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Lignin has been spotlighted as an abundant renewable bioresource for use in material technologies and
applications such as biofuels, binders, composites, and nanomaterials for drug delivery. However, owing
to its complex and irregular structure, it is difficult to investigate its fundamental interaction mechanism,
which is necessary to promote its use. In this study, a surface forces apparatus (SFA) was used to investi-
gate the pH-dependent molecular interactions between a lignin nanofilm and five functionalized self-
assembled monolayers (SAMs). The lignin nanofilm adhered most strongly to the amine-functionalized
SAM, indicating that the molecular interactions with lignin were mainly electrostatic and cation—m inter-
actions. The force—distance profile between lignin and a methyl-functionalized SAM revealed pH-depen-
dent interactions similar to those between two lignin nanofilms. This finding indicates that the dominant
cohesion mechanism is hydrophobic interactions. A quartz crystal microbalance with dissipation was used
to investigate the adsorption of free lignin molecules on functionalized SAMs. Lignin molecules, which
were free in solution, were most effectively adsorbed to the phenyl-functionalized SAM. To investigate
whether the nanoscopic interaction forces could be extended to macroscopic properties, the compres-
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sive strength of activated carbon-lignin composites prepared at different pH values was evaluated. As the
pH increased, the compressive strength decreased owing to the reduced hydrophobic interactions
between the activated carbon and lignin, consistent with the SFA results. These quantitative results

rsc.li/nanoscale regarding lignin interactions can advance the potential use of lignin as an eco-friendly biomaterial.

of lignin has been considered for various applications
such as dispersants, adhesives, biofuels, drug delivery, and
nanocomposites.” "> However, owing to the complex bonds
and macromolecular structures of lignin, which depend on the
botanical origin and extraction procedure, only ~2% of the
50 million tons of lignin generated in 2014 has been utilized
for value-added applications.'®'**>

Several researchers have attempted to convert lignin into
valuable materials by using techniques such as depolymeriza-
tion'® and chemical modification,'” and by synthesizing it into
colloidal particles.'® However, the transformation of lignin
into high-value products remains challenging owing to the
lack of fundamental information on the lignin binding mecha-
nism. Clarifying various interactions with lignin is thus impor-
tant for commercializing lignin-derived products.

In this study, the interaction mechanism of lignin nano-
films was extensively investigated using a surface forces appar-

Introduction

Concerns regarding the environmental deterioration caused by
advancements in industrial technologies have promoted the
development of eco-friendly biomaterials that can replace
fossil-fuel-based synthetic polymers. Therefore, natural biopo-
lymers from plant biomass have emerged as alternatives owing
to their biodegradable, environmentally friendly, cost-effective,
and renewable characteristics. Lignin, the second most abun-
dant biopolymer in nature, accounts for 15-30% of the compo-
sition of wood, and is necessary for the formation of plant cell
walls with cellulose and hemicellulose." Although lignin is a
byproduct of the pulp and paper industries,” it exhibits versa-
tile characteristics such as aromaticity,” multi-functionality,*
biocompatibility,> and reinforcing capability.® Thus, the use
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atus (SFA), which was adopted to determine the interaction
forces and molecular mechanism between two surfaces with
distance and force resolutions of 0.1 nm and 10 nN, respect-
ively.' We used alkaline lignin extracted mainly from the
wood of needle-leaved pine trees. The lignin that we used was
previously subjected to a sulfonate (SO;~) treatment to make it

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/nanoscale
http://orcid.org/0000-0002-8850-3934
http://orcid.org/0000-0002-8608-027X
http://orcid.org/0000-0002-1572-9270
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr06076g&domain=pdf&date_stamp=2021-11-27
https://doi.org/10.1039/d1nr06076g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013046

Published on 15 November 2021. Downloaded on 8/21/2025 4:54:14 AM.

Nanoscale

soluble in water.”>*" Interaction forces were measured
between lignin nanofilms and five functionalized self-
assembled monolayers (SAMs), namely, hydroxyl (OH-), car-
boxylic (COOH-), phenyl (C¢Hs-), methyl (CHs-), and amine
(NH,-)-functionalized SAMs, at various pH conditions (pH 2,
4, 7, and 10). Subsequently, the pH-dependent cohesion force
between two lignin nanofilms was directly measured to clarify
the inherent interaction mechanism among lignin molecules
through a comparison with the interaction forces between
lignin and functionalized SAMs. In addition to the SFA
measurement, an analysis was performed using a quartz
crystal microbalance with dissipation (QCM-D) to evaluate the
adsorption of free lignin molecules (dissolved in a solution) on
surfaces with different functional groups. Furthermore, to
examine the significance of nanoscopic and interfacial
adhesion forces for determining the macroscopic and bulk
properties, lignin-reinforced activated carbon composites were
synthesized and evaluated. The comprehensive and quantitat-
ive analysis on a nano-to-bulk scale can help enhance the
understanding of the fundamental mechanism underlying
molecular interactions in lignin to promote its applications.

Experimental section
Preparation of functionalized SAM surfaces

To prepare a molecularly smooth gold surface, which has a low
root-mean-square roughness of <0.2 nm, gold (~45 nm) was de-
posited onto freshly cleaved muscovite mica (grade #1, S&]
Trading, Floral Park, NY, USA) with a uniform surface via electron
beam evaporation.>” The gold-coated mica was adhered to cylind-
rical disks (radius of curvature, R = 2 cm), gold side down, using
an optical adhesive (NOA 81, Norland Products, NJ, USA), fol-
lowed by UV curing for ~50 min using a UV lamp (UVP B-100AP,
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AnalytikJena, Germany). The mica was then carefully detached to
obtain the molecularly smooth and clean gold layer.>

To deposit OH-, COOH-, CcHs-, CH;-, and NH,-functiona-
lized SAMs onto the prepared gold surfaces, the following alka-
nethiol solutions (1 mM in ethanol) were prepared: 11-hydroxy-
1-undecanethiol (97%), 10-carboxy-1-decanethiol (95%), 2-phe-
nylethanethiol (98%), 1-undecanethiol (98%), and 11-amino-1-
undecanethiol hydrochloride (99%), respectively, purchased
from Sigma-Aldrich (St Louis, MO, USA). Specifically, the pre-
pared gold surfaces were separately immersed in each
target alkanethiol solution for ~18 h. Finally, each SAM-coated
disk was weakly sonicated to remove unbound and/or loosely
bound molecules, followed by drying with N, blowing.

Preparation of lignin films

Sulfonate-treated alkaline lignin (Bonding Chemical, Katy, TX,
USA) was dissolved in deionized (DI) water (10 pg mL™") and
filtered using a 0.2 pm polytetrafluoroethylene (PTFE) filter
(ADVANTEC) to remove aggregates and impurities. Freshly
cleaved and back-silvered mica'® was attached on a cylindrical
disk using the same NOA 81 optical adhesive with UV curing
for ~60 min using the same UV UVP B-100AP lamp. The pre-
pared lignin solution was drop-casted onto the mica surface
and remained for ~40 min, followed by washing with DI water
to remove the unbound molecules.

Preparation of pH buffer solution

For the SFA measurement, four buffer solutions with different
pH values (2, 4, 7, and 10) were used to clarify the pH depen-
dence of lignin interaction force. The Buffer Maker program
(Version 1.1.0.0; BPP Marcin Borkowski©, 2008) was used to
set the individual amounts of HNO;z;, NaOH, and NaNOj;. To
eliminate the effect of salt concentration on the interaction
force, the total ion strength was set as 50 mM (ESI Table S17).

Zeta potential measurement

Lignin was dissolved in water (0.5 wt%), and HNO; or NaOH
was injected to control the pH to the target value. Zeta poten-
tials were measured using a Malvern Zetasizer Nano ZS
(Malvern, Worcestershire, UK). Each measurement was
repeated at least three times.

Interaction force measurements using SFA

The interaction forces between pairs of surfaces, both asym-
metric (lignin vs. SAM) and symmetric (lignin vs. lignin) pairs,
were measured using an SFA (SFA 2000, Surforce LLC, USA)."
Each cylindrical disk was placed in the SFA chamber with
crossed geometry. Then the prepared buffer solutions with
different pH values (2, 4, 7, and 10) were injected between the
two opposing surfaces. After 30 min of equilibration, the sur-
faces were moved toward each other at a constant rate (~5 nm
s~') until reaching full contact. After a brief contact time (~5 s),
the surfaces were retracted and the interaction forces were
measured by the deflection of double cantilevered spring (spring
constant, k = 2451.7 N m™") connected to the lower cylindrical
disk. The absolute distance (D) and force (F) were computed
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Fig. 1 Schematic of surface forces apparatus (SFA) for measuring the interaction forces between two surfaces: self-assembled monolayers (SAMs)
separately functionalized by five different alkanethiols (top surface) and sulfonated alkaline lignin from lignocellulosic biomass (bottom surface).

Between the surfaces, a 50 mM NaNOs solution was injected, and the

force was measured at pH 2, 4, 7, and 10. From the measured interaction

force profile between the SAMs and lignin, the adhesion force (energy) and steric wall thickness could be obtained.

using multiple beam interferometry (MBI) through fringes of
equal chromatic order (FECO)." The adhesion energy (W,q) was
evaluated by applying the Johnson-Kendall-Roberts (JKR)
model, defined as W,q = 2F,q/3nR, where F,q is the absolute
value of lowest interaction force (F) before jump-out (when the
surfaces are not purely repulsive).’®** All experiments were con-
ducted at least three times at the same point, and the results of
three samples were considered to ensure the reliability of the
data. A schematic of the SFA measurement is described in Fig. 1.

QCM-D analysis

QCM-D analysis was performed using a Q-Sense E4 operator
(Biolin Scientific Q-Sense, Stockholm, Sweden) and gold-
coated sensors (QSensor QSX30 Gold, Biolin Scientific). Before
the measurement, the sensors were cleaned to remove any con-
tamination and dust according to the following procedure: (i)
UV/ozone treatment for 10 min, (ii) immersion of the sensors
in a heated 5:1:1 mixture of H,O/NH; (25%)/H,0, (30%) for
5 min at 75 °C, (iii) rinsing with DI water followed by drying
with N,, and (iv) UV/ozone treatment for 10 min. After clean-
ing, the sensors were separately immersed in each alkanethiol
solution (1 mM in ethanol) for ~18 h, followed by weak soni-
cation and rigorous washing with ethanol to remove unbound
and weakly bound molecules.

The QCM-D analysis was conducted in the following order
at a flowrate of 0.5 mL min~": (i) a pH 7 buffer solution to
obtain the baseline, (ii) a 1 mg mL™" lignin solution to obtain
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the amounts of lignin initially adsorbed on the surface, and
(iii) a pH 7 buffer solution to wash off the unbound or weakly
bound lignin over the SAM-coated surface.

The amounts of initially adsorbed lignin and lignin remain-
ing after washing were evaluated (Fig. 4a) using the Sauerbrey
equation:

AF = —C¢ X Am,

where AF is the change in the resonance frequency (Hz), Cs is
the sensitivity factor of the crystal, and Am is the changes in
the mass per unit area (ug cm™2).>® The seventh overtone was
selected to represent the overall QCM-D results, and the
average adsorbed mass was obtained by converting the fre-
quencies of the third, fifth, and seventh overtones into mass
values. All QCM-D measurements were performed at 25 °C.

Activated carbon-lignin composites

Activated carbon (activated charcoal powder, CAS no. 7440-44-
0, pH 5.0-8.0, specific gravity 0.08-0.5, water solubility <0.5%,
SAMCHUN, Republic of Korea) and alkaline lignin, at a ratio of
90:10 wt%,?° were dissolved in 50 mM buffer solutions with
pH values of 2, 4, 7, and 10, followed by vortexing for ~30 s.
Each prepared slurry was poured into a custom-made steel
cylindrical mold (diameter and height of 12 mm and 24 mm,
respectively). The slurry was dried at 25 °C for 24 h and then
80 °C in dry oven for 24 h to obtain a columnar activated
carbon-lignin composite (ESI Fig. S17).

This journal is © The Royal Society of Chemistry 2021
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Compressive strength measurement of activated carbon-lignin
composite

To investigate the strength of activated carbon-lignin compo-
sites, a universal testing machine (WL2100, WITHLAB. Co.,
Republic of Korea) was used to measure the compressive
strength, as defined by ASTM D 695. A cylindrical compressive
jig (diameter and height of 100 mm and 20 mm, respectively)
was used to perform the examinations at a constant com-
pression rate of 1.3 mm min~'. The compressive strength was
typically measured at the load before failure.

Results and discussion

For a typical force-distance profile measured by the SFA experi-
ments, pieces of important information can be obtained: (i)
the interaction force at a specific mica-mica distance where
positive and negative interaction forces indicate repulsion and
adhesion between the two surfaces, respectively; (ii) electro-
static and/or steric repulsion between two layers, which can be
demonstrated through the in-curve (i.e., approaching curve)
profiles; (iii) the minimum force in the out-curve (retracting
curve), which indicates the adhesive or cohesive force between
two surfaces and is recorded by the deflection of a double can-
tilever spring attached on the lower surface; (iv) steric (hard)
wall, which represents the thickness of layers, as measured by
the mica-mica distance (in this work, the sum of thicknesses
of SAM layer and lignin nanofilm). In this work, the specific
chemistry of SAMs can readily be determined at each pH
through their known pK, values (ESI Table S2t). Thus, we can
expect a specific interaction depending on the types of SAMs
at each pH condition, as explained in the Results and discus-
sion section for each SAM.

The interaction forces between the lignin nanofilm and
each functionalized SAM surface were measured using the SFA
to determine and quantify the dominant interaction (see the
Experimental section for the sample preparation protocol).
The force-distance profiles during the approach and retraction
of the lignin and SAM surfaces were measured to determine
adhesion force (energy) under various conditions. These
measurements were conducted in a 50 mM NaNO; buffer solu-
tion at pH 2, 4, 7, and 10. Notably, the pH adjusts the charge
of both lignin and the SAMs; thus, a wide range of pH values
was employed to investigate the pH-dependence of the force-
distance profiles owing to electrostatic interactions and
various m-interactions (i.e., cation-x, n-n). Fig. 2a-e show the
force-distance profiles between lignin and five functionalized
SAMs under different pH conditions, and the resulting
adhesion energies are summarized in Fig. 2f.

Interaction force between lignin nanofilm and OH-SAM

OH-SAM (11-hydroxy-1-undecanethiol) has a pK, value of
16-18 so it could function as hydrogen bonding donor and
acceptor under a wide range of pH conditions (below ~pH 16)
(ESI Table S2t). Consequently, any changes in the interaction
profile could be considered as due to transition of lignin. The

This journal is © The Royal Society of Chemistry 2021
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force-distance curves indicate that the interactions between
lignin and OH-SAM were mostly governed by steric repulsion
at all pH conditions. In general, as the pH increases, lignin
becomes more negatively charged (ESI Fig. S2t) and hydro-
philic owing to the deprotonation of the lignin functional
groups such as sulfonate (pK, ~ 2), carboxylic (pK, ~ 5), and
hydroxyl groups (pK, ~ 10).>**” Thus, at high pH values, the
lignin became less adhesive to the negatively charged mica,*®
thereby forming a more swollen structure (ESI Fig. S31) which
caused the higher steric repulsion and steric wall (D, defined
as the D at F/R ~ 40 mN m™ ') compared to those at a low pH
values. Although lignin has several hydrogen bond donating
(i.e., hydroxyl and carboxyl) and accepting groups (ie.,
hydroxyl, carboxyl, and carbonyl), the negligible adhesion with
OH-SAM demonstrates that the contribution of the hydrogen
bonding to lignin binding is not as significant as previous
work.*

Interaction force between lignin nanofilm and COOH-SAM

COOH-SAM (10-carboxy-1-decanethiol) has a pK, value of ~5.5
(ESI Table S27). Thus, the -COOH is maintained at a low pH
(<5.5), whereas -COO™ forms at a high pH (>5.5) owing to
deprotonation. Thus, carboxylic groups can function as hydro-
gen bond donors and acceptors at a low pH, but only as hydro-
gen bond acceptors at a high pH. Moreover, at a high pH
value, the anionic charge of -COO™ can induce the electro-
static interactions with the negatively charged lignin.
According to the force-distance profiles (Fig. 2b), a weak
adhesion was observed at pH 2 owing to the hydrogen bond
formation between COOH-SAM and the hydrophilic functional
groups on lignin (i.e., carboxylic, carbonyl and hydroxyl). From
the profile, the adhesion between OH-SAM and lignin could
not be measured, although a certain adhesion could be
achieved owing to the larger number of hydrogen bonding
sites on COOH-SAM than those on OH-SAM (W,q = 0.32 +
0.13 m] m~> at pH 2.0). At a higher pH, the steric repulsion
from the swelled lignin (Ds, ~ 5.0 nm at pH 10) and
electrostatic repulsion between the deprotonated -COO™
and negatively charged lignin overcame the adhesive hydrogen
bonding, representing a purely repulsive force profile.
The results reinforce that the hydrogen bonding does not
significantly affect the lignin adhesion, as in the case of
OH-SAM.

Interaction force between lignin nanofilm and CcH;-SAM

Lignin consists of a large number of aromatic groups that can
possibly interact via n-r interactions which has relatively low
binding energy (~1.5-3 kcal mol™"). Moreover, at a low pH,
lignin exhibits a slight positive charge (ESI Fig. S2t) and can
thus act as a cation source for cation-rn interactions which has
much larger binding energy (~9-23 kcal mol™).>*>*! To evalu-
ate these possible interactions, CgHs;-SAM (2-phenyletha-
nethiol) was examined. Notably, its intrinsic hydrophobic
property enables a certain amount of hydrophobic inter-
actions. The force-distance curves show weak adhesion (W,q =
0.14 + 0.04 mJ m~2 at pH 2.0) which could be attributed to the

Nanoscale, 2021,13,19568-19577 | 19571
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Fig. 2 Force—distance profiles between lignin nanofilms and SAMs terminated by various functional groups [(a) —OH, (b) —COOH, (c) —CgHs, (d)
—CHs, and (e) —NH,] in pH 2, 4, 7, and 10 solutions. (f) Bar graph summarizing the overall adhesion energy (W,4) for each curve.

cation-n interactions between the lignin and CgHs-SAM
(Fig. 2c). However, no adhesion was measured under other pH
conditions (in which the lignin was negatively charged). This
finding indicates that n—= stacking is not an effective adhesion
mechanism between lignin and CsHs-SAM. Owing to the swell-
ing of the lignin structure, the steric wall (Dg,, ~ 3.0 nm at pH
10) was noted to be increased toward the solution at high pH.
Overall, the interactions of the lignin film via cation-n (when
lignin act as the cation source) and n-t mechanisms were
noted to be hindered at all pH values.

19572 | Nanoscale, 2021, 13, 19568-19577

Interaction force between lignin nanofilm and CH;-SAM

The interaction force measurement of lignin nanofilms with
CHj3-SAM (1-undecanethiol) can help clarify hydrophobic inter-
actions since the CH;-SAM is known to be hydrophobic with a
high water contact angle (~108°).>* In the acidic condition, the
adhesion energy (W,q = 1.81 + 0.32 mJ m™> at pH 2.0) was sig-
nificantly higher than those of OH-, COOH-, and C¢Hs-SAM,
owing to the hydrophobic interactions between CH;-SAM and
lignin. As the pH increased to 10, the adhesion force almost

This journal is © The Royal Society of Chemistry 2021
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disappeared, and a purely repulsive force profile was observed.
This phenomenon could be attributed to the decrease in the
hydrophobicity of the lignin-coated surface as its charge
increased (Fig. 2d). The results indicate that hydrophobic
interactions dominate at pH 2 and 4, at which lignin conserves
its hydrophobicity.

Interaction force between lignin nanofilm and NH,-SAM

The amine group in NH,-SAM (11-amino-1-undecanethiol
hydrochloride) has a pK, value of ~7.5 (ESI Table S27).
Therefore, the dominant forms are protonated amine (-NH;")
and -NH, at below and above pH 7.5, respectively. In acidic
conditions, lignin can interact with NH,-SAM via cation-n
interactions as a © source, hydrogen bonding (as a hydrogen
bond acceptor), and charge-charge interactions. Under basic
conditions, deprotonation from -NH;" to -NH, allows NH,-
SAM to function as both, hydrogen bonding donor and accep-
tor. As shown in Fig. 2e, the measured adhesion force between
lignin and NH,-SAM was the highest among those of functio-
nalized SAMs (W,q = 5.38 + 0.56 mJ m > at pH 2.0). In
addition, the adhesion energy increased with increasing pH,
exhibiting the highest value among the functionalized SAMs at
PH 7 (Waq = 25.91 = 3.09 mJ m~?) and then, further increase
with high pH (W,q = 5.78 + 1.02 mJ m~> at pH 10.0). At pH 2,
the cation-n interactions between the fully protonated amines
and lignin aromatic rings induced strong adhesion, although
it was slightly hindered by the extremely weak electrostatic
repulsion between the positively charged amines and lignin.
As the pH increased to 4, the still protonated amines and nega-
tively charged lignin, resulting in cation-r interactions and
electrostatic attraction, which enhanced the adhesion energy
with respect to that at pH 2. Similarly, at pH 7, ~76% of the
amines were protonated, and the lignin exhibited a stronger
negative charge than pH 4 condition (ESI Fig. S2t). The maxi-
mization of the adhesion energy at pH 7 could be attributed to
the balance between the positively charged amine and nega-
tively charged lignin, which overcompensated for the slightly
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weaker cation-rn interactions compared to those at a lower pH.
Finally, as the pH increased to 10, most of the amines were in
a neutral form, and the electrostatic attraction and cation-n
interactions diminished, resulting in weaker adhesion.
However, the residual positive charge (-NH;') at pH 10
affected the higher adhesion energy between NH,-SAM and
lignin compared with that in the case of other SAMs. This
finding indicates that the cation-n and even minimal electro-
static interactions significantly affect the lignin adhesion.
Overall, the lignin nanofilm exhibited the highest adhesion
energy against NH,-SAM, which was dominated by cation-n
interactions (when lignin act as a © source) and electrostatic
interactions.

Interaction force between lignin nanofilms

In addition to the adhesion measurement, the cohesive inter-
actions between lignin nanofilms (lignin vs. lignin) were inves-
tigated. Fig. 3a shows the force-distance curves between
lignin-coated surfaces in different pH environments.

All the approach curves (in-curves) exhibited purely repul-
sive behaviors. To perform a more extensive analysis, the in-
curves were fitted using an exponential decay formula (ESI
Fig. S4t). The fitted decay lengths (1™ ~ 1.942 nm, ~1.916,
and ~1.900 nm at pH 2, 4, and 7, respectively) were similar to
the theoretical Debye length (x* ~ 1.923 nm at 50 mM mono-
valent ion concentration)*® except for that at pH 10 (27" ~
10.610 nm) (ESI Table S31). In other words, electrostatic inter-
actions primarily governed the long-range repulsion between
lignin nanofilms during their approach in acidic and neutral
pH conditions. In contrast, in the basic condition (pH 10),
steric interactions owing to the swelling of lignin emerged as
the dominant mechanism.

The highest cohesive energy between the lignin nanofilms
was measured in acidic conditions (W,q = 1.96 + 0.32 and 1.61
+0.38 mJ m~? at pH 2.0 and 4.0, respectively), and this energy
decreased as the pH increased (W,q ~ 0 mJ m™~2 at both pH 7.0
and 10.0). The decrease in the cohesive energy with the

(b)

[ |symmetric (lignin vs ligin)
[ Asymmetric (lignin vs CHs -SAM)

Adhesion Energy, W,, (mJ m?)
N

: B m |

pH2 pH4 pH7 pH10

Fig. 3 Force—distance profiles for cohesion between lignin nanofilms in pH 2, 4, 7, and 10 solutions. (b) Comparison of cohesion energy (lignin vs.

lignin) and adhesion energy (lignin vs. CH3-SAM).
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increase in pH could be attributed to (i) the increased electro-
static repulsion between lignin nanofilms, (ii) the swelling of
the lignin nanofilms, which induced stronger steric repulsion,
and (iii) the decreased hydrophobicity of the lignin nanofilms.
The increase in the water solubility with increasing pH
accounted for the decreased hydrophobicity, owing to which
no aggregation or precipitation occurred at pH 7 or pH 10 (ESI
Fig. S5T). Moreover, the magnitudes of the cohesive strength
and decreasing cohesion tendency with increasing pH were
similar to those in the asymmetric case (CH3-SAM vs. lignin)
(Fig. 3b). Therefore, the interactions governing cohesion
between lignin layers were expected to be hydrophobic, which
is consistent with previously reported results.>’

QCM-D measurement

To investigate the adsorption of lignin molecules on the SAM-
coated surfaces in the free-in-solution state, QCM-D measure-
ments were performed. Fig. 4 shows the adsorbed lignin at
each surface, represented by mass and converted from fre-
quency shifts (ESI Fig. S61).

The C¢Hs-SAM surface initially adsorbed the highest mass
of lignin (~174.1 ng em™), and the greatest amount remained
after washing (~118.6 ng cm™>) (Fig. 4b). This result was in
contrast with the SFA result, which exhibited a relatively low
adhesion energy between lignin and C¢Hs-SAM. Free lignin in
the solution (with a high mobility and rotational freedom) and
lignin which adhered to the surface appeared different

(@)
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adhesion mechanisms. In general, for the case of n-n inter-
actions between CgHs-SAM and lignin, the arrangement of
benzene rings in lignin is significant. However, in case of fixed
lignin, i.e., when it was fixed onto mica, the n-r interactions
did not effectively occur, possibly owing to the low mobility of
lignin. Alternatively, when the lignin is adsorbed onto mica
surface, a structure could be formed that hinders n-n inter-
actions with external molecules. Furthermore, the adhesion
energy owing to hydrogen bonds was barely detected in the
SFA measurements (Woq ~ 0 m] m~? for OH-SAM and
COOH-SAM at pH 7.0) was observable in the QCM-D measure-
ments (~7.6 and 28.3 ng cm > for OH-SAM and COOH-SAM at
pH 7.0). This finding indicates that hydrogen bond donors
and acceptors are considerably more accessible in a system
with free lignin. As in the SFA results, the lignin molecules
could be effectively adsorbed onto the NH,-SAM surface
(~155.6 ng cm™?), and a significant amount remained even
after washing with a buffer (~95.3 ng cm™). Initially, the
lignin appeared to effectively adsorb on CH;-SAM (~125.7 ng
em™?) via hydrophobic interactions, but after washing, only a
limited amount of lignin remained on the surface (~43.7 ng
em™?), which is consistent with the SFA analysis at pH 7.

Lignin interaction mechanism

The SFA and QCM-D results clarified possible interaction
mechanisms of lignin nanofilms (coated on the surface) and
lignin molecules (in the solution) (Fig. 5). According to the

Lignin molecule

Gold

Lignin solution injection

smuaw:;:z:::m:w_:’?z‘&f‘&it't?:_ PETTI I8

Washing with buffer

(b) '

o

OHE
1 1

[ Lignin remaining after washing

[ Initially adsorbed lignin

0 50 100

150 200 250

Adsorbed mass (ng cm?)

Fig. 4 Lignin molecules adsorbed on SAM-coated gold surface monitored via QCM-D analysis. (a) Schematic of lignin molecules at the gold sensor
surface. (b) Calculated adsorbed and remaining mass of lignin molecules on each functionalized surface.
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SFA results, the cohesion between lignin films was a result of
hydrophobic interactions, especially under the low pH con-
ditions wherein lignin possesses sufficient hydrophobicity. In
contrast, when the lignin nanofilm interacted with other sur-

faces/molecules (i.e., any surface or molecules capable of
binding to lignin other than lignin itself, including -OH,
-COOH, -CHj;, -NH, groups or aromatic rings), the electro-
static attraction (between the negatively charged lignin surface
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0.10 0.10
i) pH 2 i
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Fig. 6 Setup for testing the compressive strength of activated carbon-lignin composites using a universal testing machine. Compressive stress—
strain curves of activated carbon-lignin composites in pH conditions of (b) pH 2, (c) pH 4, (d) pH 7, and (e) pH 10; different colors indicate repeated

measurements. (f) Summary of the average compressive stress values.
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and some positively charged surface) and cation-r interactions
(in which lignin functions as a & source and the other surface
functions as a cation source) are more dominant than other
interactions (such as hydrophobic interactions and hydrogen
bonding) (Fig. 5a). In the case of free lignin interactions (when
lignin was dissolved in a good solvent), n-n interactions are
the dominant type of interaction from lignin, as demonstrated
by QCM-D measurements (Fig. 5b). This observation implies
that lignin exhibits different adhesion mechanisms depending
on its state (i.e., fixed on a surface or free in a solution). In
other words, the orientational freedom and/or mobility of
lignin are one of the key factors determining its adhesion
efficacy.

Activated carbon-lignin composite fabrication

We next demonstrated that the measured nanoscopic inter-
actions can be extended to the bulk macroscopic properties of
lignin-based materials by fabricating activated carbon-lignin
composites. A previous study have demonstrated the composit-
ing activated carbon with lignin enhanced the compressive
strength of the carbon.>® In contrast, the increase in the ion
concentration hindered interfacial interactions between the
lignin molecules and carbon composites, thereby reducing the
compressive strength. In this study, activated carbon-lignin
composites were prepared under different pH conditions.
Fig. 6b-e show the corresponding stress-strain curves; the
highest compressive strength (~56.17 kPa) occurred at pH 2,
and the compressive strength decreased with the increasing pH
of the buffer solution to ~19.58 kPa at pH 10 (Fig. 6f). This
trend was identical to that observed in the SFA results, in which
the adhesion between lignin and CH3-SAM decreased owing to
hydrophobic interactions. Specifically, as the pH increased, the
hydrophobic interactions between the lignin and activated
carbon molecules decreased, followed by internal fracturing of
the composites at low compressive stress conditions. Therefore,
the pH conditions of the slurry must be considered when
enhancing the strength of activated carbon-lignin composites.

Conclusions

The interaction forces between lignin and functionalized SAMs
(OH, COOH, C¢Hs, CH3, NH,) in different pH conditions were
evaluated through SFA and QCM-D measurements. The follow-
ing conclusions were derived:

(i) The adhesive strength of lignin nanofilms generally
decreased with increasing pH except in cases involving sur-
faces/molecules with primary amine groups.

(ii) The lignin nanofilms could effectively interact via
electrostatic and cation-r interactions with positively charged
surfaces/molecules.

(iif) The cohesion mechanism of lignin nanofilms was pri-
marily attributed to hydrophobic interactions.

(iv) Free lignin (dissolved in a good solvent) dominantly
interacted with surfaces/molecules with © groups via n—x
stacking.
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(v) The nanoscale adhesion force measurements could be
successfully extrapolated to the macroscale, as indicated by the
compressive strength evaluation of activated carbon/lignin
composites.

Notably, this study examined a specific type of lignin, ie.,
sulfonated alkaline lignin. Different conclusions may be
derived with lignin from different botanic origins and/or iso-
lation processes. Nevertheless, this fundamental study of
lignin interaction mechanisms is expected to provide insights
into the binding and assembly mechanism of lignin, which is
expected to promote its use as an eco-friendly and organic-
solvent-free material in the near future.
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