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Herein the authors report a detailed insight into
the tribological and chemical mechanisms that take
place when leaf matter is present at the wheel/rail
interface. The approach used enables further insight
into the formation and subsequent effects on friction
from leaf derived layers. Results shed insight on
the process that facilitates the formation of leaf
derived layers, their structure and chemical make-up.
Our analysis indicates that polyphenols, a chemical
family that include tannins, have an important role
in layer formation and hypothesis on the layer’s
stability, when formed under high pressures. The data
indicate that the high pressure found at the wheel /rail
interface facilitates conversion of biomass into a
tenacious, thin film. This is shown by the increase in
the amount of phenolic compounds present. Phenolic
compounds are typically rich in oxygen functional
groups that have the ability to bind to metal ions. This
insight into the composition of the film is expected
to enable the development of novel remediation
strategies. It highlights the potential for cleaning
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agents to be used as tools for restoring friction to safe values. This should lead to improvements
in the operational performance and safety of rail transport for passengers and train operators.

1. Introduction

(@) Leaveson theline

‘Leaves on the line” is a well-known challenge across railways around the globe that involves
the formation of a low friction, leaf derived ‘black layer’ on the rail head. These leaf layers can
have a negative impact on the braking performance of passenger and freight vehicles, resulting
in compromised operational performance and in extreme cases safety issues. This is because the
layer is known to be difficult to brake upon, due to its low friction properties. It also presents
difficulties for acceleration, which in turn can result in train delays. These issues incur significant
costs to the industry and end-users in terms of delayed-travel time and the necessity of using
treatments to restore the railhead to an uncontaminated state [1].

Considerable research has been conducted into the frictional properties of the leaf layers that
form on the railhead (anecdotally known by rail workers as ‘black layer’, due to the film’s typical
coloration). The evidence available at present establishes that the ‘black layer” is indeed a cause of
low friction (defined as being below 0.05 [2]) on the railway. Further work on the mechanism
of formation and lubricity of the layer has been ongoing to understand what this tenacious,
low friction, thin film is formed of. This will enable better remediation strategies and improved
operational performance. However, there is a lack of detailed knowledge of the composition of
the ‘black layer” and how leaves are converted, after falling on or near the line, into this thin film.

Previous research has underlined the role of weather conditions and train frequency in this
process [3]. The present work explores the mechanism behind the transformation of leaf material
on the railhead. Factors affecting this transformation include the high pressures at the contact,
often reported as 800 MPa, although there is a broad range surpassing 1GPa [4,5], as well as
the high temperature (within the wheel/rail contact patch, or ‘running-band”) and the presence
of catalytic metals present at the wheel/rail interface. The typical reaction product of cellulose
(a major component of biomass) under pressure and heat is ‘char’, a pyrolysis product [6].

Hyperbaric (400 MPa) treatment of cellulose (without the presence of steel, or iron) has been
studied by nuclear magnetic resonance (NMR) studies of carbon!® and infrared spectroscopy [7].
Under these conditions, only minimal changes to cellulose, described as ‘increased crystallinity’,
were observed.

In this work, an increase in polyphenol content coupled with a decrease in cellulose and
hemicellulose is observed. Pectin content appears largely unchanged. This is highly indicative of
a different reaction pathway;, likely facilitated by the presence of a known catalytic species (iron
oxide) at a high-enough heat and pressure. Other iron salts (such as iron nitrate) exhibit catalytic
activity toward biomass and specifically cellulose [8,9]. Interestingly, the authors did not note
graphitization as has been seen when iron nitrate is present. This suggests the reaction pathway
is highly sensitive to: pressure, heat and the metal present [7].

Previous research has attempted to establish the roles of pressure, temperature and catalytic
metal(s), although mechanistic insight regarding the key low adhesion species present at the
interface is lacking, specifically with samples obtained from field testing [5,10-15].

(b) Current and future solutions

Remediation measures are employed by Network Rail and other rail infrastructure managers for
cleaning the railhead in the UK. These include very high-pressure water jetting using railhead
treatment trains (RHTTs) for the susceptible routes. There are also chemical approaches for more
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localized remediation of the black layer. Other approaches are used to increase traction in the
wheel/rail interface such as sand application from systems on-board trains or use of traction gels
which are laid directly onto the railhead.

The cleaning agents usually include an organic solvent with a surfactant. Among them,
there is a family of products that contain a solvent derived from citrus fruit peel. Various
brands exist with modifications on the name ‘citra-sol’, ‘citra-solv’ and ‘citrus-cleaner’, etc. all
of which contain D-limonene [16]. D-limonene is an organic solvent, however, it has not been
tailored for use within the rail industry. These cleaning products are not designed for the specific
purpose of removing biomaterials like those found in railhead films. D-limonene was initially
proposed as an industrial replacement for chlorinated-hydrocarbons solvents [17]. In laboratory
conditions, extended heating is required for optimal solvent efficiency of biological components
[18]. Additionally, their use typically necessitates additional manual labour on the railway, which
adds considerable risk; even with all required safety measures in place.

There are marked drawbacks with each of the techniques mentioned, from availability of
treatment trains (RHTTs) to effective access to remote areas of high vegetation, as well as safe
disposal of resultant chemical waste. The solutions employed should be compliant in the UK with
the commitment to maintain the railway as a ‘biodiversity corridor’, as they are one of the few
very long stretches of relatively undisturbed countryside that acts as home to many rare species
of plants and animals [19].

Novel techniques for cleaning the railhead are being developed and are showing promise in
terms of mobility benefits. That is to say, some newer methods of rail cleaning can either be
mounted on road-to-rail vehicles or passenger trains and thus are capable of accessing more
remote areas or locations that may not have frequent RHTT treatments. In addition, some of these
methods could reduce energy use compared to the RHTT. These include methods that employ
dry ice as the cleaning agent, which sublimes leaving no chemical residue after cleaning [20,21].

(c) Current understanding of the leaf layer

Several surface sensitive techniques have been applied to leaf films in the laboratory, as well as in
the field, in an effort to understand the composition of the layer.

A combination of spectral data, including X-ray photoelectron spectroscopy (XPS) and Fourier-
transformed infrared spectroscopy (FI-IR), have confirmed the presence of ‘organic’ (that is to
say, predominantly carbon—carbon bond containing) species. Organic species are composed of
predominantly carbon, oxygen and hydrogen; although hydrogen is undetectable via techniques
including XPS.

Additional trace elements (typically of mineral origin) vary across sample locations, but
usually include elements associated with steel alloys, residual traces of remediation techniques
or other rail infrastructure items. These are prominently various forms of silicon and iron [22,23].

Silicon, or more specifically silica/sand, is routinely employed during braking from systems
on-board trains and is also a known component of traction gels. Traction gels are products
designed to raise friction at problem hotspots [24]. Combined spectral analysis has developed
our understanding of the chemical bonds present in the film. FT-IR typically indicates these films
contain C-H and -OH bonds as well as the presence of C=0, or carboxyl groups [15].

Although these spectral studies are very useful, they should be complemented by biochemical
analyses to enhance understanding of the composition of the layer. Recent advances by Watson
et al. [23] suggested that tannins (a component of leaves and a type of polyphenols) could play an
important role in the observed low friction. FT-IR data have since added evidence indicating the
presence of iron chelate compounds.

Chelate compounds in this instance refer to metal ions being bound to an organic molecule,
usually through formation of semi-stable, metal-oxygen bonds. In this instance iron (Fe) interacts
with oxygen containing compounds in the film (L.F. and L.D.G. 2023, unpublished data). Chelates
are well known in various applications, an example of their use in the household is with
kitchen/bathroom sprays designed to remove lime scale, or calcium carbonate. Here, the energy
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associated with chelate formation is able to displace the carbonate salt and form a chelated
calcium compound that is easily washed away.

Interestingly, iron tannates have been used in ink as iron gallate in the past, demonstrating
its ability to form films on paper rapidly [25]. Iron gallate is the product of the reaction
between tannic acid, a polyphenol and iron. The reactivity of iron on the railhead is well
known, prominently by its tendency to oxidize over time when exposed to air and water. Many
‘Lewis acids’ are able to catalyse reactions. A ‘Lewis acid” differs from more common acids like
hydrochloric acid (or other species where a proton, H' acts as the acid). Instead, a metal is able
to function in the same way, by accepting an electron pair from OH™ (hydroxide) species [26].

A number of these are used commercially with Fe as the metal ion due to its capacity to react
with a variety of materials including biomass [9,27].

An additional indicator regarding the film’s role in reducing the friction on the rail is its
resistance to wear coupled with its low friction properties. These properties are shared with
compounds like tannins or polyphenols, both of which have 6-member carbon rings with 7t-
electrons. These are known to exhibit great chemical stability, known as aromatic stabilization
[28-30]. The chemical composition of fallen leaves includes both soluble and insoluble phenolic
compounds, such as tannic acid, gallic acid and free phenolic acids [31]. This can be linked to
established tribological mechanisms of low traction as molecules like phenolic compounds share
the feature of having a large portion of delocalized electrons (or 7-bonds, as seen in phenol and
benzene) and exhibit planar characteristics (in terms of their molecular shape).

Phenolics, including tannins, are relatively abundant in leaves and may be transformed
to more complex polyphenols under the appropriate conditions. The chemical conjugation of
phenolics requires heating and mechanical mixing in the presence of a solid catalysis like iron
trichloride or alumina [27,32]. In the present work, we performed a biochemical analysis on leaf
layers produced under typical wheel/rail contact conditions in the laboratory and in the field
using an actual locomotive. The aim of this was to further the understanding of the composition
of the layer produced, as well as the process driving the transformation of leaves into films [21].

2. Material and methods

Several experimental methodologies were employed during the course of the research; these will
be explained in detail below. The methodologies required sourcing of some chemical reagents
as well as other raw materials. Chemicals were obtained from the suppliers listed below. Leaf
samples from different tree species were collected during the UK leaf fall season.

(@) Raw materials

(i) Leaves and organic matter

Leaves were sourced in Yorkshire, dried at 70°C and preserved for testing after being ground to
1 mm particle size using an impact mill (Restch).

In addition, oak bark powder was sourced for use in some tests. This decision was made as,
despite tree bark’s dissimilarity with leaves, it can be purchased as a standard for repeatable
testing. Oak bark was sourced commercially and purchased from ‘Alfa Aesar’.

(ii) Graphite

The solid lubricant, graphite, was sourced from ‘Alfa Aesar’. It was obtained as a synthetic
graphite powder with an average particle size of 7-11um at 99% purity (CAS no.: 7782-42-5).
Graphite was purchased for testing as its effects on friction and mechanism by which it exerts
these are well understood and detailed in the literature. This dataset enables greater insight into
the mechanisms of friction of other components.
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intermediate film (IMF) after fully formed film (FFF) after
leaf powder rolling passes braking passes

Figure 1. Formation of the leaf layer at QRTC.

(b) Methodologies

Leaf layers were created and tested in a laboratory setting as well as in the field. The techniques
used for each are detailed below.

(i) Creation of leaf layers in the field

A representative thin film was created at a private railway in the UK (figure 1). The methodology
for formation of the layer was adapted from previous work undertaken at the site, QRTC
(Quinton Rail Technology Centre, Stratford-upon-Avon, UK) [22]. The methodology has been
adapted to reduce total layer formation time. Initially, leaf powder was evenly spread on to a
clean, pre-wetted (with deionized water) railhead. A diesel shunter then passed over the film
without braking a minimum of five times for each leaf material tested. After this, a braking pass
was undertaken, adding the shear force needed to accelerate the formation of the ‘black layer’
observed on track.

Samples were taken before testing, after the rolling passes and finally after the braking pass.
These samples were then subjected to in-depth biochemical analysis.

(ii) Testing of leaf layers using a high-pressure torsion approach

Laboratory-controlled testing was achieved using the high-pressure torsion (HPT) test rig,
previously used for rail applications [33,34]. A schematic of this is shown in figure 2. This test
method was used over twin-disc type tribometers as it ensures the materials tested remain in
contact for the duration of the testing. Thus the materials at the interface experience the high
pressures and temperatures associated with the wheel/rail interface.

Testing on the HPT rig comprises a bottom specimen (R260 rail steel) with a top specimen (R8T
wheel steel). Both samples were created from sections of a rail wheel and rail steel parts. The heat
treatment used by the manufacturer to create R8T steel has not been disclosed to the authors.
Information on the alloys available in the literature is given below (table 1).

The samples are compressed together and create an annular contact, which allows third bodies
to be applied uniformly. Torque can be applied to the bottom specimen moving it through a set
sweep length and speed (less than 1 mm s~!). The HPT rig is shown in figure 2, where (1) and (2)

0SKOEZ07 081 ¥ 205§ 204g edsy/jeuinof/ioBuysiigndiaaosiefos



Figure 2. Schematic of the HPT test rig [35].

Table 1. Reported literature values for chemical composition and hardness values of rail alloys tested (where ‘n.d.” represents
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non-detected).

element %wt R8T R260

Al nd <0.004
............................................................. L
............................................................... S
............................................................... e
............................................................... e
.............................................................. (r03§015
............................................................... e
............................................................... L
............................................................... P002§0025
............................................................... T
............................................................... hardness(HV)260287

denote the top and bottom specimens, respectively; any desired third body layers were applied
to the surface of the bottom specimen; specimens were held in place by manufactured sample
holders (3). Axial position/force was controlled via a linear hydraulic actuator (5) and axial
feedback was measured by a linear variable differential transducer (LVDT)/load cell (7). Torsional
position/force was controlled via a rotational hydraulic actuator (4) and torsional feedback was
measured by a rotary variable differential transducer (RVDT)/load cell (6). The controller (8)
regulated the hydraulic actuators and recorded feedback from the LVDT/RVDT/load cells. The
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elastic pseudo-plastic
region region

A

coefficient of traction

>

displacement

Figure 3. Example output for a HPT test [35].

crosshead (9) could be moved vertically to accommodate the test apparatus. The actuators were
pressurized via a hydraulic ring main (10).

An example output for an HPT test conducted with no contaminants has been included in
figure 3. The output is plotted as the rotational displacement versus the ratio of shear to normal
stress, i.e. the coefficient of traction (CoT). The initial steep linear increase is labelled as the “elastic’
region (ER), followed by a flattening of the curve labelled the ‘pseudo-plastic’ region (PPR).

Before the application of any contaminant, the specimens were run-in using dry conditions and
thereby creating a steady CoT between runs (especially important in clean contact conditions).

Tests were conducted at a pressure of 900 MPa and ambient (room) temperature, with no
additional heating or cooling.

To create the leaf layer, 25 mg of leaf powder was applied in conjunction with 20 ul of distilled
water. A conditioning run was then undertaken followed by a second application of 20ul of
distilled water. After this, the leaf layer was considered fully formed and measurement runs
began. The formation process of the leaf layer is included in figure 4.

(iii) Analysis techniques for assessment of composition of leaves and films

Although much is known about the make-up of plant cell walls, as shown in figure 5, far less
is understood about what happens to them when put in the extreme contact of the wheel/rail
interface (of greatly increased pressures and temperature) relative to their usual, terrestrial
environment.

Leaves are mostly composed of polysaccharides (such as pectins and other biopolymers like
cellulose) and phenolic (phenol, the aromatic alcohol, being the prototypical example of these
classes) compounds.

Leaves. Leaf components have differential extractability in solvents, allowing for their
fractionation and following analysis. Determinations were carried out on small aliquots (mg) in
triplicate. Results are referred as a proportion of the dry weight.

Analysis of the polysaccharides fraction. Pectins: Pectins were extracted from 10mg samples
with water at 120°C for 1h, centrifuged and the liquid fraction (supernatant) recovered
(esterified pectins). The remaining solids were treated with CDTA (trans-cyclohexylene-1,2-
diamine-N,N,N’,N'-tetraacetate, 50 mM) overnight at room temperature to disrupt Cat? and
other divalent cations bonds. The resulting supernatant fraction (non-esterified pectins) was
pooled with the esterified pectins to obtain the total pectins fraction. The monosaccharide
content of this fraction was determined following hydrolysis with trifluoroacetic acid (TFA, 4h
at 100°C) to break the polysaccharides into their constituent monosaccharides. Samples were
dried in a vacuum centrifuge to evaporate the TFA, washed with isopropanol and resuspended
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Figure 4. Leaf layer formation in the HPT test rig: (a) leaf powder; (b) after initial run-in; (c) after three test runs. For scale, the
sizes of the samples pictured are: 30 mm (square specimen), with the top specimen having an outer diameter of 18 mm and an
inner diameter of 10.5 mm.

phenolics
(lignin and tannins)

cellulose
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Figure 5. Schematic of a plant cell wall, detailing the key components.
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in water. Identification of the major polysaccharides present was carried out through high-
performance anion-exchange chromatography (HPAEC, Dionex—ThermoFisher) equipped with
Pulse Amperometric Detection [36].
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Hemicelluloses: The hemicellulose fraction from the matrix polysaccharides was obtained
after TFA hydrolysis of powdered leaf samples (4mg) as described above, and the major
polysaccharides present in the hydrolysate were determined and quantified through HPAEC.

Cellulose: To determine the cellulose content (crystalline fraction), the remaining solids
were treated by sequential hydrolysis with a 72% w/v sulfuric acid solution for 4h at room
temperature, followed by hydrolysis with a diluted (3.2%) sulfuric acid solution at 120°C for 4 h.
The resulting free glucose content was determined using Anthrone [37].

Polyphenols fraction analysis. Soluble phenolics were extracted by incubating powdered leaf
samples (10 mg) with 95% methanol for 48 h at room temperature, and the total phenolics content
of the supernatant fraction was determined through a modified version of the Folin-Ciocalteau
colorimetric method [38].

The total phenolic content was determined using the acetyl bromide method [39]. This method
consists of two steps: the first one breaks down the polymeric phenolic structures and the second
one conjugates the resulting structures with a chromophore that absorbs UV light. In brief,
samples were incubated in an acidic solution of acetyl bromide (25% acetyl bromide in acetic
acid) for 3h at 50°C to solubilize phenolics and lignins. Following the addition of NaOH and
hydroxylamine, samples were diluted with acetic acid and the absorbance was read at 280°nm.
The percentage of acetyl bromide soluble phenolics/lignin (%ABSL) was determined using the
formula described by Foster et al. [39] with an appropriate coefficient (Poplar =18.21).

Pyr-GC-MS analysis. To obtain a more detailed compositional profile of leaves, intermediate
film (IMF) and fully formed film (FFF), samples were further analysed using pyrolysis-gas
chromatography-mass spectrometry (Pyr-GC-MS). Pyr-GC-MS involves the conversion to
gas phase of the sample in the absence of O, and the resulting products are separated by gas
chromatography and mass spectrometry. Samples were analysed using a ‘CDS 5250-T Trapping
Pyrolysis Autosampler’, Agilent Technologies 7890B GC System and Agilent Technologies 5977A
MSD as mass spectrum unit. The samples were pyrolyzed at 450°C for 15s, under trapping
mode. The volatile materials released were carried into the GC/MS unit, via a heated transfer line
(340°C) in an He flow for GC/MS analysis. The following GC/MS parameters were applied: GC
inlet temperature at 350°C, the initial temperature at 40°C for 2 min, ramp rate at 10°C/min until
300°C, holding at 300°C for 12 min, split ratio 50: 1. Helium carrier gas flow was 1 mlmin~! and
the separation was performed using an Agilent HP-5ms Ultra Inert (30 m x 0.25 mm x 0.25 pm)
column. Volatile compounds were identified by comparing the mass spectra with the National
Institute of Standards and Technology (NIST) 14 library database (Match > 85%).

Inductively coupled plasma-mass spectrometry (ICP-MS) analysis. To determine whether metal
contents changes during film formation, leaves, IMF and FFF were analysed through (ICP-
MS). This method identifies and quantifies metal components in materials after complete acid
hydrolysis of organic components. Three replicates were prepared for oak and sycamore. Fifty
milligrams of sample was weighed into a digestion vessel and 8ml of concentrated HNO3 and
2ml of 30% H,O, were added. The digestion vessels were sealed and placed into a microwave
(Milestone Ethos Up). A thermocouple was placed into the digestion vessel to monitor the
temperature. The microwave was programmed to heat the contents of the digestion vessels to
200°C for 30 min. Once at the desired temperature, contents were held at 200°C for 15 min. After
this, the digestion vessels were cooled down before diluting to 100 ml with distilled water. 10ml
of each sample was used for subsequent analysis. An environmental stock calibration fluid (ICP-
MS calibration, Agilent part number 5183-4688), with a known concentration of many common
elements found in the environment, was used to produce low (Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu,
Mn, Mo, Ni, Pb, Sb, Se, Th, T1, U, V, Zn: 10000 ppb) and high (Ca, Fe, K, Mg, Na: 1000 000 ppb)
concentration calibration standards. Samples and calibration solutions were run on an Agilent
7700x ICP-MS equipped with a helium collision cell.

XPS. Railhead scrapings were also obtained from UK rail network sites (Wiltshire and
Yorkshire) to allow for comparison with leaf layers created at QRTC. These scrapings were then
pressed into indium foil (an element not associated with plants or railway infrastructure) which
was mounted on a paper label on the XPS sample holder. The interleaved paper label was used
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to ensure that the scraping and indium foil were insulated from the sample holder to reduce the
chance of differential charging should some parts of the scraping sample be conductive while
other parts are insulating. The analyses were carried out using a Kratos Supra instrument with
a monochromated aluminium source, and two analysis points per sample, of area 700 um by
300 pm. Survey scans were collected between 1200 and 0 eV binding energy, at 160 eV pass energy,
1eV intervals and 300s/sweep with two sweeps being collected. High-resolution O 1s, C 1s,
N 1s, Si 2p, Fe 2p and Fe 3p at 20eV pass energy and 0.1eV intervals for each analysis
point over an appropriate energy range, with one 300s sweep for all spectra, except the N 1s
and Fe 2p regions for which two sweeps were collected. Charge neutralization of 0.25 A was
used throughout. The data collected was calibrated in intensity using a transmission function
characteristic of the instrument to make the values instrument independent.

The data were quantified using theoretical Schofield relative sensitivity factors modified to
account for instrument geometry, variation in penetration depth with energy and the angular
distribution of the photoelectrons. The high-resolution spectra were calibrated in eV by fixing the
main C 1s peak to be 285.0eV.

FT-IR. FT-IR analyses in this study were performed using a Perkin Elmer Frontier (CNAP,
University of York, UK). Spectra were collected in the absorption band range of 800- 2000 cm ™!
under room temperature. A total of 32 scans were averaged for each sample at 4cm ™! resolution.
Before principal component analysis (PCA), the data acquired was exported to ‘R’ to generate
*.C files’. This process produced a matrix of peaks, unique for PCA analysis. Three spectra were
collected for each sample, and the triplicate-averaged spectrum was used for PCA. The raw data
were normalized and then baseline it using linear baseline correction. PCA was carried out using
“The Unscrambler X’ 10.5.1 software (CAMO).

3. Results

A broad dataset combining tribological and biochemical information has been compiled to help
establish the mechanisms and reactions occurring within the wheel/rail contact. Traction data
from the HPT testing is presented with and without contaminants and in addition, biochemical
analyses were carried out on selected samples to gain further insights into the composition of the
materials. XPS data from leaf films taken from main line UK rail is also presented to complement
the analysis.

(a) Coefficient of traction data

Tribological experiments were carried out on the HPT to assess the effect of different leaves and
other low adhesion contaminants on coefficients of traction in the contact. The results from the
tests of leaves (oak and sycamore), oak bark, water and a representative sample of ‘clean rail’
(steel) are presented in figure 6.

There is a large difference in the CoT between the clean rail (metal-on-metal) contact with
a CoT above 0.7 when compared to the samples with contaminants/biomaterials in the contact
(CoT ranges within 0.025-0.06). Wet rail data are included to demonstrate the effect of water
in the contact. Additional comments on the mechanism of this are explored in the discussion.
Figure 7 shows results from all of the tests (n.b. the scale change in the Y-axis) between different
materials.

The CoT data show that leaves and other contaminants (graphite, oak bark powder) tested are
broadly within the same CoT range, with the maximum difference being only 0.035. For reference,
a CoT value of 0.05 and below would be regarded as “ultra-low friction” within rail tribology [2].
At this point and below both braking and acceleration are greatly inhibited [2]. These results can
be compared with other testing methods such as the ‘'HAROLD’ full-scale wheel/rail test rig,
which also found ultra-low friction values when testing with leaves in the contact [40].

Oak Bark powder gives slightly higher CoT values than the rest of the samples, while graphite,
used as the ‘low friction control’, gives the lowest values.
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Table 2. %Atomic concentration data from XPS analysis of two locations.

location/ %atomic concentration Fe2p
Wiltshire 13 237 11 0.6 7.8 0.2 13
Yorkshire 0.2 21 0.7 0.6 75.8 n.d 0.5

Table 3. Compositional analysis of the polysaccharide fractions (cellulose, hemicelluloses, pectins) and phenolics fractions
(total phenolics, tannins) of oak and sycamore fallen leaves and railhead films. Values represent % of dry mass
(mean = standard deviation of three replicates). IMF, intermediate film; FFF, fully formed film.

species sample type cellulose hemicelluloses pectins total phenolics tannins
oak leaves M15£05 17.01+13 6.25+1.99 2443+113 426£0.09
R e T cmain a0y snion
S T Y o asiae Toaon
yamore  leaves 0414019  TRI+08 604647  0N+098 5314028
R i oot e wiin e oo
e e soiion o s inen

(b) XPS data from railhead leaf contamination

XPS analysis gathers information on the surface of materials and scans only the top 5-10nms
of the sample [41]. XPS detects all elements to varying sensitivities, except for the lightest such
as hydrogen, helium and lithium. Of those, only hydrogen is relevant to this study and can be
assessed in other ways. These data are presented in table 2.

Large amounts of both carbon and oxygen are present in the samples as detected by XPS. This
is in addition to inorganic elements associated with rail infrastructure (Fe), sanding treatments
(Si and O) and trace minerals. The proportion of C and O suggest that the sample is largely
composed of organic structures.

(c) Compositional analysis of leaves and rail films

After testing, samples were analysed using a variety of techniques to establish their composition
and the chemical modifications during the formation of the films. These analyses were conducted
on (i) leaf powder, (ii) IMF formed by passing a diesel shunter over leaf powder without braking
for a minimum of five times and (iii) FFF produced by braking on IME. Compositional analysis
(table 3) of the main fractions that constitute fallen leaves biomass and railhead films show a
decrease in the main polysaccharides fractions (cellulose, hemicelluloses) in films compared to
leaves, with little change observed in the pectins. By contrast, the total phenolics fraction increases
drastically in films compared to leaves, while the soluble phenolics fraction (tannins) decreases,
suggesting a loss and/or insolubilization of phenolics during film formation.

Similar compositional changes were also observed in data collected from FT-IR analysis
(figure 8). FI-IR profiles show that most of the regions affected correspond to wavelengths
associated with polysaccharides (cellulose and hemicellulose, both non-aromatic species) and
phenolic (aromatic alcohols, -OH groups) components in both species (figure 8a,b). Aromatic, or
carbon—carbon double bonds, appear at different wavelengths to non-aromatic (carbon—carbon
single bonds) species. This helps differentiate cellulose and its derivatives from phenolics.

The peak numbers shown in the figure correspond to: 1—1740-1735cm™~!: C=0. Acetyl and
methyl esters, PGA. Pectins; 2—1608-1550 cm~1: COO-, PGA. Pectins; 3—1513cm™1: Guaiacyl
ring, lignin/tannins; 4—1460 cm~ L C-O stretching in ester and amide; 5—1441 cm~1: CH, CH2;
PGA. Pectins; 6—1361cm™1: CH in plane deformation, cellulose; 7—1315 cm~1: OH, CH2, CH.
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Figure 8. FT-IR analysis of oak and sycamore leaf samples and their corresponding intermediate (IMF) and fully formed
(FFF) films. (a,b) FT-IR profiles of oak (a) and sycamore (b) samples. The black lines correspond to leaves, orange to IMF
and blue to FFF. (c) Principal component analysis scores for leaves and films from both species. (d) Loadings analysis of
principal component 1(PC-1) showing the high impact of polysaccharides (cellulose, hemicellulose, pectins) and lignin/tannins
compounds between different samples. FT-IR assignments from ‘D" 1—1740-1735 cm~': (=0. Acetyl and methyl esters,
PGA. Pectins. 2—1608-1550 cm—": (00—, PGA. Pectins. 3—1513 cm~": Guaiacyl ring. Lignin/tannins. 4—1460 cm~": (-0
stretching in ester and amide. 5—1441 cm™": CH, CH2; PGA. Pectins. 6—1361 cm™": CH in plane deformation. Cellulose. 7—
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(=0. Lignin/tannins. 12—962 cm~": CH aromatic compounds. Lignin/tannins. 13—898 cm~": (~0—C stretching. Cellulose.
14—3875 cm~": glycosidic linkage. Hemicellulose.
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Figure 9. Content of Fe in oak and sycamore leaves (shown in blue), intermediate films (IMF, red) and fully formed films (FFF,
green). Values represent the mean =+ standard deviation of three replicates. ppm, parts per million.

Cellulose; 8—1228-1204 cm~': C-O stretch in syringyl rings, lignin/tannins; 9—1160 cm~!: C-O-
C asymmetric stretching, cellulose; 10—1050 cm™L: aromatic C-H deformation, lignin/tannins;
11—1033 cm™1: aromatic (phenolic) C-O, C=0, lignin/tannins; 12—962 em~!: CH aromatic
(phenolic) compounds, lignin/tannins; 13—898 cm~1: C-O-C stretching, cellulose; 14—875 cm L
glycosidic linkage, hemicellulose. Literature precedents for the assigned peaks are available [42].

Principal component analysis (PCA) of the FI-IR data indicates that the variation in the data
is strongly explained (97%) by one component, while a second component explains 2% of the
variability (figure 8c). The analysis of the loading in the variability (figure 84) between leaves
and films can be accounted for by the differences in components related to phenolics (lignin and
tannins) and polysaccharides (cellulose and hemicellulose derivatives).

There is evidence from previous work indicating the participation of phenolics and iron in
railhead film formation [5]. ICP-MS analysis showed a considerable increase in iron (Fe) content
in films compared to IMF and fallen leaves in both species (figure 9), supporting this hypothesis.
Notably, besides a modest increase in copper (Cu) content, the content of the other metals
determined remained unchanged during film formation (data not shown). A variety of other
elements were detected but in far lower quantities than iron.

Although Fe is an essential plant component involved as a cofactor in a number of metabolic
processes, it is considered as a micronutrient as it is present in low amounts in most plant
tissues. Interestingly, while metabolically active tissues have a median Fe content of 250 ppm,
metabolically inactive tissues have very low amounts of iron, with wood containing no iron at
all [43]. Leaves suffer a process of nutrient removal through ‘senescence” and by the time that
abscission happens they are expected to have very low amounts of Fe left, such as the values
found in our analysis of the two leaf species (3—4.5 ppm). The opposite trend is seen in both stages
of the film formation.

4. Discussion

Our results show novel evidence regarding the effect of leaf derived films on the wheel/rail
friction, as well as the chemical transformations that occur in the process of film formation. We
have found that both leaf powders and oak bark gave very similar CoT values to that of graphite.
This effect is not from the addition of water in the system, as a much higher and different CoT
curve is produced in this case.

This would suggest that the low adhesion observed is not only due to water soluble
components of leaves, but also to other materials. Therefore, we conducted a complete
compositional analysis to understand the materials involved in the formation of the low adhesion
films.
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/ graphitic planes

Figure 10. Schematic of ‘easy-shear’ lubrication, innately present in graphite and graphitic compounds due to strong bonds
within the plane, and weaker forces between the two graphitic planes.

(a) Wetrail

Traction values for wet rails were included to aid the understanding of the various components
influencing the system. Leaf litter encountered around railway infrastructure will have a residual
moisture content. As such, the role of water needs to be considered in this context. In specific
circumstances, low amounts of water can generate ultra-low friction values in the contact [2].

Metal oxides in combination with water have an interesting effect in the contact. The amount of
water and iron oxide, as well as the sample’s surface roughness influence the adhesion conditions.
Previous work has established that a reduction of adhesion occurs due to the presence of iron
oxides and trace amounts of water in the contact. However, this reduction of adhesion is limited
to a narrow range of conditions [44]. XPS data showed that Fe is present in varying concentrations
depending on sample geographical location (and frequency of route traffic) predominantly as
Fe(Ill). The authors note several iron oxides and ‘iron oxide-hydroxides’ could play a role in the
systems behaviour as have been highlighted in other works [45,46].

The authors explain that a third body layer is able to form and evolves during testing, as water
evaporates. The mixture influencing friction is comprised of water, metal oxides and wear debris.
This oxide-water mixture is fully removed with successive passes, as the water evaporates [44].

The ‘wet rail” data presented in figure 6 show this evolution with initially higher CoT values
that reduces to a steadier state as the water evaporates, leaving behind metal oxides in the
interface. It is noted that although water does reduce friction, it does not do so to the same extent
as the biomass tested (or indeed the graphite control data).

(b) Graphite

As expected, graphite reduced CoT values when applied to the contact surface. Graphite acts
as solid lubricant due to its structural configuration (figure 10). Strong bonding is present in
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the horizontal plane, with only weak (Van der Vaal’s) forces being present between graphitic
layers. This facilitates ‘easy-shear” behaviour [47]. Graphite has been used extensively as a
lubricant highlighting its capacity to wear resistance between surfaces. This is partially due to
the delocalized electrons associated with graphite, coupled with ‘aromatic stabilization” (where
specific carbon compounds are arranged in energetically favourable conformations that resist
change) [48,49].

Graphite is a well-known solid lubricant that is composed of long planar sheets of 6-ring
carbons with delocalized electrons [50]. These sheets arrange themselves in order to lower the
energy between the sheets. This is achieved by the strong planar bonds (through the carbon-
carbon bonding) in one plane with much weaker inter-planar bonding. The weaker bonding is
attributed to less strong intramolecular bonds like Van Der Vaal’s forces [51]. The CoT values
for the leaf derived layers are similar to those of graphite. This suggests a similar mechanism
of easy-shear lubricity influencing the low adhesion behaviour seen with leaf derived layers.
Furthermore, the aromatic stability associated with graphite and benzene/phenols exemplifies
which types of materials are able to withstand the harsh conditions associated with the wheel /rail
interface.

Leaves and biomaterials are very different in structure to the common forms of carbon.
Graphite is almost completely composed of sp?> hybridized carbon atoms. Biomaterials are
composed of a number of elements (C, H, N, O, P, S and various metals), as well as having
functional groups (including alcohols and organic acids) and different spatial conformations.
However, when tested on the HPT, leaf samples give only slightly higher CoTs than graphite
(with oak bark again being higher than leaves) as shown in figure 7. With previously tested
contaminants, such as water, in the contact the CoTs obtained were significantly higher. This
indicates that water alone (or water + soluble leaf extracts) does not exert the same degree of
friction reduction as found in graphite of leaf powder.

Tribological contacts are very challenging to lubricate due to the high pressures (800 MPa and
above for this application) and temperature spikes that can occur at metal-on-metal contacts.
Graphite is known to be thermally stable and has the intrinsic ability to dissipate friction forces
[52,53]. Solid lubricants like graphite are suitable for applications at extremely high temperatures
and under high loads [54].

(c) Process of film formation from leaves

The changes in composition in the formation of the film from leaf powder indicates the type of
changes occurring under the conditions present in the wheel/rail contact area. More importantly,
our results show that the low adhesion film is composed of a network of polysaccharides and
phenolic structures that incorporate Fe from the railhead. The compositional changes show the
loss of hemicellulosic material during the formation of the film, and to a lesser extent the loss of
cellulose. The monosaccharide profile of the hemicellulosic fraction shows a general, non-specific
reduction in the neutral monosaccharides. These results are in agreement with the increase in
peaks from sugar derived compounds observed in the Pyr-GC-MS analysis. The pectin content,
on the other hand, remains relatively constant (or increases slightly) during film formation,
suggesting that these polymers may play a role in the final film structure.

The loss of hemicellulose and cellulose in films is concomitant with an increase in the insoluble
phenolic fraction. The soluble phenolics (tannins) are reduced in most species, indicating either
loss of these compounds or insolubilization, likely due to the temperature and pressure produced
during the film formation.

The largest oxygen component observed is at a binding energy, 533.1 eV, typical for oxygen
within cellulose [55]. Organic C-O and metal hydroxide species were detected at 531.8eV
(Wiltshire) and 531.3 eV (Yorkshire).

The leaf powders tested exhibit lower CoT traces than wet rail alone. Previous studies by Cann
[56] established that leaf extracts tested on a mini traction machine do cause a drop in adhesion.
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In addition to pectin, both cellulose and hemicellulose are main components of the
polysaccharides fraction. The effect of both iron and copper ions on the degradation of cellulose
is mediated by oxidative reactions catalysed by these transition metals in the presence of O [57].
The potential for oxidation at the wheel/rail interface is high due to ambient oxygen in the air
combined with the tribocontact conditions. Our results show not only a decrease in the cellulose
fraction, but also an increase in cellulose derived compounds such as furans in the films.

‘Iron gall ink” (made from iron salts and tannic acids) has previously been shown to cause:
‘Degradation of cellulose in historic paper by iron gall ink is a synergistic process of both,
acid hydrolysis caused by acidic ink ingredients and oxidation, catalysed by free iron and/or
copper ions’ [58-60]. This is clearly of relevance in this application which has all the components
necessary for cellulose degradation; an abundance of reactive iron (and some copper) as well as
oxygen and heat.

Lignin (a key component in woody materials) can also be modified in the presence of iron
compounds such as a ‘Lewis acid” (iron trichloride) that produces partial hydrolysis of the
phenolic structures [27].

(d) Potential catalytic routes for the conversion of leaves to ‘black layer’

The conversion of leaf powder within representative wheel/rail contact conditions indicates
catalytic activity of some nature. As shown in table 2, leaf powder initially has a high cellulose
content and a relatively lower polyphenol content.

The polyphenol content increases in a stepwise manner, while the cellulose fraction decreases
(IMF versus FFF).

Iron based catalysts have been explored for their ability to convert biomass components
into different structures. One example is the hydro-deoxygenation of lignin vapours using Fe
catalysts [61]. Products from this were found to be benzene, toluene, xylenes, phenol, cresols
and alkyl phenols, all of which have aromatic components, imparting ‘aromatic stability” onto
the breakdown products. This property is associated with the cyclic delocalization of electrons,
resulting in extra stabilization of aromatic species [62]. This type of stabilization could be involved
in the strongly bonded layer derived from leaf degradation.

There are many examples in the literature of iron or iron derived species being able to break
down large biopolymers. Under mild acidic conditions, Fe polyphenolate conversion films can
form on iron surfaces by precipitation of Fe(III) cations with polyphenolic molecules containing a
free catechol group. These groups are ‘bidentate’ ligands able to complex iron. This polyphenolic,
organic structure affects the morphological properties of the conversion film [63]. Perhaps of
most relevance is the use of a solid iron salt catalyst for selective conversion of biomass-derived
sugars [8].

These observations, taken together with our data, suggest that biomass on the railhead would
undergo oxidative reactions in the presence of iron (from the railhead), within the contact patch.

(e) Mechanisms of lubrication

The wheel/rail interface is a challenging environment as not only is it under high pressure but
also high temperatures. The literature suggests that as long as the creep value is lower than 2%
and the ‘coefficient of friction” (faithfully reproduced [sic]) is below 0.6, the temperature should
not exceed 450-500°C, based on numerical modelling [64].

Studies on the effects of iron as an oxidative catalyst on biomass show that cellulose can
be oxidized in the presence of rusting iron to form ‘oxycellulose’ compounds, as well as
depolymerize xylans and glucans [65]. Fenton reactions are the most likely route for these
changes.

Previous studies confirmed that cellulosic materials in tribocontact produce a combination of
cellulose and carbon fibres that show lower strengths, even at low contact pressures [66]. It has
also previously been reported that biomass components such as lignin can affect friction values,
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especially when exposed to heat. In agreement with our observations, chemically treated walnut
shells increased in lignin content, and thus could be used as an effective lubricant, suppressing
the fade phenomenon of the final composite during friction test at elevated temperatures [67].

Our data show that under high pressure and elevated temperature conditions (representative
of the wheel/rail interface) biomass components partially degrade and the composition of the
final film is enriched in insoluble phenolics. The increase in polyphenols indicates that these
species re-arrange under the harsh conditions associated with the wheel /rail contact. Polyphenols
share some chemical similarities with graphite in that they have a large portion of pi-electrons
(associated with aromatic compounds) and are structurally much more confined (although not
completely planar, like graphite). This is supported by our data on the coefficients of traction of
these materials. Hentschel established that traction coefficients are strongly dependent on the
chemical structure of the lubricants (in this case, leaf matter) [28]. Hentschel also noted high
coefficient values mostly arise from lubricants whose molecules are arranged in structures that
allow only heavily hampered rotational intramolecular motions along single bond axes. Low
coefficients were derived from molecules that have thread-like interactions and a minimum of
structural subunits or functional groups which are involved in intermolecular interactions [28].

Previous tribological research has established that the lubrication behaviour of “polynuclear
aromatics” (more commonly known as poly-cyclic aromatic hydrocarbons, PAHs) is determined
by the ease with which they can form a stable radical anion [68]. PAHs alone exhibit ‘low friction’
with a ‘highly polished” surface observed, producing an ‘insoluble” crystalline product—all of
which are characteristic of the ‘black layer” found on railheads.

Our work establishes that the leaf components undergo chemical transformations at the
wheel/rail interface, forming tenacious thin film that is hard to remove either chemically (citra-
solv) or mechanically (wire brush scrubbing). Tannins and polyphenols are aromatic structures
and are well known for their stability and resistance to oxidation. Aromatic species have already
been explored within automotive tribology [69] where the mechanism of lubricity resides in their
structural characteristics. Aromatic compounds lubricity is due to repulsion of m-electrons (C=C
bonded carbons) and these have little unevenness (planar structure) for interlocking [69]. Besides,
tannins have the capacity to bind to iron, as present in the railhead [70]. Previous researchers have
found that benzene produces a lower CoT than other cyclic compounds due to 7-electrons above
and below the molecular plane, inducing repulsion of the negative charges when two molecules
become close. Literature data showing ‘aromatic” species like benzene and chloro-benzene give
far lower CoTs than non-aromatics such as bi-cyclo-hexyl/bicyclohexane species [28].

The authors conclude similar findings, that compounds containing non-aromatic carbon rings
can exhibit worse lubricity, especially when compared to carbon rings that are ‘aromatic” (such as
benzene and phenol).

Our data show the changes observed within leaf material at the wheel rail/contact into a
semi-stable, thin film and shares some similarities with other proportionally high—sp2 content
planar, stable carbonaceous species. It appears highly likely that iron ions play a key role in
this, by stabilizing phenolic structures and potentially by acting as a Lewis acid catalyst. An
approximation of the proposed aromatically stabilized iron chelate species is given in figure 11.
This type of interlayer motif when expanded to scale is seen in the well-known friction modifier
Molybdenum disulfide (MoS;), where Molybdenum atoms are sandwiched between sulfides,
enabling easy-shear lubricity.

5. Conclusion

Low friction leaf derived layers were created in the laboratory and in the field to give broad
insight into the mechanism of reduced friction at the wheel/rail interface. The data could suggest
that biomass at the wheel /rail interface may undergo a conversion to a more stable form of planar,
aromatic carbon species (such as phenolics). This potential conversion could explain how the
multiple components of leaves are able to form a tenacious thin film in the contact. The formation
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Figure 11. Simplified example of potential phenolic type chelated iron.

of a large amount of phenolic species in the contact is likely catalysed by iron ions, given the heat
and pressure associated with the contact.

— Biomass is reported to be sensitive to the presence of iron (Fe) which has the ability to
catalytically break down the larger molecules.

— The authors observe a reduction in certain species from the leaves tested (hemicellulose and
cellulose), in tandem with an increase in polyphenolic compounds.

— When comparing leaf powder (prior to testing) with the FFF, a large increase in the content
of Fe is noted, other alloying elements present in rail steel are not detected at such increased
amounts.

— Aromatic compounds and similar compounds with delocalized electrons (like graphite)
benefit from aromatic stability—indicating how they are able to survive the contact, where
other molecules cannot.

— Mechanistic insight has been applied on how leaves transform on a railhead from their initial
composition to a very different set of smaller components that have affinities for metals
(specifically iron and copper).

This new insight into the composition of the leaf derived layer is expected to enable the
development of novel remediation techniques. As the role of phenolics has been identified as key
herein, remediation strategies targeting these molecules should be pursued. Enzymatic digestion
may be one route to accomplish this. Another route forward is the selection of cleaning agents that
are better able to solvate aromatic species, specifically when compared to the current standard of
D-limonene, commonly known as ‘Citra-solv’ in industrial settings.
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