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ABSTRACT  This stu y con ucte  a  etaile  evaluation of the 
feasibility of pro ucing cellulose microfbrils (CMF) from a kraft-
bleache  har woo  pulp at high soli  contents with an  without 
pretreatments. CMFs pro uce  by planetary ball milling at soli  
contents 17 an  28% were compare  with those from 1 to 5% 
un er the same milling con itions. Fiber pretreatments using a 
commercial en oglucanase an  mechanical refning using a 
laboratory PFI mill were also applie  before ball milling at a 
soli  content of 28%. Two mechanisms of fber fbrillation were 
i entife  from the results obtaine : (i) ball an  fber/fbril 
interactions-the primary mechanism an  (ii) interfber/fbril 
frictional an  tensional interactions-the secon ary mechanism. 
The secon ary mechanism plays an important role only in early-
stage fbrillation an  became less important as fbrillation procee e  in the later stage towar  nanofbrillation. Improving fber 
 ispersion at lower soli  content facilitate  fbrillation. En oglucanase pretreatment substantially shortene  fbers to result in a 
“pulverize -like” CMF with short fbrils at an exten e  milling time. Mechanical refning of fbers facilitate  fbrillation to result in 
CMFs with a morphology similar to that from runs without any fber pretreatment but for a much shorter milling time. Both CMF 
water retention value (WRV) measurements an  CMF suspension se imentation experiments showe  results consistent with 
imaging observations. The insights gaine  through this stu y provi e relevant information with commercial signifcance regar ing 
CMF pro uction at high soli s, which is not currently available in the literature. 

■ INTRODUCTION 
Microfbrillate  cellulose or cellulose microfbrils (CMF) 
characterize  by their entangle  an  branche  fbril network 
structure with fbril  iameters ranging from nanometers to 
micrometers1,2 have emerge  as a novel an  promising 
cellulosic material for a variety of applications such as barrier 
coating3 an  polymer reinforcement in paper-base  pack-
aging.4 Base  on a recent report,5 at least fve companies have 
CMF pro uction capacity over 100 tons per year with fve 
a  itional companies having annual capacities over 10 tons per 
year globally. While CMF can be pro uce  using a  iverse 
plant biomass such as bamboo, woo , cotton, an  agriculture 
biomass,6 currently, it is mostly pro uce  at very low soli s of 
approximately 3−5% through mechanical fbrillation with or 
without prior chemical or enzymatic or mechanical pretreat-
ments.7−9 Due to the strong hy rophilic nature of cellulose 
an  great CMF surface area,  ewatering of CMF is  ifcult 
because of the gel-like behavior at concentration as low as 2− 
3%.10 High water content not only signifcantly increases 
energy cost for shipping wet CMF an   ewatering, but the 
water from  ewatering also contains a signifcant amount of 
polysacchari es that can in uce microbial growth without 
treatment. All of these issues are environmental concerns an  
afect sustainability. 

Limite  stu ies were con ucte  on fbrillation of cellulosic 
fbers at high soli  contents, illustrating the  ifculties of the 
subject partly  ue to limite  facilities capable of efciently 
fbrillating cellulosic fbers at high soli  contents. Milling in a 
PFI mill was applie  to fbrillate bleache  birchwoo  fbers up 
to soli  content of 15% after oxi ative pretreatment using 
so ium perio ate an  chlorite.11 Twin-screw extrusion was 
evaluate  for microfbrillating an extensively refne  bleache  
softwoo  kraft pulp with an ultralow freeness of 10 mL CSF 
(Cana ian stan ar  freeness) at a soli  content of 28%.12 The 
soli  content was increase  to 33, 36, 39, an  45% after 
extrusion for 1, 5, 10, an  14 passes  ue to water evaporation, 
an  the great numbers of passes applie  in icate  the 
inefciency in fbrillation. Twin screw extrusion was also 
applie  to fbrillate chemically (TEMPO-me iate  oxi ation) 
pretreate  bleache  eucalyptus woo  fbers.13 High shear 
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mixing with simultaneous active enzymatic actions was also 
evaluate  for fbrillating bleache  an  unbleache  kraft 
softwoo  fbers at a soli  content of 25% using a commercial 
two-shaft sigma mixer14 an  achieve  micro- to nanofbrillation 
with a low energy consumption of 0.6 MWh/ton. While these 
stu ies  emonstrate  the feasibilities of fbrillating cellulose 
fbers at high soli  contents, using chemical treatments or 
extensive mechanical refning (high energy cost) can result in 
environmental concerns. Furthermore, these limite  stu ies 
 i  not stu y the efects of soli  content on cellulose 
fbrillation at high soli  contents. 
Ball milling, though lacking scalability for commercial CMF 

pro uction, has the a vantage of using a small amount of fbers 
an  experimental simplicity in operation for laboratory stu ies 
to obtain basic un erstan ing of cellulose fbrillation processes. 
Ball milling of  ry woo  or cellulosic materials, especially 
un er cryogenic con itions, are frequently employe  for 
pulverizing woo  an  cellulose to stu y basic woo  or 
cellulose properties.15 However, fbrillation rather than 
pulverization is essential for CMF pro uction. Earlier stu ies 
using ball milling for cellulose fbrillation were con ucte  at 
low soli  contents less than 5%. For example, a systematic 
stu y of various parameters in ball milling on the resultant 
fbrillate  cellulose morphology was carrie  out at a soli  
content of 1%.16 The stu y foun  that the ball size is important 
to pro uce fbrils rather than pow ers. Other parameters such 
as the ball-to-fber mass ratio an  milling time can afect 
fbrillation pro uctivity. Alkaline pretreatment using carbonate 
improve  pro uctivity.16 It was foun  that chemical pretreat-
ment with TEMPO-me iate  oxi ation greatly facilitate  
fbrillation at extremely high soli  contents of 50−93% (near 
the  ry con ition) using a vibrational ball milling.17 However, 
earlier stu ies in icate  that fbrillation at high soli  contents 
without chemical an  enzymatic treatment of fbers was 
extremely  ifcult by ball milling or twin-screw extrusion.17,18 

For fbers without TEMPO oxi ation, a signifcant amount of 
minimally fbrillate  fbers remaine  after ball milling. The 
efects of soli  content on fbrillation were not eluci ate  or 
inconclusive.17 

The objectives of the present stu y are (1) to examine the 
potential of pro ucing CMF at a high soli  content without 
any fber pretreatment using planetary ball milling with specifc 
focus on un erstan ing the efect of fber soli  content on 
fbrillation an  the morphology of the resultant fbrils an  (2) 
to evaluate the efect of pulp fber pretreatments, specifcally 
nonchemical pretreatments, i.e., en oglucanase an  mil  
mechanical refning, on cellulose fber fbrillation at a high 
soli  content. We hypothesize that (1) the interfber/fbril 
interaction at very high soli  contents can be an important 
secon ary mechanism to facilitate CMF pro uction an  (2) 
fber pretreatment using mechanical refning can facilitate 
pro uction of longer fbrils than enzymatic treatment that cuts 
fbers. The novelty of the present work lies in the eluci ation of 
fbrillation mechanisms in CMF pro uction at high soli  
contents an  the  iferences between enzymatic treatment-a 
cellulose chain cutting treatment an  mechanical refning-a 
compressive an  shearing treatment on the resultant CMF 
morphology from high soli  ball milling in terms of fbrillation 
an  pulverization. 
Recognizing the extreme  ifculties in quantitative charac-

terization of CMFs  ue to their highly branche  network 
structure as  iscusse  in literature1,2 an  avoi ing  rawing 
mislea ing conclusions from the quantitative fbril  iameter 

an /or length  istributions obtaine  using conventional 
techniques such as fber imaging analysis an   ynamic light 
scattering, the morphology of the fbrillate  fbers was 
visualize  using light microscopy (LM) an  scanning electron 
microscopy (SEM) imaging in a wi e range of magnifcations. 
Unlike cellulose nanofbrils (CNF), especially those from fbers 
with enzymatic pretreatment, that are free of a  elaminate  
fbril sheet structure,19 CMF contains a signifcant amount of 
 elaminate  thin fbril sheet structures as well as highly 
branche  an  entangle  fbril structures, which makes 
quantitative characterization of fbril  iameter an  length 
extremely  ifcult. The images, however, reveale  the insights 
to the  ifculties in CMF pro uction at high soli  contents 
an  the efectiveness of sustainable fber pretreatment 
metho s. 

■ MATERIALS AND METHODS 
Mater als. A never  rie  commercial bleache  kraft har woo  

(mixture of birch an  maple) pulp (BKHP) at a soli  content of 17% 
was obtaine  from a U.S. pulp mill. The pulp fbers have a cellulose, 
xylan, an  lignin content of 77.7, 23.1, an  2.7% (Table S1), 
respectively,  etermine  by the Analytical Chemistry an  Microscopy 
Lab at our Laboratory.20 Commercial en oglucanase FiberCare (lot 
CGP20051) was complementarily provi e  by Novozymes North 
America (Franklinton, NC). The en oglucanase protein content of 
7.53 mg/mL was  etermine  using the Bio-Ra  protein assay with 
bovine serum albumin (BSA) as stan ar .21 

Ball M ll ng. A planetary ball mill (PM100, Retsch Lab 
Equipment, Germany) was use  to fbrillate the BKHP fbers. 
Planetary ball mills use a rotational ball mill jar to  rive the grin ing 
balls to impact the sample through extrusion an  frictional 
interactions. Here, the rotational  irection of ball mill main wheel 
an  the rotation  irection of the ball mill jar were set in opposite 
 irections (Figure S1), so that the two rotational spee s can be 
superimpose  on the ball mill jar to result in great energy for the 
grin ing balls insi e the jar. Unless in icate , the BKHP without any 
chemical, enzymatic, an  mechanical pretreatments was  irectly use  
for ball milling. Manual  ewatering was applie  to result in a pulp 
fber soli  content of 28 wt % for high soli  ball milling. Fiber 
suspensions with a soli  content of 1, 5, 17, an  28 wt % were each 
separately fe  into the ball mill. Milling was con ucte  at an overall 
constant rotational spee  of 600 rpm for various  urations of 0.5, 1, 2, 
3, an  6 h. The ball-to- ry fber mass ratio (w/w), B/F, was 
maintaine  at 15:1 utilizing a total of 10 balls with a  iameter of 10 
mm except for the run at a soli  content of 1% with only 3 balls. At 
the lowest soli  content of 1%, a run with B/F 75:1 was also 
con ucte  using 10 balls of 10 mm in  iameter. A run with B/F 
10:1 was also con ucte  at a soli  content of 28%. 

Enzymat c Pretreatment and Mechan cal Refn ng. To 
un erstan  fber pretreatment on high soli  ball milling, the as-
receive  BKHP was either enzymatically pretreate  or mechanically 
refne  using a PFI mill (No. 160, Testing Machines, Inc., Amityville, 
Long Islan , NY). The enzymatic pretreatment was con ucte  using a 
commercial en oglucanase FiberCare (FR) at a protein  osage of 1 
mg protein/g fber (abbreviate  as mg/g) in a fask shaker (Eppen orf 
NB Excella E25) at 200 rpm, 50 C, an  a fber soli  content of 5% in 
a 50 mM acetate bufer with a pH of 5.0.22 The pretreatment laste  
for 24 h, an  en oglucanase was then  eactivate  by heating the 
treate  fber suspension at 90 C for 15 min at the en  of the 
process. 19 FR-pretreate  fber soli s were then washe  with the same 
acetate bufer, followe  by water wash 3−4 times an  vacuum-fltere  
to remove soluble sugars. The washe  fbers were use  for ball milling 
for fbrillation. Cellulose loss was minimum when the fbers 
un erwent en oglucanase treatment with a cellulosic soli  yiel  of 
99.7%. The BKHP was also PFI-mille  for 3000 revolutions at 1725 
rpm to result in a pulp fber sample of freeness approximately 200 mL 
of CSF. 
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Both the FR-pretreate  an  PFI mill-refne  fbers were  ewatere  
manually an  use  for ball milling at a soli  content of 28% compare  
with the control run using BKHP without any pretreatments. 

L ght M croscop c and Scann ng Electron M croscop c 
Imag ng. The morphologies of CMFs from ball milling were 
observe  frst using light microscopy (LM) which provi es an overall 
morphological characteristic of a fbril sample.1,23 An aliquot of the 
aqueous CMF suspension was  irectly  roppe  onto a microscope 
sli e. Bright-fel  images were capture  using a Nikon Eclipse Ci 
microscope (Mo el 707484, Nikon Corp., Tokyo, Japan) equippe  
with an FLIR Grasshopper 3 camera. LM images were also obtaine  
by using bright-fel  optics an  a 10x objective lens of a Zeiss 
Axiophot microscope (D-7082 Oberkohen, Germany). A green flter 
was place  over the fel   iaphragm on the illuminating beam path to 
increase the contrast of the imaging. 
To view the fne  etails of the CMFs, especially those from 

exten e  ball-milling time, scanning electron microscopic (SEM) 
imaging was performe .1 A  rop of an aqueous CMF suspension was 
place  onto carbon tape, which was mounte  on an aluminum stub. 

The sample was then frozen at −20 C. It was further frozen in liqui  
nitrogen (N2) after 1 h an  transferre  to a precoole  freeze- rier at 
−60 C an  0.133 mbar (100 μm Hg). The frozen sample was 
lyophilize  an  then sputter-coate  with a layer of gol  to enhance 
the con uctivity. SEM images were capture  by using a Zeiss Leo Evo 
40 SEM system operating at a 10 kV accelerating voltage. To ensure 
that the obtaine  images were statistically meaningful, many images 
were taken from the same sample. 

Water Retent on Value (WRV) Determ nat on. Previous 
stu ies in icate  that WRV can be an in irect measure for comparing 
the extents of microfbrillation of CMFs from the same fber 
source. 1,24 The WRVs of the ball-mille  CMFs were  etermine  
accor ing to the Scan inavian stan ar  test metho  SCAN-C 62:00 
as  escribe  previously.25 Approximately 14 g of aqueous suspension 
of cellulosic materials at a soli  consistency of 2% was wrappe  in a 
fltration membrane of 0.1 μm pore size (JVWP14225, Millipore 
Corporation, USA). The membrane-wrappe  samples were centri-
fuge  in a centrifuge tube with the support of a stainless steel screen 
so that water can be accumulate  in the space below the screen at the 

Figure 1. Time- epen ent morphology  evelopment of fbrils from ball milling at a soli  content of 28% with a ball-to-fber mass ratio of 10:1. 
Scale bars for all LM images 100 μm. Mi  le an  right columns (except the top row) are higher-magnifcation SEM images of the same sample in 
the same row. 
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bottom of the tube  uring centrifugation.1 The centrifugation was 
carrie  out at 3000 g for 15 min (EXD 4871, International Equipment 
Co., Chattanooga, TN, USA). 

WRV of a cellulosic sample was then calculate  accor ing to eq 1: 

= ×
m m

m
WRV(%) 100wet od

od (1) 

where mwet is the weight of the wet cellulosic sample after 
centrifugation an  mod is the oven  ry weight of the same wet 
cellulosic sample.

Suspens on Stab l ty Evaluat on. The stability of a CMF 
suspension can be another in irect measure of the extent of 
fbrillation of CMFs from the same fber source.1 It is  etermine  
by  iluting a CMF suspension to 0.25 wt %26 an  then sonicate  to 
achieve a uniform  ispersion. The se imentation behavior of the 
 ispersion was visually observe  over a  esignate  perio  of time. 
Images of the  ispersion were capture  at 0, 1, 2, 18, an  24 h. The 
stability of the suspensions was  etermine  using the following 
equation:27 

= ×stability (%) (Dispersion height
Initial height) 100 (2) 

where “Dispersion height” is the height of the  ispersion at a given 
se imentation time an  “Initial height” is the  ispersion height before 
se imentation. 

■ RESULTS AND DISCUSSION 
T me-Dependent F br l Development by H gh Sol d 

Ball M ll ng. The as-receive  pulp fbers have a length weight-
average length of approximately 1.2 mm measure  by a fber 
analyzer (FQA, LDA02, OpTest Equipment Inc., Cana a) as 
 escribe  earlier1 an  a wi th of 12 μm as shown by the LM 
images in the top row (t 0 h) in Figure 1 (also Figure S2). 

The pulp also contains a lot of fnes (particles with lengths less 
than 100 μm). Vessel elements can be seen. The main feature 
by ball milling was cell wall  elamination to result in 
signifcantly fattene  cell walls, as observe  from both the 
LM (left column except for t 6 h) an  SEM images (mi  le 
an  right columns except for t 0). This suggests that the ball 
size of 10 mm use  was appropriate an   i  not cause fber to 
pulverize.16 Furthermore, the extent of  elamination was 
increase  with an increasing milling time. This is similar to  isk 
milling observe  previously,1,9 in icating that compression 
force on fbers was create  when balls hit fbers. Large fbers 
remaine  even after 2 h of ball milling. However, 
submicrometer fbrils can be clearly seen even after 0.5 h 
milling. It appears that a fairly uniformly  elaminate  an  
highly branche  CMF with a substantial amount of 
submicrometer scale fbrils was obtaine  after 2 h ball milling 
base  on the SEM images shown, in icating that cellulose 
fbers can be efectively fbrillate  into CMF at a high soli  
content of 28% without chemical, enzymatic, or mechanical 
pretreatment. Exten ing ball milling to over 3 h  i  not 
substantially improve fbrillation, in icating that ball milling is 
not efective for nanoscale fbrillation, similar to  isk milling.1 

Sol d Content on F ber F br llat on by Ball M ll ng. 
While ball milling of  ry woo  or fbers is efective for 
pro ucing pulverize  cellulosic particles,15 fbrillation rather 
than pulverization is require  for CMF pro uction. As shown 
by LM images in Figure 2, the initial fbrillation of fbers can be 
seen after milling for 0.5 h (row I). This initial fbrillation was 
more apparent at the lowest (1%) an  highest (28%) soli  
contents with fber shortening an   elamination. Initial 

Figure 2. LM images showing the efect of the fber soli  content on time- epen ent morphologies of fbrillate  cellulosic fbers from planetary ball 
milling. The mill spinning spee  was 600 rpm, an  the ball-to-fber mass ratio (B/F) was 15:1. Scale bars 100 μm. 
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fbrillation was less clearly observe  at a soli  content of 5% 
compare  with that at a soli  content of 1 an  28%. Increasing 
soli  content to 17%, the extent of initial fbrillation was 
slightly increase . This observation of the soli  content efect 
on fber fbrillation was further observe  at 1 h (Figure 2). To 
ensure that this observation is representative, several roun s 
LM (Figure S3) as well as green light flter LM (Figure S4) 
were taken, an  all confrme  this observation. 
These observe  efects of soli  content on the morphology 

of the resulting CMFs through an earlier stage of fbrillation 
can be explaine  by the two mechanisms governing high soli  
fber/fbril fbrillation: (i) the interactions between the balls 
an  the fbers/fbrils as the primary mechanism an  (ii) the 
interactions among fbers/fbrils themselves as the secon ary 
mechanism. Increasing fber soli  content signifcantly 
increase  the interactions (frictional an  tensional  ue to 
entanglement) among fbers an  fbrils. Using the crow ing 
factor,28,29 we can estimate the minimal fber soli  content 
necessary to form fber focks, a necessary con ition to create 
interfber/fbril interactions-mechanism (ii), 

= i
k
jjj y

{
zzzN C

L
d

2
3 v

2

(3) 

where N is the crow ing factor,  v is the fber volumetric 
concentration, L is the average fber length, an  d is the 
average fber  iameter. The average fber length was measure  
at 1.2 mm, an  the average fber  iameter was estimate  at 12 
μm base  on LM imaging (Figure S2) with the assumption of 
a fber  ensity of 0.67 g/cm3 (mixture of birch an  maple), 

= i
k
jjj y

{
zzzC N d

L
9
4m

2

(4) 

where  m is the fber mass concentration or soli  content. It 
was suggeste  base  on analytical analysis that 3 fber contacts 
is the minimal con ition to form continuous fber networks− 
fber focculation, which gives N 60.29 Often times, the 
number of contacts up to 5 with N 130 is necessary. 
Therefore, the minimal initial soli  content of 1.35−2.93% is 
require  to form coherent fber focks. It shoul  be pointe  out 
that forming fber focks is only a necessary con ition to 
pro uce fbers/fbril interactions. At this critical soli  content, 
the interactive tensional an  frictional forces among fbers/ 
fbrils are weak an  may not improve fbrillation. A much 
higher concentration is nee e  to result in interfber/fbril 
interactions with sufcient energy to fbrillate through the 
secon ary mechanism (ii). The greater the soli  content, the 
stronger the interfber/fbril interactions. 
It is worth pointing out that eq 3 has been applie  to 

 etermining the aspect ratio (L/d) of CMF30 an  CNF 
(cellulose nanofbrils)31 samples by assuming CMF an  CNF 
 ensity ∼1.5 an   m being the CMF or CNF gelation 
concentration obtaine  from rheology or se imentation 
measurements. However, this aspect ratio may not provi e 
a  itional information for the present CMF samples, especially 
those from the early stage of fbrillation,  ue to the signifcant 
network an  sheet-like structures shown. The CMF samples 
use  in these stu ies are actually CNF with a  istinctive 
nanofbril morphology base  on ISO specifcation (ISO/TS 
20477:2017). 
This above analysis in icates that there were no interfber/ 

fbril interactions at the very low soli  content of 1%. The only 
mechanism of fbrillation was through the interactions between 
the balls an  fbers/fbrils-the primary mechanism (i). A soli  
content of 1%, however, facilitate  the interaction between the 
balls an  the fber/fbrils  ue to goo  fber/fbril  ispersion, 

Figure 3. SEM images showing the efect of the fber soli  content on the microstructures of CMFs from planetary ball milling. The mill rotation 
spee  was 600 rpm, an  the ball-to-fber mass ratio (B/F) was 15:1. 
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which resulte  in a greater extent of fbrillation than those for 
the runs at soli  contents of 5 an  17% in the earlier stage of 
milling (row I, Figure 2). The interfber/fbril interaction-the 
secon ary mechanism (ii)-was probably negligible at a soli  
content of 5%  ue to weak fber focks forme  as  iscusse  
earlier an  was only increase  slightly at 17%. As shown in 
Figure 2 (rows I to III), the extent of fbrillation at 17% was 
greater than at 5% but remaine  lower than at 1%. The 
worsening fber  ispersion at these elevate  soli  contents 
hin ere  fbrillation. At a high soli  content of 28%, the 
interfber/fbril frictional an  tensional interactions-the 
secon ary mechanism (ii)-became important to result in a 
greater extent of fbrillation than the runs at 5 an  17% soli  
contents (comparing Figure 2D with Figure 2B,C in rows I− 
III) in the earlier stage of fbrillation (up to 2 h). This vali ate  
our frst hypothesis-interfber/fbril interaction is important 
to CMF pro uction at high soli  contents. 
Exten ing milling beyon  2 h, the interactions between the 

balls an  fbers/fbrils-mechanism (i)- ominate , an  the 
interaction among fbrils-the secon ary mechanism (ii)-
became less efective. As a result, lower soli  contents 
pro uce  a greater extent of fbrillations. Comparing Figure 
2A (1% soli  content) with Figure 2D (28% soli  content), the 
better  ispersion at 1% soli  content pro uce  more fner 
fbrils than the run at 28% soli  contents with poor  ispersion 
as clearly shown (rows IV an  V of Figure 2A,D). 
Furthermore, the fneness of fbrils follows the or er of soli  
content, i.e., the CMF from the run at 1% being the fnest, 
followe  by the CMF from 5, 17, an  28%, as can be clearly 
seen from the green light microscopy images (row V in Figure 
3). This suggests that the interaction between the ball of fber/ 
fbrils−the primary mechanism (i)-has stronger energy than 
the interaction among fber/fbrils-the secon ary mechanism 
(ii). Because nanofbrillation requires higher energy input than 
microfbrillation, the interactions between fber/fbrils-
secon ary mechanism (ii)-or high soli  content benefts 
more for CMF pro uction (earlier stage of fbrillation) than for 
pro ucing CNFs, in other wor s, low soli  content is better 
suite  for late-stage nanoscale fbrillation for pro ucing CNFs. 
These results flle  the literature gap on un erstan ing the 
efect of soli  content on fber fbrillation an  has practical 
signifcance because high soli  content can re uce water usage 
an  ease transporting CMFs. 
SEM analysis was applie  to observe microstructures of the 

CMF samples from fbrillation at  iferent soli  contents for 2 
an  3h. Signifcant fber  elamination was observe  for the ball 
milling run at a very low soli  content of 1%, as shown in 
Figure 3AIa. However, fbers are mostly intact with a low 
 egree of  elamination when fbers were ball-mille  at soli  
contents of 5% (Figure 3BIa), 17% (Figure 3CIa), an  even at 
28% (Figure 3DIa). Fibrillation at 28% (Figure 3DIa)  i  
result in a greater extent of  elamination than those at 5% 
(Figure 3BIa) an  17% (Figure 3CIa). Observations un er a 
greater magnifcation suggest that the main feature of the CMF 
from the run at a soli  content of 1% (Figure 3AIb) was 
 elaminate  fbril sheets with fewer large microfbers (Figure 
3AIb)  ue to better fber  ispersion than at 5% (Figure 3BIb), 
17% (Figure 3CIb), an  28% (Figure 3DIb) soli  contents. 
This  iference in the microstructure between the CMFs from 
the very low soli  content 1% an  higher soli  contents 
resulte  from the  iference in the milling mechanisms, as 
 iscusse  in the previous paragraph. Goo   ispersion at a soli  
content of 1% signifcantly promote  the interactions between 

balls an  fbers/fbrils-the primary mechanism (i)-to result 
in the greatest extent of  elamination among all the runs at 
 iferent soli  contents  ue to compression forces from the ball 
impacting the fbers. However, the interactions among fbers/ 
fbrils-the secon ary mechanism (ii)-promote  interfbril 
interactions to result in improve  fbrillation at the very high 
soli  contents (28%, Figure 3D) compare  with the runs at 
me ium soli  contents of 5% (Figure 3B) an  17% (Figure 
3C). 
Increasing fbrillation time to 3h increase  the extent of 

 elamination for all samples (rows IIa an  IIb in Figure 3). 
The interaction among fbers/fbrils-the secon ary mecha-
nism (ii)-became less important as  iscusse  earlier. The 
interactions between balls an  fbers/fbrils-the primary 
mechanism (i)- ominate . The better  ispersion at lower 
soli  contents facilitate  the primary mechanism (i) an  
pro uce  a greater extent of fbrillation, i.e., the CMF from the 
run at a soli  content of 1% (Figure 3AII) appeare  as fner or 
thinner  elaminate  fbril sheet fragments than the runs at 5% 
(Figure 3BII), 17% (Figure 3CII), an  28% (Figure 3DII). 
More microfbers were observe  in CMF samples from higher 
soli  contents, especially at 28%, in agreement with green light 
microscopy imaging (Figure 2V). 

Pulver zat on versus F br llat on  n Ball M ll ng. As 
state  earlier, fbrillation an  avoi ing pulverization are critical 
for pro ucing CMFs. The balls an  fbers/fbril interactions-
mechanism (i)- ominate  at a very low soli  content of 1%, 
which can result in pulverization actions  uring ball milling 
using large ball sizes, as reporte  in literature.16 The efect of 
the ball-to-fber mass ratio B/F on CMF pro uction was 
evaluate  at a soli  content of 1% with a ball size of 10 mm. 
The run with a greater B/F of 75:1 resulte  in a greater extent 
of fbril cutting or “pulverization-like” action than the run with 
B/F of 15:1 at the same soli  content (Figure S5). Less long-
fbrils were observe , especially at a long milling time of 3 h 
with B/F 75:1 (comparing right column Figure S6IIb with 
Figure 3IIb). 
The efect of the ball-to-fber mass ratio B/F on fber 

fbrillation at a high soli  content of 28% was also observe  by 
comparing the CMFs obtaine  from two sets of runs with B/F 
15 an  10 with all other milling con itions being the same. 

The SEM images  i  show that the higher B/F run resulte  in 
slightly improve  fbrillation, especially in the early stage of 
fbrillation (Figure S7).

F br llat on Evaluated by the Water Retent on Value. 
The water retention value (WRV) measures the water 
accessible volume of a cellulosic material to water molecule,25 

which is often increase  with increasing extent of fbrillation 
an  can be use  to qualitatively characterize the fbrillation 
extent of CMFs from the same fber source.1,24 The WRV of 
the as-receive  BKHP fbers was approximately 108% an  
increase  with increasing milling time, as shown in Figure 4. 
Ball milling at the lowest soli  content of 1% resulte  in the 
greatest WRVs among all CMF samples from  iferent soli  
contents un er the same B/F ratio for the same perio  of 
milling time (Figure 4A). This is consistent with the 
observation from LM an  SEM imaging, as  iscusse  
previously. Milling at the lowest soli  content of 1% also 
resulte  in the greatest increase in WRV with increasing time 
an  achieve  the greatest WRV of approximately 450% in 3 h. 
Increasing milling soli s from 1 to 5%  ecrease  the WRV of 

the resultant CMFs; however, further increasing soli  content 
above 5% increase  WRV in the early stage of fbrillation up to 
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milling time 1 h, i.e., WRVs of the CMF from the soli  content 
of 28% were greater than the WRVs of the correspon ing 
CMFs from 5 to 17% soli  contents (Figure 4A). Therefore, 
high soli  content with interfber/fbril interactions-the 
secon ary mechanism (ii)-facilitate  fbrillation in the early 
stage of milling. This secon ary mechanism (ii) became less 
efective as fbrillation continue  towar  nanofbrillation, an  
the primary mechanism (i)  ominate . As a result, the rate of 
increase in WRV with milling time slowe  quickly at soli  
content 28% compare  with the runs at 5 an  17% soli s. As a 
result, the WRV of the CMFs from 5 to 17% soli  content 
surpasse  the correspon ing WRV of the CMFs from the soli  
content of 28% beyon  the milling time of 2 h (Figure 4A). 
This is again consistent with the imaging results shown in 
Figures 2 an  3, as  iscusse  previously. 
Increasing the ball-to-fber mass ratio B/F increase  energy 

input in ball milling, which increase  WRV, as shown in Figure 
4B. 

F br llat on Evaluated by CMF Suspens on Stab l ty. 
The stability of CMF suspensions can also serve as an in icator 
of the  egree of fbrillation.1 Earlier stu ies  emonstrate  a 
goo  correlation between the suspension stability an  the 
extent of fbrillation for CMFs  erive  from the same bleache  
fbers.26,27 Figure 5  isplays se imentation images of CMF 
suspensions stan ing for varie  intervals of up to 24 h. These 
images provi e visual information about the changes in 
suspension se imentation over time, allowing for assessing 
CMF suspension stability. The CMF suspensions shown were 
pro uce  using a ball-to- ry fber mass ratio of B/F 15:1 for 
milling 0.5 h (bottles 2−5) an  3 h (bottles 6−9). The images 
show that most CMF suspensions settle  very quickly (Figure 
5). The CMF pro uce  at a soli  content of 28% for milling 

time 0.5 h (bottles 2−5, early stage) exhibite  better stability 
or ha  greater extent of fbrillation than the correspon ing 
CMFs from 5 to 17% soli s (Figures 5 an  S8). As well 
explaine  from the WRV  ata, the interfber/fbril inter-
action-the secon ary mechanism (ii)-playe  an important 
role in the early stage of fbrillation. This role  iminishe  as 
fbrillation procee e , as can be seen from the  ecreasing CMF 
suspension stabilities with increasing soli  content for CMFs 
from milling for 3 h (bottles 6−9 in Figures 5 an  S8). This is 
again consistent with WRV measurements (Figure 4A) an  
LM imaging (Figure 2I,II). 
It is interesting to notice that more haze was observe  above 

the settling boun ary from the bottles of the CMFs from 3 h 
milling at 1% (bottle 6) an  5% (bottle 7) soli  contents than 
the correspon ing bottles (bottles 8 an  9) with CMFs from 
high soli  contents of 17 an  28% (Figure 5). This suggests 
that the CMFs from milling at low soli  contents 1 an  5% 
containe  more fner an  less-aggregate  fbrils as observe  
from imaging (Figures 2 an  3)  iscusse  earlier. These fner 
fbrils have a lower ten ency to settle than the bulk branche  
fbril network suspension an  some of them stuck onto the 
bottle wall, which create  the greater haze. Again, this 
observation in icates milling at a low soli  content for an 

Figure 4. WRV of CMFs from  iferent ball milling an  pretreatment 
con itions. (A) Efect of soli  content in milling; (B) efect of the 
ball-to-fber mass ratio (B/F) in milling; an  (C) efect of fber 
pretreatment. The soli  content was 28% for both (B,C). 

Figure 5. Time- epen ent CMF suspension se imentation images. 
From left to right: bottle 1 is a  ummy bottle to show scale; bottles 
2−5 an  6−9 were CMFs from ball milling for 0.5 an  3 h, 
respectively, an  for each set of bottles from left to right, milling soli  
contents were 1, 5, 17, an  28%, respectively. 
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exten e  fbrillation time resulte  in fner an  less-aggregate  
fbrils than CMFs from milling at higher soli  contents  ue to 
better  ispersion, in agreement with observation from imaging 
(Figures 2 an  3) an  WRV measurements (Figure 4A). These 
structural  iferences among CMFs from  iferent soli  
contents afecte  their WRV an  their suspension stabilities.

Efect of Endoglucanase Pretreatment and Mechan-
 cal Refn ng on H gh Sol d F br llat on. It is well-known 
that pretreatment of cellulosic fbers can facilitate fbrillation.32 

Prior stu ies suggeste  that fber length re uction is benefcial 
to cellulose fbrillation.7 Here, we evaluate  pretreatment using 
a commercial en oglucanase FiberCare (FR) to enzymatically 
cut fbers in length an  mechanical refning to prefbrillate 
fbers through compressive an  shearing actions on CMF 
pro uction at a high soli  content. As shown in Figure 6 (0 h, 
top row), FR pretreatment substantially shortene  fbers 
(Column B) to 1 mm or shorter in comparison with the 
original BKHP fbers (Column A) an  PFI mill-refne  BKHP 
fbers (Column C). This fber length  iference is further 

observe  after 30 min of ball milling (0.5 h, row 2). SEM 
images at a greater magnifcation show that the CMF from FR 
pretreatment contains some fairly long fbrils with a  iameter 
of approximately 1 μm together with  elaminate  fragments 
(Column B, row 3), while the CMF from PFI mill-refne  
fbers remaine  fber-like with some  egree of  elamination 
(Column C, row 3). This vali ate  the efectiveness of FR 
pretreatment-part of our secon  hypothesis. Continue  ball 
milling further increase  the extent of fbrillation for all three 
samples (1 h, row 4). The fragments observe  in the CMF 
with FR pretreatment (Column B, row 3) became fbrillate , 
an  micrometer-size  long fbrils remaine  (Column B, row 
4). The CMFs from both the PFI mill-refne  an  unpre-
treate  BKHP fbers were also signifcantly  elaminate  an  
fbrillate . However, PFI mill refning substantially improve  
fbrillation an  resulte  in more fne fbrils of hun re  
nanometers than the run without pretreatment (comparing 
Column C with A in row 4). It appears that the morphology or 
the extent of fbrillation of the CMF from untreate  BKHP 

Figure 6. Efects of pulp fber pretreatment on ball milling BKHP at a soli  content of 28% observe  from time- epen ent imaging analyses. 
Column A: untreate  BKHP; column B: enzymatic pretreate  BKHP using FR; column C: mechanically refne  BKHP to 200 mL of CSF using a 
PFI mill. Scale for LM 100 μm 
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after 2 h of ball milling is similar to that of the CMF from PFI 
mill-refne  BKHP after only 0.5 h of ball milling (comparing 
Column A with Column C in row 3), in icating that the 
efectiveness of mechanical refning on microfbrillation-once 
again vali ate  our secon  hypothesis. The signifcance of this 
fn ing is that the application of mechanical refning of pulp 
fbers-a low energy cost step-can be easily implemente  
an  shoul  be implemente  to substantially facilitate micro- or 
nanofbrillation in pro ucing CMFs or cellulose nanomaterials. 
At an exten e  ball milling time of 2 h an  beyon , 

fbrillation continue  for all three samples. Furthermore, it 
appears however that the CMF from FR pretreatment is 
further shortene  an  the numbers of micrometer-size  long 
fbrils  ecrease  (Figures 6 an  2h, Column B row 5). The 
morphology is “pulverize -like” with increasing nanoscale 
fbrils an  small fbril fragments (Figures 6 an  S9, Column 
B 3h), similar to that observe  from ball milling at 1 wt % soli  
content with a high ball-to-fber mass ratio of 75:1 (comparing 
Column B row 5 (2 h) in Figure 6 with Figure S6IIb: t 3 h). 
This in icates the efectiveness of FR treatment for nano-
fbrillation. The efcacy of PFI mill refning on micro-
fbrillation is also clearly shown (comparing Column A with 
C for 2 an  3 h in Figure 6, also Figure S9). Many long fbrils 
with  iameters on the or er of hun re s of nanometers can be 
seen from the CMF with PFI refning. This illustrates the 
 iference between the efects of FR pretreatment an  
mechanical refning on the resultant CMF morphology 
through high soli  ball milling-not reveale  in the literature. 
En oglucanase pretreatment that enhance  nanofbrillation 

signifcantly improve  the WRV of the subsequently fbrillate  
CMFs, as shown in Figure 4C, while mechanical refning  i  
not afect the WRV of subsequently fbrillate  CMFs 
compare  with the CMFs from fbers without any pretreat-
ment un er the same ball milling con itions. The WRV of the 
CMF from FR-treate  fbers after 2 h ball milling reache  over 
750% or more than 3 times greater than the correspon ing 
CMFs from the untreate  or mechanically pretreate  fber. 
This is because fber an  fbril shortening an  the increasing 
extent of nanofbrillation substantially increase  the cellulose 
WRV. Further ball milling beyon  3 h of the FR-treate  CMF 
 ecrease  its WRV from 750% to approximately 500%  ue to 
the extensive  econstruction of fbrils, which expose  
( estroye ) pores in fbrils an   ecrease  its water hol ing 
capacity. 

■ CONCLUSIONS 
This stu y provi e  a  etaile  evaluation of the fbrillation 
process of a bleache  har woo  kraft pulp by laboratory 
planetary ball milling at high soli  contents up to 28%. It also 
stu ie  the efects of two frequently applie  sustainable fber 
pretreatments: en oglucanase an  mechanical refning on fber 
fbrillation at high soli  contents. Light an  scanning electron 
microscopy imaging in icate  the greatest extent of fbrillation 
at the lowest soli  content of 1%  ue to goo  fber/fbril 
 ispersion, which facilitate  the interactions between the balls 
an  fbers/fbrils-the primary mechanism (i). A high soli  
content improve  fbrillation compare  with me ium soli  
contents in the early stage of fbrillation  ue to the enhance  
frictional an  tensional interactions among fbers/fbrils-the 
secon ary mechanism (ii). However, the efectiveness of this 
secon ary mechanism (ii)  iminishe  towar  nanofbrillation 
in the late stages to result in a  ecreasing extent of fbrillation 
with an increasing soli  content. Results from CMF water 

retention value measurements an  suspension stability experi-
ments were consistent with the imaging observations. At a high 
soli  content of 28%, en oglucanase pretreatment of fee  pulp 
fbers shortene  fbers/fbrils an  resulte  in a “pulverization-
like” CMF at exten e  fbrillation times compare  with CMFs 
from fee  pulp without pretreatment or with mechanical 
refning. Longer an  fner fbrils were observe  from CMFs 
from both the untreate  an  the mechanically refne  pulp 
fbers. Mechanical refning substantially improve  fbrillation 
compare  with the run without fber refning pretreatment. 
Since mil  mechanical refning is much more energy efcient 
than microfbrillation, it is more suitable than en oglucanase 
pretreatment for pro ucing CMFs for polymer reinforcement 
applications where long fbrils are  esire . The signifcance of 
this stu y is that these fn ings can be easily implemente  in 
practice for sustainable CMF pro uction. 
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