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Abstract 

This study aimed to identify and classify the type of plants used for tanning historical leathers using cost-effective 
Fourier transform infrared (FTIR) spectroscopy. The investigation was carried out on five plants (oak bark, sumac, 
valonia, tara, and gallnut) and four historical leather samples from book bindings dating back to the Qajar period. 
Tannin extraction from both plants and leathers was performed using acetone–water solvent, and the samples were 
then subjected to FTIR spectroscopy. Pre-processing of the spectra included baseline correction, smoothing, and nor-
malization. Principal component analysis (PCA) was used to identify the source of tannins based on FTIR results. 
FTIR was found to provide a good separation of condensed tannins from hydrolysable ones. However, PCA analysis 
allowed for the separation and identification of the type of plant used for tannin extraction. The examination of his-
torical leather samples revealed that the primary classification based on the type of tannin is possible, but accurate 
identification faces challenges due to structural changes and degradation over time.
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Graphical abstract

1  Introduction
Leather artifacts, such as clothing, footwear, and practi-
cal items, have played a significant role in human history 
for thousands of years [1]. The examination and preserva-
tion of historical leather artifacts and their components 
provide valuable insights into past civilizations’ tech-
nology, culture, and social practices. Tannins, a crucial 
component of leather, are essential in preserving and 
strengthening animal hides and skins’ collagen fibers [2, 
3]. Therefore, identifying tannins in historical leather 
is crucial for studying and preserving leather artifacts. 
The type of tannin can have an impact on the degrada-
tion mechanism of historical leathers. For instance, the 
use of condensed tannins, particularly mimosa extract, is 
one of the primary reasons for acid degradation in his-
torical leather. Thus, it is crucial to identify the type of 
tannin present in leather to determine an effective con-
servation strategy [4, 5]. Additionally, the type of tannin 
used in leather production can impact the finished prod-
uct’s color, texture, and other properties, varying based 
on factors such as the region, time period, vegetation of 
the area, and cultural practices [6]. Thus, identifying tan-
nins in historical leather can offer valuable insights into 
past civilizations’ techniques, trade, materials, and social 
practices.

Vegetable tannins, which are natural compounds found 
in the bark, leaves, and fruits of various plants, belong to 
the polyphenol group of chemicals characterized by the 
presence of multiple phenolic hydroxyl groups in their 
structures. The chemical structure of vegetable tannins 
varies depending on the plant source and extraction 
method. Most vegetable tannins consist of a core struc-
ture of gallic acid, catechin, or ellagic acid. The resulting 
molecules can have different degrees of complexity and 
molecular weight, affecting their reactivity and solubility. 
Various plant species contain tannins, such as oak, chest-
nut, mimosa, quebracho, and tara, with tannin content 
and quality varying based on factors such as the plant’s 
age, the season of harvest, and extraction method [3, 
7–9].

Hydrolysable and condensed tannins are two broad 
categories of tannins traditionally used in the leather tan-
ning process [3]. Hydrolysable tannins are common in 
the bark, leaves, and fruits of various plants, including 
sumac, oak, chestnut, tara, and myrobalan. In contrast, 
condensed tannins are found in many plant sources, 
including mimosa, quebracho, hemlock, alder, willow 
tree, and gambir [3, 5, 10]. However, hydrolysable tan-
nins were generally used in leather production before the 
mid-nineteenth century [4, 11].

Identifying the tannins utilized in historical leather 
is a complex task due to the variation in materials and 
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techniques used in leather production over time and 
across cultures, as well as degradation, contamination, 
and chemical changes that occur over time [12, 13]. 
Accurate tannin identification often requires a mul-
tidisciplinary approach combining chemical analysis 
with historical and archaeological research [14]. Various 
analytical techniques, including high-performance liq-
uid chromatography (HPLC), spectrophotometry, Fou-
rier transform infrared spectroscopy (FTIR), and mass 
spectrometry (MS), have been used to identify tannins 
in historical leather, along with several spot tests yield-
ing satisfactory results [12, 14–22]. These methods offer 
information about tannin’s chemical composition and 
structure, allowing for the identification of specific tan-
nin types.

Studies on tanning have mostly used spectroscopic 
methods and spot tests to identify the type of tannin 
used, with less emphasis on identifying the plant source. 
Recent research on tannins extracted from different 
plants has shown that chemometric methods, com-
bined with spectroscopic techniques can classify extracts 

based on plant origin [23–25]. Accordingly, by analysing 
spectroscopic data and using appropriate chemometric 
methods can differentiate between tannins derived from 
different plant sources in leather. This study aims to iden-
tify the plant source used in historical leather tanning 
through primary classification using FTIR spectroscopy 
and chemometric methods. The study expands on previ-
ous research [6], which focused on modern leathers and 
condensed tannins, by focusing on historical leathers and 
plant sources containing hydrolysable tannins. The paper 
highlights the significance of identifying the sources of 
tannin in historical leather and aims to shed light on the 
lesser-studied aspects of historical leather works.

2 � Materials and methods
2.1 � Tannin extraction
Tannins used in the study were extracted from five 
sources, sumac, oak, tara, valonia, and gallnut. Differ-
ent parts of the sumac plant, including fruit, leaf, and 
bark, were used. The four historical leather specimens 
obtained from Qajar book bindings were also studied, 

Table 1  Characteristics of the studied plants and leathers

Sample type Source Origin Other information Number 
of samples 
analysed

Plant Tara Italy – 2

Valonia South Africa – 2

Oak bark Tabriz, Iran – 3

Sumac bark Sardasht, Iran Brown sumac 1

Red sumac 1

Kurdistan, Iran Brown sumac 1

Urmia, Iran Red sumac 1

Tabriz, Iran Brown sumac 1

Avroman, Iran Yellow sumac 1

Sumac leaves Avroman, Iran Yellow sumac 2

Ahar, Iran Brown sumac 1

Sumac fruit Avroman, Iran Yellow sumac 2

Red sumac 1

Urmia, Iran Red sumac 1

Sardasht, Iran Red sumac 1

Brown sumac 1

Kurdistan, Iran Brown sumac 1

Tabriz, Iran Brown sumac 1

Gallnut Tabriz, Iran – 1

Kurdistan, Iran – 1

Lorestan, Iran – 1

Leather Bookbinding Tabriz Central Library Historical book related 
to the Qajar period

1

Tabriz Central Library 1

Tabriz Central Library 1

Astan Quds Razavi Library 1
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and their characteristics are presented in Table  1. 
Although slightly less flexible, these leathers were in 
relatively good condition with regard to their appear-
ance. Examination of the hair follicle arrangement in 
all four bookbindings indicated the use of goat skin.

To extract tannins from plants, 200  mg of the pow-
dered plant substance was mixed with 10  mL of a 
70% acetone–water solution in a sealed container and 
placed in an ultrasonic bath. The Makkar [26] method 
was used to perform the extraction in two 10-min 
intervals, with a 5-min rest between them. The extract 
was filtered using Whatman filter paper grade 42, fol-
lowed by centrifugation at 3000  rpm for 10  min. The 
centrifuged solution was separated and then placed in 
an oven at 70 °C for one hour to remove the solvent.

For tannin extraction from leather, a water–acetone 
solution (1:1) was used, and samples were collected 
from the collagen fibers of the reticular layer. For every 
10 mg of leather fiber, 1 mL of the solution was added 
to the sample [17, 18]. The extraction was carried out in 
a sealed container at standard laboratory temperature 
over a period of 48  h, during which the samples were 
placed on a shaker. Afterward, the solution was filtered, 
followed by centrifugation and solvent removal, as 
described in the previous paragraph for tannin extrac-
tion from plants.

2.2 � FTIR spectroscopy and principal components analysis
Fourier transform infrared spectroscopy (FTIR) was 
utilized to investigate the molecular structure of the 
extracts. The tannins extracted from the plants and 
historical leathers were analysed using the KBr pel-
let method. In this method, the extract and KBr pow-
der were mixed in a ratio of 1:100 w/w to prepare the 
sample plates. The FTIR analysis was performed using 
a Jasco 680-plus FTIR spectrometer (Jasco Inc., Japan), 
and the spectra were recorded in 64 scans with a reso-
lution of 2 cm−1 in the range of 400–4000 cm−1.

The software Originpro2021 was used for spec-
trum analysis. Before analysis, the spectra were pre-
processed by correcting the baseline in the range of 
650–1850  cm−1, applying a 25-point smoothing, and 
normalizing the data to the standard normal distri-
bution using Z-scores (standardize to n(0,1)). The 
corrected spectra were subjected to Principal Com-
ponent Analysis (PCA) using the correlation matrix, 
from which three components were extracted. The 
discriminatory power of the different components in 
two dimensions was evaluated. For the PCA analysis, a 
total of 31 samples were examined, including 27 plant 
extracts and 4 historical leather extracts. The analy-
sis utilized 1885 variables obtained from FTIR spectra 

within the range of 900–1850  cm−1. Additonal file 1 
contains the data utilized in the PCA analysis.

3 � Results and discussion
Examination of spectral data has confirmed the presence 
of tannins in all samples. Figure  1a depicts exemplary 
FTIR spectra of gallnut and mimosa extracts. Tan-
nins can be detected in FTIR spectra by observing the 
characteristic absorption bands at 1610 and 1450  cm−1 
related to aromatic ring stretching vibration, 1210 and 
1040  cm−1 related to C–O stretching vibration, and 
1510  cm−1 related to the skeletal vibration of aromatic 
rings. Condensed and hydrolysable tannins exhibit their 
unique peaks in the spectra. The presence of two peaks 
attributed to the vibration of C=O stretching bonds of 
free gallic acid at 1710 cm−1 and the vibration of C–O–C 
stretching and OH deformation bands at 1330 cm−1 indi-
cate the presence of hydrolysable tannins, which can be 
identified as gallotannins if additional absorption bands 
at 1073  cm−1 (aryl phenolic ester C–O–C symmetric 
stretching), 870  cm−1 (C–C stretching), and 760  cm−1 
(sugar ring breathing vibration) appear. Otherwise, they 
can be considered ellagitannins. Conversely, condensed 
tannins contain an oxygenated heterocyclic ring that pro-
duces characteristic vibrations, a peak around 1285 cm−1 
due to the asymmetric stretching vibration of the pyran 
ring. When this signal is coupled with strong bands at 
about 1160 and 1115 cm−1, and weak bands at about 976 
and 842  cm−1, in addition to the characteristic bands of 
tannin, the extract can be unambiguously assigned to the 
condensed tannins group [3, 6, 14, 19, 23, 25, 27]. Based 
on the provided information, Fig. 1b presents a flowchart 
that suggests using FTIR spectroscopy to determine the 
type of tannin. Accordingly, the analysis of the FTIR 
spectra of all samples confirms the presence of hydrolys-
able tannins.

The classification of the studied extracts was done 
using PCA analysis. The PCA score plot, PC1 versus 
PC2, obtained from the analysis of raw FTIR spectra of 
the extracts is presented in Fig. 2. PC1 and PC2 represent 
approximately 80% and 10% of the total variance, respec-
tively. As is clear, the score plot indicates that there is a 
good correlation between some extracts, such as gallnut 
or sumac leaves clusters. However, the PCA analysis of 
raw spectra does not effectively separate different sources 
of the studied plant tannins. Therefore, a preprocessing 
step is required on these spectra.

To prepare the spectral data for principal component 
analysis, three pre-processing stages were conducted, as 
illustrated in Fig.  3. The first stage involved uniformly 
correcting the baseline with respect to the spectrum 
index peaks using the second derivative. Subsequently, 
the corrected spectra were smoothed to eliminate noise. 
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Various normalization methods were evaluated, and it 
was determined that the Z-score normalization method 
produced the most desirable outcomes for this study. 
Overall, the pre-processing steps executed on the spec-
tra played a crucial role in reducing the impact of noise 
and variations, resulting in a more reliable classification 
of plant tannin extracts.

PCA analysis was performed on the spectral data, and 
the results revealed that the first three principal com-
ponents (PC1, PC2, and PC3) accounted for 71.29%, 
12.06%, and 8.36% of the variance, respectively. The 

cumulative variance of these three components was 
91.71%. Loadings of these principal components in the 
range of 900–1800 cm−1 are illustrated in Fig. 4a. Nota-
bly, PC2 exhibited a strong negative correlation around 
1150–1300 cm−1, which is associated with C–O stretch-
ing vibrations, while PC3 showed a similar correlation 
around 1300–1400  cm−1, related to C–O–C stretching 
vibrations and O–H deformation bands.

In Fig. 4a, b PCA score plot is displayed, showing the 
separation of extracts into three distinct clusters based 
on PC1 (accounting for 71.29% of total variance) and PC2 

Fig. 1  a FTIR spectra of mimosa and gallnut extracts as sources of condensed and hydrolysable tannins, respectively. In these spectra, 
the characteristic absorption bands of tannins, condensed tannins, hydrolysable tannins, and gallotannins are marked with green, purple, blue, 
and orange highlights, respectively. b The flowchart shows the identification of the tannin type based on the absorption bands in the FTIR 
spectrum
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Fig. 2  A two-dimensional PCA score plot based on PC1 versus PC2, obtained from analysis of raw spectra

Fig. 3  From bottom to top: raw and initial FTIR spectrum recorded from gallnut extract from Lorestan; spectrum after baseline correction; spectrum 
after applying a 25-point smoothing; spectrum after normalization
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(accounting for 12.06% of total variance). The first cluster 
consists of oak bark extracts, primarily isolated by PC2. 
The second cluster includes tara and valonia extracts, 
which are relatively separated but highly correlated. The 
third cluster comprises extracts from various parts of 
sumac and gallnut. However, the differentiation of tan-
nin extracts is much more apparent in the PCA score 
plot using PC1 versus PC3 (accounting for 8.36% of total 
variance), as depicted in Fig. 4c. PC3 has resulted in bet-
ter separation of valonia from tara and has also enabled 
differentiation of different sumac extracts (leaf, fruit, and 
bark) from each other and gallnut.

The plot shown in Fig.  3d displays the scores of PC2 
versus PC3, which account for a small percentage of 
the total variance (around 20%), but are effective in dis-
tinguishing between different extracts. PC2 effectively 
separates oak and tara extracts (positive scores) from the 
extracts of sumac (bark, leaves, and fruit), gallnut, and 
valonia (negative scores). On the other hand, PC3 dis-
tinguishes between the tannin extracts of different parts 
of sumac. Specifically, the tannin extract from sumac 
leaves is assigned positive scores, while that of the fruit 

is assigned negative scores, and the tannins from the 
plant skin are assigned both positive and negative scores. 
Moreover, these two principal components lead to the 
separation of gallnut and valonia tannins from each other 
as well as other extracts.

It is worth noting that the segregation of the extracts 
into distinct categories may be due to variations in their 
chemical compositions. Tannins are a complex mixture 
of compounds with diverse molecular structures, which 
result in their distinct physical and chemical character-
istics. Therefore, these findings have significant implica-
tions for the creation of tannins with specific attributes, 
depending on their intended purpose. For instance, sepa-
rating gallnut and valonia tannins from each other can be 
advantageous in generating tannins with unique proper-
ties that cannot be obtained from a single source. Nev-
ertheless, further research is necessary to confirm these 
findings and investigate their potential applications.

The orange star symbols in the score plots presented 
in Fig. 4 correspond to extracts of historical leathers. As 
previously mentioned, the FTIR spectrum reflects the 
chemical structure of tannins present in the extracts. 

Fig. 4  The loading of the first three principal components (PC1, PC2, and PC3) in the range of 900–1900 cm−1 (a). The two-dimensional PCA score 
plots based on PC1 versus PC2 (b), PC1 versus PC3 (c) and PC2 versus PC3 (d) which resulted in proper clustering of the studied samples
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However, it is important to consider the effects of deg-
radation caused by the passage of time, such as oxida-
tion, on historical samples [12, 13]. These changes can 
alter the characteristics of the chemical structure and, 
as a result, the FTIR spectrum. Therefore, the possibil-
ity of the effect of these structural changes on the results 
should be taken into account, which can make the iden-
tification of the plant used in historical leather tanning a 
challenging task. Nevertheless, the principal component 
analysis displayed in Fig.  4c, d has positioned two sam-
ples of these leathers near the oak extract cluster and two 
samples near the gallnut extract cluster, indicating the 
possibility of using these tannin sources in the tanning of 
these four historical leather samples.

In support of these results, we can also refer to the 
traditional and historical tanning practices in Iran, 
where compounds such as gallnut, oak, and sumac have 
commonly been used in the vegetable tanning of his-
torical leathers [14, 28, 29]. Based on this, it appears 
that the method investigated, which includes FTIR and 
PCA, provides an acceptable solution, at least for the 
initial classification of leathers based on the diversity 
of tannin sources present in them. However, the neces-
sity of additional analyses, especially chromatographic 
methods coupled with mass spectrometry, cannot be 
ignored for the accurate identification of plant sources.

4 � Conclusion
In conclusion, our study has provided valuable insights into 
differentiating tannin extracts based on their chemical com-
position using FTIR and PCA. We have successfully identi-
fied the presence of hydrolysable tannins in all samples, and 
the application of principal component analysis has facili-
tated the separation of extracts into distinct groups based on 
their plant source. Notably, the PCA score plots have effec-
tively distinguished between various tannin extracts derived 
from different plants along with different plant parts, includ-
ing leaves, bark, and fruit.

Furthermore, our analysis of historical leather samples 
has revealed the potential use of tannin sources such as 
gallnut and oak in tanning, which is consistent with tra-
ditional and historical tanning practices in Iran. These 
findings provide promising avenues for future research 
to validate their applications in the tanning industry and 
explore their potential use in studying historical leathers.
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