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Post-fibrillation endoglucanase treatment was employed to reduce the entanglement of cellulose nanofibrils
(CNFs) produced with low extent of mechanical milling. The results showed that post-fibrillation endoglucanase
treatment can effectively reduce the fibril degree of polymerization (DP) values and therefore entanglement.
Cellulose DP was reduced from 520 for CNFs prepared by milling using a SuperMassColloider with 1 pass to 225
after endoglucanase treatment at a low dosage of 1 mg protein/g fibril for 24 h. Endoglucanase treatment can

also effectively reduce the fibril mean diameter from 66 nm to 25 nm. Applying post-fibrillation endoglucanase
treatment produced more uniform CNFs than the feed CNFs from pure mechanical treatment. All CNFs sus-
pensions prepared by post-fibrillation endoglucanase treatment were non-Newtonian (except at very low con-
centrations below 0.5 wt%) with shear thinning behavior. Post-fibrillation endoglucanase treatment reduced the
viscosity of CNF suspensions due to decreasing fibril DP values and the extent of entanglement.

1. Introduction

Lignocellulose is the most abundant, renewable, and low-cost natural
resource (Li, Chen, et al., 2021). However, only a fraction of this
resource is valorized, such as for papermaking. Cellulose as the main
component of lignocellulose is biodegradable (Mandal & Chakrabarty,
2011; Questell-Santiago, Zambrano-Varela, Amiri, & Luterbacher,
2018). Cellulose nanomaterials (CNMs), which include microfibrillated
cellulose (MFC), cellulose nanofibrils (CNFs), and cellulose nanocrystals
(CNCs), derived from cellulosic materials have excellent properties, such
as low density, low thermal expansion, great specific surface area,
biocompatibility, and high mechanical strength (Sacui et al., 2014; Wan,
Lian, Wang, & Ma, 2015). Therefore, CNMs have potential for a variety
of applications (Li, Chen, et al., 2021), such as in papers (Yousefi, Azad,
Mashkour, & Khazaeian, 2018) and composites (Aarstad et al., 2017),
medicine formulation (Khan, Wang, & Ni, 2020), electronics (Williams,
Bullard, Brooke, Therien, & Franklin, 2021), etc. However, sustainable
production of CNMs from raw lignocellulose or commercial pulp fiber

remains a challenge despite wide applications having been reported.
Chemical pretreatments using existing technologies to reduce fibrilla-
tion energy may raise environmental concerns (Zhu et al., 2021). Usage
of large amounts of water due to processing at low solids loadings is
another concern. Although lignocellulosic biomass can be sustainably
produced in large quantities, CNMs can be considered sustainable only
when the production process can achieve economic and environmental
sustainability.

Mechanical fibrillation is the most common method for producing
CNFs. Disk milling, such as using a SuperMassColloider (SMC), has been
widely used for its commercial scalability (Hu, Zhao, Li, Zhu, & Gleisner,
2015; Iwamoto, Nakagaito, & Yano, 2007; Wang et al., 2012). However,
the main disadvantage of pure mechanical fibrillation is high energy
consumption due to the strong recalcitrance of cell walls to decon-
struction into nanofibrils (Hoeger et al., 2013; Spence, Venditti, Rojas,
Habibi, & Pawlak, 2011; Wang et al., 2012). Pretreatment of fibers using
chemicals (Bian, Chen, Gleisner, Dai, & Zhu, 2017; Cai et al., 2020; Qin,
Qiu, & Zhu, 2016; Saito et al., 2009; Wang, Chen, Zhu, & Yang, 2017) or
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enzymes (Anderson et al., 2014; Arantes et al., 2020; Filson, Dawson-
Andoh, & Schwegler-Berry, 2009; Henriksson, Henriksson, Berglund,
& Lindstrom, 2007; Hu, Tian, Renneckar, & Saddler, 2018; Koskela
et al., 2019; Paakko et al., 2007; Tenhunen et al., 2014; Wang et al.,
20165 Zhou, St John, & Zhu, 2019) can substantially reduce energy
input. Comparing with chemical treatment, enzymatic treatment has
advantages of eliminating chemical recovery with minimal environ-
mental impact. It has been reported that enzymatic pretreatment pri-
marily depolymerizes cellulose to decrease cellulosic fiber length to
facilitate subsequent fibrillation for producing thin diameter fibrils
(Henriksson et al., 2007; Paakko et al., 2007; Zhu, Sabo, & Luo, 2011).
Recently, post-fibrillation enzymatic treatment received interest for its
ability to tune the morphology of the resultant fibrils (Gourlay, Van Der
Zwan, Shourav, & Saddler, 2018; Wang et al., 2016; Wang et al., 2020;
Xu et al, 2021). Post-fibrillation endoglucanase treatment de-
polymerizes cellulose through cleaving the p-1-4 glycosidic bond to
result in decreasing fibril network entanglement and aggregations (Bian
et al.,, 2019; Gourlay et al., 2018; Wang et al., 2016). Limited data
showed that post-fibrillation endoglucanase treatment with (by its
definition) no subsequent mechanical fibrillation also resulted in thinner
diameters (Wang et al., 2016). Limited data showed that the morpho-
logical change by post-fibrillation endoglucanase treatment also
decreased fibril suspension viscosity as demonstrated in a narrow shear
rate range (Gourlay et al., 2018). However, earlier studies did not pro-
vide understanding of how mere cellulose depolymerization (fibril
longitudal direction) by post-fibrillation endoglucanase treatment can
decrease fibril diameters. Furthermore, it is unclear how the fibril in-
teractions through entanglement or forming fibril network under
various fibril concentrations affect the suspension rheological proper-
ties. Moreover, no comparative studies on energy consumptions be-
tween enzymatic pretreatment and post-fibrillation enzymatic
treatment were reported for producing fibrils with equivalent
morphologies.

CNF suspensions have been identified as an effective rheological
modifier for a variety of applications such as food and cosmetics
(Heggset et al., 2020), oil drilling fluids (Li, Wu, Moon, Hubbe, &
Bortner, 2021; Villada et al., 2021), coating and painting (Liu et al.,
2017), etc. Many studies have been conducted on rheological properties
of CNF suspensions (Li et al., 2015; Liao, Pham, & Breedveld, 2021;
Nechyporchuk, Belgacem, & Pignon, 2016). Although, one can always
change the suspension consistency or CNF loading in rheology modifi-
cation using CNFs, it is desirable to be able to modify rheology at a
constant CNF loading. This requires tuning the rheological properties of
CNF suspensions in a range of CNF concentrations and shear conditions.
Developing a complete understanding of post-fibrillation enzymatic
treatment on modifying the rheological properties of CNF suspensions
can fill this gap. The objective of this study is to conduct a detailed
exploration of the effects of post-fibrillation endoglucanase treatment on
the rheological properties of the resultant CNF suspensions under a
broad range of operating conditions that were not reported in literature.
The effect of post-fibrillation endoglucanase treatment on CNF
morphology was examined, along with the characterizations of the
resultant CNF cellulose degree of polymerization (DP), crystallinity
(CrI), and CNF water retention value (WRV), a measure of CNF degree of
fibrillation (Gu et al., 2018). By examining the rheological properties of
CNF suspensions in both steady and dynamic conditions, the enzymatic
modification of fibril morphology on fibril interactions and therefore
suspension flow structure and rheology behavior were revealed. With
the advances in enzymology, especially those on tailoring enzymes for
producing cellulose nanomaterials (Anderson et al., 2014; Arantes et al.,
2020; Hu et al., 2018; Koskela et al., 2019; Squinca, Bilatto, Badino, &
Farinas, 2020; Yarbrough et al., 2017), post-fibrillation enzymatic
treatment can be an effective and sustainable processing technology for
producing next-generation cellulose nanomaterials (Arantes et al.,
2020).
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2. Materials and methods
2.1. Materials

Bleached hardwood kraft pulp (BHKP) with DP of 650 was supplied
by a mill in Shandong province, China. Endoglucanase Banzyme 2900
was purchased from UPM-Kymmene Co., Ltd. (Jiangsu, China). Enzyme
activity of Banzyme 2900 was 7.3 IU/mL and its protein content was
162.0 mg/g. Cupriethylenediamine hydroxide solution was purchased
from Aladdin Co., Ltd. (Shanghai, China). Bovine serum protein and
other chemicals were supplied by Macklin Biochemical Co., Ltd.
(Shanghai, China).

2.2. Post-fibrillation endoglucanase treatment of CNFs

As shown in Fig. 1, BHKP was first milled by a SMC (MKZCA 6-2 J,
Masuko Sangyo Co., Ltd., Japan), followed by endoglucanase treatment.
To prevent blockage in milling, BHKP suspension at solid loading of 1 wt
% was first milled using a set of coarse disks (E6-46DD) for one pass
sequentially at each disk plate gap of +20, 0, —20 and — 100 pm. The
resultant sample was labelled as CsP1. Then, CsP1 was subjected to fine
milling using a set of fine disks with plate pattern GC6-80SD for one pass
sequentially at each of the three disk-plate gap of +20, 0, —20 pm,
followed by milling for varied passes of n at disk-plate gap of —100 pm.
The acquired samples were labelled as FiPn.

Post-fibrillation endoglucanase treatment of SMC fine-milled fibrils
FiPn was carried out at 50 °C and 200 rpm for 3-72 h at 5 wt% solids
loading. Endoglucanase dosage was in the range of 0.1-9 mg protein/g
fibrils (abbreviated as mg/g). Endoglucanase treatment was performed
in 50 mM citric acid/sodium citrate buffer at pH 5.5. At the end of
endoglucanase treatment, the samples were heated at 90 °C for 15 min
to deactivate endoglucanase. Then, the obtained CNFs, labelled as Po-
PnExtyy with Po-Pn representing post-fibrillation endoglucanase treat-
ment of fibrils from n passes of fine milling, Ex and tyy being endoglu-
canase dosage in x mg/g and treatment durations in yy h, respectively,
were separated from the supernatant by centrifugation and then stored
in refrigerator at 4 °C for further analysis.

2.3. Endoglucanase pretreatment

For comparison, BHKP was also enzymatically pretreated by endo-
glucanase at 1 mg/g for 6, 12 and 24 h and then mechanically fibrillated
by SMC. The conditions for endoglucanase treatment were the same as
those described above for post-fibrillation endoglucanase treatment.
The pretreated fiber samples, labelled as Pre-Eltyy with Pre represent-
ing pretreatment, E1 being endoglucanase dosage at 1 mg/g fibrils, and
tyy standing for enzymatic pretreatment duration in yy h, were milled in
the same SMC under the same conditions as those described earlier, i.e.,
coarse milling at each disk-plate gap of +20, 0, —20 and — 100 pm for
one pass followed by fine milling at each disk-plate gap of +20, 0, —20
pm for one pass and varied passes at disk-plate gap of —100 pm using the
fine disk plates. SMC fibrillated samples were labelled as Pre-E1tyyPn
with n as the number of passes in fine grinding at the same disk plate gap
of —100 pm.

2.4. Extent of cellulose hydrolysis by endoglucanase

CNF yield (Y) after endoglucanase treatment was determined ac-
cording to Eq. (1),

Y =M, /M, x 100% @

where, My and M; are oven dry mass of cellulose fibers before and after
endoglucanase treatment.

Concentrations of monosaccharides and oligosaccharides from
endoglucanase treatment were analyzed by ion chromatography (ICS-
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Fig. 1. A schematic flow diagram showing post-fibrillation endoglucanase treatment. (A) Original BHKP, (B) FiP1 obtained by SMC milling without enzymatic
treatment (C) Po-P1E1t24 obtained by post-fibrillation endoglucanase treatment at dosage of 1 mg protein/g fibril for 24 h.

5000, Thermo Fisher scientific, USA). The hydrolysate was first centri-
fuged. Oligosaccharides in the supernatant were further hydrolyzed into
monosaccharides based on quantitative acid hydrolysis using 4 % w/w
of HySO4 at 121 °C for 60 min (Sluiter et al., 2006). A 0.2 pm nylon
syringe filter was employed to filter the supernatant prior to acid hy-
drolysis. The concentration of the oligosaccharides was determined from
the difference between the monosaccharide concentrations before and
after acid hydrolysis.

2.5. Characterization the extent of fibrillation, CNF morphology, size,
and surface area

The extent of cellulose fiber fibrillation is characterized by the water
retention value (WRYV). Fiber or fibril samples were first soaked in water
overnight. Then the soaked samples were wrapped in a 400 mesh
filtration membrane and put into a centrifuge tube and centrifuged at
3000 g for 15 min (Gu et al., 2018). WRV was obtained according to Eq.
(2),

chl - W

WRV = o 100% (2)

od

where, Wyt was the wet weight of the sample after centrifugation and
W4 was oven dry weight of the sample.

CNF morphologies were analyzed using scanning electron micro-
scopic (SEM) imaging. An electron scanning microscope (Merlin, Ger-
many) was operated at 0.05-30 kV. An aliquot of the diluted and well
dispersed fibril suspension was dropped onto the newly split mica sheet
and dried in air. The dried samples were coated with gold prior to im-
aging. Diameter measurements were carried out manually by randomly
picking diameters from the obtained SEM images using software
Nanomeasurer (Shanghai, China). The number of SEM images taken,
used for diameter measurements, and number of diameters measured, is
listed in Table S1. 69 to over 400 diameters were measured from the
different milled fibrils to obtain statistical significance.

Transmittance of 0.1 wt% CNF suspensions was measured by a
UV-vis spectrophotometer (UV-2600, Japan) in the wavelength range of
400-800 nm according to the reference with modifications (Sehaqui,
Kulasinski, Pfenninger, Zimmermann, & Tingaut, 2017).

CNF surface area can be qualitatively characterized using enzyme
adsorption (EA). Endoglucanase was added to 50 mL of CNF suspension
at 1 wt% solids loading in a citric acid/sodium citrate buffer of pH 5.5.
Endoglucanase dosage was 100 mg protein/g CNFs. Enzymatic adsorp-
tion was conducted in an air shaker (ZWYR-200D, China) at 20 °C and

200 rpm for 15 min. At the end of incubation, the CNF suspension was
centrifuged at 5000 rpm for 10 min and the supernatant was collected.
Protein content in the supernatant was measured by Bio-Rad method
(Bradford, 1976). The amount of enzyme adsorption was determined
from the difference in the protein content in the supernatant before and
after adsorption.

2.6. Cellulose degree of polymerization (DP) and crystallinity

Cellulose DP was determined based on intrinsic viscosity measure-
ments according to TAPPI T 230 0S-76 and SCAN-C 15:62 standards
(Henrique et al., 2015). Accurately weighed cellulose sample was added
into a brown glass bottle along with glass beads and a few copper sheets.
15 mL of distilled water was added and followed by shake violently to
disperse the sample evenly. Then 15 mL of Cupriethylenediamine hy-
droxide solution was supplemented. The brown glass bottle was shaken
energetically to completely dissolve the cellulose sample. The intrinsic
viscosity [n] of the dissolved cellulose solution was measured by a
viscometer in a water bath at 25 + 0.5 °C. The DP of the cellulose can be
calculated based on formula (3):

DP*% = 0.75[n] 3

where [n] is the measured intrinsic viscosity in mL/g.

Cellulose crystallinity was measured by X-ray diffraction (XRD). The
fibers or fibril suspensions were evenly dispersed in water and then
poured onto a filter to acquire sheets of fibers. The crystallinity index
(Cr) of air-dried fiber or fibril sheets was measured by XRD analysis (D/
max-IIIA, Japan) with Cu-Ka diffraction in the Bragg angle range, 26, of
5°-50°. CrI was determined based on Eq. (4) (Segal, Creely, Martin, &
Conrad, 1959),

Crl = (oo — Lim) /Ta00 x 100% (€))

where I5o0 and I, are the peak intensities at 26 close to 22.6° and 18.6°,
respectively.

2.7. CNF suspension rheology

Rheological properties of CNF suspensions were evaluated using a
rotary rheometer (DHR-1, TA Instruments, New Castle, DE, USA)
equipped with a parallel plate geometry with a diameter of 25 mm. The
steady-state viscosity of CNF suspensions was measured in shear rates
ranging from 0.01 to 1000 s L Storage modulus (G’) and loss modulus
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(G”) were measured over an angular frequency of 0.1-100 rad/s. All
rheological measurements were performed at 25 °C.

The changes in the structure of CNF suspensions can be characterized
by the oscillatory frequency dependent phase lag angle (8) between the
viscous and elastic components of the complex modulus, which can be
expressed using Eq. (5) (Alves et al., 2020),

tand =G"/G (5)

To better understand the rheological properties of CNF suspensions,
Herschel-Bulkley model was used to depict the relationship between
viscosity and shear rate as shown in Eq. (6) (Pakutsah & Aht-Ong, 2020),

T="T0+ky™ 6)
where, 7 is shear stress in Pa; t( represents shear yield stress in Pa, k is

the viscosity coefficient in Paes™, v is shear rate in 1/s, and m is flow
index.

2.8. Statistical analysis

One-way analysis of variance (ANOVA) using SPSS statistical soft-
ware and Tamhane's test for unequal variances were conducted on
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measured fibril diameters. The reported data are averages + standard
deviation.

3. Results and discussion
3.1. Morphologies and properties of fibrils after SMC milling

The original unfibrillated BHKP fibers (Fig. 2A) have an average
diameter of 16.9 pm. Fibers were subjected to compressive, shearing,
and friction forces (Wang, Zhu, Gleisner, et al., 2012) during SMC
milling, which resulted in external fibrillation as verified by the SEM
images of coarsely fibrillated sample CsP1 (Fig. 2B-C). Hairs or fibrils
were emanating from the fiber surface as a result of coarse fibrillation
(Fig. 2B). However, the extent of fibrillation by coarse milling was low as
indicated by the physical dimensions (comparing with the original
BHKP fibers in Fig. 2A) and a small decrease in DP from 650 to 594
(Table 1), or by only 8.6 %. WRV values were increased from 79 % to
137 % (Table 1). The main purpose of milling using the coarse disks was
to obtain uniform mixing of the BHKP suspension, to break up large fiber
flocs and prevent clogging during milling using the pair of fine disks.

Internal fibrillation of fibers took place during milling using fine
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Table 1

EA, DP, and WRV of BHKP before and after SMC milling.
Samples EA (mg/g) DP WRV (%)
Original BHKP 15.2+ 2.6 650 + 3 79 £ 2
CsP1 - 594 + 3 137 £ 5
FiP1 30.4 £0.8 520+ 5 317+ 6
FiP2 33.6 £1.9 512+ 8 334+7
FiP3 38.6 +1.2 504 + 4 381 + 10

disks owing to the increase in compression force, which resulted in the
break-up of the crosslinks between fibrils and delamination of S2 layer.
The increase of abrasive shear and friction forces led to more significant
external fibrillation and caused the split of the cell wall. Therefore,
nanoscale fibrils were produced, (Fig. 2D-F; Fig. S1) (Wang, Zhu,
Gleisner, et al., 2012) as directly observed from the SEM measured fibril
diameter distributions (Fig. 2D1—F1). With increasing extent of milling,
the diameter distribution shifted to the smaller diameters and the mean
diameter was decreased from 66 nm (FiP1) after one pass through fine-
disk-milling to 53 nm (FiP2), and 48 nm (FiP3), respectively, after two
and three passes. The increase in the extent of fibrillation can be eval-
uated by EA (Gu et al., 2018). As listed in Table 1, EA of original BHKP
was 15.2 mg/g, while EA of FiP1, FiP2 and FiP3 were 30.4 mg/g, 33.6
mg/g and 38.6 mg/g, respectively, indicating that SMC milling signifi-
cantly increased the extent of fiber fibrillation with increasing extent of
milling. In addition to EA, WRV can also reflect the extent of fibrillation
(Gu et al., 2018; Wang & Cheng, 2009). As listed in Table 1, WRV of
FiP1, FiP2 and FiP3 were 317 %, 330 % and 381 %, respectively, or 4.0,
4.2 and 4.8 times the WRV of the original fiber sample. Overall, the first
pass fine milling resulted in the greatest increase in the extent of
fibrillation based on EA and WRYV data, i.e., the benefit of increasing
milling, however, was diminished.

Carbohydrate Polymers 295 (2022) 119885

Shear force and friction force can cut fibers and shorten fibrils,
though the shortening of fibril length and decreasing in fibril entan-
glement were not clearly reflected in the TEM images shown in Fig. 2D-F
as the numbers of passes of milling was increased from one to three.
However, they are reflected in the measured DP values of the fibrils
shown. DP of fine-milled samples were 520 (FiP1), 512 (FiP2), and 504
(FiP3), decreased from 594 for the coarse-milled sample CsP1 (Table 1).
It is worth noting that significant decrease in DP was not observed as the
extent of fibrillation was increased, suggesting that the cutting effect of
fine-disk SMC milling was minimal. Similar result was also observed by
(Guet al., 2018). Energy consumption, however, was increased from 5.5
to 10.5 kWh/kg (Fig. S2) with extended SMC milling from one to three
passes. Therefore, FiP1 was selected as the starting material for post-
fibrillation endoglucanase treatment in subsequent experiments.

3.2. Effect of post-fibrillation endoglucanase treatment on CNF
morphologies

Endoglucanase can randomly cleave (-1,4 linkages in cellulose
chains, thereby cutting the fibrils. DP of FiP1 and CsP1 decreased rapidly
with increasing endoglucanase loading in the low dosage range, as
shown in Fig. 3A. FiP1 with fine-disk milling had a steeper DP decrease
with increasing endoglucanase dosage due to the increasing fibril sur-
face area and cellulose accessibility to endoglucanase than CsP1 despite
CsP1 having a longer treatment time of 24 h than 6 h for FiP1. DP of FiP1
and CsP1 decreased 63 % and 41 %, respectively, at the maximal
endoglucanase dosage of 9 mg/g. However, DP for both samples reached
an asymptotic value at endoglucanase loading of 3 mg/g, indicating that
a low endoglucanase dosage was sufficient.

DP of FiP1 decreased from 520 to 299, or by 43 %, after endoglu-
canase treatment for 3 h at loading of 1 mg/g. Prolonged treatment time
to 72 h further decreased DP to 202, or by 61 %, approaching the
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asymptotic value, or level of degree of polymerization (LODP) (Battista,
Coppick, Howsmon, Morehead, & Sisson, 1956) as shown in Fig. 3B. The
decreases in fibril DP with enzymatic treatment time is clearly reflected
in the fibril morphology shown by SEM images (Fig. 3B1-B3; Fig. S3). In
addition, the percentage of total dissolved saccharides (mono-
saccharides and oligosaccharides) increased from 1.9 % (Po-P1E1t6) to
5.3 % (Po-P1E1t72) (Fig. S4), and solids yield was decreased from 99.0
% (Po-P1E1t6) to 94.8 % (Po- P1E1t72) (Table 2). The great CNF solids
yield of approximately 95 % or higher indicate that fibers were simply
shortened without significant hydrolysis to soluble sugars even with
prolonged treatment time using post-fibrillation endoglucanase treat-
ment. It appears that FiP3 from three passes of milling slightly reduced

Table 2
Yield, WRV and CrI of CNFs prepared by post-fibrillation and pre-fibrillation
endoglucanase treatments.

Sample Sample descriptions” CNF yield WRV Crl (%)
labels (%) (%)
BHKP Bleached hardwood kraft pulp - 79 +2 54.8 +
fibers 1.2
FiP1 BHKP after fine disk milled 1 - 317 + 51.4 &+
pass 6 0.5
FiP2 BHKP after fine disk milled 2
passes
FiP3 BHKP after fine disk milled 3 - 381 + 50.6 +
passes 10 0.4
Po-P1E1t3 FiP1 enzymatic treated for 3h ~ 99.8 + 0.6 282 + -
@E1 5
Po-P1E1t6 FiP1 enzymatic treated for6h  99.0 + 0.3 289 + -
@E1 9
Po- FiP1 enzymatic treated for 12 98.6 & 0.2 281 + 54.1 +
P1E1t12 h @E1 6 1.4
Po- FiP1 enzymatic treated for 24  97.7 £+ 0.9 278 + 54.3 +
P1E1t24 h @E1 7 0.9
Po- FiP1 enzymatic treated for 48  97.8 + 0.8 292 + 55.6 +
P1E1t48 h @E1 3 0.8
Po- FiP1 enzymatic treated for 72 96.5 + 0.4 290 + 57.2 +
P1E1t72 h @E1 6 1.2
Po- FiP1 enzymatic treated for6h ~ 99.3 £ 0.3 - -
P1EO01t6 @EO01
Po-P1E3t6 FiP1 enzymatic treated for6h  95.0 £ 0.4  — -
@E3
Po-P1E6t6 FiP1 enzymatic treated for6h  91.4 £ 0.6 - -
@E6
Po-P1E9t6 FiP1 enzymatic treated for6h  90.0 £ 0.5 - -
@E9
Po-P2E1t6 FiP2 enzymatic treated for6h ~ 95.5+ 0.6  — -
@E1
Po- FiP2 enzymatic treated for 12 95.1 £ 0.5 - -
P2E1t12 h @E1
Po- FiP2 enzymatic treated for 24  91.6 + 0.4 - -
P2E1t24 h @E1
Po-P3E1t6 FiP3 enzymatic treated for6h  94.8 + 0.8 - -
@E1
Po- FiP3 enzymatic treated for 12 899 +0.4 - -
P3E1t12 h @E1
Po- FiP3 enzymatic treated for 24  87.9 + 0.9 345 + 55.4 +
P3E1t24 h @E1 9 0.8
Pre-E1t6 BHKP enzymatic pretreated 101.0 + - -
for 6 h @E1 0.5
Pre-E1t12 BHKP enzymatic pretreated 100.3 + - -
for 12 h @E1 0.2
Pre-E1t24 BHKP enzymatic pretreated 100.0 + 99 +2 -
for 24 h @E1 0.1
Pre- Pre-E1t24 then fine disk - 338 + 52.7 +
E1t24P1 milled 1 pass 3 0.7
Pre- Pre-E1t24 then fine disk - - 53.6 +
E1t24P2 milled 2 passes 0.4
Pre- Pre-E1t24 then fine disk - 469 + 49.8 +
E1t24P3 milled 3 passes 8 1.6

? Endoglucanase dosage: EO1, E1, E3, E6, E9 = 0.1, 1, 3, 6, 9 mg protein/g
fiber. Milled samples were subjected to course milling and fine milling with large
gaps as described in Section 2.2 before fine milling with passes indicated at gap
—100 pm.
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the endoglucanase treatment time to achieve the LODP of approximately
200. This is due to the slightly increased surface area resulting from
additional passes of milling, which increased the amount of endoglu-
canase bound to cellulose fibrils (Table 1) and therefore accelerated the
cleavage of §-1-4 glycosidic bonds.

SEM images and diameter distributions of CNFs prepared by post-
fibrillation endoglucanase treatment for varied time are shown in
Fig. 4 (also Fig. S5). By comparing with the sample before endogluca-
nase treatment (Fig. 2D and D1), it can be said that post-fibrillation
endoglucanase treatment effectively reduced inter-fibril entanglement,
fibril diameters, and the polydispersity of diameter distributions, in
agreement with literature studies (Gourlay et al., 2018; Wang et al.,
2016). The range of fibril diameter distribution was significantly
decreased from approximately 165 nm for FiP1 (Fig. 2D1) to <100 nm
after endoglucanase treatment (Fig. 4A1-C1), or the CNFs became more
uniform in diameter with post-fibrillation endoglucanase treatment.
Extending treatment time resulted in a smaller mean fibril diameter with
a narrower distribution. Specifically, the mean diameter of FiP1 was 66
nm (Fig. 2D and D1) and reduced to 35 nm after endoglucanase treat-
ment for just 3 h at loading of 1 mg/g (Fig. 4A and Al), and further
decreased to 25 nm (Fig. 4C and C1) with 24 h treatment. Further
extending enzymatic treatment time had negligible effect on fibril mean
diameter (Fig. 4B and B1). Furthermore, increasing the extent of SMC
milling prior to post-fibrillation enzymatic treatment did not affect the
morphology of the enzymatically treated CNFs (comparing Fig. 4C and
C1 (Po-P1E1t24) with Fig. 4D and D1 (Po-P3E1t24)).

Optical transmittance of a CNF suspension can provide qualitative
information on the effect of post-fibrillation enzymatic treatment on the
resultant CNF mean diameters (Nie et al., 2018; Wang & Zhu, 2015). The
higher the transmittance, the smaller the representative mean fibril size
is. The optical transmittances of the suspensions from endoglucanase
pretreatment with subsequent milling, Pre-E1t24P1, Pre-E1t24P2 and
Pre-E1t24P3, are all higher than that of FiP1, indicating that endoglu-
canase pretreatment did facilitate fibrillation to decrease CNF size
(Fig. S6). However, the suspension of the CNFs from post-fibrillation
endoglucanase treatment had a greater optical transmittance than the
suspensions of the CNFs from endoglucanase pretreatment with the
same extent of milling (Fig. S6). Increasing post-fibrillation enzymatic
treatment time improved suspension transmittance or decreased repre-
sentative mean fibril diameter, in agreement with SEM analysis shown
in Fig. 4.

SEM images and diameter distributions of CNFs prepared by endo-
glucanase pretreatment with subsequent SMC milling were compared
with those of CNFs from post-fibrillation endoglucanase treatment to
verify the results from qualitative optical transmittance measurements
discussed above. The comparisons, Fig. 4C and C1 with Fig. 4C'and C'1,
and Fig. 4D and D1 with Fig. 4D' and D1, show that CNFs produced by
endoglucanase pretreatment with subsequent SMC milling had a greater
mean diameter and are more entangled than those of the CNFs from
post-fibrillation endoglucanase treatment with the same extent of mill-
ing and enzyme treatment time at the same loading. It is noted that
fibrillation energy consumption for producing Po-P1E1t24 (Fig. 4C and
C1) through post-fibrillation enzymatic treatment was greater than that
consumed to produce the corresponding CNF sample using enzymatic
pretreatment Pre-E1t24P1 (Fig. 4C' and C'1) as illustrated in Fig. S2.
However, even after three passes of fibrillation of the enzymatically
pretreated sample in the SMC with more energy consumption than one
pass without enzymatic pretreatment (Fig. S2), the resultant enzymati-
cally pretreated CNF sample Pre-E1t24P3 (Fig. 4D' and D'1) remained
coarser than Po-P1E1t24 (Fig. 4C and C'1) in terms of diameter distri-
bution range and fibril entanglement. Therefore, post-fibrillation enzy-
matic treatment requires less energy input than enzymatic pretreatment
to produce fibrils with equivalent morphology.

Our earlier study suggested that wood cell wall cellulose fibrils
aggregate not only in the radial but also in the longitudinal direction to
form coarse and long cellulosic fibers (Qin et al., 2016). Therefore,
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shortening fibril length is a necessary condition (Zhu & Agarwal, 2022)
to produce thin fibrils as indirectly verified in literature using different
chemical treatment methods on different wood fibers (Bian, Chen, Dai,
& Zhu, 2017; Qin et al., 2016). Since cellulose DP can be a measure of
CNF length, we plotted DP against SEM measured CNF diameters for the
sample produced in this study. As shown clearly in Fig. 5, CNF mean
diameters decreased with the decrease in cellulose DP for different CNF
samples whether resulting from increasing the extent of fibrillation
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Fig. 5. Correlations between cellulose DP and CNF mean diameters from pure
mechanical fibrillation and post-fibrillation endoglucanase treatment. Error
bars were standard deviations.
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using more passes through the fine-milling disks in SMC, or from
extending the duration of post-fibrillation endoglucanase treatment. In
other words, cellulose depolymerization is necessary and can facilitate
nanofibrillation for producing thin nanofibrils (Zhu & Agarwal, 2022).
Post-fibrillation endoglucanase treatment can depolymerize cellulose
through cleaving f$-1,4 linkages, which releases thin constituent fibrils
from fibril bundles or aggregates to result in a CNF sample with thinner
mean diameter (Figs. 4 and 5). This mechanism illustrates the effec-
tiveness of post-fibrillation enzymatic treatment for producing fine and
uniform cellulose nanofibrils. The one-way ANOVA results confirmed
that the differences in the average diameter among the six samples are
significant, with p = 0.000 (<0.05), although the difference between
FiP2 and FiP3 is not significant with p = 0.923 (>0.05).

3.3. Effect of post-fibrillation endoglucanase treatment on WRV and Crl
of CNFs

WRYV is a measure of the water-holding capacity of cellulose mate-
rials that includes the water in the pores and thin layer on outer surface
of fibers or fibrils, particularly in the inter-fiber or inter-fibril meniscus
(Gu et al., 2018; Luo, Zhu, Gleisner, & Zhan, 2011). It also can be a
measure of the accessibility of cellulose materials to water or the total
fibril surface area (Gu et al., 2018). As discussed earlier, WRV of BHKP
was significantly increased from 79 % to 317 % (FiP1) and 381 % (FiP3)
after SMC milling (Table 2). After post-fibrillation endoglucanase
treatment of FiP1 for 3 to 72 h, WRV of the resultant samples Po-P1E1t3,
Po-P1E1t6, Po-P1E1t12, Po-P1E1t24, Po-P1E1t48 and Po-P1E1t72 were
decreased slightly to approximately 280 % with negligible difference
(Table 2). This decrease is perhaps due to the cleavage of $-1,4 bonds by
endoglucanase, which decreased fibril entanglement and therefore
water-holding capacity in the inter-fibril meniscus. WRV of FiP3 was
also slightly decreased to 345 % from 381 % after post-fibrillation
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endoglucanase treatment for 24 h (Table 1).

X-ray diffractograms showed that all cellulosic samples exhibited the
characteristic peaks of cellulose I at 20 = 18 and 22.5° (Fig. S7). After
post-fibrillation endoglucanase treatment, these characteristic peaks
remained. As listed in Table 2, SMC milling reduced Crl from 54.8 %
(original BHKP) to 51.4 % (FiP1) and 50.6 % (FiP3), respectively.
Subsequent post-fibrillation endoglucanase treatment slightly increases
CNF Crl due to the hydrolysis of paracrystalline cellulose. For example,
Crl of Po-P1E1t12 was increased to 54.1 % with endoglucanase treat-
ment at 1 mg/g for 12 h, slightly lower than that of original BHKP. With
the increase in treatment time, the CNF CrI was increased. Similarly, CrI
of Po-P3E1t24 was increased to 55.4 % after post-fibrillation endoglu-
canase treatment for 24 h. Crl of Pre-E1t24P1 and Pre-E1t24P3 were
52.7 % and 49.8 %, respectively, both lower than Po-P1E1t24 and Po-
P3E1t24, both of which had the same endoglucanase loading of 1 mg/
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g and treated for 24 h. It was also lower than the Crl of untreated BHKP
because the subsequent SMC grinding reduced CrI of fibers.

3.4. Rheological properties of post-fibrillation endoglucanase treated CNF
suspensions

Rheological properties of CNF suspensions were characterized under
steady and dynamic conditions to understand the viscoelastic properties
of the suspensions. The suspension shear stress vs shear rate displayed a
nonlinear relationship, especially at high CNF consistencies, and can be
well fitted by the Herschel-Bulkley model (t = 19 + ky™) as shown in
Fig. S8. Flow indices (m) of all the CNF suspensions were <1 (Table S3),
strongly supporting a shearing-thinning behavior. However, at CNF
consistency of 0.5 wt%, the flow indices for suspensions FiP1, Po-
P1E1t3, Po-P1E1t48 and Pre-E1t24P1 were all close to 1, i.e., a
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Fig. 6. Viscosity of CNF suspensions. Left column: Variation with shear rate at different CNF concentrations (A1) 0.5 wt%, (A2) 1.5 wt%, (A3) 3 wt%. Right column:
Variation with CNF concentrations at different shear rates (B1) 0.1 1/s, (B2) 10 1/s and (B3) 1000 1/s.
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Newtonian behavior. This is because the concentration of CNF suspen-
sions was too low to result in observable deviations from water (a
Newtonian fluid) in their rheological properties. At higher CNF consis-
tencies of 1.5 wt% and 3.0 wt%, the shear stress of the suspension of Pre-
E1t24P1 from enzymatic pretreatment were higher than the corre-
sponding values of the suspensions of Po-P1E1t3 and Po-P1E1t48
(Fig. 6), both from post-fibrillation endoglucanase treatment at the
same enzyme dosage. This is because the DP values (representative of
fibril length) of Pre-E1t24P1 fibrils were greater than those of Po-P1E1t3
and Po-P1E1t48 due to lack of post-fibrillation endoglucanase cleavage
(Table S3). The shear yield stress 1 is a typical rheological characteristic
of CNF suspensions. Increasing the concentration of CNF (FiP1) sus-
pension from 1.5 wt% to 3.0 wt%, T was increased from 2.38 Pa to 6.75
Pa (Table S3) due to the increasing fibril flocculation at a higher CNF
consistency. Similar behavior was also observed from all CNF samples
evaluated.

The rheological properties of CNF suspensions were closely related to
the size of the fibrils and its dispersion microstructure (Li, Wu, et al.,
2021). Increasing CNF concentration increased suspension viscosity, as
shown in Fig. 6A1-A3, in agreement with literature (Li et al., 2015; Liao
et al., 2021). Moreover, all CNF suspensions displayed typical shear-
thinning behavior. The suspension showed high viscosity at very low
shear rate because the entangled network of fibrils were resistant to
flow. At higher shear rates, fibril structure was deformed and started to
flow. Hence, the viscosity decreased (Gourlay et al., 2018). At a low
shear rate of 0.1 1/s, the different CNFs FiP1, Po-P1E1t3, and Po-
P1E1t48 showed different viscosities even at low concentrations of
0.5 % (Fig. 6A1). This difference disappeared with increasing shear rate.
At shear rates >30 1/s, the viscosity of these three CNFs were essentially
the same. Compared with Po-P1E1t3 (Fig. 4A) and Po-P1E1t48 (Fig. 4B),
FiP1 (Fig. 2D) has the greatest DP values (Table 2), thus the fibrils were
more likely to aggregate and intertwine with each other to form a more
stable network structure (Liu et al., 2017; Qu, Wang, Li, & Wang, 2021;
Wang et al., 2020). Increasing enzymatic treatment time resulted in
short fibrils, which decreased viscosity; for example, the viscosity of Po-
P1E1t48 was always lower than that of Po-P1E1t3 (Fig. 6A1-A3). Also
note that the effect of enzymatic pretreatment on CNF suspension
rheology was obvious only at low suspension consistency of 0.5 wt%
(Fig. 6A1) and disappeared at high consistencies >1.5 wt% (Fig. 6A2-
A3), while the effect of post-fibrillation enzymatic treatment remained
at high suspension consistencies (Fig. 6B1—B3).

The storage modulus G’ describes the elastic behavior or gel-like
characteristic of CNF suspensions, while the loss modulus G” describes
viscous behavior or liquid-like characteristics of CNF suspensions. In
addition, G’ and G” define the ability of a CNF suspension to reverse its
deformation (Gaspard et al., 2021; Qu et al., 2021). As reported previ-
ously, CNFs are more likely to have gel-like behavior even at low con-
centrations (Li et al., 2015; Liao et al., 2021; Nechyporchuk et al., 2016).
Transition from liquid-like to gel-like can occur at a low consistency of
0.5 wt% for TEMPO-oxidized CNF (Liao et al., 2021). This is observed in
the present study. As shown in Fig. 7, CNF suspensions at 0.5 wt% under
an oscillatory strain of 1.25 wt% were transitioned from liquid-like to
gel-like, i.e., G’ greater than G” (tan § > 1), at a low angular frequency of
below approximately 1.5 rad/s. This transition of suspension behavior
from liquid-like to gel-like was thought to be due to extensive aggre-
gation in the system, which results in the gelation (Shafiei-Sabet,
Hamad, & Hatzikiriakos, 2014). The transition angular frequency had
no visible variations among the four samples tested, indicating that the
variations in the susceptivity of the CNF suspension to form gel was
insignificant, perhaps due to the small variations in the morphology of
these four samples, as shown in Fig. 2F and F1, Fig. 4A and Al, B and B1,
and C' and C'1, respectively.

Although increasing suspension concentration can facilitate the
formation of network and structure through non-covalent aggregations
(Anvari & Joyner, 2017), other factors can affect the viscoelastic
behavior of CNF suspensions as summarized in literature
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(Nechyporchuk et al., 2016). Electrostatic repulsive interactions be-
tween fibrils induced by fibril surface charge can decrease the tendency
of forming fibril networks. This repulsive force is enhanced by two
factors: (1) the suspension concentration, because a higher suspension
concentration results in a shorter mean distance between fibrils to in-
crease fibril repulsion, and (2) the amount of fibril surface charge. Fibrils
produced from chemically pretreated cellulose fibers, such as TEMPO-
mediated oxidation (Isogai, Saito, & Fukuzumi, 2011), concentrated
sulfuric acid (Wang, Zhu, Reiner, et al., 2012) and dicarboxylic acid
(Chen, Zhu, Baez, Kitin, & Elder, 2016) hydrolysis tends to result in a
more stable suspension due to increasing electrostatic repulsive in-
teractions among fibrils as a result of surface carboxylation or sulfation.
For the fibrils produced from enzymatic treatment without chemical
modification in the present study, the fibril surface charge is native to
wood cellulose fibers. The electrostatic repulsion can be enhanced at
elevated fibril concentrations to result in a less gel-like suspension than
that at low concentrations. This can be seen from the two sets of plots
shown in Fig. 7, the suspension concentration of 3 wt% has the least gel-
like behavior. It should be pointed out that fibril sedimentation, espe-
cially at high suspension concentrations, can decrease fibril concentra-
tion in the upper plate region of the parallel-plate rotary rheometer used
in the present study (Nechyporchuk et al., 2016) to affect the measured
viscoelastic behavior of CNF suspensions (Nechyporchuk et al., 2016).

4. Conclusions

This study investigated post-fibrillation endoglucanase treatment for
preparation of CNFs. SEM imaging analysis revealed that post-
fibrillation endoglucanase treatment can effectively reduce fibril
network and entanglement by cutting fibrils through depolymerizing
cellulose, as validated by the measured DP values. Post-fibrilltion
endoglucanase treatment also reduced fibril mean diameter even at a
low dosage of 1 mg/g. As a result, post-fibrillation endoglucanase
treatment can produce uniform CNFs. Furthermore, post-fibrillation
enzymatic treatment uses less energy for mechanical fibrillation than
enzymatic pretreatment with subsequent mechanical fibrillation for
producing CNFs with equivalent morphologies. A typical enzymatic
treatment time is approximately 12-24 h. Post-fibrillation endogluca-
nase treatment modifies the rheology of the resultant CNF suspension by
reducing the viscosity of the suspension at a wide range of shear rate
from 0.001 to 1000 1/s. The flow indices of all CNFs suspensions were
<1, indicating a pseudoplastic fluid behavior.
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