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Background and Objectives: Pulp refining is considered as an essential unit
operation in the development of the paper properties. However, it is intensive
energy consumer in the era that world is struggling with energy shortage.
Therefore, paper industry has been searching various alternative including
application of chemicals to reduce refining energy. Also, during the refining
stage, compressive and shear stresses cause swelling, flexibility, and internal and
external fibrillation of the fibers, increasing the potential contact surface for fiber
bonds. On the other hand, excessive refining can increase fiber shortening and
fines production. The objective and aim of this research were concentrated on
the application of cellulase enzyme as an environmentalfriendly process to
optimize the refining energy and improve the properties of pulp fibers and paper.

Material and Methods: Two sequences of enzyme treatment and refining were
used; first enzyme treatment then refining called ER and first refining then
enzyme treatment call RE. Pulp mixture was composed of 70% hardwood kraft
and 30% softwood kraft pulps. Three dosages of enzyme were selected at 200,
300, and 400 ppm (based on dry weight of pulp) and three reaction times of 60,
90, and 120 minutes. Sample preparation and all tests were performed according
to TAPPI standard test procedures. The freeness of the pulp of each of the 19
treatments (control and 18 treatments) was measured, hand sheet was prepared,
and strengths and optical measurements were performed. The analyses included
response surface models selected on the basis of leave-one-out cross-validation.
Principal component analysis (PCA), hierarchical clustering, descriptive
comparison of nine condition-matched pairs, rank correlation, and multi-
response desirability analysis coupled with sensitivity analysis.

Finding: Based on the average values of the results, the values of ER treated
pulps compared to RE were varied as follow; burst strength index, 2.5 against
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1.70 kPa.m2/g, tensile strength index, 51.43 against 42.16 N.m/g and brightness
82.88% against 80.05%. However, tear strength index was lower after enzyme
treatment. The highest values burst strength index and tensile strength index
values obtained applying ER300-120 treatment were 2.90 kPa.m2/g, and 60.14
N.m/g respectively. Principal component analysis (PCA) was performed on 14
complete, non-constant response variables after z-score standardization.
Hierarchical clustering was conducted using Ward’s method and Euclidean
distance. Given the nature of the available data, the statistical comparisons and
conclusions were reported on a descriptive and exploratory basis.

Conclusions: The results of strength properties, freeness degree, and optical
properties showed that the order of enzymatic treatment and refining is effective
on pulp performance. The average values of the measured properties for ER
treatment were higher than respective values for RE treatment. The values of
burst strength index and tensile strength index were 66.7% and 43.5%
respectively higher than control sample. The response of the RE treatment was
not uniform and the average values of the tensile strength index was fairly higher
than control sample, but the other properties were lower than control. The tear
strength index of all treatments was lower than control which can be attributed
to destruction of the fiber integrity. This finding necessitates the appropriate
selection of variables to reach optimum results.
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Figure 5- Effect of cellulase dosage and reaction time on freeness after enzymatic treatment (top) and after
refining (bottom)

Error bars show sequence SD across nine dose—time condition means (ER: 48.39; RE: 0.00)
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Figure 6. Effect of cellulase dosage and reaction time on brightness
Error bars show sequence SD across nine dose—time condition means (ER: 0.89; RE: 1.14)
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Figure 7. Effect of cellulase dosage and reaction time on yellowness index
Error bars show sequence SD across nine dose—time condition means (ER: 1.32; RE: 1.08)
4 e DA A p ol e (63,5 jogdal il 53l M""‘MLWREJ\}?)Jd.:)jé\s.,\.m.)@bwv |

Y] M\) u,...«S\) u\.n))g,.k}& REY..-¢. ))\’/P/\)‘MAdwj.h_}:thER)\

. = V/*\ s 5 4 RE 4, ER 8ol ol sonlie
Lﬁb)& . “S’L:.o 4.1‘%).30 “‘“ A}’.’. ,“l . 9 - A‘f 3 Q.;J)) u&’ b

oo e (S Slagel b e Gl b ATl o sl sl sl 2 AP



R.ILF.R

—
25 e 3 ke i by

ER Lyl o ole Jols Lol oy 8 au coniosli] S8
Slagl s sl b anss ol 3 S sul RE Ll 2
by Gl e e S awslie 555 585 I o
Ca8 baal ol LS gley 5 590 o5 ()
S5 5 5 S g ERY o\ T+ iy g S5
g \Ye ol joppm Yoo wchale )l bl |
ERY -~ ol ols Laals Nem/g OV/4Y & |, oS
S 8 lesT aiels s azennlin (oS 5 o @ VY-
oS3l Il o ) ol sad i i abng 4l

HCA )PCA ‘LS)\:";'L“’ 9 6)}4 Lg\.a:ub\.w ‘J}‘ A.L>JA
9 OY/A? 5 4 PCY 4 PCY cbaadlse PCA s
Ol eas 5l ao,s VV/YY Foezas 5 Ao, VNYF
sl PCA - claslaal sl =2 s I eas,luslal
«als ylzs RE 5 ER Lyl o iy 5 sals ol ook
55 o] Cte G 53 RE 5 PC) ke Cne 3 btas ER
9 w\ bf.am.o\.l:- ‘;LM-AS‘ LS"‘"\:: & ‘,il\ Q.v\ .uéjf
A8 e Sl Jolas 5 cde ddal, lgsa
slal 53 o pwddsl Aol 4l Ward sauas s

Multivariate analysis of treatment-condition means

PCA score plot

Euclidean linkage distance
o

Control
@ Control
Siie) @® ER
® RE

4
ey B
R
o
)
© 2
s ER300-60
o 4 @ [5)
a3 @Q )

® ® © ;
0 - . RE300-90
® @ RE400-120 ©
&)
-3 ER300-120
2 o
) ®e
-2 |
-4 =2 0 2 4

PC1 (52.86%)

1% Ward hierarchical clustering

14

12 4

I

(=
!

-

%)
O

0
=T - S - Y~ SO — S — S — S - O - S, - S — S — SO~ SO — S~ Y — S ~ T
a 3 © % & & £ & & & & & & © & A
BT ) N e o T e & e o R
o 2 2 & & 0o & & & & @
S @ S T a9 & 3 & a S
oW [S - - A - - - - T
W P> N Y~ 7 B 77 N 7 O T -4
4 (3] 0] 53]

Sl 5 JolS Gy \F by Ward 51,5 5,055 5 PCA Ll Jls sai —A JSCs
Figure 8. PCA score plot and Ward dendrogram based on 14 complete, nonconstant responses

UL s 5l b s A s el )l sN'm/g gAY L
Sl i S cad LB o 5 el b S ) s a3
L oV 51 b gsmadl b 5 2o N5 e st 1S
L,g r)}b' u\j.w oals Cﬁ\ ‘Jb&.‘t{ S J...g.....»
w\ n)Jgj dfgb)\.)._v\ w \) 65— 9 CL
(Ko et al, 2010; Park et al., 2025)
aji...f BY) ,“‘.5 DA C;\A)LEA ua.:-\.u RE g;"}’ BE)
REY.-—%#+ L & aw 5 55 N'm/g 0V/OA b YA04

YA/YY t}a?’u)) PCA css é.nj}n 92 A J.iu BL)
@L\J’- 9 JJJ‘J cmb}: \) [ W JJ\.;\JL}'...«‘ g_)\j.\.x: )'\ Lo o
x5S sl RE 5 ER Lo riy ol P
BL \) L;\y 92 6\.&)\&...! 9 .,\.hL.u }J Ward r‘Jgj)v\J.-)
aS aes e ol Ls"‘}"'f"“’ ol 0l O3l glaey S
sz S G2V 5 sl Sl il s
w‘ a.)‘.) J""." W)_,Léu \) \.h'cw‘u
YA/VY aj':....fjéER .ki‘ﬁ u......sé.: wg\.n.a uz:-\...u



Yer VPO ¥ ol PV b gl S 5 O ke Sl aslilad

— 5 S5 A Jels mll G5 N e
S plasly »5 cb e S pl—cdle

¢l Gt e RE L aslie 55 ER Jlys
5 oS 4 Cwslie el (S5 4 Cuslie e ls
5 0xS5 4 Cwplia ERY--=-\Y. 5 culs oy,
FY0 5 POV i 4 sals 4 Cund 1aS 4 Caeplis
Ll il sl oo s

DS 4y Caglie 5 S0le 1555 | G RE 5 Sdas Y
wle 5l S bos aw Jy o e 5l zey Skl gl
23l Gl Mg el 50 60,55 el 5 a8 S )3

R RN T APTICN L AR N ¢
5 530 bl 28 b Cuspama cnl g aals 5l S
OAS 5 4 Ceslie 5 iaS 4 Cueslie Ll e LS s e
S b (oS5l 4 3 Ce i 1350 43 5 L5
213 5L as 5

53 eddoanlie S5 fly n g ERY--2\Y. ¥
OxS 5 A Caslie 5 S 4 Caplie Gl Glales] asls
ch So ol oo a5 Jlos amos LralS oy
S5 ot o 53w a8 W 5o sl 1 L
ol GBI it b (6551 s o a3l

5 S om0l Jlg ol plas basl, ugl
2 Al ase ER o ess e | mel ous
A edalie gy o SU W e b esla
Sl sy e 355 5V oSile | RE s
Ol Bl a8 ams e ol Mg gs a 5o ad o)l 4 el
s Job 4wl cwslie bis o L\j\ S o
SIS LS ) st e BU S LS
&K el LB Y s gldas ot 4 by e
5SS e sl b by 5 59 5l oS5 G2 as
Bajpai, 1999; Haske-) % s J 8 o310 51 iy 50,40
(Cornelius et al., 2020; Park et al., 2025

——_—
ST ey i i b

zzsls a5 s o lake REY- -4+ 4 REY- -\ Y.
e B o 2282V g 5 OUI L 05T s
PR P S W E R A (| PRV e ST
ol oleea Wl e ol Jo A8 Gha |

LYo wj_fj_la); — o sdal e a5 5 oo
.(Hossein et al., 2015)

oY ey 5 Gl ax s Ol s

Sk s @-.tjﬂ S Ol Slos 4z ER s
U splilend 1) e £V L OFF 6 18 55 (2L
UYAY ol6 olie (VL 5500+ 5l ey 8 51 38
BISVINNNE I SV K H{ CRCR K O RN AR WA Ta) o
shaw § bk yad aen SUnil3) 55 ERY e —F+ 4 by
0 Sas A i ralsias YL ol
el GV 4 s el s satasglas ER Ll o
oS3l a3l 55 psmab e o)y e x|
Az 5 Sy Ay s e 55 el
.(Poletto et al., 2014) el 2NL CE.W

$¥ B S R
g;’.d'/j)ER h‘]‘“ Aad D g ho ) Va/AL sals “51.&3)

03 o AFIYY Glude cp riany 5 azals sala ) (g e
Gl b ocwd (S il 3l cpl ias o ERY. . —$-
Cople Ll taaly Jag o 55 Sl ks 5 (ba 12
e B a5 gay S lites (o 0o s o liars
5 e Sal s a0, A /-0 L, RE i) nSSle
REY---4- REY. -4+ b 2 an jnua p oy aels
RE 55 63,5 onobe s oof dals 5| WS REf--—f-
03 Ve IPN ain 5 ey s OZA Ll 55 MAS &
Sl 31OV b s b-star lude cas ssalis REY . - =+
RE L) o 5l w50 K opllaal i Sl opl il
Lo pmledl 4 o] palacaas Wl aas o plas |,
s g2La3 rsfies e Jdow oo S, JSas



R.ILF.R

¢

2 Wiy

S VG Y 5T 2815 ol s Gl U e v-f

e b b

References

-Bajpai, P., 1999. Application of Enzymes in the Pulp
and Paper Industry. Biotechnology Progress, 15(2):
147-157. DOI: 10.1021/bp990013k

-Choi, Y.H., Shin, W.G. and Shin, S.J., 2025. Impact of
Cellulases Treatment on Pulp Refining Process in
Papermaking Process. Journal of Korea TAPPI,
57(1): 32-40. DOIL:  10.7584/JKTAPPI.2025.2.
57.1.32

-Efrati, Z., Talaeipour, M., Khakifirouz, A. and Bazyar,
B., 2013. Impact of Cellulase Enzyme Treatment on
Strength, Morphology and Crystallinity of Deinked
Pulp. Cellulose Chemistry and Technology, 47(7-8):
547-551.

-FAO., 2025. Forest Product Statistics: Global
Production and Trade in Forest Products in 2024.
Food and Agriculture Organization of the United
Nations, Rome. https://www.fao.org/forestry/
statistics/data/en

-Gharehkhani, S., Sadeghinezhad, E., Kazi, S.N.,
Yarmand, H., Badarudin, A., Safaei, M.R. and Zubir,
M.N.M., 2015. Basic Effects of Pulp Refining on
Fiber Properties - A Review. Carbohydrate Polymers,
115: 785-803. DOI: 10.1016/j.carbpol.2014.08.047

-Haske-Cornelius, O., Hartmann, A., Brunner, F., Pellis,
A., Bauer, W., Nyanhongo, G.S. and Guebitz, G.M.,
2020. Effects of Enzymes on the Refining of
Different Pulps. Journal of Biotechnology, 320: 1-10.
DOI: 10.1016/j.jbiotec.2020.06.006

-Hossein, M. A., Talaeipour, M., Hemmasi, A.H., Bazyar,
B. and Mahdavi, S., 2015. Effects of Sequencing
Enzyme Application and Refining on DIP Properties
Produced from Mixed Office Waste Paper.

BioResources, 10(3): 4768-4783. DOI: 10.15376/
biores.10.3.4768-4783

-Ko, C.H., Tsai, C.H., Lin, P.H., Chang, K.C., Tu, J.,
Wang, Y.N. and Yang, C.Y., 2010. Characterization
and Pulp Refining Activity of a Paenibacillus
campinasensis Cellulase Expressed in Escherichia
coli. Bioresource Technology, 101(20): 7882-7888.
DOI: 10.1016/j.biortech.2010.05.043

-Kumar, A., Ram, C. and Tazeb, A., 2021. Enzyme-
Assisted Pulp Refining: An Energy Saving Approach:
155-174. In: Kumar, A., Pathak, P. and Dutt, D.,
(Eds.). Green Pulp and Paper Industry:
Biotechnology for Ecofriendly Processing. De
Gruyter, Berlin and Boston, 243p. DOI: 10.1515/
9783110592412-007

-Li, Y., Wang, C., Wang, T., Liu, Y., Jia, S., Gao, Y. and
Liu, S., 2020. Effects of Different Fertilizer
Treatments on Rhizosphere Soil Microbiome
Composition and Functions. Land, 9(9): 329. DOI:
10.3390/1and9090329

-Park, S.G., Tak, J.H., Lee, J.Y., Shin, K.S. and Park, S.I.,
2025. Evaluation of Cellulase Effect on the Refining
Process of Softwood Bleached Kraft Pulp.
BioResources, 20(1): 1059-1068. DOI: 10.15376/
biores.20.1.1059-1068

-Poletto, M., Ornaghi Jinior, H.L. and Zattera, A.J.,
2014. Native Cellulose: Structure, Characterization
and Thermal Properties. Materials, 7(9): 6105-6119.
DOI: 10.3390/ma7096105

-Przybysz Buzata, K., Przybysz, P., Kalinowska, H. and
Derkowska, M., 2016. Effect of Cellulases and
Xylanases on Refining Process and Kraft Pulp
Properties. PLoS ONE, 11(8): e0161575. DOI:
10.1371/journal.pone.0161575


https://www.fao.org/forestry/

