(SSIMS), imaging SIMS and depth proﬁling SIMS. In the early 1970’s Benninghoven [69] demonstrated that by reducing the primary bombarding beam
intensity, species emitted from the surface monolayer could be collected
without destruction of the surface. This is known as static SIMS and is often
used to map the chemistry of a surface. This technique is very surface sensitive and will analyse the topmost single atomic layer. Static SIMS uses lowenergy (100eV to 10keV) and low-ﬂux density (<5 nA/cm2) primary ion
beams to bombard the sample. A dose of less than 1012 atoms cm−2 will ensure
that the ion cascades to not overlap and come only from the virgin surface
and this is generally regarded as the static SIMS limit [70]. The most intense
mass peaks correspond to the most stable ions formed. The SIMS sensitivity
therefore varies depending upon the species being detected. The highest sensitivity elements detected for positive ions are the group 1 elements Li, Na etc.
In Imaging SIM a compositional image of the surface is produced. Dynamic
SIMS experiments use higher current density primary ion beams to give
faster sputter rates and to release secondary ions. This mode is mainly used
for smaller samples (due to increased sensitivity of the SIMS) and for depth
proﬁling [23],[71], [72]. As the secondary ions are released, rapid erosion of
the surface occurs and it is possible to determine the changes of elemental
composition with depth. The depth resolution is very high, around 20 nm,
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Figure 19. Schematic diagram of magnetic sector SIMS (from Heard [73]).

but is dependent upon such factors as the uniformity of etching by the incident beam, the absolute depth below the surface at which the etching is being
carried out, and the nature of the ion beam being used. The nature of the
substance being analysed will also affect the resolution achieved.
SIMS usually uses a quadrupole or sector mass analyser. The most recent
breakthrough has given rise to time-of-ﬂight (TOF) mass analysers [74].
These have several advantages over conventional techniques, for example, due
to the greater transmission of ions through the TOF analyser there is
increased sensitivity. Also the mass assignment accuracy and lateral resolution is improved giving easier quantiﬁcation of results and better imaging
capabilities [71]. Mass resolutions of 10−3 to 10−4 amu (sometimes quoted as
100–1000 M/delta M) are possible, which allows peaks which were previously
seen as overlapping, to be resolved. This high sensitivity also allows surface
species as low as ppb to be detected.
SIMS has several advantages over other analysis techniques. Detailed
chemical information can be achieved with an analysis depth of around 1–
2nm. This shows increased sensitivity over other techniques such as XPS.
SIMS can also identify all elements, including H and He, at a much lower
concentration, e.g. dopants in semiconductors[75]. The main advantage of
SIMS is the ability to gain chemical information on functional groups and
molecular fragments such as radicals [23]. There are however some drawbacks. It is not very straightforward to quantify the peaks in a mass spectrum
due to the high surface sensitivity. Contaminants can also be a huge problem,
and can lead to an inaccurate spectrum. Further, the beam range diameter is
also fairly limited (1–200 microns). This means that the sensitivity of the
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experiment is lowered as the beam diameter is reduced. This is due to the fact
that fewer ions are ejected from the surface of the sample [75].
2.4.1

Applications of SIMS in paper

SIMS can be used to solve practical problems for which both spatial resolution and chemical information are required [43], [75]. For example Brinen et
al. used SIMS to map the position of inorganic paper additives and surfactants [76], and Brinen and Proverb mapped ﬂuorinated organic surfactants on
paper ﬁbre surfaces [77]. Sodhi et al. [78] used TOF SIMS combined with
Principal Component Analysis (PCA) to analyse the surface and z direction
distribution of ink into coated paper. They were able to follow the distribution of both dye and pigment based inkjet inks. In the case of the pigment
based inks, the separation of the ink vehicle, binder and pigment could all be
determined. Depth analysis was achieved by mapping the cross sectioned
coating and ink layers, and the authors suggest that this is more realistic than
using depth proﬁling by sample sputtering in dynamic SIMS. They say that
this can destroy the substructure of the sample, rendering the chemical
information meaningless. However in their technique, the cross sections were
achieved using a freeze fracture process and this is likely to also distort or
destroy the surface of the sample. Sun et al. [79] presented a similar study in
which cross sections of printed papers were analysed with TOF SIMS and the
data processed using principal component analysis.
Preston et al. [80] studied the distribution of fount solution within a double
coated paper sample, and compared this to the pick strength and position of
failure which occurred when this paper was assessed using a wet pick test. The
sample was “printed” with CsCl labelled fount solution and then passed
through a heated oven attached to the laboratory printing press (Prufbau
multipurpose printing unit). The dried paper was then embedded in epoxy
resin and sectioned using an ultra microtome. The block with the cut face was
then placed in the static SIMS and ions indicative of the different layers were
mapped.
In Figure 20 the ion map is constructed for the single side double coated
paper prior to fount solution addition. The ﬁbres were imaged using the Na+
peak and are coloured green, the calcium carbonate ﬁller and coating layer
topcoat were assessed using Ca+ and are coloured red. The Al+ represents
the kaolin and is in blue.
In Figure 21 all of the paper ions have been coloured grey, and only the
Cs+ is coloured red. The position of the fount solution can be easily seen
from this image. It has passed through the calcium carbonate topcoat and is
entering the kaolin layer. Examination of the pick failure using a SEM
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Figure 20. Colour overlay of SIMS mapping, through single side, double coated
paper.

Figure 21.

Cs+ fount on double coated paper.

showed that the failure occurred just below the interface between the calcium
carbonate and the kaolin (Figures 22 and 23).
A similar technique was used to assess a section through a commercially
coated paper which was printed on one side [72]. In this work, both dynamic
SIMS and static SIMS were used to determine whether there was any penetration of ink into a coating layer. In Figure 24, the ink layer can be seen as a
very faint red line on the downwards facing coating layer. The sectioned
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Figure 22.

Position of pick failure.

Figure 23. This shows the SIMS spectrum of a paper coating printed with CsCl. The
3 main peaks are shown at approximately m/z 23, m/z 69 and m/z 133. These can be
attributed to Na, Ga (from beam) and Cs ions respectively [80].

paper when imaged using static SIMS, clearly shows the distribution of ﬁller
within the sheet, however the spatial resolution was not sufﬁcient to show
details of the ink distribution.
TOF-SIMS with etching and subsequent re-measurement was initially used
to try and determine if there were differences in the distribution of ink components throughout the printed ink layer. This showed that a resin layer
covers all of the ink components. As the sample was etched and re-measured
an increase in the ink pigment (Ca+) could be seen. As the etching exposed
the ink paper interface, Ca+, Al+ and Si+ ions were all detected [81].
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Figure 24. Section through coated paper with a ﬁne printed ink layer on the
underside (red line). Colour overlay of ion maps.

Dynamic SIMS with continuous sample etching gave more detailed information about the depth of the ink layer (Figure 25). Point to point variations
in the ink ﬁlm thickness were seen as differences in the time taken to reach the
ink / paper interface. The ink ﬁlm thickness determined by the SIMS was
roughly proportional to the amount of ink printed on the paper initially. The
measured concentration of CN− or O− ions across the interface between the
ink and the paper coating was shown to be due to the micro-roughness of
the coating layer. This was further evidence that the ink pigment had not
penetrated into the coating layer, but was following the micro-roughness
proﬁle of the surface.
The techniques of SIMS and XPS have been used in the study of paper and
print surfaces by a number of different researchers [85]–[92]. However, most
of these studies centred on the investigation of industrial problems.
Zimmermann et al. [82] used TOF-SIMS to investigate the difference
between a high quality paper sample and a mottled print sample. From SIMS
analysis it was found that the signals for Ca ions (due to the presence of
calcium carbonate pigment) and hydrocarbon fragments (from latex) were
not evenly distributed throughout the sample in the mottled paper. Other
authors have also suggested that uneven binder distribution is linked to print
mottle [83].
More recently Koivula et al. [84] used TOF-SIMS to characterise the
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Figure 25. Magnetic sector SIMS depth proﬁle of clay coating printed with 1.5 μm
ink using negatively charged fragments (CN− to depict the ink and O− the coating
layer) at × 5000 magniﬁcation (area 26 μm × 20 μm).

distribution of dispersant on pigment particle surfaces. They found that the
resolution of the technique was sufﬁciently high to see that the dispersant was
concentrated around the edges of the kaolin particles, but the calcium carbonate particles were too small to see differences in dispersant distribution.
Brinen and Kulick [85] used ESCA (XPS) and TOF SIMS to detect the
presence of high mass aggregates on ‘hard to size’ bleached sulphite paper
ﬁbres. The poorly sized areas were found to be associated with the build up of
high mass fragments, sometimes present as aggregates. Tentative assignment
of peaks suggested that there was a range of high molecular weight contaminants as a homologous series of Cx H 2x + 1 NO. Seppanen [86] also used
TOF-SIMS in conjunction with XPS to study the spreading of AKD and
ASA sizing agents on uncoated papers. The XPS was used to determine its
chemical state and the SIMS, its lateral distribution. Seppanen showed a
strong relationship between the drying conditions used in the papermaking
and the spreading and redistribution of AKD sizing agent on the paper
surface. Spreading of the AKD continued to occur via an autophobic monolayer precursor. The rate of spreading increased with increasing temperature,
and decreased with a higher melting point AKD. The spread of AKD was
enhanced by the presence of extractives from the furnish, when in water and
was not hindered by either hydrolysed AKD or the presence of PCC ﬁller.
In another publication Kulick and Brinen [87] showed the use of TOF
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SIMS in identifying two different type of ‘ﬁsh eye’ (transparent area of
paper) contaminants in paper. One type of ﬁsh eye was found to contain
fragments of calcium and silicone, as a result of poor dispersion of the
calcium carbonate ﬁller and agglomeration of a silicone based defoamer.
Another ﬁsh eye area also contained black specks. The SIMS showed the
presence of alum (peak at mass 27) and a strong peak at 149; a phthalate
fragment from PET plastic.
West outlined the use of SIMS and XPS in analysis of packaging interfaces
and showed its use in understanding the impact of contaminants on the
surface chemistry of interfaces that had failed [88]. The migration of low
molecular weight organic compounds and surface active monomers, such as
methacrylates caused a failure at the organic / metal interface. After detection
and identiﬁcation of the migrated contaminants, they were able to be
eliminated, solving the problem.
Istone [89] described the use of SIMS and XPS to determine changes in the
surface chemistry of paper which lead to defects in the ﬁnal product.
Examples included chemical migration, which decreased surface energy and
led to a lack of adhesion between polyethylene and paper, and contamination of xerographic paper causing to black streaks. Istone suggests experimental conditions which can be used to overcome the problems of charging
and sample degradation, both of which are common problems with surface
analysis of paper. Burrell [90] used a combination of XPS and static SIMS to
study the changes in surface energy that occurred when polycarbonate ﬁlm
was exposed to UV radiation. This change manifested itself in a decrease in
the ink adhesion to the substrate. Filtering out the short wavelengths (<300
nm) resulted in a signiﬁcant decrease in the photo oxidation. Work carried
out by Swift and West [91] has concentrated on the use of SIMS and XPS to
study adhesion failure at interfaces, for example, identiﬁcation of problematic
species which cause adhesion failure of inks, coatings and adhesives in multilayer systems. Pachuta and Staral [92] showed that TOF-SIMS was suitable
for non destructive analysis of pen inks.
2.5

UV analysis of surface binder content

A number of authors have used ultra violet (UV) spectroscopy for determination of surface binder content of paper coating layers. Whalen-Shaw and
Eby [93] for example correlated variations in surface latex content with the
occurrence of backtrap print mottle. The technique was described by Fujiwara and Kline [94], and consists of an x-y stage onto which the sample to be
scanned is placed. A light source (visible and UV light) was placed above the
sample at 90 degrees, and a detector was placed at an angle of 45degrees. The
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spot size used was 0.4 × 0.4 mm. The SB latex had an ultraviolet absorption
peak at 220nm and 260–270nm due to the presence of the double bonds in
the butadiene. The authors found that the surface latex content increased
when the dwell time between the blade and the drier was decreased. Binder
migration also decreased with strong Infra Red drying. Kline [95] used UV
mapping of coating surfaces to determine migration of binders and pigments
during drying. Inoue et al. [96] investigated many different properties of the
colour formulation with respect to binder migration, using the UV/Visible
method including latex Tg, co-binder type, solids content, pigment content,
and drying regime. A similar study was reported by Malik and Kline [97].
Matsubayashi et al. [98] used reﬂected and transmitted visible light to study
coat weight distribution for single and double coated samples using the same
instrumentation. The double coated paper was treated with OsO4 which
caused the coating layer to blacken as the Os attached to the double bonds in
the latex. High wavelength light reﬂected from the surface gave a map of the
coat weight distribution and the UV absorption, an indication of the latex
distribution.

3
3.1

ELECTRON MICROSCOPY
Scanning Electron Microscopy (SEM)

The ﬁrst SEM was developed in the 1950s and was used to examine
topographical features of a paper sheet in 1958 [99]. Since then this technique
has been the standard way to gain morphological information through scales
ranging from the microstructure formed by individual pigment particles
(∼0.1μm) to the larger scale of coating distribution (millimetres), and ﬁllers
and ﬁbres for uncoated papers [100],[101],[102],[107]. An excellent recent
review of modern microscopy techniques and their application in the ﬁeld of
paper is given by Chinga-Carrasco [103]. The instrument works by producing
a beam of electrons from an electron gun which are focussed by a series of
lenses and electromagnetic ﬁelds. The beam passes vertically through a
vacuum and onto the surface of the sample. After striking the surface secondary electrons, backscattered electrons, auger electrons and X-rays are
emitted, which can be detected with different detectors present in the
instrument.
Further developments in SEM technology have allowed more detailed
information to be extracted from a coated paper sample. Examples include
cryogenic SEM (Cryo-SEM), which allows the study of frozen and immobilized liquids. The environmental SEM (ESEM) works at a lower vacuum
allowing liquid samples to be studied. Field emission SEM (FE-SEM) has
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higher magniﬁcation capabilities compared to conventional SEM. Another
advantage is that low accelerating voltage (<1 kV) with FE SEM reduces the
requirement of conductivity. These techniques allow samples to be studied
while frozen, at lower vacuums (hence the ability to study the effect of moisture) and at higher magniﬁcation respectively [23]. These instruments have
been used in studying the microstructure of paints drying, and cement for
example. Figure 26 shows a cryogenic micrograph of a coating colour containing kaolin and 12 wt.% of a SB latex of Tg 20°C. This was drawn down
on a plastic base, and the wet coating layer rapidly frozen in liquid Nitrogen
slush. The latex can be seen prior to ﬁlm formation as a series of small
spherical particles about 100–200 nm in diameter.
New methods for improving the resolution and decreasing artefacts produced by mechanical sectioning are being sought. Erfman et al. [104]
presented a precise method of sectioning and polishing samples for SEM
analysis using argon beam milling. This technique was found to have the
advantages of being able to section both soft and hard materials
simultaneously with minimum distortion and disruption of the sample.
3.1.1

Examples of SEM use in paper

Oliver and Mason [105] adapted the SEM so that drops of different ﬂuids and
polymer melts could be introduced into the electron microscope and studied
with respect to their spreading and contact angle on different substrates. They

Figure 26. A Cryo SEM Image of a coating colour showing a mixture of unﬁlm
formed latex particles and kaolin platelets – from Husband & Hooper.
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showed the signiﬁcant inﬂuence of surface roughness and shape and orientation of these roughness features on the spreading of the different ﬂuids. One
drawback to the technique was that the substrates had to be coated with gold
immediately prior to studying to prevent charging, and this removed any
inﬂuence on the substrate surface energy on the contact angle.
Morseburg and Chinga-Carrasco[106] have reported a combination of
SEM and FE-SEM for analysis of clay and nanoﬁbrillated cellulose in
layered TMP sheets. Synergistic effects were seen by inclusion of the nanoﬁbrillated cellulose, which allowed an increase in optical performance with the
ﬁller addition without loss in strength. Laser proﬁlometry was also used to
assess the surface topography of the sheets.
SEM has been used extensively to provide both surface images of a paper
coating, and of sections through it [107],[108]. Chinga and Helle [109] used
SEM in secondary and backscatter electron imaging (SEI, BEI) mode to
study the surface porosity of coated papers. For different areas of the paper,
the pore area fraction and the mean pore diameter were quantiﬁed, using
image analysis. It was found that there was a correlation between the variation in size of the closed areas of coating and print mottling; surfaces which
had larger closed areas having higher mottle. This is probably linked to the
poor accessibility for the ink oils. Print gloss was also shown to be inﬂuenced
by pore size and also pore geometry, a ﬁnding supported by Preston et al.
[110]. In these studies Chinga et al. developed a combination of paper coating
staining methods to show the location of the binder in the coating layer in
combination with image processing and analysis routines to obtain a good
description of the coating layer topography and porosity characteristics such
as the shape of the pores, their size and orientation.
3.1.2

SEM for topography analysis

Kugge et al. [111] carried out an extensive study looking at the topography of
coatings in the SEM and Environmental SEM (ESEM) which varied in their
pigment content (calcium carbonate and kaolin), their latex glass transition
temperature, the thickener type (carboxymethyl cellulose (CMC), ethyl
hydroxyl ethyl cellulose (EHEC)) and thickener molecular weight. The colloidal interactions taking place between the different coating components
were shown to have an impact on the morphology of the surface layer. This
was shown as differences in the roughness, particle orientation and surface
porosity, which in turn inﬂuenced the ﬁnal gloss of the coating layers. Drying
experiments in the ESEM appeared to give a different surface structure to
those coatings prepared by the mechanical bench coater, so were of limited use.
Scanning electron microscopy can also be used to give a micro-roughness
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parameter as described by Santos et al. [37]. They correlated their roughness
index (SRI) with sheet gloss. Another key technique is the use of SEM in
backscattering mode (BSEM). This can increase the contrast between the
coating layer and base paper and can provide details of coating coverage and
coat weight [112].
3.1.3

Staining and cross sections

Staining techniques may enhance and extend the usefulness of SEM and a
number of these were outlined by Chinga-Carrasco in reference [103].
Amongst these are the use of bromine gas to stain lignin containing papers.
The technique is very easily carried out and has been used to improve the
quality of backscattered images. These have been used to see the distribution
of lignin in pulp after different reﬁning processes or in the presence of
moisture, e.g. by Gregersen et al. [113] and Reme et al. [114].
Another staining method often used in this ﬁeld is that of OsO4. This
osmium tetroxide attaches to double bonds, as described for the UV technique in section 2.5 and can be viewed in SEM – BSI mode. This staining
technique has often been used to determine the position of latex throughout
a coating paper, for example as shown by Chinga-Carrasco in Figure 27,
Dahlstrom in Figure 28 [115] and by Preston in Figure 29.

Figure 27. BSE images of coated paper reacted with OsO4. A) Mechanical pulp
ﬁbres (M), and chemical pulp ﬁbres (C) can be distinguished in the low magniﬁcation
image (Bar: 25 μm). B) High magniﬁcation image of the coating layer. Top: Gold
sputtering establishes a bright borderline between the (grey) printing ink and the
(black) epoxy. Main part: The binder ﬁlms are observed as bright areas surrounding
the (grey) pigment particles and(black) voids, ﬁlled with epoxy (Bar: 5 μm). Courtesy
of Chinga-Carrasco & reproduced from [107].
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Figure 28.

OsO4 treated coating. The white areas are the latex, grey the pigment
particles and black, the pores.

The osmium tetroxide technique has also been used by Pohler [116] et al. to
analyse the pore structure (size, pore volume and pore orientation) of paper
coating sections produced using different minerals and binder levels. The
porosity and pore sizes achieved using image analysis of the SEM sections
was compared to mercury porosimetry of the coated papers and a qualitative
although not quantitative agreement was observed. The study also used SEM
images of the surface to quantify the coating surface porosity, pore size
distributions and pore area. The surface porosity had more impact on the
printability than did the bulk porosity characteristics.
3.1.4

SEM and image analysis

Chinga et al. [117] published a good description of the surfaces of supercalendered paper ﬁlled with kaolin and calcium carbonate, which was
assessed using a combination of SEM and laser proﬁlometry and image
analysis. Gold coating was applied to the surface of the papers prior to
measurement and this was shown to reduce artefacts commonly encountered
when measuring with the proﬁlometer (Figure 30). An Image J (image
analysis) plug in was used in development of a gradient analysis of the proﬁlometer data and parameters such as a gradient magnitude, orientation and
surface area were obtained.
Bandpass ﬁltering was used to break down the image into a series of different
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Figure 29. OsO4 treated PCC and kaolin coatings at two magniﬁcations, which have
been sectioned without embedding resin and then analysed in the SEM using
backscattered electrons. The latex appears as white edges to the pigment particles
(Preston unpublished work).

wavelengths and the magnitude of roughness at these different wavelengths
assessed. The PPS (Parker Print Surf) roughness commonly used for paper
assessment correlated best with surface features of between 80 and 160 μm
whereas the gloss correlated best with micro-scale features below 12 μm in
size.
The technique of bandpass ﬁltering of images to show variations at different length scales has also been used by several authors for study of variations
in gloss and print mottle for example [118]. Non-uniformity on the scale of
0.1–10 mm in size has been reported as important for paper as this is the
scale of paper ﬂoccs and ﬁbres and of human perception [119]. Johansson et
al. suggest that a size of 1–8 mm is the region of interest when studying print
mottle [120].
SEM has been used by Dahlstrom et al. [121] to analyse sections through
coated paper in order to determine how the base sheet properties inﬂuence
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Figure 30. Field-emission SEM micrographs of untreated samples (A), and treated
with 30 s (B) and 120 s (C) gold sputtering. The upper-right area of C has been
magniﬁed to better visualize the microﬁbrils (D). Reproduced from Chinga [117].

the coating thickness uniformity at different length scales. SEM was used in
backscattered mode to obtain a number of images covering a 6 mm length of
paper. Image J was used to stitch the images together and then the coating
thickness, coating surface proﬁle, base sheet thickness, surface height (base
sheet proﬁle), mass length and pore length were measured (Figure 31). It was
found that the surface height variations in the base sheet controlled the coating uniformity at shorter length scales. At short wavelengths, the coating
ﬁlled the micro pores and micro roughness of the surface causing a levelling
effect. Studying a larger area of paper revealed contour coating which
followed the base sheet surface.
In another subsequent publication Dahlstrom and Uesaka [122] once again
used SEM sections and showed that coating thickness distribution resembled
random deposition with local levelling. At length scales of the order of ﬁbre
widths, strong levelling occurs and the coating thickness distribution is
strongly inﬂuenced by the basepaper surface proﬁle. At longer length scales
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Figure 31. Schematic of paper section measurement positions, from Dahlstrom [121].

coating thickness variations diminish in intensity but still retain a signiﬁcant
correlation with base sheet structure, particularly formation, and a contour
coating situation results. Differences of opinion in the literature probably
arise from the different length scales studied by authors and the different
resolutions of the techniques used.
3.1.5

Dispersive X-Ray analysis EDX on SEM

One useful attachment to the SEM is Energy Dispersive X-Ray Analysis
(EDX), which allows both analysis and mapping of elements in the specimen.
In this technique, the SEM electron beam causes electrons from the inner
shells of the atoms to be ejected, forming ions. To stabilise the system, an
electron from the outer shell then drops back to the inner shell and in doing
this energy is emitted as an x-ray. The x-ray has a characteristic energy which
enables identiﬁcation of the element. It is possible to detect elements down to
beryllium in atomic number. Semi quantitative analysis is possible by comparing the peaks with known standards, although matrix effects must also be
taken into account. Gibbon [123] gives a good overview of how SEM and
EDX can be used in the analysis of coated papers. The importance of careful
sample preparation and measurement especially for fractured samples is
emphasised, for example the need to analyse from at least two different
positions if a rough and uneven sample is studied.
Kuang et al. [124] presented a simple method for determination of styrenebutadiene latex distribution in a latex containing paper. The paper was
treated with bromine which attached to the double bonds in the latex. The
sample was then cross sectioned and the distribution of bromine detected
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using the EDX attachment to a SEM. The technique was able to show differences in latex distribution due to differences in paper density, degree of sizing
and latex charge.
This technique has been used widely to study the ﬁller distribution
throughout a ﬁlled sheet [102]. In the example below (Figure 32), the image is
an average of 6 scanned areas. The ﬁller can be seen to be evenly distributed
through the thickness of the sheet [125].

Figure 32.

3.2

EDX composite map, showing ﬁller distribution in an uncoated Wood
Free (WF) ﬁlled sheet.

Transmission Electron Microscopy (TEM)

Transmission electron microscope is often used for high resolution images of
thin sectioned materials. The draw back of this technique is the fact that only
thin sections of samples can be used (typically 50–100nm) as the beam needs
to penetrate through the sample, and this often involves time consuming
embedding and cross sections using an ultra microtome. In the ﬁeld of paper
it has been used to look at the structure of paper coating layers and ink as
shown in Figure 33. It also has application in the study of particle morphology, and a shadowing technique has been applied to particles of kaolin in
order to determine their aspect ratio, as shown in Figures 34 and 35.
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Figure 33.

TEM thin section through a printed kaolin coating.

Climpson and Taylor [3] carried out work looking at pore structures of
kaolin layers prepared using a transmission electron microscope. The kaolinite
layers in various stages of ﬂocculation were ﬂaked off a plastic substrate and
were embedded in epoxy resin. After ultra-microtoming to obtain ultra-thin
cross sections, the samples were etched with hydroﬂuoric acid. The subsequent micrographs were analysed using an image analyser and the pore
system modelled as a series of oblate spheroids. These were then used in light
scattering calculations and were found to be in good agreement with the
experimental measurements.

Figure 34. Schematic of TEM particle shadowing technique.
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Figure 35. Shadowed particles viewed in the TEM used for determination of particle
aspect ratio.

4

PAPER TOPOGRAPHY

The study of paper topography is vital for many important aspects of paper’s
optical appearance, gloss and surface ﬁnish and also its printability. In the
section below a number of different ways for measuring the topography are
outlined in the order of increasing resolution.
4.1

Air leak methods

The substrate topography is another important parameter for controlling the
optical and print properties of a paper and there are many references covering this ﬁeld. A good review of the different methods of measurement is given
by Barros [126].
The most common instruments used in the ﬁeld of paper science are the air
leak instruments, for example the Parker Print Surf [127],[128], the Bekk
smoothness tester [129],[130], the Bendtsen tester [131] and the Shefﬁeld/
Gurley Hill [132]. These instruments have the advantage that they are standardised, easily and quickly used and are relatively inexpensive. They have also
shown some correlation with printing roughness. The basic principle involves
forcing air between the surface of the paper sample and the measuring head
and determining how quickly the air can pass through this junction. The
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different instruments have a range of backing materials and design of
measuring head.
4.2

Proﬁlometry & interferometry

Laser and stylus proﬁlometry have often been used to map the surface topography of different paper samples [149],[133],[134],[135]. The stylus proﬁlometry however is limited in its resolution of roughness by the diameter of the
stylus tip, which is typically 5–10 μm. The macroroughness of the sheet is
made up of features of a large range of length scales and it is often useful to
treat the raw data with a Fourier or Walsh transform in order to quantify the
magnitude of roughness at each wavelength as described by Kent et al. [136].
This was used to determine roughness contributions from the basepaper
ﬁbres and from coatings with pigments which immobilised differently and
had different coverage over the basepaper. I’Anson [137] used 3-d laser surface proﬁling to describe the topography of paper and board samples. Fast
Fourier transform (FFT) ﬁltering of the data allowed the periodic marks,
such as those from the wire or felt to be subtracted from the stochastic
variations occurring in the paper (due to formation or roughness of the paper
during drying). The contribution of each type of roughness on the ﬁnal
appearance of the paper could then be identiﬁed. Mercier et al. [138] have
reviewed the different techniques used to analyse paper surface topography,
with speciﬁc reference to different data treatment methods, including Fourier
Transform, autocorrelation and wavelet transform. Laser proﬁlometers have
some advantages compared to stylus proﬁlometers in that they do not cause
any marking of the sample. A comparison between laser and stylus proﬁlometers is given by Wagberg and Johansson [139]. They measured papers of area
20 × 20 mm and found that larger scale roughness features correlated well
between the proﬁlometers. However when ﬁner length scales were measured,
of the order of the size of pigments, ﬁbres and ﬂoccs, some differences were
observed; with the optical proﬁlometer giving much higher roughness than
the mechanical proﬁlometer. The optical sensor was disturbed by the ﬁne
scale ‘noise’, whereas the large stylus tip was relatively insensitive to it. It was
concluded that the real roughness was somewhere between the two.
White light interferometry is a method of imaging a surface based on the
difference in optical path of a reference beam and the sample light beam, and
analysis of a fringe pattern. The instrument is similar to a microscope, but the
beam of light illuminating the sample in reﬂectance mode is split into the
reference beam and that passing to the sample. After recombining the beam,
the resulting constructive and destructive interference patterns are analysed
in order to generate a 3-d interferogram. A commercial example of such an
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instrument is a Wyko Interferometer, and this has been used by many
researchers to determine the topography of paper, printing plates etc.
(Figures 36 and 37). A comparison between white light scanning interferometry and white light confocal chromatic microscopy and other methods of
surface topography are given by Soysouvanh et al. [140].
The OptiTopo is an instrument developed at STFI-Packforst AB which
will quickly and easily determine the topography of a paper substrate. The
technique is based on a photometric stereo principle where a camera picks up
2 images from the same area on the paper which has been illuminated from
two grazing angle light sources from opposite directions. The light sources are
carefully calibrated and the position of the highlights and shadows obtained
from both light sources allows the topography to be calculated. The technique is described fully by Hanson and Johansson [141],[142]. The technique
has been used widely for studying the surface topography of paper with
respect to print defects; for example the occurrence of missing dots, which

Figure 36. A 3-d representation of a rotogravure cylinder cell – Swansea University.

Figure 37.

A Wyko Interferometer image of a ﬂexographic printing anilox roller
surface – Swansea University.
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were found to correlate spatially with dips in the paper surface. Land used the
device to study the waviness caused by application of moisture to paper held
under tension [143]. In a similar study the OptiTopo was used by Nordstrom
et al. [144] to quantify the waviness present after heatset offset printing of
light weight coated papers. The instrument results were shown to correlate
well with human perception and ranking. The technique was reﬁned by Barros [126], who subsequently used it to determine the reason for uncovered
areas (UCA) in a ﬂexo printed board. He found a strong correlation between
the UCA and depressions in the surface, detected by the OptiTopo[145].
4.3

Imaging reﬂectometry

The Imaging Reﬂectometer [146] is an instrument which can give information
concerning gloss and topography of paper surfaces and is based upon an
instrument developed by Gate et al. [147], [148], [149]. An imaging detector is
used to measure the intensity distribution of light forward scattered from a
paper surface. By using light polarized perpendicularly and horizontally with
respect to the surface, and at two wavelengths, it is possible to derive effective
refractive index, microroughness (surface roughness smaller than the wavelength of light), macroroughness (surface roughness greater than the
wavelength of light), plus various gloss and reﬂectance parameters. The
technique has been used in many instances to determine differences in
topography and surface porosity of different coating structures [150], [151]
and also changes occurring with time, such as ink drying [152], [153].
Figure 38 and 39 show data from a laboratory calendering exercise where a
clay coating was systematically calendered with increasing number of nips.
Figure 39 shows changes in refractive index and microroughness as a function
of number of nips. The ﬁrst couple of passes through the calender compress
the base sheet (seen as a large decrease in macroroughness Figure 38), but
produces relatively small changes in refractive index and microroughness. A
larger number of nips begin to compress the coating layer as well resulting in
compaction (increasing RI) and orientation of the clay (decreasing microroughness). A decrease in both the micro and macro-roughness results in
an increase in gloss [151].
A comparison of the reﬂectometer with other gloss measuring devices, for
the study of ink drying with time has been made by Koivula et al. [154].
4.4

Confocal laser scanning microscopy

Light is emitted from a point source and passes through an objective onto the
sample. It is then reﬂected from the surface of the sample and passes through
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Figure 38. Macro-roughness versus number of nips and Tappi gloss. The ﬁrst few
passes through the calender compress the basesheet and have a signiﬁcant effect on
the macroroughness. The larger number of nips does not affect basesheet smoothness.

Figure 39. After the basesheet compression, further calendering compresses the
coating layer resulting in a lower micro-roughness, a denser, higher RI surface layer
and a higher gloss.
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Figure 40. Schematic of a confocal laser scanning microscope – reproduced from
[170].

a beam splitter to reach the detector. A small pinhole, variable in size, allows
only light coming from the focal plane to reach the detector, thus allowing
only a thin slice of the sample to be imaged. The focal plane can be moved up
or down by a few millimetres allowing some depth proﬁling to be carried out
in the sample.
The resolution for this technique is approximately 0.2–0.7 μm, and this
decreases with increasing depth of study in the z direction. There is also a
relatively low contrast between different components in a paper. On the positive side, the technique may be automated to allow a series of images to be
captured as a function of depth and reconstructed into a 3-d image, or a map
of the surface topography, and also the technique does not require any high
vacuum allowing wet samples to be studied [103].
4.4.1

Examples of confocal laser scanning microscopy in paper – Topography

Mangin and Beland [155] used the technique to look at paper surface topography. In this reference the authors also used the technique of optical sectioning to determine the coating thickness of two layers of coating in a triple
coated paper. The topography results have been related to variations in the
local gloss of the paper [156], [157].
The instrument can also be operated in a ﬂuorescence mode, where
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ﬂuorescent light is detected at the focal plane. A combination of surface maps
in standard mode and ﬂuorescence mode has been used to determine the
distribution of black ink (not ﬂuorescent) over a paper surface, together with
the topography of the paper for the same area. This gives a good idea of the
inﬂuence of topography on ink distribution [158].
Smoothness of paper under compression is vital for transfer of ink from
the printing cylinder to paper in rotogravure printing [159]. The smoothness
under compression was measured by Mangin et al. [160] using Confocal
Laser Scanning Microscopy (CLSM). An increasing static force was applied
to the surface of the paper and the topography of the surface measured as a
function of the applied pressure.
Jarnstrom et al. [161] used a combination of confocal microscopy and
AFM to analyse the roughness features of coating layers which were prepared using plastic pigment and kaolin, and then compare this topography
to the gloss of the coating layers. The roughness was analysed at a wide
range of length scales using a method based on a two point correlation,
where both the amplitude and lateral spacing of the roughness was taken
into account. A clear connection was seen between the autocorrelation
length and the RMS roughness. It was seen that a small amount of the
plastic pigment was able to cover the surface signiﬁcantly and change its
topography and gloss, but that the kaolin coatings had a different response.
The most useful image sizes for correlation with measured gloss was between
6,000 and 10,000 nm. Image sizes below 2,000–3,000 were found to be of no
relevance to gloss.
4.4.2 Examples of confocal laser scanning microscopy in paper –
Coating analysis
Hirai and Bousﬁeld [162] characterised the penetration of coating colour and
coating coverage over a paper substrate using a combination of CLSM and
image analysis. Rhodamine-B dye was used to stain the samples after coating,
to determine the presence of the dry coating layer. The same stain was added
to the wet coating colour to determine the position of the water phase after
coating. A second stain, Nile Blue A was used to stain the basepaper. Both
techniques were able to give some information concerning coating thickness
distribution; however the confocal staining technique does overestimate the
coating thickness compared to the SEM (by roughly 3 μm). There were some
difﬁculties deciding the threshold level, as thicker coatings had attenuated
signals due to scattering in the sample.
In a similar publication Ozaki et al. [163] also used Rhodamine-B dye and
confocal laser scanning microscopy to study the distribution of coating on
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basepaper and relate this to backtrap mottle. It was seen that coatings with a
more uneven coating thickness distribution were more prone to backtrap
mottle. The penetration of ink resin was also followed by detection of ﬂuorescence from a dye and the backtrap mottle was also shown to correlate with
uneven resin penetration. Ozaki et al. [164] also used this technique to quantify and image the penetration of UV curing offset ink vehicle into uncoated
papers. An oil immersion objective lens was used to follow the penetration of
the vehicle into the coatings and a series of 2-d images were reconstructed
into a 3-d image. Differences in vehicle penetration were observed for different surface sizing strategies, and the ink vehicle was found mainly associated
with the ﬁllers in the sheet.
For uncoated paper, the technique has a wide area of application. Drying
of ﬁbre webs and shrinkage and collapse of the ﬁbres were followed using
CLSM and were reported by Nanko and Ohsawa [165], and Nanko and Wu
[166]. This technique has been used by Jang et al. for quantiﬁcation of the
cross sections of pulp ﬁbres for determination of wall thickness [167], and to
study ﬁbre rigidity and collapse with reﬁning energy [168]. However if a
statistically signiﬁcant number of ﬁbres are to be analysed, then a different
approach is needed and Reme et al. [169] describe a technique where a large
number of ﬁbres are aligned, bundled together, embedded in epoxy resin
and cross sectioned. They were subsequently studied using SEM in a backscattered mode.
A good review of the use of both CLSM and atomic force microscopy is
given by Beland [170], and has also been reviewed by Wygant et al. [171].
4.5

Atomic Force Microscopy (AFM)

Atomic force microscopy was ﬁrst introduced in 1986 by Binnig, Quate
and Gerber [172]. This technique is extremely useful [173], [174]. A good
introduction to the technique is given by Hanley and Grey [175].
The technique uses a very ﬁne stylus which is scanned over a surface in a
raster pattern [170], [176]. A 3-D image of the surface can be made up by
monitoring the motion of the stylus, by measuring the deﬂection of a laser
beam from the tip surface. More detailed information can also be gathered
such as the height and width of the surface features using the data from line
proﬁles [177]. There are many variations of the technique; these being,
contact force microscopy, lateral force microscopy, non-contact force microscopy, force modulation mode and tapping mode. Each variation uses a
slightly different technique to obtain an image of the sample. These can be
read about in detail elsewhere [175].
Advantages of AFM include:
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•

Measurements of horizontal and vertical length scales are possible.
Is a non-destructive technique [178]
Ability of 3-dimensional magniﬁcation.
Range of sample environments (ambient air, vacuum, ﬂuid environment &
low temperatures).
Requires no sample preparation.
Has resolution at the nanometre scale. The range of sample size possible
for the measurement is from around 10 × 10 nm2 to 100 × 100 μm2 [170].
Can give information about topography, but also micro magnetic ﬁelds,
friction forces, sample stiffness and localised electrostatic ﬁelds [170].
Can use AFM in tapping mode to resolve the structure and differentiate
between binder and mineral particles.

These advantages have allowed the study of a wide range of materials and
processes, including biological molecules, electrochemical processes in situ
and surface properties of polymers [175]. Although this technique is fairly
new, there are already many other applications [179] of AFM particularly in
the ﬁeld of nanotechnology [180], [181].

4.5.1

Examples of use of AFM in paper

A common use of AFM is in the visualising of the sub micron structure of
paper coatings [182]. The images obtained can show the particle size and
shape of the components but on a very small area of the sample. Haunschild
et al. [183] used AFM to explore coated paper surface roughness and structure. They showed that calendering induces an asymmetric deformation of
the coating, ﬂattening the hills and leaving the valleys relatively unaffected.
During the ﬁrst nip, the valley depth decreased by 25%, while the peaks are
ﬂattened to 50% of their original height.
Larsson et al. [184] used AFM to study the topography of coatings prepared with blends of clay and GCC. The pigment slurries alone produced
very micro-smooth coating layers. However addition of latex and CMC
thickener resulted in a signiﬁcantly increased micro-roughness.
Jarnstrom et al. [185] studied the topography of coatings prepared with
increasing levels of PCC onto a synthetic rough substrate. Topographical
images at 3, 10 and 50 μm length scales were obtained. A relatively low coat
weight smoothed the surface when studying at a larger scale (50 μm), but
increased the RMS roughness when looking at a 3 μm length scale. The
surface topography was then related to the gloss of the coating layers.
Wallstrom et al. [186] used AFM to study the ordering and particle packing
of polystyrene particles in the presence of different thickeners (CMC and
14th Fundamental Research Symposium, Oxford, September 2009

801

Janet Preston
EHEC). In this work, topographical images of the coating surfaces were
achieved using the AFM. Image analysis was then used to process the data
and a pair distribution function (in 2-d) was used to determine the ordering
(correlation length which is related to the size of the domains) of the particles. As the thickener concentration increased, so did the disorder in the
coating layer. This also related to depletion and bridging ﬂocculation of the
coating mixtures. In reference [187] the work was extended to look at the
effect of a water swellable emulsion and poly vinyl alcohol on the ordering
and rheology of a polystyrene coating. The ﬁnal coating microstructure
appeared to relate more to the concentration of water soluble polymer during
the ﬁnal stages of consolidation and drying than the initial viscosity of the
colour. Finally the work was extended to look at PCC containing coatings
[188], but the pair distribution function was not able to predict ordering in
this system. Instead the surface structure was described by a nematic structure where the particles were seen to be aligned in the machine direction. A
particle orientation parameter and number of particles per unit area were
used to describe the surface.
In a recent publication by Chinga et al. [189], the 3D characterization of 25
coated papers was described by using the techniques of laser proﬁlometry,
atomic force microscopy and X-ray microtomography. The different
techniques were complimentary describing different aspects of the coating
layer structure, topography and gloss. They also found that features smaller
than 1μm in size had little impact on the paper gloss, that the facet orientation polar angle is a function of the roughness and that skewness did not
describe the surface features responsible for the gloss of the coatings. The
AFM analysis showed that root mean square roughness (Sq) had a good
correlation with the paper gloss when looking at features greater than 1 μm in
size. The best correlation was found for wavelengths of between 2 and 8 μm
which corresponds to features of approximately 1–4 μm in size. This was
agreement with the ﬁndings of Jarnstrom et al. [161].
Related to paper, Gelinas & Vidal [190] developed and automated the
AFM to analyse the aspect ratios of different platey minerals such as kaolin
and talc samples. The results were different in magnitude than for other
published values, but ranked the pigments in a similar order.
4.5.2

Studies of latex coalescence

AFM has been used extensively in the study of latex for example by Santos et
al. [191] who studied the morphology and electrical potential patterning of
different SB latex ﬁlms using both AFM and Scanning Electric Potential
Microscopy (SEPM). They showed that different packing, cubic and
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hexagonal arrays, occurred in neighbouring regions. Granier et al. [192] used
AFM to study the adhesion and ordering of latex particles on model
inorganic surfaces. They varied the chemical nature of the surface and the
drying conditions and then used the acid – base theory to discuss the latex
interactions and spreading.
A similar study was reported by Unertl [193] who used scanning force
microscopy to study the wetting of styrene-butadiene particles on cleaved
calcite surfaces. Images from the SFM were used to show the contact angles
of the latex particles and showed that the latex particles spread with a slight
anisotropy. This resulted in a variation of the contact angle around the edge
of the latex particles of +/− 6°.
Carlsson [194] used AFM to study the coalescence of latex particles with
different viscoelasticities. Lin and Meier [195] concentrated on the physics of
latex ﬁlm formation and used AFM to obtain corrugation height data, as a
function of the latex properties, temperature and time. They showed that the
rheological properties of the latex and the ﬁlm formation kinetics were directly related, and that the capillary pressure from the water meniscus in wet
latex is the dominant driving force for ﬁlm formation. Meineken and Sanderson [196] used AFM images to study the coalescence of structured
(core-shell) latices and latices of different particle sizes with time at different
temperatures. Film formation was observed to be inﬂuenced by both latex
particle size and morphology as predicted, however the core-shell ratio of
latex particles appeared to play no role in the kinetics of the ﬁlm formation.
Backfolk et al. [197] studied the inﬂuence of a linear anionic dodecylbenzene sulphonate (SDBS) and a non-ionic fatty alcohol ethoxylate (AE)
surfactant on the surface morphology of a medium carboxylated styrene/
butadiene latex ﬁlm. AFM was used to study the localisation of the
surfactant on the latex ﬁlm and the changes in the surface topography caused
by aging the latex.
4.5.3

AFM in print evaluations

Strom et al. [198], used AFM scans at two different magniﬁcations/ length
scales, to show that when applying ink to the surface of a coating, the ink will
cover the micro-roughness features in the paper, thus increasing the gloss, but
generally will not cover the macro-roughness features of the paper (Figure
41).
Bassemir [199] has reported the use of AFM in determination of the
topography of printing blankets (offset), and printing cylinders for rotogravure printing. In the area of printing Naito et al. [200] carried out work
looking at transfer of sheet fed offset ink to cast coated paper. The size of the
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Figure 41.

AFM images of unprinted and printed coating layers at 2 magniﬁcations
from Strom et al. [198].

ink particles with increasing ink transfer amount were measured, as well as
the topography of the dots, which were shown to be elevated by around
0.7mm above the plane of the paper. Pits in the ink were observed due to
emulsiﬁcation of the fountain solution.
Tag et al. [201] used AFM and surface energy measurements to study the
inﬂuence of surface roughness on the wetting of coated offset papers. Wetting
was studied using contact angles of different liquids and was found to be
signiﬁcantly inﬂuenced by the microscale topography. The authors derived a
roughness parameter describing the ratio between the effective and the real
surface area, which is a measure for the roughness compared to an ideally ﬂat
surface.

5

OTHER PHYSICAL ANALYSIS

5.1

Optical microscopy

Optical microscopy has also been used to study the characteristics of coating
layers and paper for example by Elton et al. [202]. A good overview of
the use of the optical microscope in studying coated papers, defects and
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identiﬁcation of unknown contaminants is given by Quackenbush [203]. Sections through coated and printed papers are often studied using optical
microscopy in order to determine the position and penetration of ink into the
surface [204].
The depth of penetration of inkjet dye based inks into surface treated
papers using sample cross sectioning and optical microscopy has been
reported by Muck and Novak [205]. De Almeida et al. [206] reported on the
printing of pigment based inkjet inks onto inkjet media and a study of the
coverage and optical density of the printed patches. SEM, TEM and optical
microscopy were all employed to determine the coverage, and ink ﬁlm
thickness of the inkjet inks on the surface.
Wiltshe et al. [207] presented an automated slice based concept for 3D
paper structure reconstruction. In this process an automated microtome is
used to section through paper and an optical microscope can be moved
accurately in the x, y and z directions in order to obtain digitised images.
5.2

Focussed Ion Beam (FIB)

FIB is a technique which is primarily used in the semi-conductor and
materials science ﬁelds but has only recently been used with paper. FIB uses a
gallium ion beam which is focussed by electrostatic lenses to cut through and
image the sample.
Gallium is a metal which is near its melting point at room temperature. The
liquid metal wets and ﬂows over a ﬁne needle. A high potential electric ﬁeld is
established between the tip and an extractor system, leading to an intense
beam of positive ions being emitted of between 7nm (at 1pA beam current)
and 300nm (at 12nA) in diameter at 30keV energy. A platinum organometallic gas injector allows ion beam assisted deposition of platinum over selected
areas of the sample and this may be used to protect the top surface of the
sample during ion milling. For sample sectioning, a large ion current is used
initially to remove a staircase-shaped trench. A ﬁner beam of lower current
was then used to ‘polish’ the larger vertical face of the trench by scanning the
beam in a line and moving it progressively up to remove further material. The
sample is then tilted to 45° and the polished face imaged using the same ion
beam, generally at a much lower beam current to achieve high resolution.
Another advantage of FIB is its resolution capability of a few nanometres
giving a precise cut, as shown in Figure 42 [208]. This removes the need for
embedding, reduces the risk of damage to the coating layer and also avoids
any heat generated thermal degradation.
Figure 43 shows the geometry of the FIB ‘trench’ and the images are
taken from the rear wall of this trench, viewed from above at an angle of 45°.
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5.2.1

Examples of FIB use in studying coating structure and ink penetration

One main application in the paper industry is the investigation of ink penetration into coated paper [209], [210]. Ink penetration is not desirable and can
cause several problems, the most obvious being the reduced amount of ink at
the surface. Other major issues are that of “scufﬁng” [211] (where the printed
paper marks unprinted paper after printing), picking and piling [212], show
through, ink strike through and press runnability. Techniques to study the
distribution of the ink in the paper have been explored by many authors for
example Vucak et al. [213], Uchimura et al. [214] and Glittenberg et al. [215].
It has been found that ‘organic rich’ components such as the ink absorb the
gallium rendering them more conductive, so they are easily imaged. However
the coating layer does not absorb the beam to any great extent and the particles are not imaged without a conductive coating. Hence the ink layer can be
seen, but the pores and the particles in the coating layer are not visible [216].
The images are captured using the ion-induced secondary electrons whose
energy distribution peaks at a few electron volts. If the potential of the sample rises by a few volts, then this signal is severely curtailed and the image will
appear dark. For the potential of the sample to rise by a few volts as a result
of a 4–10pA ion current impinging upon it, the resistance of the sample to
ground must be > 1010 Ω. It appears that this was the case for the coating
material in the work reported in reference [216], while for the ink the resistance was less than this, and its appearance was light. The high contrast therefore achieved between ink and coating has been used to visualise rotogravure,
sheet-fed offset and UV cured offset inks and ﬁnally water based pigmented
inkjet within coated paper surface layers [217], [218].
Figures 43 and 44 show the penetration of rotogravure ink into the pigment particles of a kaolin rich coating layer, and this was found to correlate
with the dot size of the prints and the measured print density. Coatings
containing higher aspect ratio kaolins resulted in bigger dots and a higher
print density [216]. The preparation of thin sections of paper using the
focussed ion beam (FIB) technique was presented by Uchimura et al. [219] and
these authors showed that it was possible to obtain a thin section of printed
paper that could subsequently be analysed by the EDX attachment on a
SEM. The paper sample did not suffer from the usual structural changes or
artefacts associated with resin embedment. In a more recent paper [220],
a combination of FIB and EDX to differentiate between ink pigment and ink
resin was used by ﬁrst treating the printed paper with osmium tetroxide. They
showed that in screen printing the ink pigment was held on the surface of the
substrate, but that the ink vehicle penetrated into the centre of the paper,
through the small pores in the paper and along the inside of the ﬁbrils. The
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Figure 42. FIB etched kaolin particle, indicating the precision of controlling ion
beam.

Figures 43 and 44. This shows a blocky clay coating in both low (a) and high (b)
magniﬁcation. Ink penetration can be seen clearly in both images.

FIB was used by Uchimura et al. [214] to prepare thin sections of inkjet
papers printed with dye containing inkjet inks. The distribution of ink was
observed using a combination of SEM, optical microscopy and an Electron
Probe Micro Analyser (EPMA). However the FIB instrument itself was not
used to visualise the printed paper.
To determine which ink components were responsible for the penetration
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Koivula et al. [212] used the same technique more recently to investigate
separate ink components (linseed oil, mineral oil, ester solvent when alone
and when combined with a viscous varnish). The results showed that linseed
oil penetrated the coating layer to a depth of ∼3μm and the ester solvent
penetrated to a depth of 1–2μm. Mineral oil could not be seen in the coating
layer using the same technique, however, using a modiﬁed TLC plate it was
found that mineral oil penetrated the coating layer rapidly, before evaporating
due to its volatile nature. When combined with a viscous varnish there
appeared to be reduced penetration of all the components [212].
These experiments provide insight into how FIB can help investigate
paper coating and printing problems. Figures 45 and 46 are 3-d reconstructions of a series of cuts through a printed PCC and kaolin coating. The
increased depth of penetration into the PCC coating is easily observed when
compared to the kaolin.
In a recent publication, FIB images of varnish ﬁlled coatings were combined with image analysis to provide a description of the pores within coating
layers prepared with different morphology pigments [221]. An image analysis
technique incorporating a “Maximal Inscribed Sphere” (MIS) algorithm was
used to characterise the experimental PCC and GCC 2-d sections. The technique partitions a void space of porous material into an unambiguously

Figure 45.
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3-d FIB image of ink penetration into a PCC coating layer.
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Figure 46.

3-d FIB image of ink penetration into a kaolin coating layer. Note that
the ink remains mainly on the surface.

deﬁned collection of individual pores and throats connecting them. The
results show differences in the pore structure as created by the different pigment particle geometries, including distributions of pore size, pore surface
area, pore connectivity, pore surface-to-volume ratio, throat-to-surface area
ratio as well as fractal structural parameters. In a similar study Okayasu et al.
[222] used a FIB instrument to produce cross sections of double coated paper.
The sections were then imaged visually in SEM and image analysis was used
to analyse the pore size distribution. The authors used polycarbonate membranes with known pore dimensions to show that the porosity determined
using this technique was accurate and in good agreement with mercury
porosimetry. The FIB cutting technique was found not to destroy the
microstructure of the sample, unlike conventional microtoming.
5.3

XRD

X-ray diffraction has been used historically to identify crystalline minerals
such as kaolinite [223]. An x-ray beam with ﬁxed wavelength is aimed at the
sample. Angles at which x-rays diffract from the sample are a function of
the inter-atomic spacing associated with the crystalline components [224].
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The diffraction patterns produced are characteristic of the crystal structure
and these can be used for identiﬁcation using tables compiled by the Joint
Committee on Powder Diffraction Standards (JCPDS) [225]. The relative
intensity of patterns can be used to indicate relative abundance.
X-ray diffraction has been used to investigate the surface texture and orientation of crystalline materials [226], [227], [228] and to determine the alignment of kaolin particles in a coated paper [229], [230]. Samples of coatings
are mounted in an open Eulerian cradle and during the measurement are
tilted and rotated with respect to the x-ray beam. When the kaolinite in the
coating is orientated horizontally along the basepaper surface, there is a
strong [001] peak, as used by Kraske [231]. The X-ray diffractometer is set up
to measure this [001] kaolinite peak, then the specimen is tilted with respect
to the goniometer axis to produce a distribution of [001] intensity with tilt
angle (χ), as shown in Figure 47. A coating with more aligned particles will
have a small peak width with change in tilt angle. The samples were measured
for change in tilt angle in both the machine and cross machine directions.
The distribution can be approximated by a pseudo Voigt function (as
described by Elton et al. [229], [230]), and a measure of alignment can be
obtained by determining the full width of the peak at half maximum height

Figure 47.
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A Portion of a Pseudo Voigt Function from which the Measure of
FWHM is Obtained (from Elton [230]).
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(FWHM). The smaller the FWHM, the more clay plates are aligned parallel
to the paper surface.
The technique of XRD particle alignment is a surface biased method but
as the X-rays penetrate several microns into the coated surface, it also has
some contribution from the bulk. The ATR alignment method is more
surface speciﬁc and measures the contributions from approximately the top
0.5 μm only (section 2.1.1)
5.4

Fluid absorption

Droplet absorption of ﬂuids into paper and coatings has been used by many
authors to simulate absorption of ink and fount and also to determine the
surface energy of a surface using two or 3 different ﬂuids of known surface
tension [81], [232], [233]. Instruments such as the Fibro DAT dispense a drop
of ﬂuid of approximately 2–6 μl in size onto the surface of the paper. A high
speed camera captures the image of the droplet on the surface typically 50
times in the ﬁrst second after application. Image analysis of the captured
frame allows determination of change in the drop volume, drop height, contact angle and spreading, via the diameter of the droplet base. Measuring the
dimensions of suspended droplets also allows the surface tension of the ﬂuid
to be determined, as carried out by Wickman et al. [234]. The technique has
been used extensively to determine the surface energy of the coating layers for
example by Rousu [25], [217]. Different methods of determination of surface
energy have involved other techniques not included in this review such as the
use of Inverse Gas Chromatography as reported by Lundqvist [235] and Felix
& Gatenholm [236].
The Micro-Dat as described by Svanholm [237] has the advantage over
the Fibro-DAT in that the volume of ﬂuid applied to the paper is signiﬁcantly smaller and this will not cause ﬂooding of the pore structure in the
coating layer. However Marmur [238] in his review of the theory and practice of measuring contact angles suggests that the droplet size needs to be
large.
5.5

Mercury porosimetry

Mercury porosimetry is a technique developed by Ritter and Drake [239] in
1945 which allows the volume and size of macropores and mesopores in
porous materials to be measured. Micropores smaller than 500 Å are best
measured by gas absorption.
The paper sample is placed in a glass chamber of accurately controlled size
and evacuated to remove the air. Mercury is gradually forced into and then
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withdrawn from the sample at increasing and decreasing pressure, and the
volume of mercury measured.
The technique is based upon the property of mercury to behave as a nonwetting liquid i.e. the contact angle with the solid surface is greater than 90°.
Spontaneous absorption of mercury into pores due to surface tension forces,
will therefore not occur, but application of external pressure will force the
mercury into the pores.
If the pores are assumed to be cylindrical, and the solid does not deform
under the pressure, the pore radius can be expressed in terms of the mercury
surface tension, contact angle θ, and the absolute applied pressure, according
to Laplace equation [3].

where r = pore radius
γ = mercury surface tension
θ = contact angle
p = absolute applied pressure in kg/cm2
NB The contact angle of mercury has been measured for a range of different
solids and varies between 125° and 152°. The average of 141.3° is usually
used, although a value of 140° was used by Larrondo et al. [240]. The surface
tension of the mercury is taken as 480 mNm−1.
Application of mercury porosimetry to coated paper presents certain practical difﬁculties. Some of the problems result from the fact that paper is a
compressible material, which might alter in its pore structure when intruded
with mercury under high pressure. Other difﬁculties arise because not all of
the pores in a paper coating are connected and accessible to mercury intrusion. Ink bottle pores are sealed at one end and may not allow mercury to be
fully intruded into them. A fuller description of the problems of mercury
porosimetry of paper is given by Kettle et al. [241],[242]. In these references,
the authors describe two methods of overcoming problems such as compression and shielding of large pores by smaller pores. Commercially available
packages for compensation of sample compression (PorComp™) and shielding effects (Pore-Cor™) are suggested. The Pore-Cor™ package models a
porous material as a three dimensional structure which has a mercury
intrusion curve and porosity value in close agreement with experimental
measurements. This model is described brieﬂy in references [241] and [242],
and more fully in Matthews et al. [243] and Kettle and Matthews [244]. The
problems of mercury porosimetry measurement and a comparison of this
method with a stain imbibition method are discussed by Larrondo et al.
[240].
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In many cases it is preferable to measure coatings with the base-paper in
situ, as the ﬁnal coating structure is dependent upon the application and
drying conditions [245],[246]. Industrial problems often demand measurement of the coating porosity on commercially available papers. A particular
challenge posed by this is to determine the pore size and pore volume of the
coating layer alone, independently of the base-paper. The base-paper will
generally have larger pores than the coating layer, however there is often some
overlap between the two. In some cases the basepaper is run separately and
then subtracted from the coated paper curve, however this will not take into
account the surface pores at the interface of the coating and basepaper.
Curve ﬁtting programs are often utilized to separate the coating layer from
the basepaper. In general, most of the pore volume of the paper sample
derives from the base-paper, and the coating layer gives rise to a small inﬂexion in the cumulative volume curve around 0.1 μm. A cumulative volume
trace for a coated paper which has been calendered at a range of different
pressures in shown in Figure 48. It can be seen that as the calendering pressure is increased, the total pore volume of the whole paper is reduced. A good
description of the analysis of mercury porosimetry in paper is given by
Ridgeway and Gane [247].
Other techniques have been employed in order to study the porosity of
paper coatings including NMR [248]. Lehtinen et al. [249] presented a

Figure 48.

Cumulative volume mercury porosimetry curves for clay coated paper,
calendered at a range of pressures 81.
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comparison of mercury porosimetry, NMR cryoporometry and thermo
porosimetry in characterising the porosity of compressed calcium carbonate
structures. Both the NMR and thermo techniques were suitable for giving
information about the pores involved in the imbibition of ﬂuids, whereas the
mercury porosimetry describes the pore structure under non-wetting
conditions.

6

COMBINATION OF TECHNIQUES

A few authors have used a combination of many surface analytical techniques complimentary to each other to elucidate the structure of paper or
problems caused by defects and failure positions. Pykonen et al. [250], for
example, used a combination of XPS and FTR-IR measurements to determine surface chemistry changes which occurred when pigmented papers were
plasma treated (Figure 49). AFM was used to determine any topographical
changes which had occurred (Figure 50) and contact angle measurements to
show the changes in surface energy which had occurred on plasma treatment.
The papers and polymer ﬁlms were then inkjet printed and the print quality
and rub correlated in the changes in surface energy. In all cases the treatment
caused an oxidation of the surface and an increase in the base and polar
component of the surface energy. The printability of the paper substrates
changed very little but it was shown that the quality of printed PE ﬁlm
improved, whilst that of the PP ﬁlm became worse.
In a later publication Pykonen et al. [251] used XPS, TOF SIMS, FIB and
print testing to study the inﬂuence of plasma treatment on the absorption of

Figure 49. XPS determination of the O/C ratio for different substrates and plasma
treatments, showing increased oxidation of the surface.
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Figure 50. AFM RMS roughness showing roughening due to the plasma treatment.

damping water and ink components into coated paper surfaces. Mercury
porosimetry was also used to characterise the coatings which contained different pigments. Coatings containing different types of pigments were found
to respond differently to the plasma treatment; the talc containing paper
being inﬂuenced by the treatment to a far greater extent than the calcium
carbonate containing coating. Increasing the surface energy and polarity of
the coatings decreased the ink setting rate of the polar linseed oil based inks
probably due to increased acid-base interaction between ink oil and polar
plasma treated coating, but increased the setting speed of the mineral oil
based inks. Too intensive plasma treatment resulted in a loss of surface
strength of the coating and micro-picking in the surface layers could be
observed with the FIB and SEM analysis (Figures 51 and 52).

Figure 51.

FIB imaging to show micro-picking.
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Figure 52.

Optical microscope section through the coating.

Pykonen et al. [252] studied the use of hydrophobic plasma coatings containing ﬂuorocarbon, organosilicone and hydrocarbon depositions, on the
absorption of water based damping solutions used in offset printing, by using
a combination of XPS, contact angles and ToF-SIMS. These hydrophobic
treatments prevented the absorption of the damping water into the coatings,
despite the fact that the topography and porosity were unaffected. The best
print characteristics were observed when the coating was hydrophobic and
oleophilic.
Nutbeem et al. [253] presented how a range of topography, porosity and
reﬂectometry techniques could be used in combination to characterise basepaper, coated paper and ﬁnally the printed product to determine the cause of
print mottle.
Tag et al. [254] also used a combination of SIMS, AFM and surface energy
determination by contact angle measurement to study the changes in chemistry and topography of a coated paper after application of isopropyl alcoholbased and isopropyl alcohol -free surfactant based model fountain solutions.
With the surfactant based fount solutions, AFM analysis showed an increase
in the RMS roughness which was ascribed to the presence of surfactants on
the coating surface. The surface energy and in particular the polar component, was found to increase. The TOF-SIMS measurements showed that the
IPA based fount solution did not change the elemental composition of the
surface, but that there was a clear change with the surfactant based fount
solution.
TOF SIMS imaging combined with XPS was used by Brinen [255] to study
the distribution of sizing agents on internally and surface sized papers. The
imaging SIMS was suitable for obtaining the spatial distribution of these
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compounds on the surface of the paper, and the TOF SIMS was also good
for determination of the chemical structures present. The XPS was also able
to detect the presence of the size.
Gustaffson et al. [256] used a combination of AFM and XPS to study the
surface properties of TMP, and more precisely the chemistry of the surface
and morphology of the cell wall structures. Finnish and French spruce samples were studied which had been deﬁbrilliated at two different temperatures,
and two stages of reﬁning were also studied. XPS analysis of the cellulose
content of the surface showed that the non-cellulosic content of Finnish
spruce was higher. Reﬁning resulted in cleavage taking place either within the
secondary cell wall or at the interface between the primary and secondary cell
wall.
In a similar study Fardim et al. [257] used a combination of XPS, TOFSIMS, chromatography and AFM to study the composition, distribution
and nanostructure of extractives on the ﬁbre surfaces of a birch bleached
kraft pulp (BKP) and a recycled deinked pulp (DIP). They found that
estimations of extractive surface coverage by XPS were consistent with the
qualitative observations by TOF-SIMS and AFM.
Lozo et al. [258] also investigated a range of spectroscopic and microscopic
techniques for depth proﬁling and assessing the spread of dye and pigment
based ink on inkjet printed papers. Amongst the techniques used were confocal Raman, UV Raman, CLSM and FTIR. Raman spectroscopy was good in
determination of the chemical components in the ink and their distribution
throughout the paper. The dye based ink was found to penetrate to a greater
extent, whereas the pigmented ink formed a dense layer on the surface. The
high powered laser however burned the paper. Confocal microscopy (CLSM)
had a good correlation with the Raman and conﬁrmed the ink distribution in
the z direction. The FTIR was able to determine the ink distribution at low
depths into the surface, and UV Raman was useful for the surface analysis of
prints.
Ozaki and Uchida [259], used a combination of XPS, TOF-SIMS and
electron probe micro analysis to study the distribution and absorption of
rotogravure ink onto coated papers. The amount of pigment on the surface
could be analysed using XPS and the TOF SIMS was utilized in determining
the distribution of the thin surface layer of ink vehicle using the ion fragment
135 amu.
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7

SUMMARY

The comprehensive surface analysis of paper requires a wide range of tests
covering visual, physical and elemental analysis and a careful assessment of
the resulting information. In order to successfully undertake such an exercise,
it is important to know what techniques are available, their limitations and
how best to use their combined output.
This review covers: Chemical Structure Analysis using the main spectroscopy techniques of Infrared, Raman, X-Ray, Secondary Ion Mass and
UV; Microscopy utilising, Scanning Electron, Dispersive X-Ray, Transmission Electron, Optical, Focussed Ion Beam, Atomic Force and Confocal
Laser; Paper Topography through Air Leak methods, Proﬁlometry and
Interferometry and Imaging Reﬂectometry; Physical Analysis by X-Ray Diffraction, Fluid Absorption and Mercury Porosimetry and ﬁnally how a
combination of techniques can be employed to give an understanding of
paper surface properties. For each technique, a description is given covering
the main scientiﬁc principles, the paper property determined, quality of data
and pros and cons.
The main part of the review contains examples of how these techniques
have been used by researchers for a wide variety of purposes including quality
control and identiﬁcation of failure mechanisms and problems at interfaces,
product development of new coating formulations and an improved understanding of the interactions between different coating components. Many of
the instruments can be used for identiﬁcation of unknown paper constituents
and contaminants and lend themselves to competitive analysis.
The large number of surface analytical techniques available to the
researcher differ widely in the type of information that they will deliver. A
number of considerations will dictate the choice of technique used, not least
of these being the instrument availability. Some of the main beneﬁts of using
these techniques are for determination of species which may cause failure at
interfaces, for example the migration of certain organic species to a surface
preventing ink adhesion or correct converting of the sample, e.g. lamination.
Factors such as the size of the features of interest and the physical nature of
the material will also inﬂuence the choice of analysis technique [260]. Certain
techniques are speciﬁc for chemical analysis and others for physical. For
example the XPS and TOF SIMS may be the techniques of choice to study
the chemistry of the very surface of the sample, whereas Confocal Raman
may be of use if a depth proﬁle into the sample is required. Mercury
porosimetry and the topography measurements give detailed information of
the physical structure of the paper and the choice of these also depends upon
the size of the features studied. AFM for example gives very detailed
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information on pigment scale topography, whereas interferometry and proﬁlometry will give the topography over larger areas of the paper and are more
useful for looking at ﬁbre distribution.
By its very nature paper is variable from point to point and from sample to
sample, and so it must be emphasised that for a rigorous analysis of a surface
it is often necessary to analyse many areas to obtain a statistical representation of that surface. Other difﬁculties may arise because of the many
synthetic and natural chemicals used in the process, many of which will be
similar in chemistry, (often with a high organic content) and difﬁcult to analyse. This is another reason why a wide range of complimentary techniques
is the only way to correctly identify various species distributed throughout
the paper.
8

ACKNOWLEDGEMENTS

Thanks are extended to Neil Norouzi, Roger Wygant, Marie Ernsstrom,
Gary Chinga Carrasco, Jouko Peltonen for help in providing references.
Many thanks are extended to John Husband, Tony Lyons, Graham
O’Neill, Karen Leaity, David Preston and Richard Bown for proof reading
this document.
9

GLOSSARY OF ABBREVIATIONS

β
δ
ε
XPS
γ
η
λ
λx
μ
μ2
ν
θ
θx

Ratio of peak intensities I3695 / I3620 (ATR IR Particle Alignment)
Macro-roughness
Porosity (void fraction of paper coating)
XPS spectrometer work function
Surface tension
Viscosity
Wavelength of light
The mean free path of the photoelectrons in the sample(XPS)
Transmission of analysis system determined by the ion collection
of the mass spectrometer (SIMS)
Second moment of the wave amplitude distribution for Walsh
function
Frequency of exciting radiation
Contact Angle (of ﬂuid).
An angular efﬁciency factor based upon the angle between the
photon path and detected electron (instrumental arrangement)
(XPS)
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θm
ρ
ρm
σ

Fractional coverage of elemental species M
Fluid density
Coating density
The standard deviation of the roughness about the mean plane of
the surface (microroughness)
The photoelectric cross section for the atomic orbital in cm2 (senσx
sitivity – or probability of electron in orbital being ejected in XPS)
A
Area
AFM
Atomic force microscopy
ATR IR Attenuated total reﬂectance infra red
Ax
Area of the sample from which the photoelectrons are detected,
(XPS)
BE
Binding energy
C
Constant related to the total pore volume and capillary length,
C = Vo / πL
CMC
Carboxy methyl cellulose
CPVC
Critical pigment volume concentration
CSLM
Confocal scanning laser microscopy
d
Thickness of paper
dp
Depth of penetration of evanescent wave into sample
dSIMS
Dynamic or depth proﬁling SIMS
e
Charge on the ion
EDX
Energy dispersive X-ray mapping
ESCA
Electron Spectroscopy for Chemical Analysis
ESEM
Environmental SEM
FIB
Focussed Ion beam
FTIR
Fourier Transform Infra Red Spectroscopy
FWHM Full width of peak at half maximum height
fx
The x-ray ﬂux in photons / cm2 sec−1 (XPS)
FESEM Field Emission SEM
GCC
Ground calcium carbonate
GDP
Gross Domestic Product
hp
Planck’s constant
HREELS High resolution energy electron loss spectroscopy
H
Magnetic ﬁeld strength
I
Intensity of reﬂected light (gloss goniophotometry)
IRAS
Infra red reﬂection absorption spectrometry
ipf
Primary particle ﬂux
I3620
Intensity (height) of IR peak at 3620 cm−1
I3695
Intensity (height) of IR peak at 3695 cm−1
Secondary ion current of an element of species M
iMs
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Ix
KE
LIMA

Lp
LWC
m
M/Z
Mc
Mtot
n
nx
PCA
PVOH
p
SNMS
PCC
Pe
r
R+
rc
RI
S
SEM
SIMS
t
TEM
Tg
TLC
TOF
Tx
UV
UPS
VAC
Wt.%
XPS

The number of photoelectrons per second in a speciﬁc peak (XPS)
Kinetic energy
Laser Ionisation Mass Analysis. This has a small analysis area, so
is good for quick analysis of small spots. The laser also has a
higher penetration depth of approximately 1 μm and so can be
used for looking at substances under the immediate surface. The
laser is slightly damaging to the surface and so only simple and
low mass structures can be detected.
Wavelength of disturbance (distance between roughness peaks)
Light weight coated (paper)
Particle mass
Mass / charge (Daltons)
Mass of coating layer
Mass of coating plus basesheet
Complex refractive index (measured)
The number of atoms of the element per cm3 of the sample (XPS)
Principle component analysis
Poly vinyl alcohol
Pressure
Sputtered Neutral Mass Spectrometry
Precipitated calcium carbonate
External pressure applied at entrance to capillary tube
Pore radius
The ionisation probability to positive secondary ions
Radius of curvature
Refractive index
Sputter rate for elemental species M (SIMS)
Scanning electron microscope
Secondary Ion Mass Spectrometry
Time
Transmission electron microscope
Glass transition temperature
Thin layer chromatography
Time of ﬂight
The detection efﬁciency for the electrons emitted from the
sample (XPS)
Ultra violet
Ultraviolet photon electron spectroscopy
Accelerating voltage applied to the mass spectrometer chamber
Weight %
X-ray photoelectron spectroscopy (sometimes known as ESCA)
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XRD
yx

10

X-ray diffraction
The efﬁciency in the photoelectron process for formation of
photoelectrons of the normal photoelectron energy. (polydispersity of energies around the mean photoelectron energy) (XPS)
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DISCUSSION
John Roberts

University of Manchester

Thank you, Janet, for an excellent presentation. Being one on the committee
who has always encouraged this topic to be dealt with, I am delighted to see it
has arrived. I just have one question and that is, from personal experience, it
has always been difﬁcult to ﬁnd techniques which would determine the precise molecular state of, say, an additive in paper. Examples would be sizing
chemicals which may be covalently bound, or maybe wet strength agents
which may be cross-linked in some way. Do you see any techniques now or in
the future that might solve that problem?
Janet Preston
I guess that’s quite a tricky thing to do, but I would think from looking at the
literature that maybe the XPS would give you the most information, especially concerning the type of the bonding. Infrared techniques may be useful
too. I’m looking at Agne Swerin from YKI who might have some other ideas
too. Have you got any comments, Agne?
14th Fundamental Research Symposium, Oxford, September 2009

Discussion
Agne Swerin

YKI – Institute of Surface Chemistry

Yes, I agree that XPS would be a very good combination with SIMS. But, if
you are particularly looking for molecular state and bonding, maybe imaging
IR could be useful or a combination with confocal Raman. As for the future
developments of chemical mapping, IR is down to micrometre resolution,
and I think in the future can possibly go down further. I have a comment also
on what you said in one of your slides, and I think it is also in the paper, that
Raman is less sensitive towards water, but actually I would say it is the other
way around. It is semantics to some degree, but there is a more speciﬁc peak
for water if you look in the Raman spectrum compared to the IR for water.
So, you can actually use Raman spectroscopy to analyze water content.
Janet Preston
Yes, I take your point, but I was thinking of it as more of a “contaminant” or
interference when you were trying to avoid the moisture in a sample.
Agne Swerin
Yes. So in IR, you get more interference from water.
Janet Preston
Yes, that is what I was thinking of, and what I gleaned from the literature.
Agne Swerin
Thanks for an excellent review.
Jukka Ketoja

VTT

In the ink layers, do you observe porosity at any scale ever?
Janet Preston
I have not seen any porosity in an offset ink ﬁlm, or in a rotogravure ink ﬁlm,
but I would say in an ink-jet ﬁlm, deﬁnitely, and a ﬂexo-ink ﬁlm, possibly.
Previously we have used focused ion beam (FIB) to cut through an ink-jet
print made with a black HP pigmented ink. The FIB technique had such a
good resolution that it was possible to observe the pores within the dried ink
layer. However, in an offset ink ﬁlm I have never observed any pores.
Session 6

Mechanical Properties
Kim Tae-Young

KOMSCO

In our dipping process of papermaking, a polyvinyl alcohol (PVOH) solution
has been used for impregnation. It is assumed that the inner side PVOH
molecules migrate to the surface layer at the drying stage. Could you recommend the best way to estimate the distribution of PVOH at the surface or in a
cross-section?
Janet Preston
For PVOH, I guess you could use the infrared techniques (ATR-IR), or the
Raman technique in a similar manner to the ﬁrst two latex example results. I
would think that would probably give you the best results. It is important to
run a spectrum for the binder itself to see and check that there is a peak which
does not overlap with the other constituents in your paper or colour. If you
can ﬁnd a peak which is just due to PVOH, then you can make your calibration curve and then look at your production samples. Either of those techniques could be used.
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