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Abstract: The end of life and circularity of products is an increasingly important issue, driven by concerns
over their environmental impact and emerging regulations. Natural materials such as leather should be an
obvious choice in the design of sustainable, circular products. Several ‘trendy’ alternative materials have been
developed that are presented as sustainable alternatives to leather. This research compares the potential for
leather and ‘trendy’ materials in composting conditions. The capacity of a material to biodegrade at the end
of its life will influence its potential to be part of a circular economic model. The results show that most of the
alternatives are poorly compostable. A notable exception was Pifiatex® which showed 65.25% disintegration and
59.84% biodegradability while leather largely showed good disintegration and biodegradability. Plants grown
in vegetable tanned leather compost produced 74% more top leaf growth than the blank. Vegetable tanned and
chromium-free leather produce compost with an ecotoxicology profile that is favourable for use in agriculture.
The results show that through its capacity to produce composts, leather has the potential to contribute to the
circular economy. In contrast, trendy alternatives had a very limited capacity for biodegradation and would create

waste issues at the end of their life. .

Keywords: leather; leather alternatives; coatings; biodegradability; disintegration; ecotoxicity; circular bioecon-

omy; microplastics

1. Introduction

The circular economy is a model of production and consumption, which involves sharing, leasing,
reusing, repairing, refurbishing and recycling existing materials and products for as long as possible.
In this way, the life cycle of products is extended resulting in less raw materials, fewer emissions
and less waste. Several regulations and legislative frameworks are driving the shift towards circular
and recyclable materials. These regulations are designed to promote sustainability, reduce waste,
and encourage the use of recycled and recyclable materials. They include: the EU Circular Economy
Action Plan [1] which aims to transition the EU towards a circular economy by promoting sustainable
product design, reducing waste, and fostering the use of secondary raw materials including plastics
and textiles; the draft EU Ecodesign for Sustainable Products Regulation (ESPR) [2], which focuses
on improving the environmental performance of products by establishing requirements for product
design that enhance durability, reparability, recyclability, and the use of recycled content and; the Waste
Framework Directive (2008/98/EC) [3] which establishes a waste hierarchy prioritizing prevention,
reuse, recycling, and recovery of waste.

Natural materials, such as leather, wool and cotton should be well-placed to meet the needs of the
circular economy. Leather manufacture utilises raw hides and skins obtained as by-products of meat
production that would otherwise require disposal. Leather is also long-lasting, readily repairable and
understood to be biodegradable at end of life. However, concerns over sustainability of leather and
consumer demand for substitutes for leather has resulted in the development of a range of plant-based
‘trendy’ materials,. These materials are usually based on mycelium, such as the Bolt Threads product,
Mylo®, or plant materials, such as Desserto® (cactus) or Pifiatex® (pineapple) and are normally
comprised of the plant material and a synthetic, such as polyurethane. These materials are often
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presented as a more sustainable and functional alternative to leather. However, there is little evidence
to support this assertion, and the veracity of some of these claims has been examined.

Meyer et al. (2021) used a number of standard physical tests to evaluate the functional performance
characteristics of nine of alternatives to leather [4]. The results showed none of these “trendy” materials
could match leather in all the measures evaluated and that many lacked wear performance indicating
that they would be short-lived in use. Carcione et al. (2023) examined the biogenic content of the
same leather alternatives and showed that most had a high content of fossil-fuel based materials, and
that only a minority had a high biogenic content [5]. Combined, these areas of research highlight
the uncertainty surrounding the sustainability of trendy materials as they offer poor performance
characteristics, and are often based on fossil-carbon.

In addition to its performance characteristics and composition, the capacity of a material to be
composted or to biodegrade at the end of its life will greatly influence its potential to be part of a
circular economic model. Sardroudi et al. (2024) investigated the disintegration of leather and some
of the alternatives, with a focus on their break down and suitability for the biocircular economy [6].
Their research showed that the leathers assessed were highly suitable for compostability, while the
alternatives showed little or no disintegration.

This research seeks to further assess the compostability of leather and trendy alternatives and
evaluates the use of compost produced using leathers tanned with the three main leather tanning
chemistry’s for plant growth and ecotoxicological profile. The results will further contribute to the
understanding of the compatibility of leather and some of the alternatives to leather with ambitions of
the circular economy.

2. Materials and Methods

Test pieces of leather and several alternatives (Table 1) were assessed for their disintegration and
biodegradability. Furthermore, the three unfinished leathers (K, L and M) were then further tested in
plant response and ecotoxin screening to evaluate the relative ecotoxicity of composts produced with
leathers tanned with different primary tannages.
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Table 1. Test pieces that were used for the testing of materials in the compost evaluation.

Designation Material Composition (from Meyer et al., 2021, except J, K, L, M)

A

Noani®

Kombucha

Teak Leaf®

SnapPap®

Desserto® (‘Cactus material’)

Appleskin® (“Apple material’)

Pifiatex® (‘Pineapple material’)

PU Coated Textile

Muskin®

Shoe upper leather
Chromium-tanned leather
Vegetable-tanned leather

Chromium-free leather

Composite material made up of three individual main
layers: Upper layer polyester microfiber material, core
layer leather fiberboard, backside layer coated textile with
a compact layer (PUR), a foamed layer PVC, and a textile
carrier

Dense compact material based on polysaccharides, con-
tains talcum, some heterogeneous inclusions of unclear
origin

Coated and laminated leaves, topcoat: a transparent
film based on polyolefin wax, leaves, lamination on
back of leaves with two non-woven textile layers (light
brown-—cellulose-based fibers with acrylate-based binder
and white-polypropylene fibers)

Dense single layer material with a non-woven structure
made of cellulosic fibers and impregnated with acrylate-
based polymer

Coated textile with a compact layer (PUR) and partially
foamed layer (PUR) filled with heterogeneous particles of
organic origin, textile carrier based on polyester, material
made by a reverse coating process

Coated textile with thin compact layers (PUR), a foamed
layer (PUR) filled with organic particles and a PUR impreg-
nated textile carrier, material made by coagulation process
Non-woven material made of cellulose-based natural
fibers, coated with a thin polymeric layer (similar to
polyurethane or acrylates)

Coated textile with thin compact topcoat (PUR), a layer
underneath (PUR) filled with heterogeneous particles
made of modified cellulose and a textile carrier based on
polyester, material made by coagulation process

Finely fibrous, porous, and naturally grown material in
a single layer; natural fibers based on polysaccharides;
without any coating or textile backing

Bovine nubuck leather; typical leather structure (Meyer, et
al., 2021 used a different leather)

Bovine leather tanned with conventional chromium III
tanning salts; no further processing

Bovine leather tanned with vegetable tanning agent; no
further processing

Bovine leather tanned with synthetic tanning agent; no
further processing

All materials were received from suppliers of the material where possible. Some of the materials
were sampled from final articles, through deconstruction and separation. All test pieces were measured
for thickness, gently dried and cut or ground to meet the requirements of the test method. Materials
were characterised (as per compostability requirements) to meet the metal and fluorine requirements
of EN 13432 and EN 14995 [7,8]. All materials (except the Leather ] and K) were within the metals and
fluorine thresholds specified by Annex A (of both) compostability specifications.

To eliminate confounding influences, leathers K, L, and M were sourced as tanned leathers that
had not undergone any further chemical processing, e.g. retanning, dyeing, and fatliquoring.

2.1. Assessment of Disintegration

The disintegration of the test materials was assessed using a modified version of ISO 20200: 2023
[9]. All materials that had not reached 100% disintegration after the initial thermophilic test phase
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were taken into the mesophilic phase. The inoculum for the thermophilic phase was fresh municipal
compost, and the inoculum for the mesophilic phase was unsterilised topsoil.

There is no specified requirement for controls in ISO 20200 but for the purposes of this study;,
positive controls were used. The expected time of the disintegration of these products is known by the
laboratory and any deviation from that time is recorded. After the composting period, the test pieces
were cleared of compost debris, and were gently dried until there was no longer any change of mass.

2.2. Determination of Biodegradability

The biodegradability of the test pieces was determined in accordance with ISO 20136: 2020 [10].
The carbon content (1) of the materials tested was measured using ISO 8245: 1999 [11]. The result was
then converted into the theoretical CO, (mcop) that could be released using the amount of dry-matter
added to the reactor, using the formulae (1 and 2) given below:

mrc = w/100.mg (1)

mrcoz = w/100.mrc 2)

Equipment used for the biodegradability reaction was an EGA 61 multi-sample CO,/H,0O
respirometer (AD Scientific, Hertfordshire, UK), pump flow maximum 340 umol/sec, with flow
meter scale of 680 pmol/sec (accuracy 1.5% of reading and 0.5% of scale). The resolution of the
instrument is 1 ppm of CO,.

The airtight reactors were 2 dm? glassware, connected to a CO,-free air supply. The inoculum
used was domestic sewage activated sludge. Atmospheric barometric measurements, pump pressure,
and flow rate corrections were recorded by the equipment and were used in the final calculations of
the evolved amount of gas. All CO, production of the controls and the test reactors were corrected to
remove CO, generated by the activated sludge. The tests were run in the case of this study for 28-days.

The final cumulative CO, value at the end of the test is known as the absolute biodegradability.
The absolute biodegradability of the collagen control is then adjusted to achieve a relative biodegrad-
ability of 100%. The same adjustment factor used in the control is then used to determine the relative
biodegradability of the other test materials.

2.3. Plant Response Testing

The plant response of leather composts was assessed to understand the growth of plants in
biogenic-based substrates to show compatibility with pre-composting requirements, in particular any
phytotoxic effects the leathers might have. Three leather intermediates: a chromium-free, a chromium-
tanned, and a vegetable-tanned intermediate were shredded and composted for 84 days (1:5 material
to compost ratio), as was a negative control compost with no materials.

The methods described in REAL CCS 3.1 were followed using sphagnum moss peat only as a
plant growth substrate (blank); a negative control compost containing no test materials; and the test
composts made from the leathers listed [12]. The peat was an H3 to H6 (von Post scale) peat with a
conductivity (measured with BS EN 13038: 2011) within the specified range of 4 to 12 mS/m [13]. The
plant trays consisted of:

* 100% plant growth substrate (the blank);
e the negative control plant trays consisted of material-free compost and peat (1:3); and
e the test plant trays consisted of material composts and peat (1:3).

The pH of the plant growth substrate was adjusted to be between 5.5 and 7.5 using magnesium
limestone, CaMg(COj3),, supplied by Omya Solutions, North Ferriby, UK. The nitrogen-phosphorous-
potassium (NPK) ratio was adjusted using an NPK fertiliser (14-16-18) supplied by Yara Ltd, Oslo,
Norway to give a K,O: N ratio of the substrate of <1.33:1. Nitrogen was measured using BS EN
13654-2: 2001, phosphorous and potassium by BS EN 13650: 2001 [14,15].
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The plants tested were tomato Shirley F1 (Solanum lycopersicum), supplied by Moles Seeds,
Colchester, UK. The testing was carried out in a phytotron with lighting luminance, temperature, and
light cycle as specified in the method. Watering was done using a capillary matting and wicking from
a reservoir. Germination rate and plant anomalies were monitored throughout growth. At 28 days, the
plants were photographed, measured and harvested to determine the wet biomass weight and plant
height.

2.4. Compost Toxicity Levels

Composts were manufactured using the same regime and concentration as the plant response test.
The composts were screened for 200 compounds that are common soil contaminants. Contaminating
metals were measured using inductively coupled plasma with mass spectroscopy in accordance
with BS EN 17294-2: 2016 [16]. Gas chromatography mass spectrometry, following the Eurofins
W6331 method, was used to determine detectable levels of polycyclic aromatic hydrocarbons, volatile
halogenated hydrocarbons, chlorophenols, organic chlorinated pesticides, and phthalates. Detectable
levels of petroleum hydrocarbons were determined using gas chromatography with flame ionisation
detection using the W0202 Eurofins method.

3. Results

3.1. Assessment of Disintegration

The disintegration levels of the various materials can be seen in Table 2. Test pieces B (kombucha)
and M (chromium-free leather) had fully disintegrated during the thermophilic test phase. The other
materials had disintegrated to varying degrees under thermophilic test conditions and were continued
into the mesophilic phase.

Overall, the leather test pieces disintegrated to a greater degree than the alternatives with test
pieces K and M achieving relative disintegration of 84.42% and 100%, respectively. The shoe upper
leather test piece also showed extensive disintegration (64.49%). The notable exception was the test
piece L, vegetable-tanned leather, which showed limited disintegration (39.63%) over the test period.
The alternative materials showed considerably reduced levels of disintegration, for example, test piece
H showed only 0.78% relative disintegration. However, some of the alternatives showed high levels of
disintegration, notably test piece B and G.

Table 2. Disintegration of material test pieces after thermophilic (%D) and mesophilic (%Dy) disinte-
gration using the ISO 20200: 2023 method (standard deviation in brackets).

Designation Test material Relative thermophilic disintegration (%Dr)  Relative thermophilic disintegration (%D )
A Noani® 13.06 (0.45) 13.17 (0.81)
B Kombucha 100 (0) 100 (0)

C Teak Leaf® 10.86 (2.97) 13.30 (1.80)
D SnapPap® 48.11 (0.93) 55.22 (0.89)
E Desserto® 31.58 (1.52) 33.01 (0.89)
F Appleskin® (‘Apple material’) 22.79 (0.23) 24.33 (2.98)
G Pifiatex® (‘Pineapple material’) 62.82 (1.56) 65.25 (1.09)
H PU Coated Textile 0.31 (0.10) 0.78 (0.15)
1 Muskin® 7.34 (1.63) 11.82 (1.67)
J Shoe upper leather 50.85 (12.82) 64.49 (7.07)
K Chromium-tanned leather 79.48 (12.44) 84.42 (11.80)
L Vegetable-tanned leather 39.13 (12.62) 39.63 (12.91)
M Chromium-free leather 100 (0) 100 (0)

The PU-coated textile had the lowest levels of disintegration of the materials tested. A small
amount of material warping was seen, due to thermal abiotic effects, but the surface showed no pitting
or discoloration.

Disintegration continued to a reduced degree during the mesophilic phase, with most materials
showing limited further breakdown. Muskin®, (I) chromium-tanned leather (K) and SnapPap®
(D) showed more extensive degradation during the mesophilic phase, of 4.48%, 4.94% and 7.11%
respectively, while the most marked increase, 13.36%, was seen for the shoe upper leather (J).
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Overall, the leather test pieces (J-M) showed a greater propensity for disintegration than the
synthetic materials (A-I). The exceptions were the limited degradation observed for the vegetable-
tanned leather and extensive degradation seen with kombucha and Pifiatex®.

Figures 1 and 2 show the difference in the extent of disintegration between materials that dis-
integrated rapidly (B and M) and those that disintegrated more slowly (G and H). Figure 1b and
1d show the material was overwhelmed by fungal mycelium and the skeletal fibrous material had
been dissolved by abiotic and biotic effects. Figure 2 shows Piflatex® and the PU coated textile do
not disintegrate as rapidly as those given in Figure 1. After 84 days in thermophilic conditions both
materials were fully intact. Pifiatex® showed a similar breakdown to the cellulosic material used in the
positive control; plant celluloses and hemicelluloses are typically slow to degrade. Pifiatex® contains
high melting point polylactic acid which could explain its resistance to thermophilic degradation.

(©) o (d)

Figure 1. Images showing the fast disintegrators: chromium-free leather, a) at the test start, and b) after
28 days of testing (in containment netting); kombucha, c) at the test start, and d) after 23 days.

Several of the alternative materials showed extensive biodegradation albeit reduced compared
to the leather test pieces (excluding L). Desserto® (E), SnapPap® (D), and Pifiatex® (G) biodegraded
by 48.17%, 51.35% and 59.84%, respectively. However, the other alternative materials showed limited
biodegradability, with the textile-coated PU (H) almost entirely unchanged over the test period with
only 0.94% relative biodegradation.
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Figure 2. Images showing the medium to slow disintegrators: Pinatex®, a) at the test start, and b) after
84 days of testing; PU coated textile, c) at the test start, and d) after 84 days.

3.2. Determination of Biodegradability

The determinations of biodegradability of the test materials using ISO 20136 were deemed to be
viable. The results are shown in Table 3 and Figure 3.

The degradation profiles were very similar to those observed in the assessment of disintegration.
Kombucha (B) showed the highest degree of biodegradation and exceeded the control collagen
specimen in terms of absolute biodegradation. As previously observed, the vegetable-tanned leather
(L) showed limited biodegradability of 26.19% relative to the control. However, the trend noted in
the disintegration trial was repeated here, with the other leather test pieces (J, K, and M), showing
higher potential for biodegradation than the alternative materials. The chromium-free leather (M)
biodegraded by over 80% and notably, the shoe upper leather (J) showed a slightly higher degree of
biodegradation than the chromium-tanned leather (K); 66.64% versus 64.25%.

Table 3. Biodegradation (absolute and relative) of study materials using the ISO 20136 method.

Designation Test material Measured carbon content (115%) Measured carbon content (m7cop g)  Absolute biodegradation (%)  Relative biodegradation (%)
Collagen (control) 50.9 0.2938 81.57 100
A Noani® 55.7 0.3780 10.80 13.24
B Kombucha 57.5 0.3497 85.20 100*
C Teak Leaf® 56.8 0.3786 10.60 12.99
D SnapPap® 57.0 0.3746 41.89 51.35
E Desserto® 50.9 0.3339 39.29 48.17
F Appleskin® 53.6 0.3532 20.19 24.75
G Pifatex® 57.5 0.3546 48.81 59.84
H PU Coated Textile 57.1 0.3372 9.72 11.92
I Muskin® 57.1 0.3372 9.72 11.92
] Shoe upper leather 528 0.3127 54.36 66.64
K Chromium-tanned leather 515 0.1989 52.41 64.25
L Vegetable-tanned leather 57.6 0.1648 21.36 26.19
M Chromium-free leather 40.0 0.1648 65.88 80.76

* The relative biodegradability of kombucha is mathematically more than the control.

The biodegradation profiles of some the test materials are shown in Figure 3. Notably, the rate
of biodegradation of kombucha was much higher than the collagen control up to day 7, and then
slowed. All the described materials showed a common profile of rapid initial biodegradation followed
by slowing to a plateau. As noted, almost no biodegradation of the PU-coated textile was recorded.
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Figure 3. Percentage absolute biodegradability of fast (kombucha and chromium-free leather) and
medium to slow disintegrators (Pifiatex® and PU coated textile) over the experimental period

3.3. Plant Response Test

The plants in the blank substrate grew and germinated more than the minimum required, allowing
the test to be deemed viable. The vitality of the plants grown in all three leather composts were more
than the blank and negative control substrates, with a more green colour, and full bushy growth (not
shown) being observed in the test plants. No plant anomalies were detected in the test plants or the
blank/control, suggesting none of the substrates were causing stunting, necrotic, chlorotic, or other
colour anomalies. No leaf or stem deformations were observed. The plant growth for the three leather
composts are given in Figure 4. The test plants are compared against the blank and control in each
frame.

The blank, negative, and all three test trays germinated at a 96.67% germination rate. indicating
that there was no germination difference between the controls and the test substrates. The test plants
grown in the vegetable-tanned and chromium-free leather composts grew more than plants grown in
the blank substrate when comparing the mean top growth fresh mass per plant, see Table 4.

The plants grown in vegetable tanned leather showed the highest rate of additional fresh top
mass growth of all of the tests, with 74% additional leaf and stem matter than the control.
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e

Figure 4. Images showing a comparison of plant grown in: a) chromium leather compost b) chromium-
free leather compost c) and vegetable-tanned leather compost.All images show the blank grown plant
(left), control grown plant (centre), and test grown plant (right). Plant pairs in each position show the
tallest and shortest plant for each tray type.
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Table 4. The growth of plants (mean top growth fresh mass per plant) and their mean top growth fresh
mass as a percentage of blank top growth fresh mass per plant at 28 days.

Test compost Mean top growth fresh mass per Percentage of blank top growth
plant (g) fresh mass per plant (%)

Blank substrate 3.61 -

Chromium-tanned leather 2.84 78.71

Chromium-free leather 42 116.34

Vegetable-tanned leather 6.29 174.22

3.4. Soil Ecotoxicity

The composts produced from the three leather types were screened for 200 common soil contami-
nants including:

¢ Contaminating metals;

e Polycyclic aromatic hydrocarbons;
Volatile halogenated hydrocarbons;
Chlorophenols;

Pesticides;

¢ Phthalate esters; and

e Extractable petroleum hydrocarbons.

Table 5 shows the detectable substances found in the leather composts. Most soil contaminants
screened for were below the levels of detection. Of the substances that were detectable, the majority
were also present in the control indicating that were associated with the non-leather components of
the compost.

The exception was the high levels of chromium detected in the compost made from chromium-
tanned leather where concentrations of 5500 ppm of total chromium were detected.

Table 5. The ecotoxicological profile of composts produced from three different leathers compared to a
material-free control compost. All quantities are expressed in parts per million (ppm).

Test substance Control (ppm) Chromium-free  Vegetable- Chromium-
leather compost tanned leather tanned leather
(ppm) compost (ppm)  compost (ppm)

Barium 65 47 44 41

Cadmium 0.41 0.31 <0.30 <0.30

Chromium 72 12 9.5 5500

Copper 28 23 22 22

Lead 22 17 13 16

Molybdenum 14 <1.0 1.0 11

Nickel 51 3.5 3.2 9.6

Vanadium 8.1 43 3.6 6.1

Zinc 200 160 140 140

EPH(C30-C40) 11 <18 6.3 <18

4. Discussion

Growing awareness and emerging regulation are creating ever greater imperatives for the use
of materials that can be part of the circular economy and/or will degrade rapidly and harmlessly in
the environment. The ability to utilise a material for the production of compost offers one route to
circularity. The work presented evaluated the disintegration and biodegradability of leathers tanned
using the three most common tanning processes and a range of ‘trendy’ alternatives often presented as
sustainable alternatives to leather. The results confirm those reported by Sardroudi ef al. (2024) [6] and
expand the scope of materials analysed to include those evaluated by Meyer and Carcione [4,5]. The
functional perfomance of the same alternatives and their bio-based content were analysed by Meyer et
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al. (2021) and Carcione et al. (2023), respectively, and this work adds to the understanding on relevant
factors underlying any claim for the sustainability of those materials.

The analysis revealed a clear trend of leather having a higher propensity for disintegration than
the alternatives. This trend was repeated when the test materials were analysed for the aquatic
biodegradability. The notable exceptions were kombucha and Pifiatex®, which showed high degrees
of disintegration and biodegradation, and vegetable tanned leather, which was largely resistant to
degradation.

These apparent aberrations are most likely linked to the composition of the materials. The
kombucha test piece was unfinished and contained 100% bio-based content (Carcione et al., 2023) [5].
However, as shown by Meyer it also lacked any functionality that would allow for its use in products.
It would be expected that the addition of the necessary backers and coatings would see the potential
for disintegration fall markedly. This would be in line with the high content of fossil fuel-based
components in those alternative materials that showed any degree of functional performance (Carcione
et al., 2023). In contrast to this was the very limited disintegration of Muskin®, an untreated mycelium
product, which may be connected to the chemical modification to the base natural material.

The good performance of Pifiatex® in both tests was also likely to be a function of its composition
of pineapple leaf matter bonded with polylactic acid (PLA). PLA is a bioplastic and reported to
biodegrade in industrial composting scenarios (Fogasova et al., 2022) which would make Pifiatex®
susceptible to biodegradation [17].

Both chromium-free and chromium tanned leather showed high degrees of biodegradability and
disintegration. The shoe upper leather test piece showed a reduced susceptibility to both processes
and this was probably due to the presence of finishing chemicals on the leather. The vegetable tanned
leather was largely unaffected by either process which may be due to the nature of the tannins, which
are comprised of large polyphenolic compounds which limit access of the microorganisms responsible
for composting and biodegradation. These results show that while leather largely outperforms the
alternatives, there is scope to increase the compostability and biodegradability of leather. Leather
tanned with newer technologies like zeolites, triose, or aluminium silicates and finished with biobased
finishing chemicals may prove to be more biodegradable. Indeed, Sardroudi et al. (2024) found
that leathers produced using alginate-based chemicals and zinc oxide composted more quickly than
conventionally tanned leathers [6].

The capacity to form composts has little relevance if they are not appropriate for the use in the
enrichment of soils and supporting plant growth. The use of leathers produced using the three main
categories of tanning agent was evaluated for both support of plant growth and content of common soil
contaminants. The results show that composts produced from a chromium-free leather and vegetable
tanned leather enhanced plant growth compared to the control, with the vegetable tanned leather
compost increasing growth by over 76% despite showing only limited disintegration over the duration
of the test period. Neither of these composts contained significant levels of contaminants, with most
measured contaminants below the level of detection. Those that were detected appeared to be largely
linked to the non-leather components of the compost as shown by the higher levels in control.

Sardroudi et al. (2024) also found that vegetable tanned leather showed limited (or slowed rates
of) biodegradability as well as disintegration [6]. It is possible that the compost containing partially
degraded vegetable tanned leather acts as a slow-release source of nutrients for plant growth. It may
also be that the vegetable tanned leather in the compost acts to retain and control moisture levels.
Further research would be necessary to understand the mechanic by which vegetable leather enhances
growth. Nonetheless this strongly suggests that these leathers would be appropriate materials to
produce commercial composts. However, it must be noted that the leathers used had not been finished
and it is possible that the performance of these leathers would be affected by the addition of finishing
chemicals, as indicated by the slightly lower degree of disintegration and biodegradation shown by
the shoe upper leather test piece.
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In contrast levels of 5500 ppm of total chromium were detected in the compost produced using
chromium-tanned leather. It is worth noting that the relatively high levels of chromium in the compost
was also reflected in the plant growth, with the fresh top mass of the plants grown in chromium-
containing compost being 22% less than the control. The extent to which the plants grown in chromium
leather compost are reduced suggests that chromium has phytotoxic effects on plant growth. The
potential for phytotoxic effects of chromium has been previously reported [18].

The chromium content of composts is subject to varying requirements. The EU regulation laying
down rules on the making available on the market of EU fertilising products (EU 2021/1768) requires
that where an EU fertilising product contains total chromium above 200 mg/kg dry matter, information
about the maximum quantity and exact source of total chromium must be given [19]. The EU Ecolabel
criteria for growing media and soil improvers ((EU) 2022/1244) limits total chromium content of
composts to 100 mg/kg of dry matter [20]. As such, the use of chromium-containing materials is
not prohibited but must be given consideration. However, it is clear that composts with a chromium
content of that measured by this work would not be appropriate for use to enhance soils. This suggests
that composting would not be a viable option for circularity of chromium-tanned leather, without
pretreatment or mixing with other materials.

5. Conclusions

Soil and its fertilisation is central to a healthy bioeconomy, but faces increasing concerns with
regard to soil and nutrient depletion [21-23]. Nutrient for soils needs to be sought in different places
and the use of composts from a variety of sources should be part of the potential offer.

The data presented here has shown that vegetable tanned, and non-chrome tanned leather are
suitable for composting and integration into the biocircular economy with good disintegration and
biodegradability performance. Furthermore, both leather types supported greater plant growth
compared to the control. In contrast, while chromium-tanned leather was readily disintegrated, the
chromium content of the resulting compost was found to impede plant growth.

Similarly, some trendy materials also showed good potential for disintegration albeit that for
the most readily degradable, kombucha, was in an unfinished, native state that would not be appro-
priate for use in products. It is likely that the use of the necessary binders and finishing chemicals
would negatively impact on its degradability. Overall, the other trendy materials tested showed
poor biodegradation rates. Furthermore, they may pose potential microplastics risks when they do
disintegrate due to the fossil carbon embedded within their constituents.

Materials like Noani®, Teak Leaf®, Desserto®, Appleskin®, and Muskin® would pose serious
problems for composting systems and were found to have low breakdown rates in biodegradability
testing, suggesting that they would persist in the environment. Many of these materials in this study
have been made into composites with polyurethanes which has negatively affected their disintegration
and biodegradability.

The results show that through its capacity to produce useful composts, leather has the potential
to contribute to the circular economy. In contrast, the trendy alternatives had a very limited capacity
for biodegradation and would create further waste issues at the end of their life.
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