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ABSTRACT

Conventional petroleum-based adhesives present environmental challenges due to their toxicity, limited recyclability, and reliance on finite resources. Because
ancient technology may serve as an inspiration for future solutions, the BiDebA (BioBased Debondable Adhesives) Interreg NWE project, systematically evaluated
three archaeo-inspired bio-based adhesives -birch tar, rosin-beeswax blends and hide glue. The aim is to generate performance data relevant for future sustainable
adhesive development. Natural additives used historically and in contemporary bio-based formulation research, including hematite and biochar, were incorporated
to assess their influence on mechanical and thermal behaviour.

A multi-analytical approach combining single lap-shear testing, thermal and rheological characterisation, and structural analysis was performed. The adhesives
exhibited average lap shear strengths between 1.5 and 3.5 MPa, consistent with other light-duty bio-based systems. Birch tar showed the broadest substrate
compatibility, including effective bonding to plywood and carbon-fibre composites, while rosin-beeswax blends and hide glue demonstrated material-specific
strengths and limitations. Among the fillers tested, hematite provided the most consistent enhancements, improving mechanical strength and thermal stability
while lowering debonding temperatures, particularly in birch tar and rosin-based systems. This identifies hematite as a dual-function additive capable of tuning
performance while maintaining reversibility, supporting the development of repairable and recyclable bio-based adhesive systems.

These findings highlight the value of archaeological adhesive technologies as informative material models rather than direct formulations. The dataset produced
here also provides a scientific foundation for tailoring the mechanical and thermal behaviour of natural adhesives and supports ongoing efforts toward sustainable
innovation in adhesive technology.

1. Introduction sustainability, with advantages including renewability and biodegrad-
ability; however, their broader application is limited by inferior me-
Conventional adhesives are largely petroleum-derived, non-biode- chanical performance, restricted availability, and variability in
gradable, and may pose toxicity concerns, raising significant sustain- properties [4,5]. In this paper we set out to help overcome some of these
ability issues. Concurrently, the increasing use of adhesively bonded challenges by turning to the past for inspiration.
joints as an assembly method, owing to advantages over mechanical Prehistoric societies used natural adhesives —including plant resins,
fastening such as reduced weight, minimised substrate damage, and birch bark tar, and hide glue- sometimes enhanced with hematite,
more uniform stress distribution [1-3], has intensified end-of-life chal- beeswax, or charcoal, for tool-making, waterproofing, and repair [6].
lenges. In particular, the recycling of bonded assemblies remains diffi- Previous research investigated their preparation and adhesive strength
cult. Bio-based adhesives offer a potential route towards improved mainly to assess technological and cognitive complexity in early humans
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(e.g., Ref. [7-10]). However, up to date there is little systematic data
that could inform modern technologies. Within the BiDebA Project
(BioBased Debondable Adhesives, Interreg NWE) archaeologically and
historically inspired bio-based adhesives and fillers were systematically
tested to generate comparative performance data that can inform the
development of modern, sustainable, and debondable adhesive
technologies.

This study focuses on three archaeo-inspired bio-adhesives: (a) a
rosin-beeswax blend, (b) birch bark tar, and (c) hide glue, applied to
wood and carbon fibre-reinforced (CFRP) composites. These materials
were selected because their constituent substances are among the
earliest historically documented adhesive or binding materials (see SI).
Additionally, they are manufactured from natural, renewable materials
or from industrial by-products, thereby addressing waste management
challenges and promoting a circular economy. Similarly, hematite (red
ochre) and biochar, used here as a substitute for charcoal, were selected
as additives for two main reasons. First, they are largely attested in
prehistoric and historic adhesive formulations. Second, they provide
functional benefits when incorporated into bio-based adhesives: (i) he-
matite improves strength and handling, while reducing tackiness [7,11],
and (ii) biochar, a carbon-rich pyrolysis product, has been used ethno-
graphically as a filler and is increasingly employed as a sustainable
additive in polymers to improve chemical, structural, and thermal
properties [6,12-14].

To evaluate these archaeo-inspired adhesives and fillers, compre-
hensive experimental analyses, including mechanical characterisation
by means of single-lap-joint shear test (SLS), thermal analysis (differ-
ential scanning calorimetry - DSC, and thermogravimetric analysis -
TGA), structural assessments (X-ray diffraction - XRD, and Fourier
transform infrared spectroscopy - FTIR), and rheological measurements
were conducted. These methodologies allowed the assessment of me-
chanical strength, thermal stability, debondability, and reusability of
the studied adhesives, providing a robust dataset for understanding their
fundamental properties and technological potential.

By linking ancient adhesive technologies with modern material
analysis, this study establishes a scientific basis that can inform the
future design and optimisation of sustainable bio-based adhesives.

2. Materials and methods
2.1. Adhesives

Three main archeo-adhesives were selected for that study: (a) rosin-
beeswax blend, (b) birch tar, and (c) hide glue, which are described
below. The archaeological background is given in the SI.

2.1.1. Rosin and beeswax

Rosin is the solid fraction of pine resin remaining after removal of
volatile oils, primarily composed of abietic acid with a softening point of
~65-80 °C [15-17]. For this project, rosin (Cas. Nr.: 8050-09-7,
EINECS-Nr: 232-475-7), in its solid form, was purchased from Verfmo-
len de Kat (The Netherlands). Its molecular composition is reported in
Table S1, SI

As pure rosin is brittle and prone to cracking, beeswax was added as a
natural plasticiser. Beeswax has a partially crystalline structure with a
melting range of 60-70 °C depending on origin [18]. For this project,
100% pure beeswax beads (CAS No. 8012-89-3, EINECS 232-383-7)
were purchased from Kremer Pigmente (Germany). A rosin-beeswax
blend (ratio 7:3) was used in this work.

2.1.2. Birch tar

Birch tar results from the thermal transformation of Betula sp. bark
through pyrolysis under reduced-oxygen conditions, although experi-
mental studies have shown that it can also form in more oxygenated
settings [19]. The resulting material is a complex organic substance
composed predominantly of insoluble, high-molecular-weight
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polymerised compounds with an asphaltene-like structure, whereas the
solvent-soluble fraction constitutes only a minor proportion and is
characterised by triterpenoids [20-22].

Birch tar lacks a sharp melting point. Therefore, it is typically hard
and brittle below 30 °C, softens between 30 and 70 °C, and becomes
semi-fluid to fluid above 80 °C [23]. Kiln-produced birch tar, in its solid
form, was purchased from Asgaard-archery.nl (The Netherlands) and
used in this study. Its molecular composition is reported in Table S1, SI.

2.1.3. Hide glue

Animal glues are derived from collagen hydrolysis, converting
insoluble protein into soluble forms through thermal or chemical
treatment [24,25]. Extraction is typically performed in hot water at
60-65 °C to maintain adhesive performance [6]. Protein-based glues
provide good bonding strength but are moisture-sensitive and biode-
gradable. For this study, cowhide glue granules (280 Bloom), derived
from cow hide collagen, were purchased from Verfmolen de Kat (The
Netherlands). The dry mass consists predominantly of collagen protein
(~85-89%), consistent with other commercial hide glue formulations.

2.2. Additives

2.2.1. Biochar

Biochar is a carbon-rich material produced by pyrolysis of biomass
residues, including wood, agricultural by-products, and food waste [13,
26]. A birch-spruce wood biochar made in Finland (Bio Char | Soil-Coco
Upgrade - Eugardencenter.com) was used as a bio-based filler, serving as
a sustainable analogue to prehistoric charcoal. The particle size ranges
between ~0.05 mm and 2 mm.

2.2.2. Hematite (red ochre)

Hematite is an iron oxide pigment with archaeological evidence of
human use dating back 250,000 years [27]. For this research, red ochre
containing more than 80 wt% of iron oxide, and referred to as hematite,
was purchased from Kremer Pigmente (Germany). The material used
here contains >80 wt% Fe;03, with SiO,, Al;03, CaO, and MgO as minor
components (<10 wt% combined). The hematite average particle size is
1.25 £+ 0.15 pm.

2.3. Substrates

To explore future applications of archeo-inspired adhesives and ad-
ditives, two common substrate materials were selected for bonding.

2.3.1. Plywood

Multiplex hardwood panels of Meranti wood (~3.6 mm thick) were
purchased from Praxis (The Netherlands). Technical specifications are
listed in Table S2, SI.

2.3.2. Carbon fibre-reinforced (CFRP) composites

High-strength carbon fibre-reinforced composite (~2 mm thick, CFS-
RI-1-0056) were obtained from Easy Composites (UK). The laminates
feature quasi-isotropic fibre orientation [0/90/45/-45] in a high-
performance epoxy matrix and XPREG XC130 Prepreg Carbon 3K. The
visible surface has a high-gloss finish, while the reverse side has a flat,
textured peel-ply finish. Mechanical properties are listed in Table S3, SI.

2.4. Adhesive preparation

Rosin and birch tar adhesives were heated on a hot plate (~100 °C)
to achieve a viscous state. Rosin was mixed with beeswax (volume ratio
7:3 respectively) to reduce brittleness. Hide glue grains were dissolved
in water (ratio 1:1.8 by weight) and gently heated in a water bath to
avoid rapid temperature changes [28].

Hematite and biochar were added at 10 and 30 wt% to all adhesive
formulations. The selected filler contents (10 wt% and 30 wt%) were
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based on previous experimental studies on comparable bio-based ad-
hesives [7,29]. Accordingly, 10 wt% was selected as a previously iden-
tified optimal reinforcement level, and 30 wt% as a higher-loading
condition. Hematite powder was incorporated directly, while biochar,
containing millimetric wood fragments, was first blended and sieved to
collect the finer fraction (particle size ~0.05-0.7 mm).

2.5. Experimental methods

To assess the mechanical, thermal, and physicochemical properties
of the selected archaeo-inspired adhesives, a series of experimental
measurements was conducted (Table S4).

First, the base formulations were characterised using SLS testing,
XRD, DSC, TGA, and rheology to determine debonding temperature.
DSC, TGA, and rheology were not performed on hide glue due to its
proteinaceous, non-thermoplastic nature, which renders thermal tran-
sitions and heat-induced debonding less relevant and incomparable to
the other adhesives.

Next, the effects of hematite and biochar additives (10 and 30 wt%)
on adhesive performance were evaluated using SLS tests. The best-
performing mixtures were then analysed further to assess the impact
of additives on thermal stability, physicochemical properties, and
debondability using XRD, DSC, TGA, and rheology.

Finally, to investigate birch tar reusability (cf. [8]), the 30 wt% he-
matite mixture was subjected to controlled reheating cycles to simulate
repeated reuse. One cycle represented minimal reuse, while five cycles
were selected as a moderate repeated-use scenario to probe potential
performance degradation. The adhesive was heated to 100-120 °C until
fully melted, held for 2 min, cooled, and reheated. After one cycle, lap
shear samples were prepared; the process was repeated four additional
times. Total heating time was ~10 min for one cycle and ~20 min for
five cycles. SLS, TGA, XRD, FTIR analyses were performed on the
reheated samples.

2.5.1. Single-lap-joint shear (SLS) specimens

Single-lap-joints were produced in accordance with ISO 4587:2003
[301, using plywood and CFRP composites as substrates. Surface prep-
aration is a key factor for adhesively bonded joint strength [31];
therefore, the following surface treatments were applied.

e Wood: the wood adherends were sanded with 180-grit sandpaper in a
criss-cross pattern (+45°) and cleaned with 70% alcohol.

CFRP composites: the rough peel-ply side was degreased with
acetone and then exposed to UV-ozone surface treatment for 7 min
using an in-house apparatus at the Faculty of Aerospace Engineering
(TU Delft). The apparatus consists of three 30 W UV lamps with
natural quartz sleeves (UV-Technik, Wiimbach, Germany) emitting
wavelengths of 184.9 nm and 253.7 nm. Such UV-Ozone treatment
improves surface cleaning, eliminating any organic contamination as
observed in Teixeira de Freitas et al. [32].

Substrates were pre-heated for 30 s on a hot plate to facilitate ad-
hesive application and prevent rapid drying. Literature reports curing
times of ~15 min for rosin and birch tar joints, and several hours for
hide glue (e.g., Ref. [33,34]). To ensure complete curing in the absence
of datasheet information, all samples in this study were cooled to room
temperature (21-23 °C) and conditioned for at least 12 h before testing.

The standard [30] recommends an adhesive layer thickness of
0.2 mm; however, this parameter was difficult to control due to the
absent of spacers or glass beads to regulate the bond line. On plywood
substrates, additional variation arose from panel irregularities and sur-
face sanding, which caused uneven bonded areas. Furthermore, the
low-viscosity hide glue was rapidly absorbed into the porous wood,
resulting in underestimated thickness measurements (average adhesive
layer thickness 0.13 + 0.08 mm). CFRP composites showed more
reproducible results, owing to the lower internal variability of the
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composite sheets and the absence of surface sanding (average adhesive
layer thickness 0.32 + 0.23 mm). Overall, samples containing additives
exhibited greater adhesive layer thicknesses. In particular, biochar
fragments increased thickness variability and occasionally disrupted
joint alignment (see Table S5-S6).

SLS tests were performed using a Zwick-Roell Z010 tensile bench
with a 100 kN load cell at 1.3 mm/min and a 10 N preload. Each ad-
hesive mixture was tested using n = 10 independent specimens for
plywood substrates and n = 5 for CFRP composites. These sample sizes
were selected to ensure statistical robustness while accounting for ma-
terial availability and variability.

To assess statistical significance of shear strength differences be-
tween adhesive mixtures, normality was evaluated using the Shapiro-
Wilk test. Groups with normally distributed data were analysed using
Student's t-test, while non-normal data were analysed using the Mann-
Whitney U test. Analyses were performed in PAST v4.03.

2.5.2. Materials characterisation methods

XRD was performed using a Bruker D8 Discover diffractometer
equipped with an Eiger-2 500k 2D-detector. An Incoatec 1 pS microfocus
tube with Cu Ko radiation was employed, operating at 50 kV and
1000 pA. A scatter screen and a UBC collimator of 0.5 mm (for birch tar
and hide glue) and 1 mm (for beeswax, rosin, and mixtures) were used. A
coupled 6-20 scan was carried out over the angular range of 5 to 60 °26,
with a step size of 0.02 °260 and a counting time of 1 s per step (for birch
tar and hide glue) and 2 s per step (for beeswax, rosin, and mixtures).
The acquired diffraction data were processed and analysed using Bruker
DiffracSuite.EVA software 7.3. For identification, the ICDD PDF5 and
COD databases were used. The coloured sticks in the graphs give the
peak positions and intensities of the possibly present crystalline phases
based on this identification. The degree of crystallinity was determined
by dividing the integrated intensity of the crystalline diffraction peaks
by the total integrated intensity (the sum of the crystalline and amor-
phous contribution) between 5 and 60 °26. This approach provides a
semi-quantitative measure of the relative crystalline order within the
samples.

DSC of TA Instruments (Q200) was used to determine the melting
temperature (Ty,) of the materials using aluminium cups as sample
holders. The DSC analysis was conducted over the temperature range of
—20 °C and 100 °C, with a multi-part sequence consisting of cooling to
the start point, heating until 100 °C, cooling until —20 °C, reheating
until 100 °C, with the heating and cooling rates set at 20 °C/min. The Ty,
was determined using the first heating cycle by measuring the peak in
the first derivative of the heat flow vs. temperature curve. Integration of
the curve at Ty, resulted in the melting enthalpy (AHp,).

TGA was conducted using a TA Instruments (Q50). Samples were
heated to 600 °C with a heating rate of 20 °C/min under nitrogen at-
mosphere, whilst monitoring weight change. The degradation temper-
ature (Tspy) was determined by measuring the peak in the first
derivative of the weight change vs. temperature curve. Additionally, the
exact mass of added hematite was determined by analysing the mass of
the residue which remained in the sample at 600 °C.

Rheology measurements were conducted using a rheometer by TA
Instruments (HR20) in a 25 mm parallel plate setup. Solid samples were
added to the plate and molten by heating to 100 °C with a heating rate of
20 °C/min and with a constant axial compression force of 5 N to form a
measurable sample in a 1000 pm gap. The samples were passively cooled
to room temperature before heating to 120 °C with a heating rate of
10 °C/min and a constant axial tension force of 1 N, while continuously
monitoring the gap change. The debonding temperature was determined
by analysing the onset point in the gap vs. temperature curve.

FTIR analysis was performed on a Bruker Alpha II system equipped
with a platinum diamond ATR module (#DA971F62D), collecting
spectra over a wavenumber range of 4004000 cm™!. Each sample
spectrum was acquired as the average of 24 scans at a nominal resolu-
tion of 4 cm ™. A background spectrum, also recorded as the average of
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24 scans, was performed before each measurement to ensure a reliable
baseline correction and to compensate for atmospheric CO5/H30.

Unless stated otherwise, material characterisation techniques (XRD,
DSC, TGA, rheology, and FTIR) were performed on one representative
specimen (n = 1) per adhesive formulation of interest. These measure-
ments were intended to provide comparative, semi-quantitative insights
into material behaviour and compositional differences between
mixtures.

3. Results
3.1. Material properties of pure adhesive materials

3.1.1. Single-lap-joint shear (SLS) test

Fig. 1 (a) and (b) show the representative load-displacement curves
of the SLS joints bonded with the studied adhesives. As shown, the
plywood specimens exhibited overlapping curves with nearly identical
stiffness, regardless of the adhesive type used. However, different
maximum force values were observed. The highest value was obtained
by the plywood joints bonded with hide glue (around 800 N), followed
by rosin-beeswax (600 N) and birch tar (400 N). A diverse behaviour
was instead observed in the CFRP composites. The hide glue exhibited
the lowest maximum force (100 N) and a higher displacement, without
brittle failure, while birch tar displayed the highest maximum force
(above 800 N). The rosin-beeswax blend showed a similar maximum
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force value to those of the plywood joints.

Fig. 1 (c and d) presents the shear strength of the plywood and CFRP
composite joints, respectively, while Fig. 2 illustrates representative
fracture surfaces corresponding to the failure modes discussed in the
text.

The following main outcomes can be taken.

3.1.1.1. Plywood. Pure hide glue was the best-performing adhesive for
plywood (Fig. 1c), reaching an average maximum lap shear strength of
3.56 + 0.49 MPa (Table S7). For all the samples, the failure was of the
substrate, either stock-break or fibre-tear (Fig. le, Fig. S1), indicating
that the adhesive bond strength exceeded that of the substrate. The
rosin-beeswax (7:3) blend had an average maximum lap shear strength
of 1.56 + 0.55 MPa (Table S7). The failure types observed are cohesive
or thin cohesive (Fig. le, Fig. S2), meaning that the failure occurred at
the intramolecular bond within the adhesive. All rosin-beeswax (7:3)
samples exhibited 100% brittle fracture, characterised by a sudden
failure with minimal plastic deformation (Fig. S4). Birch tar had an
average maximum lap shear strength of 1.24 + 0.45 MPa (Table S7),
with failure types also classified as cohesive or thin cohesive (Fig. le,
Fig. S3). Fracture analysis revealed a mixed mode in the birch tar
samples: approximately 70% brittle and 30% ductile (Fig. S7). This
heterogeneous behaviour is likely attributable to substrate thickness
variability causing non-uniform adhesive thickness.

a y . .
Load-displacement curves (plywood) b Load-displacement curves (composite)
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Fig. 1. Comparison of rosin-beeswax (7:3), birch tar, and hide glue in plywood (left) and CFRP composites (right). a-b) representative load-displacement curves
illustrating mechanical behaviour under stress; c-d) shear strength of adhesives; e-f) failure modes.
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Fig. 2. Representative fracture surfaces observed after testing. a) cohesive failure; b) cohesive/thin cohesive failure; c) thin cohesive failure; d) cohesive/adhesive

failure; e) mixed-mode cohesive and adhesive failure; f) substrate failure.

3.1.1.2. Carbon fibre-reinforced (CFRP) composites. For CFRP compos-
ites, birch tar was the best-performing adhesive (Fig. 1d) reaching an
average maximum lap shear strength of 2.35 + 0.31 MPa (Table S7).
Birch tar bonded well with the substrate, and in all the samples, the
failure was cohesive (Fig. 1f, Fig. S3). Birch tar samples exhibited 100%
brittle fracture, characterised by a sudden failure with little to no plastic
deformation (Fig. S7). In contrast to the results obtained with plywood
joints, the performance of hide glue on CFRP composites was poor
(Fig. 1d), with an average maximum lap shear strength of
0.44 + 0.20 MPa (Table S7). Hide glue did not bond well with the
substrate, and in all samples, the failure mode was mixed adhesive and
cohesive (Fig. 1f, Fig. S1). The fracture type was 100% ductile, with
load-strain curves showing gradual failure progression (Fig. S9). The
rosin-beeswax (7:3) blend performed intermediately between birch tar
and hide glue, reaching an average maximum lap shear strength of
2.05 4 0.48 MPa (Table S7). Observed failure modes were cohesive/thin
cohesive or mixed (cohesive and adhesive) (Fig. 1f, Fig. S2), and the
fracture type was predominantly ductile (Fig. S5).

3.1.2. Structural characterisation: X-ray diffraction (XRD)

Fig. 3 presents the XRD patterns of the analysed archaeo-inspired
adhesives, revealing distinct differences in their degree of crystallinity.
The diffraction pattern of pure rosin shows a broad diffuse peak of an
amorphous phase in the measured 26-range (10-70° 26) with maximus at
around 20 ~ 20° and 20 ~ 45° (Fig. 3a) as typically observed in amor-
phous rosins [18]. Two small diffraction peaks matching reference
patterns attributed to long-chain aliphatic compounds such as Carnauba
wax (ICDD card no 00-072-1406) are also visible between 20 and 25 °20.

The diffraction pattern of beeswax displays sharp and pronounced
diffraction peaks (Fig. 3b) specific for the molecular structure of
myricyl-palmitate, C;5H37CO-O-C39Hg1 (ICDD card no 00-063-1511), a
typical abundant ester present in beeswax [18,35].

When rosin and beeswax are combined, the diffraction pattern of the

rosin-beeswax (7:3) blend remains dominated by the diffraction peaks of
crystalline myricyl-palmitate (Fig. 3c), indicating that the adhesive re-
tains crystallinity arising from wax crystalline domains dispersed within
an amorphous rosin matrix. The rosin-beeswax (7:3) blend exhibits a
high relative crystallinity of ca. 80%. Such high crystallinity is expected
to reduce wettability and ductility by limiting molecular mobility and
interfacial flow.

The pattern of birch tar shows evidence of at least two crystalline
phases, one observed by two strong peaks around 26 ~ 22 and 25° 26
associated with long-chain aliphatic compounds matching reference
patterns such as Carnauba wax (ICDD card no 00-072-1406) and one of
plant-based triterpenoids Friedelin (D:A-Friedooleanan-3-on; C3¢Hs00O;
ICDD card no 02-066-6893) (Table 1), which are consistent with the
known composition of birch bark tar [36]. These sharp reflections,
superimposed on a broad underlying hump between 10° and 35° 26,
indicate the coexistence of crystalline and amorphous components. A
substantially lower relative crystallinity (~16%) than for the
rosin-beeswax blend is found. This structural nature is consistent with a
softer and more ductile material that likely exhibit improved wetting
behaviour. Such structural characteristics may explain the superior
adhesion of birch tar compared to the rosin-beeswax blend, particularly
on CFRP composites, where the more flexible and amorphous nature of
birch tar facilitates better interfacial adaptation to smooth, low-energy
surfaces.

Hide glue, by contrast, is characterised by an almost fully amorphous
structure (relative crystallinity is <1%). Its XRD pattern shows a broad
hump in the 26 range from 10 to 30°, maximizing at around 20 ~ 20°
typical of amorphous materials (Fig. 3g). In the XRD pattern of hide glue
the bassanite (2CaSO4-H20; ICDD card no 00-002-0667) is likely due to
contamination from manufacturing. In this case, the amorphous polar
hydrogen-bonded structure allows excellent adhesion to polar porous
substrates, such as wood. Conversely, the little chemical compatibility
and poor wetting on the non-polar composite surface is responsible for
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Summary of results of XRD, DSC, TGA, and rheology analyses of archaeo-inspired adhesives samples with and without additives hematite. **This enthalpy value is

corrected for the weight of the red ochre and rosin.

Adhesive type XRD DSC TGA Rheology FTIR
Identification T melt AHm T50% Residue Tdebonding Peak location
(9] /) (9] (%) (9]
Rosin Amorphous 55 (Tg) N.A. 288 0 94.5 N.A.
Carnauba wax
Beeswax Beeswax (myricyl- 65 177 372 0 N.A. N.A.
palmitate)
Rosin-beeswax (7:3) Beeswax (myricyl- 64 138 399 0 58 N.A.
palmitate) 171%*
Rosin-beeswax (7:3)+ Carnauba wax 55 41 351 24.5 57 N.A.
30 wt%hematite Hematite Fe,O3 54.5%*
Paraffine wax
Birch tar Carnauba wax 65.5 51 343 5.2 99 2917, 2849, 1735, 1713, 1604, 1515, 1463, 1384, 1358,
Friedelin 1270, 1171, 1109, 1034, 880, 720 cm !
Birch tar reheated x1 Carnauba wax N.A. N.A. 375 19 N.A. Same as birch tar
Friedelin
Birch tar reheated x5 Carnauba wax N.A. N.A. 391 25 N.A. Same as birch tar
Friedelin
Birch tar+ 30 wt% Carnauba wax 65 42.5 381 36 69 2916, 2848, 1733,1712,1604, 1513, 1462, 1384, 1358,
hematite Hematite Fe,O3 64.9%* 1270, 1168, 1109, 1031, 880, 720, 527, 444 cm ™’
Friedelin
Birch tar+ 30 wt% Carnauba wax N.A. N.A. 372 53 N.A. Same as birch tar4-30 wt%hematite
hematite reheated x1 Friedelin
Birch tar+ 30 wt% Carnauba wax N.A. N.A. 367 54 N.A. Same as birch tar+30 wt%hematite
hematite reheated x5 Friedelin
Hide glue Amorphous N.A. N.A. N.A. N.A. N.A. N.A.
Bassanite
Hide glue+ 30 wt% Amorphous N.A. N.A. N.A. N.A. N.A. N.A.

hematite Hematite Fe,O3
Quartz SiOy

Clinozoisite

3.1.3. Thermal properties: thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC)

Fig. 4 presents the TGA curves of the investigated adhesive compo-
nents and blends. The thermal decomposition of rosin starts around
200 °C and ends just after 350 °C, leaving nearly 0% residue (Table 1).
Its degradation curve shows a gradual slope above 250 °C, followed by a
sharp drop between 275 and 350 °C, indicating rapid volatilization
(Fig. 4a). Beeswax begins to decompose at a slightly higher temperature,
with onset near 300 °C, and completes decomposition just below 400 °C,
also leaving negligible residue (Table 1). The rosin-beeswax (7:3) blend
exhibits a slightly broader degradation window, between approximately
270 °C and 425 °C (Table 1). In contrast, the thermal decomposition of
pure birch tar starts around 275 °C and extends up to nearly 500 °C, with
a broad, gradual degradation curve (Fig. 4b) and a residual mass of ~5%
(Table 1). The TGA results are consistent with Kozowyk & Poulis [8] in
terms of overall trends and temperature ranges.

Fig. 5 displays the DSC thermograms in the range from —20 °C to
100 °C for rosin blends and birch tar blends. The curve of beeswax
features a broad and pronounced endothermic peak centred around
~65 °C. The thermogram and melting enthalpy comply with that
generally observed for beeswax [18]. In contrast, rosin displays no
melting in the thermograms (cf. Gillard et al., 2011), confirming its
amorphous structure accompanied by a glass-rubber transition (Tg) at
~55 °C. The mixture of rosin-beeswax (7:3) produces an intermediate
DSC curve, less pronounced than that of pure beeswax (Fig. 5). This
broadening indicates reduced crystalline order compared to pure
beeswax, consistent with the XRD results showing a mixed structure.
The apparent reduction of the melting enthalpy (AHy,) is an effect of the
addition of rosin to the beeswax, which does not undergo the same phase
transition. Subtracting the mass of rosin from the total sample mass
results in same melting enthalpy value as for the beeswax (see Table 1).
Therefore, the addition of rosin does not disrupt the crystallinity of
beeswax.

The DSC curve of birch tar shows a broad melting range consistent

with its complex composition and largely amorphous nature and a
moderate melting enthalpy AHp, (Table 1). Several endothermic re-
actions occur with overlapping transitions (Fig. 5), likely attributable to
the melting of various crystalline domains (or unidentified phases)
present in the mixture. DSC thermograms of birch tar adhesives are not
available in the literature therefore a direct comparison cannot be made.

To summarise, compared to birch tar, rosin-based blends degrade at
lower temperatures and more completely, reflecting a more simple and
more volatile chemical structure. Birch tar exhibits better thermal
resistance and retains more mass upon reheating possibly due to the
formation of new links. Based on the onset of major thermal degradation
(250-300 °C), these adhesives are thermally stable up to approximately
150-200 °C for practical use. Pure rosin-based adhesives would be
suitable below ~100-120 °C while rosin-beeswax blends and birch tar
to approximately 150-180 °C. Service temperature limits were esti-
mated from the TGA degradation onset using a 100 °C safety margin in
accordance with ASTM E2550 [37].

3.1.4. Rheology and debonding temperatures

Pure rosin has a debonding temperature of 94.5 °C, which is higher
than the glass-rubber transition temperature of rosin at ~55 °C
(Table 1). When beeswax is added to rosin, the resulting debonding
temperature of the rosin-beeswax (7:3) blend is about 58 °C (Table 1).
Pure birch tar has a debonding temperature of about 99 °C, which is
higher than the birch tar melting temperature of 65.5 °C (Table 1).

3.2. The effect of additives on adhesive's material properties

3.2.1. Single-lap-joint shear (SLS) test

Fig. 6 shows representative load-displacement curves of the SLS
joints bonded with the studied adhesives, modified with hematite and
biochar.

The rosin-beeswax (Fig. 6a and b) and birch tar (Fig. 6¢ and d) for-
mulations exhibit generally comparable stiffness across all variants for
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Fig. 4. TGA curves displaying the weight loss (%) of rosin blends (a) and birch tar blends (b) during heating from 0 °C to 600 °C in nitrogen atmosphere.

both plywood and CFRP composites, with only minor differences in
maximum force values. Overall, the addition of hematite increased the
maximum load capacity, particularly in the birch tar formulations,
whereas the addition of biochar —especially at higher concentrations—
reduced the maximum force while increasing displacement.

In contrast, significant differences were observed for hide glue
(Fig. 6e and f) depending on both the additives and the substrate. For
plywood specimens, all formulations except the one containing 30 wt%
biochar failed at the substrate. The 30 wt% biochar formulation mark-
edly reduced both stiffness and maximum load, reaching higher values
of displacement, indicative of progressive rather than brittle failure. In
composite joints, hide glue displayed the lowest loads among the ad-
hesives tested. The unmodified hide glue formulation reached maximum
forces of 150-200 N, followed by a gradual decline without brittle
fracture. All modified systems showed similar trends, but the addition of

hematite to hide glue (10 wt% or 30 wt%) significantly increased the
maximum load compared to the base adhesive. The 30 wt% biochar
formulation performed poorly, showing very low stiffness and extended
displacement after the peak, consistent with progressive, ductile-like
failure.

Figs. 7 and 8 present the joint's shear strength of the plywood and
CFRP composites, respectively, and the following main outcomes can be
taken.

3.2.1.1. Plywood. Table S8 summarises the results of lap shear tests
using plywood adherends, evaluating rosin-beeswax (7:3) blend, birch
tar, and hide glue adhesives modified with 10 wt% and 30 wt% hematite
and biochar.In the rosin-beeswax (7:3) blend, the addition of 10 wt%
and 30 wt% hematite resulted in reductions in the average lap shear
strength of approximately 9% (from 1.56 + 0.55 MPa to
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1.42 + 0.32 MPa) and 30% (to 1.08 + 0.37 MPa), respectively (Fig. 7a).
Biochar addition also reduced the average lap shear strength: 10 wt%
caused a significant ~52% decrease (to 0.74 + 0.55 MPa; t-test,
p < 0.05), while 30 wt% led to a minor ~6% reduction (to
1.46 + 0.34 MPa) (Fig. 7c). Failure in these samples was predominantly
cohesive or thin cohesive. Some initially appeared to show near-
adhesive failure; however, closer inspection of the fracture surfaces
revealed adhesive residues within wood micro-cracks and pores. These
were therefore classified as thin cohesive/adhesive failures (Fig. 7b-d;
Fig. S2). Mixtures of rosin-beeswax (7:3) with 30 wt% hematite and
10 wt% biochar exhibited fully brittle fracture (Fig. S4). In contrast,
samples containing 10 wt% hematite or 30 wt% biochar displayed a
mixed fracture mode: approximately 60% brittle and 40% ductile
(Fig. S4). This heterogeneous behaviour may result from a combination
of factors, including substrate and adhesive variability, non-uniform
surface preparation, uneven adhesive layer thickness, or inhomoge-
neous filler dispersion.

For birch tar, the addition of hematite resulted in a statistically sig-
nificant increase in the average lap shear strength: ~28% with 10 wt%
(from 1.24 + 0.45 MPa to 1.59 + 0.24 MPa; t-test, p < 0.05) and ~64%
with 30 wt% (to 2.03 + 0.49 MPa; t-test, p < 0.05). Similarly, 10 wt%
biochar significantly improved the average lap shear strength by ~60%
(to 1.99 + 0.40 MPa; t-test, p < 0.05), whereas 30 wt% biochar had no
notable effect (Fig. 7c). Across all birch tar-based samples, failures were
primarily cohesive or thin cohesive (Fig. 7b—d; Fig. S3). The addition of
hematite and 10 wt% biochar increased adhesive stiffness and peak load
(Fig. S6). In contrast, 30 wt% biochar led to a significant reduction in
peak load and a shift toward more ductile fracture behaviour (Fig. S6).

The addition of hematite (both concentrations) and 10 wt% biochar
did not negatively affect the average lap shear strength of hide glue
(Fig. 7a—c). Variations in lap shear strength appeared to correlate with
differences in the fracture patterns of the wood adherends. In most cases,
failure occurred within the wooden substrate, either as fibre-tear or
stock-break (Fig. 7b-d; Fig. S1). However, incorporation of 30 wt%
biochar significantly reduced the average lap shear strength of hide glue
from 3.56 + 0.49 MPa to 1.30 + 0.28 MPa (t-test, p < 0.001), with
failure modes shifting toward predominantly cohesive or adhesive fail-
ure and minimal substrate involvement (Fig. 7d, Fig. S1). Load-strain
curves for hide glue containing 30 wt% biochar showed a significantly

reduced peak load and a ductile response, characterised by smoother
curves and progressive failure (Fig. S8).

3.2.1.2. Carbon fibre-reinforced (CFRP) composites. Table S9 summa-
rises the results of lap shear tests using CFRP composites, evaluating
rosin-beeswax (7:3) blend, birch tar, and hide glue adhesives modified
with 10 wt% and 30 wt% hematite and biochar.In the rosin-beeswax
(7:3) blend, the addition of 10 wt% hematite resulted in a ~5%
decrease in the average lap shear strength (from 2.05 + 0.48 MPa to
1.95 + 0.17 MPa), whereas 30 wt% hematite increased it by ~15% (to
2.35 + 0.31 MPa) (Fig. 8a). The addition of 10 wt% and 30 wt% biochar
decreased the average lap shear strength by ~15% (to 1.74 + 0.33 MPa)
and ~45% (to 1.12 + 0.07 MPa; t-test, p < 0.01), respectively (Fig. 8c).
Across all samples, the observed failure modes were cohesive or thin
cohesive (Fig. 8b-d; Fig. S2). The addition of both hematite and biochar
increased adhesive stiffness, resulting in a shift toward more brittle
fracture, particularly at higher additive concentrations. Higher con-
centrations of hematite led to increased peak load, while biochar addi-
tions caused a reduction in peak load (Fig. S5).

For birch tar, the addition of 10 wt% and 30 wt% hematite increased
the average lap shear strength by ~2% (from 2.35 + 0.31 MPa to
2.40 + 0.37 MPa) and ~27% (to 2.98 + 0.44 MPa; t-test, p < 0.05),
respectively (Fig. 8a). Similarly, adding 10 wt% biochar increased the
average lap shear strength by ~2% (to 2.39 + 0.07 MPa), while 30 wt%
biochar significantly reduced it by ~40% (to 1.42 + 0.42 MPa; t-test,
p < 0.01). All samples exhibited cohesive failure modes (Fig. 8b-d;
Fig. §3). Tar samples with 10 wt% hematite failed in a fully brittle
manner, characterised by sharp load drops and negligible post-yield
deformation (Fig. S7). In contrast, samples containing 30 wt% hema-
tite or biochar displayed a more ductile response, with smoother load-
strain curves and progressive failure (Fig. S7).

For hide glue, the addition of 10 wt% and 30 wt% hematite signifi-
cantly increased the average lap shear strength by ~125% (from
0.44 + 0.20 MPa to 0.99 + 0.13 MPa; t-test, p < 0.01) and ~164% (to
1.16 + 0.46 MPa; t-test, p < 0.05), respectively (Fig. 8a). In contrast,
adding 10 wt% and 30 wt% biochar significantly reduced the average
lap shear strength by ~54% (to 0.20 £ 0.12 MPa; t-test, p < 0.05) and
~75% (to 0.11 £+ 0.06 MPa; Mann-Whitney U test, p < 0.05), respec-
tively (Fig. 8c). All hide glue samples exhibited mixed-mode cohesive
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the samples.

and adhesive failure (Fig. 8b-d; Fig. S1) and failed in a ductile manner.
Samples containing hematite showed a significant increase in peak load,
whereas those with biochar showed a marked decrease (Fig. S9).

To summarise, birch tar was the overall best-performing adhesive,
with the formulation containing 30 wt% hematite emerging as the
optimally performing modified adhesive for both plywood and com-
posite substrates. Among the rosin-beeswax (7:3) blends, the formula-
tion with 30 wt% hematite showed the best performance on CFRP
composites. Hide glue proved highly effective for wood bonding but
exhibited limited applicability on the composite substrates, even when
modified with additives. Overall, the addition of biochar generally
reduced the average lap shear strength of the tested adhesives. Based on
these considerations, only formulations of birch tar and the rosin-
beeswax (7:3) blend containing hematite were selected for further
analysis, focusing on the effects of hematite on the thermal stability,
debondability, and physicochemical structure of the adhesives.

Additionally, due to its superior performance among the birch tar
blends, the formulation containing 30 wt% hematite was selected to
evaluate the reusability of birch tar adhesives, as suggested in the
literature (cf. [8]). Our results were compared with those from the
reheated birch tar sample without hematite filler and with published
data [10,29].
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3.2.2. Structural characterisation: X-ray diffraction (XRD)

All the diffraction patterns after the addition of hematite show the
characteristics of its rhombohedral crystal structure (ICDD card no 01-
089-8103). The patterns of the mixtures of rosin-beeswax (7:3), tar
with hematite do not show any changes in peak position nor appearance
of new peaks suggesting that the formation of new compounds or re-
action between hematite and the organic adhesives is not pronounced if
any (Fig. 3d-f). An exception may be the Clinozoisite (CazAls.
Si3012(0OH); ICDD card no 00-013-0563) observed in the XRD pattern of
hide glue with 30 wt% hematite (Fig. 3h). Its occurrence could be the
results of reaction of the bassanite with the Al- and Si- oxides present in
the red ochre (hematite) additive during glue preparation.

Overall, the XRD patterns of the hematite-filled rosin-beeswax, birch
tar, and hide glue adhesives reveal distinct crystalline domains associ-
ated with the dispersion of mineral particles within the organic matrices.
As a result of hematite incorporation, the adhesives become less amor-
phous, and composite structures with multiple crystalline phases are
introduced. This increased crystallinity can enhance hardness and in-
ternal cohesion but may also increase brittleness and reduce film
thickness.

3.2.3. Thermal properties: thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC)
Across both adhesive groups, the addition of hematite consistently
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enhances thermal stability by increasing the degradation onset tem-
perature. When 30 wt% hematite is added to the rosin-beeswax (7:3)
blend, the onset temperature increases from ~270 °C to ~290 °C; the
overall decomposition profile remains similar, but the mass loss curve
becomes more gradual (Fig. 4a). The total mass loss is reduced accord-
ingly, reflecting the non-volatile content of the sample (~30%). The
degradation behaviour of the birch tar-hematite mixture is similar in
shape to those of pure tar, but the degradation onset temperature shifted
toward 300 °C, the slope is more gradual (Fig. 4b), and the residual mass
again is substantially higher (~36%), consistent with the inorganic
content added in this sample. Hematite-modified adhesives exhibit also
an extended useable temperature range and could be safely used up to
approximately 170-190 °C.

The addition of 30 wt% hematite to the rosin-beeswax (7:3) blend
altered its thermal behaviour by lowering the melting temperature by
approximately 10 °C, from 64 °C to 55 °C (Table 1). The enthalpy of
melting of the mixture, corrected for the mass of the hematite, decreases
strongly from 138 to 54.5 J/g, indicating that hematite disrupted the
crystalline domains within the material.

Conversely, adding 30 wt% hematite to birch tar did not affect the
melting temperature. The enthalpy of melting of the mixture, corrected
for the mass of the hematite, increased from 51 to 64.5 J/g (Table 1),
likely reflecting some increase of crystallinity.

3.2.4. Rheology and debonding temperatures

The debonding temperature of the rosin-beeswax (7:3) blend with
30 wt% hematite was 57.5 °C (Table 1), indicating that the addition of
hematite particles does not significantly affect the debonding tempera-
ture compared to the unmodified blend (58 °C). In contrast, when
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hematite particles were added to birch tar, the debonding temperature
decreased substantially from ca. 99 °C to 69 °C at 30 wt% hematite
(Table 1), suggesting that hematite impacts birch tar debonding
temperature.

3.3. Exploring birch tar reusability

3.3.1. Single lap-shear-joint (SLS) test

Fig. 9a shows the representative load-displacement curves of the
CFRP composites bonded with tar containing 30 wt% hematite, as well
as the same adhesive after one and five reheating cycles. As shown, the
reference tar with 30 wt% hematite adhesive and the mixture reheated
once exhibit largely comparable behaviour in the initial loading region,
with nearly identical stiffness. Both curves display a steady increase in
load with displacement, followed by a pronounced peak. The reheated-
once mixture reaches the highest maximum force (slightly above 1000
N), exceeding the reference adhesive. In contrast, the adhesive reheated
five times presents a markedly different response. While its initial
stiffness is lower, a more gradual load increase is observed throughout
the elastic region. The maximum force is significantly reduced, reaching
only around 650-700 N. The birch tar +30 wt% hematite sample
exhibited a mixed failure mode, comprising approximately 60% ductile
and 40% brittle fracture. Upon reheating once, the failure shifted toward
fully brittle behaviour. However, after five reheating cycles, the failure
mode transitioned to fully ductile, accompanied by a notable decrease in
peak load (Fig. S10).

Fig. 9b presents the joint's shear strength of CFRP composites.
Reheating the birch tar with 30 wt% hematite mixture once led to a
~11% increase in the average lap shear strength (from 2.98 + 0.44 MPa
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to 3.30 + 0.58 MPa, Table S10), whereas after five heating cycles, the
average lap shear strength significantly decreased by ~28% (to
2.14 + 0.31 MPa, t-test, p < 0.01). All samples exhibited cohesive failure
(Fig. 9c, Fig. S3).

3.3.2. Structural characterisation: X-ray diffraction (XRD)

Fig. 10 presents the XRD patterns of birch tar and reheated tar
samples, both with and without 30 wt% hematite. Across all samples,
including those reheated once and five times, no significant phase
changes are observed. The diffraction patterns show neither shifts in
peak positions nor the emergence of new reflections, indicating that
reheating and hematite addition do not alter the crystalline phases
present.

The relative integrated intensities of the {021} Friedelin and
Carnauba wax {102} reflections with respect to the integrated intensity
of the hematite {104} reflection (taken as 100), showed a decrease after
reheating the material (Fig. 11). The decrease in relative peak intensities
suggests that both components lose some of their long-range ordered
crystalline structure after each heating step.

3.3.3. Thermal properties: thermogravimetric analysis (TGA)

Reheating appears to enhance the thermal stability of both pure
birch tar and tar-hematite mixtures (Fig. 4b). The sample of birch tar
reheated once exhibits a slower decomposition rate and retains a higher
residual mass (~20%) compared to unmodified tar (~5%) (Table 1).
Repeated reheating further amplifies this effect, suggesting the forma-
tion of more thermally stable structures. The impact is even more pro-
nounced in tar-hematite mixtures: both reheated variants show
significantly reduced weight loss, with over 50% residue remaining after

heating (Table 1).

In an effort to explain the effects of increased residue quantities,
additional TGA measurements were performed on the same sample set
as before, but this time under oxygen atmosphere instead of nitrogen
atmosphere (Fig. 12). The oxygen flow would allow organic matter to
combust, resulting in a solely inorganic residue. Both reheated birch tar
samples (x1 and x5) show a similar degradation pattern, all resulting in
minimal residue (~0%), indicating the presence of exclusively organic
matter in the samples. The tar-hematite mixtures, however, present a
different effect. The residual weight of the 1x reheated (~45%) and 5x
reheated (~48%) samples show a defined increase of residue compared
to the unmodified tar (~24%). Given that the analysis was performed in
oxygen atmosphere, the residue was presumed to only contain inorganic
matter, which was confirmed by XRD measurements (Fig. S11). Analyses
performed on residue of the 5x reheated sample showed a mixture of
only hematite and magnetite, originating from the added hematite.

Birch tar, both untreated and reheated showed only organic matter
present in the sample. With the addition of hematite, the residual weight
increased to 24%, the same as the measurement in nitrogen atmosphere.
The increase of the residual weight of the reheated tar-hematite mix-
tures can therefore only be explained to be caused by a higher concen-
tration of hematite in the original material.

3.3.4. Fourier-transform infrared spectroscopy (FTIR)

Fig. 13 shows the ATR-FTIR spectra of birch tar and birch tar mixed
with 30 wt% hematite, including samples subjected to one and five
reheating cycles. The principal absorption bands characteristic of birch
tar -aliphatic C-H stretching (~2920 and 2850 cm™!), carbonyl
stretching (~1710-1740 cm’l), aromatic skeletal vibrations
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(~1600 cm’l), and C-O stretching vibrations (1000-1400 em 1) are
present in all samples. This indicates that the overall molecular frame-
work of the tar is largely retained after reheating.

Closer inspection, however, reveals progressive modifications in
specific spectral regions. In the carbonyl region, a doublet is observed
around ~1710-1740 cm™! in the unloaded tar (Fig. 13a). Upon
reheating, subtle redistribution of intensity between the two compo-
nents occurs. In the hematite-containing samples, repeated reheating
enhances the higher-wavenumber contribution (~1730-1735 em ™)
relative to the lower-wavenumber band (~1710-1715 cm™ 1) (Fig. 13b),
indicating modification of carbonyl functionalities. The increase of the
band at 1733 cm™! correlates with the increase of the band at
1167 cm ™. This evolution may reflect degradation and oxidation pro-
cesses induced by heating (cf. [22]) and potentially enhanced by the
presence of hematite.

Minor attenuation and broadening are also visible in the C-O
stretching region (1000-1400 cm™!) after multiple reheating cycles.
These variations are consistent with partial transformation or degrada-
tion of oxygenated biomarker components rather than the formation of
new functional groups.

Variations in absolute band intensity between spectra should
nevertheless be interpreted with caution. ATR-FTIR measurements are
sensitive to sample-crystal contact, surface roughness, and effective
penetration depth of the evanescent wave. The samples analysed here
were small and exhibited heterogeneous, uneven surfaces, particularly
in the mineral-containing mixtures. Differences in compaction, particle
distribution, and surface conformity may therefore produce global in-
tensity scaling across the spectrum without necessarily indicating
compositional changes.
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4. Discussion
4.1. Substrate-dependent adhesion

Wood substrates present a porous, hydrophilic, and hydroxyl-rich
surface that facilitates adhesive penetration and hydrogen bonding
[38]. Protein-based hide glue is known to form polar interactions and
mechanical interlocking within lignocellulosic substrates, which ex-
plains the substrate failure observed in plywood specimens bonded with
hide glue and, consequently, the higher lap shear strength values.

On the other hand, CFRP substrates present a lower surface energy
and are less chemically reactive. Adhesion on CFRP substrates will
strongly depend on the surface activation, compatibility between ad-
hesive and epoxy matrix used on the CFRP and mechanical interlocking
[32].

It was observed that birch tar's superior performance on CFRP rela-
tive to hide glue likely derives from its thermoplastic, conformable na-
ture, enabling improved wetting and interfacial contact under pressure.
The transition toward cohesive failure in tar-bonded CFRP joints sug-
gests that interfacial adhesion exceeded the internal cohesive strength,
indicating effective surface adhesion.

4.2. Usability, debondability, and reusability of the archaeo-inspired bio-
based adhesives examined

4.2.1. Usability

The maximum average lap shear strengths of the archaeo-inspired
adhesives tested ranged from 1.5 to 3.5 MPa —-making them suitable
for light-duty, non-structural applications requiring moderate mechan-
ical performance- and are consistent with values reported for other bio-
based adhesives (e.g., Ref. [39-41]). Direct comparison with published
data on the same adhesives is difficult, particularly for birch tar, whose
strength strongly depends on production methods; nevertheless, our
values fall within the ranges reported in the literature [7,9,10,19] (see
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S14).

Comparisons can, however, be made with other bio-based formula-
tions studied in recent years for wood applications, which also appear to
be the most plausible application the adhesive studied here. Soy protein-
based adhesives typically exhibit average lap shear strengths between
0.6 and 1.2 MPa, but under optimised conditions or with modifiers can
reach 2.8-3.0 MPa [42-44]. Fully bio-based lignin adhesives generally
show average lap shear strengths of 1.0-1.4 MPa, while chemically
modified lignins can achieve up to 5 MPa [45,46]. Tannin and
tannin-hybrid adhesives show similar values, ranging approximately
from 0.7 to 2.4 MPa [47-49].

4.2.2. Filler effect: reinforcement versus defect introduction

Hematite generally improved the average lap shear strength across
all three adhesives, most notably in birch tar, where increases reached
64% on wood (from 1.24 4+ 0.45 to 2.03 4+ 0.49 MPa) and 27% on CFRP
composites (from 2.35 + 0.31 to 2.98 + 0.44 MPa). Compared with
previous studies [7,16,50], the rosin-beeswax-hematite blend, however,
showed lower average lap shear strength on plywood, likely due to
differences in mineralogy, particle size, and distribution of the red
ochre, as well as in adherend surface roughness.
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Importantly, our experiments provide the first direct evidence that
hematite enhances the performance of birch tar, suggesting broader
applicability as a reinforcement in natural adhesives.

XRD and mechanical results reveal clear structure-property re-
lationships in the hematite-filled bio-based adhesives. Indeed, fine
mineral particles, such as hematite, can enhance stiffness and apparent
cohesive strength via crack deflection, thereby enhancing energy dissi-
pation, load transfer from the deformable matrix to the high-modulus
filler phase, and restriction of local deformation within the bond line.
SEM analysis indicates that hematite particles were finely divided and
homogeneously dispersed, promoting effective interfacial load transfer
and minimising stress concentration sites (see Fig. 14(c) and (d)).

However, filler addition can also increase brittleness if particle
dispersion is suboptimal, as with biochar, or if the matrix is already
relatively crystalline, as with rosin-beeswax blends.

Conversely, biochar generally reduced the average lap shear
strength. Fig. 14 compares the microstructural characteristics of adhe-
sives loaded with biochar and hematite, highlighting differences in
particle size, morphology, and dispersion within the adhesive matrix.
Biochar-filled adhesives exhibit relatively large, irregular particles and
pronounced agglomeration, whereas hematite is more finely divided
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and more homogeneously distributed, despite both fillers being mixed
under the same conditions. The inherently larger size and irregular
morphology of biochar particles likely contribute to these agglomerates,
which reduce adhesive strength, particularly at 30 wt%, due to its larger
particle size and high volume fraction, which overload the matrix and
hinder effective stress transfer, in agreement with previous observations
on charcoal fillers [29].

Future work should aim to decouple these effects by systematically
controlling particle size across different filler types, for example by using
comparable grain size distributions or by further processing the fillers.
In addition, strategies such as mechanical mixing, surfactants, or
chemical modification could be explored to improve particle dispersion
and potentially enhance adhesive performance.

Birch tar mixtures exhibited broad interfacial compatibility, bonding
porous and nonporous substrates such as wood, composites, and —based
on literature— aluminium and stone [10,29]. Rosin-beeswax mixtures
also adhered well to plywood and CFRP composites. In contrast, hide
glue performed notably better on wood than on CFRP composites
(oLSS = 3.56 + 0.49 MPa vs. 0.44 + 0.20 MPa), in line with its reliance
on polar amino acid interactions [51].
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4.2.3. Moisture resistance

Birch tar and rosin-beeswax mixtures are water-insoluble, and their
hydrophobic composition makes them potentially suitable for indoor
and outdoor use. Their performance under exterior conditions, however,
still requires verification through standard tests assessing resistance to
moisture, temperature fluctuations, and UV exposure. In contrast, hide
glue shows poor water resistance and is highly susceptible to biodeg-
radation. Protein-based adhesives can be improved through chemical or
enzymatic modification or by blending with oils or resin acids [4,52,53].

Although further testing is needed, previous work [54] suggests that
hematite may enhance the water resistance of gum-based adhesives.
Hematite also exhibits antibacterial properties and can inhibit microbial
collagenase activity [55-57], consistent with its historical role as a
tanning agent. Thus, hematite may simultaneously improve shear
strength, water resistance, and biodegradation stability.

4.2.4. Thermal behaviour and debondability

Thermal stability of birch tar is higher than rosin and rosin-beeswax
blend, with decomposition onsetting at ~275 °C compared to
~200-250 °C for rosin and ~270 °C for the blend. The ability to debond
these systems by heating situates them within the broader category of
thermally reversible or debondable adhesives.

Hematite incorporation significantly alters the thermal behaviour of
the adhesives. In both rosin-beeswax and birch tar systems, TGA showed
a delayed onset of degradation and higher residual char, indicating
enhanced thermal stability due to the inorganic filler. The onset of mass
loss increased from ~270 °C to ~290 °C in the rosin-beeswax blend and
from ~275 °C to ~300 °C in birch tar. In polymer-filler composites, such
improvements commonly arise because inorganic particles act as ther-
mally inert domains that redistribute heat locally and hinder the
mobility and decomposition of the organic matrix. Consistent with this
behaviour, hematite addition increases stiffness and crystallinity while
improving thermal stability; however, the accompanying rise in rigidity
may limit ductility.

As sustainability and reparability gain prominence, the ability to
reversibly debond adhesives has become a key design consideration
[58]. Since both rosin and tar are thermoplastic, they can be reversibly
softened and detached by heating above their melting or softening point
while applying mechanical loads. Our rheological measurements
demonstrated that hematite promotes more efficient thermo-mechanical
debonding in birch tar: adding 30 wt% hematite reduced the debonding
temperature by approximately 30 °C (from 99 °C to 69 °C; Table 1). The
notable reduction in debonding temperature upon hematite addition to
birch tar suggests potential changes in thermal transport and yielding
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behaviour. Inorganic fillers commonly increase thermal conductivity in
polymer composites, accelerating heat transfer through the adhesive
layer and potentially lowering the practical temperature required for
interfacial softening [59].

By contrast, hematite reduced the melting temperature but not the
debonding temperature of the rosin-beeswax blend (Table 1), reflecting
differences in chemical compatibility between filler and matrix. Birch
tar contains polar phenolic and aromatic compounds [21,60] capable of
interacting with hematite particles, whereas rosin and beeswax are
mainly composed of non-polar esters and fatty acids [35], resulting in
weaker filler-matrix coupling. Nevertheless, hematite addition
decreased the melting enthalpy of the rosin-beeswax adhesive, sug-
gesting that filler incorporation disrupts molecular packing and lowers
the energy required for melting or recycling (cf. [61,62]).

Overall, hematite modifies both the thermal stability and debonding
behaviour of these bio-based adhesives. It enhances degradation resis-
tance and energy efficiency, supporting the development of thermally
tuneable and recyclable adhesive systems. However, its use should be
balanced against the increased stiffness and reduced ductility that may
limit performance in flexible or long-term structural applications.

4.2.5. Reusability

Birch tar behaves like a thermoplastic: it softens when heated and
hardens upon cooling without chemical phase change, allowing
repeated use through reheating [63].

Interestingly, after one reheating cycle (~10 min), the tar-hematite
mixture showed an 11% average lap shear strength increase compared
to the non-reheated sample (from 2.98 + 0.44 to 3.30 + 0.58 MPa). This
strengthening suggests that limited thermal exposure promotes
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beneficial structural rearrangements within the adhesive layer. Because
FTIR, XRD, and TGA analyses revealed no new chemical phases or
measurable changes in crystallinity (Figs. 10 and 13), the improvement
cannot be attributed to bulk chemical crosslinking. Instead, it is more
plausibly explained by physical reorganisation processes, including: (i)
enhanced wetting and interfacial contact due to temporary viscosity
reduction, (ii) densification of the adhesive layer via relaxation of
entrapped voids, (iii) improved filler dispersion or particle-matrix
packing efficiency, and potentially, (iv) molecular-level rearrangement
leading to increased cohesive packing density.

Such heat-induced densification and defect relaxation are docu-
mented in thermoplastic and pitch adhesives, where short processing
intervals can enhance mechanical performance before thermal degra-
dation becomes dominant [29].

The subsequent 28% strength reduction after five reheating cycles
(~20 min cumulative heating; 2.14 £+ 0.31 MPa, p < 0.05) indicates that
prolonged thermal exposure shifts the balance toward degradation
mechanisms. Previous experimental archaeology studies on tar and
pitch adhesives similarly report initial strengthening followed by per-
formance decline with extended heating [10,29]. These declines can be
attributed to thermally induced microstructural rearrangement,
embrittlement from compositional fractionation, and disruption of
optimal filler-matrix interactions.

The absence of new FTIR bands or crystallographic transitions sug-
gests that degradation remains primarily microstructural rather than
chemical, occurring below the detection threshold of bulk spectroscopy
and diffraction.

Correlating these results with lap shear tests suggests that initial
reheating induced molecular rearrangements —such as crosslinking or
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Fig. 14. Comparison between adhesives loaded with biochar (top) and hematite (bottom), showing differences in particle size and distribution. A) Stereomicroscope
image of a hide glue adhesive mixed with biochar on the fracture surface of a lap shear sample, showing visible biochar agglomerates (40x); b) transmitted light
microscopy image of a rosin-beeswax blend loaded with biochar, showing particle distribution and size variation (30x); ¢) SEM image of birch tar adhesive containing
10 wt% hematite and d) with 30 wt% hematite (500x) showing particle size and dispersion.

polymer network compaction— that improved strength and stability.
These effects may have been favoured by hematite, as fillers can influ-
ence the behaviour of polymer networks [64,65]. Consequently,
tar-hematite reheated once exhibited greater stiffness and strength, with
fracture behaviour shifting from ductile to brittle (Table S10). By
contrast, repeated reheating caused structural damage, loss of strength,
and reversion from brittle to ductile fracture behaviour.

4.2.6. Applicability-specifics
In summary, adhesive suitability is application-specific, and some
considerations can be made for each studied adhesive.

o Hide glue delivers the highest strength on wood and is therefore best

suited for wood-wood structural bonding under dry indoor condi-

tions, though its moisture sensitivity limits broader use.

Birch tar demonstrates the widest substrate compatibility, including

effective bonding to CFRP, along with thermoplastic debondability

and reusability, making it particularly promising for multi-material

assemblies and circular design strategies that require repair or

thermal disassembly.

e Rosin-beeswax blends provide moderate performance but exhibit
greater brittleness and substrate sensitivity, restricting their use to
light-duty or temporary applications.

4.3. Future directions

In summary, hematite has emerged as an effective additive, signifi-
cantly enhancing lap shear strength and thermal properties, particularly
in birch tar formulations.

Beyond the performance improvements achieved with hematite,
several areas for further development remain within the adhesive sys-
tems studied.
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e The high biochar loading reduces mechanical performance, indi-
cating that optimisation of both biochar particle size and filler con-
tent is essential for improving bio-based adhesive formulations.

e The limited water resistance and biodegradability of hide glue
remain limiting factors, necessitating further exploration of chemical
modifications or alternative additives. Hematite appears to be a
promising filler for improving the water resistance of protein-based
glues; however, targeted testing protocols are required to validate
this potential.

e The mechanisms underlying tar degradation during repeated
reheating are not fully understood, suggesting that further studies
are needed to identify the causes of performance loss and potential
strategies to mitigate it.

Future research should focus on optimising filler content, particle
size, and matrix compatibility to improve the mechanical and functional
performance of these adhesives. Once adequate performance is ach-
ieved, sustainability assessments such as preliminary or full life cycle
analyses (LCAs) can be conducted to quantify their environmental
footprint. Addressing these aspects will further advance the practical
applicability and sustainability credentials of archaeo-inspired adhe-
sives, enhancing their relevance and competitiveness within the modern
bio-based adhesive sector.

5. Conclusion

This study examined the performance and potential of archaeo-
inspired bio-based adhesives -birch tar, rosin-beeswax blends, and
hide glue- modified with natural additives such as hematite and bio-
char. Using a multi-analytical approach, we systematically characterised
their bonding performance, debondability, and reusability, providing a
comprehensive dataset to support the development of sustainable ad-
hesives. Archaeological knowledge, combined with systematic material
characterisation, informs the design principles of renewable adhesives
based on natural feedstocks or by-products.
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The three adhesives demonstrated average lap shear strengths be-
tween 1.5 and 3.5 MPa, positioning them as viable candidates for light-
duty, non-structural applications. Birch tar exhibited the broadest sub-
strate compatibility and the highest reuse potential, with hematite
enhancing shear strength and lowering debonding temperature, sup-
porting energy-efficient, reversible applications; performance declined
after multiple reheating cycles, indicating thermally induced rear-
rangements. Hide glue achieved the highest lap shear strength on wood
but showed poor water resistance and limited performance on nonpo-
rous substrates. Rosin-beeswax blends demonstrated balanced bonding
on wood and composite substrates, with moderate moisture resistance
and thermo-mechanical debondability, suitable for reversible
applications.

Hematite consistently improved mechanical and thermal properties
across adhesives, while biochar reduced strength at higher loadings,
likely due to particle size and volume fraction effects. Hematite thus
emerges as a dual-function additive, enhancing performance while
maintaining debondability, supporting the development of repairable,
recyclable bio-based systems.

These findings demonstrate the viability of natural adhesives for
sustainable bonding strategies, particularly where disassembly and
reuse are important. The dataset generated provides a foundation for
future studies on filler optimisation, long-term durability, biodegrada-
tion, and scale-up feasibility, advancing next-generation sustainable
adhesives.
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