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Abstract

In this work, the potential of lignin as a filler additive and anti-aging agent in a pressure-sensitive adhesive (PSA) based on natural
rubber (NR) was investigated. Herein, different approaches to incorporate lignin into NR matrix by adaptation of a two-step
compounding process were evaluated. At first, a twin-screw extruder (TSE) was utilized to prepare pre-formulations followed by
the secondary finalization of adhesive mass inside a planetary roll extruder (PRE). For the industrial production of PSAs, the
adhesive mass is required to have well-distributed additive materials and adequate adhesion, cohesion, and longevity. The impact
of the added lignin was evaluated concerning optical appearance, compatibility between lignin and rubber/resin, adhesion
performance, shear strength, thermal stability, antioxidant capability, dynamic-mechanical behavior, aging behavior at elevated
temperature and under UV exposure, and filler morphology. It was found that the PSAs including aquasolv (AS) lignin after the
spray-drying post-treatment exhibited excellent thermal, mechanical, and antioxidative properties. Thus, it was shown that the
sustainably producible lignin can be utilized both as filler and antioxidant in natural rubber-based pressure-sensitive adhesive

masses with comparable performance properties as commercially available products.

Keywords Lignin valorization - Press-sensitive adhesives - Liquid hot water - Biorefinery lignin - Particle formulation

1 Introduction

Lignin is the main renewable source of aromatic compounds
existing on Earth, and it has been recognized for its potential
use in polymer science and as a building block for the sustain-
able production of chemicals [18]. Due to its aromatic struc-
ture and diverse functional groups, the lignin molecule offers
numerous options for utilization in product formulation and
compounding with other polymers. Nevertheless, its use rep-
resents a challenge, since the chemical structure and by exten-
sion, its physicochemical properties depend on different fac-
tors. Solvents and additives used during the isolation process,
operational conditions of the processing steps [6, 7, 20, 39],
plant origin, and composition of the plant material, as well as
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environmental factors affecting the growth of the biomass
have an impact on the structural functionalities [3, 34].

For decades, lignin has been produced as a side stream of the
pulp and paper biorefineries, where cellulose is the component
of major interest. However, in order to fully exploit the biomass
potential, current biorefining technologies have emerged
aiming at the separation and valorization of the three main
biomass components: lignin, cellulose, and hemicellulose.
Within this concept, lignin is no longer considered a residue
but a source of potential added value [18, 23]. Technologies
such as organosolv and hydrothermal processing appear to be
promising for the production of high-value lignin as it can be
produced sulfur-free and/or solvent-free and sustainably, as
they are based on residual biomass. By either using water as
solvent or combining the organic solvent recycling process with
lignin recovery and particle formulation, the lignin production
can be considered to be more environmentally friendly than
conventional pulping processes [13, 19, 30].

During hydrothermal pretreatment, a compressed liquid
(water) passes through the biomass for 10 to 40 min [8] at
pressures from 30 to 50 bar and temperatures varying from
180t0 230 °C[1, 42]. Almost all the hemicellulose is removed
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in the first step, while most of the lignin remains in the solid
residue linked to cellulose [21]. The pretreated material is
subsequently subjected to enzymatic hydrolysis for the cleav-
age of cellulose into simple sugars, and lignin is lastly sepa-
rated from the sugar solution. In previous works of our group,
a hydrothermal pretreatment process in a fixed bed reactor
was developed and implemented in a 40-L pilot plant scale,
which allowed the production of so-called aquasolv (AS) lig-
nin. Final composition of 74.6 wt% lignin and 25.4 wt% car-
bohydrates could be achieved using rye straw as substrate with
prior hydrothermal treatment and subsequent enzymatic hy-
drolysis [23, 28].

Lignin finds its application in biocomposites and packag-
ing, and can be potentially used in adhesive masses, where it
could replace parts of adhesive formulations [10]. Due to the
phenolic functionality present in lignin, the molecule presents
antioxidant capacity and can protect other materials in formu-
lations from being oxidized, thus providing applicability as
filler additive as well as a functional compound [9, 35, 40].

The functionality of the aquasolv lignin was proven
for the production of aerogels [24] and has shown po-
tential, due to the sustainability of the material across
all its processing chain. AS lignin is also a promising
candidate for use in polymer and material science, not
only because of its “clean nature” but also due to its
competitive costs in comparison with lignin obtained in
other biorefining processes [29], giving the end products
not only ecological but also economical advantage.

Generally, adhesives are classified by their ability to cre-
ate a bond between different bodies by joining their surfaces
either temporarily or permanently. Lignins have recently
been applied as adhesive substitutes for wood fiber boards
either combined with other biopolymers, such as chitosan
[16], or as sole bio-derived constituent [33] making use of
the intrinsic compatibility of the lignin/biopolymers and the
wood fibers. In phenol-formaldehyde-based (PF) adhe-
sives, different research groups were able to substitute the
phenol content of the PF adhesives up to 100% while main-
taining comparable performances to commercially avail-
able PF resins [17, 41].

Pressure-sensitive adhesives (PSAs) belong to the subclass
of non-structural adhesives, which are used to bond materials
through adhesion and cohesion. By definition, only light pres-
sure is needed for the adhesion, which does not require any
form of activation, such as solvents, heat, or radiation [5, 25].
The application of organosolv lignin in PSAs was recently
performed in its native state by blending with a polyether.
Results from Sivasankarapillai et al. suggest an interaction
of the lignin and the superplasticizers, which improved the
overall performance [31]. Wang et al. performed a multi-step
synthesis using depolymerized, methanol extracted poplar
wood lignin, which resulted in a triblock polymer exhibiting
comparable performance to commercial PSAs [38].
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In its early stages, PSAs were mainly fabricated from bio-
mass in the form of natural resins and natural rubber [22, 26].
The latter still constitutes 45% of PSA raw materials used in
industry because of its availability, cost, and compatibility
with different tackifiers and/or plasticizers, which allows the
adjustment of the desired adhesion/cohesion balance [2].
However, the isoprene subunits of natural rubber negatively
affect the shelf life of the final product, this being a critical
factor for material/product performance. In this regard, lignin
can be used in NR-based PSAs adding antioxidant properties
in addition to its function as filling additive.

The application of PSA in the form of adhesive tapes re-
quire an optically homogeneous coating, specific adhesion
and cohesion properties, and acceptable shelf life, properties
dependent on the distribution of all components. For the dis-
tribution of the particulate lignin inside the PSA formulation,
small initial particle sizes are advantageous and can be pro-
duced and tailored via technologies such as milling and spray-
drying. However, small particulate lignin has been shown to
exhibit dust explosion potential at particle sizes between 18
and 63 um according to GESTIS database [14, 15], which
would require an appropriate explosion-protected production
line. A separate pre-formulation step with another PSA com-
ponent could limit the additional equipment expenditure by
limiting the processing of pre-formulations to isolated facili-
ties away from main production lines, where safety protocols
can be implemented more easily. Additionally, two-step
compounding could improve the distribution of all compo-
nents in the final PSA formulation. In this work, different
aspects of incorporating lignin obtained via hydrothermal
treatment (2nd Generation Biorefinery) into NR-based
PSAs, as well as the effect of the lignin particle properties
on the performance of the produced materials, were examined.
Unlike previous works, lignins are used as received without
further modification steps, while the resulting formulations
were also subjected to aging tests in order to demonstrate the
multi-purpose applicability of the AS lignin.

2 Experimental
2.1 Lignin production

AS lignin was produced in the biorefinery group of the
Institute of Thermal Separation Processes at Hamburg
University of Technology. The material was obtained from
wheat straw as described somewhere else [27]. Briefly, wheat
straw was fractionated using the Liquid Hot Water (LHW)
pretreatment at 50 bar and 200 °C for 30 min followed by
enzymatic hydrolysis (72 h, 50 °C, CTec2 Novozymes).
Water-insoluble lignin solids were separated afterwards via
decanting and dried as described in Sect. 2.2).
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2.2 Particle formation
2.2.1 Spray-dried lignin

Lignin powders were produced in a Niro Mobile Minor labo-
ratory scale spray dryer with co-current flow and two-fluid
nozzle with an orifice diameter of 1.5 mm. Ten wt% of AS
lignin suspension was fed into the drying chamber through a
peristaltic pump with a feeding rate of 65 ml/min. Inlet and
outlet temperatures were 172 °C and 110 °C, respectively, and
the atomization pressure was at 1.8 bar. The AS lignin powder
was collected after the cyclone, and the powder was stored for
further experiments and characterization.

2.2.2 Fine milled lignin

Prior to fine milling, the particle size of oven-dried lignin
(48 h, 80 °C) was reduced to Dy, < 0.7-1 mm by a jaw crusher
(FRITSCH, Pulverisette 1) and a cross beater mill (FRITSCH,
Pulverisette 16) at room temperature. After that, lignin was
milled in a planetary ball mill: 5 mm ZrO2 balls were used
at40% filling degree (728 g). In each milling experiment, 90 g
lignin was used and the powder+ ball charge was placed in a
500-ml steel beaker. The rotational speed was fixed to
250 minﬁl, and the milling time was 20 min.

2.3 Particle size determination

The particle size distribution and mean particle size analysis of
the powders were performed on laser diffraction particle size
analyzer equipped with a Tornado dry powder system (LS
13320, Beckman Coulter, USA). The Fraunhofer theory was
used for the determination of the diameters and size
distributions.

2.4 Lignin analysis

Determination of lignin and residual sugar content was
conducted with a modified method from TAPPI [32].
Two hundred milligrams of ground particulate material
was subjected to 2 mL of 72 wt% sulfuric acid at 30 °C
for 1 h. Pre-hydrolysis was halted with the addition of
56 mL deionized water. Second hydrolysis was conducted
at 120 °C and 2.2 bar for 40 min and was diluted after
treatment with 100 mL deionized water. Hydrolysate was
analyzed for the sugar monomers using anion exchange
chromatography (HPAEC) with borate buffer as mobile
phase and a fluorescence detector. Hydrolysate residues
were washed and dried until constant mass with subse-
quent ash content determination via heating until
550 °C. Non-ash residue was considered as lignin content.

2.5 Pre-compounding in TSE

Pre-formulations of lignin/natural rubber and lignin/tackifier
resin were produced inside a twin-screw extruder (TSE),
Leistritz ZSE 27 MAXX, with a L/D ratio of 48.
Throughput of total material was fixed at 3 kg/h with varying
mass ratios of lignin to polymer (1040 wt% lignin), barrel
temperatures (120-160 °C), and screw speeds (100-300 rpm).
Samples were produced without an extrusion die and collected
after steady state was reached.

2.6 PSA formulation

Final formulation of PSA was conducted inside a planetary
roll extruder (PRE) manufactured by ENTEX Rust &
Mitschke GmbH. Compounding conditions were fixed at
120 °C barrel/extruder die temperature, 50 rpm screw speed,
and 10 kg/h throughput. Pre-formulated material was intro-
duced with NR with the subsequent optional addition of mol-
ten tackifier resin and particulate material as final component.
Content of components in final PSA formulation was fixed at
42% of NR, 41% of hydrocarbon tackifier resin, and 17% of
either lignin or CaCQO3/TiO,/anti-oxidant premixture.

2.7 Distribution in pre-mixes

ASLM and ASLSD particle size within the tack resin matrix
were studied via solvent casting in n-heptane and light micro-
scope image analysis with regard to different TSE process
parameters. To investigate lignin PSD and agglomeration be-
havior, images were taken and processed by Fiji software and
BioVoxxel Toolbox plugin. Ideal sphere diameter for each
particle was calculated from the particle area to obtain number
distribution of lignin particles within the resin matrix.

2.8 Rheological data of pre-formulations

Rheological analysis was performed to determine complex
viscosity of pre-formulations with different lignin contents
by means of an RPA 2000 from Alpha Technologies.
Frequency sweep was conducted with oscillation frequencies
from 0.1 to 1000 rad/s and an oscillation amplitude of 5%
strain at 120 °C for a sample volume of approximately
4.5 cm® and an amount of 5 g/sample.

2.9 Thermal properties (DSC, TMDSC, TGA)

DSC measurements were conducted with DSC 204 F1 Phoenix
(Netzsch). For T measurements, samples were analyzed from
—140-200 °C at a heating rate of 10 K/min and nitrogen flow
rate of 20 mL/min. Glass transition temperatures were reported
as the transition midpoint of the heat capacity change by taking
the data obtained from the second heating cycle.
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Oxidation induction time (OIT) analysis was performed
using the same apparatus to quantify the thermal stabilization
provided by anti-oxidative agents. From each formulation, a
sample of 5 mg was placed in a non-sealed aluminum pan.
Samples were heated to 170 °C at 15 K/min under nitrogen
atmosphere; it was subsequently kept at 170 °C for 2 min to
equilibrate isothermal conditions and then subjected to an ox-
ygen atmosphere. From this moment, the time until occur-
rence of the exothermic peak was recorded as the OIT.

Temperature modulated DSC analysis was conducted with
a DSC 3 from Mettler Toledo to detect reversible and non-
reversible heat flows in order to discern glass transition tem-
perature from other thermal effects of different types of lignin.
Samples of approximately 25 mg were placed in aluminum
crucibles and tested from 30 to 230 °C at a heating rate of 1 K/
min and nitrogen flow of 30 mL/min.

TGA analyses were carried out on a TG 209 F1 Libran
(Netzsch) with samples of around 15 mg placed in alumina
crucibles. The mass of each sample and empty alumina cruci-
ble, which served as a reference, was recorded. The tests were
performed under an air atmosphere with the airflow rate of
20 mL/min and a temperature range from 25 to 900 °C at a
heating rate of 20 K/min.

2.10 Determination of —-OH content via titration

The —OH content of fine-milled and spray-dried AS lignins
was determined via titration of prior esterified samples against
a methanolic potassium hydroxide solution. Briefly, 1 g of
lignin sample was suspended in 15 mL N-methyl-2-pyrrol-
idone containing 1 wt% of 4-(dimethylamino) pyridine. Five
milliliters of acetic anhydride was added, and samples were
stirred for 1 h. Esterification was stopped by adding 2 mL of
water to hydrolyze residual anhydride. Samples and blanks
were titrated against a 0.5 M KOH solution.

2.11 PSA testing methods

Peel adhesion (PA) testing of finalized PSA tapes was per-
formed to determine adhesive strength. Unless otherwise in-
dicated, the measurements were carried out at 23 + 10 °C and
50 £ 5% relative humidity. Steel plates and polyethylene (PE)
plates were used as a substrate for PA measurements. The
cured adhesive sheet under investigation was cut to a width
of 20 mm and to a length of approximately 250 mm.
Immediately thereafter, the strip was pressed onto the selected
substrate using a 4-kg steel roller, with speed of 10 m/min.
Then, the adhesive strip is peeled from the substrate at an
angle of 180° using a tensile testing machine (Zwick/Roell),
and the required force was recorded. The PA value (in N/cm)
is obtained as the average from three measurements.

Shear strength was measured for determination of cohesive
strength. PSA strip of 10 mm width was attached to a steel test
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plate by rolling with 2 kg three times back and forth (10 m/
min). Reinforcement material was applied on the upper part of
the strip, and a clamp was equipped on the lower part of the
sample. The specimen was subjected to shear stress by 300-g
weight for 15 min at 40 °C. Afterward, the weight is automat-
ically taken off and the sample is allowed to relax (slip back)
for another 15 min. The result is the displacement after shear-
ing and relaxation at a constant temperature. The test was
conducted in duplicates. A commercially available PSA con-
taining the CaCO5/TiO,/antioxidant mixture instead of lignin,
referred to as standard formulation (SF), was taken as a bench-
mark for comparison with lignin-containing samples for both
peel adhesion and shear strength testing.

2.12 Aging methods

Two accelerated aging methods were applied to test the lon-
gevity of PSAs. Elevated temperature was applied to PSA
tapes inside an air-circulating oven for 14, 28, and 42 days
at 60 °C and 50% relative air humidity. Cohesion and adhe-
sion tests were conducted via microshear and PA according to
previously described methods, respectively.

UV-induced aging was conducted with cut PSA samples
(20 cm x 25 cm) adhered to a quartz glass plate with a thick-
ness of 4 mm adhered by using a 2-kg roller (10 m/min) five
times. Glass plates were previously cleaned with acetone. The
specimens were stored with the glass side upward in a UV
weathering chamber with a xenon lamp, SunTest XXL+
(Atlas), under an irradiance of 60 W/m?, temperature of
38 °C, and relative humidity of 50%. Initially, every 2 h during
the first 24 h period, one new strip per sample was taken from
the chamber and, after conditioning to room temperature for
1 h, peeled from the glass surface. The standard protocol for
PA measurements was followed. On the following days, one
new strip per PSA sample was taken and bond strength was
determined. During the procedure, optical quality of adhesive
residues after peel was recorded.

3 Results and discussion
3.1 Particulate material
3.1.1 Hydrolytic lignin properties

The Klason lignin content is one of the most important criteria
in lignins and evaluates the effectiveness of the biorefining
processes for the separation of lignin from their original ma-
trices; in the case of the AS lignins, Klason content gives also
the performance of the enzymatic hydrolysis and separation of
cellulose [24]. The AS lignin utilized in this study had Klason
lignin of 85(+2) wt%, 13.5(=1.3) wt% polysaccharides,
1.4(£0.2) wt% acid-soluble lignin, and small amount of
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inorganics typical for wheat straw lignins. The remaining
amount of polysaccharides is covalently linked to the lignin
and/or can be entrapped in its branched structure, hindering
cellulases from accessing them within enzymatic hydrolysis.

3.1.2 Lignin particle formulation

AS lignin fine powders used in this study were obtained
through planetary ball milling (ASLM) and spray drying
(ASLSD), and processing parameters were previously adjust-
ed for producing AS lignin particles with a size of Dsg <
30 um, this latter, aiming a homogeneous distribution within
the adhesive formulation. ASLM was obtained in sizes of
Dyp=1.37 um and Dsq=6.03 um (Fig. 1a), while ASLSD
size was of Djp=3.7 um and D5y =13.8 um (Fig. 1b).
Scanning electron microscopy (SEM) images of ASLM
and ASLSD were taken for characterization of the particle’s
morphology. As observed in Fig. 1a, particles of ASLSD have
a spherical form, and such morphology is typically found in
spray-dried powders. In this process, the feed (i.e., lignin sus-
pension) is atomized through a nozzle into the drying chamber
in a sheet-like flow, however; due to the atomization pressure,
this gets broken down to smaller ligaments and further into
fine droplets [36, 37]. During drying, the viscosity of the
droplet increases, the solvent content decreases, and the solid-
ification of the droplet occurs. Thus, at the end of the process,

o bk

Fig. 1 SEM images of AS lignin powders obtained via a) spray drying
and b) planetary ball mill
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Fig. 2 Thermogram of reversing heat flow from temperature modulated
DSC of organosolv (OS) lignin from beech wood and spray-dried
aquasolv (AS) lignin from wheat straw

the dried particle will have the form of the spherical droplet as
it is assumed that the particle dries at a constant evaporation
rate and the droplet diameter decreases linearly.

In Fig. 1b, it can be seen that ASLM presented an irregular
particle morphology with a flattened-like shape. During ball
milling, different stresses (compression, attrition, shear, and
impact) in the particles being ground can be present depending
on the nature of the initial material and the particle size of the
milling balls as well as the ball charge [4]. When the milling
balls collide, a small portion of the particles is trapped
(compressed) between them resulting in flattened structures
[11]. Increasing ball milling times (2—4 h) results in the for-
mation of overlapped flattened layers (sandwich microstruc-
ture), nevertheless; the 20-min milling time used in this work
leads to elongation (particle flattening) followed by fracturing/
fragmentation (size reduction) of the materials, thus resulting
in very fine powders in short milling time.

3.1.3 Thermal properties

Due to the residual sugar contents of the lignin, the processing
temperature range has to be taken into account for the incor-
poration, in order to either prevent unwanted condensation
reactions with the polymer matrix or evaporation of degrada-
tion products. Different thermal analyses were applied to fur-
ther specify processing conditions for the lignin/resin
compounds.

100 I=eusg: - --- ASLM, N2
(] :
& 80 - —ASLM, 02
S 60 - ’
=
S 40 - ——
R AN
‘s 20 -
[]
c 0 : : :
0 250 500 750 1000

Temperature [°C]

Fig. 3 TGA results of ASLM under nitrogen and normal atmosphere;
dotted lined indicates significant mass loss steps
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Fig. 4 TGA results of ASLSD under nitrogen and normal atmosphere;
dotted lined indicates significant mass loss steps

Temperature modulated DSC (TMDSC) of particulate
lignin was conducted, as initial DSC analysis did not
reveal glass transition behavior of the aquasolv lignin.
With the TMDSC, the reversing heat flow could be
discerned from the overlaying effects, such as evapora-
tion and heat effects from reactions. Figure 2 suggests a
significant difference between the aquasolv lignin and
other established technical and non-technical lignins.
Contrary to other lignin isolation methods, the obtained
aquasolv lignin does not show a glass transition. This
could be attributed to the sequence of fractionation steps
and the treatment parameters during lignin isolation.
Organosolv lignin, for instance, shows a transition range
between 100 and 140 °C, which agrees well with liter-
ature [12], whereas aquasolv lignin only shows a linear
decrease in heat flow within that range.

TGA analysis was performed at a heating rate of
20 K/min. Figures 3 and 4 show the temperature-
dependent mass loss of ASLM and ASLSD under nitro-
gen and normal atmosphere, respectively. Analysis of
the mass loss under normal atmosphere suggests an ad-
ditional 5% mass loss between 120 and 240 °C for the
milled lignin, whereas this loss step is not observed for
the spray-dried lignin. It is hypothesized that due to
higher temperatures during spray drying, volatile com-
pounds are removed from the lignin particles, which
otherwise would adhere to the surface of the particles
as during oven drying prior to milling. This temperature
range could correspond with residual sugars, sugar deg-
radation products from pre-treatment, or volatile pheno-
lic compounds from the native lignin.

Table 1 Hydroxyl content of utilized lignins determined by titration
against potassium hydroxide after esterification (standard deviation with
N=2)

Sample OH-number (mgKOH/g)
ASLSD 140.98 + 3.13
ASLM 140.25 + 2.96
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Fig. 5 Number fraction of lignin particles inside tackifier resin (33/
67 wt%) larger than 50 um for ASLM (filled) and ASLSD (shaded) at
different compounding temperatures; at least 5000 particles per sample
analyzed with two samples per data point

3.1.4 Hydroxyl content

The —OH content of fine-milled and spray-dried lignins
was determined in order to assess the influence of their
chemical functionality on the lignin-polymer interactions
with the adhesive matrix. Results from Table 1 indicate
that both aquasolv lignins exhibited comparable hydrox-
yl functionality despite their different formulation pro-
cesses. Residual adhered compounds as suggested by
TGA results did not contribute towards the —OH con-
tent. In terms of lignin polymer interaction, both AS
lignin types should exhibit similar behavior. Thus, dis-
crepancies in resulting adhesive compound properties
can assumedly be related to the species of —OH, which
was not determined using this titration method and/or
the compounds retained within the milled lignin
fraction.
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Fig. 6 Cumulative number frequency of lignin particles sizes found in
tackifier resin matrix for ASLM and ASLSD at different compounding
temperatures



Biomass Conv. Bioref. (2021) 11:2347-2358 2353
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3.2 Pre-compounds
3.2.1 Compounding

Pre-compounding of particulate lignin with tackifier resin was
conducted in order to investigate a two-step production process
of lignin-containing PSA tapes. Due to the flammability of lignin
particles and the accompanying risk of dust explosion, a secluded

Fig. 8 Finalized and coated PSA
with 50 g/m? thickness with
particulate lignin and pre-
compounded lignin/tackifier resin

pre-compounding site with required safety equipment and proto-
cols would be more feasible than to include safety precautions on
the main production site. In addition, the first compounding step
would act as a pre-distribution of the particulate material into the
polymer matrix, allowing for better dispersion and distribution in
the secondary compounding step.

Microscopy analysis of the pre-compounds revealed
no significant influences of different compounding
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Fig. 9 Bonding strength from peel adhesion tests on steel (filled) and
polyethylene (shaded) for standard formulation (SF), PSAs with lignin
added in powder form or as pre-formulations

parameters within the investigated ranges with regard to
the number fraction of particles, which is larger than
50 um (Fig. 5). This specific particle size has been
chosen, due to the coating thickness of the finalized
PSA tapes, which therefore might cause coating errors
in the final production of PSA tapes. The cumulative
number frequency shows marginally higher amounts of
smaller particles with ASLM at 120 °C (Fig. 6).
However, this did not significantly affect the number
of particles larger than 50 pum compared to the other
parameter sets. The negligible influence of compounding
parameter and type of lignin for the pre-compounds are
likely to be explained by the rheological properties.

350
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— 250 A 3
£
= 200 -
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Fig. 10 Micro shear distances (MSW) from shear strength tests at 3 N and
40 °C after 15 min (filled) and displacement after relaxation (shaded) of
standard formulation (SF), PSAs with lignin added in powder form or as
pre-formulations
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Fig. 11 Micro shear distances (MSW) from shear strength tests at 3 N and
40 °C after 15 min (filled) and displacement after relaxation (shaded) of
standard formulation (SF), PSAs with lignin added in powder form or as
pre-formulations after 4 weeks storage at 60 °C

3.2.2 Rheological analysis

The rheological analysis of the pre-compounds reveals almost
identical progression during the frequency sweep with the
exception at 140 °C (Fig. 7). As the applied screw speed
during compounding lies between 100 and 300 rpm, which
would correspond approximately to 10 to 30 rad/s, the actual
differences in viscosities would be within an order of magni-
tude and therefore not having a high impact during the
compounding process for particle break-up to occur. The lig-
nin contents contribute slightly to higher viscosities above
20 wt%, which again would result in a marginal increase in
viscosity, considering the shear rate ranges.
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Fig. 12 Micro shear distances (MSW) from shear strength tests at 3 N and
40 °C after 15 min (filled) and displacement after relaxation (shaded) of
standard formulation (SF), PSAs with lignin added in powder form or as
pre-formulations after 6 weeks storage at 60 °C
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3.3 Pressure-sensitive adhesive formulations
3.3.1 Appearance

Coated PSA formulation containing lignin is shown in
Fig. 8. General appearances of the coated tapes show no
coating failures caused by particle agglomerates, and the
overall distribution of the particles can be classified as
uniform. However, visible particles are still to be ob-
served for PSAs compounded with the powder lignins
and the PSA with pre-compounds of tackifier resin and
ASLSD. In terms of numbers from image analysis, these
amount to approximately 2200, 2700, 1650, and 60 parti-
cles per square meter for ASLSD, ASLM, P/ASLSD, and
P/ASLM, respectively.

These findings suggest that although the pre-
compounding shows similar particle size distributions,
the addition of pre-compounded material and the finaliza-
tion of PSA formulation depend on the lignin particle
type. In the case of ASLM, particle agglomerates were
successfully broken up during compounding in the PRE,
whereas ASLSD particles seemingly remained as particle
clusters inside the pre-compounds. This behavior could be
attributed to the morphology of the particles. The spheric-
ity of the spray-dried particles impedes particle breakup,
whereas the flaky structure of the milled lignin allowed a
better diminution and thereby local dispersion. Due to the
significantly lower viscosity of the resin compared to the
PSA mass, the difference in morphology did not have as
high an impact as with the finalized PSA. This would
explain the obtained results from both microscopy and
image analyses.
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Fig. 13 Bonding strength from peel adhesion tests on steel (filled) and
polyethylene (shaded) for standard formulation (SF), PSAs with lignin
added in powder form or as pre-formulations after 4-week storage at
60 °C
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Fig. 14 Bonding strength from peel adhesion tests on steel (filled) and
polyethylene (shaded) for standard formulation (SF), PSAs with lignin
added in powder form or as pre-formulations after 6-week storage at
60 °C in comparison with standard formulation (SF)

3.3.2 PSA performance: standard vs. lignin

Performance of the coated PSA formulation was tested with
regard to their adhesion on surfaces and cohesion within the
adhesive mass with the peel adhesion test and shear strength
test, respectively. For peel adhesion, both steel and polyethyl-
ene as polar and nonpolar surfaces were tested. Shear strength
was expressed as micro shear distance (MSW). After 15 min
of initial loading, the displacement after relaxation is com-
pared to the initial displacement. Lower values for initial dis-
placement and total displacement after relaxation represent
higher cohesive behavior of the adhesive. Figures 9 and 10
indicate that PSAs with directly incorporated aquasolv lignins
have similar performance properties as the standard formula-
tion. PSAs with ASLSD pre-compounds show lower adhe-
sion, while also possessing higher cohesion. This dependency
is to be expected, as higher cohesive strength is accompanied
by a lower capability to wet the surface, thus showing a de-
creased bonding strength. P/ASLM samples have compara-
tively higher bond strength than P/ASLSD, while also show-
ing lower cohesion. Generally, the initial performance of
PSAs containing particulate AS lignin (light gray) has
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Fig. 15 Bonding strength from peel adhesion tests after UV aging for
standard formulation (SF) and selected samples over initial 24 h
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Fig. 16 PSA tapes subjected to
UV irradiation and subsequent
peel test after 24 h (left) and

8 days (right) in the following or-
der: SF, ASLM, ASLSD,
P/ASLSD, P/ASLM

properties closest to the standard formulation, although the
appearance of the tape showed local particle aggregations.
Meanwhile, pre-compounded materials with P/ASLM had
the best appearances.

3.3.3 Aging tests

The longevity of NR-based PSA is limited by the chemical
structure of the natural rubber. Due to the double bonds of the
isoprene units, the polymer matrix is prone to oxidation. Shear
strength measurements were conducted after storage of the
PSAs at elevated temperature of 60 °C. Storage time of
6 weeks at these conditions correspond to 24 months at room
condition. Figures 11 and 12 show micro shear distances after
4 weeks and 6 weeks of accelerated aging. The most notable
sample is the PSA with ASLM powder, which failed the shear
strength test after initial loading force. Samples with PPZASLM
showed an increase in MSW indicating gradual deterioration
of the rubber matrix over time, although no trend with regard
to pre-compounding parameters could be observed. This im-
plies that ASLM has a lower anti-oxidative capacity, which is
needed to protect the rubber matrix from oxidation. Analyses
of the thermal properties of the different AS lignin types sug-
gest that adhered volatile compounds and/or residual sugars

Table 2
10%) and 50% (T, 50%), and glass transition temperature (T, G)

are present with the oven-dried, milled lignin. This might
cause inaccessibility of the phenolic groups within the lignin,
which are attributed to the radical scavenging properties.
Cohesion behavior was mostly conserved in the P/ASLSD
samples, which slightly surpass samples with particulate
ASLSD in terms of cohesive strength. Samples containing
either OS or ASLSD lignins were able to protect the rubber
matrix, thereby successfully substituting the commercially
available anti-oxidants within the standard formulation, which
makes them viable for application as both filler additive and
aging protectant.

Adhesion behavior of aged samples showed a slight increase
in all cases (Figs. 13 and 14), which is to be expected, due to the
decrease in the cohesion of the adhesive and therefore an im-
provement of overall surface wetting. It is interesting to note
that the adhesion increase is more prominent on steel surfaces in
the majority of cases. This is presumably caused by oxidized
carbon double bonds of the natural rubber matrix.

PSAs were also subjected to UV aging in order to evaluate
protection capabilities from other oxidizing sources. Twenty-
four hours of irradiation at 60 W/m? corresponds to 30 days
with 10 h of sunlight per day. Adhesion properties of the initial
24 h are presented in Fig. 15. Gradual increase of bonding
strength was observed for all samples accompanied by

Thermal properties of selected samples with their respective mass loss steps (ML1-3), residual mass, temperatures at the mass loss of 10 (T,

Sample Residue at 900 °C (wt%) ML, 1 (wt%) ML,2 (wt%) ML, 3 (Wt%) T, 10% (°C) T,50% (°C) T,G (°C)
SF 11.0 61.2 18.8 9.0 348 398 -51
ASLSD 38 62.1 235 10.4 329 388 -50
ASLM 8.1 63.8 209 72 339 389 -51
P/ASLSD 120 °C 43 63.2 24.6 7.7 340 389 -53
P/ASLSD 140 °C 4.4 61.3 26.6 7.6 340 389 —54
P/ASLSD 160 °C 3.1 60.0 29.4 7.1 338 384 -53
P/ASLM 120 °C 63 60.0 28.2 55 340 383 —54
P/ASLM 140 °C 6.5 59.9 28.1 56 342 384 -50
P/ASLM 160 °C 54 61.8 27.8 5.1 342 385 —54
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Fig. 17 Oxidation induction time of particulate-milled (ASLM) and
spray-dried lignin (ASLSD) as well as PSA formulations of the standard
recipe (SF) and respective lignins (P/ASLM and P/ASLSD)

cohesion failure at the tape brims. Nevertheless, the tapes,
with the exception of ASLM, were all successfully removable
from the glass surface after eight consecutive days of UV
radiation (Fig. 16). These results correspond well with the
accelerated aging under elevated temperatures and confirm
previous findings that downstream processing of the lignin
has a major influence on the properties and functionalities
within polymeric matrices.

3.3.4 Thermal properties

TGA and DSC analyses were performed with finalized PSA
formulations, which are summarized in Table 2. Higher amounts
of residues at 900 °C for SF and ASLM-containing PSAs suggest
greater fractions of inorganics, whereas overall mass loss pro-
gression (ML1-3) only shows negligible differences.

In addition to thermal characterization using TGA and
DSC, the oxidation induction time (OIT) was investigated.
OIT is an indicator of the thermo-oxidative stability of formu-
lated adhesives. As indicated in Fig. 17, degradation of adhe-
sives is induced after the atmosphere is switched from inert to
oxidative. When the capacity of antioxidants is reached, the
reaction proceeds at a much faster rate, which manifests in a
detectable exothermic heat signal. Thus, a prolonged OIT in-
dicates a higher antioxidant capacity.

Based on the presented results, adhesives containing
ASLSD showed a similar antioxidative effect in comparison
to the standard formulation containing commercial antioxi-
dants with an OIT at 66 min, whereas samples with milled
lignins, whether in particulate or pre-compounded form, show
decreased induction times. These results are in accordance
with the results of shear strength measurements after acceler-
ated, heat-induced aging, as well as TGA analysis of the par-
ticulate lignins. It suggests that the residuals adhered to ASLM
during oven drying procedure would cause interference with
the antioxidative capabilities of the lignin.

4 Conclusions

AS lignin obtained from biorefinery process was micronized
via spray-drying technology and planetary ball milling and

were used for adhesive formulation; two different powder
sizes, particle size distributions, and morphologies were ob-
tained, and a correlation between these and adhesion strength
of adhesive tapes and dispersion in the product was assessed.
Overall, ASLSD particles showed a better performance in the
product prototype when compared to ASLM. Particle size
distribution can be further improved in order to potentiate its
applicability and functionality.

During thermal analyses, it was shown that ASLM in both
particulate and pre-compounded form had volatile compounds
adhered, which resulted in lower aging protective properties.
It is hypothesized that the potential cause is the hindered ac-
cess to phenolic structures of the lignin molecule.
Nevertheless, the morphology of the ASLM allowed particle
diminution during PRE-compounding of the PSA mass lead-
ing to optically homogeneously coated tapes.

PSAs containing ASLSD were found to reach comparable
performance of standard, commercially available PSA formu-
lations even though some amounts of particles were still dis-
cernable on the adhesive tapes. The pre-compounded material
P/ASLSD performed better in the aging tests, while exhibiting
lower adhesion strength. However, adjustment of the formu-
lation with an increase of tackifier resin amount could com-
pensate for the lower adhesion. Therefore, we can conclude
that spray-dried lignin from second-generation biorefinery is a
possible replacement for commercial antioxidant while also
serving as filler material for the production of NR-based
PSAs, which opens up new application possibilities utilizing
both mechanical (filler) and physicochemical properties
(antioxidant) of lignin.
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