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Abstract The effect of fiber drying on the properties
of lignin containing cellulose nanocrystals (LCNC)
and nanofibrils (LCNF) produced using concentrated
maleic acid hydrolysis of a never dried unbleached
mixed hardwood kraft pulp was evaluated. Two drying
conditions, i.e., air drying and heat drying at 105 °C
were employed. It was found that drying (both air and
heat) enhanced acid hydrolysis to result in slightly
improved LCNC yields and less entangled LCNF.
This is perhaps due to the fact that drying modified the
cellulose supermolecular structure to become more
susceptible to acid hydrolysis and the enhanced
hydrolysis severity at the fiber surface when using
dried fibers. Drying substantially improved LCNC
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crystallinity and LCNF suspension viscoelastic behav-
ior. The present study quantitatively elucidated the
effect of pulp drying (either air or heat) on producing
cellulose nanomaterials and has practical importance
because commercial market pulp (heat dried) is most
likely to be used commercially.
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Introduction

Cellulose nanomaterials, such as cellulose nanocrys-
tals (CNC) and cellulose nanofibrils (CNF) have
attracted growing research interest in recent years due
to their excellent biocompatibility and biodegradabil-
ity for multi-functional utilizations (Eichhorn et al.
2010; Kelly et al. 2013; Zhu et al. 2016). Achieving
low-cost, energy efficient, and environmentally sus-
tainable and tailored production, however, is the key to
commercial success.

Currently, cellulose nanomaterials are produced
mostly using chemical pulps through a variety of
chemical or enzymatic pretreatment methods (Beck-
Candanedo et al. 2005; Chen et al. 2015, 2016; Leung
etal. 2011; Padkko et al. 2007; Saito et al. 2009; Wang
et al. 2016; Yarbrough et al. 2017; Zhu et al. 2011). A
few studies have been carried out on the effects of
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feeding cellulose sources, lignin content, and process-
ing methods on the properties of resultant cellulose
nanomaterials (Bian et al. 2017a; Jia et al. 2017; Qing
et al. 2013; Rojo et al. 2015; Sacui et al. 2014; Spence
et al. 2010). Limited attention, however, has been paid
to the potential effects of fiber drying on the properties
of resultant cellulose nanomaterials. It is known that
drying can affect cellulose supermolecular structure
and thereby enhance acid hydrolysis using concen-
trated sulfuric acid solutions (Kontturi and Vuorinen
2008). This is especially true using fibers dried at a
high temperature of 110 °C (Kontturi and Vuorinen
2008). It is anticipated that early commercial produc-
tion of cellulose nanomaterials will most likely use
commercial market pulps (heat dried). Therefore,
studying the effects of pulp drying on the production
of cellulose nanomaterials has practical importance.

The objective of the present study is to evaluate two
drying conditions, air and heat (at 105 °C) drying, on
yield and physicochemical properties of cellulose
nanomaterials produced from a never dried commer-
cial unbleached hardwood pulp using a concentrated
di-carboxylic acid hydrolysis. Concentrated maleic
acid (a di-carboxylic acid with low solubility) hydrol-
ysis was used for its advantages in easing acid
recycling, esterification of cellulose to result in
carboxylated CNC and CNF to facilitate dispersion
in aqueous processing and further functionalization, as
well as minimal loss of carbohydrates to sugars, and
less corrosive to equipment to reduce capital cost
(Bianetal. 2017a; Chen et al. 2016; Wang et al. 2017).
The goal of the present study is to quantify the
potential effects of pulp drying on production of
cellulose nanomaterials.

Experimental
Materials

Anhydrous maleic acid was purchased from Sigma-
Aldrich (St. Louis, MO). Never dried virgin
unbleached mixed hardwood (mainly birch and
maple) kraft pulp (UHP) in suspension was compli-
mentarily provided by the International Paper Com-
pany (Loveland, OH). The pulp has a lignin content of
3.9%. Never dried (ND), air dried (AD), and heat dried
(HD) at 105 °C UHP fibers were used to study the
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effect of drying on producing lignin containing CNC
(LCNC) and CNF (LCNF). Air drying and heat drying
were conducted at ambient of 23.8 °C and in an oven
of 105 °C for 24 h, respectively. The moisture con-
tents of the dried pulp samples were measured. The
two dried pulp samples were soaked in deionized (DI)
water overnight, then disintegrated for 10,000 revolu-
tions at 312 rpm and 2% consistency at room temper-
ature using a disintegrator (Model 73-06-01, TMI,
Ronkonkoma, New York, USA). All pulp samples
were screened to remove shives (unbroken fiber
bundles) and stored in sealed plastic bags before use.

Maleic acid hydrolysis

The same experimental procedure described in our
previous studies was employed to produce LCNC and
LCNF as shown in Fig. 1 (Bian et al. 2017a, b; Wang
et al. 2017). Three maleic acid solutions of concen-
trations of 81.9, 60.4 and 60.0 wt% were prepared to
result in the same average concentration of 60 wt%
when including water contained in the 10 g in oven
dry (OD) weight of ND (moisture 72.8%), AD
(moisture 6.4%), and HD (moisture 0%) UHP fibers,
respectively. The acid solutions were heated to 120 °C
in a 500 mL three-necked round-bottom flask using a
hot liquid glycerol bath. ND, AD, and HD UHP fibers
of 10 g (OD weight) each was fed continuously into
their corresponding heated acid solutions to result in a
liquor to pulp ratio of 10:1 (w/w). The fiber suspen-
sions were constantly agitated using a mechanical
mixer at 300 rpm during reactions of varied length of
60, 90 or 120 min. Each reaction was quenched at the
end of the hydrolysis by adding 200 mL DI water. The
suspension was repeatedly washed and centrifuged at
10,000 rpm for 10 min (Sorvall Superspeed RC2-B,
5.75 inches rotator, Ivan Sorvall, Inc., Norwalk, CT) to
remove excessive maleic acid. An aliquot of super-
natant was taken for analysis of dissolved sugar
content. The precipitated water-insoluble solids (WIS)
was dialyzed until the conductivity of the liquid
reaches approximately 1-2 pS/cm and no longer
changed. The supernatant became turbid, suggesting
the presence of LCNC. LCNC was collected from the
supernatant after centrifuging the dialyzed WIS sus-
pension at 10,000 rpm for 10 min twice. LCNC yield
was determined using a COD method as described
previously (Wang et al. 2012).
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The collected hydrolyzed lignocellulosic solid residue
(LCSR) after separating LCNC from WIS was com-
posed of partially hydrolyzed fibers (Fig. S1) that were
used for producing LCNF through subsequent
mechanical fibrillation using a microfluidizer (M-
110EH, Microfluidics Corp., Westwood, MA) as
demonstrated previously (Bian et al. 2017b; Wang
et al. 2013). The LCSR slurry of approximately 1%
consistency was fed through a 200 um and an 87 um
chamber in series for either 1 or 5 passes at 100 MPa.

Chemical composition analyses

The chemical composition of the initial never dried
UHP fibers and acid hydrolyzed WIS samples
(Table S1) were analyzed by the Analytical Chemistry
and Microscopy Laboratory (ACML) at the USDA
Forest Service, Forest Products Laboratory, using an
improved high-performance anion exchange chro-
matography with pulsed amperometric detection
(HPAEC-PAD) method as described previously (Luo
et al. 2010). All fiber samples were first digested using
two-step sulfuric acid hydrolysis. The kappa number
of the never dried pulp sample was measured accord-
ing to TAPPI Standard Method T236 om-99 (TAPPI
1999).

Atomic force microscopy (AFM)

Suspensions of LCNC or LCNF approximately
0.01 wt% were deposited on a clean mica substrate

AFM workshop, Signal Hill, CA, USA) measurements
as described previously (Bian et al. 2017b). Number
averaged heights and lengths were measured using
Gwyddion (Department of Nanometrology, Czech
Metrology Institute, Crezh Republic, 64-bit) and
Image-Pro Plus software (Media Cybernetics, Inc.,
Rockville, MD), respectively.

Degree of polymerization and X-ray diffraction
analyses

Cellulose degree of polymerization (DP) was deter-
mined according to the TAPPI Standard Test Method
T230 om-08 (TAPPI 2012) using 20 mL of cupri-
ethylenediamine solution at 0.5 M to solubilize 0.10 g
(OD) of fibrous solids. The lignin contained in the
sample did not affect solubilization perhaps due to its
low content of 3.9% (Kappa number of 23.2). The
viscosity of the resultant solution was measured using
a capillary viscometer (150 T447-T450, Cannon
Instrument Company, State College, PA) at 25 °C.
DP values were calculated as expressed by Eq. (1)
(Mazumder et al. 2000).

DP*%5 = 0.75[954 log X — 325] (1)

where X is the viscosity of the resultant solution.
Duplicate measurements were carried out and the
averages were reported.

Wide angle X-ray diffraction (XRD) was used to
measure crystallinity indices (Crl) of cellulosic sam-
ples on a Bruker D8 130 Discover system with Cu-Ka
radiation (Bruker Corp., Billerica, MA, USA) at the
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Material Science Center, University of Wisconsin,
Madison, WI. Crl was calculated using Eq. (2)
according to the Segal method (Segal et al. 1959)
with or without background subtraction.

I -1 am
Crl = 2220 5 100% (2)

002

where Iy, is the maximum peak intensity at a 20 angle
close to 22.5° and I, is the minimum diffraction
intensity at a 20 angle close to 18°.

Carboxyl content and surface charge

The carboxyl group content of LCNC and LCNF
specimens was determined using conductometric
titration as described previously (Bian et al. 2017a).
LCNC (or LCNF) solution containing 50 mg LCNC
(or LCNF) was mixed with 100 mL of 1 mM NaCl
solution. Then the solution was titrated with 10 mM
NaOH using a conductance meter (YSI Model 35,
Yellow Springs Instrument Co., Ohio, USA). The
amount of NaOH solution consumed to reach the
lowest point of the titration curves was used to
calculate carboxyl group content as follows:

c XV

C(mmol/g) = (3)
where C is the carboxyl group content (mmol/g), c is
the concentration of NaOH solution (mmol/L), v is the
volume of added NaOH solution (mL), m is the OD
weight of the sample (g).

LCNC and LCNF surface charges were measured
using a zeta potential analyzer (Nanobrook Omni,
Brookhaven Instruments, Holtsville, NY) at ambient
temperature using suspensions at approximately 0.5 g/
L. Each sample was measured 5 cycles and the
averages were presented.

Dynamic viscoelastic analyses

LCNF suspensions (ND-LCNF, AD-LCNF and HD-
LCNF) at 1 wt% were transferred to airtight plastic
bottles to minimize water evaporation. The rheolog-
ical behaviors were analyzed with an Anton Paar
MCR302 Rheometer (Anton Paar, Ashland, VA,
USA) with a parallel plate geometry of 25 mm in
diameter. The gap between the two plates was sealed
using silicon oil with low viscosity. The dynamic
strain sweep from 0.01 to 100% at » = 10 rad/s was
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first performed at 25 °C. The storage modulus was
recorded to define the linear viscoelastic region (LVR)
in which the storage modulus is independent of the
strain amplitude. Dynamic frequency sweep was
measured from 0.1 to 100 rad/s at 25 °C.

Fourier-transform infrared spectroscopy (FTIR)

FTIR analyses of the LCNC and LCNF samples along
with the feed UHP fibers were carried out using a
commercial FT-IR spectrophotometer (Spectrum 100,
PerkinElmer, Waltham, MA) equipped with a univer-
sal attenuated-total-reflection (ATR) probe. All sam-
ples were freeze-dried before analyses.

Results and discussion
LCNC and LCNF yields

The yields of LCSR, LCNC along with glucose
recovery from hydrolysate were listed in Table 1. To
facilitate discussion, hydrolysis conditions were
abbreviated as MxxTyyytzzz to represent maleic acid
concentration xx% at temperature yyy in degree C for
zzz min. LCNC yields were low with the highest yield
of 6.6% obtained from AD-M60T120t180. Increasing
acid concentration or temperature only increased
LCNC yield slightly as can be seen from the yields
of AD-M70T120t120 and AD-M60T130t120. Both
types of drying resulted in a slight increase in LCNC
yield under same hydrolysis conditions with the
highest yield from the HD sample for each condition
studied. An early study indicated that drying can alter
the cellulose supermolecular structure to render cel-
lulose more susceptible to acid hydrolysis (Kontturi
and Vuorinen 2008). The observed drying effect on
LCNC yield, perhaps, was also due to the enhanced
local hydrolysis severity, because as-dried fibers were
directly fed into the reactor, i.e., the actual acid
concentration at fiber surface and in fiber pores during
the early stage of hydrolysis was highest for the HD
fibers followed by AD fibers. The water on the fiber
surface and in the pores of ND fibers substantially
diluted local acid concentration. It can take a long time
to achieve local acid concentration equilibrium espe-
cially in the fiber pores where most reactions took
place. An early study (Kontturi and Vuorinen 2008),
however, found drying had no effect on CNC yield



Cellulose (2017) 24:4205-4216

4209

Table 1 Yields of LCSR and LCNC, carboxyl group content,
surface charge and crystallinity (Crl) of LCNC and LCNF (5

microfluidizer), and recovery of glucose from maleic acid
hydrolysis of unbleached mixed hardwood pulp under different

passes through the 200 and 87 pm chamber in the conditions
Sample label LCNC LCSR Glucose LCNC LCNF
yield (%) yield (%) recovery (%)
COOH Charge Crl COOH Charge Crl (%)
(mmol/g) (mV) (%) (mmol/g) (mV)
ND-M60T120t60 4.6 88.2 1.2 0.15 —245+27 724 0.03 —228+14 729
ND-M60T120t90 5.2 85.0 1.5 0.16 —297+29 720 0.07 —256+20 719
ND-M60T120t120 5.5 87.8 1.8 0.19 —34.1+23 734 0.09 —-29.1+ 18 737
AD-M60T120t60 4.7 90.5 1.1 0.11 —29.7+23 76.6 0.05 —254+15 739
AD-M60T120t90 5.7 84.9 1.8 0.19 —-379+20 77.1 0.08 —-304 +£2.0 752
AD-M60T120t120 5.9 84.0 22 0.24 —49.1 £ 2.0 76.6 0.10 —417+19 762
AD-M60T120t180 6.6 78.6 2.0 0.27 —43.7+34 764 0.15 —387+3.0 760
AD-M70T120t120 6.0 82.0 2.0 0.23 —482 +3.6 763 0.11 —492 +3.6 759
AD-M60T130t120 5.7 81.0 1.6 0.20 —454+43 772 0.10 —-36.1 24 765
HD-M60T120t60 5.2 85.1 1.4 0.26 —-423 + 1.1 81.7 0.06 -336+11 79.0
HD-M60T120t90 5.8 82.6 2.1 0.27 —456 +2.1 81.7 0.09 —38.6+0.7 79.8
HD-M60T120t120 6.2 80.7 2.8 0.28 —493+ 14 813 0.14 —429+03 792

using concentrated sulfuric acid. The study was
carried out by adding concentrated sulfuric acid
solution in dropwise onto wet (ND) or rewetted
(dried) pulp fibers. This procedure eliminated the
enhanced local acid concentration effect observed in
the present study. Furthermore, sulfuric acid is a very
strong acid and CNC degradation to sugars is the
dominant factor controlling CNC yield according to
our previous studies (Chen et al. 2015; Wang et al.
2014) under the hydrolysis condition of 64 wt% at
45 °C for 25 min carried out by these authors. When
using a weak acid such as maleic acid in the present
study, hydrolysis of disordered cellulose is the dom-
inant factor in controlling CNC yield (Chen et al.
2016). As a result, any increase in the extent of acid
hydrolysis, either using more susceptible fibers
through drying or enhanced local hydrolysis severity,
can result in an improved CNC yield.

Dissolution of carbohydrates was low of approxi-
mately 20% or less as listed in Table 1. The remaining
LCSR as partially hydrolyzed fibers was used to
produce LCNF through subsequent mechanical
fibrillation.

LCNC and LCNF morphologies

LCNC produced using maleic acid hydrolysis had
relatively long length and thicker height compared

with CNC samples produced using sulfuric acid (Chen
et al. 2015), most likely due to the weaker acidity of
maleic acid. The number averaged lengths and heights
of LCNC were in the range of 200-450 nm and
10-30 nm, respectively, as shown in Fig. 2. LCNC
length and height from both AD and HD fibers
appeared to be shorter and narrower than the corre-
sponding LCNC length and height from ND fibers.
Furthermore, this shortening and narrowing effect is
more pronounced for the HD-LCNC as can be clearly
seen from the LCNC height distributions under the
three hydrolysis conditions compared in Fig. 2. Care-
ful examination of the AFM images found that more
crystal bundles present in the LCNC sample produced
using ND fibers than those from the AD and HD fibers
(comparing Fig. 2a and b with d and e, or g and h,
respectively). The observed drying effect on LCNC
size is in agreement with an early study using sulfuric
acid hydrolysis of bleached softwood kraft pulp
(Kontturi and Vuorinen 2008). These authors attributed
this effect to the change of cellulose supermolecular
structure through drying to render the “amorphous” or
disordered cellulose in a higher energy state. As a
result, dried fibers are more susceptible to acid
hydrolysis. A more efficient hydrolysis of disordered
cellulose certainly reduced crystal length and width
especially in the present study that used a weak acid of
maleic acid. We believe that this phenomenon can also

@ Springer



4210

Cellulose (2017) 24:4205-4216

be attributed to the enhanced local acid hydrolysis
severity when using either AD or HD fibers as
discussed in the previous section. Increasing acid
hydrolysis severity through extended reaction time
reduced the differences in LCNC size among ND, AD,
and HD samples (comparing Fig. 2j with 1, Fig. 2m
with o). A longer reaction time, perhaps, reduced the
effect of enhanced local acid concentration effect
during hydrolyzing AD and HD fibers. Globular lignin
particles were also observed in all LCNC samples
which can affect LCNC hydrophobicity as we revealed
previously (Bian et al. 2017a).

Subsequent mechanical fibrillation of LCSR with
only one pass (low energy input) through the 200 and
87 um chamber of the microfluidizer produced LCNF
also with varied morphologies as shown in Fig. 3.
Mechanical force reduced fibril length as evidenced by
the measured cellulose degree of polymerization (DP)
as listed in Table S2. LCNF contained large fiber
bundles with lengths and heights ranging from 500 to
1000 nm and 6-30 nm as shown by AFM images
(Fig. 3). Similar to LCNC, LCNF from ND sample
also have thicker height than those from AD and HD
ones as shown in Fig. 3j-1. Increasing the numbers of
passes through the microfluidizer resulted in shorter
and thinner fibrils (comparing Fig. 3 with S2).

Aspect ratio is an important parameter for cellulose
nanomaterials. LCNC length was measured from the
AFM images by randomly picking over 150 crystals.
Similar practice was carried out for LCNF (Fig. S3),
but with less accuracy due to entanglement (Fig. 3a—
i), therefore DP was used as a measure of LCNF
length. The AFM measured the heights of LCNC and
LCNF were linearly correlated to LCNC length and
LCNF DP as shown in Fig. 4a and b, respectively.
This indicates that the mean LCNC or LCNF aspect
ratio is not much affected by chemical and mechanical
processing conditions, i.e., the mean aspect ratio,
inverse of the slope, for the LCNC and LCNF
produced in this study was approximately 11 and 16,
respectively. Previously, we proposed a fiber longitu-
dinal hierarchical structure model that hypothesize
cellulose nanofibrils aggregate in the longitudinal
direction to form microfibrils (Qin et al. 2016). This
suggests that cellulose depolymerization is necessary
to produce nanofibrils. Under a certain range of
processing conditions, the mean aspect ratio of
cellulose nanomaterials may not be affected by
processing conditions. The slopes shown in Fig. 4a
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Fig. 2 AFM topographic images of LCNC produced from never »
dried (a—c, top row), air dried (d—f, second row) and heat dried
(g, third row) pulp fibers at maleic acid concentration 60 wt%
and 120 °C for 60 (left panel), 90 (middle panel), 120 (right
panel) min. Scale = 1 pm. a ND-M60T120t60, mean height =
25.9 nm; b ND-M60T120t90, mean height =17.3 nm; ¢ ND-
M60T120t120, mean height = 14.5 nm; d AD-M60T120t60,
mean height = 25.8 nm; e AD M60T120t90, mean height =
14.5 nm; f AD-M60T120t120, mean height = 10.8 nm; g HD-
M60T120t60, mean height = 17.9 nm; h HD-M60T120t90,
mean height = 12.6 nm; i HD-M60T120t120, mean height =
9.5 nm. (j-1) Comparisons of the AFM measured LCNC crystal
height distributions. (m-o0) Comparisons of the AFM measured
LCNC length distributions

and b, however, vary substantially from those reported
in the previous study (Qin et al. 2016) that used dilute
oxalic acid hydrolysis of bleached eucalyptus pulp
fibers to produce CNF through subsequent mechanical
fibrillation in a stone disk grinder, indicating that fiber
source and large variations in processing conditions
can affect aspect ratio.

LCNC and LCNF crystallinities

The crystallinity indices (Crl) of the LCNC and LCNF
samples were all higher than the Crl of the original
unbleached pulp fibers of 71.4% (Tables 1 and S3).
Except for ND-LCNC samples that have similar CrI to
their corresponding LCNF, Crl of LCNC samples are
slightly higher (0.4-2.7%) than their corresponding
LCNF samples (71.9-79.8%, without baseline sub-
traction). Furthermore, Crl of LCNC (~76%) or
LCNF (75%) produced from AD fibers are approxi-
mately 1-5% higher than the Crl of their correspond-
ing sample from ND fibers. Crl of LCNC and LCNF
from HD fibers under the same processing conditions
were the highest of approximately 81 and 79%,
respectively. Because maleic acid is a weak acid,
increasing local acid hydrolysis severity and the
improved susceptibility of AD and HD fibers resulted
in increased Crl. The X-ray diffraction spectra clearly
shows the increased Crl of LCNC from AD and HD
fibers (Fig. S4).

Carboxylation and surface charge

Conductometric titration of LCNC samples was
conducted to quantify the carboxyl group content of
the samples resulted from Fischer—Speier esterifica-
tion by maleic acid (Fischer and Speier 1895). As
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«Fig. 3 AFM topographic images of LCNF produced from LCSR
after passing through 200 and 87 pm chamber for 1 pass at
100 MPa. Scale = 1 pm. LCSR were from using ND (top row),
AD (second row), and HD (third row) at maleic acid concentra-
tion 60 wt% and 120 °C for 60 (left panel), 90 (middle panel),
120 (right panel) min. a ND-M60T120t60, mean height =
24.9 nm; b ND-M60T120t90, mean height = 15.2 nm; ¢ ND-
M60T120t120, mean height = 9.3 nm; d AD-M60T120t60,
mean height = 18.7 nm; e AD-M60T120t90, mean height =
11.9 nm; f AD-M60T120t120, mean height = 9.0 nm; g HD-
M60T120t60, mean height = 16.3 nm; h HD-M60T120t90,
mean height = 10.9 nm; i HD-M60T120t120, mean height =
7.3 nm. j-1 Comparisons of the AFM measured LCNF fibril
height distributions
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Fig. 4 Correlations between AFM measured mean LCNC
heights with their mean lengths and LCNF heights with their
mean degree of polymerization (DP) from all the experiments
conducted

listed in Table 1, carboxyl group contents of LCNC
samples ranged from 0.11 to 0.28 mmol/g. LCNF
samples were less carboxylated compared with their
corresponding LCNC with carboxyl groups less than
0.15 mmol/g. This is in agreement with our previous
study (Bian et al. 2017a; Chen et al. 2016; Wang et al.
2017). In general, the data indicate that AD and HD
fibers, especially HD fibers, resulted in enhanced
carboxylation for both LCNC and LCNF. The data

also show that increasing hydrolysis severity increased
carboxylation to result in a good correlation between
LCNC carboxyl group content and LCNC yield
(Fig. S5). Surface carboxylation was also verified by
Fourier transform infrared (FT-IR) analysis (Fig. S6).
The most distinct spectral feature was the ester group
of carboxylic acid at 1724 cm™' as observed from
LCNC and LCNF samples but not from the original
fibers.

The surface carboxylation resulted in charged
LCNC with good dispersion in water due to electro-
static repulsion. LCNC from HD fibers had highest
zeta-potential under the same reaction conditions,
suggesting using dried fibers was favorable for fiber
esterification. This is a direct result of enhanced
surface dehydration esterification when using dried
fibers. LCNF samples had a non-detectable carboxyl
groups with lower surface charge than LCNC, sug-
gesting LCNC suspension was more stable than their
corresponding LCNF suspension. Overall, the surface
charges of LCNC and LCNF samples are proportional
to their carboxyl group contents (Fig. S7).

Dynamic rheology analysis

The variations in LCNC and LCNF morphology and
surface chemical properties will affect LCNC and
LCNF suspension rheological properties (Fig. S8).
Since such variations among LCNF samples are
greater than among LCNC samples, the shear storage
modulus G’ and loss storage modulus G” of LCNF
suspensions at 1 wt% consistency were compared. All
LCNF colloidal suspensions show typical elastic
response based on the results from dynamic strain
sweep measurements shown in Fig. 5a. Within the
LVR, these LCNF suspensions behaved like a vis-
coelastic solid with G’ values basically independent of
the applied shear strain y. Both G’ and G” values
gradually decreased with the continued increase in v,
indicating a transition of the LCNF samples from
quasi-solid state to a quasi-liquor state. Based on these
results, ¥ = 0.1% was chosen in the subsequent
frequency sweep to ensure that dynamic oscillatory
deformation of each suspension was within LVR. The
corresponding maximum G’ (Gmax/) were 2243, 334
and 123 Pa (Fig. 5b) for ND-LCNF, AD-LCNF and
HD-LCNF, respectively. As noted from Fig. 5a,
LCNF from never dried fibers present the highest
Gmax,, compared with those of the AD-LCNF and HD-
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LCNF. This suggests that ND fibers, perhaps, were
less susceptible to acid hydrolysis than AD and HD
(Fig. S1) ones to result in LCNF with larger networks
or longer and thick fibrils. This is supported by the
AFM images shown in Fig. 3.

Increasing acid hydrolysis time increased hemicel-
lulose dissolution and cellulose depolymerization
(Table S2) to result in less entangled fibril network
(Wang et al. 2017) and thinner fibrils (Fig. 3). This
hydrolysis time effect on LCNF morphology affected
the rheology of LCNF suspension as can be clearly
seen from Fig. 5¢ and d. Both G’ and G” decreased
with hydrolysis time substantially at the shear strain
rate of 0.1 and 10%.

Conclusions

This study quantified the effects of fiber drying on the
properties of lignin containing nanocrystals (LCNC)
and nanofibrils (LCNF) using never dried unbleached
kraft mixed hardwood pulp through concentrated
maleic acid hydrolysis. As a di-carboxylic acid with
low solubility, maleic acid could be readily recovered

@ Springer

using the mature crystallization technology. Maleic
acid also esterified cellulose to result in carboxylated
LCNC and LCNF. Both air and heat dried, especially
heat dried, fibers were more susceptible to acid
hydrolysis to result in more carboxylated, crystalline
LCNC and LCNF with thinner crystals and less
entangled fibrils. This is attributed to the enhanced
local hydrolysis severity and susceptibility to hydrol-
ysis of dried fibers. Fibril DP and crystal length and
height measurements indicated that measured mean
LCNC length or LCNF DP and their respective height
were linearly correlated, suggesting processing con-
ditions did not affect LCNF or LCNC mean aspect
ratio within the conditions investigated, this validated
the fiber longitudinal aggregation model proposed
previously, furthermore cellulose deploymerization is
necessary for cellulose nanomaterial production.
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