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Abstract Cellulase treatment for decreasing viscos-

ity of cellulose (dissolving pulp) is a promising

approach to reduce the use of toxic chemicals, such

as hypochlorite in the dissolving pulp manufacturing

process. In this study, the use of an endoglucanase-rich

cellulase to replace the hypochlorite for this purpose

and its improvements of the Fock reactivity were

investigated. The results showed that at a given

viscosity level, the replacement of hypochlorite treat-

ment with a cellulase treatment in the bleach plant

under otherwise the same conditions led to a higher

Fock reactivity (72.0 vs 46.7 %). These results were

due to the enzymatic peeling/etching mechanism,

which partially peeled the primary wall of the fibers,

thus improving the accessibility of fibers. The

improved accessibility of the enzymatic treated pulp

was supported by the positive fiber morphological

changes determined, based on the SEM, BET and

WRV methods. The alkali solubility results further

supported the conclusion.

Keywords Cellulase treatment � Viscosity �
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Introduction

In recent years, the regenerated cellulose and cellulose

derivatives, characterized as sustainable and compat-

ible with the environment, are in high demand

(Quintana et al. 2013; Wang et al. 2015). Dissolving

pulp, known as high purity cellulose, can be used as

the main feedstock for the manufacture of regenerated

cellulose (e.g., viscose rayon and lyocell), cellulose

derivatives (cellulose esters and ethers) and other new

cellulose-based products (MCC or NCC) (Li et al.

2015a; Sixta et al. 2013).

The pre-hydrolysis kraft (PHK) process has

emerged as an important commercial dissolving pulp

production process, which fits the biorefinery concept

well (Sixta et al. 2013; Wang et al. 2015). The

viscosity and reactivity are the most important quality

parameters for dissolving pulp in terms of process-

ability of the downstream production process. A

moderate reduction in viscosity or molecular weight

(Mw) is a pre-requisite for a good processability
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during the viscose rayon process and the quality of the

final product (Henriksson et al. 2005). In the viscose

process, a pre-aging step is required for decreasing the

viscosity of mercerized pulp to 200–250 mL/g prior to

the xanthation step (Strunk et al. 2012). Apart from the

viscosity, the reactivity of dissolving pulps, an indi-

cator of the ability of cellulose to react with CS2 under

alkaline conditions in the viscose process, is of critical

importance for viscose rayon production (Christof-

fersson et al. 2002). A pulp with high reactivity can

produce a high-quality viscose product with low

demand of carbon disulfide, allowing a cost-effective

production and low environmental impact (Ibarra et al.

2010b). A low viscosity and a high reactivity can

improve the homogeneity and quality of resulting

cellulose product and lower the demands of reactants

(Tian et al. 2014). A good control of viscosity and

increase in its reactivity are always of practical

interest.

In practice, the viscosity control of dissolving pulp

in its manufacturing process is traditionally done in the

bleaching process, and hypochlorite (H) remains the

most common bleaching reagent to control the

viscosity (degree of polymerization, DP) due to a

number of reasons, including its cost advantage

(Biermann 1996; Wang et al. 2015). However, toxic

organics that contain chlorine, known as adsorbable

organic halogens (AOX), will be produced during the

H bleaching.

Cellulase treatment has been increasingly popular

in the dissolving pulp industry in recent years because

not only can it precisely adjust pulp viscosity, but it

can also improve pulp reactivity in a green way

(Gehmayr et al. 2011; Gehmayr and Sixta 2012).

Some studies have also revealed that cellulase treat-

ment can adjust cellulose DP and enhance the

cellulose reactivity, which were beneficial for the

processability of dissolving pulp and final product

quality during the viscose process (Ibarra et al. 2010a;

Miao et al. 2014a; Wang et al. 2015). However, the

commercialization of enzymatic treatment in the

dissolving pulp industry still has a long way to go.

In this study, the use of endoglucanase-rich cellu-

lase (EG) to replace the hypochlorite (H) for viscosity

control and its impact on the Fock reactivity of the

resulting pulp were investigated. A semi-bleached

PHK pulp was selected for this purpose. Firstly, the

chlorine dioxide (D) and alkaline extraction

(E) treated pulp (DE pulp) was respectively treated

by EG or H to get similar target viscosity prior to the

final bleaching stages. The focus was on the determi-

nation of changes in the Fock reactivity as a result of

EG treatment, which is compared with the conven-

tional H treatment. The fundamentals associated with

the EG treatment were investigated by determining the

fiber morphological changes and alkaline solubility.

Experimental

Materials

A semi-bleached dissolving pulp (DE pulp) from the

prehydrolysis kraft (PHK)-based process was col-

lected from the E-stage washer of the bleach plant at a

mill in Canada. The bleaching sequence in the mill is

DEHEpD (D: chlorine dioxide bleaching, H:

hypochlorite bleaching, Ep: peroxide reinforced alka-

line extraction). All the wet samples were stored in

sealed plastic bags in a refrigerator prior to the sequent

treatments and analyses.

A commercial endoglucanase-rich cellulase Fiber-

Care D (EG) was supplied by Novozymes A/S

(Denmark) and its cellulase activity of 470 U/mL

was determined as sodium carboxymethyl cellulose

(CMC-Na) activity.

Hypochlorite (H), hydrogen peroxide (P) and alka-

line (E) solutions were purchased from Sigma Aldrich,

and the chlorine dioxide (D) was prepared in the lab.

The active ingredient in H (based on active chlorine),

P (H2O2), E (NaOH) and D (based on active ClO2) was

determined as 12.5, 12.8, 50 and 1.1 %, respectively.

The HEpD and (EG)EpD bleaching

The DE pulp was treated by H or EG, followed by the

same bleaching sequence (Ep-D) as shown in Table 1,

to get the similar viscosity.

The H bleaching was conducted at 10 % pulp

consistency for 150 min using a polyethylene bag in a

water bath (60 �C). The sodium hypochlorite charge

was 4.7 mg/g odp (based on active chlorine) and the

initial pH was adjusted to 11 by NaOH. After the

completion of the H treatment, the sample was filtered

and washed.

The enzymatic treatment were conducted at 10 %

pulp consistency for 90 min in a citrate buffer system

(pH 4.8) using a polyethylene bag in a water bath
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(55 �C). The enzyme dosage was 0.18 U/g odp or

0.4 mg/g odp unless otherwise stated. After the com-

pletion of the EG treatment, the sample was placed in

hot water (90 �C) for 15 min to denature the enzymes,

and subsequently filtered and washed.

Analyses

Intrinsic viscosity

The intrinsic viscosity of all samples was measured

according to the T 230 om-99 standard method using

cupriethylenediamine (CED) solution as solvent. All

measurements were carried out in duplicate, and the

average was reported.

Fock reactivity

Fock reactivity of dissolving pulp was conducted

according to the modified method (Tian et al. 2013), in

which the xanthation of cellulose was performed at

19 �C in a water bath, and all of the pulp samples were

air dried to constant moisture content in a constant

temperature/humidity room. All measurements were

carried out in duplicate, and the average was reported.

SEM and LM

The morphology of untreated or treated dissolving

pulp was observed by using a JEOL 6400 scanning

electron microscopy (SEM) (Japan). The pulp samples

were golden-coated prior to the determination.

Light microscopy (LM) images were captured by

using the Leica DM4000 M microscope (Germany).

Slides used for LM images were prepared normally on

a glass slide, by pipetting a solution of water and fibers

and using a glass cover slip.

Specific surface area, pore structure and fines content

The specific surface area and pore size were measured

based on the Brunauer–Emmett–Teller (BET) analysis

of nitrogen absorption isotherms using a Belsorp-Max

volumetric gas adsorption instrument (Bel Japan, Inc.,

Osaka, Japan).

The water retention value (WRV) refers to the total

water in the pores or the total pore volume of a

substrate. The WRV was measured by following the

SCAN-C 62:00.

The fiber fines contents of all samples were

measured using a fiber quality analyzer (Op Test

Equipment, Inc.).

Alkali solubility in NaOH (10 or 18 %) and in NaOH/

ZnO system

The untreated or treated pulp was extracted with a

NaOH of 10 or 18 %, and the dissolved carbohydrates

were determined. The alkali solubility in a 10 or 18 %

NaOH, known as S10 (hemicelluloses and degraded

cellulose with low molecular weight) or S18 (hemi-

celluloses), respectively, was determined according to

TAPPI T235 cm-00. All measurements were carried

out in duplicate, and the average was reported.

The solubility in NaOH/ZnO was determined

according to the method reported by Ambjörnsson

et al. (2014) with a little modification (stirring

300 rpm for 20 min at 4 �C during the reaction).

After the completion of treatments, the samples were

filtrated and washed, and the insoluble cellulose

contents in NaOH/ZnO were determined. All mea-

surements were carried out in duplicate.

Results and discussion

Effect of cellulase treatment on the changes

of viscosity and Fock reactivity

In the present industrial practice, a hypochlorite stage

(H) is usually applied to control the viscosity of

dissolving pulp, for example, in a five stage process of

DEHEpD. In this project, we aimed to replace the H

Table 1 The bleaching conditions of HEpD and (EG)EpD

sequences

Treatments Ha EG Ep
b Dc

Reagents NaClO FiberCare D NaOH ClO2

Dose (mg/g odp) 4.7 0.4 0.85 3.75

Time (min) 150 90 60 150

Temperature (�C) 60 55 70 80

Pulp consistency (%) 10 10 10 10

a In the H stage, the initial pH was adjusted to 11 by adding

NaOH
b In the Ep stage, the H2O2 was 0.5 mg/g odp
c In the final D stage, the end pH was controlled to about 3 by

H2SO4
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stage using an endoglucanase-rich cellulase. The

results are shown in Table 2. With an H or EG stage,

followed by the remaining bleaching stages, the

DEHEpD or the DE(EG)EpD pulps had much lower

viscosity (560 and 557 mL/g, respectively), while

without the H or EG treatment, the DEEpD pulp had a

very high viscosity of 827 mL/g, only slightly lower

than the original one of 944 mL/g. It is well known

that during the H treatment, the random oxidative

degradation occurs under the alkaline condition (pH

9–11), which is responsible for the viscosity decrease

(Sixta 2006), while during the cellulase treatment, the

enzymatic hydrolysis leads to the viscosity decrease

(Duan et al. 2015). Based on the H and EG treatment

conditions (Table 1) and viscosity decrease (Table 2),

it can be concluded that an enzymatic treatment at

0.4 mg/g odp can yield similar pulp viscosity to that

with an H treatment at 4.7 mg/g odp as active chlorine

charge, under the conditions studied.

Also shown in Table 2 are the Fock reactivity

results of the same samples. The original DE pulp

showed a low reactivity (37.2 %). Without an H or

EG treatment, the DEEpD pulp showed a similar

reactivity to the DE pulp, which indicated that the

subsequent EpD-bleaching sequence had a negligible

effect on the cellulose reactivity. After the H

treatment, the reactivity of DEHEpD pulp increased

from 37.2 to 46.7 %, which corresponds to the

decreased viscosity from 944 to 560 mL/g. Interest-

ingly, at a similar viscosity level (557 mL/g), with

the enzyme treatment, the reactivity of the

DE(EG)EpD pulp significantly improved from 37.2

to 72.0 %, which is much higher than that of the

DEHEpD pulp (46.7 %). The results revealed that

apart from the decreased viscosity, the enzymatic

treatment also exerted additional effects on cellu-

losic fibers, which resulted in an enhanced reactivity.

In the literature, sulfite- based dissolving pulp was

treated by cellulase (Engstrom et al. (2006), and the

results showed that the increased Fock reactivity may

be caused by a decrease in the cellulose viscosity and

other factors after the EG post-treatment. In another

study, Miao et al. (2014b) reported a significant

increase in the Fock reactivity after a post-treatment

using enzyme or refining/enzyme treatment on a PHK

hardwood dissolving pulp.

Proposed hypothesis for the enhanced reactivity

of dissolving pulp treated by EG compared to H

The schematic of the H and EG treatment for the

enhanced accessibility of pulp fibers was illustrated in

Fig. 1. Compared to a similar viscosity decrease as the

result of H treatment, the EG treatment further resulted

in more pronounced fiber morphological changes in

both the fiber level and microfiber level: (1) partially

peeling/etching the primary wall, resulting in more

reactive/accessible cellulosic fiber structures towards

mercerization and xanthation; (2) increasing the pore

size, pore volume, as result of enzymatic attacking of

the amorphous cellulose, subsequently enhancing the

swelling of fibers/microfibrils under the alkaline

conditions, thus finally facilitating the alkaline solu-

bility and xanthation process.

Some researchers, using pure cellulose, such as

cotton and microcrystalline cellulose (MCC, Avicel)

as substrates, reported that the initial mode of enzy-

matic attack took place on the outer layer of the

cellulose surface where the constituent fibers were

peeled along their length, layer by layer, in an ‘‘onion

peeling’’ manner (Penttilä et al. 2010; Wang et al.

2006). Le Moigne et al. (2010) investigated the

peeling effect of enzymes mixture on the structural

changes and alkaline solubility of two sulfite dissolv-

ing pulps, and concluded that the increased alkaline

solubility of the enzymatically peeled substrates at a

short time (less than 10 min) were due to: (1) a

digestion of the primary wall, and, (2) a destructive

Table 2 Viscosity and reactivity of the resulting pulps after different bleaching sequences

Samples DE pulp DEEpD pulp DEHEpD pulpa DE(EG)EpD pulpb

Viscosity (mL/g) 944 827 560 557

Fock reactivity (%) 37.2 36.7 46.7 72.0

The bleaching conditions were shown in Table 1
a H treatment condition: 4.7 mg/g odp (based on active chlorine), 150 min, 60 �C
b EG treatment condition: 0.4 mg/g odp, 90 min, 55 �C
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action on the inside of the fiber (a decreased DP and an

increased swelling of fibers).

Influences of H and EG treatment on fiber

morphologies

Pore structure, specific surface area (SSA) and fines

content

Shown in Table 3 are the fiber morphologic properties

of the treated pulps in terms of pore structure, SSA and

fines content. It is evident that after the H or EG

treatment, the total pore volume of the treated pulp

increased from 2.12 mL/g of the DE pulp to 2.33 mL/

g of the DEH pulp, and to 2.82 mL/g of the DE(EG)

pulp. In addition, the improvements of mean pore

diameter were also observed after the H treatment

(from 6.55 to 7.46 nm) and the EG treatment (from

6.55 to 9.93 nm). The SSA, increased from 1.29 m2/g

(DE pulp) to 1.43 m2/g (DEH pulp) and to 1.87 m2/g

(DE(EG) pulp), which was consistent with the

increased fines content (from 9.12 to 10.85 % and to

12.60 %, respectively). The water retention value

(WRV), which was indicative of fibers swelling, also

increased from 115 % (DE pulp) to 119 % (DEH pulp)

and to 128 % (DE(EG) pulp), as a result of the H and

EG treatment. The increasedWRV can be attributed to

the increased pore volume and SSA of the fibers. In an

early study, Miao et al. (2014a) found that after the

cellulase treatment of a fully bleached PHK dissolving

pulp, the surface area of pulp fiber increased and thus

the treated fibers exhibited more open structure, which

would allow more hydroxyl groups to expose, there-

fore, more reactive sites for xanthation reactions.

In the literature, it has been documented that the

enzymatic treatment can modify the fiber

Fig. 1 Schematic illustration of H and EG treatment for the enhanced accessibility of fibers

Table 3 Specifications of

fiber morphologies of the

H- and EG- treated pulps

Samples DE pulp DEH pulp DE(EG) pulp

Total pore volume 9 10-2 (mL/g) 2.12 2.33 2.82

Mean pore diameter (nm) 6.55 7.46 9.93

Specific surface area (m2/g) 1.29 1.43 1.87

Fines content (%) 9.12 10.85 12.60

Water retention value (%) 115 119 128
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morphologies (pore structure, WRV and SSA). Cao

and Tan (2002) reported that the enzymatic post-

treatment of a sulfite softwood dissolving pulp can

increase its WRV by breaking down the hydrogen

bonds, which was correlated to the enhanced alkali

solubility in NaOH solution at a low temperature.

Gehmayr and Sixta (2011) investigated the effect of

enzyme and acid degradation on the reactivity of

dissolving pulp that was made from the paper-grade

pulp, and found that the pulp after an enzymatic post-

treatment showed a higher Fock reactivity due to an

opening effect on the enzymatically treated fiber

structures that were represented by the increased

WRV.

Scanning electron microscopy (SEM)

The morphological changes of fibers as a result of H or

EG treatment can also be supported from the SEM

images (Fig. 2). Compared to the DE fibers with a

clean and smooth surface (Fig. 2a), the fibers after H

treatment (the DEH pulp) had a slightly rough surface

due to the oxidative degradation by hypochlorite

(Fig. 2b), while the fibers after cellulase treatment

exhibited a very rough surface as some of the fiber

primary wall were peeled due to the enzymatic

hydrolysis (Fig. 2c). It can be explained by the fact

that the oxidation reaction during H treatment was

more uniform under the condition studied, resulting in

slight changes on fiber surface, while the enzymatic

hydrolysis during EG treatment was more localized

and its attacks on fibers became more intensified once

the weak points on the primary wall were firstly

created, thus leading to a very coarse surface (Clarke

et al. 2011; Thygesen et al. 2011).

In the literature, Gehmayr and Sixta (2012)

reported that after the EG treatment (500ECU/g odp)

of softwood sulfite dissolving pulp, a damaged fiber

surface and cracked S1 cell wall layer were evident on

the treated fibers. Similar results were reported by

Zhang et al. (2013), who investigated the enzyme-

assisted refining, and found that after the cellulase

treatment of a bleached pine kraft pulp, the primary

layer of cell wall was peeled off and the S1 layers

became exposed.

Based on the above discussion, these favorable

changes related to the fiber morphological changes,

including the pore volume, pore size, and fibers

swelling and SSA, as a result of enzymatic treatment,

can have direct positive effects in further improving

the Fock reactivity, which explains why the EG treated

pulp can have higher Fock reactivity than the H treated

pulp.

Influence of H and EG treatments on alkali

solubility

Alkali solubility in 18 and 10 % NaOH (S18 and S10)

As shown in Table 4, both the S18 and S10 contents in

those treated pulps increased as the results of H or EG

treatment. For example, the S18 content increased

from 3.52 % of the DE pulp to 3.73 % of the DEH

pulp and to 4.32 % of the DE(EG) pulp, while the S10
content increased from 5.34 % of the DE pulp to

5.90 % of the DEH pulp and to 7.15 % of the DE(EG)

pulp. The higher S18 and S10 contents in the EG-

treated pulp can be due to that the more opened-up

fiber structures may facilitate the removal of hemicel-

luloses and degraded cellulose under the alkaline

Fig. 2 SEM images of a original DE pulp, b DEH pulp, c DE(EG) pulp
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condition. In a study, Miao et al. (2014a) found that the

alkali solubility (S10 and S18) gradually increased

when a PHK dissolving pulp was after a post-

treatment with an increased cellulase dosage from 0

to 5 u/g od pulp.

The alkaline solubility in NaOH/ZnO system

The solubility of dissolving pulp in alkaline solutions,

such as NaOH–water (Le Moigne et al. 2010), NaOH/

urea (Li et al. 2015b) and NaOH/ZnO (Ambjörnsson

et al. 2014) at low temperature, has been reported as an

indirect measure of cellulose accessibility and reac-

tivity. The results on swelling and dissolution behavior

of each pulp in the NaON/ZnO system are illustrated

in Fig. 3. Evidently, the EG-treated pulp had the

lowest insoluble cellulose content (highest solubility)

in the NaOH/ZnO system in comparison with the

original pulp and the H-treated pulp (65.7, 76.9 and

80.2 % for the DE(EG) pulp, DEH pulp and DE pulp,

respectively). These results can be further supported

by the light microscopy (LM) images (the inserts in

Fig. 3). It can be observed that the DE(EG) pulp

showed the most pronounced swelling and dissolution,

followed by the DEH pulp, and the lowest was

obtained from the original DE pulp. The highest

solubility of the DE(EG) pulp in the NaOH/ZnO

system can be attributed to a combination of a partial

degradation of primary fiber wall layers (Fig. 2c), the

more porous fiber structures (Table 3) as well as the

reduction of the cellulose DP (Table 2) (Trygg and

Fardim 2011).

In the literature, Ambjörnsson et al. (2014) reported

that the dissolution of a softwood kraft pulp in a

NaOH/ZnO system was improved from 29 to 81 % by

means of a three-stage pretreatment with an initial

xylanase treatment, followed by an alkaline extrac-

tion, and finally an endoglucanase stage. In another

study, Chiriac et al. (2014) also found that enzymatic

treatment can enhance the dissolution degree of

cellulose in a NaOH solution at low temperature.

Moreover, Grönqvist et al. (2014) studied the effect of

fiber porosity changes of spruce sulfite dissolving pulp

on alkali solubility, and reported that the combined

mechanical and enzymatic process can significantly

increase the fiber porosity, consequently enhancing

the solubility in the NaOH/ZnO system.

Conclusions

Using an endoglucanase-rich cellulase (EG) treat-

ment, rather than hypochlorite (H) treatment in the

bleach plant of a prehydrolysis kraft (PHK) dissolving

pulp manufacturing process for the viscosity control

and improvement of its reactivity was evaluated. The

results showed that at a given viscosity level

(*560 mL/g), the cellulase treated (DE(EG)EpD)

pulp had a higher Fock reactivity than the hypochlo-

rite-treated (DEHEpD) pulp (72.0 vs 46.7 %). The

improved reactivity can be attributed to the increased

cellulose accessibility from the enzymatic peeling/

etching on the fiber structures, which were supported

by: (1) the partially peeled primary wall (based on the

SEM images), and, (2) the changes of fiber morpholo-

gies (based on the BET and WRV results). Compared

to the hypochlorite-treated (DEH) pulp, the cellulose

treated (DE(EG)) pulp also showed higher S10/S18
content and alkali solubility in NaOH/ZnO system.

Based on these results, it is concluded that the

cellulase treatment is a promising and green alternative

to hypochlorite treatment for the viscosity control and

reactivity improvement in the dissolving pulp industry.

Table 4 Alkali solubility (S18 and S10) in H- and EG- treated

pulps

Samples DE pulp DEH pulp DE(EG) pulp

S18 (%) 3.52 3.73 4.32

S10 (%) 5.34 5.90 7.15
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Fig. 3 Swelling and dissolution behavior of pulps in the NaOH/

ZnO solution of a DE pulp, b H treated pulp, c EG treated pulp.
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gård U (2014) Enzyme pretreatment of dissolving pulp as a

way to improve the following dissolution in NaOH/ZnO.

Holzforschung 68(4):385–391

Biermann CJ (1996) Handbook of pulping and papermaking.

Academic press, New York

Cao Y, Tan H (2002) Effects of cellulase on the modification of

cellulose. Carbohydr Res 337(4):1291–1296

Chiriac AI, Pastor FIJ, Popa VI, Aflori M, Ciolacu D (2014)

Changes of supramolecular cellulose structure and accessi-

bility induced by the processive endoglucanase Cel9B from

Paenibacillus barcinonensis. Cellulose 21(1):203–219
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