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Effects of cellulase enzymatic treatment followed by mechanical beating 
were evaluated relative to the properties of cellulase-derived tissue pulps 
and handsheets. When different cellulase concentrations (0.0012 FPU/g, 
0.0018 FPU/g, and 0.0024 FPU/g) of oven dried pulp (a 65/35 w/w ratio of 
beech to eucalyptus) were used for tissue production, a slight deterioration 
of the morphological characteristics was observed. Thus, a possibility of 
controlling the changes in the degree of polymerization of cellulose, as 
well as the fiber properties (in particular the length and coarseness) 
appeared. With an increased treatment time and enzyme concentration, 
these effects increased. The enzyme activity did not affect the apparent 
density of the paper, but the porosity drastically increased. The zero-span 
strength of the enzymatically treated pulps decreased with an increase in 
treatment time and amount of cellulase. However, mechanical beating 
improved the bonding between the cellulase fibers, which helped prevent 
the eventual decrease in mechanical properties of the handsheets. With 
the use of cellulase, the proposed moderate changes to fiber structure 
were achieved, giving the possibility of predicting and controlling the 
properties of tissue paper.  
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INTRODUCTION 
 

Tissue paper is one of the most popular paper types and has an ever-increasing rate 

of production. Over the last 30 years, the total global consumption of tissue paper has 

increased at a rate of approximately 1 million tons per year, which consumed 

approximately 40% of the total bleached chemical pulp shipments in 2016 (Bach 2018). 

Overall higher consumption of sanitary and household grade paper was observed to be 

accelerated by the SARS-CoV-2 pandemic (CEPI 2021). According to RISI (Resource 

Information System Inc. 2016), the total global tissue production should exceed 44 million 

tonnes in 2021, which constitutes a growth of over 14 million tons from 2010 (Sirois 2016). 

In 2020, hygienic paper constituted 9.3% of the total paper and board production in Europe 

(CEPI 2021).   

The considerable diversification in the rate of annual consumption of tissue paper 

between Eastern and Western Europe (4% to 5% in comparison to 2%) was caused by 

socio-economic factors, e.g., the rate of urbanization, increase in net income, and consumer 

spending (Bach 2018). From 2000 to 2014, the contribution of Eastern Europe (namely 

Poland and Russia) in total European hygienic paper consumption has increased from 12% 

about:blank
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to 22% (Uutela 2016a). In Poland, the per capita consumption of tissue is relatively high 

(12 kg in 2015, which is close to the Western Europe average level of 16 kg) and shows 

signs of gradual development, especially for towels products (Uutela 2016b). 

Tissue paper, namely paper for hygienic or domestic use, refers to paper 

handkerchiefs, tissues, kitchen paper, toilet paper, paper napkins, etc., which are composed 

of 100% virgin (primarily hardwood kraft fiber), recycled (office paper collection 

program), or mixed cellulose fibers. In terms of key end-use tissue paper properties, 

absorbency, softness, and tear resistance are the most important (de Assis et al. 2018). The 

first two, which are primarily affected by the porosity, creping (surface property), and 

furnish composition of the paper (often accompanied by smoothness), are typical for 

chemical and semi-chemical pulps produced from various hardwoods (beech, birch, poplar, 

aspen, or eucalyptus). In order to obtain good mechanical strength, these pulps need to be 

treated with enzymes and mechanically beaten.     

The application of enzymes to tissue paper production processes increases 

profitability, reduces the financial costs connected with energy consumption depletion, and 

provides adaptability to increasingly stringent environmental requirements (Kenealy and 

Jeffries 2003). The use of enzymes enabled Olli Jokinen of Genencor International Mill to 

increase paper machine speed by 7%, as well as to reduce the total energy consumption per 

ton of produced paper by 7.5% (Jokinen and Hagstrom-Nasi 1992). Enzymes can reduce 

the accumulation of adhesives and pitch residues, called stickies, on paper machines 

(Jokinen and Hagstrom-Nasi 1992; Gutierrez et al. 2001). During the production of 

sulphite and mechanical pulps from softwood (namely Pinus sylvestris), a high amount of 

resin is produced, which is responsible for pitch formation (Gutierrez et al. 2010). The 

application of lipases can control its accumulation during paper formation on the paper 

machine (Ballinas-Casarrubias et al. 2020). Enzymes are also applied to help remove 

contaminants in the recycle stream (Pathak et al. 2011; Liu et al. 2017). 

Enzymes can be applied in environmentally friendly bleaching processes, which 

reduces or even eliminates the need of chlorine in elemental chlorine free (ECF) or totally 

chlorine free (TCF) bleaching processes. An enzyme technology based on xylanases has 

greatly reduced the amount of chlorinated aromatic by-products produced during pulp 

bleaching (Kenealy and Jeffries 2003; Salgueiro et al. 2016; Li et al. 2018).  

Enzymes can facilitate the deinking of recycled paper and improve the drainage of 

pulps containing recycled fibers in the feedstock stream. The reduction of costs involved 

in deinking (Bajpai and Bajpai 1998) and higher drainage rates enabling faster paper 

machines operating speeds, have increased the income of manufacturers, which was 

possible due to enzymes utilization (Bajpai 1999; Singh et al. 2016; Saxena and Chauhan 

2017). In addition, this has decreased the demand on timber resources (Kenealy and Jeffries 

2003).  

Enzymes can be used in the refining process of virgin fibers. Kraft pulps can be 

treated with cellulases and xylanases, which results in a reduction of total energy required 

to further refine the pulps (Dickson et al. 2000). Enzyme activation energies depend on the 

temperature, pH, time of treatment, and sequence with which the process is performed. 

Enzyme treatment before refining leads to a decrease in total energy required to meet the 

fiber strength specifications and can also contribute strength properties to the fiber at a 

fixed refining level (Lumiainen 2013). The addition of enzymes after refining leads to an 

increase in freeness, making the operation speed of the paper machine faster (Moran 1996). 

Enzyme-assisted refining can enable lower head box consistency, which results in better 

paper formation, improved strength, decreased basis weight, and an increased usability of 
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recycled fibers (Kenealy and Jeffries 2003; Lumiainen 2013; Gharehkhani et al. 2015). It 

should be mentioned that the use of cellulases in paper production needs to be carefully 

monitored, as such treatment will influence the strength of paper (Seo et al. 2000). 

Either refining or mechanically beating of pulp is an effective method for increasing 

the connectivity of the cellulose nanostructures within the paper network. Refining results 

in the development of pulp fibers during the papermaking process, making it possible to 

reach the desired level of quality (Sain et al. 2002; Kang et al. 2006a,b). During the refining 

process, internal fibrillation, external fibrillation, fiber shortening, i.e., cutting, and fines 

formation occur. Fibrillation is the peeling-off of the primary wall and S1 layer of the fiber 

wall, which uncovers and exposes the S2 layer, allowing it to form inter-fiber bonds (Sain 

et al. 2002; Kang et al. 2006a,b; Afra et al. 2013). The cellulosic fines that are formed from 

the delamination of the outer layers of the fibers tend to be slender and flexible, which 

improves the bonding properties of the paper (Sigoillot et al. 2001; Cui et al. 2015).  

Enzyme-assisted refining can lead to an improvement in the drainability of pulp of 

up to 80%, while using the same amount of energy during the refining process or decrease 

the tear strength depending on the mixture used, the pH, and the type of cellulase (Oksanen 

et al. 1997; Garcia et al. 2002; Taipale et al. 2010; Lee et al. 2013). Many studies have 

investigated the biorefining process of pulp in terms of cellulases usage and their influence 

on the drainability and paper sheet properties. Cellulases are commercially used in tissue 

paper production to improve the softness and absorbance of the end product, which are 

among the most important tissue features. As shown in numerous studies, the application 

of enzymes does affect the strength of pulp, which is primarily due to fibrillation and fines 

element production (Gharehkhani et al. 2015).    

However, there is no published evidence in terms of the biorefining process for 

blends of beech and eucalyptus kraft pulps and its effect on fiber morphological 

characteristics and paper strength. For this reason, the authors decided to apply cellulase 

enzyme to the biorefining process of pulp blend for usage in tissue paper production and 

investigate its effect on the polymerization degree of cellulose and the morphological 

parameters of fibers first treated with commercial enzyme and then mechanically beaten. 

Furthermore, the influence of the biorefining process on the properties of the paper sheets 

made from the refined pulp was measured. As such, the author’s goal was to find a tool for 

shaping and controlling the properties of pulp and tissue paper via the optimization of the 

amount of cellulase and treatment time during the enzymatic treatment. According to our 

knowledge, such an approach has never been applied before and constitute the novelty of 

conducted research. 

 

 

EXPERIMENTAL 
 

Materials and Methods 
Pulp samples 

The kraft pulp investigated in this study was a blend of ECF bleached beech (Fagus 

sylvatica L.) and eucalyptus (Eucalyptus grandis, E. dunnii, E. globulus, E. maidenii) kraft 

pulps. Beech kraft pulp was purchased from Bukocel (Hencovce, Slovakia) and eucalyptus 

kraft pulp was obtained from UPM Euca (UPM, Helsinki, Finland). Beech and eucalyptus 

kraft pulps containing 5% (w/w) of moisture were mixed at ratio of 65 to 35 (by weight 

w/w), respectively. 

Pulp blends were subjected to further treatment as illustrated in Fig. 1. 
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Fig. 1. The main stages of research 

  

Enzyme activity 

The cellulase enzyme used (Celluclast 1.5L) was purchased from Novozymes, 

Bagsværd, Denmark. Celluclast 1.5L is an aqueous solution of cellulase derived from 

Trichoderma reesei produced via submerged fermentation. This enzyme brand contains a 

broad spectrum of cellulolytic enzyme activities, notably cellobiohydrolases and endo-1,4-

β-glucanases (belonging to hydrolases, which constitute the 3rd class of enzymes). 

The enzyme activity (Filter Paper Unit, FPU) was determined by the method 

described by Ghose et al. (1987). In the previously mentioned procedure, the substrate was 

a 50 mg Whatman No. 1 filter paper strip (1.0 cm x 6.0 cm).  

The detection of glycosidic bond cleavage via this approach involves the 

dinitrosalicylic acid method (DNS), which measures the amount of reducing sugars 

generated via enzymatic hydrolysis (absorption readings at 540 nm) (Miller 1959). The 

enzyme activity was measured at 50 C and pH equal to 7, which was adjusted with diluted 

sulphuric acid.  

 

Enzymatic treatment of pulp 

Air dried pulp, consisting of 65% (w/w) beech pulp and 35% (w/w) eucalyptus 

pulp, was pre-soaked overnight and disintegrated for 5 min in laboratory high-speed 

universal disintegrator (Biobase HSD-80, Biobase Bioindustry, China) according to ISO 

5263-1 (2004) standard. The kraft pulp samples were treated with commercial cellulase 

preparations in 1 L beakers at 10% pulp consistency, a pH of 4.8 (adjusted using diluted 

H2SO4), and a temperature of 45 C for 20 min and 40 min with continuous mechanical 

agitation.  

The enzyme solution was added to the final concentration of 0.0012 FPU/g, 0.0018 

FPU/g, or 0.0024 FPU/g of o. d. (oven dried) pulp, as presented in Table 1. The control 

pulp (without enzymatic treatment) was included in the experiment in the way described 

above. The enzymatic reaction was stopped by bringing the mixture to a boil and incubation 

in the boiling water bath for 5 min, then quickly cooling down to room temperature in cold 

water bath and subjected to forming handsheets immediately. For each experiment, two 

simultaneous trials were carried out.   
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Table 1. Samples Description 

 
Sample Name 

Control A1 A2 B1 B2 C1 C2 

Enzyme Dosage of 
Oven Dried Pulp 

(FPU/g) 
0 0.0012 0.0012 0.0018 0.0018 0.0024 0.0024 

Enzymatic 
Treatment Time 

(min) 
0 20 40 20 40 20 40 

 

Degree of cellulose polymerization 

The degree of cellulose polymerization was measured according to the procedure 

described in TAPPI standard T 230 om-08 (2008). The air-dried pulp samples were 

dissolved in 25 mL of 0.5 M copper ethylenediamine (CED) for 10 min. The intrinsic 

viscosities of the solutions were obtained with an Űbbelohde capillary viscometer, and 

these values were converted to degree of polymerization values via the Immergut− 

Schurz−Mark equation (Immergut et al. 1953), as shown in Eq. 1,  

DP0.905 = 0.75 x [η]        (1) 

where [η] is the intrinsic viscosity, and DP is the degree of polymerization.    

  

Zero-span tensile strength 

The fibre strength of the studied pulp samples was measured with a Pulmac Zero-

Span Tester (Pulmac Systems International, Williston, VT) according to the procedure 

described in TAPPI standard T 231 cm-96 (1996). Paper handsheets with a 60 g/m2 basis 

weight were cut into 15 mm width and 90 mm long specimens. After being watered with 

trays of water, the specimens were placed into an apparatus and a 0.2 mm span was applied. 

 

MorFi analysis 

The fiber length, width, coarseness, kink angle, kinked fibers amount, and other 

morphological indices of pulp, including the fine elements content, were measured using a 

MorFi LB-01 apparatus (TechPap Company, Gières, France), according to ISO standard 

16065-2 (2014). The equipment was composed of measuring tackle and computer devices 

combined with the MorFi program, which allowed for the analysis of the tests results. In a 

water medium, 0.2 g of o. d. pulp was disintegrated, and was scanned by laser beam while 

flowing through a capillary tube. 

 

Anatomical characteristics of pulps 

Small, air-dried samples of the studied pulps were immersed in distilled water and 

brought to boil for 3 min to 5 min. A few droplets of the fiber suspensions were placed on 

microscopic glasses and dyed with Herzberg reagent. The studied pulp samples were 

viewed and photographed with an optical microscope (Biolar D, PZO Warsaw, Poland) 

with a 10 x / 0.25 dry objective, as well as being equipped with a camera (DMC 2900, 

Leica, Wetzlar, Germany) and an image analyzing system (Optika Vision Pro, Ponteranica, 

Italy). 

 

Mechanical beating 

The mechanical beating of the mixed beech and eucalyptus pulp (65% to 35% by 
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w/w, respectively) was performed in a laboratory Jokro mill at a pulp consistency of 6 wt. 

% in time evaluated on the basis of our previous studies (Danielewicz et al. 2015) in 

accordance with the PN-EN standard 25264-3 (1999). Jokro mill, similar to PFI mill, 

consists of several refining grooved rolls placed in containers and rotating at the same 

speed reaching 150 rpm. The groove dimensions in Jokro mill are smaller than PFI mill, 

especially in groove depth (20 mm versus 50 mm). The time is regulated for controlling 

the refining. 

 

The properties of handsheets 

 Using a Rapid-Köthen apparatus, 75 g/m2 ± 3 g/m2 handsheets were prepared 

according to PN EN ISO 5269-2 (2007). The handsheets were conditioned in accordance 

with PN EN 20187 (2000) standard before further assessment of their properties. The 

drainability was determined according to PN EN ISO 5267-1 (2002). The brightness R457, 

basis weight, specific volume, air resistance, tensile, burst and tear strength of the samples 

were measured in accordance with the ISO 2470-1 (2008), ISO 536 (2012), ISO 534 

(2011), ISO  5636-5 (2003), ISO 1924-2 (2008), ISO 2758 (2008), and ISO 21974 (2002) 

standards, respectively. The water absorption capacity was investigated based on basket-

immersion method (ISO 12625-8, 2010).  

 

 

RESULTS AND DISCUSSION 
 

Treatment of the cellulase of the studied pulps led to a decrease in the degree of 

polymerization of the cellulose chain, (Table 2). The initial DP of the bleached kraft 

beech/eucalyptus pulp mix (65% to 35% by w/w, respectively) was 763. With an increased 

treatment duration and cellulase concentration, the DP decreased. Doubling the length of 

the enzyme reaction caused the DP to reduce by 2.5% to 3.5% in comparison to the DP 

obtained after a 20 min treatment. However, the reduction in the DP of cellulose was 

minimal, between 0.0018 FPU and 0.0024 FPU of applied enzyme per 1 g of o. d. pulp. It 

is worth noting that the enzymatic treatment with 0.0018 FPU/g for 20 min (pulp B1) had 

a comparable effect to the 40 min treatment with 0.0012 FPU of enzyme per 1 g of o.d. 

pulp (pulp A2).  

 

Table 2. Degree of Polymerization of Cellulose in the Analysed Pulp Samples 

 
Property 

Sample 

Control A1 A2 B1 B2 C1 C2 

[η] 
(cm3/g) 

542 539 522 525 513 520 483 

DP 763 ± 1 759 ± 4 733 ± 3 738 ± 2 719 ± 2 729 ± 3 707 ± 3 

 

 For economic reasons, it is reasonable to question whether it is better to bear the 

costs of enzymes or energy expenditure. In this study, moderate shaping of the cellulose 

chain length using a small amount of enzymes and reaction lengths was achieved, rather 

than a sharp lowering of the DP as would be the intended target for biofuels production. 

The maximum DP reduction revealed in the study was on the level of ca. 7% (in relation 
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to initial DP), whereas with a 18 h long treatment, the DP was decreased by ca. 76%, as 

described by Valls et al. (2019). The aim of this research was not to obtain saccharides, but 

to achieve the knowledge needed for controlling the DP of cellulose via enzymatic 

treatment. 

The morphological elements of the studied pulps were typical of hardwood pulps, 

i.e., libriform/fibers (f), vessels (v), and parenchyma (p) cells. The photos documenting the 

morphology of the analysed pulps are presented in Fig. 2. 

 

 
 

 

Fig. 2. The morphology of bleached (A) beech and (B) eucalyptus kraft pulp (40x magnification) 

 

The beech pulp was characterized by the occurrence of middle-large vessel 

elements with simple perforations and scattered pitting patterns. In some vessel elements, 

short tails were placed on both vessel edges. In addition, scalariform perforations in the 

vessels also occurred, and vasicentric tracheids were occasionally present. The 

parenchymal cells were fairly narrow and long. The typical dimensions of the beech fibers 

were as follows: an average length of 1.2 mm (0.5 mm to 1.7 mm) and an average width 

of 21 μm (13 μm to 40 μm), whereas the average length of the eucalyptus fibers was 1.1 

mm (0.3 mm to 1.5 mm) and the average width was 20 μm (10 μm to 28 μm). For 

eucalyptus pulp, it was characterized by the occurrence of long vessel elements with simple 

perforated plates and narrow threadlike tail(s) placed on one or both vessel edges. The 

vessel elements possessed characteristic ray parenchyma pitting. In addition, long and short 

vasicentric tracheids, as well as fiber tracheids, could be found in eucalyptus pulps 

(Ilvessalo-Pfäffli 1995).  

The results of the morphological analysis of the studied pulp samples before and 

after enzymatic treatment with cellulase, are shown in Table 3, demonstrating the changes 

in fiber dimensions. 

The lowest enzyme concentration and treatment length caused a gradual reduction 

of fiber width. The enzymatic treatment of studied pulp samples caused a slight thinning 

of the fiber width, especially when the highest enzyme concentration was applied, Table 3. 

The longer the treatment time and the enzyme concentration, the shorter the fiber, 

e.g., for pulp C2, there was a 5% reduction in length.  For pulp samples treated with 0.0012 

FPU of enzyme per 1 g of o. d. pulp, a fiber shortening effect was not observed. In the case 

of an enzyme concentration of 0.0024 FPU/g of o. d. pulp, the fibers were shortened with 

a longer enzyme treatment time, which was shown by a change in fibre length by 

approximately 5% in comparison to a 20 min enzyme treatment time. 
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Table 3. Morphological Characteristics of Pulps Treated with Cellulase 

Pulp Samples 
Properties 

Control A1 A2 B1 B2 C1 C2 

Number of 
Fibers 
(106/g) 

13.017 13.178 12.417 13.205 13.205 12.599 13.482 

Fiber Length  
(weighted in 

length) 
(mm) 

0.763 0.775 0.765 0.756 0.755 0.761 0.727 

Fiber Width 

(m) 
21.5 21.5 21.5 21.4 21.5 21.3 21.4 

Fines Content 
(% in area) 

15.03 15.95 16.09 15.84 15.59 15.00 16.62 

Coarseness 
(mg/m) 

0.1264 0.1243 0.1184 0.1199 0.1205 0.1144 0.1119 

Kinked Fibers 
 (%) 

18.8 18.4 17.9 17.8 17.1 16.5 16.2 

Curl fibers (%) 6.1 6.0 5.9 5.9 5.8 5.6 5.5 

 

These observations corresponded well with the changes in DP (Table 2). According 

to Wang et al. (2019), hardwood fibers with a short length produced more free fiber ends 

on the surface, which ultimately resulted in an increased softness feeling on the surface of 

tissue product. With an increase in enzymatic treatment parameters, the fines content of the 

studied pulp samples increased as well (Table 3), which was an effect of the enzymatic 

hydrolysis of cellulose chains by endoglucanases, which were able to randomly cleave the 

β-1,4-glycosidic linkages in the cellulose fibers. As a result, at the same time cellodextrine 

fragments, soluble in water, and shortened cellulose chains are formed (Caspi et al. 2011). 

The more advanced the process, the more likely the formation of fine elements. For 

example, in the case of C1 and C2 samples, the increased time of enzyme action led to a 

higher fine elements content, as shown in Table 3. On the other hand, such a tendency 

cannot be seen in the case A1, B1, C1 or A2, B2, C2 samples are compared. 

In applied conditions, the higher the enzyme concentration and treatment time, the 

better the coarseness values of the pulp samples, in terms of usage as a tissue paper (Table 

3). With lower coarseness values, a higher handfeel, higher tensile strength at a constant 

number of fibers, higher absorption and bulk, and better formation occurred (Ramezani 

and Nazhad 2004). There tended to be a reduction in coarseness with shorter fiber fractions, 

which was observed in the current study. The longer duration of enzymatic reaction and 

cellulase concentration, the lower the kinked and curled fibers content in the pulps, Table 

3. The curled fibers present in beaten pulps produce papers with lower tensile strength and 

tensile stiffness. The same is observed in the case of kinked fibers (Page et al. 1979). The 

observed decrease in amount of kinked and curled fibers (Table 3) with increasing enzyme 

concentration and time of its action should result in the improved mechanical properties of 

the studied papers. 

The next step of the research was evaluating the mechanical beating process of the 

enzymatically treated beech/eucalyptus pulp under conditions given in the Experimental 

section and papersheets formation coming next.  
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Table 4. Schopper-Riegler (°SR) degree, Brightness, Specific Volume, Bulk 
Softness, Water Absorption Capacity, and Air Resistance, of Studied Pulps 
Treated with Cellulase  

Pulp 
 Drainability 

(°SR) 
Brightness 

(%) 

Specific 
Volume 
(cm3/g) 

Bulk 
Softness 
(kNm-1) 

Water 
Absorption 
Capacity 

(g/g) 

Air 
Resistance 
(s/100 cm3 

of air) 

Control 31 ± 0.5 
69.69 ± 

0.53 
0.623 ± 0.09 286.2 ± 8.7 2.40 ± 0.27 21.09 ± 0.71 

A1 28 ± 1.5 
70.70 ± 

0.45 
0.629 ± 0.07 283.1 ± 10.1 2.46 ± 0.23 25.66 ± 0.28 

A2 26 ± 1 
68.77 ± 

0.45 
0.627 ± 0.10 307.9 ± 18.3 2.61 ± 0.28 24.58 ± 0.37 

B1 27.5 ± 0.5 
71.30 ± 

0.21 
0.610 ± 0.15 310.1 ± 9.7 2.62 ± 0.27 14.35 ± 0.66 

B2 25 ± 0.5 
71.06 ± 

0.48 
0.630 ± 0.02 305.8 ± 11.7 2.65 ± 0.27 15.46 ± 0.71 

C1 24 ± 1 
70.15 ± 

0.21 
0.623 ± 0.09 368.9 ± 12.1 2.68 ± 0.26 14.56 ± 0.41 

C2 24 ± 0.5 
70.72 ± 

0.50 
0.624 ± 0.06 355.8 ± 24.7 2.76 ± 0.29 12.88 ± 0.53 

 

The drainability decreased with the enzymatic treatment time and enzyme 

concentration increasing (Table 4; e.g., compare samples A1 and A2, as well as A1, B1, 

and C1). There was not a major difference between the values obtained for the different 

pulp samples, with the drainability of the non-treated pulp reaching up to 22.6%. Such a 

decrease in drainability should not noticeably affect the drainage of the wire section on a 

paper machine. 

Enzymatic treatment of the pulp slightly increased its brightness (Table 4). Such an 

increase is within the limits of error and should not be considered as an effect of the 

enzymatic treatment. For all studied pulp samples, the specific volume did not change, 

which suggested that absorptivity was not adversely affected.  

For hygienic papers, softness and absorbency are of high interest. Softness can be 

distinguished as so-called bulk softness, which is the perception of softness when a sample 

is crumpled between the hands and surface softness and obtained when fingerprints are 

lightly brushed over the sample surface (Gigac 2008). In this research, bulk softness was 

evaluated based on tensional stiffness (Table 4). It can be estimated that after enzymatic 

action, the bulk softness is higher. The higher its concentration, the higher the softness. 

The duration of enzymatic reaction does not influence the softness. This means that 

softness of studied pulps is rather strongly dependent on the enzyme concentration rather 

than on the time of its action. 

Absorbency of studied samples was measured as water absorption capacity (Table 

4). Enzymatic treatment of the studied pulps with their subsequent mechanical beating 

slightly influenced the amount of water absorbed by 1 g of the pulps. However, with 

increasing enzyme concentration, the water absorption capacity increased (compare A1, 

B1, C1 and A2, B2, C2). The same was observed with longer time of enzymatic reaction 

(see A1, A2; B1, B2 and C1, C2). 

A difference in the air resistance of the pulp samples could be seen, which was 

determined by the Gurley method. This indicated that the tested samples had different 

porosity values. More porous paper was obtained when the lowest enzyme concentration 
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was applied. For the 0.0018 FPU and 0.0024 FPU of cellulase per 1 g of o. d. pulp samples, 

the air resistance decreased from the initial time of air permeation (21.09 s) to the range 

from 12.88 s to 15.46 s, which indicated the formation of a much more porous structure in 

comparison to the paper not treated with enzyme. The results of the air resistance testing 

corresponded to the freeness of the studied pulp samples; lower values were observed with 

a higher freeness, which was an effect of a higher coarse fiber content (Table 3) (Hubbe 

2001).  

The zero-span tensile strength determined for the pulp samples subjected to 

mechanical beating after being treated with cellulase revealed minor deterioration of the 

fiber strength (Fig. 3). Notably, the zero-span tensile strength decreased along with 

increased enzyme concentration (compare results for sample Control, A1, B1, C1 and 

Control, A2, B2, C2). However, at the same time, it was noted that the longer enzyme 

treatment time had less effect on the zero-span tensile strength in comparison to the shorter 

time. This was due to the enzymatic cleavage of the 1,4-β-glycosidic bonds between the 

structural repeating units in the cellulose chain as well as the shortening of fiber length, 

which is detrimental to the strength properties of fibers and paper.  

 

 
 

Fig. 3. The zero-span tensile strength of the handsheets from studied pulp samples treated with 
cellulase  

 

The fiber strength values (Table 5; Fig. 4) corresponded well with the DP of pulp 

samples (Table 2). However, the decrease in fiber strength did not exceed 20%, even with 

the highest enzyme concentration. The lowest decrease in fiber strength was 6.5%, which 

was observed in pulp samples A1 and A2 (reflecting the lowest enzyme amount). This 

could indicate that determining and controlling the intended DP and fiber strength would 

be possible by properly setting amount of enzyme to a known enzymatic activity. 
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Table 5. Properties of Handsheets from Studied Pulps  

Pulp 
Samples 

Stretch 
(%) 

Tensile Index 

(Nm/g) 

Burst Index 

(kPam2/g) 

Tear Index 

(mNm2/g) 

Control 2.82 ± 0.30 52.30 ± 2.74 3.24 ± 0.05 7.56 ± 1.65 

A1 3.11 ± 0.20 49,81 ± 1.40 3.03 ± 0.22 7.12 ± 0.34 

A2 2.92 ± 0.24 53.32 ± 2.82 2.76 ± 0.54 7.46 ± 0.52 

B1 2.49 ± 0.23 49.86 ± 2.85 2.67 ± 0.23 6.25 ± 0.76 

B2 2.77 ± 0.19 52.68 ± 2.79 3.09 ± 0.08 7.26 ± 1.41 

C1 2.65 ± 0.27 49.92 ± 1.92 2.84 ± 0.18 7.13 ± 1.67 

C2 2.32 ± 0.16 54.35 ± 2.28 2.94 ± 0.39 6.68 ± 0.70 

 

 
 

Fig. 4. Mechanical properties (stretch, burst index, tear index and tensile index) of handsheets 
from studied pulps  

 

An enzymatic pre-treatment of pulp under mild conditions (low enzyme 

concentration and enzyme application time) followed by mechanical beating did not have 

a major effect on the stretch, burst, and tear index of the pulp samples. Little difference 

was found between the obtained values and were within the error limits. Regardless of the 

enzyme concentration used, the tensile index value was maintained at the same level for 

both shorter and longer time of the enzymatic treatment of the pulp. However, the observed 

fluctuation between them was not relevant (8% relatively), which showed a lack of 

dependence on the enzyme concentration and exposure time in terms of its enzymatic 

activity 

 

 

CONCLUSIONS 
 

1. The results obtained indicated the possibility of determining and controlling the 

intended degree of polymerization (DP) and fiber strength of the pulp sample by 

properly setting the amount of enzyme, with a known enzymatic activity rate, and the 

total treatment time.  
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2. The application of cellulase leads to a slight deterioration of fiber strength of the studied 

pulp samples, which is typical for this enzyme (Kim et al. 2006; Gil et al. 2009; Liu et 

al. 2012).  

3. The deterioration in fiber strength corresponded well with the changes in cellulose 

chain length (DP) and morphological characteristics of the pulp fibers (fiber length and 

coarseness).  

4. As the cooperation of enzymes in the refining process are already known (Spiridon et 

al. 2001; Pelletier et al. 2013), the application of cellulase can be a valuable way to 

obtain a moderate change in handsheet properties, depending on the enzyme 

concentration and treatment time.  

5. The fiber strength changes are reflected in the tensile and tear index values, which were 

measured for the studied pulp sample handsheets. 

6. The changes in burst index values were minute when the samples were subjected to the 

enzyme concentrations and treatment times in this study. 
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