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Abstract: There are many reasons that lead to the clumping of paper, such as differences in temperature 

and humidity, but one of the most significant factors affecting this phenomenon is the biological 

damage, represented by the effect of microorganisms on their constituent components. This study aimed 

to evaluate Aspergillus terreus RS2 cellulase as a solution to unwind the leaves and study its effect on 

the mechanical, physical, and chemical properties of the leaves. The study methodology relied on 

exposing the linen papers to artificial aging followed by natural aging to reach the agglomeration state, 

then dismantling the leaves using Aspergillus terreus RS2 cellulase and evaluating its effect on the 

paper using digital microscopy, scanning electron microscopy, measuring the mechanical properties, 

color change, FTIR and pH. The results proved the success of the enzyme in separating the leaves and 

strengthening their mechanical and natural properties. Finally, the conducted process using the 

produced enzyme was applied to restore and conserve a manuscript dating back to the twelfth century 

AD. 
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1. Introduction 

Petrification is one of the phenomena that negatively affect the storage of books and 

manuscripts [1], in which several factors combined lead to the occurrence of this process [2]. 

This phenomenon is exacerbated by exposure of the leaves to neglection resulting from poor 

storage and preservation conditions. Thus, the environment surrounding the manuscript 

becomes a fertile ground for the growth of various microorganisms [3], the most important of 

which are fungi. Fungi play an important role in the ossification of paper, as they have the 

ability to secrete enzymes that break down cellulose, the main constituent of paper fibers [2]. 

Microorganisms that can degrade cellulose produce a battery of enzymes that work 

together to break down cellulose chains. In general, cellulases break down cellulose's β-1,4-

glycosidic bonds [4]. They are classified into endoglucanases and cellobiohydrolases. 

Endoglucanases (endo-1,4-β-glucanases, EGs) can hydrolyze internal bonds, releasing new 

terminal ends (ideally in amorphous cellulose areas) [5]. Cellobiohydrolases (exo-1,4-β-
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glucanases, CBHs) act on the ends of the chains that have already been formed or that have 

been created by endoglucanase. Both enzymes can degrade amorphous cellulose, but CBHs are 

the only enzymes that can efficiently break down crystalline cellulose, with a few exceptions 

[6]. Cellobiose molecules are released by CBHs and EGs. B-glucosidases, which break down 

cellobiose, releasing two glucose molecules, are also required for successful cellulose 

hydrolysis [7]. Cellulolytic microorganisms survive in the environment where cellulose is 

destroyed, utilizing cellulose hydrolysis products as carbon and energy sources [8]. Therefore, 

the release of sugars from cellulose is, in fact, the primary cause of microbial interactions in 

such conditions.  

Cellulases are widely applied in various fields, including pulp and paper, textile, 

detergent, and oil production. The application of cellulases in the pulp and paper industry has 

increased considerably during the last decade [9]. It resulted in a significant energy saving (20–

40%) during refining and an increase in hand-sheet strength qualities [10] in addition to 

deinking activity that attributed to the partial hydrolysis of the carbohydrate molecules by 

cellulases releasing the ink from the fiber surface [10, 11]. 

Cellulase has proven its ability to improve color brightness and dirt removal; 

elimination of rough protuberances in cotton fabrics, enhanced detergent cleaning action 

without hurting fibers, ink particle antiredeposition, biostoning of jeans, biopolishing of textile 

fibers, enhanced fabric quality, increased fiber absorption property, the softness of clothing, 

improved cellulosic fabric stability and elimination of excess dye from fabrics [10, 12, 13]. 

Additionally, cellulases improve carotenoid extraction, carotenoid oxidation, color stability, 

olive oil extraction, olive paste malaxation, olive oil quality, and biomass waste risk [10, 14]. 

This research seeks to examine the applicability of a locally manufactured cellulolytic 

enzyme for the disassembling of cellulose fibers from the twelfth century AD and study its 

effect on the physical and mechanical properties of the text. 

2. Materials and Methods 

2.1. Isolation source. 

The historical manuscript under examination is deemed one of the unique manuscripts. 

It dates to the twelfth century AD. It was found in the El-Gawhari Mosque in Cairo and is now 

preserved in the Manuscripts and Papyrus Restoration Department at the Ministry of Tourism 

and Antiquities. 

2.2. Isolation of fungi from the manuscript. 

2.2.1. Isolation of fungi. 

Under aseptic settings, sterilized cotton swabs were used to wipe contaminant regions 

on the surface of the historical manuscript and immediately streaked on a Czapex-Dox Agar 

(CDA) medium consisting of (g/L) NaNO3; 2.0; Sucrose; 30.0, K2HPO4; 1.0, 0.5, KCl; 0.5, 

FeSO4.7H2O; MgSO4.7H2O; 0.01, Agar; 15.0 and adjusted to pH 5.5-6 then incubated at 

25°C±2 for seven days [15]. 
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2.2.2. Purification.  

It was spreading a few spores on the surface of CDA plates and incubating at 30°C for 

7 days purified fertile molds. A single colony was subcultured aseptically on a CDA slant and 

kept at 4o C for further use[16-18]. 

2.2.3. The isolated fungi's cellulolytic activity. 

By plating pure culture onto CDA plates supplemented with 1 percent (w/v) cellulose 

instead of sucrose as the sole carbon source, initial screening of the isolated fungal strains' 

cellulolytic activity was evaluated [19-22]. Each strain had a 5mm diameter mycelium disc 

from a seven-day-old age culture deposited in the middle of each agar plate, which was 

subsequently incubated at 30°C. As according to Sidkey et al. (2011) [23], the radial growth 

and density were measured. Three replicates were used for each treatment in which the 

organism with the largest positive effect was used in further experiments. The physical and 

cultural properties of the isolated fungus and the microscopic study of the fruiting bodies and 

spores were used to identify it. 

2.3. Preparation of paper samples. 

The experiments were first conducted on linen paper. It has been manufactured at the 

Restoration Center of the Egyptian General Organization for Books, Cairo, Egypt. It is 

completely like the same manuscript paper. It had been subjected to accelerated artificial aging 

in a closed climatic chamber at a temperature of 80°C and relative humidity (RH) of 65 percent 

for four weeks, equivalent to aging the paper for 100 years in natural conditions [24]. The ISO 

5630-3:1996 standard was followed during the aging process. 

2.4. Growth of the isolated fungal strain on linen paper samples. 

At first, spore suspensions (1×106 spores/ml) of seven-day-old age slants were prepared 

from the isolated fungal strain. Next, CDA medium without a carbon source was disinfected at 

1.5 pa for 20 minutes, then poured into Petri plates. After solidification, two pieces of the aged 

sterilized linen paper 11.5×11.5 cm2 (used as a carbon source) were aseptically placed on the 

surface of each Petri dish. After that, 10 ml of the prepared spore suspension were poured above 

the linen paper and then incubated at 25ºC for different periods (7-21 days).  

2.5. Application of the produced cellulolytic enzyme to dismantle fossilized paper. 

2.5.1. Enzyme production.  

Enzyme production was carried out according to Ismail and Hassan [25], in which rice 

straw was fermented using Aspergillus terreus RS2 (Accession no. MN368221) under the 

solid-state fermentation (SSF) process. Briefly, a spore suspension (2mL) of 7 days old age 

slants was used to cultivate 3.75g of rice straw (with an initial moisture content of 0%) 

moistened in the ratio 1:3 (biomass to moistening agent ratio) with a moistening agent 

composed of (g/L) (NH4)2SO4; 10, KH2PO4; 2, CaCl2; 0.3, MgSO4.7H2O; 0.3 and adjusted to 

pH 7, then incubated at 30οC for eight days. Finally, the enzyme was extracted during the 

fermentation process by adding 50mL distilled water to each flask, shaking at 150 rpm and 

30οC for 1h, then centrifuged at 5000rpm for 10min. The culture-free supernatant was air-dried 

and used in further experiments. 
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Enzyme activity was evaluated by quantifying the amount of reducing sugars [26] 

released from the hydrolysis of a strip of Whatman filter paper no. 1 cut into pieces of 1 mm2 

in which 500μL of the enzyme solution was added to 5mg of filter paper suspended in 0.05M 

acetate buffer, pH 5 then incubation at 50°C for 30min. One unit of the enzyme was defined as 

the amount of enzyme that released 1μmol of glucose per minute under the assay conditions.  

2.5.2. Application procedure. 

According to a previous study conducted by Mohie et al. (2022) [1], 0.15% enzyme 

concentration dissolved in 0.05M acetate buffer pH 5 was estimated as the efficient 

concentration that gave the best results. Therefore in the current study, this concentration was 

applied in which the prepared solution (200mL) was poured gently on the caked papers (~2 g) 

held on a stainless-galvanized wire mesh holder inside Petri dishes 15cm in diameter (Figure 

1A, B, C, and D). The Petri dishes were incubated at 40ºC for 5 min, then the samples were 

rinsed several times with distilled water and dried at 70ºC for 30min. Micro-needles and 

magnifying lenses were used to loosen the clumping papers from each other. 

 
Figure 1. (A)The clumping papers; (B) the papers on a galvanized wire holder before the enzyme treatment; (C) 

and (D) dismantling of clumping linen papers and historical manuscripts using some needles with the helping of 

magnifying lenses. 

2.6. Mechanical properties Measurement. 

In a controlled environment, the untreated and treated paper samples were conditioned 

for 24 hours. Using QMat 5.37, Tinius Olsen, tensile and elongation measurements were taken 

on 15mm broad strips between jaws positioned 100mm apart [27-29] according to EN ISO 

13934-1; 1999 Maximum Force & Elongation-Strip Method. 

2.7. Color change measurement. 

The color change in the treated paper was measured using an Ultra-scan PRO, Hunter 

lab, USA, UV spectrophotometer according to the World Commission on Illumination color 
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space (CIE l*a*b*) system as characterized by Abdel-Maksoud and Marcinkowska [30], 

Rushdy et al. [31], and Fouda et al. [3]. The L* value represents the ratio of dark to light, a* 

value equals the ratio of red to green color, and the b* value was used to compare the yellow 

and blue colors. The overall color difference (ΔE) was determined using the following formula: 

∆∈∗= √(𝑙 ∗)2 + (a∗)2 + (b∗)2 

The difference between the values of l*, a*, and b* for the reference and treated samples 

yielded the results of L, a, and b [3, 32]. 

2.8. Digital microscopy. 

Digital microscopy has been used to study the paper's surface morphology, writing inks, 

and color pigments. It can be used to identify holes, gaps, microcracks, fungal spots, and dust 

in addition to getting to know the technology of paper manufacturing. A digital handheld 

microscope (ASIN: HJH001 B083TGGVPB) at 0x-1600x magnification has been used [33, 

34]. The lens was a 0.3m CMOS Sensor with an aperture of 2.0 MPIX. 

2.9. Scanning electron microscopy. 

One of the important examination methods for studying the paper's surface is 

identifying the type of paper pulp, determining the type of fibers, studying the manifestations 

of damage, and studying the natural paper properties. The samples have been studied using 

SEM at Cairo University's Faculty of Agriculture. 

2.10. ATR-FTIR. 

The untreated and treated samples were analyzed using high-resolution attenuated total 

reflection - Fourier transformation infrared spectroscopy (ATR-FTIR) (JASCO FT/IR-4700 

Spectrophotometer, Japan) in the 4000-500 cm-1 range with a spectra resolution of 4 cm-1. 

2.11. pH measurements. 

The measurement of papers' pH was deemed the most critical element in influencing 

their stability during natural and accelerated aging. Using a Thermo Scientific Orion Star 

A111pH Benchtop Meter, cold extraction measurements were performed according to the 

Tappi method [35, 36]. 

3. Results and Discussion 

3.1. Assessment of the archaeological manuscript. 

The manuscript was complex, highly heterogeneous, and multilayered structures. It 

consisted of mechanical support (paper), writing (painting) layers (composed of black ink, red 

ink, and Arabic gum), a layer of Arabic gum to hold the ink to the support, and a sizing layer 

of starch to protect the ink. Each writing or painting is unique. By characterizing and 

identifying its materials, one can reveal and verify its history, including the creative artistic 

process and/or the period in which it was created [37-39]. This identification also enables a 

deeper comprehension of biodeterioration [37].  
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3.2. Isolation and identification of fungi from the paper manuscript. 

Fungi play a vital role in the deterioration of papers by the secretion of enzymes that 

specifically hydrolyze its constituent components [1, 40]. The danger aroused from the fungal 

stick on the surfaces of manuscripts and books was the overgrowth of the spores, under the 

appropriate climate conditions,  penetrating their component tissue and causing its 

biodeterioration [2, 41]. In addition, cohesion sticks them together until they become one sticky 

block manuscript like a stone (Figure 2).  

 
Figure 2. The clumping historical manuscript under investigation. 

In the current study, isolation of fungi from the manuscript under investigation was 

carried out. All the isolated strains were evaluated for their ability to grow on a cellulose-based 

medium. The organism that possessed the largest radial growth was identified based on its 

cultural and microscopic characteristics shown in (Figure 3) as Alternaria sp.  

 
Figure 3. Cultural and microscopic characteristics of the isolated strain. 

From a microbiological approach, manuscripts and books are interesting materials, as 

they provide a diverse ecological niche that microorganisms can exploit [42]. Fungi are 

metabolically more versatile than other biodeteriogens and can colonize diverse substrates, 

frequently associated with manuscripts' biodeterioration. Previous studies had reported 

Alternaria, Aspergillus, Chaetomium, Cladosporium, and Penicillium as common genera 

involved in the biodegradation of paintings [43-45]. Fungal attacks commonly started on the 

reverse side of paintings, where glue and paper were found [45] with the ability to dissolve 

cellulose fibers by secreting cellulolytic enzymes [46].  

3.4. Application of Aspergillus terreus RS2 cellulase to dismantle fossilization paper. 

3.4.1. Enzyme production. 

Rice straw had been previously estimated as an efficient carbon source for the 

cultivation of Aspergillus terreus RS2 with high productivity of cellulolytic enzyme [47]. In 

the current study, the filter paper hydrolyzing activity of the dried enzyme was determined, and 

the result indicated that the produced enzyme possessed an activity of 10U/g. Because of their 
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numerous biotechnological implementations, cellulase production is quite expressive. 

However, due to the high cost of the enzymes generated, their industrial application is currently 

limited. Aside from their low manufacturing titer, they also have poor thermal stability [48]. 

As a result, low-cost cellulase manufacturing from local agricultural wastes has a promising 

future in industrial and archaeological conservation applications while having a low 

environmental impact. 

3.5. Digital microscopy. 

The exposure of the sample to artificial aging led to the drying of the leaves and their 

exposure to stiffness and weakness (Figure 4C and E). Still, after treatment with the produced 

enzyme, the leaves became more flexible after the enzyme succeeded in separating the leaves 

(Figure 4D and F). 

3.6. Scanning electron microscopy. 

The results of the scanning electron microscope examination showed that the reference 

sample and the negative control sample showed the bonding of the fibers and the smoothness 

of their surface(Figure 5A and B). Still, after being subjected to artificial aging, the fibers 

became broken and weak, in addition to the state of dryness and hardening, which led to the 

clump of leaves that made them like rocks that are difficult to disassemble(Figure 5C and E). 

After the samples were treated with the produced enzyme, the leaves were separated, and the 

fibers became stronger and more flexible (Figure 5D and F). This is due to the penetration of 

the enzyme between the leaves, which led to the disintegration of the leaves and the return of 

their water content. 

 
Figure 4. A digital microscope images (magnification of 1600x) of different linen paper samples (A) Standard 

linen paper; (B) Negative control of linen paper; (C) Positive control of linen paper and (D) Enzymatically 

treated sample in addition to the clumping linen paper manuscript (E) before and (F) after enzymatic treatment. 
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Figure .5. Scanning electron micrographs of different linen paper samples (A) Standard linen paper, (B) 

Negative control of linen paper, (C) Positive control of linen paper, (D) Enzymatically treated sample, (E) the 

clumping linen paper manuscript before treatment and (F) after enzymatic treatment. 

3.7. Mechanical properties measurement. 

The mechanical properties of the paper are affected by different rates of temperature 

and humidity [49], so in the current study, the analysis of the untreated samples that had been 

subjected to adhesion had experienced a decrease in the tensile and elongation forces. The 

results indicated that the leaves treated with the produced enzyme improved their mechanical 

properties. This was due to the ability of the enzyme to untie the leaves and, at the same time, 

led to the restoration of the lost water content that resulted from the exposure to industrial 

aging. 

The values of tensile strength and elongation percentage are illustrated in Table 1. The 

measurements revealed increasing in all periodic times (after 7, 14, and 21days). The tensile 

strength increased with the time, which explained the success of the enzyme in loosening the 

leaves and the improvement of their properties even with the increase in the aging period is 

compared to the reference sample and with a value almost similar to that indicated for the 

negative control sample. 

Table. 1 The effect of the produced enzyme on the mechanical properties of the clumping linen papers. 

Time 

Reference 

Maximu

m Force 

 N 

Negative 

Maximu

m Force  

N 

Positive 

Maximu

m Force 

 N 

Enzymati

c Treated 

Sample 

Maximum 

Force  

N 

Reference 

Elongatio

n % 

Negative 

Elongatio

n % 

Positive 

Elongatio

n % 

Enzymatic 

Treated 

Sample 

Elongatio

n % 

1.week 15.24 12.06 2.282 8.07 3.146 2.746 1.897 0.579 

2.week

s 

15.24 12.05 4.133 9.2 3.146 
2.194 0.9 1.545 

3.week

s 

15.24 6.93 3.203 9.57 3.146 
2.161 0.756 2.522 
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3.8. Color change measurement. 

The enzymatic treatment of the samples did not cause a noticeable change in the 

parameter L*compared to the value measured for the untreated sample. After 7-days aging, the 

lightness of the enzymatic treatment samples increased by about ΔL* = 4.84. While after 14 

and 21 days, there were no changes in the color of the samples. On the contrary, their results 

were close to the color of the reference sample (Table 2) 

The results of the a*-value indicated that the color of the samples of the first and the 

third week in which the produced enzyme had treated became, tend to the green color compared 

to the positive control. This result agreed with Abdel-Maksoud and Al-Saad (2009) [50]. The 

results of the b*-value of the samples before treatment were near dark yellow. Still, after the 

treatment for the third-week sample, the color tended to be the natural color of the reference 

standard sample and the negative control sample (yellow color). This result agreed with the 

results reported by Atodiresei et al. (2013) [51]. 

The collected data indicate that ΔE, after seven, fourteen, and twenty-one days for the 

samples treated with the produced enzyme, a decrease in its chromaticity values had become 

close to the same results of the reference and the negative control samples. 

Table. 2. Measurement of color change for enzymatically treated samples for different periods. 

Treatment 
After 7 days After 14 days After 21 days 

L* a* b* ∆E* L* a* b* ∆E* L* a* b* ∆E* 

Reference 81.55 
-

1.30 
15.84 0.00 81.55 

-

1.30 
15.84 0.00 81.55 

-

1.30 
15.84 0.00 

Negative 

Control 
82.69 

-

1.03 
18.55 2.95 75.83 0.61 20.33 7.52 68.81 0.83 13.68 13.09 

Positive Control 69.49 1.31 16.34 12.34 63.02 1.69 13.63 23.32 73.68 0.30 15.57 8.03 

Enzymatic 

treated sample 
74.33 0.38 16.69 11.55 81.24 0.22 19.03 3.55 77.49 

-

0.30 
19.22 7.78 

3.9. Fourier transform infrared spectroscopy.  

The discrepancy in intensity and absorption levels was observed during the examination 

process. For the first, second, and third weeks, comparisons of the treated sample with 

reference, negative, and positive control samples were shown in (Table 3, Figures 6a, b, and 

c). The results showed O-H stretching decreasing after 7, 14, and 21 days at 3327.57 cm−1, 

3273.57 cm−1, and 3272.61 cm−1 [52]. 

The stretching bands (CH2) and (CH) located at 2921.63cm−1, 2919.70cm−1, and 

2913.91cm−1 were slightly modified. They become intensely decreasing after 7, 14, and 21days. 

The decrease in the intensity was slighter than the reference and negative control samples, 

leading to an increase in amorphous regions [53]. 

There were also some changes at 1633.41cm−1 and 1629.55 cm−1 regions for the first, 

the second, and the third week. These regions express about δ (OH). All weeks witnessed 

decreasing in intensity. But this decrease in intensity may be caused by the absorption of water 

[54, 55]. We can remark decreasing in the stretching band CH2, which has been located at 1426-

1427 cm 1, but this decrease approaches the same intensity values for the reference sample [56]. 

We can distinguish the cellulose crystalline and amorphous by comparing the O-H 

stretching representing the amorphous at 1335.46 cm−1 and the stretching band of CH2 

expressing the cellulose crystalline at 1314.25 cm−1. All samples of the third week were marked 

by intensity increasing for 1315.21 cm−1 regions) [30], but the second week witnessed 

decreasing in intensity. 
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About the 900–1200 cm−1 region related to the fingerprint of cellulose, it should be 

noted that no significant changes were detected in all weeks of aging [55]. 

The previous FTIR results confirmed that cellulase enzyme treatment did not affect the paper 

as the intensity values approached that indicated for the reference sample;. However, some 

areas have experienced changes in intensity, and they are minimal. In addition, no 

discrepancies were recorded in the FTIR spectrum of the treated manuscript compared to that 

before treatment. 

Table 3. Result of the FTIR analysis. 

Function Groups 

Reference Negative Control Positive Control 
Enzymatically treated 

sample  

Absorbance 

Region 
Intensity 

Absorbance 

Region 
Intensity 

Absorbance 

Region 
Intensity 

Absorbance 

Region 
Intensity 

After 7 days 

O-H Stretching 
3333.36 40.7677 3330.46 47.7001 3330.46 61.1845 - - 

3288.04 41.552 3276.47 47.7907 3276.47 60.971 3272.61 22.6552 

C-H Stretching 
2928.38 80.837 - - - - 2919.7 41.3586 

2887.88 68.9447 2887.88 73.2365 2896.56 76.9492 - - 

O-H bending of 

adsorbed water 

1646.91 78.5814 1643.05 80.6081 1635.34 84.5996 1629.55 63.2211 

bending 2CH 1426.1 82.7395 1425.14 84.8596 1426.1 92.0143 1426.1 72.5618 

O-H in-plane 

bending of 

amorphous 

cellulose 

1335.46 82.7766 - - - - 1336.43 77.1128 

bending 2CH 1314.25 80.5674 1313.29 83.885 1317.14 88.1477 1315.21 76.4182 

C-O-C 899.63 86.8162 - - - - - - 

After 14 days 

O-H Stretching 
3333.36 40.7677 3331.43 37.0015 3329.5 53.3194 - - 

3288.04 41.552 3289.96 37.8229 3284.18 53.4531 3272.61 26.7154 

C-H Stretching 
2928.38 80.837 - - - - 2921.63 43.0986 

2887.88 68.9447 2887.88 67.6529 2898.49 71.5769 - - 

O-H bending of 

adsorbed water 

1646.91 78.5814 1642.09 78.5561 1639.2 85.8117 1629.55 72.4466 

bending 2CH 1426.1 82.7395 1426.1 84.0696 1426.1 89.5992 1421.28 79.9852 

O-H in-plane 

bending of 

amorphous 

cellulose 

1335.46 82.7766 - - - - - - 

bending 2CH 1314.25 80.5674 1315.21 79.1543 1316.18 86.9147 - - 

C-O-C 899.63 86.8162 898.666 86.0828 - - - - 

After 21 days 

O-H Stretching 
3333.36 40.7677 3331.43 41.6609 3330.46 66.1861 3327.57 30.674 

3288.04 41.552 3282.25 42.1303 3279.36 66.1234 3273.57 29.8933 

C-H Stretching 
2928.38 80.837 - - - - 2913.91 51.4821 

2887.88 68.9447 2886.92 72.0185 2897.52 79.6671 - - 

O-H bending of 

adsorbed water 

1646.91 78.5814 1643.05 75.195 1641.13 91.3005 1633.41 75.8686 

bending 2CH 1426.1 82.7395 1426.1 80.6675 1426.1 92.4525 1426.1 80.9591 

O-H in-plane 

bending of 

amorphous 

cellulose 

1335.46 82.7766 - - 1334.5 91.979 1334.5 82.1346 

bending 2CH 1314.25 80.5674 1314.25 78.2144 1314.25 91.1641 1315.21 80.5258 

C-O-C 899.63 86.8162 - - - - 899.63 90.6226 

 

 

https://doi.org/10.33263/BRIAC133.221
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC133.221  

 https://biointerfaceresearch.com/ 11 of 15 

 

6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The FTIR spectra of linen paper samples in which R is the reference, N is the negative control, P is a 

positive control, and S is the enzymatically treated sample. 

3.10. pH measurement. 

In general, pH measurements (Table 4) gave information about the degree of acidity 

present in the paper. Zidan et al. (2017) [57] indicated that the pH value detected in the paper 

samples was attributed to the presence of lignin. By exposing the samples to the aging cycle, 

the pH decreased, but after enzymatic treatment, pH tests of the linen paper revealed that the 

treated paper tended to neutralize to the same degree as the reference and negative control 

samples. 

Table 4. pH measurement results. 

Treatment After 7 days After 14 days After 21 days 

Reference 7.40 7.40 7.40 

Negative Control 7.30 7.25 7.18 

Positive Control 6.41 6.56 7.16 

Enzymatic treated sample 6.97 7.03 6.87 

4. Conclusions 

In the current study, the locally produced cellulolytic enzyme was estimated to have the 

ability to dismantle linen papers that reached a stage of agglomeration due to their exposure to 

artificial and natural aging without affecting the mechanical, chemical, or natural properties of 

the leaves. The results of measuring the mechanical properties proved that the fibers became 

more robust after being treated with the produced enzyme due to restoring the water content 

lost during the leaves' exposure to aging. Additionally, the results of measuring the color 

change indicated an improvement in the optical properties of the treated leaves that might be 

After 7 days After 14 days 

After 21 days 

A B 

C 
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attributed to the ability of the produced enzyme to loosen the clumping papers and clean the 

leaves from dirt at the same time. The enzyme succeeded in preserving the functional groups 

of the leaves and reduced the appearance of random areas. The acidity measurement results 

indicated an equation of the acidity levels of the leaves. Therefore, the produced cellulase is 

one of the most successful methods used safely in loosening clumping papers. 
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