
F
q

H
a

b

a

A
R
R
A
A

K
D
G
K
N
N

1

c
e
h
O
B
&
l
a
o
g
p
i
p
e
o
t
s
n
t

T
O

0
h

Carbohydrate Polymers 103 (2014) 187– 192

Contents lists available at ScienceDirect

Carbohydrate  Polymers

jo ur nal homep age: www.elsev ier .com/ locate /carbpol

abrication  of  cationic  cellulosic  nanofibrils  through  aqueous
uaternization  pretreatment  and  their  use  in  colloid  aggregation

enrikki  Liimatainena,∗,  Terhi  Suopajärvia, Juho  Sirviöa, Osmo  Hormib, Jouko  Niinimäkia

Fibre and Particle Engineering Laboratory, P.O. Box 4300, FI-90014, University of Oulu, Finland
Department of Chemistry, P.O. Box 3000, FI-90014, University of Oulu, Finland

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 11 October 2013
eceived in revised form 2 December 2013
ccepted 14 December 2013
vailable online 25 December 2013

a  b  s  t  r  a  c  t

The  aqueous  pre-treatment  of  cellulose  with  periodate  and Girard’  reagent  T  was  employed  as  a  novel
and promising  method  to  promote  nanofibrillation  of wood  pulp  and  to  obtain  cellulosic  nanofibrils  with
cationic  functionality  (CNFC).  To  demonstrate  the  feasibility  of  CNFCs  in  particle  aggregation,  a  kaolin
clay  model  suspension  was  aggregated  by the CNFCs.  Direct  high-pressure  homogenization  of  cationized
cellulose  resulted  in  nanofibrils  exhibiting  typical  widths  of 10–50  nm  and  cationic  charge  densities

−1
eywords:
ialdehyde cellulose
irard’ reagent T
aolin clay
anocellulose

ranging  from  1.10  to  2.13  mequiv.  g . The  nanofibril  suspensions  existed  in  the  form of  highly  transparent
gels and  possessed  cellulose  I crystalline  structures.  All  of the CNFCs  promoted  strong  aggregation  of
kaolin  and  produced  voluminous  kaolin-CNFC  aggregates  with  lateral  dimensions  of  several  millimeters.
Moreover,  the  CNFCs  maintained  good  aggregation  performance  through  wide  pH  (3–9)  and  temperature
(25–60 ◦C)  ranges.  Thus,  CNFCs  were  shown  to  be  highly  potential  candidates  for  replacement  of  present

tion  a
anofibrillation synthetic  soluble  floccula

. Introduction

Cellulose nanofibrils are nano-sized (Jarvis, 2003) elementary
onstituents of the cell wall of plant fibers which have been
xtensively investigated as promising raw materials for several
igh-end applications such as nanocomposites (Ho, Zimmermann,
hr, & Caseri, 2012) self-standing films (Sehaqui, Zhou, Ikkala, &
erglund, 2011) and functional aerogels (Aulin, Netrval, Wågberg,

 Lindström, 2010). In addition to their high strength and modu-
us (Chakraborty, Sain, & Kortschot, 2006), the nanofibrils possess

 large specific surface area, a high aspect ratio and a multitude
f surface hydroxyl groups, which are able to interact via hydro-
en bonds. Consequently, the cellulose nanofibrils are especially
romising candidates for materials in which the adhesion and

nteractions among the components are crucial for the materials’
erformances (Ho, Zimmermann, Hauert, & Caseri, 2011). How-
ver, due to anionic surface groups originating from the compounds
f plant cell wall and cellulose pulp processing (Sjöström, 1989),
he interaction and compatibility among anionic nanofibrils and

everal matrices and inorganic minerals, which are commonly
egatively charged, are often poor. Moreover, the chemical pre-
reatments such as carboxymethylation (Wågberg et al., 2008),
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TEMPO (Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006) and
periodate-chlorite oxidation (Liimatainen, Visanko, Sirvio, Hormi,
& Niinimäki, 2012), which are used to enhance the nanofibrillation
of cellulosic fibers, further increase the anionic charge density of
nanofibrils. Thus, the chemical pretreatments that provide cationic
charges on cellulose may  promote nanofibrillation and increase the
feasibility of the use of nanofibrils in many applications.

Previously, only a few pretreatment methods to obtain
cationic nanofibrils have been reported. Recently, reactions
with 2,3-epoxypropyl trimethylammonium chloride (Olszewska
et al., 2011), glycidyltrimethylammonium chloride (Pei, Butchosa,
Berglund, & Zhou, 2013) in water and etherification with chloro-
choline in DMSO (Ho et al., 2011) were used to prepare cellulose
nanofibrils with cationic functionality. The cationic nanofibrils
exhibited good interactions with negatively charged layered silica
minerals in composite structures (Ho et al., 2012) and demon-
strated a high adsorption capacity toward anionic dye (Pei et al.,
2013). The strong interaction between cationic nanofibrils and
anionic mineral particles may  also be beneficial in obtaining highly
filler-loaded papers or to induce colloid particle aggregation for
particle removal from fluids such as process waters. Accordingly,
these materials may  likely be used as high-performing green
alternatives to synthetic flocculation agents and coagulants cur-
rently used in water treatment.
Dialdehyde cellulose (DAC) produced by a regioselective peri-
odate oxidation reaction offers one potential route to introduce
cationic functionality to cellulose (Sirviö, Honka, Liimatainen,
Niinimäki, & Hormi, 2011; Sirviö, Hyvakkö, Liimatainen, Niinimäki,
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 Hormi, 2011). Stable imine structures possessing quaternary
mmonium groups can be synthesized by a reaction between DAC
nd hydrazides. Previously, Girard’s reagent T ((2-hydrazinyl-2-
xoethyl)-trimethylazanium chloride, GT) was used to produce
uaternized water-soluble DAC (Sirviö, Honka, et al., 2011). This
eaction can be conducted in an environmentally friendly way
n mild reaction conditions without the use of hazardous sol-
ents. The toxic and expensive periodate used in the first step
an be efficiently regenerated and recycled for further processing
Liimatainen, Sirviö, Pajari, Hormi, & Niinimäki, 2013) However, the
iterature contains no reports of this reaction route’s being used for
he production of cationic cellulose nanofibrils.

In this work, a cationization route based on consequent peri-
date oxidation and quaternization with Girard’ reagent T was
sed as an efficient pretreatment to facilitate the nanofibrillation
f wood cellulose pulp through high pressure homogenization and
o fabricate quaternized nanofibrils with variable charge densities.

ide-angle X-ray diffractometry (WAXD), field-emission scanning
lectron microscopy (FESEM), polyelectrolyte titration and opti-
al transmittance measurements were used to characterize the
uaternized nanofibrils. Moreover, the interaction and aggrega-
ion performance of the quaternized nanofibrils in kaolin clay

odel suspension were examined using analytical centrifugation.
n particular, the effects of nanofibril dosage, solution pH and tem-
erature on colloid aggregation were investigated.

. Materials and methods

.1. Materials

Bleached birch (Betula verrucosa and pendula) chemical wood
ulp obtained from the kraft pulping process was  used as the raw
aterial. The cellulose, xylan and glucomannan contents of the

ulp were 74.8%, 23.6% and 1.1%, respectively, as determined using
igh-performance anion-exchange chromatography (HPAEC-PAD).
he lignin (TAPPI-T Method 222 om-02) and the extractive contents
SCAN-CM 49:03 standard) of the pulp were 0.4% and 0.08%, respec-
ively. The average (length-weighted) length and width of the
ulp fibers, as determined using a Metso FiberLab image analyzer
Finland), were 0.90 mm and 19.0 �m,  respectively. The fines con-
ent, which was determined using a L&W STFI Fibermaster analyzer
Sweden), was 3.4%. The �-potential in deionized water (conduc-
ivity < 5 �S cm−1, pH 5.5) was determined to be −125 mV  using a

ütek SZP-06 device (Germany), and the degree of polymerization
DP) was 3817.

All of the chemicals used in the cationization of cellulose
NaIO4, LiCl, [(CH3)3N+CH2CONHNH2]Cl− and HCl) and aldehyde
ontent analysis (NH2OH·HCl, CH3COOH and CH3COONa·2H2O)
ere obtained as p.a. grade from Sigma–Aldrich (Germany) and
sed without further purification.

For the charge density measurement by polyelectrolyte titra-
ion 0.1/1 M NaOH and HCl (Merck), NaH2PO4 (Sigma–Aldrich),
aNO2 (Sigma–Aldrich), NaCOO (Sigma–Aldrich), NaCH3COO (Oy
F Chemicals), Na2HPO4 (Sigma–Aldrich), NaHCO3 (Merck), and
a2CO3 (Sigma–Aldrich) were used to prepare buffers and were
sed without further purification. Sodium polyethensulfonate
PES-Na, BTG Mütek GmbH, Germany) was used as a titrant without
urther purification.

Kaolin clay was supplied as a dry powder (J.M. Huber, Finland),
rom which a water slurry (pH of 7.2) with a solids content of 40%
as prepared with deionized water. The particle size as obtained
rom a Sedigraph (D50 value), and the surface area of the kaolin, as
etermined with the Brunauer–Emmett–Teller (BET) method, were
.4 �m and 12 m2 g−1, respectively. The zeta potential and the elec-
rophoretic mobility of the kaolin, measured in this suspension with
olymers 103 (2014) 187– 192

a Coulter Delsa 440 Doppler Electrophoretic Light Scatter Analyzer
(USA), were −29.0 mV  and −2.2 �m s−1/V cm−1, respectively. The
ionic strength and the pH of the kaolin suspension were modified
using NaCl (Merck), NaOH (Merck) and HCl (J.T. Baker).

2.2. Quaternization of cellulose pulp

Cellulose pulp was cationized using subsequent periodate
oxidation and reaction with Girard’s reagent T ((2-hydrazinyl-2-
oxoethyl)-trimethylazanium chloride, GT). Four samples with a
variable charge density were produced. First, the pulp samples were
oxidized with sodium metaperiodate by weighing 12 g of cellulose
into a 2000 ml  flask and adding 1200 ml  of deionized water and
9.84 g of NaIO4. The reaction vessels were covered with aluminum
foil to prevent the photo-induced decomposition of periodate and
the mixtures were stirred with a magnetic stirrer in a water bath
at 55 ◦C with DAC 1, 65 ◦C with DAC 2 and 75 ◦C with DAC 3 and
4. LiCl (21.6 g) was used as an additive with a suspension of DAC
4. After 3 h, the products were filtered and washed several times
with deionized water to remove iodine-containing compounds.
DAC samples were further cationized with GT by weighing non-
dried DAC (9 g abs) into a 1000 ml  beaker containing 900 ml of
deionized water and GT with a reagent/aldehyde molar ratio of 10
at a pH of 4.5. The mixtures were stirred for 72 h at 20 ◦C. Finally,
the products were filtered and washed several times with deionized
water. The products were stored in a non-dried state at 4 ◦C. The
aldehyde contents of the oxidized celluloses were determined by
an oxime reaction as reported previously (Sirviö, Hyvakkö, et al.,
2011), while the number of cationic groups was  calculated from
the nitrogen content of the products, as determined with a Thermo
Scientific FLASH 2000 Series CHNS/O Analyzer (USA). The synthesis
route is presented in Scheme 1. FTIR spectra of freeze-dried sam-
ples were recorded using a Bruker FT-IR spectrometer (USA) using
spectral width ranging from 4000 to 400 cm−1 with 2 cm−1 resolu-
tion and an accumulation of 32 scans. The samples were prepared
by weighing out 2 mg  of product and pressing it into a pellet with
200 mg  of KBr.

2.3. Nanofibrillation of quaternized cellulose

500 ml  of suspensions containing 0.5% (w/w)  of cationized cel-
lulose fibers at a pH of approximately 7 were nanofibrillated using
a two-chamber high-pressure homogenizer (APV-2000, Denmark)
with a pressure of 400–680 bar (flow rate of few mL s−1). The sus-
pensions were passed through the homogenizer 3 times until clear
gels were obtained (samples coded as CNFC 1, CNFC 2, CNFC 3 and
CNFC 4).

2.4. Characterization of quaternized cellulose nanofibrils

Field Emission Scanning Electron Microscopy (FESEM, Zeiss
ULTRA plus, Germany) images of the freeze-dried (liquid nitro-
gen and vacuum drying) and sputter-coated (coating with Pd using
coating current of 40 mA and time of 30 s) samples filtered on a
polycarbonate membrane with a pore size of 0.2 �m were obtained.
The accelerating voltage during imaging was  10 kV.

The polyelectrolyte titrations were performed using a Mütek
PCD 03 particle charge detector (USA) by adding aqueous PES-Na
(1 mequiv. dm−3) to the nanofibrils suspensions while monitoring
the sign of the sample charge.

The crystalline structure of the cellulose after cationization and
nanofibrillation was  investigated using wide-angle X-ray diffrac-

tion (WAXD). Measurements were conducted using a Siemens
D5000 diffractometer equipped with a Cu K� radiation source
(� = 0.1542 nm). Samples were prepared by pressing tablets of
freeze-dried cellulose to a thickness of 1 mm.  Scans were taken
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which coincided with the remaining aldehyde carbonyl signal and
the hemiacetal band, respectively.
Scheme 1. Aqueous periodate oxidation an

ver a 2� (Bragg angle) range from 5◦ to 50◦ at a scanning speed of
.02◦ s−1, using a step time of 1 s. The degree of crystallinity in terms
f the crystallinity index (CrI), was calculated from the peak inten-
ity of the main crystalline plane (0 0 2) diffraction (I0 0 2) at 22.2◦

nd from the peak intensity at 18.0◦ associated with the amorphous
raction of cellulose (Iam), according to following equation (Segal,
reely, Martin, & Conrad, 1959):

rI =
(

I0 0 2 − Iam

I0 0 2

)
× 100% (1)

The optical transmittance of 0.1% nanofibril suspensions was
easured at wavelengths of 400–800 nm using a Hach DR 2800

pectrophotometer (USA).

.5. Colloid aggregation of the kaolin clay suspension

The aggregation performance of the cationized nanofibrils was
valuated by aggregating a kaolin filler model suspension (solids
ontent of 1%) and determining its residual transmission after
entrifugation at 400 rpm for 300 s at 20 ◦C with an analytical cen-
rifuge (LUMiFuge, L.U.M. GmbH, Germany). The centrifuge consists
f a light source, a rotor above which the sample cells contain-
ng the suspension were horizontally positioned, and a CCD line
ensor below the rotor. The centrifuge simultaneously measures
ight transmission at 800 nm over the plastic sample cells as a func-
ion of time and position. Local alterations in particle concentration
nd the position of the solid–liquid interface during separation are
etected by changes in light transmission (von Homeyer, Krentz,
uliche, & Lerche, 1999). Suspension aggregation is indicated by an

ncreased sedimentation rate and reduced residual transmission.

. Results and discussion

.1. Preparation and characteristics of quaternized cellulose
anofibrils

Four different cationic cellulose samples with variable charge
ensities were prepared using consequent periodate oxidation and
ationization reaction with Girard’ reagent T. The charge densities
CDs) of celluloses were adjusted by modifying the reaction tem-
erature of the periodate oxidation. The aldehyde contents of the
amples after oxidations were 1.68, 2.20, 2.84 and 3.83 mmol  g−1,
espectively, while the cationic CDs after cationization reaction
ere 1.10, 1.27, 1.53 and 2.25 mequiv. g−1, respectively, as deter-
ined using elemental analysis. This indicated that 60–89% of

ldehyde groups were converted to cationic groups, and celluloses
till contained also unreacted aldehydes.
Fig. 1 shows the charge densities of quaternized samples as a
unction of pH, as determined using polyelectrolyte titration. The
harge densities of samples were stable within the studied pH-
ange, and a decrease in CD of approximately 0.1 mequiv. g−1 was
onization of cellulose by Girard’ reagent T.

observed when the pH increased from 3 to 10, as presented in Fig. 1.
Previously, a rapid decrease in the CD was  observed at pH > 9 using a
water soluble cellulose derivative of Girard’ reagent T (Liimatainen,
Sirviö, Haapala, Hormi, & Niinimäki, 2011). This phenomenon was
attributed to two  effects: the degradation of dialdehyde cellulose
chains caused by fast �-alkoxy fragmentation that breaks the bond
between carbon C-5 and oxygen O-5, and the slower auto-oxidation
and peeling reactions, which continue degradations (Calvini, Conio,
Lorenzoni, & Pedemonte, 2004). In this study, the degradation reac-
tion kinetics were likely remarkably slower because the samples
existed in the form of nanofibrils, which are less accessible to
chemical reactions than are soluble cellulose compounds. The CDs
at pH 7 obtained by polyelectrolyte titrations were substantially
less than the corresponding CDs obtained from elemental analy-
sis. This result may  be observed because the fact that quaternized
groups were partly inaccessible to the titrant, or because the formed
titrant-cationic cellulose complexes appeared in ratios other than
the stoichiometric charge ratio.

The structural characterization of quaternized celluloses was
performed by the FTIR analysis (Fig. 2). Formation of an imine
bond between the oxidized cellulose chain and GT was con-
firmed by the band at 1567.32 cm−1, which is characteristic of the
carbon–nitrogen double bond in imines (Lin, Yao, Chen, & Wang,
2008). The sharp bands at 1693.49 cm−1 and 924.81 cm−1 were
due to the carbonyl group and the nitrogen–nitrogen bond in GT
(El-Ayaan, Kenawy, & Abu El-Reash, 2007; Vojinovic et al., 2004),
Fig. 1. Charge density of cationic cellulose nanofibrils as a function of pH.
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individual anionic, TEMPO-oxidized cellulose nanofibrils (Besbes,
Alila, & Boufi, 2011). These results support the FESEM findings,
indicating that the samples contained highly fibrillated individual
nanofibrils and the number of larger fibrils bundles was  low.
Fig. 2. FTIR spectra

During the cationic modification, the cellulose pulp was  con-
erted to a more homogeneous and transparent form. The fibrous
tructure of the pulp was partly disappeared because of its
ncreased hydrophilicity and the swelling and cutting of the cellu-
ose. Aqueous suspensions of quaternized celluloses were further
ubjected to a high-pressure homogenization, in which they were
asily nanofibrillated without clogging the homogenizer. After the
rst pass through the homogenizer, all samples existed in the form
f homogeneous gels already, and after three passes, highly trans-
arent suspensions without any visible particles were obtained.
hese cationic nanofibril cellulose (CNFC) suspensions were sta-
le after long-term storage (4 weeks). No phase separation was
bserved, indicating that small nanofibrils with relatively high
ationic charge densities were obtained.

The visual appearance of the obtained CNFC gels is pre-
ented in Fig. 3. FESEM analysis confirmed that cationic celluloses
ere efficiently disintegrated into nanofibrils possessing typical

ateral dimensions of 10–50 nm and lengths of several micro-
eters (Fig. 3B). These nanofibril dimensions are comparable to

ationic nanofibrils obtained earlier through a reaction with gly-
idyltrimethylammonium chloride (Pei et al., 2013). In addition
o individual nanofibrils, the CNFC suspensions contained larger
anofibril bundles that were not completely disintegrated during
omogenization.

The crystalline structure of cationic nanofibrils was investigated
sing WAXD. Fig. 4 shows the diffractograms of the CNFC samples
the peaks 2� < 10 were associated to sample holder). Diffractogram
f original pulp has been previously reported by Liimatainen, Sirviö,
undman, et al. (2011). All cationized nanofibrils exhibited the
rimary 2� diffraction angles close to 14.5◦, 16.0◦ and 22.2◦, rep-
esenting peaks typical of cellulose I. These peaks are associated
ith the 1 0 1, 1 0 1̄ and 0 0 2 crystalline planes, respectively, and

hey indicate that no rearrangement of the cellulose structure into
nother crystalline form occurred, although the peaks broadened
hen the cationic charge density of the nanofibrils increased. The

rystalline indeces (CrI) calculated from Eq. (1) were 38% for CNFC

 and 30 ± 1% for all other samples (CNFC 2–4). These values indi-
ated that the cationic modification was not fully restricted on the
urface of nanofibrils, but also affected the crystalline ordering of
he cellulose.
tionized cellulose.

Optical transmittances for the 0.1% nanofibril suspensions in the
range of 400–800 nm are shown in Fig. 5. All cationic nanofibril sus-
pensions were highly transparent; the transmittance values were
comparable or even higher than those previously reported for the
Fig. 3. (a) Appearance of 0.35% cationic cellulose nanofibrils suspension (CNFC 1)
and (b) typical FESEM image of CNFC 3.
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Fig. 4. WAXD diffractograms of cationic cellulose nanofibrils.

.2. Aggregation of kaolin clay colloids

Because of the high charge density and flexible, nano-sized elon-
ated structure, CNFCs are potential candidates to replace synthetic
olymeric flocculants and coagulants. In this study, the aggrega-
ion performance of the cationized nanofibrils was evaluated by
ggregating a kaolin filler model suspension and determining its
esidual transmission after centrifugation. Fig. 6 shows the aggre-
ation performance of CNFCs in terms of the residual transmission
f the kaolin suspension as a function of CNFC dosage. All CNFC sam-
les resulted in the clear aggregation of the kaolin clay suspension,
hich was indicated by the increased transmission of suspensions.
ompared to previous results obtained using soluble cationic cellu-

ose derivatives of Girard’ reagent T (Liimatainen, Sirviö, Happala,
t al., 2011) the transmission levels (>80%) were here remarkably
igher, while the required dosages and charge densities were lower.
he lowest optimum dosage among the CNFCs was  achieved with
NFC 4, indicating that increasing charge density promotes the
ggregation of kaolin colloids.
The visual appearance of kaolin clay aggregates obtained by
ptical microscopy is presented in Fig. 7. The milky appearance
f the kaolin clay samples was converted to inhomogeneous and

Fig. 5. Transmittance of 0.1% w/w cationic nanofibril suspensions.
Fig. 6. Residual transmission of the clay suspension after aggregation with cationic
cellulose nanofibrils and analytical centrifugation (400 rpm for 300 s at 20 ◦C).

flake-like suspensions by the addition of CNFCs. The individual
clay particles initially were hardly visible, but after CNFC dosing
voluminous and irregular aggregates having lateral dimensions of
several millimeters were detected. These aggregates were easily
sedimented on the bottom of a container, forming a highly porous
compactible layer.

3.2.1. Role of pH and temperature
Different solution pH values and temperatures were used

to examine the aggregation performance of CNFCs in differ-
ent chemical conditions. In all of these experiments, a constant
polyelectrolyte dosage (13.5 mg  g−1) was  used. The aggregation
performance of CNFCs in the pH range of 3–11 is presented in
Table 1. The aggregation performance maintained a constant high
level from pH 3 to 9 for all samples, supporting the results of charge
density measurements (Fig. 1). For the CNFC 2 and 4 samples, a
slight decrease in aggregation was obtained at a pH of 10.5. This
result was  most likely observed because of alkaline degradation
of �-alkoxy fragmentation of DAC backbone as described earlier
(Calvini et al., 2004).

The aggregation performance of CNFCs was also evaluated
◦
at higher temperatures of 35–60 C, which is a typical range for

several industrial processes. The CNFCs were found to have a
stable aggregation performance throughout the studied temper-
ature range (Table 1). These results demonstrated that CNFCs are

Fig. 7. Appearance of clay-cationic cellulose nanofibril aggregates.
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Table  1
Influence of suspension pH and temperature on residual transmission of clay sus-
pension aggregated by CNFC.

Variable Residual transmission (%)

CNFC 1 CNFC 2 CNFC 3 CNFC 4

pH 3.0a 89 87 90 89
pH  4.5 87 89 90 89
pH  7.5 91 90 89 89
pH  9.0 90 90 89 89
pH  10.5 89 74 88 75

Temperature 25 ◦Cb 87 90 87 90
Temperature 35 ◦C 88 89 88 89
Temperature 40 ◦C 89 90 87 87
Temperature 50 ◦C 89 89 87 85
Temperature 60 ◦C 89 89 81 74
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onstant CNFC dosage of 13.5 mg  g−1.
a Temperature of 25 ◦C.
b pH of 4.5 were used.

otential candidates for several applications in which pH and
emperature may  vary remarkably.

.2.2. Mechanism of clay aggregation by cationic cellulose
anofibrils

Cationic nanofibrils were found to have a natural attraction
oward kaolin particles, which bore a net anionic charge in their
ative form. It is well-known that cationic soluble polymeric floccu-

ants and inorganic coagulants are able to adsorb on the oppositely
harged particle surfaces and to neutralize charged surface groups,
hich leads to particle aggregation. It is likely that cationic nanofi-

rils are also able to neutralize the anionic lateral surfaces of kaolin,
hich caused their aggregation. Enhancement of aggregation as a

unction of charge density of CNFC also indicates that charge neu-
ralization is promoted as the amount of cationic charges increases
Fig. 6). The decrease in aggregation performance at higher CNFC
osages further supports this result (Fig. 6), i.e. the overdosing of
ationic nanofibrils resulted in rapid charge reversal and the resta-
ilization of kaolin particles.

. Conclusions

Cationic cellulose nanofibrils were efficiently prepared using
onsequent periodate oxidation and quaternization with Girard’
eagent T, in combination with high pressure homogenization.
ationic nanofibrils exhibited typical widths of 10–50 nm and
harge densities ranging from 1.10 to 2.13 mequiv. g−1. The
anofibril suspensions existed in a form of highly transparent gels
transmittance 80–95% at 800 nm)  and possessed cellulose I crys-
alline structures with crystallinity indeces of 38–30%. All of the
NFCs resulted in strong aggregation of kaolin colloids and pro-
uced voluminous kaolin-CNFC aggregates with lateral dimensions
f several millimeters. Moreover, the CNFCs maintained effective
ggregation performance through wide pH (3–9) and tempera-
ure (25–60 ◦C) ranges. Thus, CNFCs were suggested as promising
andidates to replace present oil-derived synthetic soluble water
hemicals.
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