Dyes and Pigments 245 (2026) 113285

Contents lists available at ScienceDirect

s
L and
PIGMENTS

)

Dyes and Pigments

journal homepage: www.elsevier.com/locate/dyepig

ELSEVIER

Towards the understanding of Keim’sche Mineralfarben in architectural
paints: Material characterization and phase quantification on selected
historical pigment admixtures

Yee Wu*"®, Eva Mariasole Angelin "®, Thomas Danzl°, SoHyun Park *®, Clarimma Sessa """

& Department of Geo- and Environmental Sciences, Section of Crystallography, Ludwig-Maximilians-Universitat Miinchen (LMU), Theresienstr. 41C, 80333, Munich,
Germany
b Chair of Conservation-Restoration, Art Technology and Conservation Science, Technical University of Munich, Oettingenstr. 15, 80538, Munich, Germany

ARTICLE INFO ABSTRACT

Keywords:

Keim’sche mineralfarben
Silicate paint
Architectural surfaces
Historical pigments
Non-destructive methods
Rietveld refinement

‘Keim’sche Mineralfarben’ are widely recognized silicate-based paints historically employed for painting and
decorating architectural surfaces, as well as in the conservation and restoration of historic buildings and mon-
uments, particularly where high-quality architectural finishes are required. Comprehensive knowledge of the
composition of historical Keim’sche Mineralfarben pigment admixtures and their evolution—particularly for
dating purposes—remains limited within the field of architectural conservation. The study demonstrates the
effectiveness of a multi-analytical approach in characterizing the composition and phase quantification of
selected yellow-to brownish-toned historical Keimfarben pigment admixtures and suggests a methodology for the
characterization of this product on site, offering new perspectives on understanding the chronology of the paint
layers, thus planning future restoration interventions. A multi-analytical approach was employed, combining
optical microscopy, X-ray fluorescence, in situ Raman and micro-Raman spectroscopy, ATR-FTIR, and X-ray
powder diffraction with Rietveld refinement. The results show that the studied Keimfarben pigment admixtures
are composed of calcite, fluorite, kaolinite, quartz, barite, rutile, and witherite, as well as different quantities of
hematite, goethite, and eskolaite depending on the hue. Certain identified phases have been shown to serve as
diagnostic markers, limiting the application of the examined products on architectural surfaces to the period
between the 1958 and 1980s. Moreover, quantitative analysis of the components may help elucidate their
function within the admixture and will be essential for advancing the investigation into their relevance in the
coating’s formation.

1. Introduction (water glass)—these paints form a strong, insoluble chemical bond with

mineral substrates through a process known as silicification. This results

Keim’sche Mineralfarben developed by Adolf Wilhelm Keim and
patented in 1878, are renowned for their exceptional durability,
weather resistance, and aesthetic performance [1]. These qualities have
established them as a preferred choice not only in the fields of fine art,
architecture, and decorative painting but also in the conservation and
restoration of historic buildings [1]. This invention was driven by the
need for new facade painting techniques as well as stable products for
reconstruction and conservation-restoration intervention, as existing
wall paintings in the open air faced significant durability issues. Keim-
farben therefore emerged as a inorganic solution for architecture [2].

Based on a mineral binder system—primarily potassium silicate
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in highly stable, breathable coatings that distinguish them from con-
ventional film-forming paints [3].

Since the first patent and the founding of today’s company, KEIM-
FARBEN GmbH, the fundamental formulation of its silicate paint sys-
tems has remained largely unchanged. This is consistently emphasized
by the company, reflecting its commitment to product quality and per-
formance, and/or possibly due to the limitations of compounds suitable
for forming a stable silicate-based paint system [4,5].

The precise formulations of Keim products still remain proprietary,
presenting significant challenges for researchers and conservators
attempting to distinguish between historical paint layers and subsequent

Received 11 July 2025; Received in revised form 24 September 2025; Accepted 25 September 2025

Available online 26 September 2025

0143-7208/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0008-7357-9697
https://orcid.org/0009-0008-7357-9697
https://orcid.org/0000-0002-9259-674X
https://orcid.org/0000-0002-9259-674X
https://orcid.org/0000-0003-3127-7662
https://orcid.org/0000-0003-3127-7662
https://orcid.org/0000-0003-1530-0113
https://orcid.org/0000-0003-1530-0113
mailto:clarimma.sessa@tum.de
www.sciencedirect.com/science/journal/01437208
https://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2025.113285
https://doi.org/10.1016/j.dyepig.2025.113285
http://creativecommons.org/licenses/by/4.0/

Y. Wu et al.

restoration interventions, especially within the framework of the two-
component system (consisting of a pigment powder and a liquid fixa-
tive). This difficulty is particularly evident in the conservation of his-
torical buildings, where successive applications of similar or identical
silicate products may obscure the stratigraphic differentiation between
historical and later-applied layers.

To date, the only conference specifically dedicated to the under-
standing of Keimfarben and their implications for conservation practi-
ce—was held in 1997 at the ETH Zurich under the title "Erfahrungen mit
der Restaurierung von Mineralfarbenmalereien". Organized by the Institute
for Monument Preservation, the event brought together experts from
restoration, materials science, and architectural history to discuss the
history, materiality, and conservation challenges of mineral-based wall
paintings and facade finishes. The proceedings, published under the title
"Mineralfarben: Beitrage zur Geschichte und Restaurierung von Fassa-
denmalereien und Anstrichen", remain the only comprehensive publica-
tion to date focusing on the practical and theoretical aspects of Keim’s
silicate paint systems. This milestone conference marked the first and, so
far, only systematic attempt to consolidate historical, technical, and
conservation knowledge about these materials that is essential for
informed restoration approaches [1]. The doctoral thesis of Osswald,
which summary is also present in the publication of the conference,
offers valuable insights into curing mechanisms in silicate paints,
particularly regarding cation-induced gel formation. However, it was
not able to fully disclose the complexity of historical Keimfarben for-
mulations and understanding the factors of their stability [6]. A
comprehensive study has been published by Alp et al., re-opens the
discussion of the identification and discrimination of Keim paint from
other brands products focusing on the early production between 1920
and 1930 [7].

The present study represents a further step toward understanding the
chronological evolution of Keimfarben production by investigating a
selection of historical Keim products donated to the Chair of
Conservation-Restoration at the Technical University of Munich (TUM).
The analyzed materials was owned by the painting company (Mal-
ergeschadft) Edmund Kolbel, founded in 1927 in Lindau, Germany, which
operated across two generations. After the Company was taken over by
the son of the founder (1962), it specialized in the use of mineral-based
paints, particularly Keim products. Among the most notable projects was
the restoration of the facade of the Lindau Rathaus (Town Hall) [8]
carried out by the conservator Josef Lorch (1929-1999) in collaboration
with the founder’s son and the local monument care office between
1972 and 1974 [9].

The preserved material stock—including dry pigments and prepared
mixtures—offers a valuable insight into materials used in the historical
areas of Lindau from the 1960s through the early 2000s. Though not
systematically documented, the collection reflects authentic, practice-
based knowledge of silicate paint application in heritage contexts [10].

The aim of this study is twofold: (1) to carry out an exhaustive ma-
terial characterization and phase quantification of a selection of his-
torical Keim products using a multi-analytical approach; and (2) to
evaluate the potential for identifying such materials in situ within
architectural stratigraphies, particularly for dating interventions or
distinguishing between historical applications from later restoration
intervention/repainting campaigns. Since the donation comprised 188
different Keimfarben products, a selection was necessary. The chosen set
does not encompass the entire historical Keimfarben pigment palette but
constitutes a representative specific chromatic subset ranging from
yellow to brown hues, allowing for an in-depth material characteriza-
tion while maintaining a manageable analytical scope.

An underlying question addressed in this study concerns the role of
individual components and their proportion, such as pigments and
fillers, within the broader paint system. Particular emphasis is placed on
reviewing literature about which interactions among these constituents
are critical for the curing mechanisms and how they influence the long-
term stability and performance of the material.
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The multi-analytical approach employed in this study combines non-
invasive and micro-invasive techniques, including portable X-ray fluo-
rescence (XRF) and Raman spectroscopies, with laboratory-based ana-
lyses such as ATR-FTIR spectroscopy, micro-Raman spectroscopy, and X-
ray diffraction (XRD) with Rietveld refinement for quantitative phase
analysis. This combined approach permitted to balance the need for non-
destructive, in situ-compatible analysis using portable instrumentation
with the enhanced capabilities of advanced laboratory techniques. By
comparing qualitative and quantitative results from both settings, the
study also permitted to assess the potential and limitations of portable
methods—particularly regarding their detection limits and reliability for
in situ applications. These findings are especially relevant for heritage
conservation contexts, where minimally invasive strategies are essential,
and decision-making often relies on rapid yet accurate material identi-
fication directly on-site.

1.1. Keim Farben paint system

A Keim mineral paint system is defined as a mineral-based coating in
which a potassium silicate (water glass) binder chemically reacts with
mineral substrates. Historically, two main paint systems have been
recognized for Keimfarben: the traditional two-component system,
consisting of a liquid potassium silicate ("Fixative') and a mineral
pigment admixture ("Farbpulver"), and the one-component system, in
which all ingredients are combined in a single product. According to
German standard DIN 18363, Section 2.4.1, no organic constituents are
present in two-component formulations. The first one-component sys-
tem, known as Dispersionssilikatfarben, was introduced in the 1960s. It is
composed of potassium silicate, pigment admixtures, and a small pro-
portion of organic components. Since the 2000s, modified variants
containing silica sol, known as Kieselsolfarben (potassium silicate/silica
sol/pigment admixtures/organic substances), have also become avail-
able. In general, the organic content in one-component systems is less
than 5 % [11]. The presence of organic constituents in the
one-component system is also the key distinction between the two
systems.

The chemical processes involved in the hardening of silicate paints
on the substrate involve the reaction of potassium water glass with
mineral pigment admixture and with reactive components of the sub-
strate. The performance of silicate coatings depends strongly on the
substrate. Fresh concrete, lime, and cement plasters can cause prema-
ture coagulation of potassium silicate and must be fully carbonated and
dry. Porous materials like sand-lime bricks offer good adhesion, while
substrates such as gypsum, wood, glass, and metals require special
pretreatment or are unsuitable due to poor chemical compatibility or
mechanical stability. Proper surface preparation is essential for long-
term coating performance.

Based on the literature [6,8-10], the setting of a two-component
silicate paint occurs thanks to multiple reactions.

(1) reaction of potassium silicate with atmospheric CO5, forming
silica gel (SiO2-nH>0) as the main binding matrix and K,CO3 as a
by-product that can be washed away by rain or neutralized in
further reactions;

K50-35i05-xH0 + CO5 — 3SiO5-nH0 (silica gel) + K5CO3
(2) reaction with Ca(OH), from mineral substrates (e.g., in lime
plasters or cementitious surfaces), forming C-S-H, a stable,

water-insoluble compound that contributes to the hardness and
durability of the paint;

Ca(OH)2+K50-3Si05-xH,0 + mCO,—CaSiOon—1-(x+1)H,0 (Calcium
silicate hydrate - C-S-H) + mK>COs3

and.
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(3) condensation and hardening of the silica gel as water evaporates.
As the water from the applied paint evaporates, the silica gel
undergoes condensation, leading to further solidification and
strengthening of the paint layer. The result is a cohesive and
durable mineral coating characterized by high weather resistance
(non-film-forming, no peeling), excellent water vapor perme-
ability (enabling substrate breathability), and long-term UV and
color stability ensured by inorganic pigments [11].

Physical processes such as adhesion, adsorption, and mechanical
interlocking also contribute to the bond between the substrate and the
silicate paint layer [8].

The A-B-C technique refers to three distinct application methods for
the use of the two-component mineral paint system [12]. These methods
differ in the sequence and manner in which the dry pigment admixture
and the liquid fixative are applied:

A-Technik - Keim-kiinstlerfarben (A Technique, Keim artistic colours):
The pigment is applied to the substrate first, followed by the fixative,
which is brushed or sprayed onto the surface to bond and fix the pigment
into the surface.

B-Technik — Keim-Dekorfarben (B Technique, Keim decoration colours):
Pigment and fixative are mixed together before application, producing a
paint that is applied as a single solution.

C-Technik — Keim Purkristalat/Anstrich Farben (C Technique, Keim
Fagade colours): The application followed the B technique, using coarser
pigments and fillers ("groberer"), making the paint suitable also for
facade applications.

Each technique offers different aesthetic effects and technical ad-
vantages depending on the substrate condition, desired color intensity,
and working method [12].

ﬁ“,_-,,

w 969 o
INDUSTRIEWERKE LOHWALD.

59 Augsburg 31 - Post 268 - Tel. 483011

Dyes and Pigments 245 (2026) 113285

2. Materials and methods
2.1. Keimfarben pigment admixtures

The historical collection comprises 188 pigment admixture packages
associated with four distinct product categories, identified based on
their original packaging labels (Fig. 1). By observing the original pack-
aging, one can infer that all Keim Farben products were produced in the
company location Industriewerke Lohwald, which was active from 1919
until 1978 [13], giving a first temporal frame of their datation.

From the collection, twelve samples were selected to represent the
overall chromatic variability observed across the four categories, with
particular emphasis on yellow to brownish tones. These hues are among
the most frequently employed for facades in Lindau and respect the
limitations of colours permitted by the city [14] and are therefore
especially relevant for heritage conservation in this context.

Strong red and blue tones were deliberately excluded from the se-
lection based on oral testimony from the former owner of the collection,
who reported that, according to local practice at the time, the use of such
saturated colours on private houses was discouraged, and owners who
applied them risked receiving penalties from the municipal authorities
[10].

The acronyms used in this paper are presented in Table 1. Specif-
ically, Anstrich Farben (AF) and Keim Mineral Farben (KMF) categories
comprises 6 and 39 samples, respectively. For each of those categories
two samples were selected. Keimfarben (KF) includes 39 specimens and
three samples were selected instead. The original packings provide key
information about the product such as the color number (or “Farben
no.”) which refers to the coloring coding used by the Keimfarben to
identify their products.

<

o o 969 o, 120X
\#=)) KEIM-MINERALFARBE

Colour & Grey Control Chart

Fig. 1. Images of specimens representative of the four product categories. (a) Anstrich Farben (AF), (b) Keim Mineral Farbe (KMF), (c) Keimfarben (KF), (d) Keim

Farbpulver (FP).
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Table 1

List of the samples selected for this study. It includes the names and numbers
printed on the packages as well the acronyms used in this paper. An image of the
selected samples with a color bar is presented in Figure A.1.

Category Acronym  Product Sample Visible image
Number Name
Anstrich Farben AF 42 AF42 3
Ly
& Lt i
v ' ,"_
138 AF138
Keim Mineral Farben =~ KMF 138 KMF138
969 KMF969 .
Keim Farben KF 406 KF406 .
444 : .
446 KF446 ™
& A
o
956 KF956
969 KF969
Keim Mineral Farbe FP 366 FP366
— Farbpulver
452 FP452
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Table 1 (continued)

Category Acronym  Product Sample Visible image
Number Name
FP53H50 FP53H50

2.2. Analytical methods

2.2.1. Optical microscope (OM)

Samples were observed under optical microscopy using a Leica
LMDM at a magnification of 10x. Dark field (DF) and UV (Aexe =
300-400 nm) microscopic images were captured with a Leica K3C
camera operated with the software Leica Application Suite X 5.5 (Leica).
Live Image Builder Z option was used to capture and stack images from
multiple focal planes. A small amount of pigment powder was placed
onto a glass slide for microscopic observation.

2.2.2. X-ray fluorescence (XRF)

XRF measurements were performed by means of an ELIO portable
energy-dispersive X-ray fluorescence spectrometer (Bruker Nano GmbH,
Berlin, Germany) with a Rh-target microfocus 10-50 kV X-ray tube
excitation and a 17 mm? Semiconductor Drift Detector (SDD) with CUBE
technology detection. The spot measurements were performed at a 50
kV tube voltage, 80 pA tube current for 180-s live times, and a spatial
resolution of approximately 1 mm. No He and no filters were used for the
measurements. The detection limit is Z < 13 (Al) due to the working
conditions in air. Calibration with an AgCu standard ensured data
alignment. The data were collected and processed with ELIO 1.6.0.66
from Bruker. A small amount of pigment powder was deposited on a
plastic plate. Measurements were repeated three times at different lo-
cations. Semi-quantitative data evaluation was performed with ArtTAX-
Ctrl software (Intax). The signal intensities of a selected energy line for
each element were normalized with respect to the Rh Rayleigh peak (Ky1
emission line at 20.216 keV).

The line selected and integrated are Ca (K,; 3.691); Fe_K (Ko 6.403);
Zn K (K, 8.638) and Cr K (Ko 5.414). The K, line of the Ti at 4.510
overlaps with the Ly; of the Ba so the contribution of both elements is to
be considered.

2.2.3. Attenuated total reflectance fourier transform infrared (ATR-FTIR)

A portable Alpha II spectrometer (Bruker Nano GmbH, Berlin, Ger-
many) equipped with a CenterGlow™ source, a RockSolid™ interfer-
ometer (with gold mirrors), and a temperature-controlled DTGS detector
was used to acquire the infrared spectra. Measurements were performed
using a dedicated ATR module (diamond crystal, single bounce). The
infrared spectra were collected in the spectral range of 4000-400 cm
with 64 co-added scans for background and sample, and a spectral res-
olution of 4 cm™!. The diamond-sampling window was cleaned with
isopropanol (Sigma-Aldrich, St. Louis, MO, USA) before and after each
measurement. A small amount of pigment powder was placed directly
onto the diamond crystal plate, which was then pressed using a high-
pressure clamp for optimal contact. Measurements were also repeated
twice for all samples.

2.2.4. Raman spectroscopy

Raman spectra were acquired with a portable B&«WTek i-Raman®
Plus spectrometer (Metrohm Group, Herisau, Switzerland) equipped
with a high-sensitivity TE-cooled CCD detector. The spectrometer is
coupled with a 785 nm excitation laser with a maximum power of 455
mW at the laser port, adjustable by the operator. The measurements
were performed using a spectral range from 65 to 3350 cm ™! with a
resolution of less than 4.5 cm™* at 912 nm. The laser power was kept as
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low as possible in the range of 1-20 % of the maximum output for each
measurement area to avoid any laser-induced modification. The cali-
bration of the instrument was checked using a polystyrene standard
provided by the manufacturer. Both excitation and collection signals
were guided by optical fibers, and a microscope objective (20x lens
magnification) was used to carry out the measurements. The integrated
camera of the Raman microscope allowed for the precise selection of the
analysis spot, which is approximately 1 mm in diameter. Three to six
different measurement points were made for each sample.

2.2.5. X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) data were collected on a X-ray
powder diffractometer (XRD3003TT, GE) at 40 keV and 40 mA in the
Debye-Scherrer geometry using a monochromatized X-ray, MoK, (A =
0.7093 A: Ge(111) monochromator). All XRD data were collected at
room temperature in a range of 5°~75°(20) with a step size of 0.013° for
200 s per step. The XRD data acquisition was repeated 10 times for each
sample and added up for a high counting statistic. For conducting XRD,
each sample was homogeneously pestled using a set of agate mortar and
pestle. The powdered sample filled within a glass capillary of 0.5 mm in
diameter was mounted on a goniometer. The sample capillary was
centered against the X-ray beam and rotating during the data acquisition
for a better statistic. Phase identification was done using the software
Match [15] interface with the abank COD [16,17].

2.2.6. Rietveld analysis

The contribution of each phase to the XRD pattern directly reflects its
amount in the sample because its intensity is directly proportional to the
square of the so-called structure factor Fpy characterized by atomic X-
ray scattering powders and atomic positions, i.e., the relative intensity
distribution of each phase in one XRD pattern is the fingerprint of its
structure. The Rietveld refinement method [18] was employed to
analyze weight ratios of all compounds present in each sample using
XRD data. These quantitative phase analyses were performed by the
Rietveld method with a program package, TOPAS Academic V7 [19].
After phase identification retrieved from the ICSD database [20], the
starting model of each phase was taken from various sources of crys-
tallographic information files (.cif) reported (Supplementary:
Table A.1-A.11). When the correct starting model is available, this
method allows for the quantification of each phase amount in the
sample. All atomic structures of the phases present in our samples are
well-known, and hence their atomic coordinates were fixed in the
Rietveld refinements while refining their profile parameters inclusive
the lattice metrics, the zero point in 26(°), the sample displacement, the
background correction suing a 10-order polynomial (Chebychev), the
peak shape using the Pseudo-Voigt function, and the peak asymmetry
correction using a specific axial divergence correction function in the
generic convolution of the program package:

- (2)(1-42)

90\ /SL
fore=0toen= — (7> (R—S> cot(26k)

, where ¢ = 20—2 0. 20 is the measured angle and 2 ¢y is the Bragg angle.
Rg correspond to the secondary radius of the diffractometer. &, isin °26.
SL refer to receiving slit length in the axial plane.

The final calculated XRD pattern are compared to that observed,
where their discrepancy values are given by the agreement parameters,
e.g. the weighted profile residual Ry, and goodness-of-fit (GOF), math-
ematically defined [18] as follows:
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M-P
R.,, =
“r Zw; Yg.i

, where Y, ; and Y, ; are the observed and calculated intensities at the i-th
data points, respectively. M is the number of total measured points, and
P is the number of parameters to be refined. The weighting w; % 1 = o; 2
with the spread o;.

3. Results

The samples were analyzed by means of complementary analytical
methods. The multi-analytical approach comprises OM to identify
possible different aggregates and their color, XRF to characterize the
elemental composition, ATR-FTIR and Raman spectroscopy to deter-
mine the chemical composition of the admixtures, and lastly XRD
coupled with Rietveld analysis to identify and quantify the mineralog-
ical phases.

3.1. Optical observations

Fig. 2 shows the samples observed under dark-field microscopy.
Particle sizes range from less than 1 pm to larger than 70 pm. The images
reveal that the samples are composed mainly of strongly colored fine
grains (<1 pm) in shades of red, brown, orange, yellow, green; white
grains of both fine and coarse sizes (10-40 pm); and translucent crystals
spanning fine, coarse and very coarse (>40 pm). Particle shapes are
highly irregular, and the wide variability in size renders all samples
markedly heterogeneous. Interestingly, under UV excitation (300-400
nm), all samples exhibit a yellowish-green luminescence (Fig. A2),
which can tentatively be attributed to a common phase present in all
pigment admixtures.

3.2. Chemical and mineralogical characterization

In situ non-destructive spectroscopic methods were combined with
XRD and Rietveld refinement in order to characterize the chemical and
mineralogical composition of the samples. Since the integration of the
information obtained from the various analytical methods follows a
sequential approach—i) XRF, ii) ATR-FTIR, iii) Raman, iv) XRD—the
results are discussed individually for each method in the same order.

3.2.1. XRF

Fig. 3 depicts a semi-quantitative evaluation of the elements detec-
ted. In order of signal intensity, elements such as iron (Fe), calcium (Ca),
zinc (Zn) and barium (Ba) were identified in all twelve samples. While
chromium (Cr) was detected only in sample FP53H50. Due to the
overlap of the titanium (Ti) K, and Ky emission lines with the L, and L;
lines of barium (Ba), the presence of Ti can not be confirmed. The Ky
and K, energy lines at 32.193 and 31.817, respectively, allow for the
confirmation of the presence of barium. Differences in the relative in-
tensities hints variations of concentration of the components of the
samples. However, the higher counts variability is observed for the iron
signal.

3.2.2. ATR-FTIR

Results of the ATR-FTIR analysis are displayed in Fig. 4. All spectra
are mainly showing the signals of calcite (CaCOs), kaolinite
(Al»Si2O5(0OH)4), and hematite (a-FeoO3). Calcite emerges as the domi-
nant phase in all samples. Its presence is confirmed by three charac-
teristic carbonate-related vibrational modes: the v3 (asymmetric stretch)
band at 1413 cm’l, the v, (out-of-plane bending) band at 874 cm’l, and
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Fig. 2. Dark field microscopic images selected samples: (a) AF138 (b) AF42 (c) FP452 (d) FP366 (e) KMF138 (f) KMF969 (g) KF969 (h) FP53H50 (i) KF406 (j) KF444

(k) KF446 (1)KF956.

Samples

60

N w H [$)]
o o o o

Intensity (counts ratio Ka/Rh Ka)
o

v D o
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mCa_K wFe_K mZn_K
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\&f‘ & & &K

Ti_K/BaK mCr_K

Fig. 3. Histogram of the total counts calculated for selected characteristic lines of each element, normalized to the Rh Rayleigh peak (K, emission line at 20.216

keV). All the intensities reported are a mean value of three measurements.

the v4 (in-plane bending) band at 711 cm ! [21].

The signals of kaolinite are distinguished by O-H stretching bands at
3689 and 3616 cm ™, an asymmetric Si-O-Si stretching band at 1001
em™}, and Si-O stretching bands at 913 ecm™! [22]. Absorption peaks at
694 and 795 cm ™~ are attributed to Si—O-Al vibrations [22]. Peak at 465
cm ™! suggest the presence of Fe-O vibrations [23] and the band at 531
em ! is characteristic for a-Fe;Os phase (hematite) [24].

Goethite (a-FeOOH) is typically characterized by a distinct and

strong Fe-O vibrational band at ca. 875 cm ! [25]. The different relative
intensities observed in samples AF42, AF138, KF406, KF969, KMF138,
FP366 and FP452 between the bands at 711 and 874 cm ™ of calcite can
suggest the occurrence of goethite. Barite (BaSOj4) is identified in all
specimens besides AF42. Barium sulfate is characterized by
sulfur-oxygen (S-O) stretching vibrations in the region of 1179-1083
em ™}, with symmetrical SO7* vibrations at 1082 cm ™! and out-of-plane
bending vibrations at 608 and 637 cm ! [26]. Infrared spectra of the AF
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AF138

AF42

KMF138

KMF969

KF969
KF444

KF406

Absorbance

KF956

KF446
FP452

FP366

FP53H50

4000 3000 1500 1250 1000 750 500

Wavenumber (cm™)

Fig. 4. ATR-FTIR spectra of the twelve samples under investigation. Diagnostic
bands of calcite (+), kaolinite (Hl), barite (@), hematite (%), witherite ({)) and
goethite (v) are evidenced.

samples are characterized by the signals of witherite (BaCOg) instead (v3
(asymmetric stretch) at 1445 crn’l, vy (out-of-plane bending) at 860
cm~! and v4 (in-plane bending) band at 693 em™ 1) [27]. No organic
substances were identified in the pigment admixtures by infrared or, if
present, they fall under the detection limit.

3.2.3. Raman spectroscopy

Raman analysis confirmed the results obtained by ATR-FTIR, iden-
tifying calcite (1088 (v;) em™* [28-301), barite (988 (1;) em ™! [4,29,
311) and hematite (220 (Ayg), 286 (E) and 1320 (two-magnon scat-
tering) cm! [28,32]) in all samples (Fig. 5a,b,c,d,e). In addition, it
permitted the identification of goethite (main peak at 387 (Bsg) em™!
[32,33]) and witherite (134, 151 and 1052 (v1) cm ) [29,34]. New
compounds were also identified, such as titanium dioxide in the rutile
form (447 (Eg) and 609 (A1) em! [35]), detected in all samples besides
KMF138. Eskolaite (552 (A1g) cm ! [36,37]) was identified in sample
FP53H50 (Fig. 5d), which explains the presence of Cr detected by XRF.

When the Raman laser was directed onto the different colored ag-
gregates in sample KMF969, dissimilar Raman spectra were collected
and selective detection of witherite and fluorite (CaF;) was obtained
(Fig. 5e and f). Fluorite shows a strong fluorescence band in the 1000-
2500 cm ™! region (1113, 1150, 1224, 1316, 1447, and 1876 cm™* [38])
in all samples excluding FP53H50 (Fig. 5d). Only when fluorite was
selectively detected in sample KMF969, the signal at 319 (Tag) em™?,
which is characteristic for all fluorite-based structures, was observed
[38]. Identification using Raman spectroscopy showed variable align-
ment with reference spectra, matching RRUFF R050045 and RRUFF
R050046 [39] (Fig. 5e). The two reference spectra exhibit significantly
different fluorescence bands in the 1000-2500 cm ™" region. Such dif-
ferences may result from variations in rare earth elements (REE)-related
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fluorescence, suggesting that those bands are sensitive to the
trace-elemental composition of fluorite and may, in turn, provide in-
sights into its provenance.

3.2.4. XRD and semi-quantitative identification by rietveld refinement
XRD analysis supported the identification of eleven different phases
among the investigated samples, which can be divided into coloring
agents (pigments) and fillers/additives depending on their color and
refractive index [41]. No organic materials were observed. The detected
phases are:
Pigments: goethite (a-FeOOH, yellow), hematite (a-FepOs, red),
eskolaite (Cro0s3, green), rutile (TiO,, white), and zincite (ZnO, white);
Fillers or additives: calcite (CaCOs3), fluorite (CaF5), witherite
(BaCOs3), barite (BaSO4) quartz (SiO3), and kaolinite (Al;SioOs(OH)4).
Despite of the coexistence of a high number of phases (up to eleven in
a single sample), all Rietveld refinements in this study reached
convergence, showing relatively good agreement between the observed
and the calculated XRD patterns (Supplementary: Table A.12 and
Figure A.3). Only one weak peak at 20 = 14.12° remained unassigned.
Fig. 6 shows two representative XRD patterns, one without and one with
this additional signal. Specifically, in the Anstrich Farben samples all
phases were identified (Fig. 6a), whereas the remaining XRD patterns
exhibit the additional peak, corresponding to ~2 wt% of the total
composition (Fig. 6b). One could infer that this peak may belong to a
Na-Al silicate (albite-type solid solution compound). Fig. 7 presents the
phase compositions for each sample, showing the relative quantities (%
wt) of each constituent determined through Rietveld refinement.
Based on the quantitative analysis (Fig. 7), fillers were found to
predominate in the admixtures, while pigments generally account for
less than half of the total composition. The only exception is sample
FP53H50, which contains a high pigment content of nearly 50 wt.%. All
samples investigated in this study contain relatively high percentage of
calcite 28(3) wt.% as the main filler component, followed by fluorite 22
(4) wt.%. On the other hand, kaolinite differs from sample to sample.
The higher amount of kaolinite 20(2) wt.% was determined in the
category Keim Mineral Farben whereas the other categories exhibit 13(5)
wt%. The amount of quartz does not show obvious differences among
categories. Three categories KF, KMF, and FP show 9(2) wt.% barite
with a minor quantity of witherite less than 5(1) wt.%. In comparison,
the category AF shows higher content of witherite 12(1) wt.% as an
alternative filler.

4. Samples comparison and analytical methods evaluation

The twelve samples share the same composition in terms of pigments
(goethite, hematite, rutile, and zincite) and fillers (calcite, fluorite,
kaolinite, quartz, barite, rutile, and witherite), with two exceptions: i)
eskolaite, present exclusively in KF956, KF969 and FP53H50, and ii)
barite which lacks in AF42 (Fig. 7). Hue variations are mainly achieved
by varying the amounts of hematite, goethite, and eskolaite (Fig. 7). A
good linear correlation between Fe counts (XRF) and the total concen-
tration of Fe-based phases (hematite + goethite) determined by Rietveld
refinement of XRD data (R* = 0.8735) is observed (F ig. 8). This trend
aligns with the color shift from light yellow (AF42, FP452, FP366) to
orange (KF406, KMF138, KF446, AF138) and dark brown (KMF969,
KF969, FP53H50).

As summarized in Table 2, XRD successfully identified all phases,
with quartz being the only phase detected exclusively by this method.
XRF reliably detected Zn even at 1 %, suggesting that on-site detection
would not be problematic. Eskolaite was identified by XRD in four
samples, but Cr was detected by XRF only in FP53H50 (19 % eskolaite),
indicating that Cr levels in KF956, KF969, and KMF969 (1.3-3.9 %
eskolaite) were below the XRF detection limit.

In situ Raman spectroscopy proved to be well suited for identifying
fluorite and titanium dioxide (rutile). In contrast, Ti detection by XRF is
hindered due to the overlap of Ti K lines with the Ba K lines from the
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barite and witherite present in high amounts.

Natural fluorite is relevant for distinguishing Keimfarben products
[7]. The present study demonstrated that its characteristic fluorescence
bands can be excited exclusively with a 785 nm laser in Raman spec-
troscopy, but not with other excitation wavelengths such as 532 nm
[38]. Given the relatively high concentrations of fluorite in the samples
and the efficient detection of the fluorescence bands, portable Raman
instruments with a 785 nm laser can provide an efficient means of
detecting this component in situ [34]. Variations in rare-earth element
(REE)-related fluorescence bands may further offer the possibility of

provenance studies, which can help determine the geological sources
used [38,40]. However, Raman results can also be influenced by
admixture heterogeneity, as reflected in the inconsistent detection of
secondary phases such as witherite and goethite across the samples
(Table 2).

ATR-FTIR was the only method besides XRD able to identify
kaolinite. The application on site of FTIR will imply the use of a
reflectance module. Studies showed that, also in reflectance, the
kaolinite characteristics bands at 3689 and 3616 cm™! are very easy to
detect and no distortion or overlapping with other bands should be
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expected [42].
5. Discussion

Understanding the composition and proportions of the studied
pigment admixtures is essential for.

i) Possible correlation of the composition of specific products with
their use for a particular painting technique (A, B, C);
ii) Understanding the paint system, meaning the role of the in-
gredients in the formation of the paint coating;
iii) Tracking formulation changes over time of Keim Farben, as well
as the dating of paint layers.

Since only inorganic compounds were identified and the products
consist of pigment-filler admixtures, the twelve samples under investi-
gation can be inferred to have been intended for use in two-component
silicate paint systems. According to the definition in DIN 18,363, this
limits their application to Reinsilikatfarben (“pure silicate paint sys-
tems”) [43].

Optical observations indicate that sample FP53H50, characterized
by relatively fine grains under microscopy and a high pigment-to-binder
ratio, would be suitable for application using either the A- or B-tech-
nique. However, to achieve a more robust differentiation among product
categories and establish clearer associations with the A, B, or C appli-
cation techniques, a larger dataset is required.

The role of individual components (i.e. pigments and fillers) and
their proportion within the broader paint system can be contextualized
based on historical literature and current research. It is important to
emphasize that historical sources generally do not clearly differentiate
between pigments and fillers, particularly when describing white com-
pounds. The focus is mostly concentrated on the understanding of their
reactivity with the water glass binder.

Understanding the interactions between pigments, fillers, and the
silicate binder is central to assessing the curing behavior and long-term
stability of silicate-based paints.

Among the factors that are known to improve the setting and sta-
bility of the coating (e.g., lowering the pH, loss of water), there are also
the so-called “koagulierder substanzen”. In the context of silicate paint
coatings, a coagulating component typically refers to a material—often a
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finely dispersed pigment, filler, or other additive—that interacts with
the silicate binder (commonly potassium water glass) in such a way that
it promotes the formation of a stable, solid network [1]. As Osswald
describes [6], the gel formation in silicate paints is primarily initiated by
multivalent cations, which bind to oxygen groups on the silicate parti-
cles. This interaction creates positively charged sites that enable elec-
trostatic attraction between particles, promoting condensation via their
hydroxyl groups and ultimately contributing to the formation of a
coherent silicate network. Therefore, the presence and nature of pig-
ments and fillers can significantly influence the kinetics and structure of
the gelation process [6].

In general, all pigments used in silicate paint should present high
stability in alkaline conditions. However, as Max Doerner wrote, the
palette of pigments used for this technique is even more limited than the
one used in fresco paintings [5]. Since the alkali condition in water glass
is comparable to that in quick lime, Doerner probably refers to the
reactivity with the binder and their role in the creation of the coating,
and/or to their purity. Metal oxide, -oxidehydrate, and silicate are in fact
reacting at the particle interfaces with the binder forming silicate
bonding (e.g., ZnySiO4; FesSiO4). Schonburg was able by means of

10

Scanning Electron Microscopy (SEM) to investigate the formation of zinc
silicate crystals around the particle demonstrating its important role in
the formation of a stable paint system [8]. Already in 1881 (Patent D.R.
P. 19210), Keim specifically mentioned that zincite as well as calcite,
quartz, aluminum oxide hydrate (kaolinite), and magnesia (MgO)
facilitate bonding with the binder.

Alp et al. [7] observed that zinc white is the component that
distinguished Keim products from other companies producing silicate
paints between 1930 and 1940s. In 1893, Keim patented a new formu-
lation in which barite, along with aluminosilicate, was included in the
admixture to enhance the binding power (Patent D.R.P. 82047). Keim’s
approach to evaluating the new improvement was empirical; therefore,
the role of barite remains unclear and should be further investigated.

Doerner in the 1930s listed among the components of Keimfarben
calcite, zincite, quartz, and magnesia [5]. Wehlte listed, along with the
mentioned components, also barite, aluminum silicate (kaolinite) and
witherite [44]. Interestingly, no Mg-based phases were identified in the
samples analyzed. Again, the detection of such phases could be attrib-
uted to earlier products. However, Alp et al. also did not detect these
compounds in products between 1930 and the 1940s [7].
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Table 2

Summary of the phases identified in each sample and the analytical methods that detected them (a-XRF; b-XRD; c-ATR-FTIR; d-Raman).
Samples Fluorite Calcite Kaolinite Quartz Witherite Barite Rutile Zincite Goethite Hematite Eskolaite

(CaFs) (CaCO3) (Al5Si,05(0H)4) (Si03) (BaCO3) (BaSO4) (TiO2) (ZnO) (FeO(OH)) (Fe203) (Cry03)
AF 42 abd abced bce b abced Not a(®bd ab abe abced -
detected

AF_ 138 abd abed be b abced abd a?)bd ab abced abced -
KF_406 abd abced be b ab abced a?)bd ab abced abced -
KF_444 abd abced bce b ab abced a(®bd ab abd abced -
KF_446 abd abed be b abd abed a?)bd ab abd abced -
KF_956 abd abced be b ab abced a(bd ab abd abced b
KF_969 abd abcd bce b ab abced a(®bd ab abced abced b
KMF_138 abd abed be b abd abed a(?) b ab abced abced -
KMF_969 abd abed be b abd abed a?)bd ab ab abced b
FP_366 abd abced be b abd abced a?)bd ab abcd abcd
FP_452 abd abced bce b abd abced a(®bd ab abced abced -
FP_53H50 ab abed be b ab abed a?)bd ab abd abced abd

(?) Indicates the detection of the Ti K,y lines (4.51 and 4.93 keV), with uncertain attribution due to overlap with the first two barite lines.

Understanding the evolution of Keim products’ formulation from the
first patent to the present is beyond the scope of this study. However,
contextualizing the findings with the literature, the components iden-
tified in the admixture are mostly described as traditional pigments and
fillers used in mineral paint systems. With the exception of rutile,
witherite and fluorite, all the compounds were already mentioned by A.
Keim in his first patent [45].

Hematite, goethite and eskolaite are the colored pigments iden-
tified in the samples. In 1881, Keim mentions that iron oxides are very
stable and he remarks their usability in all painting techniques [4].
Ochre pigments in general are extremely stable, non-fading with a
strong tinting strength. They are used in the construction, coating and
paint industries and are among the few pigments approved by the
American Society for Testing and Materials (ASTM) [46].

11

Keim use the terms “erdfarben und eisenoxide” (earth colours and iron
oxide) referring to the natural ochres. Specifically, he properly described
the red colored compounds as “ironoxid” (iron oxide), which means
hematite, and the yellow-colored compounds as “ironoxidhydrat” (iron
oxide hydrate), indicating goethite. He refers to darker hues as associ-
ated with brown ochre/burnt sienna [4]. The use of natural ochre seems
to be common for mineral paint [5,8,44]. However, typical phases that
can indicate the presence of natural ochre along with hematite and
goethite, such as related minerals as dolomite CaMg(CO3),, illite (K,
H30)(AD2(Si,Al)4019[(OH)2,H20, as well as limonite in yellow shades
and/or MnO; for the brown/burned variation were not identified in the
studied samples [21,47]. The CEO of the company, Thomas Klug, uses
the term “synthetic” in general to describe the pigments used for the
admixture, confirming our findings [43]. Unfortunately, no systematic
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studies have been published on the analysis of dark brown shades of
Keim products produced up to the 1960s. In theory, the presence of
natural ochre pigments may indicate early products; thus, their detec-
tion within a paint stratigraphy could point to chronologically older
paint layers. Instead of brown pigments, the green eskolaite (chromium
oxide) was used to obtain darker/brownish tones in samples KF956,
KF969 and FP53H50.

Indeed, pigments as red, brown and yellow ochre, whose main
components are iron oxides, as well as both chromium hydroxide green
and chromium oxide, were already part of the so call “Normalfarben-
Skala” (Normal color scaler) [48], a list of high quality pigments sug-
gested by Keim and the “Deutsche Gesellschaft zur Beforderung
rationeller Malverfahren” (DGzBrM; Engl. Society for the Promotion of
Rational Painting Techniques). This commission, founded by A. W. Keim
in Munich in 1886, was meant to promote quality in paint products at
the beginning of the industrial revolution [49]. By the 1930s, synthetic
iron oxides had largely replaced natural ochres and iron oxide pigments
in many applications, though natural pigments remained in use in spe-
cific traditional or artistic contexts [41].

Rutile is recognized as the most stable crystalline phase of titanium
dioxide (TiO3), a very common white pigment used in a variety of ap-
plications. The production of titanium white in its pure rutile form, as
identified in the samples analyzed in this study, only became industrially
viable following the introduction of the chloride process in 1958
[50-52]. This technological advancement marked a significant shift in
pigment manufacturing. Notably, titanium white was not detected—not
even in the anatase form—in specimens dated between 1920 and 1930,
as reported by Alp et al. The consistent presence of rutile in the samples
studied, therefore, provides a terminus post quem, situating their pro-
duction no earlier than the late 1950s.

Witherite (barium carbonate, BaCO3) was first classified as Pigment
White 10 (C.I. 77099) in the second edition of the Colour Index, pub-
lished in 1956 [53]. Its use in Keim formulations is first explicitly
mentioned by Wehlte in 1967 [54], where it is described as a minor
extender component in combination with other pigments. The synthetic
form of barium carbonate had previously been defined in British Stan-
dard BS 1795:1952 [49]. In addition to its application in paint, it was
also used in rat poison, highlighting its acute toxicity—a property
confirmed by toxicological studies such as the one by Diechmann and
Gerarde published already in 1969 [55,56].

According to an interview with the former head chemist of Keim-
farben, the use of barium carbonate in their formulations was either
discontinued or drastically reduced starting in 1981, in response to
increasingly stringent regulatory restrictions due to its toxicity (Inter-
view Chemist Keim). While it cannot be fully excluded that witherite
occurs as a natural impurity—potentially as a secondary mineral asso-
ciated with natural sources of calcite, barite, or fluorite—the relatively
high and consistent concentrations observed in the studied samples
(ranging from 5 % to 13 %) argue against this hypothesis. Instead, the
most feasible use of synthetic barium carbonate as a functional additive
during the production phase, can be postulated [50]. This contextual
information suggests that the presence of witherite in the analyzed
samples can be considered consistent with a production date between
1952 and the early 1980s. Interestingly, the Industriewerke Lohwald
plant ceased its operations precisely in 1978.

Fluorite was already included in the second patent (D.R.P. 21874) as
a component of the pigment and filler admixtures. The third patent D.R.
P. 38415 (1883) outlines a simplified method of paint production,
wherein pigments are combined with a substrate composed of fluorite
(CaFy), freshly precipitated soluble silica (SiO2-xH30), calcium carbon-
ate (CaCOs3), magnesium carbonate (MgCOs3), alumina (AlyO3), and
calcium silicate (Cax-ySiOy-zH20). This mixture was then blended with
a fixative to produce a ready-to-use paint [6]. Alp et al. showed that
fluorite (CaFy) is not exclusive to Keim colours, as it also appears in other
brands from the 1920s-1930s. However, it remained a consistent
component in Keim formulations as natural phase [7].
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In the present study, fluorite was likewise identified in the analyzed
Keim samples as a natural compound. Interestingly, two distinct Raman
spectra were obtained, both matching reference data from the RRUFF
database corresponding to fluorite of Chinese origin (Hunan Province).
According to literature (available only in Chinese), large-scale fluorite
ore exploitation in Europe began in 1946; however, resource shortages
later led to the import of Chinese material. Specifically, mining activities
in Hunan Province commenced only in 1960, driven by increasing global
industrial demand [57]. Comparative analyses of German fluorite (re-
sults not shown) revealed very similar spectra, preventing firm prove-
nance attribution. However, given that Chinese fluorite was only
commercially exploited from the 1960s onwards, its potential presence
would be relevant to clarify chronological aspects of the Keim products.
Further determination of rare earth elements (REE) will possibly help
unlock the provenance.

6. Conclusions

This study provides the first comprehensive material characteriza-
tion and quantitative phase analysis of a selection of yellow-to
brownish-toned historical Keim’sche Mineralfarben pigment admix-
tures, using a multi-analytical approach that combines non-invasive and
laboratory-based techniques, including the first application of Rietveld
refinement to this type of material.

The results show that all investigated admixtures are composed of a
consistent base mixture of calcite, fluorite, kaolinite, quartz, barite,
rutile, and witherite, combined with variable amounts of hematite,
goethite, and eskolaite (only in KF956, KF969, and KMF969) to modu-
late the color. Barite was not detected only in sample AF42.

The detection and/or absence of valuable provides chronological
information narrowing the date of the products to a timeframe between
the 1958 and 1980s.

e Rutile (TiO3), indicates production after the late 1950s, following the
industrial introduction of the chloride process.

e Witherite (BaCOs3), detected in relatively high and consistent
amounts, points to a production window between the 1950s and
early 1980s, before its use was discontinued for safety reasons.

e Eskolaite (Crp03), found in darker hues, together with the absence of
e.g. manganese dioxide (MnOy), indicates the use of chromium-
based pigments to produce brown tones, replacing natural ochres.

The study also demonstrates the diagnostic potential of portable
methods.

e XRF proved sensitive for detecting zinc and other major elements
such as iron. Zinc in particular may be key to distinguishing Keim
admixtures in silicate coatings from those of other companies.

e In situ Raman spectroscopy reliably identified witherite, barite,
rutile and fluorite. The 785 nm laser proved to be effective for
fluorite identification.

e ATR-FTIR showed to be important for Kaolinite detection. The in situ
recording of FTIR spectra would be possible using a reflectance
module.

The availability of original Keimfarben product packaging provides a
valuable context for understanding their history and attributing samples
to specific production periods. In built heritage, however, such contex-
tual evidence is rarely available, particularly for materials already
applied or originating from undocumented conservation interventions.
This makes reliable analytical approaches for compositional analysis
essential. The present study shows that the identification of specific
compounds and mineral phases can serve as diagnostic markers, sup-
plying valuable terminus ante quem and terminus post quem informa-
tion for chronological attribution. When detected in situ, these markers
offer a promising tool for distinguishing historical paint layers from later
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interventions. Overall, the results demonstrate that historical Keimfar-
ben pigment admixtures can be differentiated and potentially dated
through their mineralogical composition, providing new opportunities
for stratigraphic analysis and for supporting conservation strategies on
architectural surfaces.
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