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DISTINCTIVE DELIGNIFICATION WITH CONSECUTIVE
APPLICATION OF Geobacillus SP. 71 XYLANASE AND
Rhodococcus jostii RHA1 LIGNIN PEROXIDASE

Aysegul Ozer', Sabriye Canakci*, Gozde Gocmen', Ilhan Deniz’,Huseyin Kirci %,
Onur Tolga Okan’, Ali Osman Belduz'

In memoriam of Dr. Thomas C. MANNES

ABSTRACT

In present study, single and consecutive applications of xylanase and lignin peroxidase were
performed in an XOQP TCF sequence to bleach pine and eucalypts kraft pulp. The consecutive use of
Geobacillus sp. strain 71 xylanase and Rhodococcus jostii RHA1 lignin peroxidase was more effective
than the single uses. XyzGeo71 treatment (X) indicates a 9,76% and 28,52% reduction in kappa
number for pine and eucalypts kraft pulps, respectively. LIPRHAT1 treatment (X) showed a 7,88% and
20,9% reduction a in kappa number for pine and eucalypts kraft pulps, respectively. The consecutive
treatment of XyzGeo71 and LiPRHA1 (X), however, indicated a 13,67% and 37,2% reduction in
kappa number for pine and eucalypts kraft pulps, respectively. The results showed that delignification
with the consecutive xylanase and lignin peroxidase treatment was very significant.

Keywords: Bleaching, eucalypts, kappa number, kraft pulp, pine.

INTRODUCTION

Pulp bleaching plants are the most contaminating section in pulp and paper industries which have
recently experienced enormous transformations to alleviate their environmentally adverse impacts
(Okan et al. 2015, Ferre et al. 2011). With these endeavors, new technologies have been developed,
presented, and examined in bleaching and delignification steps. The related bleaching process however
produces numerous organochlorine compounds that remain as intact bleaching waste in water. It
is reported that these organochlorine compounds cause genetic damages (Sharma et al. 2014). The
chlorine-free pulp bleaching applications has increased over the last decade with respect to eliminate
the deleterious effects of organochlorine compunds (Sharma et al. 2015).

Bleaching without chlorine is called biobleaching. It involves the use of hydrogen peroxide, ozone,
oxygen, and enzyme cocktails and/or various enzymes such as manganese-peroxidases (MnP), lignin
peroxidases (LiP), xylanases, and laccases. The enzymes for biobleaching are mostly achieved from
multifarious microorganisms such as fungi, actinomycetes, and bacteria. Owing to their vigorous lignin
degrading potential with rich enzymatic efflux, the white rot fungi have recently attracted extensive
interest. In case of industrial applications, stability of fungi is not good in practical treatment under
extreme conditions, such as higher pH, oxygen limitation (Bholay e al. 2012). By considering the
advantageous characteristics, bacteria stand for as more cost effective enzyme producers in pulp
and paper bleaching due to their efficient ligninolytic potential and better adaptation cababilities to
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bleachnig plant environments.

The biobleaching is the most promising area in pulp and paper industry when considering the
possible applications of enzymes. It is suggested that LiP treatment in bleaching process may improve
the bleachability of pulps, by assisting to exclude lignin components from cellulose microfibrilles
and without distrupting their physical properties (Carvalho et al. 1998). Xylanase is the one of the
well known ezymes studied for prebleaching and it is reported that xylanase expedite the successive
chemical bleaching steps of kraft pulp. Xylanase hydrolyzes the re-precipatated xylan of pulp fibre
formed in due course of delignification process. In this manner, the pulp becomes more permeable
and this facilitates the residual removal of lignin (Sharma et al. 2014). The pretreatment of various
pulps with the combination of LiP and xylanase can be used so easily in bleaching sequences. Through
enzymatic pretreatments in pulping industry, it is aimed; to reduce the consumption of chemicals,
decrease the pollution load of bleaching plants ecologically, and improve the pulp brightness.

In the light of the current knowledge, the present study focused on the improvement of effictive
and synergistic use of xylanase and lignin peroxidase biocatalysts on pulp biobleaching. The various
combinations of a xylanase produced by Geobacillus sp. 71 and a lignin peroxidase produced by
Rhodococcus jostii RHA1 were tested to optimize the pretreatment conditions of pine and eucalypts
kraft pulps. The XOQP TCF sequence was developed as the best pretreatment approach for the
biobleaching of pine and eucalypts kraft pulps.

MATERIALS AND METHODS

Raw materials

Eucalypts kraft pulp and pine kraft pulp were used as unbleached materials. The eucalypts kraft
pulp was a laboratory source supplied by the Karadeniz Technical University in Turkey and a pine kraft
pulp was an industrial source supplied by the OYKA paper packaging industry in Turkey. The kappa
number for eucalypts kraft pulp was defined as 21,53 and the kappa number for pine kraft pulp was
determined as 50.

Microorganisms

The Geobacillus sp. strain 71, previously isolated from the Dikili-Bergama Kaynarca Hot Spring
(Izmir) Turkey and characterized earlier by our laboratory (Canakci et al. 2007), was used as the
thermophilic xylanase source. The recombinant plasmid designated as pXyzGeo71, encoding gene
sequence of thermophilic xylanase, was used for xylanase production in £. coli BL21 (DE3):pLysS host
cells. The Rhodococcus jostii RHAL, provided by Lindsay D. Eltis (University of British Columbia,
Canada), was used as the native source and producer of lignin peroxidase (LiPRHA1). The Bacillus
WBS8O00 cell lines provided by S. L. Wong (University of Calgary, Canada), mutagenically deprived of
most extracellular proteases, was used as the host during the heterologous expression and large scale
secretory production of RHA1 lignin peroxidase. The pMA0911 plasmid, specialized for extracellular
protein expression of in Bacillus system, was provided by Dr. Yu Xia (Jiangnan University, China).

Xylanase and lignin peroxidase production conditions

The thermophilic xylanase production and purification was performed as described by Canakci
et al. (2012). The LiPRHA1 gene was cloned into pMAO0911 Bacillus expression vector and the
recombinant plasmid was transformed into the Bacillus subtilis WB800 host strain. The transformants
were grown at 37 °C for 36 h in LB medium containing 100 pg/mL kanamycin for enzyme production.
After 36 hours of growth the supernatant was separated from the cell pellet and used for the purification
process of lignin peroxidase. The extracellular proteins from WB800 host cells were precipitated with
ammonium sulfate (70% saturation). The concentrated enzyme mixture was dialysed in 50 mM sodium
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citrate buffer (pH 4,0) for overnight at 4°C. The dialysed enzyme was loaded onto a DEAE column
(size 1 x 16 cm) which was pre-equilibrated with the same buffer. The adsorbed enzyme was washed
with 50 mL of the same buffer and was eluted by applying NaCl gradient (0-200 mM; 50 mL + 50 mL =
100 mL). The active fractions were eventually combined and concentrated by ultrafiltration (Sartorius,
10000 MWCO filters).

Xylanase and lignin peroxidase activity assay

Xylanase activity was assayed by measuring the release of reducing sugars from oat spelt xylan
following the dinitrosalicylic acid (DNS) method (Miller 1959). The activity of lignin peroxidase
was assayed using the method reported by Tien and Kirk, exploiting veratryl alcohol as substrate and
monitoring the formation of verataldehyde spectrophotometrically at 310 nm (Tien and Kirk 1983).

One enzyme unit was defined as the amount of the enzyme which produces 1 pmole of the product
per minute under the assay conditions specified above.

Optimization of different reaction parameters for the pretreatment of pulps with xylanase
and lignin peroxsidase

Specific parameters for the pretreatment of pine and eucalypts kraft pulp were optimized for each
enzyme. Pretreatment conditions were adjusted for XyzGeo71 as 70°C, pH 7,0 and for LiPRHAL1 as
40°C, pH 4,0. On the other hand, additional reaction parameters such as H O, concentration, veratryl
alcohol concentration, consistency, enzyme dose, retention time, and the amount of oven-dried pulp
were also optimized. To determine the effectiveness of different pretreatment processes, the kraft pulp
samples were treated in polyethylene bags, washed with distilled water, and then were analyzed for the
identification of Kappa numbers.

Sequence for biobleaching of kraft pulp

All bleaching experiments were carried out in polyethylene bags for examining different steps of
bleaching sequence. The Total Chlorine Free (TCF) bleaching sequence performed in this study was
“XOQP”. X refers to the enzymatic treatment with xylanase and lignin peroxidase, O illustrates the
oxygen delignification stage, Q represents the chelation treatment, and P exemplifies the bleaching
with hydrogen peroxide. Washed and oven-dried Kraft pulp was filled into dry polyethylene bags and
pretreated with xylanase and lignin peroxidase under optimized experimental conditions. Then, the
pulp was subjected to the bleaching sequence for downstream analyses.

Enzyme pretreatment of kraft pulp (X)

The pine and eucalypts kraft pulps were treated with XyzGeo71 and LiPRHA1 catalysts either
separately or consecutive (first XyzGeo71 and then LiPRHA1) under optimized conditons. The
experiments were carried out in polyethylene bags and the final reaction mixture was then incubated in
a water bath shaker. Then, a portion of pulp was washed with distilled water and then Kappa numbers
were determined according to TAPPI T236 cm-85.

Chemical bleaching of kraft pulp

Oxygen delignification was performed under 7 bar pressure using O,. Concentrations of NaOH
and MgSO, were 4% o.d.p. (oven-dry pulp) and 1% o.d.p., respectively. Temperature, time, and pulp
consistency were kept at levels of 100°C, 60 min, and 12%, respectively. And then, the pulp samples
were washed with distilled water and further analyzed for Kappa number. Chelating treatment was
performed by using 2% EDTA. Time, temperature, and pulp consistency values were 60 min, 90°C,
12%, respectively. The process was executed at pH 7,0. Hydrogen peroxide treatment was performed
using optimized concentrations of H,O,, NaOH, and MgSO, as 5%, 4%, and 1%, respectively. The
experiment was carried out at 80°C for 120 min.
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Kappa number determination

The Kappa number, as an estimation of the lignin content left within processed pulp, was
determined by the reaction of pulp samples with acidified potassium permanganate Tappi method T236
cm-85 . One unit of kappa number is defined as the amount of 0,1 N potassium permanganate solution
consumed by 1,0 g of dry pulp (Senthilkumar et al. 2008).

Analysis of pulp properties

Biobleached pine and eucalypts kraft pulps were thoroughly washed and hand sheets

were prepared under standardized conditions based on TAPPI standard methods (TAPPI 1996).
Hand sheets were formed as 70+5 g/m?. Paper samples obtained from bleached pine and eucalypts
pulp by the Rapid-Kéthen method were conditioned for 24 hours in air-conditioned room according
to ISO 287. Unrefined pulp was used to obtain 10 paper sheets (ISO 5269-2) and to determine basis
weight (ISO 536). The burst indexes of handsheets were measured according to T 403 om-97 method,
the tensile indexes of handsheets were determined by the T 404 cm-92 method, and the tear index was
identified by the T 414 om-98 standard procedure. Brightness was calculated according to the ISO
2470-1.

Scanning electron microscopy

Before analysis of scanning electron microscopy, the XyzGeo71-bleached, LIPRHA1-bleached,
XyzGeo71-LiPRHA1-bleached and nonbleached kraft pulp samples were sputter coated with a gold.
Zeiss Evo LS10 sacnning electron microscope was used for morphological investigation of pulp
samples. An operating voltage of 5 kV and secondary electron moade was selected. (Roncero ef al.
2003a, Nagar et al. 2013).

RESULTS AND DiSCUSSIiON

Enzyme pretreatment of kraft pulps (X)

The potential use of LIPRHA1 and XyzGeo71 enzymes in pulp and paper industry were evaluated
upon bleaching pine and eucalypts kraft pulps. The maximum biobleaching conditions of pine kraft
pulp with XyzGeo71 were identified as; 120 min incubation at 70°C, pH 7,0; 30 U/g xylanase use at
10% consistency. The most efficient biobleaching of pine kraft pulp with LIPRHA1 on the other hand
was obtained under the conditions; 90 min incubation at 40°C, pH 4,0; use of 6 U/g lignin peroxidase at
5% consistency and in the presence of 0,5 mM H,0, and 4 mM veratryl alcohol also specified in Table
1 and Table 2. The optimized conditions required for the maximum biobleaching of eucalypts kraft
pulp with XyzGeo71 instead, were 120 min incubation at 70°C, pH 7,0; 30 U/g xylanase use at 5%
consistency (Table 1); the optimized incubation conditions for for LIPRHA1 was identified as 90 min
incubation 40°C, pH 4,0 with doze of 6 U/g lignin peroxidase at 3% consistency and in the presence of
0,5 mM H,0, and 4mM veratryl alcohol (Table 2).
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Table 1. Optimization parameters of XyzGeo71 treatment on kraft pulp.

Eucalypts Kappa Pine Kappa
Consistency Consistency

3% 15,54+0,21 3% 43,69+1,12
3% control 18,05+0,13 3% control 42,54+0,88
5% 15,37+0,89 5% 38,13+0,79
5% control 18,72+0,78 5% control 41,17+0,56
7% 17,2+0,45 7% 39,62+0,48
7% control 18,05+0,04 7% control 40,45+0,34
10% 17,88+0,34 10% 38,23+0,38
10% control 15,21+0,23 10% control 42,08+0,05
Enzyme dose U/g Enzyme dose U/g

control 19,42+0,24 control 44,78+0,36
20 U/g 15,37+0,23 20 U/g 42,89+0,32
30U/g 13,88+0,76 30U/g 40,7+0,27
40 U/g 14,06+0,65 40 U/g 42,54+0,29
50U/g 16,5+0,55 50 U/g 43,95+0,14
Retention time (h) Retention time (h)

3 hour 14,6+0,44 control 49,27+0,15
3 hour control 16,5+0,67 2 hour 44,46+0,19
4 hour 12,54+0,12 3 hour 48,00+0,59
4 hour control 15,63+0,12 4 hour 48,63+0,62
6 hour 14,24+0,46 6 hour 44,61+0,35
6 hour control 14,08+0,33

All the experiments were performed at pH 7,0 and at 70°C

Table 2. Optimization parameters of LIPRHA1 treatment on kraft pulp.

Eucalypts Kappa Pine Kappa
Consistency Consistency
3% 19,45+0,23 3% 44,45+0,13
3% control 18,56+0,09 3% control 43,5+0,14
5% 19,48+0,13 5% 44,56+0,15
5% control 16,18+0,45 5% control 41,6+0,06
7% 19,21+0,55 7% 44,23+0,05
7% control 17,88+0,34 7% control 42,9+0,11
10% 18,98+0,12 10% 44,78+0,2
10% control 17,22+0,18 10% control 44,6+0,21
Enzyme dose U/g Enzyme dose U/g
control 19,38+0,76 control 44,22+0,06
4U/g 17,34+0,43 4U/g 43,7+0,09
6U/g 15,32+0,39 6U/g 40,9+0,12
8U/g 16,49+0,11 8 U/g 42,740,1
10U/g 17,56+0,78 10 U/g 43,8+0,14
Veratryl alcohol concentration Veratryl al'cohol

concentration
1 mM control 19,42+0,09 1 mM control 44,69+0,13
1 mM 18,87+0,54 1 mM 44,6+0,18
2 mM control 19,23+0,44 2 mM control 44,3+0,13
2 mM 17,75+0,35 2 mM 43,4+0,17
3 mM control 18,95+0,04 3 mM control 44,35+0,12
3 mM 16,89+0,67 3 mM 43,5+0,11
4 mM control 19,24+0,13 4 mM control 44,34+0,14
4 mm 16,02+0,48 4 mm 42,2+0,11
H O, concentration H_O, concentration
0,1 mM control 18,78+0,38 0,1 mM control 44,15+0,14
0,1 mM 17,56+0,49 0,1 mM 43,8+0,17
0,5 mM control 19,21+0,98 0,5 mM control 43,85+0,16
0,5 mM 15,78+0,63 0,5 mM 41,2+0,07
1 mM control 19,43+0,85 1 mM control 44,45+0,1
1 mM 17,45+0,44 1 mM 43,3+0,13
3 mM control 18,85+0,77 3 mM control 44,86+0, 1
3mM 16,9+0,96 3 mM 44,8+0,16

All the experiments were performed at pH 4,0 and at 40°C
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Enzyme treatment, as an environmentally-friendly bleaching technology, as a bleaching step
positively affects the bleaching outcomes in subsequent stages (Bissoon et al. 2002). The possible
biobleaching outcomes of enzyme treatment was observed at each stages of chemical bleaching of
unbleached pine and eucalypts pulp. Enzyme dose and retention time are important parameters which
enhance the discharge of chromophores. But longer periods of retention time or higher enzyme dose
did not enhance the biobleaching efficacy considerably (Beg et al. 2001). The optimum enzyme dose
is variable as units of enzyme per gram of dry pulp and the maximal useful activites are obtained
after one or two hours of enzymatic treatment. For LIPRHAT1 treatment, the performance of veratryl
alcohol is so important because under surplus of H,O, it equilibrates the enzyme and facilitates the
transfer of electrons between substrate and enzyme as a mediator (Goodwin et al. 1995). Based on the
experimental data, 4 mM veratryl alcohol was determined as optimum concentration. According to the
literature, veratryl alcohol is used within the range of 2,5-4 mM (Arbeloa et al. 1992).

After determination of the optimum conditions of the enzymes, they were used consecutively in
an order for bleaching of the same pulp. Firstly, the pulps were treated with XyzGeo71 in optimized
conditions. Subsequently, the pulps were treated with LiPRHA1 as a second step. When pulps were
treated in the reverse order, i.e. first with LIPRHAT1 and then, with XyzGeo71, any decrease in kappa
number was not determined.

As the first stage, XyzGeo71 treatment (X) reduced the Kappa number of pine and eucalypts kraft
pulps by 4,81 and 5,54 points, respectively, indicating a 9,76% and 28,52% reduction in kappa number.
On the other hand, LiPRHA1 treatment (X) reduced the Kappa number of pine and eucalypts kraft
pulps by 3,52 and 4,06 points, respectively, indicating a 7,88% and 20,9% reduction in kappa number.
The XyzGeo71-LiPRHA1 combination treatment (X), however, reduced the kappa number by 6,33 and
7,21 points for pine and eucalypts kraft pulps, respectively, indicating a 13,67% and 37,2% reduction
in kappa number. The results indicated that the separate usage of XyzGeo71 or LiPRHAI and the
consecutive usage XyzGeo7land LiPRHA1 for the delignification of kraft pulp is more effective when
compared to the literature (Comlekcioglu ef al. 2014, Ahlawat et al. 2007).

There are some examples reporting decreases in kappa number through enzymatic biobleaching.
Pulpzyme HC, a commercial enzyme, displayed reduction in the kappa number of eucalypts kraft pulp
by 10,4% (Roncero et al. 2003b). Zhao et al. (2006) reported the reduction in the kappa number of
wheat straw pulp by 6,29%. Choudhury et al. (2006) observed 5,45% decrease in the kappa number
of non-woody pulp using xylanase from Bacillus coagulans. Comlekcioglu et al. (2014) observed
9,03% and 13,78% decreases in the kappa number of pine and eucalypts kraft pulp using xylanase from
Orpinomyces sp. Similarly, it was reported that combination of pectinase and xylanase produced from
Bacillus subtilis and Bacillus pumilus was able to reduce the kappa number by 1,2 units, respectively
(Ahlawat et al. 2007). There was not so much study about usage of lignin peroxidase for pulp bleaching.
This is the first study for Rhodococcus jostii RHA1 for pulp belaching.

The effect of TCF bleaching sequence of kraft pulp delignification

The high level delignification of eucalypts and pine kraft pulps were identified through four stage
XOQP treatment and the following chemical bleaching of eucalypts and pine kraft pulps. At the end
of the TCF bleaching sequence, a remarkable reduction in kappa number of eucalypts and pine kraft
pulps was obtained using XyzGeo71, LiPHA1, and consecutive XyzGeo71-LiPRHAI treatment as
66,27% and 73,51%; 63,20% and 73,67%; 83,92% and 82,43%; respectively. The pine kraft pulp kappa
number was reduced from 49,27 to 13,05 with XyzGeo71, from 44,67 to 11,76 with LiPRHAI, and
from 46,28 to 8,13 with XyzGeo71- LiPRHA1. Similarly, the eucalypts kraft pulp kappa number was
reduced from 19,42 to 6,55 via XyzGeo71, from 19,38 to 7,13 with LiPRHA1, and from 19,35 to 3,11
for consecutive XyzGeo71- LIPRHA1 treatment. When the enzyme-pretreated pulp was bleached with
XOQP sequence, after final bleaching stage, the process resulted in a remarkable decrease in kappa
number and delignification rate as compared to control (Table 3 and Table 4). We have identified
that the outcomes of consecutively pulp bleaching with the XyzGeo71 and LiPRHA1 were always
better than the using only one of the enzymes. To find out whether the improved bleaching ability
of XyzGeo71 and LiPRHA1 cocktail was due to their synergistic action or due to the independent
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action of each single enzyme, we studied sequential bleaching of pulps in detail with separate enzymes.
Consecutive pulp bleaching with XyzGeo71 and LiPRHA1 results significantly higher pulp brightness
and delignification rates than the usage of only XyzGeo71 or LIPRHAT1. The delignification rate was
almost doubled if consecutive pulping with XyzGeo71 and LiPRHA1 is performed as shown in Table 3
and 4. This indicates that XyzGeo71 and LiPRHA1 exhibit strong synergistic effect on pulp bleaching.
The synergistic effect could be explained with the the better accssibility of LiPRHA1-to lignin that
increased by the utilization of XyzGeo71 and enhanced enzymatic hydrolysis of lignin polymers. On
the other hand, Nagar et al. 2013 reported that there might be two reasons of the increase in brightness
after enzyme pretreatment. First, the xylanase could remove the xylan that precipitated on the lignin
(Viikari et al. 1986). This xylan could be precipitated because of decreasing pH value at the end of
cooking stage. Xylanase eliminates the xylan and thus the accessibility into pulp fiber increases for the
second enzymes. The possible second reason is that lignin could be capable of forming complexes with
polysaccharides such as xylan and some of the bonds of them could be alkali-resistant, therefore may
not have been hydrolyzed during the kraft process (Buchert et al. 1992).

Table 3. The effects of bleaching sequence on pine kraft pulp.

Bleaching stage Kappa no. Delignification rate (%)
X control 49,27+0,59
— % 9,76+0,93
‘d\o) X 44,46+0,21
Y O control 23,31%0,16
> % 24,45+0,4
=< 0] 17,610,18
P control 16,25+0,19
%19,69+0,74
P 13,05+0,05
X trol 44,67+0,24
contro % 7,88+0,56
_ X 41,15+0,03
= O control 23,2140,18
[~ % 30,59+0,31
=] (0] 16,11+0,06
A
P control 15,89+0,17
% 25,99+0,74
P 11,76+0,22
X control 46,28+0,21 % 13.6740.54
X 39,95+0,03 e
o
—_ (0] trol 23,28+0,18
: Sz comro % 48,02+1,12
2 3 5 (0] 12,10+0,07
% %JL P control 16,11+0,15 % 49 540,67
© x4 P 8,1320,27 o
X: Enzymatic delignification, O: Oxygen delignification, P: Hydrogen peroxide delignification
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Table 4. The effects of bleaching sequence on eucalypts kraft pulp.

Bleaching stage Kappa no. Delignification rate (%)
X control 19,42+0,43
= % 28,52+0,87
'S X 13,88+0,24
<-3 O control 11,74+0,18
> % 9,96+0,45
8 0 10,57+0,16
P control 7,65+0,19
%14,37+0,68
P 6,55+0,06
X trol 19,38+0,11
contro i % 20,9+0,46
_ X 15,32+0,13
X | 0 control 12,100,07
[ % 8,9+0,35
= 0 11,0240,28
P trol 8,12+0,06
conto % 12,19+0,42
P 7,13+0,05
X trol 19,35+0,18
como % 37,2+0,47
X 12,14+0,06
> .l:' _ | O control 11,88+0,15 % 18 350,98
§§§ 0 9,5+0,08 CoT
2 =4
2 X P control 7,55+0,2
S~ T % 58,8+0,52
x4 lp 3,1120,21 0088
X: Enzymatic delignification, O: Oxygen delignification, P: Hydrogen peroxide delignification

Bermek et al. (2000) reported that bleaching of hardwood kraft pulp with xylanase and MnP for
24 hours, supported with the continuous addition of a single alkaline/hydrogen peroxide, decreased the
kappa number from 13,7 to 4,3 and increased pulp brightness from 35,3 to 78,1% (ISO). Based on the
related data, the delignification rate was only 68,6% after 24 hours which is a lower value compared to
our experimental findings. Sharma et al. (2014) also reported that the ClO, savings were higher with
consecutive treatment of xylanase followed by laccase (35%) when compared to the pulp singly pre-
bleached with laccase (25%) or xylanase (15%). There are different enzyme combination studies in
the literature except these studies. However, a xylanase lignin peroxidase combination study for pulp
bleaching is not available. This study is the first report for the xylanase lignin peroxidase combination
in pulp bleaching.

Enzymatic treatment stage (X)

Alterations in the kappa number of enzyme-treated eucalypts and pine kraft pulps are given in
Table 3 and Table 4. According to the results of first stage, the pine kraft pulp kappa number was
reduced from 49,27 to 44,46 with XyzGeo71, 44,67 to 41,15 with LiPRHA1, and 46,28 to 39,95 with
consecutive XyzGeo71 and LiPRHA1 treatment. The rate of delignification was determined as 9,76%;
7,88% and 13,67%, respectively. The eucalypts kraft pulp kappa number was reduced from 19,42 to
13,88 with XyzGeo71, 19,38 to 15,32 with LiPRHA1, and 19,35 to 12,14 with consecutive XyzGeo71
and LiPRHA1 treatment. On the other hand, the related delignification rate was identified as 28,52%;
20,9% and 37,2%, respectively. The results indicated that the best result is obtained from consecutive
XyzGeo71 and LiPRHA1 usage for pulp bleaching.
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Oxygen delignification stage (O)

In this study, the conditions of oxygen delignification were applied as described previously in
materials and methods section (chemical bleaching of kraft pulp). Following the oxygen delignification
stage, the pine kraft pulp kappa number was reduced from 23,31 to 17,61 with XyzGeo71, 23,21 to
16,11 with LiPRHAI1, and 23,28 to 12,10 with consecutive XyzGeo71 and LiPRHA1 treatment. The
rate of delignification was determined as 24,45% 30,59% and 48,02% respectively. The eucalypts kraft
pulp kappa number was reduced from 11,74 to 10,57 with XyzGeo71, 12,10 to 11,02 with LiPRHAI,
and 11,88 to 9,5 with XyzGeo71-LiPRHA1. Futhermore, the rate of delignification was determined as
9,96%:; 8,9% and 18,35; respectively.

Chelating stage (Q)

The chelating stage was applied to perform peroxide stage effectively as described previously in
materials and methods section (chemical bleaching of kraft pulp). EDTA was used for the chelating
which is highly crucial for the metal control in pulp.

Hydrogen peroxide bleaching (P)

Through hydrogen peroxide bleaching, the pine kraft pulp kappa number was reduced from 16,25
to 13,05 using XyzGeo71, from 15,89 to 11,76 when LiPRHA1 used for biobleaching, and from 16,11
to 8,13 with the consecutive use of XyzGeo71- LIPRHAT1 as shown in Table 3. The delignification rate
was determined as 19,69% 25,99% and 49,5% respectively. The eucalypts kraft pulp kappa number
was reduced from 7,65 to 6,55 with XyzGeo71, 8,12 to 7,13 with LIPRHA1 and 7,55 to 3,11 with
consecutive XyzGeo71 and LiPRHA1 treatment, the results are also given in Table 4. In addition, the
rate of delignification was determined as 14,37%; 12,19% and 58,8 %, respectively. As it is understood
from the results, consecutive XyzGeo71 and LiPRHA1 treatment is more effective than the single
usage of enzymes.

Analysis of pulp properties

Paper samples were obtained from pulp with the Rapid-Ko6then method and treated for 24 h in an
air-conditioned room based on ISO 287. Standard optical and physical properties of each paper were
then determined according to TAPPI standards. The pine and eucalypts kraft pulps were bleached
using a totally chlorine-free (TCF) method. The pulps subjected to XOQP bleaching sequence showed
relatively similar physical properties with control sample. According to results, breaking length, burst
index, tear index, and tensile index of kraft pulp handsheets decreased partly after pulp biobleaching.
In another words, no significant alterations were identified in the physical properties of enzyme-treated
samples (Table 5). Following the bleaching stage, the changes in pulp properties were examined and
compared with those of control samples treated identically except enzyme addition. The final gain
in the brightness of enzyme-treated pine kraft pulp (54,89% ISO) was 2,57 points (52,32% ISO) for
XyzGeo7l, (61,72% ISO) 9,51 points (52,21% ISO) for LiPRHAT and (63,12% ISO) 12,01 points
(52,11% ISO) for consecutive XyzGeo71 and LiPRHA1 treatment and eucalypts kraft pulp (64,24%
ISO) was 2,11 points (62,13% ISO) for XyzGeo71, (75,52% ISO) 1,76 points (77,28% ISO) for
LiPRHALI and (72,91% ISO) 6,17 points (66,74% ISO) for consecutive XyzGeo71 and LiPRHAI
treatment as shown in Table 5. As a result of this study; XyzGeo71, LIPRHA1, consecutive XyzGeo71
and LiPRHA1 treatment revealed 4,68%; 15,04%; 15,85% and 3,28%; 2,27%; 8,46% increase in
brigthness on pine and eucalypts kraft pulp, respectively.
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Table 5. The physical properties of eucalypts and pine kraft pulp.

Eucalypts Pine
Pulp properties Control Enzyme treated | Control Enzyme treated
Burst index (kPa.m?.g) 4,15+0,6 4,12+1,16 4,13+0,48 3,73+0,44
% Tear index (mN.m?/g) 2,98+0,5 2,39+0,54 0,02+0,38 0,02+0,39
8 Tensile strength (Nm/g) 2,60+1,12 2,57+0,56 2,69+0,38 2,86+1,09
5‘ Breaking length (km) 2,65+0,89 2,62+0,16 2,74+0,17 2,91+0,18
ISO Brightness (%) 62,13+0,56 | 64,24+0,67 52,32+0,18 53,89+0,59
Burst index (kPa.m?.g) 4,23+1,1 4,28+0,87 3,98+0,77 4,02+0,87
< Tear index (mN.m%/g) 2,67+0,65 2,86+1,34 0,06+0,45 0,05+0,34
E Tensile strength (Nm/g) 2,79+0,78 2,43+0,67 2,64+0,44 2,84+1,13
E Breaking length (km) 3,1£1,3 2,99+0,23 2,65+0,67 2,98+0,33
ISO Brightness (%) 75,52+0,59 | 77,28+0,98 52,21+0,66 61,72+0,76
o Burst index (kPa.m?.g) 4,12+0,88 4,2+0,55 4,1+0,67 4,16+£0,77
% 1:0' = Tear index (mN.m%g) 2,76+0,56 2,19+0,55 0,04+0,43 0,04+0,33
§ 5 5 Tensile strength (Nm/g) 2,65+0,45 2,78+0,59 2,83+0,32 2,77+0,68
é E‘ E Breaking length (km) 2,58+0,83 2,74+0,54 2,33+0,88 2,4140,55
ISO Brightness (%) 66,74+0,53 | 72,91+0,93 52,1140,45 63,12+0,78

Our results further indicated that following the enzyme-based bleaching, paper brightness was also
improved significantly, although any improvement in paper properties was not identified (Table 5). The
decrease of paper properties in burst index, breaking length, tensile index and tear index were reported
from several xylanase treatments (Saleem et al. 2009, Bissoon et al. 2002, Comlekcioglu et al. 2014).
There are also some other xylanases reported from different bacterial cultures that utilized to increase
the brightness of paper. For instance, the birchwood kraft pulps brigthness was reduced by 6,9% when
treated with Streptomyces thermoviolaceus xylanase (Garg et al. 1998). Bacillus sp. NCIM 59 xylanase
provided 2,5% increase in the brightness of bagasse pulp (Kulkarni and Rao 1996), while xylanase
from Bacillus pumilus triggered 6,5% increase in the brightness (Bim and Franco 2000) when applied
to eucalypts pulp. Sharma et al. (2014) reported that sequential enzyme treatment (xylanase-laccase)
resulted in improved pulp properties (15,71% increased tear index). Bermek et al. (2000) reported that
bleaching together with xylanse and MnP for 24 hours that continues with a single alkaline/hydrogen
peroxide treatment significantly increased pulp brightness from 35,3 to 78,1% (ISO).

Scanning electron microscopy

SEM studies clearly displayed morphological changes in the pulp fibers after treatment with
enzyme (Nagar et al. 2013). Some morphological changes such as cracks, flakes, holes, filaments, and
peeling are caused by enzyme treatment. These cracks and holes permit the diffusion of larger lignin
macromolecules, as reported by some authors. Roncero et al. (2003a) reported that the fibres of initial
pulp are smooth and clean, and the sample shows no fibrillation and it does show fibres of different
thickness. Enzyme treatment of kraft pulps is responsible for opening pores in the cell walls of fibers and
improves the accessibility of bleaching chemicals to the pulps by increasing the diffusion movement of
degraded lignin fragments to outward.

The effect of enzymatic treatment on fibre surfaces was more obvious after the X stage on pine and
eucalypts kraft pulps. The SEM results clearly demonstrated that the control pine and eucalypts kraft
pulp fibres were smooth and showed a uniform surface devoid of prominent fiber formation, whereas
enzyme-treated pine and eucalypts kraft pulp became irregular and heterogeneous with the occurrence
of cracked and peeled fibres on the surface (Figure 1). The fiber properties are important on paper
quality but long fiber lengths are preferable for manufacture of paper (Kiaei ef al. 2014). These changes
in pulp fibres only the accessibility of chemicals used in subsequent bleaching stages so it does not effect
the paper quality.
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pulp; (b) XyzGeo71 treatment of pine kraft pulp; (c) LipRHAT1 treatment of pine kraft pulp; (d)
consecutive XyzGeo71 and LiPRHAT1 treatment of pine kraft pulp; (¢) control of eucalypts kraft pulp;
(f) XyzGeo71 treatment of eucalypts kraft pulp; (g) LipRHA1 treatment of eucalypts kraft pulp; (h)
consecutive XyzGeo71 and LiPRHA1 treatment of eucalypts kraft pulp

The current data obtained from the enzyme-treated pulps (% brightness value) comfirmed that both
XyzGeo71 and LiPRHA1 enzymes are potentially promising candidates for industrial applications.
The findings from the consecutive use of both enzymes further highlight that the bleaching cocktails
generated from enzymes have better catalytic activities. Appropriate addition of these enzymes to
bleaching sequences will be promote more cost-effective and environmentally-friendly applications of
pulp biobleaching.

CONCLUSIONS

A consecutive bleaching treatment of pulps with xylanase and lignin peroxidase was found to be
superior than the single enzyme treatments in terms of delignification rate and was eventually be able to
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reduce the kappa numbers in the final bleach effluents. Our results indicate that usage of the xylanase
and lignin peroxidase produced from domestic source can reduce external-source dependency, release
of harmful chemicals into the environment, processing cost, and improve the biobleaching-based paper
quality produced.

ACKNOWLEDGEMENTS

All authors would like to acknowledge Karadeniz Technical University Research Foundation
(Grant no. 347 FBA-2014-134) and TUBITAK (The Scientific and Technological Research
Council of Turkey, Project No: 113Z741) for their support. Authors are thankful to Lindsay D.
Eltis (University of British Columbia, Canada) for providing Rhodococcus jostii RHA1 and S. L. Wong
(University of Calgary, Canada) for providing Bacillus WB800 cell lines and Dr. Yu Xia (Jiangnan
University, China) for providing pMAO0911 plasmid. Authors are also thankful to Asst. Prof. Dr. Ugur
UZUNER (Karadeniz Technical University) for editing the manuscript.

REFERENCES

Ahlawat, S.; Battan, B.; Dhiman, S.S.; Sharma, J.; Mandhan, R.P. 2007. Production of
thermostable pectinase and xylanase for their potential application in bleaching of kraft pulp. J Ind
Microbiol Biotechnol 34: 763-770.

Arbeloa, M.; De Leseuc, J.; Goma, G. ; 3,J.C. 1992. An evaluation of the potential of lignin
peroxidases to improve pulps. Tappi J 75: 215-221.

Beg, Q.K.; Kapoor, M.; Mahajan, L.; Hoondal, G.S. 2001. Microbial xylanases and their
industrial applications: A review. Appl Microbiol Biotechnol 56: 326-338.

Bermek, H.; LI, K.; Eriksson, K.E. 2000. Pulp bleaching with manganese peroxidase and
xylanase: a synergistic effect. Tappi J 83: 69-79.

Bholay, A.D.; Borkhataria BHAVNA, V.; Jadhav Priyanka, U.; Palekar Kaveri, S.;
Dhalkar1 Mayuri, V.; Nalawade, P.M. 2012. Bacterial lignin peroxidase: A tool for bioleaching and
biodegradation of industrial effluents. Universal Journal of Environmental Research and Technology
2: 58-64.

Bim, M.A. ; Franco, T.T. 2000. Extraction in aqueous two-phase systems of alkaline xylanase
produced by Bacillus pumilus and its application in kraft pulp bleaching. J Chromatogr B Biomed Sci
Appl 743: 349-356.

Bissoon, S.; Christov, L. ; Singh, S. 2002. Bleach boosting effects of purified xylanase from
Thermomyces lanuginosus SSBP on bagasse pulp. Process Biochem 37: 567-572.

Buchert, J.; Ranua, M.; Kantelinen, A. ; Viikari, L. 1992. The Role of 2 Trichoderma reesei
xylanases in the bleaching of pine kraft pulp. App! Microbiol Biotechnol 37: 825-829.

Canakcei, S.; Cevher, Z.; Tokgoz, M.; Bahar, F.; Kacagan, M.; Sal, F.A. ; Belduz, A.O.
2012. Cloning, purification and characterization of an alkali-stable endoxylanase from thermophilic
Geobacillus sp. 71. World J Microbiol Biotechnol 28: 1981-1988.

Canakei, S.; Inan, K.; Kacagan, M.; Belduz, A.O. 2007.Evaluation of arabinofuranosidase
and xylanase activities of Geobacillus spp. isolated from some hot springs in Turkey. J Microbiol
516



Distinctive delignification with consecutive: Ozer et al. _a y tecnologia 20(3): 505 - 518, 2018

Biotechnol 17:1262—-1270.

Carvalho, M.E.; Monteiro, M.C.; Bon, E.P.; Sant’anna, G.L. 1998. Production and
characterization of Phanerochaete chrysosporium lignin peroxidases for pulp bleaching. Appl Biochem
Biotechnol 70-72: 955-966.

Choudhury, B.; Choudhury, S.; Singh, S.N. ; Ghosh, P. 2006. Production of xylanase of
Bacillus coagulans and its bleaching potential. World J Microbiol Biotechnol 22: 283-288.

Comlekcioglu, U.; Tutus, A.; Cicekler, M.; Gunes, M.; Aygan, A. 2014. Application of
recombinant xylanase from Orpinomyces sp.in elemental chlorine-free bleaching of kraft pulps. Rom
Biotechnol Lett 19: 8941-8950.

Ferre, A.; Rosal, A.; Valls, C.; Roncero, B.; Rodrigez, A. 2011. Modelling hydrogen peroxide
bleaching of soda pulp from oil-palm empty fruit bunches. Bioresources 6: 1298-1307.

Garg, A.P.; Roberts, J.C.; McCarthy, A.J. 1998. Bleach boosting effect of cellulase free xylanase
of Streptomyces thermoviolaceus and its comparison with two commercial enzyme preparation on
birchwood kraft pulp.Enzyme and Microbial Technology 5: 1135-1140.

Goodwin, D. C.; Aust, S. D. ; Grover, T.A. 1995. Evidence for veratryl alcohol as a redox
mediator in lignin peroxidase-catalysed oxidation. Biochemistry 34: 5060-5065.

Kiaei, M.; Tajik, M.; Vaysi, R. 2014. Chemical and biometrical properties of plum wood and its
application in pulp and paper production. Maderas-Cienc Tecnol 16(3): 313-322.

Kulkarni, N.; Rao, M. 1996. Application of xylanase from alkaliphilic thermophilic Bacillus sp.
NCIM 59 in biobleaching of bagasse pulp. J Biotechnol 51: 167-173.

Miller, G.L. 1959. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal
Chem 31:426-428.

Nagar, S.; Jain, R.K.; Thakur, V.V.; Gupta,V.K. 2013. Biobleaching application of cellulase
poor and alkali stable xylanase from Bacillus pumilus SV-85S. 3 Biotech 3: 277-285.

Okan, O.T.; Deniz, I.; Tiryaki, S. 2015. Application of artificial neural netmowrks for predicting
tensile index and brigthness in bleaching pulp. Maderas- Cienc Tecnol 17(3): 571-584.

Roncero, M.B.; Torres, M.B.; Colom, J.F.; Vidal, T. 2003a. TCF bleaching of wheat straw pulp
using ozone and xylanase. Part A: Paper quality assessment. Bioresour Technol 87: 305-314.

Roncero, M.B.; Torres, M.B.; Colom, J.F.; Vidal,T. 2003b. Effect of xylanase on ozone
bleaching kinetics and properties of eucalypts kraft pulp. J Chem Technol Biotechnol 78: 1023—1031.

Saleem, M.; Tabassum, M.R.; Yasmin, R.; Imran, M. 2009. Potential of xylanase from
thermophilic Bacillus sp. XTR-10 in biobleaching of wood kraft pulp. Int Biodeterior Biodegrad
63:1119-1124.

Senthilkumar, S.R.; Dempsey, M.; Krishan, C. ; Gunasekaran, P. 2008. Optimization of
biobleaching of paper pulp in an expanded bed bioreactor with immobilized alkali stable xylanase by
using response surface methodology. Bioresour Technol 99: 7781-7787.

Sharma, A.; Thakur, V.V.; Shrivastava, A.; Jain, R.K.; Mathur, R.M.; Gupta, R.; Kuhad,

R.C. 2014. Xylanase and laccase based enzymatic kraft pulp bleaching reduces adsorbable organic
halogen (AOX) in bleach effluents: a pilot scale study. Bioresour Technol 169:96-102.

517



Maderas. Ciencia y tecnologia 20(3): 5_ UniversidaddelBio-Bio

Sharma, P.; Sood, C.; Singh, G. ;Capalash, N. 2015. An eco-friendly process for biobleaching
of eucalypts kraft pulp with xylanase producing Bacillus halodurans. Journal of Cleaner Production
87:966-970.

The International Organization for Standardization. ISO 5269-2. 2004. Pulps - Preparation of
laboratory sheets for physical testing Part 2: Rapid-Kdthen method

The International Organization for Standardization. ISO 287. 2009. Standard conditioning
and testing atmospheres for paper handsheet

The International Organization for Standardization. ISO 2470-1. 2009. Paper, board and pulps
— Measurement of diffuse blue reflectance factor — Part 1: Indoor daylight conditions (ISO brightness)

The International Organization for Standardization. ISO 536. 2012. Paper and Board
Determination of Grammage

The Technical Association of Pulp and Paper Industry. TAPPI. 1996. Paper and Pulp Testing
The Technical Association of Pulp and Paper Industry. T236 cm-85. The kappa number of pulp

The Technical Association of Pulp and Paper Industry. T403 om-97. 1997. Bursting strength
of paper

The Technical Association of Pulp and Paper Industry. T404 cm-92. 1992. Tensile breaking
strength and elongation of paper and paperboard

The Technical Association of Pulp and Paper Industry. T414 om-98. 1998. Internal tearing
resistance of paper (Elmendorf-type method)

Tien, M.; Kirk, T.K. 1983. Lignin-degrading enzymes from himenomycete Phanerochaete
chrysosporium. Burds Science 221: 661-663.

Viikari, L.; Ranua, M.; Kantehnen, A.; Sudquist, J. ; Linko, M. 1986. Bleaching with enzymes.
In: 3rd International Conference on Biotechnology in the Pulp and Paper Industry, Stockholm, Sweden.
pp. 6769

Zhao, J.; Li, X.;Qu, Y. 2006. Application of enzymes in producing bleached pulp from wheat
straw. Bioresour Technol 97:1470-1476.

518



