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Chemical imaging studies of pharmaceutical tablets are currently an important emerging field in the
pharmaceutical industry. Finding the distribution of the different compounds inside the tablet is an
important issue for production quality control but also for counterfeit detection.

Most of the currently used techniques are limited to the study of the surface of the compacts, whereas
the study of the bulk requires a time-consuming sample preparation. In this paper, we present the use of
3D micro-X-ray fluorescence analysis (3D wXRF) for the non-destructive study of pharmaceutical tablets.

Based on two different examples, it was shown that it was possible to measure the distribution of
several inorganic elements (Zn, Fe, Ti, Mn, Cu) from the surface to a depth of several hundred microns
under the surface. The X-ray absorption, depending on both matrix composition and energy, is one of the
most critical factors of this analytical method while performing depth profiling or mapping. Therefore, an
original method to correct the absorption, in order to accurately measure the true elemental distribution,
was proposed.

Moreover, by using the presence of titanium dioxide in a pharmaceutical coating, we proved that this
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technique is also suited to the non-destructive measurement of coating thickness.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The tablet is nowadays the most widely used pharmaceutical
form. Itis generally composed of different products including active
ingredients and excipients such as diluents, lubricants or gliding
agents. These ingredients play a role in the tabletting behavior of
the powder but also in the physical properties of the final tablets
and finally in the pharmacological efficiency of the product.

All these properties are not only driven by the chemical nature
of the products but also by their distribution in the tablet. The com-
position of the surface layer is, for example, of crucial importance
for the in vivo release of active ingredients. This distribution is of
course a consequence of both the product’s physical behavior and
the manufacturing process (particularly tabletting). So, being able
to study the microscopic structure of the tablets is an important
issue in areas such as process monitoring or quality control.

During the last five years, many different types of chemical
imaging techniques have been used to study the distribution of
compounds at the surface of pharmaceutical tablets. The most
widely used are the near-infrared, infrared and Raman spectro-
scopies [1-13], which are based on vibrational information, but
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examples of ToF-SIMS imaging [14] for molecular information or
micro-X-Ray fluorescence (XRF) for elemental analysis can also
be found [15,16]. Whereas all these techniques are well suited for
surface studies, they cannot be used to study distribution inside the
tablets without sample preparation, except for the case of confo-
cal micro-Raman spectroscopy. However, studies have shown that,
for example, the density of the tablet is not uniform; the tablets
are denser near the surface [17] so that, the measurements at the
surface may not be representative of the bulk properties. The devel-
opment of three-dimensional chemical imaging techniques is in
these cases of great interest for an improved characterization of
pharmaceutical solid forms. In this paper, we attempt to show the
potential of such studies using three-dimensional wXRF analyses
(3D wXREF).

Three-dimensional or confocal lXRF was first developed using
synchrotron sources. The literature gives different examples of the
application of the technique for 3D elemental analyses of samples in
environmental chemistry, mineralogy or cultural heritage [18-26].
Recently, laboratory set-ups have been developed, avoiding the use
of synchrotron radiation sources, which will enable more routine
applications of the technique [19,27,28].

X-ray fluorescence is mainly suited to detect and study inorganic
constituents or metal-containing organic species. In pharmaceuti-
cal tablets, many products containing inorganic elements can be
found like titanium dioxide in tablet coating, zinc or magnesium
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stearate as lubricants or metal-containing species in vitamin tablets
for example. Thus, confocal pWXRF can be considered as an interest-
ing technique for pharmaceutical solid forms.

In this paper, two problems were chosen to show the pos-
sibilities of this technique to evidence distribution features of
components in pharmaceutical tablets. First, laboratory-made
tablets containing zinc stearate as a lubricant were used to prove
the capability of mapping the distribution of this lubricant by
studying the zinc contents inside the tablet. This required, from
a methodological point of view, examining the problem of X-ray
absorption in the sample and discussing the possible means of
absorption correction. Secondly, a commercial coated tablet con-
taining different inorganic ions was studied. It proved possible to
map the distribution of the different ions inside the coating but
also in the core of the tablet, in a totally non-destructive manner. In
addition, this example was also used to highlight another important
application of the technique: the non-destructive determination of
coating thickness.

2. Material and methods
2.1. Materials

Microcrystalline cellulose, MCC (vivapur 12, 56012100932, JRS,
Germany) and Zinc Stearate (Zn-St) were used for laboratory-made
tablets.

Tablets of Elevit B9 (Bayer, Germany) are commercially avail-
able. A thin foil of titanium (2 pm) was purchased from Goodfellow
SARL (Lille, France).

2.2. Tablet formation

Binary mixtures of MCC with 0.5% Zn-St (w/w) were prepared
with a Turbula mixer (type T2C, Willy A Bachofen, Switzerland) at
48 rpm for 5 min. Cylindrical tablets were then obtained using an
eccentric instrumented Frogerais OA tabletting press. The cylindri-
cal die of 1cm3 (section of 1cm? and height of 1cm) was filled
manually. Punches with a diameter of 8 mm were used. During
compaction, the compression forces and the punch displacements
were recorded using Pecamec software (4.2 version, J2P instrumen-
tation, Vitry sur Seine, France).

2.3. Three-dimensional micro-X-ray fluorescence (3D microXRF)

The confocal arrangement of the wXRF set-up has recently been
developed at the C2RMF, Paris. In the Louvre MFX3P set-up, a
rhodium tube (iMOXS, IFG, 50kV, 600 wA) equipped with a full
polycapillary lensis used. It provides a spot size of the exciting X-ray
beam of about 50 p.m at a working distance of about 6 mm. For X-
ray detection, an X-Flash SDD detector (Bruker AXS) is mounted. A
polycapillary conical collimator (PCCC) with a focal spot size rang-
ing between 35 and 55 wm depending on the X-ray energy is set
up in front of this detector. The focal points of the X-ray optics
are adjusted so that they form an analytical micro-volume rang-
ing from 35 pm x 35 pm x 35 pm (for high energy X-rays as those
emitted by the Zr Ko line) to about 60 pm x 60 pm x 60 wm (for low
energy X-rays such as those emitted by the Ca Ko line). The X-ray
tube, the detector and the optics are fixed in a specially conceived
measuring head. Depth profiles as well as 2D and 3D mapping can
be performed by moving the objects through the analytical micro-
volume created by the confocal set-up using a motorized xyz stage.
Precise movements were achieved thanks to stepping motors with
micrometer accuracy. The applicability of such a system, however,
islimited by the energy characteristic of the X-ray optics, cutting off
at low energies as well as at high energies leaving a usable energy

Fig. 1. Schematic representation of the area analyzed in the tablet during 2D XZ
mapping.

window between 3 and 20 keV. The exact characterisation of the
set-up is presented by Reiche et al. (to be published).

2.4. Scanning electron microscopy

Prior to observation, Elevit B9 tablets were cut with a scalpel
blade to obtain a cross-section. The samples were then coated with
gold to avoid charge effect.

The apparatus used was a Phillips XP CL 30 series, coupled with
an energy dispersive X-ray spectrometer. The accelerated voltage
was set to 20 kV and the working distance to 10 mm. Backscattered
electrons were used.

3. Results and discussion
3.1. Distribution of Zinc stearate in a laboratory made tablet

The measurements were performed on a tablet obtained with
a pressure of 220 MPa. The apparent mean density, calculated
according to the tablet dimension and weight, was 1.42 gcm—3.

The experiments were performed in order to obtain 2D XZ map,
X direction being parallel to the surface and Z direction being nor-
mal to the surface (Fig. 1). This representation leads to a virtual
cross-section of the sample and showed the distribution of the
lubricant in the bulk. The measurements were performed to a depth
of 700 wm and along a line of 1.2 mm parallel to the surface with
a step size of 20 wm in both directions (Acquisition time per step:
60s). The chemical image obtained for Zn is presented in Fig. 2a.
It can be clearly seen that the distribution is not homogeneous but
consists of small clusters.

Nevertheless, this image does not give an exact representation
of the distribution of Zn, because of the partial X-ray absorption in
the depth of the sample. X-rays are absorbed by matter according
to the Beer-Lambert law that can be written as:

I =Ige H*

where Iy is the initial intensity of the X-ray beam, I is the intensity
after a pathway of alength x in a material with an attenuation coeffi-
cient u. The longer the X-ray path inside the material, the stronger
the absorption. The consequence is that the signal detected from
the deeper part of the sample appears weaker than it should be.
The measured map must therefore be corrected in order to obtain
realistic image of the element distribution inside the sample.

In the case of confocal measurements, we know precisely the
back and forth trajectories of the X-ray beam inside the sample. In
our case, the excitation beam was polychromatic whereas the emis-
sion line could be considered as quasi-monochromatic. Therefore,
the absorption differed in the two steps. To be able to use a simple
Beer-Lambert law, we made two assumptions. Firstly, we assumed
that in the energy range where the X-ray production cross-section
had significant values, the attenuation coefficient could be con-
sidered as constant (or replaced by a mean value). Secondly, we
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Fig. 2. (a) 2D XZ (depth) map of Zn distribution inside a laboratory made tablet (Gray line represent the surface). (b) Intensity depth profile of Rayleigh scattering around
9keV. (c) Representation of the previous profile using logarithmic function and linear fit according to Beer-Lambert Law. (d) XZ distribution of Zinc inside the tablet after

absorption correction.

replaced the two values of the attenuation coefficient (the value
for each step) by a single mean value, which would be evaluated
at an energy level between the absorption edge energy and the
emission line energy. These assumptions are also based on the fact
that the compact is homogeneous in composition which means the
attenuation coefficient is constant in all the material.

But even with this simplification, the attenuation coefficient is
difficult to calculate as it depends on both, material density and
chemical composition, and the density is known to be inhomo-
geneous inside the sample. To obtain a value of the attenuation
coefficient and perform the correction, an original approach has
been chosen based on the evaluation of Rayleigh scattering.

Together with the X-ray fluorescence signal of the element
under study, Rayleigh scattering of the incident radiation was
detected. The sample was not strongly absorbent and composed of
low-Z elements, which gave suitable conditions to use the Rayleigh
scattering. As this signal was submitted to the same absorption as
the fluorescence signal, it can be used to evaluate the absorption
effect. According to the previous discussion, the energy interval
to evaluate Rayleigh scattering was chosen between 9 and 9.2 keV
(between Ko and K3 lines) which is in-between the Zn Ko emission
line (8.63 keV) and the Ka absorption edge (9.65 keV). The depth
profile of the Rayleigh scattering intensity (along z-axis) at this
energy was plotted by summing values along x-axis (parallel to the
surface) in order to smooth composition heterogeneity (Fig. 2b).
On the graph, an exponential absorption profile can be seen. This
curve was used to calculate the attenuation coefficient. Following
the Beer-Lambert approach, the logarithm of the ratio between
maximum intensity and intensity at particular depth was calcu-
lated. This calculation lead to the curve presented in Fig. 2¢, which
is in accordance with a linear function as expected according to
Beer-Lambert law, which validates the approximation made before
about the absorption. The slope of the fit function gives the attenua-
tion coefficient. The value obtained is 1.3 x 1073+ 0.1 x 10~3 pum™!
(R2=0.976). This is not directly the attenuation coefficient of the
material as it is necessary to take into account the back and forth
trajectory in the material and of the fact that the X-ray beam is
not normal at the surface. This coefficient can be considered as

an apparent attenuation coefficient. Using the model developed by
Malzer and Kanngiesser [29], it can be written as:

1
+ cosef) M

where papp is the apparent attenuation coefficient, wu the real
attenuation coefficient and, 6; and 0 are respectively the angle
of the impinging beam and of the detected beam (both have a
value of 45° is the set-up). Using this model lead to a value of
4.6 x 1074+ 0.4 wm~! for the real attenuation coefficient around
9.1keV. To verify the consistency of this result, the designed X-
ray filter transmission calculator! developed by Gullikson and
co-workers [30] was used. For a cellulosic material with a den-
sity of 1.42gcm—3, we calculated an attenuation coefficient of
7.1 x 104 wm~1 at 9.1 keV. The two values were clearly in the same
range. Considering that the value of the absorption coefficient was
only a mean value due to sample heterogeneity, we believe that
both values were close enough to validate our approach for atten-
uation coefficient determination.

This attenuation coefficient was then used to perform the
correction according to the Beer-Lambert law and the result is pre-
sented in Fig. 2d. It seems clear, in comparison with the image in
Fig. 2a, that the image, after correction, gives a more representative
vision of Zn distribution inside the sample. No clear difference can
be seen, on the image, between areas near the surface and deeper
in the bulk.

The lubricant is present inside the sample as clusters with a
roughly homogeneous distribution in the bulk.

Happ = 1t (cosei

3.2. Study of Elevit B9 tablets

3.2.1. Elemental distributions

Elevit B9 is a vitamin and mineral supplement prescribed during
pregnancy. It was chosen for its high mineral content and the fact
that the tablets were coated. The distribution of several elements

! http://henke.lbl.gov/optical constants/.
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Fig. 3. Global X-ray fluorescence spectra of Elevit B9 tablet.

present in the tablet was investigated using the same set-up as
described in the previous case study. Fig. 3 presents the global X-
ray fluorescence spectrum, which is the sum of all spectra measured
while imaging the sample. The different elements having higher
mass than Ca described in the patient leaflet were clearly detected
using these measurements (Ti, Mn, Fe, Cu, Zn, Ca). Basically because
of the transmission factors of polycapillary optics, the device is not
well suited for the detection of lighter elements. The distributions
of the elements detected inside the sample are presented in Fig. 4
(step size 20 wm, acquisition time per step 60 s).

The chemical 2D maps clearly reflect the structure of the tablet.
The coating and the bulk are easily distinguished due to their differ-
ent chemical composition and the results are fully consistent with
the patient leaflet. Titanium was only found in the coating, and the
image shows a quite homogenous distribution. Iron was present
both in the coating and in the bulk of the tablet because the coating
contains goethite and bulk contains ferrous fumarate. The other
elements were part of the bulk. As in the previous example, the
results must be taken with caution because of X-Ray absorption.
Moreover, as the attenuation coefficient strongly depends on the
energy of the X-rays, the correction that should be applied to each
image differs. For example, Ca, with a Ka line at 3.69 keV will not
be detected as deep as Zn, whose Ka line is at 8.63 keV. Since the
sample appeared very heterogeneous, correcting the image using
Rayleigh scattering would be difficult and another approach would
be necessary.

However, the first conclusion that can be drawn from this analy-
sisis that 3D wXRFis able to detect and map the mineral ingredients
beneath the coating level (up to a depth of several hundred microns

depending on the element), in a totally non-destructive manner.
An additional interesting application of this method is to use the
determined element distribution to measure the coating thickness.

3.2.2. Measurement of coating thicknesses

To measure coating thickness, the profile of Ti can be used in the
case of Elevit B9 tablets, since this element was only present in the
coating. The approach chosen here was based on the model for the
confocal volume developed by Malzer and co-workers [29,31]. In
this model the sample was assumed to be homogeneous (constant
density and attenuation coefficient) and the sensitivity profile of
the spectrometer for depth sensitive measurement had a Gaussian
profile. The intensity ¢(x) detected on the probing depth x in a layer
can be written as follows:

_ _ _ 2 dy + I/Lapp(72 —X
(x) = Ae~Happ(x—d1)p—(1tappo)™/2 | opf [ Z2 T F7ADDT — %
¢ V20

- di + Mappo? — X
erf («/ﬂ ﬂ (2)

where papp is the apparent attenuation coefficient as defined
before, o is the Gaussian width, d; and d; are the layer boundaries
and A is a constant containing both source and layer depending
parameters. This model is not strictly applicable in our case as
it was developed for a monochromatic excitation. The expression
that should be used for polychromatic excitation was developed by
Perez et al. [21]. To be able to use Eq. (2) in our case, we needed to
make approximations. For the energy dependence of the absorption
coefficient, the same approximation as previously used would be
used. We assumed that, in the energy range where the production
cross-section of the Ka line of Ti had significant values, the attenua-
tion coefficient could be considered as constant. As in the previous
case we then replaced the attenuation coefficient by a mean value.
We also disregarded the energy dependency of the Gaussian width
of the sensitivity profile. For that, we assumed that most of the
X-rays that produce fluorescence are, together with the energy of
the emission line, in a sufficient narrow range of energy to justify
this approximation. Finally, as seen on the image shown in Fig. 4,
the coating layer can be considered as homogeneous and we can
apply the model to this layer. To determine its thickness, it will
be necessary to determine d; and d, parameters, but also A, papp
and o.

The Gaussian width is an intrinsic parameter of the spectrom-
eter, which depends on the energy used. It was determined by
measuring a thin standard Ti foil of 2 wm thickness with the 3D
WXRF set-up. A profile was acquired by moving the probing vol-
ume across the foil with a step size of 4 wm (acquisition time per
step 255). Eq. (2) was then used to fit the obtained depth profile. As
we used a foil that can be considered thin enough with respect to
the analytical volume, it was possible to disregard the absorption

I —
D |
T| Mn Fe
Zn Ca Cu

Fig. 4. 2D distribution maps of several element inside Elevit B9 tablet. The surface is at the top of the pictures.



560

30007 g)

2000

Intensity

1000

100
Z-position (um)

200

In(l/1)

V. Mazel et al. / Talanta 85 (2011) 556-561

b)

200 300 400
Z-position (um)

500

Fig. 5. (a) Intensity profile of a thin Zn foil (2 wm). (b) Beer-Lambert representation and fit of the intensity profile of Rayleigh scattering at 5 keV.
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Fig. 6. (a) and (b) Two intensity profiles of titanium in elevit B9 tablet.

in the titanium layer. An example of a Ti depth profile and a fit
obtained using Eq. (2) is given in Fig. 5a. The model fits the experi-
mental data perfectly. Five different profiles were measured on the
foil. The mean value of the Gaussian width was 0=22.9+ 0.4 pm.
This value was used for the following experiments.

To determine the value of the attenuation coefficient, the
approach using Rayleigh scattering was used again. Since the Ti Ka
emission line is at 4.51 keV, Rayleigh scattering near 5keV (from
5.1keV to 5.3 keV) was chosen. For this purpose, the 2D mapping
measurement already presented (Fig. 4) was used and all the spec-
tra along the X direction were summed. The result and the fit are
shown on Fig. 5b. The value of the apparent attenuation coeffi-
cientwas 1.2 x 1072 £0.1 x 10~2 um~! (R% =0.967). To confirm the
physical relevance of this value, we proceeded as in the previous
case. Using Eq. (1), this result lead to a real attenuation coefficient
0f4.2 x 1073 £ 0.4 x 103 pm~1. The coating was mainly composed
of hypromelose and ethylcellulose. If we approximated the sug-
ars as cellulose and assume the layer had a density of 1.5gcm=3
(hypromellose has density around 1.7 gcm=3 and ethylcellulose
around 1.2gcm~3) an attenuation coefficient of 5 x 10~3 um™!
could be obtained. This value clearly indicates that the apparent
attenuation coefficient obtained using Rayleigh scattering is phys-
ically relevant.

Finally the previously determined parameters could be used for
the fitting function of the Ti profile. Several profiles were mea-
sured using a step size of 5um (acquisition time per step 40s).
For each profile, three parameters were fitted, A, d; and d,. Two
different profiles taken from two different areas of a tablet can be
seen in Fig. 6. In each case, the fitting curve accurately describes

the measured profile. The obtained values of d, — d;, which repre-
sents the layer thickness, are 40 + 2 wm (R? =0.997) for the profile
of Fig. 6a and 49 + 2 wm (R?=0.996) for the profile of Fig. 6b. To
judge the precision of the measurement, a cross-section of the
tablet was prepared and observed under scanning electron micro-
scope by means of the backscattered electron image (BSE mode).
The electron micrograph is shown in Fig. 7. It appears clearly that
coating thickness is not perfectly homogeneous, but measurement
performed on the scanning electron micrograph lead to layer thick-
nesses between 42 and 48 pum. These values are perfectly consistent

AccV  SpotMagn
200KV 46 800x

Det WD
BSE 10.7 Elevit B9

20 pm

Fig. 7. SEM photograph (BSE) of a cross-section of Elevit B9 tablet, showing the
coating level.
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with those obtained with the confocal wXRF approach. It can Thus
be concluded that the determination of the Gaussian width and
the apparent attenuation coefficient were correct. We can also
deduce that the approximations were justified. Finally, confocal
WXRF appears to be well suited for non-destructive coating thick-
ness measurements.

4. Conclusion

Two cases studies of pharmaceutical tablets highlighted the
potential of confocal micro-X-ray fluorescence analysis in a non-
destructive method to study representative element distributions
inside the tablets. On one hand, it was possible to map the
distribution of zinc stearate inside a tablet using an innova-
tive way for the correction of the X-ray absorption in the
sample.

On the other hand, by studying the commercial Elevit B9 tablets
by means of 3D wXREF, it was possible to map different elements
beneath the coating level in depths of several hundred microns
depending on the element. Moreover, using the presence of tita-
nium dioxide inside the coating in this tablet, a new original method
for the non-invasive measurement of coating thicknesses was pro-
posed. The values obtained by this method are consistent with the
SEM observations on the same tablet.

Regarding these results, confocal microX-ray fluorescence can
be considered as a new useful tool for the study of pharmaceutical
tablets. Whereas obtaining large image takes several hours, depth
profiling measurement can be performed in a few minutes. Thanks
to the development of a laboratory apparatus, this technique could
be used for online quality control but also for counterfeit detection.
Fundamental studies of product distribution inside the tablet linked
to the manufacturing process are also possible and, in this case, the
sensitivity of the measurements and the spatial resolution could be
improved by the use of synchrotron radiation.
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