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A B S T R A C T

The estimation of solid surface energy is generally obtained through the determination of liquid/solid contact 
angles. Many questions arise in the literature about the appropriate contact angle to use (dynamic, quasi-static or 
static, measured at a macro or a micro-scale). Theoretically, equilibrium contact angles should be inserted into 
equations to determine surface energy components. However, for powders or porous materials more issues arise, 
notably due to the imbibition of the liquid into the medium. An apparent contact angle can be obtained using 
wicking tests and the modified Washburn equation. Nonetheless, Washburn hypotheses are not always respected 
or no longer valid during wicking meaning that this procedure could not allow to determine contact angles. This 
study has the aim to propose a new simple method to determine the surface energy components of powders and 
porous media. An experimental protocol coupled to a modified Jurin law is proposed. This protocol was applied 
to lignin particles used as reinforcement in polylactic acid (PLA). Some treatments were performed on lignin to 
improve the adhesion with PLA and the modifications due to the treatments were characterized. Reliable surface 
energy and components of untreated and treated lignin were obtained revealing the efficiency of the proposed 
method.   

1. Introduction

Sustainable biocomposites have a growing interest in the polymer
industry due to their interesting thermo-mechanical properties that are 
comparable to ones of conventional petroleum-derived composites. The 
use of both plant-derived biopolymers and biofillers with a biodegrad
able character is attractive for environmental reasons. Among the bio
polymers, polylactic acid (PLA) has received wide commercial 
development in the recent past in many applications such as in 
biomedical [1] and packaging [2] materials. PLA is an aliphatic linear 
thermoplastic polyester derived from the fermentation of starch from 
agricultural crops [3] with an easy processability. However, several 
intrinsic properties of PLA such as brittleness, poor heat resistance and 
fire behavior still limit its industrial development. The addition of some 
biofillers like lignocellulosic biomass is an effective way to improve PLA 
properties and to extend its range of applications [4,5]. Lignin is one of 
the main structural components of lignocellulosic biomass and a very 
sought after resource in biocomposites field [6–8]. It is the second most 

abundant biopolymer on earth [9] and it is a by-product of the paper 
industry with a growing worldwide production [10]. As an amorphous 
copolymer, lignin is mainly composed of phenolic groups such as p- 
hydroxyphenyl (H-unit), guaiacyl (G unit) and syringyl (S Unit) that are 
residues from three monolignols (p-coumaryl, coniferyl and sinapyl al
cohols) as lignin precursors [11,12]. Lignin, in powder form, has a wide 
set of applications as filler in composites, such as UV blocker [13–17], 
antioxidant [18–20], charring agent in flame retardancy [21–26], me
chanical reinforcement [13,27,28] or surfactant [29–31]. However, the 
strong polar nature of lignin, due to the presence of hydroxyl groups, 
makes it incompatible with the non-polar PLA matrix, resulting in a poor 
interfacial filler-matrix adhesion [32]. Costes et al. [33], explained that 
the PLA is hydrolysed by lignin during processing. 

Lignin chemical modification is then required to improve the inter
facial adhesion between the filler and the polymer and then to improve 
the mechanical properties of PLA/lignin biocomposites. Multiple treat
ments are used for different issues, such as converting lignin into 
chemicals, fuels, or polymers [34]. Acetylation is a way to compatibilize 
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lignocellulosic materials with polyester [12,34]. It needs a reagent such 
as acid anhydrides or acidic compounds and a catalyst [35]. Moreover, 
esterification is a way to produce lignin-lactide copolymer [36]. Gor
dobil et al. [37] show that the incorporation of acetylated lignin in
creases the contact angle of a PLA/lignin composite and improves some 
mechanical properties such as the elongation at break. Phosphorylation 
of lignocellulosic biomass is an innovative and effective way to improve 
the fire behavior of biocomposites based on the addition of phosphorus 
[34], often present in fire retardants and more precisely in intumescent 
fire-retardant systems. Lignin is known as a charring agent combined 
with phosphorus fire retardants and it is also able to improve the ther
mal stability of polymers such as PLA [22,26]. However, to the best of 
our knowledge, there are actually no studies on the effects of phos
phorylation on the matrix/lignin adhesion. 

In this work, acetylation and phosphorylation treatments were per
formed on lignin and the surface properties of untreated and treated 
lignin were characterized. Thermogravimetric analysis (TGA), infrared 
spectroscopy (FTIR) characterizations and scanning electron microscopy 
(SEM) observations showed the effectiveness of both treatments on 
lignin. The enhancement of PLA/lignin thermal and mechanical prop
erties is strongly related with the interfacial adhesion between fillers and 
PLA. To characterize this adhesion, the determination of the lignin and 
PLA surface energy is required. Surface energy is an intrinsic property of 
each liquid and solid material and, for a solid, it is obtained by means of 
equilibrium contact angle measurements. For PLA surface energy and its 
components, equilibrium contact angles are usually obtained using a 
sessile drop method, well-known in the literature [38]. However, in the 
case of fillers in form of powders or porous media such as lignin, some 
issues arise with this technique for measuring equilibrium contact an
gles, particularly due to the imbibition of liquids into the media [39–41]. 
Wicking tests are then performed as an alternative method, and they are 
described using the well-known modified Washburn equation for porous 
materials [39,42–45]. However this method, that theoretically allows 
the determination of apparent advancing contact angles [46,47], does 
not always give reliable results due to the Washburn hypotheses that are 
not respected or no longer valid [40,43,48]. A new simple method using 
a modified Jurin law for porous media and powder is proposed here in 
order to determine reliable apparent equilibrium contact angles. An 
experimental protocol based on capillary wicking and coupled to the 
modified Jurin law was set and applied to untreated and treated lignin. 
This approach was compared to the Washburn method. The obtained 
contact angles were then used in the Owens and Wendt equation to 
determine the surface energy and dispersive and polar components. 
Reliable surface energy and components of untreated and treated lignin 
were obtained revealing the efficiency of the proposed method. Lignins 
were then used as reinforcements for PLA. The biocomposites were 
observed by SEM to highlight the modification of adhesion at the filler/ 
matrix interface due to the modification of fillers surface properties. 

2. Material and method

2.1. Materials

The lignin used in this study is an alkali lignin supplied by TCI 
(Tokyo, Japan). This was named untreated or reference lignin (Ref-Lig). 
The content of methoxyl group is between 10 and 12 % and the median 
particle diameter is around 50 µm. For the lignin acetylation, the an
hydride acetic (97% pure and supplied by Fisher chemical) and the 
methylimidazole (99% pure and supplied by Alfa Aesar) were used. For 
lignin phosphorylation, the ortho-phosphoric acid (85% pure and sup
plied by Panreac) and the urea (99.5% pure and supplied by Acros Or
ganics) were used. The PLA Ingeo 2003D purchased from NatureWorks 
(USA) was used to manufacture biocomposite samples. For the surface 
energy determination, four liquids were tested with lignin. Table 1 
shows density ρ, dynamic viscosity η, surface tension γL and dispersive 
γd and polar γp components for each liquid at standard conditions [49]. 
The n-hexane (99+ % pure and supplied by Chem-Lab) was used as 
totally wetting liquid. The water and the ethylene glycol (99.5 % pure 
and supplied by Chem-Lab) were used because of their polarity. The 
lactic acid (90 % pure, supplied by Sigma-Aldrich), was used expecting 
to have similar wetting properties of PLA. Dynamic viscosity of lactic 
acid was measured using a AR2000ex rheometer (TA Instrument) with a 
coaxial cylinder system. Surface tension and dispersive and polar com
ponents were determined using a K100SF tensiometer (Krüss) and per
forming a three-step procedure detailed in a previous work [50]. As 
expected, lactic acid was found to have a quasi-totally dispersive nature, 
with dispersive and polar components very close to ones of PLA [38]. 

2.2. Lignin treatment 

A schematic representation of chemical treatments applied on lignin 
is given in Fig. 1. After both treatments, treated lignins were manually 
ground using an agate pestle and mortar set due to the agglomerates 
created during the chemical modifications. 

2.2.1. Lignin acetylation 
The treatment protocol was adapted from the literature [35]. A 

volume of 250 mL of acetic anhydride was introduced in a 500 mL 
round-bottomed flask and equilibrated at 65 ◦C with reflux. After that, 1 
mL of 1-methylimidazole working as catalyst was added. A mass of 40 g 
of alkali lignin was added slowly in the flask. The mixture was equili
brated at 65 ◦C for 24 h. The reaction was stopped by introducing the 
mixture in 1.5 L of cold deionized water. Then the treated lignin was 
separated from the reaction mixture by centrifugation (Hettich, Rotina 

Solvant ρ η γL γP γD 

(g/ 
cm3) 

(mPa.s) (mN/m) (mN/m) (mN/m) 

n-Hexane 0.659 0.32 18.4 0.0 18.4 
Water 0.998 1.00 72.8 51.0 21.8 
Ethylene 

glycol  
1.113 21.81 48.0 19.0 29.0 

Lactic Acid  1.248 69.01 ±
1.01 

42.2 ±
0.1 

4.5 ± 0.4 37.7 ±
0.3  

Fig. 1. Chemical treatments of lignin.  

Table 1 
Test liquids properties at 20 ◦C provided by suppliers, except values with stan-
dard deviation that were measured.  
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380). The lignin was washed from 3 to 5 times with deionized water in 
order to obtain a neutral pH (to remove acid residues). Then the lignin 
was dried in an oven at 80 ◦C for 24 h. The treated lignin was named 
acetylated lignin (or Ac-Lig). 

2.2.2. Lignin phosphorylation 
The treatment protocol was adapted from the literature [51–53] . A 

60 % phosphoric acid was prepared using 85 % phosphoric acid and 
deionized water. The phosphoric acid was poured in a round-bottomed 
flask and stabilized at 80 ◦C with reflux. Then 12.5 g of urea were slowly 
added to the acid. The mixture was put under agitation. When the urea 
was fully dissolved, 25 g of alkali lignin were slowly added to the 
mixture under vigorous agitation. After 1 h of reaction the mixture was 
dried in an oven at 70 ◦C overnight, then it was heated at 150 ◦C during 
2 h for the thermal curing. After that, the lignin was cooled at room 
temperature and washed with ethanol using centrifugation. Finally, the 
treated lignin was dried at 80 ◦C overnight. This lignin was named 
phosphorylated lignin (or P-Lig). 

2.3. Biocomposites preparation 

The biocomposites reinforced by untreated and treated lignin were 
prepared using a conical twin-screw micro-compounder (XPLORE, the 
Netherlands). The process conditions were the same for all samples. The 
temperature of mixing was 190 ◦C, the drain temperature was 180 ◦C. 
The screws rotational speed was set at 60 rpm and the mixing time was 3 
min. The PLA and the lignin were vacuum dried at 60 ◦C before com
pounding. The ratio PLA/lignin was 4:1 by weight. Table 2 indicates the 
sample name and the lignin used for each biocomposite. 

2.4. Lignin and biocomposites characterization 

The characterization of thermal stability of the different lignins was 
performed using a Thermogravimetric Analysis (TGA) apparatus (SET
SYS evolution, Setaram, France). Experiments were performed in the 
temperature range from 30 to 900 ◦C at the heating rate of 10 ◦C/min 
under nitrogen atmosphere (100 mL/min). The sample weight was 
approximately 12 mg. 

The infrared spectroscopy of untreated and treated lignins was per
formed with a Fourier Transformation Infra-Red Attenuated Total 
Reflectance (FTIR-ATR) spectrometer (Vertex 70 FT MIR from Bruker, 
USA). The measurements were performed in transmission mode using 
lignin-KBr compressed pads. Sample pads were composed of 150 mg of 
KBr and 5 mg of lignin, that were ground together and compressed. The 
resolution was 4 cm− 1. 32 scans for the background and 32 scans for the 
spectra acquisition were conducted. The spectral range was from 4000 
cm− 1 to 400 cm− 1 and it was analyzed with the OPUS software, provided 
with the spectrometer. 

The phosphorus analysis was also performed using an Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) with an 
Activa M apparatus from Horiba. The phosphorus peak detection 
wavelength is 213.618 nm. The mineralization of the sample was made 
using a microwave MLS 1200 Mega from Milestone. 

A Scanning Electron Microscopy (SEM) Quanta 200 FEG (FEI Com
pany, USA) in environmental mode equipped with an X-Max 80 N SDD 
detector was used to observe lignins and biocomposites, as well as for 
the elementary composition analysis of lignins. The voltage use for the 
sample was 3 kV and the spot size was 3.0. For the observations of 

biocomposites, the sample surfaces were prepared using a cryo- 
ultramicrotome (EM UC7, Leica). 

The densities of different lignins were measured using a helium 
AccuPyc 1330 pycnometer (Micromeritics). Three measurements were 
carried out for each sample. 

2.5. Lignin surface energy determination 

2.5.1. Theoretical aspects 
In this section the well-known Washburn approach derived from the 

capillary rise in a tube and applied to porous media is described. Based 
on this approach, the Jurin law and an extension of this law for porous 
media are presented. Hypotheses and assumptions in order to obtain 
reliable contact angles are given. The Owens and Wendt equation using 
contact angles to determine surface energy and components is also 
presented here. 

When the hypothesis of a visco-capillary regime is valid [54], the 
Washburn equation (Eq. (1)) describing the capillary rise of a liquid in a 
tube can be written as follows: 

h2(t) =
r⋅γL⋅cosθa⋅t

2⋅η (1)  

where h is the height travelled by the liquid front, r is the radius of the 
capillary tube, γL is the liquid surface tension, θa is the advancing contact 
angle, η is the liquid viscosity and t is the time of flow. 

The capillary rise is stopped when the capillary force is balanced by 
the liquid weight in the tube. From this equilibrium, the Jurin law (Eq. 
(2)) is obtained: 

heq =
2⋅γL⋅cos(θe)

r⋅ρ⋅g
(2)  

where heq is the equilibrium height of liquid column, g is the gravita
tional acceleration and θe is the equilibrium contact angle. 

The Washburn equation can be expressed as a function of the mass 
gained during the liquid rise and it has been modified for powders or 
porous media packed in a cylindrical column [44] (Eq. (3)): 

m(t)2 =

[
(cr)⋅ε⋅

(
πR2
)

2

2

]
ρ2⋅γL⋅cosθa

η t (3)  

where assuming the porous medium as a capillary tube arrangement, c is 
a parameter inversely proportional to the tortuosity and r is the mean 
capillary radius. The c r is defined as a geometric factor. R is the inner 
radius of the column (or the cylindrical sample holder), ε is the porosity 
of the medium and θa is the apparent advancing contact angle, repre
sentative of the interaction between the liquid and the porous medium 
during the capillary rise. 

Following the same approach used for Washburn equation, an 
extension of Jurin law for porous media packed in a column is proposed 
here. The Jurin law (Eq. (2)), is expressed as a function of the liquid mass 
at the equilibrium (meq) and modified for powders or porous media 
packed in a cylindrical sample holder (Eq. (4)): 

meq =
2⋅γL⋅cos(θe)

(cr)⋅g
ε⋅(πR2) (4)  

where θe is now an apparent equilibrium contact angle, representative of 
the liquid/porous medium interaction at equilibrium. It is important to 
point out that the proposed approach has not the aim to predict the 
equilibrium meniscus shape [55,56] because of the irregular three- 
dimensional morphology of used porous media. The benefit and the 
originality of using this approach consist in taking advantage of the 
recorded equilibrium mass achieved after capillary wicking to obtain an 
apparent equilibrium contact angle, representative of the liquid/porous 
medium interaction at equilibrium. 

It is well-known that the surface energy of a solid (γS) can be defined 

Table 2 
Biocomposites samples and lignins used.  

Sample name Lignin 

A untreated (Ref-Lig) 
B acetylated (Ac-Lig) 
C phosphorylated (P-Lig)  
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as the sum of two components: a dispersive component (γd
S) and a polar 

component (γp
S) (Eq. (5)): 

γS = γd
S + γp

S (5) 

Using at least two test liquids with known surface tensions (γL) and 
components (γd

L, γ
p
L) for contact angle measurements, the dispersive and 

polar components of solid surface energy can be determined with the 
Owens-Wendt equation (Eq. (6)): 

γS + γL − γSL = 2
(
γd

Sγd
L

)0.5
+ 2(γp

s γp
L)

0.5 (6)  

where γSL is the liquid/solid interfacial tension. Incorporating the 
Young-Laplace equilibrium equation in the Eq. (6) the equilibrium 
contact angle appears, as follows: 

γL(1 + cosθe) = 2(γd
Sγd

L)
0.5

+ 2(γp
s γp

L)
0.5 (7) 

Using more than two liquids with known surface tensions and com
ponents for equilibrium contact angles measurements, a linear form of 
Eq. (7) can be used to determine the solid surface energy and 
components: 

γL(1 + cosθe)

2(γd
L)

0.5 =
(
γp

s

)0.5(γp
L)

0.5

(γd
L)

0.5 +
(
γd

s

)0.5 (8) 

It is important to point out that for surface energy determination, 
equilibrium contact angles are defined in Eq. (7) and Eq. (8), might be 
significantly different from the advancing contact angles [57]. There
fore, for porous materials, using the apparent equilibrium contact angles 
obtained by the modified Jurin law could be an efficient solution to 
determine reliable surface energy and components. 

2.5.2. Experimental aspects 
The dynamic test of capillary wicking was carried out using a K100SF 

tensiometer (Krüss, Germany). The K100SF is provided with an elec
tronic microbalance (resolution of 10-7 g) where the sample holder 
containing the porous medium is clamped (Fig. 2A). The sample holder 
consists of a hollow cylinder with an inner radius of 4.6 mm and a 
graduated height of 20 mm (Fig. 2B). The samples were prepared in the 
same conditions. The sample holder was firstly washed with distilled 
water and secondly with acetone using sonication during 2 min. When 

the sample holder was dried, a paper filter was added. Then the lignin 
was inserted in the sample holder in order to achieve a filled height of 
10 mm. Knowing the density of each type of lignin (measured by the 
pycnometer) and the sample-holder volume that had to be filled, the 
lignin mass was determined in order to set the same powder volume 
fraction Vp for each test and lignin. A Vp of 45% (resulting in a porosity 
of 55%) was then chosen for all wicking tests. 

Wicking tests were carried out with reference, acetylated and phos
phorylated lignins using n-hexane, water, ethylene glycol and lactic 
acid. All tests were performed in standard conditions. Both modified 
Washburn equation (Eq. (3)) and Jurin law (Eq. (4)) were applied for 
these experiments in order to characterize the c r and the contact angles 
corresponding to each theory. 

Once the sample holder is clamped to the tensiometer, the vessel is 
moved. The liquid vessel rises at a speed of 0.5 mm/s up to detect the 
bottom surface of sample holder. At this moment the spontaneous 
capillary wicking of liquid into the porous medium occurs and the 

Fig. 2. A) Tensiometer, B) sample holder system, C) Wicking representation with dry and wet lignin.  

Fig. 3. Washburn linear fit of experimental test of reference lignin with n- 
hexane and Jurin squared equilibrium mass. 
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tensiometer records the squared mass gain as a function of time (m2 vs 
t). An example of experimental curve is given in Fig. 3 for the reference 
lignin with n-hexane. The Washburn equation is verified if the curves 
recorded by the tensiometer during capillary wicking (m2 vs t) have a 
linear trend. Firstly, n-hexane is used as totally wetting test liquid (cos θ 
is approximated to 1) which allows the determination of c r from fit of 
the experimental wicking curve (m2 vs t) with Eq. (3). Fig. 3 shows the 
Washburn linear fit on the experimental wicking curve for the reference 
lignin with n-hexane. In the same way, once c r is known, the linear fit of 
wicking curve with other liquids can be used to determine the apparent 
advancing contact angles according to Eq. (9). However, these equations 
are valid and the method is applicable only if experimental curves have a 
linear trend. More details about Washburn theory and experiences are 
given in [39,43,58]. 

cr = 2
(

m2

t

)
η

ρ2⋅γL⋅ε⋅(πR2)
2 andθa = cos− 1

(

2
(

m2

t

)
η

(cr)⋅ρ2⋅γL⋅ε⋅(πR2)
2

)

(9) 

It is now interesting to observe that the curve (Fig. 3) reaches an 
equilibrium weight (meq) due to the saturation of the porous medium by 
the test liquid. To apply the Jurin law this equilibrium mass can be used. 
Two cases can occur:  

(a) the equilibrium weight is obtained at a height inferior to the top
of powder (heq < 10 mm, Fig. 2C) with the observation of a
certain amount of dried powder at the top of the sample. This
configuration occurred for most of the tests.

(b) the powder is totally wetted and the equilibrium weight is then
forced at the top of the sample (heq = 10 mm). This occurred for
n-hexane, being a totally wetting liquid. In this case an angle of
0◦ is assumed.

As for the Washburn approach, also for the Jurin law application, the 
squared equilibrium mass (m2

eq) obtained with n-hexane was used for the 

calculation of the c r, according to Eq. (4) and assuming an apparent 
equilibrium contact angle of 0◦ (Fig. 3). Afterwards, the m2

eq obtained 
with the other test liquids were used to determine the apparent equi
librium contact angles, according to Eq. (10): 

cr =
2⋅γL⋅επ⋅R2

g⋅meq
and θe = cos− 1 meq⋅cr⋅g

2⋅γL⋅ε⋅π⋅R2 (10) 

It is important to note that, even if the Washburn hypotheses are not 
valid, the new Jurin approach described here will be applicable and an 
equilibrium contact angle will be identified, since one of the two cases a 
and b always occurs. 

3. Results and discussion

3.1. Lignin treatments characterization

The lignin treatments were firstly characterized to assess their effects 
on the physico-chemical properties of the lignin. Infrared analysis, TGA 
and EDX results indicate if the treatment is effective and if it has an effect 
on the thermal stability of the lignin. 

Infrared transmission spectra of the untreated and treated lignins are 
presented in Fig. 4 and they are in good agreement with literature data 
[59]. A large band between 3250 cm− 1 and 3500 cm− 1 corresponds to 
O–H stretching, due to the presence of hydroxyl groups. The two bands 
at 1591 and 1508 cm− 1 are corresponding to the vibration of the C––C 
bonds of the aromatic skeleton, and 1420 cm− 1 is corresponding to the 
C–H aromatic ring vibrations. Those bands are obtained in all spectra 
indicating that the different treatments do not alter the aromatic skel
eton of the lignin. Acetylated lignin (Fig. 4 in red) presents a reduction of 
the O–H stretch band and the intensity of the CH3– and CH2– is 
increased. The esterification results in a reaction with the hydroxyl 
groups leading to the formation of an alkanoate chain. At 1766 and 
1735 cm− 1 two bands, respectively corresponding to an ester C––O bond 
stretch and a ketone C––O bond stretch significantly increased. As found 

Fig. 4. FTIR transmission spectra of untreated and treated lignin.  
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by Fox et al. [35], a cluster of bands between 1150 and 1270 cm− 1 was 
observed. It is linked to the stretches of few bonds as C–C, C–O and 
C––O. This is therefore consistent with lignin acetylation. 

The phosphorylation aimed at the addition of phosphorus to the 
lignin macromolecule and, as seen in the Fig. 1, phosphorylation route 
adds two hydroxyls sites for one grafted phosphoric compound. FTIR 
spectra of phosphorylated and untreated lignin are shown in Fig. 4, 
respectively in blue and black. Some bands between 3300 and 3600 
cm− 1, attributed to the N–H and N–H2 bonds, appeared in the same 
wavelength range as the hydroxyl groups. It could then explain that the 
transmittance of the band in those wavelengths did not decrease. On the 
P-Lig spectra, the large bands attributed to OH stretching were also more
intense than Ref-Lig. This could be due to the OH added with the
phosphorylation and the presence of urea. Moreover, P-Lig presents at
1668 cm− 1 a band corresponding to the C––O bond of the urea. This
could indicate that: (i) the washing step was insufficient to eliminate
unreacted urea or (ii) C––O bonds between hydroxyl groups and carbon
atoms of urea were formed, as reported by Ji et al. [52]. An additional
peak observed at 1103 cm− 1 in P-Lig and not present in the reference
lignin was attributed to the stretch of P––O(OH) bond. This bond is
present in the phosphoric acid and probably in the phosphorylated
lignin. At 918 cm− 1, a peak appeared which can either belong to the
P–O bond of P––O(OH) group or to the P–O–C bond of a P–O-aro
matic structure. Peaks at 804 cm− 1 and 544 cm− 1 are attributed to the
urea. P-Lig seems to contain phosphorus that reacted and cross-linked to
the lignin hydroxyl groups.

Thermogravimetric analyses of all lignins are shown in Fig. 5 and the 
obtained results are detailed in Table 3. A thermal degradation in three 
steps was observed for the reference lignin. At 106 ◦C the evaporation of 
water physically adsorbed by lignin occurs. At this step, lignin is not 
thermally damaged, but it is dried. The temperature of initial degrada
tion (Ton-set) is around 288 ◦C for the reference lignin. Between 300 ◦C 
and 400 ◦C, a degradation of the linkage between lignin monomeric 
units such as the linkages β-β and C-C [39] with a maximal loss of − 1.95 
%/min is observed. Between 700 and 800 ◦C the degradation of the 
carbon backbone of the lignin occurs [39]. The char residue obtained for 
the reference lignin is around 53 wt% (Table 3). 

The acetylated lignin is dehydrated at 100 ◦C as seen with the dTG 

curve. However, the amount of evaporated water is significantly lower 
than for the reference lignin. The linkage degradation appears later than 
the alkali lignin with a peak of mass loss at 372 ◦C. However, the mass 
loss rate is drastically higher at − 2.98 %/min. The reason is probably 
that the acetylation is adding more C-C linkage that are thermally 
degraded. Moreover, the degradation of the carbon backbone is less 
significant here than for the reference lignin. At 900 ◦C the char residue 
is 44 wt%. The acetylated lignin Ton-set is 245 ◦C that is lower than for the 
Ref-Lig. Gordobil et al. [37] found that the Ton-set of acetylated lignin is 
higher (266 ◦C) than the commercial lignin (259 ◦C). This could be 
attributed to the difference of the lignin source and of the protocol of 
chemical treatment. However, the char residue for the acetylated lignin 
is 44%, which is also lower than the reference lignin. This value is 
consistent with those found in the literature [37]. The degradation 
around 200 ◦C is attributed to some residues of urea [52]. The first 
degradation step on Ac-Lignin is attributed to the chemical treatment. 
The chemical treatment adds some linkages able to degrade or catalyst 
the degradation of other linkages. 

Phosphorylated lignin presents a dehydration around 100 ◦C. Ton-set 
was 202 ◦C. The mass residue was 49 wt% at 900 ◦C. P-Lig shows a first 
step of degradation at 198 ◦C and a second step between 270 ◦C and 
340 ◦C. Prieur et al. [60] assumed that in the case of phosphorylated 
lignin, this degradation step is due to the dehydration of the lignin that is 
catalyzed by phosphorus-based chemicals. This third step could be due 
to the degradation of the lignin linkages. From P-Lig dTG curve it is 
possible to observe a fourth degradation step that occurred from 760 ◦C, 
which could be attributed to the lignin carbon backbone degradation 
that is delayed in comparison to the reference lignin. 

TGA and FTIR analysis showed that the esterification protocol 
applied for lignin acetylation was effective. TGA shows that the acety
lated and the phosphorylated lignins are less stable due to the chemical 
treatment. Phosphoric acid and urea are present with lignin as seen in 
the FTIR spectra and the TGA since urea degradation seems noticeable 
around 200 ◦C. TGA shows that the phosphorylated lignin is improving 
the char formation during a thermal degradation under N2. It is also 

Fig. 5. TG and dTG curves of untreated and treated lignins.  

Table 3 
TGA results for the different lignins.  

Samples Ton-set Residue Mass 
◦C % 

Ref-Lig 288 53 
Ac-Lig 245 44 
P-Lig 202 49  

Table 4 
Elementary composition of lignins.  

Lignin Elementary composition (wt%) 

C O S Na P N 

Ref- 
Lig 

57.1 ±
0.2 

32 ± 0.2 4.4 ±
0.0 

6.2 ±
0.1 

– – 

Ac-Lig 66.9 ±
0.1 

29.7 ±
0.2 

2.6 ±
0.1 

0.5 ± 0 – – 

P-Lig 36 ± 2.2 38.4 ±
1.0 

1.7 ±
0.1 

0.5 ± 2 13.8 ±
0.9 

8.6 ±
0.5  
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confirmed that the P-Lig is bringing phosphorus, which could be useful 
for the thermal stability of the biocomposite. 

Results of EDX analysis are shown in Table 4 for all lignins. An in
crease of the carbon content is observed for the Ac-Lig. This is due to the 
esterification of the lignin that is adding carbon source. Moreover, the 
esterification process seems to reduce the content of Na and S. P-Lig has 
nitrogen in its elementary composition due to the residues of urea, 
which is consistent with the results of FTIR spectra and TGA curves. P- 
Lig contains more oxygen that can be related to P––(OH)n bonds. The 
phosphorylation process removes a significant part of Na and a small 
part of S. 

SEM pictures in Fig. 6 show that the treatments on lignin modify the 
morphological aspect of Ref-Lig. Lignin of reference has a nodular shape. 
The treatments seem to dissolve a part of lignin and precipitate at the 
end of process. Ac-Lig exhibits an angular shape due to the grinding step. 
P-Lig presents a more different morphology, due to the precipitation of
lignin and the presence of urea crystals, recognizable by their needle
shape. The presence of these urea needles could have an effect on the
surface area analysis and particularly on the determination of c r. In
Table 5, results of measured density for all lignin are given. Acetylation
reduces lignin density, maybe due to the creation of porosity, while P- 

Lig shows a higher density. 

3.1.1. Characterization of cr and θ 
In this section, the results of capillary wicking tests on the different 

lignins with the test liquids are described. As previously mentioned, five 
tests were firstly performed with n-hexane (Fig. 7) in order to determine 
the c r for each lignin. It is possible to observe that the curves show a 
rapid wicking (less than 10 s) for untreated and treated lignins. All the 
samples were fully wetted showing a linear trend of wicking and the 
squared equilibrium mass was in a range between 0.0125 and 0.030 g2 

for all lignins. The slope of the curve (m2/t) and the equilibrium mass 
(meq) were then used for the respective calculation of c r based on 
Washburn and Jurin equations. As shown in Table 6, the Washburn c r 
are different following the treatment. However, the c r of Ac-Lig is quite 

Fig. 6. SEM pictures of the lignin (A) Ref-Lig, (B) Ac-Lig and (C) P-Lig.  

Table 5 
Density of lignins.  

Lignin Density 
g/cm3 

Ref-Lig 1.409 ± 0.001 
Ac-Lig 1.350 ± 0.002 
P-Lig 1.562 ± 0.006  

Fig. 7. Wicking curves with n-hexane for Ref-Lig, Ac-Lig, P-Lig.  
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similar to the c r of Ref-Lig, while the c r of P-Lig is significantly 
different. This seems to be consistent with the change of morphology of 
treated lignins (observed in Fig. 6). Assuming that the mean porous 
radius was the same for these tests, since the same Vp was set, the change 

of morphology should mainly affect the tortuosity of media and then the 
c parameter. Concerning the c r obtained by the Jurin law, they were 
found quite similar. In this case the c r derives from an equilibrium mass, 
then it does not consider the morphology and the tortuosity of media in 

Samples Washburn Jurin 

m2/t R2 cr  Mean cr  meq
2 Cr  Mean cr  

(g2/s)  m m (g2) (m) (m)

Linear fit from 0 to 5.6 s Mass2 at end of recording 
Ref-Lig 1 0.00227 0.9862 1.386E− 07 1.779E− 07 ± 3.37E− 08  0.01574  0.001093213 0.001068 ± 8.74E− 05 
Ref-Lig 2 0.00347 0.9926 2.118E− 07  0.02136  0.00093844 
Ref-Lig 3 0.00267 0.9975 1.629E− 07  0.01396  0.001160819 
Ref-Lig 4 0.00352 0.9968 2.149E− 07  0.01786  0.001026281 
Ref-Lig 5 0.00265 0.9995 1.618E− 07  0.01497  0.001120976  

Linear fit from 0 to 8 s Mass2 at end of recording 
Ac-Lig 1 0.00232 0.9946 1.416E− 07 1.647E− 07 ± 3.56E− 08  0.02963  0.000796785 0.0008334 ± 3.78E− 05 
Ac-Lig 2 0.00292 0.9969 1.782E− 07  0.02979  0.000794642 
Ac-Lig 3 0.00187 0.9939 1.141E− 07  0.02455  0.000875349 
Ac-Lig 4 0.0032 0.9982 1.953E− 07  0.02503  0.000866915 
Ac-Lig 5 0.00318 0.9871 1.941E− 07  0.02716  0.000832228  

Linear fit from 0 to 5.2 s Mass2 at end of recording 
P-Lig 1 0.00451 0.9917 2.753E− 07 2.942E− 07 ± 4.26E− 08  0.02899  0.000805532 0.0008428 ± 6.25E− 05 
P-Lig 2 0.00433 0.9924 2.643E− 07  0.02844  0.000813284 
P-Lig 3 0.00562 0.9838 3.430E− 07  0.02529  0.000862447 
P-Lig 4 0.00373 0.9975 2.277E− 07  0.02113  0.000943533 
P-Lig 5 0.0536 0.9958 3.272E− 06  0.03019  0.000789361  

Fig. 8. Wicking curves with water for Ref-Lig, Ac-Lig, P-Lig and liquid equilibrium height (dash line in red). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 7 
Results of wicking with water obtained by the Washburn equation and the Jurin law.  

Samples Washburn Jurin 

m2/t R2 θa  θa  m2
eq θe  θe  

(g2/s)  (◦) (◦) (g2) (◦) (◦)

Linear fit from 0 to 10 s Mass2 at 400 s 
Ref-Lig-1 0.0127 0.995  – –  0.175  34.52 38.29 ± 4.19 
Ref-Lig-2 0.0117 0.998  –  0.174  34.87 
Ref-Lig-3 0.0140 0.999  –  0.152  39.93 
Ref-Lig-4 0.0116 0.997  –  0.163  37.45 
Ref-Lig-5 0.00935 0.998  –  0.131  44.68  

Linear fit from 0 to 180 s Mass2 at 400 s 
Ac-Lig-1 0.000675 0.992  85.14 85.13 ± 0.24  0.179  49.52 52.29 ± 2.13 
Ac-Lig-2 0.000691 0.996  85.02  0.161  51.95 
Ac-Lig-3 0.000633 0.990  85.44  0.146  54.08 
Ac-Lig-4 0.000696 0.996  84.98  0.141  54.72 
Ac-Lig-5 0.000686 0.995  85.06  0.167  51.17  

Linear fit from 0 to 110 s Mass2 at 400 s 
P-Lig-1 0.000462 0.973  88.14 88.57 ± 0.32  0.0778  64.33 65.23 ± 1.98 
P-Lig-2 0.000275 0.992  88.89  0.0581  68.02 
P-Lig-3 0.000414 0.996  88.33  0.0858  62.95 
P-Lig-4 0.000296 0.997  88.81  0.0769  64.49 
P-Lig-5 0.000330 0.987  88.67  0.0667  66.36  

Table 6 
Results of geometric factors obtained by the Washburn theory and the Jurin law.  
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the same way, but it considers the liquid saturation of samples, that was 
similar with n-hexane. 

Using the respective c r, the determination of the contact angles was 
made applying both Washburn and Jurin approaches with the other test 

liquids, according to the experimental procedure. 
Fig. 8 shows wicking curves obtained for all lignins with water. A 

photo of one sample per lignin after the test is given to show the height 
reached by the liquid at the equilibrium. Table 7 shows the results of 
contact angles obtained with water from the Washburn equation (Eq. 
(3)) and the Jurin law (Eq. (4)). One can observe that Ref-Lig was almost 
fully wetted by water with a fast wicking. A linear trend of m2 vs t was 
found and the obtained cosines of θa were superior or equal to 1 for all 
tests, suggesting a total wetting (θa ≈ 0◦). Concerning the treated lignins, 
the wicking kinetics were slower and a linear trend was not found for the 
entire wicking curve, but up to respectively 180 s for Ac-Lig and 110 s 
for P-Lig. Considering these fits and the geometric factors, similar 
apparent advancing contact angles were found for Ac-Lig (85.13 ±
0.24◦) and P-Lig (88.57 ± 0.32◦). Contact angles were then calculated 
considering the squared mass reached at the equilibrium and applying 
the modified Jurin law (Eq. (4)). In this case, the geometric factors ob
tained with the same theory were used. For Ref-Lig and Ac-Lig that had 
similar equilibrium mass, the contact angles were found to be 38.29 ±
4.19◦ and 52.29 ± 2.13◦ respectively. The P-Lig showed a lower equi
librium mass of water, that was consistent with observed equilibrium 
height, and the apparent equilibrium contact angle was higher (65.23 ±
1.98◦). 

Fig. 9 shows wicking curves obtained for all lignins with ethylene 
glycol and photos of one sample per lignin after the test. One can observe 
that wicking kinetics were very different as a function of lignin. How
ever, no curves showed a linear trend and then the Washburn equation 
could not be applied to determine the advancing contact angles. The 

Fig. 9. Wicking curves with ethylene glycol for Ref-Lig, Ac-Lig, P-Lig and liquid equilibrium height (dash line in red). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 8 
Results of wicking with ethylene glycol obtained by the Jurin law.  

Samples Jurin 

m2
eq θe θe  

(g2) (◦) (◦)

Mass2 at 325 s 
Ref-Lig-1 0.0578  44.14 45.78 ± 4.26 
Ref-Lig-2 0.0497  48.31 
Ref-Lig-3 0.0547  45.72 
Ref-Lig-4 0.0664  39.73 
Ref-Lig-5 0.0445  50.99  

Mass2 at 325 s 
Ac-Lig-1 0.0240  68.83 67.52 ± 1.02 
Ac-Lig-2 0.0262  67.85 
Ac-Lig-3 0.0262  67.84 
Ac-Lig-4 0.0301  66.17 
Ac-Lig-5 0.0283  66.91  

Mass2 at 325 s 
P-Lig-1 0.147  25.41 26.8 ± 1.83 
P-Lig-2 0.138  28.96 
P-Lig-3 0.144  26.83 
P-Lig-4 0.149  24.64 
P-Lig-5 0.140  28.26  

Fig. 10. Wicking curves with lactic acid for Ref-Lig, Ac-Lig, P-Lig and liquid equilibrium height (dash line in red). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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reason is probably that a change in morphology occurs when the liquid 
is in contact with the lignin and then Washburn hypotheses (with a 
constant c r) are not valid [43,58]. This interaction between lignin and 
ethylene glycol was observed in the literature [61] and here, it causes a 
slight decrease of mass before achieving the equilibrium. Further studies 
have to be focused on this phenomenon. It is interesting to note that the 
saturation of medium was never achieved with the ethylene glycol and 

the liquid reached different heights depending on the lignin. Using the 
Jurin approach, the apparent equilibrium contact angles were then 
found. The results are presented in Table 8. The highest contact angle 
was found for the Ac-Lig, for which the equilibrium mass was the lowest. 
Conversely, the lowest contact angle was found for the P-lig, for which 
the liquid quasi-totally wetted the powder (a small quantity of dry 
powders was observed at the top of the sample). 

PLA is obtained from the polycondensation of lactic acid. Fig. 10 
shows wicking curves obtained for all lignins with lactic acid and photos 
of one sample per lignin after the test. It is possible to observe that the 
wicking kinetics were significantly different for the P-Lig compared to 
the Ref-Lig and the Ac-Lig. The Ref-Lig and the Ac-Lig seemed to show a 
faster wicking, but the liquid did not reach a high equilibrium height. On 
the contrary, for the P-Lig a very slow wicking with a linear trend 
occurred (a fit using the Washburn equation up to 3000 s was possible). 
In this case the lactic acid reached the top of sample at 4500 s with a 
complete wetting of the powder. According to the Jurin approach, the 
equilibrium squared mass was used to determine the equilibrium contact 
angle for each lignin, as shown in Table 9. According to these observa
tions, the equilibrium contact angle with lactic acid was 46.95 ± 2.66 for 
the Ref-Lig and 60.46 ± 2.28 for the Ac-Lig, while for the P-Lig cosines 
slightly superiors or equals to 1 were found suggesting that an angle of 
0◦ can be considered. All equilibrium contact angles obtained applying
the Jurin approach were finally used to determine the surface energy 
and the dispersive and polar components of lignins. 

3.1.2. Surface energy determination 
The surface energy and dispersive and polar components determi

nation of lignins is possible using the Owens-Wendt equation and 
apparent equilibrium contact angles obtained using the modified Jurin 

Samples Jurin 

m2
eq θe θe  

(g2) (◦) (◦)

Mass2 at the end of recording 
Ref-Lig-1 0.0436  44.83 46.95 ± 2.66 
Ref-Lig-2 0.0448  44.06 
Ref-Lig-3 0.0407  46.77 
Ref-Lig-4 0.0351  50.52 
Ref-Lig-5 0.0380  48.57  

Mass2 at the end of recording 
Ac-Lig-1 0.0286  63.39 60.46 ± 2.28 
Ac-Lig-2 0.0337  60.89 
Ac-Lig-3 0.0325  61.46 
Ac-Lig-4 0.0413  57.41 
Ac-Lig-5 0.0374  59.17  

Mass2 at the end of recording 
P-Lig-1 0.378  – – 
P-Lig-2 0.403  – 
P-Lig-3 0.430  – 
P-Lig-4 0.418  – 
P-Lig-5 0.446  –  

Fig. 11. Owens-Wendt linear fit using apparent equilibrium contact angles for Ref-Lig, Ac-Lig and P-Lig.  

Table 9 
Results of wicking with lactic acid obtained by the Jurin law.  
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approach for porous media. Fig. 11 shows the linear regressions ob
tained using the Eq. (8) for the Ref-Lig, Ac-Lig and P-Lig. n-hexane is 
added as totally wetting liquid with an angle of 0◦. It is possible to 
observe that the coefficient of determination (R2) was quite high for all 
lignins (superior to 0.9). The surface energy and the dispersive and polar 
components obtained from fits are presented in Table 10. 

Ref-Lig was found to have the highest surface energy (52.85 ± 3.03 
mN/m) with a very high polar component (39.25 ± 2.85). In the liter
ature, Notley et al. [62] found a quite similar surface energy (γs = 57.1 
mN/m) for a kraft lignin film using contact angles determined with a 
goniometer. Even if the two surface energy determination methods are 
different, the surface energies were close. However, the dispersive and 
polar components were not similar. The Ref-Lig is more polar, probably 
due to the OH and the Na + content. The Ac-Lig (γs = 40.81 ± 1.50 mN/ 
m) and the P-Lig (γs = 41.19 ± 1.76 mN/m) have a lower surface energy
with a widely reduced polar component. This is consistent with the fact
that the chemical treatments removed a part of Na and grafting new
functional groups on hydroxyl sites. Due to the effectiveness of treat
ments, the lignin clearly lost a large part of polar components. Reducing
the polarity of lignin should have a beneficial effect on the adhesion with
PLA that is a hydrophobic matrix [63]. P-Lig showed the lowest polar
component (17.88 ± 1.42 mN/m) and, in addition, an increase of the
dispersive component compared to Ref-Lig and Ac-Lig. This is due to the
addition of phosphorus, which has a heavier electron cloud and

facilitates instantaneous dipolar moments formation [64]. Finally, these 
results seem to be reliable and in agreement with results of other lignin 
characterizations. This proves that the modified Jurin approach coupled 
to an adapted experimental procedure for powders and porous media 
can be an effective and simple solution to determine suitable surface 
energy of these materials. Another interesting result is that the phos
phorylation, known to be efficient for improving thermal stability of 
composites [51,60,65], could be also promising to improve the adhesion 
at the lignin/PLA interface compared to the acetylation, which is already 
known as an efficient treatment for this aim. Knowing filler surface 
energy components is also relevant to determine the work of adhesion 
between the filler and the matrix [38,67]. For PLA matrix, surface ten
sion components should be determined at the molten state. However, as 
a first approximation, lactic acid dispersive and polar components could 
be used to calculate the work of adhesion. 

3.1.3. PLA/lignin interface observation 
The untreated and treated lignins were incorporated in PLA in order 

to observe the effect of the treatment on the adhesion at the interface 
between PLA and lignin. Fig. 12 shows SEM images of cryo- 
ultramicrotomed surfaces of biocomposites with Ref-Lig, Ac-Lig and P- 
Lig. 

On sample A, spherical lignin particles dispersed in the PLA matrix 
can be easily identified. Despite the high pressure, high temperature and 
the high shear rate imposed by the process, the particle shapes appeared 
unmodified and well dispersed into the polymer. However, the presence 
of gaps at the lignin/PLA interface indicates a poor interfacial adhesion 
due to the poor compatibility between the hydrophilic lignin and the 
hydrophobic PLA [66,67]. On the contrary, the SEM image of sample B 
shows a good adhesion between PLA and acetylated lignin. Ac-Lig is not 
removed from the matrix and the presence of “scratches” on lignin are 
due to the diamond knife of cryomicrotome and prove that the lignin 

Ref-Lig Ac-Lig P-Lig 

γd
s (mN/m)  13.60 ± 0.18 11.64 ± 0.14 23.31 ± 0.34 

γp
s (mN/m)  39.25 ± 2.85 29.17 ± 1.36 17.88 ± 1.42 

γs (mN/m) 52.85 ± 3.03 40.81 ± 1. 50 41.19 ± 1.76  

Fig. 12. SEM pictures of sample A, B and C.  

Table 10 
Surface energy and components of the different lignins.   
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4. Conclusion

As a conclusion of this work, lignin was successfully treated by two
different procedures: the acetylation and the phosphorylation. Lignin 
modifications due to both treatments were identified by FTIR, SEM-EDX 
and ICP characterizations. The thermal stability of lignins was also 
studied by TGA. Phosphorylation did not affect the thermal stability of 
the lignin in contrast with the acetylation that showed the lowest re
sidual mass. To determine equilibrium contact angles and obtain surface 
energy components of untreated and treated lignins, an adapted 
experimental procedure coupled to an original Jurin approach for 
porous materials was set. Capillary wicking tests with different liquids 
were carried out on different lignins. The proposed method using the 
new Jurin approach was compared to the Washburn approach for porous 
media. Results showed that the Washburn theory had some limits for the 
application to these materials, since some hypotheses were not respected 
or no longer valid (typically the non-linearity of wicking curves for 
which apparent advancing contact angles could not be obtained). On the 
contrary, the new proposed method was in all cases applicable and gave 
results of apparent equilibrium contact angles for all lignins with all 
liquids. These values were used to obtain the surface energy and 
dispersive and polar components of different lignins according to the 
Owens-Wendt equation. Surface energy results were found to be 
consistent with the literature and with lignins characterizations. This 
proved that the proposed method could be an effective and simple so
lution to determine suitable surface energy of powders and porous 
media. In further studies, the approach will be applied to other types of 
materials and at different scales in order to verify its larger or limited 
validity. Results for untreated and treated lignin surface energy were 
relevant, showing that the phosphorylation, known to improve the 
thermal behavior of lignin/PLA composites, also reduced the polarity of 
lignin. Moreover, the treatment increased the dispersive component of 
lignin compared to the acetylation. Then it could be potentially more 
effective to enhance the adhesion with the PLA matrix. Further studies 
about the enhancement of interface adhesion and the mechanical 
behavior of this interface represent the perspectives of this work. 
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