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Abstract: The dissolution and extraction of lignin from biomass represents a great challenge due
to the complex structure of this natural phenolic biopolymer. In this work, several surfactants (i.e.,
non-ionic, anionic, and cationic) were used as additives to enhance the dissolution efficiency of model
lignin (kraft) and to boost lignin extraction from pine sawdust residues. To the best of our knowledge,
cationic surfactants have never been systematically used for lignin dissolution. It was found that
ca. 20 wt.% of kraft lignin is completely solubilized using 1 mol L−1 octyltrimethylammonium
bromide aqueous solution. A remarkable dissolution efficiency was also obtained using 0.5 mol L−1

polysorbate 20. Furthermore, all surfactants used increased the lignin extraction with formic acid,
even at low concentrations, such as 0.01 and 0.1 mol L−1. Higher concentrations of cationic surfactants
improve the extraction yield but the purity of extracted lignin decreases.

Keywords: dissolution; extraction; lignin; lignocellulosic waste; maritime pine; surfactants

1. Introduction

The interaction of surfactants with macromolecules, such as proteins, dates from
the early 1950s [1]. This research focusing on these interactions was mainly triggered
by their biological relevance. Later, synthetic polymers with well-defined characteristics
appeared, and research was further extended to other polymer–surfactant systems. Due to
their uses in different applications, such as cosmetics, paints, foods, detergents, pesticides,
and pharmaceutics, polymer–surfactant systems have received a lot of attention in the last
several decades [2,3]. The combination of polymers and surfactants can offer myriad effects,
such as controlling interfacial properties, network formation, and rich phase behavior. The
latter effect is particularly relevant in the context of the solubilization of water-insoluble
polymers [4]. Lignin is an example of a polymer that is insoluble in water and many other
traditional solvents. This complex polyphenolic biopolymer is considered the second most
available macromolecule on Earth and works as a “natural glue,” holding together cellulose
and hemicellulose in the fibers of plant cell walls [5]. Lignin possesses great potential to
obtain value-added compounds, but its uses are still scarce; lignin is mainly burnt for energy
generation purposes [6]. As mentioned, lignin dissolution is complicated but frequently
required as a first step for several applications. Despite the dissolution limitations, several
solvent systems have been successfully developed [7]. In some cases, different additives
have proven to enhance lignin dissolution [8]. In this respect, surfactants are typically good
candidates to improve polymer solubilization, since their association with macromolecules
can turn them more hydrophilic, decrease hydrophobic interactions, introduce charges,
etc. Surfactant (and polymer) properties, such as hydrophobicity, chain flexibility, charge
density, and ionic strength, are expected to affect the binding and aggregation phenomena,
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and even control the dissolution process [9]. Despite being appealing, surfactant application
in lignin dissolution has been surprisingly scarce. Among the few reports, Xu et al. have
demonstrated the enhancement of lignin dissolution in aqueous-based systems containing
the nonionic surfactant tween 80 [10]. In another work, Norgren et al. have used bile acid
salts (a special class of biological surfactants) to successfully increase the solubility and
colloidal stability of kraft lignin [11]. The search for efficient lignin extraction methods is a
topic of great scientific and industrial interest. Lignin is an effective source of biomass, with
enzymatic hydrolysis being key to its use [12,13]. In lignocellulosic biomass processing, non-
ionic surfactants are typically used to enhance lignin extraction [14,15]. These surfactants
play the role of additives in the soda pulping of bagasse [16] and increase the yield of kraft
lignin removal in the precipitation step [17]. Non-charged surfactants, mainly the tween-
type, are important in enzymatic hydrolysis, and thus are widely used for the conversion
of lignocellulosic biomass into bioethanol. Other surfactant systems have been reported
to assist the enzymatic hydrolysis in different lignocellulosic biomass matrixes [18–26].
During these processes, lignin acts as a physical barrier to the enzymes and can even absorb
them via strong interactions (hydrophobic, electrostatic, and hydrogen-bonding) [27,28].
Surfactants facilitate the access of the enzyme to cellulose by removing the lignin [18].
The presence of surfactants not only may increase the reaction yield but also allows a
substantial reduction in the amount of needed enzyme (up to ca. 50%), while maintaining a
superior yield [23]. The surfactant efficiency in lignin removal can be influenced by several
factors, such as its critical micelle concentration (CMC) [22], the chemical and molar mass
properties of lignin [8], hydrolysis conditions [28], and substrate type [29].

To our knowledge, charged surfactants have never been used to dissolve lignin.
Thorough studies comparing several classes of surfactants are lacking. Therefore, in the
first part of this study, different cationic and anionic surfactants (Figure 1) were used in an
aqueous solution to dissolve model kraft lignin. Non-ionic surfactants were also tested for
comparison. In this first part, the interaction between lignin and a cationic surfactant was
also followed by electrical conductance, which has not been reported before. In the second
part of this study, the most promising surfactants used for model lignin dissolution were
tested as potential additives to improve the yield of lignin extraction from lignocellulosic
biomass (maritime pine sawdust).

Polymers 2021, 13, x FOR PEER REVIEW 2 of 14 
 

 

interactions, introduce charges, etc. Surfactant (and polymer) properties, such as hydro-
phobicity, chain flexibility, charge density, and ionic strength, are expected to affect the 
binding and aggregation phenomena, and even control the dissolution process [9]. De-
spite being appealing, surfactant application in lignin dissolution has been surprisingly 
scarce. Among the few reports, Xu et al. have demonstrated the enhancement of lignin 
dissolution in aqueous-based systems containing the nonionic surfactant tween 80 [10]. In 
another work, Norgren et al. have used bile acid salts (a special class of biological surfac-
tants) to successfully increase the solubility and colloidal stability of kraft lignin [11]. The 
search for efficient lignin extraction methods is a topic of great scientific and industrial 
interest. Lignin is an effective source of biomass, with enzymatic hydrolysis being key to 
its use [12,13]. In lignocellulosic biomass processing, non-ionic surfactants are typically 
used to enhance lignin extraction [14,15]. These surfactants play the role of additives in 
the soda pulping of bagasse [16] and increase the yield of kraft lignin removal in the pre-
cipitation step [17]. Non-charged surfactants, mainly the tween-type, are important in en-
zymatic hydrolysis, and thus are widely used for the conversion of lignocellulosic biomass 
into bioethanol. Other surfactant systems have been reported to assist the enzymatic hy-
drolysis in different lignocellulosic biomass matrixes [18–26]. During these processes, lig-
nin acts as a physical barrier to the enzymes and can even absorb them via strong interac-
tions (hydrophobic, electrostatic, and hydrogen-bonding) [27,28]. Surfactants facilitate the 
access of the enzyme to cellulose by removing the lignin [18]. The presence of surfactants 
not only may increase the reaction yield but also allows a substantial reduction in the 
amount of needed enzyme (up to ca. 50%), while maintaining a superior yield [23]. The 
surfactant efficiency in lignin removal can be influenced by several factors, such as its 
critical micelle concentration (CMC) [22], the chemical and molar mass properties of lignin 
[8], hydrolysis conditions [28], and substrate type [29]. 

To our knowledge, charged surfactants have never been used to dissolve lignin. 
Thorough studies comparing several classes of surfactants are lacking. Therefore, in the 
first part of this study, different cationic and anionic surfactants (Figure 1) were used in 
an aqueous solution to dissolve model kraft lignin. Non-ionic surfactants were also tested 
for comparison. In this first part, the interaction between lignin and a cationic surfactant 
was also followed by electrical conductance, which has not been reported before. In the 
second part of this study, the most promising surfactants used for model lignin dissolu-
tion were tested as potential additives to improve the yield of lignin extraction from lig-
nocellulosic biomass (maritime pine sawdust). 

Anionic 

Na+

S

O

O

O O-H
n

 

n = 8 Sodium octyl sulfate (SOS) 
n = 10 Sodium decyl sulfate (SDeS) 

n = 12 Sodium docecyl sulfate (SDS) 

Cationic 
N

Br

H

n  

n = 8 Octyltrimethylammonium bromide (OTAB) 
n = 10 Decyltrimethylammonium bromide (DeTAB) 

n = 14 Tetradecyltrimethylammonium bromide (TTAB) 
n = 16 Hexadecyltrimethylammonium bromide (CTAB) 

Non-ionic 

O
OHn

n = 9–10 Triton X-100 (TX-100) 

Figure 1. Cont.



Polymers 2021, 13, 714 3 of 13
Polymers 2021, 13, x FOR PEER REVIEW 3 of 14 
 

 

O
O

OH

O
O

O

O
OH

O
HO

w

x

yz  
w + x + y + z = 20 Polysorbate 20 (PS20) 

Figure 1. Molecular structures of the surfactants used in this work. 

2. Materials and Methods 
2.1. Materials 

Kraft lignin, sodium dodecyl sulfate (SDS), decyltrimethylammonium bromide (De-
TAB), hexadecyltrimethylammonium bromide (CTAB), and Triton X-100 (TX-100) were 
purchased from Merck (Algés, Portugal). Sodium octyl sulfate (SOS), sodium decyl sulfate 
(SDeS), and polysorbate 20 (PS20) were acquired from Fluka (Bunchs, Switzerland). Oc-
tyltrimethylammonium bromide (OTAB) was obtained from Tokyo Kasei Kogyo Co., Ltd. 
(Tokyo, Japan) and tetradecyltrimethylammonium bromide (TTAB) was purchased from 
LabKemi (Stockholm, Sweden). Sodium hydroxide (NaOH) was purchased from José 
Manuel Gomes dos Santos, Lda., (Porto, Portugal) and formic acid from Merck (Algés, 
Portugal). All the chemicals were used as received. Maritime pine (Pinus pinaster Ait.) 
sawdust was received from Valco - Madeiras e Derivados, S.A. (Leiria, Portugal) as a kind 
gift and was dried before further use. 

2.2. Conductivity Measurements 
The surfactant–lignin interactions (DeTAB surfactant was selected) were probed by 

electrical conductometry of different solutions using a Wayne–Kerr model 4265 Auto-
matic LCR meter (Wayne Kerr Electronics Ltd, Bognor Regis, United Kingdom), at 1 kHz 
and 25.00 °C. A dip-type conductivity cell, with a cell constant of 0.1002 cm−1 and an un-
certainty of 0.02%, was used [30]. The temperature was kept constant by using a HAAKE 
Phoenix II P2 thermostat bath (Thermo Fisher Scientific, Waltham, MA, US). In a typical 
experiment, 30 mL of water or lignin solution was placed in the conductivity cell and, 
after the thermostabilizing, aliquots of the DeTAB solution (1.5 mol L−1) were added step-
wise with a micropipette (50 μL). The experimental electrical specific conductance, κexp, 
was measured after each addition of surfactant and computed using an in-house-made 
software. The specific electrical conductance, κ, was obtained after subtracting the specific 
conductance of the solvent. 

2.3. Dissolution Efficiency 
The dissolution tests were performed with 20 wt.% model kraft lignin using different 

concentrations of surfactant. The solutions were stirred at 1000 rpm using a magnetic stir-
rer for 24 h at 20–25 °C. The dispersions were centrifuged at 14,000 rpm for 1 h and the 
supernatant was removed and diluted with 1 wt.% NaOH aqueous solution. The dis-
solved lignin content was obtained by measuring the absorbance of the diluted solution, 
at 288 nm, using a UV–VIS spectrophotometer, Shimadzu UV-2450 (Shimadzu Corpora-
tion, Tokyo, Japan). The results presented are the average of three samples. The dissolu-
tion efficiency was further evaluated by optical microscopy, Linkam LTS 120 microscope 
(Linkam Scientific Instruments Ltd., Tardworth, United Kingdom), and a QImaging sta-
tion,-QICAM Fast 1394 Digital Camera (Teledyne Photometrics, Tucson, AZ, US) was 
used for image acquisition. 

Figure 1. Molecular structures of the surfactants used in this work.

2. Materials and Methods
2.1. Materials

Kraft lignin, sodium dodecyl sulfate (SDS), decyltrimethylammonium bromide (DeTAB),
hexadecyltrimethylammonium bromide (CTAB), and Triton X-100 (TX-100) were purchased
from Merck (Algés, Portugal). Sodium octyl sulfate (SOS), sodium decyl sulfate (SDeS),
and polysorbate 20 (PS20) were acquired from Fluka (Bunchs, Switzerland). Octyltrimethy-
lammonium bromide (OTAB) was obtained from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,
Japan) and tetradecyltrimethylammonium bromide (TTAB) was purchased from LabKemi
(Stockholm, Sweden). Sodium hydroxide (NaOH) was purchased from José Manuel Gomes
dos Santos, Lda., (Porto, Portugal) and formic acid from Merck (Algés, Portugal). All the
chemicals were used as received. Maritime pine (Pinus pinaster Ait.) sawdust was received
from Valco - Madeiras e Derivados, S.A. (Leiria, Portugal) as a kind gift and was dried
before further use.

2.2. Conductivity Measurements

The surfactant–lignin interactions (DeTAB surfactant was selected) were probed by
electrical conductometry of different solutions using a Wayne–Kerr model 4265 Automatic
LCR meter (Wayne Kerr Electronics Ltd, Bognor Regis, United Kingdom), at 1 kHz and
25.00 ◦C. A dip-type conductivity cell, with a cell constant of 0.1002 cm−1 and an uncer-
tainty of 0.02%, was used [30]. The temperature was kept constant by using a HAAKE
Phoenix II P2 thermostat bath (Thermo Fisher Scientific, Waltham, MA, US). In a typical
experiment, 30 mL of water or lignin solution was placed in the conductivity cell and, after
the thermostabilizing, aliquots of the DeTAB solution (1.5 mol L−1) were added stepwise
with a micropipette (50 µL). The experimental electrical specific conductance, κexp, was
measured after each addition of surfactant and computed using an in-house-made soft-
ware. The specific electrical conductance, κ, was obtained after subtracting the specific
conductance of the solvent.

2.3. Dissolution Efficiency

The dissolution tests were performed with 20 wt.% model kraft lignin using different
concentrations of surfactant. The solutions were stirred at 1000 rpm using a magnetic
stirrer for 24 h at 20–25 ◦C. The dispersions were centrifuged at 14,000 rpm for 1 h and the
supernatant was removed and diluted with 1 wt.% NaOH aqueous solution. The dissolved
lignin content was obtained by measuring the absorbance of the diluted solution, at 288 nm,
using a UV–VIS spectrophotometer, Shimadzu UV-2450 (Shimadzu Corporation, Tokyo,
Japan). The results presented are the average of three samples. The dissolution efficiency
was further evaluated by optical microscopy, Linkam LTS 120 microscope (Linkam Scientific
Instruments Ltd., Tardworth, United Kingdom), and a QImaging station,-QICAM Fast 1394
Digital Camera (Teledyne Photometrics, Tucson, AZ, US) was used for image acquisition.
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2.4. Lignin Extraction and Purity Determination

Lignin was extracted from pine sawdust (1 g) using 10 mL formic acid and different
concentrations of surfactant. The mixtures were kept at 160 ◦C for 2 h in a paraffin bath.
Afterward, the liquid fraction was separated by vacuum filtration, and 500 mL of deionized
water was added to trigger lignin precipitation. After centrifugation, the collected solid
was dried with a freeze dryer. An experimental scheme of the lignin extraction can be
observed in Figure 2. The purity of the recovered lignin was determined by the sum of
the acid-insoluble and acid-soluble lignin, using the procedures LAP-003 and LAP-004,
respectively, by the National Renewable Energy Laboratory [31,32]. Briefly, ca. 0.1–0.3 g
of the extracted material was hydrolyzed with 3 mL of 72% H2SO4 for 1 h at 30 ◦C. Then,
the mixture was diluted with deionized water to 4% H2SO4 and placed in the oven at
121 ◦C for 1 h. The solution was cooled and vacuum-filtered with previously dried and
weighted filters. The total solid content was used to determine the insoluble lignin fraction.
The filtrate obtained was used to estimate the acid-soluble lignin content by measuring
the absorbance at 205 nm in a UV–VIS spectrophotometer, Shimadzu UV-2450 (Shimadzu
Corporation, Tokyo, Japan). All analyses (extraction and purity determination) were carried
out in duplicates.
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3. Results and Discussion
3.1. Lignin Dissolution

In the first part of this study, different surfactants were tested regarding their effect
on the dissolution of lignin (kraft lignin selected as a “model” lignin). As can be observed
in Figure 3, cationic surfactants strongly interact with lignin, thus impacting the dissolu-
tion efficiency. Two striking observations can be made: (1) the dissolution performance
remarkably increases above the critical aggregation concentration (CAC) of the surfactant,
and (2) longer aliphatic chains induce a superior interaction between lignin and the surfac-
tants, resulting in a lower CAC value [33,34]. Tetradecyltrimethylammonium bromide was
observed to have a stronger affinity with lignin and its effect on the dissolution efficiency
starts at lower concentrations. Note that the CMC of TTAB (0.00386 mol L−1 [35]) is lower
than DeTAB, while OTAB shows the highest CMC (0.22 mol L−1 [36]) because of its less
pronounced hydrophobicity. This effect demonstrates the important role of hydrophobic
interactions in the surfactant–lignin complex formation. The pronounced beneficial effect
of cationic surfactants in lignin dissolution is mainly driven by the favorable electrostatic
interactions between the positively charged surfactant headgroups and the ionized car-



Polymers 2021, 13, 714 5 of 13

bonyl groups of lignin [17]. The high electrostatic attraction has also been found to be
beneficial in other applications, such as in dye adsorption [37].
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Figure 3. Dissolution efficiency of kraft lignin in water as a function of cationic surfactants:
octyltrimethylammonium bromide (OTAB) (squares), decyltrimethylammonium bromide (DeTAB)
(circles), and tetradecyltrimethylammonium bromide (TTAB) (triangles).

In contrast to cationic surfactants, anionic surfactants have a modest effect on dis-
solution. Regardless of the anionic surfactant used (i.e., SOS, SDeS, and SDS), the lignin
dissolution is weakly affected and rather similar; at a surfactant concentration range be-
tween 0.1 and 0.5 mol L−1 (well above the CMCs), the dissolution efficiency is observed to
increase to 24%, while above this concentration (i.e., from 0.5 to 1.0 mol L−1) their effect
is very subtle—only a 4% improvement is observed (Figure 4). It is worth mention that
the obtained solutions have an average pH slightly higher (5.30–5.50) than the pKa of
carbonyl groups (pKa 4–5 [38]). Consequently, electrostatic repulsion between the ionized
carbonyl groups of lignin and the ionized sulfate groups of the anionic surfactants may
limit their interaction and eventual favorable effects on lignin dissolution. On the other
hand, such deprotonation of lignin carbonyl groups may give rise to the stretching of
the lignin structure, inducing the increase in its solubility [39]. Another possibility for
rationalizing the moderate increase in the lignin dissolution is related to the increase in
counter-ion condensation, both on the surfactant and lignin, as suggested elsewhere [40].

To better understand the role of ionic interactions on the lignin dissolution mech-
anism, nonionic surfactants were also tested. Two different non-ionic surfactants with
different molecular weights and CMCs, PS20 (CMC = 0.0489 mmol L−1 [41]) and TX-100
(CMC = 0.240 mmol L−1 [41]), were used at concentrations well above their CMCs. As it
can be observed in Figure 5, both non-ionic surfactants show a notable beneficial effect on
the lignin dissolution. Nevertheless, whilst the TX-100 reaches a dissolution efficiency of ca.
60% and becomes concentration-independent, the PS20 shows a sharp increase, between
0.1 and 0.5 mol L−1, reaching 100% dissolution efficiency for the higher concentrations.
The reason for the observed behavior can be related to the relative number of ethylene and
hydroxyl groups in TX-100 and PS20, and the occurrence of hydrogen bonds between the
ethylene oxide and hydroxyl units from the surfactants and the hydroxyl groups of the
lignin. Those interactions give rise to the formation of lignin–surfactant complexes, similar
to those described for guar gum [42]. Lignin contains both hydrogen bond donors and ac-
ceptor groups, and it is thus capable of forming intra- and intermolecular hydrogen bonds.
The presence of the nonionic surfactants may compete and/or break some of the intra- and
intermolecular hydrogen bonds among lignin molecules, driving its dissolution [43].
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Figure 4. Dissolution efficiency of kraft lignin in water as a function of the anionic surfactants sodium
octyl sulfate (SOS) (black), sodium decyl sulfate (SDeS) (gray), and sodium dodecyl sulfate (SDS)
(light gray).
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Figure 5. Dissolution efficiency of kraft lignin as a function of polysorbate 20 (PS20) (squares), and
Triton X-100 (TX-100) (circles).

Several techniques have been used to study the interaction between different polymers
and surfactants, such as small-angle neutron scattering [44], fluorescence [45], specific con-
ductivity [46], dynamic light scattering [47], surface tension [48], NMR spectroscopy [49,50],
and rheometry [42,51]. To elucidate the dissolution mechanism, the surfactant–lignin inter-
actions were further evaluated by conductimetry. It is important to emphasize that electrical
conductivity is an important tool to unravel polymer–surfactant interactions [52]. Among
the tested surfactants, the cationic DeTAB was selected due to its striking beneficial effect
(see Figure 3) and availability. In Figure 6, the electrical conductance of DeTAB in water, in
the presence and absence of lignin, is represented. The variation in κ with the concentration
of DeTAB shows an expected profile with two linear regions, at pre- and post-CMC regions,
with an estimated CMC of 0.065 (± 0.005) mol L−1, in agreement with the literature [53,54].
In the presence of 10 wt.% kraft lignin, the conductometric behavior of DeTAB changes
significantly, and two remarks are worth noting: (1) the electrical conductivity is lower
than in the absence of lignin, which may be related to an increase in the viscosity or due to
the surfactant–polymer attractive interactions inducing some charge neutralization (this is
consistent with the decrease in the slope of κ=f ([DeTAB]) [55], and (2) the dependence of κ
with [DeTAB] shows three inflection points rationalized as follows. The first one, occurring
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at a DeTAB concentration around 0.015 mol L−1, can be assigned to the CAC [56] relative
to polymer-free micelle formation, which marks the onset of the association between the
polymer and the surfactant; the second inflection point corresponds to the polymer satura-
tion point (PSP), attributed to the surfactant concentration needed to saturate the polymer
chains [34,57–59]. Between CAC and PSP, a dynamic equilibrium between surfactant-
saturated polymer and micelles exists [52]. Above the PSP, the surfactant in excess forms
regular free micelles, in dynamic equilibrium with the polymer–surfactant complexes [57].
This is in line with a third inflection point, which is justified by the micelle formation
and corresponds to the so-called “apparent critical micelle concentration” (CMC*) of the
DeTAB. The effect of lignin concentration on the micellization properties of DeTAB is
shown in Table 1. The CAC values decrease with lignin concentration since the association
between lignin and the surfactant becomes more favorable [59]. On the other hand, the PSP
values increase with lignin concentration because of the higher polymer chains/surfactant
micelles ratio. This phenomenon has been observed in other systems [34,58,59]. It can also
be seen that the formation of surfactant micelles, at concentrations above the CMC, cannot
be justified on thermodynamic grounds. However, once the polymer favors the interaction
with the surfactant, it should be expected that surfactants consumed in the interaction are
subtracted from the CMC*; consequently, the effective CMC of DeTAB in the presence
of lignin should be calculated as CMC’ = CMC*- PSP (see Table 1). A deeper analysis of
the effect of the DeTAB micellization can be done based on the standard Gibbs energy of
micellization, ∆G0

m
∆G0

m = (2 − α)RTlnX (1)

where R is the gas constant and X is the mole fraction of the surfactant at the CMC. The
variable α represents the degree of dissociation of counterions which, in the present case, is
computed as the slope of the electrical conductance data as a function of surfactant concen-
tration, at the post-micelle region, and pre-CAC region, following the recommendations
of Zanette et al. [60]. Based on the values reported in Table 1, and although the data are
somewhat scattered, it is possible to conclude that lignin, at the lowest concentration, leads
to the formation of more stable DeTAB micelles, with the ∆G0

m ca. 14% lower than that
obtained for the lignin-free micellization of DeTAB; this is also driven by a very low α,
suggesting the occurrence of highly dense micelles in the presence of lignin. This result
agrees with the highest solubility found for this lignin concentration.
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Figure 6. Specific conductivity of DeTAB at different concentrations in water (empty squares) and
in an aqueous solution of 10 wt.% kraft lignin (full squares). The different transition regions high-
lighted (i.e., critical aggregation concentration (CAC), polymer saturation point (PSP), critical micelle
concentration (CMC), and apparent critical micelle concentration (CMC*)) are described in the text.
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Table 1. The CMC, CAC, and PSP of DeTAB for different initial concentrations of lignin obtained from the conductivity
data at 25 ◦C.

Kraft Lignin (wt.%) CAC (mol L−1) PSP (mol L−1) CMC’ (mmol L−1) ∆G0
m (kJ mol−1)

0.0 0.065 ± 0.005 * - 64.6 −29.8
0.1 0.020 ± 0.002 0.036 ± 0.004 48.0 −33.9
1.0 0.020 ± 0.002 0.040 ± 0.006 70.0 −31.2
2.5 0.018 ± 0.002 0.039 ± 0.006 52.0 −32.5
5.0 0.018 ± 0.002 0.041 ± 0.007 72.0 −30.9

10.0 0.015 ± 0.002 0.049 ± 0.002 53.0 −28.9

* This value corresponds to the CMC of DeTAB in the absence of lignin.

3.2. Lignin Extraction

In the first part of this study, several surfactants were tested regarding their effect on
lignin dissolution. Among them, the non-ionic PS20, cationic CTAB, and the anionic SDS
were selected and used as additives to improve the lignin extraction from pine sawdust.
The solvent used was formic acid (98–100%) [61], to guarantee that the phenolic hydroxyl
and carbonyl groups are protonated. Note that CTAB was selected for the extraction trials
due to the higher availability and solubility of this surfactant in the acidic solvent. As can be
observed in Figure 7, the SDS and PS20 have a positive effect on the extraction yield at lower
concentrations (i.e., at concentrations lower than 0.1 mol L−1). Higher amounts of these
surfactants have a negative effect on the extraction yield, due to the presence of micelles.
On the other hand, the addition of CTAB in a concentration range from 0.01 to 1 mol L−1

leads to an enhanced lignin extraction; the extraction yield has a threefold increase when
the concentration increases from 0 to 0.6 mmol L−1. Nevertheless, the increase in surfactant
concentration favors the extraction of impurities, such as sugars [62,63], proteins, and
minerals [64]. This is verified by the gradual decrease in lignin purity, from 87 (± 1)
to 61 (± 2) %, using 0.01 and 1 mol L−1, respectively. The same trend was observed
using SDS and PS20, with the lignin purity decreasing from 80.1 (± 0.9) to 72 (± 1) %
for SDS and from 79 (± 1) and 73.4 (± 0.6) % for PS20, using 0.01 and 0.1 mol L−1 of
each type of surfactant, respectively. In previous studies, using a related acid solvent
(H2SO4 (aq.)), the addition of sodium dodecylbenzene sulfonate (SDBS), tween 80, and
dodecylbenzene sulfonic acid (DDBSA) were also observed to increase the lignin extraction
from biomass [14,15]. Hamzeh et al. used non-ionic surfactants in soda pulping and
verified that, in most cases, increasing amounts of surfactants decreases pulping yields
and delignification rate [16]. It is suggested that the prevalent forces are hydrophobic and
π –π interactions driving the lignin molecular backbone to contract and clamp adsorbed
the surfactant [39]. The addition of surfactants improves penetration efficiency through
wetting and emulsifying-like effects [65,66].

The lignins recovered using 0.01 mol L−1 of surfactant were analyzed by FTIR
and TG, and the results compared with lignin recovered without surfactant. Charac-
teristic bands of lignin were found in all extracted lignins (Figure 8): O-H vibrations
(3200–3500 cm−1) [67]; CH stretching in aromatic methoxyl or methylene groups of side
chain (2925–2940 cm−1) [68]; CH vibration of -OCH3 groups (2840–2870 cm−1) [68]; C=O
stretching in unconjugated ketone, carbonyl, and in ester groups (1716 cm−1) [69]; aromatic
skeletal vibrations plus the C=O stretch (1600 cm−1) [69]; aromatic skeleton vibration
(1506 cm−1) [69]; C-H bending from methyl or methylene groups (1455 cm−1) [68]; aro-
matic skeletal vibration combined with CH asymmetric deformation of methyl groups
(1423 cm−1) [69]; guaiacyl ring breathing with CO stretch in lignin; CO linkage in guaiacyl
aromatic methoxyl groups (1266 cm−1) [68]; aromatic C-H in plane deformation plus sec-
ondary alcohols plus C=O stretch (1142–1152 cm−1); C-O deformation in secondary alcohol
and aliphatic ethers (1082–1088 cm−1) [69]; aromatic C-H in-plane deformation plus C-O
deformation in primary alcohols; and C=O stretch (unconjugated) (1029 cm−1) [69].
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Figure 7. Yield of the recovered lignin using different concentrations of SDS (black), hexade-
cyltrimethylammonium bromide (CTAB) (gray), and PS20 (light gray).
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Figure 8. Normalized FTIR spectra of lignin obtained after extraction with (a) formic acid and
0.01 mol L−1 of (b) SDS, (c) CTAB, and (d) PS20.

Depending on the solvent and operational conditions used in the extraction, the lignin
structure may differ. In this case, the spectrum of extracted lignin using SDS as an additive
is very similar to the one of lignin extracted with only formic acid (surfactant-free). Using
CTAB and TX-100, it is possible to observe some changes in the relative absorbance in the
characteristic bands of lignin.

The thermal decomposition profiles of the recovered lignins are shown in Figure 9.
Using SDS, the extracted lignin has a peak at 137 ◦C, due to the volatilization of low-
molecular-weight compounds in addition to removal of water [67]. This value shifts to
163 ◦C for the lignin obtained with the other surfactants and the intensity is much lower.
Using CTAB, the lignin obtained contains hemicellulose impurities, due to the peak at
237 ◦C [70]. All lignins show a temperature at the maximum rate of weight loss between
373 and 382 ◦C, due to the fragmentation of inter-unit linkages [71]. These values are
in accordance with those found for other lignins (from 300 to 450 ◦C) [70]. The larger
proportion of weight loss between 200 and 600 ◦C, observed in lignin recovered without
surfactant and with SDS, can be attributed to the presence of carbohydrates [72].
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4. Conclusions

In this study, a systematic analysis on the effect of different surfactants on the dissolu-
tion of model kraft lignin and their influence on lignin extraction from lignocellulose waste
(maritime pine sawdust) was conducted. Overall, surfactants proved to be remarkable
additives to enhance kraft lignin dissolution and boost lignin extraction from biomass.
Using cationic amphiphiles, the dissolution efficiency is proportional to the concentration
of surfactant, being possible to fully dissolve the initial amount of lignin (i.e., 20 wt.%). A
much less significant effect was observed when using anionic surfactants with a maximum
dissolution efficiency of ca. 30% (0.9 mol L−1 SDS). With non-ionic surfactants, it was
possible to completely dissolve lignin using 0.5 mol L−1 PS20. The data suggests that the
hydrophobic interactions play an important role in the surfactant–lignin complex forma-
tion. This effect is boosted by the favorable electrostatic interactions between the cationic
surfactants and ionized lignin, while it is decreased when anionic surfactants are used due
to the repulsion between likewise charges. At low surfactant concentrations (i.e., 0.01 and
0.1 mol L−1), all surfactants studied are observed to have a positive effect on lignin extrac-
tion from biomass. The increase in surfactant concentration only proved to be beneficial
in the extracted lignin yield when using CTAB. Nevertheless, the higher extraction yield
is also followed by a growing number of impurities. Therefore, this implies a fine-tune
control to strictly balance the yield and purity regarding the hypothetical final applications.
This work not only introduces the usefulness of surfactants as valuable additives in lignin
dissolution and extraction but also sheds light on the mechanisms of dissolution/extraction
and the concomitant role of electrostatic and hydrophobic interactions. This knowledge is
of critical importance for the future development of more efficient dissolution/extraction
strategies, thus paving the way for lignin valorization.
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