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Introduction

Sonochemical oxidation of technical lignin to
obtain nanoparticles with enhanced functionality¥

Nagore |zaguirre,? Javier Fernandez-Rodriguez,® Eduardo Robles® and
Jalel Labidi (=) *2

Kraft lignin (KL) was treated by employing mild oxidation conditions enhanced by ultrasound irradiation
(US) for obtaining more functionalized particles, avoiding the undesired side reactions of degradation and
depolymerization. The aim was to obtain products with plausible value for applications with a greater
potential market, enabling the introduction of low-cost bio-based materials for technically advanced
applications. In the present work, KL was oxidized in alkaline media, applying low temperatures
(30-60 °C), short times (15 to 60 min), and US waves (20 kHz). The influence of incorporating hydrogen
peroxide (H,O,) as an oxidizing agent was also studied, as well as the chemical composition, physico-
chemical, thermal, and morphological properties of the final lignin particles. It was observed from
Quantitative Acid Hydrolysis (QAH), Elemental Analysis (EA), and molecular weights (M,,) that oxidized
lignin particles (OxL) did not suffer any major degradation. Other techniques used to determine physico-
chemical properties, such as Fourier Transformed Infrared (FTIR), 31 Phosphorous Nuclear Magnetic
Resonance (*'P NMR), or Ultraviolet—-visible (UV-vis) methods, corroborated oxidation reactions, evident
by the increment of carboxylic groups. The most noticeable difference, however, was observed when the
stability and morphology of the particles were observed by Dynamic Light Scattering (DLS) and
Transmission Electron Microscopy (TEM). Some conditions greatly promoted the formation of more
stable and nanosized particles. The best conditions were the mildest but with the highest reaction times
(no addition of H,O,, 30 °C and 60 minutes). Moreover, all reactions had good recovery yields, above 70%
of the original lignin.

tainable solvents like Ionic Liquids and Deep Eutectic Solvents
have been implemented,® but also lignin transformation and

Biorefineries are essential tools for the transition of more
efficient and sustainable development, able to substitute pet-
roleum-based products with biomass-derived products.
Lignin has been addressed as a key compound for biorefinery
development and forest-based circular bioeconomy.” It has
been widely studied for various applications since it is a major
component of wood and the most abundant aromatic bio-
polymer. Nevertheless, its commercial and economic perspec-
tives demand different approaches to large-scale valorization.
Recent progress in the development of novel, greener biorefin-
ery processes have been carried out, where not only more sus-
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modification processes have been designed for further valori-
zation in high value-added products. Processes like depolymer-
ization, pyrolysis, and hydroprocessing have been widely
explored, along with ultrafiltration, selective pH precipitation,
mechanical membrane filtration, and fractionation utilizing
green solvents.* One of the most studied strategies for lignin
valorization has been its oxidation, a route to obtain smaller
molecules, such as aromatic aldehydes (vanillin being indust-
rially manufactured), ketones, and acids.>” By the cleavage of
the inter-unit linkages in the lignin molecule, its potential to
replace current marketed aromatic compounds from fossil
resources has drastically increased. Moreover, the obtaining of
these molecules, more homogeneous than their predecessor
and highly functionalized due to the increment in reactive
functional groups, ease their application as building-block
compounds for value-added markets,® such as adhesives,’
thermosetting polyester coatings,'® nanocarriers for drug deliv-
ery,"" antioxidant/antimicrobial agents, light-harvesting com-
plexes, environmental remediation or electrode materials.'?
Numerous selective oxidation reactions have been designed to
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cleavage and functionalize the lignin molecule, emphasizing
more sustainable processes like ozonation, catalytic, photo-
catalytic, US irradiated, and electrochemical oxidation, where
more energetically efficient processes are designed.'* For
example, Garedew et al. reported works where electrocatalytic
oxidation processes were carried out at ambient temperature
and pressures, where different products were obtained by
adjusting the potential.'* Different transition-metal complexes
were used to catalyze the process,'” or alternative solvents like
protic ionic liquids'®'” were employed. Alternatively, hydro-
thermal oxidation,'® enzymatic depolymerization,’®*° and
functionalization®"** procedures have been carried out. The
most common products obtained by these processes are the
low molecular weight phenolic compounds (LMWPC), such as
phenolic aldehydes, ketones, and acids.>?

Conversely, oxidative fractionation of lignin into dicar-
boxylic acids (DCAs) like muconic, maleic, and succinic acids
can substitute the currently used.** Lastly, the other family of
compounds that can be obtained from the oxidation of lignin
is the oxidized derivatives of aromatic compounds, also known
as quinones. These molecules are interesting because they can
act as catalysts in Kraft processes to enhance the performance
of the pulping process and as redox-active organic molecules,
plausible to replace the redox-active metals presently used in
energy storage, leading to the incorporation of a biomass-
derived and inexpensive material.>

An extended amount of work investigating lignin oxidation
is based on incorporating and utilizing different chemical cata-
lysts (homogeneous and heterogeneous). A wide variety of com-
pounds have been used as catalyzing agents, starting from the
most common metallic ones (like Cu®®) to TiO, doped with
bimetals like Cu-Au or Fe-Au,>” as well as KOH*® or KO'Bu.*’
These catalytic agents have been widely used along with other
oxidating agents like H,O,, an extensively used bleaching
agent in the paper industry.>® A weak acid dissociates into a
strong nucleophile perhydroxyl anion (HOO™), attacking elec-
tron-deficient functional groups like carbonyl groups and
enabling lignin degradation into phenolic compounds.® It is
highly susceptible to decomposition reactions, especially when
high temperatures and pH are used.’® It has been reported to
be able to react with phenols on lignin, forming phenoxy rad-
icals that later degrade to low molecular weight compounds.
Nevertheless, these reactions happen when metals are added
or pH is kept at similar values to the pK, of the peroxide (11.7).
Minor degradation reactions can still happen at milder con-
ditions than explained, with primary reaction products from
phenolic structures (primarily quinones) as yields.**

US irradiation is based on acoustic cavitation. Liquids irra-
diated in the correct conditions create, expand, and collapse
vapor bubbles capable of inducing the formation of radicals
by the cavitation effect.® This cavitation effect is formed by
the implosion of the bubbles, which create localized high
pressures and temperatures while the overall liquid maintains
a controlled temperature. The US has been mainly used in
biorefinery processes to enhance delignification processes,
increasing extraction yields and purity. However, more
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recently, it has been observed that this technology can syn-
thesize lignin nanoparticles, similar to the formation of nano-
cellulose and nanochitosan entities.*® When lignin is sub-
jected to ultrasonic forces, its molecule considerably reduces
its size since the molecular bonds present in the structure are
broken down by the energy applied in the form of cavitation
effect.>® Consequently, spherical nanolignins of diameters
around 100 nm can be obtained and physically prevented from
re-attaching themselves to avoid their reorganization in bigger
molecules, as stated before by Gilca et al. and Mishra et al.>*>°

This work aims to produce oxidized lignin nanoparticles,
highly functionalized and with great surface area and potential
to be incorporated in a varied application range. The designed
route to obtain this objective was defined based on the oxi-
dation of Kraft lignin in mild conditions with the combined
action of an oxidating agent (H,O,) and ultrasonic cavitation
in an innovative integrated mechanism not tested before. This
procedure may therefore enhance a way for obtaining primary
reaction products from the phenolic structures present in
lignin without reaching the most widely explored path until
the present day, which are low molecular weight redox-active
compounds like quinones, widely investigated materials for
diverse applications ranging from biologic applications due to
their immunotoxic, cytotoxic, and carcinogenic properties,®” to
electrochemical applications in different types of batteries
(redox-flow batteries,*® and zinc*® or sodium ion batteries*°).
Moreover, the obtention of nanosized particles, with an
increased ratio of surface to volume, has improved properties,
opening new possibilities for the lignin incorporation in a
wider range of applications like cosmetics,*' polymer nano-
composites with enhanced mechanical properties, or even
energy storage materials.*?

Results and discussion
Design of experiments (DOE)

Eighteen experiments were designed using a multilevel factor-
ial method, where T, t, and [H,0,] were chosen as experi-
mental factors. T and ¢t were 3 level factors, with 30, 45, and
60 °C and 15, 30, and 60 min as level values, respectively.
[H,0,], on the other hand, was a 2-level factor, where 0.0 and
0.1 eq. H,O, to lignin was used. Estimations for each of the
experimental effects and the interactions obtained are listed in
Table S1,t data of variance for Z potential in Table S2,T stan-
dardized Pareto Diagram for Z potential in Fig. S1,7 and Graph
of main effects for Z potential are shown in Fig. S2.f The
F-values shown in Table S21 show the variations between the
means of the sample. The higher the value of F, the greater the
difference between the group means, evidencing the difference
the treatment has on the samples. The p-value, meanwhile,
concludes if there is a statistically significant difference
between the means of the three groups. When this value is
equal to or higher than 0.05, there is evidence to conclude a
statistical difference between the group means. Fig. S1 shows
that H,0, addition is the parameter that affects the most the Z
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pot value, followed by time. Nevertheless, Fig. S2+ shows that
these effects are detrimental to particle stability, as Z pot
values increase with H,O, addition and higher T-s, while it
decreases with longer times.

Yield, pH change, and total energy delivered to the system

The total amount of energy delivery to the system was recorded
for each sample, which is related to the ultrasonic power and
elapsed time by the following equation:

E=P-t

(1)

where E is the energy delivered to the system, P is the ultra-
sonic power, and t is the elapsed time.

The yields obtained, shown in Fig. 1 and listed in
Table S3,1 are similar for most of the samples, which means
that the product loss is due to the different stages of the
process, such as precipitation, centrifugation, and filtration.
Even though a considerable amount was lost (around 25%),
optimizing the recovery stages could easily reduce this value.
In terms of energy delivered to the system, visible in Fig. 1, the
tendency followed was linear with time. H,O, addition signifi-
cantly affected the pH variation during the reaction, consider-
ably decreasing the value due to the acidic nature of the com-
pound and its disassociation into HOO™. In the experiments
where peroxide was not added, the pH remained almost con-
stant; however, its addition decreased pH values. It is observa-
ble that the increase in sonication time favored the dis-
sociation of H,0, at medium and high temperatures since the
pH decreased considerably more than at low temperatures.

Chemical composition and elemental analysis of the samples

Oxidized lignin samples were analyzed by QAH, UV-vis spec-
troscopy, HPLC, and TGA, which enabled the quantification of
Acid Insoluble Lignin (AIL), Acid Soluble Lignin (ASL), carbo-
hydrates (CA), and ash content. The mass content of the major
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components of the samples is illustrated in Fig. 2 (left) and
listed in Table S4.1 QAH effectively quantifies the purity of the
lignin obtained (AIL) to estimate the degree of degradation
and quantify the side products (CA, ASL, Ashes...) of each
experiment. KL has the least amount of AIL, corresponding to
the sample with the highest content of impurities. After oxi-
dation, AIL content increased from 15% to almost 20%. ASL
content decreases considerably, meaning many of these mole-
cules were dissolved during the process. The CA content
increased due to the degradation products obtained from the
oxidation, the most noticeable rise being in the last three reac-
tions, where hydrogen peroxide and 60 °C were used. The
harsher conditions improve the dissociation of lignin into
smaller molecules, such as carboxylic acids or carbohydrates.
The ash content, however, decreased with the oxidation reac-
tions. The initial Kraft lignin presented high inorganic matter,
resulting in low purity. Reactions with longer times showed
decreased ash content, resulting in a high-purity product.

The results obtained from the Elemental Analysis are illus-
trated in Fig. 2 (right), and values are listed in Table S5.f
Carbon, hydrogen, nitrogen, oxygen, and sulfur content were
determined, useful to deduce how external functional groups
to lignin (HOO™ from the peroxide or SO,*~ from the sulphuric
acid used for precipitation) adhere to the samples depending
on the reaction conditions. KL is primarily composed of
carbon (62.44 + 0.38%); however, carbon content increased
with the sonochemical oxidation, reaching up to 66.41 +
0.76% in the case of OxL9. The second most abundant
element in lignin biopolymers is oxygen, with values around
25%. KL was the sample with the highest O content, with
26.98 + 0.54%, while most of the oxidized lignins had around
23-24%, the least being the OxL3 with 23.41 + 0.28%.
However, this does not necessarily mean that KL is the sample
with the highest functionality. Lignin macromolecules are
formed by crosslinking monolignols through several linkages,
ether bonds being the most common. Therefore, the high
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Fig. 1 On the left side is the yield after each sonochemical treatment, and the right diagram represents the total energy delivered to the system and

the change in pH during the reaction for the different oxidative conditions.
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Fig. 2 Chemical composition (left) and elemental composition (right) of KL and the oxidized samples.

amount of O can be related to the high amount of ether
groups rather than hydroxyl or carbonyl.** In terms of hydro-
gen, it increased with the reaction time, with the set point at
5.20 + 0.02% and reaching values of 5.69 + 0.19%; the same
trend followed throughout the samples.

Regarding S content, KL contains 5.07 + 0.16%, increasing
to 6.08 + 0.05% in the case of OxL3 and decreasing to 3.93 +
0.11% in the case of OxL18. This might be influenced by the
temperature in which the reaction occurred, contributing to
the pH change. In the case of the lowest temperature con-
ditions (30 °C), the lignins obtained have higher S content and
lower O content than the ones compared with the samples
obtained at the highest temperature conditions (60 °C). This
also concurs with the pH change and, consequently, the dis-
sociation of H,O, to HOO™. The samples obtained at 30 °C
had fewer HOO™ ions to associate with, so when precipitated
with H,SO,, they had more active sites for the adhesion of S
atoms. Conversely, the samples obtained at 60 °C had a higher
content of HOO™ ions, promoting their attachment before the
precipitation with H,SO,. Finally, the N content did not fluctu-
ate in the process, which is insignificant, to the point where it
could be considered N-free. This parameter, however, is deter-
mined by the nature of the raw material rather than by the
process.**

Physicochemical properties of the samples

The average molecular number (M,,), average molecular weight
(My,), and polydispersity index (Py,) values for KL and the oxi-
dized samples are listed in Table 1, and the chromatogram
curves obtained for each sample are shown in Fig. S3.1 Overall,
M,, increased slightly in the process, validating that mild oxi-
dation conditions are not enough for the degradation and
depolymerization of the lignin, maintaining the molecular
structure relatively stable. It can be observed that values stayed
similar to the original sample (KL) or increased slightly. The

This journal is © The Royal Society of Chemistry 2023

Table 1 Average molecular number (M,), average molecular weight
(M,y), and polydispersity index (Dy) of the different lignins

M, (g mol™) M,, (g mol™) Du
KL 856 2590 3.0
OxL1 828 2497 3.0
OxL2 852 2532 3.0
OxL3 849 2595 3.1
OxL4 851 2608 3.1
OxL5 871 2690 3.1
OxL6 901 2887 3.2
OxL7 860 2583 3.0
OxL8 876 2678 3.1
OxL9 1029 3580 3.5
OxL10 964 3204 3.3
OxL11 898 2821 3.1
OxL12 930 3002 3.2
OxL13 933 3071 3.3
OxL14 1003 3549 3.5
OxL15 1005 3549 3.5
OxL16 897 2774 3.1
OxL17 933 3168 3.4
OxL18 945 3348 3.5

increase in the values could be attributed to condensation
reactions happening after the creation of radicals and their fol-
lowing association. Moreover, this condensation phenomenon
happened when the reaction conditions were aggravated,
especially time and temperature. When the temperatures used
were low (30 °C), time did not affect the M, (M,(OxL1) ~
M, (OxL2) ~ M,[(OxL3)). However, when T increased to 45 °C,
the M, increased slightly and significantly when ¢-s increased
to 30 and 60 min, respectively (M, (OxL7) < M,(OxL8) <«
M,,(OxL9)). Adding H,0, also promoted a slight increment in
M,,, although this change was not remarkable. Finally, it was
observed that with high T (60 °C), time did not influence
between 30 and 60 min, nor with the addition of H,O,
(M (OxL17) ~ M,(OxL18)), nor without H,O, (My(OxL14) ~
M, (OxL15)). This phenomenon can be observed from the

Green Chem., 2023, 25, 8808-8819 | 8811
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curves obtained, since samples OxL9, OxL13, OxL14, and
OxL15 are the ones from which the most significant change
can be observed, with the highest peak at a retention time of
around 21 min, signifying a higher M,, proportion.

In terms of polydispersity, the changes were not substan-
tial. A similar phenomenon attributed to the change in M,
could be applied, where mild conditions in the reaction did
not affect the molecular composition. In contrast, the higher
conditions created new molecular structures due to bond clea-
vages and recondensation, increasing the general heterogen-
eity. Still, the increase in Dy, can be considered neglectable.

The FTIR spectra are illustrated in Fig. S4,T and the assign-
ments for each frequency range are listed in Table S6.T
Structural features and functional groups of the lignins can be
observed. The broad bands obtained at 3400 cm™" are attribu-
ted to O-H stretching in aliphatic and phenolic hydroxyl
groups. This band intensified in all the oxidized samples,
meaning the OH content increased during the process. C=0
stretching, attributed to bands at 1708 cm™?, also increased,
more clearly seen in a close-up look in Fig. S5.1

On the other hand, aromatic skeletal vibration bands at
1610 cm ™" slightly decreased their intensity with the oxidation
reactions, along with the bands at 1329 cm™ and 1217 cm™,
attributed to S ring and G ring stretching. This means that a
mild decomposition happened in lignin due to aromatic clea-
vage. Moreover, the decrease in intensity of the bands at
1150 cm™' implies a decrease in aliphatic ether groups.
Consequently, aromatic rings and aliphatic ether bonds
cleaved increased carboxylic and hydroxyl groups, especially
for samples reacted for extended times and low temperatures
(30 °C, OxL3) and medium times for medium temperatures
(45 °C, OxL8, and OxL11), either with or without the addition
of hydrogen peroxide. At high temperatures (60 °C), the lack of
H,0, favored the process, and short and long periods were the
ones exhibiting the most differences (OxL13 and OxL15).*

The amount of OH mmol quantified by the Folin-Ciocalteu
method is illustrated in Fig. S6.f Overall, the total phenolic
content decreased. As seen from the FTIR, aromatic rings
suffered cleavage, causing degradation of the phenolic com-
pounds of lignin and forming quinones.*® The more the TPC
decreases, the harsher the oxidation conditions and the more
degradation occur. Since these conditions are kept mild, and
the QAH analysis corroborates that a considerably low amount
of CA is obtained, it is evident that although lignin reacts, the
reactions finish before high degradation of lignin occurs,
ensuring the preservation of its integrity throughout the
process. The fluctuation in the TPC did not follow any linearity
with the increase in time.

In some cases, shorter times favored the increment of TPC,
while in other times, specifically when temperatures were also
higher, longer times led to molecules with more OH groups. At
short times (15 min), the temperature increase aggravated its
loss, showing a linear trend (a decrease from 0.013 mmol g~*
at 30 °C, to 0.095 mmol g~' at 45 °C, to 0.009 mmol g~ ' at
60 °C). When H,0, was added, the trend followed was similar;
OH concentration decreased inversely proportionally with

8812 | Green Chem., 2023, 25, 8808-8819
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time. Medium times were the optimum at medium tempera-
tures, while long times had the best results at high
temperatures.

This could be because low temperatures do not allow break-
ing aromatic rings, and substituting aliphatic and phenolic
OH groups does not require extended time. On the other
hand, because the increase in temperature aggravates the reac-
tion conditions, short times are sufficient for partial lignin
aromatic ring cleavage, and new functional groups like
hydroxyl groups are created. However, longer times tend to
repolymerize, again decreasing the OH content, as conden-
sation reactions happen in this functional group. UV absorp-
tion bands were also recorded from 400 to 260 nm, illustrated
in Fig. S6.f The absorption peaks at 280 nm correspond to
non-conjugated OH groups, while values at 315 nm correspond
to the conjugated OH groups. Samples obtained at low temp-
eratures follow the same trend as in TPC, where longer times
reduce the OH content the most, both conjugated and non-
conjugated. All samples reduced their content in conjugated
and non-conjugated OH groups, although this change was irre-
levant. Nevertheless, medium temperatures were the ones that
reduced the quantity of these functional groups most, while
high temperatures were the ones that reduced the least and
the most similar, albeit changing time and adding H,0,.

Different OH groups in lignin were identified and quantitat-
ively determined by *'P NMR spectroscopy. Peaks associated
with aliphatic OH, C5-substituted OH, guaiacyl OH, p-hydroxy-
phenyl OH, and carboxylic acid OH were integrated and com-
pared with the integration value obtained for the internal stan-
dard (NHND) to get mmol g™' lignin concentration values.
Besides, S/G ratios were also obtained. The results are listed in
Table 2, and the spectra are represented in Fig. S7.f All
samples lacked from H unit due to the hardwood origin of the
Kraft lignin; overall, an increase in OH content can be
observed for all the treated samples. The increase in hydroxyl
content indicates that the conditions used are not strong
enough for condensation or depolymerization reactions, which
validates these conditions as suitable for the oxidation of
lignin. Ultrasonic forces fragment the condensed structures.
Therefore, S and G units free themselves from the macro-
molecule, regaining the OH group from which condensation
occurred. Since the C5 of the aromatic ring is free in G units,
their reactivity is higher and easier to condense. Consequently,
G units are more abundant in condensed structures, and when
fractioned, the released units are also G units.””

Total phenolic hydroxyl content increased in all treated
samples. The lowest temperatures without adding hydrogen
peroxide were even more efficient for an increment in phenolic
OH content (OxL1 and OxL2), where the most extended times
were most effective (OxL3). OxL3 obtained the optimal results,
with the highest OH content, both aliphatic and phenolic.
This differs from the results obtained from the Folin-
Ciocalteu method, where longer times led to less TPC at the
lowest T.

The efficiency in medium and high temperatures, with the
addition of H,0,, was not so satisfactory, meaning the harsher

This journal is © The Royal Society of Chemistry 2023
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Table 2 Quantification of different hydroxyl content (mmol g~* lignin) and S/G ratio for selected samples

Aliphatic C5-substituted (S) Guaiacyl (G) p-Hydroxyphenyl (H) Carboxylic acid Total phenolic S/G

OH OH OH OH OH OH ratio
KL 0.05 0.18 0.06 — 0.04 0.24 3.17
OxL1 0.06 0.21 0.07 — 0.03 0.28 2.86
OxL2 0.06 0.20 0.07 — 0.03 0.27 2.86
OxL3 0.07 0.25 0.09 — 0.03 0.34 2.89
OxL9 0.06 0.20 0.06 — 0.04 0.26 3.08
OxL16 0.06 0.20 0.07 — 0.03 0.27 2.83
OxL17 0.06 0.21 0.07 — 0.04 0.28 2.88
OxL18 0.04 0.20 0.07 — 0.01 0.27 2.67

conditions did not positively influence the results (OxL9 and
OxL18). Low and medium times, nevertheless, showed better
results in the harshest conditions (OxL16 and OxL17) than
longer times (OxL18). However, once again, these results are
not in concordance with the ones obtained with those
obtained with the Folin method since the TPC measured had
medium values with sample OxL9, and an increase could be
observed with the increment with time when the harshest con-
ditions were applied (60 °C and H,0,).

Aliphatic OH groups also increased in all samples except
for OxL18, which decreased due to condensation. Aliphatic
hydroxyl groups are more reactive than phenolic hydroxyl
groups,”” meaning that these conditions might be where con-
densation reactions start instead of oxidation. In carboxylic
acid OH groups, a clear tendency could not be observed;
although medium conditions like low temperature and
medium time (OxL2) and high temperature and low time
(OxL16) obtained less COOH content, harsher conditions
favored the appearance of more groups. Nevertheless, OxL18
was the sample with the considerably lowest COOH content,
following the same mechanism that caused the reduction of
the aliphatic content.

In terms of the S/G ratio, all treated samples reduced their
S/G ratio, meaning that the quantity of G units increased
more than S units. OxL18 was the one that obtained the
smallest ratio, but observing the individual concentrations
of G and S OH, OxL3 was the most effective in increasing
both S and G units, considerably increasing the value of S
OH mmol, the hardest compound to react, while using low
temperatures with no addition of oxidizing agent. This
matches with the results obtained in FTIR spectra, where
the band intensity at 1150 cm™" decreased, presuming the
cleavage of aliphatic ether bonds and increasing C=O and
OH groups. This happened at low temperatures and without
the addition of hydrogen peroxide because ultrasound
irradiation is efficient at low temperatures, enabling the oxi-
dation of lignin without further undesired phenomena like
agglomeration, depolymerization, and degradation. The
quantity of oxidized functional groups increased with the
prolongation of the reaction time, whereas the conditions
were too mild for the occurrence of further reactions. When
heat and H,0, are supplied, these other reactions start,
exceeding the oxidation step intended and leading to obtain-
ing degraded samples.

This journal is © The Royal Society of Chemistry 2023

Thermal properties of the samples

Thermogravimetric Analysis (TGA) was performed for each
sample. The obtained TGA and DTGA curves are illustrated in
Fig. S8, and the values of mass loss at 5% and 50% (s, and
Tso9) along the degradation stages are listed in Table S7.7 Tso,
corresponds to the temperature at which 5% of the mass
degrades. Overall, most samples have a Ts¢, between 150 and
200 °C. Typically, moisture is evaporated before, meaning its
content is lower than 5%, except for OxL5 and OxL6, where
their Tso, is at 75 °C. Tsq9, corresponds to the temperature in
which 50% of the mass is lost. Most Tsqo, values are around
425 and 475 °C, with few exceptions exceeding that (OxL4 with
540 °C and OxL15 with 520 °C).

DTGA curves depict the different degradation stages hap-
pening at different temperatures. The first degradation stages
happening below 150 °C are due to moisture loss. The second
degradation stage happens between 200 and 300 °C, corres-
ponding to the degradation of polysaccharides and aliphatic
alcohols and acids. Finally, aromatic ring cleavage and degra-
dation of syringyl and guaiacyl units into phenolic compounds
happen at temperatures above 300 °C.***°

The first degradation step is due to the moisture loss of the
sample, happening at 50-60 °C in all cases. The second signifi-
cant mass loss happened around 200 and 300 °C, with minor
degradation. In this step, small molecules were degraded, while
the main part of the lignin sample was lost between 350 and
460 °C. Finally, a few samples had residual matter, which
degraded at around 700 °C. OxL4 and OxL15 have the highest
thermal stability, while OxL1, OxL8, and OxL16 have the lowest.
This might be due to the condensed structures being more con-
siderable in the first ones and scarcer in the last ones. The main
degradation temperatures were also higher for samples OxL4
and OxL15, while KL and OxL5 had the lowest.

Differential Scanning Calorimetry (DSC) curves can be seen in
Fig. 89,} and the T,-s obtained are listed in Table S7.7 It can be
observed that values ranged around 116-118 °C or around 97 °C.
This fluctuation of T, values can be related to the heterogeneous
nature of lignin samples since a correlation between T, and Dy
was noticed. KL and other oxidized samples maintained a similar
polydispersity value, around 3.0-3.3, while samples OxL9, OxL14,
OxL15, OxL17, and OxL18 have a Dy, value of 3.4-3.5. This small
increase in Py entailed a reduction of the T, of almost 20 °C, det-
rimental to the rigidity when temperatures reach that T, value.
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Morphological properties of the samples

Z potential (mV), conductivity (mS ecm™"), size average (nm),
and dispersity index were measured for all samples by
Diffraction Light Scattering (DLS). The Z potential (ZP) refers
to the value of the electric charge of the surface of the particle,
which can determine the stability and the tendency of the par-
ticles to aggregate themselves. High ZP values (positive or
negative) imply that they have good physical stability due to
the electric repulsion and the high charge surface, disabling
the aggregation and growth in size. Values between +30 mV
and —30 mV indicate instability, with van der Waals forces
being able to act upon the particles, creating aggregates. When
this value is higher than +30 mV or minor than —30 mV, the
particles have sufficient repulsive force to be physically stable
in dispersion. From Fig. 3, most lignins presented moderate
stability, while some presented incipient stability. KL has inci-
pient stability; however, most samples have values from
—30 mV to —40 mV. This means that the process was effective
in forming more stable particles. Three samples reached really
good stability, OxL1, OxL2, and OxL3. These were obtained at
the lowest temperature (30 °C), at various times, without
adding H,0,. It was observed that ZP decreased with soni-
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cation time almost linearly, a trend that was similar in
samples obtained at 45 °C (OxL7, OxL8, and OxL9), and 60 °C
(OxL13, OxL14, and OxL15), without H,0,. These higher temp-
eratures, nevertheless, created more unstable particles. The
reason might be that these stronger conditions promote lignin
degradation into smaller particles and repolymerization,
which are less stable particles with a higher dispersity index.
Particle size was measured similarly. Values are obtained by
the photon dispersion fomented by the particle dispersed in
water, which depending on the particle size and how this inter-
acts with the medium, disperses differently and obtains
different values. It is an interesting method to give a quantitat-
ive value of the particle size due to the rapid measurement
and easy obtention of the data. However, the information
obtained might differ from other qualitative methods like SEM
o TEM since these particles observed are no longer dispersed
or dissolved when analyzed.

There was not a visible correlation between ZP and size
average. Nevertheless, the smallest particles, OxL3 and OxL18,
had the highest conductivity values, almost doubling the
values of the other samples. These two samples had the
longest reaction times, contributing to higher H content, prob-
ably due to the formation of hydroxyl groups that improve
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stability. Overall, regarding morphological properties, OxL3 is
the sample with the best results since it has the highest ZP,
highest conductivity, smallest size, and lowest dispersity index.

Selected lignin particles were dispersed in water at a con-
centration of 0.1 wt% and prepared for TEM analysis. The
images obtained at a 500 nm scale and negative contrast are
shown in Fig. 4, and aggregate particle types and average par-
ticle size values are listed in Table S8.} It should be mentioned
that the size values obtained from DLS and TEM differ due to
the nature of the analyses. The first is measured by dispersing
samples in a liquid media and measuring the light scattering

Fig. 4 TEM images of KL, OxL1, OxL2, OxL3, OxL9, OxL16, OxL17, and
OxL18.

This journal is © The Royal Society of Chemistry 2023
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of dispersed bodies, while the latter is dried and just particles
are imaged. Therefore, size values obtained from DLS are
higher, but a similar trend in the values change can be
observed from both.

Images obtained by TEM display that the reaction reduced
the sizes and influenced the dispersion, aggregation, and
agglomeration of the lignin particles. KL particles had con-
siderably bigger diameters than the sonochemically oxidized
samples, which demonstrated the influence of the process on
the final particles when times were medium or high. The
average particle size of OxL1 and OxL16 maintained quite
similar to the value of KL, obtaining particles with diameters
ranging from 125-150 nm, regardless addition of H,O, and T.
With the increase of ¢ at low temperatures (OxL2 and OxL3), a
drastic reduction of size could be observed, where 25 nm sized
particles were measured. A decrease was also observed with
time in the case of OxL17 and OxL18, but the particles
obtained did not reduce so drastically. Medium T and long ¢
were also effective for the obtention of nanolignin (OxL9) since
the smallest particles quantified by this technique were these.
Another interesting parameter observable by this technique is
the variability of the tendency to create particle clusters. KL
particles were tightly bound, creating agglomerations. These
clusters reduced significantly even with the mildest reaction
conditions (30 °C during 15 min), as can be observed in the
image of OxL1, where the particle size is much smaller, and
the agglomerates are minor. When the reaction time increased
to 30 min (sample OxL2), particles switched from being tightly
bound to slightly bound, creating agglomerations instead of
aggregates.’® This means that the interactions with the highest
force were broken and substituted by others with lighter force.
When time increased to 60 min, particle-particle forces were
hardly noticeable, mostly finding free particles (OxL3).
Agglomerations reoccurred when the temperature increased to
45 °C while maintaining the longest time (OxL9). This
phenomenon magnified significantly when the temperature
increased to 60 °C while maintaining the one-hour reaction
time (OxL18). It can be concluded that reaction time influ-
ences more the agglomeration formation than the reaction
temperature, as the samples obtained at 60 °C after 15 and
30 min (OxL16 and OxL17, respectively) were loose molecules
with no visible particle-particle interactions. Moreover, the
addition of H,0, has no apparent effect on it either. It has
also been established that the particles with higher molecular
weights have smaller particle sizes® since they initiate the
nucleation in the lignin precipitation and have a more hydro-
phobic nature. The lack of small M, lignins means that they
will not coat the larger molecules, as they are the ones that pre-
cipitate subsequently.’>

Scaling up perspectives

The use of ultrasound irradiation has been widely evaluated
for pilot and industrial scales, where both technical and econ-
omic feasibilities have been studied. The energy density (E;) is
a key factor for determining this since it takes into account the
main parameters of the sonication treatment: power, duration,

Green Chem., 2023, 25, 83808-8819 | 8815


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc01037f

Open Access Article. Published on 05 October 2023. Downloaded on 4/7/2026 6:06:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and volume.>® However, the processing type should be similar
to have a solid scaling.

The current work experiments were carried out at three
different times (15, 30, and 60 min). Other conditions like T
and [H,0,] did not considerably affect the E; of each experi-
ment, as seen in Fig. 1. Experiments with 15 min of duration
consumed overall around 50 KkJ, while the ones with 30 and
60 min consumed around 75 and 250 KJ, respectively. The
volume of the solutions prepared and sonicated was 60 mL for
all of them. Therefore, 800, 1250, and 4170 kJ L™ were con-
sumed for 15, 30, and 60 min treatments.

In terms of overall sustainability, there have been works
where certain metrics have been applied to consider processes
as green.” Generally speaking, the proposed process complies
with this category, due to the utilization of waste derived from
the paper and pulp industry, with no conflicting interests with
alimentary products, and with the implementation of ultra-
sonic cavitations. Moreover, this work has concluded that
adding peroxide as an oxidating agent has detrimental effects,
and no other catalyst compounds have been added, easing the
posterior processing of the obtained waste or side products of
the designed process.

Experimental
Materials

Kraft liquor was kindly supplied by a local paper mill
(zikuniaga, Hernani, Spain). Concentrated H,SO, (7664-93-9,
96% technical grade, PanReac) was used to precipitate Kraft
lignin (KL). NaOH (1310-73-2, for Analysis, CS, ISO, PanReac)
and H,0, (7722-84-1, 50%, Sigma-Aldrich) were used for the
oxidation reaction. N,N-Dimethylformamide (DMF, 68-12-2,
99.5%, HPLC grade, Fisher), and LiBr (7550-35-8, PanReac)
were used for the GPC. Dimethyl sulfoxide (DMSO, 67-68-5,
ACS, PanReac), Na,CO; (497-19-8, 99.8%, Scharlab), Folin-
Ciocalteu reagent (12111-13-6, Scharlau), and gallic acid
monohydrate (5995-86-8, Sharlau) were used for the total phe-
nolic content determination. 1,2-Dioxane (123-91-1, >99.8%,
Alfa Aesar) was used to determine conjugated and non-conju-
gated OH groups. Pyridine (Py, 613-002-00-7, anhydrous,
99.8%, Sigma-Aldrich), deuterated chloroform (CDCl;, 865-49-
6, “100%”, 99.96 atom % D, Aldrich), chromium(m) acetyl-
acetonate (Cr(acac);, 21679-31-2, 97%, Aldrich), endo-N-
hydroxy-5-norbornene-2,3-dicarboximide (NHND, 21715-90-2,
97%, Aldrich) and 2-chloro-4,4,5,5-tetramethyl-1,3.2-dioxapho-
spholane (TMDP, 14812-59-0, 95%, Sigma-Aldrich) were used
for the *'P NMR.

Sonochemical oxidation of lignin

Oxidized lignin nanoparticles were synthesized using different
conditions and combined accordingly by an experimental
model designed by STRATIGRAPHIC Centurion XV. A Factorial
Multilevel design was chosen, with three experimental factors
with different levels (3 levels for T and ¢ and two levels for
[H,0,]) and one response variable (Z potential). Eighteen
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different experiments were designed, and the precise con-
ditions for synthesizing each sample are presented in Table 3.
Briefly, Kraft lignin was dissolved in a 1:20 (w/v) proportion of
NaOH 4% (wt%) at room temperature (RT) for 2 h with mag-
netic stirring (400 rpm). Then, H,0, (50%) was added in a 0.1-
equivalent ratio with lignin for selected samples. The tempera-
ture was set to 30 °C, 45 °C, and 60 °C, and reactions were
carried out for 15, 30, and 45 minutes. The selected operation
conditions (low temperature and reaction time) with the inten-
sification provided by the sonication allow for similar results
to those reported in the literature.**>* The reactions were per-
formed inside a 100 mL jacketed cell using a 20 kHz VCX 750
power supply (Sonics & Materials, USA) equipped with a piezo-
electric converter connected to a 13 mm titanium alloy horn
(Ti-6Al-4V) with the amplitude set at 57.5 pm; the temperature
was kept stable with the help of a high precision thermostat
(Huber, Germany) connected to the processing cell. Once the
reaction was finished, the product was precipitated using two
volumes of sulphuric acid solution (2%). Next, the precipitate
was centrifuged and washed three times. Finally, the washed
lignins were filtered under pressure with a filter holder
(Sartorius, Germany) equipped with a nylon filtering mem-
brane of 0.22 pm pore size and dried at 30 °C.

Determination of structural carbohydrates and lignin

Quantitative acid hydrolysis (QAH) was performed to deter-
mine the purity of the oxidized lignin samples.>® A quantity of
0.25 g of sample was dissolved in 2.5 mL of H,SO, 72% (v/v) at
30 °C for 1 h. Afterward, they were diluted with H,SO, 2.5%
(v/v) and autoclaved at 121 °C for 1 h. Finally, the solubilized
lignin was separated by filtration from the remaining insolubi-
lized solid (known as Acid Insoluble Lignin (AIL) or Klason
lignin). Klason lignin was determined by gravimetric Analysis,
and the soluble lignin, dissolved in the liquor, was diluted
using H,SO, 1 M and measured its absorbance at 205 nm.
HPLC also was used to quantify the carbohydrates present in

Table 3 Reaction conditions for sonochemical oxidation of lignin

Sample [H,0,] (eq) T (°C) t (min)
KL — — —
OxL1 0 30 15
OxL2 0 30 30
OxL3 0 30 60
OxL4 0.1 30 15
OxL5 0.1 30 30
OxL6 0.1 30 60
OxL7 0 45 15
OxL8 0 45 30
OxL9 0 45 60
OxL10 0.1 45 15
OxL11 0.1 45 30
OxL12 0.1 45 60
OxL13 0 60 15
OxL14 0 60 30
OxL15 0 60 60
OxL16 0.1 60 15
OxL17 0.1 60 30
OxL18 0.1 60 60

This journal is © The Royal Society of Chemistry 2023
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the liquor. A Jasco LC Net II/ADC chromatograph with a refrac-
tive index detector was used to identify specific monomers,
such as glucose, xylose, arabinose, galacturonic acid, acetic
acid, furfural, and hydroxymethylfurfural. For this, 20 pL of
the liquor was injected and eluded with 0.005 M H,SO, at a
0.6 mL min~' flow rate. The column used was an Aminex
HPX-87H 300 x 7.8 mm (Bio-Rad Laboratories, USA) at 50 °C.
All samples were analyzed in triplicate.

Elemental analysis (EA)

The elemental analyzer equipment used was Leco TruSpec
Micro. An amount of 2 mg of sample was heated at 1050 °C,
and pure helium (3x Nippon Gas) and extra pure oxygen (4x
Nippon Gas) was used as carrier gas and test gas, respectively.
The samples were analyzed in triplicate, and sulfamethazine
Leco (C = 51.78%; H = 5.07%; S = 11.52%; O = 11.5%; N =
20.13%) was used for the calibration.”®

Physicochemical analysis

Molecular weight (M,,), molecular number (M,), and molar-
mass dispersity (Dy;) of Kraft lignin and oxidized lignins were
determined by Gel Permeation Chromatography (GPC). The
device used was an LC-Net II/ADC equipped with a RI-2031
Plus Intelligent refractive index detector (Jasco, Japan),
PolarGel-M column (300 mm 7.5 mm), and PolarGel-Mguard
(50 mm 7.5 mm). The operation was performed at 40 °C with
DMF and 0.1% of LiBr as the elution solvent at a 0.7 mL min~*
flow rate. Lignin samples were prepared to a 5% (m/v) concen-
tration using the same mobile phase; 20 pL of each was
injected into the device. Polystyrene of various molecular
weights was used as a standard for calibration.>” The solutions
were fully solubilized, but a 0.45 pm syringe filter was used to
avoid any contamination entering the column.

Fourier-transformed Infrared (FTIR) spectra were recorded
in FT/IR-4700 Spectrometer (Jasco). The wavenumber range
was defined from 4000 to 400 cm™', with a resolution of
4 cm™" and 64 scans.”®

The spectrophotometric method of Folin-Ciocalteu was
used to determine the total phenolic content (TPC) of the oxi-
dized lignins. Solutions were prepared as followed: 0.5 mL of
2 g L' of lignin dissolved in DMSO, 5 mL of Folin-Ciocalteu
reagent, and 2.5 mL of 200 g L™" of Na,CO; dissolved in water
were added in 50 mL flasks and filled with distilled water until
the indicated volume. Flasks were covered to avoid undesired
reactions with light and immersed in a water bath at 40 °C for
30 minutes. Absorbance values were recorded at 715 nm of
wavelengths right after the reaction in a V-730 spectrophoto-
meter (Jasco). The same procedure was followed for the cali-
bration curve measurements, where gallic acid solutions
ranging from 1000 to 100 mg L™" were prepared and used in
the solutions with the Folin-Ciocalteu reagent. Absorbance
values were recorded, and a calibration curve was calculated.®

The UV-vis spectrophotometer was also used to determine
the conjugated and non-conjugated OH groups of the samples.
~5 mg of the lignin sample was dissolved in 10 mL of
dioxane : H,O (95:5 v/v%). Once the sample was completely

This journal is © The Royal Society of Chemistry 2023
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solubilized, 1 mL of the solution was diluted in 9 mL of
dioxane : H,O (50:50 v/v%), and the absorbance bands of
these last sample solutions were recorded between 400 nm
and 260 nm.®°

*'p NMR was used to quantitatively determine the hydroxyl
groups and the S/G ratio. Py and CDCl; were used as a solvent
in a ratio of 1.6 : 1 (v/v), both for the internal standard (IS) and
sample solutions. The IS solution was prepared, adding 5 mg
of Cr(acac); and 18 mg of NHND per 1 mL. 0.1 mL of this IS
solution was added to the sample solution prepared by solubil-
izing 50 mg of lignin in 0.5 mL of the solvent mixture. Once
the samples were dissolved, 0.1 mL of TMDP was added for
the phosphitylation reaction.®® *'P NMR spectra were recorded
in a Bruker AVANCE 500 MHz, and MestReNova 11.0 was used
for the data processing.

The OH group concentrations were quantified by compar-
ing the integrated areas of the samples with that of the IS.
Each area corresponds to different OH groups, enabling their
quantification individually. For example, 144-137 ppm spectral
region corresponds to the total phenolic OH content (from
144 to 141.5 ppm are C5-substituted OH groups, considered
equivalent to S unit OH groups, from 140.5 to 139 ppm are G
unit OH groups, and from 139 to 137 ppm are H unit OH
groups), 150-145 ppm range corresponds to aliphatic OH
groups and 136-134 ppm to carboxylic acid OH groups.®’

Thermal analysis

Thermogravimetric Analysis was performed in a Q500 (TA
Instruments) thermogravimeter. For each test, 10 + 0.5 mg of
lignin was put inside a platinum crucible and was heated from
laboratory temperature to 800 °C with a heating ramp of 10 °C
min~" under a nitrogen atmosphere (40 mL min™%).

Calorimetric properties of lighins were obtained with a Q20
(TA Instruments) calorimeter. For each test, 5 + 0.5 mg of
lignin was put inside aluminum hermetic pans, and water was
removed by heating samples up to 105 °C until the weight was
stable; the starting temperature was set at —50 °C. Heat flows
of lignins were recorded from —50 °C to 200 °C with a ramp of
10 °C min~" under a nitrogen atmosphere (50 mL min™").*

Morphological analysis

The size and Z potential of KL and the oxidized lignin particles
were determined by Dynamic Light Scattering (DLS). A
ZetaSizer Ultra (Malvern Panalytical) equipped with a He-Ne
laser source (= 633 nm) and a scattering angle of 173° was
used. Particles were dispersed in deionized water at a concen-
tration of 0.1 wt% and immersed for 15 min in an ultrasound
bath. The dispersions were measured at room temperature,
and an average of 20 collections were recorded for each
result.**

Electron microscopy was done with a TECNAI G2 20 TWIN
operated at 200 kV and equipped with LaB, filament. Samples
were prepared by first preparing a 0.1 wt% aqueous suspen-
sion, a drop of which was then suspended onto a TEM copper
grid (300 Mesh) covered by a pure carbon film for 1 min. The
grid was afterward blotted with filter paper and placed onto a

Green Chem., 2023, 25, 8308-8819 | 8817


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc01037f

Open Access Article. Published on 05 October 2023. Downloaded on 4/7/2026 6:06:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

drop of 2% uranyl acetate for 20 seconds. It was finally washed
twice using distilled water for 20 seconds each time.® Particle
sizes were calculated using the software Image J, and ten par-
ticles of each sample were calculated to get the average particle
size values.

Conclusions

Sonochemically assisted oxidation reactions of lignin were
investigated by applying mild conditions, where temperature
and time increment, and adding H,0, as a catalyzer to obtain
more functionalized lignin particles, enabling the downstream
valorization process. All samples obtained were physicochem-
ically modified. Ultrasound irradiation was efficient for obtain-
ing lignin nanoparticles even under mild conditions, enhan-
cing the effects of the reaction conditions. In contrast, OH
groups did not increase massively in the resulting lignin
samples. However, it could be observed from *'P NMR tech-
nique that phenolic hydroxyl groups increase, especially at low
temperatures (30 °C), with no oxidizing agent, and long times
(60 min), which correspond to the OxL3 sample. FTIR spectra
concluded that carboxylic groups also increased, confirming
the oxidation reactions with this novel approach. Long reaction
times favored oxidation reactions when temperatures were low,
while medium temperatures performed better when times
were also medium and not the extreme of the selected range.
On the other hand, high temperatures oxidized the samples to
higher degrees regardless of reaction time. Concerning mor-
phology, OxL3 was also the sample having the highest Z poten-
tial, conductivity, and smallest size and dispersity. It can be
established that, even though the concentration of the oxi-
dized functional groups did not increase vastly, an increment
of phenolic hydroxyl groups and carboxylic groups happened,
validating the oxidation reactions. Beyond these chemical con-
versions, significant changes in morphology were observed,
concluding that sonication enabled the transformation of
these to further added-value applications, being a successful
and sustainable option to substitute the currently used ther-
mochemical processes.
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