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A B S T R A C T   

The mechanical strength of cellulose is related to its fibre-to-fibre bonding ability within the structural moiety. 
The present work summarises the strength of the representative handmade papers of high and low grams per 
square meter (GSM) value currently used in the conservation of archival material by assess their fibre network, 
morphology, elemental composition and bonding ability within the cellulose network. The bonding ability of 
thee handmade papers has been studied using fourier-transform infrared spectroscopy (FTIR) spectrum and 
further study of these spectra between bonded and free OH group within the OH stretching vibrational region. 
The intermolecular hydrogen bonding ability for Nepalese tissue paper is 2.14 and intramolecular hydrogen 
bonding is 1.66. The hydrogen bond energy of these papers were between 13 kJ and 29 kJ, calculated on the 
basis of H-bonding behaviour. The morphology provides flat and sheet-like layers in the networking structure 
studied with environmental scanning electron microscope (ESEM) and mapping was done for each element. 
Carbon and Oxygen are the major elements associated in these papers whereas Ca, Cl, Si, Mg, Na, S and Al are 
present as minor elements in these papers. Results of both the covalent bonding ability and morphology are well 
correlated.   

1. Introduction 

Paper is a sheet of layered network structure mostly of natural cel-
lulose fibres. It witness the signature of culture, trade, science, politics, 
art and history. The history of utilization of paper for communication 
purpose is not dated exactly but as per available literature Egyptians 
used paper around 600BC by exercising papyrus, a plant source [1,2]. 
Compositionally paper is made up of fibres biosynthetically produced 
from the plant cell. The interlocking fibres have an approximate width of 
30–300 µm and thickness of 10–50 µm. The mechanical and physical 
properties of the paper depend upon the fibre shape, size, source and 
chemical composition [1,3-6]. Hence, it is important to understand 
morphology, structure, chemical composition, pre chemical treatment 
process of fibres used for papermaking and any specific end applications. 
Lignins are an aromatic polymer and the most undesirable material for 
papermaking processes. The presence of lignin in the paper destroys the 
chemical bonding and thereby weakens the paper application. The 
presence of lignin in paper causes brittleness, photochemical reaction to 
change colour from yellowing to decolouration with ages [1]. So paper 
of highest qualities is always prefer to made from pulps that are lignin- 

free [7]. The nature of three-dimensional cellulose network, density and 
length of fibre play a prominent role in the mechanical and optical 
properties of paper material. The cellulose structure in paper are inter-
connected by intramolecular and intermolecular hydrogen bond within 
the supramolecular structure [4,8–11]. The deterioration and degrada-
tion of cellulose mainly occur by the rupture of covalent bond due to 
external as well as inherent factors. Heat, humidity, UV light, pollutants 
and biological agencies are among the external factor responsible for the 
decay of paper material [12–14]. The rupture of chemical bond implies 
creation of energetically less favourable surfaces in the cellulose mate-
rial [15]. It is the According to the crack phenomena its growth develop 
initiated wherever the surface energy is equal or greater than the po-
tential energy of cellulose material [16]. Fig. 1(a), shows the structure 
and in the degradation of long-chain cellulose in an acid environment. 
The more compact bonding in the paper material is less prone to dete-
riorating agencies and vice versa. 

The conservation methodology for the treatment of paper should be 
very selective and reversible in nature. The prime objective of conser-
vation of paper is to improve the strength, stability and aesthetic per-
formance of aged cellulose fabric. This requires additional support to 
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maintain the strength of paper material which are generally accom-
plished by using appropriate handmade paper. There are several hand-
made papers available in the market for paper conservation realm and 
their choice depends on strength, non-usage of chemicals during pulp 
and type of processing technique followed. As most of the modern-day 
paper utilizes bleached wood pulp which is chemically treated and 
hence discarded in the conservation of ancient records. 

1.1. Strength of cellulose material 

According to IUPAC (international union of pure and applied 
chemistry), hydrogen bonding (–OH bonds) may be defined as an elec-
trostatic force of attraction between hydrogen and highly electronega-
tive atom like oxygen, fluorine or nitrogen [17]. This force is of both 
intermolecular –OH bonds when hydrogen bonding occurs within 
adjacent molecules and intramolecular –OH bonds when the bonding 
occurs between different parts of the same molecule. Chemically these 
weak electrostatic bonds are weaker than ionic bonds but stronger than 
van der Walls interactions [18]. The bond energy is about 5KJ/mole for 
weak bonds to 30KJ/mole for strong bonds. The FT-IR as well as 
microscopic images are powerful techniques to assign strength and 
bonding along with other characteristic functional groups [19-22]. 
There are number of research works dedicated to accurate analysis of 
hydrogen bonding by FT-IR in the composition of lignocellulosic mate-
rials [23-25] but so far our literature survey and knowledge concern 
show hardly any work covered for structure analysis of handmade paper 
useful for the conservation of cultural materials. Fig. 1(b) shows 
hydrogen bonding positions along with their respective wavenumber in 
the FT-IR spectrum. 

1.2. Research aim 

The main objective of this research is to assess the stability of the 
handmade cellulose utilized in conservation by establishing the 

structure and property relationship. In order to understand this rela-
tionship, the roles of intermolecular as well as intra-molecular hydrogen 
bonding in handmade paper were evaluated. The results of FT-IR and 
morphological studies indicative and have been well correlated with 
each other. The O–H bond energy and bond distance have been calcu-
lated as per formula [26]. The chemical composition of the papers was 
studied to assemble the inherent deterioration factors. The outcome of 
this study can be used in paper conservation practice and restoration 
intervention with more scientific understanding and conscious choice. 

2. Material and methods 

2.1. Materials 

For comparative assessment, a group of six numbers of representa-
tive handmade papers of different GSM (grams per square meter) and 
thickness (µm) were collected from the handmade paper and tissue 
paper available in this laboratory for this study. The thicker paper like 
Nepalese tissue paper (Nepa T P), Nepalese handmade paper (Nepa H P) 
and Morpha handmade paper (Morp H P) are of Lokto plant origin found 
in Nepal whereas Japanese paper (Japa T P) and Sanguar paper (Sang T 
P) are of Kazo, Mitsumita or Gampi fibre. One of the Nepalese Tissue 
paper (Old Nepa T P) is of 15 years old was also considered for this 
study. The papers were cut of different sizes, as per requirement, with a 
clean knife and kept in a sealed desiccator in an ambient condition for 48 
hrs in order to discard the moisture intervention. The physical properties 
were recorded ten times for each sample before calculation of mean of 
each. The related data of physical properties for these papers were 
provided in Table 1. 

2.2. Characterization 

Fourier transform analysis (FTIR) measurements were carried at the 
National Research Laboratory of Conservation of Cultural Property 
(NRLC) Lucknow, India using Brucker Alpha T. Infrared spectropho-
tometer. The spectra were obtained at 4 cm− 1 resolution and the number 
of scan 64 within the standard wavenumber range from 400 cm− 1 to 
4000 cm− 1 in KBr pellets technique.1 mm thicknesses of transparent 
tablets were obtained by pressing a mixture of 2 mg of the sample with 
100 mg of potassium bromide (KBr) under pressure of 8 bar. The pre-
pared pellets were dried in the oven at 100 ◦C (±5◦C) to reduce the 
absorbed water or moisture content interference before processing for 
instrumentation. The resulted spectrum showed for each sample repre-
sents an average of five. In order to evaluate and identify underlying 
component bands of the O–H region (3700–3000 cm− 1), all the spec-
trum were deconvoluted by Curve-fitting stimulations using Origin 
software 6.0. This was done by considering peaks as Gaussian with a 
number of iteration to get the best-fit peaks. The error of less than 2% 
was estimated to be associated with this. 

The ESEM-EDX analysis was performed with the use of the envi-
ronmental scanning electron microscope type Quanta 250 FEI, equipped 
with an energy dispersive X-ray detector (ESEM-EDX). Images were 
taken at different magnifications (up to 640X) in the selected areas and 
spots of all the paper and the different colour decorations were observed 
for textural and structural analysis. The surface elemental composition 
was determined by EDX detector using: point analysis at different 
selected spots, and surface analysis (mapping) was done for the overall 
image. The results were described in percentage These measurements 
were performed at the Institute of Physics (IOP) Bhubaneswar, India. 

2.3. Hydrogen bond and hydrogen bond energy 

The following formula was used for the calculation of hydrogen bond 
energy [18,19,26-33] in this work. 

Fig. 1. (A) Acid catalyzed reaction-showing breakage of long chain cellulose 
networking structure (B) Inter and intramolecular hydrogen bond in cellulose I 
along with the wave number, cm− 1. 
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EH =
1
K

(
ν0 − ν

ν0

)

(1)  

where Ѵ0 is the standard frequency, corresponding to free OH groups 
(3650 cm− 1) 

Ѵ is the frequency of the bonded OH groups, 
k is a constant (1/k = 2.625 × 102 kJ). 
The bond distance (R) associated with these hydrogen bonds were 

calculated using [23,33] method as per the given equation. 

Δν
(
cm− 1) = 4.43 × 103(2.84 − R) (2)  

where Δν = ν0 − ν; νo is the monomeric OH stretching frequency which 
is taken to be 3600 cm− 1 and νis the stretching frequency observed in the 
infrared spectrum of the sample. The calculated values of hydrogen 
bond distances for each sample are listed in Table 2. 

The physical parameters like brightness, thickness, GSM, pH and 
endurance force were determined in the paper conservation laboratory 
of NRLC, Lucknow. The brightness, opacity and gloss tester (photo volt 
type) of Universal Engineering Cooperation (UEC), Sabri Mill was used 
for measuring the average brightness in percentage. The digital Motor-
ised Thickness tester of UEC was used for measuring the average 
thickness of the paper in µm. Paper GSM tester of UEC was used to 
measure the GSM of the paper. The cold extraction method was adopted 
according to Standard Test Method T509 om-II of the TAPPI using 
hydrogen ion concentration (pH) of the paper extracts. In this method a 
small piece (2.5 × 2.5 cm) of paper was dissolved in 12 ml of dH2O and 
placed in beaker for pulp preparation. pH meter of Labtronics (India) ltd 
of Auto Delux pH-Meter made was used to measure the pH of above 
prepared pulp at 25 ◦C according to the TAPPI standard Test Method. 
After an hour of settlement the mixture was filtered through grade 4 
cellulose filter paper. It is the number of double folds generated in log10 
(TAPPI standard) under specific load before break is known as folding 
endurance. The breakability or durability of a paper under specific load 
was measured using double fold endurance tester of UEC, India. The 
applied tension for this purpose is 500gms and paper strip was 15 mm 
X110 mm as per the standard of the folding endurance tester. The 
precondition environmental parameters were 25 ◦C and RH is 50% 
maintained during the test procedure. In order to attain good result ten 
replicates were produced for each specimen. 

3. Result and discussion 

The FT-IR spectrum images of the investigated papers are shown in 
Fig. 2 and the representative deconvolution was also done to study the 

bonding and shown in Fig. 3. Similarly Table 3 shows the relative con-
tent of each hydrogen bonded and free OH in deconvoluted spectra for 
each paper. The areas and spots selected to be analyzed by ESEM-EDX 
are indicated, the respective ESEM images obtained are shown in 
Fig. 4, indicating some representative spots that were subjected to 
elemental compositional analysis behaviour separately Fig. 5(A & B). 

3.1. Physical and optical parameters 

The brightness is one of the important parameters to be considered 
prior to the use of paper in conservation operation. The brightness of 
paper is defined as the amount of reflectance on the specific wavelength 
of blue light and is measured in a scale of 0–100. The Japanese tissue 
paper is showing the highest percentage of brightness followed by 
Nepalese handmade paper (Table 1). The Japanese tissue paper with the 
highest percentage of the brightness of 56.06% is very bright. Whereas 
the old Nepalese tissue paper with 50.40% brightness is very dull among 
the papers studied. The dullness or fading of paper is mainly due to 
usage of pulps of inferior brightness, storage of paper or may be due to 
exposure to light. The thickness of Morpha tissue paper (0.160 µm) is 
more compared to others whereas it is least for Sanganer tissue paper 
(0.032 µm) (Table 1). In the field of conservation, the handmade papers 
of low thickness are used for documentation when written in both side 
whereas the thick papers are used for providing strengthen the most 
fragile and brittle object written on both side. In the above table Nep-
alese papers showing good thickness and strength which may be due to 
good h bonding network of the cellulose fibre associated with it. This is 
also supported by GSM (g/m2) of the paper. The pH, as the data reported 
in the Table-1 for all the papers, are of neutral or slightly basic in nature. 
The role of hydrogen ion concentration (pH) always significant role in 
the mechanical strength as well as colour stability. According to Ste-
phen, 2008 the degree of polymerization is directly affected by pH of the 
paper [16,34,35]. The value of folding endurance depends upon the type 
of fibre used, fibre content, bonding in the cellulose network, pH etc. 
The mechanical properties like folding endurance and tear strength of a 
paper directly related to pH of the pulp. The study made by Barrow and 
sprolull, 1959 revealed that the acidic condition more favours degra-
dation of mechanical properties of the cellulose material [36]. The 
folding endurance is highest for morpha handmade paper as the paper is 
of highest thickness and GSM whereas the results also show that Japa-
nese tissue paper, Sangaur tissue paper and very thin tissue paper can’t 
bear the same endurance (Table 1). One of the interesting results is 
about the old Nepalese tissue paper which is showing a decreasing 
endurance value 1.68, 1.69 on 500gms whereas the Nepalese tissue 

Table 1 
The physical properties of six different representative papers.  

Name of the paper Brightness (%) Thickness µm GSM (Number) pH pulp extract Folding endurance (500gms) log 10 

Nepalese Tissue paper  51.40  0.109  22.0  7.4 2.03, 2.04 
Japanese Tissue paper  56.06  0.033  7.30  7.0 Don’t bear weights 
Sanganer Tissue paper  52.94  0.032  7.0  7.1 Don’t bear weights 
Old Nepalese Tissue paper  50.40  0.072  20.5  6.8 1.68,1.69 
Nepalese handmade paper  55.60  0.157  32.0  7.6 2.08, 2.11 
Morpha handmade paper  51.50  0.160  38.66  7.1 2.38,2.39  

Table 2 
The Energy of the Hydrogen Bonds and Hydrogen Bond Distance for representative paper Samples studied.  

Paper material 3531 cm− 1  3463 cm− 1  3391 cm− 1  3246 cm− 1   

EH (kJ) R (Å) EH (kJ) R (Å) EH (kJ) R (Å) EH (kJ) R (Å) 

Nepa T P 8.19 2.26 17.40 2.19 23.87 2.12 26.60 2.10 
Japa T P 13.44 2.22 14.16 2.21 24.50 2.12 25.24 2.11 
Sang T P 8.63 2.26 15.60 2.20 21.50 2.14 29.48 2.07 
Old Nepa T P 9.49 2.25 16.90 2.18 18.60 2.17 27.70 2.09 
Nepa H P 8.19 2.26 16.10 2.20 23.80 2.18 26.60 2.10 
Morp H P 13.44 2.22 14.16 2.21 15.30 2.20 29.70 2.07  
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Fig. 2. The FTIR spectrum of six samples within the region 4000–400 cm− 1 with various peak assignment (a) Morpha Nepalese Tissue Paper (b) Sanganer Tissue 
Paper (d) Japanese Tissue Paper (e) Nepalese Handmade Paper (f) old Nepalese tissue Paper. 

Fig. 3. The representative deconvoluted FTIR spectra of six samples within the region 3700–3000 cm− 1 (a) Nepalese Tissue Paper (b) Old Nepalese Handmade Paper.  
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paper bears, 2.04 endurance on 500 gms (Table 1). This may be due to a 
decrease in fibre strength and bonding over the period. The low pH 
value, the acidic condition, also induces the hydrolysis of the cellulose 
network [15,16,34]. Fibre to fibre rupture of bonds decreases the me-
chanical strength of the paper. All the above papers were tested for 
starch and protein content in the pulp that is found to be absent. Simi-
larly, the lignin test also carried out for the papers and lignin is present 
in all the paper in traces except in Japanese tissue paper. 

3.2. FT-IR studies 

The FT-IR spectrums associated with the papers is shown in Fig. 2(a- 
f). Certain bands are very common in the entire FT-IR spectrum of all the 
papers. In the Fig. 2(a) the band associated with 3689–3003 cm− 1 and 
centered around 3407 cm− 1(Nepalese handmade Paper) 3425 cm− 1 (old 
Nepalese tissue paper and Sangaur paper), 3419 cm− 1 (Japanese Tissue 
paper) 3315 cm− 1 (Nepalese tissue paper), 3407 cm− 1 (Morpha hand-
made paper) are the band associated with –OH inter and intramolecular 
hydrogen bonding group. The band positions 3224 cm− 1, 3338 cm− 1, 
3416 cm− 1 and 3550 cm− 1 relates to intermolecular H-bond between 
O6-H⋯O3 and intramolecular H-bond between O3–H⋯O5, O2–H⋯O6 
and free OH (2,) respectively [23,25,33]. Similarly, the bands associated 
with 2919 and 2847 cm− 1 are attributed to the symmetric and asym-
metric methyl and methylene (C–H) stretching vibration (saturated 
carbon), respectively which are part of the organic C–H group associated 
with lignocelluloses fibre. The spectrum shows no band near about 3000 
cm− 1 that confirms the absence of unsaturated carbon group in the 
object. The presence of C-O is confirmed with peaks around 1700–1600 
cm− 1. The band at 1636 cm− 1 confirms C––C stretching group present in 
the structure [19,28,33]. The band around 1058 cm− 1(C-O) in the 
spectra is attributed to valence vibration mainly from C (3)-(O) 3H in the 

cellulose. The presence of C–H bending in cellulose I and cellulose II and 
hemicellulose are confirmed by a peak around 1371 cm− 1 in the spec-
trum [37]. Similarly, the band around 1318 cm− 1 confirms the presence 
of CH2 wagging in cellulose I and cellulose II in the structure. The 
crystalline index (crystalline and amorphous index) can be calculated 
from broadening of the peak at 1430 cm− 1 and 896 cm− 1 [23,38,39]. 
The peak around 1430 cm− 1 shows the crystalline region and much 
broadening of the peaks confirms the less ordered structure. Similarly, 
an ordered structure is confirmed from peak nature of 896 cm− 1 [25,33]. 
This confirms the –OH groups in the representative Nepalese tissue 
paper have much more participated in H-bond (from Table 3) formation 
rather than the other cellulose materials in this study [23,40,41]. Two 
additional peaks near 2300–2350 cm-1particularly in Sangauer and 
Japanese tissue paper attributed to C––O stretching frequency in the 
cellulose material but presence of this band can also be assigned to 
CO2(carbon dioxide) due to internal atmosphere in the instrument. 

The strength of hydrogen bonding depends upon the molecular 
conformation and number of active sites presents for hydrogen bonding 
linkage [18-20,42]. The H-bond energy are provided in Table 2 showing 
bond energy are between 8.19 kJ and 13.44 kJ for 3531 cm− 1, 14.16 kJ 
to 17.40 kJ for 3531 cm− 1 similarly the bond energy is between 15.30 kJ 
and 24.50 kJ for 3391 cm− 1, 25.24 kJ to 29.70 kJ for 3246 cm− 1 

respectively. The high bond energy confirms the intermolecular H- 
bonding for 3246 cm− 1 and low bond energy confirms intramolecular H- 
bonding in 3531 cm− 1 and 3463 cm− 1 in the representative cellulose 
materials. This fact about bonding ability is further confirmed from the 
Table 3 obtained from deconvoluted spectra. The hydrogen bonding is 
high in 3246 cm− 1 (2.14) for the representative Nepalese Tissue paper, 
3309 cm− 1 (1.76) for the representative Japanese tissue paper, 3240 
cm− 1 (1.77) for the representative Sanganer paper, 3264 cm− 1 (1.61) for 
the representative old Nepalese paper, 3280 cm− 1 (2.01) for the repre-
sentative Japanese tissue paper and 3237 cm− 1 (1.87) for the repre-
sentative Morpha paper respectively. The bond distance (Å) highest for 
wavenumber 3531 cm− 1 signifies the less force of attraction whereas 
bond distance (Å) lowest for wavenumber 3246 cm− 1 confirms the 
strength of bond in the cellulose material. 

3.3. Hydrogen bonding, bond energies and bond distance 

Fig. 3 (a) shows the representative deconvolution of the FT-IR 
spectra within the range of 3700–3000 cm− 1 for all the representative 
paper analysed for the present study and data related to this are provide 
in Table 3. The peaks centred around 3535 cm− 1, 3463 cm− 1, 3309 cm− 1 

and 3299 cm− 1 in the deconvoluted spectra are assign to wavenumber 
(cm− 1) of intermolecular and intramolecular H-bonding [23,43-45]. The 
strength of a bond increases with shortening of the bond and more the 
bond energy associated with it. This can be explained by the fact that 
bond energy is more for 3299 cm-1may be due to intermolecular H bonds 
(at the order of 26 kJ) and a low H bond energy (at the order of 5 kJ) for 
3463 cm− 1 and assigned to intramolecular H bonds. The area of the 
intramolecular H bond is about 13.24 whereas for intermolecular H 
bond is 16.14, respectively. Similarly, for representative Morpha Nep-
alese Tissue paper (Fig. 3e) the peaks centred around the area of the 
intramolecular H bond is about 18.52 whereas for intermolecular H 
bond is 40.64, respectively. The representative Nepalese handmade 
paper (Fig. 3f) the area of the intramolecular H bond is about 21.53 
whereas for intermolecular H bond is 43.24, respectively. In the spec-
trum, the area for representative old Nepalese paper, associated with 
intramolecular H bond is about 22.74 and for intermolecular H bond is 
36.75. In the Sanganer handmade paper (Fig. 3d) the nature of hydrogen 
bonding shown in the deconvolution part of FT-IR, the peak area 
showing the intermolecular H bonding is about 41.58 whereas for 
intramolecular H bonding the area is 19.23, respectively. The Nepalese 
tissue paper (Fig. 3a) has also been studied considering the deconvolu-
tion of 3600–3300 cm− 1 frequency region of FT-IR spectrum. The area 
associated with these peaks for intermolecular H bonding is about 49.69 

Table 3 
The relative content of each hydrogen bonded and free OH in deconvoluted 
spectra for each paper. This table also represents the relative content data ob-
tained from the deconvoluted curves of each paper.  

Paper Wave 
number 
(cm− 1) 

Area Width Height Ratio of 
bonded and 
free OH 

Nepalese Tissue 
paper 

3531  23.19  120.59  0.15  1.00  

3408  38.71  159.76  0.19  1.66  
3391  14.36  169.01  0.06  0.62  
3246  49.69  195.97  0.20  2.14 

Japanese tissue 
paper 

3535  13.24  204.3  0.05  1.00  

3453  22.19  194.9  0.09  1.67  
3309  23.27  233.9  0.07  1.76  
3293  16.14  271.3  0.04  1.22 

Sanganer Tissue 
paper 

3530  23.47  116.84  0.16  1.00  

3432  19.73  115.04  0.13  0.84  
3350  32.59  181.84  0.14  1.38  
3240  41.58  217.47  0.15  1.77 

Old Nepalese 
Tissue Paper 

3518  22.85  127.05  0.14  1.00  

3415  22.74  135.33  0.13  0.9  
3390  19.74  181.76  0.08  0.86  
3264  36.75  182.90  0.16  1.61 

Nepalese 
Handmade 
paper 

3536  21.53  117.83  0.14  1.00  

3426  26.56  147.23  0.14  1.23  
3318  48.77  261.14  0.14  2.26  
3280  43.24  281.94  0.12  2.01 

Morpha Nepalese 
Tissue paper 

3534  22.08  109.20  0.16  1.00  

3436  18.52  109.06  0.13  0.83  
3348  35.15  180.98  0.15  1.59  
3237  40.64  218.39  0.14  1.84  
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whereas for intramolecular H bonding the area is 23.19, respectively. 
The intermolecular interaction for the generation of networking struc-
ture through hydrogen bonding is predominate in all the reported cel-
lulose paper[18]. 

3.4. Morphological implications 

The ESEM image of Nepalese handmade paper, old Nepalese tissue 
paper, Sangauer paper, Japanese Tissue paper, Nepalese tissue paper 
and Morpha handmade paper are shown in Fig. 4 (A-F). The fibre 
networking structures are clearly depicted in these images. In each 
image, the lower resolution is given in (a) whereas higher resolution 

Fig. 4. The ESEM images of showing fibre networking structure (A) Nepalese Tissue Paper (a) 147X (b) 600 X (B) Japanese Tissue Paper (a) 147X (b) 600 X (C) Old 
Nepalese Handmade Paper (a) 147X (b) 600 X. (D) Sanganer Handmade Paper (a) 147X (b) 600 X (E) Morpha Nepalese Tissue Paper (a) 147X (b) 600 X (F) Nepalese 
Handmade Paper (a) 147X (b) 600 X. 

Fig. 5. The representative EDS plots showing the elements. Image of (A) Nepalese Tissue paper and (B) Morpha Nepalese Tissue Paper.  
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depicted in (b), respectively. The images were collected at (142X) 500 
µm and (605X) 100 µm, respectively. All the images showed a very 
compact structure with each of separate fibres overlapping with others. 
It is also very clear from the images that the fibres are smooth, un-
damaged and flexible that makes the paper flexible and non-yellowing 
[1]. The EDS along with mapping of each element is shown in Fig. 5 
(A and B) The representative mapping image shows elements on (A) 
Japanese Tissue paper and (B) showing Morpha Nepalese tissue paper, 
respectively. The elements associated were shown in table 4. The carbon 
and oxygen percentage of handmade paper ranges from 91.91 to 98.96 
respectively. This is highest for Japanese Tissue Paper and is approxi-
mately 99% confirms cellulose as the chief structural element and major 
constituent of cell walls. High percentage of cellulose contributes high 
modulus of elasticity, better mechanical and chemical properties. The 
other minor elements like Ca, Al, Cl, Mg and Si might have due to sizing 
of the paper. The sizing of the paper provides resistance to wetting or 
feathering. The calcium mineral in the paper added as filler for optical 
brightener. The Ca is more in Morpha handmade paper and Old Nep-
alese handmade paper. The major elements (C and O) are mainly due to 
the cellulose part of handmade paper. The presence of elements Ca, Al, 
Cl are may be due to sizing added during sizing of the handmade paper 
whereas Mg, Na, S, K are the minerals associated with the cellulose. The 
networking structure formed by overlapping of fibre with one another 
provides strength to the paper. The fibre morphology plays a prominent 
role in establishing a structure and properties of a sheet. The thin walled 
fibres tend to collapse to ribbon like structure when pulping and beating 
while thick walled fibres remains stiff during this process. Hence, the 
paper made from unbeaten thick wall fibre is low in strength, bulky and 
has large voids. On the other hand paper made from thin walled fibre are 
very well bonded, compact and more strength. In our case the handmade 
papers are thick walled but beaten formally to achieve the desired 
properties. The sheet strength depends on two factors, the strength of 
individual fibre and inter-fibre bonds. In our study, the morphological 
features shows the inter-fibre crossings. It is in this zone the chemical 
bonding, van der Waal’s interaction, or molecular entanglement occurs 
to improve sheet strength. 

3.5. Nepalese tissue paper 

The networking structure is excellent with very less void which can 
be seen from Fig. 4 A(a) 147X resolution. The fibres are well crossed to 
each other with a mesh-like structure that favours inter fibre bonding in 
the structure. On further zoom (701X) each fibre can be distinctly seen 
and well pressed during the pulping process (Fig. 4(A) b). Each fibre is 
long and well stretched. The beating and pressing is limited to short-
ening of the fibre and loosening those portions of the fibre responsible 
for lateral cohesion. The strength of the paper depends upon fibre 
flexibility and plasticity. The point ESEM elemental analysis showed Ca, 
Al, Cl and Si associated with the paper. 

3.6. Japanese tissue paper 

Fig. 4 B (a & b) shows the ESEM image of Japanese tissue paper on 
the scale of 500 µm and 50 µm. The core fibre networking structure is 
much meshed in nature. This mesh-like structure is providing strength to 

the paper with the support of good bonding among fibre network. On 
higher resolution (50 µm), it can be visualised that the fibres are more 
rigorously mixed during pulp making and fibres have good length but 
cracks in the fibres are also noticed. The joining between these micro- 
fibrils and fibrils are due to hydrogen bridges. The rigorously mixing 
of paper may be a reason for good brightness of the paper. The elemental 
composition of this paper is shown in Table 4. 

3.7. Old Nepalese handmade paper 

The image Fig. 4C (a & b) shows surface morphology of Old Nepalese 
handmade paper at a resolution of 400 and 100 µm, respectively. The 
excellent networking structure with very less void can be observed. 
Similarly, at a higher resolution (100 µm) the fibres are well pressed and 
it can be visualised that no voids exist which gives this paper good 
strength and thickness. The beating or pressing of paper improves 
density and tensile strength due to increase in interfiber bonding. The 
brightness of this paper is slightly dull as compared to new Nepalese 
tissue paper which may be due to prolonged storage of this paper and 
adherence of dust. The interfibre bonding in addition to mechanical 
properties the bonding also affects optical properties, electrical prop-
erties and dimensional properties of the paper. 

3.8. Sanganer handmade paper 

The images in Fig. 4D (a & b) showed the detectably void networking 
structure for Sanganer tissue paper. The image shows press made during 
pulp making with cracks also detected. These cracks make the paper 
weak and less prone to withstand against wear and tear during courses of 
uses. 

3.9. Morpha Nepalese tissue paper 

The image for Morpha Nepalese tissue paper Fig. 4E (a &b) shows 
excellent networking structure with every fibre overlapping with others 
and providing good strength. The intermolecular H bonding is more 
which has provided good folding-endurance to this paper. Moreover in 
100 µm, it can be seen that each fibre is well overlap and no crack was 
seen during the pulp making process. All the fibres are fairly long and no 
breaks were noticed. The long and undisturbed fibre produces good 
inter-fibre network in which each fibre joined together for enhance the 
sheet properties. The morphological images related to Nepalese hand-
made paper are shown in Fig. 4F (a & b) and follows a similar network 
pattern as all the other papers. The fibres in the image are flat, indicates 
there was a larger contact area between the fibres resulted better 
bonding and mechanical strength of the paper. 

4. Conclusions 

Selection of paper for the process of mending/lining work of ancient 
deteriorated manuscript is a very crucial step for providing additional 
strength and durability. The following conclusion can be drawn out of 
the present investigation. 

Table 4 
The elemental composition in weight percentage (wt.%) of each representative paper sample from point study in EDS-ESEM.  

Papers/Elements C and O Ca Cl Si Mg Na S Al Fe K 

Japa TP  98.96 0.18 0.11 0.44 — — —  0.31 — — 
Morpha H P  91.91 2.30 2.43 0.49 0.56 0.53 0.79  0.49 — 0.50 
Sang T P  95.28 — 0.31 0.28 — 0.42 0.32  3.38 — — 
Nepa H P  96.84 1.20 0.18 0.88 0.11 — —  0.21 0.40 0.18 
Old NepaTP  96.19 3.31 — — — — —  0.50 — — 
Nepa TP  97.42 0.46 1.17 0.26 0.20 — —  0.49 — —  
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a) The hydrogen bond and bond energy associated with each paper 
with varied GSM were studied from hydrogen bond region of FT-IR, 
showed 13.4 kJ (for intermolecular H bonding) to 29.05 (fibre to 
fibre bonding). The area of the peak associated with inter fibre 
bonding is highest for Nepalese handmade and tissue paper. This is 
fairly in accordance with the ESEM image of Nepalese handmade 
paper. The compactness of the fibre as well as the pulp spreading 
process makes this paper much more strengthening and widely 
accepted.  

b) The role of pulp making process and compactness of the fibre within 
the paper much more supporting strengthening which can be 
visualised from ESEM figures.  

c) This method can be adopted for calculating of degradation kinetics of 
the ancient paper and strength of the material. The outcome can be 
utilized to formulate preventive conservation of paper.  

d) The outcome of this study can also be adopted to prepare an 
appropriate paper using natural sources particularly useful for the 
conservation of paper. 
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