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Abstract: This study was conducted to evaluate the effectiveness of enzymes in purifying and reducing the degree of polymerization of cellulose for the production of dissolving pulp. Our goal was to determine the contributions of xylanase (X) and endoglucanase (EG) in the treatment of pulp, specifically by quantifying the formation of soluble and insoluble reducing sugars using the dinitrosalycilic acid (DNS) test. Predominantly, the release of soluble reducing sugars (RSSol) was enhanced after xylanase treatment, while endoglucanase (EG) treatment led to changes in insoluble reducing sugars (RSIns). The maximum synergism was observed for RSIns when a high ratio of endoglucanase to xylanase (320EG:5X/g pulp) was used. The relative contribution of endoglucanase to RSins was determined to be 15.6% of the total reducing sugar. The viscosity of pulps treated with xylanase decreased only by 7%, whereas endoglucanase treatment significantly reduced viscosity by 45%. Modifications in the particle size were observed after pulp treatment with the combination of endoglucanase and xylanase. In summary, the DNS test is a rapid and effective method for evaluating the efficiency of enzyme treatments on pulps. The measurement of RSIns correlates with changes in pulp viscosity to different extents, providing valuable insights into the effectiveness of enzyme treatments.

Keywords: Endoglucanase; xylanase; cellulose fiber; pulp; synergism






1  Introduction

Enzyme biotechnology is a viable and promising alternative to replace or improve traditional chemical methods for lignocellulose transformation, contributing to generating new alternative sustainable products. Enzymes are an alternative for industries that work with biomass since they allow the implementation of more substrate-specific, mild reactions, and lower CO2 emissions [1].

In the production of dissolving pulp, enzymes can provide an efficient approach for the development of cellulose derivatives in a more environmentally friendly process [2–4]. Dissolving pulps consist of high-purity cellulose, with low amounts or complete absence of hemicelluloses and traces of lignin and other impurities [5]. These pulps can be used to manufacture various cellulose-derived products, such as regenerated fibers and films [6–8].

Kraft pulp from eucalyptus species is one of the most important fiber sources for the generation of dissolving pulp, however, the kraft process has been reported to yield cellulose with low reactivity because this treatment collapses the fibers, leading to fibrillar aggregations [9]. Increasing the reactivity and accessibility of pulps is not easy as cellulose exhibits an extremely compact structure.

However, several concepts have been adopted for improving the accessibility and reactivity of cellulose fibers, such as opening or expanding the pores, shortening the cellulose chains, and disrupting the highly ordered and tightly packed crystalline regions [10].

Xylanase treatment has been proposed to remove residual hemicelluloses in the structure of the fiber and enhance the accessibility of cellulose [2,11], while endoglucanases improve pulp reactivity by hydrolyzing cellulose and increasing the specific area of fibers [12,13]. The enzymatic hydrolysis of cellulose by endoglucanase starts with the production of chain ends, reducing the degree of polymerization and increasing the specific surface area of fibers [14–16]. Studies have shown a correlation between increased reactivity and decreased intrinsic viscosity of dissolving pulp during enzymatic treatment, whose efficiency depends on several factors, such as temperature, pH, enzyme dosage, reaction time, and pulp consistency [10]. One can cite works with enzymes such as endoglucanase [8,12,17] and even combining xylanase and cellulase treatment [11,14], improving the properties of pulp reactivity and accessibility by the adjustment of pulp viscosity.

Several methods to evaluate the accessibility and reactivity of cellulose fibers have been reported which include dissolution techniques such as the Fock test although this method can be laborious and time-consuming [18]. Alternatively, rheological, microscopy analysis and fiber analyzers are also employed to infer pulp susceptibility to chemical and enzymatic degradation [13,19]. However, such methods require advanced instrumentation and specialized expertise that restrict the accessibility and widespread. Besides, most reactivity measurements cannot differentiate between specific functional groups, hindering their application for understanding the detailed reactivity of cellulose [20,21]. This becomes an even greater challenge when the objective is to define adequate enzymes to purify and activate cellulose for its conversion into dissolving-grade pulp. Considering the benefits of using enzymes, such as their specificity and their environmentally friendly nature, the development of a rapid parameter of enzyme treatment would provide comparable measurements of efficient enzymatic hydrolysis.

Quantification of enzyme treatment of pulp typically involves analyzing the water-soluble fragments that are released. Methods like HPLC are commonly used for this purpose. However, when studying changes in the reactivity of pulp during enzyme treatment, it is also important to consider the alterations in the insoluble part of the pulp [22–24]. The research conducted by Silveira et al. [25], focused on the assessment of the enzymatic hydrolysis profile of cellulosic substrates based on reducing sugar release. The methodology was employed to determine the action of cellobiohydrolases in the production of soluble reducing sugars and endoglucanases for insoluble reducing sugars from the Whatman #1 filter paper. Different classes of reducing sugars were evaluated by the DNS assay and the authors concluded that this method can be performed for other substrates. More specifically, the analysis is based on the detection of reducing sugar ends in the substrate caused by enzyme application.

A progression of this work was to evaluate the application of enzymes in the cellulosic pulp based on solubilized and residual reducing sugars produced. The ability of xylanase to increase the soluble reducing sugars and of endoglucanase to increase the insoluble reducing sugars in bleached kraft pulp is proposed to determine the enzymatic treatments in terms of enzyme dosage and possible synergistic effects. The proof of concept of this approach is successfully demonstrated by changes in viscosity, fiber length, and residual xylan for pulp samples. The results suggest that insoluble reducing sugars offer advantages over typical methods regarding the relative contribution of enzymes to the transformation of the pulp into the final product.

2  Material and Methods

Bleached kraft pulp (BKP) from eucalyptus was provided by Suzano S.A (Jacareí, Brazil) and contained 76% glucan, 14.1% xylan, and 1.2% lignin in % dry matter. Enzymes utilized were Fibercare (Novozymes A/S, Denmark), a commercial endoglucanase, and Luminase PB-200 (BASF, San Diego, Ca) a recombinant xylanase. Luminase formulation exhibited xylanase activity at 23.600 U.ml −1 at 50°C, pH 6, while the endoglucanase activity found for Fibercare formulation was 548 U.ml−1. The protein concentrations of Luminase and Fibercare were 43.7 and 10.9 mg/ml, respectively.

2.1 Determination of Enzymatic Activities and Protein Concentration

Endoglucanase activity was determined by the method of Ghose [26]. Xylanase activity was measured by reducing sugar production from beechwood xylan [27]. The protein concentration of the samples was determined according to Bradford [28].

2.2 Enzyme Pulp Treatment

Trial experiments were carried out on a micro-scale with 50 mg pulp (dry matter) in 5 ml micro centrifugation tubes under agitation (20 rpm) in a hybridization incubator (Hybrigene, Techne) at 50°C for 3 h. The pulp was treated at 2.5% (w/v) solids, with enzyme solution prepared in deionized water with the pH adjusted to 6.0, with HCl 1M. Samples were produced with Fibercare (endoglucanase) or Luminase (xylanase) and with binary combinations at different enzyme concentrations. Enzyme activity loadings varied between experiments as indicated in Fig. 1 in the results and discussion section. The amount of endoglucanase added was 0.15−0.6 mg of protein/g pulp and xylanase 0.01−1.0 mg protein/g of pulp. Each treatment was performed in six replicates and a control without enzymes was run at the same time. After 3 h incubation, 3 mL of the DNS reagent was added to the pulp suspension test tubes [29]. Total reducing sugars (RSTot), soluble reducing sugars (RSSol) and insoluble reducing sugars (RSIns) were reported to evaluate the action of enzymes on pulp as follows:
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Figure 1: Reducing sugars (-o- RSTot; -[image: images]- RSSol, ….•… RSIns) released as glucose equivalent from bleached kraft pulp by individual and combined Fibercare (endoglucanase) and Luminase (xylanase) at different enzyme concentrations. (A) isolated Fibercare, (B) isolated Luminase, (C) binary combination of enzymes with a fixed concentration of 5 U/g Luminase and varied concentration of Fibercare, (D) binary combination of enzymes with a fixed concentration of 80 EGU/g Fibercare and varied concentration of Luminase

For RSTot, test tubes were transferred to a boiling water bath for 5 min for color development and 20 ml distilled water was added and mixed by inversion. The supernatant was collected after centrifugations and absorbance was read at 540 nm in a Shimadzu spectrophotometer. The total reducing sugars (RSTot) of kraft pulp was expressed as glucose equivalent (mg.L−1).

To determine RSSol, test tubes were centrifuged to remove all solids substrates, and a representative 1mL aliquot of each digested mixture was withdrawn, boiled for 5 min to color development, and further diluted with 4 ml distilled water before reading the absorbance at 540 nm in a Shimadzu spectrophotometer. The soluble reducing sugars (RSSol) of kraft pulp were expressed as glucose equivalent (mg.L−1).

Insoluble sugar (RSIns) was indirectly calculated by the difference between the amount of RSTot and RSSol determined after the enzymatic treatments.

The degree of synergism was calculated by dividing the reducing sugar production of xylanase/endoglucanase mixtures by the sum of the productions in parallel digestion containing equivalent amounts of the xylanase and endoglucanase separately [30].

Enzymatic treatments established from trial experiments with 50 mg pulp to assess reducing sugar production were checked with 2 g pulp in 125 mL Erlenmeyer flasks, prepared with 2.5% consistency in water with pH adjusted to 6.0. Pulp was subjected to enzymatic treatment using Fibercare (endoglucanase in the range of 80 to 320 U/g of pulp) and Luminase (xylanase from 5 to 500 U/g of pulp). The effect of a binary mix of xylanases and endoglucanase during the hydrolysis of pulp was studied. The treatment was performing 3 h at 50°C in an orbital shaker. At the end of each treatment, the enzyme was inactivated by water bath (100°C) immersion of flasks for 5 min. A sample was taken from the supernatant for the determination of sugars obtained from enzymatic pulp hydrolysis.

The composition of glucose and xylose in the supernatant after enzymatic treatment of the pulps was analyzed by HPLC before and after a post-hydrolysis procedure [31]. Hydrolysates were filtered through a 0.45 μm filter into glass vials and applied to an HPLC system, equipped with a BioRad Aminex HPX-87H column for the separation of sugars [32].

2.3 Conventional Pulp Analysis

The moisture content of the pulp was determined as per the Tappi Test Method T210 cm-03.

Intrinsic viscosity was determined as per Tappi test methods T 230 om-08.

The particle size was measured with a laser diffraction analyzer (Mastersizer 3000, Malvern Instruments) with sample sonication as described in Dias et al. [33]. Size analyses are the average of two supplicates of each treatment. The percentage of the peak height after enzymatic treatment was compared with the control pulp, considering that 90% of the size of the particles is lower than the displayed value.

Microscopy observation of the pulps was performed to visualize changes in their morphology. The wet pulps and Congo red solution (1% w/v) were mixed in a 1:1 (v:v) ratio and sonicated for 1 min [34]. Dyed samples were visualized by contrast phase microscopy Olympus BX53 equipped with cell sense dimension.

3  Results and Discussion

3.1 Determination of Enzymatic Treatments on Pulp Based on the Reducing Sugars

The activities of Fibercare and Luminase on bleached kraft pulp were compared, either separately or combined. The only activity found in Luminase was xylanase, while the main activity in the Fibercare preparation was endoglucanase. Both extracts are broadly used in enzymatic hydrolysis experiments that focus on xylan extraction [35] and dissolving pulp production [36,37].

To explore the susceptibility of kraft pulp to the hydrolytic action of endoglucanase and xylanase, the pulp was treated with different enzyme doses and subjected to analysis of total (RSTot), soluble (RSSol), and insoluble (RSIns) reducing sugars (Fig. 1). The addition of endoglucanase to the pulp resulted in the release of sugars during hydrolysis (Fig. 1A), but the levels of soluble reducing sugars were relatively low. Treatment with 160 EG/g pulp led to a slight increase in the concentration of RSIns. At this enzyme loading, insoluble reducing ends accounted for 15.6% of the total reducing sugars released from the pulp. This increase in insoluble reducing ends is attributed to the disruption of loose cellulose chains in the pulp structure by endoglucanase activity, leading to the formation of new reducing ends [23,38]. This result agreed with degradation trends previously reported by Ceccherini et al. [13,39]. They have studied the effect of endoglucanase on the solubilization of sugars and concluded that endoglucanase can reduce the degree of cellulose polymerization without generating significant losses in pulp yield. Increasing the dose of endoglucanase further did not have an impact on RSIns, as its effectiveness is limited to the amorphous sites on cellulose. However, small RSSol can be detected in hydrolysates with high endoglucanase dosage (320 EG/g). The maximum RSSol (25.45 mg.L−1) was achieved at this dosage, indicating that the Fibercare preparation is capable of degrading sites beyond amorphous cellulose. This is due to the presence of additional enzymes in the Fibercare preparation, such as cellobiohydrolase, xylanase, and β-glucosidase [38]. It is also possible that certain endoglucanases have activity on hemicelluloses, which could contribute to an increase in RSSol [38,40].

Significant increases in reducing sugars were observed when increasing xylanase loading was used to treat pulp (Fig. 1B). At high xylanase loadings (500 U/g pulp) was solubilized approximately 60 mg.L−1 reducing sugars, which accounted for about 3% of the substrate. This mainly resulted in solubilized pulp sugars, while insoluble sugars remained constant even at high doses of xylanase. This result was to be expected since this xylanase acts on xylan rather than cellulose. These observations are well in line with earlier reports by Hu et al. [41].

The combined action of endoglucanase and xylanase had different effects on reducing sugar production [20,36,42]. To investigate the influence of minimal xylanase addition on increasing dosages of endoglucanase, the pulp was treated with xylanase (5 U/g pulp) in combination with endoglucanases (80 to 320 EG/g pulp) (Fig. 1C). Both RSSol and RSIns increased from using the mixture of xylanase and endoglucanase. Significant differences were detected in EG:X-treated pulp relative to the starting pulp. This finding supports the idea that xylanase activity removes some xylan from the outer part of the fiber, enhancing endoglucanase access to fibers. Additionally, high endoglucanase activity generates new reducing chain ends from the pulps, resulting in an increase in RSIns from 3.4 to 10.5 mg.L−1 at the highest endoglucanase loading.

In Fig. 1D, it is evident that the addition of xylanase at varying concentrations (ranging from 0.5 to 50 U/g pulp), along with a fixed concentration of endoglucanase (80 EG/g pulp), leads to a significant increase in RSSol. When both enzymes work together, there is a 1.5-fold increase in RSSol compared to the action of xylanase alone. Moreover, the enzyme mixture reported in Fig. 1D exhibited the best performance in this hydrolysis mode, reaching the highest levels of soluble reducing sugars production and showing saturation behavior at lower enzyme loadings than those shown in Figs. 1A–1C. However, the enzyme mixture D does not have any impact on the production of RSIns in the pulp.

This implies that the presence of low endoglucanase activity is a limiting factor for the production of insoluble reducing ends [36].

A thorough analysis of the production of RSSol and RSIns from bleached kraft pulp by endoglucanase and xylanase may help to explain the reported synergistic effects [41,42]. Fig. 1 shows that when a large dose of xylanase is used, it results in a high concentration of RSSol. Although endoglucanase also contributes to sugar release, its maximal hydrolysis achievement is only half of that achieved by xylanase. Moreover, endoglucanase has a more prominent effect on the production of insoluble sugars. Thus, combining xylanase and endoglucanase allows for the maximum rate of hydrolysis that could be expected after removing impediments caused by xylan, exposing more surface area for endoglucanase to act upon [10,42]. Therefore, it is important to thoroughly analyze the quantitative production of RSSol and RSIns production along with synergism effects.

3.2 Synergistic Actions of Endoglucanase and Xylanase

Investigation of the synergism between xylanase and endoglucanase during pulp hydrolysis requires knowledge of their individual and combined actions. Because for xylanase and endoglucanase a nonlinear relation of hydrolysis rate and enzyme concentration was found, the theoretical sum of the individual actions is nonlinear too. Hence analysis of synergism data was determined as described by Jeoh et al. [30]. This approach considers a degree of synergism greater than 1 if the interaction of the possible binary combinations surpasses the sum of their actions.

Table 1 shows results from the experiments in which xylanase and endoglucanase were added together to assess the possible synergistic interaction for improved hydrolysis of pulp. Different amounts of xylanase and endoglucanase were added to reaction mixtures. An endoglucanase loading of 80 U/g pulp was used to ensure minimal production of RSIns in the pulp within 3 h. The degree of synergism based on RSSol remained nearly constant throughout the entire measured range, with values close to 1.0. Conversely, the values for RSIns exhibited lower degrees of synergism.
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Concerning the interaction between xylanase at 5 U/g pulp and different doses of endoglucanase, the synergism was most evident on RSIns. As the amount of endoglucanase was increased, the degree of synergism of RSIns also increased. The combination of endoglucanase at a dosage of 320 U/g pulp and xylanase at 5 U/g pulp demonstrated the highest degree of synergism for RSIns.

Based on the information presented in Table 1 and Fig. 1, it is likely that the variations in the type of reducing sugar production are due to the relative quantities of endoglucanase and xylanase loaded. The degradation of xylan in the pulp and increase in RSSol can be achieved by supplementing the endoglucanase with varying amounts of xylanase. This finding supports the belief that xylanase can improve the purification of cellulosic pulp [20]. However, it is worth noting that the increase in RSSol was not due to synergistic effects of the enzymes, but rather an additive effect. Additionally, the RSIns results demonstrated a strong synergism effect at low xylanase loading and with a high endoglucanase ratio, as evidenced by the highest DSE (1.23). This suggests that there is a relative abundance of specific sites for endoglucanase in the pulp. Therefore, the degree of synergism between xylanase and endoglucanase may depend on the composition and accessibility of the substrate [24,42]. Although synergism was observed for some xylanase-to-cellulase ratios tested, it was also clear that the degree of synergism towards RSIns was not influenced by the xylanase loading. The low content of accessible xylan in the pulp is likely the reason for this. Previous research with a similar enzyme pair also supports this conclusion, stating that equal proportions of endoglucanase and xylanase resulted in negligible pulp hydrolysis due to the recalcitrant nature of the remaining substrate [43].

Overall, it can be inferred that xylanase dose may increase RSSol by solubilizing xylan on the pulp surface, independently of endoglucanase action, but the same is not true for RSIns.

Another interesting comparison can be made regarding the production of glucose, xylose, and soluble oligomers in connection with endoglucanase and xylanase hydrolysis of cellulosic pulp (Fig. 2). When enzymes were added individually to the pulp, xylanase did not hydrolyze cellulose and endoglucanase did not hydrolyze xylan, indicating their selectivity. However, when endoglucanase and xylanase were combined, a significant increase in the production of cellooligomers and xylooligomers was observed. This finding aligns with the results shown in Fig. 1D, which suggest that the optimal molar ratio in the combination of xylanase and endoglucanase is a 6-fold excess of xylanase over endoglucanase to remove residual xylan and amorphous cellulose in the pulp.
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Figure 2: Effect of individual and combined endoglucanase and xylanase on cellulosic pulp hydrolysis, for 3 h. The dissolved monosaccharides and oligosaccharides concentration in each component was determined by HPLC

3.3 Influence of Enzymic Treatment on Pulp Structure

The characteristics of the fiber were assessed to better understand the correlation of RSSol and RSIns with enzymatic action on pulp. Fig. 3 displays optical microscopy images (A) and the particle size distribution of the fiber dimensions (B) of pulp treated with xylanase and endoglucanase, as well as with binary mixtures at different enzyme concentrations (B). The optical microscopy images provided insight into the visual appearance of the pulp samples, showing that treatments with individual enzymes did not appear to modify the fiber integrity, compared to the control. However, after the enzymatic treatment with xylanase and endoglucanase, shorter fiber fragments and fines were observed (Fig. 3A). Furthermore, it was observed that the particle size distribution of fiber remained unchanged when treated with xylanase and endoglucanase separately, compared to the control (Fig. 3B). However, when the enzymes were combined, a decrease in peak height was observed after treating the pulp with 500X:80EG, facilitating the process of fibrillation to the production of cellulose nanofibrils [44].
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Figure 3: (A) Optical microscopy images of bleached kraft pulp control and after enzyme treatments. (B) The distribution of the size of fibrils from bleached kraft pulp without enzyme (control) and with xylanase (500U), endoglucanase (80U), and combinations of enzyme treatments (500X:80EG)

The effect of the enzymatic process on pulp was evaluated in terms of viscosity and reducing sugars produced. In terms of viscosity, the addition of xylanase to pulps did not result in significant change (Fig. 4A). The control sample had an intrinsic viscosity of 826 mL/g, which decreased to 768 mL/g when treated with a high xylanase dose (500U/g pulp). Ngene et al. [6] explained this phenomenon as being attributed to the capability of xylanase treatments to solubilize low molar mass chains. Experiments with different doses of endoglucanase (80, 160, and 320EGU/g pulp) presented viscosity values between 584 and 449 mL/g (Fig. 4B). Similar results were reported by Sponla et al. [36], who observed a decrease in viscosity from 930 to 430 ml/g as endoglucanase dose increased. Willberg-Keyrilainen [24] also found that viscosity decreased to about half of the original pulp viscosity, using varying concentrations of the same enzyme preparation, Fibercare. The variations in results were likely due to differences in the origin of the pulps and the doses of endoglucanase used in the experiments.
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Figure 4: Pulp viscosity (-[image: images]-) and reducing sugars ([image: images] RSSol, [image: images] RSIns) produced as a function of enzymatic hydrolysis of the treated bleached kraft pulp at different endoglucanase (EG) and xylanase (X) loadings

When xylanase was combined with endoglucanase, the pulp viscosity decreased further, reaching 484 ml/g. Specifically, using the 5X:160EG enzyme dose resulted in a significant decrease in viscosity compared to the respective controls, bringing the final viscosity of the pulps within an acceptable range for commercial dissolving pulp [14,21]. Based on these findings, it can be concluded that the two enzyme doses tested had different effects. The overall decrease in viscosity observed in all treatments can be attributed to the degradation of cellulose chains, which leads to a decrease in the degree of polymerization. The endoglucanase used in the treatments is responsible for the degradation of the amorphous regions in the pulp, generating shorter chains and new chain ends. The concentration of xylanase used in the treatment affects the extent of this degradation, as it is related to the removal of xylans in the pulp, polymers that form networks that protect the cellulose chains and hinder their degradation [43]. This demonstrates the combined effect of the two treatments on the residual cellulose.

High solubilization of reducing sugars and little changes in RSIns were observed in pulps treated with different doses of xylanase complemented with endoglucanase (80EG/g pulp) (Fig. 4A). The measured value of RSIns in the pulps treated by xylanase was similar to the values recorded by pulp control. Insoluble reducing sugars in the pulp primarily come from the hydroxyl group at the end of the cellulose chain, also known as the reducing terminal [25]. Therefore, differences in the amount of RSIns have been observed after enzymatic treatment of pulps with the combination of xylanase and endoglucanase. The expressive increase in RSins was observed with 5X:160EGU and 5X:320EGU cocktails (Fig. 4B). The pulps had different contents of extractable polysaccharides (hemicelluloses and low molecular mass cellulose) under the tested conditions, leading to high solubilization of reducing sugars, although there is no existing precedent linking reducing sugars, which are byproducts of the enzymatic process, to the viscosity of pulp. Previous research has shown a comparison of reducing sugars released from the short fiber sulfate pulp by different enzyme preparations and the pulp viscosity. It was found that the sugars released varied significantly, despite the identical activity dose of endoglucanase. Surprisingly, the enzyme that caused the highest release of soluble reducing sugars did not result in a faster decrease in viscosity [24]. By examining the RSIns content in the pulp and viscosity, our results suggest a correlation between them. Therefore, we can estimate the impact of endoglucanase on viscosity before analysis (Fig. 5). The results indicate that endoglucanase causes significant degradation of cellulose chains and the presence of residual reducing sugars in the pulps.
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Figure 5: Correlation between intrinsic viscosity and insoluble reducing sugar of bleached kraft pulps enzymatically treated with combined xylanase and endoglucanase

In general, small-sized fibers increase the production of reduced sugars and lead to a decrease in intrinsic viscosity. Based on the foregoing, viscosity was mainly influenced by the action of endoglucanase on pulp. Literature results of using endoglucanase for controlling viscosity are shown in Table 2. Variations of the intrinsic viscosity after endoglucanase treatments in pulps are dependent on different variables due to its inherent supramolecular features. However, in all treatment conditions, endoglucanase decreased the viscosity of pulps to acceptable values for viscose production (400–600 ml/g) [21]. The results of these studies might be helpful to make an adequate selection of processing conditions for dissolving pulp production.

[image: images]

4  Conclusion

The effect of xylanase on the solubilization of hemicellulose and the action of endoglucanase on amorphous cellulose can be evaluated using the DNS test to measure soluble and insoluble reducing sugars. Xylanase treatment predominantly enhanced the release of soluble reducing sugars of kraft pulp, while endoglucanase treatment resulted in changes in insoluble reducing sugars. The results showed that the RSIns proceeded at a much lower rate compared to RSSol, but both were equally reproducible. This suggests measuring both soluble and insoluble sugars is a practical process to evaluate an enzyme preparation under process conditions and this finding opens up the possibility for different enzymes to be exploited for the purification and activation of cellulosic pulps for dissolving grade pulp.

Synergistic effects between enzymes were a potential strategy to further enhance pulp properties. The maximum synergy between the two enzymes was observed at a high rate of endoglucanase to xylanase. This model of evaluation synergism based on RSIns is without precedent in the literature. Furthermore, the enzyme treatments led to modifications in pulp viscosity, a reduction in residual xylan, and changes in particle size. Overall, the DNS test proved to be a reliable and rapid parameter for assessing the efficiency of enzyme treatments on pulp, with significant correlations observed between RSins and the intrinsic viscosity of enzymatic-treated pulps.
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Table 1: Endoglucanase/xylanase pairs action on bleached kraft pulp

Endoglucanase (U/g) Xylanase (U/g) DSE*

RSSol RSins
80 500 1.07 £0.03 0.70 £ 0.03
80 50 1.06 £ 0.02 0.72 £ 0.03
80 5 0.97 £ 0.04 0.76 £ 0.05
160 5 0.97 £0.02 1.13 £0.04
320 5 0.98 + 0.07 1.23 £0.03

Note: Soluble (RSSol) and insoluble (RSIns) reducing sugars were measured as glucose after 3 h at pH 6, 50°C. *DSE (Degree of
synergism).
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Table 2: Comparison of viscosity of endoglucanase-treated pulps

Type of pulp

Treatment conditions Enzyme
dosage (mg/g)

Variation of intrinsic Reference

viscosity (%)

Dissolving
pulp
Dissolving
pulp
Hardwood
kraft pulp

Eucalyptus
kraft pulp
Birch kraft
pulp
Softwood
kraft pulp

Eucalyptus
kraft pulp

Eucalyptus
kraft pulp

1.5% consistency,
25.5 h, 50°C, pH 5
2% consistency,

2 h, 50°C, pH 6
1% consistency,

3 h, 50°C, pH 5
20% consistency,
2 h, 50°C, pH 6
25% consistency,
2 h, 50°C, pH 5
20% consistency,
2 h, 50°C, pH 6
2% consistency,

1 h, 50°C, pH 4.8
2.5% consistency,
3 h, 50°C, pH 6

0.0012

0.2

0.4

0.57

0.25

0.02

0.5

0.15
0.6

Intrinsic
viscosity
(ml/g)
_before after

512 480
475 368
827 557
930 450
940 430
860 380
503.7 211.7
826 584
826 449

6.2
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29.3
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