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CELLULOSE NANOCRYSTALS BY POLYETHYLENEIMINE
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Y Department of Chemical Engineering, CREPEC, Polytechnique Montreal, Montreal, QC H3T
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ABSTRACT

Cellulose nanocrystals (CNCs) are bio-derived, nativelyhlili@nanomaterials that disperse well in water according

to their surface chemistry upon extraction. However, to be suspended in non-polar, hydrophobic media such as most
polymers [1], the CNCs are chemically modified by redletibase environmentally unfriendly and not cost-effective

for the industry. The present work reports the prelinfindmgs of the non-covalent surface modification of CNCs

using polyethyleneimine (PEI), a common additive uedgdaper industry [2], through a low-cost process and

without any use of organic solvents. The succestioksmodification was confirmed through different techniques,
including Fourier transform infrared (FTIR) spectqmg, X-ray Photoelectron Spectroscopy (XPS), Dynamic Light
Scattering (DLS) and Zeta Potentiglotential) measurements. The CNC agglomerates formed in aqueous suspensions
as a result of the modification showed improved dispersidumeine and were found to precipitate in deionized water.

The turbidity measurements of the water suspensipnstioe and modified CNCs (MCNCs) were performed using
UV-Visible (UV-Vis) transmission spectroscopy.

KEYWORDS

Cellulose Nanocrystals (CNCs), Polethyleneimine (PEI), ntenteuegace modification, Dynamic-Light Scattering,
Zeta Potential analysis

INTRODUCTION

Cellulose nanocrystals (CNCs) are renewable and abhinederived nanomaterials that have received great attention

in recent years due to their high mechanical strength,peeat®o, optical properties, low density and low cost [3,

4]. These unique characteristics illustrate the potential of CNCs to be used in various industries and applications, such as
automobile and packaging industries [5].

The surface of commercial CNCs is hydrophilic and negatively charged due to the presence of hydroxyl and sulfate half-
ester groups, respectively [6]. While the presence of negative surface charges allows increased polarity and better
dispersion in aqueous media [7-10], it also restricts ¢fi€Cd&es in non-polar media [11, 12]. Therefore, surface
modification is necessary to improve the compatibility between the CNCs and the non-polar suspending media [13].

The chemical modification of CNCs to introduce hydroplfntitionalities through covalent linkages is the most

common approach utilized for surface modification of ¢NiTs The different methods that have been reported

include silylation [15, 16], acetylation [17], esterifid&i]patherification [19]. However, these methods involve the use

of organic solvents, are tedious, and can increase production expenses. More recently, a gas phase, solvent-free approacl
known as photo-initiated chemical vapor deposition (Pl@&®j)leveloped and shows promise for large-scale covalent
modification [20].

The surface of CNCs can also be modified usirgovattent approach of electrostatic attraction between the
negatively charged (OSO3-) groups and a cationic suffde2sijt The CNC dispersion in organic solvents (toluene
and cyclohexane) through the use of a phosphoric estéastifas also been reported [26]. The CNCs were found to
have enhanced dispersion in a low polarity solvent (tetraraml@HF)) after cationic surface modification with
hexa-decyl-trimethylammonium bromide (HDTMA) [21].

Polyethyleneimine (PEI) is a cationic polymer, compoasdnef groups and having a three-dimensional spherical
stereo structure [27]. This polymer exists in both limbaranched molecular structures, the linear form having only



primary and secondary amine groups while the branched form has all three (primary, secondary, and tertiary amine
groups) [28]. The protonation of PEI in water confers upon it a positive charge [29]. A study based on intrinsic viscosity
and small-angle neutron scattering measurements of branched PEI in water showed that its conformation is quasi-
unchanged over a pH range of 2 to 11 in the presenceriofecialos [30]. The amine functionality of PEI has been

grafted onto TEMPO-madified cellulose nanofibers; howeigaméthod of modification may be undesirable as it can

result in loss of crystal morphology and affect the structure of CNC patrticles [31]. Branched PEI has a higher density of
amine groups that makes it an interesting polyelecBateal can interact with the negatively charged CNCs even at

low concentrations.

In the present paper, we discuss preliminary findingsniogdke non-covalent surface modification of CNCs by PEI
through physical adsorption. The PEI modified CNCs (mMCNCsudied for their particle size and net surface charge
as functions of the amount of PEI. To understand the effte surface modification of CNCs, the stability of the
dispersion of CNCs and mCNCs in water was studinedUMé-Vis transmission spectroscopy along with a qualitative
study of the miscibility of mMCNC in organic solvents.

MATERIALS

Spray dried cellulose nanocrystals (CNCs), obtained through sulphuric acid hydrolysis of wood pulp, were supplied by
CelluForce (Canada). Branched PEI (99% punit25,000 g md) polydispersity 2.5, density 1.03 ¢ atl25 °C)

was purchased from Sigma Aldrich Canada and used 8slsitions of HCI 0.1 N and NaOH 12 N solutions were
prepared using Milli-Q water. All other chemicals (étisopropanol, toluene and cyclohexane) used in this work

were of analytical grade (purchased from Fiskatifggiand used as received. Mineral oil PURETOL 7S (density

0.846 kg 1, kinematic viscosity 12.2 cSt) was supplied by Petro-Canada.

METHODS
Preparation of CNC-PEI Suspensions

The spray dried CNCs were added to deionized (Dl d¥pwater and dispersed using an ultrasonic homogenizer
(Cole-Parmer model CP505 500 W) operating at aPovi€r W, with a total energy dose of 200e\d/@pplied by
progressively lowering the concentration of CNCs: 1) 200 t/CNC concentration of 2% (w/w); 2) diluting the
suspension to 1.5% (w/w) of CNC and applying 5@Qs)/gnd 3) decreasing the concentration to 1% (w/w) and
applying an additional 1000citg Ultrasonication was carried out in an ice bath to avoid heating the suspension.

A solution of PEI was prepared in DI water at a concentration of 0.001fmansure complete dissolution, the

solution was heated to 50 °C with mechanical magnetic stirring for 30 min at 300 rpm. Then, the PEI solution was
diluted to concentrations of 0.0001, and 0.0002t@nuLadded dropwise to the CNC suspensions under mechanical
stirring at 50 °C at 500 rpm for 4 h. The final amount of PEI added to the CNC suspension was 0.01 g and 0.02 g of
PEI per g of CNC. No pH adjustment was done, and the iiesp@dtof the various systems is reported in Table 2.

FTIR Analysis

Fourier Transform Infrared spectroscopy (FTIR) wasrpefbon CNCs before and after surface modification. The
suspensions were frozen at -20 °C for 48 h and thesdinget (FreeZone 2.5 plus, Labconco, Kansas City, MO) for

72 h under vacuum (internal chamber temperature -87otfaitodried pristine and mCNCs in the form of flakes.

The samples were analyzed in attenuated total reflectance mode (ATR, Zn/Sr crystal) on a Perkin EImer Spectrum 65
FTIR spectrometer. The spectra were recorded in the range of 660F1 400032 scans at a resolution ofré?.

XPS Analysis

X-Ray Photoelectron Spectroscopy (XPS) was used for theactleanacterization of the mCNC surface. XPS survey
spectra and C1s, O1s and N1s high-resolution spetiegoktine CNCs and mCNCs were obtained using a VG
ESCALAB 3 MKII XPS. During the analysis, the chamber pressure was kep&& BoxtrlThe take-off angle was

“xed at 90 with respect to the sample surface. All spectra were obtained with a sourceaif309 W and the

analyzed depth was less than 10 nm. In high-resolutieneseagy pass and energy step size were 20 eV and 0.05 eV,
respectively. The Shirley method [33] was used to correct the background contribution.

Dynamic Light Scattering and Zeta Potential Analysis



Dynamic Light Scattering (DLS) and Zeta Potenpalténtial) measurements were carried out on a Malvern Zetasizer
Nano-S (ZS) and Malvern Zetasizer Nano-ZSP instrunespisctively, at 25 °C after diluting the suspensions to
0.05% (w/w) CNC. DLS analysis was done at 173° detection angle. The DLS Z-qyeuad)@@E/dispersity index

(PDI) of the pristine and modified-CNC particles wergzauhlising calibration with polystyrene spherical particles.
Measurements were repeated three times for each suspension to obtain average values.

For -potential measurements, the electrophoretic mobjigytafles was analyzed using the Smoluchowski equation,
in the same diluted suspensions (0.05% (w/w) of GI@H)3 and 7. The pH adjustment was done using 0.1 M HCI
and 12 M NaOH solutions. Values reported araviiage of 15 measurements for each suspension.

UV-Visible Transmission Spectroscopy

UV-Visible spectroscopic analysis was performed as a function of time using a portable spectrometer (Ocean optics
DH-2000). Transmittance measurements at a wavelength of\e&iemecorded every 1 min for a total duration of 60

min, with integration and interval times of 10 ms and 1 min, respectively. The transmission measurements were repeated
three times for each sample. The concentration of CNC or mCNC suspensions was kept at 1 wt % and all
measurements were performed at room temperature. Utttasniwas applied at an amplitude of 20% for 15 s before

starting the measurement. Analyses were conducted on 1 mL samples of each type at neutral pH, in a plastic disposable
cuvette with 1 cm light path length.

Dispersion in Organic Solvents

The dispersion of freeze-dried pristine CNCs and mCNCsalgednn organic solvents of different relative polarity
indices (RPI, [34]): water (RPI = 1), ethanol (RIP654), isopropanol (RPI = 0.546), toluene (RPI = 0.099) and
cyclohexane (RPI = 0.006). In addition, the mCNC partickesliggersed in mineral oil at two temperatures, 22 and
70 °C using magnetic stirring for 1 h at 200 rpm.

RESULTS AND DISCUSSION
Preparation of mMCNCs

The addition of PEI onto CNCs resulted in the formation of aggregates and a consequent phase separation of the CNCs
from the water dispersion. Despite the modificationy loairried out in a low CNC concentration of 1% (w/w), the

addition of PEI always led to formation of aggregates and a consequent decrease in the suspension stability of CNCs in
water.

The modification of CNCs by PEI for this papaswone using the CNC suspensions prepared by applying
ultrasonication energy of 2000 J/g of CNC. Given the pizemton of CNC after addition of PEI, the analysis of
MCNCs was carried out in triplicates and the measurements were averaged to allow as better representation of the
suspension as would be possible. The mCNC suspensions were freeze-dried and used for analysis to carry out UV-
Visible spectroscopy, FTIR and XPS analysis.

FTIR Analysis

The freeze-dried suspensions of pristine CNCs and mCNCs were analyzed by infrared spectroscopy (Fig. 1). The
characteristic peaks of pristine -CNC at 1189X1h82 cm, between 1300 and 1440'@and between 3100 and 3600

cm?, attributed to O-H association, C-O-C stretching whtd@i-O stretching vibration, O-H bending vibration and

O-H stretching vibration, respectively [19], were alsoveth$emCNCs indicating that the surface modification by

PEI does not affect the chemical nature of CNCs. The presence of PEl in mCNCs was observed via two peaks at 2985
cm? and 1480 cfa (indicated by arrows in Fig. 1), which can be attributed to the amine groups. These were not
observed in pristine CNCs. These peaks were also obsechednically grafted PEI on cellulose nanofibers [31].
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Fig. 1FTIR spectra of pristine CNCs and mCNCs with different PEI (0.01 and 0.02 g per g CNC).
Dynamic Light Scattering (DLS) and Zeta Potential Analysis

DLS measurements are presented in Table 1 as the obseamddDI that are specific to the DLS technique. Since
DLS is a technique meant for spherical particles, the reporatli@&s are only being used for a comparison between
pristine CNC and mCNC.

As is evidenced from Table 1, the particle size of CNfasmerin presence of PEI indicating some adsorption of the
polymer onto the CNC particles in the suspension. Also, the increase in the PDI of the mCNC suspension points to the
non-uniformity in particle size for the mCNC suspension. This is coherent with the aggregate formation observed upon
addition of PEI to the CNC suspension.

Table. 1Z,4and PDI from DLS measurements carried out on the pristine CNC and mCNC suspensions made using
PEI 0.01 g eq and 0.02 g eq per g of CNC. No pH adjustiaedbne for either sample (natural pH is reported in
Table 2)

Sample & (nm) PDI
Pristine CNC 121+1 0.29
mMCNC (PEI 0.01 g eq per g CNC) 189+ 5 0.38
MCNC (PEI 0.02 g eq per g CNC) 319+ 6 0.51

The size of the aggregates was not uniform and gettoducgpitity in the DLS measurements was an issue. The lack

of reproducibility in the DLS measurements arises from the fact that the mCNC suspension is highly heterogeneous

with regard to the aggregate and particle size. The affd#igiresulted in phase separation of CNC in the form of
aggregates regardless of the sonication energy levelikition of a heterogeneous sample such as the mCNC

suspension is difficult as the volume of the suspension used for the dilution may not always be the best representation of
the entire population of particle/aggregates in the mCNC suspension.



The -potential values are an indication of the surface ch&YE particles in the suspension. As would be expected,

the pristine CNC sample gave a negapegential at pH 3 and 7, indicative of the presence of@8fips on the

surface of CNC (Table 2). Thpotential value increased from -54 £ 5 mV at pH 7 t0 -33 + 0.1 mV at pH 3. The

reason for this observed increase is unclear and a more thorough analysis on CNCs is the focus of on-going work in our
group. For now, we shall only confine ourselves to a comparative changeatettiml between the CNC and

mCNC.

Table. 2The - potential values in mV for pristine CNC and mCNC made using PEI 0.01 g eq and 0.02 g eq per g of
CNC at pH 3, 7, and pH adjustment are given below

Sample - potential without pH - potential at pH=3| - potential at pH=7
adjustment

Pristine CNC -52+2mV (pH=6.7) -33+ 0.1 mV -54 + 5 mV

MCNC (PEI 0.01 g eq per g CNC) -23+x1mV (pH=7.1) -2+2mV| -24 + 0.2 mV

MCNC (PEI 0.02 g eq per g CNC) 203 mV (pH=7.3) 18+ 1 m\ -20 + 4 mV

The surface charge of CNC also becomes less neghgvgrasence of PEI, indicating charge neutralization of CNC
negative charge by the positively charged protonated amine groups of PEI. More is the PEI, greater is the decrease in
negative surface charge and for mCNC made using 0.0ZREépefg of CNC, it is found to even become positive

at pH 3 of the suspension.

To summarize the DLS angbotential measurements done so far, the particle size is found to increase and the surface
negative charge is found to decrease for the mCNC as a function of PEI used for the modification. However, a critical
analytical view of the data makes it apparent thatt@@&e samples are difficult to analyze under the current method

of preparation and result in large degree of heterogetiegtypafticles/aggregates, thus preventing reproducibility in

the measured values. A detailed analysis of the CNGspEhsions is currently being pursued to improve the method

of modification and gain better control over suspension stability as well as an understanding of this system.

XPS Analysis

The XPS spectra and atomic surface composition of pristine and mCNC are presented in Fig. 2 and Table 3.
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Fig. 2 XPS survey spectra and deconvolution of C1s signal into its constituent contrib(aidnspiistine CNC
and(c,d) mCNC with PEI/CNC 2 wt %.

No nitrogen signal was detected for the pristine CNC whithinvestigated range in the survey scan (Fig. 2a). After
surface modification with PEI, a nitrogen peak was obseousd 400 eV (Fig. 2c), indicative of PEI presence on the

CNC surface. The high-resolution C1s peaks foneréstid mCNC were resolved into three Gaussian component

peaks to gain further information about the structure of bonded carbon before and after surface modification (Fig. 2b
and 2d): C-C or C-H at 285.0 eV (C3), C-O at 286.6 eah(CD}C-O at 288.1 eV (C3) [35, 36]. The ratio peak areas
representing C-O (C1) and O-C-O (C2) bonds of cellulose chains, remained approximately constant before (1.04) and
after (0.97) surface modification. This indicates that the modification did not change the nature of underlying cellulose.
However, a substantial increase in the percentageaf@HC(C3) was observed and can be resulting from the
contribution of the C-C and C-H bonds in PEI. The relative atomic percent mass of both, C and N, is higher for mCNC
than pristine CNC while the O/C ratio decreases for tiéG({Table 3). The contribution of the carbon peak from

the PEI chains and the masking of the cellulose oxygen by the presence of PEI on the surface of CNC can explain this

observation.

Table. 3XPS analysis of CNC before and after surface modification with PEI

Relative atomic %
MCNC
Name | Binding Energy (eV) Identification
Pristine CNC PEI/CNC PEI/CNC
0.01geq 0.02geq
285.0 C-CorC-H (C3) 6.4 17.3 17.2
286.6 C-Oin cellulose (C1) 40.2 35.0 36.7
Cils
288.1 O-C-0O in cellulose (C2) 6.3 6.8 7.2
TOTAL 53.0 59.1 61.1
399.2 Amine - 24 2.1
400.1 Amide - 11 0.9
N1s
401.7 Protonated N - 0.3 0.3
TOTAL 0 3.8 3.4




531.4 O=C-N - 3.5 2.1

532.6 C-OH in cellulose 28.2 20.2 20.6

Ot 533.2 C-0-C 18.8 13.5 13.1
TOTAL 47.0 37.2 35.8

UV-Visible transmission Spectroscopic Analysis

Fig. 3 presents UV-Vis transmittance spectra. The pristine CNC suspension was stable over at least 60 min based on
UV-Vis recordings, while the mCNC precipitated from wateh ighindicated by an increase in the transmission

signal. This is in accordance with the previouslyomeshtbbservations of CNC aggregation upon addition of PEI and

the increase in potential values that would indicate decreasztbstatic repulsion between the mCNC particles and
hence, reduced suspension stability.

—&— Pristine CNC
—&— mCNC with PEI 0.02 g eq

(o)
(&)

(e0]
o

Transmission (%)
\l
o1

Time (min)
Fig. 3 UV-Vis transmittance spectra at 657 nm for pristinea®@d@CNC (0.02 g eq of PEI per g of CNC) dispersed
in deionized water.
Dispersion of mCNC in Solvents

The degree of dispersion in various solvents was assessed visually (Fig 4).



Fig. 4 Dispersion state of (a) pristine CNC (b) mCRE] 0.02 g eq per g of CN{@ (1)deionizedvater (2) ethanol
(3) isopropanol (4) toluene (5) cyclohexane

The pristine CNC showed good dispersiateianizedvater, however, mCN&ecipitated. An ultrasonication of 5000
J/g CNC was applied to aid the dispersion of mMCNC in water, however, no improvement in degree of dispersion was
observed. The pristine CNC can be seen to have reduced disppasémathanol and isopropanol lmamparatively
better than mCNC. A notable observation was the improved dispersion of mMCNC iiritduerseliate polaritgs
opposed to the pristine CNC that showed almost no dispersion. Whiledis@®t§lonn toluene cannot tpialified

as Ogood@@lomeratewere still noticeal)|éhe reduction of surface charge on CNC due to adsorption of PEI can
explaintheimprovement with respect to pristine CNGn-polar gclohexane had low affinity for bathfCNC and
pristine CNC.The mCNC particles wers@dispersed in mineral oil a22and 7QC to see the stability @CNC
whensubjected tstronghydrophobic environment. The particles were collaitezdhe dispersion in mineral oil and
could not be relispersed in water, indicating that PEI maintains its affinity for CNGtev&nea@ment with mineral

oil, irrespective of the temperature of the oil.

The density of water and toluene are quiiéas but as seen in Fig 3 and 4, the mCNC immediately separates out of
water while it has an improved affinity for toluene. The CNCs have lveemoshehave as amphiphilic particles with
varying degree of suspension stability in different solvedteibaseir polarity, hydrophobicity, viscosity, and density
[37]. Since, the dispersion of particles in a solvent is governed by variousrpazacheds the particle size, surface
charge, polarity of the particle, and ipéeticle interactions, fughwork needs to be carried out in preventing
agglomerate formation durimgdification and having a better uniformity in particldsittee case of mMCNC, while

we have demonstrated promising results in this preliminary study, baditioisarequir to control particle size and
dispersion stability of mCN®dunderstand differencesitsdispersiorin various solvents. Also, the phase separation
and heterogeneity of thiCNC prevented a systematieological characterization of the system. Thallenges are
being addressed as parmmgoing research.

CONCLUSION

The surface modification of CNC by a simple phenomenon of physical adsorption of PEI has beenTesented
change in apparent size of the CNC and its surface potential indicate the degfemtémasia function of the

amount of PEI. The addition of PEI to the CNC suspension results in almost an instantaneamsdbaggtegates

and a resultinghase separation of the CNC parti@less preliminary study is promising in the fact that surface
modification of CNC does not always require a chemical modification of the particles and can be carried out in an
industriallyfriendly way. However, it wdibe important to address certain challenges encountered in this study such as,
the lack of control over the suspension stability after introducingtR&IGbIC suspension, the limitation of

heterogeneity in preventing reliable characterization ofgibabproperties and DLS and zeta potential analysis, and

the dispersion behavior of mMCNC in different solvents, to gain bettestamdiag of this system and its possible
applications in various fields.
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