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A R T I C L E I N F O  A B S T R A C T

Nanocelluloses are the subject o f much interest on the account o f their mechanical properties, high surface area, 
porosity, etc. Typically, sulfuric acid is used to produce cellulose nanocrystals with high aspect ratio and dis
persibility in water suspensions. However, hydrolysis in sulfuric acid leads to cellulose esterification, which has 

some drawbacks such as lower thermal stability of nanocellulose. Hydrochloric acid does not cause function- 
alization o f the nanocellulose surface, yet yields in poor colloidal stability in aqueous solutions due to the lack of 
ionic interactions between CNC/CNF and water molecules. Therefore, it should be possible to tune the colloidal 
stability of nanocellulose aqueous suspensions by modifying the properties o f the solution (such as pH and/or the 

presence of surfactants). In this work, w e attempted to obtain stable aqueous CNF suspensions via hydrochloric 

acid hydrolysis. Hydrolysis was performed at three time intervals, at 60 °C temperature and 6 mol/dm of hy
drochloric acid. To find the optimum stabilizing conditions, the effect of different pH values and various sur
factants on CNF stability was explored. The best stabilizing effect was observed at pH range 5—9 and in nonionic 

surfactant. The obtained products were characterized by using spectroscopic (FTIR), microscopic (AFM ), ther- 
mogravimetric and X-ray diffraction techniques.

1. Introduction

Cellu lose is a m ajor com ponent o f  naturally  occurring com posite - 

w ood , containing approx. 50 %  o f  cellu lose, 30 %  o f  lign in  and  20 %  o f  

hem icelluloses. A s ren ew ab le  b iopo lym ers are be in g  studied because o f  

the need to reduce consum ption  o f  n on -ren ew ab le  petro leum  products, 

cellu lose is em erging  as an  im portant raw  m aterial. Furtherm ore, cel

lu lose com posites have been  deve lo ped  into nanocom posites, in w h ich  

nanocellu lose acts as a reinforcem ent, stim uli-responsive filler or 

dispersing agent in, for exam ple, m echan ically  adaptive  po lym er  

nanocom posites, novel c arbon  m aterials and  other app lications [1 - 5 ] . In 

fact, nanocellu lose is a term  that refers to cellu lose nanofibers, bacteria l 

nanocellu lose and cellu lose nanocrystals (C N C s ) [6 ,7 ] . The nano d i

m ensions result in a h igh  surface area, porosity and  hence the in 

teractions o f  nanocellu loses w ith  other m olecules, such as w ater, other 

polym eric com pounds and  nanoparticles [ 8 ] . Cellu lose nanofibers are  

form ed  from  w o o d  pu lp  b y  m echanical processing assisted w ith  chem 

ical or enzym atic treatm ent, and  are characterized b y  a diam eter o f  

5 -6 0  nm  and  severa l m icrom eters length. Cellu lose nanocrystals are 

typically p roduced  v ia  acid hydrolysis o f  cellu lose originated  from

different sources (p lants, bacteria  or a lgae ). T h ey  are characterized by  

sim ilar d im ensions to CNFs, bu t their length  varies from  rough ly  100 to 

250  nm. A lth ough  their size is sim ilar to CNF, CNCs have lim ited flex 

ibility, as they do not contain am orphous dom ains bu t instead exhibit  

crystalline rod-like shapes. A m on g  m ineral acids, predom inantly  su lfu 

ric ac id  at concentration 64 %  is used for different source cellu lose  

(tunicate, w o o d  o r bacteria l) hydrolysis because it p rovides the resulting  

cellu lose nanocrystals w ith  nanom etric dim ensions and  g o o d  stability in 

aqueous suspensions [9 -1 2 ] . C o llo id a l stability o f  CN Cs obta ined by  

su lfuric ac id  hydrolysis is exp lained  b y  the presence o f  negatively  

charged  sulfate groups introduced b y  esterification o f  surface hydroxy l 

groups. Both stability and  aggregation  state can be  m od ified  b y  ionic  

strength, pH  or the presence o f  particu lar m etal cations w ith  different 

valency  [1 3 ] . O n  the other hand, introducing sulfate groups can lead  to a 

decrease o f  therm al stability o f  CNCs [1 4 ,1 5 ]. A nother m ineral acid, 

phosphoric  acid, has been  used to produce therm ally  stable CNCs  

[ 1 6 -1 8 ] . Kusm ono and A ffan  eva luated  the y ie ld  and  properties o f  

nanocellu lose extracted from  Ram ie fibers b y  using phosphoric  acid  

solutions [1 8 ] . The obta ined  nanocellu lose w as  characterized w ith  

crystalline structure typical for cellu lose I, and this observation
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indicated that phosphoric  ac id  hydrolysis d id  not affect crystal structure  

o f  substrate cellu lose. Nevertheless, the optim ized experim ental condi

tions requ ired  perform ing the hydrolysis at 150 °C , w h ich  is relatively  

harsh in com parison  to “traditional|” hydrolysis w ith  sulfuric ac id  (b e 

tw een  45 and  60 °C ) [1 9 ] . W o rk  b y  Espinosa et al. com pared  properties  

o f  CN Cs obta ined v ia  hydrolysis o f  three d ifferent m inera l acids: sulfuric  

acid (S -C N C ), hydroch loric  ac id  (H -C N C ) and phosphoric  (P -C N C ) [1 6 ] . 

It w as  dem onstrated that, even  at lo w  charge density (a ris ing  from  the 

sm all n um ber o f  surface -PO4~ groups), cellu lose nanocrystals P -C N C  

w ere  stable in various po lar solvents such as D M SO , D M F  and  water. 

Therm al stability w as  a lso evaluated , and  it w as  increasing in the 

fo llow in g  order: S -CNC <  P -C N C  <  H -CN C . The authors exp lained  the 

better therm al stability o f  P -C N C  com pared to S -C NC  b y  lo w er degree  o f  

esterification and  thus lo w er charge density. Apparently , the degree  o f  

esterification is d ifficu lt to control in the case o f  sulfuric ac id  hydrolysis. 

Nevertheless, it is w orth  noting that, am ong the aforem entioned three  

m ineral acids, hydrolysis w ith  H C l provides cellu losic products w ith  the 

highest therm al stability. The onset o f  decom position  tem perature for 

both  H -C N C  and  P -C N C  w as  220 °C , bu t the m axim um  decom position  

tem perature w as  1 5 -25  °C  lo w er  for P -C N C . This study h igh lights the 

relationship be tw een  the charge density and  therm al stability o f  cellu 

lose nanocrystals. H ydro lysis perform ed  w ith  hydroch loric  acid  does not 

cause esterification o f  cellu lose h ydroxy l groups, a lthough  such CNCs  

tend to aggregate  and  are characterized w ith  poor stability because o f  

pronounced h ydrogen  bon d in g  betw een  their h ydroxy l groups. Conse

quently , they are difficu lt to disperse in solvents. This issue can be  

overcom e b y  the add ition  o f  inorgan ic ions, surfactants, or the app li

cation o f  u ltrasounds [1 1 ,1 3 ,2 0 -2 2 ]. U ltrasound irrad iation  is used both  

at the pre-treatm ent stage o f  cellu lose fiber extraction as w e ll as a hy

drolysis supporting treatm ent [2 3 ] .

A n  interesting w o rk  on  the app lication  o f  ac id ified  ZnC l2 m olten  salt 

for the hydrolysis o f  cellu lose w as  presented recently b y  Shen et al. [2 4 ] . 

By app ly ing  specific concentrations o f  ZnC l2 and  H C l as w e ll as cellu lose  

to liqu id  ratio, CN Cs w ith  tunable  m orph o logy  and  a llom orphs w e re  

obtained. Another non-conventional app roach  to m inera l acid-assisted  

hydrolysis o f  cellu lose is the use o f  H C l vapors for cellu lose hydrolysis  

and thus nanocellu lose extraction [2 5 ,2 6 ]. In this study, cellu lose fibers  

w ere  exposed  to hydroch loric  vapors and  underw ent degradation  and  

crystallization w ithou t change o f  the cellu lose sam ple texture. H ow ever, 

extensive sonication (72  h ) in form ic ac id  w as  requ ired  to achieve  

dispersion  to nanocrystalline suspension. A s the authors claim ed, this 

w o rk  w as a p ro o f o f  concept for tuning the supram olecular properties o f  

heterogeneous m aterials in so lid  state.

The add ition  o f  surfactants to nanocellu lose can be  an  appealing  

alternative to chem ical m odification  o f  the nanoce llu lose ’s surface. 

Stabilization w ith  the use o f  surfactants can  be  ach ieved b y  purely  

physical adsorption  o f  a surfactant on the nanocellu lose b y  surface  

entropic effects, hydrogen  bond ing , hydrophilic -hydrophobic  and  

ch arge -ch arge  interactions [2 7 ] . Som e recent w orks present attempts at 

stabilization o f  h ydroch loric  ac id  hydro lyzed  cellu lose nanocrystals (H - 

C N C s) w ith  the use o f  com m on surfactants [2 1 ,2 8 ,2 9 ]. Shang et al. re

ported a study on  deve lop ing  H -C N C  (hydroch lo ric  ac id  hydro lyzed  

cellu lose nanocrystal) stabilized w ith  cationic surfactant CTAB fo llo w ed  

b y  u ltrasound treatment. [2 1 ] It w a s  dem onstrated that stable h ydro 

chloric ac id -hydro lyzed  CNCs can  be  obta ined  b y  adsorb ing  CTAB at lo w  

concentration (b e lo w  critical m icellization  concentration) on  CNC  sur

face [2 1 ,3 0 ]. Surfactant at a concentration b e lo w  its CM C is adso rbed  at 

the CN C  surface, thus p rov id ing  the steric h indrance, w h ereas the above  

surfactant’s CM C m icelles are form ed, w h ich  in turn do  not enable  

suppression o f  cellu lose nanocrystal aggregation . S im ilarly, cationic  

m odification  w ith  CTAB w as  also successfully app lied  to su lfuric acid- 

hydro lyzed  cellu lose nanocrystals extracted from  sago  fronds [3 1 ] . 

K aboorani and  R ied l dem onstrated the tunability  o f  C N C  hydrophobic ity  

b y  proper selection o f  the m od ify ing  surfactant (in  this case, hex- 

adecyltrim ethylam m onium  b rom id e ) concentration [2 9 ] . N o tew orth y  

w as  that the m odification  im proved  the dispersibility o f  CNC  in lo w

po larity  solvents such as THF. Im portantly , no loss in the rein forcing  

capab ility  o f  the products w as  noted, since such m odification  d id  not 

alter the crystallite structure and  dim ensions. Concerning nonionic  

surfactants, particu lar attention shou ld  be  paid  to am phiph ilic  b lock  

po lym ers-derived  surfactants. P luronics are particu larly  interesting in 

term s o f  different m odes o f  their adsorption  on  the n anocellu lose ’ s 

surface. A dsorption  b eh av io r  can be  tuned b y  length  o f  hydrophilic  and  

h ydrophobic  segm ents. Typ ically , po ly (ethy lene ox ide ) b locks indicate  

h igh  affin ity to hydrophilic  surface o f  nanocellu lose, w h ereas  segm ents 

interact w ith  aqueous su rrounding [3 2 ] .

O ther factors greatly  affecting the stability o f  various CN C  aqueous  

dispersions (fo r  exam ple, S -CNC , T E M PO -ox id ized  nanocellu lose and  

cellu lose n ano fibrils ) are the so lution ’ s pH  and tem perature. This is 

especially  im portant for app lications such as d rillin g  flu id s ’ enhanced oil 

recovery  (E O R ) [3 3 -3 5 ] . In the case o f  an ion ic ester groups on  the 

nanoce llu lose ’s surface, their ion ization  is dependent on  pH  value. Thus, 

the aggregation  and  stability o f  co llo ida l C N C  dispersion  can be  p re 

dicted based  on  D LV O  theory, w h ich  assum es that, betw een  co llo ida l 

particles, various forces occur. These are V an  der W a a ls  and  electrical 

do ub le  layer forces. This electrical do ub le  layer m ay  consist of: i ) a layer  

o f  electrons ii) a layer o f  adso rbed  ions/ionic groups on  the so lid  surface  

iii ) a diffused  doub le  layer consisting o f  ions, w h ere  ions o f  one sign  

preva il over the other. In the case o f  an ion ic ester groups such as those 

occurring on the surface o f  su lfuric ac id -hydro lyzed  CN C  particles, 

excess o f  one type o f  ions m ay govern  the aggregation  beh av io r o f  

nanocrystalline cellu lose dispersion  [3 5 ] . Furtherm ore, W a y  et al. 

sh ow ed  the various im pact o f  p H  on m echanical properties o f  CN C -based  

nanocom posites dependent on  the type o f  CNC  surface m odification: 

w ith  carboxy lic  acid (-C O O H ) and  am ine groups ( -N H 2) [ 4 ] . For 

instance, the opposite effect o f  lo w  p H  on  tensile storage m oduli w as  

observed  for C N C -C O O H  (increase ) and  C N C -N H 2 (d ecrease ) based  

nanocom posites. This exam ple c learly  h igh lights the significance o f  pH  

va lu e  on  the num erous param eters o f  CN Cs in solution and  solid  state.

Judging b y  the num ber o f  literature reports so far, m ost attention o f  

research  on  nanocrystalline cellu lose is focused on  CN Cs obta ined by  

hydro lyzing  cellu lose in concentrated su lfuric acid, w h ereas  the num ber  

o f  w orks  ded icated  to im prov ing  stability o f  CN Cs from  hydroch loric  

acid  hydrolysis seem s to be  still m odest. Un like for other CN C -based  

m aterials, not m uch is kno w n  about the influence o f  p H  and  ionic  

strength on  the stability o f  aqueous solutions o f  H C l-hydro lyzed  CNCs. 

A lth ough  stabilization o f  such CN Cs w ith  cationic surfactants has been  

described  in the literature, there is still a gap  in the k no w ledge  about the 

in fluence o f  an ion ic and non-ion ic surfactants on  the stabilization  o f  

hydroch loric  ac id -hydro lyzed  CNCs. Furtherm ore, to our best k n o w l

edge, the effect o f  pH  on  the properties o f  H C l-hydro lyzed  CNCs in so

lu tion  w as not e laborated  either.

The m ain  objective o f  this w o rk  w as  to obtain  stable H C l-hydro lyzed  

cellu lose nanofibers in aqueous solution. T o  achieve this, hydroch loric  

acid  hydrolysis and  consecutively short sonochem ical treatm ent w ere  

app lied . The effect o f  different tim e o f  hydrolysis, pH  va lues and  type o f  

surfactant (cation ic (hexadecy ltrim ethy lam m onium  brom ide , CTA B ), 

anion ic (sod ium  dodecy l sulfate, SDS) and  nonionic (P lu ron ic  F- 127, 

P F -1 2 7 )) on  the co llo ida l and therm al stability, chem ical and crystalline  

structure as w e ll as m orph o logy  w as assessed. The range o f  experim ental 

param eters a llo w ed  their im pact on  the resulting m aterials properties to 

b e  assessed.

2. Materials and methods

2.1. Materials and reagents

U nsized  h andm ade cover paper m ade from  hem p and linen textiles 

(C onservation  b y  Design, UK ) w as  used as the cellu lose source. H yd ro 

chloric acid  (3 5 -3 8  % ) and  sodium  hydroxide  (pellets, pure for analysis) 

w e re  purchased from  PO C h  (G liw ice , P o lan d ). Surfactants (C T A B , SDS, 

PF -127 ) w e re  purchased  from  Acros O rganics, Roth and  S igm a
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respectively. A ll chemicals were used as received without additional 
purification.

2.2. Hydrochloric acid hydrolysis o f  cellulose

Cellulose sheets were carefully hand torn, stratified and cut in small 
pieces approx. 5 x  5 mm. 40 mL o f 6 M HCl was added to each beaker, 
and the beakers were then placed in a water bath on a magnetic plate at 
60 °C. When the temperature o f  HCl reached the set temperature, 1 g o f 
cellulose was added to each beaker containing 40 mL o f 6 M HCl. Hy
drolysis was carried out at 60 °C for 90, 180 and 270 min under mag
netic stirring. After the specified time elapsed, hydrolysis was quenched 
by diluting the cellulose suspension with 1 L o f  cold deionized water. 
The suspension was centrifuged for 40 min at 3000 xg. The resulting 
supernatant was washed with deionized water and centrifuged again. 
The procedure was repeated until reaching neutral pH, indicating 
removal o f hydrochloric acid. The washed product was vacuum-filtered 
and redispersed in deionized water at concentration 2 % (w/v), denoted 
as stock solution. The stock solutions were prepared for each time o f 
hydrolysis (90, 180, 270). Then, CNFs at 1 % concentration were pre
pared from the particular stock solutions.

2.3. Preparation o f  sonicated cellulose nanofiber colloidal solutions

CNF suspensions at different pH values were prepared by adjusting 
pH to 3, 5, 7, 9 and 11 using hydrochloric acid and sodium hydroxide 
0.5 M solutions. An appropriate volume o f surfactants (CTAB, SDS, PF- 
127) was added to 2 mL o f 1 % CNF so that their final concentration 
was equal to half o f critical micellization concentration at 25 °C (see 
Table 1). Samples are described accordingly in Table 1, and their IDs are 
a combination o f hydrolysis time and pH value or surfactant type. For 
instance, the sample denoted as 180.11 means cellulose hydrolyzed for 
180 min and adjusted to pH 11.

Suspensions containing 1 % (w/v) o f CNF at given pH or upon 
addition o f particular surfactant were then subjected to ultrasound 
treatment. A ll samples were sonicated at a frequency o f  20 kHz, with an 
amplitude o f 100 %, and the average power 90 W  for 60 s (Qsonica S- 
4000). Only 60 s o f sonication was sufficient to obtain viscous, opaque 
suspensions. The scheme o f whole procedure is presented in Fig. 1.

2.4. Characterization o f  CNFs in solid and solution state

Part o f each CNF solution was freeze-dried ( —85 °C, 0.5 mbar, Lyo- 
Quest — 85, Telstar) to obtain solid product necessary for spectroscopic, 
X-ray diffraction and thermal stability characterization. Infrared spectra 
were recorded using a THERMO/Nicolet 8700 spectrometer w ith MCT/ 
A  detector equipped with ATR appliance (Golden Gate, Specac). Prior to 
FTIR measurement, all samples were kept in an air oven at 105 °C to 
remove residual water. For the purpose o f crystallinity index compari
son between various samples, all spectra were normalized using the 
internal standard method (integral o f the CH2 band between 2800 and 
3000 cm~1 ) described in our previous works [36-39 ]. The crystallinity

Tab le  1
Sample nomenclature according to hydrolysis time and set value of pH or type of 
surfactant used.

pH/surfactant Time of hydrolysis, minutes

90 180 270

3 90.3 180.3 270.3
5 90.5 180.5 270.5
7 90.7 180.7 270.7
9 90.9 180.9 270.9
11 90.11 180.11 270.11
CTAB (0.45 mmol/L) 90.CTAB 180.CTAB 270.CTAB
SDS (C =  4 mmol/L) 90.SDS 180.SDS 270.SDS
PF-127 (C =  2.9 mmol/L) 90.PF-127 180.PF-127 270.PF-127

index was calculated from absorbance ratio between 1426 cm~1 and 
895 cm~1 bands [4 0 ].

X-ray diffraction experiments were carried out with use o f an 
X ’PertPro MPD diffractometer (Phillips), equipped with a Johansson 
monochromator with copper Ka1 line (X =  1.5405 A ) and a silicon, po
sition sensitive X ’Celerator detector. Measurements were performed in 
Bragg-Brentano 0-20 geometry in the range o f 20 5-60°, increment o f 
0.016°/min and time o f 175.26 s for each angular step. During mea
surements, a variable divergence slit was used to allow  constant sensi
tivity to be obtained through the whole range o f 20. Crystallinity indexes 
were calculated with the Gaussian peaks fitting method, assuming the 
presence o f five Gaussian peaks for the crystalline phase and one 
Gaussian peak for the amorphous phase [4 1 ]. Once the peak areas were 
calculated from the peak fitting, CI was determined accordingly to Eq. 

(1 ):

(1)

where A am o rph ous is the area o f the amorphous cellulose peak, and A to ta l is 
the total area o f all peaks (five crystalline and one amorphous).

The thermal behavior o f samples was studied with an STA 449 F3 
Jupiter (NETZSCH) operating in DSC mode. Three milligram samples 
were analyzed in open Pt crucibles. The DSC and TGA measurements 
were carried out at a temperature range o f 30-600 °C, and at a heating 
rate o f 10 °C/min under flow ing nitrogen atmosphere (40 mL/min). 
A l2O3 was used as the reference material. Thermal curves were evalu
ated with Netzsch Proteus software.

Liquid samples were subjected to viscometric (room temperature, 
SV-10 vibro-viscometer, A&D Company) and zeta potential measure
ments (DLS Malvern Zetasizer Nano ZS, Malvern, UK, equipped with an 
He—Ne laser). Measurements were done in triplicate.

Investigations o f CNF morphology and size measurements were 
performed using an atomic force microscope (AFM, XE-100 system, Park 
Systems, South Korea; separated x -y  and z scanner, scan size: 5 x 5 pm). 
with ultra-sharp silicon tip (< 1 0  nm) mounted on a cantilever with A l 
reflective coating. For AFM experiments, a small droplet o f CNF sus
pension was diluted with DI water, applied on clean mica surface 
(highest quality grade V1 mica, 0.21 mm {0 .0085 "} thickness; TedPella, 
USA) and left to dry overnight. The AFM measurements were performed 
in tapping mode. Statistical analysis and preparation o f images o f to
pographies were carried out using the XEI software (Park System, South 
Korea) and Fiji software. Average diameters and lengths were calculated 
from at least 100 measurements using Fiji software. The significance o f 
differences between the measured values was evaluated by using one
way analysis o f  the variance (ANO VA) and the Tukey test (a  =  0.05).

Redispersibility o f freeze-dried CNF samples was evaluated by dis
solving CNF samples in deionized water. CNF samples were mixed with 
water and then vortexed to obtain 1 % (w/v ) CNF solution. The photo
graphs were taken right after preparing solution and after 24 h.

3. Results and discussion

3.1. Properties o f  CNFs in solution

As already presented in Fig. 1, nanocellulose obtained directly via 
HCl hydrolysis quickly undergoes sedimentation and two separate 
phases are clearly visible, independently o f pH, surfactant presence and 
hydrolysis time. Subjecting those solutions to sonication yields visually 
homogeneous, viscous suspensions that are stable for an undetermined 
time. In this particular study, the obtained solutions retained their vis
cosity and opacity for at least six months. Indeed, viscosity may be 
considered as a measure o f polymer colloidal stability, as w ell as 
enabling changes in the colloidal state o f polymer solutions to be 
monitored. Fig. 2 presents changes in the dynamic viscosities o f CNF 
solutions after 90, 180 and 270 min o f hydrolysis (Fig. 2 A-C, top orange
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Fig. 1. Procedure of nanocellulose extraction using hydrochloric acid hydrolysis followed by ultrasound treatment.

Fig. 2. Dynamic viscosities changes before (orange) and after (green) sonication of CNF solutions obtained via hydrolysis for A. 90 min, B. 180 min, C. 270 min. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

co lum n graphs ) and  after app lication  o f  u ltrasound (the green  colum n  

graphs b e lo w  the corresponding orange  ones). W ith  increasing tim e o f  

hydrolysis, no significant changes are observed  w h en  considering series 

w ithou t sonication (Fig. 2 A -C  be fo re  son ication ). A ve rage  viscosities are  

typical for dilute aqueous solutions o f  cellu lose. U pon  sonication, even  a 

100 to 3 00 -fo ld  increase in viscosity occurs ( Fig. 2 A -C , bottom  green  

colum n graphs). Add itiona lly , an  im pact o f  particu lar p H  on  solution  

viscosity w as  noticed. A  pronounced increase is noted for sam ples at pH  

9 hydro lyzed  at longer tim e intervals (180 .9  and  270 .9 ), w h ereas  for 

solutions at pH  3, the increase is observed  on ly  after 270 m in o f  hy

drolysis. R egard ing  the shortest hydrolysis time, the highest increase in 

viscosity is noticed at p H  7 and  in solution contain ing nonionic surfac

tant -  PF-127. This m ight indicate that, under these conditions, short- 

range forces (such  as hydrogen  bonds or van  der W aa ls  forces) govern  

the interaction be tw een  CN F  m olecu les and  the surfactant under these

conditions.

Concerning longer time intervals o f  hydrolysis, significantly h igher  

viscosity o f  solutions at p H  9 m ay result from  increasing size o f  nano 

cellu lose particles resulting from  their aggregation . A dd itionally , in an  

alka line  environm ent, cellu lose starts to disso lve and ga in  effective  

charge, w h ich  m ay lead  to viscosity increase [4 2 ] .

Surface charge o f  CNFs, determ ined b y  m eans o f  Z potentia l (e lec- 

trokinetic potentia l), indicates som e variations depend ing on  hydrolysis  

time, pH  and  surfactant nature. It is w o rth  noting that data for CNF  

solution  on ly  after sonication are presented ( Fig. 3 ), because h igh  fluc

tuation o f  signal w as  observed  for sam ples be fo re  sonication, due to CNF  

partic le  sedim entation. In general, a ll sonicated form ulations are char

acterized w ith  negative va lues o f  Z potential, regardless on pH  or sur

factant type. The highest negative va lues w e re  observed  in the case o f  

CN F hydro lyzed  for 180 m in and  stabilized  w ith  PF-127. This va lue  (c. a.
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F ig . 3 . Zeta potential changes with increased hydrolysis time.

—44 mV) is typical for stable systems, where no aggregation occurs [4 3 ]. 
Neutral CNF suspensions such as those at pH 7 (7.90 and 7.180) are 
characterized with Z potential between — 20 and —10 mV, which in
dicates that the surface o f CNF crystals is negatively charged also under 
neutral pH. Furthermore, positive charge o f CTAB is suppressed by this 
negative charge o f CNF and consequently CNF dispersions such as CTAB. 
90, 180 and 270, which are characterized with only slightly charged 
surfaces undergo aggregation.

As concerns the effect o f solution pH on electrokinetic potential o f 
CNF, it is clearly seen that, in acidic conditions (pH 3: 90.3, 180.3 and 
270.3), mean Z potential value remains constant regardless o f hydrolysis 
time, and is equal to c.a. — 4.3 to — 4.7 mV. W ith decreased concentration 
o f H3O+ and thus higher pH, an increase in Z potential can be observed

with maximum at pH 7 and 9 for samples treated with 90 min o f hy
drolysis. W ith longer hydrolysis time, this trend decays. Surprisingly, a 
dramatic drop o f Z potential for CNF at pH 9 (180.9 and 270.9) occurs, 
which could be attributed to CNF aggregation as discussed for dynamic 
viscosity results. A  similar trend is observed for sample series at pH 7, 
where an increase in dynamic viscosity occurs in parallel with Z po
tential decrease. Furthermore, Z potential for CNF at pH 5 changes only 
m ildly with increased hydrolysis time, and this trend is in accordance 
with dynamic viscosity changes. Therefore, it can be concluded that 
longer time o f hydrolysis leads to CNF aggregation at neutral and 
alkaline pH. Concerning the surfactant stabilized CNFs, the optimum 
time o f hydrolysis is between 90 and 180 min, especially for nonionic 
surfactant PF-127.

3.2. Morphology characteristics o f  CNFs using A FM

Because nanocelluloses are typically characterized with the high 
aspect ratio, particle size distribution cannot be measured by dynamic 
light scattering (DLS) [4 4 ]. Consequently, it is rather recommended to 
perform particle size analysis by microscopic techniques such as AFM.

The applied treatments (hydrolysis time and sonication) and solution 
parameters (pH and surfactant type) were expected to affect the 
morphology o f  resulting CNF samples significantly. It can be seen that 
the smallest diameters were noted for most o f the samples after hydro
lysis for 180 min (Fig. 4 A  and B). For instance, sample 5.180 was 
characterized with average diameter 56 nm. It must be highlighted here 
that the difference in measured diameter values for 5.90 and 5.180 (66 
and 56 nm respectively) is not statistically significant. In the group o f 
surfactant-stabilized CNFs, the smallest diameters were observed for 
samples PF-127.90 and PF-127.180, which were equal to 88 and 84 nm 
respectively, and the difference in the mean values is not statistically 
significant, likewise for 5.90 and 5.180. After 270 min o f hydrolysis, 
average diameter values increased to 73 nm (5.270) and 104 nm (PF- 
127.270), and this increase is statistically significant. However, it means 
that, after longer times o f hydrolysis (yielding smaller CNFs particles),

Fig. 4. Average diameters as function of hydrolysis time and A. pH of CNF solution B. type o f surfactant added, C. Selected AFM height images o f extracted 

nanocellulose fibers (scale bars -  1 pm).
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aggregation  m ay occur, lead ing  to an  apparent increase in m ean d iam 

eter. M oreover, for CN F  sam ples h ydro lyzed  for a shorter tim e (9 0  m in ), 

large  standard deviations o f  determ ined diam eters w e re  noticed (e .g . 66  

±  56 nm  for 5.90 sam ple ). This indicates b roader  distribution  o f  CNF  

diam eters, w h ich  can  be  ascribed  to the coexistence o f  h ydro lyzed  and  

unhydro lyzed  cellu lose fragm ents [4 5 ] . It is notew orthy  that electroki- 

netic potential m easurem ents sh ow ed  that the optim um  hydrolysis time  

w as  90  and  180 for pH -m od ified  and  PF-127 -stabilized  sam ples. In the 

case o f  the A F M  technique, observations are in agreem ent w ith  co llo ida l 

stability results from  Z-potential analyses: cellu lose nanofibers w ith  the 

sm allest diam eters (an d  therefore indicating the low est aggregation ) 

w ere  observed  for sam ples that w e re  subjected to 180 m in o f  hydrolysis.

W h a t  d raw s particu lar attention is the fact that, at the low est pH , 

nanocellu lose tends to aggregate  and  form  clum ps upon  w ate r  evapo 

ration ( Fig. 4 C ), and  on ly  a fe w  separated fibers cou ld  be  observed. 

Sim ilar observations w e re  m ade for sam ples stabilized  w ith  180.SDS, 

270.SDS and  270 .CTAB. The A F M  im ages o f  a ll sam ples are presented in 

Fig. S2.

Aspect ratios (expressed  as length  to diam eter ratio ) in genera l 

increased as the hydrolysis time increased to 180 m in, after w h ich  they  

decreased (T ab le  2 ). Sim ilar observations w e re  reported b y  other au 

thors [4 6 -4 8 ] . The m axim um  va lue  o f  L/D  ratio w as  determ ined for 

sam ple 5.180, and it w as  equal to 21. A lth ough  the average  diam eter o f  

180.5 and  90.5  CNFs are sim ilar, their average  lengths values are 

significantly different, so that sam ple 90.5 is characterized w ith  m uch  

lo w er aspect ratio  equal to 8.38. For a ll CN F  sam ples, a b ro ad  distri

bution  o f  average  length  w as  observed  and  did  not becom e narrow er  

w ith  longer hydrolysis time (un like  average  diam eter). Interestingly, for 

PF-127 -stabilized  CNFs, aspect ratios increased linearly  w ith  increasing  

hydrolysis tim e o f  cellu lose. The average  diam eter o f  nanocellu lose fi

bers increased w ith  longer hydrolysis tim es (d ue  to som e extent o f  ag 

gregation  as m entioned be fo re ), and  the average  lengths o f  the fibers  

also increased. Because PF-127 w as  added  to the CN F  suspension after 

hydrolysis, this length increase cou ld  be  related  again  to aggregation  or 

specific interaction betw een  CNFs and P E O  (po ly (eth y len e  o x id e )) or the 

PPO  (p o ly (p ro py len e  o x id e )) segm ent o f  PF-127. N o tew orth y  is that the 

PF-127 concentration used in this study is b e lo w  its critical m icellization  

concentration in order to avo id  m icellization  o f  PF-127, w h ich  w o u ld  

potentia lly  in  turn prevent CN F  -  PF-127 interactions. Interactions b e 

tw een  nanocellu lose and PF-127 is not electrostatic bu t rather short- 

range hydrophilic  and hydrophobic  ones [4 9 ] . Accord ing  to previous  

studies, PEO  form s h ydrogen  bon d in g  ow in g  to the presence o f  ether 

oxygen  in the m onom er and  h ydroxy l groups on  cellu lose, so P P O  m ay  

create loops be tw een  PEO  blocks adso rbed  on the C N C  surface [4 9 ,5 0 ]. 

Therefore, apparent e longation  o f  CNFs stabilized w ith  PF-127 m ay  

result from  som e kind o f  “w rap p in g ” o f  several CNFs b y  PF-127 m ole 

cules. This m ay  also be  the origin  o f  the co llo ida l stability o f  PF-127- 

stabilized CNFs, as revea led  b y  Z potential study in the Section 3.1. 

Properties o f CNFs in solution. Nevertheless, the spatial arrangem ent o f  

CNFs and  PF-127  m olecu les in solution is not fu lly  understood, and  re

quires further studies.

Tab le  2
Average diameters, lengths and aspect ratios o f selected cellulose nanofibers 

with standard deviations in brackets.

Sample ID D, nm (± ) L, nm (± ) L/D

90.5 66 (56) 803 (234) 8.38
180.5 56 (20) 1185 (492) 21
270.5 73 (16) 1000 (441) 13.7
PF-127.90 88 (22) 540 (252) 6.14
PF-127.180 84 (29) 787 (251) 9.4
PF-127.270 104 (27) 1394 (480) 13.4

3.3. Structural and thermal properties o f  CNFs

3.3.1. Crystallinity changes and hydrogen network reorganization 
evidenced by XRD and FTIR

Diffraction  patterns o f  a ll cellu lose sam ples indicate cellu lose in the 

form  o f  Iß po lym orph , even  in the case o f  sam ples sonicated in a lkaline  

aqueous environm ent (See fig. S1). O n  this basis, it can  be  assum ed that 

the crystalline structure o f  cellu lose rem ained intact independently  o f  

hydrolysis time, sonication and the com position  o f  suspensions. In 

general, in the group  o f  pH -m od ified  CN F  sam ples, the average  crys- 

tallin ity index  oscillates be tw een  0.87 and  0.94. This m eans a CI in 

crease o f  > 2 0  %  com pared  to cellu lose substrate (C I =  0 .64 ). Beside the 

fact that acidic hydrolysis leads to the rem oval o f  the am orphous phase  

in  cellu lose, particu lar concentration o f  H 3O +  and  O H ~  ions contributes 

to the reorgan ization  o f  the h ydrogen  bon d  network. A t  h igh  pH , ion i

zation o f  the nanocellu lose -O H  group  m ay also p lay  a ro le  to som e  

extent [5 1 ] . Interesting observations w e re  m ade in the case o f  

surfactant-stabilized CN F  sam ples. Sam ples stabilized w ith  ionic sur

factant are characterized w ith  h igh  va lues o f  CI (0 .83  to 0 .93 ) sim ilarly  

to pH -m od ified  sam ples, w h ereas PF -127 -stabilized  sam ples reveal 

noticeably  lo w er crystallinity, w ith  m axim um  va lue  equ al to 0 .86  for 

270.PF-127 . This can b e  ascribed  to a different m ode o f  nonionic sur

factant interaction w ith  nanocellu lose surface as com pared  to the in 

teractions betw een  ionic surfactants and  nanocellu loses. A s discussed  

before , CNF m olecu les m ay  be  interspersed w ith  hydrophobic  PPO  

segm ents o f  the PF-127 chain, lead ing  to distortion o f  nanocellu lose  

crystalline structure. Sim ilar observations w e re  reported for nano 

cellu lose m od ified  w ith  other nonionic surfactants [5 2 ,5 3 ]. In turn, ionic  

surfactants used in this study w e re  characterized w ith  m uch lo w er  

m olecu lar w eigh t, and thus contact area  w ith  CNF surfaces w as  possibly  

m uch lo w er than in the case o f  PF-127.

Changes in cellu lose structure w e re  eva luated  b y  m eans o f  the A T R  

FTIR technique. Since this technique gives an  insight into surface and  

subsurface structure, a ll spectra w e re  norm alized  prior to sem i

quantitative interpretation (F ig. S3). The norm alization  procedure  as

sum es a constant n um ber o f  m ethylene -C H 2 groups in  a ll cellu losic  

sam ples, w h ich  is assigned as C6 o f  the g lucopyranose  ring (absorption  

b a n d  be tw een  3000  and  2800  cm ~1). For this reason, spectra o f  CNF  

sam ples w ith  added  surfactants w e re  not subjected to the norm alization  

procedure, as -C H 2 groups from , for exam ple, SDS a lkyl chains o f  sur

factants interrupt quantitative interpretation. Therefore, FTIR spectra  

recorded  for CNFs stabilized w ith  surfactants (F ig. S3 G -I ) w e re  not 

analyzed  regard ing  crystallinity changes.

Concerning the potential im pact o f  hydrolysis on  cellu lose structure, 

no evolution  o f  n e w  bands w as  observed  (F ig. S3 A  -  F ). N o n e  o f  the 

cellu lose-specific bands w e re  found  to d isappear either. H ow ever, the 

spectra d iffer in the intensity o f  the ind iv idua l bands (F ig. S3). The b ro ad  

absorption  bands b e tw een  3600  and  3000  cm ~1 are ascribed to the -O H  

b o n d  stretching, and  the bands at 1640 cm ~1 are typical for O — H  

ben d ing  v ibrations o f  adso rbed  w ater in cellu losic m aterials. A  b a n d  at 

1160 cm ~1, corresponding to g lycosid ic  stretching v ibration  (C — O ), 

changed its relative intensity and is the low est after 270  m in o f  hydro 

lysis, w h ich  is associated w ith  the m ost pronounced depo lym erization  o f  

cellu lose chain  and is in accordance w ith  the expected result. O verall, 

the chem ical structure o f  cellu lose w as  not a ltered  b y  hydrolysis, w h ich  

is in agreem ent w ith  previous reports [5 4 -5 6 ] .

Crystalline indexes from  FTIR can be  e lucidated  on  the basis o f  the 

absorbance ratio betw een  the 1426 cm ~1 and  895 cm ~1 bands, w h ich  

correspond to — C H 2 sym m etrical ben d ing  and C— O  valence vibrations, 

respectively. The b an d  at 1426 cm ~1 is sensitive to changes in the 

environm ent o f  C6 atom s, such as the form ation  or disruption o f  

hydrogen  bonds. The ban d  at 895 cm ~1 is assigned to the v ibrations o f  

atom s bou n d  to C1 atom , therefore it can b e  a m arker o f  m olecu lar  

con form ation  changes resulting from  the rotation w ith in  C1— O — C4 

bon d in g  (g lycosid ic  b o n d ) [4 0 ] . Thus, the relative absorbance intensity  

o f  those tw o  bands can b e  treated as a m easure o f  crystalline structure
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order in cellu lose m olecules. These indexes cannot be  regarded  as an  

absolute m easure o f  crystallinity, bu t are som etim es used to track  

changes in a particu lar set o f  sam ples [5 7 ,5 8 ]. A s  dem onstrated in one o f  

our previous w orks, CI calcu lated on  the basis o f  A T R  FTIR and  XRD  

techniques w e re  in a good  correlation  (r  =  0 .97 ) in the case o f  am or

phous cellu lose sam ples [3 9 ] .

Ca lcu lated  CIFTjR are sum m arized  in Fig. 5C and  T ab le  S1 in Sup

p lem entary Inform ation. It is c learly  seen that the crystallinity index  

determ ined w ith  use o f  FTIR significantly increased upon  acid h ydro 

lysis fo llo w ed  b y  sonication w h en  com paring  these values to the CI o f  

cellu lose used as a substrate (C I =  0.99, see Fig. 5C and  T ab le  S1). Since 

the b an d  at 895 cm ~1 reflects the g lycosid ic  b o n d  environm ent, it is 

obv ious that its intensity decreases during acid hydrolysis. O n  one hand, 

break ing o f  g lycosid ic bo n d  contributes to the increase in the 1426 to 

895 cm ~1 ban d  ratio. O n  the other hand, the presence o f  various con

centrations o f  H 3O +  and  O H ~  ions (expressed  as p H ) contributes to 

reorgan ization  o f  hydrogen  bonds, w h ich  m ay proceed in a very  

com plicated w ay . This in turn leads to changes o f  1426 cm ~ 1 b an d  in 

tensity and  the observation  o f  different trends o f  CI changes. For the set 

o f  ac id ified  CNF sam ples (90 .3 , 180.3 and  270.3 series), g row th  o f  CI 

va lue  to 1.53 can  b e  noticed. H ow ever, longer tim e o f  hydrolysis does  

not cause further increase in CI and  the m axim um  va lue  is reached after 

180 m in o f  hydrolysis ( Fig. 5A -C ). In the case o f  CNFs w ith  pH  5 

m axim um  CI is also reached after 180 m in  and longer hydrolysis leads to 

drop o f  the crystallinity. This m ight result from  disruption  or form ation  

o f  n ew  h ydrogen  bonds at C6, and consequently a decrease o f  their v i

bration  intensity w as  observed. Another trend is noticed for the 90.7, 

180.7 and  270.7  set, w h ere  a steady decrease o f  CI occurs, starting from  

1.77 for 90.7 and  ending  at 1.08 for 270.7. It can b e  hypothesized that, 

in this series, the m ain  change occurs w ith in  C6 group , as the intensity o f  

the corresponding b a n d  decreases significantly. O pposite  to each  other, 

trends are observed  for CN F  at the pH  9 and  11 series, w h ere  m axim um  

CI va lues are reached after 270 and  90  m in, respectively. In the case o f  

the CN F  at p H  9 series (90 .9 , 180.9 and 2 70 .9 ), this trend m ay result 

from  m ore  pronounced depo lym erization  in the a lkaline environm ent, 

add itionally  enhanced b y  sonication. In the case o f  the 90.11, 180.11  

and 270.11 CN F  series, a d rop  o f  the A 1426/8g5 ratio m ight be  caused  

again  b y  the reorgan ization  o f  the hydrogen -bond in g  netw ork  around  

the C6 gro up  and  — O H  groups ionization, bu t rather not b y  cellu lose  

m ercerization, as for m ercerization  the m inim um  requ ired  concentra

tion o f  N a O H  is 0.25 m ol/L  [5 1 ] .

3.3.2. Thermal stabil ity and behavior o f PF-127 stabil ized nanocellulose 
fibers

Based on  Z potential, viscosity and  crystallinity studies, on ly  PF-127- 

stabilized CN F  sam ples w e re  subjected to therm al property  studies 

( Fig. 6 A  and  B).

The sharp D TG  peaks centered at 50 °C , corresponding to a w e igh t  

loss o f  2.3 % , w e re  due to the evaporation  o f  adso rbed  w ater ( Fig. 6 A )  

from  cellu lose and surfactant stabilized -CNFs sam ples.

The D TG  peaks be tw een  358 and  361 ° C for cellu lose and  surfactant-

stabilized  CNFs are present due to cellu lose degradation  processes. 

Surfactant PF-127 alone indicates a h igher onset degradation  tem pera

ture as w e ll as h igher tem perature at the m axim um  w e igh t loss rate 

(T max) w h en  com paring  to cellu lose -based  sam ples (see Fig. 6 A , green  

data series). R egard ing residual mass at 600  °C , the least m ass loss (an d  

thus the highest therm al stability ) am ong hydro lyzed  sam ples is 

observed  for the 90.PF-127  sam ple. W ith  increasing hydrolysis time 

(sam ples 180.PF-127 and  270 .PF -127 ), an  increase in w e igh t loss is 

noticed. T max values, derived  from  D TG  peak  m axim a ( Fig. 6 A , dashed  

data set, T ab le  S2 ), also shift slightly tow ards lo w er  tem peratures w ith  

longer hydrolysis time. Substrate cellu lose is characterized b y  som ew hat  

higher onset degradation  tem perature and T max com pared to CNFs, 

w h ich  is a quite obv ious and  expected observation . M oreover, its mass 

loss at 600 ° C is h igher than that observed  for h ydro lyzed  sam ple 90.PF- 

127. T herm al decom position  o f  acid hydrolysis products is affected by  

severa l param eters includ ing hydrolysis conditions, cellu lose degree  o f  

po lym erization  and  crystallinity index  [5 9 ] . It can b e  assum ed that 

average  degree  o f  po lym erization  (D P ) decreases w ith  increasing hy 

drolysis time. So, accord ing to w o rk  b y  Agustin  et al. [6 0 ] and G urge l 

et al. [5 9 ] , sam ples w ith  lo w er DP indicate lo w er T max. Som e authors  

tried to exp lain  the decrease in therm al stability b y  the decrease in the 

crystallinity index occurring together w ith  decreasing DP [6 1 ] . H o w 

ever, Agustin  et al. observed  the opposite relation  betw een  hydrolysis  

tim e (a n d  consequently  D P ) and  crystallinity index, and  they attribute  

the decrease in therm al stability w ith  decreasing DP to the increase in 

the num ber o f  reducing  ends o f  cellu lose m olecu les [6 0 ] . The highest 

res idual mass at the end o f  the heating (an d  thus, indirectly, h igher  

therm al stability ) for the 90.PF-127  sam ple can be  exp lained  b y  the 

lesser extent o f  depolym erization  am ong the set o f  PF-127 -stabilized  

sam ples.

It is notew orthy  that sam ples 90 to 270 stabilized  w ith  PF-127  

indicate a pronounced hum p o f  the T G  curve in  the tem perature range  

o f  1 00 -3 0 0  °C . It m ust b e  h igh ligh ted  that a ll experim ents w e re  per

fo rm ed  in a n itrogen  atm osphere, therefore no oxidation  cou ld  occur. 

D ifferentia l scanning calorim etry (D S C ) curves in Fig. 6 B do not indicate  

any peak  in this range, therefore an  oxidation  reaction o f  CNFs is 

excluded. This b ro ad  hum p is not observed  for substrate cellu lose and  

PF-127, w h ich  suggests that apparent mass increase in the discussed  

tem perature range m ight b e  related  som eh ow  to the nanocrystalline  

properties o f  CNFs. Explain ing this observation  requires m ore analyses  

o f  a w id e  range  o f  d ifferent types o f  n anocellu lose sam ples, and  should  

b e  subject to a separate study.

3.4. Redispersibility o f  freeze-dried CNF

D ry ing o f  cellu lose m aterials is know n  to cause irreversib le  reo rga 

n ization  o f  hydrogen  bond ings in cellu lose thus lead ing  to the difficulties  

w ith  dispersion  o f  d ried  cellu losic m aterial. This reorgan ization  o rig i

nates from  the fact that the rem oval o f  H 2O  during drying, shortens the 

distance betw een  tw o  ind iv idua l nanocellu lose particles [6 2 ,6 3 ]. The  

shortened distance leads to the increase in V an  der W aa ls  force betw een

hydrolysis time, minutes hydrolysis time, minutes hydrolysis time, minutes

Fig. 5. Crystallinity index (from XRD) changes in function of hydrolysis time and: A. pH of solution; B. type of surfactant; C. crystallinity index (from FTIR) in 

function of hydrolysis time and pH. A  common legend is used for picture A  and C.
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Fig. 6. A. TG and DTG curves of substrate cellulose, PF-127 and stabilized CNFs, B. TG and DSC overlay o f cellulose, PF-127 and stabilized CNFs. Note that graphs A  

and B have a common legend.

cellu lose fibrils, and  results in the form ation  o f  interfibrillar hydrogen  

bonds that cannot be  disrupted upon  nanocellu lose re-w etting  [6 4 ] . The  

strategies for im prov ing  nanocellu lose d ispersibility  (thus prevent  

nanocellu lose from  aggregation ) upon  dehydration  include surface  

charge m odification, steric h indrance b y  bu lk y  groups and other ap 

proaches like solvent exchange. In the case o f  this study, surfactant (SDS, 

CTSB and  PF -127 ) stabilized  CN F  sam ples are an  exam ple  o f  steric 

hindrance approach . CNF suspensions in m ed ium  w ith  various pH  

cannot be  considered as classical “surface ch arge” m odified , h ow ever  

som e charge m odification  occurs as revea led  b y  Z -  potential experi

ments. Stability o f  red ispersed freeze-dried  CN F  sam ples are dep icted in 

the Fig. 7 A . In general, CN F  solutions at h igher pH  (9  and  above ) 

indicated h igher rate o f  sedim entation. This m ay be  ascribed  to repu l

sion betw een  slightly n egatively  charged  surface o f  CN F  and  O H ~  ions in 

the a lkaline solution. O ppositely , the num ber o f  hydrogen  bonds, that 

w ere  form ed during freeze-dry ing  o f  CNF, in acidic pH  can b e  effectively  

reduced ow in g  to io n —dipo le  interactions. A m o n g  studied sam ples, the 

low est sedim entation rate w as observed  for CN F  sam ple 270.5, for 

w h ich  ind iv idua lized  nanofibers cou ld  b e  observed  b y  A F M  technique  

(See Fig. 7 B). M oderate  rate o f  sedim entation w as  noticed for CNF  

hydro lyzed  for 90  and  180 m in  and  w ith  p H  fixed  at 7. In neutral pH  

longer tim e o f  hydrolysis resulted in aggregation  o f  CN F  upon  redis- 

persing in w ater. A dd ition a lly  to long  tim e o f  hydrolysis, lo w er con

centration o f  H 3 O +  m ay lead  to less efficient screening o f  hydroxy l 

groups o f  CNF. This cou ld  lead  to m ore pronounced form ation  o f  

interfibrillar h ydrogen  bonds.

R egard ing  surfactants stabilized CNF, stabilization o f  CN F  w as  not 

achieved even  in the case o f  PF-127. This observation  m ay suggest that

surfactants’ concentration (h a lf  o f  critical m icellization  concentration), 

that in itia lly  w as  sufficient to stabilize CNF, m ay be  not adequate to 

prov ide  the stability o f  red ispersed CNF. Therefore, further optim ization  

o f  CN F  and  surfactants (in  particu lar PF -127 ) com position  is essential to 

prove  (o r  den y ) that surfactants can be  used to obta in  red ispersib le  CNF.

4. Conclusions

In this w o rk , w e  presented systematic study o f  nanocellu lose  

extraction from  long fiber cotton using hydroch loric  acid  fo llo w ed  by  

sonication, and  w e  described  the effect o f  various solution  param eters  

on  the physicochem ical properties o f  the product nanocellu lose. Ind i

v idu alized  nanocellu lose w hiskers w e re  obta ined b y  app ly ing  hydro 

chloric acid, short-tim e sonication and  particu lar solution  param eters, 

w ith ou t esterification o f  h ydroxy l groups in  cellu lose. For the first time, 

the effect o f  a w id e  range o f  p H  and  surfactant type on co llo ida l stability  

o f  CNF solutions w as  dem onstrated. D ifferent hydrolysis time fo llow ed  

b y  adjusting concentration o f  H 3O +  ions, type o f  surfactant and soni- 

cation m ake it possible to obta in  ind iv idualized  cellu lose nano-w hiskers  

w ith  h igh  aspect ratio and crystallinity index. A dd itionally , it w as  

proved  that CN F  sam ples, w h ich  w e re  h ydro lyzed  for up to 10 m in and  

w ith  p H  fixed  betw een  5 and  7 w e re  characterized w ith  the best co llo ida l 

stability. A m o n g  surfactants, best co llo ida l stability w as  noticed for 

sam ples hydro lyzed  for up to 180 m in  and  then stabilized w ith  PF-127. 

Im portantly , neither hydrolysis conditions nor pH /surfactant m od ifi

cation change the functional groups o f  cellu lose m olecu le, as confirm ed  

b y  A T R -FT IR  technique. A  h igh  degree o f  crystallinity w as  confirm ed  

both  b y  A T R -FT IR  and  X R D  techniques, w h ile  m orph o logy  o f  nano 

Fig. 7. A. Stability of redispersed CNF samples hydrolyzed for 90, 180 and 270 min. Left column presents suspensions right after preparing the solutions (t =  0), 
column on the right side shows the same samples after 24 h (t =  24 h). B. AFM image of 270.5 CNF sample.
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w hiskers w as  e lucidated  from  A FM . For pH -m od ified  CN F  suspensions, 

the highest aspect ratio w as  found  for CNFs hydro lyzed  for 180 m in and  

w ith  p H  fixed  at 5. A m on g  surfactant stabilized  CNFs, nano-w h iskers  

hydro lyzed  for 270  m in w e re  characterized w ith  the highest aspect 

ratio. The results are im portant for the rational design  o f  nanocellu lose- 

based  com posites and  tailoring their properties. P re lim inary  results for 

CNF redispersibility  in selected conditions indicate possibility to stabi

lize nanocellu lose in aqueous solutions using easily ava ilab le  and cheap  

agents. In turn, the interactions be tw een  surfactants (in  particu lar PF- 

127 ) and  nanocellu lose requ ire  further studies to fu lly  understand the 

b ind in g  m ode o f  a surfactant on  nanocellu lose surface and to im prove  

redispersibility  o f  such stabilized CNF.
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