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Abstract

Historical paper is an essential part in cultural and economic progress of humanity.So, this
study is to improve the physical-mechanical properties and stability of the brightness of
historical paper by evaluating some consolidation materials, carboxymethyl cellulose,
chitosan, BEVA 371, and soya bean flour, and to show the changes in paper properties,
resulting from thermal accelerated ageing. Analytical techniques used for the evaluation
process were pH measurements, tensile strength, burst strength,color change, and scanning
electron microscopy (SEM). Also AgNP is deposited by the in situ reduction of silver nitrate on
the treated paper sheets in the presence of citrate molecules as stabilizing agent. Antimicrobial
activities of the paper sheets were also investigated against Gram positive bacterium
Staphylococcus aureus, Gram negative bacterium Pseudomonas aeruginosa, yeast Candida
albicans, and fungal Aspergillus niger which are model microorganisms for testing
bactericidal properties. The result pointed out that chitosan and carboxymethyl cellulose lead
to a significant improvement of the paper mechanical properties and AgNP containing papers
gave an improvement as antimicrobial for all the consolidation materials.

Keywords: Paper conservation; Consolidation; Chitosan; Carboxymethyl cellulose; BEVA
371; Soya beans flour; Thermal ageing; Silver Nano-particles; Antimicrobial.

Introduction

A lot of paper in museums and libraries suffer from unsuitable environmental conditions
that can lead to brittleness [1] because the paper is an organic material and it is under the action
of many degradation factors like: physical, chemical, biological or social. These factors cause
straining, decolorizing, darkening, cracking, melding or lead to insect, bacterial and fungal
attacks [2]. So, the conservation and restoration of paper documents refer to the series of
operations taken to extend their lifetime by protecting them against deterioration factors, or by
repairing the degradation they underwent [3].

Consolidation is considered to be an important stage in restoration process of a document
or a book [4]. This research represents an attempt to evaluate available materials for paper
consolidation. The treatment should impart strength without changing the paper’s appearance,
and the materials should age in accordance with the standards for conservation materials:
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without the development of color, brittleness, static change, insolubility, or breaking down into
undesirable products [5].

So there are many authors, who have used different consolidation materials by different
methods of enforcement [6-11]. D. Erhardt and C.S. Tumosa [12] compared between the effect
of consolidation materials on the manuscript paper made from cotton linter by manual processes
and the printing paper made from grasses by mechanical processes.

Paper fiber is held together by hydrogen bonds which affect the distance between the
separate cross-linked fibers. To improve the strength of the paper sheets, a number of resins and
polymeric materials have been used such as urea, phenol- and melamine-formaldehyde resins in
addition to polyacrylamide, polymethyl methacrylate, vinyl acetate and vinyl chloride
copolymer [13]. On the other hand, some polymers were used for treatment of paper sheets to
decrease its influence to the photo yellowing and these polymers usefully used to treat the old
paper documents. Theses polymers remain the interfiber bonding area chemically linked in the
presence of water [14].These polymers can be used as additives during paper sheets formation
or as solution to dip the paper sheet in it. For good strength, the additives must be: (a) soluble in
water, (b) substantive to cellulose so that its retention is efficient, (c) compatible with cellulose,
(d) film forming to offer adhesive resistance, (e) contain a functional group capable of ionic or
covalent bonding with cellulose fiber [15].

The main purpose of this study was to assess the effect of consolidation materials,
carboxymethyl cellulose, chitosan, soya beans flour and BEVA 371. Also, the effect of
depositing of silver nano-particles on the properties of paper sheets will be studied.

Materials and Methods

Cotton linter, delivered by Abo Zaable Chemicals Company (Abo Zaable, Egypt) and
PARIS Book paper (dating back to 1887 A.D.) were used in this work. Chitosan,
carboxymethyl cellulose, soya beans flour, and BEVA 371 were used.

Table 1. Scientific data for the materials of consolidation

Scientific
data      Specification Chemical name Solubility Concentration

CMC CASR no:
9004-32-4

Carboxymethyle Cellulose
Sodium salt (High viscosity) Distilled water 1 and 3 %

CHIT 85% degree of
acetylation Commercial grade Chitosan Distilled water and acetic acid 1 and 3 %

SOYA Soya beans flour Distilled water by heating at
100±2oC 1 and 3 %

BEVA
GUSTAV BERGER’S
Oiginal formula 371,

hot – sealing adhesive,
40% solution

60% toluene/heptane,
40% mixture of

ethylene vinyle acetate
copolymer

Toluene 1 and 3 %

Paper manufacture from cotton linter pulp
It has been done in the Egyptian National Library and Archives (Dar al Kutub) Corniche

El Nile, Ramlet Boulac, Sabttiya, according to the following method: Pulp was beaten to 40 SR
in a Jokro mill beater according to the Swedish Standard Method (SCA). Sheets of basis weight
80g/m2 were formed using leaf cast instrument to produce sheet dimension of 62 × 42cm, then
dried using dryer under pressure, paper sheets were dipped in 1% of chitosan, carboxymethyl
cellulose, BEVA 371, and soya beans flour solutions. After dipping, the paper sheets were
pressed between two filter paper sheets to remove the excess polymer, and then dried on drum
at 105°C for 2h. In another trial coating of paper sheet was done by brush on one face by 3%
chitosan, carboxymethyl cellulose, BEVA 371, and soya beans flour solutions.

Loading of silver nanoparticles into paper sheets
The AgNP were loaded into the treated paper sheet by using the following method; the

treated paper sheet was put in AgNO3 solution (15mg AgNO3 in 40mL distilled water) for 12h,
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to reduce Ag+ ions into AgNP. The material, so produced, was allowed to dry. In this way,
AgNP loaded paper sheet was prepared.

Thermal ageing
Untreated and treated sample were hung in an drying oven (Heraeus type 5042)

Kottermanalhanigsen w - Germany set  at 100±5ºC for period 6 days = 144h [16, 17], selected to
be equivalent to 50 years of natural ageing [18, 19].

pH measurements
The pH of papers is considered the most important factor determining its stability

towards natural and accelerated ageing. Cold extraction measurements conformed to Tappi
method (T509 SU-68) was used [20, 21].

Tensile strength
The untreated and treated paper samples were conditioned for 24h in a standard

atmosphere (at 23°C and 50% relative humidity), prior to testing for tensile strength [22].
Tensile testing was carried out on 15mm wide strips between jaws set 100mm apart, using a
universal testing machine, model 4201 from Instron Corporation equipped with a tension cell of
500N at a stretching speed of 5mm·min-1 [23].

Length (m) = (Tensile strength × 6, 67 × 10,000)/Grammage (g) (1)

Grammage, i.e. weight of 1m2, from it the retained amount (g/m2) of materials or its
derivatives on paper sheets were calculated.

Burst strength.
Burst strength was measured according to (TAPPI T403 om-02). The standard size of

samples is 10 × 10cm [24].
Measurements of Color change.
Color changes caused by the effect of accelerated ageing cycles were measured using

CIE L*a*b* system commonly used to compare the colors of two samples. The L* - scale
measures lightness, and varies from 0 (black) to 100 (perfect white). The a* - scale measures
red-green; +a* means more red, -a* measures green; the b* - scale measures yellow-blue; +b*
meaning more yellow, -b* more blue [25-33]. The total color difference (∆E*) is calculated
according to the following equation:

2*2*2** )()()( baLE 
In order to determine the chromatic evolution, the deviation was calculated for every

coordinate (L*, a* and b*) in rapport with its initial value, on each sample and on the same
place. Finally, the total change of colors was calculated in each point, using the above equation
[25, 26, 28].

The measurement was made using Ultra Scan PRO Hunter Lab D65, 10 A.
SEM/EDAX analysis
Samples for SEM/EDAX were taken using FEI INSPECTS Company, Philips, Holland

environmental scanning without coating. Elemental micro-probe and elemental distribution
mapping techniques were used for analyzing the elemental constitution of solid samples.

Assay of Antibacterial Activity
Agar plate method has been established to evaluate the antimicrobial activities of

prepared paper samples containing different additives [34-36]. four different test microbes;
Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans and Aspergillus niger
were selected to evaluate the antimicrobial activities as representatives of Gram positive
bacteria, Gram negative bacteria, yeast and fungal groups. The bacterial and yeast test microbes
were grown on a nutrient agar medium. On the other hand, the fungal test microbe was
cultivated on Czapek-Dox medium. The culture of each test microbe was diluted by distilled
water (sterilized) to 107 to 108 colony forming units (CFU)/ml then 1mL of each was used to
inoculate 1L-Erlenmeyer flask containing 250mL of solidified agar media [35]. These media
were put onto previously sterilized Petri dishes (10cm diameter having 25mL of solidified
media). Filter paper discs (5mm Ø, Whatman No. 1 filter paper) loaded with 0.2mg of each
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extract. The discs were dried at room temperature under sterilized conditions. The paper discs
were placed on agar plates seeded with test microbes and incubated for 24h at the appropriate
temperature of each test organism. Antimicrobial activities were recorded as the diameter of the
clear zones (including the film itself) that appeared around the films [36].

Results and discussion

pH measurements
Table 2 shows data on surface pH of untreated and treated samples on cotton linter and

book paper, all samples showed a small general decrease in pH measurements, while chitosan
has higher decrease especially on cotton linter, the decreasing of pH of samples treated with
chitosan is due to the acidity media of chitosan solution (chitosan/acetic acid). Table 3 shows
the results of conciliations materials samples after the addition of nano-silver material as
antimicrobial agent. All the samples showed high change in pH except CMC. D.M. Evetts et al.
[5] studied the pH measurements of some consolidation materials and found all untreated and
treated samples have decreased after ageing.

Table 2. pH values of cotton linter paper and book paper before and after ageing

Cotton linter paper Book paper
Materials Before aging After ageing Before aging After ageing
BLANK 6.60 6.48 6.75 6.51

First Concentration
CMC 6.61 6.57 6.64 6.50
CHIT 5.80 5.22 6.30 6.05
SOYA 6.44 5.74 6.67 6.35
BEVA 6.39 5.66 6.55 6.49

Second Concentration
CMC 6.47 6.46 6.67 6.38
CHIT 5.18 5.03 6.05 5.69
SOYA 6.43 6.04 6.69 6.39
BEVA 6.49 5.61 6.46 6.32

Table 3. pH values of cotton linter paper and book paper consolidated with nano-silver before and after ageing

Cotton linter paper Book paper
Materials Before aging After ageing Before aging After ageing
BLANK 6.11 5.71 6.00 5.53

First Concentration
CMC 6.54 6.25 6.20 5.36
CHIT 4.65 4.52 4.47 4.42
SOYA 5.40 5.01 5.94 4.88
BEVA 6.13 5.05 6.09 4.97

Second Concentration
CMC 6.56 6.43 6.36 5.40
CHIT 4.45 4.25 4.64 4.17
SOYA 5.47 4.79 5.84 4.78
BEVA 5.52 4.94 5.82 5.13

Breaking length
Generally, the treated samples by chitosan or CMC gave best results in breaking length

on cotton linter and book paper compared with the treated samples by soybean or BEVA 371,
but after the thermal ageing processes all untreated and treated samples have decreased (Figs. 1
and 2).

After the addition of nano-silver as antimicrobial, it was observed that the paper samples
have increased in breaking length, the treated by chitosan gave the highest breaking length, and
in all untreated and treated samples have decreased after the thermal ageing (Figs. 3 and 4).
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Fig. 1. Breaking length of consolidation materials on
cotton linter paper before and after ageing.

Fig. 2. Breaking length of consolidation materials on book
paper before and after ageing.

Fig. 3. Breaking length of consolidation materials with
nano silver on cotton linter paper before and after ageing.

Fig. 4. Breaking length of consolidation materials with
nano silver on book paper before and after ageing.

Burst strength
The chitosan or CMC treated samples have increased in the burst on cotton linter but

those treated with soya bean or BEVA 371 didn't have consolidation compared with the
untreated samples. The samples that treated by chitosan and CMC gave the best results in the
burst (Figs. 5 and 6). After the addition of nano-silver materials antimicrobial, the paper
samples have increased in burst, and also chitosan and CMC gave the best results, compared
with soya bean and BEVA371 (Figs. 7 and 8).

Generally, the breaking length and burst increase by increasing the concentration of
consolidation materials. This is attributed to the increase of the interfiber bonding and
compatibility between the materials and fiber of paper sheets [37]. E. Ardelean et al. [2, 3]
studied the effects of mechanical properties of consolidation materials on old documents paper
and found that CMC gave good results for old paper consolidation.

Measurement of Color change
Tables 4 and 5 if observed, there are changes in value of color between the untreated and

treated samples, it was clear from the data that L*-value of the sample before ageing was near
white color, but after ageing the sample become less lighter. This means that the ageing
technique led to samples darkening.

a*-value of the samples of cotton linter before ageing was near green color, but after
ageing the samples become near red color. In the samples of book paper before ageing was near
red color, but after ageing the samples become more red color.

b*-value of the samples before ageing was near yellow, but after ageing the samples
become more yellow, and the samples increased in yellow color with increasing the
concentration of the consolidation materials [26-30].
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∆E* value (total color difference) there was high change between the samples before and
after ageing especially in the materials of chitosan and soya bean. G. Abdel-Maksoud and Z. Al-
Saad  [1] studied the values of color change on book paper sheets that untreated and treated by
chitosan and found high change on the samples that treated by chitosan before and after ageing.

Fig. 5. Burst strength of consolidation materials on cotton
linter paper before and after ageing.

Fig. 6. Burst strength of consolidation materials on book
paper before and after ageing.

Fig. 7. Burst strength of consolidation materials with nano
silver on cotton linter paper before and after ageing.

Fig. 8. Burst strength of consolidation materials with
nano silver on book paper before and after ageing.

Table 4. The effect of color changes on cotton linter paper consolidation before and after ageing.

color values  before aging color values after aging
L* a* b* ∆E* L* a* b* ∆E*

Blank 92.58 -0.06 3.95 0.0 90.09 0.48 8.63 0.0
First concentration

CMC 92.14 -0.6 4.09 0.46 87.65 1.56 12.86 5.01
CHIT 89.96 -0.90 9.16 5.89 80.22 4.61 27.21 21.88
SOYA 91.57 0.18 7.41 3.61 87.68 0.94 15.54 7.33
BEVA 91.66 0.10 4.61 1.13 89.00 0.18 10.56 2.24

Second concentration
CMC 90.68 -0.10 4.98 2.16 86.42 1.78 14.06 6.69
CHIT 90.82 -1.28 12.36 8.67 76.43 7.09 32.25 28.08
SOYA 92.51 -0.30 7.99 4.04 86.56 1.16 19.58 11.53
BEVA 91.65 0.01 5.46 1.55 89.20 0.16 11.10 2.65

Tables 6 and 7 showed the color change after the addition of nano silver as antimicrobial
for all the consolidation materials, L*-value of the samples with addition of nano silver
decreased compared with the samples that consolidated only, but can be observed the increasing
in a* and b*-value for the samples after the addition of nano silver. For the data of ∆E* there
was high change especially in the samples that treated by CMC or Chitosan on cotton linter
paper.
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Table 5. The effect of color changes on book paper consolidation before and after ageing.

color values before aging color values after aging
L* a* b* ∆E* L* a* b* ∆E*

Blank 89.60 1.38 10.14 0.0 86.59 2.12 13.99 0.0
First concentration

CMC 86.68 2.48 15.21 5.95 83.63 3.00 17.16 4.48
CHIT 87.51 2.02 14.59 4.71 82.65 3.87 21.81 8.93
SOYA 89.95 1.16 10.97 0.92 82.09 4.22 19.13 7.15
BEVA 88.46 1.52 11.92 2.11 86.22 2.27 16.20 2.32

Second concentration
CMC 85.98 1.56 13.03 4.63 81.09 3.85 20.11 8.41
CHIT 85.62 1.64 20.00 10.63 64.98 13.37 38.52 34.82
SOYA 90.17 0.78 10.82 1.07 86.06 2.35 18.17 4.22
BEVA 87.94 1.70 11.72 2.31 84.50 2.80 15.90 2.91

Generally, when we compared between the untreated samples before and after the
addition of nano silver, we observed decreasing in L*-value and increasing in a* and b*-value.
It was observed a high change in value of color change of cotton linter paper compared with
book paper.

Table 6. The effect of color changes on Cotton linter paper with nanosilver consolidation before and after ageing.

color values before aging color values after aging
L* a* b* ∆E* L* a* b* ∆E*

Blank 75.42 7.94 17.58 0.0 72.68 9.96 21.64 0.0
First concentration

CMC 76.24 7.11 20.56 3.20 67.51 11.19 32.13 15.17
CHIT 84.32 1.80 10.25 13.06 70.13 9.92 13.90 12.31
SOYA 73.88 8.51 22.44 5.14 71.04 8.74 23.43 6.69
BEVA 77.55 6.98 16.58 2.54 78.65 6.68 16.29 5.52

Second concentration
CMC 70.90 8.11 17.03 4.56 64.57 13.60 28.14 15.93
CHIT 87.99 -0.25 14.30 15.35 65.99 10.78 27.24 13.18
SOYA 73.27 8.81 25.74 8.49 66.19 10.51 24.91 12.03
BEVA 81.90 5.13 13.11 5.23 69.90 10.87 25.95 9.65

Table 7. The effect of color changes on book with nanosilver consolidation before and after ageing.

color values  before aging color values after aging
L* a* b* ∆E* L* a* b* ∆E*

Blank 77.97 5.68 17.76 0.0 76.20 7.69 19.71 0.0
First concentration

CMC 81.75 4.38 16.22 4.28 73.80 7.75 25.01 5.82
CHIT 83.92 2.86 14.23 7.47 72.92 7.57 23.87 5.31
SOYA 77.50 6.58 20.91 3.31 80.48 3.85 15.11 7.36
BEVA 80.18 4.71 20.09 3.39 73.21 10.24 20.75 4.87

Second concentration
CMC 83.71 3.84 15.95 6.29 80.69 4.16 16.67 6.47
CHIT 83.11 3.04 13.09 7.43 70.23 8.76 23.65 7.24
SOYA 87.21 6.67 20.98 3.41 65.81 8.79 22.25 10.76
BEVA 78.82 5.61 20.95 4.95 78.13 7.59 15.14 5.33

Investigation and Analysis by using Scanning Electron Microscopy (SEM)
The Scanning Electron Microscopy of CMC loaded by nano silver on cotton linter paper

was shown in Figure 9. The fibers of cotton linter paper were very clear, smooth and strong, by
CMC consolidation the distances between fiber structures were close. In Figure 10, the material
of CMC showed individual crosslinking that resulted in emerging branching networks with the
fibers of the Book paper. Figure 11 shows the fibers of cotton linter treated with chitosan were
covered with the polymer used. And also in Figure 12 the penetration of chitosan between the
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fiber structures of book paper was very good. According to EDAX analysis, the highest load of
nanosilver was by using chitosan on book paper sheets.

Fig. 9. EADX analysis of cotton linter papers that coating by CMC 3% loading with nano silver

Fig. 10. EADX analysis of book papers that coating by CMC 3% loading with nano silver

Fig. 11. EDAX analysis of cotton linter papers that coating by CHIT 3% loading with nano silver

Fig. 12. EDAX analysis of book papers that coating by CHIT 3% loading with nano silver

Assay of Antibacterial Activity
Results represented in Tables 7 and 8 and Figure 13 showed the samples that treated with

silver nanoparticles exhibited anti-microbial activity. Silver nanoparticles are able to contact
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with the microbial cell wall and go through it and make disturbances in the cell wall
construction especially in the cell membrane thus its permeability lost and cell death [38]. Also,
the free radicals that could be formed from silver nanoparticles were considered as a reason of
this cell death [39, 40]. Also, silver ions freed from silver nanoparticles were proposed as a way
of the antimicrobial activity [41]. Another postulate has been put considering that DNA
contains sulfur and phosphorous as main constituents of its structure and as a result of this,
silver nanoparticles (soft acids) may react with them (soft bases) destroying its assembly and
thus cause microbial death by changing the DNA replication of microorganisms [42].
Moreover, silver nanoparticles may change the phosphorylation outline of microbial peptides
leading to signal transduction stop and thus leading to growth inhibition [43].

Table 7. The antimicrobial activity of silver nanoparticles treated samples on cotton linter
Staphylococcusaureus Pseudomonas.

aeruginosa
Candida albicans Aspergillusniger

Nano Silver on
cotton linter

7 7 7 8

First  Concentration
CMC 8 7 8 9
CHIT 7 7 8 8
SOYA 7 7 8 7
BEVA 7 7 8 7

Second  Concentration
CMC 8 8 8 8
CHIT 7 7 8 10
SOYA 7 7 8 10
BEVA 7 7 8 7

Table 8.The antimicrobial activity of silver nanoparticles treated samples on book paper

Staphylococcus
aureus

Pseudomonas.
aeruginosa

Candida  albicans Aspergillusniger

Nano Silver on Book
paper

7 7 8 8

First  Concentration
CMC 7 7 8 10
CHIT 7 7 8 8
SOYA 7 7 7 8
BEVA 7 7 7 8

Second  Concentration
CMC 7 7 7 8
CHIT 7 7 7 7
SOYA 7 7 7 7
BEVA 7 7 7 8

Fig. 13. The antimicrobial activity of silver nanoparticles untreated samples and treated samples
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Figure 14 illustrates the different mechanisms of the effect of silver nanoparticles as
antimicrobial agent as postulated by S. Prabhu, E.K. Poulose [44].

Fig. 14. The suggested modes of action of silver nano particles on bacterial cells [36]

Conclusion

In this study, historical paper can be consolidated by natural materials like
carboxymethyle cellulose, chitosan, soya bean flour, and BEVA 371. The materials of Chitosan
and CMC improved the mechanical properties of paper sheet than BEVA or soya bean, and
green chemical or methyl methacrylate/hydroxyethyl methacrylate copolymer treatments [45,
46]. But chitosan has high color changes and low in pH measurements.

AgNPs acts as antimicrobial agent and improve the mechanical properties of paper sheet,
but has changed in color especially with CMC and chitosan.
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