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Abstract 

Both conservation and intervention methods must be compatible with each other and appropriate for the original 
building materials. Therefore, the characterization of historic building materials is indispensable for investigating 
chemical composition, micro‑structure and morphological features to study the current condition, environmental 
influence and change mechanism due to natural aging or man‑made decay processes. Given the great variety of 
chemicals which can be analyzed, complex problems related to architectural heritage materials are investigated via 
optimized methodologies. Among the existing techniques, optical microscopy (OM) is an inexpensive and dominat‑
ing tool to obtain preliminary information on complex samples. Atomic force microscopy (AFM) can provide real 
three‑dimensional topographies showing sample surface properties. Electron microscopes combined with energy 
dispersion X‑ray analysis (EM‑EDX) are the instruments specifically developed to acquire images of target materials 
at high magnification. Infrared and Raman spectroscopies are frequently used to characterize inorganic and organic 
compounds. Thermal analysis can rapidly and accurately measure changes in crystalline structure, dehydration and 
decomposition. X‑ray based technologies have a wide range of applications as follows. X‑ray fluorescence (XRF) is 
one of the most frequently used techniques for elemental analysis. X‑ray diffraction (XRD) is a fast and inexpensive 
technique for the characterization of man‑made and natural materials. X‑ray photoelectron spectroscopy (XPS) is 
applied to quantify the valence and electronic levels of specific elements. X‑ray absorption spectroscopy (XAS) is a 
powerful technique for detecting the electronic structure of matter. UV–visible (UV–vis) spectroscopy is also of great 
importance in architectural heritage, which can reveal different physicochemical mechanisms causing color. Laser‑
induced breakdown spectroscopy (LIBS) can effectively eliminate the pollution on the surface and detect the internal 
elements of the target material. Ion beam analysis can quantify trace elements with high sensitivity. Mass‑based tech‑
niques are mainly applied to identify unknown organic substances at the molecular level. This review describes some 
classical applications of individual techniques and provides scientific support for scientists and engineers to make 
decisions in the context of architectural heritage.
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Introduction
Historic architecture which includes numerous kinds of 
monuments/sites and ancient buildings has witnessed the 
creativeness and aesthetics of different nationalities in 
different regions. More importantly, the restoration and 
conservation of the historic architecture which is as an 
integral constituent of human civilization turn out to be a 

global and worldwide issue [1–4]. As for the architectural 
heritage preservation, what must be taken into account 
are the factors which deal with issues of extending the life 
and preserving the authenticity and integrity of building 
characteristics such as design style and the constituent 
materials including sandstone [5–8], brick [9–11], glass 
[12–15], wood [16, 17], painting layer [18–20], mortar 
[21–24], wall material [25, 26], etc. Furthermore, in addi-
tion to the original material itself, ancient building mate-
rials have been suffering from decay and intervention in 
different processes [27]. Firstly, environmental conditions 
(e.g. pollutants in the immediate environment) [28–30] 

Open Access

*Correspondence:  chongchenwang@126.com; liaiqun@bucea.edu.cn 
1 Beijing Key Laboratory of Functional Materials for Building Structure 
and Environment Remediation, Beijing University of Civil Engineering 
and Architecture, Beijing 100044, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-019-0280-z&domain=pdf


Page 2 of 50Zhao et al. Herit Sci            (2019) 7:36 

can significantly change the composition and structure 
of building materials. Secondly, bio-deterioration can 
destroy the structural materials via mechanical interac-
tion (e.g. plant root growth, formation of bio-films) and 
disassimilation (metabolites produced by microorgan-
isms), and thus dramatically influences the aesthetic 
appearance and increases the cost of cleaning, conserva-
tion and maintenance for architectural heritage [31, 32]. 
Thirdly, some contaminants in the atmosphere, under-
ground water, surface water and soil can damage the 
ancient building materials irreversibly. Natural pollutants 
are mainly inorganic salts and particulate matters (PM) 
[33, 34], whereas the anthropocentric pollutants include 
heavy metals, sulfur oxides, nitrogen oxides [26, 35], 
volatile organic compounds (VOCs), persistent organic 
pollutants (POPs) and many other organic and inorganic 
components [36–38] probably formed by multiple human 
activities such as energy production, transportation and 
agricultural activities [31, 39]. The above-mentioned pol-
lutants can interact with the building materials, influence 
their original properties or even play the role as catalysts 
to accelerate the damage of materials via physical, chemi-
cal or biological effects. As the conservation must make 
sure about the physical, chemical and structural aspects 
of the materials, environmental impact and deterioration 
processes, characterization of ancient building materials 
is beneficial for scientists or engineers to understand the 
chemical evolution in the past, predict the various trends 
in the future, choose the suitable restoration methods 
to preserve their present state, and even for them to 
describe the alteration process of materials and modifica-
tion through time [40].

Years ago, both excessive interventions and a large 
number of applications of mismatched materials had 
given rise to damage effect and accelerated the decay 
process of architectural heritage [41]. However, a more 
scientific way in safeguard of the architectural herit-
age is to put into consideration: the existing technical 
specifications, mature criteria and credible methodol-
ogy to reserve their authenticity and integrity. In essence, 
the decision-making should ensure the authenticity of 
materials and structures, employ the reliable techniques, 
remain the principal part of structures and surrounding 
environment, and estimate their social-economic influ-
ence [42, 43]. In summary, scientific and efficient archi-
tectural heritage conservation requires practitioners 
to have deep understanding of building materials, to be 
qualified to diagnose existing problems precisely, and to 
assess the feasibility of protective materials and corre-
sponding intervention methods.

With the spirit of International Charter for the Con-
servation and Restoration of Monuments and Sites 
(Venice Charter) adopted in 1964 [44], the conservation 

and restoration of monuments must have recourse 
to all sciences and techniques, which contributes a 
lot to the study and safeguard the architectural herit-
age. An increasing number of researchers apply mod-
ern high precision instruments to characterize the 
architectural heritage materials [14, 18, 45, 46]. In this 
review, an overview of different types of characteriza-
tion techniques used for historic building materials 
was presented (the major characteristics and the typi-
cal applications of each technique were summarized in 
Table 1), which included the optical microscopy (OM), 
atomic force microscopy (AFM), infrared spectros-
copy (IR), Raman spectroscopy (RS), microscopy both 
in SEM and TEM, environmental scanning electron 
microscopy (ESEM), energy dispersion X-ray analysis 
(EDX), thermogravimetric analysis (TG), differential 
thermal analysis (DTA), differential scanning calorim-
etry (DSC), X-ray diffraction (XRD), X-ray fluorescence 
(XRF), X-ray photo-electron spectroscopy (XPS), 
X-ray absorption spectroscopy (XAS), ultraviolet–vis-
ible spectroscopy (UV–vis), laser-induced breakdown 
spectroscopy (LIBS), ion beam analysis and mass-based 
molecular techniques. It is certain that any technique 
selected for the micro-analysis of architectural herit-
age materials will produce useful, precise and accurate 
results, and hence this paper will also provide success-
ful characterization cases to help scientists, archae-
ologists and conservators to choose the most suitable 
approach for their study.

This section focuses on the frequently used analyti-
cal techniques for architectural heritage conservation, 
with an emphasis on chemical composition of the mate-
rial, anthropocentric/natural environmental influence 
and deterioration mechanism. It is noteworthy that the 
listed techniques can be known as its applicability and 
specialty. For example, the OM/AFM/SEM/TEM/ESEM 
provide morphology and topography images; the UV–
vis/LIBS/FTIR/Raman/PIXE/PIGE/XRF give information 
both at elemental and molecular levels; the TG/DTA/
DSC measure the weight loss curves versus the tempera-
tures and provide the corresponding thermal properties; 
the XRD/XPS/XANES/EXAFS identify the crystalline 
substances, chemical state and local environmental of all 
the targeted atoms in those samples. Furthermore, the 
MS-based techniques can provide molecular formula for 
it and identify the molecular structures. Moreover, many 
of them can offer higher spatial and spectral resolution 
because they can be combined with other techniques, 
such as microscopes and synchrotron radiation sources. 
In all, each sub-heading dedicates to the explanation of 
the results obtained by the individual technique concern-
ing the architectural heritage (the structure and the tech-
nical route of this review were shown in Scheme 1).
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Results and discussion
Imaging techniques at different scales
Optical and atomic force microscopy analysis
The optical microscopy (OM) with polarized light is one 
of the most frequently-applied tool in the mineralogi-
cal and petrographic investigation of minerals and rocks 
of ancient buildings [40]. The visible light must pass 
through a thin section of the specimen (transmitted-light 
TL-OM, or polarized-light PL-OM), or it will be reflected 
by the polished surface of a thick sample (reflected-light 
RL-OM). The OM technique is always micro-destructive 

due to that it requires a polished surface of the sample, 
which can offer rapid access to the desired information 
such as phase information, grain size, defects, textural 
relationships and amorphous components.

The destructive force of the salt corrosion is tremen-
dous on natural and artificial porous materials like bricks, 
ceramic, mortars used in architectural heritage [47–50]. 
Cardell et  al. [51] applied OM technique to character-
ize the micro-structure changes, corrosion products and 
destructive forms of weathered limestones interacting 
with single and mixed sulfate solutions in South Spain. 

Table 1 The characteristics and  major applications of  each technique used in  the  field of  architectural heritage 
conservation

Analytical technique Destructiveness Portability Compatibility 
with synchrotron 
radiation sources

Typical applications

OM Micro‑destructive/non‑destructive Portable No Morphology characterization of mortar, black 
crust, brick, ceramic, glass and the corre‑
sponding decay processes

AFM Micro‑destructive Not portable No Surface analysis (roughness, symmetry and 
gloss level) of materials before and after 
physical and chemical treatments

SEM Destructive Not portable No Surface characterization of mortar, pigment, 
stone, etc. Equipped with EDX, it can provide 
elemental analysis

ESEM Destructive Not portable No Morphology characterization of biological 
deposition and biofilm

TEM Destructive Not portable No Cross‑section characterization of formation 
mechanism of inorganic and organic com‑
pounds present in the interface of different 
materials

UV–vis Destructive Portable No Characterization of pigment and stained glass 
collected from ancient buildings.

LIBS Micro‑destructive Not portable No Elemental and cross‑section analysis for pig‑
ment, stone, brick, etc

FTIR Destructive/non‑destructive Portable No Identification of organic functional groups in 
mortar, pigment, black crust, etc

Raman Destructive/non‑destructive Portable No Characterization of pigment and dye used in 
architectural heritage

TG/DTA/DSC Destructive Not portable No Identification of the degree of carbonation and 
hydration reactions of mortars

XRF Destructive/non‑destructive Portable Yes Major and trace elemental analysis for pig‑
ment, stone, mortar, etc. Assessment of bio‑
logical and pollution impact on architectural 
materials

XRD Destructive Portable Yes Identification of crystalline phases of mortar, 
brick, pigment, stone, additive, etc

XPS Destructive Not portable No Characterization of surface contamination or 
corrosion products

XAS (XANES/EXAFS) Non‑destructive Not portable Yes Detection of specific elements presented in 
glass, pigment, stone, ceramic, metal, mortar, 
wood, etc

PIXE/PIGE Non‑destructive Not portable No Identification of elements at trace level pre‑
sented in pigment, glass, mortar, etc

MS‑based techniques Destructive Not portable No Identification and quantification of unknown 
organic compounds at molecular level
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The salt crystallization measurement demonstrated that 
the sulfate solutions facilitate the coexisting Mg-sulfates 
and Ca-sulfates to be precipitated near the stone sur-
face, leading to dissolution of the carbonate cement (as 
shown in Fig. 1a, b). However, when the stone materials 
reacted with the single solution of Ca-sulfates or K-sul-
fates (Fig. 1c), the salt crystallization, cement dissolution 
and the degree of fracture were less intense. The solu-
tions containing  Na+ were labile to induce plentiful salt 
deposition. It was also found that lots of tiny needles-like 
Na-sulfate crystals deposited in dendrites of both large 
and small pores (Fig. 1d) due to slightly higher supersatu-
rating ratios. Rodruguez-Navarro et al. [52] investigated 
the microscopic behavior of Na-sulfate crystallization at 
different relative humidity (RH) by means of OM tech-
nique. The results revealed that thenardite  (Na2SO4) was 
inclined to develop as tiny needles grouped in dendrites 
under > 40% RH condition, while in prismatic shape 
under 13% RH condition (as illustrated in Fig. 1e, f ), thus 
explaining the reasons of different crystalline morphol-
ogy of thenardite in previous studies. Considering that 
the pigments applied in conventional lime-washing paint-
ings are inorganic materials, Gil et  al. [53] applied OM 

to detect the major compounds of pigments in Alentejo 
urban heritage, which indicated that OM techniques can 
identify quartz, feldspars, phyllosilicates and carbonate 
minerals associated with the ferric oxides or hydroxides. 
Moreover, the clay minerals were often utilized as the 
finishing layers to overlap the surface of ancient build-
ings. Calia et  al. reported that they used OM to verify 
the chemical composition and the provenance of exter-
nal clay minerals of several ancient buildings located in 
Apulia region of Italy [54], and the results demonstrated 
that ochre pigments were the dominant compounds 
which were widely used in the treatment of wall surface 
in the past. It is interesting that Mazzeo et al. [16] applied 
OM techniques to the study of the traditional decora-
tive materials in Ming-Dynasty wooden structures of the 
Drum Tower in Xi’an Province of China. The photomi-
crographs suggested that the painted decorations mainly 
included five layers, i.e., cotton fabric, plaster, organic-
red/brown layer, varnish layer and red layer, respectively, 
and the thickness of the layers ranged from 1 to 40 μm.

Besides the mentioned applications, the OM tech-
niques are usually used to conduct mineralogical/chemi-
cal characterization of ancient mortars [24, 55–59] and 

Scheme 1 The structure and technical route of this review
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building crusts resulted from environmental contamina-
tion, which is one of the most prominent problems in the 
field of architectural heritage conservation over the past 
few decades [60, 61]. In Silva and co-workers’ study [55], 
the ancient mortars from 16 to 17th century military 
forts located at the estuary of the Tagus River in Lisbon 
were characterized by PL-OM. In the collected samples, 
ceramic fragments (Fig.  2a), neoformation pozzolanic 

products (Fig. 2b) and aragonite shell fragments (Fig. 2d) 
were widespread, demonstrating that hydraulic com-
pounds were deliberately added by the fort constructors 
to enhance the mechanical strength and resistance. The 
shrinkage cracks in mortars due to dehydration-driven 
contraction and secondary recrystallized calcite were 
also detected by PL-OM (Fig.  2c). In addition, Bonazza 
et  al. [61] used OM to interpret the patterns, surface 

Fig. 1 TL and PL‑OM photographs of the calcarenites reacted with high concentration of salt solutions and thenardite crystals. a carbonate cement 
dissolved in  MgSO4·7H2O and  CaSO4·2H2O aqueous solution; b the surface of calcarenite was split after the action of Mg‑rich salts; c  K2SO4 simple 
solution had no effect on the surface topography of calcarenites; d after reaction with  NaSO4·10H2O aqueous solution, the thenardite crystals 
displayed non‑equilibrium needle shapes; e the acicular shape (phase III) of thenardite crystals is easy to generate under conditions of 20 °C and 
RH > 40%; f massive amounts of bipyramidal prisms crystals (phase V) formed at 20 °C and 13% RH [51, 52], copyright (2000, 2008) Elsevier
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Fig. 2 OM photographs. a Quartz aggregates and a ceramic fragment; b newly formed volcanic ash material at a quartz grain/binder interface; 
c shrinkage cracks caused by dehydration within the binder groundmass; d shell materials as important substances of the aggregate particles; e 
plane‑polarized light micrography of dendritic black crust; f cross‑polarized light micrography of dendritic black crust; g external form of the patina 
in plane‑polarized light mode; h discontinuous patina in plane‑polarized light mode [55, 61, 62], copyright (2005, 2007) Elsevier and (2011) Springer 
Link
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distribution and composition of black crusts and soiled 
area on European building heritage. As illustrated in 
Fig. 2e, f, an obvious dendritic black crust with thickness 
of ca. 1  mm was observed, which mainly consisted of 
gypsum, quartz and silicate (soil dust) with microcrystal-
line structures. Similarly, numerous stone-made ancient 
architectures have a yellowish layer called “patina” on 
their external surface. Vazquez-Calvo et al. [62] used OM 
to obtain the information about the status of the patinas 
by observing the homogeneity, thickness and continuity 
of the film (Fig. 2g, h) to further determine if the patina 
was always presented on the stone and to offer corre-
sponding conservation methods.

Different from OM, the atomic force microscopy 
(AFM) can provide high resolution topographies, which 
are acquired as real three-dimensional datasets allowing 
statistical evaluation on the sample surface properties 
(roughness, symmetries, size etc.). The AFM is gener-
ally regarded as micro-destructive technique due to the 
fact that it was carried out on very small samples (a few 
 mm2). For instance, Pflugfelder et  al. [63] used AFM to 
investigate the gloss levels of alkyd resin layer in wall 
paintings before and after plasma treatment, and to 
obtain the optimal parameters of plasma cleaning. Tag-
lieri et  al. [64] applied eco-compatible hydro-alcoholic 
nanoparticles (called nanolime) to repair Italian historic 
lime-based mortars, the AFM analysis showed the diam-
eter and height of the nanoparticle were less than 50 

and 5  nm, respectively. Furthermore, in the Falcão and 
co-workers’ study [65], the pigments used in pre-class 
(300BC–300AD) architecture of the ancient pre-Colum-
bian city in Calakmul were characterized, revealing that 
the sizes of the crystal were 0.5–1 μm and the fiber struc-
tures were 30–60  μm. It was representative of palygor-
skite with corrugated texture, suggesting that the samples 
were mainly associated with Maya Blue.

Except for the mentioned applications, how to pro-
tect and restore the metal structure of ancient building 
remains one of the most complex problems. In Kiele and 
co-workers’ study, [66], the changes of surface morpholo-
gies of both uncoated and coated samples were studied 
by AFM. They used sol–gel technique to prepare methyl-
modified silica coatings to protect copper structures. 
The silica coatings treated with hexamethyldisilozane 
(HMDS) were extremely smooth (Fig.  3a, b). However, 
the surface treated with trimethylchlorosilane (TMCS) 
was rough and consisted of submicron particles of dif-
ferent shapes (Fig.  3c, d). Therefore, the HMDS modi-
fied silica protective coatings on copper substrate were 
applied for the conservation of copper at local ambient 
conditions.

Electron microscopy and energy dispersion X ray (EDX) 
analysis
Although OM can effectively avoid the preprocess-
ing procedure which may cause irreversibly damage to 

Fig. 3 AFM micrographs of coatings on copper. a, b Treated with 8% HMDS before and after photochemical aging; c, d treated with 10% TMCS 
before and after photochemical aging [66], copyright (2014) Elsevier



Page 8 of 50Zhao et al. Herit Sci            (2019) 7:36 

samples, such as metal or carbon coatings, they can only 
detect the morphology of samples. The electron micro-
scopes coupled with energy-disperse X-ray spectroscopy 
(EDX) are both imaging and chemical techniques. They 
can not only provide higher resolution and magnified 
images, but also analyze the elements on surface or cross-
sections of materials. Typically, the scanning electron 
microscopes (SEM) employ electron beams accelerated 
in the range  102–104 eV, corresponding to wavelengths 
of the order of 0.123–0.012 nm, and therefore may reach 
magnifications over 100,000 times, compared with the 
magnification factors for the best optical microscopes 
of about 1000 times. Transmission electron microscopes 
(TEM) employ the electron beams accelerated in the 
range  104–105 eV, and they can reach the magnification 
factors over  107 times [40]. The best TEM instruments 
have a resolving power, which is sufficient to discriminate 
atoms. However, preparation of the samples for SEM is 
comparatively trivial, and usually only a metal coating 
(for imaging) or a graphite coating (for chemical analy-
sis) is required. Moreover, the preparation of samples for 
TEM is a little more laborious, which requires prepara-
tion of very thin layers of materials usually produced by 
grinding or ion thinning and deposited on copper/graph-
ite nets. In all instances, the samples should be measured 
in a vacuum, as the air molecules  (N2,  O2,  H2O, Ar,  CO2 
in order of relative abundance) would scatter and absorb 
the electrons. The measurement in a vacuum is gener-
ally not a problem for anhydrous materials whereas the 
major problem is usually the perturbation of the sample 
by the energy deposited although it may cause changes 
in hydrous systems. In the actual applications, the sample 
may be partially kept under a low pressure of water (up 
to 2.5  kPa) in modern environmental scanning electron 
microscopes (ESEM), which allows hydrated samples to 
be measured in a wet atmosphere [40].

Being compared to the OM techniques, SEM can be 
utilized to analyze the morphology of inorganic and 
organic materials of architectural heritage (like mortars 
[23, 58, 67], binders/pigments of mural paintings [16, 
18, 68], and sandstones [6, 7, 51, 69, 70] etc.) at a higher 
resolution. The reason is that the thermo-ions emitted 
by electron beam sputter the samples directly to obtain 
the information of crystal array, elemental composition 
and magnetic structure. For example, in Ruffolo and co-
workers’ study [25], most black crust samples collected 
from Seville Cathedral in the southern part of Spain were 
analyzed by SEM–EDX. The objective was to obtain the 
topography of the black crusts, their interaction with 
the stone substrates, and characterization of elemental 
composition of damaged layers. The microscopic images 
obtained by the backscattered electron mode (BSE) 
showed that the stone substrates of all sampling locations 

were degraded, and the thickness of crust samples varied 
from 20  μm to 3  mm (as illustrated in Fig.  4a–c). Fur-
thermore, the crusts of CS-BG (the abbreviation of sam-
pling location) were made up of acicular gypsum, along 
with lots of spherical and subspherical combustion par-
ticles with smooth or porous surfaces (Fig.  4d). Finally, 
EDX analysis demonstrated that the main components of 
black crusts were CaO and  SO3,  SiO2,  Al2O3,  Fe2O3 were 
the secondary substances, and  K2O,  Na2O and MgO were 
the least abundant substances. The high contents of CaO 
and  SO3 were mainly attributed to the gypsum formed on 
surface, and the elements such as aluminum, silicon and 
iron may be due to the adsorption of atmospheric par-
ticulates on the stone substrates.

As the composition of historic mortars is largely influ-
enced by both temporal and spatial variation, the study 
of composition and microstructure of ancient mortars 
can supply information about the ages of architectural 
heritage and their manufacturing process. Xiao et  al. 
[71] applied SEM–EDX to the investigation of mineral 
phase composition and the characterization of the pore 
structure of sticky rice-lime mortars sampled from the 
Wugang Ming dynasty city wall in China. As shown 
in Fig.  5a, undecayed mortar was still in good condi-
tion of dense microstructure characterized by homog-
enously distributed fine particles. In contrast, as shown 
in Fig. 5b, decayed mortar showed loose microstructure 
and obvious large cracks can be observed. In addition, 
this study showed that the component and microstruc-
ture of Chinese mortars were significantly different from 
those of ancient Roman mortars in which brick frag-
ments were used as hydraulic components. Larger added 
ceramic particles played a dominant role in interactions 
with air, interfering with the pore structures, thus ulti-
mately improving the carbonation efficiency of mor-
tars [72]. Usually, lime can react with water to generate 
hydrated lime with emission of a lot of heat and simulta-
neously create alkaline environment that can effectively 
inhibit bacteria. When slaked lime (Ca(OH)2) is con-
tacted to moist ambient environment, calcium hydrox-
ide reacts with  CO2 in the air and converts into  CaCO3. 
The strength and durability of mortar were gradually 
improved when mortar gradually solidified until lime 
was completely converted to calcium carbonate. Further-
more, composition of undecayed and decayed mortars 
analyzed by EDX was revealed in Fig. 6c, d, respectively. 
Except for a small amount of silicon, aluminum, magne-
sium and iron, the main composition of undecayed mor-
tar only included calcium, oxygen and carbon. However, 
a significant amount of sulfur and chlorine were observed 
in decayed mortar. The high sulfur concentration in 
decayed mortar revealed the presence of sulfate with 
very high mean concentration, proving that the external 
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masonry structures were critically eroded by sulfate and 
calcium carbonates were converted into gypsum at differ-
ent levels.

The SEM–EDX technique can also be applied to the 
survey of the additives or by-products produced in dam-
age process in architectural heritage samples. In Wei and 
co-workers’ work [23], SEM–EDX technique was carried 
out to characterize rice-lime mortar used in the stone 
tower located in Xiangji Temple. According to the SEM 
micrographs, when the rice-lime mortar was treated 
without any additives, the particles exhibited cross-link-
ing tiny sheets with relatively loose structures; when the 
sticky rice-lime mortar treated with aluminum sulfate 
and dihydrate gypsum, the tiny particles were closely 
interlaced. Therefore, the compact structure of sticky 
rice-lime mortar obtained by the treatment of aluminum 
sulfate and dihydrate gypsum was the key to improve the 
physical properties, such as comprehensive strength, sur-
face hardness and freezing resistance, etc. González et al. 
[70] adopted SEM–EDX to investigate the iron corrosion 
on the stone decay of the Royal Palace, Madrid in 18th 
century monuments. The results implied that the corro-
sion processes gave rise to the increase of iron hydroxide 

components (lepidocrocite and geothite), resulting into 
83% volume expansion. Because of high capacity of 
water adsorption of lepidocrocite (γ-FeOOH), rosette-
like lumps with higher oxygen content can be detected 
by SEM–EDX. But geothite (α-FeOOH) showed more 
crystallized acicular shapes with lower oxygen content. 
Furthermore, Doherty et al. [73] proposed the use of arti-
ficial calcium oxalate to treat marble architecture in Flor-
ence so as not to be affected by environmental pollutants. 
The SEM observation after acid attack showed that the 
marble samples protected by 5% oxalate had strong cor-
rosion resistance. Moreover, as the calcium oxalate was 
insoluble on natural calcium carbonate at pH = 5.5, oxa-
late completely covered the marble surface and did not 
penetrate it at all. More interestingly, Sternberg et al. [74] 
made use of SEM to determine if ivy leaves collected on 
roadways can adsorb dust and contaminants to reduce 
the decay of historical stone walls and to affect human 
health in the urban environment. The results revealed 
that ivy acted as a ‘particle sink’ to accumulate particulate 
matter, especially in the areas with heavy traffic.

In contrast to SEM, ESEM technique is not suitable to 
be applied in the high vacuum environment. But it can 

Fig. 4 BSE‑SEM images of the tested samples. a CS‑BG, b SID, c ASP are the abbreviations of sampling locations. Images (d) showed the particles 
from combustion with different shapes in the crusts of sample CS‑BG [25], copyright (2015) Elsevier
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offer rapid and accurate biological deposition or biofilm 
images, supply corresponding spatial relationships and 
superficial micro-circumstance without strict pretreat-
ment of samples. This instrument is equipped with an 
excellent secondary electronic detector, which can pro-
vide some high-resolution images in the 0.1–20 torr pres-
sures range. Under the above-mentioned high pressures, 
the microscopic images of non-conductive biological 
samples can be observed directly without metal coat-
ing or the other special treatment. For example, ESEM 
micrographs of moss forming green carpets on the lime-
stone of the building in Palenque (Chapas, Mexico) can 
be seen in Fig. 6 [27]. If the chamber contains a certain 
amount of water vapor, the morphology and topogra-
phy of water-bearing samples can be detected directly by 
ESEM, and elemental composition and relative content 
can also be characterized by EDX simultaneously. The 
substrates, biologically attacked area, abiotic depositions 
and biofilms can be analyzed by ESEM which can sup-
ply high-resolution images of biofilms and microorgan-
ism extracellular polymer materials due to the absence 
of extensive manipulation of the samples to be ana-
lyzed [75]. Furthermore, Rodriguez-Navarro et  al. [52] 

explored the basic behavior of sodium sulfate crystalliza-
tion in concrete and other building materials. The infor-
mation obtained from the ESEM showed no hydration 
phenomena after wetting of thenardite; instead, followed 
by thenardite plus mirabilite crystallization upon drying, 
thenardite dissolution occurred. The results presented 
a new understanding of the damage which had been 
caused by sodium sulfate in the fields of natural geol-
ogy, archaeology, architecture and engineering. Further-
more, it explained some controversial results of previous 
sodium sulfate crystallization tests.

Kontozova-Deutsch et  al. [76] used TEM to investi-
gate the effects of indoor and outdoor air pollutants on 
the composition and structure of architectural monu-
ments (as illustrated in Fig. 7). The main results showed 
that the aerosols collected outside church were mainly 
composed of salt substances, especially chlorides and 
sulfate-rich salts; ammonium chloride was a common 
component, which may originate from the guano depos-
its on the surfaces of the historic building. With respect 
to the indoor particles, the major compounds were also 
the chlorides and sulfates, especially ammonium chloride 
and Ca-K-S rich particles (Fig. 7e, f ). The results obtained 

Fig. 5 SEM and EDX images of sticky rice‑lime mortar sampled from a and c non‑decayed region; b, d decayed region in the Wugang Ming dynasty 
wall [71], copyright (2014) Elsevier
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by TEM suggested that the above compounds might 
originate from the outdoor aerosols. However, indoor 
sources like salt-containing stones could also contribute 
to some extent to the presence of these particles. In Miri-
ello and co-workers’ study [77], TEM was employed to 
demonstrate the formation mechanism of the amorphous 
calcium silicate hydrate (C–S–H) in the brick-calcite 
interface. TEM images clearly exhibited different stages 
of C–S–H development. Crumpled sheets morphology 
showed the initial stage of C–S–H compounds, whereas 
the arrow indicated the increase of the crystal density.

Commonly used spectroscopic techniques
Infrared and Raman spectroscopy
Fourier transform infrared spectroscopy (FTIR) is com-
monly applied to the characterization of ancient building 
materials. An infrared spectrometer can simultaneously 
collect high spectral resolution data over a wide wave-
length range. More significantly, FTIR, as one of the most 
applied techniques, was often used in architectural herit-
age conservation due to the minimal amount of sample 
required (approximately 0.5  mg) and the rapid results 
of analysis (few minutes). The FTIR can distinguish 
the functional groups presented in an unknown sub-
stance. As each functional group can only absorb lights 
with characteristic frequencies, a plot of the radiation 

intensity (the transmittance is commonly used for inten-
sity) versus frequency achieve the identification of chem-
ical groups contained in a certain material [78]. Up to 
now, many infrared spectral databases are available for 
stone, mortar, ceramic, pigments, and the other histori-
cal architectural heritage materials. FTIR spectroscopy is 
extremely useful in distinguishing natural organic mate-
rials, especially organic compounds of ancient buildings. 
Many published papers related to this field can be found 
[79–82]. One of the earlier researches was reported by 
Zappia et al. [83]. In the research, FTIR was used for the 
analysis of effects of carbonaceous particles on different 
types of building materials in  SO2-exposure experiments. 
The characteristic FTIR band for  SO4

2− was recorded 
at 1120–1160  cm−1, while the two peaks at 980 and 
640 cm−1 for  SO3

2− were also found.
The most significant aspect of architectural heritage 

conservation is essential to diagnose and to make deci-
sion on the conservation process [84]. As mentioned 
above, one of the most common and negative phenom-
enon on stone materials and murals is that carbon-
containing materials are eroded by sulphate substances 
[85]. Black crusts are considered as the main destruction 
forms impairing the architectural heritage in urban areas. 
Besides the obvious aesthetical damage, these crusts 
also cause severe and irreversible damage to carbonatic 

Fig. 6 ESEM microscopic photographs of moss forming green carpets on the stone surfaces of Palenque heritage. a Moss overview; b, c typical 
convolutions generated by the moss; d the arrangement of rectangular cells of tested moss [27], copyright (2009) Elsevier
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support. Therefore, numerous studies have been car-
ried out on the formation and growth mechanism of the 
black crusts. Alessandrini et  al. [86] applied FTIR tech-
nique to the exploration of the yellow and black crusts 
on the facade of a renaissance building in Bergamo in 
Italy (Fig.  8). In this study, the powdered samples were 
extracted with organic solvents, and a polymeric material 
(poly-isobutylmethacrylate) was found. This polymeric 
product was widely used in the conservation field in the 
1970 s. By further analyzing the FTIR data and reviewing 
the literatures, the building was possibly treated in 1972.

Furthermore, Barca et  al. [87] used the FTIR tech-
nique to chemically characterize the black crusts col-
lected from building stones of the historical city center of 

Catania, Italy. In this study, the infrared spectra exhibited 
the characteristic absorption peaks of  CaSO4·2H2O cen-
tered at 1109, 667 and 596 cm−1, along with the distinc-
tive signatures of stretching and bending vibrations of 
O–H groups at 3525, 3429, 3401 cm−1 and at 1682 and 
1627  cm−1, respectively. Also, the presence of calcium 
oxalate monohydrate  (CaC2O4·H2O, whewellite) was rec-
ognized. Both the stretching vibrations of  CaCO3 with 
peaks at 1409, 871 and 710 cm−1, and the band of silicates 
at 1032 cm−1, were identified in all samples (as illustrated 
in Fig. 9). Similarly, black crusts collected from relevant 
structures and churches of four European cities such as 
Corner Palace in Venice, St. Eustache Church in Paris, 
St. Rombouts Cathedral in Mechelen and the Cathedral 

Fig. 7 TEM images of typical particles found in aerosols samples. a Phyllosilicate particles and aggregate of amorphous carbon particles; b calcite; c 
rutile; d iron oxide; e sodium chloride and f calcium–potassium double sulfate particles [76], copyright (2011) Springer Link
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of Seville in Spain, also exhibited the characteristic 
peaks of  CaSO4·2H2O and corresponding O–H stretch-
ing and bending vibrations [25]. In fact, due to the rapid 
development of industry and frequent human activities, 
the ancient buildings in cities and industrial areas were 
mostly polluted or blackened by the accumulation of air 
contaminants. Along with the rapid industrial develop-
ment, the different fuels are commonly used in industrial 
production, domestic heating and transportation. How-
ever, as the development of low-sulfur fuels and strict 
government regulation, the composition and concentra-
tion of atmospheric pollutant are changed. Therefore, 
the control and treatment of air pollutants depend on 
their sources and types. Today, fuel combustion of motor 
vehicles are the dominant factor of air pollution in most 
countries, which is expected to be worsen in near future, 
thus significantly affecting the blackening and surface 
degradation of historical buildings [88, 89]. Therefore, 
most of previous studies used FTIR to identify the min-
eralogical phases of damaged layers. Several researchers 
had reported that the characterization of black crusts 
exhibited the changing pollution pattern over time. Par-
ticularly, the assessment of the geo-chemical composi-
tion could be favorable to understand the influence of 
the pollution sources on the formation of degradation 
products [90, 91]. Since sulfation of building materials 
is a well-known decay process, ammonium carbonate is 
probably the most effective desulfurization agent in exist-
ing chemical remediation methods.

Another harmful phenomenon is that the stone mate-
rials contain salty substances, and their recrystallization 
processes will induce great pressure on the pore walls, 
thus seriously damaging the microstructure of the archi-
tectural heritage materials. Furthermore, in multilay-
ered materials such as wall paintings, this process might 
lead to flaking off and powdering either of painted or 
of ground layers [92]. Charola et  al. presented a review 
article on salts in the destruction of porous materials, 
making clear that salt effects were strongly dependent 
on ambient conditions (i.e., temperature and relative 
humidity), and changes of relative humidity led to their 
partial crystallization and dissolution. Furthermore, the 
masonry humidity level can also be increased through 
capillary rise, condensation, stormwater penetration, 
pipe leakage and water flooding, causing or worsening 
all the decay processes in architectural heritage [93]. It 
is noteworthy that salts may originate from a variety of 
sources like air contaminants, deicing salts, volatile salts 
in soil, sea spray, unscientific treatments or interaction 
among different building materials. Some specific mate-
rials may even contain salts inherently. For instance, 
Portland cement generally consists of alkaline sulphates 
released from concrete or cement mortars [94, 95]. In 

Fig. 8 The facade of the building in Bergamo (Italy) in 1993, before 
the conservation work [86], copyright (1996) Taylor & Francis Group

Fig. 9 FTIR spectra showing different sulphation levels of the 
building stones in Catania, Italy (CT2, CT10, CT6 and CT8 represented 
creamy‑white calcarenite, yellowish calcarenite and lumachella 
calcarenite, respectively) [87], copyright (2011) Royal Society of 
Chemistry
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addition, bricks may contain sodium sulfate if they are 
not fully fired, which can contribute to efflorescence on 
masonry materials [96]. Moreover, Varas-Muriel et  al. 
[97] investigated the decay process of Romanesque apse 
on a church located at Madrid, Spain where the dolostone 
was severely destroyed by rainwater and salts. The FTIR 
spectrum contained an especially intense vibration band 
at around 1440 cm−1 which could be assigned to  CO3

2− 
groups. The bands detected at around 714, 730, 876, 
1440, 1880 and 2530 cm−1 could be assigned to  CaCO3. 
The weak vibration band at 1080  cm−1 was associated 
with the presence of Si–O–Si bonds from silicic acid. In 
general, the FTIR technique is very reliable and useful for 
identifying the presence of salts such as nitrates, sulfates 
and oxalates [39, 98].

The FTIR technique was also successfully applied 
to the characterization of other materials of ancient 
architecture. For example, the origin, component and 
degradation of ancient mortars raise much interest 
among scientists. As a major component of mortars, 
lime was widely applied in Greek architecture [59, 99]. 
In ancient Rome, “Roman mortar” known as hydraulic 
materials such as ground volcanic ash, ceramic debris 
and grinding bricks had been widely used in building 
materials [100, 101]. However, the hydraulic mortar 
technology was not popularized in ancient China partly 
due to the absence of natural hydrualic materials. The 
utilization of natural organic compounds such as rice 
soup, the juice of vegetable leaves, egg white, tung oil, 
fish oil or even animal blood can greatly improve the 
performance of lime mortars. Sticky rice-lime mortar 
was commonly used in the important buildings such as 
city walls, palaces, tombs and even water conservancy 
facilities in ancient China [102]. Yang et  al. [103] and 
Xiao et  al. [71] used FTIR to analyze mortar samples 
obtained from Nanjing and Wugang Ming dynasty city 
wall. In the Yang’s study, the FTIR spectra for sticky 
rice, the mortar sample and the calcite were discussed 
(as illustrated in Fig. 10). The absorbance bands at 712, 
876, 1429, 1794 and 2513  cm−1 were attributed to the 
presence of calcite. And these characteristic bands also 
appeared in Fig. 10b, revealing that there was calcite in 
the traditional Chinese mortars. With respect to the 
sticky rice, the absorption bands at 847 and 761  cm−1 
could be assigned to the –CH2 group, the absorption 
bands at 1000–1154  cm−1 were assigned to the C–O 
group of the glucose anhydride ring, and the absorption 
bands at 1654  cm−1 can be attributed to the absorb-
ance of the –OH group. In Fig. 10b, there are no –CH2 
absorption bands of sticky rice at 761 and 847  cm−1, 
which may be the influence of adjacent strong cal-
cite absorption bands at 712 and 876  cm−1. But the 
C–O absorption bands of the glucose anhydride ring 

at 1000–1154  cm−1 were still detected, suggesting 
that the ancient mortars contain rice soup. It could be 
concluded from these observations that the mortars 
applied in Ming dynasty city wall were a kind of inor-
ganic–organic hybrid material mainly constituted of 
calcium carbonate and carbohydrates [71].

The FTIR can also detect the composition of mural 
paintings [104, 105], wooden structures [106–108] and 
stained glasses [50, 109–111]. It was well-known that 
infrared spectroscopy in the range of 4000–600  cm−1 
(middle IR) is one of the most widely used techniques 
for the detection of organic materials [112, 113]. Since 
1970s, only a few researchers employed far IR spec-
troscopy (600–50  cm−1) to determine the types and 
contents of inorganic substances [114]. The applica-
tions of FTIR technique are limited due to the ultrahigh 
resolution in the range of low wave numbers of Raman 
spectroscopy and its obvious advantages in detecting 
inorganic matters. However, Prati et al. [115] described 
the application of FTIR in raster scanning mode for 
the assessment of the distribution of protective mate-
rials used on corroded bronzes. The results showed 
that the combination of far IR spectroscopy with ATR 
module was especially suitable for characterization of 
non-active compounds in middle IR technique, such as 
mural paintings, metal corrosion and stone degradation 
products. Up to now, FTIR was introduced to detect 
either natural or artificial pigments such as cinnabar, 
hematite, red ochre, celadonite, Egyptian blue, yellow 
ochre, goethite, carbon and so on [116, 117].

In general, the process of obtaining the FTIR spectra 
is to grind a small part of the sample, mix it evenly with 
potassium bromide and prepare the sample tablet. All 

Fig. 10 FTIR spectra of sticky rice, mortar samples and calcium 
carbonate (calcite) [103], copyright (2010) American Chemical Society
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these analytic procedures are absolutely destructive to the 
materials. In the small diameter range (μm level) and the 
reflectance mode, more detailed results of cross-section 
layer by layer of architectural samples can be achieved by 
the combination of microscopy with FTIR spectroscopy 
(micro-FTIR). According to the previous studies [118, 
119], a variety of pigments and binders in samples col-
lected from the architectural heritage in Spain, Greece 
and Italy were characterized by micro-FTIR spectros-
copy. Micro-FTIR spectroscopy could supply unam-
biguous spectral data on ancient building materials to 
correctly explain the observed anomalies. Cross-section 

microphotographs of some samples studied by Franquelo 
and the co-workers were showed in Fig.  11 [120], blue, 
red, ochre, green, orange, yellow and white pigments 
present in polychromed wall paintings were discerned 
by micro-FTIR. This work suggested that the study of 
cross-sections by micro-FTIR was an extremely helpful 
technique in the characterization of components con-
taining inorganic polyatomic anions (most of them were 
oxo-anions), which was attributed to the “fingerprint” 
peaks and bands could be show in the spectra. Moreover, 
this technique permitted not only the characterization of 
the stoichiometry of the component, but also the phases 

Fig. 11 Microphotographs of cross‑sections in Franquelo and co‑workers’ work a Kings’ Room in Alhambra from Granada; b Our Lady Santa Ana; c 
El Salvador Church; d Murillo’s painting; e Kings’ Room in Alhambra from Granada; and f Our Lady Santa Ana [120], copyright (2009) Elsevier
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present in the natural or synthetic materials of architec-
tural heritage. Alternatively, the cross-section analysis 
can be acquired by micro-FTIR in transmission mode, 
which can provide higher sensitivity and enhance spec-
tral quality. However, in this case, the samples are com-
monly compressed within a diamond anvil cell (DAC). 
This method might distort the stratigraphy and confuse 
the original configuration of the different layers [121]. In 
Papliaka and the co-workers’ study [122], they proposed 
a new method for preparing thin section samples. The 
procedure was based on the application of cyclodode-
cane  (C12H24) as embedding material and a subsequent 
double-side polishing of the specimen. Being compared 
with traditional method for FTIR analysis in transmission 
mode using DAC device, this method allowed the sam-
ples to be detected in FTIR transmission mode without 
loss of information on the spatial distribution.

When compared to the FTIR, the Raman spectros-
copy is also a helpful technique for the characterization 
of architectural heritage due to its reliable, fast, sensitive 
and nondestructive characteristics. Because of the differ-
ent mechanisms and selection rules, infrared and Raman 
spectroscopies measure different vibrational modes and 
therefore provided complementary information on the 
analyzed materials. The mechanism of Raman scattering 
is that the incident radiation actually deforms the atomic 
charge which further induces an instantaneous dipole 
moment within the molecule. Depending on the polariz-
ability of the molecule, if the electron charge deformation 
corresponds to a possible vibrational state of the mole-
cule, then a Raman scattering peak will be observed.

The Raman spectroscopy was utilized to analyze vari-
ous heritage materials [123–126], though it was par-
ticularly useful in the analysis of pigments [127–130] 
due to the easy access to the low wavenumber region 
(< 500 cm−1). Extensive databases of Raman spectra have 
been developed for identification of pigment phases: for 
example, a very useful on-line resource is the collection 
of spectra available at the UCL Department of Chem-
istry website (www.chem.ucl.ac.uk/resou rces/raman /
index .html). On this basis, most of natural or synthetic 
pigments used in historic construction were character-
ized by Raman techniques, as summarized in Table  2. 
In many successful cases, Edwards et  al. [131] explored 
the composition and structure of painting materials 
along with their degradation products. In this case, the 
difficulty was to apply Raman spectroscopy to the char-
acterization of complex biological encrustation includ-
ing substrate materials and lichen metabolites. However, 
some of the pigments were fully identified, which demon-
strated that Raman spectroscopy had the potential to aid 
heritage conservation. Furthermore, Edwards et al. [132] 
elaborated on the advantages of combination historical 

researches with scientific researches to analyze the color 
palette and pigments composition of 11th-century medi-
eval wall paintings. Raman spectroscopy achieved the 
comparison between these pigments with others found 
in similar sites, confirming the hypothesis expressed by 
art historians. Besides the characterization of pigments, 
Raman spectroscopy is very practical in analyzing stone 
materials. As demonstrated in Prieto and co-workers’ 
study [133], the lapis lazuli samples showed different 
Raman spectra due to the instability of the sulfur concen-
trations. Raman spectroscopy allowed for the correlation 
of some radical molecular ions  S2

−,  S3
− and  SO4

2−, with 
the color centers and coloration of lapis lazuli. As well, 
Raman spectroscopy can act as an auxiliary tool to char-
acterize the corrosion products and ancient glass [15, 
134]. Herrera et  al. [27] studied the corrosion mecha-
nism of amalgams in antique mirrors of the Andalusian 
baroque. The Raman spectra of the samples displayed 
two additional intense bands at 633 and 636 cm−1, which 
could be attributed to  SnO2. The bands at 470, 513 and 
750  cm−1 could be assigned to the presence of SnO. In 
Won-in and co-workers’ study [134], they paid attention 
to the fragments of the ancient Thai glass samples which 
was originally a part of decoration on the stucco at the 
collapsed Temple of the Emerald Buddha in the Grand 
Palace (Bangkok) built in 1782 A.D. To get additional 
information on the functional groups of the glass samples 
and to verify the data from the Raman spectra, the sam-
ples were analyzed by using Raman microscope. In the 
spectra of the sampled glass fragments, two characteris-
tic peaks of lead-alkali glass were found around 970 and 
1030 cm−1.

Micro-Raman spectroscopy had also been used in 
the field of historical building conservation. Pineda 
et  al. [135] summarized the primary superiorities of 
this technique. It can be summarized as non-destruc-
tive analysis, high resolution, giving the possibility of 
detecting trace samples, in situ detection and the abil-
ity to characterize most of the inorganic and organic 
materials. Similarly, Smith et  al. [136] confirmed the 
tremendous advantages of micro-Raman spectroscopy 
when it acted as the only technique to detect pigments 
in architectural heritage. Particularly, it can be used 
for direct non-destructive analysis of the unpretreated 
samples. In this study, three phases were definitively 
identified: blue cuprorivaite, black amorphous carbon 
and orange-red minium. The results contributed to the 
establishment of a standard Raman spectral database 
of materials, which were related to architectural herit-
age, such as pigments, geological materials and bioma-
terials. Kramar et al. [47] assessed the deterioration of 
limestone due to salt formation. Among the weathering 
types, it was observed that the efflorescences were more 

http://www.chem.ucl.ac.uk/resources/raman/index.html
http://www.chem.ucl.ac.uk/resources/raman/index.html
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Table 2 List of main pigments used in architectural heritage characterized by Raman spectroscopy

Color Pigment name Chemical formula Band wavenumber  (cm−1) 
and relative intensity

Chromophore Sampling site Refs.

Black Ivory black Ca3(PO4)2 + C +MgSO4 961m; 1325vs; 1580vs C Wall painting [143, 144]

Lamp black C 1325vs; 1580vs C Wall painting [145]

Blue Azurite Cu3(CO3)2(OH)2 145w; 180w; 250m; 284w; 335w; 
403vs; 545w; 746sh; 767m; 
839m; 940w; 1098m; 1432m; 
1459w; 1580m; 1623vw

Cu2+ Marble monument/wall painting [146]

Cerulean blue CoO·nSnO2 495m; 532s; 674vs Co2+ Wall painting [147]

Cobalt blue CoO·Al2O3 203vs; 512vs Co2+ Glazed tile decorative material [148]

Egyptian blue CaCuSi4O10 114m; 137m; 200w; 230w; 358m; 
377m; 430vs; 475m; 571w; 
597vw; 762w; 789w; 992w; 
1012w; 1040w; 1086s

Cu2+ Wall painting [136, 149]

Lazurite Na8[Al6Si6O24]Sn 258w; 548vs; 822w; 1096m S3
− Wooden tower/monstrance [16, 133]

Posnjakite CuSO4·3Cu(OH)2·H2O 135vw; 208vw; 278vw; 327vw; 
467w; 612w; 983vs; 1092vw; 
1139vw

Cu2+ Copper‑based alloy/wall painting [150, 151]

Prussian blue Fe4[Fe(CN)6]3·14‑16H2O 282vw; 538vw; 2102m; 2154vs Fe3+ Damaged stuccowork/wooden 
materials

[152]

Smalt CoO·nSiO2 462vs; 917m Co2+ Wall painting [136]

Green Atacamite CuCl2·3Cu(OH)2 122m; 149m; 360w; 513vs; 821m; 
846s; 911s; 974s

Cu2+ Wall painting [153]

Chromium oxide Cr2O3 221vw; 308w; 349w; 552vs; 611w Cr3+ Wall painting [154]

Cobalt green CoO·nZnO 328br; 434vs; 471m; 555s Co2+ Wall painting [155]

Chrysocolla CuSiO3·nH2O 274w; 331w; 429w; 460w; 674w; 
744w; 906vw; 938vw

Cu2+ Wall painting [156]

Green earth Variations on K[(Al3+, 
 Fe3+)(Fe2+,  Mg2+)]

1194w; 1225m; 1270w; 1350s; 
1459w; 1486m; 1600s

Fe2+,  Fe3+ Wall painting [157]

Malachite Cu2(CO)3(OH)2 155s; 178s; 217m; 268m; 354m; 
433vs; 509m; 533s; 558w; 
757vw; 1051m; 1085m; 1492vs

Cu2+ Wall painting/glass [19, 158]

Verdigris Cu(C2H3O2)2·2Cu(OH)2 139vw; 181w; 231w; 328w; 
392w; 512w; 618w; 680w; 939s; 
1351w; 1417m; 1441m; 1552w; 
2937vs; 2988m; 3026w

Cu2+ Stone architecture [159]

Scheele’s green Cu(AsO2)2 136s; 201m; 236w; 275m; 370vs; 
445w; 495m; 537vw; 657vw; 
780s

Cu2+ Polychrome decoration of archi‑
tectural facade

[160]

Orange Mars orange Fe2O3 224vs; 291vs; 407m; 494w; 608m Fe3+ Glazed tile decorative material [161]

Red Litharge PbO 145vs; 285vw; 336w Pb2+ Wall painting [162]

Cinnabar α‑HgS 544vs; 478s; 390w; 312w; 227w; 
161w

Hg2+ Stone architecture/wall painting [163, 164]

Realgar α‑As4S4 142w; 164w; 171w; 182vs; 192s; 
220s; 233m; 327vw; 342m; 
354s; 367w; 375w

As2+ Wall painting [165]

Red lead Pb3O4 122vs; 149m; 223w; 313w; 
340vw; 390w; 480vw; 548vs

Pb2+,  Pb4+ Wall painting [136, 166]

Vermilion HgS 252vs; 282w; 343m Hg2+ Polychrome decoration of 
wooden structure

[167]

Red ochre Fe2O3 + clay + silica 220vs; 286vs; 402m; 491w; 601w Fe3+ Stone architecture/wall painting [54, 166]
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complicated in terms of mineral assemblage in which 
the gypsum was associated to hexahydrite, pentahy-
drite and niter. In this work, micro-Raman spectros-
copy was successfully used to determine the forms of 
mineral phases in limestone samples and their weath-
ering products in ancient buildings and monuments. 
Since recently it is possible to perform in situ measure-
ments by employing a more professional device named 
laser excited Fourier transform module. Burgio and co-
workers offered a detailed FT-Raman spectra database 
of pigments and minerals [137] in which 60 pigments 
and related materials were collected. Seaward et  al. 
[138] even applied FT-Raman technique to the demon-
stration of the highly destructive properties of calcium 
oxalate resulted from lichen thalli.

It should be noted that portable Raman spectroscopy 
is also an important instrument for the assessment of 

desalinization or cleaning treatments of heritage build-
ings, since it may help monitor the progressive salts 
removal and judge the time to stop the treatment [139, 
140]. Assessment of stone deterioration by salt crystal-
lization or identification of inorganic degradation prod-
ucts of mortars, stones and mural paintings can also 
be achieved by portable Raman equipment [141]. For 
example, Veneranda et  al. [142] investigated the impact 
of agricultural activities on the degradation of a middle 
age mural painting. The results suggested that  Na+ and 
 NH4

+ cations as well as  Cl−,  NO3
− and  SO4

2− anions 
were released from the used industrial unpurified NaCl 
and common fertilizers such as  NH4NO3 and  (NH4)2SO4 
against the snow and ice, as illustrated in Fig. 12. How-
ever, some salt efflorescences such as chlorides which are 
frequently found in buildings cannot be detected with 
portable Raman spectroscopy. Therefore, it is important 

Table 2 (continued)

Color Pigment name Chemical formula Band wavenumber  (cm−1) 
and relative intensity

Chromophore Sampling site Refs.

Yellow Barium yellow BaCrO4 352m; 355sh; 403w; 427vw; 
863vs; 901m

Cr6+ Wooden tower [16]

Cadmium yellow CdS 304vs; 609s Cd2+ Wall painting [168]

Chrome yellow PbCrO4 338w; 360s; 372m; 403w; 841vs Pb2+,  Cr4+ Wall painting [145]

Cobalt yellow K3[Co(NO2)6]·xH2O 179m; 274s; 304vs; 821vs; 836m; 
1257w; 1326vs; 1398w

Co2+ Wall painting [168]

Gamboge C38H44O8 and  C29H36O6 1215w; 1246m; 1265w; 1330w; 
1433m; 1592s; 1633m

Gambocic acid Wall painting [150]

Indian yellow MgC19H16O11·5H2O 484w; 610w; 631w; 697w; 772vw; 
811w; 877vw; 1009vw; 1047w; 
1097w; 1127s; 1178m; 1218m; 
1266vw; 1345s; 1414w; 1476s; 
1503s; 1599vs

Euxanthic acid Wall painting [18]

Lead tin yellow Pb2SnO4 129vs; 196s; 275w; 291w; 303w; 
379w; 457m; 525w

Pb2+,  Sn4+ Glazed tile [148]

Massicot PbO 143vs; 289s; 385w Pb2+ Wall painting [63]

Naples yellow Pb2Sb2O7 140vs; 329m; 448w Pb2+,  Sb5+ Wall painting [18]

Orpiment As2S3 136w; 154s; 181vw; 202w; 
220vw; 230vw; 292m; 309s; 
353vs; 381w

As3+ Monstrance [133]

Saffron C20H24O4 1165m; 1210w; 1282vw; 1536vs Crocetin Wall painting [169]

Zinc yellow ZnCrO4 343m; 357sh; 370w; 409w; 772w; 
872vs; 892m; 941m

Cr6+ Copper‑alloy monuments [170]

White Barium white BaSO4 453m; 461w; 616w; 647w; 988vs – Stucco surface [171]

Zinc white ZnO 331w; 383w; 438vs – Stone surface [172]

Lead white 2PbCO3·Pb(OH)2 667vw; 665vw; 687vw; 829vw; 
1050vs

– Stone surface [173]

Bone white Ca3(PO4)2 431w; 590w; 961vs; 1046w; 
1071vw

– Wall painting [174]

Chalk CaCO3 157vw; 282vw; 1088vs – Stone architecture [175]

Gypsum CaSO4·2H2O 181w; 414m; 493w; 619vw; 
670vw; 1007vs; 1132m

– Stone architecture [36]

Lithopone ZnS + BaSO4 216w; 276vw; 342m; 453m; 
461w; 616w; 647w; 988vs

– Wall painting [165]

s strong, m medium, w weak, v very, sh shoulder, br broad
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to note that, although portable Raman does reduce dra-
matically the need of sampling and laboratory testing, it 
cannot replace the other traditional techniques.

Ultraviolet–visible spectroscopy
The generation of UV–vis spectra is related to the elec-
tron transitions among the outermost energy levels 
of the atoms. Their energies are in the range from near 
infrared (750–2500  nm), through visible (400–750  nm), 
to ultraviolet (200–400 nm). Both UV and Vis spectros-
copies are extremely important to architectural heritage 
because they can deal with the measurement of materi-
als related to colors originated from pigments [176–178], 
dyes [179, 180], stained glasses [181, 182], etc. From the 
physico-chemical point of view, these spectroscopies give 
us insight into the electronic mechanisms of color [40].

Routinely, the measurements of absorption spectra are 
performed by means of transmission spectrophotometry, 
similarly to IR techniques. Considering that the oxida-
tion state of elements and the coordination modes are the 
determinants of color of materials, Fernandes et al. [15] 
used UV–vis absorption spectroscopy to investigate the 
stained glass fragments from Monastery of Batalha. The 
results revealed that there were many kinds of transition 
metal ions such as cobalt, copper and cobalt/manganese 
mixture in blue, green and purple glass matrix, respec-
tively. As illustrated in Fig. 13, spectrum (a) showed the 

characteristic absorption bands of  Co2+ ions in the tetra-
hedral configuration  [CoIIO4], which demonstrated that a 
triple band with maxima located at 540, 590 and 640 nm, 
respectively. Spectrum (b) demonstrated that  Cu2+ pre-
sented in the octahedral configuration  [CuIIO8] form 
with maximum absorption at approximately 800  nm. 
Spectrum (c) presented the optical absorption of the pur-
ple glass which was attributed to cobalt and manganese 

Fig. 12 Comparison of the Raman spectra obtained from Sal1 and Sal2 samples. The first efflorescence showed an intense peak due to the 
potassium nitrate (P.n.), while the major signals of Sal2 are attributed to the presence of sodium sulfate (S.s.) and sodium nitrate (S.n.) [142], 
copyright (2014) John Wiley and Sons

Fig. 13 UV–vis spectra achieved from a blue; b green and c purple 
glass samples [15], copyright (2008) Elsevier
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matrix.  Co2+ exhibited the same triple band as in spec-
trum (a) resulting from the  [CoIIO4] configuration, while 
the  Mn3+ ions in octahedral  [MnIIIO6] illustrated band 
peak at 500  nm. Vilarigues et  al. [183] adopted optical 
absorption spectroscopy in the UV–vis range to char-
acterize the stained glass fragments from the 15th, 16th 
and 20th centuries collected in Batalha, Portugal. The 
glass with yellow silver stain showed the characteristic 
peak located around 420 nm, which was attributed to the 
surface Plasmon resonance of colloidal silver particles. In 
addition, since materials of ancient buildings were com-
monly contaminated by the chemical reagents applied 
in the cleaning processes, Dei et al. [184] found that the 
mixtures of acetone and ammonium carbonate applied to 
clean murals and stone materials in the past were unsta-
ble and usually produced by-products within a few days 
and then affected the health of mural surfaces. In particu-
lar, this cleaning agent was inclined to change color after 
3 or 4 days, turning pale yellow and the mixtures changed 
color dramatically to red-brown after 2 or 3  weeks. 
Finally, the degradation products (ammonia and pyrimi-
dine products) were identified by UV–vis spectroscopy, 
which suggested that the application of acetone and 
ammonium carbonate mixture must be prohibited since 
these two products can interact with building materials 
and destroy their composition and structure. Overall, 
the above cases confirmed the validity of UV–vis spectra 
for surveying the color materials. Even more interesting, 
Rodriguez-Navarro et al. [185] applied UV–vis spectros-
copy to the investigation of the quality enhancement of 
lime mortars and plasters when the mucilaginous juice 
extracted from nopal cladodes was used as additive, and 
this can be found in ancient Mesoamerica and Southwest 
of USA. The UV–vis spectrum results showed that poly-
saccharides in nopal aqueous extract and citrus pectin 
(a strong band centered at approximately 210 nm corre-
sponding to carboxyl groups, n → π* transitions) suffered 
from significant structural modification in contact with 
the slaked lime putty (a small shoulder at 260 nm). Such 
modifications promoted steric stabilization, which lim-
ited aggregation, and thus enhance the colloidal nature of 
the lime putty.

The in  situ measurement of architectural heritage 
materials such as wall paintings or decorative materials 
were frequently needed so a large number of advanced 
surface reflection techniques based on optical fiber and 
digital recording have been developed. For example, in 
Edreira and co-workers’ series of studies [186–188], they 
combined reflectance spectra and normalized CIE64 sys-
tem [189] to chromatic characterization of Roman wall 
paintings located in Spanish historic buildings. Similarly, 
Garofano et  al. [144] used reflectance spectra to iden-
tify natural earth pigments of Roman and Arabic wall 

paintings. The results showed that most ferric oxide/
oxyhydroxide minerals possessed reflectance maxima 
between 700 and 800 nm. Bluish and greenish pigments 
presented dominant wavelength values around 480 and 
570  nm, respectively. In the case of the fragments from 
Pompeii, reflection wavelengths at 473, 530 and 707 nm 
were observed, which indicated the presence of Egyp-
tian blue and hematite. Furthermore, the dominant 
wavelengths at 531 and 473  nm were attributed to the 
presence of glauconite and celadonite. In general, for 
the characterization of pigments in  situ, UV–vis diffuse 
reflectance spectroscopy is a supporting technique to 
further testify the analysis by FTIR and Raman spectros-
copy measurements [190].

Laser‑induced breakdown spectroscopy
Laser-induced breakdown spectroscopy (LIBS) is a rapid 
analytical technique for qualitative and semi-quantitative 
characterization of the target samples [191–193]. The 
theory is that when a high energy laser pulse excites the 
surface of a target sample, a small amount of the sample 
(ng to μg, invisible to the naked eye) will be ablated, and 
then the luminous laser-induced plasma (LIP) about a 
few microseconds is generated. The optimal condition for 
LIBS detection is when the plasma plume begins to cool 
down, since intensive ionic and atomic emission lines can 
be identified in the elemental spectra at this moment. 
Thus, the presence of many major, minor and trace ele-
ments in different types of materials can be detected 
by LIBS analysis. The laser beam normally focused on 
the 100–150 μm micro-regions so that the analysis per-
formed in the LIBS technique can be deemed to a micro-
destructive way.

Over the past two decades, studies in several research 
groups had proved that LIBS is a reliable method for 
solving problems related to characterization of archi-
tectural heritage materials. LIBS was adopted to ana-
lyze the constituents in pigments of mural painting 
[105, 191, 194], stones [192, 195], bricks [11, 196] and 
roof sheets [197]. For example, Brysbaert et  al. [198] 
used LIBS technique to determine the elemental con-
tents in pigments of a wall painting at Eastern Mediter-
ranean Bronze Age. Their results revealed the presence 
of Egyptian blue material  (CuCaSi4O10, cuprorivaite), as 
illustrated in Fig.  14a. In addition, they found elements 
other than copper, such as iron and magnesium in the 
Palaikastro blue pigments (Fig.  14b). Meanwhile, the 
above experimental results may confirm the existence 
of another type of blue pigment on Crete and elsewhere, 
and it was called glaucophane [199]. In terms of red pig-
ments, it was proved that abundant iron elements are in 
all the samples by means of observing the strong emis-
sion characteristics of LIBS spectra. The presence of 
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iron can be identified on the basis of numerous spectral 
signatures in the range of 258–264, 271–275, 293–302 
and 321–323  nm, respectively (Fig.  14c). The existence 
of iron in the red pigment further verified the fact that 
most materials used in Bronze Age Aegean painting were 
haematite  (Fe2O3). Furthermore, the analysis of green 
samples exhibited a spectrum extremely similar to the 
blue pigment. The enhancement of emission spectrum of 
the copper element indicated that the green pigment was 
a copper-based material such as malachite. However, the 
emission spectra of copper and silicon increased simul-
taneously, which suggested the possibility of the exist-
ence of the blue pigment. In addition, a weak emission 
spectrum from the first pulse showed a small amount of 
iron (less than 5%), which might be the presence of mini-
mal amount of yellow ochre (as shown in Fig. 14d, inset 
(1)). Therefore, they concluded that green areas on the 
surfaces of the wall painting were caused by the mixture 
of yellow ochre and Egyptian blue. Similarly, LIBS tech-
nique was used to discriminate the elemental composi-
tion of the pigments from Taxiarhis Church which was 
built by Architect Emanuel Kounas in 1873 [18]. LIBS 
analysis of the brown mural surfaces revealed the exist-
ence of iron and lead. The existence of iron confirmed the 

use of iron-containing pigments, such as iron oxide. The 
detection of accidental lead emission signal was attrib-
uted to impurities originated from the priming layer, and 
the dominating component was anglesite  (PbSO4). LIBS 
analysis of green mural surfaces showed the presence of 
sodium, magnesium, aluminum and iron, and suggested 
the use of “green earth” (celadonite and glauconite) as 
pigment in the painting [200]. Moreover, the LIBS spec-
trum showed that the red colored mural surface exhib-
ited strong signals of lead and chromium, implying the 
employment of chrome red  (PbCrO4·2PbO) as pigment.

Another impressive analytical advantage of LIBS is 
the possibility to achieve a depth cross-section analy-
sis of the successive coating materials. The rationale 
behind this feature is that in the process of characteri-
zation, each laser pulse can be used to remove a small 
amount of material’s surface, and therefore the following 
pulse always detects a new part of the paint layer slightly 
deeper than the former one. The continuous LIBS spectra 
of the same point in the sample revealed the stratified dis-
tribution of the paint layers by carrying out essentially an 
in situ cross-sectional analysis [201]. For instance, during 
the investigation of a fresco fragment collected from the 
Italian archeological area of Pompeii, the intensity ratios 

Fig. 14 LIBS spectra of different pigments collected from three different sampling sites in the Bronze Age Eastern Mediterranean. a, b Blue colored 
samples; c red colored samples; d green colored samples [198], copyright (2006) Elsevier
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of silicon, calcium and magnesium and the other ele-
ments relative to iron were used as indexes for pigment 
identification and the assessment of the thickness of the 
mural paintings [202]. Klein et  al. used LIBS technique 
to conduct online cleaning of contaminants on the sand-
stone and stained glasses in which the relative intensities 
of relevant emission peaks of elements can be selected 
as a control parameter to monitor the cleaning process 
[203]. Their relative intensities changed due to the laser 
ablation removed the superficial encrustation and moved 
toward the substrate.

In practical application, the LIBS technique cannot 
completely replace other traditional and destructive tech-
niques, but under particular circumstances, it can per-
fectly identify several organic and inorganic pigments by 
combining with Raman spectra [204, 205]. Trusso et  al. 
combined LIBS with Raman techniques to investigate the 
elemental composition of decorative coating materials 
from an ancient building near Licata, Sicily [205]. LIBS 
spectrum on yellow pigment showed the emission feature 
lines of iron at 426.1, 427.2, 432.6, 438.4 and 440.5  nm, 
and the characteristic Raman bands were centered at 
about 240, 246, 300, 387, 416, 482, 551 and 1008  cm−1, 
which affirmed that the compound containing iron ele-
ments was goethite α-FeOOH, which was the most famil-
iar and stable iron oxy-hydroxide. Particularly, the yellow 
pigment was identified as ochre which has a large content 
of hydrated iron oxide  Fe2O3-H2O or FeOOH (goethite). 
Recently, Syvilay et  al. [206] introduced LIBS and Laser 
Ablation-Inductively Coupled Plasma-Mass Spectros-
copy (LA-ICP-MS) to detect the trace elements in a lead 
based roof sheets of Beauvais Cathedral. Similar conclu-
sions can be drawn via both techniques (the correlation 
coefficient was estimated at 0.86), but LIBS is more port-
able and suitable to in situ analysis. It is noteworthy that 
matrices in different samples are complicated, leading 
to the LIBS spectra are always extremely complex and 
a great deal of information is lost during the univariate 
analysis. Hence, the combination of multivariate meth-
ods and LIBS technique has achieved a great success in 
recent years, such as PCA, LDA and artificial neural net-
work (ANN). The above mentioned methods can inter-
pret data obtained from LIBS characteristic spectra, 
reduce the number of variables and even screen signifi-
cant emission lines, which facilities to provide solutions 
to classification and identification composition of mate-
rial with high degree of precision and accuracy [11, 207, 
208].

Thermal gravimetric analysis
Thermal analysis (TA) is a method of analyzing the rela-
tionship between thermodynamic and physicochemical 

parameters with the changes of temperature. Now the 
TA mainly contains three methods which are thermos-
gravimetry (TG, also called differential TG or DTG), dif-
ferential thermal analysis (DTA) and differential scanning 
calorimetry (DSC). TG detects the changes in weight of 
materials driven by the changes in temperature (weight 
loss curve), which is closely related to their chemical, 
structure and textural nature. DTA measures the temper-
ature difference between the material under study and an 
inert reference material (typically  Al2O3) during heating 
under identical conditions. Therefore, a DTA curve offers 
information on all transformation that occurs during 
heating, such as structure decomposition, phase trans-
formation, crystallization, sublimation, etc. With respect 
to DSC, it is a thermo-analytical technique of measuring 
the energy difference between the target sample and the 
reference material with the temperature variations. DSC 
which is quite similar to DTA can be used to characterize 
a large amount of characteristic properties of the sample. 
Specially, this technique takes the heat flux as the ordi-
nate and the temperature as the coordinate, revealing the 
information about heat capacity, reaction heat, trans-
formation heat, phase diagram, reaction rate, crystal-
lization rate, etc. Because of the sensitivity in detecting 
subtle phase transitions and also reactions in amorphous, 
organic and polymeric materials, thermal analysis has 
been largely used in the measurement of composition 
properties of materials used in architectural heritage 
[40, 209, 210]. For example, weight losses at reaction 
temperatures around 750  °C indicates loss of  CO2 from 
recarbonated lime, not from the pure  CaCO3. As for the 
clay minerals, the endothermic peak near 100 °C is attrib-
uted to hygroscopic moisture (also known as physically 
adsorbed water), whereas those appearing at approxi-
mately 200–250 °C are due to hydrated inter-layer cations 
(i.e. bound water) [211]. Carbonates exhibit distinctive 
endothermic peaks: the characteristic peak of calcite is 
about 840  °C and the doublets of dolomite are around 
780 °C and 860 °C. Their positions may change depend-
ing on grain size, analyses environment and the other 
coexistence factors, and they are mainly attributed to the 
escape of  CO2 during their structure breakdown. DTA 
can also distinguish between high-calcium limestones 
and dolomites, even the intermediate materials such as 
dolomitized limestones [212]. Furthermore, the thermal 
analysis methods permit the quantification of the main 
deterioration products found on black crusts [213–217], 
such as carbonate carbon (CC) constituting the monu-
ment, organic carbon (OC) of both biological and human 
sources, and elemental carbon (EC) emitted by combus-
tion processes.
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Among all the materials of historic buildings, the ori-
gin, component and degradation of ancient mortars have 
aroused great interest among restorators in both labora-
tory and in-field researches. As an important tool, ther-
mal analysis can identify the degree of carbonation and 
hydration reactions of mortars [209]. In the early studies, 
Bakolas et al. [218] applied thermal techniques to inves-
tigate the major compounds of traditional mortars in 
Venice. The weight loss was detected in the temperature 
range of 500–600  °C, which was due to the decomposi-
tion of carbonates. In view of the long tradition of using 
pozzolanic additions in mortars during the existence 
of Roman Empire, Velosa et  al. [219] applied TG/DTG 
techniques to characterize the ancient pozzolanic mor-
tars from Roman time to the 19th century. In the case 
of mortars from the Azores island of S. Miguel, a peak 
at 460  °C appeared in the DTG curve was attributed to 
the loss of hydration water from pozzolanic additions, 
either from calcium silicate hydrates, alumino-silicate 
phases or iron oxide contained in the mortar. Similarly, 
in Schueremans and co-workers’ study [220], TG/DTG 
analysis was used to carry out the quantification of per-
centage composition of calcium carbonate, carbon diox-
ide, calcium hydroxide, and hydration degree of ancient 
Roman mortars. The results matched well with the 
PXRD and chemical analysis which further demonstrated 
the ancient Roman mortars containing brick particles. 
Pineda et  al. [135] used TG/DTA techniques to charac-
terize the mortars of the medieval building materials of a 
Hispanic-Islamic construction. The results suggested that 
mortars were prepared by employing lime as the binder 
and quarzitic sand as the aggregate. Silva et al. [55] used 
TG/DTA techniques to detect mineralogical and chemi-
cal composition of ancient mortars from military fortifi-
cations in Lisbon harbor, Portugal. Important weight loss 
occurred at higher temperature than 600 °C, correspond-
ing to  CaCO3 decomposition processes and revealing 

high calcite level in the mortars. Moreover, weight loss 
occurring in the range of 120–200  °C can be attributed 
to hydrated salt components, which were compatible 
with the geographical position of this construction at the 
stream outlet, close to the open sea.

In addition to the above ancient buildings, an increas-
ing number of mortars collected from important mon-
uments of the world heritage were also analyzed by 
thermal techniques in recent years. The hydraulicity 
of the mortars collected from Serapis temple built in 
Roman period in the city of Pergamon. Turkey was evalu-
ated by TGA. The analysis results suggested that the sam-
ples contained 2.33% structurally bound water (weight 
loss occurring at the range of 200 and 600 °C) and 6.87% 
carbon dioxide (weight loss being found higher than 
600  °C). The ratio of  CO2/H2O was 2.95, indicating the 
mortars can be treated as hydraulic lime mortars [221, 
222]. Unlike the European mortars, the hydraulic mor-
tar technology was not developed in ancient China due 
to the absence of natural hydraulic materials such as vol-
canic ash. In China, organic–inorganic hybrid mortars 
were mainly fabricated by some natural organic com-
pounds, such as vegetable leaves juice, sticky rice soup, 
egg white, animal blood, tung oil or even fish oil [102]. 
Interestingly, Xiao et al. [71] used TG/DSC techniques to 
characterize the composition of sticky rice-lime mortars 
collected from the city wall of Wugang Ming dynasty. The 
TG/DSC results of the mortar samples were illustrated 
in Fig. 15a. Due to high thermal stability of calcium sul-
fate with decomposition temperature above 1200  °C, 
it could be decomposed at temperature below 900  °C. 
As shown in DSC curve, three endothermic peaks at 
approximately 110, 420 and 720  °C could be observed, 
which was ascribed to the evaporation of water in mor-
tars, decomposition from Ca(OH)2 into CaO and  H2O 
[211], and decomposition from  CaCO3 into CaO and 
 CO2, respectively. It was noticeable that a very weak and 

Fig. 15 TG‑DSC curves of sticky rice‑lime mortars sampled from the Wugang Ming dynasty city wall [71], copyright (2014) Elsevier
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broad endothermic peak can be observed at approxi-
mately 320–380 °C as well. In order to further verify the 
existence of this weak endothermic peak, individual DSC 
measurement was carried out (as illustrated in Fig. 15b). 
The DSC results clearly showed the existence of an 
endothermic peak centered at 328  °C. It is well known 
that amylopectin, a major substance of sticky rice, usu-
ally starts to decompose at approximately 320  °C [223]. 
It is believed that the endothermic peak at approximately 
328 °C was ascribed to the decomposition of sticky rice. 
Furthermore, the content of  CaCO3, Ca(OH)2, water and 
organic compounds were quantified through the percent-
age of weight loss of TG curves. According to the TG 
curve, weight losses of Ca(OH)2 and calcite were calcu-
lated to be about 6% and 20% respectively, implying the 
weight percentages of Ca(OH)2 and  CaCO3 in mortars 
were 25% and 45% respectively. By contrast, weight loss 
of organic compounds from the TG curves was estimated 
to approximately 3%. The results indicated the presence 
of amounts of organic and inorganic compounds in mor-
tars collected from the Wugang Ming dynasty city wall.

As mentioned above, hydraulic property is an impor-
tant indicator of the composition of mortars [224, 225]. 
The weight loss occurred at temperatures lower than 
600  °C is attributed to loss of chemically bound water 
of hydraulic products (calcium silicate hydrates and cal-
cium aluminate hydrates) [218]. The weight loss at tem-
peratures above 600  °C is assigned to the  CO2 release 
in the process of decomposing carbonates. When  CO2/
H2O ratio is less than 10, mortars can be considered 
as hydraulic substances [226]. Maravelaki-Kalaitzaki 
et  al. [227] used a graphical method  (CO2/H2O ratio vs 
 CO2 percentage, as illustrated in Fig.  16) to differenti-
ate the hydraulicity of four typical mortars, i.e., crushed 
brick lime mortars, pozzolanic mortars, lime mortars 
and hydraulic lime mortars. The results showed that 
the typical lime mortars correspond to less than 1.5% 
chemically bound water to hydraulic composition and 
 CO2 values were in the range of 30–38%. The hydrau-
lic lime mortars released 27–34% of  CO2 and contained 
not greater than 5% of chemically bound water, indicat-
ing intermediate hydraulic feature. The crushed brick 
lime mortars showed hydraulic water and  CO2 content 
ranging from 4–5% to 24–26%, respectively, indicating 
higher hydraulic feature than the hydraulic lime mortars. 
Finally, the pozzolanic mortars showed not less than 7% 
hydraulic water and less than 20%  CO2, indicating the 
super hydraulic feature. Furthermore, Theodoridou et al. 
[56] used TG–DTA techniques to characterize the Late 
Bronze Age mortars from Cyprus. The results showed 
that hydrated lime and finely ceramic particles were used 
as binders, siliceous or carbonaceous components which 
were performed as fine aggregates. This paper combining 

with historical data clearly demonstrated the pathway 
of technological transfer in that era. For instance, in the 
region of Levant, crushed igneous rock was potentially 
imported from Cyprus at Iron Age. For this reason, the 
results can be cited by some researchers and historians 
to further investigate the composition of ancient mortars 
and the provenance of raw materials.

X‑ray based techniques
X-ray methods are now ubiquitous in architectural her-
itage studies and mainly involve laboratory-based pro-
cedures. These procedures include well-documented 
analytical techniques, such as X-ray diffraction (XRD) 
to determine crystal structure, X-ray fluorescence (XRF) 
to measure elemental composition, X-ray photoelectron 
spectroscopy (XPS) to measure electronic structure of 
solid surface and X-ray absorption spectroscopy (XAS) to 
identify the electronic structure of a material. In this part, 
the application examples of X-ray techniques in heritage 
conservation were discussed.

X‑ray fluorescence spectroscopy
XRF is one of the most popular instruments for the ele-
mental analysis of ancient materials. The essentials of this 
technique are simple: core electrons (K or L) of the atoms 
are expelled by high energy primary X-rays, the unstable 
ionized atom then relaxes to the base state by a series 
of electron jumps into lower orbitals to fill the vacan-
cies, thereby emitting fluorescence photons in the X-ray 
region which correspond to the quantum structure of the 
atom. The fluorescence emission, also called secondary 
X-rays, represents the “characteristic” spectrum of the 
atom, and it may be readily used to perform the qualita-
tive and quantitative analysis of the chemical elements. 

Fig. 16 The hydraulic curves of the four mortars were fitted 
through  CO2/H2O ratio (weight loss percentage > 600 °C/weight loss 
percentage between 200 and 600 °C) versus  CO2 percentage (weight 
loss percentage > 600 °C) [227], copyright (2003) Elsevier
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The experimental instrument for the measurement of 
XRF spectra is composed of an X-ray or γ-ray source 
used to irradiate the target sample, a sample stage and 
holder, and a system for detecting the fluorescent X-rays. 
Typical XRF spectrum shows the intensity of fluores-
cence X-rays emitted by sample (commonly in counts/
unit time) as a function of energy (in eV). After appropri-
ate calibration and correction for matrix self-absorption 
effects and detector efficiency, the integrated areas of the 
fluorescence peaks are converted into relative concen-
trations of the analyzed chemical elements. In general, 
it can measure specific elements whose atomic numbers 
are greater than 15, even a small quantity of exceptional 
detectors can measure light elements such as carbon, 
oxygen and nitrogen so it can be very helpful in analyzing 
historic building materials.

There are two main types of detector systems: those 
depended on solid-state detectors and multi-channel 
analyzers which are capable of directly detecting the 
energy of the fluorescent X-rays (the system is called 
EDS: energy dispersive spectrometry) and those based 
on a diffraction grating, typically a single crystal analyzer 
which detects the energy produced by fluorescent X-ray 
indirectly via diffracting the different wavelengths of the 
collimated fluorescent signal at different angles (the sys-
tem is called WDS: wavelength dispersive spectrometry). 
The range of detectable elements of EDXRF varies from 
sodium (Na) to uranium (U), whereas WDXRF can widen 
this scope down to beryllium (Be). The detection limit is 
generally at the ppm level, and in some cases can reach 
the sub-ppm level [228]. Furthermore, the WDXRF has 
lower counting rates but higher energy resolution (typi-
cally 5–10 eV) and therefore they can discriminate over-
lapping fluorescence lines more efficiently. The EDXRF 
has higher counting rates but sensibly lower energy reso-
lution (typically 150–200 eV). As a consequence, EDXRF 
systems are often used to carry out fast low-resolution 
measurements [229, 230], but WDXRF systems is com-
monly used for off-line and high-resolution analysis in 
the laboratory. Being compared with other spectrom-
eters, both EDXRF and WDXRF require longer counting 
times and/or larger amounts of samples. As the inherent 
advantages, the studies about characterization of historic 
building material are various. For example, the Casas de 
Paredes is an example of 18th century neoclassical archi-
tecture built with granitic rocks. A large number of neo-
formation coatings were generated on the main facades 
of the buildings, causing a visible soiling and affecting the 
aesthetics. Sanchez et  al. [214] applied XRF technique 
to explore the types of coatings. The results showed that 
CaO,  SO3,  SiO2,  Al2O3, Fe, K, P, Pb and Cu are the major 
elements, indicating that the composition of coatings 
originated from deposition of atmospheric pollution. 

Moreover, XRF can be applied to analyze the major and 
trace elements of ancient materials to explore the geo-
graphic origin of the quarries, as described by Colao 
and co-workers [231]. In this study, 48 different types of 
specimens were measured. Data obtained by XRF were 
analyzed by using multivariate statistical method which 
included the linear discriminant analysis (LDA), prin-
cipal component analysis (PCA) and soft independent 
modeling of class analogy (SIMCA). The results revealed 
that all the samples can be divided into certain quarries 
located in Seville province and unknown provenance. 
Furthermore, Gotze et al. [232] applied XRF to the inves-
tigation of the major and trace elements of building sand-
stones from Saxony, Germany. The results revealed that 
the main elements contained in the samples were very 
representative and monotonous. The content of silica was 
large and the concentrations of the other elements were 
relatively low.

Recent developments of XRF instruments in the field 
of architectural heritage aimed at making the equipment 
portable and  non-destructive [233, 234].  XRF instru-
ment equipped with a handheld analyzer  is generally 
employed to conduct surface and layer elementary analy-
sis toward samples. In particular, the elemental composi-
tion acquired by the portable XRF (PXRF) analyzer can 
provide valuable information for subsequent sampling 
operations, and then minimize the damage from aimless 
sampling. For example, Calva et  al. [235] applied PXRF 
technique to the analysis of colored fragments of plasters 
and floors collected from ancient Sicilian constructions. 
The results demonstrated that the mortars were mainly 
constituted of calcite in which the red or pinkish sub-
strates were composed of iron oxides and ochres, while 
the white pigments were mainly composed of  CaCO3. 
Furthermore, the PXRF was used by Gomez-Laserna 
et al. [236] to explore the origin and deterioration mecha-
nisms caused by atmospheric weathering and infiltration 
water erosion, suggesting that despite the signals of heavy 
metal elements can be detected on the appearance of the 
facade, no signals corresponding to toxic metal pollut-
ants such as Zn, Cu, Pb or Mn were measured at a sig-
nificant level either in damaged areas or in intact areas. 
From this point, it was not necessary to detect heavy 
metal contaminants by the other destructive techniques, 
especially regarding transportation and industrial activi-
ties. Synchrotron radiation is a continuous spectrum 
with intense power, high intensity, super brightness and 
variable wavelength. The major advantages of synchro-
tron radiation are: (1) high flux and brilliance, ability 
to generate a rapid data collection and the feasibility of 
utilizing small sample sizes (small beam footprint 2D 
and 3D studies to sub-mm/micro length scale); (2) pos-
sibility of wavelength tunability and selection of energy 
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region to meet the test requirements [237, 238]. Syn-
chrotron radiation techniques are especially suitable for 
non-destructive or micro-destructive analysis of different 
types of materials including organic and inorganic com-
ponents, either amorphous or crystalline materials. The 
new developments of synchrotron radiation techniques 
have made great progress in the characterization of vari-
ous materials with different non-destructive techniques 
(X-ray fluorescence and diffraction) at μm length scale. 
In Figueiredo and co-workers’ study [239], the chemical 
characterization of stone alteration materials and lichen 
encrustations were performed by a non-destructive 
instrument which was synchrotron radiation X-ray fluo-
rescence spectroscopy (SR-XRF). The SR-XRF spectra 
collected from lichen encrustations over granite blocks 
revealed the contribution of biogenically concentrated 
elements such as lead and bromine which were mainly 
originated from lichen biological activities. The recent 
developments of combination of X-ray fluorescence and 
synchrotron radiation sources have permitted determina-
tion of relative elemental abundance with high precision 
and accuracy and explained correlations among the dif-
ferent elements. Therefore, these advantages may allow 
measurement of the iron oxides and oxyhydroxides pre-
sent in the dark brown layer of wall paintings. Herrera 
et al. [240] applied SR-μ-XRF to the analysis of the micro 
cross-section of the samples. The XRF maps showed the 
elemental distribution in the samples (as illustrated in 
Fig. 17). It can be divided into two layers from the base 
to the surface. In the upper brown layer, the XRF maps 
showed the elemental distribution of iron and manga-
nese. The deeper part mainly contained lead, calcium and 

sulphur, and lead was the major component while cal-
cium and sulfur were derived from the basement of the 
wall painting (as shown in Fig. 17b).

More interestingly, Veerle et al. [241] used SR-μ-XRF to 
reveal the elements distribution as function of the depth 
from the Bray sandstone surface (as illustrated in Fig. 18). 
The results revealed that the highest content of calcium 
was found at the surface of the crust, and the amount of 
calcium was strongly reduced 0.5 mm below this surface. 
The same explanation can be done for almost all of ele-
ments except for silicon which was detected in the point 
spectra. More importantly, this study revealed that SR-μ-
XRF can measure more elements than the laboratorial 
XRF technique which was attributed to the  90o geometry 
at the synchrotron. With respect to the samples, SR-μ-
XRF found that the calcium and sulfur elements were 
enriched at the surface layer and the concentrations of 
titanium, potassium, iron and manganese at the surface 
layer were much higher than the other depths which 
could not be detected by traditional XRF technique. 
Furthermore, Maguregui et  al. [35] combined analyti-
cal diagnosis methodologies to assess nitrate impact on 
architectural heritage materials. SR-μ-XRF was utilized 
to distinguish the original elements of the brick and the 

Fig. 17 Elemental mapping detecting by SR‑μ‑XRF technique: a 
brown layer; b white layer [240], copyright (2008) Elsevier

Fig. 18 a The black line in the photograph indicated the profile 
where the synchrotron radiation was taken; b Selection of the 
SR‑µ‑XRF spectra on Bray sandstone taken along a line perpendicular 
to the sandstone surface (7200 eV, beam size 16 µm, 100 s measuring 
time, the labels show the position of the Kα fluorescent emission line, 
except the Ba‑Lα line) [241], copyright (2009) Elsevier
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subsequent elements which appeared in the efflores-
cence. Besides the original composition, arsenic, lead and 
chlorine were measured in all the efflorescence. The pres-
ence of lead in the efflorescence could be contributed to 
the airborne lead deposited in the porous material. The 
chloride resulted from the infiltration water. Further-
more, the presence of nitrobarite was determined by 
SR-μ-XRF.

Powder X‑ray diffraction spectroscopy (PXRD)
PXRD is an elementary instrument for the identifica-
tion of synthetic and natural materials. The discovery of 
Bragg-type X-ray diffraction from periodic crystal lat-
tices made the technique as a fundamental tool for: (1) 
the identification of crystalline phase, (2) the quantitative 
analysis of polyphasic mixtures, (3) the research of the 
long-range order structures of crystalline materials, and 
(4) the physical analysis of crystalline aggregates includ-
ing orientation texture, crystallite size distribution and 
lattice micro-strain effects. During the first half of last 
century, such conventional applications were developed 
into standard characterization processes of construction 
materials, and the accumulated data are now available for 
most known inorganic substances and minerals. Also, the 
online databases are now available for automatic discrim-
ination, rapid searching for crystallographic and struc-
tural information of crystalline substances [242].

PXRD data acquisition and analysis are routinely 
completed in a lot of laboratories dealing with materi-
als characterization. Samples are usually in the form of 
small single crystals (with sizes in the range 0.1–1.0 mm), 
polyscrystalline aggregates (powders, i.e. assemblages of 
 103–106 crystallites with size around 1 μm), or oriented 
specimens (fibers, thin films, polished surfaces). There-
fore, depending on the physical state, the chemical struc-
tures and the properties of the desired information, the 
PXRD test parameters and data analysis methods may 
vary greatly. In the field of architectural heritage, PXRD 
is one of the cheapest and most reliable technique to 
identify crystalline phases both in natural and man-made 
materials such as mortars [243, 244], bricks [245, 246], 
pigments [18, 233], building stones [247, 248] and so on.

The weathering of stone is a very complicated process 
involving mixtures of biological, chemical and physi-
cal reactions. It depends on rain, temperature, sunlight 
and pollution. The degradation processes of buildings 
constructed from natural stones are very dependent on 
the local conditions [249–251]. Inorganic or organic 
acids in the air originated from vehicles and indus-
try emissions are a major cause of degradation which 
can react with many materials to form soluble nitrates 
and sulfates. About 30 years ago, Monte et al. [31] used 
PXRD technique to investigate the status of the stone 

surfaces of Reggio Emilia Cathedral, in which both the 
natural weathering and pollution-linked processes con-
tributed to the erosion of the building materials. The 
PXRD data obtained from the samples showed that sul-
phation  (CaCO3 transformed into  CaSO4·2H2O) was 
the most common and significant feature of the dete-
rioration while the conversion of calcite to ankerite 
 [CaCO3 transformed into Ca(Mg0.67Fe0.33)(CO3)2] on 
the surfaces was infrequent. The existence of the cal-
cium oxalates  (CaC2O4), weddellite  (CaC2O4·2H2O) 
and whewellite  (CaC2O4·H2O) in the surface crusts was 
always associated with a forceful proliferation of epi-
lithic and endolithic blue algae and lichens. A highly 
insoluble salt uricite  (C5H4N4O3) originated from the 
excrement of birds was found in a few samples col-
lected from the horizontal areas. Also, the existence of 
quartz  (SiO2), feldspars (orthoclase:  KAlSi3O8, albite: 
 NaAlSi3O8) and a large number of phyllosilicates (kao-
linite:  Al4(OH)8Si4O10, chlorite: (Mg, Fe, Al)6(OH)8(Si, 
Al)4O10, serpentine: (Mg, Fe)6(OH)6Si2Al2O10) in plen-
tiful related samples can be ascribed to soil dust. Simi-
larly, the effects of air contaminants and humidity on the 
damage of limestone materials in architectural heritage 
of tropical coastal cities were studied by Crovo and co-
workers [252]. The PXRD analysis revealed that the main 
mineral phase of low humidity area was calcite  (CaCO3), 
whereas the main component of relative high humidity 
area was gypsum  (CaSO4·2H2O). The results showed the 
atmospheric sulfur compounds may accelerate the dam-
age of limestone materials under high humidity condi-
tions which can be attributed to atmospheric pollutants 
can be dissolved easier in the porous materials with the 
presence of moisture. Furthermore, the chemical compo-
sition of different rubble stone masonry walls located in 
Santander, Northern Spain was systematically evaluated 
via PXRD analysis, as shown in Fig.  19 [253]. It can be 
observed that the limestone (Fig. 19a) was mainly com-
posed of  CaCO3, with a small quantity of  SiO2. The pres-
ence of the latter component was more important in the 
marlstone (Fig. 19b) which also had lots of  CaCO3 in its 
chemical composition. Massive NaCl were also measured 
in this sample. The sandstone (Fig.  19c) was basically 
composed of silica in which the iron silicate and calcium 
can also be detected. Finally, there was significant pres-
ence of both silica and calcium carbonate in the lime 
mortar (Fig. 19d).

Besides characterization of traditional stone materials, 
mortars and even environmental influence on historic 
buildings, XRD technique can also analyze other com-
ponents. Ostrooumov [254] applied XRD to the charac-
terization of damage on ancient monuments (Morelia, 
Mexico). Forty-three pyroclastic volcanic rocks (ignim-
brites) collected from San Francisco and San Agustin, 
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the first building groups in the city of Morelia, had been 
studied. Numerous new mineral neoformation such 
as phosphates, sulfates, halides and carbonates, were 
detected in the above samples. Ventolà et al. [255] inves-
tigated the mineral composition of lime mortars before 
and after addition of traditional organic additives which 
included polysaccharides, animal proteins and fatty acids. 
The XRD results revealed that no mineralogical changes 
were detected before and after using organic additives. 
Except for variations of the content of aragonite  (CaCO3), 
calcite  (CaCO3) and portlandite (Ca(OH)2), the same 
mineralogical ingredients were detected in all the sam-
ples. Gianoncelli et  al. [233] conducted characterization 
of the pigments of mural paintings with portable PXRD 
instrument with low power, which was particularly suit-
able for on-site identification of non-moveable or/and 
irregular building materials.

The surveys of inorganic compounds with synchro-
tron X-ray diffraction contain in  situ dynamic diffrac-
tion investigations, phase transformations, structural 
identification at ultra-high pressures, and the utilization 
of resonant scattering effects for element-selective struc-
tural characterization. Pedrazzani et al. [256] used SR-μ-
XRD technique to study the sulphation of Candoglia 
marble which was a detached and deteriorated fragment 
collected from a decorative floral frieze of a lunette. 
The SR-μ-XRD patterns of the sample were collected 
using micro-diffraction at SRS MAD10 beamline and 
ESRF beamline ID13 (as illustrated in Fig. 20). The maps 
showed horizontal diffraction patterns for each point, 

since the X-ray beam was scanned into the interior of the 
cross-section from the exterior surface of the facade. The 
vertical lines arose from diffraction peaks of crystalline 
phases. The interface between the surface crust and the 
intact marble was between steps 60 and 70 μm. In both 
maps as illustrated in Fig. 20, the sample at 60–70 μm was 
marked by a significant drop in the intensity of the gyp-
sum line at 7.55 Å. The high background in the crust was 
assigned to the existence of non-crystalline components, 
such as amorphous by-products of deterioration. Moreo-
ver, bassanite (strong reflections at 3.00 and 6.01 Å), cal-
cite (reflection at 3.03  Å) and weddellite (reflection at 
6.03 Å) can be detected by SR-μ-XRD technique.

Interestingly, Grousset et  al. [257] introduced SR-μ-
XRD technique to better understand the decay processes 
occurring on steel reinforcements in mortar exposed to 
chlorinated environment simulated with NaCl solution 
(0.5 M), which can confirm the short-lived erosion prod-
ucts and their transformation with different time. The 2D 
maps obtained by SR-μ-XRD suggested that the chlorin-
ated green rust was inclined to be changed into akaga-
neite or goethite substances (as illustrated in Fig. 21). The 
properties of the precipitated phase relied on the tem-
poral chloride content, the existence of dissolved oxygen 
and the migration of ferrous ions in the pore structures 
of the binder. It is noteworthy that the green rust began 
to disappear after 20  h, whereas akaganeite remained 
present near the iron rebar. After 44 h of experiment, the 
green rust had completely disappeared from the map, 
revealing that the system was stabilized.

Fig. 19 X‑ray diffraction patterns of materials detected in the Riva‑Herrera palace: a limestone; b marlstone; c sandstone and d lime mortar [253], 
copyright (2013) Elsevier
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X‑ray photoelectron spectroscopy
The XPS is applied to identify valence and the electronic 
levels of the specific elements in a substance. The XPS 
spectra are achieved by irradiating a material with a 
beam of X-rays, and by detecting the number and kinetic 
energy of the electrons escaping from the top surface of 
the material being analyzed (1–10 nm). The XPS requires 
ultra-high vacuum conditions. Since many material 
samples are easily contaminated by adsorbed molecules 
and ions, it is necessary to adopt special treatments just 
before or during the measurement (by ion beam etch-
ing, laser ablation, UV irradiation, ion beam implanta-
tion or other means) to clean up the contaminants on the 
surface of the target sample, or even to check the mate-
rial’s reaction to bombardment, deposition, or treatment. 
Generally, it is a typical surface technique to characterize 
surface contamination or corrosion products of architec-
tural heritage [258, 259].

To measure the chemical reactions on the marble 
caused by  SO2 in atmosphere, Luque et al. [32] selected 
calcitic and dolomitic samples to undertake the acceler-
ated weathering test in which the samples were exposed 
to atmospheric  SO2 with high concentration for 24 h in 

a simulative climate chamber under the given tempera-
ture (20  °C) and relative humidity (> 90%). The changes 
on marble surfaces caused by reactions between  SO2 
with calcite and dolomite were analyzed by XPS tech-
nique, demonstrating that the sulphation rates of calcitic 
marbles were much higher than dolomitic marbles. Also, 
in both calcitic and dolomitic marbles, sulphite concen-
trations were commonly higher than sulphate. It is well 
known that the easy oxidation of  MgSO3 into  MgSO4 is a 
common effect [260, 261], and the same sulphation pro-
cess can occur on both calcitic and dolomitic marbles. 
However, Przepiorski et al. [262] noticed that it is difficult 
to determine the existence of  MgSO3 via PXRD, while it 
is feasible to achieve the distinguish sulphur species (sul-
phite and sulphate) on the surface of porous carbon with 
the aid of XPS. Moreover, Böke et al. [26] aimed at deter-
mining the primary factors, which influenced the forma-
tion rate of sulphite and sulphate species. In this study, 
4  keV  Ar+ bombardment was used to enable chemical 
analysis at greater depth. The spectra recorded in each 
marble surface showed that the main chemical elements 
present on unaltered marble were C, O, Ca and Mg, 
while additional S were present on the altered marbles. 

Fig. 20 a 2D diffraction pattern of data collected on ID13 with 5 µm beam spot and in steps of 1 µm. The ordinate axis is step number, 1 step was 
equal to 1 µm; b 2D diffraction pattern of data collected at SRS MAD10 with 100 µm beam spot in steps of 100 µm [256], copyright (2006) Springer 
Link
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The S 2p spectra obtained on the surface of calcitic mar-
bles were deconvoluted into two contributions:  CaSO3 
(166.8 ± 0.1  eV) and  CaSO4 (168.8 ± 0.2  eV). On the 
surface, the  CaSO3 contents (approximately 83%) were 
four times higher than the  CaSO4 values (approximately 
17%). While, at depth of 45.6  nm, a strong decrease of 
 CaSO3 content (approximately 53%) and a slight increase 
of  CaSO4 content (approximately 34%) can be observed. 
The S 2p spectra obtained on the surface of dolomitic 
marbles were deconvoluted into four contributions: 
 CaSO3 (166.8 ± 0.1  eV),  MgSO3 (167.4 ± 0.2  eV),  CaSO4 
(168.8 ± 0.2  eV) and  MgSO4 (169.4 ± 0.3  eV). Overall, 
sulphite  (SO3

2−) concentrations were always higher than 

sulphate  (SO4
2−) concentrations due to the calcium sul-

phite hemihydrate formation via the reaction between 
 SO2 with calcareous stones under relative high humidity 
conditions and subsequently oxidation into calcium sul-
phate. This research further confirmed that XPS was a 
great instrument to identify different chemical reactions 
on stone surface after a transitory exposure to air con-
taminants, because it can test the development of dam-
age crusts by detecting only a few micrometers.

Zhu et  al. [263] employed XPS technique to obtain 
the chemical state of some elements in the greenish pig-
ments of murals from the Cizhong catholic church which 
reflected Chinese traditional architectural styles and art 

Fig. 21 X‑ray diffraction patterns obtained on the DiffAbs beamline at Synchrotron SOLEIL: distribution of a chlorinated green rust; b akaganeite; c 
goethite; d iron; after (1) 1 h, (2) 8 h, (3) 20 h and (4) 44 h of testing [257], copyright (2015) Royal Society of Chemistry
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skills, and witnessed the influence of Catholic culture on 
the architectural design of late Qing Dynasty. The results 
demonstrated that the binding energy of As 3p was 
140.06  eV which can be assigned to the As in arsenate 
[264]. The Cu 2p spectrum was not very smooth, how-
ever, there were two peaks at 945 and 964 eV, which indi-
cated that the copper was mainly the divalent state. In 
Salvi and co-workers’ study [265], they analyzed samples 
collected from the travertine basement of the Statua dello 
Studente, La Sapienza, and they focused their research 
on the chemical components of the copper-stained areas 
applying XPS technique as a surface-specific technique. 
The XPS wide spectrum acquired with MgKα was shown 
in Fig.  22a, which represented the powdered samples 
collected from both green and grey areas of the traver-
tine basement (sampling sites were shown in Fig.  22b, 
c). The red-marked peaks were directly related to the 

photo-emitted electrons, while the Auger peaks (black-
marked peaks) were assigned to relaxation processes. The 
results suggested that copper complexes and the mixture 
of calcium/copper carbonates were closely related to the 
stains of the stone surfaces, and the chemical state of 
other elements with respect to chemical structures varied 
with the chromatic characteristics.

Considering that the commercial Si-based resin 
 (Alpha®SI30) can be used as protective reagent to 
enhance the hydrophobic properties of different types 
of materials, Fermo et al. [259] used XPS technique to 
characterize the resin-stone interactions. The stone 
samples were collected from Angera, Botticino and 
Carrara, Italy. The results showed no big changes 
in the Ca 2p, O 1  s and C1  s binding energies of both 
the original and the covered stones. However, valu-
able information was obtained by comparing the Si 2p 

Fig. 22 a Representative XPS wide spectrum of samples collected from the “Statua dello Studente”; b detailed photos of green sampling sites; c 
detailed photos of grey sampling sites [265], copyright (2012) Springer Link
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spectra of the original and the coated stones with the 
pure  Alpha®SI30 (as illustrated in Fig.  23, the case of 
Angera as a representative sample). The Si 2p spectrum 
for the neat stone was fitted to the two peaks (Fig. 23a), 
corresponding to silica (103.1  eV) and phyllosilicate 
impurities (100.8 eV) [266]. The Si 2p spectrum of pure 
 Alpha®SI30 (Fig.  23b), acquired from the resin depos-
iting on a gold foil, was deconvoluted by two peaks 
at 102.8 and 104.2  eV. The lower binding energy cor-
responded to the poly-dimethyl-siloxane, while the 
higher one to the silane component of the resin. Fig-
ure  23c showed the Si 2p line of the  Alpha®SI30-clad 
Angera stone, and three peaks can be contributed to 
the resin (102.8 and 104.2 eV) and silicon-based impu-
rities (101.7  eV). Furthermore, to testify the coverage 
uniformity on the surfaces of stones, XPS imaging was 
obtained in the case of Botticino limestone (Fig.  23d, 
e). After the acquisition of photoemission peak (P) 

and background (B) images, the images were corrected 
for the sample topography by calculating the ratio P/
(P + B). As it can be seen from both images after topo-
graphic correction, the distribution of calcium and sili-
con over the surface of the sample was nearly complete 
uniform. From XPS analysis, the different types of sili-
con were distinct and it exhibited evidence of the quite 
homogeneous distribution of the resin over the stones. 
Another similar application of XPS and XPS imaging 
techniques was presented by Bakolas et  al. [267]. The 
XPS determination offered significant information con-
cerning the segregation of the constituents and their 
concentration profiles at the interface between binder 
and load-bearing elements. The results showed that the 
segregation of calcium at the interface was very selec-
tive, and magnesium did not diffuse towards the inter-
face. In addition, many researches have proved that 
XPS surface analysis is a practical instrument for the 

Fig. 23 Si 2p XPS spectra of a the bare Angera stone; b the resin  Alpha®SI30 deposited on a gold foil; c the Angera stone coated by  Alpha®SI30; 
XPS imaging obtained by Botticino limestone d Ca and e Si surface distributions [259], copyright (2014) Springer Link
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detection of airborne particles  (PM10 or  PM2.5) due to 
these small fractions which have a greater surface area 
to volume ratio than larger particles [268, 269]. The 
chemical shifts permit the qualitative analysis of the 
different elements, for example, C1s curve can supply 
information about elemental carbon (EC) and organic 
carbon (OC), thus quantifying the carbon-based sub-
stances that might be present in the PM [270].

X‑ray absorption spectroscopy
At present, the application of synchrotron-based X-ray 
absorption spectroscopy (SR-XAS) in the field of ancient 
building materials is still limited [256]. XAS data are 
obtained by measuring variation of absorption coeffi-
cient when the energy of the probing X-rays photos was 
scanned in a narrow region around an absorption edge. 
A table of all electron binding energies is given in the 
famous X-ray booklet, which is available at the LBNL web 
site (http://xdb.lbl.gov/). The analysis of the XAS data 
considers three significant regions: the dominant edge 
feature together with its pre-edge (few hundred eV below 
the edge) region is called the X-ray absorption near-edge 
structure (XANES). This region is extremely sensitive to 
coordination environment and oxidation state. Thus the 
edge position is a reliable indicator of the valence state 
of the probed element [271, 272]. The interpretation of 
the modulated region extending from the edge to higher 
energies and containing the positive and negative inter-
ference effects is called extended XAFS (EXAFS) region 
[273]. It can provide the local atomic environment and 
yielding information on local chemistry and geometry, 
the determination of the surrounding atoms, specific 
bond lengths and coordination numbers [274]. Overall, 
XAS is a nondestructive technique with low detection 
limit, high resolution and high sensitivity to exceptional 
elements. These advantages are highly compatible with 
precious, heterogeneous and complicated characteriza-
tion. In particular, the combination of XAS and mapping 
techniques with high spatial resolution offers information 
about chemical composition and elemental states, even 
for trace elements [275]. However, it is noteworthy that 
XAS is an averaging instrument. It detects the micro-
scopic environment of all the surrounding atoms of the 
target element. Thus if the target elements are in more 
than one local chemical environment, then the resulting 
spectrum will be an appropriately weighted average of all 
the environments [228].

Indeed, besides the above-mentioned superiorities, 
another reason for XAS to be practical is that it can per-
fectly measure crystalline or amorphous materials [40]. 
Bertrand et al. [276] summarized the studies of XAS tech-
niques during 1986–2010 to study the architectural herit-
age materials like glass, mural painting materials, stone, 

ceramics, metals, mortars and woods. For instance, color 
changes are commonly acquired in glass by modulating 
the oxidation states of transition metal elements such as 
copper, manganese, cobalt and iron. Each element pos-
sesses characteristic absorption frequencies in visible 
region resulting from d-d electronic transitions [277]. 
Quartieri et al. [278] applied XANES instrument to ana-
lyze ancient glasses collected from the Patti Roman Villa 
(Messina, Sicily). The manganese and iron K-edges spec-
tra verified the hypothesis that pyrolusite  (MnO2) should 
be added deliberately as a de-colorant during the melting 
process. Similarly, Farges et al. [279] used XAS to explore 
chemical composition of medieval glasses from various 
gothic buildings (14th century) in Normandy, France. 
The Mn K-edge spectra suggested that manganese was 
divalent and located at a silicate-type environment in the 
fresh glasses. When being weathered, manganese can 
be oxidized to  Mn4+, which gave rise to the deposition 
of manganese oxi-hydroxides, resulting into opacifica-
tion and a color change of the glass panes. Similar spectra 
were detected at the iron K-edge where ferrihydrite-type 
materials deposited in the erosion areas. Furthermore, 
as copper gives various colors in stained glasses, Farges 
et  al. [280] also used synchrotron μ-XANES/EXAFS 
spectroscopies at copper K-edge to investigate the “cop-
per ruby red” glasses from the St Gatien Cathedral in 
Tours (windows from the 13th century). Figure  24a 
showed five representative copper K-edge XANES 
spectra measured in the various interest regions of the 
glasses. In the Cu-poor areas (spots #1 and #2), the cop-
per K-edge XANES spectra were nosier but matched well 
with those collected in the Cu-rich layers (spots #3 and 
#4). These four μ-XANES spectra could be assigned to 
 Cu+ along with some nanocrystalline metal copper (on 
the average about 10 at% based on linear combinations). 
Figure  24b–e showed the normalized copper K-edge 
μ-EXAFS spectra and their Fourier transformation (FT) 
for the spots #4 and #5. The Cu–O peak for the spot #4 
showed a peak located at ~ 1.4 Å on the FT, indicating the 
existence of linear units of  Cu+. Furthermore, a wavelet 
analysis found weak contributions arising from silicon-
containing compounds located between 3 and 4  Å on 
the FT (as illustrated in Fig. 24d). The results confirmed 
that silicon-containing compounds replaced a significant 
of well crystallized native copper or cuprite. In contrast, 
the Cu–O peak of spot #5, located at higher (R + Δ) val-
ues (centered near 1.5 and 2.2 Å), was a doublet, which 
suggested the presence of  Cu2+. In addition, the EXAFS 
for spot #5 showed a significant Cu-Si contribution near 
4.2 Å on the FT, indicating the weathering product may 
be chrysocolla and the other Si-containing minerals.

XAS techniques are often used to explore chemical 
reactions resulted from pigment alteration process of 

http://xdb.lbl.gov/
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ancient constructions. For example, sulfur-based pig-
ments such as HgS (natural cinnabar, synthetic vermil-
ion) can change from red to grey or black. Cotte et  al. 
[281] used XANES at the sulfur K-edge to reveal both 
above-stated HgS in Pompeian mural paintings (as illus-
trated in Fig.  25a). The results suggested that XANES 
can detect the sulfur oxidation states directly and can be 
applied straightforwardly to distinguish the different sul-
fur components. Except for sulfur oxidation, the results 
demonstrated that chloride was an additional active sub-
stance in cinnabar degradation. In some Pompeian [281] 
and Gothic mural paintings collected from Barcelona 
[282], XANES offered solid information of mercury-chlo-
ride chemical bonds formation, especially in gray altered 
areas. However, the existence of the element chlorine was 
not systematically related to alteration, but originated 
from the inert contaminant (NaCl) on a surface of red 
Pompeian mural painting. The XANES spectra of chlo-
rine showed characteristics which make it possible to 
differentiate mercury chloride substances from alkaline 

and alkaline earth chlorides (as illustrated in Fig.  25b). 
In Cotte and the co-workers’ study, they combined XRF 
with XANES techniques to selectively measure the dis-
tribution of mercury chloride components in cross-
sections of a Gothic painting, revealing the blackening 
of cinnabar. As illustrated in Fig.  25c, mercury chloride 
components were trapped in the grey area, while other 
chlorides, perhaps the calcium chlorides, were present 
beneath the pigment [277].

XAS technique is also applied to acquire a better 
understanding of the other architectural heritage mate-
rials [22]. Walker et  al. [283] used XAS techniques to 
demonstrate the efficacy of hydrophobic and super 
hydrophobic surface coatings for enhancing limestone 
resistance to sulfate attack, which can be used to deter-
mine the reactively generated crystalline and amor-
phous calcium substances. Hormes et  al. [284] used 
XANES spectra to explore the chemical compounds 
of mortar samples from the Abbey of Saint John which 
is a UNESCO World Heritage Site since 1983. The 

Fig. 24 μ‑XANES/EXAFS spectra for the glass samples. a Normalized Cu K‑edge μ‑XANES collected in the profile shown on the left; b normalized 
Cu K‑edge μ‑EXAFS spectra, their best simulation (using cuprite as a model); c FTs for the spots #4 and #5; d, e wavelets diagrams (k‑R correlation) 
computed for the EXAFS of spot #4 and #5 [280], copyright (2006) Elsevier
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calcium K-edge XANES spectra suggested that calcite 
was the major calcareous components in the samples. 
However, the form of vaterite and hydroxyapatite were 
also existed. Furthermore, Monnier et  al. [285–287] 
published a series of papers to explain the long-term 
atmospheric corrosion behavior of different phase and 
elements on ferrous alloys from the Amiens Cathedral 
built in the 13th century. The sulfur and phosphorus 
K-edge spectra showed that the components absorbed 
on ferrihydrite surfaces mainly existed under the form 
of phosphate and sulphate. Based on this view, all the 
papers above fully showed the great contribution of SR-
XAS as a major part of characterization methodology 
for complex systems.

Ion beam analysis techniques
Ion beam analytical method is a significant family of 
modern characterization instruments involving the 
application of MeV ion beams to detect the chemi-
cal composition and obtain elemental distribution of 
cross-sections in the near-surface layer of solid materi-
als located on architectural heritage [40]. Among these 
methods, the most frequently applied analytical tech-
niques are proton-induced X-ray emission (PIXE) and 
proton-induced γ-ray emission (PIGE). Many research-
ers apply them to detect historic building samples as 
the first step, which provide the chemical composi-
tion of various materials such as pigments [288–290], 
glasses [291, 292], mortars [293, 294], etc. Because 

Fig. 25 a, b XANES spectra of sulfur and chlorine K‑edge compounds detecting in architectural heritage materials; c XANES spectra and chemical 
mapping of a blackening cinnabar from Pedralbes monastery [281], copyright (2010) American Chemical Society



Page 36 of 50Zhao et al. Herit Sci            (2019) 7:36 

historic building materials are extremely precious, 
a large number of materials are limited to use small 
original fragments. Furthermore, as most instruments 
are performed on destructive way, the samples used 
for characterization are difficult to be recovered com-
pletely. The advantages of the PIXE/PIGE analysis stem 
from its non-destructiveness and its high sensitivity to 
trace elements in a material. PIGE technique is relative 
to PIXE. It is a nuclear analytical method in which the 
protons can interact with the nuclei of the atoms in the 
target material, and then emit γ-rays instead of X-rays. 
This technique can determine the light elements as 
γ-rays which are less absorbed by the sample. There-
fore, the combination of PIXE-PIGE arises increasing 
interests since it is the desired techniques for the char-
acterization of valuable historic building materials.

For PIXE analysis, glass is frequently used as a conveni-
ent target: its main compositions are light elements, and 
the high-Z trace elements are easily measured by cover-
ing the low energy X-rays of the matrix with appropriate 
absorbers. Numerous improvements have been proposed 
to strengthen PIXE sensitivity for glassy materials, such 
as selective vanadium and aluminum filters, which are 
suitable to a number of glass types [295]. Sensitivity usu-
ally reaches a few μg/g for transition metal elements, 
and several hundred of μg/g for the major elements. For 
example, the stain glass windows from the Baume-les-
Messieurs monastery are typical for history of glass [13]. 
41 representative samples were detected by the PIXE-
PIGE analytical method to identify natron glass (2 pieces) 
and wood-ash glass (39 pieces) of 8th century. The 
results showed that the sodium content was high (18%) 
in natron glasses, while the contents of potassium and 
magnesium remained low in soda glasses (MgO = 0.6% 
and 0.9%,  K2O = 0.84% and 0.42%). The percentages of 
potassium (8.79–16.7%), magnesium (1.69–4.39%) and 
phosphorus (1.23–3.43%) of wood-ash glasses were rela-
tively high, indicating the wood-ash glasses were made 
from a mixture of wood ashes and sand. Moreover, trace 
elements, such as zinc, nickel, copper, barium, strontium 
and rubidium, were also detected in wood-ash glasses, 
which might be contributed to the components of the 
soil in which the plants grown [296]. In Carmona and 
co-workers’ study [14], the most important oxides (PbO, 
 K2O,  Na2O, CaO and  SiO2) which influenced the glasses 
stability can be determined accurately with PIXE, XRF 
and EDX. As illustrated in Fig. 26, three different groups 
were identified as potassium lead silicate glasses (BUR 
and CRYS), soda lime silicate glasses (GOY, MAD and 
MU), and transition Medieval-Renaissance glasses (LE, 
CAR and TOL), which revealed the presence of sodium 
and potassium oxides with low content. Furthermore, the 
minor contents of glass coloring agents  (Ag0, MnO, CoO 

and  Fe2O3) were analyzed by PIXE-PIGE with perfect 
accuracy. PIXE-PIGE could provide comparable results 
as conventional instruments and could be achieved with 
no sampling at all in above studies, and they are essential 
and powerful instruments for analyzing irregular-shaped 
materials.

Besides the characterization of glass, the pigments 
used in architectural elements (patera, panel, pilaster, 
etc.) could also be analyzed by PIXE instrument. Roas-
cio et  al. [297] applied the PIXE technique to charac-
terize the different pigments in medieval polychrome 
architectural elements of Veneto-Byzantine style. The 
PIXE analysis demonstrated that the major content was 
calcite (the white pigment), and the contents of MgO, 
 Al2O3,  SiO2 and  SO3 were all around 1%. Moreover, 
the results showed that sulfur, sodium, silicon and alu-
minum were the most abundant elements in blue pig-
ments, which could be contributed by the existence of 
lapis lazuli. Because of the presence of trace of copper, 
azurite  (2CuCO3·Cu(OH)2) can be excluded. But the 
high amount of iron detected in the target sample may 
account for an artificial pigment created at the beginning 
of the 18th century, which is called “Paris blue” and its 
chemical formula is  Fe4[Fe(CN)6]3. With respect to the 
yellow pigment, the PIXE analysis of a 0.5 × 0.5 mm2 area 
(Fig. 27a) revealed a large content of calcite and lead with 
moderate content of iron, copper and minor content of 
barium-oxide (1%). As no ancient or modern yellow pig-
ment is based on minimal contents of copper (0.46%) or 
iron (0.47%), the above elements may be related to the 
desire of modifying the yellow display through the addi-
tion of a small quantity of other pigments. Moreover, the 
absence of arsenic and antimony excluded the existence 

Fig. 26 K2O‑Na2O‑CaO ternary diagram of measured 
samples. MODEL/MU‑blue/MU‑green, LE/TOL/CAR, BUR, GOY/
GOY‑green/MAD/CRYS represented glasses samples of Medieval, 
Medieval‑Renaissance Transition, Early Modern, Modern period, 
respectively [14], copyright (2010) Elsevier
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of two traditional yellow pigments such as orpiment 
 (As2S3) and Naples yellow  (Pb3(SbO4)2) known in early 
medieval times. The absence of tin excluded the existence 
of lead–tin yellow  (Pb2SnO4) known in late medieval 

time. Furthermore, EDX analysis was carried out to iden-
tify the compounds in yellow pigments in which the 
existence of calcium and lead matched well with PIXE. 
A few spots contained  BaSO4 and Cl (as shown in 

Fig. 27 a The PIXE spectrum collected from a 0.5 × 0.5 mm2 area in the same sample. Here, the barium  Lα,  Lβ,  Lγ peaks were not visible; b the SEM–
EDX spectrum of a barium‑rich spot in the yellow pigments; c–f PIXE elemental mapping for iron, calcium, lead, sulfur elements in a red section 
[149, 297], copyright (2002, 2004) Elsevier
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Fig.  27b), indicating that the white inorganic pigment 
available only from the second half of the 18th century 
might mix with mineral yellow  (PbCl2·7PbO). However, 
the data were also compatible with the existence of lead 
red  (Pb3O4) known from Roman times. It can be inferred 
that the yellow pigments might become orange-red, and 
finally turned to yellow with time. In red samples, the 
PIXE technique confirmed that the content of iron was 
quite abundant, and the absence of mercury and a small 
quantity of lead suggested that HgS or  Pb3O4 were not 
the components of red pigments. In a similar study, Zuc-
chiatti et al. [149] used PIXE technique to investigate the 
pigments of the 8–9th century frescoes of the Longobard 
temple of Cividale del Friuli in Italy. Notably, they used 
PIXE chemical mapping to investigate the major elements 
of cross-sections of a red piece (as shown in Fig. 27c–f), 
demonstrating that iron was the most abundant element 
which was quite different from the red averaged surface 
scanning. And the contents of calcium and lead were also 
abundant, while the contents of silicon and sulfur were 
relatively low. The results suggested that  Fe2O3 was the 
main component in red samples, but lead-containing pig-
ments (like litharge or massicot) cannot be excluded. In 
addition, it is noteworthy that PIXE technique will lead to 
produce dark brownish stains during irradiation on spe-
cific pigments. This strange phenomenon is called “dark 
spot”, and they usually fade out progressively and disap-
pear after a few weeks. In previous studies [298, 299], the 
purpose was to clarify the physicochemical processes of 
the stain production and search a way to make stains dis-
appear. It was suggested that color centers were formed 
during irradiation processes and it was pointed out the 
significance to confirm the right experimental condi-
tions to avoid any damage for materials of architectural 
heritage.

Besides the above applications, many papers can also be 
found concerning PIXE assessment of the threats to his-
toric buildings exerted by air pollution in a semi-confined 
environment [33, 300]. For example, exfoliation and dis-
coloration of the pigmented films were present in all the 
courtyard decorations of Palazzo Vecchio (14th century) 
located in the center of Florence. Chiari et al. [300] used 
a streaker sampler to collect fine (aerodynamic diameter 
dae < 2.5  μm) and coarse (2.5  μm < dae < 10  μm) fractions 
of  PM10 with an hourly resolution. Two types of streaker 
samples related to the fine and coarse substances from 
the summer and winter campaigns were analyzed by 
PIXE. The results showed that elements with representa-
tive anthropocentric sources such as lead, nickel, zinc 
and copper were measured in courtyard with higher con-
centrations in the fine than in the coarse fraction, both 
in summer and winter. In fine fraction, sulfur was the 
most abundant element (mean values were 0.36  μg/m3 

and 1.2 μg/m3 in winter and summer, respectively). Sul-
fur was mainly derived from gaseous  SO2 in atmosphere 
and it was the major precursor of sulphate, which results 
in weathering and destruction of ancient building materi-
als. [301]. Moreover, Sabbioni et al. [302] used PIXE tech-
nique to study the damaged layers on stone constructions 
and ancient buildings collected from eight urban sites 
of northern and central Italy. In the most abundant ele-
ments, silicon (in third place after calcium and sulfur), 
with a concentration varying between 2 and 9%, and alu-
minum (0.07–2%) must also be mentioned. Iron was the 
most abundant heavy metals, with percentage between 
0.4 and 2%, and followed by sodium, magnesium, potas-
sium and chlorine. Also, some other heavy metals such 
as iron, lead, titanium, strontium, zinc, and manganese 
were detected. The detection of the major compounds 
and elements in black crusts generated on the carbonate 
surfaces of architectural heritage indicated that they were 
the result of both gaseous and aerosol deposition.

MS‑based molecular techniques
Mass spectroscopy (MS) is a technique designed to sepa-
rate charged atoms and molecules based on their mass 
number or mass-to-charge ratio (m/z). The MS-based 
techniques are mostly used for the quantification of 
atoms and molecules at trace level, and it is the only the 
technique which can identify and quantify individual iso-
topes from the same chemical element. Comparing with 
chromatographic techniques, MS techniques are neces-
sary for the characterization of historic building materi-
als due to numerous chemical compounds with similar 
retention times. At the same time, considering that a 
large number of compounds cannot be available as com-
mercial standards, chromatography cannot provide accu-
rate qualitative or quantitative analysis, thus researchers 
must rely on MS instruments to confirm the unknown 
organic or inorganic compounds. Several instrumental 
coupled with ion sources, mass analyzers and detectors 
have been optimized for specific applications, so that 
they have become recognized standard configurations for 
materials characterization. Recently, an increasing num-
ber of researchers used MS-based techniques to study the 
inorganic and organic materials of architectural heritage 
[303–307]. For example, the identification of the color 
layer chemical composition of mural paintings should 
distinguish inorganic pigments, organic pigments and 
binding media (oils, resins, wax or proteinaceous materi-
als). Inorganic compounds of color layers were routinely 
analyzed by SEM–EDX, FTIR, Raman spectroscopy and 
PXRD techniques. Meanwhile, FTIR was also carried out 
to identify the chemical composition and structure of 
organic pigments and binders. But FTIR technique was 
found to be unable to differentiate organic substances 
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with similar structures and functional groups, especially 
macromolecular peptides and proteins.

Gas chromatography–mass spectrometry (GC–MS) 
analysis is currently recognized as the best method for 
discriminating organic substances such as terpenic res-
ins, waxes, proteins, drying oils and polysaccharide gums 
of micro-samples of painting layers. The method supplies 
elementary information for organic compounds, evalu-
ating the optimal conditions for long-term conservation 
and planning restoration [308–311]. For example, Mar-
tinez et al. [308] used GC–MS to investigate the organic 
compounds (mainly polycyclic aromatic hydrocarbon, 
PAHs) of a palace house in Bilbao in Spain, a metro-
politan which was identified as the World Heritage of 
UNESCO in 2006. PAHs in black crusts were extracted 
from non-rain-washed regions and determined as high 
as 20  mg  kg−1, in which about 80% of them were mac-
romolecular organic matter with four to six rings. The 
computational values of phenanthrene/anthracene ver-
sus fluoranthene/pyrene, benzo[a]anthracene divided 
by chrysene, benzo[b]fluoranthene divided by benzo[k]
fluoranthene, and indene[1,2,3-cd]pyrene divided by 
benzo(ghi)perylene were applied in this work. The for-
mer ratio Phe/Ant: Flu/Pyr being 15.0:1.4, indicating a 
pyrolytic source, and the later ratios were 0.44, 1.53 and 
1.05 for B[a]A/Chr, B[b]F/B[k]F, Ind/B(ghi)P, respectively, 
implying the pyrolytic source as heavy fuel-oils. How-
ever, most organic substances in mural painting belong 
to high molecular weight molecules [309]. In some 
researches, they were natural polymer such as proteins 
or plant gums. Others were polymerized or cross-linked 
by exposure to light and air, such as natural resins and 
drying oils [309]. For this reason, the above substances 
cannot be directly measured by GC–MS. It is neces-
sary to transform the macromolecular analytes into low 
molecular weight molecules, which can be achieved by 
coupling analytical pyrolysis to the gas chromatography–
mass spectrometry (Py–GC–MS). As the Py–GC–MS is 
introduced, the original polymers were firstly added into 
the pyrolyzer apparatus for pyrolysis, and then the small 
molecular substances with low boiling point entered 
the GC–MS to carry out separation and detection. This 
instrument requires minimal sample manipulation and 
no special pretreatment, which can eliminate the possi-
bility of contamination. Bonaduce et  al. [310] used Py–
GC–MS technique to analyze the restoration of 14th 
century frescoes from the Monumental Cemetery in Pisa, 
Italy. Notably, the frescoes were detached from the wall 
and relocated on an asbestos cement support in 1945 by 
employing a type of glue containing casein and calcium 
hydroxide. In order to guarantee the detection accuracy, 
original materials and reference layers containing ani-
mal glue, egg, casein and several synthetic materials were 

analyzed and characterized to build a reference database 
of mass spectra. The spectra showed that the content of 
the most unstable amino acids such as methionine and 
lysine was much lower than expected, which demon-
strated proteins degradation resulted from both natu-
ral ageing and human intervention. Furthermore, the 
solubilities of these proteins in ammonia solution were 
proved to be quite low, implying that a polymerisation 
process had occurred. These results matched well with 
those samples collected from other frescoes previously 
analyzed [20], and confirmed the extensive and known 
application of these natural materials during the resto-
ration in 1945. Similarly, Mazzeo et al. [16] also applied 
Py–GC–MS to the study of the decorated surfaces of the 
Drum Tower in Xi’an, a Ming Dynasty monument built 
up in 1380 AC. The high concentrations of the dimethyl 
ester of the azelaic acid together with suberic acid dime-
thyl ester suggested the application of siccative oil as 
binding agent.

Although Py–GC–MS is a rapid and efficient instru-
ment to acquire the fingerprint information of the 
organic substances in paint samples, wet chemical pre-
treatment is irreplaceable as it can elucidate the compo-
sition and structure of the target materials at molecular 
level. The wet chemical pretreatments commonly include 
hydrolysis and derivatization reactions. The first step is 
conducted to decompose macromolecules or polymers 
such as sugars from polysaccharides, amino acids from 
proteins and fatty acids from triglycerides into small mol-
ecules, thus supplying molecules are suitable for GC–MS 
determination. Derivatization reactions can transform 
the compounds containing polar functional groups 
such as carboxylic or alcoholic moieties, into less polar 
compounds like corresponding silyl esters or ethers to 
increase their volatilities. In the case of heterogeneous 
multi-material samples of historic buildings, the sophisti-
cation of the GC–MS testing procedure is increased due 
to separation and pretreatment of the different analytes 
[312, 313]. For example, polysaccharides and proteins are 
required to experience acidic hydrolysis to release the 
sugars and amino acids, respectively. However, to ensure 
that the reaction is complete and to reduce the loss of 
active substances, hydrolysis conditions must be specifi-
cally optimized, that is, harsher for proteins and milder 
for polysaccharides. Glycerolipids and natural waxes 
demand alkaline hydrolysis, but the complete hydrolysis 
of wax esters is more difficult than that for glycerides. 
Alkaline hydrolysis is needed before the polyesters of 
shellac compounds carry out subsequent GC–MS analy-
sis, but the choice of reagents should be careful as it can 
affect the resulting molecular profile. Furthermore, the 
characterization of various binders of mural painting 
may be affected by the presence of inorganic compounds 
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originating from the support or pigments. For example, 
the characterization of proteinaceous and polysaccha-
ride substances can be affected by the existence of a large 
number of inorganic species such as  Hg2+,  Fe3+,  Cu2+, 
 Pb2+,  Cd2+,  Zn2+,  Ca2+ and inorganic/organic anions 
[314]. To overcome these troubles, a purification step for 
extracting target molecules by a miniaturized sorbent tip 
(C-18 or C-4 stationary phase) can be adopted during the 
analysis procedure [315]. For example, in Colombini and 
co-workers’ study [309], beeswax used for mural paint-
ings was characterized after hydrolysis and purification 
procedures, the existence of long chain fatty acids with an 
even number of carbons from palmitic to dotriacontanoic 
acid, (ω-1)-hydroxy acids with an even number of car-
bons from 15-hydroxyhexadecanoic acid to 23-hydroxy-
tetracosanoic acid, long chain linear alcohols with an 
even number of carbons from tetracosanol to tetratriaco-
ntanol, long chain (α, ω-1)-diols with an even number of 
carbons from 1, 23-tetracosandiol to 1,27-octacosandiol, 
and long chain linear saturated hydrocarbons with the 
prevalence of an odd number of carbons from tricosane 
to tritriacontane testified their hypothesis about the 
chemical composition of the materials.

It is noteworthy that the above MS-based techniques 
require a large number of samples collected from his-
toric buildings. For instance, the lowest sample con-
sumption is 50–100  μg for GC–MS and a few μg for 
Py–GC–MS [310]. Furthermore, sample pretreat-
ments such as hydrolysis, extraction and derivatization 
are time-consuming along with the information loss 
of secondary fragments [316]. In order to completely 
characterize chemical composition of architectural her-
itage, particularly for proteinaceous materials, peptide 
mass mapping (PMM) applying specific cleavage with 
enzymes followed by detection of the resulting peptide 
fragments adopting matrix-assisted laser desorption/
ionization time-of-flight mass spectroscopy (MALDI-
TOF-MS) is a common method. Compared to other 
methods, this technique generates a “mass fingerprint” 
which can supply faithful information of a protein. The 
target protein in either native or denatured state pos-
sessed little influence for material identification. It was 
reported that the detection limit ranges from pmol to 
fmol, implying extremely low consumption of samples. 
In addition, the total enzymatic cleavage/MALDI-TOF-
MS procedures can be completed within several hours. 
These superiorities encouraged scientists to examine 
this method also for characterization of protein sub-
stances collected from architectural heritage. In Hynek 
and co-workers’ study [317], they demonstrated that 
MALDI-TOF-MS can be applied for rapid and trust-
worthy identification of proteins in mural paintings 
even in old, highly aged matrices. In the mass spectrum 

of the real tryptic digest, 12 peptides were observed, 
corresponding to fragments from a tryptic digest of 
rabbit glue (with precision ± 0.1  Da). Moreover, Kuck-
ova et al. [318] used PMM method to characterize the 
protein additives in ancient building materials. The 
spectra showed that the amino acid sequences were 
assigned to 17% of individual peptides from the milk 
proteins (m/z = 903.57, 1193.68, 1658.78 represented 
β-Lactoglobulin. m/z = 954.41, 977.52, 979.56, 1022.60, 
1195.65, 1251.75, 1355.70, 1367.70, 1566.89, 1979.84 
represented αS2-Casein. m/z = 955.53, 1193.54, 1251.71 
represented κ-Casein, etc.) and confirmed the reliabil-
ity of the publicly available proteomic database Expasy 
and the program mMass.

The inhomogeneous range of organic substances with 
different structures such as indigoids, anthraquinones, 
flavonoids, tannins or macromolecules can be detected by 
liquid chromatographic separation and mass spectrom-
eters, which usually equipped with either atmospheric 
pressure chemical ionisation (APCI) [319] or electro-
spray ionisation (ESI) instruments [320, 321]. These ioni-
sation techniques are currently known as soft ionisation 
ones. Among all kinds of liquid mass spectrometers, 
high performance liquid chromatography mass spec-
troscopy (HPLC–MS) equipped with UV–vis or fluores-
cence detection (FLD) is nowadays becoming a routine 
technique for historical dyes analysis [322]. Furthermore, 
the use of sector field (SF) instrument decreased due to 
the relatively unfavorable price/performance ratio of 
this technique. In many cases, SF instruments had been 
replaced by time-of-flight mass spectrometry (TOF–
MS), which is the most successful high-resolution mass 
spectrometer. Its easy operation and fast data collection 
make them attract increasing attention [322]. Similarly, 
in spite of ion cyclotron resonance-Fourier transform 
mass spectrometry (ICR-FT-MS) provide ultimate mass 
resolution and accuracy. Based on this circumstance, 
hybrid mass spectrometers attracted lots of attention to 
carry out different kinds of analytical tasks. They com-
bine one or more types of mass analyzers such as quad-
rupole-TOF (q-TOF), two-dimensional TOF (TOF-TOF) 
or ion trap-TOF (IT-TOF), to provide two-dimensional 
or multidimensional mass spectra with high resolution 
at the same time [323]. Additionally, inductively coupled 
plasma-mass spectrometry (ICP-MS) is commonly used 
to determine trace inorganic substances. Maguregui et al. 
[35] used ICP-MS technique to assess nitrate impact on 
architectural heritage materials. In this study, Ba(NO3)2 
was the only detected nitrate salt in the black crust of 
samples. Considering that house was highly affected by 
road traffic and the pollutants of airborne barium par-
ticulates originated from tyre friction, the existence of 
nitrate salts mainly originated from the reaction between 
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the nitrogenous aerosol  (NOx) and airborne barium par-
ticulate matters.

Most important of all, TOF secondary ion mass spec-
trometry (TOF–SIMS) is ideal to chemically or isotopi-
cally map a surface at the microscale and characterize 
alteration, corrosion and diffusion layers by depth pro-
filing [324, 325]. For example, the existence of sapwood 
was indispensable to reckon felling dates of woods with-
out bark in the past [326]. But the felling time of the dis-
colored old woods couldn’t be calculated, because it is 
difficult to distinguish between sapwood and heartwood 
only on account of color or morphological difference in 
the wood cell structures of old samples (the typical cross-
section map of wood was shown in Fig. 28a). In Saito and 
co-workers’ study [17], the TOF–SIMS technique veri-
fied the existence of sapwood and heartwood in the dis-
colored ancient Hinoki wood via directly measuring the 
molecular ions of extractives in wood tissues without any 
special pretreatment. As illustrated in Fig.  28b, c, two 
prominent peaks located at m/z = 353 and at m/z =251 
could be assigned as  C20H17O6 [M–H]+ for hinokinin and 
 C17H15O2 [M-H]+ for hinokiresinol, respectively. As well, 
the relatively lower peaks at m/z =299 and m/z =302 
could be assigned to  C20H27O2 [M–H]+ for hinokione 
and  C20H30O2  [M]+· for hinokiol, respectively. Further-
more, these characteristic molecular ions were identified 
by detecting their pure substances, as shown in Fig. 28d–
g. In brief, hinokinin is a good indicator for distinguishing 
sapwood from heartwood in Hinoki woods. TOF–SIMS 
technique will be helpful not only for identification of 
the presence or absence of sapwood in discolored woods 
but also for determination of the distribution of various 
chemical compounds in woods.

Conclusions and outlook
This review aimed at demonstrating the relevance of 
analytical techniques utilization in materials characteri-
zation of architectural heritage. Each technique applied 
either alone or in combination with other types of instru-
ments, and multivariate analyses were presented and 
discussed. Three major areas of successful applications 
had been grouped as characterization of original mate-
rial, recognition of restoration fakes, and identification 
of environmental impact. The applications of material 
science and scientific methods to the architectural herit-
age have matured considerably, some of recent trends are 
quite clear and can be tentatively outlined:

1. The use of a unique analytical technique is not com-
petent to clarify a material present in architectural 
heritage. Given that materials are susceptible to envi-
ronmental and anthropocentric impacts; new com-
ponents may appear in the boundary or inner parts 

of the object, leading to a more complicated chemi-
cal matrix to be analyzed. Therefore, the application 
of various analytical techniques (the multianalyti-
cal approach) is imperative. In some special cases, 

Fig. 28 a A cross‑section of a Hinoki cypress showing sapwood and 
heartwood; b, c difference in TOF–SIMS spectra between sapwood 
and heartwood in Hinoki cypress; d–g positive TOF–SIMS spectra 
obtained from extractives of heartwood in Hinoki cypress [17], 
copyright (2008) American Chemical Society
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if researchers want to ascertain the mechanism of 
damage process that are affecting a material, the 
experimental data should be treated by chemomet-
rics to get as much relevant information as possible.

2. There is a general tendency toward the use of micro-
beam techniques. Synchrotron radiation sources have 
the lead, and they will continue to do so because of 
their intrinsic characteristics, such as high sensitivity, 
wide applicability (most of the periodic table), and no 
requirement for sample preparation and mostly can 
be undertaken in air. SR-XAS and SR-XRF are now 
recognized as appropriate methods for cracking the 
challenging questions in historic building conserva-
tion which can’t be addressed via traditional labora-
tory methods.

3. Another general trend is to select some portable and 
non-destructive techniques. They can be used in situ, 
and free from destructive pretreatments, increasing 
the possibility to make decisions at the experimental 
sites. Recent researches and developments on detec-
tors and data processing softwares of instruments 
have reinforced their usefulness and are nowadays an 
indispensable tool in the field of architectural herit-
age conservation.

4. With the widespread use of analytical tools, a desir-
able trend would be the standardization of results 
and the buildup of consistent reference databases. 
Each laboratory has its own standards for measure-
ments and local databases, and sometimes the actual 
measured data are not even published. Especially in 
MS analysis, researchers usually utilize the existing 
databases to analyze organic compounds of historic 
building, but most of them are suitable use for pre-
diction of pharmaceutical, hormone, food or envi-
ronmental organics.

In all, this review will provide powerful evidences to 
highlight that the analytical techniques are effective to 
assess the ancient buildings and monuments. The cor-
responding researchers should choose the appropriate 
techniques according to features of target materials and 
their purposes. And more importantly, the conservation 
of architectural heritage is a multidisciplinary work, we 
should exchange our knowledge and achievements with 
other professionals.
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