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ABSTRACT

Acid hydrotropic fractionation using maleic acid, a US FDA approved indirect food additive, can rapidly (20 min)
dissolve wood lignin at low temperatures (70-110 °C). This study characterized the physical and chemical
properties, i.e., color, molecular weight, solubility, and chemical structure of maleic acid hydrotropic fraction-
ation dissolved wood lignin (MAHL) obtained under various fractionation conditions. The study also demon-
strated valorization of MAHL for two polymeric applications through direct mixing with (1) commercial
sunscreen for its light color and UV protection capability, and (2) wood adhesives for its good reactivity. Sun
protection factor (SPF) values of MAHL-containing sunscreens increased from 14 (control without lignin) upto
205 with just 5 wt% lignin supplementation. MAHL with low carbohydrates and good dispersion in sunscreen
produced from moderate fractionation performed best in shielding UV light and yet maintaining light color to
meet consumer preference. Lignin phenol formaldehyde (LPF) at 10% MAHL loading can meet the North
American standards for interior plywood based on the ASTM D7998 test. MAHL lignin formaldehyde (LF) with
phenol formaldehyde (LFPF) at 20% LF substitution resulted in a lignin-based wood adhesive with a wet bonding

strength near 6 MPa pressed at 150 °C for 120 s, suitable for interior applications.

1. Introduction

In the context of a circular economy and the global shift toward
renewable resources for producing materials and chemicals, lignin in
plant biomass has emerged as a promising source of aromatic polymers.
As the second most abundant natural polymer after cellulose, its
phenolic structure offers great potential for sustainable production of
chemicals and advanced polymeric materials. However, lignin valori-
zation remains challenging due to its intrinsic structural complexity and
heterogeneity [1]. Its chemical properties not only vary with plant
species but also to a greater extent with the extraction methods
employed. Whether applying lignin as a polymer or for producing fuels
and chemicals through depolymerization, the required lignin properties
are great reactivity, light color, and without unpleasant odor. Unfortu-
nately, most lignin extracted from plant biomass, such as commercial
technical lignin, deviates significantly from its native structure. The
lignin often exhibits highly condensed structures and dark color with
odor due to the harsh reaction conditions and chemicals used [1-4]. The
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condensed lignin structure significantly decreases its chemical reac-
tivity, limiting its potential for producing aromatics through depoly-
merization [5-8]. This structural rigidity and low reactivity also hamper
its utilization as a polymeric material such as a wood adhesive [9]
though lignin in nature in its natural state serves as a binder to bond
plant cell wall together. Furthermore, the dark color and unpleasant
odor of technical lignin restrict its application in personal care products
such as sunscreens in which it functions as an anti-UV and antioxidant
polymer [10,11]. These examples highlight the challenges in valorizing
commercially available lignin, such as industry technical lignin and
lignin from various biorefinery fractionation processes.

To mitigate lignin condensation, the strategy of introducing protec-
tive chemical groups, particularly through aldehyde-assisted fraction-
ation (AAF) has attracted great interest. This approach stabilizes lignin,
preventing undesirable repolymerization and enabling functionalization
[5,12]. Remarkably, aldehyde-stabilized lignin has achieved near-
theoretical lignin monomer yield upon depolymerization [13]. In
addition, the stabilized lignin exhibits a lighter color and demonstrates
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excellent performance in applications such as wood adhesives and sur-
factants [9,13]. However, implementing AAF typically requires solubi-
lizing lignin in expensive or toxic solvents, such as y-valerolactone
(GVL), dioxane, and tetrahydrofuran (THF), which poses economic and
environmental challenges [14,15].

Another promising strategy is reductive catalytic fractionation
(RCF), which enables efficient depolymerization of lignin into valuable
aromatic monomers [6,16]. Often referred to as a “lignin-first” bio-
refining approach, RCF prioritizes lignin processing in a single step to
achieve high yields of lignin-derived aromatics. However, this method
typically requires elevated temperatures and pressures, along with
transition metal catalysts, resulting in substantial capital and operating
costs [17]. Moreover, the harsh reductive reaction conditions pose
challenges for the concurrent valorization of carbohydrate fraction,
which is often degraded or neglected during processing. This limitation
significantly impacts the overall economics of biorefineries, as carbo-
hydrates constitute approximately two-thirds of lignocellulosic biomass.

Various approaches have been explored to obtain light-color lignin,
including UV-irradiation [18], fractionation techniques such as mem-
brane ultrafiltration [19], mechanical grinding [20], and solvent-based
fractionation [21,22]. Thermal treatment was also found effective in
activating lignin, resulting in light-color and reactive lignin [23,24].
Additionally, chemical treatments, such as sulfonation [25] and deme-
thylation [26] have been employed to reduce lignin color. These phys-
ical, thermal, and chemical processes were primarily focused on
producing lignin with light color for color sensitive applications such as
sunscreens. However, the reactivity of the resultant lignin has not been
thoroughly investigated in the context of repolymerization into a final
product, such as curing of an adhesive, and depolymerization to produce
aromatics. Furthermore, post-fractionation treatments introduce an
additional processing step and increase overall cost. In addition, pro-
cesses such as thermal activation are conducted at elevated tempera-
tures over 250 °C, making them energy-intensive and costly. Similarly,
fractionation methods that rely on organic solvent systems often result
in low product yield, posing further economic and environmental
challenges.

In view of the limitations of existing processes for producing light-
color and reactive lignin, producing such lignin directly from plant
biomass through novel fractionation processes—without post-
fractionation treatment or additional fractionation steps—offers a
promising route to reduce production cost. One such approach is the
one-pot AAF [17]. Notable success has been achieved using organic
solvents such as y-Valerolactone (GVL). For example, a lignin yield of
approximately 40% of theoretical was achieved at 100 °C for 1 h with
the resulting poplar wood lignin retaining 33% (-O-4 linkages,
compared with 69% in native poplar lignin [27]. However, the high cost
of GVL remains a major barrier to commercial-scale implementation.

In this context, we introduce maleic acid (MA) hydrotropic lignin
(MAHL) as a potentially viable feedstock for high value lignin valori-
zation. The acid hydrotropic fractionation ((M)AHF) process, recently
developed by the Zhu's lab at the USDA Forest Products Laboratory
[28,29], has attracted great attention [30-32]. Unlike the salt based
hydrotropic systems [33,34], which require high temperatures and long
reaction times, acid-based AHF can rapidly solubilize lignin within
approximately 20 min at relatively low temperatures of 70-110 °C,
while simultaneously producing a readily digestible cellulose-rich sub-
strate suitable for enzymatic saccharification at low enzyme dosages
[35]. In AHF, lignin is solubilized in water in two steps: hydrolysis of
hemicelluloses to break the lignin-carbohydrate complexes (LCCs) and
cleavage of lignin ether linkages by the acid hydrotrope, then solubi-
lizing the cleaved lignin in water through hydrophobic aggregation by
the hydrotrope at above the minimum hydrotropic concentration [28].
The ether cleavage generates additional phenolic hydroxyl groups,
which initiate further reactions such as condensation or crosslinking (e.
g., with formaldehyde in adhesive systems and forms formaldehyde
bridge linkages) to increase MAHL reactivity. In addition, MAHF
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decreases molecular weight through depolymerization which improves
accessibility of reactive sites by generating more phenols. The use of MA
as an hydrotrope—an FDA-approved weak dicarboxylic acid as an in-
direct food additive under 21CFR175-177—offers substantial environ-
mental advantages over organic solvent-based fractionation processes.
Additionally, limited water solubility of MA enables simple and efficient
acid recovery via crystallization [35], thereby enhancing both the sus-
tainability and economic feasibility of the process. Our past work on
maleic acid hydrotropic fractionation (MAHF) were primarily focused
on sugar and cellulose nanomaterials production [29,35,36], along with
evaluation the UV-shielding properties the MAHL itself [37]. However,
there is no work reported on applications of MAHL for formulating wood
adhesives and sunscreens. On this ground, the present study is novel.

The objectives of the present study are twofold: (1) to characterize
the physical properties and chemical structures of MAHL to support its
effective utilization, and (2) to demonstrate its unique potential in two
polymeric applications—sunscreens, leveraging its light color and UV-
blocking capability, and wood adhesives, using its high chemical reac-
tivity and natural capability in bonding plant cell walls to offer a sus-
tainable alternative to petroleum derived phenol in wood adhesives [9].
Among various lignin valorization pathways, polymeric applications
have been identified as the most economically and technologically
promising pathway for lignin valorization [17,38]. Given the robust
performance of maleic acid hydrotropic fractionation (MAHF) in terms
of process intensity, i.e., rapid fractionation at low temperatures and
effective cell wall deconstruction that yields a readily digestible cellu-
losic substrate, this study on MAHL holds practical significance. It
contributes to advancing plant biomass utilization and accelerating the
commercialization of biorefinery technologies, thereby supporting the
transition from a petroleum-based economy to a bio-based circular
economy [39].

2. Experimental
2.1. Materials

Commercial birch wood chips were supplied by a pulp mill in Can-
ada. The chips were first subjected to steam pretreatment at 134 °C (or
30 psi) for 8 min and then directly fed into a pressurized 12-inch disk
refiner (Andritz Sprout-Bauer Pressurized Refiner, Andritz Sprout,
Muncy, PA) with a disk plat gap of 0.25 mm to produce thermo-
mechanical pulp (TMP) fibers. The resultant TMP was air-dried in
ambient conditions for 24 h to reach a solids content of approximately
73 wt%, then stored in a refrigerator until use.

The chemicals used in this study included anhydrous MA, phenol
with >99% purity, paraformaldehyde with 95% purity, and sodium
hydroxide with purity >98%, purchased from Sigma-Aldrich (St. Louis,
MO, USA).

3M™ Transpore™ Surgical Tape (1527 Series, Solventum Corpora-
tion, USA) was used as a substrate to simulate human skin for sunscreen
application testing. A commercial SPF 15 mineral sunscreen (3 oz,
Absolutely Natural, USA) was purchased from Amazon. This product is
water-resistant with broad-spectrum protection and formulated for use
on both body and face.

2.2. MA hydrotropic fractionation

MAHEF experiments were carried out using an 800-mL flow-through
reactor with 200-mesh steel screens at both the inlet and outlet, as
described elsewhere [40] and illustrated in the schematic flow diagram
(Fig. 1). 100 g in oven-dry (OD) weight of birch TMP or aspen wood flour
were preloaded into the reactor and heated to the target fractionation
temperature of 110 °C in a sand bath. Aqueous MA solutions (35 and 50
wt%) were first pumped into the reactor at a high flow rate of 200 mL/
min for 4 min using a peristaltic pump (WZ1R057, Masterflex, Vernon,
IL), to rapidly flood the biomass to decrease the initial transient time.
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Fig. 1. Schematic diagram of the flow-through maleic acid hydrotropic fractionation (MAHF) process and subsequent analytical characterizations and polymeric

applications.

The flow rate was then lowered to 40 mL/min to conduct flow through
fractionation for 20 min. As a result, the total MA solution to biomass
ratio was kept at 16 for all experiments. The spent MA liquor exiting the
reactor was immediately cooled down by flowing into a beak loaded
with a known amount of ice to prevent condensation reactions of the
dissolved lignin. Aliquots of spent liquor were collected every 3 min to
obtain time-dependent lignin samples. The collected liquor was diluted
to below the minimal hydrotropic concentration (MHC) of MA to pre-
cipitate the dissolved lignin. At the end of the preset reaction time, the
DI water was pumped into the reactor at the flow rate of 200 mL/min to
flush the remaining spent liquor. The water insoluble solids (WIS) from
fractionation were collected and washed to neutral pH by vacuum
filtration.

2.3. Chemical composition analysis

The chemical compositions of the birch TMP and the fractionated
WIS were analyzed using the standard two-step acid hydrolysis at the
Analytical Chemistry and Microscopy Lab of the USDA Forest Products
Laboratory following the National Laboratory of the Rockies procedure
[41]. Aliquot solid samples were air-dried and ground to 30 mesh using
a Wiley mill, then hydrolyzed and analyzed by ion chromatography. A
component mass balance analysis was carried out using the chemical
compositions and the yields of the birch TMP and the WIS.

2.4. Lignin purification and characterizations

Dissolved lignin samples were collected and purified through dialysis

for characterization and applications. Specifically, lignin in the collected
spent liquor was precipitated through diluting the spent liquor to below
its MHC at approximately 25 wt% [28,29], and then centrifuged at
10,000g for 10 min. The lignin was then transferred into a dialysis tube
(Spectrum 132572, Thermal Scientific) with a 10,000 MW cutoff and
dialyzed for a few days until pH 6 was reached in the dialysis bag. The
dialyzed lignin was freeze-dried for 48 h at —48 °C and 40 Torr.

2.5. Lignin color determination

The color of all freeze-dried lignin samples was measured using a
hand-held colorimeter (Model: 1LS173, Shenzhen Linshang Science &
Technology Co., China). The lignin samples were first manually ground
to a uniform and fine powder in an agate mortar. Each sample was first
evenly spread on a glass slide and covered by a coverslip, and then
gently compacted prior to measurements to ensure a uniform and suf-
ficiently thick layer on the glass surface to eliminate background
interference. Duplicate measurements were conducted at six positions
for each sample. The reported values were the averages with standard
deviations. CIE (International Commission on Illumination) values
L*a*b* were directly obtained from the colorimeter and converted to
RGB values. RGB sliders in Microsoft Excel were used to reproduce the
color in a color pad for comparison with the corresponding lignin image
[8].

2.6. Lignin dissolution efficiency

The ground lignin sample of 3 mg was transferred to a micro
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centrifuge tube, and 1 mL of selected solvent was then added into the
tube using a pipette. The mixture was then thoroughly agitated using a
digital Orbital Shaker (MS 3, IKA Works, Inc., Wilmington, NC) at 1500
rpm for 250 s. After mixing, the visual appearance of the mixture
(clarity/turbidity and the presence of undissolved solids) was recorded
by taking photographs under consistent lighting conditions. Represen-
tative photographs are shown in Fig. 2. The mixture was then centri-
fuged at 11,000 rpm for 10 min using a microcentrifuge (Eppendorf®
Microcentrifuges 5424). The supernatant was discarded, and the
remaining solid was collected and dried at 40 °C in an oven for 24 h. The
dried lignin sample was weighed to determine dissolution efficiency
(DE) as below.
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Fig. 2. Photographic comparison of lignin samples dissolved or dispersed in
different solvents. A: Hexane; B: Ethanol; C: 1,4-Dioxane; D: Acetone; E: Ace-
tic acid.
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where Mp = mass of dissolved lignin (g), Mt = mass of the initial lignin
sample. Dissolution experiments were conducted in duplicate, and the
reported values are the averages + standard deviations.

2.7. Lignin molecular weight determination

The number-average (Mn) and weight-average (Mw) molecular
weights of lignin samples were determined by gel permeation chroma-
tography (GPC) after acetylation [39]. Lignin samples were acetylated
by dissolving 5 mg of each sample in 1 mL mixture of pyridine and acetic
anhydride at 1:1 ratio. The mixture was stirred continuously for 12 h in
ambient conditions (25 °C). The acetylated lignin was recovered via
precipitation in 10 mL of chilled water and subsequent centrifugation.
Elution profiles were acquired using a Dionex Ultimate 3000 HPLC
system equipped with two Waters Styragel columns (HR 5E and 1)
connected in series. A mobile phase of THF was used at a flow rate of 1
mL/min. Acetylated lignin samples were dissolved in THF to a concen-
tration of 0.2 mg/mL and, after filtration through a 0.2 pm membrane,
100 pL was injected into the columns at room temperature. Chromato-
grams were recorded at 280 nm with a Vanquish Variable Wavelength
Detector.

2.8. 2D 'H—'3C NMR heteronuclear single quantum coherence (HSQC)

The chemical structure of lignin, TMP, and WIS samples were
analyzed by 2D 'H—!3C NMR HSQC method. TMP and WIS samples
were first milled using a planetary ball mill (PULVERISETTE 7 premium
line, Fritsch, Germany) at 600 rpm with zirconium dioxide (ZrOs) ves-
sels (20 mL) containing ZrO balls (10 mm diameter ball x 10) and then
made to gel-state using a modified DMSO-based protocol [42,43].

Spectra were acquired using a Bruker Avance III HD 500 MHz
spectrometer (Bruker Biospin, Billerica, MA), which was equipped with
a Prodigy cryo-probe (liquid N2-cooled) featuring a 5 mm gradient TCL
probe (*H/'3C/'SN, inverse configuration). Experiments were per-
formed at 298 K. NMR experiments for the whole plant cell wall gel-state
samples were performed as previously described [43,44]. About 40 mg
of each sample was directly prepared into 5 mm NMR tubes in 0.6 mL of
DMSO-dg:pyridine-ds (4:1, v/v). Use of isotopically enriched pyr-
idine-ds (“100”; min. 99.94 atom% D) was needed to prevent interfer-
ence between the residual solvent peaks and aromatic correlations. 2D
'H—13C HSQC spectra for TMP and WIS were collected using the Bruker
standard pulse sequence ‘hsqcetgpsisp2.3.” Data was acquired from 11.0
to —0.5 ppm in F2 (*H) with 1148 data points (acquisition time 100 ms),
215 to —5 ppm in F1 (13C) with 512 increments (F1 acquisition time
9.25 ms) of 111 scans (NS) with a 500 ms interscan delay (D1). The da4
delay was set to 0.89 ms (1/8 J, J = 145 Hz). The total acquisition time
was approximately 10 h. No shimming process was performed. Lignin
samples were acquired with 2298 data points (acquisition time 200 ms),
215 to —5 ppm in F1 (13C) with 512 increments (F1 acquisition time 9.3
ms) of 40 scans with a 1 s relaxation delay (D1). The total acquisition
time was approximately 7 h.

Data processing included a matched Gaussian apodization in the
direct dimension F2 (LB = —0.1, GB = 0.001) and a squared cosine-bell
apodization in the indirect dimension F1 (WDW = QSINE, SSB = 2).
Forward linear prediction (one level, 40 coefficients) was applied along
F1 to extend the time-domain signal and improve resolution. The central
dimethyl sulfoxide-ds (DMSO-ds) solvent peak (3¢ 39.5, dy 2.49 ppm)
was used as an internal reference.

2.9. Lignin sunscreen preparation and performance evaluation

Lignin samples were first manually ground in an agate mortar.
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Lignin-based sunscreens were prepared by dispersing 0.10 g lignin into
1.90 g of the commercial sunscreen using magnetic stirring at 1000 rpm
for 24 h at room temperature in the dark, resulting in a lignin loading of
5 wt%. Each lignin-containing sunscreen was applied to a 3M trans-
pore™ tape surface to simulate skin using a 1-mL fine needle syringe for
UV transmittance measurements. The sunscreen was then evenly spread
across the tape surface at 2 mg/cm? loading by gently rubbing with a
finger cot. Tape dimensions were 8 mm x 25 mm. Samples were dried in
a dark room for 20 min before measurement. The transpore™ tape was
affixed on the side of the clean quartz cuvette opposite to the light
source. For each sunscreen sample, five non-overlapping spots on the
sunscreen applied transpore™ tape were measured with a blank tape as
a reference. The reported SPF values are the averages + standard de-
viations of five non-overlapping measurements.

The UV transmittances of the lignin-containing sunscreens were
measured by a UV-Vis spectrophotometer (UV-3600, Shimadzu, Japan)
with an integrating sphere. Five spots were scanned for each sample. In
each scan, transmittance (T) per 1 nm was collected in the wavelength
range from UVB (290-320 nm) to UVA (320-400 nm). The SPF value
was calculated using the following equation:

400 400
0 -y oes [y ese

where E; = CIE erythemal spectral effectiveness, S, = solar spectral
irradiance, and T, = spectral transmittance of the sample [11].

2.10. Light microscopy imaging of sunscreens

A small amount of sunscreen was gently compressed between a mi-
croscope glass slide and a cover slip to form a thin layer of evenly spread
sunscreen spot. The samples were observed with a light microscope
Nikon Eclipse Ci (Nikon Instruments Inc., Tokyo, Japan; Melville, NY)
using transmitted (1) bright field, (2) polarized light, or (3) epifluor-
escence with UV (361-389 nm) excitation and 425 nm long-pass fluo-
rescence emission, and (4) blue (465-495 nm) excitation and 515 long-
pass emission. Images were captured with a FLIR Grasshopper 3 (Point
Grey) camera in manual mode for comparison of the lignin particles
morphology and distribution in different samples. The exposure settings
were adjusted to just below saturation.

2.11. Lignin wood adhesive preparation and performance evaluation

Several lignin-based wood adhesives were prepared according to the
formulations and conditions listed in Table 1. Due to limited quantities
of lignin available, all the lignin samples collected from each fraction-
ation run under M35T110 and M50T110 were combined and used for
preparing lignin adhesives for the study. Lignin samples L-MA35 and L-
MAS0 were separately combined and reacted with formaldehyde at
80 °C for 5 h at a weight-to-weight ratio of 3:1 at pH 2 and then

Table 1
A list of lignin-containing wood adhesive formulations prepared in this study.

Chemical
composition (w/w)

Adhesive type Processing conditions

Lignin and water 75% water +25% Mixing at room T until well-

lignin mixed

Lignin formaldehyde 25% formaldehyde Reacting at 80 °C for 5 h. Add
(LF) +75% lignin more double distilled H,O when

the mixture is running dry

Lignin phenol 90% PF + 10% Mixed and applied to wood

formaldehyde (LPF) lignin

80% PF + 20%

lignin

90% PF + 10% LF

80% PF + 20% LF

Lignin formaldehyde
phenol formaldehyde
(LFPF)

Mixed and applied to wood
Mixed and applied to wood
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neutralized to pH 7 (Table 1) to produce lignin adhesives (LF).
2.12. Differential scanning calorimetry (DSC) testing

The temperature of the cure exotherm and the Delta H of the PF and
LPF adhesives were determined by DSC. 10-50 mg of adhesives were
added to DSC large volume capsules and sealed (Perkin Elmer DSC 7,
Perkin Elmer stainless-steel capsules, Norwalk, CT). Temperature was
ramped from 30 °C to 200 °C at 10 degrees/min.

2.13. Automated Bonding Evaluation System (ABES) testing

Bonding was carried out using an Automated Bond Evaluation Sys-
tem (ABES, Adhesive Evaluation Systems, Corvallis, OR, USA) using the
methods of ASTM D7998 [45]. Sugar maple (Acer saccharum) veneers
with a thickness of 0.6 mm were bonded with ~10 mg (100 g/rnz) ad-
hesive applied in a 20 mm by 5 mm overlap area. At least triplicate
bonds were formed with 120 s press at each temperature, 150 °C, 160 °C,
180 °C, or 200 °C with a pressure of 1.3 MPa. All samples were stored at
21 °C, 50% RH overnight. Wet samples were then soaked in distilled
water for 4 h before testing in shear. Error bars represent standard
deviations.

2.14. PF adhesive synthesis

Phenol, formaldehyde, and sodium hydroxide (1:2:0.2 mol ratio)
were combined in water at a solids concentration of 50% and reacted at
25 °C for 1 h, then at 85 °C for 45 min plus time to reach a viscosity of
370 to 400 cPs. The mixture cooled quickly to room temperature and
stored in a refrigerator.

3. Results and discussion
3.1. Chemical compositions of fractionated wood solids

Lignin samples were produced from birch wood thermo-mechanical
pulp (TMP) and aspen wood flour using the MAHF process under
different fractionation conditions, labelled as MxxTyyytzz in Table S1,
where xx, yyy, and zz stand for the MA concentration in wt%, frac-
tionation temperature in Celsius, and time in min, respectively. The
resulting MAHL was then characterized and evaluated for two polymeric
applications as schematically shown in Fig. 1. Yield of MAHL as Klason
lignin (KL) increased with increasing MAHF severity in general
(Table S1), while solids (fiber) yield decreased. For example, MAHF
dissolved approximately 30% of the KL in the least severe flow-through
run BM35f (M35T110t18) to approximately 60% of KL in the batch
MAHF run AM65b (M65T120t30) using aspen. MAHF also dissolved a
significant amount of hemicelluloses (xylan), ranging from about 30%
removal in BM35f to approximately 95% in AM65b. In contrast, MAHF
preserved most cellulose (glucan), retaining over 80% except in the
aspen batch run, indicating minimal cellulose degradation. These results
demonstrate that MAHF is highly effective in solubilizing lignin and
hemicelluloses while largely preserving cellulose. The run labelled
BM50f" (M50T110t20, Table S1) was a replicate run of BMS50f
(M50T110t18) with a slightly longer flow-through time of 20 min to
demonstrate the repeatability of MAHF. The comparable chemical
composition and yield of MA-fractionated WIS from the two runs
demonstrate good repeatability of the MAHF process.

3.2. Visual color and appearance of MAHL

The MAHL from each run was precipitated by diluting the spent MA
liquor to below the minimal hydrotropic concentration (MHC = 25 wt%
[29]). The collected lignin samples are described in Table S2, and their
visual color was analyzed. These MAHL samples were labelled as L-Mxx-
¥y, where xx and y stand for MA concentration in wt% and the liquor
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sample collection time in min in the flow-through fractionation,
respectively. The MAHL sample with y = Wa represents lignin recovered
from the filtrate obtained during the final washing step of the flow-
through fractionation. The MAHLs isolated from thermal mechanical
pulp (TMP) fibers via MAHF exhibited a broad range of visual appear-
ances, as reflected in their CIE Lab* color values (Table 2). Overall, their
color varied from light beige to deep reddish-brown depending on
fractionation severity (Fig. S1). The lightness parameter L* spanned
from as high as 87 for sample L-M35-3 to below 56 for L-M50-18 and L-
M65Bat, indicating a clear darkening trend with increasing severity of
the MAHF conditions. This is due to the increase in the formation of
chromophore groups with increasing fractionation severity [8].

MAHL produced from mild to moderate MAHF conditions, e.g.,
samples L-M35-3 through L-M35-15, retained a light appearance (L* >
70) with L* reaching as high as 87 for L-M35-3. These samples often
exhibited pinkish undertones (a* ~ 6-9, b* ~ 10-18). Such color
characteristics are consistent with the presence of conjugated structures
such as Hibbert's ketones and aldehydes (e.g., coniferyl aldehyde),
formed through selective $-O-4 bond cleavage during acid-catalyzed
lignin depolymerization [46,47]. The increase in a* values (redness)
together with the decrease in b* values (yellowness) suggest a shift in
chromophoric structures from yellow-dominant to more conjugated and
reddish species, rather than a simple increase in overall chromophore
content, suggesting the presence of chromophores without excessive
condensation.

In contrast, MAHLs obtained under more severe fractionation con-
ditions, e.g., L-M50-15 and L-M50-18, exhibited significantly lower L*
values (<60) and higher a* values (>11), reflecting darker and more
reddish coloration. These trends indicate the onset of lignin condensa-
tion reactions at longer fractionation times or higher acid concentra-
tions, which promote the formation of highly conjugated, less soluble
lignin structures that absorb more visible light. The color change in
MAHLs is associated with the formation of new chromophore structures
through condensation, dehydration, and conjugation reactions, as well
as from the solubilization of the lignin fragments enriched in these
chromophores [48]. Increasing fractionation time and MA produced
progressively darker lignin due to the increasing extent of reactions.
Consequently, there is a trade-off between MAHL yield and its optical
property: i.e., a harsher MAHF condition enhances delignification
through great extent of depolymerization to enhance lignin

Table 2
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solubilization, and therefore yield, simultaneously promotes structural
repolymerization (condensation) due to the reactive linkages made
available by depolymerization, along with the formation of chromo-
phore groups which results in color development. Milder MAHF condi-
tions, by contrast, better preserve lignin's light color and reactive
structure—desirable for cosmetic applications and for producing high-
performance lignin-based materials.

3.3. Solvation of MAHL in organic solvents

The solvation behavior of lignin in different solvents is critical for
practical applications and for understanding the structural evolution of
lignin during processing. This study focuses on comparative solubility
behavior rather than quantitative determination of solubility parame-
ters. Five commonly used organic solvents: hexane, ethanol, 1,4-
dioxane, acetone, and acetic acid [49] were selected to evaluate the
dissolution behavior of MAHL as shown in Fig. 2. These solvents span a
wide range of Hildebrand solubility parameters, polarity, and hydrogen-
bonding capabilities, enabling assessment of key physicochemical
characteristics of MAHL, including functional group composition, mo-
lecular weight, hydrophobicity, and degree of condensation. In general,
lignin samples that are lower in molecular weight, less condensed, and
enriched in oxygenated functionalities exhibit higher solubility, partic-
ularly in solvents of higher polarity and stronger hydrogen bonding
capacity. Lignin dissolves most efficiently in solvents with similar Hil-
debrand solubility parameters to its own.

As summarized in Table 3, acetic acid and 1,4-dioxane showed the
highest dissolution efficiency for all MAHL samples, especially for L-
M35-18, L-M50-3, and L-M65Bat, with values exceeding 82%. Acetone
also demonstrated good solubilizing ability, achieving dissolution effi-
ciency up to 90% for L-M65Bat. These results indicate that MAHL pro-
duced under more severe MAHF conditions, such as L-M65Bat, contain
highly polar, low-molecular-weight fragments. Polar and highly
hydrogen-bonding solvents such as acetic acid, 1,4-dioxane, and acetone
can effectively disrupt hydrogen bonding and solubilize lignin fragments
enriched with phenolic and other oxygenated functionalities formed
during depolymerization and oxidation.

In contrast, hexane, a highly non-polar solvent, dissolved less than
10% of lignin in all cases, reflecting the strongly polar and oxygen-rich
nature of MAHL. The extremely poor solubility in hexane also suggests

Effect of reaction conditions on the CIE L*a*b* color parameters of the resultant lignin. Color
patches were generated based on the measured CIE L*a*b. Values are means =+ standard deviations
from duplicate measurements at 6 positions for each sample. All lignin samples were dissolved by
maleic acid hydrotropic fractionation from birchwood TMP, except L-M65Bat from aspen.

Samples L* a* b* Color
L-M35-3 87.31+£0.36 6.21+£0.18 17.66 £ 0.31
L-M35-6 74.00 + 0.38 7.68 +£0.22 11.84 +£0.27
L-M35-12 74.15+0.41 8.17+£0.20 11.51+£0.30
L-M35-15 76.23 £0.36 7.73+0.19 10.74 £ 0.28
L-M50-3 76.31 +0.40 8.79+£0.21 10.31+£0.25
L-M50-6 72.26 £0.44 10.54 £0.26 10.48 £0.29
L-M50-9 67.84 +0.39 10.66 +0.24 11.11+£0.31
L-M50-12 62.32+0.37 11.64+£0.28 10.03+£0.27
L-M50-15 59.34+£0.35 12.01 £0.30 9.49 +£0.24
L-M50-18 59.01+£0.33 11.70 £0.27 8.55+0.22
L-M50"-5 69.78 £ 0.41 9.10+0.23 11.69 +0.30
L-M507-10 62.69 +0.38 9.61+£0.21 8.58 £0.26
L-M507-15 56.57 +0.34 10.97 £0.25 7.16£0.21
L-M507-20 56.54 +0.36 10.95+0.24 7.31+£0.23
L-M65Bat 56.86 +0.35 6.96 £ 0.20 9.59+0.26
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Table 3
Dissolution efficiency (%) of lignin samples in different solvents. Values are
means + standard deviations from duplicate measurements.

Samples Hexane Ethanol 1,4- Acetone Acetic
labeling Dioxane acid
L-M35-3 4.0 £ 59.0 + 71.0£2.0 56.0 + 73.0 +
0.3 1.8 1.6 2.0
L-M35-18 4.0 + 73.0 + 82.0+24 69.0+ 96.0 +
0.2 2.0 1.9 2.5
L-M50-3 7.0 £ 59.0 + 82.0+22 79.0+ 83.0 +
0.4 1.7 2.0 2.1
L-M50-18 4.0 + 40.0 + 75.0 £+ 2.0 50.0 + 30.0 +
0.3 1.5 1.7 1.4
L-M65Bat 7.0 + 86.0 + 85.0 +£ 2.1 90.0 + 96.0 +
0.5 2.2 2.4 2.0

the absence of hydrophobic moieties, consistent with MAHL containing
more phenolic, carboxyl, and carbonyl, and other oxygenated func-
tionalities. The HSQC spectra (Fig. 3) further support this interpretation.
Intensified correlation peaks in the oxygenated aliphatic region (C—O,
8C =~ 60-90 ppm; SH ~ 3.0-5.6 ppm) confirm the formation of new
phenolic, carboxyl, and carbonyl groups during MAHF. Although these
specific correlations are not included in Table 4, the observed decreases
in p—O-4 linkages support ether cleavage, consistent with the increased
abundance of oxygenated functionalities that enhance MAHL solubility
in hydrogen-bonding, polar solvents.

L-M65Bat exhibited the highest solubility among all samples
(86-96% in the four polar solvents), together with the lowest p-0-4
content (56.5%, Table 4) and the lowest Mw (Table 5), indicating
extensive depolymerization and oxidation under the most severe MAHF
conditions. These characteristics are consistent with its darkest colora-
tion and the lowest L* value, reflecting the formation of highly conju-
gated chromophores and increased molecular polarity. In contrast, L-
M50-18 exhibited reduced solubility despite prolonged reaction time,
consistent with its higher molecular weight and clear evidence of
condensation. Collectively, these results demonstrate that lignin solu-
bility is governed by both molecular weight and functional group
composition: depolymerized lignin enriched in -OH, -COOH, and -C=0
groups exhibit higher solubility in polar media, whereas condensation
and crosslinking diminish solubility. Therefore, carefully balancing
depolymerization and condensation is critical for tuning lignin solubility
and functional group composition for downstream applications.

3.4. Molecular weight of MAHL

Gel permeation chromatography (GPC) was used to characterize the
molecular weight distribution of MAHL samples obtained under
different conditions. The results reveal a strong correlation between
MAHEF severity, defined by reaction time and acid concentration, and the
resulting lignin molecular weight profiles. The GPC chromatograms
show a major peak accompanied by a shoulder at shorter elution times
(Fig. S2A). This shoulder is barely visible for sample L-M35-3, which was
collected under the mildest flow-through MAHF condition (M35T110)
for 3 min. Increasing flow-through time increased lignin depolymer-
ization, dissolution, and therefore yield, at the meantime, also induced
lignin repolymerization/condensation. As a result, the shoulder became
progressively more pronounced due to the formation of higher-
molecular-weight components. In the sample collected from washing
the final fractionated solids (L-M35Wa), the shoulder developed into a
distinct second peak, clear evidence of lignin repolymerization. Addi-
tionally, the main peak gradually shifts to larger molecular weights
(shorter elution times) with increasing flow-through time, further con-
firming the growing contribution of repolymerized lignin structures.

Increasing MA concentration enhanced the severity of MAHF and
consequently increased lignin depolymerization and dissolution
(Table S1), presumably due to more extensive ether bond cleavage.
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Comparison of GPC chromatograms for paired lignin samples collected
at identical flow-through times indicates that a higher MA concentration
promoted lignin repolymerization, as reflected by the more prominent
shoulder in the GPC chromatograms (Fig. S2B). Under M50T110, this
shoulder became a distinct second peak for lignin collected at a 9-min
flow-through time. Increasing the flow-through time further shifted
this second peak toward shorter elution times (higher molecular
weights), suggesting progressively intensified lignin repolymerization.

At shorter flow-through times, such as 3 min, the main peak of the
lignin obtained with 50 wt% MA (L-M50t-3) shifted slightly toward
lower molecular weight when compared with its counterpart from the
35 wt% MA (L-M35-3). This indicates that higher acid concentration
accelerated ether bond cleavage, resulting in more extensive initial
depolymerization and thus lower-molecular-weight lignin fragments.
Repolymerization during these very short reaction periods was minimal,
especially at 35 wt% MA, as evidenced by the very weak shoulder
(Fig. S2B).

The number-averaged (Mn) and weight-averaged (Mw) molecular
weights, as well as the polydisperse index (PDI = Mn/Mw), were
determined for all collected lignin samples (Table 5). The results clearly
show increasing molecular weight and PDI with longer flow-through
collection times, consistent with repolymerization-induced formation
of a secondary peak discussed above.

3.5. Chemical structural of MAHL by 2D 'H—'3C HSQC NMR

Two-dimensional (2D) Ip—13¢ HSQC NMR method provided infor-
mation about the lignin chemical structural transformation during
MAHEF. The structural features, including aromatic unit composition (S-
and G-units), S/G ratio, and major aliphatic interunit linkages (p-O-4,
B-5, and B-f) were semi-quantitatively determined as summarized in
Table 4, while representative spectra are shown in Fig. 3.

Birch TMP and MAHF water insoluble solids (WIS) samples, WIS-
BM35f and WIS-BM50f, derived from birch wood chips, were
compared with birch chips to evaluate the extent of structural modifi-
cation. All samples displayed similar NMR data with high syringyl (S)
content (80.6-81.6%) and low guaiacyl (G) content (18.4-19.4%),
yielding elevated S/G ratios (4.16-4.43), consistent with hardwood
lignin. WIS-BM35f and WIS-BM50f showed slightly higher S/G ratios
compared to the birch chips (4.11%), suggesting slightly more removal
of G-type lignin domains during MAHF. The -O-4 contents of WIS-
BM35f (91.6%) and BM50f (89.9%) were similar to that of birch chips
(90.7%), indicating that MAHF under these conditions did not signifi-
cantly cleave ether linkages in the WIS.

To investigate lignin solubility-related structural variations, WIS-
BM35f and its corresponding soluble lignin (L-M35-3, L-M35-9, and L-
M35-18) from MAHF were compared. The soluble lignin had signifi-
cantly lower S-unit content (60.9-64.7%) and higher G-unit than the
corresponding values of their WIS-BM35f, leading to lower S/G ratios
(1.56-1.83). This trend suggests that G-rich fragments were more
readily solubilized under MAHF, while S-rich domains were retained in
the WIS fraction. The —-O-4 content decreased from 91.6% in WIS-
BM35f to ~80% in the soluble lignin, confirming cleavage of ether
linkages as a key solubilization mechanism. A similar pattern was
observed between soluble lignin (L-M50-3, L-M50-9, and L-M50-18)
obtained from MAHF with MA concentration 50 wt% and their WIS-
BMS50f. Soluble lignin had lower S/G ratios (1.78-2.11) and decreased
B—0O—4 contents (80.6-83.3%) than the corresponding value of WIS-
BMS50f (4.43 and 89.9%, respectively).

Comparisons between the soluble lignin from MAHF run BM35f with
the corresponding lignin from BM50f at identical flow through time, e.
g., L-M35-9 vs. L-M50-9, further revealed that higher acid concentration
resulted in higher S/G ratios and slightly greater extent of lignin depo-
lymerization and condensation as corroborated by molecular weight
distribution measurements (Fig. S2B). This indicates enhanced dissolu-
tion of S-units accompanied by increasing cleavage and condensation
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Fig. 3. 2D "H—"'3C HSQC NMR spectra of selected lignin and WIS samples from different MAHF conditions in comparison with the spectra of birch wood and birch
TMP. A: Birch wood chip; B: Birch TMP; C: WIS BM35f; D: WIS BM50f; E: L-M35-3; F: L-M35-9; G: L-M35-18; H: L-M50-3; I: L-M50-9; J: L-M50-18.

with elevated MA concentration. This trend was also observed when
comparing lignin samples from the different collection times at the same
MA concentrations, i.e., L-M35-3, L-M35-9, and L-M35-18, corroborated
by molecular weight distribution (Fig. S2A).

The most severe batch fractionation using aspen wood at 65 wt% MA

concentration, resulted in

significant

lignin

(L-M65-bat)

depolymerization and condensation with a drastically decreased p-O-4
content of 56.5%. This sample also exhibited elevated S-unit and car-
bon-carbon linkages (-5 and p-f). In addition to the changes in inter-
unit linkages, the 2D HSQC data revealed Hibbert's ketone structures,
which arise from acid-catalyzed p-O-4 cleavage.
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Table 4
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Semi-quantitative analysis (interunit linkages, aromatic units, and S/G ratio) of WIS samples and MAHF dissolved lignin from integrating "H—"3C correlation peaks in

the 2D HSQC spectra. Values are reported as percentages, except for the S/G ratio.

Samples Aromatic units Interunit linkages
S Scondensed Stotal G S/G p-0-4 p-5 p-p HK*

Birch wood 75.86 4.58 80.44 19.56 4.11 90.71 2.05 7.24 -
Birch TMP 75.57 5.05 80.62 19.38 4.16 89.96 2.11 7.93 -
WIS-BM35f 76.35 4.92 81.27 18.73 4.34 91.59 1.11 7.30 -
WIS-BM50f 76.68 4.89 81.57 18.43 4.43 89.93 2.11 7.95 -
L-M35-3 59.20 1.70 60.91 39.09 1.56 80.33 9.21 10.46 -
L-M35-9 59.46 2.04 61.50 38.50 1.60 80.27 9.22 10.51 -
L-M35-18 62.18 2.53 64.71 35.29 1.83 82.55 7.53 9.92 -
L-M50-3 59.58 4.41 63.99 36.01 1.78 80.57 9.05 10.38 -
L-M50-9 62.27 2.88 65.15 34.85 1.87 82.24 7.59 10.17 -
L-M50-18 64.86 3.02 67.88 32.12 211 83.34 6.47 10.20 -
Aspen 68.03 0.29 68.33 31.63 2.16 88.75 3.00 8.25 -
WIS-AM65b 42.37 53.72 96.09 3.91 24.57 64.37 0.00 35.63 -
L-M65Bat 28.10 65.89 93.99 6.01 15.64 56.53 15.07 28.40 62.52

" HK: Hibbert's ketone. The data is presented on an f-O—4 + p-5 + p—p = 100% basis.

Table 5

Number (Mn) and weight-average (Mw) molecular weights and polydispersity index dispersity
index PDI of lignin obtained from different F of birchwood TMP.

Samples Mn (g/mol) Mw (g/mol) PDI
L-M35-3 1176 1312 1.74
L-M35-6 1181 1336 1.78
L-M35-9 1175 1314 1.75
L-M35-12 1192 1381 1.84
L-M35-15 1196 1383 1.82
L-M35-18 1178 1354 1.87
L-M35Wa 1323 1828 2.04
L-M50-3 1167 2206 1.89
L-M50-6 1175 2201 1.87
L-M50-9 1198 2428 2.03
L-M50-12 1314 3106 2.36
L-M50-15 1298 3169 2.44
L-M50-18 1342 3198 2.38
L-M65Bat 1111 1634 1.47
L-M50"-5 1157 2086 1.80
L-M507-10 1180 2327 1.97
L-M50"-15 1252 2994 2.39
L-M507-20 1352 3401 2.52

3.6. Application MAHL in sunscreen to improve UV-shielding

Selected light colored MAHL samples (Fig. S1) listed in Table 2 were
supplemented into a commercial SPF 15 sunscreen at 5 wt% loading to
demonstrate their potential for applications in skin care products. The
colors and visual appearance of the lignin-containing sunscreens are
shown in Fig. 4A in comparison with the control - the as purchased
commercial SPF 15 sunscreen (without lignin). Except for the formula-
tion using L-M65Bat, the sunscreens retained a light color. Even with the
supplementation of only 5 wt% MAHL, the UV-shielding performances
of the MAHL-containing sunscreens were greatly improved in general as
shown in Fig. 4B, depending on lignin structure and molecular charac-
teristics of MAHL added. The control commercial SPF 15 sunscreen
exhibited UV transmittance of approximately 5% or more across both
the UVB (290-320 nm) and UVA (320-400 nm) regions, indicating
limited UV absorption capacity. Sunscreen formulations supplemented
with MAHL exhibited lower UV transmittance except for the formula-
tions with L-M35-3 in the wavelength range between 370 and 390 nm
and L-M35-18 between 380 and 400 nm. It is worth to notice that the
decrease in UV transmittance is very substantial for all the MAHL-
supplemented formulations in the UVB range 290-320 nm in which

photoprotection is critical for preventing sunburn or skin cancer due to
the short wavelengths. It is also interesting to notice that the L-M50-3
blocked more than 99.5% the UV transmittance between 290 and 312
nm, exhibited the best performance among the five lignin-containing
sunscreens evaluated.

In general, the lignin aromatic structure, phenolic hydroxyl groups,
and conjugated double bonds act as natural chromophores to absorb
light to provide UV blocking properties, particularly in the UVC and UVB
ranges. Our earlier study indicated that MAHL of wheat straw and
switchgrass from a more severe MAHF condition, with a greater extent
of lignin carboxylation and condensation and more chromophoric
groups, had a better UV absorption performance [37]. This corroborates
existing studies on lignin chromophoric groups and condensation on UV
shielding efficiency [10,11]. This also explains the poor performance of
the sunscreen formulation using L-M35-3 from the run with low frac-
tionation severity with low extent of condensation (reploymerization)
and carboxylation. Studies also indicate that lignin miscibility with
sunscreen and other factors such as lignin morphology can affect lignin-
containing sunscreen UV protection performance [10,50]. As shown in
Fig. 4A, the formulation with L-M50-3 and L-M35-18 have the best
miscibility without visible large lignin particles, while the formulation
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Fig. 4. A: Photos of MAHL supplemented sunscreens in comparison with the
control (without lignin); B: comparisons of UV transmittance spectra across the
UVB (290-320 nm) and UVA (320-400 nm) regions among a commercial SPF
15 sunscreen (control) and its MAHL-supplemented (at 5 wt%) sunscreen for-
mulations using different lignin samples produced in the present study.

with L-M35-3 and L-M50-18 exhibited many lignin particles. SPF values
(Table 6) calculated from the measured UV transmittance data further
confirmed the enhancement of UV protection performance by lignin.
Specifically, SPF increased to approximately 205 and 96 by supple-
menting 5 wt% of L-M50-3 and L-M35-18, respectively, far exceeding
the values for both the control commercial sunscreen and other lignin-
containing formulations. Very high SPF values of lignin containing
sunscreens were also reported, for example, a SPF of 244 [51] using a
chemically modified lignin and 130 using a pink colored lignin [52].
Light microscopic (LM) imaging provides more details about the
morphology of the constituents of the lignin-containing sunscreens
(Figs. 5, S3-S5) and substantiated the photographic imaging observa-
tions shown in Fig. 4A. Four types of LM images were taken, namely: (1)
bright field (Fig. S3), (2) polarized light (Fig. S4), (3) epifluorescence
with UV (361-389 nm) excitation and 435 nm long-pass fluorescence
emission (Fig. 5), and (4) blue (465-495 nm) excitation and 525 nm
long-pass emission (Fig. S5). Specifically, UV fluorescence with long
pass emission LM shows the control commercial sunscreen (Fig. 5A)
contains small particles with weak UV fluorescence. The sunscreens
supplemented with L-M35-3 and L-M35-18 at 5 wt% contain lignocel-
lulosic (fiber) fragments with relatively strong fluorescence as evidenced
by the bright and large aspect-ratio patterns in Fig. 5B and C, also
observed from the bright field LM (Fig. S3B and S3C) and polarized LM
(Fig. S4B and C), and blue excitation fluorescence imaging (Fig. S5B and

Table 6

Sun protection factor (SPF) values of a commercial SPF 15 sunscreen (control)
and formulations supplemented with different lignin at 5 wt% loading. Values
are means + standard deviations of 5 measurements of non-overlapping spots.

Control L-M35-3 L-M35-18 L-M50-3 L-M50-18 L-M65Bat

SPF 14 +£1 40 +3 96 + 6 205 + 45 42+3 33+2

10
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S5C), suggesting incomplete removal of carbohydrates by MAHF using a
low MA concentration of 35 wt%. This is consistent with 2D-NMR
analysis that showed carbohydrate peaks (Fig. 3E and G) in these two
lignin samples (Fig. 3E and G). This was due to the less complete hy-
drolysis of hemicelluloses at the lower fractionation severities which
resulted in dissolved lignin samples with higher carbohydrate contents.
Furthermore, the sunscreen supplemented with L-M35-3 from the lowest
severity contained more fiber fragments than the sunscreen L-M35-18
did, as evidenced by the birefringence patterns in the polarized LM
(comparing Fig. S4B with S4C). The sunscreens supplemented with L-
M50-18 and L-M65Bat contained large agglomerations presumably from
lignin particles (Figs. S3E-F and S5E-F), suggesting lignin aggregation as
seen from Fig. 4A. These large lignin aggregates were not birefringent
(Fig. S4E-F) because lignin is amorphous. The sunscreen supplemented
with L-M35-3 and L-M35-18 also contained many larger particular ag-
gregates (~50-75 pm, Fig. S5B and C) than those seen in the control
(Fig. S5A) and L-M50-3 (Fig. S5D). Consistent with that observed in
Fig. S4A, the sunscreen with L-M50-3 and L-M35-18 exhibited the best
dispersion within the commercial sunscreen (Fig. 5C and D), except for
some lignocellulosic fiber fragments in the sunscreen supplemented with
L-M35-18. In summary, the poor dispersion, the low lignin purity with
high lignocellulosic fragments which decrease lignin content and cause
poor dispersion, and the low UV shield capability of L-M35-3, and the
large lignin particular aggregates of L-M50-18 and L-M65Bat resulted in
low SPF values of the sunscreens supplemented with these three lignin
samples. L-M50-3 with good dispersion and free of cellulosic fragments
is best for sunscreen application and achieved the highest SPF of 205
(Table 6) at 5 wt% loading.

The results presented above suggest that supplement MAHL into
sunscreen achieved outstanding UV-shieding performance without
apparent limitations in terms of anti-UV capability. However, care needs
to be taken in lignin dispersion to prevent lignin aggregation as aggre-
gation and poor dispersion not only negatively affect UV protection
performance but also appealing to consumers. Lignin toxicity studies
and regulatory approval are of course needed before commercial
adoption for skin care products.

3.7. Application of MAHL in wood adhesives

Four types of lignin wood adhesives were prepared in the present
study as detailed in the experimental section: Lignin with water, lignin
with formaldehyde (LF), lignin with phenol formaldehyde (LPF), and
lignin formaldehyde with phenol formaldehyde (LFPF). For the formu-
lation using lignin with water, two MAHLs L-M35 and L-M50 obtained at
MA loadings 35% and 50%, respectively, were used in combination with
double distilled water (ddH,0) at MAHL: ddH,0 = 3:1 (w/w) to make
the two pure lignin wood adhesives. The average dry strength (short-
ened as “bonding strength” in the following discussion) of the pure
lignin adhesive using L-M50 obtained from pressing at 200 °C for 120 s
was 2.51 MPa from triplicate experiments as shown in Fig. 6A and the
wet strength was negligible. When pressing time was extended to 240 s,
the average dry strength increased to 2.86 MPa, again with negligible
wet strength. Decreasing pressing temperature below 200 °C resulted in
negligible bonding strength.

The bonding strength of the pure lignin adhesives using L-M35 was
improved even when pressing at temperatures below 200 °C. As shown
in Fig. 6B, a bond strength of 3.01 MPa was obtained at pressing tem-
perature of 180 °C for 120 s. Decreasing pressing time and temperature
only slightly decreased bonding strength, i.e. to 2.58 MPa and 2.70 MPa
under pressing at 180 °C for 60s and at 150 °C for 120 s, respectively.
This is likely due to the fact that the L-M35 was more reactive as a result
of low extent of lignin condensation under a mild MAHF condition. 2D-
NMR analysis indicated that L-M35 contained less condensed S-unit
compared with L-M50 (Table 4). When pressing at 150 °C for 60 s,
however, dry bonding strength decreased to less than 1 MPa and wet
strength was negligible. The low dry bonding strengths and negligible
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Fig. 5. UV (361-389 nm) excitation and 435 nm long pass fluorescence microscopy of the lignin-containing sunscreens in comparison with a commercial sunscreen
(Control, no lignin) showing strong blue fluorescence from lignocellulosic fragments. A: Control; B: L-M35-3; C: L-M35-18; D: L-M50-3; E: L-M50-18; F: L-M65Bat.
Exposure was optimized to give maximum intensity just below 255 nm. Sunscreens (A) and (D) received about 2 times longer exposure compared to (B) through (E).
Large lignocellulosic particles (arrows) can be seen in (B) and (C).
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Fig. 6. Bonding strength (lap shear bond strength) of different MAHL wood adhesive formulations under various pressing conditions, based on at least triplicate
measurements. A-B: Pure lignin adhesives made of MAHL L-M50 (A) and L-M35 (B) with ddH20. C: Lignin phenol formaldehyde (LPF) adhesive vs phenol form-
aldehyde (PF) made of MAHL L-M50 pressing at 150 °C for 120 s. D: Lignin formaldehyde phenol formaldehyde (LFPF) adhesive made of MAHL L-M50 LF. I-1V are all
dry samples: (I): 10% LF with 90% PF, pressing at 150 °C and for 120 s; (II) same as I but pressing at 180 °C; (III) pressing same as I but 20% LF with 80% PF; (IV)
same as III but pressing at 180 °C. I-IV’ are wet samples corresponding to I-1V, respectively.

wet strengths of pure lignin adhesives are well known [9].

Lignin samples L-MA35 and L-MA50 were each reacted with form-
aldehyde to produce stronger lignin adhesives, LF. Both the dry and wet
bonding strength of the resultant LF were tested using four wood sam-
ples. The average dry strength was 3.83 MPa and the wet strength was
3.05 MPa when pressing at 180 °C for 120 s. The reaction of lignin with
formaldehyde improved the lignin reactivity so that the adhesive can
polymerize during bond formation and therefore bond the wood
[53-55]. Although syringyl (S)-type units dominate the lignin structure
(~80%), guaiacyl (G) units (~20%) play a critical role in reactivity, as
they participate in condensation reactions and react with formaldehyde
through the C5 position. Syringyl units, despite having an additional
methoxy group, can also undergo condensation at the C2 and C6 posi-
tions under these reaction conditions. Therefore, both S and G units
contribute to crosslinking and network formation in the adhesive sys-
tem, supporting the observed bonding performance [15].

The LPFs tested here were made of lignin/PF ratios of 10:90 wt% and
20:80 wt%. The amounts of 10 wt% and 20 wt% of lignin added to PF
were chosen because these low amounts of substitution would be easier
to implement in commercial adhesives. Four wet and four dry samples
were tested. In comparison with the bonding strengths of PF adhesive,
the dry and wet strengths of the LPF with 10% L-MA50 were 5.31 MPa
and 4.15 MPa, respectively, when pressing at 150 °C for 120 s as shown
in Fig. 6C. This wet strength of over 3 MPa obtained using ASTM D7998
indicates good potential to pass the North American standards for
interior plywood [56].

Previous research has shown the benefits of reacting lignin with
formaldehyde [54,57], so it made sense to combine LF with PF to form
LFPF. Both a 10% and a 20% substitution of PF by LF (using L-MA50)
were tested (Table 1). Both LFPFs with the 10% and the 20% sub-
stitutions were pressed at 180 °C and 150 °C for 120 s in wet and dry
tests (Fig. 6D). The average dry strength for the 10% LF substitution
LFPF adhesive was 6.50 MPa when pressing at 150 °C based on triplicate
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testing. The dry strength increased to 9.0 MPa when pressing at 180 °C.
This significant increase in adhesive bonding strength is probably due to
a more complete cure at the higher temperature, as this PF formulation,
unlike commercial formulas, does not have any catalysts to accelerate or
lower the temperature of cure. Even with 20% LF substitution (L-MA50),
dry bonding strength remained very high at 7.86 and 7.09 MPa when
pressing at 180 °C and 150 °C respectively (Fig. 6D). The test results also
show that the LFPF adhesives have great wet strength of near 6.0 MPa or
greater. These wet strengths are far above the minimums typically
needed for interior applications. Both the dry strength and wet strength
of LFPF are similar to those of PF (comparing Fig. 6D with C). The great
bonding strength of over 7 MPa at 20% substitution suggests 30 to 40%
substitution may be applied in future testing.

The temperature of the cure exotherm and the Delta H of the PF and
LPF adhesives were determined by DSC. The PF adhesive had an
exothermic peak at 151.5 °C and a Delta H of 196 J/g. Adding lignin to
the PF at 10% and analyzing by DSC resulted in an exothermic peak at
155 °C with a Delta H of 168 J/g. Adding lignin to the PF increased the
cure temperature and decreased the Delta H, which explains the lower
dry and wet strengths of the LPF adhesive than those of the PF.

In summary, the performance MAHL is satisfactory only under par-
tial substitution of key ingredients of existing wood adhesives, but not
complete substitution. Even using protection chemistry [5,12] to pre-
vent lignin condensation with improved lignin reactivity [9], a higher
pressing temperature is needed to achieve satisfactory results.

4. Conclusions

This study revealed the unique physical and chemical properties of
maleic acid hydrotropic fractionation dissolved wood lignin (MAHL) in
terms of color, dissolution efficiency in different organic solvents, mo-
lecular weight distribution, and chemical structures. Moderate frac-
tionation produced MAHLs with light color, relatively low molecular
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weight, low extent of repolymerization or condensation and therefore
good reactivity, and good solubility in polar solvents. These unique
physical and chemical properties are favorable for valorization through
direct polymeric applications. Specifically, MAHLs with a relatively low
amount of carbohydrates and low extent of lignin particle aggregation
can be directly mixed with commercial sunscreens to substantially
enhance UV shielding capability. Sun protection factor (SPF) values of
MAHL-containing sunscreens increased from 14 (control without lignin)
up to 205 with just 5 wt% lignin supplementation. Lignin purity (car-
bohydrate content), lignin aggregation and dispersion in sunscreen, and
the UV blocking capability of the lignin itself all played important roles.
MAHL from mild fraction with good reactivity are ideally suited to
produce lignin-based wood adhesives. MAHL at 10% loading with
phenol formaldehyde (LPF) resulted in an adhesive that could poten-
tially pass the North American standards for interior plywood based on
the ASTM D7998 test. Lignin formaldehyde (LF) with phenol formal-
dehyde (LFPF) at 20% LF substitution resulted in a wet bonding strength
near 6 MPa pressing at 150 °C for 120 s, suitable for interior applications
and suggesting greater LF substitution can be applied.
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