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Abstract The nanoscale hygromechanical behavior

of lignin is presented in this work. Three atomic force

microscopy experimental methods were used to cor-

relate moisture sorption of lignin to its mechanical

behavior. First, sorption isotherms were established

using cantilever mass sensing and subsequently pre-

dicted using the Guggenheim–Anderson–de Boer

model. The sorption isotherms of lignin particles

followed a repeatable and cyclic trend reaching a

maximum moisture content of & 17% at & 79%

relative humidity (RH). Second, 3D nanomechanical

contrast images were obtained using contact reso-

nance force microscopy (CR-FM) to observe the

hygromechanical response of lignin over three RH

cycles. Finally, force volume mapping and the Hertz

model were used to compute the elastic modulus of

lignin as a function of moisture content. As RH

increased, CR-FM measurements revealed initial

topographical heterogeneity, as well as notable surface

softening, especially in initially smooth domains. The

average elastic modulus of the smooth domain

decreased from 9.0 to 4.3 to 2.4 GPa as the moisture

content increased from 0.024 to 9.1 to 17.3%,

respectively. Cyclic measurements confirm that the

elastic modulus of lignin rebounds upon moisture

desorption.

Keywords Lignin � Elastic modulus � Moisture

sorption isotherms � AFM

Introduction

Lignin, the most abundant natural aromatic polymer,

is a readily available yet underutilized by-product of

the papermaking and biofuel industries (Faruk and

Sain 2016; Ragauskas et al. 2014; Lora 2008). The

lignocellulosic feedstock has three main components,

lignin, hemicellulose, and cellulose, where lignin

constitutes 15%–30% by mass depending on the plant

species (Faruk and Sain 2016; Ragauskas et al. 2014;

Gellerstedt and Henriksson 2008; Fengel and Wegener

1983). The global pulp and papermaking industry

produces a reported 70 million tons of extracted lignin

each year, but only 2% (mostly lignosulfonates) is

recovered for higher value utilization, while the
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remaining lignin is burned for internal energy gener-

ation (Costello 2017; Lora 2008). When using ligno-

cellulosic biomass to produce ethanol, modern biofuel

processing facilities generate a predicted 60% more

lignin than needed to meet internal energy demands

(Ragauskas et al. 2014; Sannigrahi and Ragauskas

2011; Sannigrahi et al. 2010; Lora 2008). The

abundance of industrial lignin from these waste

streams coupled with desirable attributes, such as

low cost, low density, antimicrobial and antioxidant

properties, biorenewability, and non-toxicity (Faruk

and Sain 2016; Ragauskas et al. 2014; Thakur et al.

2014; Gandini and Belgacem 2008), presents a

valuable opportunity to develop future products and

technology.

Currently, the applications for lignin are limited but

diverse. Lignin has been used as a binder for animal

feed, an ingredient for pesticides, dispersants for oil

well drilling products, emulsifiers, polyurethane

foams, a resin component in wood panel products,

and as a filler in inks and paints (Lupoi et al. 2015;

Ragauskas et al. 2014; Lora 2008). More recently,

lignin has shown promise as a chemical sensor (Faria

et al. 2012), a nanocontainer for chemical delivery

(Yiamsawas et al. 2014), a reinforcement for polymer

composites (Faruk and Sain 2016), and a precursor for

carbon fiber (Bajpai 2017; Brodin et al. 2012).

Lignin has a highly complex structure that can vary

depending on plant source and more significantly due

to the industry specific extraction method (Faruk and

Sain 2016; Uraki and Koda 2015; Gandini and

Belgacem 2008; Fengel and Wegener 1983). Despite

the inherent variability, all lignin is comprised of three

major structures, namely hydroxyphenyl, guaiacyl,

and syringyl phenylpropanoid units, that form a three-

dimensional irregular polymer (Faruk and Sain 2016;

Ragauskas et al. 2014; Boerjan et al. 2003; Hata-

keyama and Hatakeyama 2009; Sarkanen and Ludwig

1971). The reactive functional groups of lignin (e.g.,

phenolic and aliphatic hydroxyl groups) present a

marked potential for chemical modification, but also a

susceptibility to moisture (Fang and Smith 2016;

Yiamsawas et al. 2014; Gandini and Belgacem 2008).

Compared to other biopolymers, lignin demonstrates

greater moisture resistance due to the phenyl groups

found on its basic chain unit. However, lignin also has

enough hydroxyl groups to interact with water

molecules. In the presence of moisture, the water

molecules break the hydrogen bonds between lignin

molecules and form separate hydrogen bonds with any

available lignin hydroxyl site (i.e., bound water). Once

the sites are saturated, additional water molecules tend

to aggregate through intermolecular hydrogen bond-

ing (i.e., free water) (Hatakeyama et al. 1983;

Hatakeyama and Hatakeyama 2009; Vu et al. 2002;

Charlier and Mazeau 2012; Youssefian et al. 2017).

This physiochemical explanation of the molecular

interaction between lignin and water suggests a

corresponding hygromechanical response.

In previous studies, lignin moisture sorption

isotherms have been experimentally determined using

dynamic vapor sorption (Volkova et al. 2012) and

gravitational methods (Chirkova et al. 2009; Bouajila

et al. 2006; Reina et al. 2001; Cousins 1976; Engelund

2011) or computationally predicted using moisture

sorption models such as the Bruanauer–Emmett–

Teller (BET) (Bouajila et al. 2006; Volkova et al.

2012), Guggenheim–Anderson–de Boer (GAB)

(Volkova et al. 2012), and D’Arcy and Watt (Reina

et al. 2001) models. In a previous study, atomic force

microscopy (AFM) measurements showed that lignin-

rich cell walls have improved nanomechanical prop-

erties (e.g., elastic modulus) compared to delignified

cellulose-rich walls (Farahi et al. 2017). However,

experimental results relating the elastic modulus and

moisture content of extracted lignin are largely limited

to studies conducted in the late 1970s by Cousins

(Cousins 1976, 1977). In this previous work, the

specimens were molded from powdered lignin and

subsequently exposed to different increasing relative

humidity (RH) conditions. The specimens were then

removed from the specific RH conditions to an

ambient laboratory where tensile and indentation tests

were performed using rod or disk specimens, respec-

tively. The notable limitations of this experimental

approach are threefold. First, specimens are removed

from RH conditions then mechanically tested. Second,

the mechanical response cannot be characterized for

cycles of RH due to the nature of destructive testing

and utilization of RH chambers regulated using salt

solutions. Third, specimens are subjected to high

temperature and compressive force conditions during

preparation, which may affect the mechanical

response. To the authors’ knowledge, the hygrome-

chanical properties of lignin have not since been

experimentally investigated as substantiated by the

continual use of Cousins results in the literature
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(Youssefian et al. 2017; Kulasinski et al. 2015; Célino

et al. 2014).

Scope of work

It is proposed that the hygromechanical behavior of

lignin can be characterized on the nanoscale using

atomic force microscopy (AFM) techniques. AFM

was first designed to capture high resolution topo-

graphical images of a material surface on the

nanoscale (Binnig et al. 1986). The potential was

quickly recognized for deriving nanomechanical

property data, such as elastic modulus, from the

cantilever tip-surface interaction, and AFM tech-

niques have since been developed and successfully

implemented (Maivald et al. 1991; Troyon et al. 1997;

Vairac and Cretin 1998; Rosa-Zeiser et al. 1997).

To address the limitations of previous work by

Cousins (1976, 1977), this study leverages three AFM

techniques to relate moisture content and nanoscale

mechanical properties, namely elastic modulus, of

lignin. First, the AFM cantilever, which acts as a

microscale mass balance, was vibrated with a lignin

particle attached to the cantilever tip for multiple

cycles of RH. The increase or decrease in computed

mass corresponding to the RH condition was attributed

to the moisture content of the lignin particle. Second,

contact resonance force microscopy (CR-FM) AFM

measurements were taken as RH increased and

decreased to identify nanomechanical contrast over

the surface of lignin due to topographical heterogene-

ity and moisture content. Finally, AFM force spec-

troscopy measurements were completed at increasing

and decreasing RH increments to compute the elastic

modulus of lignin as it relates to moisture content. In

this study, a series of AFM techniques were (1)

performed using the same experimental set-up to

control RH were and (2) used to investigate the

moisture sorption and corresponding hygromechani-

cal response of extracted lignin on the single-particle

and particle-surface length scales, respectively

(Fig. 1).

Materials and methods1

Material

The primary material used for this study is alkali lignin

with low sulfonate (CAS Number 8068-05-1, Lot

Number 04414PEV, Sigma Aldrich), which is in

powdered form with microscale particle aggregates.

Documentation from Sigma Aldrich reports an aver-

age molecular weight of * 10,000 and no reducing

sugars contained within the product. The molecular

weight was experimentally confirmed by size exclu-

sion chromatography, as shown in Supplementary

Fig. 1. According to a sieve analysis of alkali lignin,

0% of the particles are[ 250 lm, & 30% of the

particles are between 250 and 125 lm, and & 70% of

the particles are\ 125 lm. Other materials used for

this study include toluene (CAS Number 108-88-3,

Sigma Aldrich), poly(tert-butyl acrylate) (Cat Number

18240, Polysciences, Inc.), 2.0 mm transparent poly-

styrene sheet (Product Number ST313200, Goodfel-

low), and ultra-violet light activated clear finish

adhesive (Loon Outdoors).

Fig. 1 Length-scale schematic for AFM measurements. During

sample preparation a lignin particles were partially embedded

within a poly(tert-butyl acrylate) (PtBA) substrate. During AFM

scanning, b the PtBA substrate secured the lignin particles in

place. A 3D topographical AFM scan of the lignin particle

surface, c is shown for reference

1 Commercial equipment, instruments, or materials are identi-

fied only in order to adequately specify certain procedures. In

no case does such identification imply recommendation or en-

dorsement by the National Institute of Standards and Technol-

ogy, nor does it imply that the products identified are necessarily

the best available for the purpose.
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Atomic force microscopy (AFM)

Experimental set-up

All AFM measurements were conducted at room

temperature (& 18 �C) using a MFP-3D AFM (Asy-

lum Research, Santa Barbara, CA) equipped with a

humidity sensing cell accessory (Model HUMIDSC,

Asylum Research). RH within the cell was controlled

by flowing a mixture of dry and saturated gas through

one of the access ports. The gas was saturated by

flowing through a series of two bubblers filled with

water. Two MC standard series mass flow controllers

(Alicat Scientific, Tucson, AZ) varied the flow rates

from the dry and saturated gas lines, respectively, to

the humidity sensing cell, to obtain RH conditions

between & 0 and & 80%.

Determining the moisture content of lignin particles

using a cantilever mass sensor

Lignin particles were distributed on a glass slide and a

single drop of UV-curable adhesive was spread on a

separate glass slide. Before the cantilever assembly

was placed in the humidity-sensing cell, a particle of

lignin was attached to the cantilever tip using the AFM

as a force-controlled micromanipulator, as follows.

First, the free resonance of the cantilever was deter-

mined. Then, the glass slide prepared with UV-curable

adhesive was placed in the AFM, and the cantilever

was lowered onto the adhesive, translated a short

distance, and then withdrawn. The free resonance of

the cantilever plus adhesive was then recorded to

quantify the mass of the adhesive. Subsequently, the

glass slide prepared with lignin particles was placed in

the AFM, and the cantilever with adhesive was

lowered onto a lignin particle. Once attached, UV

light was used to cure the adhesive and permanently

attach the lignin particle to the cantilever tip. The

cantilever assembly was then placed in the humidity-

sensing cell and positioned in the AFM. Finally, the

free resonance frequency of the cantilever with the

attached particle was recorded at RH increments for at

least two full cycles.

The experimental process was repeated three times

using three separate cantilever and particle assemblies.

The cantilevers used for the three experimental runs

were (All-In-One-Tipless TAP 300, Budget Sensors,

Bulgaria) and had measured spring constants (k)

of & 48 N/m, & 42 N/m, and & 39 N/m and fun-

damental free resonance frequencies (f ) of & 409

kHz, & 406 kHz, and & 411 kHz, respectively. The

mass measurements were computed by resonating the

AFM cantilever and using it as a microbalance, where

the shift in resonance frequency relates to the mass of

the end load through a simple harmonic oscillator

model (Raiteri et al. 2001; Berger et al. 1997;

Scandella et al. 1998), as described by:

ml ¼ k
1

2pfc;a;l
� �2

� 1

2pfc;a
� �2

" #

ð1Þ

ma ¼ k
1

2pfc;a
� �2

� 1

2pfð Þ2

" #

ð2Þ

where ml is the lignin particle mass, ma is the adhesive

mass, and fc;a, and fc;a;l are the free resonance of the

cantilever plus adhesive and the cantilever plus

adhesive and lignin particle, respectively. Table 1

shows the free resonance frequencies and the corre-

sponding mass measurements for each experimental

run.

The lignin particle masses for each RH increment

were calculated using the corresponding resonance

frequency. As RH increases, the change in resonance

frequency of the cantilever plus adhesive is minimal

compared to the notable decrease in resonance

frequency of the cantilever plus adhesive and lignin

particle, as shown in Supplementary Fig. 2. Therefore,

the decrease in resonance frequency and increase in

computed mass were attributed only to the sorption of

available moisture in the lignin particle as the RH

increased. Using an AFM cantilever as a mass sensor

has been known to detect changes in mass on the order

of femtograms and even zeptograms (Oden 1998,

Berger et al. 1997, Feng et al. 2007), which provides

improved sensitivity when determining the change in

mass of the lignin particle as RH varies. The moisture

content (MC) of the lignin particles was computed for

each RH increment according to:

MC %ð Þ ¼ w

100
¼

ml � ml dryð Þ
ml dryð Þ

¼ mH2O

ml dryð Þ
ð3Þ

where w is the moisture content in g H2O per g dry

material, ml is the mass of the lignin particle at each

RH as calculated in Eq. 1, ml dryð Þ was taken as the

lowest computed mass and, as expected, occurred at
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the lowest RH increment, and mH2O is the mass of

water in the lignin particle.

For the complete range of RH, the semi-empirical

GAB model was applied to predict the moisture

sorption isotherms of the lignin particle (Volkova et al.

2012; Quirijns et al. 2005; Timmermann et al. 2001;

Anderson 1946):

w ¼ wmCKaw

1 � Kawð Þ 1 � Kaw þ CKawð Þ ð4Þ

where wm is the moisture content of the monolayer of

water molecules, C is the Guggenheim constant that is

related to the heat of sorption, K is a constant related to

the free energy of the additional layers of water

molecules, and aw is the water activity or RH=100.

Equation 4 was rewritten to perform a non-linear

regression analysis using OriginPro 2017 software:

w ¼ B1aw

1 þ B2aw þ B3a2
w

ð5Þ

B1 ¼ wmCK ð6Þ

B2 ¼ CK � K ð7Þ

B3 ¼ K2 � CK2 ð8Þ

A non-linear least squares analysis, specifically, the

Levenberg–Marquardt algorithm, was applied to the

first exposure adsorption (Supplementary Informa-

tion), subsequent cycle readsorption, and all desorp-

tion experimental data, respectively. The parameters

of the GAB model were subsequently computed and

used to develop representative moisture sorption

isotherms.

Mapping moisture-dependent nanomechanical

contrast with contact resonance force microscopy

In preparation for AFM measurements (Fig. 1),

0.5 mL solution of toluene and 35% poly(tert-butyl

acrylate) (PtBA) by mass was dropcast onto a glass

slide. Once set, lignin particles were dispersed on the

PtBA, and the assembly was placed in an oven at

60 �C for 5400 s to partially embed the lignin

particles. PtBA was selected for sample preparation

due to its characteristically low glass transition

temperature (Tg & 60 �C) with the purpose of limit-

ing the thermal exposure of lignin to reasonably low

temperatures. The AFM cantilever (PPP-FMR,

Nanosensors, Switzerland) had a measured spring

constant of & 1.7 N/m and a free resonance

of & 65.9 kHz.

Contact resonance force microscopy (CR-FM)

measurements were completed using the dual AC

resonance tracking (DART) capabilities of the MFP-

3D AFM (Asylum Research, Santa Barbara, CA)

(Rodriguez et al. 2007). CR-FM experimental tech-

niques and analysis are well documented within the

literature (Rabe et al. 2000; Rabe 2006; Hurley and

Killgore 2013). To summarize, the AFM cantilever is

excited over a range of frequencies by an actuator.

When the cantilever tip is vibrated in free space,

resonant modes occur at certain frequencies depend-

ing on the cantilever shape and material. When the

cantilever tip is vibrated in contact with the sample

surface, the resonant mode occurs at a frequency that

is greater than the free resonance frequency due to tip-

sample interaction. Using the free and contact reso-

nance frequencies, material properties of the sample

can be determined using appropriate models. In this

case, the cantilever is modeled as a mass-distributed

beam of a finite distance that is fixed at one end (i.e.,

the clamp) and has a spring at the other end (i.e., the

Table 1 Free resonance frequencies and corresponding mass measurements

Experimental

run

Free resonance frequency (kHz) Mass measurement (ng)

Cantilever ? adhesive

(fc;a)

Cantilever ? adhesive ? lignin particle

(fc;a;l) (minimum)

Adhesive

(ma)

Lignin particle (ml dryð Þ)

(minimum)

1 396 323 0.49 3.9

2 393 268 0.43 7.8

3 405 301 0.18 4.9
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tip-sample interaction). The model predicts the con-

tact stiffness using the cantilever spring constant and

the recorded free and contact resonance frequencies.

Images of the surface topography and corresponding

contact stiffness can be obtained by continuously

recording the contact resonance frequency while

scanning the sample surface (Rodriguez et al. 2007).

AFM measurements were performed using the

experimental set-up described in ‘‘Experimental Set-

Up’’ section. A lignin particle was located using an

optical microscope, and a region on the particle

surface was identified for measurement. After precon-

ditioning the lignin sample by performing at least one

full RH cycle, AFM measurements were taken at 5

increasing and 5 decreasing RH increments for 3 full

cycles. At each RH increment, CR-FM with DART

measurements generated data by continuously scan-

ning a 5 lm 9 5 lm region with 256 lines of

resolution.

3D normalized elastic modulus images of the

scanned lignin particle were generated using the

Asylum Research MFP3D 15.09.112 software. From

the lignin surface scan at the lowest (\ 1%) RH

increment in the first RH cycle, a 2 lm 9 1 lm area

of the smooth region was used as reference material

for the elastic parameters. Thus, all elastic modulus

values were normalized with respect to the elastic

modulus of the dry and smooth 2 lm 9 1 lm area.

The 3D images were rendered to show the topography

of the scanned region of lignin particle with an overlay

of the computed and normalized elastic modulus for

the same scanned region.

Quantifying hygromechanical performance with force

volume mapping

The lignin sample preparation used for the AFM

measurements was the same as described in ‘‘Mapping

moisture-dependent nanomechanical contrast with

contact resonance force microscopy’’ section. The

PS sample was tested as manufactured for nanoinden-

tation (NI) and AFM measurements. The AFM

cantilever (PPP-NCHR, Nanosensors, Switzerland)

had a measured spring constant of & 28 N/m and a

free resonance of & 305.4 kHz. Amplitude modu-

lated intermittent contact mode, commonly referred to

as tapping mode, measurements were completed in

combination with force volume mapping using an

MFP-3D AFM (Asylum Research, Santa Barbara,

CA). NI measurements were completed on the PS

sample for calibration using a Hysitron TI 950

Triboindenter (Hysitron, Minneapolis, MN) and a

Berkovich tip at 12.5% RH. The array consisted of 100

points spaced 20 lm in both x and y directions. The

load function was load-controlled and involved a 5 s.

load, 2 s. hold, and 5 s. unload. The indentation

modulus was computed using the well-established

Oliver-Pharr method for the 95th to 20th percentile of

the approach curve.

AFM measurements were performed using the

experimental set-up described in ‘‘Experimental set-

up’’ section. AFM measurements were taken on

polystyrene (PS), as a calibration material, at 8

increasing RH increments. At each RH increment,

tapping mode measurements generated a high-resolu-

tion image of a 5 lm 9 1.25 lm region, and then

force-distance curves were taken over a 32 9 8 point

map of the same region. After completing calibration

measurements, lignin was tested using the same AFM

cantilever and experimental set-up. First, a lignin

particle was located using the optical microscope, and

a region on the surface of the particle was identified for

measurement. After preconditioning the lignin sample

by performing at least one full RH cycle, AFM

measurements were taken at 6 increasing and 6

decreasing RH increments for 3 full cycles. At each

RH increment, tapping mode measurements generated

a high-resolution image of a 5 lm 9 5 lm region,

and then force-distance curves were taken over a

32 9 32 point map of the same region. A 1 lm 9 1

lm area representing 42 force-distance curves was

identified for a smooth and rough domain, respec-

tively, and tracked over all the RH increments.

Using the Asylum Research (AR) MFP3D

15.09.112 software, the Hertz model was selected to

compute (1) the elastic modulus of PS from the

complete set of 256 force-distance curves and (2) the

elastic modulus of lignin from the 42 force-distance

curves within the 1 lm 9 1 lm area of the smooth

domain. In AFM force spectroscopy, the inverse

optical lever sensitivity (InvOLS) value is used to

convert the measured voltage to cantilever displace-

ment, which is necessary for determining the force

value. Typically, InvOLS values are derived from

force spectroscopy measurements performed on a hard

surface. Therefore, the lowest InvOLS value, corre-

sponding to the stiffest material measurement, was

evaluated within the AR software for both lignin and
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PS and used as an input parameter to compute elastic

modulus from the Hertz model.

The Hertz model does not consider adhesion or

surface forces and assumes the tip is a smooth elastic

sphere while the sample has a rigid flat surface. To

address the model limitations, only an initial section of

the approach curve within the elastic regime and over

an indentation depth (d) of 0–5 nm was considered for

analysis. The reduced elastic modulus (E�) can be

determined using the Hertz model according to

(Johnson and Johnson 1987; Hertz et al. 1896):

d ¼ 9P2

16RE�2

� �1=3

ð9Þ

where P is the applied force and R is the radius of

spherical tip. A value for R was based on NI and AFM

nanomechanical results for PS, which are shown in

Supplementary Fig. 8. In summary, the nanomechan-

ical properties of PS were measured using NI at 12.5%

RH and AFM at 16.6% RH. The NI result for elastic

modulus of PS was used as a known reference value

such that a matching value in the AFM Hertzian

analysis could be obtained by varying R. Ultimately, a

value of 8 nm was selected for R, which is in good

accordance with the manufacturer specifications for

the probe. For all AFM force-distance curves, E� from

the Hertz model is used to find the elastic modulus of

the sample, E, according to:

1

E� ¼
1 � m2

E
þ 1 � m2

t

Et

ð10Þ

where m and mt are the Poisson ratios for the sample and

cantilever tip, respectively, and Et is the elastic

modulus of the cantilever tip.

Results and discussion

Moisture sorption isotherms

Characteristic experimental moisture sorption iso-

therms for three lignin particles are shown in Fig. 2,

along with previously published data from (Chris-

tensen and Kelsey 1958; Cousins 1976; Reina et al.

2001; Volkova et al. 2012), and the GAB model

prediction of lignin moisture content for a given RH.

For the complete range of RH, the GAB model was

fitted to the adsorption and desorption isotherms,

respectively. Table 2 shows the goodness-of-fit and

the GAB parameters that are descibed by Eqs. 5–8 and

found using a non-linear least squares regression

analysis. The GAB model demonstrates a close fit of

the experimental data with a greater than 0.991 R2

value for the repeating adsorption and desorption

curves. Two of the tested lignin particles were exposed

to RH for the first time and demonstrated an observ-

able delay in moisture uptake beyond & 30% RH. For

reference, the experimental and computational results

have been included within Supplementary Fig. 3.

Measuring surface energy can be used to charac-

terize the interaction between materials, which, for

example, provides insight into the likelihood of lignin

adsorbing moisture. Previous studies have used

inverse gas chromatography (IGC) to measure the

dispersive component of the surface energy and

solubility parameters of lignin (Belgacem et al.

1996; Shen et al. 1998; Ni et al. 2016; Voelke 2017).

Fig. 2 Moisture sorption isotherms for lignin particles exper-

imentally determined from AFM measurements and previous

studies and computationally predicted using the Guggenheim–

Anderson–de Boer (GAB) model

Table 2 GAB parameters for experimental moisture sorption

isotherms

wm C K R2

Adsorption 0.130 2.538 0.586 0.99404

Desorption 0.115 5.547 0.575 0.99141

123

Cellulose



Results indicate that lignin will interact with polar

compounds (e.g., water molecules) (Voelke 2017),

which corresponds to the observed and reported

moisture sorption of lignin (Fig. 2).

As shown in Fig. 2, the moisture content of lignin

derived from conducted AFM measurements is typi-

cally greater than previously reported values for the

same RH increment. Although within the same order

of magnitude, the variation may be due to the inherent

differences in the chemical composition of lignin or

the experimental approach. Previous studies have

identified differences in the composition of the alkali

lignin (CAS Number 8068-05-1, Sigma Aldrich) used

in this study compared to other lignins due to source or

extraction method using characterization techniques

such as standard stuctural analyses methods (Zhang

et al. 2008), Fourier-transform infrared spectroscopy

(FTIR) (Lee and Deng 2015; Yang et al. 2007), and

nuclear magnetic resonance (NMR) (Zhao et al. 2017;

Constant et al. 2016). In addition, previous studies

have used thermally molded lignin specimens (Cou-

sins 1976) and different measurement techniques,

such as dynamic vapor sorption (Volkova et al. 2012)

or gravimetric (Reina et al. 2001; Cousins 1976;

Christensen and Kelsey 1958) measurements, to

characterize the moisture sorption properties of lignin.

For this study, using the AFM cantilever as a mass

sensor to acquire mass moisture measurements has

notable advantages over other methods. First, lignin

particles are tested in their virgin state and do not

undergo additonal sample preparation or processing

prior to testing. Second, data obtained herein via AFM

are on the same particle length scale and in identical

environmental conditions as the subsequent nanome-

chanical characterization.

The GAB model parameters, wm, C, and K, have

physical meanings that provide insight into the water

vapor sorption by lignin particles. The parameter wm

describes the availablility of sites for water sorption by

the material surface. C and K are energy constants that

describe the energy difference between the first and

upper layers of water molecules and the upper layers

and liquid water, respectively. Larger C values

correspond to greater strength of the water bound in

the first layer, while K describes the number of sorbed

water molecules arranged in the multilayer structure

(Quirijns et al. 2005; Timmermann et al. 2001).

The moisture sorption isotherms (Fig. 2) for three

lignin particles over increasing and decreasing RH

cycles are (1) in good agreement and (2) well

characterized using the GAB model. As RH increases

from 0% to (78.8 ± 0.8)%, the moisture content of a

lignin particle reaches (17.4 ± 0.8)%. Conversely, as

RH decreases to (1.3 ± 0.2)%, the moisture content

returns to (0.6 ± 0.6)%. The wm values (Table 2) for

adsorption and desorption isotherms are comparable

and, correspondingly, there may be a comparable

capacity of the monolayer for those cases, which may

explain the return to a similar moisture content

at & 0% RH. The higher C value (Table 2) for the

desorption compared to the adsorption isotherm

suggests that the monolayer of water molecules is

more tightly bound, which may explain the lag (i.e.,

hysteresis) in returning to the same moisture content

for the same RH increment. Comparatively, Volkova

et al. (2012) also reported a hysteretic trend in

moisture content as RH increased and decreased, as

shown in Fig. 2.

Moisture induced nanomechanical contrast

of the lignin particle surface

CR-FM measurements were used to render the lignin

particle images in Fig. 3, which show a 5 lm 9 5 lm

region of the surface topography with a normalized

elastic modulus overlay for 3 RH increments and 3 RH

cycles. Before AFM measurements, the lignin sample

was subjected to at least one full RH cycle, thus the

lignin particle is expected to follow the repeat-

able sorption isotherms presented in Fig. 2. As shown

in Fig. 3, lignin at RH\ 1% in RH Cycle 1 exhibits a

discernable topographical heterogeneity in the form of

smooth and rough domains. In a previous study,

scanning electron microscopy images show smooth

and rough domains on the lignin surface at the micron

length scale (Ibrahim et al. 2010). The heterogeneity is

further substantiated by a difference in mechanical

response to moisture. For comparison, all data were

normalized with respect to the elastic modulus the dry

(\ 1% RH) and smooth domain, as described in

‘‘Mapping moisture-dependent nanomechanical con-

trast with contact resonance force microscopy’’ sec-

tion. Additional rendered images of the particle during

RH Cycle 1, which show the normalized elastic

modulus and the lignin particle topography and are

shown in Supplementary Fig. 4.

As RH increases from\ 1% to (76 ± 1)% over RH

Cycle 1 (Fig. 3), there is noticeable softening, as
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indicated by a decrease in both computed normalized

elastic modulus and measured frequency. As RH

increases from\ 1% to (76 ± 1)% for the 2 lm 9 1

lm area of the smooth domain, the CR frequency

decreases from (326 ± 0.8) to (318 ± 2.7) kHz which

correlates to a 34% decrease in the normalized elastic

modulus from (1.0 ± 0.057) to (0.66 ± 0.088). Since

the elastic modulus is normalized with respect to the

2 lm 9 1 lm area of the smooth domain at\ 1%

RH, a value of 1.0 is expected, but the standard

deviations have been provided to denote the degree of

variability. More broadly, for the entire 5 lm 9 5 lm

scanned region, the normalized elastic modulus

decreases 46% from (1.5 ± 12.4) to (0.84 ± 0.92)

as RH increases from\ 1% to (76 ± 1)%, which

demonstrates an overall moisture-induced reduction in

mechanical stiffness. The average normalized elastic

modulus values of 1.5 and 0.84 show that the rough

domains do contribute to an overall increase in elastic

modulus by 50% and 27%, respectively. However,

at\ 1% and (76 ± 1)% RH the standard deviation

increases from 0.057 to 12.4 and from 0.088 to 0.92 for

the smooth domain and the entire area, respectively.

The degree of variability introduced by the rough

domains may be attributed to increased noise in the

AFM measurements due to the effect of topographical

height change on contact area between the tip and

sample surface. This increased variablity in the rough

domains indicates that softening is most quantifiable

in the smooth domains, which have comparatively

tighter distributions.

For RH Cycles 2 and 3, AFM measurements

suggest a recovery in normalized elastic modulus

at\ 1% RH as shown in Fig. 3. Comparing the

transition in RH from (76 ± 1)% to\ 1% between

RH Cycles 1 and 2 and RH Cycles 2 and 3, the

computed normalized elastic modulus increases by

54% from (0.66 ± 0.088) to (1.02 ± 0.21) and by

26% from (0.65 ± 0.076) to (0.81 ± 0.30), respec-

tively, for the 2 lm 9 1 lm area of the smooth

domain. The increases indicate a recovery in material

properties as RH transitions from the high to low

regimes.

Continuous AFM scanning and tip-sample interac-

tion appear to induce damage to the material surface

(Fig. 3) at elevated RH. The smooth domains appear

Fig. 3 Nanomechanical

contrast images of a lignin

particle surface exposed to

moisture using AFM contact

resonance force microscopy

(CR-FM) measurements.

The computed elastic

modulus is normalized with

respect to a 2 lm 9 1 lm

area of the smooth region

from RH Cycle 1 and

RH\ 1%, which is

represented by the dotted

rectangular outline
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to be more susceptible to surface damage from AFM

scanning when compared to the rough domains.

Additionally, the damaged surface exhibits a lower

normalized elastic modulus than the visible smooth

domain as indicated by the 19% decrease in computed

normalized elastic modulus when comparing the

RH\ 1% scans for RH Cycles 1 and 3. Therefore,

the accumulated damage from CR-FM measurements

reduces confidence in quantifying and comparing the

nanomechancial behavior across RH cycles. Lastly,

after the experimental run, a 10 lm 9 10 lm image

was taken, which showed that the accumulated surface

damage was limited to the scanned region and

therefore not a result of changing RH. Quantification

of this accumulated damage is available as part of the

Supplementary Information.

Nanomechanical characterization of heterogenous

lignin domains using AFM Force spectroscopy

as it relates to moisture content

The hygromechanical response of the heterogenous

smooth and rough topographical domains described in

‘‘Moisture induced nanomechanical contrast of the

lignin particle surface’’ section has been further

investigated using AFM force spectroscopy (Figs. 4,

5, and 6). The blue, orange, and green color scheme in

Figs. 4, 5, and 6 correspond to increasing moisture

content from 0.024 to 9.05 to 17.33% and relates to

0.122, 48.1, and 81.2% RH through the GAB-modeled

sorption curve, respectively. For all force spec-

troscopy measurements, the lignin sample had been

exposed to at least one full RH cycle before data

collection, thus the water sorption is expected to

follow the repeatable adsorption and desorption

isotherms presented in Fig. 2.

High resolution imaging

Figure 4 shows tapping mode images of the topo-

graphic slope along the fast-scan direction for a

5 lm 9 5 lm area of the lignin surface for three

increasing RH increments. Topographic slope was

used instead of raw-topography to emphasize the

rough and smooth regions while minimizing the

influence of large-scale surface curvature. Similar to

Fig. 3, the AFM images in Fig. 4 substantiate the

presence of a discernable topographical heterogeneity

in the form of smooth and rough domains on the lignin

surface.

For three RH values, one smooth 1 lm 9 1 lm

area (S1, S2, and S3) and one rough 1 lm 9 1 lm

area (R1, R2, and R3) of the lignin surface were

tracked and analyzed, as shown in Fig. 4a, b, c,

respectively. As expected, surface damage due to

tapping mode measurements in the smooth domains is

negligible, since the applied force was significantly

smaller compared to CR-FM. However, surface dam-

age due to the force spectroscopy indents is observed

in the smooth domains of the lignin surface as

Fig. 4 AFM tapping mode images of the topographic slope for

a 5 lm 9 5 lm region of the lignin surface as RH increases

from a 0.122% to, b 48.1% to, c 81.2%. A 1 lm 9 1 lm area of

the smooth and rough topographical domain is denoted as S1

and R1, S2 and R2, and S3 and R3 in a, b, and c, respectively.

The change in topographical height over a discrete horizontal

distance (i.e., slope) was used to depict surface roughness

where—60 nm/nm is black and 50 nm/nm is white. (Color

figure online)
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moisture content increases. In contrast, no apparent

surface damage from AFM measurements was

observed in the rough domains as moisture content

increases. This suggests that the rough domains are

more resistant to damage from AFM measurements.

Force volume mapping

For varying moisture content, the smooth and rough

heterogeneous domains of the lignin particle surface

were characterized using AFM force volume mapping,

as shown in Fig. 5a and b, respectively. Figure 5a

shows excellent repeatability for 42 force-distance

curves taken over the corresponding 1 lm 9 1 lm

smooth area at each moisture content, described as S1,

S2, and S3 in Fig. 4a, b, and c, respectively. As RH

increases from S1 to S2 to S3, the slope of the

approach curve decreases and the area between the

approach and the retract curves increases. The

decreasing slope correlates to a decrease in material

stiffness due to the presence of added moisture. The

increasing area between the curves correlates to an

increase in energy dissipation, which can be attributed

to a viscoelastic response and permanent plastic

deformation (Cappella 2016). The permanent defor-

mation (Fig. 5a) presents as the visible indent marks

(Fig. 4). Compared to the linear response when using

CR-FM (Fig. 3), the force spectroscopy indents

(Fig. 5) depress further into the sample surface, which

provides a greater understanding of the nonlinear

plastic response of lignin as moisture content

increases. It is suggested that the water molecules

act as a plasticizer in this case, and increasing the

Fig. 5 Nanoscale characterization using AFM force volume

mapping of a 1 lm 9 1 lm smooth a and rough b topographical

area of the lignin surface which corresponds to S1 and R1, S2

and R2, and S3 and R3 in Fig. 4a, b, and c, respectively. The

moisture content of the lignin particle is 0.024% (blue color),

9.05% (orange color), and 17.33% (green color). The inset in

b shows the front force-distance curve for each moisture

content. (Color figure online)

Fig. 6 Elastic modulus as it relates to moisture content. Elastic

modulus values were computed using the Hertz method for a

1 lm 9 1 lm area of the smooth domain over one full RH

cycle. The blue, orange, and green drop bars correspond to S1,

S2, and S3 in Fig. 4a, b, and c, respectively, and the force-

distance curves in Fig. 5a. (Color figure online)
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water content decreases stiffness and increases plas-

ticity by interacting with the polymer chains or

creating free volume (Hariri et al. 2012; Bouajila

et al. 2006).

Compared to the smooth domain, Fig. 5b shows

disparity between the 42 force-distance curves taken

over the corresponding 1 lm 9 1 lm rough area at

each moisture content, described as R1, R2, and R3 in

Fig. 4a, b, and c, respectively. At each moisture

content, there are examples of curves with low or

high stiffness (decreased or increased slope) and high

or low energy dissipation (increased or decreased area

between the curves), respectively. For example, the

curve with the lowest stiffness (greatest slope) is from

the lowest moisture content, which demonstrates

atypical behavior compared to the smooth domain

force-distance curves. The disparity in force-distance

measurements may be attributed to either topograph-

ical or compositional variation. Variable surface

topography (roughness) can affect the contact area

between the surface and cantilever tip during force

curve measurements, while varying chemical compo-

sition can affect the material response due to the

relationship between polymer structure and property.

However, despite the observed disparity, there is a

decrease in maximum stiffness (i.e., slope) as moisture

content increases from 0.024 to 9.05 to 17.54%, as

shown in the Fig. 5b inset, which demonstrates a

general trend towards softening in the rough domain.

The difference in topographical features and

hygromechanical response between the heterogeneous

smooth and rough domains suggests a corresponding

difference in chemical composition. Lignin is well

known to be comprised of three major structures:

hydroxyphenyl, guaiacyl, and syringyl phenyl-

propanoid units (Faruk and Sain 2016; Ragauskas

et al. 2014; Boerjan et al. 2003; Hatakeyama and

Hatakeyama 2009; Sarkanen and Ludwig 1971). A

previous study (Ciesielski et al. 2014) suggests that

lignin with high concentrations of guaiacyl or syringyl

units has a corresponding effect on the stiffness and

therefore the elastic modulus of the material. The

extraction process to obtain lignin from its lignocel-

lulosic source may create regions with different

concentrations of the major structures in lignin, which

may result in the topographical and hygromechancial

heterogeneity identified through AFM measurements.

Quantifying the elastic modulus of the smooth domain

For the first adsorption and first desorption cycle,

Fig. 6 shows the computed elastic modulus using the

Hertz model for the tracked 1 lm 9 1 lm smooth

area at each moisture content. For reference, S1, S2,

and S3 have been identified in Fig. 6 and correspond to

Fig. 4a, b, and c, respectively, and the force-distance

curves shown in Fig. 5a. As the moisture content

increases from 0.024% (S1) to 9.05% (S2) to 17.33%

(S3), the elastic modulus decreases from (9.0 ± 1.87)

GPa to (4.3 ± 0.37) GPa to (2.4 ± 0.25) GPa. As RH

and moisture content subsequently decrease, the

elastic modulus rebounds in magnitude, which was

also observed in Fig. 3 using CR-FM. In addition, the

low RH force-distance curves for subsequent cycles,

as shown in Supplementary Fig. 7, demonstrate less

plasticity and greater stiffness than the high RH force-

distance curves, which also indicates a rebound in

elastic modulus. This evidence of material property

recovery confirms that the mechanical softening is a

direct result of moisture content and not an artifact of

damage due to force volume mapping. However, the

increase in standard deviation for computed elastic

modulus and greater variablity in subsequent RH cycle

force-distance curves implies less accuracy in col-

lected mechanical property data and may indicate

accumulated surface damage. Consequently, it is

suggested that, in this case, the computed elastic

moduli for the first adsorption cycle provide a better

quantification of the hygromechancial properties. The

complete set of elastic modulus data computed using

the Hertz model for all three RH cycles is available in

Supplementary Table 3, as a reference.

The current study reports similar elastic moduli for

each moisture content compared to previous studies

(Cousins 1976, 1977), except at low (\ 1%) moisture

content where the elastic modulus reported herein has

a 58% higher value. It is notable that similar results

were obtained between studies despite (1)

inevitable variation in the composition of lignin due

to source or extraction method (Zhang et al. 2008; Lee

and Deng 2015; Zhao et al. 2017; Constant et al. 2016;

Yang et al. 2007) and (2) key differences in experi-

mental methods. Compared to previous mechanical

characterization (Cousins 1976, 1977), this study

presents AFM data for moisture sorption isotherms

and nanomechanical characterization are on the same

particle length scale and subjected to the same RH
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conditions, which provides consistency across the

results. In addition, the AFM data is collected for more

RH increments and over multiple RH cycles offering a

more comprehensive representation of the hygrome-

chanical response. The current study also does not use

any material processing techniques, such as heat

molding, during sample preparation to prevent its

effect on the results. Lasly, in contrast to previously

used macroscale destructive mechanical testing, this

study uses modern nanoscale AFM techniques for

mechanical characterization.

Conclusions

In this work, three AFM techniques were used to

characterize and relate the moisture sorption and

hygromechanical behavior of alkali lignin (CAS

Number 8068-05-1, Sigma Aldrich) on the nanoscale.

Leveraging multiple AFM techniques provides a more

comprehensive material characterization (Passeri et al.

2013). Since all measurements within this study are

performed using same AFM experimental set-up, the

subsequent results are (1) on a comparable particle

length scale and (2) obtained from the same RH

environment.

For the first AFM technique, the AFM cantilever

was used as a mass sensor to detect the change in

moisture content of a lignin particle over three cycles

of RH. The collected data were used to develop

experimental moisture sorption isotherms for lignin,

which were then computationally predicted using the

GAB model. For the second AFM technique, CR-FM

measurements were taken for three cycles of RH to

identify nanomechanical contrast on the lignin surface

in response to moisture. The CR-FM scans revealed

topographical heterogeneity of the lignin surface

described in terms of smooth and rough domains. A

notable softening of the lignin surface, especially in

the smooth domain, occurred as RH increases, and a

recovery in mechanical properties was observed as RH

decreases, as described by corresponding shifts in the

normalized elastic modulus. For the third AFM

technique, force spectroscopy was conducted over a

5 lm 9 5 lm region of the lignin surface at 6 RH

increments for 3 cycles. In the tapping mode images,

the heterogenous lignin surface in terms of smooth and

rough domains was again observed. For a 1 lm 9 1

lm region of the smooth domain, the force-distance

curves were analyzed using the Hertz method to

compute elastic modulus of lignin as it relates to

moisture content. The average computed elastic

modulus decreased from 9.0 to 4.3 to 2.4 GPa as the

moisture content increased from 0.024 to 9.1 to 17.3%,

respectively. A discernable recovery in mechanical

properties as moisture content subsequently decreased

confirms the moisture dependence of mechanical

softening.

This work presents valuable experimental results

using AFM techniques that correlate moisture content

to the nanomechanical properties, namely elastic

modulus, of extracted lignin. As the supply of lignin

from industrial waste streams increases, the hygro-

mechancial behavior of lignin described herein will

contribute to the growing effort to develop products

and technology (Bajpai 2017; Faruk and Sain 2016;

Lupoi et al. 2015; Ragauskas et al. 2014; Yiamsawas

et al. 2014; Brodin et al. 2012; Faria et al. 2012; Lora

2008) that valorize this biorenewable resource.
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chanical cantilever-based biosensors. Sens Actuators B

Chem 79(2):115–126. https://doi.org/10.1016/S0925-

4005(01)00856-5

Reina JJ, Dominguez E, Heredia A (2001) Water sorption-

desorption in conifer cuticles: the role of lignin. Physiol

Plant 112(3):372–378. https://doi.org/10.1034/j.1399-

3054.2001.1120310.x

Rodriguez BJ, Callahan C, Kalinin SV, Proksch R (2007) Dual-

frequency resonance-tracking atomic force microscopy.

Nanotechnology 18(47):475504. https://doi.org/10.1088/

0957-4484/18/47/475504

Rosa-Zeiser A, Weilandt E, Hild S, Marti O (1997) The

simultaneous measurement of elastic, electrostatic and

adhesive properties by scanning force microscopy: pulsed-

force mode operation. Meas Sci Technol 8(11):1333.

https://doi.org/10.1088/0957-0233/8/11/020

Sannigrahi P, Ragauskas AJ (2011) Characterization of fer-

mentation residues from the production of bio-ethanol

from lignocellulosic feedstocks. J Biobased Mater Bioen-

ergy 5(4):514–519. https://doi.org/10.1166/jbmb.2011.

1170

Sannigrahi P, Pu Y, Ragauskas A (2010) Cellulosic biorefiner-

ies—unleashing lignin opportunities. Curr Opin Environ

Sustain 2(5):383–393. https://doi.org/10.1016/j.cosust.

2010.09.004

Sarkanen KV, Ludwig CH (1971) Lignins: occurrence, forma-

tion, structure and reactions. Wiley-Interscience, New

York

Scandella L, Binder G, Mezzacasa T, Gobrecht J, Berger R,

Lang HP, Jansen JC (1998) Combination of single crystal

zeolites and microfabrication: two applications towards

zeolite nanodevices. Microporous Mesoporous Mater

21(4):403–409. https://doi.org/10.1016/S1387-

1811(98)00021-3

Shen W, Parker IH, Sheng YJ (1998) The effects of surface

extractives and lignin on the surface energy of eucalypt

kraft pulp fibres. J Adhes Sci Technol 12(2):161–174.

https://doi.org/10.1163/156856198X00038

Thakur VK, Thakur MK, Raghavan P, Kessler MR (2014)

Progress in green polymer composites from lignin for

multifunctional applications: a review. ACS Sustain Chem

Eng 2(5):1072–1092. https://doi.org/10.1021/sc500087z

Timmermann EO, Chirife J, Iglesias HA (2001) Water sorption

isotherms of foods and foodstuffs: BET or GAB parame-

ters? J Food Eng 48(1):19–31. https://doi.org/10.1016/

S0260-8774(00)00139-4

Troyon M, Wang Z, Pastre D, Lei HN, Hazotte A (1997) Force

modulation microscopy for the study of stiff materials.

Nanotechnology 8(4):163. https://doi.org/10.1088/0957-

4484/8/4/002

Uraki Y, Koda K (2015) Utilization of wood cell wall compo-

nents. J Wood Sci 61(5):447–454. https://doi.org/10.1007/

s10086-015-1492-9

Vairac P, Cretin B (1998) Frequency shift of a resonating can-

tilever in a.c. force microscopy: towards a realistic model.

Appl Phys A 66(1):S227–S230. https://doi.org/10.1007/

s003390051135

Voelke A, Strzemiecka B, Adamska K, Klapiszewski Ł (2017)

Surface characterization of lignin materials by means of

inverse gas chromatography. In: Northwood DO, Rang T,

De Hosson J, Brebbia CA (eds) Materials and contact

characterisation VIII, Vol 116, pp 195–203. WIT Press,

Boston. Retrieved from http://library.witpress.com/

viewpaper.asp?pcode=MC17-020-1. Accessed 28 July

2018

Volkova N, Ibrahim V, Hatti-Kaul R, Wadsö L (2012) Water
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