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ABSTRACT: Lignin is an abundant biopolymer that is mainly
burned for energy production today. However, using it as a
polyfunctional macromolecular building block would be
desirable. Herein, Kraft lignin was modified through
esterification of its hydroxyl groups with methacrylic
anhydride. Then lignin nanocarriers with different morphol-
ogies (solid nanoparticles, core−shell structures, porous
nanoparticles) were produced by a combination of mini-
emulsion polymerization and a solvent evaporation process. A
UV-active cargo is used as a drug model to investigate the
release behavior of the lignin nanocarriers depending on their
morphology. To prove the enzymatic response of the lignin
nanocarriers, we tested the enzyme laccase as a trigger to release the encapsulated cargo. Furthermore, porous lignin
nanoparticles with high surface area were produced by carbonization. The carbon material has a high potential as an adsorbent,
which was studied by adsorption tests with methylene blue. These biodegradable nanocarriers based on the polyfunctional
bioresource lignin may find useful application as novel drug delivery vehicle in agriculture or as carbon materials for water
purification.
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■ INTRODUCTION

Lignin is a renewable natural resource that has received
tremendous attention over the past decade both in academia
and industry for the sustainable production of chemicals and
materials. Lignin is produced on a million ton-scale per year by
Kraft wood pulping in the paper industry. During this process,
strongly alkaline (e.g., NaOH) conditions in combination with
sodium sulfide are used for the separation of cellulose from
lignin and hemicellulose. Though, the bulk of the so generated
Kraft lignin is either burned to recover energy or is otherwise
considered as waste. Mainly because of the complex nature of
lignin, which varies strongly from resource and the former
processing, only ca. 1−2% are valorized to further products.1

However, as a result of its polyfunctional structure,2,3 lignin is a
promising candidate for the synthesis of a broad range of basic
and fine chemicals.4,5

Soluble lignin fractions are available on large scale mainly
from biowaste; interestingly it was only scarcely used as a
building block for nanostructures.6−9 As a statistically branched
polyether polyol its structure offers functional groups that can
be used for further modification.1,10−12 Especially the
generation of nanocarriers based on other biopolymers
(polysaccharides or proteins) for drug delivery is currently a
promising platform for biomedical applications.13−16 Lignin,
however, is still a niche material for this promising field; a very
recent review summarizes the preparation methods of lignin
nano- and microparticles.9 We previously prepared nano-

capsules from lignosulfonic acid sodium salt for the
encapsulation of hydrophilic substances via an inverse
miniemulsion process.6 These nanocapsules were successfully
cleaved by naturally occurring enzymes (laccases) from
commercial batches as well as from plant extracts. The cross-
linking polyaddition of lignin was tailored to take place only at
the interface of stable aqueous nanodroplets by nucleophilic
addition of lignins’ hydroxyl groups dissolved in water with a
diisocyanate in the continuous organic phase. Very recently, a
similar approach was reported for the encapsulation of
hydrophobic substances via oil-in-water miniemulsion by
Chen et al.17

Herein, we have developed a platform based on the free
radical polymerization of methacrylated Kraft lignin in a direct
miniemulsion combined with a solvent evaporation protocol to
generate lignin nanocarriers that further allow tuning of the
morphology of the lignin nanocarriers. Solid and porous
nanoparticles or core−shell structures with an oily interior can
be prepared in a controlled way. These lignin nanocarriers can
be loaded with hydrophobic substances. As most pesticides or
antifungals are hydrophobic, these nanocarriers are ideal for
agricultural applications. Depending on the morphology of the
nanocarriers, the barrier properties of the nanometer-sized
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lignin-membrane can be adjusted. This allows a release over
time or an enzymatically triggered release of the cargo. As the
lignin nanocarriers are biodegradable, they may find application
in drug delivery for agricultural purposes or after carbonization
in water detoxification.

■ EXPERIMENTAL SECTION
Materials. Kraft lignin (total hydroxyl group content: 6.13 mmol/g

determined by 31P NMR)18 was used as received. Methacrylic
anhydride, triethylamine, isopropyl alcohol, lithium chloride, and
dimethylformamide (DMF) were also obtained from Sigma-Aldrich.
The lithium chloride was dried at 70 °C in a vacuum oven before use.
The anionic surfactant sodium dodecyl sulfate (SDS) and hexadecane
were purchased from Fluka and used as received. Laccase from
Trametes versicolor was obtained from Sigma-Aldrich with an activity of
ca. ≥ 0.5 U/mg.
Methods. To investigate the structure of lignin and methacrylated-

lignin, we obtained the Fourier transform infrared (FTIR) spectra by
Nicolet iS10 with Vertical ATR Accessory. The samples had been
dried at room temperature in the vacuum oven. Spectra were recorded
between 600 and 4000 cm−1 at a resolution of 4 cm−1, and coadding
32 scans. Proton nuclear magnetic resonance spectroscopy (1H NMR)
was performed by Bruker AVANCE (USA) at 500 MHz. 1H DOSY
experiments were recorded with a 5 mm BBI 1H/X z-gradient on the
700 MHz spectrometer with an Bruker Avance III system. Around 2
mg of sample was dissolved in 750 μL of DMSO-d6 with
hexamethylcyclo trisiloxane as the internal reference. The degree of
functionalization was calculated by dividing the integral of the double
bond region (6.5−5.0 ppm) by the integral of the aromatic hydrogens
in lignin (7.5−6.5 ppm). The number of moles of methacrylate
attached to lignin is given by

=
−

− −
mol mol

(integral of methyl gr.(2 1.2ppm)
(integral of int.std(0.4 ( 0.4)ppm)

18(no. proton of int. std)
3(no. proton of methyl)

(methacrylate) (int. std)

The thermal stability of lignin was studied in terms of thermogravi-
metric analysis (TGA, Mettler Toledo 823, Switzerland) with a
dynamic scan from 30 to 900 °C at 10 °C/min under nitrogen
atmosphere. Before being tested by DSC (Mettler Toledo TGA3,

Switzerland) and TGA, the samples were dried at room temperature
under vacuum overnight.

Dynamic Light Scattering. The hydrodynamic diameters of the
particles were measured by DLS with NICOMP 380 submicron
particle sizer (Nicomp Particle Sizing systems, USA) at a fixed angle of
90° and a laser diode running at 635 nm, the sample were diluted
before measurement.

Electron Microscopy. For nanocarrier detection a JEOL 1400
transmission electron microscope (TEM) with a LaB6 cathode (JEOL
GmbH, Eching, Germany) was used. The copper grid had been
modified with a carbon film (200 mesh, Science Services, Munich,
Germany), before the TEM specimen was prepared. Therefore, the
dispersion was diluted in cyclohexane or water and drop-cast on a
copper grid. After drying of the TEM grid at room temperature, it was
inserted into a sample holder and transferred into the TEM. The TEM
was operated at an acceleration voltage of 120 kV. The morphology of
capsules was examined using a Zeiss 1530 LEO Gemini microscope
(Carl Zeiss, Oberkochen, Germany) Scanning electron microscopy
(SEM). Samples for SEM were prepared by putting a small drop of
diluted dispersion on silicon wafers and drying at room temperature.

Gel Permeation Chromatography. For GPC measurements in
DMF (containing 0.25 g/L of lithium bromide as an additive) an
Agilent 1100 Series (Agilent Technologies 1260 Infinity) was used as
an integrated instrument, including a PSS GRAM columns (1000/
1000/100 g), a UV detector (270 nm), and a RI detector at a flow rate
of 1 mL/min at 60 °C. Calibration was carried out using PS standards
provided by Polymer Standards Service.

X-ray Photoelectron Spectroscopy (XPS). XPS was conducted
on a Kratos Axis UltraDLD spectrometer (Kratos, Manchester,
England) using an Al Kα excitation source with a photon energy of
1487 eV. The data was acquired in the hybrid mode using a 0° takeoff
angle, defined as the angle between the surface normal and the axis of
the analyzer lens. A charge neutralizer was always used during spectra
collection to compensate charge build-up on the samples. For
calculating atomic compositions, spectra were collected with setting
analyzer pass energy at 80 eV, and a linear background was subtracted
for all peak quantifications. The peak areas were normalized by the
manufacturer supplied sensitivity factors and atomic compositions
were calculated with CasaXPS software. C 1s high-resolution spectra
were collected with setting the analyzer pass energy at 20 eV. The C 1s
spectra were self-fitted by individual emissions using Voigt peak
profiles and a linear background.

Scheme 1. Schematic Representation of the Methacrylation of Kraft Lignina

aNote: the chemical structure shows the typical functional groups from a random Kraft lignin; depending on the source, functionalities and
architecture may vary.21
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Syntheses. Methacrylation of Lignin (Lignin-MA). Lignin was
modified by esterification with methacrylic anhydride (Scheme 1).
Two g of Kraft lignin (number of hydroxyl groups: 12.26 mmol) were
dissolved in 60 mL of LiCl/dimethylformamide (DMF) at 90 °C
under argon. After complete dissolution, 1 mL of triethylamine (10
mmol) was added to the lignin solution and stirred for 15 min at 50
°C. Three mL of methacrylic anhydride (20 mmol) was then slowly
injected into the reaction flask. The reaction was maintained at 50 °C
overnight. The reaction mixture was precipitated into isopropanol and
the solid was isolated by centrifugation at 3000 rpm. The product was
repeatedly dissolved in chloroform and precipitated in isopropyl
alcohol for tree times. The product was dried at room temperature in a
vacuum oven. Yields are typically around 50%. 1H NMR spectroscopy
proves the successful attachment and purification of the methacrylate
moiety to lignin: −CH3, 2.05−1.7 ppm; CHCH2, 6.2−5.4 ppm.
Formation of Nanocarriers. The formation of lignin nanocarriers

was carried out by a combined miniemulsion polymerization with
subsequent solvent evaporation. The typical procedure is the
following: Lignin-MA (75 mg, 4.6 μmol), including the hydrophobe
(25 mg) (hexadecane, olive oil or palm oil) and the initiator (20 mg of
AIBN) were dissolved and mixed in 600 mg of chloroform. This
solution was added into an aqueous solution (10 mL) of the surfactant
(0.1%wt. of SDS solution) at room temperature and stirred at 1000
rpm for 30 min in order to form a pre-emulsion. Then the emulsion
was treated with ultrasound for 3 min (1/2 in. tip, 70% amplitude, 20 s
ultrasound followed by 10 s pauses) under ice cooling in order to
prevent evaporation of the solvent and the initiation of the
polymerization due to heating. After the formation of the stable
miniemulsion, the cross-linking polymerization was carried out for 5 h
at 60 °C and mild stirring. After the polymerization, the solvent was
evaporated from the miniemulsion by stirring it in an open vessel
overnight at room temperature. The dispersion was centrifuged and
redispersed in water (the final volume of dispersions was adjusted to
10 mL with distilled water (typical solid contents of the dispersions
were ca. 10 mg/mL)). For the release studies of the lignin
nanocarriers, an UV-active ingredient (10 mg of 2-propylpyridine)
was added in the oil phase prior to mixing in the water phase and in
some cases, natural oils such as olive oil instead of hexadecane were
used.
Establishment of the Ternary Phase Diagram. To determine the

phase separation behavior of Lignin-MA, we determined the ternary
phase diagram of methacrylated-lignin/hexadecane/chloroform ac-
cording to the work of Vincent et al.19 The three components were
accurately weighted and mixed with different ratios. The solutions
were stirred at room temperature to gradually induce evaporation of
the volatile chloroform solvent. When the solutions became turbid
because of phase separation of the lignin, the mixtures were reweighed.
The weight loss of the samples corresponds to the evaporation of
chloroform. The composition at this point was recorded in a ternary
phase diagram by mass balance.
Release of the Cargo. 2-Propylpyridine was used as an UV-active

ingredient since it is soluble in the oil phase and also partially soluble
in the aqueous phase. The driving force for the release corresponds to
the oil/water partition coefficient, which is 86.3 in the case of 2-
propylpyridine. The release study by the dialysis method followed the
work of Dowding et al.20 Three milliliters of the emulsion (solid
content of 1%wt.) was added to a dialysis tubing and immersed into
197 mL of distilled water. Because 2-propylpyridine absorbs light of a
wavelength of 260 nm, the release profile of the 2-propylpyridine can
be determined by measuring the absorbance of the release medium as
a function of time. Five mL of release medium (distilled water) was
taken at different time intervals to determine the concentration of
released 2-propylpyridine by UV−visible spectroscopy. This release
profile is defined as the mass of 2-propylpyridine released from the
nanocarrier dispersion divided by the mass of 2-propylpyridine initially
dissolved in the oil phase. To investigate the degradation of lignin
nanocarriers by laccase, we incubated the emulsions with laccase (30
mg in 3 mL of emulsion) in an acetate buffer (pH 7) at room
temperature for 24 h and the released 2-propylpyridine was
determined in the supernatant.

Preparation of Lignin-Based Carbon Materials. Lignin and porous
lignin nanoparticles were carbonized in a tubular furnace at 600 and
800 °C for 1 h with a heating rate of 5 °C min−1 under N2 atmosphere
at constant flow rate. Surface area and pore size distributions of
obtained carbon were determined from the nitrogen adsorption−
desorption isotherms at −196 °C using an Autosorb (Quantachrome
Corp.). All samples were outgassed overnight at 110 °C, prior to the
adsorption experiments. XPS measurements were performed before
and after carbonization of pristine lignin, methacrylated lignin, as well
as with porous lignin particles at 600 and 800 °C.

The kinetic studies of methylene blue adsorption for the obtained
carbons were conducted at 25 °C with an initial concentration of 20
mg L−1. For each time 5 mg carbon and 1 mL solution were mixed and
shaken at 200 rpm. Carbons were separated by filtration and the
concentration of methylene blue was measured by UV spectroscopy
(Lambda 25, PerkinElmer) at γmax 675 nm at certain time intervals.
The experiments were duplicated and the average values were
reported. The uptake (q) of methylene blue at time (t) was calculated
by the following equation and is given in mg/g

=
−

qt
V c c

m
( )t0

c0 and ct are the initial concentration and the concentrations of
methylene blue in solution at time (t) in mg/L, respectively; V is the
volume of the solution (L) and m is the weight of the adsorbent given
in g.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Methacrylated-

Lignin (Lignin-MA). Lignin-MA was prepared by esterification

of the hydroxyl groups of lignin with methacrylic anhydride
(Scheme 1). FTIR spectroscopy, 1H NMR, and X-ray
photoelectron spectroscopy were used to determine the
successful incorporation of the methacrylate groups to lignin
(Figure 1 and Figures S1 and S2).
The formation of the methacrylic acid ester can be confirmed

from the FTIR spectra by the vibrational band at 1710 cm−1 of
the carbonyl group (-CO) and by the band at ca. 1630 cm−1

for the carbon−carbon double bond. In addition, the broad
band for hydroxyl group (−OH) at 3000−3800 cm−1 was
reduced significantly, which indicates the successful esterifica-
tion of lignins’ hydroxyl groups (Figure S1). By 1H, 1H-DOSY
NMR spectroscopy the attachment of methacrylate moieties to
lignin was proven (Figure S2 and Figure 1A). The diffusion
coefficient for the signal between 6.5 and 5.5 ppm of CH2 is

Figure 1. 1H-DOSY NMR spectrum of lignin-MA (in DMSO-d6, 700
MHz, 298 K).
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detected at the same value as for the other lignin resonances
(ca. 5.0 × 0−11 m2 s−1). Treatment of lignin or lignin-MA with
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane allows de-

termination of the OH-groups in the structure via 31P NMR,18

proving ca. 5.5 mmol g−1 methacrylic moieties were attached to
the lignin scaffold (conversion of hydroxyl groups ca. 90%
(Figure S10)). GPC analysis of Lignin-MA shows an apparent
molecular weight ofMn = 16 500 g/mol with Mw/Mn = 2.3 after
workup (Figure S4).

Nanocarrier Preparation. Lignin-MA was dissolved with
hexadecane, olive oil, or palm oil and with AIBN in chloroform
and dispersed by ultrasonication in an aqueous solution
containing a surfactant (SDS, Lutensol AT25, or lecithin;
SDS and Lutensol AT25 were chosen, in order to compare
ionic with neutral particle stabilization. Lecithin is a
phospholipid, which is of easy access and naturally abundant;
Figure S5 shows the chemical structures of the surfactants).

Figure 2. Preparation of lignin nanocarriers with variable morphology (TEM images are for illustration only, cut from the original images in Figures
3 and 4).

Table 1. Characterization Data of Hexadecane-Filled Lignin
Nanocarriers

surfactant wt % surfactant diameter (nm)a PDIa

SDS 0.5 996 0.45
SDS 1 417 0.26
SDS 2 246 0.20
Lutensol AT25 1 925 0.61
lecithin 1 806 0.36

aDetermined by dynamic light scattering.

Figure 3. TEM images of hexadecane core−lignin shell nanocarriers stabilized with SDS at (a1) 0.5 mg/mL, (a2) 1 mg/mL, (a3) 2 mg/mL, (b) with
1 mg/mL of lecithin, (c) with 1 mg/mL of Lutensol AT25, and (d) olive oil core−lignin shell with 2 mg/mL of SDS.
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This stable miniemulsion was then heated to 60 °C to initiate
the cross-linking reaction by free radical polymerization. In the
case of solid nanoparticles, the amount of ultrahydrophobe was
low, while for the generation of core−shell structures the
amount of the hydrophobe is increased as it forms the liquid
core after the evaporation of the volatile solvent (Figure

Figure 4. TEM images of lignin nanocarriers prepared in the presence of different surfactants and without hydrophobe: (a) SDS, (b) Lutensol AT25,
and (c) without surfactant.

Figure 5. (a) Release profile of 2-propylpyridine from lignin
nanocarriers with varying morphology, core or surfactant. (b) Amount
of 2-propylpyridine before and after enzymatic degradation of solid
and core−shell nanocarriers with laccase after 24 h.

Table 2. Thermal Decomposition Characteristics

residue from TGA (wt %)

sample 300 °C 600 °C 800 °C

lignin 91 56 50
lignin-MA 97 52 44
porous lignin particles 96 36 33

Figure 6. TEM images of porous lignin nanoparticles before (top) and
after carbonization at 600 (middle) and 800 °C (bottom).
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2).19,22,23 Different hydrophobes have been studied: Hexade-
cane is the standard hydrophobe in oil-in-water miniemulsions.
This facilitates the encapsulation of oil-soluble drugs or dyes. As
lignin is biodegradable, olive and palm oil as the respective
hydrophobes were also tested to generate fully biobased
nanocarriers.
For the preparation of oil core−lignin shell nanocapsules

according to the combination of miniemulsion and solvent

evaporation, the solubility behavior of Lignin-MA, hexadecane,
and chloroform was investigated. The resulting boundary curve
in the ternary phase diagram of Lignin-MA/hexadecane/
chloroform (Figure S3) separates the one-phase (I) and two-
phase (II) region. To prepare nanocapsules, we therefore
selected the composition of three components (percentage

Table 3. XPS Determined Atomic Compositions and Pore
Structure Parameters Obtained by N2 Sorption of Lignin
Porous Particles and Pristine Lignin, Before and after
Carbonization at 600 °C, 800 °C

sample
T

(°C) O C

surface area
from BET
(m2/g)

avg pore
volume
(cm3/g)

avg pore
width
(A0)

lignin 27 73 5 0.017 16.5
porous
lignin-
particles

21.6 78.4 15 0.020 34.7

lignin 800 14.1 85.9 29 0.023 18.5
porous
lignin-
particles

600 17.2 82.8 202 0.123 14.7

porous
lignin-
particles

800 8 92 552 0.274 14.8

Figure 7. (a, b) Survey and (c, d) C 1s XP spectra of lignin and porous lignin particles before and after carbonization. The C 1s spectra were self-
fitted with peaks assigned for individual carbon components: violet, sp2 carbon, graphite; black, aliphatic carbon; green and red, oxidized carbon.

Figure 8. Time-dependent adsorption of methylene blue onto
carbonized material (from crude lignin (■) and porous lignin
nanoparticles (●) after carbonization at 800 °C; initial concentration
of methylene blue (c0) 20 mg/L at 25 °C).
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ratio of lignin-MA/hexadecane/chloroform; 11.5/3.5/85) in
the one-phase region far away from boundary curve. After
solvent evaporation, the mean diameters of the lignin
nanocarriers were determined by DLS (Table 1). Three
surfactants were applied for the stabilization of the nano-
droplets in water (SDS, Lutensol AT 25 and lecithin). The use
of Lutensol AT25 and lecithin led to larger particles diameters
with a broader size distribution, whereas the ionic surfactant
SDS produced smaller particles sizes with narrower size
distributions.
Various combinations of surfactant and oil were used in the

encapsulation experiments to investigate their individual effects
on the structure of the lignin nanocarriers and their effect on
the release behavior. First, the effect of different SDS
concentrations on the morphology of the lignin nanocarriers
after the cross-linking polymerization was investigated and
visualized by TEM (Figure 3 upper images). The three different
SDS concentrations produced core−shell and capped structures
with variable diameters (also compare Table 1). In contrast, in
the system with a lower oil−water interfacial tension (i.e.,
higher surfactant concentration), more acorn-shaped objects
are visible. If the oil in the core is changed from hexadecane to
olive oil, while the surfactant remains constant, still core−shell
structures, i.e. nanocapsules, can be obtained (Figure 3d).
Furthermore, we noticed that the morphology of the lignin
nanocarriers can be altered by changing the surfactant type:
When using the zwitterionic and biodegradable surfactant
lecithin, spherical nanoparticles were formed (3b). In the case
of Lutensol AT25, also a core−shell morphology was generated
(Figure 3c). However, most of them exhibited nonsmooth
surfaces with craters in the lignin shell (SEM: Figure S6). This
might be explained by a mechanism proposed by Lavergne and
co-workers:24 by using confocal fluorescence microscopy, they
proposed that the craters are formed by the penetration of the
oil into polymer phase where it stabilizes water droplets. In our
case, to investigate the influence of the oil inside the droplets
and the surfactant on the structure of the nanocarriers, we
carried out the experiments in the absence of an oil core and a
surfactant.
If SDS is used as a surfactant and no oil is added during the

preparation in the organic phase, the TEM images show the
formation of spherical nanoparticles with a broad size
distribution and mean particle diameters of ca. 250 nm (Figure
4a). Particles prepared in the presence of Lutensol AT25 or
without surfactant at all are polydisperse and larger in diameter
(up to ca. 2−3 μm). In addition, these dispersions show a poor
colloidal stability with settling of the particles. However, the
produced microparticles exhibit an extraordinary porous
structure with high surface areas. Nanoscopic holes in the
particle and on the surface as a highly porous structure are
detected in SEM and TEM (TEM: Figure 4b, c; SEM: Figure
S7). The pores are probably formed by solvent evaporation
through the polymer phase.
Release Studies. The loading of hydrophobic molecules

inside the oily core of the lignin nanocarriers is interesting for
future applications. For example, the particles could be used as
an enzyme responsible delivery system for fungicides in plant
protection, as laccase, which is secreted by a variety of fungi,
can degrade the lignin matrix thus leading to the release of the
drug.6 As a model compound a small molecule, i.e., 2-
propylpyridine, was encapsulated into the nanocarriers: it acts
as a benchmark molecule for the density of the nanocarriers
and was dissolved in chloroform together with lignin-MA

before polymerization. Three different morphologies of lignin
particles were investigated for release behavior: solid particles,
lignin particles with spherical shape; porous particles, lignin
particles with porous spherical structure; and core−shell
particles, lignin particles with oil core-lignin-shell structure. In
the case of the solid lignin nanoparticles (analog to the ones
shown in Figure 4a), 2-propylpyridine was added into the
chloroform phase to lignin-MA, but without the addition of an
additional oil. After polymerization, the release profile of 2-
propylpyridine was studied (Figure 5a). It is obvious that
ca.10% of the cargo is released from the solid lignin
nanoparticles over time (Figure 5a, ■). However, no further
release can be detected. As even the small molecule 2-
propylpyridine remains almost complete inside the lignin
nanocarriers, the system can be considered as promising
candidate for enzyme-responsive drug delivery. A higher release
was detected in the case of the porous structures (Figure 5a,
●). This might be attributed to some open pores, higher
surface area, and the overall thin lignin layers within the
structure. Hollow nanocapsules (either with hexadecane or
olive oil) show a slow release of 30−40% after 24 h. The
release, however, levels off after that period (Figure 5a, ▲ and
⧫). This indicates a certain barrier property of lignin and lignin
nanomembranes for low molecular weight compounds.25 2-
Propylpyridine is a rather small molecule and can be regarded
as a benchmark test for their density. All potential drugs used
for example in agriculture are larger molecules that would
probably exhibit slower release kinetics. However, the different
morphologies of the lignin nanocarriers allow a controlled
release over time by diffusion. Furthermore, the release of the
cargo from the lignin nanocarriers can be increased in the
presence of the enzyme laccase, which is capable of degrading
lignin (Figure 5b). After the addition of the enzyme both solid
and core−shell nanocarriers show a faster release of 2-
propylpyridine compared to the diffusive release. These results
prove that laccase is capable to cleave the cross-linked lignin
shell of nanoparticles and thus allowing an enzymatically
triggered release of the cargo. It further indicates that the
release depends on the morphology and should relate to the
partition coefficient of the active ingredients between the oil
core and the polymer shell (lignin).

Carbonization of Porous Lignin Nanoparticles. Be-
cause lignin is a carbon-rich renewable resource,26 the
carbonization of lignin nanoparticles with porous structure
was further investigated. The N2 adsorption−desorption
isotherms are used to study the effect of carbonization on the
microstructure and surface area of the carbon material from the
lignin nanoparticles. First, the thermal decomposition of lignin,
lignin-MA and porous lignin particles was investigated. By TGA
the percentages of residual char at different temperatures were
obtained (Table 2 and Figure S8). The amount of char residue
during thermogravimetric analysis under nitrogen decreased
after the esterification of lignin and lignin nanoparticles
formation. The main weight loss was in the broad range of
300−500 °C temperature. The char yield was slightly decreased
after 600 °C.
The carbonization process was carried at two different

temperatures (600 and 800 °C) for 1 h in order to completely
eliminate all volatile organic compounds. Afterward, TEM was
used to investigate the morphology of the remaining structures.
After carbonization at 600 °C the microporous structure of the
lignin microparticles is still present, while the product after 800
°C treatment shows only carbon (Figure 6). The pore sizes
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were determined by BET measurements (Figure S9): The
carbonized porous lignin particles at 600 °C (L49−600) and
800 °C (L49−800) exhibit enhanced adsorption capacities
compared to the pristine lignin or the lignin microparticles
without thermal treatment. In particular at the low pressure
region an increase can be detected, indicating the presence of
micropores; the characteristic hysteresis loop from L49−800
exhibits a maximum adsorption capacity, suggesting the
embedded mesoporous structure. The BET surface area and
pore size structures of the various samples are summarized in
Table 3. Correspondingly, after carbonization at 800 °C the
lignin porous particles show the maximum BET surface area
and a micropore volume of 552 m2/g and 0.274 cm3/g,
respectively.
XPS was used in order to study the carbonization of the

porous lignin particles. After carbonization of lignin particles at
600 and 800 °C, the oxygen atomic composition decreased
from ∼21.6% first to 17.2%, and further even to ∼8%, while
similar decreasing trend is also observed for pristine lignin
before and after carbonization treatment (Table 3). The relative
decrease in oxygen composition after carbonization can also be
identified in the survey and C 1s XP spectra in Figure 7 (the C
correlated photoemission peak becomes more intense (versus
oxygen)) for lignin particles after carbonization at 600 and 800
°C. Correspondingly, in the C 1s spectra (Figure 7d), the
spectra weight for oxidized carbon component (green)
decreases dramatically after carbonization, while in the carbon
material states, the dominant spectra contribution most
probably comes from graphite (purple) with correlated binding
energy at ∼284.2 eV.
The adsorption ability of carbon nanoparticles (L49−800)

was compared with pristine lignin after carbonization at 800 °C
by using methylene blue as a model adsorbent. It was found
that the adsorption capacity of the dye onto the carbon
materials prepared from porous lignin nanoparticles is almost
two times higher than that of carbonized lignin (Figure 8).
These results indicated that lignin nanoparticles have a high
potential to act as a precursor for carbon material with a high
surface area. Compared to commercial carbon black the surface
area was 790% higher and was of a similar value of carbonized
ball-milled lignin at 900 °C.27

■ CONCLUSIONS
Lignin nanocarriers with different morphology have been
fabricated by free radical polymerization of methacrylated lignin
in miniemulsion, combined with solvent evaporation. As phase
separation occurred during the solvent evaporation, solid
nanoparticles, core−shell structures with a liquid core
(hexadecane, plant oils) and a solid lignin shell, or highly
porous lignin nano- and microparticles have been prepared. All
systems were loaded with a hydrophobic cargo. It was found
that the release behavior depends on the morphology of the
nanocarriers (with the solid nanoparticles exhibiting the slowest
release, while the core−shell structures can be loaded with high
amounts of lipids/fats). By addition of the enzyme laccase, the
degradation of lignin can be induced, leading to the release of
the cargo. Thus, the nanocarriers are of high interest as
biodegradable delivery vehicles for a broad range of agricultural
applications.
In addition, the porous lignin nanoparticles can be

carbonized. The resulting carbon particles exhibited a high
surface area of 552 m2/g and showed efficient adsorption of
methylene blue.

These results prove that the abundant biopolymer lignin can
be used as building block for the preparation of nanocarriers
with variable morphology that can be applied in agriculture as
biodegradable drug carrier or as adsorbent after carbonization.
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