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Producing wood-based nanomaterials by rapid
fractionation of wood at 80 °C using a recyclable
acid hydrotrope†

Huiyang Bian,a,b Liheng Chen,*b,c R. Gleisner,b Hongqi Daia and J. Y. Zhu *b

Here we report the unparalleled performance of a novel acid hydrotrope, p-toluenesulfonic acid

(p-TsOH), for the rapid and nearly-complete dissolution of wood lignin below the boiling temperature of

water. Up to 85% of birch wood lignin can be solubilized at 80 °C for 20 min. Similar degrees of delignifi-

cation can only be achieved at 150 °C or higher for over 10 hours using known hydrotropes such as aro-

matic salts, or for 2 hours using alkaline wood pulping. We fractionated mechanically produced birch

wood fibers into a carbohydrate-rich water insoluble solid (WIS) fraction and a spent acid liquor contain-

ing mainly dissolved lignin. Dialysis of the fractionated WIS resulted in a small amount of lignin-containing

crystalline cellulose nanofibrils (LCCNFs) and a majority of the partially hydrolyzed lignocellulosic solid

residue (LCSR) that was subsequently fibrillated into dispersible uniform lignocellulosic nanofibrils

(LCNFs). The dissolved lignin can be easily separated through precipitation as dispersible lignin nano-

particles (LNPs) by simply diluting the spent acid liquor to below the minimal hydrotrope concentration

(MHC) of p-TsOH of approximately 10%. The physical and chemical properties of the LCNF and LNP can

be tailored by adjusting the p-TsOH fractionation severity as well as the intensity of mechanical fibrillation.

The lowest severity experiment, in which approximately 62% birch wood lignin was dissolved, resulted in a

thicker (51 nm average height) and more hydrophobic LCNF (water contact angle of 82°) as well as LNP

with a larger molecular weight of approximately 7200. The low solubility of p-TsOH at ambient tempera-

ture can facilitate efficient recovery using commercially proven crystallization technology simply by

cooling the re-concentrated spent acid liquor after lignin precipitation. This study presented a promising

and green pathway in achieving low-cost and sustainable production of wood based nanomaterials such

as LCNF and LNP for developing a biobased economy.

Introduction

Lignocellulose based nanomaterials, such as cellulose nano-
crystals (CNC), nanofibrils (CNF), and lignin nanoparticles
(LNP), are renewable and biodegradable. They are attractive for
sustainable economic development. Recent research demon-
strated that lignocellulosic nanomaterials (LCNM) have great
potential for a variety of applications, such as nanocomposites
to replace plastics,1–4 energy systems,5 electronics,6–8 photo-

nics,9,10 and biomedical systems.11 However, LCNM are tightly
embedded in the cell wall of lignocelluloses and difficult to
efficiently fractionate. Developing economical and sustainable
fractionation technologies for LCNM production is the key to
reap the full benefits of lignocelluloses for an environmentally
sustainable future.

Existing technologies for producing CNC and CNF need to
use market wood pulps with costs of approximately $1000 per
tonne, which substantially increases the product cost and
negatively affects commercial utilization. CNC is commonly
produced from commercial bleached pulp fibers using concen-
trated sulfuric acid hydrolysis12 with low yields of approxi-
mately 50%.13 Although the issue of low yield was addressed
recently,14,15 economic recovery of sulfuric acid and disposal
of sulfate remain as challenges. Using concentrated dicar-
boxylic acid hydrolysis16–19 to produce CNC addressed many
problems associated with using mineral acids such as acid
recovery and low CNC thermal stability. The process, however,
also needs to use expensive market pulp fibers as feedstock.
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CNF is commonly produced also from market pulp fibers by
mechanical fibrillation, with or without20–22 chemical23–25 or
enzymatic26,27 pretreatments. Due to the cost of market pulp,
the high energy input for mechanical fibrillation without
chemical treatments, the high cost for recovery of chemicals,
and the environmental issues associated with certain chemi-
cals, CNF production is also expensive. Currently, small quan-
tities of CNC and CNF were sold from $550 (not for profit,
produced by the USDA Forest Products Laboratory) to
$1400 kg−1 (by commercial vendors for profit) and $110 (pure
mechanical processing) to $3300 kg−1 (TEMPO oxidation
treatment, produced by the USDA Forest Products
Laboratory), respectively.

Reported studies on LNP production all used solvents such
as ethylene glycol,28 acetone,29 tetrahydrofuran (THF),30 or
N,N-dimethylformamide (DMF),31,32 to solubilize commercial
technical lignin, followed by acidic precipitation,28,29 hexane
precipitation,31 dialysis,30 or atomization and drying.32 While
commercial technical lignin is inexpensive and available in
large quantities, the use of organic solvents is an environ-
mental concern and increases the LNP cost for solvent recov-
ery, which in turn impedes commercial applications.

Here we report the discovery of the hydrotropic property of
p-toluenesulfonic acid (p-TsOH) for fractionating wood to
achieve low cost, sustainable, and integrated production of
LCNM along with LNP. p-TsOH can solubilize approximately
85% of birch wood lignin at 80 °C for only 20 min, resulting
in a cellulose-rich water insoluble solid (WIS) fraction and a
spent acid liquor stream containing mainly dissolved lignin.
Equivalent delignification using known hydrotropes such as
aromatic salts and alkaline wood pulping can only be
achieved at 150 °C for over 10 h33 (or 2 h with catalyst34) and
150 °C or higher for 2 h, respectively. As schematically shown
in Fig. 1, a small amount of lignocellulosic fibrils can be sep-
arated from the WIS through dialysis prior to mechanical

fibrillation. The WIS, with or without dialysis, can be used to
produce lignin containing CNF (LCNF) by mechanical fibrilla-
tion using a low energy input due to the substantial dissol-
utions of lignin and hemicelluloses and the depolymerization
of cellulose. The dissolved lignin can be easily precipitated
out in the form of LNP by diluting the spent acid liquor to
below the minimal hydrotrope concentration (MHC). Because
p-TsOH only acts as a catalyst and has a low water solubility
at ambient temperature (Fig. S1†), efficient recovery can be
accomplished using commercially proven crystallization
technology by cooling re-concentrated spent acid solution to
achieve environmental sustainability. Previously, we applied
p-TsOH to hydrolyze hemicelluloses and some disordered
cellulose of bleached eucalyptus pulp fibers (near zero lignin
content) for the integrated production of CNC with CNF.16

The hydrotropic property of p-TsOH for efficient delignifica-
tion was not discovered.

The significance of the present study lies in the fact that
low cost raw lignocelluloses can be directly used for produ-
cing LCNM anticipated to meet the commercial cost target.
The amount of lignin retained on/in LCNM can be tuned by
adjusting the fractionation severity to achieve the desired
physical and chemical properties as well as to meet the
respective market demands for LCNM and LNP. Compared
with many existing lignocellulose fractionation
technologies,35–38 we believe that the present low temperature
and atmospheric pressure acid hydrotrope chemistry for pro-
ducing high value LCNM and LNP holds greater potential in
achieving commercial success. We are not aware of any
similar work being reported in the literature; the only rele-
vant work on producing LCNM directly from lignocelluloses
uses SO2-ethanol organosolv pulping39 that was proven to be
expensive by the pulp and paper industry in the 1980s in
addition to the environmental concerns over SO2 air
emission.

Fig. 1 A schematic process flow diagram illustrating the fractionation of medium density wood fiberboard fibers (MDF) for producing lignocellulosic
crystalline nanofibrils (LCCNF), lignocellulosic nanofibrils (LCNF), and lignin nanoparticles (LNP) using p-toluenesulfonic acid (p-TsOH).
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Results and discussion
Chemical compositions and yields of fractionated water
insoluble solids

Medium density fiberboard fibers (MDF), produced from birch
wood chips through pressurized mechanical refining, were
used for this fractionation study using p-TsOH at 3 different
concentrations. To facilitate discussion, fractionated MDF
samples were labelled using their respective abbreviated frac-
tionation conditions as PxxT80t20 to represent the p-TsOH
concentration in xx (50, 65, 80) wt% at temperature 80 °C for
20 min. The washed WIS from each p-TsOH fractionation was
separated from the spent acid liquor through filtration (Fig. 1)
and then dialyzed using de-ionized (DI) water until the con-
ductivity of the liquid approached to that of DI water at
approximately 2 µS cm−1. The WIS chemical composition and
mass balance from each fractionation are listed in Table 1.
Increasing fractionation severity (or p-TsOH concentration
here) increased lignin solubilization and xylan dissolution, but
reduced the WIS yield. Approximately 85% of the birch wood
lignin and 70% of xylan were solubilized at P80T80t20 with a
WIS yield of approximately 51%. Cellulose losses were
minimal at 5% or less. The great selectivity of solubilizing
lignin over the dissolution of cellulose resulted in a cellulose-
rich WIS and a spent acid liquor primarily containing dis-
solved lignin and acid. Both WIS and dissolved lignin can be
separately valorized as will be discussed in the following text.

Morphologies of lignocellulosic nanomaterials

The fractionation results presented above indicate that p-TsOH
is not effective in hydrolyzing cellulose at low temperatures
even with high concentrations. As a result, concentrated
p-TsOH acid hydrolysis does not produce crystal-like cellulose
nanomaterials, or CNC, which are often obtained after dialyz-
ing WIS when using concentrated mineral acids12,15 or other
organic acids16,18,19 to hydrolyze cellulosic materials. The
LCNM, recovered from the supernatant of the dialyzed WIS
through centrifugation, was fibril-like as shown in the left
panel of Fig. 2 with lengths of over 1 µm. This perhaps can
also be attributed to the absence of cellulose consolidation
into the crystalline material through the MDF production
process.40 Globular-shaped lignin particles were also visible.
Despite a substantial amount of disordered cellulose remain-
ing after hydrolysis, we believe these fibril-like materials
should have a higher crystallinity than the feed fibers since

p-TsOH dissolved a substantial amount of hemicelluloses and
hydrolyzed some fast reaction cellulose. To differentiate this
material from LCNF derived from the mechanical fibrillation
of partially hydrolyzed fibers in WIS after p-TsOH treatment,
we can call this fibril-like material lignin containing cellulose
crystalline nanofibrils (LCCNF). Because of the low yield, the
amount of LCCNF obtained was not sufficient for crystallinity
measurements. At the lowest p-TsOH concentration of 50 wt%,
the yield of LCCNF was near zero (no atomic force microscopy
(AFM) image in Fig. 2). Increasing the p-TsOH concentration
resulted in better fibril separation, and therefore thinner and
more uniform LCCNF diameters with a longer length. This
can be observed by comparing the two AFM images in the left
panel of Fig. 2b and c, and AFM topographic measured height
distributions in the right panel of Fig. 2b and c. The estimated
aspect ratios were 20 and 75 for LCCNF from P65T80t20 and
P80T80t20, respectively. The AFM images (left panel) seem to
indicate that the LCCNF is stiffer with less curvature than its
corresponding LCNF (middle panel).

Subsequent mechanical fibrillation of the washed WIS,
after separating LCCNF through dialysis, produced LCNF. The
morphology of LCNF varied with the severity of p-TsOH hydro-
lysis as shown by AFM in the middle panel of Fig. 2. Some
small, globular-shaped lignin particles were visible especially
at low severity fractionation. Increasing hydrolysis severity (or
p-TsOH concentration) resulted in less entangled LCNF with
thinner diameters as observed from the AFM images and AFM
measured height distributions (right panel of Fig. 2). The
mean LCNF fibril height decreased from 51.1 to 29.4, and
15.3 nm when the acid concentration was increased from 50 to
65 and 80 wt%, respectively. The lignin (including the separ-
ated globular lignin particles) contents of these three LCNF
samples were 16.0, 11.6, and 7.2% (Table 1). This suggests that
higher residual lignin content impeded mechanical fibrilla-
tion, contradictory to the results found in the literature using
unbleached softwood20 and hardwood19 chemical pulps.
Perhaps the lignin after acid hydrolysis in the present samples
may have some degree of condensation compared to lignin
from organosolv20 and kraft pulping.19 Spence et al.41 reported
a LCNF mean diameter of 85 nm produced from a unbleached
hardwood chemical pulp of lignin content 2.4% using exten-
sive mechanical preprocessing, i.e., 20 passes through micro-
fluidization. Our previous study19 reported two LCNF of
approximately 10 and 7 nm in height (diameter). These two
LCNF samples were produced using concentrated maleic acid

Table 1 List of chemical compositions and yields of p-TsOH fractionated washed water insoluble solids (WIS) from different hydrolysis conditions
along with those of the untreated medium density fiberboard fibers (MDF). The numbers in the parentheses are yields based on original components
in MDF. ND = not detected

Sample
abbreviation Glucan (%) Xylan (%) Mannan (%)

Galactan
(%) Arabanan (%)

Klason
lignin (%)

WIS yield
(%)

MDF 35.32 20.52 1.89 1.03 0.40 23.47 100
WIS-P50T80t20 59.24 ± 0.96 (95.0) 14.99 ± 0.28 (41.1) 2.35 ± 0.02 (70.5) ND ND 15.96 ± 0.47 (38.5) 56.66
WIS-P65T80t20 62.03 ± 0.74 (95.1) 13.99 ± 0.12 (36.9) 2.60 ± 0.01 (74.5) ND ND 11.64 ± 0.32 (26.9) 54.15
WIS-P80T80t20 67.71 ± 0.20 (98.4) 12.17 ± 0.08 (30.4) 2.50 ± 0.07 (67.9) ND ND 7.18 ± 0.18 (15.7) 51.31
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hydrolysis of two commercial unbleached virgin hardwood
kraft pulps of lignin content 3.9 and 17.2%, respectively, with
5 passes through microfluidization. Although comparing
LCNF reported in this study with those in the literature can be
misleading due to the differences in the initial fibers and pro-
cessing conditions, such comparisons suggest that the present
method is effective.

The dialyzed WIS from P50T80t20 was fibrillated under
varied numbers of passes through microfluidization to study
the extent of mechanical fibrillation on the LCNF morphology.
Additional passes resulted in reduced LCNF diameters and
less entanglement as shown by the AFM images in Fig. 3a–e.
The AFM measured fibril height distributions clearly show the
thinning of the fibril with more passes (Fig. 3f). The mean
LCNF height was reduced from 70 to, 65.2, 51.1, 22.5, 14.3 nm
after increasing the numbers of passes through the 87 µm

chamber of the microfluidizer from 1 to, 3, 5, 7, and 9, respect-
ively. Furthermore, the LCNF became more uniform in dia-
meter with more fibrillation (Fig. 3f).

Properties of lignocellulosic nanofibrils

The water retention value (WRV) of cellulosic materials can
represent their porosities and interactions with water.42 LCNF
are bundles of elementary fibrils and contain pores especially
after the dissolution of lignin and hemicelluloses. Comparing
MDF with the LCNF samples, WRV was substantially increased
with fibrillation (Table 2), i.e., from 67 for MDF to over 300 for
all LCNF samples, this is probably also due to the increased
surface area through fibrillation. Increasing p-TsOH hydrolysis
severity increased WRV due to the reduced lignin content that
reduced the fibril hydrophobicity (Table 2) and increased the
porosity, as well as improved fibril separation that resulted in

Fig. 2 Effects of the severity of p-toluenesulfonic acid fractionation on the morphologies of the resulting lignocellulosic crystalline nanofibrils
(LCCNF) and lignocellulosic nanofibrils (LCNF) measured by atomic force microscopy (AFM), along with interaction images of the water droplet with
LCNF pellets. All LCNF were from 5 passes through the 87 µm chamber of the Microfluidizer. All scale bars = 1 µm. Left column: LCCNF; Middle
column: LCNF; Right column: AFM measured LCCNF and LCNF height distributions and interaction images of water droplet impinging onto LCNF
pellets. (a) P50T80t20; (b) P65T80t20; (c) P80T80t20.
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thinner fibrils (middle panel in Fig. 2) and therefore a greater
surface area. WRV was approximately 400 for LCNF from P80
T80t20, or approximately 6 times that of MDF. Lignin in the
cell wall can control the water content by shielding the free
accessible hydroxyl group from the formation of hydrogen

bonding with water molecules to result in reduced WRV.41

Again WRV was not measured for LCCNF due to the limited
quantities of materials produced.

The crystallinity indices (CrI) of the LCNF samples are sub-
stantially higher than the CrI of the MDF (Table 2) despite the
fact that mechanical fibrillation can break-up cellulose crystals
to reduce crystallinity, because p-TsOH hydrolysis dissolved
substantial amounts of amorphous lignin and hemicelluloses.
Even with lignin and xylan contents of 7.2 and 12.2%, respect-
ively, the CrI of the LCNF-P80T80t20 was 68.8%. These results
provide support for our suggestion that the fibril-like nano-
materials, LCCNF, directly separated from the p-TsOH hydro-
lyzed WIS prior to mechanical fibrillation are highly
crystalline.

LCNF should be hydrophobic in comparison with lignin
free samples. The initial water contact angles (WCA) of the
three LCNF samples were measured by dropping water dro-
plets on LCNF pellets (right panel in Fig. 2). The effect of the
pellet surface roughness on the WCA was corrected for by the
Wenzel equation using the measured average surface rough-
ness. The average WCA of the initial MDF was only 30°
(Table 2). Nanofibrillation increased hydrogen bonding among
fibrils which reduces the porosity of LCNF pellets to result in a
substantially higher WCA than that of MDF even though the
lignin content of LCNF was lower than that of MDF. Among
the LCNF samples, the WCA was higher for samples with a
greater lignin content (Table 2). The WCA was increased from
47° for LCNF-P80T80t20 with a lignin content of 7.2% to 82°
for LCNF-P50T80t20 with a lignin content of 16.0%, suggesting
that LCNF can have excellent hydrophobicity.

The zeta-potentials of the LCNF samples were not much
different from that of the MDF (Table 2), suggesting that
p-TsOH only acted as a catalyst and did not induce the for-
mation of new charged functional groups in undissolved
carbohydrates. This can be verified from the comparison of
the FTIR spectra between the MDF and LCNF-P80T80t20 speci-
men (Fig. S2†). Small variations in the lignin region were due
to the dissolution of lignin.

LCNF also have good thermal stability based on thermo-
gravimetric analysis (TGA) because lignin is more thermally
stable than cellulose (Fig. S3†). The maximum degradation
temperatures Tmax of LCNF and MDF samples, derived from
the derivative TGA data, are listed in Table 2. The Tmax for the
MDF with a lignin content of 23.5% was 394 °C, higher than
those for LCNF with lignin contents below 16%. The increased
surface area from nanofibrillation may have facilitated

Fig. 3 Effects of the degree of mechanical fibrillation, measured by the
number of passes through the 87 µm chamber of the microfluidizer, on
the morphology of the resulting lignocellulosic nanofibrils (LCNF). LCNF
were produced using p-toluenesulfonic acid fractionated lignocellulosic
solids residue (LCSR) at P50T80t20 after passing through a 200 µm
chamber for 3 passes at 40 MPa and a 87 µm chamber from 1 to 9
passes at 120 MPa. All scale bars = 1 µm. (a) 1 pass, mean height =
70.0 nm; (b) 3 passes, mean height = 65.2 nm; (c) 5 passes, mean
height = 51.1 nm; (d) 7 passes, mean height = 22.5 nm; and (e) 9 passes,
mean height = 14.3 nm. (f ) Comparisons of the AFM measured LCNF
fibril height distributions.

Table 2 Physical, chemical, and thermal properties of the LCNF samples produced under various p-TsOH fractionation conditions in comparison
with those of untreated MDF. Standard deviations in the water contact angle measurements were less than 2°

Sample abbreviation Klason lignin (%) Average height (nm) WRV (%) CrI (%) Zeta potential (mV) Water contact angle (°) Tmax (°C)

MDF 23.5 67 54.6 −18.2 ± 2.7 30 394
LCNF-P50T80t20 16.0 51.1 318 64.3 −23.4 ± 1.2 82 358
LCNF-P65T80t20 11.6 29.4 347 67.5 −17.9 ± 2.0 70 356
LCNF-P80T80t20 7.2 15.3 398 68.8 −20.7 ± 1.0 47 338
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increased thermal degradation. Among the three LCNF
samples, LCNF-P50T80t20 with a lignin content of 16.0% had
the highest Tmax of approximately 358 °C compared to the
other two LCNFs prepared through more severe acid hydrolysis
(Table 2). It appears that the LCNF samples have a higher
onset degradation temperature (defined at which dW/dT = 1%)
than MDF (Fig. S3†).

The above analyses clearly indicate that the chemical com-
positions, yields, morphologies, and physical and thermal pro-
perties of LCNF can be tailored by controlling the reaction
severity (e.g., acid concentration, temperature, and time). The
morphologies of LCNF can also be controlled by the intensity
of mechanical fibrillation.

Properties of LPN

The dissolved lignin (Fig. S4†) in the hydrolysate, or spent
p-TsOH liquor, can be separated simply through precipitation
after diluting the spent acid liquor to below the MHC.
Repeated centrifugation of the precipitated lignin and removal
of the clear supernatant ultimately resulted in a turbid suspen-
sion, suggesting the presence of LNP. The LNP suspension was
then dialyzed to further remove the residual p-TsOH. The dia-
lyzed LNP suspensions (shown in the left bottle of Fig. 4a)
were analyzed for size, zeta potential and molecular weight.
The p-TsOH fractionation severity (acid concentration only in
the present study) was found to affect the resultant LNP physi-
cal and chemical properties. The dynamic light scattering
(DLS) measured average LNP particle size decreased with
increasing p-TsOH concentration (Table 3, Fig. S5†). The DLS
size was reduced from 344 to 258 nm when the acid concen-
tration was increased from 50 to 80 wt% at the same fraction-
ation temperature and duration. The DLS measured size distri-
bution polydispersity index was also slightly reduced. The zeta-
potentials of the LNP were not much affected by the fraction-
ation severity, having values of approximately −30 mV
(Table 3). Molecular weight distributions determined by gel-
permeation chromatography (GPC) indicate that all LNP
samples have bimodal distributions (Fig. 4b). The weight aver-
aged LNP molecular weight Mw was decreased from approxi-
mately 7200 to 3100 when the acid concentration was
increased from 50 to 80 wt% (Table 3). The LNP can aggregate
upon drying (Fig. 4c). Particle sizes as large as 100 µm were
observed from the freeze-dried SEM images (Fig. 4d Fig. S6†).

The dialyzed LNP in suspension was centrifuged to study
their morphology using AFM. Centrifugation was able to
remove large LNP or LNP aggregates to result in a supernatant
containing small and uniform LNP. The AFM measured LNP
height distributions indicated that a greater centrifugation
force resulted in a narrower distribution with a smaller average
height as shown in Fig. 4e, as well as less LNP aggregates with
a smaller lateral size as shown in Fig. 4f–j. A monodisperse
LNP height distribution was obtained using 15 000 rpm cen-
trifugation with a mean height of 7 nm (Fig. 4e), suggesting
that these LNPs in the suspension are not aggregates, but
rather primary lignin particles; the corresponding lateral size
was approximately 150 nm. This indicates that the non-aggre-

Fig. 4 Characteristics of lignin nanoparticles (LNP) produced through
precipitation after diluting the spent acid liquor from P80T80t20 to below
the minimal hydrotrope concentration (MHC) followed by dialysis. (a) Left
bottle: images of dialyzed LNP suspension, right bottle: the supernatant
from centrifuging the suspension in the left bottle at 10000 rpm for
10 min. (b) Comparisons of the molecular weight distributions of the dia-
lyzed LNP from p-toluenesulfonic acid fractionations at different severi-
ties. (c) A photograph of freeze-dried LNP from the left bottle in (a).
(d) SEM image of the LNP in (c), scale = 100 µm. (e)–( j): LNP in the super-
natants from centrifuging the suspension in the left bottle of (a) at
different speeds for 10 min; (e) comparisons of atomic force microscopy
(AFM) measured height distributions; (f)–( j) AFM topographic images,
scale = 2 µm: 3000 rpm, mean height = 210.3 nm (f); 6000 rpm, mean
height = 100.8 nm (g); 9000 rpm, mean height = 73.9 nm (h); 12 000
rpm, mean height = 28.7 nm (i); 15 000 rpm mean height = 7.0 nm ( j).
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gated primary LNP are oblate spheroid nanoparticles and cen-
trifugation is able to fractionate LNP according to their size.

Conclusions

This study demonstrated a promising pathway for low-cost and
sustainable production of wood-based nanomaterials such as
LCNF and LNP directly from wood using a recyclable acid
hydrotrope, p-TsOH. p-TsOH can rapidly and efficiently solubil-
ize up to 85% of birch wood lignin at 80 °C for only 20 min
resulting in a carbohydrate-rich water insoluble solid fraction
and a spent liquor stream mainly containing dissolved lignin.
LNP was produced simply by diluting the spent liquor to
below the p-TsOH MHC of approximately 10%. AFM imaging
analyses indicate that the primary LNP are oblate spheroid
nanoparticles of approximately 150 nm in lateral size and
7 nm in thickness. These elemental particles can aggregate
into large particles of several micrometers in length and
200 nm in thickness. LCNF produced from subsequent mech-
anical fibrillation of WIS, after separating a small amount of
lignin-containing cellulose crystalline fibrils, were entangled
with uniform diameters between 15 and 51 nm and varied
hydrophobicity. The morphological, physical, and chemical
properties of LCNF and LNP can be tailored by adjusting the
fractionation severity. p-TsOH has low solubility at ambient
temperature, which facilitates efficient recovery using commer-
cially proven crystallization technology by simply cooling the
re-concentrated spent acid solution after lignin precipitation.
The pathway we presented here has a substantial impact on
the economic, sustainable, and high value utilization of the
abundant, renewable, and biodegradable lignocelluloses.

Methods and materials
Materials

A birch (B. papyrifera) tree of approximately 35 years of age was
harvested from the Rhinelander Experimental Forest in
Rhinelander, WI, USA, and provided by Dr Ronald Zalesny, Jr.
from the Institute for Applied Ecosystem Studies of the USDA
Forest Service Northern Research Station. Logs of the tree were
1.2–1.8 m in length with diameters between 15 and 23 cm and
were transported to the USDA Forest Products Laboratory,
Madison, WI. After manual debarking, the logs were chipped
using a 127 cm diameter, 45 kW knife-chipper (Carthage
Machine Co, Carthage, NY). The chips were processed through

a vibratory screen to remove particles larger than 38 mm and
less than 6 mm. The thickness of the accepted chips ranged
from 1 to 5 mm. The moisture content of the accepted wood
chips was 61%. The chips were refrigerated at 4 °C until use.

p-TsOH was ACS reagent grade and purchased from Sigma-
Aldrich (St. Louis, MO). Dialysis bags with a typical cut-off
molecular weight of 14 000 Da were also from Sigma-Aldrich
(Product No. D9402-100FT). Filter paper (15 cm, slow) was
from Fisher Scientific Inc. (Pittsburgh, PA).

MDF

MDFs were produced by refining birch wood chips in a
30.5 cm pressurized disk refiner (Sprout-Bauer, model 1210P,
Muncy, PA, USA) with disk plate patterns of D2B505 and a disk
gap of 0.178 mm. The wood chips were pre-steamed at 165 °C
for 10 min with a steam pressure of 0.72 MPa. The refining
feed rate was approximately 1 kg min−1 on oven dry (OD)
weight basis. The refining energy input was 127 Wh kg−1 OD
chips. The resulting pulp fibers were stored in a plastic bag for
further processing.

Fractionation of MDF using p-TsOH hydrolysis

A p-TsOH solution of desired concentration was prepared by
mixing the required amounts of p-TsOH and DI water in a
three-necked flask. The p-TsOH solution in the flask was then
heated in a glycerol bath to 80 °C on a heating plate, as
described previously.17 MDF of 5 g (in OD weight) was manu-
ally fed into the completely dissolved acid solution resulting in
a liquor to MDF mass ratio of 20 : 1. The fiber suspension was
constantly mixed using a mechanical mixer at 300 rpm.
Reactions were conducted at p-TsOH concentrations of 50, 65,
and 80 wt% at 80 °C for 20 min. At the end of each reaction,
100 mL of DI water was added to quench the reaction. The
hydrolysate was then separated by vacuum filtration through a
filter paper. The filter cake was further washed using DI water
and collected as WIS (Fig. S7†) for chemical composition ana-
lysis and LCNF production. The filtrate was collected for recov-
ery of acid and dissolved lignin.

Productions of LCCNF and LCNF

The collected WIS was dialyzed to separate the LCCNF. The
resulting partially hydrolyzed lignocellulosic residue (LCSR)
was mechanically fibrillated by feeding its suspension at 1%
into a microfluidizer (M-110EH, Microfluidics Corp.,
Westwood, MA). The fiber suspension was first passed through
a 200 µm chamber for 3 passes at 40 MPa (Fig. S8†), and then

Table 3 Physical and chemical properties of the lignin nanoparticles (LNP) from dissolved lignin under three p-TsOH fractionation conditions

Sample abbreviation DLS diameter (nm) Polydispersity index Zeta potential (mV)

Molecular weight

Mw Mn Mw/Mn

LNP-P50T80t20 344.1 ± 8.9 0.184 −31.7 ± 2.2 7228 2373 3.05
LNP-P65T80t20 287.2 ± 4.0 0.175 −30.2 ± 0.8 5265 2002 2.63
LNP-P80T80t20 258.1 ± 3.3 0.163 −27.2 ± 1.5 3052 1571 1.94
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additional 1–9 passes through an 87 µm chamber at 120 MPa
(Fig. 3).

Separation of LNP

The collected hydrolysate (filtrate) was diluted using DI water
to approximately 10 wt% acid concentration that is below the
minimal p-TsOH hydrotrope concentration (MCH).
Precipitation of dissolved lignin was observed at the bottom of
the solution. The diluted spent acid liquor was centrifuged at
10 000 rpm (16 264 g) for 10 min (Sorvall Superspeed RC2-B,
GSA rotator, Ivan Sorvall, Inc., Norwalk, CT) to remove excess
acid by removing the clear supernatant. This dilution and cen-
trifuging process was repeated until the supernatant became
turbid, suggesting that most dissolved lignin had been aggre-
gated as nanoparticles. An aliquot sample was then taken after
mixing the turbid LPN suspension for analyses by SEM, AFM,
GPC, zeta-potential, and DLS particle sizing.

To study the LNP morphology and the effect of the centrifu-
gation speed on size fractionation of LNP, the turbid LNP sus-
pensions were dialyzed. The dialyzed LNP suspensions were
then centrifuged at different speeds using a different rotor,
SS-34, in the same centrifuge described above (Sorvall
Superspeed RC2-B).

Analyses and characterization

The chemical compositions of MDF and washed WIS samples
from different fractionation severities were hydrolyzed using
sulfuric acid in two steps for carbohydrate and Klason lignin
analyses by the Analytical Chemistry and Microscopy Lab
(ACML) at the Forest Products Lab, as described previously.43

Drops of aqueous suspensions of washed WIS and dialyzed
LNP were air-dried and freeze-dried, respectively, on well-
polished aluminum mounts before scanning electron
microscopy (SEM) analyses. All SEM samples were sputter-
coated with gold to provide adequate conductivity. Images
were observed and recorded using a Leo EVO 40 SEM (Carl
Zeiss NTS, Peabody, MA) under ultrahigh vacuum conditions.

Morphologies of LCNF and LNP were analyzed using AFM
(AFM workshop, Signal Hill, CA, USA). Briefly, suspensions
with approximately 0.01 wt% concentration were deposited on
mica substrates and air-dried at ambient temperature. AFM
topographical images were obtained in tapping mode at
160–225 kHz using a silicon cantilever and a tip with a radius
of curvature of 10–15 nm. The height distributions of LCNF
and LNP were analyzed using Gwyddion software (Department
of Nanometrology, Czech Metrology Institute, Crezh Republic,
64-bit).

The water retention value (WRV) of the MDF and LCNF
were measured according to the Scandinavian test method
SCAN-C 62 : 0044 as described in our previous study.45

The crystal structure of the LCNF was analyzed by using an
X-ray diffractometer (Bruker D8 130 Discover, Bruker Corp.,
Billerica, MA, USA) with Cu-Kα radiation. Samples were
pressed at 180 MPa to make pellets. Scattering radiation from
a pellet made of freeze-dried LCNF was detected in a 2θ range
from 10° to 38° in steps of 0.02°. As described previously, the

crystallinity index (CrI) was calculated in accordance with the
Segal method (without baseline subtraction).46

The surface charge of the LCNF and the effective diameter
of LNP were measured using a dynamic light scattering analy-
zer (DLS, Nanobrook Omni, Brookhaven Instruments,
Holtsville, NY) at ambient temperature. The concentration of
the suspensions was approximately 0.5 and 0.05 g L−1 for
LCNF and LNP, respectively. Five measurements were carried
out for each sample and the averages were reported.

The static water contact angles (WCA) of MDF and LCNF
samples were measured by the sessile drop method using a
contact angle analyzer (Attention Theta, Biolin Scientific, Inc.
Stockholm, Sweden). Samples were first pressed at 180 MPa to
make pellets and placed on the sample stage. A drop of dis-
tilled water of approximately 8 µL was automatically dispensed
onto the surface of a pellet from a micro syringe. The image of
the water droplet was recorded right at the instant when the
drop touched the pellet surface. Curve fitting and data analysis
were performed using the OneAttension software provided
with the instrument. Three measurements were made for each
sample and an average was presented.

For lignin molecular weight measurements, a freeze-dried
lignin sample of 0.1 g from the mixed turbid LNP suspension
was dissolved in 2 mL of pyridine-acetic anhydride (1 : 1 by
volume) solution and kept in a dark cabinet at room tempera-
ture for three days. The solution was added dropwise into
120 mL of ice-cold water containing 1 mL of concentrated HCl
with constant stirring. The precipitated lignin acetate was col-
lected on a 10 μm nylon membrane by filtration, washed with
water, and dried in air and then under vacuum. The number-
average and weight-average molecular weights (Mn and Mw,
respectively) of the acetylated lignin samples were estimated
using GPC on an ICS-3000 system (Dionex, Sunnyvale, CA) with
three 300 mm × 7.8 mm (i.d.) Phenogel 5U columns (10 000,
500, and 50 Å) and a 50 mm × 7.8 mm (i.d.) Phenogel 5U
guard column (Phenomenex, Torrance, CA). Lignin acetate of
5 mg was dissolved in 1 mL of HPLC-grade tetrahydrofuran
(THF) without a stabilizer, and 50 μL of the resulting solution
was injected into the GPC columns. THF was used as the
eluent at a flow rate of 1 mL min−1. The column temperature
was 30 °C. Polystyrene standards were used for calibration.
Lignin samples and polystyrene standards were detected using
a variable wavelength detector (VWD) at 280 and 254 nm,
respectively.

The thermal properties of the LCNF samples were analyzed
using a thermogravimetric analyzer (Pyris 1, PerkinElmer, Inc.,
Waltham, MA). Freeze-dried LCNF samples of roughly 5 mg
were weighed and heated from ambient temperature to 700 °C
at a heating rate of 10 °C min−1 under a high purity N2 stream
of 20 mL min−1.
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