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Abstract

The synthesis of metal nanoparticles (NPs) using microfluidic reactors has become a major method
for limiting reagent consumption and achieve a precise control of the morphological properties.
Failure in realizing the reproducibility of the results is mostly associated with the accumulation of
metallic nanostructures on the walls of the microfluidic devices, periodically removed by acid
treatment. In this study, we show that ns-pulsed laser ablation (PLA) in water can be a safe, effective,
and green method for the regeneration of clogged microfluidic reactors. The effect of the laser-pulse
fluence on the removal of metallic nanostructures was studied for the first time on silver (Ag) thin
films with a thickness of 50 nm deposited over SiO, substrates, using 3-mercaptopropyl
trimethoxysilane as a chemical adhesion layer. As point of novelty, the experimental results show that
atlow fluence (F < 0.1 ] cm™ %), ablation is principally caused by delamination of the thin film
associated with the thermoelastic force while thermal processes inducing phase conversion of the
metal dominate at higher fluence. Low-fluence regimes are better suited for the single-pulse removal
of the nanomaterial, whereas in high F regimes, we observed melting and recondensation of the metal
on the Si0; surface so that multiple pulse interactions were necessary for complete ablation of the thin
film. For the delamination and the phase transformation processes, the threshold fluences were

3.7 x 10~ %and 7.0 x 10~*J cm ™2, respectively. The experimental setup in the thermoelastic PLA
regime was applied to unclog glass microfluidic devices used for synthesizing citrate-stabilized AgNPs.
Using this simple and easily achievable laser-scanning experimental configuration, we demonstrated
that PLA in water is a reliable and efficient technique, with results comparable to acidic treatment in
terms of efficiency and time necessary for the complete removal of the Ag nanomaterial.

1. Introduction

Microreactor technology (MRT) is already a well-established technique for two main applications: (i) organic
and inorganic synthesis in continuous-flow regimes [ 1]; and (ii) fabrication of analytical and medical sensor
devices [2]. The materials used for the microfabrication of these chemical platform-tools, known as ‘lab-on-
chip’ (LOC) [3] or ‘point-of-care’ (POC) [4], such as steel, glass, thermoplastic (a chip-like polymer), and paper,
can be expensive. Depending on the specific application of the device, the right material, with the option to reuse
it after cleaning the microchannels, should be chosen. Nowadays, considering the widespread use of glass-based
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microfluidic devices, a sustainable, low-cost, and feasible methodology to clean and reuse them for repetitive
experiments should be established [5]. The synthesis of metallic nanoparticles (NPs) using microfluidic devices
has attracted great attention as it is a greener and more reproducible method than the sol-gel method synthesis
[6]. Despite these advantages, the reduced volume of the microreactors can be attributed to intrinsically more
vulnerable to a possible obstruction. The clogging of microchannels is attributed in literature to different
mechanisms, such as sieving, bridging, and aggregation of the nano/micro particles. The mechanisms depend
on the surface chemistry of the NPs, interparticle interactions, and the interactions of particles with the walls
constituting the microdevice [7, 8]. To minimize or prevent clogging, different strategies have been proposed
[9-11], including double-phase droplet-based microreactors [10, 12], segmented flow systems [13], coaxial flow
systems [14, 15], and hydrodynamic flow focusing [16]. In any case, clogging of the microfluidic devices remains
acritical issue in the field and they are cleaned by injecting solvents and, in case of failure, acid or base solutions
depending on the specific materials that are clogged inside the microchannels. In this case, the system should be
extensively rinsed with water after successful cleaning. In the context of a sustainable technology, the scientific
community has been investigating methods to eliminate the use of acid solutions in experimental protocols
dedicated to chemical synthesis, purification, or cleaning processes [17-21].

A physical process commonly used for removing materials from surfaces is laser ablation. This is a process of
light—matter interaction where the material is removed from the surface of a target utilizing focused lasers [22]. It
has several applications in modern technology, including precise micromachining of materials [23], dentistry
applications [24], surgery [25, 26], conservation of cultural assets [27], and the production of different
nanostructures and thin films [28, 29]. Noteworthy, there is strong interest and widespread activity reported in
literature on the fabrication via pulsed laser ablation (PLA) of microfluidic devices with different geometries and
different materials, principally glass, and poly(methyl methacrylate) (PMMA) or poly(dimethylsiloxane)
(PDMS) [30-37]; however, to the best of our knowledge, there is no research currently in progress on the use of
PLA for the regeneration of microfluidic reactors.

PLA can be performed using various types of pulsed laser sources, depending on the temporal length of the
pulses (fs, ps, and ns). In the latter case, the PLA process is based on the absorption of the energy of the short laser
pulse by the electrons of the surface of the targets, followed by phonon thermalization in times of the orders of
ps. The mechanism related to the ejection of the material strongly depends on the temporal length of the laser
pulses and the nature of the external environment [28]. Furthermore, the depth over which the incoming laser
pulse is absorbed and the amount of material removed by a single-laser pulse depend on the environmental
factors [38] along with the material’s optical properties and the experimental laser-pulse parameters, such as
wavelength, energy, and temporal length [28, 39—-42].

In literature, investigation of the ablation of thin metal films is mostly performed under air environment for
the precise micropatterning of electronic and optoelectronic devices, with ns-, ps-, or fs-laser pulses [43—46].
Laser writing with fs-laser pulses is based on nonthermal ablation [46] and may be preferred to minimize the
heat-affected zone (HAZ) [46, 47] and maximize the spatial resolution of the machining process [48]. In the case
of ns-laser pulses, the HAZ is limited by working at low fluence (F) < 1] cm ™ 2[49], and should be as near as
possible to its threshold value (Fy;). In this case, depending on the value of F and the corresponding temperature
gradient in the thin film, it has been observed that ablation of the material may proceed mainly through two
routes: i) detachment of thin films because of the thermoelastic force (lower F), and ii) ejection of the material
after reaching the melting or evaporation temperature (higher F) [43, 49].

In comparison with gaseous environments, only a very few studies report the ablation of a metallic thin film
in water. PLA of metal targets in liquid environments is mainly used for synthesizing colloidal dispersion of NPs
of highly variable materials [28, 50, 51]. In this framework, ablation of metallic thin films in water has a
particular control on both the chemical nature and the size of the produced nanomaterials [52, 53].

The liquid environment is responsible for plasma confinement, which affords higher ablation efficiencies
and lower values of F;, in comparison to PLA in gas or vacuum [54, 55]. Moreover, the presence of water as an
external thermal bath attenuates the problems associated with the HAZ and possible thermal damage, which are
not considered to be critical issues as in gaseous environments [38, 56].

In this study, we investigated the value of F,;, in a water environment for silver (Ag) thin films with a thickness
of approximately 50 nm using ns-laser pulses at the wavelength of 532 nm. A self-assembled monolayer (SAM)
of (3-mercaptopropyl) trimethoxysilane (MPTS) was used as a chemical adhesion layer for stabilizing the
SiO,/Aginterface in water [57]. The efficiency of material removal was evaluated via optical microscopy,
depending on the value of Fand number of laser pulses. This implies that thermoelastic force with delamination
and phase transformation of the thin films may be responsible for the ablation process. The results are finally
applied for demonstrating the regeneration of glass microfluidic reactors dedicated to the continuous-flow
synthesis of citrate-stabilized AgNPs, demonstrating that thermoelastic ablation at moderate laser-pulse fluence
and repetition rates along with low scanning velocities, can be used in this specific case to obtain cleaning
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Figure 1. (a) Photo of the microreactor and its holder. (b) Detail of the input and output tube connections in the microreactors.
(c) STEM image of the AgNPs synthesized with a clean microreactor. The inset shows the log-normal [50] statistical distribution of the
nanomaterial’s diameter. (d) Extinction spectra of the colloidal dispersion of AGNPs synthesized with the clean microreactor.

performances similar to or better than those obtained through the traditional acid treatments in terms of
efficiency and time required to completely remove the nanomaterials from the devices used for the synthesis.

2. Materials and methods

2.1. Materials

The Ag pellets used for thin-film deposition were purchased from Kurt J. Lesker Company (U.S.A), with purity
>99%. Ethanol, 3-mercaptopropyltrimethoxysilane (MPTYS), acetone, and trichloroethylene were purchased
from Sigma-Aldrich. Ultrapure deionized water was purchased from a Milli-Q purification system, by Millipore
(U.S.A). Silver nitrate (AgNO3; >99.9% pure), sodium borohydride (NaBH,; >99% pure), Na;Citrate (99.9%
pure) were acquired from Sigma-Aldrich and used as received. All solutions were prepared using ultrapure water
(resistivity of 18.2MQ cm ™).

2.2. Synthesis and characterization of citrate-stabilized AgNPs
Citrate-stabilized colloidal AgNPs solutions were synthesized using a glass chip microreactor of 6 ul internal
volume (Micronit) (figures 1(a), (b)), and two syringe pumps (Future Chemistry) as described in previous works
[58, 59]. Solutions of AgNOs5 (10~ > mol L") and NasCitrate (10> mol L") were prepared by dissolving the
salts in ultrapure water. A reducing agent solution of NaBH, (10> mol L") was prepared to promote the
chemical reduction of silver ions to AgNPs. The microdevice had two inlet tubes for reagent injection and one
output tube for collecting the synthesized material, as shown in figure 1(b). Under continuous flow, AgNO; and
organic-ligand solutions were introduced into the microreactor at the same flow rate of 0.25 ml min~'. Through
the outlet channel, the complex Ag*-ligand was dropped directly into the flask containing 10-mL NaBH, (10>
mol L") under vigorous magnetic stirring at room temperature (22 °C). After 20 min the corresponding AgNPs
were stored in the refrigerator for further characterization. The dimensions of the NPs were measured using a
field-emission scanning electron microscope (FEG-SEM) (JEOL, JSM-6701F) operating in transmission
mode (STEM).

Figure 1(c) depicts a STEM image of the synthesized AgNPs obtained via transmission electron microscopy.
Consistent with the results published in [60], the AgNPs have a log-normal distribution [50], with an average
diameter of approximately 6.7 nm. We verified that even after three cycles of NPs synthesis because of the
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Figure 2. (a) Scheme of the laser-scanning system. The beam waist (p) of the laser pulse is tuned by changing the lens (L) to sample (S)
distance. The position of the sample is changed by a translational motorized stage (TS) from Zaber Technologies (Canada). In the case
of metal thin film in water, the sample is mooved in stepping-mode, creating well separated craters for each different laser pulse
parameter. In the case of the microfluidic reactor, the sample is moved at the maximum constant velocity of about 4.4 mms ™",
performing a rectangular pattern over the channels of the device. (b) Photo of the laser scanning system during the operation on the
microfluidic devices.

deposition of the nanomaterial onto the internal channel’s wall and slow clogging of the microchannel, the
reproducibility of the optical properties of the nanomaterial was compromised. This is evident in the extinction
band of the colloidal dispersion of AgNPs, where the spectral position of the maximum of the localized surface
plasmon resonance (LSPR) shifts from 391 nm (fresh microreactor) to a value of approximately 404 nm after five
consecutive cycles, indicating a progressive enhancement of the average dimension of the NPs. To retrieve the
LSPR band centered at 391 nm (figure 1(d)), the microreactors should be cleaned using the following procedure:
(i) flux 5 ml of water (0.25 ml min~ ") to eliminate the residual organic ligand; (ii) flux 5 ml of 5% of HNO; in
water (0.1 ml min ") to dissolve the NPs; and (iii) flux 5 ml of water (0.25 ml min ') for eliminating the residual
acid. The total time required for the cleaning procedure was approximately 1.5 h.

2.3. Fabrication of the Ag thin films
Before the deposition of the thin film and salinization, BK7 glass substrates were treated using 10-min ultrasonic
baths in trichloroethylene, acetone, ethanol, and deionized water. The glasses were dried and placed into a
plasma cleaner for hydroxyl group activation before the deposition of the SAM of MPTS, similarly as reported
in [57].

The Ag thin films were deposited on the MPTS-treated substrates using an electron beam deposition system
model Univex 450, at a pressure of approximately 3 x 10~ ° Torr and a deposition rate of approximately
0.5As™". The final thin-film thickness of approximately 50 nm was measured via SPR spectroscopy [61, 62].

2.4. Scanning PLA system

For the ablation we used an Nd:YAG pulsed laser source model Ultra 20, from Quantel (U.S.A). The pulses had a
nominal temporal length of approximately 10 ns, and the repetition rate can be switched from 1 to 50 Hz.
Because the laser source emitted pulses simultaneously at both 1064 and 532 nm, we inserted a dichroic mirror
with an efficiency >90% (EKSMA Optics, Lithuania) at the output of the laser source to transmit the pulses at
the second harmonic frequency. The energy E of the pulses was measured by a pyroelectric detector from
ThorLabs (model ES220C, U.S.A.).

As depicted in figure 2(a), the laser pulse at a wavelength of 532 nm was directed toward a prism and deviated
perpendicularly onto alens (L) with a focal length of 13 mm. The focused laser pulse interacted with the sample S
(metal thin film or aged microfluidic cell), which is scanned along the horizontal plane by two motorized
micrometer translation stages from Zaber Technologies (Canada), operating in single steps or constant scanning
velocity modes. In the case of the metal thin film we used the single-step mode, whereas for the ablation of the
microfluidic device we used the maximum constant scanning velocity of approximately 4.4 mms . In the latter
case, the mechanical base was moved along a rectangular pattern of the same dimensions as the microfluidic
device (23.5mm x 12.5mm) and the ablation is performed at a water fluxing rate of about 0.15 ml min "},
starting from the position relative to the entry of the liquid and finishing on the water flow output. The water flux
was maintained in a continuous-flow regime using a Future Chemistry (Netherlands) pump system.
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Figure 3. Craters created by a single laser pulse on the silver thin film using laser pulses with the different values of the beam waist p.
The laser pulses had a fixed energy of 0.7 mJ, and the corresponding fluences are F; = 0.6 ] cm % F, = 0.08]Jcm 2, and F; = 0.05]
cm 2. (b) Schematic representation of the craters, showing the effective radius. The external radius r,, associated to the thermoelastic
ablation, and the internal radius r;, associated to the induced phase transformation of the metal, followed by recondensation on the
SiO, substrate.

2.5. Measurement of the threshold and working fluence
In the approximation of a Gaussian spatial profile of the E-field of the laser pulse, the working fluence F of the

laser pulse is defined as F = £ =, where E is the total energy of the pulse and p is the beam waist on the surface

/2

of the target, i.e., the radial dist/anie at which the energy (or the intensity, or the same fluence F) decreases by a
factor 1/e” in comparison to the axial value [63]. Fand p were controlled by varying the lens to the sample
distance represented in figure 2, and their value was evaluated by the comparative method described in detail in
the supporting information of our previous research [64]. In this method, the PLA of the Ag thin film was
conducted using three conditions for the beam waist on the target: p; =270 pum, p, =710 um, and p; =910 um
with an error of approximately 15%. For each value of the beam waist on the target, the resulting craters were
investigated via optical microscopy (Motic, model BA210, U.S.A) depending on both the number of laser pulses
and the energy E of the pulse. When using a single pulse, the dependence of the effective radius r,yof the crater in
function of E can be used to measure the threshold fluence Fy, for the ablation of the Ag thin films according to
the well-known relation given as follows:

InF = %rezf + In Fy, (1)

which gives the value of F,, vialinear interpolation of the experimental data [39, 65].

Based on the experimental results, the concept of an effective radius r,is particularly useful when the crater
formed has an irregular shape. In this case the effective radius is determined by calculating the total effective area
Agyof the crater using the Image/ free software and applying the simple relation: Tesz = Agr /.

3. Experimental results and discussion

3.1. Analysis of craters created by PLA on Ag thin film

The craters created by PLA of the Ag thin films by a single-laser pulse with the three beam waists are represented
in figure 3. The energy of the laser pulse was fixed at 0.8 m] so that the three cases correspond to working fluences
F, =0.6] cm 2, F, = 0.08] cm 2, and F; = 0.05] cm 2 Notably, the fluences were measured using the
aforementioned procedure with an error of approximately 30%. The optical images were obtained in
transmission mode so that dark regions are associated with the presence of the metal.

These images give important information about the origin of the PLA process depending on the working
fluence. As explained in [43, 49], depending on the working fluence, the increase in temperature at the metal/
substrate interface after absorption of the laser pulse may cause different phenomena. As depicted in figure 4,
when the temperature is below the fusion point, a thermoelastic force is induced by PLA, which locally
enhances the mechanical stress of the thin film. If the thermoelastic force exceeds the adhesion force at the
Si0,/MPTS/Aginterface, the thin film is ablated by delamination. At higher values of F, the temperature at the
interface can rapidly increase and provoke phase transformation (melting and vaporization) of the thin film,
with ejection of the material as liquid drops or ionized metal clusters, eventually recombining in water as AgNPs
[66], or recondensing on the glass surface in disordered structures [38].

In figure 3, using a fluence F3 = 0.05] cm ™2, no metal residuals were observed in the ablated region. Vice
versa, when Fis of the order of 0.1 ] cm 2, traces of Ag are clearly visible in the central portion of the crater. This
is because the laser-pulse energy distribution, ideally modeled as a Gaussian, is not uniform, and decreases from
the center to the border of the laser spot. Hence, while the peripheral regions of the craters still exhibit
thermoelastic-induced delamination, the central portions start to provoke phase transformation of the material.
While a part of this material is definitively ejected, the remaining material recondenses on the glass surface in
irregular structures. As previously reported by KL Choo et al [38], this interesting phenomenon can be
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Figure 4. Representation of PLA process on a metal thin film. The laser pulse is absorbed at the metal-dielectric interface, with rising of
the temperature. Working at low values of F, the temperature does not reach the fusion point of the thin film, and the material is
mechanically ejected by thermoelastic force. For higher values of F, the temperature is raised above the fusion point, and ejection of
the material occurs by melting and eventually vaporization. The released material can be further transformed in nanomaterial, or
recondensate on the glass substrate.
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Figure 5. Evolution of the craters in the p, pulse configuration, depending on both the energy and number of pulses. Each horizontal

line of craters correspond to different number of pulses (from 1 to 5), while the energy E of the single laser pulse is raised from the top

to the bottom of the images. The corresponding fluence F of a single laser pulse for the different values of energy, varies from 0.08 J
—2 —2

cm “to0.24]Jcm™ .

attributed to the presence of water as an external environment, which confines the plasma in the proximity of the
thin film and reduces its lifetime owing to rapid decrease in the temperature [66]. Owing to the overlap of
delamination, phase transformation, and recondensation of the material in the case of PLA of thin metal films in
water, it is convenient to define two characteristic radii of the craters, as represented in figure 3(b). Herein, we
define an external radius r, corresponding to the maximum distance at which we observe delamination and an
internal radius r;, corresponding to the maximum distance at which recondensation is observed.

The evolution of the craters in the p, pulse configuration is shown in figure 5, where the energy and number
of pulses were different. The corresponding fluence of a single-laser pulse for the different values of energy varies
from 0.08t00.24J cm >,

Considering the single-pulse craters, when Fis increased, both the internal and external radii (r;, ) become
bigger, consistent with equation (1). Increasing the number of pulses causes progressive removal of the
recondensed material, thus the best experimental results were obtained for the lowest and highest fluences.
Generally, we observed that with multiple pulses, the metal residuals were not definitively removed from the
ablated regions with the same efficiency as the singe-pulse pure thermoelastic ablation.
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Figure 6. On the upper and bottom parts of the figure are represented the optical images of the craters in the p; pulse configuration
before and after the software elaboration, respectively. A single pulse was used to form the craters, with energy increasing from the left
to the right direction of the image. The corresponding fluence F of a single laser pulse for the different values of energy, varies from
0.04Jcm 2t00.26Jcm %
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Figure 7. Dependence of In(F) on the square of the effective radius rfff in the p; configuration. In both cases two set of data were traced,
corresponding to the internal (r;, black points) and external (r,, grey points) effective radius. The errors bars are associated to the
repetition of the experiments on three silver thin films with the same thickness of about 50 nm. The continuous lines represent the
linear fit on the experimental data, by the use of equation (1).

To more accurately evaluate the threshold fluence Frg associated with the thermoelastic force (TE), different
craters were created by single-laser pulses in the defocused configuration ps. The optical images of the craters are
depicted in figure 6, where the working fluence was varied from from 0.04 t0 0.26 ] cm 2.

Moreover, for lower values of F, only the thermoelastic ablation process occurs; however, with increasing the
fluence, the metal undergoes phase transformation and recondensation on the glass substrate. These craters
were used to calculate the effective internal and external radii. The images of the craters after the software
elaboration are reported at the bottom of each pristine optical image.

With this procedure, the values of In F were plotted in function of re%c. The corresponding graph is shown in
figure 7. In the graph, the two lines are related to the effective radius r, and r;, associated with the threshold
fluences Frg and Fpr, respectively. The errors bars in the graph were calculated considering three ablated
samples.

From the linear fit of the experimental data, we obtain Frg = 37 m]J cm ?and Fpr = 70mJ cm™ 2. SReich
etal [67] measured F;, = 5m] cm ™2 for Ag, by inspection of the craters generated by PLA in water with single-
laser pulses with a ns duration. Considering the ablation of Ag thin films in water, very few studies report results
on the measurement of Fy;, do not consider the use of an organic layer between the metal and the glass and do not
investigate the thermoelastic regime. P A Danilov et al [68, 69] recently measured values between 0.1 and 0.4 ]
cm™* on films with a thickness of 50 nm, depending on both temporal duration and dimension of the laser pulse.
Considering experiments using ns-laser pulse, L Huang et al [49] observed that a clear ablation pattern could still
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Figure 8. Photo of the Ag-contaminated microreactor at different stages of the regeneration by PLA. (a) Before regeneration; (b) after
PLA on aregion R1 near to the water exit point; (c) after further ablation on a region R2 near to the water-in point. (d) Particular area
of the region indicated by a yellow dashed line in panel (c), where the interface between ablated and nonablated zones is clearly visible.

be formed for a working fluence of 0.1 ] cm™* so that Fy, is lower than this value considering their investigation.
Our results are consistent with the literature although none of the cited works refer to a possible thermoelastic
effect because the working fluences were too high to observe a pure thermoelastic ablation.

3.2.Regeneration of microfluidic reactors by thermoelastic PLA in water

Citrate-stabilized AgNPs were synthesized using the microfluidic reactor, following the aforementioned
procedure. The microreactor was used consecutively for five iterations of the synthesis process, after which the
surface of the microfluidic channels was covered by a coating of metallic Ag, as shown in figure 8(a).

Under these conditions, water was injected through the microfluidic channels and simultaneously a region
R1 of the device near the water output position was ablated using the proposed laser-scanning system in the p;
pulse configuration to ensure the experimental condition necessary for thermoelastic ablation. After that, a
region R2 near to the water-in contact was ablated under the same experimental conditions. As shown in
figures 8(b) and (), from the optical inspection, no differences are observed between regions R1 and R2; thus, we
infer that for the regeneration of the reactors by scanning thermoelastic ablation, it is not necessary to start from
the water-in point. Figure 8(d) shows an expanded view of the region R1 in figure 8 (b) where the border between
ablated and nonablated regions of the device is clearly visible.

The complete regeneration of the chemical device was performed at the maximum scanning velocity of
approximately 4.4 mm s~ ' and alaser-pulse repetition rate of 10 Hz. Because p3 = 1020 zm, each region of
the microreactor was interacting with an average of five laser pulses. The total time required for the
complete regeneration was of approximately 200 s. The reason for this result is that the scanning system has
a constant velocity along the longest side of the microreactor (23.5 mm) and scans the shorter side (12.5
mm) at single steps of 400 pm. Figure 9 shows the optical images of the channels of microreactors subject to
different treatments.

From the optical analysis, we infer that the efficiency of the material removal from the microchannels is
similar when it is performed by PLA and acid treatment. After both treatments we verified that, unlike before the
removal, the experimental fluxing rate of water was equal to the nominal rate controlled by the continuous-flow
pump, indicating that the channels were ready to be used for further synthesis cycles. Under these conditions, as
it was expected, the AgNPs obtained after the synthesis recovered the original LSPR position centered around
391 nm (figure 1(d)). Although our experimental results show that complete regeneration of the microfluidic
device can be realized within few minutes using low-fluence pulses at moderate scanning velocities, the use of
laser equipment with a repetition rate on the order of kHz and scanning systems with velocities up tom s~ [43]
would allow completion of the removal process within few seconds. The proposed sustainable regeneration of
microfluidic reactors may be not economically viable for research groups without the disposability of a proper
laser source, but it is definitely relevant for the scientific community working in fabrication of glass based
microfluidic devices by PLA, and their further application to different chemical processes.
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Figure 9. Optical image of the channels of the microreactors subject to different treatments. (A) Clean before the synthesis of AgNPs;
(B) with residual Ag after five synthesis process of AgNPs; (C) after regeneration by thermoelastic ablation; (D) after regeneration with
acid treatment along 1.5 h.

4. Conclusions

We investigated the ablation process of a Ag thin film in a water environment deposited over SiO, substrate with
MPTS organic adhesion layer, observing different physical processes allowing the removal of the material, with
distinct threshold fluences. Thermoelastic ablation was responsible for the delamination of the thin film when
the fluence approximately exceeded 40 mJ cm ™% and phase transformation of the thin film and subsequent
condensation on the SiO, surface was observed for a fluence approximately exceeding 70 mJ cm 2. Although
several pulses were needed to complete the removal of material after phase transformation, thermoelastic
ablation was effective at the single-pulse level. This peculiar characteristic was used to demonstrate the
possibility of using an easily affordable experimental configuration, with low-fluence and moderate scanning
velocity, to apply PLA as a green technique for the regeneration of clogged glass microreactors used for the
synthesis of citrate-stabilized AgNPs. The results demonstrate that PLA can indeed be used in this particular
experimental configuration for the regeneration of the glass microdevices, with performances equal to or better
than the classic acid treatments in terms of material removal and operation time. From this successful proof of
concept, future research will be devoted to investigating the wider applicability of the technique using different
substrates (PMMA and PDMS), 3D geometries, and different types of material clogging the devices.
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