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ARTICLE INFO ABSTRACT
Keywords: Colloidal lignin particles (CLPs) have increased interest as green and sustainable materials for Pickering stabi-
Lignin lizers, with particle design being an important step towards their effective use. In this context, the antisolvent

Colloidal Particles
Screening Design
Process Variables Effects
Pickering Stabilizers

precipitation method was selected to conduct a study aiming at understanding the effect of process variables
(initial lignin concentration, antisolvent pH, final ethanol concentration, and antisolvent addition rate) on
particle size, zeta potential, color parameters, and contact angle. Moreover, their Pickering stabilizing potential
was preliminarily screened. The evaluation using a Fractional Factorial Design revealed that the particle size is
significantly influenced by the initial lignin concentration (as it increases, larger particles are obtained) and the
final ethanol concentration (as it increases, smaller sizes result). The zeta potential is significantly affected by the
antisolvent pH and the initial lignin concentration; the increase in both parameters results in higher negative
values. The color is significantly dependent on the used initial lignin concentration (as it increases, particles
become lighter and the yellowish accentuates) and the antisolvent pH (as it increases, particles become darker).
Both initial lignin concentration and final ethanol concentration increase promote hydrophobicity, whereas
increasing the antisolvent pH and its addition rate turns particles more hydrophilic. Through this strategy, it was
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possible to achieve CLPs with promising Pickering stabilizing potential, putting in evidence the importance of
understanding the production process to design effective particles for target applications.

1. Introduction

Lignin, the most abundant aromatic biopolymer in nature, has
attracted increased attention over the years due to its potential as a
renewable raw material to produce aromatic compounds and materials
[1,2]. It is mainly available as technical lignins derived from the
by-products of the paper/pulp and bioethanol industries, being pro-
duced in amounts reaching millions of tons per year [3]. Despite this
high potential, more than 95 % of the black liquor in the pulp and paper
industry is still burned to recover energy. Searching for new
high-value-added alternatives is essential for establishing biorefineries
and adopting a circular bioeconomy [2,4]. Lignin contributes to carbon
fixation in materials, minimizing global warming and being an alter-
native to fossil-based compounds [5,6].

The potential of lignin has been proven in a wide range of applica-
tions, including biofuels, binders, dispersants, polymeric materials, and
packaging [7,8]. However, its use as a raw material can face limitations
due to its highly complex and random structure and low water solubility
[8]. In this context, colloidal lignin particles (CLPs) production has been
addressed as a promising strategy since they can turn lignin
water-dispersible without any chemical modification. Moreover, the
particles’ high surface area-to-volume and shape positively affect lignin
properties, increasing antioxidant and UV protection, antimicrobial ac-
tivity, and thermal stability [6,9,10].

Among the numerous applications of CLPs, their use as Pickering
stabilizers has gained interest due to their ability to be adsorbed at the
oil-water interfaces promoting emulsion stabilization [11]. Lignin-based
Pickering stabilizers are a potential alternative to conventional synthetic
surfactants due to their biodegradability and renewability. Besides that,
this new focus expands lignin’s applications to areas such as cosmetics,
pharmaceuticals, and food [6,12]. For example, Bertolo et al. [13]
prepared kraft and organosolv lignin particles to be used as Pickering
stabilizers to produce curcumin-loaded emulsions, potentiating the
pharmacological attributes of this polyphenol, and Cuthill et al. [14]
extracted lignin from cocoa shells to prepare colloidal lignin-rich par-
ticles, which were applied as Pickering stabilizers in emulsions for food
applications.

Using lignin particles as Pickering stabilizers implies the need to
control the CLPs production process. Among the various available
techniques, antisolvent precipitation is the most used method due to its
simplicity, low cost (dependent on the used solvent), ability to control
the particle size and morphology, and ability to achieve high particle
yields [5,15]. The method comprises lignin solubilization in an aqueous
organic solvent, followed by adding water as an antisolvent to decrease
solubility. This step promotes lignin precipitation and self-assembling
into small particles to minimize the surface area in contact with the
antisolvent [4-6]. The selection of the organic solvent must consider
aspects such as cost, toxicity, environmental impact, and other hazards,
which may result in limitations for CLPs industrial scale-up and use in
bio-applications. In this context, most published works had applied toxic
solvents such as tetrahydrofuran [16-18], methanol [19,20], and
dimethyl sulfoxide [13,21]. The use of ethanol, considered a green,
biocompatible, and cost-effective solvent, started to be reported more
recently [2,8,22,23].

To optimize CLPs production, the impact of the process variables on
the particles’ properties must be identified and understood [6]. For
example, it has been reported that the initial lignin concentration in-
fluences the particle size and stability, with particles starting to aggre-
gate and sediment after a specific concentration [2,7,24]. For this

reason, most studies do not surpass the use of 10 g/L [14,22]. Further-
more, the final solvent concentration, i.e., the solvent concentration
after the antisolvent diluting step, is also a relevant parameter influ-
encing particle formation, size, and stability [2,6,25]. Leskinen et al.
[25], in a work producing CLPs from a kraft lignin by nanoprecipitation
from THF-water systems, observed that stable particles were only
formed when the final THF concentration was within 25 %— 20 % (v/v).
It was also reported that the antisolvent addition rate impacts the par-
ticle size [25]. The antisolvent pH can also be a relevant variable,
influencing particle formation and stabilization mechanisms due to its
effect on lignin electrostatic interactions [25-27]. However, this
parameter is often neglected and rarely addressed in the published
literature, as pointed out by Osterberg et al. [6] in a recent literature
review.

In this context, this work aimed to perform a screening design using a
Fractional Factorial Design (FFD) to understand the individual effect of
process variables on CLPs’ properties, including their potential to act as
Pickering stabilizers and identify the most significant ones. For this, the
antisolvent precipitation method was applied with a commercial kraft
lignin, Indulin AT, and ethanol, a green and recyclable solvent alter-
native. The process variables were the initial lignin concentration, the
antisolvent pH, the final ethanol concentration, and the antisolvent
addition rate. As CLPs’ properties (FFD responses), the particle size, zeta
potential, contact angle, and color (important sensorial attribute, e.g.,
for cosmetic applications) were selected. Moreover, the CLPs’ ability to
act as Pickering stabilizers was accessed. Even though studies addressing
the evaluation of process variables can be found in the literature, to the
authors’ best knowledge, this is the first one where a systematization of
their effects was performed. This strategy presents several advantages,
helping to design and prepare tailored CLPs for target applications, e.g.,
Pickering stabilizers, an emerging field of cosmetic and food
applications.

2. Materials and methods
2.1. Materials

Indulin AT, kindly supplied by Ingevity™, is a purified form of kraft
pine lignin (purity 97 %). Citrate phosphate buffer solutions with a
molarity of 0.1 mol/L were prepared using di-sodium hydrogen phos-
phate anhydrous (Panreac, Spain) and citric acid (Merck, Germany).
Sodium hydroxide (NaOH) and hydrochloric acid (HCl, 37 %) were
purchased from Sigma-Aldrich (Germany). Ethanol absolute (purity >
99.8 %) was purchased from Riedel-de Haén (Germany). Miglyol 812
was purchased from Acofarma (Spain). The used water was distilled
water.

2.2. Screening design for CLPs production

Screening design is a robust statistical tool used to analyze the in-
dividual effect and statistical significance of process variables on target
responses, using a reduced number of experiments [28]. A Fractional
Factorial Design (FFD) including 2% assays plus three central points
(total of 11 experimental runs) was applied to evaluate the effect of four
independent variables (initial lignin concentration (x;, g/L), antisolvent
PH (%), final ethanol concentration (x3, v/v), and antisolvent addition
rate (x4, mL/min), on selected responses (particle size (nm), zeta po-
tential (mV), color (expressed using CIELAB space), and contact angle

).
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The initial lignin concentration was set from 10 to 50 g/L to consider
the production of concentrated particle dispersions. Most reported
studies are limited to 10 g/L, being this parameter an essential point
from an industrial perspective. The antisolvent pH was set from 4 to 8,
guaranteeing an extensive range to inspect the effect of this variable.
The antisolvent addition rate was established from 6 to 14 mL/min
(corresponding to a dilution rate from 0.15 to 0.35 min~'; Dilution
rate=Addition rate/Initial volume). Although faster addition rates have
been applied in other studies [2,25], the selected range was considered
suitable for the used experimental scale (initial volume of lignin solution
= 40 mL). Under these conditions, the antisolvent (volume from 22 to
147 mL), is added between 1 and 25 min. The same production time can
be reached for higher scales by determining the antisolvent addition rate
needed for the same dilution rate. The final ethanol concentration was
defined from 15 % to 45 % (v/v), based on other reported works sup-
porting the successful formation of particles in this range [2,25].

The coded levels (real values in parentheses) for the defined 11
experimental runs are presented in Table 1. The reproducibility of the
process was checked by doing 3 replicates at the central point (Runs 9,
10, and 11). From the FFD 2%} the statistically significant variables at a
10 % significance level (p-value < 0.10) were identified, and the effects
were generated by TIBCO Statistica 12 software (Statsoft Inc, USA). The
defined experimental runs were executed randomly.

2.3. CLPs preparation procedure

The CLPs were produced based on the experimental procedure re-
ported by Sipponen et al. [2] with some modifications. Firstly, a solu-
bility screening using the highest studied concentration (50 g/L) was
performed to define the most appropriate ethanol/water ratio to solu-
bilize the lignin. For the ethanol/water ratio of 70/30 (v/v), a soluble
fraction of 92 % (46 g/L) was achieved, guarantying complete solubi-
lization for lower concentrations. Considering the nature of the anti-
solvent (buffer solutions with the presence of salts), its addition can
further facilitate lignin solubilization, and thus the 50 g/L samples were
also considered in the study. Then, lignin solutions (40 mL) were pre-
pared under stirring for 10 min (500 rpm, magnetic stirrer) at the
desired initial lignin concentration. The antisolvent (an aqueous
phosphate-citrate buffer solution with the needed pH) was added to the
lignin solution at a controlled addition rate using a syringe pump (KDS
200, KD Scientific, USA). The amount of the added antisolvent was
varied to reach the planned final ethanol concentration. Finally, the
ethanol was removed and the resultant CLPs dispersions were concen-
trated up to the initial volume (40 mL) in a rotary evaporator (Biichi
R-11, Biichi, Switzerland) at 60 °C and 180-140 mbar, then stored at
room temperature protected from light. By doing this step the final
lignin concentration will be the same as the initial lignin concentration.
The complete conditions used to prepare the CLPs are reported in

Table 1

Coded levels (real values in parentheses) for the experimental design (initial
lignin concentration (x;, g/L), antisolvent pH (x3), final ethanol concentration
(x3, % v/v), and antisolvent addition rate (x4, mL/min)).

Process variables

Run X1 Xo X3 X4

1 -1(10) 14) -1 (15) -1(6)

2 +1 (50) 14 -1 (15) +1(14)
3 -1(10) +1(8) -1 (15) +1(14)
4 +1 (50) +1(8) -1 (15) -1(6)

5 -1(10) 14 +1 (45) +1(14)
6 +1 (50) 14 +1 (45) -1(6)

7 -1 (10) +1(8) +1 (45) -1(6)

8 +1 (50) +1(8) +1 (45) +1 (14)
9 0 (30) 0(6) 0 (30) 0 (10)
10 0 (30) 0 (6) 0 (30) 0 (10)
11 0 (30) 0(6) 0 (30) 010
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Table 1.
2.4. CLPs particle size determination

The particle size of the CLPs was measured by laser diffraction using
a Mastersizer 3000 equipped with a Hydro MV dispersion unit (Malvern
Instruments Ltd., United Kingdom). The refractive index and absorption
of the particles were set to 1.6 and 0.1, respectively, following published
data [24,29]. CLPs were added as such in the dispersing media (distilled
water) until achieving an obscuration of about 3.5 %, at a rotation of
2000 rpm, and at room temperature. Five consecutive measurements
were done for each sample. The results were expressed as number-size
distributions, and the median particle diameter (D50) was used for
size analysis. The results are reported as average + standard deviation
(SD).

2.5. CLPs zeta potential determination

The zeta potential of the CLPs was determined by particle electro-
phoresis using a Nano-ZS Zetasizer instrument (Malvern Instruments
Ltd., United Kingdom) equipped with a standard DTS1070 disposable
folded capillary cell. For the assays, the samples were diluted in distilled
water at 2.5 g/L. All measurements were carried out in triplicate at room
temperature using values of 1.6 and 0.1 for the refractive index and
absorption, respectively. The results are reported as average + SD.

2.6. CLPs color attributes

The color of the CLPs was measured using a colorimeter CR-400
(Konica Minolta, Japan), where the L*, a*, and b*(CIELAB space)
color parameters were determined. CLPs dispersions were gently stirred
to obtain a representative homogeneous suspension sample for the color
measurements. The measurements were performed in triplicate, and the
results are reported as average + SD.

2.7. Contact angle measurements

The water-in-air contact angle of the CLPs, taken as an indicator of
their hydrophilic character, was determined using an optical contact
angle device (Theta Lite 100, Biolin Scientific, Sweden). For the analysis,
CLPs were dried in an oven at 70 °C for at least 24 h, and pristine lignin
was used as such. Then, pellets with a diameter of 13 mm and a thickness
of about 1 mm were prepared using a hydraulic press (Specac Ltd.,
United Kingdom) at 10 tonnes for 2 min. The pellets’ surface was pre-
viously checked by optical microscopy (Nikon Eclipse 50i, Nikon Cor-
poration, Japan) to discard the ones with surface cracks. Measurements
were made by pouring a sessile drop of distilled water (10 uL) at the
pellet surface using a high-precision injector. The droplet was recorded
for 60 s with a high-speed video camera coupled to the equipment. The
contact angle values between the droplet and the pellet surface (left and
right) were automatically calculated by the software One Attens using
the Laplace-Young equation. Measurements were performed in triplicate
using independent pellets. The results are reported as average contact
angles from 10 to 50 s, and the images were taken 30 s after water drops
at the surface.

2.8. CLPs Pickering stabilizing potential

The ability of the CLPs to act as Pickering stabilizers was determined
based on the measurement of the formed emulsified layer (EL, Eq. 1). For
that, subsequently to particle production, equal volumes of an aqueous
phase (aqueous dispersion of CLPs used as such) and an oil phase
(Miglyol 812) were mixed and vortexed for 60 s. The resulting emulsions
were stored at room temperature and protected from light. The emul-
sions were photographically registered and analyzed by optical micro-
scopy using a Nikon Eclipse 50i (Nikon Corporation, Japan) equipped
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with Nikon Digital and NIS-Elements Documentation software. EL was
determined after 1 and 30 days of storage. The results for 1 day were
used to evaluate the Pickering stabilizing potential, and the results for 1
month were used to have the first insights concerning stability issues.

EL% = Hy x 100/Hy (€9)]

where Hg is the height of the emulsified layer, and Hr is the total sample
height.

2.9. Transmission electron microscopy (TEM)

TEM analysis was performed using a JEOL JEM 1400 TEM 120 kV
apparatus (Japan). For this, CLPs were diluted at a 1:40 ratio with
distilled water, and 10 pL of the sample was dropped on Formvar/car-
bon film-coated mesh nickel grids (Electron Microscopy Sciences, USA),
then left to stand for 2 min. The liquid in excess was removed with filter
paper. Images were digitally recorded using a CCD digital camera Orious
1100 W.

3. Results and discussion
3.1. Analysis of the CLPs production

The CLPs were prepared by the antisolvent precipitation method
using a mixture of ethanol/water 70/30 (v/v) as the solvent. The main
objective was to design suitable particles to act as Pickering stabilizers.
For that, understanding the effect of process variables on key particles’
properties is essential. Moreover, it is also critical to render the process
more attractive at the industrial level achieving the use of high initial
lignin concentration, which impacts the mass of formed CLPs. All the
achieved characterizations for the performed FFD 241 runs (11 in total)
(particle size, zeta potential, contact angle, and color parameters (L*, a*,
and b*)) can be found in Table S1 of the Supplementary material.

Table 2 lists the estimated individual effects of each process variable
(initial lignin concentration, antisolvent pH, final ethanol concentration,
and antisolvent addition rate) on the defined responses. Within the
analyzed variable ranges, when the effect has a positive value (+) it
indicates that an increase in the variable causes an increase in the

Table 2
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analyzed response. If the value is negative (-), the variable increase
produces a decrease in the analyzed response. The standard error (Std.
Err.) gives an estimation of the samples’ variability. It is used to calcu-
late the t-value using a t-test hypothesis with 5 degrees of freedom,
labeled as t(5). The p-value indicates the significance probability of the
t-test. In this screening design, a significance level of 10 % (p-value <
0.10) was chosen, which means that if a variable’s effect presents a p-
value lower than or equal to 0.10, then it is statistically significant in the
analyzed response [28].

3.1.1. Effect of process variables on particle size

The particle size is reported to affect the stability of Pickering
emulsions. Particles with too large sizes may not be able to completely
cover the oil droplets, resulting in unstable emulsions [30,31]. On the
other hand, particles with too small sizes (lower than 100 nm) are not
appropriate due to regulatory issues in biological applications, such as
cosmetics [32]. Fig. 1a presents the determined particle size for each run
defined according to the FFD 2*! design matrix. Particle size distribu-
tions and span can be consulted in the Supplementary material (Fig. S1).
Most samples, except CLPs 4 and 7, presented particle sizes from 200 to
500 nm, which is a suitable size range to prepare Pickering emulsions, as
reported by Li et al. [30].

The effect of the antisolvent precipitation process variables (initial
lignin concentration, antisolvent pH, final ethanol concentration, and
antisolvent addition rate) on the particle size is reported in Table 2.
Although presenting a p-value equal to 0.1205, the effect of the initial
lignin concentration on the particle size was considered significant due
to the proximity with the used significant level (p-value < 0.10). This is
an important consideration for further optimization studies, to prevent a
relevant process variable from being erroneously discarded. Moreover,
this consideration does not affect the effect analysis [28]. The initial
lignin concentration positively affected the particle size, namely when it
changed from 10 to 50 g/L, an increase of 196 nm resulted in the par-
ticle size. Sipponen et al. [2], in their study of CLPs production using
wheat straw soda lignin solubilized in ethanol 7/3 (v/v) (87 % soluble
fraction), observed a molecular weight-dependent precipitation pattern,
from high to low molecular weight (Mw). Since high Mw lignin frag-
ments are less soluble, they precipitate first, forming the particle nuclei.
The particle growth occurs as other lignin fragments precipitate and

Effect of the process variables initial lignin concentration (x;, g/L), antisolvent pH (x»), final ethanol concentration (x3, % v/v), and antisolvent addition rate (x4, mL/
min) in the FFD 2*! for the studied responses (particle size (nm), zeta potential (mV), color parameters (L*, a* and b*), and contact angle ().

Particle size

Zeta potential Contact angle

Factor Effect std. Effect std. Effect std.
(am) Err. t(5) p-value (mv) Err. t(5) p-value © Err t (5) p-value
Mean 398.99 52.42 7.61 0.0006" -26.46 1.22 -21.73 0.0000" 29.89 3.07 9.74 0.0002°
Curvature -234.64 200.75 -1.17 0.2952 -21.54 4.66 -4.62 0.0057" 14.14 11.75 1.20 0.2829
X1 196.03 104.84 1.87 0.1205" -9.10 2.43 -3.74 0.0135" 6.40 6.14 1.04 0.3449
X2 -54.53 104.84 -0.52 0.6252 -18.27 2.43 -7.50 0.0007" -7.30 6.14 -1.19 0.2877
X3 -244.03 104.84 -2.33 0.0674" -3.91 2.43 -1.61 0.1689 7.69 6.14 1.25 0.2655
X4 -115.48 104.84 -1.10 0.3209 1.26 2.43 0.52 0.6259 -2.32 6.14 -0.38 0.7214
Color parameters
% * £
Factor L a b
Std. Std. Std.
Effect Err. t(5) p-value Effect Err. t(5) p-value Effect Err. t(5) p-value
Mean 38.97 1.44 27.11 0.0000" 6.62 0.36 18.36 0.0000" 12.08 1.35 8.95 0.0003"
Curvature 9.17 5.51 1.67 0.1565 1.21 1.38 0.88 0.4195 5.63 5.17 1.09 0.3254
X1 6.98 2.87 2.43 0.0595" 0.83 0.72 1.14 0.3046 5.87 2.70 2.18 0.0815"
Xo -10.93 2.87 -3.80 0.0126" -3.63 0.72 -5.04 0.0040" -12.41 2.70 -4.60 0.0058"
X3 1.48 2.87 0.51 0.6294 -0.23 0.72 -0.32 0.7594 1.29 2.70 0.48 0.6517
X4 1.50 2.87 0.52 0.6245 0.77 0.72 1.07 0.3346 2.55 2.70 0.95 0.3879

2 Significant factor (p-value < 0.10)
b Considering the proximity of 0.1205 with the established significance level, the initial lignin concentration was considered a significant factor for the particle size

response.
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Fig. 1. CLPs properties for the 11 runs: (a) particle size and (b) zeta potential. The dashed line separates the zeta potential stable region (below) from the unstable

region (above).

assemble into the existing particles. Particle formation ends with two
parallel events: the surface orientation of the hydrophilic segments and
the adsorption of small polar lignin fragments. Similarly to this work,
the authors reported a particle size increase with initial lignin concen-
tration increase; i.e., higher initial lignin concentration increases lignin
availability to participate in the nucleation-growth process, resulting in
larger particles. This behavior was also reported in other studies that
produced CLPs from different solvent systems [24,33,34].

The final ethanol concentration presented a negative significant ef-
fect on the particle size (p-value = 0.0674), meaning that the higher the
final ethanol concentration is (45 %), the smaller CLPs are obtained.
This result agrees with the work of Sipponen et al. [2] dealing with the
study of the controlled nucleation-growth mechanism of CLPs from
aqueous ethanol systems. It was observed that small nuclei particles are
formed at the starting point (higher ethanol concentration) and that the
antisolvent addition (decrease of ethanol concentration), intensifies its
lignin precipitation and association with the formed small nuclei,
generating larger particles [2].

Previous studies have reported that the antisolvent addition rate
influences particle size, namely its increase resulting in particle size
reduction [2,25,35]. Even though this behavior was also observed in this
work (a negative effect of the antisolvent addition rate on the particle
size was observed), the effect was not significant (p-value = 0.3209).
This indicates that, for the studied range (6-14 mL/min), any value can
be selected without impacting particle size. The antisolvent pH was also
a non-significant variable for the particle size (p-value = 0.6252).

3.1.2. Effect of process variables on zeta potential

Lignin is a negatively charged polymer due to the presence of phe-
nols, carboxylic acids, and hydroxyl ions [36]. As expected, all the
particles presented negative zeta potential values, namely between
—10.96 and — 40.98 mV (Fig. 1b). Values higher than + 30 mV or
lower than — 30 mV indicate that the particles have a sufficient elec-
trical double layer hindering aggregation, indicating colloidal stability
[8]. In this study, only CLPs 4, 7, 8, and the central points (CLPs 9-11)
presented zeta potential values in the stable range.

The most significant variable influencing zeta potential was the
antisolvent pH (p-value = 0.0007). Increasing the antisolvent pH from 4
to 8 decreased the zeta potential at about 18 mV, meaning that the CLPs
became more stable. This observation agrees with studies reporting that
the negative surface charge driving CLPs stability is related to the car-
boxylic acid groups in lignin’s structure [25]. Increasing the pH in-
tensifies lignin’s carboxylic acids deprotonation, thus the CLPs’ negative
surface charge, leading to electrostatic stabilization [6,37]. Using an

antisolvent pH of 6 or 8 (higher than the pKa value of lignin’s carboxyl
groups (5.5) [38]) increased the negative charge of the CLPs and thus
their stability. No deprotonation of phenolic and aliphatic hydroxyl
groups is expected in the studied pH range. Leskinen et al. [25], who
studied the effect of using alkaline solutions (NaOH) as the antisolvent,
found that CLPs stabilization was improved, particularly for samples
using high initial lignin concentration (4 wt%). These results are in
accordance with the ones of the present work, considering that CLPs
prepared using an initial lignin concentration of 50 g/L were stable at
pH 8 (CLPs 4 and 8) but unstable at pH 4 (CLPs 2 and 6).

The initial lignin concentration had a significant negative effect on
zeta potential (p-value = 0.0135). This means that under the studied
conditions, the zeta potential decreases as the initial lignin concentra-
tion increases, resulting in improved CLPs’ dispersion stability. Similar
behavior was observed by Zhang et al. [39] on CLPs prepared by the
antisolvent precipitation method using a deep eutectic solvent. A
decrease in the zeta potential from — 5 mV to — 26 mV was observed
when the initial lignin concentration went from 0.5 to 5 g/L. The ob-
tained trend was justified due to the variable lignin availability during
the self-assembly process, which causes different thermodynamic equi-
librium states [39]. In fact, the obtained behavior is complex and re-
quires further investigation. One hypothesis is that it is related to the
particle size obtained at different initial lignin concentrations. In this
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Fig. 2. (a) Images of CLPs taken with a digital camera. (b) L*, a*, and b* pa-
rameters from the CIELAB color space for each CLPs.
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sense, bigger particles may have a higher density of charged groups on
their surfaces, resulting in higher zeta potentials (in absolute values).
Regarding the other variables, namely, the final ethanol concentration
and the antisolvent addition rate, they did not significantly affect the
zeta potential.

3.1.3. Effect of process variables on color attributes

Color plays a vital role in commercial applications, e.g., coatings,
packaging, and cosmetics [3,23]. The visual appearance of the CLPs
dispersions is shown in Fig. 2a, putting in evidence the obtained range of
tones. The color hue was characterized using the CIELAB-color space
and expressed according to three parameters: L*, a*, and b*. L* indicates
the luminosity (0 (dark) to 100 (light)), a* the red-green component that
goes from green (—60) to red (60), and b* the blue-yellow component
(blue (—60) to yellow (60)) (Fig. 2b). The darker samples (CLPs 3, 4, and
7) presented the lowest L* values (25—35) and similar absolute a* and
b* values. In contrast, the other samples exhibited L* values in the range
of 40-50 and b* values higher than a* values, evidencing their yellowish
hue.

Kraft lignins usually present a dark brown color due to the harsh
conditions used in the extraction process; being important to control
these attributes for high-value-added products. Transforming pristine
lignin into colloidal particles has been reported to result in lighter
products [40]. The present study shows that CLPs color is highly
dependent on the production conditions, namely lighter (L* increase)
and more yellowish (b* increase) samples are obtained when the initial
lignin concentration increases. In contrast, darker brown samples are
obtained as the antisolvent pH changes from 4 to 8. According to the
particle formation self-assembly mechanism, a rise in the initial lignin
concentration contributes to increasing the number of formed particles
(higher particle yield), which may justify the reason why samples pro-
duced from higher lignin concentrations are lighter. On the other hand,
pH increase promotes lignin solubility, and thus the formation of a lower
number of particles (lower particle yield), resulting in darker colors as
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some lignin remains in the solution.

3.1.4. Effect of process variables on CLPs wettability

Wettability is an important parameter for Pickering stabilizers since
it is a measure of the degree of hydrophilicity/hydrophobicity. Particles
must present intermediate hydrophilicity to attach to the oil-water
interface [30]. Particles that are too hydrophilic or hydrophobic will
remain in solution (water or oil, respectively) being not adsorbed at the
oil-water interface [41].

The hydrophilic character of CLPs was accessed by measuring the
water-in-air contact angle. Fig. 3 shows the contact angle images for the
pristine lignin Indulin AT and respective CLPs. All the samples presented
contact angles lower than 90° compatible with a hydrophilic nature
[13]. Moreover, CLPs showed contact angles lower than those obtained
for the pristine Indulin AT, evidencing a more pronounced hydrophilic
character for the CLPs. This behavior can be associated with the lignin
self-assembling process during CLPs’ formation. The antisolvent pre-
cipitation method modifies the lignin hydrophilicity as the hydrophobic
groups of the self-assembled lignin remain in the particle core. In
contrast, the hydrophilic ones turn towards the particle surface, making
the CLPs water dispersible [5].

Bertolo et al. [13] have compared the contact angles of CLPs pre-
pared using two lignin types (alkali and organosolv) and two production
techniques (solvent shifting and dialysis). They found that both the
lignin type and the production method influenced the contact angle,
with the solvent shifting technique generating CLPs with higher hy-
drophilicity (contact angles of 17.0° and 23.1°, for alkali and organosolv,
respectively) compared with the dialysis process (contact angles of 31.0°
and 56.0°, for alkali and organosolv, respectively) with the alkali lignin
being more hydrophilic than the organosolv. In the present work
(Fig. 3), by varying the process variables of the antisolvent precipitation
technique, particles within an extensive range of contact angles (from 9°
to 41°) were obtained, which were also more hydrophilic than the
pristine lignin Indulin AT (48°).
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Fig. 3. Water-in-air contact angles for lignin Indulin AT and CLPs samples. Images were taken 30 s after water drops at the surface and contact angle values are the

average contact angles from 10 to 50 s.
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Regarding the lignin type, its heterogenous nature influences the
hydrophilic characteristics. For example, a contact angle of 57 © was
reported for Indulin AT, a softwood kraft lignin, whereas for an orga-
nosolv lignin a more hydrophobic character was identified (contact
angle of 69°) [11]. In the present work, a contact angle of 48° was
achieved for Indulin AT. This discrepancy can be justified by the used
sample preparation procedure (spin-coated lignin films against lignin
pellets in this work) and the measurement time (10 s against the use of
an average from 10 s to 50 s in this work). Nevertheless, the observed
trends of the two works agree.

Considering the analysis of the effects, the initial lignin concentra-
tion and the final ethanol concentration increase raises the contact angle
and thus the hydrophobicity. On contrary, the increase of the antisolvent
pH and of the antisolvent addition rate turns particles more hydrophilic.
Even though, within the studied ranges, none of the studied process
variables had a significant impact on the CLPs contact angle (p-values >
0.10). Furthermore, although a microscopic inspection was made on the
pellets’ surface to minimize the variability of the used samples, the
surface roughness at the micro/nanoscale was not measured, which may
also have influenced the obtained contact angle values.

3.2. Evaluation of the Pickering stabilizing potential

Considering the rising interest in the development of biological
particles to be used in the production of Pickering emulsions, the
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Pickering stabilizing potential of the 11 produced CLPs was tested by
measuring the magnitude of the formed emulsified layer. For this, the
produced CLPs suspension (water phase) and Miglyol 812 (oil phase)
were mixed using a 50:50 vol ratio. The formed emulsified layer was
evaluated after one day (to check the Pickering stabilizing potential) and
one month (to preliminary access stability issues).

Fig. 4a shows the visual aspect of the obtained samples, taken one
day after production, evidencing the formed emulsified layer together
with the corresponding calculated values. Fig. 4b shows the microscopic
images of a sample taken from the emulsified layer. For the samples
prepared with CLPs 1, 2, and 7, which did not form emulsions, aliquots
were taken in the region close to the oil/water interface, where some
degree of phase mixture was observed. For the analyzed samples, the
optical microscopy revealed the typical round shape of the droplets with
no signs of coalescence. Moreover, due to CLPs’ hydrophilic character,
as previously depicted from the measured contact angles, they were
expected to form oil-in-water emulsions. This was confirmed by the drop
test (data not shown), in which the emulsion drops were miscible in
water but immiscible in oil.

Although the particles’ degree of hydrophilicity/hydrophobicity
plays an important role in Pickering stabilization, other factors such as
particle concentration and size are reported to impact emulsion forma-
tion and stability [11,13]. A higher particle concentration promotes
better droplet coverage, and particles with larger sizes require higher
energy to be removed from the oil/water interface [11]. For example,

Fig. 4. (a) Images of the fresh emulsions prepared with CLPs with the percentage of emulsified layer (EL%) formed after one day of storage. (b) Optical microscopy of
the emulsions (emulsified layer). The bars in the bottom right corner indicate 100 um - magnification of 40x.
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CLPs 7, although presenting intermediate hydrophilicity (33°), corre-
spond to the lowest lignin concentration (10 g/L) and the lowest particle
size (61.9 nm), and, thus, were not able to act as Pickering stabilizers.
On the other hand, CLPs produced with higher lignin concentrations and
holding higher particle sizes, such as CLPs 4, 6, and 8, could form stable
emulsified layers.

The stability of CLPs, evaluated through the zeta potential, also af-
fects Pickering emulsion formation. In this view, although CLPs 1 and 2
presented positive characteristics to form emulsions, such as interme-
diate hydrophilicity and suitable particle size (443 and 441 nm,
respectively), both particles had zeta potentials higher than — 30 mV
(Fig. 1b). They presented signs of precipitation, as can be inspected in
Fig. 2a. Furthermore, CLPs 3 and CLPs 5 also produced emulsion sam-
ples with apparent instability (mainly after the storage period of 30
days, Fig. 5a), which may be related to their low zeta potential absolute
values. This result highlights the importance of preparing CLPs able to
form stable water dispersions, an intermediate step for Pickering
emulsions preparation.

Fig. 5a shows the visual aspect of the obtained samples, together
with the calculated emulsified layer percentage, taken one month after
the production. Fig. 5b shows the corresponding microscopic images to
check for instability phenomena development (e.g., droplet coales-
cence). Compared with Fig. 4a and b, it was possible to verify a small
reduction in the emulsified layer, with microscopy images revealing
only slight signs of droplet coalescence. Taking into account the
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preliminary character of these tests, the obtained results are quite
promising, supporting the exploitation of the developed CLPs for Pick-
ering emulsions production, which can be applied in areas such as cos-
metics and healthcare products [42,43].

Considering the conducted emulsifying tests and the effect of the
process variables on the studied responses, CLPs 8, corresponding to an
initial lignin concentration of 50 g/L, an antisolvent pH of 8, a final
ethanol concentration of 45 %, and an antisolvent addition rate of
14 mL/min), revealed the most promising conditions to produce Pick-
ering stabilizers. Particles with intermediary particle size and water
contact angle (225 nm and 28°, respectively), high colloidal stability
(zeta potential of —41 mV), and a light brown color (advantageous for
commercial applications) were obtained. Their high potential as Pick-
ering stabilizers was corroborated by the emulsifying tests. When CLPs 8
were used to stabilize a 50:50 Miglyol 812:water system, a stable
emulsified layer (EL =71%) was formed, remaining for 30 days.
Therefore, CLPs 8 were chosen to inspect the particle morphology by
TEM (Fig. 6). The performed analysis revealed a homogeneous size
distribution of spherical and compact particles, with sizes circa 200 nm,
consistent with the obtained by laser diffraction (225 nm). Overall, the
TEM images revealed the formation of spherical particles with uniform
size, which is an important feature for high-performance applications,
such as in Pickering stabilization [6], a topic that will be deeper
explored in future work.
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Fig. 5. (a) Images of the emulsions stored for 30 days at room temperature and percentage of the emulsified layer formed (EL%). (b) Optical microscopy of emulsions
(emulsified layer). The bars in the bottom right corner indicate 100 um - magnification of 40X.
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Fig. 6. TEM image of CLPs 8 under a magnification of a) 25,000x and b) 50,000x.

4. Conclusions

In this work, the individual effect of four process variables (initial
lignin concentration, antisolvent pH, final ethanol concentration, and
antisolvent rate addition) was studied to determine the most significant
ones impacting CLPs properties, having in view their potential use as
Pickering stabilizers. Through a screening design (FFD ZAH), 11 runs
were performed, and the particle size, zeta potential, color, and contact
angle were analyzed as responses. The most favorable conditions for
preparing highly concentrated and stable CLPs with suitable charac-
teristics to act as Pickering stabilizers corresponded to CLPs 8 (initial
lignin concentration of 50 g/L, final ethanol concentration of 45%,
antisolvent pH of 8, and antisolvent addition rate of 14 mL/min). The
obtained CLPs presented intermediate size (circa 225 nm) and contact
angle (circa 30°), high stability (zeta potential of —41 mV), a light brown
color, and a high Pickering stabilizing potential. Overall, the screening
design allowed the identification of the significant antisolvent precipi-
tation variables and to perceive their individual effects on CLPs prop-
erties, which constituted valuable indicators to support the design of
Pickering stabilizers. Thus, the next steps in this ongoing work will
consider the optimization of Pickering emulsion production using
tailored CLPs, targeting stability and technological properties of inter-
est. Overall, this work can contribute to the development of new lignin-
based solutions with the potential to be applied in different industrial
sectors, such as cosmetics, pharmaceuticals, and food.
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