592 Egypt. J. Chem. Vol. 64, No. 11. pp. 6251 — 6268 (2021)

3 Egyptian Journal of Chemistry

http://ejchem.journals.ekb.eqg/

Evaluation of traditional, starch nanoparticle and its hybrid composite

for the consolidation of tracing paper CrossMark

Gomaa Abdel-Maksoud®, Rehab Khattab®
4Conservation Department, Faculty of Archaeology, Cairo University, 12613 Giza, Egypt
PConservation Center, National Archives of Egypt. Cairo, Egypt

Abstract

Tracing paper was used since the 12" century. The deterioration of tracing paper occurs as a result of external
factors (inappropriate environmental conditions), or internal factors (such as manufacture process). The manufacturing
process plays a significant role in the deterioration process, since the preparation of tracing paper includes impregnating with
oils or resins, heavy beating of the pulp, and treating the paper with chemicals such as sulfuric acid, and zinc chloride. The
consolidation process is vital in the conservation of tracing paper to increase its strength and resistance against improper
surrounding environmental conditions. Starch in its traditional form had been used as an adhesive for tracing paper since the
last century. This paper aims to evaluate the use of starch in its traditional form and nanoscale form in improving the
properties of 4 types of tracing paper. Mechanical properties, change of color, pH value, Fourier Transform Infrared
spectroscopy (FTIR), and investigation of the surface morphology by scanning electron microscope (SEM) were used for the
evaluation process. Thermal aging at 100 °C was used for the aging of treated and untreated tracing paper. The results
revealed that the starch nanoparticles dissolved in water were the best consolidant for impregnated tracing paper. Starch
nanoparticles with carboxymethyl cellulose dissolved in water were the best consolidant for the two types of genuine
vegetable parchment paper. Starch nanoparticles dissolved in acetone with carboxymethyl cellulose were the best consolidant

for modern tracing paper.

Keywords: Tracing paper, starch nanoparticle, consolidation, thermal ageing, deterioration, analytical techniques

1. Introduction

Historically, tracing paper is very important and
had been used for different purposes. Medieval artists
had used handmade tracing paper by impregnation
technique in order to draw and copy their artworks as
mentioned by Theophilus during the twelfth century,
and by Cinnino during the middle of the fourteenth
century. In the middle of the 19th century, there was
an industrial revolution in the production of tracing
paper. The French chemists Figuier and Poumaréze
had taken in 1846 the first patent for chemically
treated tracing paper (vegetable parchment paper).
Then parchment paper was developed commercially
by De La Rue Company in London based on a patent
in 1857 by the chemist Gains [1]. At the end of the
19" century, the method of overbeaten tracing paper
was used, which made it cheap and had high quality,
and had become commonly used by artists, architects,
geographers and engineers for writing and drawing.
There is a large amount of artistic and other works

executed on tracing paper in museums, storages,
archives and libraries, which have different values
(artistic, aesthetic, scientific, heritage, social and etc.)
[2-3].

Conservation of tracing papers is a complicated
issue since tracing papers are produced by complex
compositions and manufacturing processes giving
three types of tracing papers. The first type of tracing
paper is impregnated paper or vellum paper. Vellum
paper has been manufactured by impregnating the
paper with materials that have a similar index of
refraction such as linseed oil, poppy-seed oil, starch,
varnish, etc. This type of paper is performed on paper
sheets made from rag pulp or chemical and
mechanical wood pulp [4-9]. The second type is
genuine vegetable parchment paper. From the middle
of the nineteenth century, this paper has been
transparentized by momentary immersion in baths of
diminishing strengths of acid (such as sulfuric acid
for thin paper or zinc chloride for thicker paper), and
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an alkaline neutralization bath follows the acid
treatment. This method makes the paper translucent
and similar to parchment. It is performed on paper
sheets made mainly from cotton or/and linen pulp
[7].1ater pure bleached wood pulp was used [10- 13].
The third type is paper from overbeaten fibers. At the
end of the nineteenth century, cheaper alternatives to
vegetable parchment were already being sought. It
was discovered that a long beating of the paper fibers
(i.e. chemical wood pulp) can also achieve the
required transparency. These different types of
tracing paper have various chemical and physical
properties [2-7], [14].

Resultant tracing paper is mechanically weak due to
the rough manufacturing procedures it goes through
which results in paper with short fibers, as well as
other factors such as frequent use, inappropriate
housing, and improper conditions. Accordingly,
tracing paper can strongly benefit from consolidation
which increases its resistance to the surrounding
environmental conditions. Since some types of
tracing papers are extremely sensitive to moisture, the
use of consolidants dissolved in an organic solvent is
a better option compared to water-based consolidants
[4]. The consolidation process for tracing paper aims
to replace the lost sizing agent and improve the
mechanical properties [15]. Many adhesives are
conventionally used for treating tracing paper such as
polyvinyl acetate [16], sodium chloride of
carboxymethyl cellulose [17], starch [18], gelatin,
casein [19], klucel G, and other cellulose ethers [20].

In recent years, nanomaterials have also become
vital for conservation treatment [21]. Starch
nanoparticles (SNPs) can be produced by different
methods such as enzymes, chemical, and physical
treatments. The size distribution, crystalline structure,
and physical properties of the SNPs may vary from
one method to another [22-24], starch nanoparticles is
characterized by solubility in a common organic
solvent such as acetone and toluene, which makes
them suitable for consolidating tracing paper that are
sensitive to water [25].

Artificial accelerated aging is very necessary for
evaluating the conservation process, especially for
experimental studies. It assesses the changes in the
properties of the used materials, and the evaluation of
the used process [26-27].

Analysis and investigation became vital in the
conservation field in both experimental and applied
studies. They detect the effectiveness of the evaluated
materials by studying their properties. Mechanical
properties such as tensile strength and elongation are
very important to detect the ability of treated
materials to improve their resistance against
surrounding environmental conditions [28]. Color
measurement is very necessary for evaluating the
conservation materials [29-30]. The pH value
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measurement, FTIR, and investigation of the surface
morphology by a scanning electron microscope are
also important in experimental studies for the
evaluation of conservation materials [31-36].

This study aims to evaluate the effectiveness of
the use of starch in different forms (i.e. in its
traditional form dissolved in water, starch
nanoparticles dissolved in water, or acetone, and
mixture of starch nanoparticles dissolved in water, or
acetone with carboxymethyl cellulose) in the
consolidation of four modern types of tracing paper.

2. Materials and Methods

2.1. Materials and chemicals

e The types of tracing paper used in this study were
impregnated paper or vellum paper, two types of
Genuine vegetable parchment paper which were
prepared by authors, and modern tracing paper
(Rotring tracing paper) was purchased from Samir
& Ali Library, Giza, Egypt.

o Natural starch (corn starch) and starch nanoparticles
were purchased from the Nano Gate Company, Al
Abageyah, El  Mukkatam, Cairo, Egypt.
Carboxymethyl cellulose (CMC), acetone and
whatman paper were purchased from the AL
Jumhuria Company for Chemicals, Cairo, Egypt.

2.2. Methods

2.2.1. Tracing paper samples preparation

2.2.1.1. Preparation of Impregnated paper or
vellum paper:

Vellum paper was prepared according to Homburger

and Korbel [5] by impregnating Whatman paper

(high-quality cotton fibers) [37] in linseed oil. The

paper was left to dry at room temperature. After

impregnation, the color became dark yellow. The

disappearance of dark yellow color is an indication of

complete dryness. This type of paper was given the

symbol (A).

2.2.1.2. Preparation of Genuine Vegetable
Parchment Paper

Two types of genuine vegetable parchment paper

were prepared as follow:

¢ Genuine vegetable parchment paper, given the
symbol B, was prepared by momentary immersion
in a bath of sulfuric acid 65% (v/v), followed by
immersion in a neutralization bath (calcium
hydroxide), which was repeated many times until
the pH reached 7. This treatment made the paper
translucent and similar to parchment [1-3].

e Genuine vegetable parchment paper, given the

symbol C, was prepared according to Jinxia et al.

[38] by immersion in Zinc chloride dissolved in

distilled water (60/40 v/w). The samples were pressed

between two plastic sheets for five minutes. To

maintain its moisture content, the treated paper was
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rinsed with deionized water to extract the zinc
chloride. Parchment paper has low transparency and
is resistant to grease.

2.2.1.3. Modern tracing paper

Rotring tracing paper (overbeating fibers), given the
symbol D, was purchased from Samir & Ali Library,
Giza, Egypt.

2.2.2. Preparation of starch nanopatrticles

Starch nanoparticles were purchased from Nano Gate
Company which informed in its data sheet that the
preparation process was according to Duan et al. [39].
10 g of starch was dispersed in 1000 ml 3.16 M
H,SO, solution and stirred at 100 rad/min and a
temperature 40°C for the desired time. The
suspensions were then washed by successive
centrifugations in water until the pH values were
about 7.0. The final precipitate was freeze-dried to
powder. The insoluble hydrolysis residues vyield
(wt%) were calculated by dividing the weight of
freeze-dried precipitate by the initial dry weight of
wax maize starch.The Company also provided the
size and shape of starch nanoparticles. Transmission
electron microscopy (TEM) was performed using a
JEOL JEM-2100 high-resolution transmission
electron microscope at an accelerating voltage of 200
kV (Fig. 1). The properties given by the company
were: color: off-white; form: suspension; Avg. Size
(TEM): 17+3 nm; and shape (TEM): spherical.

2.2.3. Preparation of Consolidants and the
application method used for the treatment of
tracing paper

Consolidants used are as follows:

- Starch in its natural form dissolved in distilled
water (3%) by heating.

- Starch nanoparticles dissolved in water (3%)

- Starch nanoparticles dissolved in acetone (3%).

- Starch  nanoparticles (3%) blending  with
Carboxymethyl Cellulose dissolved in distilled
water (3%) (1:1 W/W).

- Starch nanoparticles dissolved in acetone (3%)
blending with Carboxymethyl Cellulose (CMC)
dissolved in water (3%) (1:1 W/W).

The sample numbers and applied treatments are

described in Table 1.

It should be noticed that the authors preferred to
use a mixture from starch nanoparticles with
carboxymethyl to improve some properties of tracing
paper. Ghanbarzadeh et al. [40], Tongdeesoontorn et
al. [41], and Qiao et al. [42] proved that the blending
of CMC with starch adhesive improved the viscosity,
and increased the mechanical properties. The
Improvement in mechanical properties that have
occurred was due to interaction between the carboxyl
group of CMC and the hydroxyl group of starch by
replacing hydrogen bonds between starch molecules
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by hydrogen bonds formed between the hydroxyl
groups in starch molecules and the hydroxyl and
carboxyl groups in CMC. Mandal and Chakrabarty
[43], and Jannatyhaa et al. [44] proved that the
blending of CMC with nanocellulose had the same
effect. Accordingly, the authors found that it was
necessary to study and evaluate the blending of CMC
with starch nanoparticles to determine its ability for
the improvement of some properties studied of
tracing paper.
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Fig. 1. (A, B) TEM images of the prepared Starch
nanoparticles using two different magnifications
from the images, it is obvious that, the
nanoparticles were spherical and well dispersed,
with an average size of about 17+3 nm (Nano Gate
Company - Data Sheet).

The tested consolidants were applied to the paper
samples using a soft brush. Excess consolidants was
removed by covering the samples with a layer of
Reemay and applying pressure on it using a ruler,
starting from the middle to the out layer of the
samples.

2.2.4. Artificial accelerated thermal aging:
Accelerated thermal aging was carried out on all
samples at 100°C in a dry oven for 72 hours,
according to U.S. Federal Specifications for Tracing
Paper (No. UU-P-561H 1972) [4]. The procedure was
carried out in nUve - FN 500 oven at the
Conservation Center, The National Archives of

Egypt.

Table 1
Sample numbers and applied treatments
Sample Treatment

No.
C.S. Control sample (Untreated)
1. Natural starch
(A,B,C,D)
2. Starch nanoparticles (SNPs) 3%
(AB,C,D) dissolved in water
3. (SNPs) 3% dissolved in acetone
(A,B,C,D)
4, (SNPs) 3% + CMC 3% dissolved in
(A,B,C,D) distilled water.
5. (SNPs) 3% dissolved in acetone +
(AB,C,D) CMC 3% dissolved in distilled

water.
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2.2.5. Analysis and investigation techniques
2.2.5.1. Tensile strength and elongation

Tensile strength and elongation were studied using
the dynamometer produced by SDL ATLAS, H5KT.
The samples were cut into strips about 2 cm x 10 cm.
All measurements were made before and after aging.
All measurements were applied at temperature of 20°
C, relative humidity 65%. The load range was100 N,
the extension range was 10 mm, the gauge length was
100 mm, and the speed was 100mm /min. The
procedure was carried out at the National Institute of
Standards (NIS), Giza, Egypt.

2.2.5.2. Color Change Measurements:

The color of the samples was measured using
Optimatch 3100 ® from the SDL Company. The
colors that are given in CIE- Lab coordinates are, the
L value corresponding to the brightness (100 = white,
and 0 = black), while a* value to the red-green
coordinate (positive sign = red, and negative sign =
green), and b* value of the yellow-blue coordinate
(positive sign = yellow, and negative sign = blue).
The total difference of color AE* between two color
stimuli AE* = {(A L*) >+ (A a*) 2+ (A b*) 2}2 [45],
if AE* is less than 3, this means that the color change
is not noticeable to the naked eye [46]. All samples
were measured in a visible region. The procedure was
carried at the National Institute of Standards (NIS) in
Cairo, Egypt.

2.2.5.3. The pH value:

The pH values were measured using Lutron pH
meter model PH- 211. The pH meter was calibrated
with known buffer solutions (i.e. buffers of pH 7 and
4 pH are usually selected). The electrodes of the pH
meter were rinsed with distilled water and then
immersed in the buffer [47-48]. The pH measurement
was done according to May and Jones [49] by
soaking the paper in pure water and then measuring
the pH of the aqueous extract. 2 g of paper were
soaked in 100 ml water for 1 hour [50]. The
procedure was carried out at the Conservation Center,
The National Archives of Egypt.

2.2.5.4. Fourier Transform Infrared Spectroscopy
(ATR-FTIR):

FTIR spectroscopy was used to study the functional
groups in the paper samples and the change that have
occurred due to treatments compared to the control
sample to rate the chemical change [51]. ATR-FTIR
spectra of paper samples were obtained using a
Nicolet 380 FT-IR Spectrometer with ATR Crystal,
in the frequency range of 4000 - 400 cm-1, in
reflectance mode. The procedure was carried out at
the National Institute of Standards (NIS), Cairo,

Egypt.
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2.2.5.5. Investigation of the surface morphology by
Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to
investigate the surface morphology of the treated
samples. The samples were coated with gold. The
samples were scanned using (JEOL JSM S400LV
EDX Linl ISIS-Oxford high vacuum) at the Faculty
of Science, Assiut University, Egypt. The
investigation was performed on two treated paper,
which gave the best results in terms of the other
tested properties.

3. Results and Discussion
3.1. Tensile strength and Elongation:

The tensile strength and elongation results for all
untreated samples (Table 2) decreased after aging.
The reduction in tensile strength post aging was 26%,
30%, 29%, and 25% and in elongation was 20%,
30%, 26%, and 27%, for all types of paper (A, B, C,
and D), respectively. These results were confirmed
by Shahani [52], Considine et al. [53], Zhu et al. [54].
The decrease in tensile strength of untreated aged
samples has been explained by Chapdelaine and
Arney [55], Zou et al. [56], Whitmore et al. [57], and
Baranski et al. [58], who reported that the oxidation
of cellulose caused weakening of the cellulose chain
at the site of the oxidized groups (i.e. carboxylic
groups) as a result of the loss of the water molecule
of the bond C-OH in C2-C3 in the glucopyranose
ring. The loss of fiber strength is due to re-
polymerization and increased acidity following
oxidation of the cellulose by the formation of
carboxylic groups as a result of an oxidation process.

As for the consolidated samples (Table 2), the
reduction in tensile strength for all consolidated paper
samples post aging was less compared to the
untreated aged samples. The reduction percentages
for samples treated with starch dissolved in water,
SNPs dissolved in water, SNPs dissolved in acetone,
SNPs dissolved in water blending with CMC and
SNPs dissolved in acetone blending with CMC,
respectively, were 23%, 15%, 16%, 20% and 22% for
paper type A; 20%, 21%, 24%, 25% and 27% for the
paper B; 25%, 22%, 24%, 20% and 27% for paper C,
and 23%, 22%, 19%, 21% and 17% for paper type
D.

As for the reduction in elongation in aged samples
previously treated with consolidants, it was less than
the untreated aged paper (Table 2). The reduction
percentages for samples treated with starch dissolved
in water, SNPs dissolved in water, SNPs dissolved in
acetone, SNPs dissolved in water blending with of
CMC and SNPs dissolved in acetone blending with
CMC, respectively, were 12%, 13%, 7%, 14% and 17
for paper type A; 17%, 18%, 23%, 24% and 21% for
paper type B; 14%, 15%, 17%, 18% and 20% for
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paper type C; 16%, 17%, 18%, 20, and 21% for paper
type D.

The results proved that starch nanoparticles dissolved
in water for paper type (A), starch nanoparticles
dissolved in water blending with CMC for paper B
and C, and starch nanoparticles dissolved in acetone
for paper D are the most efficient compared to the
other tested consolidants. These results were
confirmed by Lin et al. [25], Chandra et al. [59],
Dufresne [60], Liu et al. [61], Sandhu and Nian [62],
Huicochea and Rendon [63], who stated that the
starch nanoparticles network resulted from strong
interactions between crystals by hydrogen bonds,
which improve the mechanical properties, thermal
properties, barrier properties, and also improve
interfacial adhesion between starch nanoparticles and
polymer matrices (cellulose of paper). The high
specific surface area resulting from their nanoscale
dimensions coupled with the high density of surface
hydroxyl groups allows a strong bond with cellulose
fibers in the paper.

3.2. Color Measurement

The results obtained (Table 3) show color values (L*,
a*, and b*) and total color differences (AE). The
results can be explained as follow:

3.2.1. Color values
Table 2

3.2.1.1. Lightness (L*)

It was clear from the obtained data (Table 3) that the
L* value of the impregnated paper samples treated
with different consolidants decreased in lightness
compared to the control sample. The best results were
obtained in the case of sample No. 3A, followed by
samples No. 4A, 2A, 5A, and 1A, respectively. The
results also indicated that the sample treated with
starch nanoparticles gave better results than the
sample treated with starch in the normal phase. The
treated sample showed resistance against thermal
aging compared to the control sample. The results
also showed the effect of aging on the lightness of the
untreated sample with a loss percentage of 5%.
Results also revealed the capability of some
consolidants (i.e. samples No. 3A, 1A, and 2A
respectively) in protecting impregnated paper (A)
from lightness decline compared to the control
sample.

The lowest decrease in lightness was obtained in the
case of samples No. 5A and 4A, respectively.

For vegetable parchment paper (B), the results
revealed (Table 3) that all the aged samples treated
with different consolidants decreased in lightness
compared to the control sample.

Measurement of tensile strength (maximum force/N) and elongation (%) of tracing paper (A, B, C

and D) treated with consolidants before and after accelerated heat ageing

Tensile strength (maximum force/N)

Paper A Paper B Paper C Paper D
C. B.A. A A B.A. AA. B.A A A B. A A A.

C.S. 29.93 22.20 25.15 17.72 24.9 17.80 69.80 52.20
1 39.20 30.01 54.20 43.50 59.6 44.80 87.86 67.20
2 35.70 30.30 31.89 25.24 55.3 43.24 82.10 64.40
3 34.89 29.28 29.55 22.24 40.2 30.44 85.30 69.20
4 27.80 22.30 94.50 69.15 69.6 55.58 80.40 63.50
5 31.04 24.10 85.20 64.20 52.6 38.54 76.60 63.34

Elongation (%)

CS. 1371 1.100 1.976 1.389 1.681 1.247 1960 1.447
1 1.212 1.070 2.752 2.290 2.458 2114  2.986 2.514
2 1.224 1.059 1.401 1.154 1.906 1611 2412 2.011
3 1.187 1.094 2.091 1.620 2.152 1.780 2516 2.070
4 1.526 1.306 2.462 1.870 2.919 2390 2.198 1.762
5 1.962 1.625 2.204 1.750 2.89 2298 2515 1.976

C. = Consolidants, B. A. = Before ageing, A.A. = After ageing
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The best results were obtained in the case of sample
No. 2B, followed by samples No. 1B, 3B, 5B, and
4B, respectively. After aging, the treated samples
gave resistance to thermal aging compared to the
untreated sample. The highest resistance was
obtained in sample No. 1B, followed by samples No.
3B, 2B, 4B, and 5B, respectively.

For vegetable parchment paper (C) (Table 3),
before thermal aging, the results proved that all
samples treated with different consolidants decreased
in lightness compared to the control sample. The
aged untreated and treated samples decreased in
lightness post aging. The most resistant sample to
thermal aging was sample No. 1C, followed by
samples No. 2C, 3C, 5C, and 4C, respectively.

For modern paper (D) (Table 3), the results proved
that the lightness of the treated sample before aging
increased compared to the control sample. The
highest increase in lightness was observed in sample
No. 2D, followed by samples No. 3D, 1D, 5D, and
4D, respectively. The same observation was
approximately obtained after thermal aging.

The samples treated with separate consolidants
gave higher lightness values compared to the samples
treated with composite consolidants, both before and
after accelerated thermal aging; this may be due to
the high viscosity of composite consolidants which
reflects the color of the treated sample.

These results were confirmed by Zervos [64],
Ardelean et al. [65], Karlovits and Gregor-Svetec
[66], who reported that the lightness of untreated and
treated samples with studied consolidants decreased
before and after thermal aging.

3.2.1.2. Red-green value (a*)

The a* values of the untreated and treated
impregnated paper before aging (Table 3) indicate the
color green. All the treated samples before aging,
increased in green color compared to the control
sample except the sample No. 4D. The treated
samples after thermal aging revealed that the green
color decreased for the samples 1A, 2A, and 3A
compared to the control sample. The color of the
sample No. 4A and 5A shifted to a red color, which
indicate the effect of thermal aging on these samples.

For the treated genuine vegetable parchment paper
(B), the a* value indicate a green color before and
after thermal aging. The green color of treated
samples after aging was less than before aging.

For the treated vegetable parchment paper (C), the
a* value indicate a green color before and after
accelerated thermal aging. Samples No. 1C, 2C, and
3 C were affected by thermal aging more than
samples No. 4 and 5.

For the treated modern tracing paper (D), the a*
value indicate a green color before and after thermal
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aging. The green color of the aged treated samples
was less than the treated samples before aging.

3.2.1.3. Yellow-blue value (b*)

The results obtained (Table 3) showed that the
treated impregnated paper (A) samples before aging
were yellow. The treated samples increased in yellow
color compared to the control sample except for the
sample No.1A. For aged samples, the yellow color
increased for all untreated and treated samples. The
highest increase in yellow color after aging was
obtained in the case of samples No. 5A followed by
samples No. 4A, 1A, 2A, and 3A, respectively.

For the treated vegetable parchment paper (B), the
yellow color of the treated sample before aging
decreased compared to the control sample. The
yellow color of the aged treated samples increased in
most of the treated samples.

For the treated vegetable parchment paper (C), the
yellow color of the treated samples before and after
accelerated thermal aging increased compared to the
control sample; however, the increase in yellow color
is after aging.

For the treated of tracing paper (D), the yellow
color increased before and after thermal aging
compared to the control sample. It was also noticed
that the yellow color of the aged treated samples was
higher than the treated samples before aging.

Gongalves et al. [67] stated that the use of acid in
the preparation of starch nanoparticles gives a
significant increase in a* and b* values. This
observation was noticed in the samples treated with
starch nanoparticles dissolved in water or acetone
(2A, 3A) compared to the sample treated with starch
in its normal form (1A). The increase in the b* value
was found in the sample treated with carboxymethyl
cellulose after aging. Asl et al. [68], and Rosenau et
al. [69] said that the paper samples treated with
carboxymethyl cellulose tend to be in yellow after

aging.

3.2.2. Total color differences (AE)

The total color differences (Table 3) of the treated
impregnated paper (A) samples before aging was
very similar for all consolidants used. The lowest
change was obtained in the case of sample No. 1A
(2.01) and the highest change was obtained in sample
3A (2.69). The lowest and highest changes in AE*
were less than 3, which is not observable by the
naked eye as was stated by Szucs and Lanyi [46].
After aging, the change in the total color was clear in
the treated samples with starch nanoparticles
dissolved in water + carboxymethyl cellulose, and the
sample treated with starch nanoparticles dissolved in
acetone + carboxymethyl cellulose (i.e. the AE value
increased more than 5). The results of AE* for other
samples were less than 3.
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For the treated vegetable parchment paper (B), the
change in AE* before and after accelerated thermal
aging was less than 3 except for the samples No 5B,
since its value was 3.56 before aging and 6.14 after
aging.

For all the treated vegetable parchment paper (C)
samples, AE* value was less than 3 before and after
thermal aging.

For the treated modern tracing paper (D), the
changes in AE* before aging was less than 3 for all
samples, but the changes after aging were higher than
5 in samples No. 1D, 2D, and 3D. The value of AE*
the samples No. 4D and 5D was less than 3.

3.3. The pH Values

The results (Table 4) showed that the pH values of
all the control samples in different tracing paper
decreased slightly after thermal aging except for
paper B which has a good resistance against aging;
this may due to the residue of calcium hydroxide
used during the paper preparation which gave a future
resistance against acidity. The results revealed that
the pH of the treated paper decreased slightly after
thermal aging except for the samples treated with
starch in normal form, the sample treated with starch
nanoparticles dissolved in water blending with
carboxymethyl cellulose, and the sample treated with
starch nanoparticles dissolved in acetone blending
with  carboxymethyl cellulose. Ardelean [70]
confirmed that carboxymethyl cellulose leads to give
a high contribution to alkalinity. It was noticed that
the carboxymethyl cellulose gave more resistance
against aging compared to other samples treated with
other consolidants.

The results (Table 4) proved that the pH values of
all samples decreased slightly after aging. Some
authors [37, 64], [71-72] explained that this may be
due to the occurrence of oxidation of cellulose during
thermally accelerated aging by the action of oxygen
(autoxidation). Cellulose thermal degradation is
expected to cause, the scission of chemical bonds
between monomeric glucose units. Accordingly,
decrease in its degree of polymerization with the
formation of free radicals and carbonyl (i.e. carboxyl,
aldehyde, and ketone). The oxidation of cellulose
also contributes to raising the concentration of acid in
the paper.

3.4. FTIR spectroscopy:

The results obtained (Fig. 2 A and B) for the paper
samples A treated with different polymers before and
after aging compared to the control sample were as
follow:

The unaged control sample (Fig. 2 A) of paper (A)
showed the presence of the following band which are
characteristic of cellulose: the O-H stretching broad
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band appeared at 3334 cm™ (its intensity 90.9) is
characteristic for stretching vibration of the hydroxyl
group in polysaccharides. This band includes inter-
and intra-molecular hydrogen bond vibrations in
cellulose, the C-H stretching vibration band of
hydrocarbon constituent in polysaccharides at 2910
cm? and 2850 cm™ (intensity 93.5 and 93.9,
respectively), the C=O unconjugated band at 1739
cm™® (intensity 91.9), the C=0 conjugated and H-O-H
correspond to vibration of water molecules absorbed
in cellulose at 1624 cm™ (intensity 96.6), the CH,-
COH is associated with the amount of the crystalline
structure of cellulose at 1428 cm™ (intensity 92.0)
and C-O of cellulose polymerization at 1160, 1108,
1053 and 1029 cm™ (intensities 84, 80, 72, 72,
respectively) [73-76]. Post aging, the control sample
(Fig. 2 B) showed a slight increase in the intensity of
the O-H stretching band (approximately 1.6); this
indicates that occurrence of a slight hydrolysis. The
hydrolysis is indicated by cleavage of the hemiacetal
bond between the two glucopyranose rings C1 and
C4. The terminal rings resulting in the splitting of
C1-O-C5 bond in the same ring [77-79]. There was
an increase in the intensity of the C-O band; and this
is mostly due to re-polymerization as a result of
thermal aging. The thermal degradation caused the
scission of glucosidic linkages of cellulose, and
change degree of polymerization [80-81].

Before aging, the samples treated with the studied
consolidants (Fig. 2A) (starch, SNPs dissolved in
water, SNPs dissolved in acetone, SNPs dissolved in
water blending with CMC, and SNPs dissolved in
acetone blending with CMC showed an increase in
the intensities of the bands of the functional groups of
the studied consolidants and a slight decrease in the
C-O band at 1159-1001 cm™ (i.e. cellulose
polymerization). All these changes are due to the
presence of the functional groups of starch, starch
nanoparticles, and CMC after treatment [82-91]. Post
aging, samples treated with all studied consolidants
(Fig. 2B) showed a decrease in the intensities of the
O-H stretching band, the C=0 conjugated band, and
the H-OH band. This may be due to the loss of water
molecules as mentioned by Gorassini et al., Traore
and Kaal [92-93]. The sample treated with SNPs
dissolved in acetone showed an increase in the
intensity of the C=0 unconjugated band (the ester
group) at 1741 cm™ was noticed [86]. The sample
treated with starch and SNPs dissolved in acetone
blending with CMC showed a decrease in the
intensity of the CH,-COH absorption band at 1430
cm associated with the amount of the crystalline
structure of cellulose. The samples treated with SNPs
dissolved in water and SNPs dissolved in acetone
blending with CMC showed a decrease in the
intensities of all C-O bands (cellulose polymerization
bands); this may be due to the scission of glucosidic
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linkages of cellulose. Accordingly, decrease degree
of polymerization [94].

The results obtained (Fig. 2C and D) for the treated
paper samples B before and after aging were as
follow:

Before aging, the control sample of paper B (Fig.
2C) showed the presence of the OH stretching broad
band at 3340 cm™ (intensity 96.0), C-H stretching
band at 2903 cm™ and 2858 cm™ (intensity 98.3 and
98.6, respectively), C=0 unconjugated band at 1740
cm™ (intensity 96.9), C=0 conjugated band and H-O-
H band at 1637 cm™ (intensity 98.7), CH,-COH band
of cellulose crystallization at 1425 cm™ (intensity
97.4) and C-O of cellulose polymerization at 1160,
1109, 1055 and 1030 cm™ (intensities 94, 91, 87, 86,
respectively). The control sample after aging (Fig.
2D) showed a slight increase in the intensity of the
O-H stretching band, which may be due to the
occurrence of a slight hydrolysis. An increase in the
intensities of the C=0 unconjugated and H-O-H band
were also noticed which occurred as a result of
cellulose oxidation as mentioned by Chapdelaine and
Arney [55], Zou et al. [56], Whitmore et al. [57],
Baranski et al. [58], Ferrer and Sistach [95], Lojewski
et al. [96], Librando and Minniti [97] reported that
the oxidation of cellulose caused weakening of the
cellulose chain at the site of the oxidized groups
(carboxylic groups) as a result of the loss of the water
molecule of the bond C-OH in C2-C3 in the
glucopyranose ring. The increase in the intensities of
CH,-COH band is associated with the increase of
amount of the crystalline structure of cellulose; while
the increase in the C-O absorption bands of cellulose
polymerization is due to due to change in the
polymerization as a result of thermal aging. All
treated samples showed an increase in the intensities
of the bands of functional groups of consolidants
studied; however, a decrease in the intensity of C-O
band of cellulose polymerization was noticed in the
samples treated with starch, SNPs dissolved in
acetone, and SNPs dissolved in water blending with
CMC. All treated samples after aging (Fig. 2D)
showed a decrease in the intensities of the O-H
stretching band, the C=0 conjugated band, and the
H-OH band, which may be due to the loss of water
molecules. A decrease in the intensity of the CH,-
COH band of cellulose crystallization was observed
in all treated samples and changes in the intensity of
C-0O at the also noticed as a result of thermal aging.

The results obtained (Fig. 2E and F) for the treated
paper samples C before and after aging were as
follow:

Before aging, The control sample of paper C (Fig.
2E) showed the presence of the OH stretching broad
band at 3333 cm™ (intensity 96.7), the C-H band at
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2914 cm™ and 2854 cm™ (intensity 98.6 and 98.2,
respectively), the C=0O unconjugated band at 1726
cm (intensity 99.4), the C=0 conjugated and H-O-H
bands at 1641 cm™ (intensity 98.7), the CH,-COH
band of cellulose crystallization at 1421 cm™
(intensity 98.8) and the C-O of cellulose
polymerization at 1159, 1110, 1054, 1029 cm™ and
1001 cm™ (intensity 95, 93, 87, 89, 89, respectively).
The control sample after aging (Fig. 2F) showed no
changes in the intensity of the O-H stretching band at
3336 cm™, the C=0 unconjugated band at 1725 cm™,
the C=0 conjugated band and the H-O-H band at
1640 cm™; however, an increase in the intensity of
the CH,-COH band is associated with the increase of
amount of the crystalline structure of cellulose. An
increase in the intensity of the C-O bands of cellulose
polymerization at 1160, 1109, 1053, 1030 and 1000
cm™ respectively was observed; this may be due to
the re-polymerization which resulted from thermal

aging.

Before aging, the samples treated with starch, SNPs
dissolved in water, SNPs dissolved in acetone, SNPs
dissolved in water blending with CMC, and SNPs
dissolved in acetone blending with CMC showed an
increase in the intensities of the bands of functional
groups of tested consolidants (Fig. 2E). Post aging, a
decrease in the intensities of the bands of functional
groups was observed (Fig. 2F), But the sample
treated with SNPs dissolved in acetone and SNPs
dissolved in water blending with CMC gave no
changes in the intensities of most studied bands. The
sample treated with SNPs dissolved in acetone
blending with CMC showed a slight increase in the
intensity of the C-O bands of cellulose
polymerization.

The results obtained (Fig. 2G and H) for the treated
paper samples D before and after aging were as
follow:

Before aging, The control sample of paper D (Fig.
2G) showed the presence of the O-H stretching broad
band at 3339 cm™ (intensity 94.2), the C-H band at
2894 cm™ (intensity 97.4), the C=0 unconjugated
band at 1735 cm-! (intensity 99.0), the C=0
conjugated and H-O-H bands at 1640 cm™ (intensity
98.3), the CH,-COH band of cellulose crystallization
at 1427 cm™ (intensity 96.5) and C-O of cellulose
polymerization at 1159, 1106, 1051 and 1026 cm™
with intensity 92, 90, 84, 83, respectively. The
control sample after aging (Fig. 2H) showed no
change in the intensity of the O-H stretching band,
the C=0 conjugated band, and the H-O-H band. A
decrease in the intensity of the C-O bands of
cellulose polymerization at 1160, 1104, 1052 and
1025 cm™ resulted from thermal aging.

The treated sample with starch before aging
compared to the control sample (Fig. 2G) showed a
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decrease in the intensity of the O-H stretching band at
3300 cm, and a split of the C-H band at 2894 cm™
into two bands at 2915 cm™, and 2873 cm™. A
decrease in the intensity of the C-O bands of
cellulose polymerization at 1155-1018 cm™ was
noticed; however, no change in the intensity of the
C=0 unconjugated band, the C=0 conjugated band,
the H-O-H band, and the CH,-COH band of cellulose
crystallization was observed. After aging (Fig. 2H),
no change was observed except for an increase in the
intensity of all C-O absorption bands of cellulose
polymerization at 1155-900 cm™.

The treated sample with starch before aging
compared to the control sample (Fig. 2G) showed a
decrease in the intensity of the O-H stretching band at
3300 cm™, and a split of the C-H band at 2894 cm™
into two bands at 2915 cm™, and 2873 cm™. A
decrease in the intensity of the C-O bands of
cellulose polymerization at 1155-1018 cm™ was
noticed; however, no change in the intensity of the
C=0 unconjugated band, the C=0 conjugated band,
the H-O-H band, and the CH,-COH band of cellulose
crystallization was observed. After aging (Fig. 2H),
no change was observed except for an increase in the
intensity of all C-O absorption bands of cellulose
polymerization at 1155-900 cm™.

The samples treated with SNPs dissolved in water,
SNPs dissolved in acetone, SNPs dissolved in
acetone blending with CMC, and SNPs dissolved in
water blending with CMC showed an increase before
aging and a decrease after aging in the bands
intensities of the studied functional groups (Fig. 2G).
After aging (Fig. 2H), the treated sample showed no
change except for a decrease in the band intensity of
the CH,-COH band of cellulose crystallization , and
an increase in the intensity of all C-O bands of
cellulose polymerization at 1061-1025 cm™.

3.5. Investigation of the surface morphology by
scanning electron microscope

For this procedure, only the most effective polymer
for each type of paper was selected based on the
results of the previous analytical techniques with the
aim of investigating the surface morphology of each
selected sample.

3.5.1. Investigation of the surface morphology of
the tracing paper A

The results (Fig. 3A) showed that the aged control
sample is made of cotton fibers and appear with a
semi-regular distribution. Some gaps are found in the
paper surface. The fibers became rough as a result of
thermal aging. Damage was also noticed for some
fibers. The unaged sample treated with starch
nanoparticles dissolved in water (Fig. 3B) showed
good coating for the polymer on the surface. The
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fiber distribution was good. The smoothness of the
fibers was also good. Results were approximately the
same after aging (Fig. 3C) with the samples showing
good coating and good fiber distribution. The unaged
paper A treated with starch nanoparticles dissolved in
acetone (Fig. 3D) showed good coating as well;
however, it did not fully penetrate through the fiber
structure; and this may be due to the speed of acetone
evaporation. Some gaps are also found on the
surface; and this may due to the non-homogenous
structure of the paper. The aged sample (Fig. 3E)
showed good coating and good fibers distribution.
Some gaps are also noticed on the paper surface.

3.5.2. Investigation of the surface morphology
of the tracing paper B

For the aged control sample (Fig. 4A), the presence
of discontinuous fibers, lack of homogeneity of the
fibrous structure, and roughness were noticed. This
may due to the effect of sulfuric acid used in the
preparation of the paper sample. For the unaged
paper treated with starch nanoparticles dissolved in
water blending with CMC (Fig. 4B), it is obvious that
the consolidant material improved the condition of
the fibers, which appeared strong; however, the fiber
structure slightly disappeared. For the same sample
after aging (Fig. 4C), accelerated thermal aging
slightly affected the fibers, which nevertheless are
still strong. It was also noticed that the consolidation
material does not remain condensed on the surface
compared to the sample before aging. The unaged
sample treated with starch dissolved in water (Fig.
4D) showed good distribution for the consolidant,
and the fiber appeared in a good state. For the same
sample after aging (Fig. 4E), thermal aging affected
the fibers which appeared stiff and a lack of coverage
for the consolidant material on the surface was
noticed.

3.5.3. Investigation of the surface morphology of
the tracing paper C

The aged control sample (Fig. 5A) showed erosion
of some fibers, roughness of the fibers, and some
gaps were also observed. These results indicate the
effect of thermal aging on the sample without
treatment.

The unaged sample treated with starch
nanoparticles dissolved in water with the addition of
CMC (Fig. 5B) showed good distribution of the
consolidation material on the surface; however, the
fiber structure disappeared in some area; and this may
due to the abundant presence of consolidation
material in some area. The same sample after aging
(Fig. 5C) clearly showed the fiber structure and
exhibited a slight roughness of the fibers. The unaged
sample treated with starch dissolved in water (Fig.
5D) showed a good distribution of the consolidant
used, the fibers became strong, and some gaps were
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Table 3

Change of color of treated different tracing paper with different consolidants before and after heat ageing

Treated different tracing paper before ageing

Color

values/ .

total color Impregnated paper (A) Vegetable parchment paper (B) Vegetable parchment paper (C) Modern tracing paper (D)

differences

CS 1A 2A 3A 4A 5A CS 1B 2B 3B 4B 5B CS 1C 2C 3C 4C 5C CS 1D 2D 3D 4D 5D
L* 8490 8215 8257 8468 8389 8243 9516 9444 9452 9383 91.77 93.07 9455 9386 94.01 9394 9329 9379 7536 7935 8164 80.38 76.23 76.75
ax -249 -255 -273 -256 -1.74 -247 -079 -032 -051 -051 -0.73 -068 -0.18 -046 -056 0.67- -060 -0.65 -0.69 -0.63 -0.75 -0.62 -0.69 -0.54
b* 1091 10.39 1292 1455 1341 1293 5.43 1.96 3.89 3.47 3.49 4.86 2.00 212 2.87 3.20 3.68 3.19 0.71 1.75 2.45 2.14 3.25 2.56
AE 000 201 253 269 262 261 000 183 284 243 283 356 000 075 109 143 214 149 000 231 348 331 263 203
Treated different tracing paper after ageing
C?|0F/ Impregnated paper (A) Vegetable parchment paper (B) Vegetable parchment paper (C) Modern tracing paper (D)
values

total color CS 1A 2A 3A 4A 5A CS 1B 2B 3B 4B 5B CS 1C 2C 3C 4C 5C (o) 1D 2D 3D 4D 5D
differences

L* 80.64 83.10 8289 8444 77.63 7815 91.74 9326 9248 9273 9232 9227 9399 9389 9376 9339 9249 92.68 7457 7742 7837 7834 76.03 76.19
a* -0.77 -059 -079 -126 311 264 -042 -038 -052 -041 -054 -055 -021 -041 -042 025 -069 -0.72 -039 -057 -043 -035 -0.64 -0.57
b* 2452 25.09 2434 2219 2744 2762 227 309 428 527 739 38 235 505 434 592 544 560 299 484 595 621 505 4.88
AE 000 253 229 252 571 524 000 109 211 228 263 614 000 099 201 262 247 258 0.00 513 766 6.64 266 2.89
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Table 4

Measurement of pH values of tracing paper (A, B, C and D) treated with Consolidants

before and after accelerated heat ageing

Paper A Paper B Paper C Paper D
C. B.A. AA. B.A. AA. B.A. AA. B.A. AA
C.S. 6.2 6.0 7.0 7.0 7.0 6.5 7.0 6.8
1 6.2 6.0 7.0 6.8 6.8 6.5 6.9 6.7
2 6.5 6.0 6.8 6.3 7.0 6.8 7.0 6.8
3 6.3 6.1 6.5 6.4 7.0 6.7 6.9 6.7
4 7.0 6.7 6.7 6.3 6.9 6.3 7.1 7.0
5 7.0 6.8 6.8 6.5 7.0 6.7 7.3 7.0

C. = Consolidants, B. A. = Before ageing, A.A. = After ageing

also observed which may due to the manufacturing
process. The same sample after aging (Fig. 5E)
showed the effect of thermal aging on the sample
since some fibers appeared to be eroded despite that
other fibers appeared well covered with consolidant.

3.5.4. Investigation of the surface morphology of
the tracing paper D

The aged control sample (Fig. 6A) showed damage
and roughness of some fibers and gaps. On the other
hand, the sample treated with starch nanoparticles
dissolved in acetone with the addition of CMC (Fig.
6B) showed good results in term of surface
morphology, which appeared smooth and strong. The
same sample after aging (Fig. 6C) showed good
distribution for the consolidation material on the
surface compared to the same sample before aging.
The sample treated with starch nanoparticles
dissolved in acetone (Fig. 6D) gave good penetration
through the fiber structure, good distribution on the
surface, and the surface became smooth and clear.
The same sample after aging (Fig. 6E) showed
roughness of the surface as a result of thermal
accelerated aging.

4. Conclusion

The results of mechanical properties (tensile
strength and elongation), measurement of color and
SEM proved that starch nanoparticles dissolved in
water or acetone, starch nanoparticles dissolved in
water or acetone blending with CMCb gave an
effectiveness in the improvement of tracing paper
especially for the types A, B and C.

The results stated that the tracing paper D is
sensitive to aqueous treatments. Sight changes in pH
value were noticed for the paper samples treated with
consolidants before and after the aging process. FTIR
analysis proved that all changes in the functional
groups and chemical composition of aged treated
samples A, B, C, and D were limited to a slight
decrease in the moisture of the paper, a decrease in
intensity of cellulose crystallization absorption bands,
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and change in the intensity of the absorption bands of
cellulose polymerization. All previous changes are
normal results of the effect of thermal aging on
cellulose. The analytical techniques used proved that
the best results were obtained by using starch
nanoparticles dissolved in water for paper A, starch
nanoparticles dissolved in water blending with CMC
for paper B and C, and starch nanoparticles dissolved
in acetone followed by starch nanoparticles dissolved
in acetone blending with CMC for paper D.
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Fig. 3. SEM micrographs for consolidated tracing paper A: (A) Aged sample without treatment
(control sample), (B) Treated paper with SNPs dissolved in water before ageing, (C) Treated
paper with SNPs dissolved in water after ageing, (D) Treated paper with SNPs dissolved in
acetone before ageing, (E) Treated paper with SNPs dissolved in acetone after ageing.

Fig. 4. SEM micrographs for consolidated tracing paper B: (A) Aged sample without treatment
(control sample), (B) Treated paper with starch nanoparticles dissolved in water with addition of CMC
before ageing, (C) Treated paper with starch nanoparticles dissolved in water with addition of CMC
after ageing, (D) Treated paper with starch dissolved in water before ageing, (E) Treated paper with
starch dissolved in water after ageing.
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Fig. 5. SEM micrographs for consolidated tracing paper C: (A) Aged sample without treatment
(control sample), (B) Treated paper with starch nanoparticles dissolved in water with addition of CMC
before ageing, (C) Treated paper with starch nanoparticles dissolved in water with addition of CMC
after ageing, (D) Treated paper with starch dissolved in water before ageing, (E) Treated paper with
starch dissolved in water after ageing

Fig. 6. SEM micrographs for consolidated tracing paper D: (A) Aged sample without treatment
(control sample), (B) Treated paper with starch nanoparticles dissolved in acetone with addition of
CMC before ageing, (C) Treated paper with starch nanoparticles dissolved in acetone with addition
of CMC after ageing, (D) Treated paper with nano starch dissolved in acetone before ageing, (E)
Treated paper with nano starch dissolved in acetone after ageing
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