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Abstract

Cationization of cellulose fibers introduces postives charges and thus decreases the energy
consumption to produce celluose nanofibris (CNF), improves ther qualty and confers them
antimicrobial properties. In this study, cationic CNF at 17 wt% solid content were produced for the
frst time using an energy efficient process: the twin-screw extrusion (TSE). The production was
compared tothe production of enzymatic CNF using the same mechanical treatment and the efficiency
of cationization was discussed. CNF produced were characterized using different techniques such as
optical microscopy, atomic force microscopy, mechanical properties or transparency and finally
classified using the qualty index. Despite a dlipping effect in the TSE which leads to intact residual
fibers, highly transparent CNF with high Young’s modulus (10 GPa) and sutable qualty index were
obtained consuming only 1,100 kWht . Activity of cationized CNF to limit bacteria prolferation has

even been confrmed.
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1. Introduction

Cellulose,the most abundant polymer on Earth waikee, sustainable and biocompatible, is a good
candidate to develop bio-based products. Cellunasfibris (CNF), obtained by mechanical action
on cellulose fibers present undeniable advanta@bi: possess high mechanical properties, good
barrier properties and high surface area. Theylmansed in many app ications such as packaging
(Lavoine et al., 2012), painting, paper (Bardetalet 2014; Brodin, 2014) or medicine (Jorfi and
Foster, 2015). Industrial production started 8 geago and some industrial appications are now
avalable. CNF are already used in sport shoes, @ecare products.

To decrease the energy consumption, to facitheeroduction and to increase the qualty of
produced CNF, cellulose fibers are submited tontba pretreatment before the nanofibrilation
based on a mechanical process. Indeed, chemicaficabion of cellulose fibers allows weakening
the hydrogen bonds between fibers and making timefiteis separation easier. Most of the time,
chemically modified fibers lead to functionalizedNE of higher qualty with also some addtional
properties. For examge, phosphorylation of cealtibers leads to fre+etardant CNF (Ghanadpour
et al., 2015). Many chemical pretreatments have lseedied and very recently reviewed (Rol et al .,
2018b).

Cationization of cellulose was previously reportabdbott et al., 2006; Cai et al ., 2003; Song et al .
2008, 2010; Yan et al ., 2009) but ts use to hiegtanofibrilation is morerecent. Aulin et al u{A
et al., 2010) were the frst to cationize celluldase make the nanofibrilation easier using 2,3-
epoxypopyl trimethylammonium chloride (EPTMAC) water, isopropanol and sodium hydroxide
(NaOH) and using a microfluidizer. Then many diéier rotocols have been proposed (Ho et al .,
2011; Littunen et al., 2016; Odabas et al., 20Xkd; P al., 2013; Sehaqui et al., 2016). Different
cationic reagents have been used : 2,3-epoxyptpgiethylammonium chloride (EPTMAC)
(Oszewska et al. 2011; Pei et al., 2013), aidard’s reagent T ((2-hydrazinyl-2-oxoethyl)
trimethylazanium chloride, GT) (Liimatainen et a2014). Some studies also reported the use of
solvent such as dimethylsulfoxyde (DMSO), tetrabfiatan (THF) or isopropanal to increase the
cellulose modification while maintaining the crylitdy (Odabas et al., 2016). Solvent such as
DMSO can be used to swell the fiber and to increaseat ionic reagent penetration (Ho et al ., 2011)
Chaker et Boufi (Chaker and Boufi, 2015) obtainediegree of substtution (DS) between 0.05 and
0.19 by pretreating fibers in 10 wt % dimethylacear(DMAC) using potassium hydroxyde (KOH)
as a catalyst. DMAC acts as a swelling agent bt Bmits the hydrolysis of the epoxy ring. A a
charge content of 1,160 umol fg, 85% of the fibeesaxnanofibrilated. In this study,the reactiorswa
done in water to be the more ecofriendly and inihllyf avaiable as possible. The most important
parameters are the NaOH and EPTMAC quantiies coedfa anhydroglucose unts (AGU) as well
asreactiontime and strring homogenety. Depemdinthe protocol DS between 0.05 (Odabas et al .,
2016) and 0.74 (Song et al ., 2010) were report@h Bind repeatable DS are difficult to reach and i

has been reported as a key parameter in the enerpumption (Saini et al ., 2016). Cationization of
2
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cellulose fibers, which occurs by the nucleophdddit ion of the alkali-activated hydroxyl groups of
cellulose to the epoxy moiety of EPTMAC (Pei et, &013), is a compicated modification. CNF
qualty depends a lot on the DS of modified fibéndth a charge content between 0.59 and 2.31
mmol [g, Pei et al . (Pei et al., 2013) reported @Niff high mechanical properties, namely a Young'’s
modulus between 9and 10 GPa. Saini et al. (Sa®i.e2016) reported recentlya diameter of 12 nm
for cationic CNF instead of 62 nm for enzymatic CNEellulose cationization facitates the
nanofibrilation and leads to smaller functionatizENF of high qualty. In addtion to ther good
qualty, cationic CNF present antimicrobial prost(Litunen et al ., 2016; Saini et al ., 2016)rka
to quaternary ammonium groups which possess atitisegnd ger micide properties. When the DS
exceeded 0.1, cationic CNF present a bacteriostatia killing effect with gram positive bacteria
whereas higher DS is required to have an effeet Gnam negative bacteria (Saini et al., 2016).

Despite chemical modification of cellulose fibemagchanical processes tradtionally used to
nanofibrilate the pul pstil consume a lot of egyer Saini et al. (Saini et al ., 2016) reported nergy
consumption between 11,000 and 3,000 kWht fooodatipul pwith a DS between 0.05and 0.18, by
using an ultrafine grinder. Recently, twin-scredraesion (TSE) has appeared as an energy-efficient
mechanical processto produce CNF at high soliderbr(Baati et al ., 2017, 2018; Heiskanen et al .,
2011; Ho et al ., 2014; Ral et al ., 2017). Enzym&iF at 20 wt % solid content with a high Young’s
modulus and a transparency of 90 % were obtainedurning 60 % less energy than an ultrafine
grinder (Rol et al ., 2017).

The main object ive of this study is to combine@aization and the energy-efficient TSE processto
produce high solid content functionalized CNF, @asing further the energy consumption and the
number of passes through the TSE for preservinggufedty. Indeed, for now, seven passes are

requredto obtain high quality CNF by TSE usingyanatic cellulose pul p (Rol et al ., 2017).

2. Material and methods

2.1 Materials

Cellulose used throughout this work is a commereiadalyptus bleached kraft pul p (Fibria T35,
dry, moisture of 7.00 + 0.13%). All the materi@isd chemicals were used as received from the
producers: sodium hydroxide (NaOH, Roth, 98%), logttoric acid (HO; Sigma Adrich, 37%),
epoxypropyl trimethyl ammonium chloride (EPTMACg8ia Aldrich, 90%), siver nirate (AgNQO
Roth, 99%), Cellulase Fiber Cdtéovozymes, 4,500ECU/g), acetic acid (Roth, 99%) aodium
acetate trihydrate (Sigma Adrich, 99%). CommerdF from the Centre Technique du Papier
(CTP, Grenoble, France) were used. Distilated watas used in solutions or suspensions

preparations.
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2.2 Methods
Cellulose refining. The eucalypus bleached kraft pulp fibers werenesfi prior the chemical
pretreatment using a piot disk refiner (MatechdPapquipped with 12” disks. Cellulose suspension
at 2wt % was refined unti a Schopper Riegler infSR) of 90, measured wih ISO 5267 standard.

Measurements were at least done intrig icate.

Cellulose Cationization. The protocol was adaped from Sainiet al. (Saial € 2016) previous study.
40 g of refined cellulose fibers at 5wt % wer e rdixgth 29.6 g of NaOH diuted in 100 mL of water.
The mixture is then mixed and heated during 30 air65°C. Finally, 4 mol/mglsy of EPTMAC
were added to the cellulose suspension and mixefl ioat 65°C. The reaction was done in a gastic
bag paced in a heated reactor filed wih wateprider to be mixed easiy by hand every 15 min.
Finally, the suspension was neutral ized using H®ll,and washed wih water under fitration. This

protocol wasrepeated 6times.

Charge—eontent: Degree of substitution (DS). Fhe-eationic—charge—content Dlas measured by

conductimetric ttration. 0.4 g (dry) of modifiectltulose fibers were dispersed in 200 mL of water
andtirated wih siver nirate solution at 0.06 Me degree of substitution was calculated as falow
Titration was done at |east three times and thesapesis presented.

NygNo, Cagnos * Vagno, eq

DS: =

Neeltulose

Meejiulose
M cellulose

Wher e ngnos (mol) is the number of mole of AgN@t the equival enceefyose(mol) is the number of
mol e of cellulose present in the beakeggs (Mol L) is the concentration of the solution of M@,
Vagnoseq (L) is the volume of AgN@used at the equivalence,diose (@) is the quantiy of cellulose

added and Myuose(@/mol) is the molar mass of cellulase

Cedllulose pretreatment with enzymes. The eucalypus bleached kraft pul p fibers were enazycally
treated to compare the efficiency of the catiordzatviih the most used pretreatment at industrial
scale. Cellulose fibers at 2 wt % were refined amehttreated using endoglucanase enzyme solution
(Fiber Car&, Novozymes). Firstly,the pH of the suspension adjssted to 5 using a buffer of acetic
acid and sodium acetate trihydrate. Then 300 EGuUI¢Eellulase Unis) of enzymes per gram of
cellulose were added and the reaction was perforhiedt 50°C. After kiling the enzyme by heating
the suspension to 90°C for 15 min, cellulose susipenwas washed wih deionized water under

fitration and fitered to a suspension of 17 wtéldc content .

Production of CNF by Twin-Screw Extrusion. Cationic and enzymatic cellulose fibers were présse

unti a solid content of 17 wt%. The fibers weremhnanofibrilated using a twin-screw extruder
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(Model Thermoscientific HAAKE Rheomex OS PTW16 + AIKE Polylab OS Rheodrive 7). The
temperature was maintained at 10 °C, the flow wastained at 50 g/min (humid) and the speed was
set at 400r pm. The screw profie is shown in EigThe cellulosic pul pwas passed fromoneto seven
timesthroughthe TSEaccordingtoa previous si(Rdy et al ., 2017).

10 Mixing elements at 30° 7 Mixing elements at 30° 4 Mixing siemerts at 50°
12 Mixing elements at 50°
4 Mixing elementsreverse at 60° 4 Mixing elements reverse at 60°

3 Mixing elements reverseat 30° 4 Mixing elementsat 60°

Fig. 1. Twin-screw profie used for the nanofibrilatiohmodified cellulose fibers

Specific Mechanical Energy (SME). Energy consumption for the production of CNF tgnt-screw
extrusion was evaluated using the torque C (N.rpplsed by the software. The energy (kWht) is
obtained using the following equation. Cal culateass done for each pass and summed up.
N * C* Pyay

Nmax * Cmax * Q
where Nisthe speed in r pm,Mhe maximal speed in rpm (1,100 r pm)s,Phe maximal pressure (7
kW), Graxthe maximal torque (130 Nm)and Qthe dry flowfin
Thereported energies take into account the eraggumed by the refining step, namely 600 kWht.

SME =

Optical microscopy. CNF suspensions were diuted to a concentratiof.sfwt % using an Utra-
Turrax (1 min) strring system. At least 10 imagesetaken using an optical microscope (Carl Zeiss
Axio Imager M1) equipped wih an AxioCam MRc 5 tddicamera and the most representatives are
presented.

Atomic force microscopy (AFM). A Dimension Icon atomic force microscope wih an E3SPA
cantiever was used to take images of CNF. Fir €N were diuted to a concentration of 22 %,
then one drop was deposted on a mica disk and a@tliéhe night at ambient temperature. At least 5

images of 5different areas were scanned and tise mapresentative is presented here.

MorFi analysis. The fiberslength were evaluated before and afftecchemical modification using a
Mor Fi LB-01 fiber analyzer (Techpap, France). Testtwas done on precisely 0.3g of dry fibers and

repeated at | east two times.

Nanosized fraction. The fraction of nanofibris in the suspension waaleated using a method
developed by Naderiet al. (Naderiet al., 2015FQvere redispersed to 0.02 wt% and centrifuged 15

min at 1,000 g using a centrifuge (Sigma 3-18 K&;r@any). The nanosized fraction in % is equal to
5
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the suspension concentration after centr fugat@airest the suspension concentration before. At Jeas

tests were donethreetimes andthe average isnpeeshere.

Turbidity. Turbidity of diuted (0.1 wt %) CNF suspension wasasur ed using portable turbidimet er
AL 250 T-IT (Aqualytic). The turbidimeter range imtween 0.01 and 1,100 NTU. At least 10

measurements were done for each samp e and averaaeulated.

Nanopaper and Film preparation. Fims of 45 g/m? were prepared by solvent cast®@.mL of
modified CNF at 0.5 wt% were casted in Petridisd dried in a condtioned room (25°C, 50%RH)
for seven days. Nanopapers were prepared usirandastd sheet former (Rapid Kéthen, ISO 5269-2)
equipped wih a nylon sieve with a mesh size ofirl @ g of dry CNF, diuted at 1 wt% using an
Utra-Turrax were fitered and dried under vacuumaidryer for 20 min at 90 °C. Nanopapers at 60

g/m2werethen stored in a condtioned room (25WpRH) for several days before characterizations.

Transmittance. Casted fims transparency was evaluated usinbltaaViolet spectrophotometer

Shimadzu USA MFC Inc., 70158 at 550 nm. At |eastmBa surements per samp e were performed.

Mechanical properties. An Instron 5965 machine equipped with a load ckeb kN capacty was used
to measure the mechanical properties of the namopagt a cross-head speed of 10 mm/min.
Nanopapers were frst cut in rectangular specind®® & 15 mm). A minimum of 5 specimens were

tested for each sampde andthe average is predested

Simplified Quality index. Cationized CNF qualty was evaluated using sirep ified qualty index
(QI*) developed by Desmaisons et al. (Desmaisoras.e2017), which involves four character izations
technigues and which is calculated as below:

QI* =0.3x;- 0.03%- 0.072 % + 2.54 %- 5.341n(x,) + 58.62
where x = nanosized fraction [%];»x=turbidity [NTU]; x3= Young’s modulus [GPa];»= macro size

[um?] measured using Image J software and opt ic@loscopy images.

Thermogravimetric analysis. 15 mg of modified CNF were pgaced in a ther mograstimn analyzer
(TA Instrument Q500), heated from 30°C to 600°Chwa heating rate of 10°C.minunder Q
atmosphere and finally pyrolyzed from 600°C to @@t 50 °C.miff. The apparatus recorded the

massloss as a function of temperature. Duf icarewerfor med.

Antimicrobial properties. Antibacterial activiy againsS. aureusand E. coli was tested using the
AATCC 100-1998 Test Method under static condtioQeanttative assessment of the antibacterial

activiy was measured. 200 uL of inoculumwas plisane each fi m samp e surface (50 mg) (modified

6
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or not). After 24h of incubation at 37°C, 50 mL méutralizing solution were used to extract the
bacteria and they were gdated on nutrient agargupomur pate method. Finally, bactera were
incubated 24h at 35°C and the number of colonienifg unts (CFU) was counted using pour date
method. The antibacterial activty of cationizedhoeellulose fi ms was calculated using the follayvin
equation:

Logreduction = Log CFU T24 untreated sampde — GiyJ T24treated samgde

At least trid icates were perfor med for each sampe
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2. Results and discussions

Cellulose fibers were cationized and high DS arpeeted to decrease the energy consumgion
(Saini et al., 2016). Finally, cationization andirtwscrew extrusion (TSE) were combined to try to
decrease the energy consumpion preserving the bigdity of cationic CNF produced wih
tradtional mechanical processes. Degree of swbisti (DS) of modified cellulose fibers was
measured byonductimetric tiratiorand equal to 0.31 + 0.08. Due to the high quantfiigellulose
materialsrequred by the extruder, four differleatches of cellulose cationization were done amd tw
batches with approximatively the same DS were mixed passed through the TSE. High DS were
obtained (Sainiet al ., 2016) but poor repeatgbl/tis observed compar ing the four batches.

Many parameters influence the reaction and maldifficult to reproduce. However, the same
Na OH and EPTMAC charges and the same time and ratope were used, meaning that the main
problemresides in the stiring homogenety of hligh quantiy of cellulose fibers requred for the
nanofibrilation step using TSE, (i.e.about 20drg). Homogenization of such a quantty by using th
classic pastic bagreactor at this concentrasaomplicated and leadsto heterogenety in thiacer

modification.

3.1 Cationization and TSE: an efficient combinatiorto produce CNF
Despi e several very recent papers regarding datONF production, none of them reported the
use of this pretreatment and TSEto produce funatived cellulose nanofibris. Moreover, only few

publications deal wih a compl ete character izabboat ionic CNF.

3.1.1 Energy saving using this combination

CNF at 17 wt % solid content were produced usings& and enzymatic hydrolyzed or cationized
cellulose pul ps. Different grade of CNF were prastiliby passing the pulpfrom 1to 7times through
the TSE. The energy consumptionsto produce sudh &l reported in Fig. 2 and take into account
the simiar energy consumed by therefining stapely 600 kWhit .

Cationization of cellulose allows decreasing ahat energy consumption after 7 passes throughthe
TSE compared to the enzymatic pretreatment. Th&@lredemonstrates the efficiency of the
introduction of postive charges onto cellulosesfi. The frst pass in the TSE consumes almost the
same energy for both pretreatments whereas a deoé80% is observed after 7 passes. Between 10
and 30 % of reduction were observed from passes/28ainiet al. (Saini et al ., 2016) also rembeie
decrease of 36% in the energy consumption by iseigahe degree of substiution from 0.05to 0.18
using an ultrafine grinder. Cationization introdacpostive charges onto the surface of cellulose
nanofibris, increasesthe repul sion between hdecreasesthe number of H-bonds and hence makes
the fiber separation easier. Moreover, some filveell$yg happens (Pei et al., 2013) due to the

polysaccharides solvation wih Na OH which mightgtéle nanofibrilation.
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Fig. 2. Energy consumption and saving for the nanofiliidlaof cationic cellulose instead of

enzymatic hydrolyzed fibers by TSE

Nanofibrilation is easier and energy consumed d@sréased compared to enzymatic cellulose,
making the industrialization of such CNF more prldba However, the CNF qualty should be
discussed before concluding. To not overcrowd thdys only the CNF suspensions obtained after 1
and 7 passesthroughthe TSE are characterizegedndéh a previous study, it has been already shown
that no more evolution occurs after 7 passes (Ral.e2017). Ho et al. (Ho et al., 2014) r eporbed
change after 10 passes for non-pretreated cellilmeses.

3.1.2 Impact of the TSE on the pretreated fibers nmphologies

Modified fiber s before the nanofibrilation wereasyzed using a Mor Fianalyzer. Whereasthe non-
pretreated refined fibers present a fiber lengtB@d + 10 um, the modified fibers have length of 54
+ 6 and 400 = 10 um for cationic cellulose fiberslaenzymatic cellulose fibers respectively. The
enzymatic pretreatment considerably decreasesibbbesflength whereas the cationization does not
affect the fiberslength. This wil probably impdhbe nanofibrilation efficiency.

Mor phologies of produced CNF have been observetusit ical microscopy and AFM images as
shown in Fig. 3.

Big residual fibers are present in the cationic G\NBpensions after 1 or 7 passes throughthe TSE
whereas enzymatic CNF suspension does not contginfibers after 7 passes. Due to the high
viscosty of the cationized pul p, there might bd ipping effect of fibers into the TSE and inta@ b
fibers remain into the suspension. The issue oérlegeneous grafting during cationizatian,the
higher length of cationic fibermight also expain such results, wih some fibekfvower DS. This
phenomenon has already been reported for TEMPQzmxiiccellulose pul p (Rol et al ., 2017). Insofar
as residual fibers do not present any sign oflfdtion, it confrms ther slipping among the screw
Indeed, even when cellulose fiber&amve not chemically treated, fibers passing through TSE
always present a certain level of fibrilation (Falal., 2017). Residual fibers were also r e pofoeé

suspension wih a DS of 0.18 passed through aa-iite grinder (Saini et al ., 2016). However , fiber
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content tends to decrease with the number of padsesigh the TSE for both pretreatments,
demonstrating the TSE efficiency asreported pueshp(Rol et al ., 2017, 2018a).

The macro size, used for the calculation of thepsiied qualty index and presented in Table 1,
reesentsthe surface of residual fibers visibl@gtical microscopy images. Cationic CNF present
residual fibers expgaining the higher macro sizatthat of enzymatic CNF. However ,the decrease in
the macro size with the number of passes confitmesefficient nanofibrilation. To conclude, the
qualty of produced CNF wil be negatively impactiedthe presence of those residual fibers and the
characterizationstechniques used later can beezkew

Desptethese residual fibers, nanometric fibeesshso observed by AFM for each suspension after
1 or 7 passes. Agglomerates and bigger nanofibers wbserved for the frst passes, confr ming the
efficient nanofibrilation withthe number of pastéroughthe TSE. Size measurement is comg icated
on those images due to the agglomeration and detanagts but an average diameter of 65 £ 30 nm
was measured for both pretreatments after 1 palse. High standard deviation confrms the
heterogenety of the suspensions. Nanofibers dérabiit sizes are also observed after 7 passed widt
of 52 + 21 and 43 + 20 nm are measured for enzgm@NF and cationic CNF respectively,
confrming that chemical modification of fibers fare leads to slightly smaller CNF. Indeed,
according to the lterature, most of the time, geakr CNF such as TEMPO-oxidized or cationic,
contain smaller and more homogeneous nanofibers éhaymatic CNF (Liimatainen et al., 2013;
Nechyporchuk et al., 2015; Oszewska et al., 208dkto and Isogai, 2006; Sirvid et al., 2015).
Cationic nanofibris become thinner and more homeges when the modification rate increases unti
a DS of 0.37 (Pei et al., 2013). The results aragreement wih Chaker and Boufi (Chaker and
Boufi, 2015), who reported a width between 20 afdn# for cationic CNF. Cationic CNF and
enzymatic CNF have apparently simiar mor phology biseems that individual cationic CNF are
smaller than enzymatic ones due to fiber repul sitvich facitates the nanofibrilation and hence

leadsto smaller CNF.

10
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Fig. 3. Mor phology of produced CNF by TSE observed usiggeal microscopy and AFM

Optical techniques are a good way to visual ize ghhgpensions mor phologies but they are not

repesentatives of thetotal suspension. This isadutional techniques were used.

Turbidty of CNF suspensions was also used to abarge CNF mor phology and results are
reported in Table 1. Cationic CNF suspensions pteseich smaller turbidiy than enzymatic CNF
ones, whatever the number of passes, confr mingitedler size of individual cationic CNF and /for
the higher dispersion due to the repulsion wihipescharges. Passing 1 time the cationic pul p
through the TSE leadsto CNF with lower turbidbwh after 7 passes for enzymatic pul p, confr ming
the efficiency of cationization to decrease the hemof passesthroughthe TSE. However, contraryto
enzymatic fibers, no evolution was reported wile thumber of passes through the TSE for the
cationic fibers, meaning that no more nanofibridatoccurs after the frst pass, due to the slgpin
effect. Finally,reported data are in agreemenhwie lterature : 242 NTU for enzymatic CNFtrehte
via an ultrafine grinder (Desmaisons et al., 2047 19.8 NTU for TEMPO-oxidized CNF via a
homogenizer (Moser et al ., 2015) have been reported

The measure dhe nanosized fractignietaled in Materials and method$the CNF suspensions
isthelast method used to evaluate the Gi$pension compost ier-merphetodResults are reported
in Table 1 but due to high standard deviation, canispns are difficult. Nanosized fraction increases
wih the efficient nanofibrillation of the enzymatpul p passed from 1to 7 times through the TSE.
Once again, no evolution is reported for the catigul p which can be easiy exdained by the
presence of residual fibers which settle down dutime centrifugation step or by the absence of
efficient nanofibrilation. After 7 passes for tb&tionic pul p,the nanosized fraction obtained dsed
to the one of the enzymatic CNF suspension obtadfiesi one pass. Cationization does not helpto

reduce the number of passes. However, Naderi ¢Nabteri et al., 2015) reported simiar nanosized
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fraction for carboxymethylated CNF obtained with@mogenizer which meansthat the suspensions
qualty is pretty good.

Cationic CNF suspensions are composed of a mix igf iltact residual fibers, nanofibris
aggregates and very small individual nanofiber slkamthan enzymatic CNF after 7 passes. Due to
the slipping effect in the TSE, no evolution in dwspension mor phology is clearly observed wih the
number of passes for this modified pul p. This capess a non-nanofibrilation or merely that the
residual fibers influence too much the characttomat echniques. From a morphological point of
view, cationization does not allow reducing the bemof passes through the TSE compared to
enzymatic pul por toreach higher qualty. Othdraracteristics than mor phological one wil now be
tested.

3.1.3 Quiality of the functionalized CNF produced byl SE

Characterizing CNF and evaluating ther qualtyst$l challenging today (Foster et al., 2018;
Kangas et al., 2014). Different techniques can $eduand a qualty index (QI or a simp ffied one
QI*), which involves some of them has been recepthyposed to easly characterize and classify CNF
(Desmaisons et al., 2017). Nevertheless, the Qieldeed for enzymatic CNF, is maybe not fully
adapedto functionalized CNF. t gives mainlyadi¢ation about homogenety of CNFand not really
the qualty. For 1 pass, QI* for cationic CNF (Q+*60.9 + 3.0) was slightly higher than that of
enzymatic CNF (QI* = 57.4 + 0.2). When the numbkpasses increases unti 7, there is no change of
QI* for cationic CNF (60.7 = 0.4) whereas a claaprovement is observed for enzymatic CNF (QI*
= 69.5 + 1.8). This can be easiy expained by ldwveer nanofibrilation yield, due to the slipping
effect of cationic cellulose fibers and hence bg finesence of residual fibers which influences
negatively many characterizations tests. It sedw@sanly 1 pass is sufficient for cationic CNF or a
least no clear improvement is observed. Nanofdtridh can be stopped after 1 pass, which results in
lower energy consumgtion.

k is then important to consider more in detale tinechanical properties of nanopapers. The
Young’s modulus,toughness and the tensie stremgtiheported in Table 1. Such characterization of
cationic nanopaper was poorly reported in thediware (Pei et al., 2013). Mechanical properties are
affected by several parameters such as porosityeofianopa per, intrinsic properties of the nanodibe
and the number of hydrogen bonds between fibrien@@ ez et al., 2012, 2014; Kulachenko et al.,
2012). Cationic CNF present a Young's modulus betwéand 10 GPa, depending on the number of
passes whereas enzymatic CNF present higher Yommupelus (between 10 and 12 GPa). After the
frst passthroughthe TSE, both suspensions g esgrival ent Young's modulus. The residual fibers,
which are less rigid and can create priviegedufgizones, do not influence mechanical properties
because of high interaction between the matrix nifdeNF and the filer constituted by the residual
fibers (Gonzdez et al., 2014). The CNF quantigmmely around 54% as measured by the nanosized

fraction, is sufficient to obtain high mechanicabgerties. Moreover, higher tensie strengths are
12



336 obtained for cationic CNF, probably due to the leigntanglement and number of hydrogen bonds or
337 ionic interactions. The higher cellulose DP of thaeionic CNF, presented Table 1, can also influence
338 thetensie strength and toughness (Henr ikssoin,&@098).
339 The resistance of both cationic and enzymatic kidlunanopapers to fracture were measured and
340 reported in Table 1. Cationic CNF present much érigtoughness than enzymatic CNF but no
341 evolution is reported wih the number of passesugh the TSE. Cationic CNF present smaller size
342 and higher cohesion and thus lead to higher resisteData reported here are slightly lower than the
343 onesreported inthe lterature. Indeed toughnessden 6.5 (Mao et al ., 2017) and 15.1 (Henr ksson
344 et al., 2008) MJ/rhwerereported for enzymatic CNF.
345 Table 1.Evaluation of CNF qualty using the simg ified gtyindex
. Miacro Size by . .. Young’s .
-, Mechanical optical Nanosized Turbidity modulus Tensile Toughness Cellulose
processes microscopy  fraction [%] INTU] S strength [MPa] [MJ/m’] DP
[um?]
cationic TSE- if 185 + 84 50.6 * 10.0 113+4 96+05 741+ 0.6 3.50% 0.30 721+3
TSE-7¢ 131 £ 5¢ 54.6+2.! 113+ ¢ 7210 72+ 2. 3.20% 0.0 731+ 3
Enzymati TSE- i¢ 75+33 471+103 36644 9.8+0.3 327+ 127 022+ 0.07 324£2
c TSE-7F 41+ 1 64.3+9. 289 + I 11€+0= 22+ ¢ 0.17 £ 0.0 218+ 1
346 Whereas mechanical properties increase wih theiaaft nanofibrilation for the enzymatic CNF,
347 no evolution was observed for the functionalizedFCHonfr ming that no more nanofibrilation
348 occurs after the frst pass. After 7 passes forcdi®nized pul p, similar Young's modulus as after
349 passforthe enzymatic pul pare obtained.
350 Transmitance of cationic fims has been measuredcasted fims and reported in Fig. 4.
351 Transmitance allows to compare the samgdes anfditaw the evolution wih the number of passes
352 but does not correspond exactly to the transpar.ebegpi e low transmitance, hightsansparent
353 fims were obtained for both pretreat memats pbserved in images in Fig. Blowever enzymatic CNF
354 present higher transmittance whatever the numbepaskes. Once again, slight evolution of the
355 transparency is reported for cationic pul p confiigrihat further nanofibrilation after 1 pass i no
356 efficient. CNF mor phologies also influence the smittance of CNF fims. Enzymatic CNF presents
357 higher transmitance due to the absence of resiloets which created pores and increase the
358 roughness of the fim, decreasing the transmitaheelly, cationic fims are transparent due te th
359 very small diameters of nanofibrisand such tranepcy is enough for most of the CNF a pp ication.
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Fig. 4. Evaluation of the transparency of fi ms of catioand enzymatic CNF produced via

different number of passesthroughthe TSE

Cationization of cellulose fibers does not allowcleing simiar QI* than enzymatic pul p at high
number of passesthroughthe TSE. Anyway, suit@bi@re obtained for cationic CNF after only 1
pass through the TSE, consuming only 500 kWht 1,400 kWht taking into account the refining
step, which is verylow compared tothe | terat{iRel et al ., 2017; Spence et al., 2011). Such @*a
sufficient for numerous applications of CNF suchimpackaging for examgde. Moreover ,the cationic
CNF present addtional properties, such as antohial properties, compared to enzymatic CNF as
exposed in the following part.

3.2 Antimicrobial properties of the cationized CNF

Contact bactericidal activiy of cationized CNF wasted using the AATCC 100 test method as
reported in Fig. 5. The reference used is enzyneamomercial CNF. The antimicrobial effect is due
to the presence of quaternary ammonium compoundg éR al., 2008), which interact wih the
negatively charged polycations of phospholipids araleins present on the surface of bacterial cells
That is why no influence in the antibacterial atymvas reported between cationic fiber and cationi
CNF. When quaternary ammonium compounds and thgcagidbns interact, the cytogasmic
membrane per meabity of the bacteria is damagéddlere is some loss of cytogasmic constiuents.
Thisloss causesthe bacteria death (Denyer, T89bet al ., 2008).

The antibacterial effect of the produced catioreltutose was tested against Gram negaEwmli
and Gram post v&.aureudbacteria. Enzymatic CNF present a bacterial graith4 CFU/mL when
fims were put in contact wils.aureusand have no bactericidal effect. As expectedcomtact
antibacterial effect was reported for Gram negatveoli bacteria (esults not shown) whereas
bacteriostatic effect was reported for Gram posibacteria as shown in Fig. 5. Indeed, quaternary
ammonium is less effective against Gram negatieteba (Sun et al., 2006) and higher DS are

14
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requiredto kil thistype of bacteria (Ladharakt, 2007). Saini et al. (Saini et al ., 2016) alsported

a growth of three logs whatever the DS of the catiNF. To conclude, higher DS are requred to
have a more significant impact on the antimicrolpedperties (Saini et al., 2016) but for now
produced cationic CNF can be used in preventingedoawteria proliferation.
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Fig. 5. Evaluation of antimicrobial properties of cation@lulose fibers and nanofibers against

Gram post iveS.aureudacteria

Finally, chemical pretreatment of cellulose fibenad mechanical processes used for the
nanofibrilation always|ead to some cellulose degtion. The impact of cationization on the fibiers

evaluated in the following part.

3.3 Cellulose degradation caused by the cationizati and the TSE
Thermal degradation and degree of polymer izatiooetliul ose of cationic CNF were measured in

order to evaluatethe cellulose degradat ion dutiegcationization stepand are presented in Fagndo
Table 1. Cationic CNF present slightly lower degttdah temperature (-35°C)than enzymatic CNF as
reported in the Iterature (Sehaqui et al., 201&n ¢t al., 2009; Zhang et al., 2015), meaning that
cationization decreases the thermal stabity oflified cellulose The degradation temperatures were
evaluated using the derivative weight evolutiorfunction of the temperature recorded during the
analysis. However,the change in the degradatiofigs between cationic and enzymatic pul ps can
also be dueto the potential degradation of the amunm groups present on cationic fibers or dueto
the difference in crystall ization degrees or fib@mr phologiezhang et al ., 2015)
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Fig. 6. Sudy ofthe cellulose fibers degradation by tétdonizat ion: effect on thermal stabity

Degree of polymerization of cellulose of nanofibevas measured and presented in Table 1.
However ,the method used to calculatethe cellui3és dedicated to pure cellulose and paper pul ps.
Results should be taken wih caution insofar alsilode fibers are chemically modified. Cellulose DP
is well known to decrease due to mechanical treatriido et al., 2014; lwamoto et al., 2007) and
chemical treatments (Henriksson et al., 2007; Isegaal., 2011; Shinoda et al., 2012). Whereas
enzymatic pretreatment decreasesthe cellulosedd¥ 1,200to 600 due to enzymes which attackthe
amor phous domain, cationization slightly decreabescellulose DP from 1,200to 1,130. However,
Peiet al. (Pei et al ., 2013) reported that car@ton also attacks the amor phous domains of ogiéul
fibersresulting sometimes in ther dissolutiontéleellulose DP is not affected too much maybe due
to a heterogeneous modification and the presenceonfmodified fibers or a non<fully adaped
measurement method.

TSE as other mechanical processes decreases tiies=IDP of CNF and conventional cellulose
DPs were obtained for enzymatic CNF (Henr kssoal €t2007; Rol et al., 2017) whereas cationic
CNF presents really high cellulose DP, which canesiy exgained by the presence of residual
fibers which overestimatethe viscosty.

Cationization such as other chemical pretreat nieatds to small decrease in the thermal stabity
of the cellulose and no change in the crystallimex was reported in thelterature (Pei et 2013;
Saini et al., 2016). Degree of polymerization e@fldose of CNF is normally decreased for a

homogeneous modification of cellulose fiber s budl ightly affected here.

Conclusion
Cationic CNF are promising but ther use at indaistscale is compromised due to the lack of
homogenety and repoducibity of such chemical difioation. In this study, cellulose fibers

cationization and TSE were then combined to produigh qualty CNF, decreasing the energy
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consumption and the number of passes through tlecb®npared to enzymatic CNF. High solid

content (17 wt %) cationic CNF with a DS of 0.31 edrence produced for the frst time and an
energy consumption decrease of 30% was reported @ftpasses compared to the production of
enzymatic CNF. Unfortunately, the cationization sle@t allow reducing the number of passes nor
increases the qualty of produced CNF, due to #terlbgeneous chemical modification of fibers and
ther slipping intothe TSE. However, cationic CNFEh high transparency and high Young’s modulus
were produced in one TSE pass, consuming 1,100tk&¥ht'otal energy. Moreover, thanks to the
presence of quaternary ammonium, modified CNF ptebacteriostatic properties against G:am
postive bacteria and can be used tolimi thedsactprol feration in various app ications suchHaecd

packaging or medicine.
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Graphical abstract: Schematic il lustration of this study about the production
of cationic CNF by twin-screw extrusion





