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A novel laser-based method to measure the adsorption energy on carbonaceous surfaces
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The reactivity of carbonaceous surfaces bears a fundamental role in various fields, from atmospheric chemistry and catalysis to graphene and nanoparticles. This reactivity is mainly driven by the surface chemical composition and by the strength of the interaction between the adsorbates and the surface (physi-/chemisorption). While the surface composition of complex natural samples can be well characterized, adsorption energies (ergo, adsorption processes) of the corresponding adsorbate/adsorbent systems are often overlooked. We propose a novel laser-based method for measuring the adsorption energy of chemical species on various carbonaceous surfaces. The proof of concept of this original method has first been demonstrated by deriving adsorption energies of various systems consisting of polycyclic aromatic hydrocarbons and activated carbon. The great potential of this fast, spatially resolved, and surface-sensitive method, which can also act as a defect density probe at the mesoscale, has been further demonstrated through the study of systems of increasing complexity.

Introduction

Carbonaceous materials are used in a wide range of applications including aerospace and defense, automotive, energy, construction, electronics, and sports. Their superior properties including excellent stiffness, high tensile strength, low thermal expansion, and good temperature tolerance [START_REF] Burchell | Carbon Materials for Advanced Tech-1420 nologies[END_REF][START_REF] Jorio | Car-1423 bon Nanotubes. Advanced Topics in the Synthe-1424 sis, Structure, Properties and Applications[END_REF], make them versatile materials that can be shaped into various forms depending upon the use intended (e.g. carbon fibers, carbon nanotubes, graphene).

Carbon-based materials can also be turned into metal-free catalysts and serve as a promising alternative to transform sustainable biomass into renewable energy systems [START_REF] Zhang | Sustainable Carbonaceous Materials 1429 Derived from Biomass as Metal-Free Electrocatalysts[END_REF].

Due to their excellent adsorption capacities, carbonaceous materials are widely employed as filtration media. Carbon nanotubes (CNT) show great This makes the impact of combustion generated particles on human health considerably greater, especially since their inhalation can result in health problems beyond the lungs [START_REF] Pope | Health effects of fine 1498 particulate air pollution: Lines that connect[END_REF]. In fact, the presence of combustion derived nanoparticles has been detected in the frontal cortex of autopsy brain samples [START_REF] Maher | Magnetite pollution 1504 nanoparticles in the human brain[END_REF], urine of healthy children [START_REF] Saenen | Children's urinary environmental carbon 1510 load: A novel marker reflecting residential ambient air 1511 pollution exposure?[END_REF], and even in the fetal side of the placenta [START_REF] Bové | Am-1516 bient black carbon particles reach the fetal side of hu-1517 man placenta[END_REF]. If transported to the fetus, these particles -as surface carriers for potentially toxic species -could significantly affect fetal health and development [START_REF] Bové | Am-1516 bient black carbon particles reach the fetal side of hu-1517 man placenta[END_REF].

In this context, the benefit of identifying the adsorption mechanism on carbonaceous surfaces and its associated adsorption energy is threefold. It can provide necessary information to better comprehend, and potentially minimize, the health impact of carbonaceous aerosols. It can help design better carbon-based materials for industrial use. And finally, it can offer some insights into the complex and still only partially understood soot formation mechanism since adsorption energies define whether the surface species (adsorbates) are chemisorbed or physisorbed, and therefore if the surface molecular compounds result from surface chemistry (remnants of the soot formation) or physical condensation [START_REF] Specht | Direct determination of 1520 polycyclic aromatic hydrocarbons in solid matrices us-1521 ing laser desorption/laser photoionization ion trap mass 1522 spectrometry[END_REF].

Adsorption performances are governed by physical and chemical parameters that greatly vary across adsorbate/adsorbent systems. Thus, a systematic study needs to be undertaken in order to determine i) to what extent the adsorption energy depends on the nature and the size of the adsorbate, and ii) the type of interactions established between adsorbate and adsorbent. Depending upon the nature of the adsorbate (gas or liquid) and adsorbent (polycrystalline film, single-crystal, oxides, or nanoparticle surfaces, powders suspended in a liquid or loose powders) [START_REF] Basta | A sensitive calorimetric 1526 technique to study energy (heat) exchange at the nano-1527 scale[END_REF], various microcalorimetry techniques, such as single-crystal adsorption calorimetry (SCAC), isothermal titration calorimetry (ITC), and differential scanning calorimetry (DSC) [START_REF] Campbell | Enthalpies and entropies 1530 of adsorption on well-defined oxide surfaces: Experi-1531 mental measurements[END_REF][START_REF] Saha | A simultaneous volumetric adsorption-1534 isothermal titration calorimetry study of small 1535 molecules on supported metallic nanoparticles[END_REF], or temperature-programmed desorption (TPD) [START_REF] Falconer | Temperature-1539 programmed desorption and reaction: applications 1540 to supported catalysts[END_REF][START_REF] Ketola | Detection of volatile 1544 organic compounds by temperature-programmed des-1545 orption combined with mass spectrometry and fourier 1546 transform infrared spectroscopy[END_REF] are commonly used to either measure directly the heat of adsorption (microcalorimetry) [START_REF] Stuckless | Metal adsorption calorimetry and adhesion 1551 energies on clean single-crystal surfaces Metal adsorp-1552 tion calorimetry and adhesion energies on clean single-1553 crystal surfaces[END_REF][START_REF] Brown | Femtomole Ad-1556 sorption Calorimetry on Single-Crystal Surfaces[END_REF][START_REF] Fischer-Wolfarth | Particle-size 1561 dependent heats of adsorption of CO on supported 1562 Pd nanoparticles as measured with a single-crystal mi-1563 crocalorimeter[END_REF], or infer the activation energy for desorption (TPD). However, for systems exhibiting meso or macro scale (micrometer-or submillimeter sized) inhomogeneities or field-collected samples exhibiting small quantities of matter and complex compositions (i.e. with a multitude of co-adsorbed species), the use of these conventional techniques becomes at best arduous and at worst impossible.
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We propose here an original solution to over- focuses on desorption from carbonaceous surfaces, combustion-generated particles (soot) would have been an appealing candidate as object of study, however, they usually exhibit a very high variability, as their characteristics (e.g. specific surface, porosity) depend highly on the combustion conditions. In this context, laboratory-prepared "synthetic soot" [START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF] represents an interesting alternative as it exhibits a structure akin to that of real soot but has a known and controllable surface chemical composition.

Synthetic soot is prepared here following the protocol described in our previous work [START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF].

Briefly, polycyclic aromatic hydrocarbons (pyrene and coronene, Sigma Aldrich, 98% purity) are dissolved into dichloromethane (Sigma Aldrich, 99% purity) to make mother (stock) solutions of known concentrations. To these stock solutions are added activated carbon particles (Pureblack 100 Carbon, average particle diameter 80 nm, specific surface area 80-150 m 2 g -1 ) and the resulting mixtures are magnetically stirred for 2 hours. The mixtures are then filtered using a vacuum filtration system employing a quartz fiber filter (Pall Tissuquartz QAT-UP 2500). This filtration step yields, on the one hand, a quartz fiber filter covered by a submillimeter thick soot layer infused with the stock solution, and, on the other hand, a filtered solution whose remaining concentration in PAHs can be determined by UV-Vis absorption spectroscopy and subsequent comparison with the stock solution (see Figure S1a). Specifically, as the measured absorbance and the molar concentration are directly proportional in the concentration range studied here, molar concentrations can be estimated knowing the molar extinction coefficient of the solution at a given wavelength and path length. From absorbance measurements of stock solutions of known concentrations can thus be deduced the molar concentrations of the filtered solutions. Therefore, by comparing the absorbance of the stock solution and that of the filtered solution (Figure S1b), it is possible by difference to retrieve the concentration of PAHs remaining on the filter, assuming volatility losses during the preparation steps are negligible [START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF]. Finally, the surface concentration of PAHs adsorbed on activated carbon particles is calculated knowing the PAH concentration and the specific surface of the particles deposited on the filter. Three different samples containing either organic or inorganic species were prepared using the de-345 scribed procedure (Table 1 
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A similar decay was reported by our laboratory 466 in a previous work [START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF] which focused on the cal- 

Desorption of physisorbed species

In the kinetic approach, the desorption is described in terms of the desorption rate -the number of molecules that desorb from a unit of surface per unit of time. Assuming that all adsorbed atoms or molecules occupy identical sites, the desorption rate can be expressed by the Polanyi-Wigner equation [START_REF] Oure | Surface Science: An Introduction[END_REF]:

- dθ dt = νθ n exp - E des k B T ( 1 
)
where n is the order of the desorption kinetics (usually n = 1 for physisorption), E des is the activation energy for desorption, T is the surface temperature, and k B the Boltzmann constant. As said above, at the low adsorbate coverages used here (10 -3 -10 -2 monolayers) any interaction between neighbouring adsorbed molecules can be neglected [START_REF] Bouglas | Principles of adsorption and adsorption 1671 processes[END_REF], and thus the E des will be characteristic of the adsorbate-adsorbent interaction only. The first-order pre-exponential factor ν (measured in s -1 ), related with the vibration of the adsorbateadsorbent bond along the reaction coordinate associated with desorption, is also called attempt frequency and is on the order of the atomic frequency of the crystal lattice (∼10 13 s -1 ) [START_REF] Christmann | Introduction to Surface Physical Chem-1674 istry[END_REF]. For the atom or molecule to leave the surface it needs to overcome the activation barrier for desorption. Since physisorption is a reversible process, the activation energy of desorption is equal to the adsorption energy: E ads = E des , and therefore these two terms will be used interchangeably hereafter.

As seen in Eq. ( 1), the driving force of desorption is the surface temperature. expressed as [START_REF] Dreisewerd | Influence of the laser intensity and spot size on 1663 the desorption of molecules and ions in matrix-assisted 1664 laser desorption/ionization with a uniform beam profile, 1665[END_REF][START_REF] Zhigilei | Molecular dynamics sim-1676 ulation study of the fluence dependence of particle yield 1677 and plume composition in laser desorption and ablation 1678 of organic solids[END_REF][START_REF] Kuper | Threshold behavior 1681 in polyimide photoablation: Single-shot rate measure-1682 ments and surface-temperature modeling[END_REF]:

544 N ≈ A • exp -E ads k B (T 0 + BF ) ( 2 
)
where A is proportional to the surface coverage, through the B parameter, as follows [START_REF] Dreisewerd | Influence of the laser intensity and spot size on 1663 the desorption of molecules and ions in matrix-assisted 1664 laser desorption/ionization with a uniform beam profile, 1665[END_REF]:

560 B = (1 -R) α(λ 0 ) ρc ( 3 
)
where c is the specific heat capacity of the sample The surface concentration of adsorbed species de-586 creases after each desorption pulse, changing the A 587 factor in Eq. ( 2). The first laser pulse will give N 1 588 desorbed molecules:
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N 1 = p • s • Q 0 • exp - E ads k B (T 0 + BF ) (4)
where Q 0 is the initial adsorbate surface concentra- 3), N j molecules will be desorbed on the 601 j th desorption pulse:

602 N j = p•s•Q 0 1 -p • exp - E ads k B (T 0 + BF ) j-1 • • exp - E ads k B (T 0 + BF ) (5) 
The S j signal recorded by the detector will there-fore be:

S j = m • N j = m • p • s • Q 0 1 -p • exp - E ads k B (T 0 + BF ) j-1 • • exp - E ads k B (T 0 + BF ) ( 6 
)
where m is a proportionality factor accounting for 609

S(F ) = m • p • s • Q 0 • exp - E ads k B (T 0 + BF ) (7) 
The proposed model can be used to derive the ad- rameter was calculated using literature data (Table 620 2). The initial value for the adsorption energy was 621 also sourced from the literature (e.g. 0.98 eV for 622 pyrene [START_REF] Guilloteau | Desorption of polycyclic aromatic hydrocarbons from 1699 soot surface: Pyrene and fluoranthene[END_REF][START_REF] Bedjanian | Desorption 1702 of polycyclic aromatic hydrocarbons from soot surface: 1703 Five-and six-ring (C 22 , C 24 ) PAHS[END_REF]). We note however that fitting the 623 signal decay and fluence curves with Eq. ( 6) and 624 [START_REF] Lim | Mesoporous graphene adsor-1449 bents for the removal of toluene and xylene at various 1450 concentrations and its reusability[END_REF], respectively, can be challenging as they contain lengths and on various target materials [START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF][START_REF] Brand | Effects of laser pulse char-1658 acteristics and thermal desorption parameters on laser 1659 induced thermal desorption[END_REF][START_REF] Bogaerts | Laser ab-1706 lation for analytical sampling: what can we learn from 1707 modeling?[END_REF][START_REF] Burgess | Calculations of the 1710 surface temperature rise and desorption temperature in 1711 laser-induced thermal desorption[END_REF][START_REF] Stair | Pulsed-laser-induced desorption 1714 from metal surfaces[END_REF][START_REF] Ho | Computational 1717 study of heat transfer and gas dynamics in the pulsed 1718 laser evaporation of metals[END_REF][START_REF] Bechtel | Heating of solid targets with laser pulses[END_REF]. The approach commonly followed is to describe laser-solid interactions at a macroscopic scale using the heat conduction equation (although some studies treated this phenomenon at an atomistic/molecular level, but on a limited timescale [START_REF] Zhigilei | Molecular dynamics sim-1676 ulation study of the fluence dependence of particle yield 1677 and plume composition in laser desorption and ablation 1678 of organic solids[END_REF]). For low-fluence nanosecond laser pulses, the energy passed on to the sample does not lead to its melting nor its evaporation, therefore no phase transition terms are needed in the equations [START_REF] Stair | Pulsed-laser-induced desorption 1714 from metal surfaces[END_REF].

Most of the studies focus on the temperature variation in the sample volume (i.e. along the z depth axis) and not radially on the surface. Moreover, the laser pulse is often considered as a surface heat source (z=0), which does not take into account its propagation into the sample volume as described by the Beer-Lambert law [START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF].

To calculate sample temperature variations upon laser irradiation, the sample was considered as a medium characterized by continuous specific heat capacity c p , thermal conductivity k and density ρ.

Considering a continuum is the approach adopted in all previous studies and is justified by the dimension of the probed zone (0.7 mm laser diameter in our case), which is much larger than possible nanoscale heterogeneities, even for nanoporous media as the synthetic soot samples studied here.

Space-and time-resolved temperature profiles were calculated with the 3D heat conduction equation:

ρ(T )•c p (T ) ∂T (x, y, z, t) ∂t = k(T ) ∂ 2 T (x, y, z, t) ∂x 2 + + ∂ 2 T (x, y, z, t) ∂y 2 + ∂ 2 T (x, y, z, t) ∂z 2 +q H (x, y, z, t) (8) 
where T is the local sample temperature as a function of the time t and position (x, y, z). The term q H (x, y, z, t) describes the heat source which, in this case, is the desorption laser pulse. To match the characteristics of the laser pulse used in the experiments, the heat source is represented as a flat space profile (equivalent to a top-hat laser profile) in the calculations. In the temporal domain, the laser beam is represented as a Gaussian pulse. The energy of the laser pulse is absorbed by the sample according to the Beer-Lambert law, therefore:

q H (x, y, z, t) = α I 0 (1 -R) • f (x, y) • g(t) • e -αz f (x, y) = 1, x 2 + y 2 ≤ r des 0, otherwise (9) 
g(t) = 1 σ √ 2π • exp - 1 2 t -t 0 σ 2 , ( 10 
)
with σ = τ des 2 √ 2 ln 2
where R is the sample surface reflectivity, α is the 
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The boundary conditions required to solve Eq. ( 8)

706 are: 707 T (x → ∞, y → ∞, z → ∞, t) = T i T (x, y, x, t = 0) = T i ( 11 
)
where T i is the initial temperature of the sample.
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The thermal conductivity of nonporous samples (e.g. graphite) can be found in the literature [START_REF] Konings | Comprehensive Nuclear Materials, 1691 Material Properties -Oxide Fuels for Light Water Reac-1692 tors and Fast Neutron Reactors[END_REF]. For porous materials, such as nano-porous soot (nps), the thermal conductivity k nps strongly depends on the porosity as the efficiency of phonon propagation is related to the number of contact points between the nanoparticles forming the sample. In this case, the thermal conductivity k nps of the nps layer can be expressed as [START_REF] Ciro | Experimental 1733 and numerical investigation of transient soot buildup 1734 on a cylindrical container immersed in a jet fuel pool 1735 fire[END_REF]:

k nps (T ) = k graph (T ) (1 -ξ) 3/2 + ξ 1/4 k air (T )
k graph (T ) [START_REF] Popovicheva | Chemical composition 1473 of diesel/biodiesel particulate exhaust by FTIR spec-1474 troscopy and mass spectrometry: Impact of fuel and 1475 driving cycle[END_REF] where k graph is the thermal conductivity of bulk graphite [START_REF] Konings | Comprehensive Nuclear Materials, 1691 Material Properties -Oxide Fuels for Light Water Reac-1692 tors and Fast Neutron Reactors[END_REF] and k air is the conductivity of the air filling the pores. The layer porosity ξ is given by:

ξ = 1 - ρ nps ρ graph ( 13 
)
where ρ nps and ρ graph are the densities of nanoporous soot and graphite, respectively.

The parameters required to calculate the temperature profile of the studied sample were either taken from the literature [START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF][START_REF] Ketola | Detection of volatile 1544 organic compounds by temperature-programmed des-1545 orption combined with mass spectrometry and fourier 1546 transform infrared spectroscopy[END_REF][START_REF] Konings | Comprehensive Nuclear Materials, 1691 Material Properties -Oxide Fuels for Light Water Reac-1692 tors and Fast Neutron Reactors[END_REF][START_REF] Burgess | Calculations of the 1710 surface temperature rise and desorption temperature in 1711 laser-induced thermal desorption[END_REF][START_REF] Ciro | Experimental 1733 and numerical investigation of transient soot buildup 1734 on a cylindrical container immersed in a jet fuel pool 1735 fire[END_REF][START_REF] Pradère | Thermal properties of carbon fibers at very 1739 high temperature[END_REF] or calculated from the values for graphite while accounting for the porosity of the sample (Eqs. ( 12), ( 13)). The temperature variations of all parameters required for solving Eq. ( 8) are presented in Fig. S2 of the Supplementary Material. Physical parameters for the graphite sheet and HOPG samples used in this work are nearly identical which allows us to use the same physical characteristics for these two sets of samples.

Eq. ( 8) was solved with the COMSOL Multiphysics simulation platform using finite element methods. The temporal and spatial temperature evolutions calculated for nano-porous soot and graphite (Fig. 3) show a fast increase with a maximum value reached at t = 5.5 ns in the center of the irradiated surface, followed by a slower cooling toward the initial sample temperature (on microsecond timescale). The heat-affected sample depth is in the range of 100 µm (Fig. 3b), which is significantly lower than the thickness of the samples used in this study. We note that the obtained depth and temporal profiles follow the same trend as the ones reported by previous similar studies [START_REF] Brand | Effects of laser pulse char-1658 acteristics and thermal desorption parameters on laser 1659 induced thermal desorption[END_REF][START_REF] Burgess | Calculations of the 1710 surface temperature rise and desorption temperature in 1711 laser-induced thermal desorption[END_REF][START_REF] Stair | Pulsed-laser-induced desorption 1714 from metal surfaces[END_REF], although a direct, quantitative comparison is not possible, as the temperature profiles reported in the literature were computed for different materials and desorption laser characteristics (e.g. wavelength, pulse duration, fluence).

Time-and space-resolved desorption

Once the temperature profile T (x, y, z, t) is calculated, a space-and time-resolved desorption mathematical model, including the time-dependence of the desorption rate, the number of molecules desorbed per unit of surface, and the total number of molecules desorbed after each desorption pulse can 751 be formulated.
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The number of molecules desorbed from the surface after the first laser pulse can be therefore expressed as follows:

N1 = +∞ -∞ Q0(x, y) • 1 - -exp -ν 1 f 0 exp - E ads kBT (x, y, z = 0, t) dt dxdy (14)
where Q 0 is the initial adsorbate surface concentra-753 tion and f is the repetition rate of the desorption 754 laser. The number of molecules desorbed on the j th 755 desorption pulse can thus be determined with the 756 following relationship:

757 Nj = +∞ -∞ Qj-1(x, y) • 1 - -exp -ν 1 f 0 exp - E ads kBT (x, y, z = 0, t) dt dxdy (15) 
Q j-1 (x, y) represents the analyte surface concentra-758 tion after the (j -1) th desorption pulse (i.e. before 759 the j th desorption pulse). Since the surface con-760 centration of the analyte decreases after each des-761 orption pulse, the number of desorbing molecules is 762 progressively reduced.
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Once a proportionality factor m is introduced to take into account the overall detection efficiency, the equation can be used for experimental data fitting and adsorption energy retrieval:

Sj = m • Nj = m • +∞ -∞ Qj-1(x, y) • 1 -exp -ν • • 1 f 0 exp - E ads kBT (x, y, z = 0, t) dt dxdy (16) 
where S j is the signal recorded by the detector for ) is also close to the initial guess.

Beside validating the analytical method proposed here, the good agreement with previous works also confirms that the analyzed samples mimic well soot samples described in the literature.

Pyrene and coronene co-adsorbed

Having demonstrated functionality with a single PAH adsorbed onto activated carbon, this adsorption energy calculation method is then put to test using a system consisting of two different polycyclic aromatic compounds co-adsorbed onto the same adsorbant but in such low amount (10 -3 -10 -2 monolayer) that any lateral interactions between them can be neglected. In this configuration, the same laser pulse applied to the surface will lead to the desorption of both molecules, but each with its own kinetics (determined by its adsorption energy value). Signals associated with both molecules are simultaneously recorded by the mass spectrometer to generate individual datasets which are further subjected to the fitting procedure described above, leading to the results displayed in Table 3.

For the adsorption energy of pyrene, we observe species adsorbed on the same adsorbent (Fig. S6, fluence curve (Fig. S6, Table 3). The adsorption 3). The values for E ads and B (0.681 eV and 14.1

J -1 K m 2 , respectively) are also in line with the values obtained from the signal decay. Moreover, the obtained B values are close to that calculated with literature parameters (16.2 J -1 K m 2 , Table 2).

Across the various adsorbate-adsorbent systems investigated here (Table 3), the values obtained and trends followed for B and the pre-exponential ν pa- for activated carbon, Table 3). In contrast, as the pre-exponential factor ν is related to the vibration of the adsorbate-adsorbent bond along the reaction coordinate associated with desorption [START_REF] Christmann | Introduction to Surface Physical Chem-1674 istry[END_REF], its value should be largely affected by the adsorbate properties. In accordance, of aircraft engine [START_REF] Delhaye | The MERMOSE project: Characterization 1590 of particulate matter emissions of a commercial air-1591 craft engine[END_REF] or on-road vehicle internal 1174 combustion engine emissions [START_REF] Popovicheva | Chemical composition 1473 of diesel/biodiesel particulate exhaust by FTIR spec-1474 troscopy and mass spectrometry: Impact of fuel and 1475 driving cycle[END_REF]). This is partic-1175 ularly important when the focus is on size-selected 1176 particles [START_REF] Duca | On the benefits of using multivariate analysis in mass 1806 spectrometric studies of combustion-generated aerosols[END_REF][START_REF] Focsa | Multi-technique physico-1814 chemical characterization of particles generated by a 1815 gasoline engine: towards measuring tailpipe emissions 1816 below 23 nm[END_REF] as small as 10 nm, for which the 1177 The adsorption energy is determined for two organic molecules (pyrene and coronene) as well as for an inorganic adsorbate (lead). This approach is also able to retrieve the energy of different compounds co-adsorbed on the same sample (from the same measurements). This serves as a good "proof of concept" for the method, demonstrating that laser- 3).

rameters
For a given parameter β, let βi be the estima- where ω i = V ar -1 ( βi) j V ar -1 ( βj ) is the weight associated 
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 92 photon ionization process[START_REF] Faccinetto | High-sensitivity detection of polycyclic aro-1567 matic hydrocarbons adsorbed onto soot particles us-1568 ing laser desorption/laser ionization/time-of-flight mass 1569 spectrometry: An approach to studying the soot incep-1570 tion process in low-pressure flames[END_REF][START_REF] Zimmermann | Emission of nonchlorinated and 1611 chlorinated aromatics in the flue gas of incineration 1612 plants during and after transient disturbances of com-1613 bustion conditions: Delayed emission effects[END_REF] using another 4 ns 206

229 2 . 3 .Figure 1 :Figure 2 :

 2312 Figure 1: The top and bottom rows describe the "signal decay" and the "fluence curve" experimental approaches, respectively, used to obtain the two distinct datasets from which adsorption energies were subsequently derived. (a) Schematics of the adsorbate coverage evolution upon successive laser pulses of constant fluence applied on the same spot on the sample surface, (b) recorded mass spectra corresponding to two distinct desorption laser pulses (top -1 st pulse, bottom -13 th pulse), and (c) recorded signal decay. (d) Schematics of the "fluence curve" approach -different spots of the sample irradiated with single laser pulses of various fluences, (e) recorded "fluence curve" signal.
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 24 Sample preparation 289 The development and validation of a method for 290 adsorption energy determination requires well char-291 acterized samples. Moreover, the reproducibility of 292 the method could be assessed only if the characteristics of the sample are held constant. As this work
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  When a pulsed laser beam hits a sample surface, 413 a part of its energy (determined by the physical 414 properties of the irradiated material) is passed on 415 to the sample and induces a temperature jump that 416 may i) trigger the desorption of adsorbates possibly 417 present on the surface, ii) alter the surface (nanos-418 tructure changes), or even iii) ablate micro-volumes 419 of sample. This study is performed in the frame-420 work of the first effect, known as laser-induced ther-421 mal desorption (LITD). The pulsed laser-induced 422 heating increases the temperature of surfaces at 423 high rates (up to ∼10 11 K s -1 with a nanosecond 424 laser [43]), otherwise unattainable with traditional 425 methods (e.g. resistive or electron bombardment 426 heating), and is therefore appealing for application 427 to desorption studies. Early studies showed efficient 428 desorption of H, CO, and CO 2 molecules from a 429 variety of surfaces irradiated by pulsed laser beams 430 [44], phenomenon interpreted as a purely thermal 431 effect. This effect was later used to study the ad-432 sorption and desorption kinetics of these species 433 by means of relaxation methods [45]. LITD was 434 also used to examine the desorption of Na and 435Cs atoms with a sub-monolayer surface concentra-436 tion from Ge (100) substrates[START_REF] Chen | Laser desorption of submono-1646 layers of Na and Cs from Ge substrates[END_REF], of H 2 from Ni 437 (100), (110) and (111)[START_REF] Christmann | Ad-1642 sorption of hydrogen on nickel single crystal surfaces[END_REF], of CO from Fe[START_REF] Wedler | Laser induced thermal des-1649 orption of carbon monoxide from Fe(110) surfaces[END_REF] and 438 of benzene from Pt (111) surfaces[START_REF] Arnolds | Femtosecond Near-Infrared Laser Desorption of 1654 Multilayer Benzene on Pt(111): A Molecular Newton[END_REF]. However, 439 none of these studies addressed the determination 440 of the adsorption energies from LITD data, as they 441 typically used a single high-fluence laser pulse to 442 desorb all the adsorbed species from the surface, 443 thereby completely "cleaning" the irradiated spot 444 of the sample with only one laser pulse. On the 445 other hand, when a lower desorption laser fluence 446 is used, not all the molecules are desorbed by a 447 single laser pulse and multiple, consecutive pulses 448 can be applied to the same surface spot [49]. Since 449 after each desorption pulse the surface concentra-450 tion of molecules reduces, the amount of desorbed 451 compounds decreases after each subsequent laser 452 pulse, thus resulting in a pseudo-exponential varia-453 tion of both surface coverage and desorbed amount.454 This variation was first linked to the energetics of 455 the adsorbate-adsorbent interaction by Specht and 456 Blades [21], who suggested that the decay obtained 457 for pyrene desorbing from charcoal corresponds to 458 molecules that are weakly bound to the surface, 459 while the relatively constant signal that followed 460 was associated with molecules having a stronger in-461 teraction with the carbonaceous surface. The ob-462 served decay, however, was not used by the authors 463 to derive the strength of the pyrene-surface inter-464 action.

467

  culation of the detection limit of the two-step laser 468 mass spectrometry (L2MS) technique. Although 469 the energetics of the analyte-surface bond was not 470 studied, we demonstrated at that time that a sin-471 gle form of interaction between the analyte and the 472 carbonaceous surface (in this case physisorption) 473 can be achieved on surrogate soot samples. A dif-474 ferent approach was proposed by Dreisewerd et al.

475[ 50 ]

 50 to derive the activation energy of desorption 476 from sinapic acid and bovine insulin thick layers 477 deposited on stainless steel, based on the evolution 478 of the desorbed amount of molecules with the irra-479 diation laser fluence. 480 The present study builds on this previous works 481 and proposes for the first time a complete experi-482 mental, theoretical, and data treatment methodol-483 ogy to derive adsorption energies from LITD/L2MS experiments. Moreover, by developing a theoretical model describing LITD, an extra step was taken toward better understanding fast processes occurring at the sample surface.

545B

  is a factor that describes the conversion of the 546 deposited energy into the surface temperature in-547 crease and is associated (for the low coverage used 548 here) solely with the adsorbant properties, T 0 is the 549 initial temperature, F the desorption laser fluence 550 at the surface. In this model, (T 0 + BF ) is seen 551 as an "effective" sample temperature which would 552 be reached upon laser irradiation and at which the 553 desorption occurs. 554 The energy deposited into the sample unit vol-555 ume is determined by the incident laser fluence, 556 and accounts for the reflectivity R and the optical 557 absorption coefficient α(λ 0 ) of the sample at the 558 desorption laser wavelength λ 0 . This is expressed 559

  561 and ρ is the sample density. The value of the B 562 parameter can considerably change depending on 563 the actual sample characteristics; however, a good 564 initial estimation can be obtained with values re-565 ported in the literature. Alternatively, B can be 566 determined by measuring the required physical pa-567 rameters of the sample prior to the adsorption en-568 ergy determination. However, this is not always 569 possible in the case of field-collected samples since 570 characterizing micrograms of material can be chal-571 lenging and adds extra preparation steps that can 572 potentially damage and/or contaminate the sam-573 ple (often being very expensive to obtain and/or 574 unique). Therefore, the developed model should be 575 able to determine the adsorption energy based on 576 only an 'initial guess' for the B parameter. The B 577 parameter values calculated for two different adsor-578 bent materials used in this work (nano-porous soot 579 and graphite), along with the physical constants 580 used in their calculation, are presented in

  590 tion, s is the surface area of the irradiated spot, 591 and p a proportionality constant. The number of 592 molecules left on the irradiated surface spot will 593 progressively decrease after each subsequent laser 594 pulse. 595 Considering that for the low coverages used here 596 the adsorption energy does not change with the sur-597 face concentration (see Section 2.4) and the physi-598 cal properties of the sample surface do not change 599 upon irradiation with successive laser pulses (see 600 Section 2.

603

  the ionization efficiency, transfer function of the 604 mass spectrometer, and detector efficiency. 605 The variation of the recorded signal can also be 606 expressed as a function of the desorption fluence 607 -a "fluence curve" that can be obtained with the 608 second experimental approach (see Section 2.1.2):

610

  sorption energy of a given analyte from experimen-611 tal data recorded by the mass spectrometer. The 612 adsorption energy of an analyte can be retrieved by 613 fitting experimental data either with Eq. (6) (sig-614 nal decay induced by successive laser pulses applied 615 on the same surface spot) or Eq. (7) (signal vari-616 ation with fluence). The fitting algorithm requires 617 an "initial guess" -a starting point relatively close 618 to the actual values. The initial guess for the B pa-619

625

  two highly correlated parameters. Since the "ef-626 fective" temperature reached by the surface upon 627 laser irradiation is significantly higher than its ini-628 tial temperature (i.e. BF T 0 ), the adsorption 629 energy E ads and the B parameter are highly corre-630 lated. Therefore, fitting the proposed model to ex-631 perimental data requires a specific algorithm which 632 is detailed below in Section 3.5 and Appendices A 633 and B.
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 34341 Transient temperature model 635 Pulsed laser surface heating 636 The effective temperature desorption model is 637 only a crude approximation of the laser-induced 638 thermal desorption and to fully model this pro-639 cess the fast variation of the sample temperature 640 should be taken into account. A variety of studies addressed the fast heating of solid samples exposed to lasers, describing the processes occurring at different wavelengths, laser irradiances, pulse

685 adsorption coefficient at the desorption wavelength 686 (

 686 photo/thermal-bleaching)[START_REF] Cummings | Erbium laser ablation: 1730 the effect of dynamic optical properties[END_REF] as these do not occur 704

Figure 3 :

 3 Figure3: Temporal evolution of the temperature in the center of the irradiated spot T (x = 0, y = 0, z = 0, t) calculated for nano-porous soot (blue lines) and graphite (green lines) obtained for F des = 32 mJ cm -2 . The temporal profile of the desorption laser is plotted for comparison (red dashed line). Snapshots of the radial distribution of the temperature at various delays after the laser pulse are presented in the inset.
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  Fig. 4a reflect two distinct mathematical concepts.818

(Figure 4 :

 4 Figure 4: (a) Steady-state (red dashed line) and transient (green dashed line) models fitted to the signal decay curve (four-zone average experimental datapoints) of pyrene desorbing from activated carbon (F des = 32 mJ cm -2 ). The plotted fits correspond to the maximum (mode) of the Bayesian posterior distributions shown in (b) -top: steady state, bottom: transient. Shaded areas represent the 95% credibility intervals of E ads .

  again a very good agreement between the values retrieved by the various experimental / theoretical approaches and also with the values determined above, when pyrene was the sole analyte adsorbed onto activated carbon. For coronene, the adsorption energy values determined from various approaches are in excellent agreement with each other and in line with those experimentally determined via temperature programmed desorption measurements for coronene adsorbed on carbon nanofibers (1.31-1.50 eV) [42]. The signal decay and fluence curves of both pyrene and coronene reconstructed from parameters presented in Table 3 overlayed on experimental data are illustrated in Fig. S4 of the Supplementary Material. The B parameters (characteristic of the adsorbent) determined from the two fits of the binary adsorbate / activated carbon sample are in close agreement with each other and also with the ones retrieved for the previous single adsorbate system (pyrene / activated carbon) shar-951 ing the same adsorbent. Similarly, the ν parame-952 ter for pyrene agrees well between the two systems. 953 Coronene shows a higher ν value (with respect to 954 pyrene), as expected from theoretical calculations 955 [53, 71]. These results demonstrate the robustness 956 of the adsorption energy calculation method from 957 LITD experiments and allow us to conceive its ex-958 tension to other adsorbate/adsorbent systems.

959 4 . 2 .

 42 Pb on activated carbon nanoparticles 960 Heavy metal ions (e.g. Pb 2+ ) are common con-961 taminants of industrial wastewater and are usu-962 ally removed using various carbonaceous materials 963 [9, 10]. Thus, the study of the interaction between 964 heavy metals, proven to be carcinogenic even at low 965 concentration, and materials used for their removal 966 from water (e.g. activated carbon) is of great im-967 portance. Detection of lead on soot particles (pre-968 sumably coming from combustion of leaded gaso-969 line) was already shown to be possible with laser-970 based mass spectrometry (e.g. Particle Analysis 971 by Laser Mass Spectrometry, PALMS) employing 972 UV ionization of desorbed species [73, 74]. PbCl 2 973 salt was dissolved in deionized water and the re-974 sulting solution was used to impregnate the acti-975 vated carbon nanoparticles. Mass spectra recorded 976 upon sample irradiation with the 532 nm laser and 977 ejecta ionization with the 266 nm laser exhibited 978 the characteristic isotopic distribution of Pb + in the 979 m/z 204-208 range, presented in Fig. S5 of the Sup-980 plementary Material. No Pb 2+ signal was present 981 in the mass spectra. Moreover, experiments per-982 formed with the ionization laser switched off gave 983 no signal in the mass spectra, i.e. ionized lead is not 984 directly sampled from the surface. This may seem 985 surprising, as Pb 2+ ions may be formed in the aque-986 ous solution and be further transferred onto the ad-987 sorbent surface. Our explanation for this is twofold. 988 First, the desorption fluence employed (limited by 989 the carbonaceous surface ablation threshold) might 990 be too low for desorbing these ions from the sur-991 face. Second, the formation of Pb 2+ in the aqueous 992 solution is only one of many other possibilities, as 993 Pb-Cl is not a "pure" ionic bond (∆ χ P b-Cl < 1.7). 994 Furthermore, in aqueous solution the formation of 995 an array of (partially) solvated ions is to be ex-996 pected. All these ions can then adsorb onto acti-997 vated carbon via different mechanisms (adsorption, 998 surface precipitation, ion exchange, sorption, etc.) 999 [10, 75-79], and participate to further acid/base, 1000

1018

  energy of lead to carbonaceous surfaces is therefore 1019 much lower compared to that of aromatic species 1020 [10]. The B parameter (which is only related to the 1021 adsorbent material) is in good agreement (within 1022 the limits of the error bars) with the values re-1023 turned by the steady-state fits on the other samples 1024 involving activated carbon (see Table 3). The pre-1025 exponential factor determined from the transient 1026 model fit (ν = 7.5•10 12 s -1 ) is in line with theoret-1027 ical values calculated for small adsorbates [53]. To 1028 the best of our knowledge, no ν experimental value 1029 for this system is reported in the literature.

1030 4 . 3 .

 43 Toward the systematic exploration of adsorp-1031 tion energies as a function of adsorbent prop-1032 erties 1033 In order to expand the adsorption energy calcu-1034 lation method to systems of much greater chem-1035 ical or structural complexity, it is first necessary 1036 to explore various adsorbate/adsorbent systems ex-1037 hibiting significantly different adsorption energies. 1038 This can be realized by testing either distinct ad-1039 sorbates on the same adsorbent or, conversely, the 1040 same adsorbate on distinct adsorbents, the latter 1041 being studied here. The adsorption energy re-1042 trieved corresponds to the average energy of all des-1043 orbed molecules. If the irradiated surface contains 1044 different types of adsorption sites, each one char-1045 acterized by a different adsorption energy, then the 1046 measured E ads can be expressed as a weighted aver-1047 age of all possible energy values (i.e. energies that 1048 correspond to all existing sites). The change in the 1049 proportion of adsorption sites of a given type will 1050 modify the average and hence the measured (des-1051 orption spot averaged) adsorption energy. 1052 Various surface defects can act as adsorption 1053 sites (e.g. vacancies, impurities) and most of them 1054 are present and abundant on the surface of syn-1055 thetic (and real) soot particles. The adsorption 1056 energy of aromatic compounds on adsorbents ex-1057 hibiting defect-rich surfaces is higher than that ex-1058 pected when the same compounds are adsorbed on 1059 a defect-free carbon lattice [80-83]. Accordingly, 1060 as the surfaces of materials such as graphite and 1061 HOPG contain a much smaller density of defects 1062 compared to activated carbon, the adsorption en-1063 ergy of e.g. pyrene, on such adsorbents is expected 1064 to be substantially lower. 1065 As predicted, the shape of the signal decay curve 1066 and the adsorption energy of pyrene desorbed from 1067 a graphite sheet and HOPG are noticeably differ-1068 ent (Fig. 5). Since the adsorption energy is lower, a 1069 smaller number of laser pulses are required to des-1070 orb all molecules present on the irradiated spot, 1071 hence a shorter signal decay curve is observed. 1072 The adsorption energies obtained from the fits per-1073 formed with the two models (steady-state and tran-1074 sient) are, once again, very similar. Adsorption en-1075ergies obtained for pyrene adsorbed on HOPG (Table 3) are in line with values resulting from ab initio calculations (0.42 -0.5 eV)[80,[START_REF] Ehli | Interactions in Single Wall Carbon Nan-1793 otubes/Pyrene/Porphyrin Nanohybrids[END_REF]. To the best of our knowledge, no experimental measurement for either system (pyrene/HOPG or pyrene/graphite sheet) is reported in the literature. When the adsorbent is graphite sheet, the adsorption energy value obtained for pyrene ranges between the ones retrieved for activated carbon and HOPG, which is expected since the surface contains an intermediate number of defects compared to HOPG (fewer defects) and activated carbon (more defects). It is also possible to obtain "fluence curves" for pyrene desorbing from graphite and retrieve the adsorption energy and B parameter from this approach (Table

Figure 5 :

 5 Figure 5: Experimental datapoints (four-zone average) recorded with the "signal decay" approach for pyrene desorbing from (a) graphite sheet (F des = 50 mJ cm -2 ) and (b) HOPG (F des = 61 mJ cm -2 ). Steady-state (red dashed line) and transient (green dashed line) decay curves calculated with parameters from Table3.

Figure B. 1 :

 1 Figure B.1: Symbols: pyrene molecule signal recorded in the same experimental conditions (F des = 32 mJ cm -2 ) from four different zones (A, B, C, D) of the same pyrene / activated carbon sample (homogeneous coverage). Solid lines: most probable (mode) fits returned by the Bayesian posterior distribution for each individual dataset. Dashed line: effective temperature model decay curve generated with average parameter values (Table3).

1395

  tors obtained from data collected in the zone i, 1396 i ∈ A, B, C, D. Then, the best linear-combination 1397 estimator for the β parameter with respect to the 1398 mean squared error will be:

1400

  with each estimator, retrieved from fitting individ-1401 ual datasets (either signal decays or fluence curves). 1402 Considering the independence of data recorded in 1403 different zones of the sample, the standard devia-1404 tion of the β parameter is given by:1405 σ( β) = V ar( β) = i ω 2 i (V ar( βi ) + ( βiβ) 2 ) (B.2) The first term in Eq. (B.2) represents the "inter-1406 nal" variance of each dataset, while the second term 1407 represents the "external" variance (i.e. between 1408 datasets). 1409 The average values and error bars were calculated 1410 for the parameters of interest with the described 1411 method and reported in Table 3 in the form β ± 1412 σ( β). The validity of the method can be verified 1413 with the "average" fitting curve (i.e. average for all 1414 datasets) calculated with the average values for the 1415 required parameters. An example of such a curve 1416 obtained with the "effective temperature" model is 1417 presented in Fig, B.1 (dashed line).

  

  

  

Table 1 :

 1 ). This included sys-List of the samples synthesized for adsorption energy measurements. The surface coverage θ (in monolayers, ML) was determined from UV-Vis extinction measurements.

	346	
	347	tems containing either a single or two co-adsorbed
	348	compounds. Pyrene and coronene were chosen here
	349	as adsorbates because of the well-known presence
	350	of polycyclic aromatic hydrocarbons (PAH) on the
	351	surface of soot particles sampled from real combus-
	352	tors [11, 12]. Additionally, Pb -a heavy metal
	353	commonly found in industrial wastewater and usu-
	354	ally removed using various carbonaceous materials
	355	[9, 10], was used to validate the method for in-
	356	organic species. A similar protocol (but a differ-
	357	ent solvent -ultra-pure deionized water, Purelab
	358	Option-Q) was used for the preparation of the lead
	359	samples from PbCl 2 salt (Sigma Aldrich, 98%) and
		Pureblack activated carbon.
		Sample	θ, ML
		Pyrene / activated carbon	2•10 -3
		(Pyrene + coronene) /	8•10 -3 (pyrene)
		activated carbon	1.2•10 -2 (coronene)
		Pyrene / graphite sheet	10 -3
		Pyrene / HOPG	10 -3
		Pb / activated carbon	10 -3
	361	In order to study the influence of the surface de-
	362	fect density on the retrieved adsorption energy, two
	363	more samples based on (mm-thick) graphite sheet
	364	and highly oriented pyrolitic graphite (HOPG) ad-
	365	sorbents were prepared in a similar way as the syn-
	366	thetic soot, with the exclusion of the vacuum filtra-
	367	tion step. Graphite (Alfa Aesar, graphite sheet)
	368	and HOPG (Sigma Aldrich) exhibit significantly
	369	lower specific surface areas compared to activated
	370	carbon. The resulting adsorbate surface concentra-
	371	tion is therefore at the limit of detection of the spec-
	372	trophotometric method [11]. For this reason, only
	373	upper coverage limits (∼10 -3 ML) are provided in

360

Table 1 .

 1 

	374	
	375	Considering the low coverages and the prepara-
	376	tion protocol used in this work, we can assume
	377	first that no lateral interaction between adsorbate
	378	molecules is present, and second that the coverage
	379	is homogeneous across the surface. A low coverage
	380	also reduces the possibility of adsorbates forming
	381	islands of stacked molecules [42] and thus ensures
	382	that the only interaction probed is between adsor-
	383	bates and the adsorbent surface. Moreover, under
	384	these experimental conditions any lateral diffusion

405 independent. Therefore, different combinations of 406 these points can be made to build distinct "fluence 407 curves". Among all possible combinations, a to-408 tal of 10 distinct fluence curves are constructed by 409 randomly combining experimental datapoints.

Table 2 .

 2 

	582	
	583	be only seen as estimates, sufficiently close to the
	584	real values to be used by the fitting algorithm as
		'initial guess'.

581

Note that the B values presented in this table can

Table 2 :

 2 B parameters calculated from Eq. (3) for activated carbon particles and graphite, along with physical parameters sourced from the literature and used in the calculation.

	Parameter	Carbonaceous surface Activated carbon particles Graphite
	R	0.2 a	0.1 b
	α, 10 7 m -1	1.0951 c,d	3.4385 b
	ρ, 10 3 kg m -3	0.4 c	1.9 d
	c, J K -1 kg -1	840 c	970 d,e
	B, J -1 K m 2	26.0	16.2

a Ref.

[START_REF] Dalzell | Optical Constants of Soot 1685 and Their Application to Heat-Flux Calculations[END_REF]

, b Ref.

[START_REF] Djurišić | Optical properties of graphite[END_REF]

, c Ref.

[START_REF] Faccinetto | Progress toward the Quantitative Analysis of PAHs 1466 Adsorbed on Soot by Laser Desorption/Laser 1467 Ionization/Time-of-Flight Mass Spectrometry[END_REF]

, d Ref.

[START_REF] Konings | Comprehensive Nuclear Materials, 1691 Material Properties -Oxide Fuels for Light Water Reac-1692 tors and Fast Neutron Reactors[END_REF]

, e Ref.

[START_REF] Butland | The specific heat of graphite: 1695 an evaluation of measurements[END_REF] 

Table 3 :

 3 Main parameters derived with the "effective" and transient temperature models. Mean values and error bars are computed using the procedure described in Appendix B. The small number of experimental points for the fluence curve of the pyrene/HOPG system prevented a reliable derivation of the adsorption energy from its fluence curve.

					"Effective temp." model		Transient temp. model
		Absorbate	Sample	Signal decay	Fluence curve	Signal decay
				E ads , eV	B, J -1 K m 2	E ads , eV	B, J -1 K m 2	E ads , eV	ν, 10 12 s -1
			Pyrene / activated carbon 0.949±0.049	23.9±3.4	0.968 ± 0.041	21.3 ± 2.1	0.965±0.014	1.56±0.21
		Pyrene	(Pyrene + coronene) / activated carbon	0.961±0.054	20.4±2.8	0.983 ± 0.038	22.4 ± 2.5	0.958±0.018	1.31±0.34
			Pyrene / graphite sheet	0.681±0.019	14.1±1.9	0.662 ± 0.015	15.1 ± 1.4	0.696±0.010	1.24±0.18
			Pyrene / HOPG	0.476±0.021	13.5±1.9	-	-	0.508±0.011	1.38±0.13
		Coronene	(Pyrene + coronene) / activated carbon	1.519±0.022	22.8±2.4	1.508 ± 0.024	23.1 ± 1.1	1.513±0.013	2.46±0.15
		Pb	Pb / activated carbon	0.226±0.024	20.6±2.3	0.206 ± 0.015	21.1 ± 2.1	0.243±0.011	7.46±0.26
	1001	redox or coordination reactions on the particle sur-			
	1002	face. A thorough investigation of such a complex			
	1003	surface chemistry is well beyond the scope of the			
	1004	present work.					
	1005	Both experimental approaches (signal decay and			
	1006	fluence curve) were applied to study the desorption			
	1007	of lead from activated carbon particles. For the			
	1008	signal decay approach, the recorded signal vanishes			
	1009	in fewer desorption pulses compared to aromatic			

Table 3
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	shows that the value
	of this parameter significantly varies for systems
	based on the same adsorbent but different adsor-
	bates (e.g. 1.56•10 12 s -1 for pyrene adsorbed on ac-
	tivated carbon and 7.46•10 12 s -1 for lead adsorbed
	on activated carbon). Such variation with distinct
	adsorbates was previously reported [42, 53]. Table
	3 also confirms that the pre-exponential factor ν
	values obtained for desorption events involving the
	same adsorbate are similar (1.24 -1.56•10 12 s -1
	for pyrene). Finally, beside the consistent evolu-
	tion of the retrieved ν values across the systems
	studied here, they are also in good agreement with

1145 conditions close to ours (PAHs already adsorbed 1146 on the surface, high vacuum pressure conditions).

1147 This technique is thus better suited for comparison 1148 purposes. The adsorption energies retrieved using 1149 our method are in good agreement with the values 1150 reported in the literature from TPD measurements 1151 or ab initio calculations. To the best of our knowl-1156 The unique features of the new laser-based 1157 method proposed here offer some distinct advan-1158 tages with respect to the more conventional tech-1159 niques cited above. First, this method can be
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 3) close to that found in the liter-1014 ature (0.21 eV for Pb(II) adsorbed on carbon parti-1015 cles obtained from bio waste) [START_REF] Ahmad | Adsorption of Pb(II) on Men-1461 tha piperita carbon (MTC) in single and quaternary 1462 systems[END_REF]. A similar value 1016 (E f luence ads = 0.206 eV) was also determined from the space. Many problems described by models containing a large number of free parameters, making them expensive to compute with regular methods (e.g. problems in cosmology and astrophysics that deal with low signal-to-noise measurements [START_REF] Dunkley | Fast and reliable Markov chain Monte Carlo technique for cosmological parameter estimation[END_REF][START_REF] Akeret | CosmoHammer: Cosmological parameter estimation with the MCMC Hammer[END_REF][START_REF] Foreman-Mackey | EMCEE: The MCMC Hammer[END_REF]), have benefited from MCMC. One of the most important benefits of Bayesian data analysis is the ability to minimize the impact of nuisance parameters [START_REF] Foreman-Mackey | EMCEE: The MCMC Hammer[END_REF] -parameters that are required to model the studied process but otherwise are not the main objective of the fit. Most uses of the MCMC are based on the Metropolis-Hastings (M-H) method [START_REF] Dunkley | Fast and reliable Markov chain Monte Carlo technique for cosmological parameter estimation[END_REF][START_REF] Akeret | CosmoHammer: Cosmological parameter estimation with the MCMC Hammer[END_REF][START_REF] Foreman-Mackey | EMCEE: The MCMC Hammer[END_REF] or its derivatives and consist of three main parts:

• Monte Carlo simulations generating random steps to model complex systems.

• Markov chains -sequences of events that are probabilistically related to one another. Each event originates from a set of outcomes and each outcome determines the next one, in accordance with a fixed set of probabilities.

• The acceptance-rejection sampling -an iterative algorithm that generates parameter values from their unknown theoretical posterior distribution.

MCMC allows to generate a data subset covering many possible outcomes of a given system in order to obtain an estimate of the theoretical posterior distribution that can be used to extract statistical measures as mean, median or standard deviation.

The simulation process is based on a Markov behavior of the iterative algorithm [START_REF] Akeret | CosmoHammer: Cosmological parameter estimation with the MCMC Hammer[END_REF][START_REF] Foreman-Mackey | EMCEE: The MCMC Hammer[END_REF]. An example of a model that can benefit from the use of the MCMC algorithm is the laser-induced thermal desorption, e.g. Eq. 6 of the "effective temperature" model that contains a product of two exponential functions and two highly correlated parameters (E ads and B). The performance of the M-H sampler can be very sensitive to the initial choice of parameters.

The result of the MCMC fit will be more reliable for longer chains. For this reason, the first values of the Markov chain are usually dropped. Thus, to determine optimal parameters in a data-driven way, a lengthy "burn-in" period must be used. The