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a  b  s  t  r  a  c  t

Here  we  demonstrate  di-carboxylic  acid  hydrolysis  for  the  integrated  production  of  lignin  containing
cellulose  nanocrystals  (LCNC)  and  nanofibrils  (LCNF)  using  two  unbleached  mixed  hardwood  chemical
pulps  of  lignin  contents  of  3.9  and  17.2%.  Acid  hydrolysis  experiments  used  maleic  acid  solution  of  60  wt%
concentration  at 120 ◦C  for 120  min  under  ambient  pressure.  Yields  of  LCNC  were  low  of  less  than  6%  under
this  set  of  conditions.  The  higher  lignin  content  sample  produced  LCNC  with  greater  height  (diameter)  of
25 nm  but  similar  length  of approximately  230  nm  to  that  from  the  lower  lignin  content  fibers  (height  of
20  nm).  Interestingly,  the  higher  lignin  content  sample  resulted  in LCNF  with  smaller  height  (diameter)
ignocellulosic crystals (LCNC)
ignocellulosic nanofibrils (LCNF)
i-carboxylic acid hydrolysis
echanical fibrillation

hermal stability
arboxylation

of  7 nm  but  longer  length  of  >1  �m, or greater  aspect  ratio  than  the LCNF  from  the  lower  lignin  fibers
of  height  10  nm  and  length  <1  �m.  Lignin  protected  cellulose  from  esterification  which  resulted  in  LCNC
and LCNF  that  was  less  carboxylated  compared  to those  lignin-free  CNC  and  CNF  and  therefore  had  lower
charges.  However,  lignin  is more  hydrophobic  and  thermally  stable  than  carbohydrates  therefore  LCNC
and LCNF  are  favorable  for composite  applications.

Published  by  Elsevier  Ltd.

ydrophobicity

. Introduction

Cellulose nanofibrils (CNF) and nanocrystals (CNC) derived from
arious cellulose sources have gained much attention as a green
lternative for applications in composites, packaging materials, and
lectronics (Eichhorn et al., 2010; Rojo et al., 2015; Zhu et al.,
016). CNF are produced through pure mechanical fibrillation
Hoeger et al., 2013; Iwamoto, Nakagaito, & Yano, 2007; Wang, Zhu,
leisner, et al., 2012), or by chemical or enzymatic pretreatment

ollowed by mechanical fibrillation to reduce energy cost in fib-
illation (Chen, Zhu, Baez, Kitin, & Elder, 2016; Li, Sirviö, Haapala,

 Liimatainen, 2017; Qin, Qiu, & Zhu, 2016; Saito, Okita, Nge,
ugiyama, & Isogai, 2006; Sehaqui et al., 2017; Siró et al., 2011;

ang et al., 2015). CNC are commonly produced using mineral acid

ydrolysis (Chen et al., 2015; Hamad & Hu, 2010). Recently solid di-
arboxylic acids were also used which solved the problem of acid
ecovery and achieved integrated production of thermally stable

∗ Corresponding author.
E-mail address: jzhu@fs.fed.us (J.Y. Zhu).

ttp://dx.doi.org/10.1016/j.carbpol.2017.03.050
144-8617/Published by Elsevier Ltd.
and carboxylated CNC with CNF from bleached chemical pulp fibers
(Chen et al., 2016; Wang, Chen, Zhu, & Yang, 2017). Integrated pro-
duction of CNF with CNC was  first reported by the present authors
using sulfuric acid hydrolysis of bleached pulp fibers in producing
CNC at low severities through subsequent mechanical fibrillation
of partially hydrolyzed non-CNC cellulosic solids residue (CSR) into
CNF (Wang, Zhu, & Considine, 2013; Wang, Zhu, Reiner et al., 2012).
Later, researchers demonstrated the production of CNC from CNF
through further chemical reactions by the removal of disordered
cellulose (Peyre, Pääkkönen, Reza, & Kontturi, 2015; Usov et al.,
2015).

So far, most research work on cellulose nanomaterial produc-
tion, especially CNC, used lignin-free (fully-bleached) chemical
pulp fibers. Lignin, composed of different kinds of phenylpropane
units, is considered to be the glue (middle lamella lignin) that
holds together other major biopolymers in plant biomass (Ferrer
et al., 2012). Lignin is also more thermally stable than cellulose
or hemicelluloses. Its inclusion in cellulose nanomaterials pro-

vides improved thermal stability (Poletto, Zattera, Forte, & Santana,
2012). Moreover, lignin (inside cell wall) can be used to adjust
the polarity and hydrophilicity of cellulose (Poletto et al., 2012).

dx.doi.org/10.1016/j.carbpol.2017.03.050
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2017.03.050&domain=pdf
mailto:jzhu@fs.fed.us
dx.doi.org/10.1016/j.carbpol.2017.03.050
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herefore, using lignin-containing cellulosic fibers for producing
ellulose nanomaterials is expected to generate more hydropho-
icity, allowing improved dispersion in non-polar media, and in
articular, when forming composites with typical hydrophobic
atrices (Spence, Venditti, Rojas, Habibi, & Pawlak, 2010). Fur-

hermore, using unbleached pulp as an alternative feedstock can
roduce lignin containing cellulose nanomaterials at higher yields
nd lower costs compared with using bleached pulp (Rojo et al.,
015).

There are no publicly available studies on the production of
ignin containing cellulose nanocrystals (LCNC). Only a few stud-
es have reported on the production of lignin containing cellulose
anofibrils (LCNF) using pure mechanical fibrillation of unbleached
hemical pulp fibers (Rojo et al., 2015; Spence, Venditti, Habibi,
ojas, & Pawlak, 2010). Studies using low lignin content fibers
uggested insignificant effects from lignin on LCNF thermal and
ater absorption properties (Chen et al., 2011). Improved water

nteraction and fibrillation, however, were found with fibers con-
aining lignin at a moderate level of 13% (Ferrer et al., 2012; Spence,
enditti, Rojas et al., 2010). When using undelignifed wood fibers
ith lignin contents >25%, microfibrillation became very difficult

Hoeger et al., 2013; Spence, Venditti, Habibi et al., 2010). Recently,
 comprehensive study was carried out using laboratory pulp fibers
ontaining up to 13.5 wt% lignin produced using a noncommercial
O2-ethanol solvent process (Rojo et al., 2015). The study concluded
hat lignin did not reduce mechnical strength of films made of the
esultant LCNF, as the lignin did not interfere with hydrogen bond-
ng. Lignin substantially changed the interfacial free energy and
ncreased hydrophobicity. However, the lignin contained in this
aboratory pulp sample was slightly sulfonated, due to the pulp-
ng process using large amounts of SO2, and therefore the fibers

ere relatively less hydrophobic or slightly more hydrophilic. As
 result, the pulp fibers and the resultant cellulose nanomaterials
ay  behave differently from conventional commercial kraft pulp

bers (with highly hydrophobic lignin). Furthermore, existing LCNF
tuides all used pure mechanical fibrillation which is energy inten-
ive especially for fibers with high lignin content (Hoeger et al.,
013; Rojo et al., 2015; Spence, Venditti, Rojas, Habibi, & Pawlak,
011; Wang, Zhu, Gleisner et al., 2012). Moreover, the resultant
CNF has low surface charges and contains only a very small amount
f functional groups originating from the feed fibers, which makes
ispersion and surface modification difficult in downstream pro-
essing.

Here we use a concentrated solid di-carboxylated acid to
ydrolyze hemicelluloses and depolymerize cellulose to achieve

ntegrated production of LCNC and LCNF from two commercial
nbleached kraft mixed hardwood pulps with lignin contents of 3.9
nd 17.2%, respectively. As weak acids, di-carboxylic acids cannot
epolymerize all the pulp fibers to LCNC. The remaining lignocel-

ulosic solid residue (LCSR) is partially hydrolyzed fibers which can
e subsequently fibrillated to LCNF. Acid hydrolysis can substan-
ially reduce energy requirements in mechanical fibrillation (Qin
t al., 2016; Wang et al., 2013; Wang, Zhu, Reiner et al., 2012).
urthermore, concentrated di-carboxylated acids can esterifiy cel-
ulose (Fischer & Speier, 1895) to result in a carboxylated cellulosic

aterial (Allen & Cuculo, 1973), as demonstrated previously (Chen
t al., 2016), which is important to downstream processing for a
ariety of applications. Moreover, solid di-carboxylic acids are envi-
onmentally benign and can be easily recovered simply through
ommercially proven crystalliztaion processes (Chen et al., 2016).
he significance of the work lies in its potential for low cost and
nvironmentally sustainable integrated production of LCNC and

CNF compared with existing chemcial pretreatment methods such
s oxidation (Liimatainen, Visanko, Sirviö, Hormi, & Niinimaki,
mers 167 (2017) 167–176

2012; Saito et al., 2006) or mineral acid hydrolysis. We  are not
aware of similar studies being reported in the public litearture.

2. Materials and methods

2.1. Materials

Anhydrous maleic acid was purchased from Sigma-Aldrich (St.
Louis, MO). Bleached eucalyptus kraft dry lap pulp (BEP) was
obtained from Aracruz Cellulose (Brazil). Two unbleached never
dried virgin mixed hardwood (mainly birch and maple) kraft pulps
(in suspension) with high (UHP-LL) and low (UHP-HL) lignin con-
tents, or kappa numbers, were complimentarily provided by the
International Paper Company (Loveland, OH). These two pulp sam-
ples were acquired from the same mill (Cantonment, FL) at the same
day but different production lines (liner board pulp of high kappa
and fluff pulp of low kappa). They are expected to have the same
wood species mix. The fibers of these two pulp samples have an
average length and diameter of approximately 2 mm  and 30 �m,
respectively, compared with approximately 1.0 mm  and 25 �m for
those of BEP fibers (Fig. 1a–c). The main chemical compositions
were analyzed by the Analytical Chemistry and Microscopy Labo-
ratory (ACML) at the US Forest Service, Forest Products Laboratory.
Wiley-milled samples were hydrolyzed using sulfuric acid in two
steps as described previously (Luo et al., 2010). The solubilized
carbohydrates in the hydrolysates were analyzed using ion chro-
matography with pulsed amperometric detection. Klason lignin
was determined gravimetrically. The kappa number of the pulps
were measured according to TAPPI Standard Method T236 om-99
(TAPPI, 1999).

2.2. Production of lignocellulosic nanocrystals and nanofibrils

The BEP was  first dispersed in de-ionized (DI) water overnight
and then disintegrated using a laboratory disintegrator (TMI,
Ronkonkoma, NY) at 2 wt%  for 10,000 revolutions. All wet pulps
were air dried to approximately 7% moisture content then stored
in plastic bags. Acid hydrolyses were conducted on the pulps using
10 g oven dry (OD) fibers in a 60 wt% concentration maleic acid
solution at 120 ◦C for 120 min, abbreviated as M60T120t120, using
a liquor to fiber ratio of 10:1 (L/kg). The pulp suspensions were
constantly mixed using a mechanical stirrer at 300 rpm during
hydrolyses. The reactions were quenched by adding 200 mL of DI
water to the suspensions at the end of each reaction. The suspension
was washed and repeatedly centrifuged at 10,000 rpm for 10 min
to discard the supernatant to remove acid and then dialyzed for a
week or until the pH of the dialysis water no longer changed. Ligno-
cellulosic nanocrystals (LCNC) were finally obtained by centrifuging
the dialyzed solid suspension at 10,000 rpm for 10 min. The turbid
supernatant suggests the presence of LCNC. The precipitated solids
is partially hydrolzyed LCSR. LCNC yield was determined by a chem-
ical oxygen demand (COD) method using a COD kit (Biosciences,
Inc., Bethlehem, PA, ISO 9001:2000 certified) (Wang, Zhu, Reiner
et al., 2012). COD was measured from the amount of chromium
consumed determined by colorimetry at 600 nm.  Assuming all COD
was contributed by cellulose in quantifying LCNC through cali-
bration. Errors were inevitably introduced due to the presence of
lignin, hemicelluloses.

The LCSR was mechanically fibrillated at approximately 1%

solids consistency using a microfluidizer (M-110EH, Microfluidics
Corp., Westwood, MA)  at an operating pressure of 120 MPa  for 5
passes through two chambers in a series of diameters of 200 and
87 �m.
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ig. 1. SEM images of feed fibers (left panel) and lignocellulosic solid residues (LCS
cale  bar = 100 �m.  (a)-(c) BEP, UHP-LL, and UHP-HL, respectively; (d)-(f) the corres

.3. Morphology analyses

The morphologies of the LCSR samples were observed using
canning electron microscopy (SEM). Samples were prepared by
rying a small amount of suspension on a well-polished aluminum

ount and sputter-coating with a thin gold layer to provide ade-

uate conductivity. Sample images were recorded using a Leo EVO
0 SEM.
ght panel) after separating CNC from the hydrolyzed water insoluble solids (WIS).
ing LCSR.

The morphologies of LCNC and LCNF samples were also observed
using atomic force microscopy (CS-3230, AFM workshop, Sig-
nal Hill, CA, USA). Samples were diluted to solids consistency of
0.01 wt% and deposited onto clean mica substrates and air dried
overnight at room temperature. A silicon cantilever was used to

image samples in vibrating tapping mode at 160–225 kHz with
a radius of the tip curvature of less than 10 nm.  Fibril heights
and number averaged lengths were measured using Gwyddion
(Department of Nanometrology, Czech Metrology Institute, Crezh
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epublic, 64-bit) and Image-Pro Plus software (Media Cybernetics,
nc., Rockville, MD), respectively.

.4. Water retention values

The water retention value (WRV) represents the total water in
he pores of a substrate which closely correlates to the total pore
olume (Luo & Zhu, 2011). The LCNC and LCNF are not single ele-
entary crystals or fibrils of 3 nm in diameter rather aggregates
ith diameters greater than 7 nm and therefore have pores. The
RV  of all substrates were measured following the standard test
ethod SCAN-C 62:00 (SCAN, 2000). As described in our previous

tudy (Luo & Zhu, 2011), a wet fibrous material was  wrapped by a
ylon screen with mesh opening of 100 �m (Cole-Parmer, Vernon
ills, IL) and placed into a centrifuge tube with support to leave

pace for water accumulation at the bottom of the tube during cen-
rifuging. The wrapped sample was centrifuged at 3000 g for 15 min
n a laboratory centrifuge (Thermo Fisher Scientific, Sorvall Legend
0/40R, Waltham, MA). The centrifuged sample was first weighed,
hen oven dried at 105 ◦C overnight and weighed again. The WRV
s simply the percentage of retained water (weight change of the
ample before and after drying) to the dried sample.

.5. Crystallinity index

The X-ray diffraction (XRD) patterns were measured using wide-
ngle X-ray diffraction on a Bruker D8 130 Discover system with
u-K� radiation (Bruker Corp., Billerica, MA,  USA) in the 2 range of
0 ∼ 38

◦
in steps of 0.02

◦
as described previously (Chen et al., 2015).

or analysis purposes, the LCNF samples were first freeze-dried and
hen pressed into pellets at 180 MPa. The crystallinity index (CrI)
as calculated according to the Segal method (without base line

ubtraction) (Segal, Creely, Martin, & Conrad, 1959).

.6. Carboxyl group content and surface charge

The carboxyl group contents of LCNC and LCNF were deter-
ined using conductometric titration. A suspension containing

0 mg LCNF was  mixed with 100 mL  of 1 mM NaCl solution. The
ixture was then titrated with 10 mM NaOH and while its conduc-

ance was measured (YSI Model 35, Yellow Springs Instrument Co.,
hio, USA). The lowest points of the conductivity curves correspond

o complete neutralization of the carboxyl groups.
The surface charge of the LCNF samples was measured using

 zeta potential analyzer (Nanobrook Omni, Brookhaven Instru-
ents, Holtsville, NY) at ambient temperature. The concentration

f the suspensions was approximately 0.5 g/L. Five measurements
ere carried out for each sample and the averages were reported.

.7. Fourier transform infrared spectroscopy (FTIR)

A commercial Fourier-transform infrared spectrometer (FTIR)
Spectrum Two, PerkinElmer, UK) with a universal attenuated-
otal-reflection (ATR) probe was used to identify ester groups in
CNF samples, as well as in the original BEP, UHP-LL and UHP-HL
bers. All samples were freeze-dried before analyses.

.8. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) of different LCNF sam-

les were carried out on a thermogravimetric analyzer (Pyris 1,
erkinElmer, Inc., Waltham, MA). Samples of approximately 5 mg
ere heated from ambient to 600 ◦C under a 20 mL/min high purity

itrogen stream using a heating rate of 10 ◦C/min. Ta
b
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3. Results and discussion

3.1. Yields from acid hydrolysis

The water insoluble solids (WIS) from acid hydrolysis were sep-
arated through filtration and washed coupled with centrifugation.
WIS  yield was  high of over 90%, as listed in Table 1. For comparison
purpose the results from BEP were also presented. The LCNC was
separated from the hydrolyzed WIS  through dialysis. The remain-
ing LCSR were retained for LCNF production through subsequent
mechanical fibrillation. The yield of LCSR and LCNC were also mea-
sured after dialysis. LCNC yield was  low at only a few percent since
maleic acid is a weak acid and incapable of sufficiently depolymer-
izing chemical pulp fibers. Considering that the market for LCNC is
often much smaller than that for LCNF, the present process should
work well to meet market needs of these two  types of cellulose
nanomaterials. After the maleic acid treatment, most of the fibers
end-up as partially hydrolyzed solid residue, or LCSR. Due to cellu-
lose depolymerization (Qin et al., 2016; Wang et al., 2017), the LCSR
were substantially shortened compared with the feed fibers (Fig. 1)
and have lengths of approximately 100–200 �m. The fiber shorten-
ing was less pronounced for UHP than BEP due to the presence of
lignin that protected against carbohydrate degradation (Wang, Zhu,
Zalesny, & Chen, 2012), especially for UHP-HL with higher lignin
content.

The chemical composition of the hydrolyzed WIS  are also pre-
sented in Table 1. Cellulose losses were minimal at 5% or less for
all the samples. Approximately 40% of the xylan were dissolved.
For the two UHP samples, approximately 25% of the mannan were
also dissolved. Overall, acid hydrolysis slightly enriched cellulose
content in the WIS.

3.2. Morphologies of LCNC and LCNF

AFM images of the CNC from BEP, and LCNC from UHP-LL and
UHP-HL indicate good dispersion as shown in Fig. 2. The lengths of
the LCNC samples from the two unbleached pulps were approxi-
mately the same (Table 2). Lignin particles were clearly visible in
both of these samples. CNC particles from BEP appear less uniform
in terms of length than those from the unbleached mixed hard-
wood pulp of UHP-LL and UHP-HL (comparing Fig. 2a with Fig. 2b
and c). Height measurements by AFM indicate that high lignin con-
tent resulted in crystals with greater height (right panels in Fig. 2),
suggesting that lignin protected against cellulose depolymerization
to result in crystals with larger diameters. The number averaged
height for the CNC-BEP and LCNC-UHP-LL and LCNC-UHP HL were
15.9, 20.7, and 25.0 nm (Table 2), respectively.

The three LCSR samples from acid hydrolysis of BEP, UHP-LL, and
UHP-HL under the same condition were subsequently fibrillated
into LCNF in the form of sol gels as shown in the left panel of Fig. 3.
AFM topography measured fibril height distributions (right panel
of Fig. 3) indicate that mean fibril heights decreased with increas-
ing lignin content. The number-average heights were 13.4, 9.6 and
7.1 nm for CNF-BEP, LCNF-UHP-LL, and LCNF-UHP-HL, respectively.
Furthermore, the distribution became narrower or more uniform
as the lignin content increased. These results suggest that residual
lignin promoted fibrillation, in agreement with a previous study
(Rojo et al., 2015). Lignin, acting as an antioxidant, was suggested to
stabilize cellulosic mechano-radicals formed during microfluidiza-
tion (Solala et al., 2012). Cellulosic radicals are extremely reactive
and could participate in recombination reactions to counteract fib-
rillation. Therefore, the radical scavenging ability of lignin led to

less pronounced crosslinking of cellulose, easier defibrillation and
more individualized nanofibrils (Rojo et al., 2015).

The presence of lignin, however, preserved fibril length, perhaps
due to the fact that lignin protected excess cellulose depoly-
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Fig. 2. AFM images of different lignocellulosic nanofibrils (LCNF) (left panel) from BEP (a), UHP-LL (b), and UHP-HL (c) and the corresponding height distribution measured
f

m
p
i
(

rom  AFM topographic data (right panel). Scale = 1 �m.
erization by acid. AFM images show that CNF-BEP contains
rimarily short individual fibrils due to the strong hydrolysis sever-

ty (Fig. 3a), in agreement with our previous study using oxalic acid
Chen et al., 2016; Wang et al., 2017). Under the same hydrolysis
severity, slightly longer fibrils were obtained from UHP-LL (Fig. 3b)
than that from BEP (Fig. 3a). The light brown color of LCNF-UHP-LL
sol indicated that the sample contains lignin. Much longer fibrils
were obtained from UHP-HL (Fig. 3c). Lignin particles were visible
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ig. 3. Sol gel photos (left panel), AFM images (middle panel), and AFM measured h
CNF-UHP-HL (c).
rom the AFM images of the two LCNF from UHP. The (L)CNF mean
engths were visually estimated to be 350, 700, and 2000 nm based
n the AFM images shown in Fig. 3, for CNF-BEP, LCNF-UHP-LL and
CNF-UHP-HL, respectively. As a result, the LCNF with higher lignin
robability density distributions (right panel) of CNF-BEP (a), LCNF-UHP-LL (b), and

content had a much greater aspect ratio of approximately 280 based

on the measured mean heights and estimated mean lengths which
is beneficial for applications in polymer reinforcement.



1 e Polymers 167 (2017) 167–176

3

t
d
w
C
t
h
l
t
C
T
s
c
l
B
i
c
e

3

a
s
t
e
I
a
s
H
a
e
c
1
p
t
a
m
(
w
p
i
e
t
u

t
t
L
L
t
b
C
0
w
a

c
s
u
z
t
c
N

Feed  Fiber s     CNF
   BEP
   UHP-LL
   UHP-HL

1596
896

1161

1429
15071722

1640

Wavenu mber  (cm-1)
74 H. Bian et al. / Carbohydrat

.3. Crystallinity

The crystallinity indices (CrI) of the original pulp fibers and
heir corresponding (L)CNF samples were measured using x-ray
iffraction. The results (Table 2) indicate that acid hydrolysis
ith subsequent microfluidization resulted in a slight increase in

rI value for all three samples. Despite it is generally accepted
hat mechanical fibrillation may  reduce cellulose crystallinity, acid
ydrolysis dissolved a substantial amount of amorphous hemicel-

uloses (Qing et al., 2013; Wang et al., 2017), which resulted in
he overall increase in measured sample crystallinity of the (L)CNF.
ompared with the two LCNF, CNF-BEP had the highest CrI of 80.3%.
his is most likely due to the presence of lignin in the two LCNF
amples. The UHP-HL and LCNF-UHP-HL with the highest lignin
ontent had the lowest CrI. Due to the low yields of LCNC with the
imited amount of samples available, CrI measurement of the CNC-
EP and LCNC-UHP-LL and LCNC-UHP-HL were not carried out. It

s expected that these samples should have higher CrI than their
orresponding (L)CNF samples as demonstrated previously (Chen
t al., 2016).

.4. Carboxylation and dispersion stability

Fourier transform infrared (FTIR) spectroscopy was  used to char-
cterize the chemical structure of the lignocellulosic materials. As
hown in Fig. 4, the absorption band at 1640 cm−1 was attributed
o the vibration of water molecules, which was very difficult to
xtract due to the cellulose-water interaction (Adel, Abd El-Wahab,
brahim & Al-Shemy, 2011). The absorption bands at 1429, 1161
nd 896 cm−1 in each sample are interpreted as typical cellulose
tructures (Leung et al., 2011; Schwanninger, Rodrigues, Pereira, &
interstoisser, 2004). The bands at 1507 and 1596 cm−1 are associ-
ted with the aromatic skeletal vibration of lignin (Schwanninger
t al., 2004) and are only visible with the two UHP and their
orresponding LCNF samples. A weak band was observed around
722 cm−1 in the CNF-BEP and LCNF-UHP-LL samples that was  not
resent in the feed fibers. This band corresponds to the C O vibra-
ions in the carbonyl group from cellulose esterification by maleic
cid (Fischer & Speier, 1895); i.e., one of the carboxyl groups in the
aleic acid reacted with cellulose to form ester groups on LCNF

Chen et al., 2016). However, the peaks at 1722 cm−1 were very
eak, suggesting low to moderate esterification. The 1722 cm−1

eak is not observable from the LCNF-UHP-HL sample, indicat-
ng high lignin content may  have prevented substantial cellulose
sterification. Further study is needed in the future to differentiate
he free carboxylic acid from the corresponding esters (1722 cm−1)
sing counter ion exchange method (Hakalahti et al., 2016).

The qualitative FTIR features at 1722 cm−1 are consistent with
he amounts of carboxyl groups measured by conductometric
itration as shown in Table 2. The carboxyl group content in
CNF-UHP-HL was zero and were very low at <0.1 mmol/g for
CNF-UHP-LL and CNF-BEP. LCNC, however, are more carboxylated
han LCNF, in agreement with our previous study using the same
leached eucalyptus pulp (Chen et al., 2016; Wang et al., 2017).
arboxyl group content for the two LCNC samples were above
.2 mmol/g. The carboxyl group content of the two  LCNC samples
ere lower than the CNC-BEP, again suggesting lignin may  also play

 barrier role in esterification cellulose.
Carboxylation can increase cellulose nanomaterial surface

harge, or zeta potential, which should facilitate particle disper-
ion, a property that is important in the manufacturing products
sing cellulose nanomaterials. As expected, the measured fibril

eta potentials were proportional to carboxyl group content. To
est dispersion stability versus zeta potential (or carboxyl group
ontent), LCNF suspensions of 1 wt% were sonicated (Qsonica, LLC.,
ewtown, CT) in water at 25 ◦C for 5 min. Pictures of the sonicated
Fig. 4. FTIR spectra of BEP, UHP-LL, and UHP-HL fibers and their corresponding LCNF
samples.

suspensions were taken during settling at 10 min, 2 h and 24 h. The
stability of CNF-BEP and LCNF-UHP-LL was greater than that of the
LCNF-UHP-HL whereby the fibrils of the latter settled in 4 h. The
CNF-BEP and LCNF-UHP-LL did not settle completely even after
24 h. These results were primarily due to the surface charge differ-
ence among these three samples. Higher carboxyl group contents
induced greater negative surface charges that impart electrostatic
stabilization of the suspensions. LCNF-UHP-HL, however, had a
non-detectable carboxyl groups and the lowest surface charge and
therefore low suspension stability. The surface charge of the three
(L)CNC samples were all greater than their corresponding (L)CNF
samples (Table 2), suggesting these LCNC samples can form more
stable colloidal suspensions than their corresponding LCNF suspen-
sions.

3.5. Interaction with water

The water retention value (WRV) can be a measure of the
interaction between a lignocellulosic material and water. Lignin
containing pulp fibers have low WRV, as listed in Table 2, when
compared to the bleached fibers. The higher the lignin content, the
lower its WRV. For the two  UHP samples, WRV  dropped from 88
to 64, or approximately 27%, when lignin content increased from
3.9 to 17.2%. A similar decrease was  also observed from their cor-
responding LCNF samples, i.e., WRV  of LCNF decreased from 527 to
387, surprisingly also 27%. Lignin may be more or less uniformly dis-
tributed within the fibers after kraft pulping that has removed most
of the lignin in the cell wall and middle lamella. As a result, nanofib-
rillation did not change the extent of the interaction between the
resultant fibrils and water since the lignin is still evenly distributed.
Compared with the CNF-BEP sample WRV  of 1338, the WRV  val-
ues of the two LCNF were substantially lower (Table 2) at 527
and 387, respectively. The decrease in WRV  with the increase in
lignin content is related to the hydrophobicity of lignin. From a
molecular interaction point of view, undissolved lignin (inside cell
wall) after pulping could control water contents and shield the free
accessible hydroxyl group from the formation of hydrogen bonding
with water molecules, resulting in the reduction of WRV  (Spence,
Venditti, Rojas et al., 2010). Another explanation, or co-factor is
based on the porosity and voids created by the removal of lignin.

Even though cellulose can imbibe large amount of water, the WRV
also depends greatly on cracks, cavities and pores, which retain
enormous amounts of water, which are also less prominent in less
de-lignified fibers (Pejic, Kostic, Skundric, & Praskalo, 2008). Due to
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imited amount of LCNC sample available, WRV  were not measured;
imilar results, however, are expected.

.6. Thermal stability

Thermogravimetric analyses were conducted to investigate the
ifferences in thermal decomposition behavior and thermal stabil-

ty of original fibers and LCNF samples (Adel et al., 2011). The weight
oss curves and the derivative of the weight loss curves versus
emperature (dW/dT) were obtained. The onset degradation tem-
erature Tonset, defined as the temperature at which dW/dT ≥ 1, and
he maximal weight loss temperature Tmax (Chancelier et al., 2014;
hen et al., 2016), defined as the temperature at which |dW/dT|
eached a maximum, were then determined (Table 2). Nanofibril-
ation substantially increased surface area of the fibrils resulting in
educed Tmax when compared with their corresponding feed fibers
Quiévy et al., 2010). Lignin, as a complex three-dimensional poly-

er, is thermally more stable than cellulose and hemicelluloses
Brebu, Tamminen, & Spiridon, 2013). LCNF-UHP-HL with lignin
ontent of 17.2% had the highest Tmax of approximately 393 ◦C,
ompared with 361 ◦C for CNF-BEP, and 376 ◦C for LCNF-UHP-LL
lignin content of 3.9%). This indicates the advantages of using lignin
ontaining cellulose nanomaterials for bio-composite applications.
ue to limited amount of LCNC available, TGA analyses were not
onducted. However, it is expected that LCNC samples, especially
he one with high lignin content (LCNC-UHP-HL), should have very
igh thermal stability based on our previous study (Chen et al.,
016).

. Conclusions

This study for the first time demonstrated integrated produc-
ion of lignin containing and carboxylated LCNC along with LCNF
sing a fully recyclable di-carboxylic acid. LCNC yield was low, how-
ver, the market for LCNC is usually much smaller than LCNF. So
he present process can meet the market demands for these two
ypes of lignocellulosic nanomaterials. The ability to recycle acid
nd the substantially reduced energy input for mechanical fibrilla-
ion in producing LCNF make the solid di-carboxylic acid hydrolysis
ery promising to achieve low cost and sustainable and integrated
roduction of thermally stable and carboxylated LCNC and LCNF.
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