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Abstract: An important step in the conservation of old paper documents is the analysis of both the
medium and the ink, in an attempt first to determine the extent of deterioration and degradation and
then to choose the best preservation and restoration solutions. Our paper focuses on the analysis of
three old documents displayed at the ‘Poni-Cernătescu’ Museum in Iaşi City, Romania by optical
microscopy (OM), scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-
EDX), micro-FTIR spectroscopy and FT-Raman. Thus, the morphology and chemical composition
of the paper media and the type of ink, as well as the cellulose crystallinity index were determined.
PCA (Principal Component Analysis) was also used while relying on spectra collected by FTIR
spectroscopy. We were able to determine the extent of degradation of the documents by corroborating
all these findings.

Keywords: cultural artefacts; conservation; paper; ink; OM; SEM-EDX; micro-FTIR; FT-Raman; PCA

1. Introduction

Conservation science has an important role in practical conservation allowing the
study of artefacts at chemical, physical and microstructural level, assisting a better under-
standing of the material disintegration and interaction processes due to the microclimate
conditions in the storage and exhibition spaces. Quantitative data obtained from the ana-
lytical techniques (chemical composition, molecular weight, degree of polymerization, etc.)
are very important for understanding the materials’ properties and degrading processes
that occur under the influence of the environmental factors [1,2].

The scientific substance of the document preservation measures is based on the elabora-
tion of compatibility studies of the preventive and prophylactic preservation interventions
applied to stop the evolutionary effects of deterioration and degradation. To this end,
the aim is to determine the constituent materials (cellulose fibers, fillers, additives and
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adhesives used to obtain cellulose substrates and inks, etc.), knowledge of the normal
structure and aspects related to natural aging, in time, and detailed knowledge of their
behavior during storage, display/use in various cultural activities under the influence of
endogenous and exogenous factors, clarification of the mechanisms of evolutionary effects
of deterioration of physical condition and alteration of the chemical structure of component
materials, and also the knowledge of the mechanisms that certain conservation treatments
can trigger in the structure of materials [3].

Degradation of old documents on paper is a slow process that occurs over time at
various rates depending on the environment/conditions in which they are kept. Opti-
mal preservation conditions are required to recover and prolong the life and quality of
old documents.

Steps to preserve old documents—manuscripts, incunabula, books, etc.—must be
taken after the causes that trigger and influence the paper and ink degradation process
have been analyzed and determined.

In-depth knowledge of a document in terms of structure or chemical composition of
its materials is an absolute must in any preservation-restoration process [4]. State-of-the-art
technical means, more specifically modern analytical chemistry methods are used for that
purpose. Over time, paper media undergoes destructive processes due to the cleavage of
macromolecular cellulose chains under the action of endogenous and exogenous factors, a
phenomenon called paper aging [5].

As it ages, paper changes color turning light yellow to reddish brown [6]. The presence
of biotic factors may cause certain areas on the cellulosic support to turn reddish brown,
pink, grey, etc. [7,8]. In written documents, ink aging is one of the major causes of paper
degradation, the mechanism of which depends on the nature of its components, especially
of the ink and binder used, and on their interaction with the paper medium [9,10].

The evolutionary degradation effect of manuscripts due to ferogallic inks is a major
problem in the preservation of heritage collections, posing a serious threat to old documents
over time. Ferogallic inks, in addition to the chelated complex obtained by coordinating the
Fe2+ ion with galloyl-type phenolic compounds with three OH groups, under the name of
iron (II) gallotanate, is the result of combining two natural organic acids (gallic and tannic)
with Fe2+ salts. [11]. In the ink manufacturing process, along with white wine, Arabica
gum is used as binder [12,13].

It is known that ferogallic inks, depending on the manufacturing technology, induce
by hydrolysis an acidic pH during writing and in the subsequent period of use and storage,
which weakens the cellulosic polymer over time, and by migration or diffusion, halos with
chromatic deviations result [13].

Starting from the results obtained in some studies made on paper documents from
1870–1890 [14–16], we intend to complete them with the study of three old documents
from the ‘Poni-Cernătescu’ Museum, which were found in a book on the bookshelves
of the renowned chemist professor PetruPoni (1841–1925). They were analyzed by non-
destructive techniques like OM, SEM-EDX, micro-FTIR and FT-Raman, to determine the
morphology and chemical composition of the paper media and the type of ink, as well
as the cellulose crystallinity index. The OM analysis highlights the morphology and
distribution of cellulosic fibers from the paper, and also the ink penetration degree in the
paper [17]. The SEM analysis confirmed the OM results, obtaining micrographs with higher
magnification. On the areas where SEM analysis were performed, we could establish the
elemental composition in gravimetric percentages [18]. FTIR analysis offers data about
chemical bonding and molecular structure [19]. Raman Spectroscopy finds information
about chemical structure, phase and polymorphy, crystallinity and molecular interactions.
It is based upon the interaction of light with the chemical bonds within a material [20].

PCA (Principal Component Analysis) was used on the FTIR spectra, the purpose being
to determine the extent of degradation of the documents by corroborating all these findings.

The purpose of the paper is to establish the state of preservation of the documents
under study, to establish an optimal protocol for preservation and restoration, as well as
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operations that must be performed before the museum displays the artifact. Both the paper
supports, and the inks were taken into account.

2. Materials and Methods
2.1. Materials

The first document, marked S1, represents a chemistry test of the student M. Loebell
and is 20 cm long and 16.9 cm wide (Figure 1). The second, marked S2, is a physics test of
the student Gherman and is 34.2 cm long and 21 cm wide. It also contains the date when
the test was taken (January 1872) (Figure 2). The third, marked S3, is V. Istrati’s physics test
and is 33.7 cm long and 21.1 cm wide. It also contains the date when the test was taken
(1872) (Figure 3).
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2.2. Analytical Methods

The following techniques were used to analyze the paper medium and the ink used:
OM, SEM-EDX, micro-FTIR and FT-Raman spectroscopy. The tests were conducted directly
on the material without sampling any specimens.

2.2.1. OM

A Zeiss Imager a1M microscope with an AXIOCAM camera and specialized software
was used to analyze the surface morphology of the paper medium and of the inks used.
Images were recorded at ×100 magnification in a dark field.
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2.2.2. SEM-EDX

A VEGA II LSH scanning electron microscope (SEM) manufactured by TESCAN Czech
Republic, connected to a QUANTAX QX2 EDX detector manufactured by BRUKER/ROENTEC
Germany and specialized software for spectral data processing, capable to process BSE
(second diffused or scattered electrons) and SE (secondary electrons), were used to deter-
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mine structural features and elemental composition. Microphotographs of the analyzed
specimens were taken with a BSE detector at magnifications ranging from ×200 to ×500.

2.2.3. Micro-FTIR

FTIR spectra were recorded using a TENSOR 27 FTIR spectrophotometer connected
to a HYPERION 1000 microscope, both manufactured by Bruker Optic, Germany. The
software is OPUS/VIDEO for interactive video data acquisition. The MCT detector is
cooled with liquid nitrogen (−196 ◦C). We worked in reflection, within the 4000–600 cm−1

spectral range.

2.2.4. FT-Raman

A Bruker Vertex 70 spectrometer equipped with a RAM II module and Raman probe
was used for FT-Raman in situ non-destructive measurements. Data were acquired and
processed with the OPUS software using the vectorial normalization, default baseline
correction and peak picking method.

Raman sample compartment and mobile Raman probe measurements were performed.
The quality of the spectra obtained with the Raman probe is lower than the ones obtained
in the Raman compartment, but it is the only option to measure heritage objects that do
not fit in the sample measurement compartment of the spectrometer. The samples were
placed in the sample holder, i.e., on the mobile stage for the Raman probe measurement,
optimizing the position of the samples to obtain the highest peak intensity. FT-Raman
spectra were recorded using Nd:YAG laser excitation of 1064 nm, LN2 cooled Ge detector
and source power ranging from 1 to 500 mW, taking care to avoid fluorescence and sample
combustion which may appear at higher laser power. Spectra acquisition within the 50 and
3500 cm−1 range was achieved using 256 or 512 scans at 4 cm−1 resolution.

2.2.5. Chemometric Analysis of FTIR Data

The data were analyzed using the ‘FactoMineR’ and ‘factoextra’ packages of the R
program. The PCA method was used for the exploratory analysis of the entire ten FTIR
spectra as observations, with the absorbance values as variable. Preprocessing of data
consisted in the normalization of FTIR spectra.

PCA is the first step taken in data analysis with a view to outlining a pattern relying
on the data set. It reduces the data set without losing the original data information. The
newly generated main components, which are not correlated with one another, explain the
information in the original data set [21].

The original spectra were organized into an X-shaped matrix (I × J), in which each
replica was considered a sample. In this method, a J-dimensional X matrix was designed
in a K-dimensional space, by decomposition into scores S (I × K) and loadings L (J × K),
matrices whose product models the systematic variation of data, and a residual matrix R
(I × J) containing erroneous measurements. The diagram of two columns in the S score
matrix relative to each other provides two-dimensional projection of the original data set,
while the graph in the columns of the loading matrix L displays the correlation between
the variables.

3. Results and Discussions
3.1. OM Analysis

Revealed the morphology and distribution of cellulosic fibers in paper and ink
(Figure 4). Thus, the paper was found to be industrial and the ink ferro-gallic [9,10,22]. Free
sulfate anion, resulting from the formation of the chelated complex on the paper support
due to acid hydrolysis migrated in the vicinity of the writing and on the back of the page
(Figure 5), transferring a reverse brown writing [3,23,24]. Its effect is to depolymerize cellu-
lose which automatically induces a decrease in mechanical strength, through weakening of
the support and chromatic changes in it.
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3.2. SEM Analysis

Simultaneously produced microtopographic images and determined the morphology
of surface structure components, while EDX revealed the elemental composition [25]. SEM
microphotographs show the specific filaments of cellulose fibers and the filling material
(Figure 6a–c). These stand out very clearly, in the form of three-dimensional networks,
which can move independently of the others, thus providing good paper flexibility.
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EDX analysis conducted on the three documents revealed the presence of C, O, Si, Al,
Ca and S in all the samples; in addition, the samples marked S2 and S3 also contained Mg,
Na, Cl and P (Table 1).
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Table 1. Elemental composition of the three documents.

Sample
Elemental Composition in Gravimetric Percentages (%)

C O Si Al Ca Mg Na P Cl S

S1 36.62 60.50 0.42 0.77 1.02 - - - - 0.67

S2 29.93 63.02 1.01 1.59 0.67 0.93 1.39 0.42 0.58 0.46

S3 30.92 62.52 1.08 1.84 0.72 0.70 1.25 0.27 0.32 0.38

Elemental composition revealed the following data and facts:

- The lack of Mg in sample S1 is proof of the fact that the filling material does not
contain talc, a material used to achieve an opaque and smooth paper surface [14].
Calcium carbonate (CaCO3) was used as a filler, which was also confirmed by the
characteristic band within the 1400–1500 cm−1 range revealed by micro-FTIR analysis
(Figure 7). Calcium carbonate stabilizes the carboxylic groups of cellulose and makes
it possible to increase paper aging stability [25].

- The presence of Si and Al accounts for the use of kaolinite (Al4[(OH)8|Si4O10]) to
increase paper opaqueness and whiteness, which was also confirmed by the 1029 cm−1

peak. Sample S1 has the smallest amount of kaolinite.
- Documents S2 and S3 were treated with calcium hydroxide and with lye/caustic soda

(NaOH), which is accounted for by the Ca and Na contents.
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Saponified rosin glue mixed with aluminum sulfate and added with alum, is demon-
strated by the presence of: Na, Al and S. Saponified rosin glue may have been used as
gluing agent, as it was commonly used between 1807 and 1880 [23]. This gluing system
provides alkaline conditions. After 1876, aluminum sulphate was used, which is thought to
be the main source of acidity in paper (the pH is 3.8 to 4.5). Aluminum sulphate hydrolyses,
and the result of this hydrolysis process is the hexahydro-aluminum acid complex [26] and
sulphuric acid which has a strong destructive effect on cellulose fibers [27,28]. Acidity also
occurs during paper bleaching treatments, due to the oxidation products in lignin.

Alum was used as a mordant, an assumption proven by the presence of Al and S. The
use of aluminum in paper manufacturing is one of the main causes of paper degradation.
Aluminum compounds have been used to reduce the hydrophilic character of paper.
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In concentrations higher than 610 ppm [29,30], they hydrolyze and contribute to the
acidification of paper, which causes cellulose embrittlement and leads to poorer crystallinity
(depolymerization). On the other hand, calcium and magnesium have positive effects on
cellulose stability. When the aluminium content is less than 610 ppm and the calcium or
magnesium content is below 5000 ppm and 800 ppm, respectively, paper samples are acidic,
and when the aluminium content is below 610 ppm and the calcium or magnesium content
is greater than 5000 ppm and 800 ppm, respectively, the paper is alkaline.

In addition to fillers and gluing agents, paper also contains additives meant to improve
the characteristics of the cellulosic support of the documents. In our case, starch was used
to improve the dry paper. It can be injected deep into the product or on its surface. Surface
starch has the disadvantage that it can be easily decomposed both thermochemically and
enzymatically and it is easy to hydrolyze [4,7].

Optical bleaches contain Cl and are used to prevent cellulose from acquiring a yellow-
ish hue [25].

Since the preservation of the documents’ integrity could not allow performing the
EDX elemental analysis on the inks, we had to use non-destructive methods (micro-FTIR
and FT- Raman) to confirm the OM observations.

3.3. Micro-FTIR

The spectra recorded for the three paper samples were compared and the func-
tional groups characteristic of paper [31] were identified (Figure 7). Thus, within the
2000–4000 cm−1 range, the presence of valence vibrations was identified for OH groups,
with a 3333 cm−1 peak, CH and CH2 with a 2895 cm−1 peak; the 1500–2000 cm−1 range
shows poor absorption at 1621 cm−1 due to symmetrical water molecule deformation
vibrations (cellulose moisture).

The 1200–1500 cm−1 wavelength range contains a series of distinct bands of the
CH2OH primary alcohol group with peaks at 1427 cm−1, 1361 cm−1, 1280 cm−1 and
1203 cm−1 due to deformation vibrations. Additionally, the deformation vibrations of the
C-O and C-H bonds are found within this same range.

The 950–1200 cm−1 range contains the valence vibrations of the C-O, C-C bonds of the
pyranose cycles, which peak at 1053 cm−1, and the deformation vibrations of the CH2OH
groups. The area ranging from 1430 cm−1 to 850 cm−1 is the fingerprint area, which is the
most complex [32].

Within the 750–900 cm−1 range, the 895 cm−1 band is due to the deformation vibra-
tions of the CH2OH, CHOH groups and pyranose cycles.

According to the 1508 cm−1 peak, the paper in the document marked S1 contains
lignin, which is absent in documents S2 and S3.

All samples contain calcium carbonate, as shown by the 1428 cm−1 peak [5]. The
1315 cm−1 peak corresponds to C black or amorphous carbon [33].

The 1683 cm−1 peak, which is hardly noticeable and visible only for S1, belongs
to the C=O band, which indicates cellulose hydrolysis and oxidation [34]. The peaks
within the 1430–1350 cm−1 and 1610–1550 cm−1 ranges are thought to be generated by the
carboxylic salts responsible for paper degradation. The group of absorption bands in the
1400–1200 cm−1 area corresponds to the crystalline component of cellulose.

The 895 cm−1 peak intensity is due to the amount of amorphous cellulose [5,35].
Structural organization was assessed by calculating the crystallinity index (Ic), degree

of lateral order extent (GOL) and intensity of hydrogen bonds (IlegH).
Ic and GOL were determined by calculating the ratio between the absorbances of the

bands specific to the crystalline and amorphous ranges of cellulose (1372 cm−1, 1429 cm−1

and 2900 cm−1, 893 cm−1), while the IlegH in the absorption band intensity ratio ranges
from 3400 to 1320 cm−1 [31].

Table 2 shows the crystallinity index, the degree of lateral order and the intensity of hy-
drogen. Higher indices are correlated with the presence of larger amounts of type I cellulose.
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The data collected may be correlated with some degradation processes: in microclimate
conditions, the evolution of IR parameters reflects the oxidation of amorphous areas.

Table 2. Crystallinity indices, degree of lateral order and intensity of hydrogen bonds calculated
based on the FTIR spectra.

Document Crystallinity Index
(Ic)

Degree of Lateral
Order (GOL)

Intensity of Hydrogen
Bonds (IlegH)

S1 A1363/A2905 = 1.82 A1424/A896 = 0.67 A3337/A1315 = 0.95

S2 A1370/A2904 = 1.53 A1429/A896 = 0.34 A3334/A1316 = 1.03

S3 A1363/A2899 = 1.66 A1429/A893 = 0.55 A3335/A1317 = 1

When comparing the three ink spectra (Figure 8) with their paper counterparts, we
noticed that the former resembled the latter, yet they were slightly flattened or had slightly
shifted. Moreover, the 786, 756 and 733 cm−1 peaks in S3, the 853 cm−1 peak in S2 and the
1582 cm−1 peak in S1 may be attributed to ferro-gallic ink.
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3.4. FT-Raman Spectroscopy

FT-Raman spectra of natural organic materials show vibrational bands in two impor-
tant areas: 2600–3500 cm−1 where the bands referring to the elongation vibrations of the
CH bonds are present and 200–1800 cm−1 where the vibration bands specific to the C-H,
C=O, C-O etc. bonds are present [36].

Figure 9 shows the FT-Raman spectra for the three types of documents. The 1096 cm−1

peak [37] is specific to calcium carbonate, which is present in all three samples.
The presence of the 2895 cm−1 band in all the samples and the absence of the

2944 cm−1 and 2969 cm−1 bands (present in hydrated paper) indicate that the paper
medium is dehydrated [38].
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As far as the S1 document is concerned, the 1615 cm−1 peak (very strong signal) and
the 1294 cm−1 peak prove the presence of lignin [5,35,38,39]. With the introduction of wood
in the manufacture of paper (early nineteenth century), a greater amount of lignin was used.
The lignin used to manufacture paper is responsible for the main degradation processes
due to photo-oxidation [35,38]. Document S2 shows lignin according to the 1294 cm−1

peak (average signal) [35,38]. The 1120 cm−1 peak decreases with the aging of the paper
medium [40] and is a clear indication of the fact that the documents are degraded.

We found the 520 cm−1, 460 cm−1, 437 cm−1 and 417 cm−1 peaks within the 300–600 cm−1

range, due to the presence of C-X bonds (X = halogen: Cl, Br, I), as well as of plane defor-
mations of the benzene ring [41].

The 381 cm−1 peak is specific to amorphous cellulose and may be used to determine
cellulose crystallinity using the following formula [39]:

Cr Raman = [(I380/I1096) − 0.0286]/0.0065

The results presented in Table 3 show that samples S1 and S3 have rather close
crystallinity indices (95.83 and 92.52, respectively), which are higher than that of sample
S2, which means that document S2 is more degraded than the other two.

Table 3. Crystallinity indices calculated according to Raman spectra.

Document Crystallinity Indices %

S1 95.83

S2 81.12

S3 92.52

Figure 10 shows Raman spectra for the document ink where one may notice, just
like in the FTIR spectra, the presence of peaks that are flatter and slightly shifted as
compared to their paper counterparts allowing us to conclude that the ink presence is
hardly distinguished in this case due to a low concentration at the surface sample.
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The FT-Raman absorption bands within the 1350–1400 cm−1 range are specific to
amorphous carbon, whereas the 1470 cm−1 band is specific to ferro-gallic ink [35]. Thus,
the ink used in writing the three documents is ferro-gallic, with an addition of amorphous
carbon (carbon black).

3.5. Chemometric Analysis of FTIR Data

Most of the time, it is very difficult to determine the components present in the
structure of the paper medium, in the pigments used to produce inks or in degradation
products by spectral analysis [42]. FTIR spectra contain information that can be collected
by statistical multivariate techniques. Thus, the differences between several similar spectra
can be determined, and the chemometric analysis of the spectral data allows the extraction
of additional data that bring about new information that is prone to interpretation [16,43].

PCA (Principal Component Analysis) based on the spectra acquired by FTIR spec-
troscopy was used to determine sample variability (Figure 11).
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Figure 11. Variance percentage accounted for by the main components for the data in the IR spectrum.

As far as the data in the FTIR spectrum are concerned, the main component 1, rep-
resented on axis X in Figure 12, accounts for 56.3% of the variance (variability), while the
main component 2, represented on axis Y, accounts for 32.7% of it. The determination
coefficient R2 was also calculated for the first 3 main components (Figure 13).
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Figure 13. Determination coefficient R2 for each main component.

The determination coefficient specifies how much of the variation of one variable is
accounted for by the variation of the other variable (indicates the percentage of the total
variation of the dependent variable that is accounted for by the independent variable). The
correlation between samples is high when R2 is as close as possible to the unit (greater than
0.85), in our case (Figure 13) at 1500 cm−1, within the 2000–3000 cm−1, 3500 cm−1 range.

A cluster analysis method was used to determine the links between the samples. The
small number of samples (n = 10) determined the use of a non-hierarchical method, which
is based on shifting observations from one group (cluster) to another during the analysis.
The k-means method, implemented in R through the ‘stats’ package, is the most common.
It starts from a random division of observations into k groups (clusters). For each stage,
a mean of each group is calculated, and the items are shifted to the group whose mean
is closest to them, until each item is part of the group with the closest mean (i.e., with
characteristics as similar as possible), that is until no item needs shifting [44].

A shortcoming of the k-means method and of non-hierarchical methods, in general,
is the need to specify a number of clusters by the initiator. When the number of clusters
is not known in advance by objective criteria, it may be estimated by heuristic methods
that help the initiator to choose the spot where a balance is struck between the degree of
similarity between the items and the degree of generalization of the classification. In this
case, we used the elbow method, which is based on determining an inflection point, and
the silhouette method, which involves determining a value that expresses how similar an
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item is to the group (cluster) to which it belongs compared to other clusters. Considering
the results of these methods, four clusters were used (Figure 14).
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We found that the Loebell document samples (5, 6, 8) formed a separate cluster (cluster
3), suggesting the existence of special paper characteristics, which is not the case with the
Istrati and Gherman documents, which were grouped together in clusters 2 and 4. Sample
7 (I2) was also a separate cluster.

3.6. Recommendations for the Preservation of the Studied Documents

As a result of the documents display in the open air for a long time, then in showcases
and because the OM analysis showed not adherent dust deposits, first indicated was dry
cleaning by dusting, then applying the ink washability test by the filter paper method. In
case of washability, the writing will be protected with a solution of methyl-cellulose (drying
layer) followed by a quick wash to avoid washing the protective material. Otherwise,
washing by immersion in plain water will restore the hydrogen bonds to increase the
strength of the cellulosic support.

The recommendation for preventive preservation is that the physical parameters of the
microclimate are followed in the storage/preservation environment and their classification
in intervals with optimal conservation values: 16–22 ◦C for temperature; 50–60%—relative
air humidity/air hygroscopicity; 50 lx for light/light radiation. It is also recommended to
filter the air to prevent the penetration of dust carrying chemical and biological pollutants.

4. Conclusions

By corroborating the findings of the OM, SEM-EDX, micro-FTIR and Raman methods,
we were able to conclude that the paper of the three documents had been obtained by
industrial means from cellulose and that calcium carbonate had been added as filler and
saponified rosin glue as the gluing agent. Kaolinite was used to increase the opaqueness
and whiteness of the paper, and starch was used as an additive. Cl-based products were
used as optical bleach.

Further to the calculation of the degree of crystallinity of the three documents, we
found that document S1 is the best preserved, having the highest crystallinity index calcu-
lated both by the calculation formula for FTIR spectroscopy and by Raman spectroscopy,
followed by documents S3 and S2.

The chemometric analysis of the spectra obtained by FTIR spectroscopy revealed that
document S1 has special characteristics of its paper medium, different from documents S2
and S3, whose paper media have similar chemical composition.

After the performed investigations it was noticed that the documents state of con-
servation is good, and it is only necessary to dust and reduce the legibility of the halos.



Appl. Sci. 2021, 11, 8726 14 of 15

Preventive conservation recommendations are the physical parameters of the microcli-
mate to have optimal values and, in order to prevent dust intrusion, air filtering is also
recommended.
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