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ABSTRACT 

 
SYNTHESIS, CHARACTERIZATION AND OPTICAL APPLICATIONS 

OF NANOMATERIALS 
 

By 
 

Fen Xu 
 
 

Adviser: Professor Hiroshi Matsui 
 

        Nanomaterials have been studied extensively due to their potential application in 

electronics, photonics and nanodevices. There are a wide variety of methods developed to 

create the nano-scale materials. Chemical colloidal synthesis is the way most used since it 

is reproducible and high efficiency.  

        Nanoparticles lie at the heart of nanoscience for their novel electronic, magnetic and 

optical properties. In this dissertation, there are two parts where researches have been 

performed based on the synthesis of metal and semiconductor nanoparticles.  

        In part I, Semiconductor type-II core-shell quantum dots (QDs) ZnO-CdS have been 

synthesized by chemical colloidal method which was carried out in a two-step process. 

We initially synthesized ZnO core nanoparticles and overcoat them with CdS shell. UV-

Visible spectra, photoluminescence spectra (PL), high resolution TEM images and X-ray 

microanalysis for composition studies of the core-shell nanoparticles were characterized. 

PL lifetime measurements showed this type-II ZnO-CdS core-shell QDs presented 

extended exciton lifetime due to the spatial separation of electrons and holes between the 

core and the shell, which opens various useful applications in biosensors and photovoltaic 

devices.  
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       In part II, normal Raman (NR) and surface enhanced Raman scattering (SERS) 

spectra of 3-hydroxyflavone (3-HF) have been measured. The SERS spectra were 

obtained both on a Ag electrode surface and on Ag colloidal nanoparticles. The 

experimental results support the DFT geometry calculations, which show that an adatom 

site at the vertex of Ag20 cluster binding with the 3-HF molecular plane tilted at an angle 

of about 53º to the surface is a low-energy structure. This is consistent with the 

enhancement of in-plane vibrational modes. Furthermore, the effect of fluence level on 

the discoloration of marble surfaces after the removal of the encrustation by 355 nm laser 

pulses was comparatively studied. Considering the thermochemical reaction possibly 

occurring in the encrustation during laser irradiation, the mechanism responsible for the 

discoloration of the cleaned marble surface was analyzed. The reduction of iron oxides by 

graphite plays a key role in determining the final color of the cleaned marble surface. The 

marble surfaces before and after laser irradiation were characterized in terms of the 

chemical components through surface enhanced Raman spectroscopy on Ag colloidal 

nanoparticles. To analyze the working mechanism of the liquid layer covering the marble 

encrustation, distilled water, ethanol and acetone were used in marble cleaning to 

compare the cleaning efficiency at different fluence levels. Surface-enhanced Raman 

spectroscopy (SERS) on silver colloidal nanoparticles was also used to identify the 

chemical constituents of the cleaned marble with these three different liquids.  
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Chapter 1 

Long Electron-Hole Separation of ZnO-CdS Core-Shell Quantum Dots 

  

1.1 Introduction 

    The tunability of electronic and optical properties of semiconductor nanocrystal 

quantum dots (QDs) has been an important subjects in nanotechnology because of their 

promising applications in solar cells,1 light emitters,2 biotags,3 and biosensing.4 To 

further control these properties precisely, heterostructured or core-shell QDs have been 

developed. For example, coatings on CdSe QDs with CdS 5 or ZnS 6 shells resulted in 

greatly enhanced fluorescence quantum yield and photochemical stability due to the 

electron and hole confinement to the core. While the control of the emission property of 

QDs in wavelength has been studied extensively, the control of emission lifetime of QDs 

has not been explored in depth. While the emission lifetime controls is difficult for most 

core-shell QDs, one can slow the recombination between the two carriers if the band 

structure between the core and the shell materials is staggered and one photogenerated 

carrier is predominantly confined to the core and the other is located in the shell (Figure 

1. 1). In this so-called type-II QD system, the longer exciton lifetime arises from the 

decreased wave function overlaps between holes and electrons, and the emission lifetime 

becomes extremely sensitive to the thickness of the shell. Here we demonstrated that 

indeed the increase of the shell thickness of a ZnO-CdS core-shell QD could increase its 

exciton lifetime. The longer excitonic lifetime of type-II QDs could be beneficial in 
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fluorescence-based sensors, medical imaging, solar cells photovoltaics, and lasers.7, 8 

Furthermore, the type-II heterostructure QDs suppress the Auger recombination,9-11 

which is highly desirable for nanoparticle-based optoelectronic devices.12, 13  

                                

                                     

Figure 1.1 Band diagram of the ZnO-CdS interface.22   

 

In addition, the number of reports for type-II core-shell QD systems with visible 

absorption and emission is relatively small, 14-19 and it is very usful to increase the lineups 

of core-shell type-II QDs, which will enable one to choose desired physical properties 

such as absorption, emission, and excitonic lifetime in a wide range, so that the type-II 

QDs could be applied more broadly to improve energy storage, photovoltaic devices, and 

catalysis. To meet this thirst for QD development, we explored the type-II QDs with ZnO 

cores for visible absorption. The exciton lifetime of the core-shell ZnO-CdS QDs was at 

least 100 times greater than the typical type-I QDs, and the exciton lifetime further 

increased as the coating thickness of the CdS shell on a ZnO core increased.   

1.2 Experimental Section 

Synthesis of ZnO-CdS Core-Shell QDs. Trioctylphosphine oxide (TOPO, 90% pure), 

trioctylphosphine (TOP, 95% pure), and hexadecylamine (HDA, 99% pure) were 
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obtained from Sigma Aldrich and Fluka, respectively. Dimethylcadmium (CdMe2) and 

diethylzinc (ZnEt2) were purchased from Strem and Fluka, respectively, and both 

chemicals were filtered separately through a 0.2 µm filter in a glovebox. 

Hexamethyldisilathiane ((TMS)2S) was used as purchased from Fluka. Anhydrous 

hexane and methanol were purchased from Sigma Aldrich. The ZnO core nanoparticles 

(NP) from Zn(Et)2 were synthesized according to the method previously reported by 

Guyot-Sionnest and co-workers.20 The zinc precursor solution was prepared in a 

glovebox by dissolving 150 µL Zn (Et)2 in 4 mL decane and then injected into 4 mL of 

octylamine degassed  by bubbling with O2 for about 1 hour. This mixture was bubbled 

with O2 for another 5 minutes and injected into 6 g TOPO at 200 ºC under N2 flow and 

left for 12 hours. The reaction mixture was allowed to cool to 160~180 ºC for the growth 

of the ZnO NPs. To grow larger size particles, larger amounts of Zn-O precursors can be 

added. Adjusting the growth time, controlled by the termination of the reaction upon 

cooling, was also employed to change the size of ZnO NPs. Then, ZnO NPs were 

precipitated from the growth solution by adding methanol, and the precipitated ZnO NPs 

(~100 mg) were dispersed in TOPO (7.5 g) and HDA (4 g) at 100 ºC. For the CdS growth 

around the ZnO core, 150 µL (TMS)2 S and 35 µL Cd (Me)2 were dissolved in 4 mL of 

TOP in a glove-box, and then this mixture was drop-wisely added into the reaction flask 

containing the ZnO core nanoparticles at 140 ºC. This drop-wise injection of precursors is 

very important to slow down the ion-exchange reaction between Zn-O ions and Cd-S ions 

through the surface of ZnO core NPs because the CdS exchange process is so fast that the 

ZnO core cannot survive without slowing the shell growth reaction. It should also be 

noted that due to this relatively fast CdS reaction the concentration of ZnO NPs was very 



         4 

sensitive to influencing the yield of the resulting ZnO-CdS core-shell QDs. Then, the 

resulting core-shell QDs were annealed at 110 ºC for 24 and 48 hours, while the 

annealing time between 24 and 48 hours did not make a significant difference in the 

emission properties of the resulting crystals. Obtained QDs were precipitated by adding 

methanol and dispersed in hexane for further optical measurements. This two-step 

coating approach was effective to avoid the formation of alloyed nanoparticles at 200-240 

ºC.21 The use of these organometallic precursors also assisted robust nucleations of the 

core and shell to decompose them at relatively low temperature.  

   Analysis of QDs. HRTEM images and SAED patterns were recorded with a 

JEOL3000F microscope operating at 300 keV, equipped with a field emission gun and 

installed at Brookhaven National Laboratory. Point resolution of JEOL3000F microscope 

is ~1.55 Å. Nanoarea EDX analysis was performed using a Thermo Noran EDX system 

attached to the JEOL3000F microscope. X-ray microanalysis for composition studies at 

nanoscale was carried out with a Si (Li) detector using a Vantage 2.4 digital pulse 

processor and Vista 2.3 microanalysis software. Optical absorption (OA) spectra were 

recorded by a Cary 50 Probe UV-Vis spectrophotometer in the wavelength range of 300 

to 600 nm, and photoluminescence (PL) emission spectra were recorded by a Jobin 

Yvon-Spex Fluorolog spectrophotometer. Time-resolved PL studies were performed with 

a Jobin Yvon FluoroMax-3, using a time correlated single-photon counting system with a 

310 nm nano-LED as an excitation source. This system allows time resolution of < 1 ns. 

All measurements were performed at room temperature. 
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1.3 Results and Discussion 

  To grow core-shell ZnO-CdS QDs, CdS shells were grown on the ZnO nanoparticles 

(NPs) by applying the step-wise reaction processes between (TMS)2S and CdMe2. CdS 

shell growth on the ZnO core could be accomplished by the slow ion-exchange reaction 

between ZnO and CdS on the surface of ZnO NPs. Further stabilization of the CdS shell 

growth was accomplished by exchanging (TMS)2S with more stable capping agents, 

Hexadecylamine, TOPO and TOP. The thickness of the CdS shell was controlled by the 

amount of precursors and subsequent annealing process. The band alignment between the 

core of ZnO and the shell of CdS is summarized in Figure 1.1.22 When the 

photogenerated electrons are confined within the ZnO core and holes are located in the 

CdS shell, their recombination will be significantly slowed by this band alignment. 

 

                                               

                                         (a)                                                                      (b) 
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10 nm

 

                                                                       (c) 

Figure 1.2 (a) TEM image of ZnO QDs. Scale bar =100 nm. (b) Electronic diffraction 
pattern of ZnO QDs. (c) TEM image of ZnO-CdS core-shell QDs. Scale bar = 10 nm. 

Inset (left): High resolution TEM image of ZnO-CdS core-shell QDs. scale bar = 5 nm. 
Inset (right): Electronic diffraction pattern of ZnO-CdS core-shell QDs. 

 

   Figure 1.2(a) presents the TEM image of ZnO NPs. The average diameter of NPs is 5.0 

nm with standard deviation of 0.4 nm, as measured from calibrated high-magnification 

TEM images and directly from high-resolution (HR-TEM) lattice images for several 

dozens of NPs groups dispersed on 3 mm diameter Cu-grids for 20 samples. The electron 

diffraction pattern in Figure 1.2(b) reveals that ZnO NPs possess a hexagonal structure 

as all the diffraction rings could be indexed using a hexagonal lattice. The (hkl) indices of 

the diffraction rings, starting from internal ring to outside, are matching to (100), (002), 

(101), (102), (110), (103), and (112) planes of wurtzite ZnO structure. Figure 1.2(c) 

shows TEM images of ZnO-CdS core-shell QDs, and their average diameter is 5.0 nm. 

Here, it is interesting to observe that the size of ZnO-CdS core-shell QDs is similar to 

that of ZnO core NPs. This unchanged size between the core NPs and resulting core-shell 

QDs could indicate that Cd-S ions replace Zn-O ions by the kinetically controlled 
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substitution ion-exchange reaction at the ZnO core surface to form CdS shells rather than 

building CdS coating layers over ZnO core. It should be noted that the similar 

replacement of atoms between Cd and Ag was observed in CdSe QDs.23 The electronic 

diffraction pattern in the inset of Figure 1.2 (c) matches most of hexagonal CdS lattice d-

spacings with a slight lattice shift toward ZnO. This observation supports our hypothesis, 

and it shows that the crystalline structure of core-shell ZnO-CdS QD matches the 

hexagonal CdS, which is not its native structure. Under this hypothesis, it is reasonable 

that the CdS shell inherits the hexagonal structure of ZnO core because Cd-S ions replace 

Zn-O ions of the core where the structure is hexagonal. In the inset of Figure 1.2(c), 

lattice fringes are clearly observed in the high-resolution TEM images of the core-shell 

sample, and these fringes persist throughout the entire nanocrystal, indicating the 

dislocation-free epitaxial growth with full elastic crystalline-lattice matching between the 

core and shell compositions. Since the lattice mismatch between the core and shell is too 

small in ZnO-CdS QDs to resolve them clearly in HRTEM, in the next paragraphs these 

QDs are firmly verified to be neither homogeneous alloy of CdS and ZnO nor pure 

hexagonal CdS NPs by their energy disperse X-ray spectrum and photoluminescence 

lifetime study. 

To confirm that these core-shell QDs consist of ZnO and CdS, these QDs were 

analyzed by local X-ray emission using an EDS Thermo-Noran system, equipped with a 

X-ray Si (Li) detector attached to a JEOL3000F microscope.  Using the smallest 

condensor aperture, all X-ray data for NPs were acquired in special nano-area 

illumination (probe size ~20 nm) high-resolution imaging mode, which allowed for HR-
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TEM imaging and parallel X-ray data recording in a random search for single NPs 

observed within the focused nano-probe image (Figure 1.3).  

 

                 

Figure 1.3 Elemental analysis of ZnO-CdS QD by energy-dispersive X-ray (EDX) 
spectroscopy. Inset shows TEM image of the single ZnO-CdS QD (arrow) for the EDX 

spectrum. 

 

The X-ray spectrum shows ZnKα1, ZnKβ1, OKα, SKα, CdLβ1 and CdLβ2 lines, recorded by 

using the focused electron beam probe, which represents an accurate result for a single 

QD. It should be noted that this spectrum is reproducibly consistent among 50 different 

particles and even with larger QDs formed by aggregating 3 ∼ 4 NPs. The ratio of peak 

intensities between Cd-S and Zn-O in this core-shell QD was 1: 0.4 on average, 

determined from relative X-ray peak intensities by using Vista 2.3 microanalysis software 

and thin correction. This ratio indicates that the CdS shell has a larger size and relative 

weight as compared to the ZnO core in the QD. The dominant weight of a CdS shell from 
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the X-ray spectrum is consistent with the diffraction pattern for ZnO-CdS QD in Figure 

1.2 (c), where diffraction is also dominated by the hexagonal CdS-like phase. 

While all TEM and EDS results indicate that these QDs consist of a ZnO core and CdS 

shell, a distinct crystalline boundary between the core and shell is difficult to resolve 

because of the very small lattice mismatch in homomorphic epitaxial hetero-structures 

between wurtzite ZnO and CdS (< 7% in bulk). Therefore, whether the core-shell QDs 

produce p-n hetero-junctions for the type-II band structure offset or create a random alloy 

with no band structure offset, can be best addressed by direct optical measurements and 

exciton lifetime measurements for ZnO-CdS QDs. In Figure 1.4 (a), ZnO NPs exhibit 

typical absorption spectra for type-I QDs with an excitonic peak at ~355 nm (3.49 eV), 

and a similar absorption band was observed by other groups.24 When ZnO NPs were 

coated by CdS shells, the distinctive absorption edge for the type-I ZnO cores was 

replaced by a relatively smooth tail with a small shoulder observed at ~450 nm. This is a 
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Figure 1.4 (a) Absorption spectra and (b) photoluminescence spectra of ZnO QDs 
(dotted line) and core-shell ZnO-CdS QDs (solid line). 
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characteristic spectral signature of the type II QDs because the absorption of type-II QDs 

is effectively suppressed with a peak broadening in their spectra as compared to the type- 

I QDs due to the weaker oscillator strength with a decrease in wavefunction overlap 

caused by the indirect spatial nature of long-lived exciton and larger variation of 

transition energies.25 Therefore, the spectrum of QDs in Figure 1.4 (a) is consistent with 

the spectral feature for the characteristic type-II QD heterostructure.17, 19, 20, 26   The 

photoluminescence (PL) peak of the core-shell QD appears at 468 nm in Figure 1.4 (b), 

and the PL peak was red-shifted with the thickness of the CdS shell (see Figure 1.5).  

 

                                 

Figure 1.5  PL spectra of the core-shell QDs with different QD diameters. CdS shell 
thickness is proportional to the QD diameter as the core maintains the original size or less 

during the shell growth.   

     

If these ZnO NPs were not coated by CdS shells, PL peaks and absorption edges of 

pure ZnO should have been observed in this spectrum. Therefore, the lack of these 

combination peaks in Figure 1.4 (b) also supports the formation of core-shell QDs. For 

the type-II core-shell QDs, the electron-hole recombination energy is significantly 
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reduced due to the core-shell structure (see Figure 1.1), even though the influence of NP 

size confinement to the band gap energy is taken into account. Therefore, the red-shift of 

the PL peak from 383 nm to 468 nm is consistent with the core-shell formation. It should 

be noted that when the CdS precursors were not added to the solution of the core NPs in 

the drop-wise manner and the growth speed of the shell was increased, the PL peak and 

the absorption peak of resulting QDs was shifted back to the 485 nm and 470 nm 

respectively, corresponding to the spectral positions of neat CdS.27 At this point, the ion-

exchange reaction between Zn-O and Cd-S was completed under this fast growth 

condition, and the consumption of the core resulted in producing pure CdS NPs.   

    As discussed above, in general, for core-shell nanoparticles with a diameter less than 

10 nm, the core is very difficult to distinguish from the shell by TEM and diffraction 

because the lattices of the core and the shell are matching very closely. To firmly verify 

the type-II characteristics of this core/shell QD, we compared the PL lifetimes of the 

ZnO-CdS core-shell QDs with different thicknesses of the CdS shell as shown in Figure 

1.6. The diameter of each core-shell QD is labeled for the corresponding spectrum, and 

the shell thickness is assumed to proportionally increase with the diameter of the QD as 

long as the core maintains the original size or less during the shell growth on the core. 

Typically, the PL lifetime of type II QDs becomes slower as the shell thickness increases 

due to extended excitonic lifetimes with more discrete charge confinement.18 
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Figure 1.6 Time-resolved PL decays for pure ZnO and core-shell ZnO-CdS QDs with 
different QD diameters. CdS shell thickness is proportional to the QD diameter as the 

core maintains the original size or less during shell growth. 

 

In Figure 1.6, PL-lifetimes of ZnO-CdS QDs increase as the CdS shell becomes thicker 

and the excitonic lifetime of core-shell QDs with the thickest shell is at least 100 times 

greater than the neat type-I ZnO QD with a lifetime of 1 ns.  If the resulting QD is not the 

core-shell NP, the NP is the type-I QD, and its PL lifetime becomes short. However, the 

excitonic PL lifetime of our QD is on the order of 100 ns; this long lifetime strongly 

indicates that this NP is the type-II QD with a staggered band alignment between the core 

and the shell. Then, the only possible structure for the resulting NP to have the type-II 

characteristics is the hybrid one with ZnO as the core and CdS as the shell. This is also 

supported by the red-shift of PL peak with an increase in shell thickness as discussed 

above. It is unlikely that this slow PL lifetime is caused by a defect of the shell because 

the lifetime changes as a function of shell thickness. This observation of the much longer 

PL lifetimes of ZnO-CdS QDs also eliminates the possibility that these QDs are alloy of 

ZnO and CdS with the homogenous hexagonal crystalline structure because the alloy 
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cannot have the type-II characteristics, and then the lifetime should have been as fast as 

the type-I QDs.  

1.4 Conclusion 

The ZnO-CdS type-II core-shell QDs were synthesized at relatively low temperature. 

All HRTEM images, ED patterns, and EDX spectrum suggest that these QDs have a 

heterogeneous ZnO core - CdS shell structure, and analysis from UV-Vis absorption 

spectra, PL spectra, and PL lifetime measurements firmly confirm that these core-shell 

ZnO-CdS QDs possess the type-II band structure offset. The spatial electron-hole 

separation between the core and the shell, greatly enhanced by the type-II band structure 

offset in the ZnO-CdS QD heterostructures, results in the extremely long exciton lifetime. 

These type-II ZnO-CdS QDs can be excited and detected in the visible range, and 

therefore, these QDs with such long exciton lifetimes could have an advantage to be 

applied in the fields of photo-luminescent markers, medical imaging, photonics, solar 

cells, nano-electronics, and biosensors. 
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Chapter 2 

 Raman and Surface Enhanced Raman Scattering of 3-Hydroxyflavone 

 

2.1 Introduction 

   Over 4000 chemically unique flavonoids have been identified in plant sources.1 These 

low-molecular-weight substances, found in all vascular plants, are phenyl-benzopyrones 

(phenylchromones) with an assortment of basic structures. One of these compounds is 3-

hydroxyflavone (3-HF, Scheme 1). The flavonoids are involved in photosensitization and 

energy transfer. They display a remarkable array of biochemical and pharmacological 

actions, some of which suggest that certain members of this group of compounds may 

significantly affect the function of multiple mammalian cellular systems. 2-7As a member 

of the flavonoid family, 3-HF has been extensively examined for many years for 

structural and chemical properties by means of IR, UV, PMR, and NMR. 1,2,8,9 

Specifically, it has been used since 1979 as a prototype molecule for studies of the 

mechanism of excited-state intramolecular proton transfer and photoisomerization by 

means of electronic spectroscopy and nanosecond to picosecond time-resolved 

fluorescence measurements.10-13The structures of several flavone derivatives of interest 

are shown in Scheme 1. 

 

SCHEME 1: Flavone Derivatives 
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Much information on the molecular vibrations of 3-HF has been provided by infrared 

spectroscopy.14-19 The published IR data in the double bond and hydroxy  stretching 

regions reveal certain unusual features in 3-HF and some substituted derivatives, which 

could not be rationalized by the usual frequency structure correlations. The carbonyl 

absorption in flavanone is observed at 1695 cm-1 but in flavone it is at 1649 cm-1, 

showing the frequency decrease resulting from the increased conjugation of the carbonyl 

group with the pyrone ring through the C=C bond at the 2,3 position. Compared with 

1649 cm-1of flavone, the carbonyl frequency of 3-HF is further lowered to 1610 cm-1 and 

overlaps with the frequency of the C=C band. There is some controversy about what 

causes this shift to lower frequency. It has been suggested that there is strong chelation 

between the C=O and OH groups.14-16 In the C-H and O-H stretching region (2000-4000 

cm-1), the IR spectrum of 5-hydroxyflavone does not contain an observable band readily 

assignable to O-H stretching, clearly establishing 5-HF as an intramolecular hydrogen-

bonded compound. The IR spectra of 3-HF in the C-H and O-H stretching region, 
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however, were reported differently by various researchers.14-16 Thus, Jose et al.15 

concluded that there is no strong hydrogen bonding in 3-HF and that the low-frequency 

characteristics of the C=O and C=C bands arise from structural features. A more recent 

FTIR study 20 involves a study of several flavanols in Ar and methanol/Ar matrices at 10 

K. 

Despite the extensive body of infrared spectroscopy on 3-HF, there is almost no 

Raman work reported. The only one, which could be found after extensive searches, was 

a reference to an unpublished resonance Raman spectrum in 3-methyl pentane at room 

temperature by Collins.20 Bands at 1650 and 1625 cm-1 were reported. The reason for the 

lack of extensive Raman work is most likely that the compound is quite insoluble in 

water. However, there is still considerable value in obtaining good Raman spectra. This is 

especially true since recent advances in surface enhanced Raman spectroscopy (SERS) 

have provided tools for detection of molecules at extremely low concentration.  

Development of Raman probes have been made for purposes of biosensors, 21 

application in forensics, 22, 23 as well as art preservation.24 It is with these considerations 

in mind that we turned our attention to the Raman spectroscopy of 3-hydroxy flavone. 

Here we report the Raman spectrum of solid 3-HF as well as SERS spectra of the 

compound in solution on an electrochemically roughened Ag electrode surface as well as 

on Ag colloidal nanoparticles. Further verification of our results was obtained with a 

spectrum of the Al+ complex of 3-HF, and the spectral assignments are aided by DFT 

calculations. 
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2.2 Experimental Section 

The experimental set up for normal Raman and electrochemical SERS studies has 

been described in previous papers.26 A Spectra Physics model 2020 BeamLock argon ion 

laser line at 488 nm was used as a Raman excitation source. Spectra were recorded with a 

Spex model 1401 double monochromator with a resolution of 2 cm-1. Photon-counting 

detection was used. The laser power was approximately 30 mW in the SERS experiment 

and only 5 mW in the NR experiment. 3-HF was purchased from the Aldrich Chemical 

Co. Inc., used as received. The NR spectrum of solid 3-HF has been obtained in the 

region of 100-4000 cm-1 directly from a pure powder sample. SERS spectra of 3-HF were 

obtained at different pH values and different applied potentials with an activated Ag 

electrode, which had 3-HF adsorbed on it. For acidic conditions, 3-HF was first dissolved 

in a small amount of CH3OH and then diluted by a 0.1 M K2SO4 solution for which the 

pH value was adjusted with a 0.1 M H2SO4 solution. For basic conditions, a 0.1 M NaOH 

solution was used to adjust the pH of a 0.1 M K2SO4 sample solution. In SERS 

experiments, the sample cell consisted of a silver working electrode, a Pt counter 

electrode, and a saturated calomel electrode (SCE) as the reference. All potentials 

reported in this work are quoted vs. SCE. For activating an Ag electrode, the polished Ag 

electrode was roughened by an oxidation-reduction cycle (ORC) pretreatment, which was 

accomplished in the solution of 3-HF (2 * 10-5 M) in 0.1 M K2SO4 aqueous solution by 

applying a potential pulse from -0.4 to +0.5 V for 2 second. 3-HF was adsorbed on the 

Ag electrode surface during the ORC. Nonadsorbed 3-HF molecules were then washed 

from the electrode by distilled water. After the ex situ ORC pretreatment, the activated 

Ag electrode was placed in a 0.1 M K2SO4 aqueous solution for carrying out SERS 
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experiments at various potentials. The same spectra were obtained with in situ ORC and 

direct recording of SERS spectra in the flavone solutions. ORC pretreatment and 

potential control during the SERS experiments were carried out by using an EG&G 

PARC model 175 universal programmer and an EG&G PARC model 173 potentiostat. 

FTIR spectra of solid 3-HF were recorded with a Nicolet model Impact 400 FTIR 

spectrometer. Ag colloidal nanoparticles were prepared following the method of Lee and 

Meisel27 by reduction of silver nitrate (Aldrich 209139 silver nitrate 99.9%) with sodium 

citrate (Aldrich W302600 Sodium Citrate Dihydrate). The colloid thus prepared shows an 

absorption maximum at 406 nm and fwhm of 106 nm, as measured with a Cary 50 UV-

vis spectrophotometer (after a 1:4 dilution with ultrapure water to keep maximum 

absorbance within the instrumental range). To further concentrate the colloid for use, a 

volume of 10 mL of the original colloid was centrifuged at 5000 rpm for 2 min. The 

supernatant was discarded, and the settled portion was resuspended in 1 mL of ultrapure 

water. All glassware was cleaned with Pierce PC54 cleaning solution and rinsed with 

ultrapure water and finally in acetone and methanol. This method proved to be as 

effective as the use of aggressive cleaning agents such as aqua regia or piranha solution 

and was preferred for health and safety reasons. Only ultrapure water was used for the 

preparation of the various solutions. SERS measurement were made simply by adding 

1µL of dye solution to a 2 µL drop of colloid deposited on a gold coated microscope slide, 

followed by addition of 2 µL of a 0.2 M KNO3 solution. Raman measurements were 

taken directly from the drop using a 10Х or 20Х microscope objective and focusing on 

the microscope slide surface. SERS spectra could be obtained two or 3 min after addition 

of the KNO3 and remained constant in quality until evaporation of the liquid. Raman 



         19 

spectroscopy for SERS on Ag colloidal nanoparticles was performed with a Renishaw 

Raman System 1000 in combination with a Leica DM LM microscope. A 1200 lines/mm 

grating was used in combination with a thermoelectrically cooled CCD detector to 

monitor the Raman spectra between 200 and 1800 cm-1 with an integration time of 20 s. 

Excitation light from a CW diode laser at 785 nm and maximum power of 8 mW was 

focused down onto the sample with 10Х or 20Х objective lenses. Density functional 

theory (DFT) frequency calculations were performed with Gaussian 0328 at the B3LYP 

level of theory employing the 6-31+G* basis set. The geometry optimization resulted in a 

planar geometry, and no imaginary frequencies were observed in the calculated spectrum. 

Calculations for adsorption geometry with 3-HF bound to a Ag20 cluster were also made 

with DFT at the B3LYP level using the NWChem electronic structure program 

package29 on the Rachel supercomputer at the Pittsburgh Supercomputer Center and 

results displayed with GaussView. 

2.3 Results and Discussion 

The flavone structure in Scheme 1 shows the structure and atomic numbering of the 

phenylchromone ring, which will be used in the discussion of all of the flavone 

compounds studied. For convenience in analysis and discussion, we designate the benzo 

ring in the chromone system as ring A, the phenyl ring as ring B, and the pyrone ring as 

ring C. We have calculated geometry optimized surface structures of 3-HF on Ag with 

DFT (B3LYP/DZVP (Ag), 6-31G** (O), 6-31G (all other atoms) based on a model 

employed by Schatz and co-workers30 for possible SERS active Ag sites. These surface 

sites are represented by a 20 atom tetrahedral Ag cluster, with the molecule bound in 

either the S-complex (surface) or the V-complex (vertex) sites. These two geometrical 
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optimized structures (b), S-complex, and (c), V-complex, are shown in Scheme 2 along 

with (a) the geometrical optimized 3-HF structure calculated with DFT (B3LYP/6-

31G**). 

 

SCHEME 2: Ball and Stick Model with Ag Cluster 

 

 

    

The surface structures were found to have nearly the same energy (S-complex < V-

complex by only 0.01 eV) for bound 3-HF. In 3-HF bound in the on-top S-complex (b), 

which represents the Ag(111) face of fcc silver, the  molecule is nearly parallel to the 

surface and interacts with two Ag atoms at least 3 Å from the surface, whereas in the V-

complex (c), which represents an adatom site, the molecule is bound tilted at an angle of 

ca. 53º with respect to the Ag(111) surface plane and interacts with the silver apex 

adatom at its carbonyl group (i.e., with the Ag-O (O=C) distance of 2.37 Å, the Ag-C 

(O=C) distance of 2.38 Å, and the Ag-O (O-H) distance of 3.15 Å). The molecular 

structure of 3-HF is nearly the same in all three of the forms in Scheme 2 with the bond 
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distances within 0.01 Å of each other except for those 3-HF atoms (the O=C-C-OH 

moiety of the pyrone ring) interacting with the Ag adatom of the Ag20 clusters. Since the 

SERS spectra to be presented show enhancement of in-plane vibrational modes, this fact 

is consistent with the V-complex as the SERS active form according to the dipolar 

plasmon surface electromagnetic, EM, selection rules of SERS. The V-complex structure 

shows that the entire molecule can be at an angle of 53° with respect to the plane of the 

surface and that the apex Ag adatom binds the O=C-C-OH moiety of the pyrone ring 

below the molecular plane with the surface bond Ag-O=C bent at an angle of 69.4°.  
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Figure 2.1 Comparison of the normal Raman (NR) and Fourier transform infrared 
(FTIR) spectra of solid 3-hydroxyflavone. 
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Figure 2.1 shows a comparison of the NR and FTIR spectra of solid 3-HF. In the figure 

in red, the NR spectrum of 3-HF in the 800 to 1700 cm-1 spectral region is displayed for a 

pure solid sample, whereas in black, the FTIR spectrum in the same region for a KBr 

pellet is shown. The FTIR spectrum of 3-HF obtained in our work is consistent with the 

IR results previously reported by Looker and Hanneman. 14 Since 3-HF possesses no 

symmetry the FTIR and NR spectra are quite similar in appearance, except for relative 

intensities. Thus, Raman bands should have assignments, which are not too different 

from the FTIR vibrations. According to previous IR results, 14-19 the presence of a 

hydroxy group in the 3-position lowers the frequencies of both the carbonyl and C2=C3 

stretching mode, so that the band at 1610 cm-1 in FTIR (1594 cm-1 in NR and SERS) 

represents the decreased double bond character of the carbonyl group and the aromatic 

character of the pyrone ring (i.e., the overlapping of C=O with C=C). The band at 3070 

cm-1 in NR can be attributed to an unsaturated C-H stretching vibration. The band at 1351 

cm-1 in FTIR (1352 cm-1 in NR and 1354 cm-1 in SERS) is attributed to an O-H in-plane 

deformation. The bands in the region from 1400 to 1600 cm-1 are associated with 

aromatic in- plane skeletal vibrations, double bond character of the carbonyl group and 

the aromatic character of the pyrone ring (i.e., the overlapping of C=O with C=C). It is 

more difficult to assign the two benzene ring systems, and for accuracy in all of the 

assignments, we did a DFT calculation for comparison with the experimental results.  
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Figure 2.2 Comparison of the normal Raman (NR) spectrum of the powder sample 
with the spectrum calculated from the density functional (DFT) results. The latter have 

been scaled on the frequency axis by a factor of 0.98 from the calculated output. 

 

In Figure 2.2, we compare the results of the normal Raman spectrum of the powder 

sample with the spectrum calculated from the DFT results. Detailed frequency 

measurements and calculated frequencies are listed in column 3 of Table 2.1. The raw 

frequencies from the calculation have been adjusted by a factor of 0.98. It can be seen 

that the calculated spectrum provides an excellent fit to the observed result. This indicates 

that the assignments given in the first two columns of the table are most likely correct.  
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In the first three columns, we present the mode numbers, a brief description of the major 

contributions to the normal mode, and the calculated vibrational frequencies from the 

density functional calculation. The frequencies have been scaled by a factor of 0.98 from 

the calculated frequencies. The fourth column gives the normal Raman spectrum of the 

powder, and the fifth and sixth columns give the SERS spectra on an electrode at -0.45 V 

and on the colloid. The last column presents the FTIR spectrum. In column 1, we provide 

the normal mode identification number from the DFT calculation, and in column 2, we 

provide a brief description of the largest vibrational contributions to the normal mode. 
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The major differences between the observed spectrum and a previously unpublished 

solution resonance Raman spectrum reported in a footnote (ref 20) is that in the latter the 

bands at 1650 and 1625 cm-1 were reported to be intense, whereas for the NR spectrum 

reported here, they are rather weak, especially compared with the very strong band at 

1619 cm-1. The difference is most likely due to the differing intensities in the resonance 

and nonresonance Raman effect, although the matrix may also have an important effect. 

Note also except for the band at 1594 cm-1 (υ64) all of the bands between 1566 and 1619 

cm-1 involve the C=O stretch and the C2=C3 stretch, with some degree of O-H bend. 

Furthermore, the high-frequency region (above 2000 cm-1) involves mostly C-H stretches, 

which are observed to be rather broad in the FTIR and SERS spectra, and the O-H stretch, 

which is quite weak, if seen at all, in all of the observed spectra. Our (scaled) calculation 

is somewhat higher than that reported in earlier calculations20 but much closer to the 

value usually associated with O-H stretching vibrations. 31 Note also most of the lines 

between 1305 and 1509 cm-1 involve the in-plane CH bending vibration. 

We have obtained SERS spectra of 3-HF on roughened silver electrodes at 

numerous applied potentials and for various pH values. The maximum intensity observed 

is at -0.45 V. In Figure 2.3, we display the SERS spectrum (in the range 200- 1700 cm-1) 

of 3-HF at pH 10.5 on a roughened Ag electrode at two applied potentials: (a) -0.45 and 

(b) -0.75 V. The spectra are quite similar and do not vary much with potential, except in 

overall intensity. Cyclic voltammetry in the presence and absence of 3-HF on roughened 

silver electrodes indicates that there are no faradaic processes in the potential region from 

-0.3 to -0.9 V. Figure 2.4 shows the SERS spectra of 3-HF at both potentials in the 

higher frequency region of 2200-3600 cm-1. There, the spectra differ somewhat. 
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Figure 2.3 Surface enhanced Raman spectrum (SERS) of 3-hydroxyflavone (3-HF) at 
pH 10.5 on a roughened Ag electrode at two applied potentials: (a) -0.45 and (b) -0.75 V, 

in the range 200-1700 cm-1. 

 

The lines at 2860 and 2910 cm-1, attributed to various ring C-H stretches are shifted 

somewhat at -0.75 V. The two weaker lines at 3070 and 3200 cm-1 disappear at -0.75 V, 

but a new line appears at 3010 cm-1. It is difficult to interpret these changes, since there 

are numerous C-H vibrations in this region, all with similar frequencies. The quite broad 

band centered at 3366 cm-1 is observed only at -0.75 V and may be the elusive O-H 

stretch, which is predicted to be at 3420 cm-1 in the DFT calculations. It is too high to be 

any of the C-H stretches. The observed broadness as well as lower frequency may be 

induced by inhomogeneities due to proximity of the O-H to the electrode surface. 
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Figure 2.4 Surface enhanced Raman spectrum (SERS) of 3-hydroxyflavone (3-HF) at 
pH 10.5 on a roughened Ag electrode at two applied potentials: (a) -0.45 and (b) -0.75 V, 

in the range 2200-3600 cm-1. 

 

     In order to examine the differences between the SERS spectrum on Ag colloidal 

nanoparticles and that on the electrode, we present both spectra in Figure 2.5. By and 

large the spectra are quite similar, except that the line at 1527 cm-1 (υ62) is very intense 

on the colloid and weak on the electrode. Furthermore the 1405 cm-1 (υ58) and 516 cm-1 

(υ17) bands are similarly much stronger on the colloid. The latter vibration involves C-C 

in-plane deformation of the three rings, whereas the two at higher frequency are due to C-

H in-plane bending motions. These higher frequency modes also involve C-O-H bending, 

and a much stronger interaction on the electrode of a positively charged Ag ad-ion with 

the oxygen atom of the C-O bond in ring C might damp the ring C motion. This 
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observation is consistent with the rather broad band at 3420 cm-1 observed in the -0.75V 

SERS electrode spectrum, possibly the O-H stretch. 
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Figure 2.5 Comparison of surface enhanced Raman spectrum (SERS) of 3-
hydroxyflavone on Ag colloidal nanoparticles with that on Ag electrode at -0.45V. 

 

   The most interesting result is illustrated in Figure 2.6, where we compare the NR 

spectrum of 3-hydroxy flavone with that of the SERS on the colloid in the spectral region 

between 1000 and 1800 cm-1. We see immediately that the intense NR bands at 1566, 

1594, and 1619 cm-1 (υ63-υ65) are suppressed on the surface, where the lines at 1405, 

1491, and 1527 cm-1 (υ58, υ61, and υ62) become the most intense lines in the spectrum. 

The suppressed lines have either a strong C=O stretch coupled with a C2=C3 stretch or 

an O-H bend, whereas the surface enhanced lines all involve the C-H in-plane wag. These 

results (in addition to the concomitant results on the Ag electrode) indicate strongly that 
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the molecule is attached to an Ag adatom on the metal surface, reducing the intensity of 

the modes involving C=O and C2=C3 stretch. The strong enhancement of the C-H in 

plane wags indicates that the planar rings involved are oriented perpendicularly to the 

metal surface as indicated by the adsorption geometry in molecular structure c in Scheme 

2. This is also consistent with suppression of the 1627 cm-1 mode in the SERS on the Ag 

electrode where a Ag adion could be involved in the bonding of the O=C(4)-C(3)-OH 

part of the molecule to the surface. 
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Figure 2.6  Comparison the NR spectrum of 3-hydroxyflavone with that of the SERS 
on the colloid in the spectral region between 1000 and 1800 cm-1. 

 

     Analysis of the electronic structure for a simple Ag-3HF model (B3LYP/ LANL2DZ) 

of the surface complex, using the natural bond order (NBO) analysis programs, shows 
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that the surface bonding interaction involves two effects. There is a backbonding effect of 

charge transfer out of the Ag α 5s singly occupied orbital into σ* and π* antibonding 

C=O NB orbitals (MLCT), and in addition, there is also charge transfer from the π C=O 

bonding NB orbital into the vacant Ag β 5s orbital which changes from 1.54 in 3-HF to 

1.41 in Ag-3HF. This analysis gives a Wiberg bond order of 0.09 between the Ag and the 

O of the carbonyl. These charge-transfer delocalization effects can be used to explain 

why the 1594 cm-1 band which contains the C=O stretching vibration shifts to higher 

wavenumber, 1598 cm-1, at the more negative potential in Figure 2.3. The two charge-

transfer effects move in opposite directions as the electrode potential is made more 

negative. Presumably at -0.75 V, which is probably slightly negative to the point of zero 

charge in 0.1 M K2SO4 on polycrystalline Ag, the delocalization out of the ð CdO NB 

orbital is reduced more than the back-bonding effect is increased by the negative surface 

charge leading to a slight increase in the band wavenumber. A more extreme possibility 

for the loss of the 1627 cm-1 band is a polymerization reaction at Ag surfaces which was 

suggested very recently to explain changes found in the Raman spectra of, 7-

hydroxyflavonoids. 32 However, this is unlikely for 3-HF which cannot undergo catechol-

like polymerization. 

2.4 Conclusions 

We have obtained the normal Raman spectrum as well as the SERS spectra of 3-

hydroxyflavone. The SERS spectra are obtained on the Ag electrode at various applied 

potentials as well as on Ag colloids. Spectral assignments are made with the assistance of 

a density functional calculation, which matches quite well the normal Raman spectrum, 

as well as the FTIR spectrum. Thus, we are confident of the correct normal mode 
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assignments. The spectral intensities of the in-plane modes are also consistent with the 

DFT calculated adsorption geometry. The major difference between the SERS results and 

those of the normal Raman involve the intensities of the bands in the 1600 cm-1 region 

which mainly involve the carbonyl stretch in conjunction with the hydroxy stretch and a 

ring C2=C3 stretch. The stark lowering of the observed intensities of these modes is 

indicative of the interaction of the molecule with the surface. The DFT calculations 

presented show that an adatom site at the vertex of Ag20 cluster binding with 3-HF 

molecular plane titled 53° to surface is a likely surface structure. The shift to lower 

wavenumber for the carbonyl stretching vibration on the surface is most likely the result 

of a surface interaction of the Ag adatom with the C=O lowering its bond order. We also 

observe a rather broad band near 3366 cm-1 on the Ag electrode, which in all likelihood is 

the OH stretch. 
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Chapter 3 

 Effect of Fluence on the Discoloration of Marble Cleaned with UV 

Lasers 

 

3.1 Introduction 

Marble, a metamorphic limestone, primarily consists of calcite, a crystalline form of 

calcium carbonate (CaCO3). Marble is widely used in statues and monuments, as well as 

a structural material. Its exposure to a sulphur dioxide (SO2)-polluted atmosphere, 

particularly in an urban environment, results in a thin layer of black encrustation due to 

the formation of gypsum (CaSO4·2H2O). Sulphur dioxide from the combustion of fossil 

fuels readily reacts with the CaCO3 present in the marble to form gypsum. The softer and 

more water-soluble gypsum is easily contaminated by soot particles containing metal 

oxide and graphite, as well as numerous organic constituents, further contributing to the 

generation of the black encrustation1.  

This encrustation has a detrimental effect on the aesthetic value of both artistic and 

practical marble structures.  Moreover, the encrustation facilitates the biodeterioration of 

the marble since it can host bacteria, lichen, mosses, higher plants and other 

microorganisms 2. Chemical cleaning is the traditional means for removing the 

encrustation. However, there exists the possibility of chemical reactions between the 

chemical agents utilized and marble, as well as the environmental pollution.  The 

encrustation is also mechanically removed through using a scalpel or the air-abrasive 
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machine. The effectiveness of the scalpel is restricted by the restorative talents of the 

restorer and the brittleness of the material. The results of air-abrasive machine treatments 

are also largely dependent on the restorer’s skill levels, as the machine cannot distinguish 

the encrustation from the stone. Due to the non-uniformity of the encrustation, 

unavoidable surface damage of the marble results in the loss of fine details of the 

artworks 3.  

Pulsed laser removal of the encrustation is a promising alternative due to the fast and 

non-contact operation and the high-precision spatial and temporal control. In addition, the 

laser pulses can not damage the marble surface after the removal of the encrustation due 

to the large difference in the absorptivity between the encrustation and the marble, which 

is termed self-limiting 3.  Laser cleaning nano-particles from semiconductor surfaces 4 

and surface layer from metals or semiconductors 5 have been extensively studied. Since 

the pulsed laser cleaning of the encrustation from the marble was first implemented by 

John Asmus in 1971 6, massive investigations related to the laser cleaning of stoneworks 

have been performed. 

Laboure et al. 7 explored the effect of laser fluence, spot area, and water spraying on 

the cleaning rate of the stone. Siano et al. 8 studied how pulse duration affects the laser 

stone-cleaning process. Siano et al. 9 also experimentally determined the fluence 

thresholds corresponding to the various side effects in laser stone cleaning. LIBS (Laser-

induced Breakdown Spectroscopy) was employed as an in-situ technique for monitoring 

the laser removal of the encrustation by Maravelaki et al. 10. Rodriguez-Navarro et al. 11 

found that the marble surface was roughened by the excessive laser pulses at supposedly 

safe fluence levels.  
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Both Maravelaki-Kalaitzaki et al. 12 and Marakis et al. 13 comparatively investigated 

the removal of different types of encrustation with different wavelengths. While the 

prominent self-limiting effect at 1064 nm is extremely beneficial in protecting the marble 

surface, the cleaned marble surface becomes severely yellowed. On the contrary, no 

severe yellowing occurs on the marble surface cleaned at 355 nm.  

Klein et al. 14 and Potgieter-Vermaak et al. 15 both postulated that the yellowing at 

1064 nm is due to residues of iron oxides on the marble surface detected by their 

experiments.  However, they did not provide an explanation for the presence of these 

residues.  Zafiropulos et al. 16 proposed that the discoloration is mainly an optical 

phenomenon. The dark particles are vaporized by the IR laser fluences below the 

cleaning threshold to generate voids in the encrustation. These voids make the light 

scattering different so that the color perception is altered towards yellow. Nevertheless, 

this argument lacks evidence.  

In the present paper, the influence of the fluence levels on the surface color of marble 

cleaned with the 355nm laser pulses is examined.  A mechanism leading to the 

discoloration of the marble surface is proposed based on an analysis of the 

thermochemical reactions possibly occurring in the encrustation during laser irradiation. 

A two-dimensional laser ablative cleaning model including the reaction heat of the 

thermochemical reactions is applied in simulating the temperature field generated by the 

laser irradiation. Then, the kinetics of the thermochemical reactions are used to verify 

their presence. The proposed mechanism is also used to explain the severe discoloration 

of marble cleaned with laser pulses at 1064nm.    
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3.2 Experiment conditions 

A Q-switched Nd:YAG laser operating at 355 nm in TEM00 mode is used as the light 

source. The laser has a pulse duration of 50 ns, with a constant repetition rate at 1 kHz. 

The beam diameter is set at 100 µm and the pulse fluence is varied from 0.3 J/cm2 to 3 

J/cm2 through adjusting the distance of the sample from the focusing lens. The sample is 

placed on the computer-controlled XYZ stage in open air, while the compressed air blows 

on the sample to prevent the ablation-formed plasma from touching the focusing lens 

during the experiment. 

Italian white Carrara marble was selected as the investigated sample with dimensions 

15mm×15mm×9mm. Its surface is honed to eliminate the obvious surface dents. The 

sample is thoroughly cleaned with methanol before making the encrustation. For 

numerical calculation of the laser produced temperature field, the encrustation is 

artificially made to better control the material property. The encrustation is a compound 

of  5% or 10% hematite (Fe2O3) powder, 20% graphite powder and 75% or 70% gypsum 

(CaSO4·2H2O) (vol. %), mixed with distilled water, and smeared onto the marble with a 

brush 14. The marble with the encrustation is then left for 72 hours in a storage box.  On 

average, the encrustation thickness is approximately 120 microns.        

3.3 Related thermochemical reactions 

3.3.1 Thermal dehydration and decomposition of gypsum (CaSO4·2H2O)  

Gypsum (CaSO4·2H2O, calcium sulfate dehydrate), the major ingredient in the 

encrustation, is a crystalline mineral that contains about 21% chemically combined water 

by weight. When gypsum is heated, two thermal dehydration reactions occur starting at 
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373 K and 573 K, respectively. These two reactions are described as:  

CaSO4·2H2O→CaSO4·
2

1
H2O+ 

2

3
H2O -17.2kJ/mol                                           (3.1)  

CaSO4·
2

1
H2O → CaSO4+ 

2

1
H2O -8.6 kJ/mol                                                    (3.2) 

During these two reactions, water is released as steam with an absorbed energy of 

81.7kJ/mol. Therefore, the total required energy in the dehydration of gypsum is 107.5 

kJ/mol 17.  

At temperatures above 1373K, CaSO4 starts to decompose into calcium oxide (CaO) 

and sulfur dioxide (SO2) according to the following equation 18:  

CaSO4 → CaO + SO2 + 
2

1
O2 - 480 kJ/mol     (3.3) 

Calcite (CaCO3) is dissociated into CaO and carbon dioxide (CO2) starting at the 

temperature of 1173K to 1223K. The reaction is described as the follows 19: 

CaCO3 → CaO + CO2 - 170 kJ/mol       (3.4) 

3.3.2 Hematite reduced by solid carbon  

When a mixture of hematite (Fe2O3) and solid carbon is heated up to the certain 

temperature, the hematite is reduced into wustite (FeO) at an extremely high rate through 

two consecutive steps, namely hematite → magnetite (Fe3O4) → wustite, like Fe2O3(s) + 

C(s) → 2FeO(s) + CO 20. Then, two coupled gas-solid reactions take place, 

FeO + CO→ Fe+ CO2                                                      (3.5) 

CO2 + C → 2CO                                                            (3.6) 

It is known that reaction (3.5) is catalyzed by the reduced metallic iron. More carbon 

monoxide (CO) produced in the vicinity of FeO increases the reduction rate of FeO.  
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If the molten hematite is reduced by solid carbon, the reduction rate rises rapidly. 

This is termed a smelting reduction. The possible reason is that the molten FeO can more 

easily contact carbon than solid FeO 21. The weight volume of FeO is proportional to its 

reduction rate by solid carbon due to the increased interface area between FeO and 

carbon 22. Also, CaO even at the low concentration can significantly expedite this 

reduction reaction 20. The catalysis results from the enhanced formation rate of CO 

through the following redox process, 

CaO + CO2 → CaO·O + CO                                                                                (3.7) 

CaO·O + C → CaO + CO                                                                                    (3.8) 

The thermochemical reactions introduced above are summarized in Figure 3.1. 

During the laser heating, these thermochemical reactions may occur in the encrustation 

when the encrustation temperature reaches the reaction-required temperature.    

 

Figure 3.1 Schematic of thermochemical reactions taking place in the encrustation 
during laser heating. 
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3.4 Numerical simulation 

Laser removal of the encrustation from the marble surface is based on laser ablation. 

Zhang and Yao 5 presented a two-dimensional laser ablative cleaning model, which 

considers the discontinuity across the Knudsen layer and Stephen Boundary at the 

interface. Through the enthalpy method, the temperature field can be simulated and the 

resulting phase interfaces identified. In the present paper, the heats of thermochemical 

reactions occurring in the encrustation are taken into account in the model. When the 

materials reach the required temperature for the thermochemical reaction, the 

corresponding reaction heat is integrated into the energy balance equation as:  
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where α is heat diffusivity, x and r are the coordinates along the thickness and radial 

direction. The enthalpy of the material (heat content of the material) H is expressed as H 

= h +∆H, where the sensible heat, Tch p=  (cp is specific heat, T is temperature), and ∆H 

is the latent heat of phase change ∆HP or the reaction heat ∆HT. 

The reaction rate is assumed to follow the Arrhenius law, )exp(0 RT

E
kk −= , where k0 

is the frequency factor, E is the activation energy, R is the universal gas constant, T is the 

temperature. Concerning reactions (3.1) + (3.2) (dehydration), (3.3) and (3.4), the 

corresponding incorporated reaction heats are calculated as 0TT HkH ∆=∆ , where ∆HT0 is 

the reaction heat, k0 is assumed to be 6.3×1024 23, 1.32×106 18 and 6.45 ×105 s-1 19, and E 

is assumed to be 202, 212 and 187 kJ/mol, respectively. Since the mechanism of reaction 

(3.5) and (3.6) is complicated by the co-existence of Fe2O3, FeO and Fe, a volume-
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reaction model is applied in their kinetic analysis 24. The FeO melting point of 1650 K is 

viewed as the separation point of the application ranges of two reaction rates.  It is 

assumed that reaction rates follow the first-order kinetic equation,  

[ ]32132
OFekOFe −=γ                                                                                              (3.10) 

[ ] [ ])(2 2321)( sFeOkOFeksFeO −=γ                     ( KTp 1650p )                            (3.11) 

[ ] [ ])(2 2321)( lFeOkOFeklFeO −=γ                       )1650( KTp ≥                            (3.12) 

[ ] [ ])()( 32)( lFeOksFeOksorlFe +=γ                                                                        (3.13)    

where k10, k20, and k30 are assumed to be 600, 1300 and 3400 s-1, respectively. E1, E2, and 

E3 are assumed to be 50.4, 75.6 and 88.2 kJ/mol, respectively 24. 

Total reaction heat is computed in the following manner: 

)(3)(21 32 lFeOsFeOOFeT HHHH γγγ ⋅∆+⋅∆+⋅∆=∆          (3.14) 

where ∆H1, ∆H2, ∆H3 are the corresponding heats of reaction.   

The material parameters of the encrustation are the mass-averaged value of every 

component. All of the material properties are from 25. The calculation domain is chosen 

as three times the beam diameter in both the radial and depth direction. The absorptivities 

of the encrustation and marble at 355 nm are assumed to be 0.9 and 0.6, respectively 3.   

3.5 Material characterization 

The chromameter (Minolta CR-300) is employed to measure the surface color of the 

marble. In principle, light reflected from the measured surface is simultaneously collected 

by three photocells, each with spectral sensitivities equal to one of the color matching 

functions of a special CIE standard observer. The CR-300 has a measurement spot 

diameter of 8mm and use D56 standard xenon light to irradiate the surface. The color 
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measurements are expressed in the perceptually uniform color space, CIE L*a*b* 

(CIELAB), shown in Figure 3.2. The L* axis is known as the lightness ranging from 0 

(black) to 100 (white). The a* axis and b* axis represent redness-greenness and 

yellowness-blueness, respectively. Total color difference ∆Eab
* is defined 

as 222 )()()( ∗∗∗∗ ∆+∆+∆=∆ baLEab , where ∗∗∗ −=∆ tLLL describes the lightness 

change, ∗∗∗ −=∆ taaa and ∗∗∗ −=∆ tbbb  describe the chromaticity change,∗
tL , ∗

ta , and 

∗
tb  are values of reference white 26. 

 

 

Figure 3.2 Schematic of a 1976 CIE-L*a*b* color system. 

 

Surface enhanced Raman spectroscopy (SERS) is used to identify the chemical 

constituents of the marble surface 27. When the surface is illuminated by a laser photon, a 

second photon is scattered. This photon differs in energy from the incipient photon by an 

energy difference in the levels of the surface constituents. The resulting Raman shift 

reveals structural information, as well as serving as an analytical tool to identify specific 
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molecular adsorbents. The Raman signals from the surface may be greatly enhanced by 

application of silver colloidal nanoparticles on the surface. Silver colloidal nanoparticles 

were made as the same way in the chapter 2. Raman spectra are excited using a 514 nm 

CW Argon-ion laser (Spectra-Physics model 2020) at a power of approximately 20 mW. 

The scattered lines are collected at 90° with a Spex model 1401 double monochromator 

(resolution ca. 2 cm-1) and detected by an ITT FW-130 photomultiplier (PM) tube with 

Raman 2005 (software package).  

Scanning Electron Microscopy (JEOL) and Scanner (HP Scanjet 5100C) are 

employed to take the images of cleaned marble surface, respectively. In the case of SEM, 

the marble surface is coated with silver so that it is electrically conductive. 

3.6 Results and discussions 

3.6.1 Determination of fluence threshold  

Successful cleaning is defined as the complete removal of the encrustastion without 

any change of the marble surface in the integrity, structure and color. To experimentally 

determine the fluence threshold, the sample is irradiated by a single pulse per location. 

The fluence is continuously increased. When the damage of the encrustation including 

5% hematite or the marble is noticeable under the optical microscope, the corresponding 

fluence values are considered as the thresholds. The experimentally determined 

thresholds for the encrustation and the marble are 0.45 J/cm2 and 2.5 J/cm2, respectively.  

In order to estimate the accuracy of the proposed numerical model, the fluence 

threshold is also determined with this model. At 50 ns, the fluence increasing the 

encrustation surface to the mass-averaged value of the graphite vaporization temperature, 

the decomposition temperature of hematite and gypsum, namely 2160 K, is considered as 



         42 

its threshold. Similarly, the fluence heating the marble surface to the decomposition 

temperature of calcite is the threshold for the marble. In figure 3.3, the Raman spectrum 

of the marble has four bands of CaCO3 at 158, 285, 711 and 1084 cm-1 28. It is evident 

that the principal ingredient of the marble is CaCO3. 

 

            

Figure 3.3 Raman spectrum and image of white carrara marble (Raman shifts are 
excited by the 514 nm laser). 

 

 The numerically determined thresholds are 0.3 J/cm2 and 1.8 J/cm2 for the 

encrustation and the marble, respectively. If the model does not include the 

thermochemical reaction heat, the determined threshold is 0.12 J/cm2 and 0.42 J/cm2 for 

the encrustation and the marble, respectively. The thresholds determined by the model 

with the reaction heat are more close to the experimental ones, which shows this model is 

accurate to some extent. The slight overestimate of the model in the ablation effect is 

possibly because that the heat taken away by the released gases produced in the 

thermochemical reactions is neglected in the model.  Both the experimental and 
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numerical results demonstrate that the threshold difference between the encrustation and 

the marble is large. This provides marble cleaning at 355 nm, which is self-limiting, 

thereby avoiding damage to the marble substrate.    

3.6.2 Effect of fluence levels 

3.6.2.1 Experiments 

Under the multiple-pulse strategy, the applied laser fluence should be higher than the 

encrustation threshold of 0.45 J/cm2 and lower than the marble threshold of 2.5 J/cm2. 

Here, the laser fluence is chosen as 0.67 J/cm2 and 1.3 J/cm2, respectively. Considering 

the chromameter measurement spot diameter of 8 mm, a circular encrustation area with 

the diameter of 9 mm is removed. The laser pulses irradiate the encrustation along the 

circular orbits from the outside to the inside. The pulses have the overlapping rate of 50% 

to reduce the effect of the Gaussian beam on the irradiation results.  

The samples with the encrustation containing 5% hematite are employed in the 

experiments. Figure 3.4 (a) and (b) are the scanned images of the marble cleaned by 8 

pulses at 0.67 J/cm2 and 5 pulses at 1.3 J/cm2, respectively. The color measurements of 

the original and cleaned marble surface as well as the encrustation are listed in Table 1. 

In Figure 3.4 (c), the color measurements are shown in the 1971 CIE L*a*b*  color space. 

All of color data is the average of five independent measurements.  
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Figure 3.4 Images and color measurements of the marble surface before and after the 
removal of the encrustation with different fluence (beam radius: 50 µm, encrustation 

thickness: 120 µm, 5% hematite). 

 

Table 3.1 Color measurements 

 

∆L* : Lightness; ∆a*: Red-Green; ∆b*: Blue-Yellow 

 

Compared with the original marble surface, the lightness of the encrustation is much 

lower, which indicates the black appearance of the encrustation due to the graphite. The 

positive values of ∆a*and ∆b* denote the encrustation color is inclined to the redness and 

yellowness owing to the dark-brown hematite in the encrustation.  
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The lightnesses of both cleaned marble surfaces are very close to the original ones, 

which imply the removal of the encrustation. However, the lightness difference between 

the cleaned and the original surfaces is larger in the case of 0.67 J/cm2. This reflects the 

encrustation may not be completely removed. At 1.3 J/cm2, both of ∆a* and ∆b* are close 

to the original values and have the same sign. It can be concluded that there is no color 

variation. At 0.67 J/cm2, ∆a* is close to the original one and has the same sign. However, 

∆b* has a positive sign, which means the surface is becoming slightly yellowed. This 

phenomenon is referred to as the discoloration of the marble surface.  

The Raman spectra of two cleaned surfaces are shown in Figure 3.5.  The spectrum 

of the surface irradiated at 1.3 J/cm2 only shows bands of CaCO3 at 158, 285, 711, 1084 

cm-1. Yet, the spectrum of the surface irradiated at 0.67 J/cm2 consists of bands of CaCO3 

as well as additional bands of Fe2O3 at 224 and 405 cm-1 29. The CaCO3 bands in two 

spectra indicate the marble surfaces are exposed after the removal of the encrustation. 

The Fe2O3 bands reflect Fe2O3 still resides on the surface irradiated at 0.67 J/cm2. Thus, it 

could be deduced that the presence of Fe2O3 is related to the surface discoloration. Very 

small amounts of Fe2O3 on the white calcite surface may result in a yellow shift 30. The 

SEM pictures of these two cleaned marble surfaces are shown in Figure 3.6. Some 

particles are on the surface cleaned at 0.67 J/cm2. The surface cleaned at 1.3 J/cm2 is 

fairly clean.  
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Figure 3.5 Raman spectrum of marble surface after the removal of the encrustation 
with different fluence levels (Raman shifts are excited by 514 nm laser at a power of 20 
mW, the green dotted line has an upward shift of 300 for the clarity, beam radius: 50 µm, 
encrustation thickness: 120 µm, 5% hematite). 

 

 

Figure 3.6 SEM images of marble surface after the removal of the encrustation with 
different fluence levels (a) 0.67 J/cm2 (b) 1.3 J/cm2  (beam radius: 50 µm, encrustation 

thickness: 120 µm, 5% hematite). 

 

3.6.2.2 Analysis of the discoloration mechanism   
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3.6.2.2.1 The hematite reduced by the graphite 

Figure 3.7 shows the simulated history of temperature distribution in the encrustation 

produced at 1.3 J/cm2 and the temperature distribution at 50ns induced by the fluence of 

0.67 J/cm2. Fe2O3 and FeO in the grey area are in the molten state due to the temperature 

ranging between the melting point of Fe2O3 1818 K and the one of FeO 1650 K. Some 

graphite powders may contact the molten Fe2O3 and FeO because of their random 

distribution in the encrustation. Correspondingly, part of the molten iron oxides may be 

reduced by the graphite to produce iron at the very high reaction rate. As mentioned 

before, this reduction reaction can be considerably accelerated by CaO from the thermal 

dissociation of CaSO4. In the case of 1.3 J/cm2, the grey area emerges starting from 10 ns, 

and is enlarged with the time, which means the smelting reduction of iron oxides may 

take place during the entire 50 ns. At 0.67 J/cm2, the grey area at 50 ns suggests the 

availability of the temperature required by this reaction. 
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Figure 3.7 Simulated time history of temperature distribution in the encrustation 
produced by the pulse at 1.3 J/cm2 and the temperature distribution produced by the pulse 

at 0.67 J/cm2 at the end of pulse duration 50ns (beam radius: 50 µm, encrustation 
thickness: 120 µm, 5% hematite). 

 

The simulated distribution of Fe, FeO and Fe2O3 at 50ns with the fluence of 0.67 

J/cm2 and 1.3 J/cm2 is shown in Figure 3.8. Iron is generated in both cases. The higher 

the fluence is, the more metallic iron is produced. The evident reason is that the high 

temperature induced by the high fluence favors the reduction of iron oxides. It should be 

pointed out that very little hematite is reduced by graphite and the majority of the 

hematite is ablated by the laser pulse.    
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Figure 3.8  Simulated iron-form distribution at the end of pulse duration 50ns with 
two different fluence levels (a) 0.67 J/cm2 (b) 1.3 J/cm2 (beam radius: 50 µm, 

encrustation thickness: 120 µm, 5% hematite). 

 

Figure 3.9 describes the temperature history at the bottom center of the crater 

generated by 3 pulses at 1.3 J/cm2 and 6 pulses at 0.67 J/cm2. In the case of 0.67 J/cm2, 

iron oxides can be heated above 1000 K by three pulses, respectively. The longer reaction 

time of the solid iron oxides reduced by the graphite at the high temperature may result in 

the production of more iron. On the contrary, only one pulse is needed to heat the 

material above 1000 K in the case of 1.3 J/cm2. Also, heat accumulation between two 

successive pulses is enhanced with the pulse number. After 3 pulses at 1.3 J/cm2, the 

temperature is 1225 K; after 6 pulses at 0.67 J/cm2, the temperature is 1300 K.  
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Figure 3.9 Simulated time history of temperature at the center of the final crater 
bottom irradiated by two different fluence levels (beam radius: 50 µm, encrustation 

thickness: 120 µm, 5% hematite). 

 

3.6.2.2.2 The reduced metallic iron during laser irradiation 

During the laser irradiation, the plasma formed impedes the air from interacting with 

the surface. The dissociation of the ablated hematite in the plasma will produce atomic 

oxygen 31. However, oxygen has no solubility in liquid iron, preventing the production of 

iron oxide at this step 32. Yet, Pereira et al. 33 experimentally found the appearance of a 

Fe2O3 layer at the iron surface after the irradiation of the XeCl laser. This means that the 

formation of Fe2O3 is due to the chemical reaction between iron and oxygen during the 

cooling stage. The chemically active iron reacts easily with the oxygen, especially at high 

temperatures. Since the formation enthalpy of iron oxide is small, iron oxides are 

produced very near the surface. The iron oxide forms a multilayer scale consisting of FeO, 

Fe3O4 and Fe2O3 from the iron bulk to the outermost 34.  Increases in the time that the iron 
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is subjected to high temperatures can lead to increases in the production of iron species in 

a higher oxidation state, i.e., more Fe2O3 is formed. 

The majority of iron produced by the current pulse may be taken away by the ablation 

flux during the next pulse, and the rest of the iron may interact with subsequent pulses. 

The following investigation focuses on the iron irradiated by the last pulse required by 

the complete removal of the encrustation, namely the 7th pulse at 0.67 J/cm2 and the 4th 

pulse at 1.3 J/cm2. It is assumed an independent iron particle is irradiated by a single 

pulse. The 2-D ablation model is employed to simulate its temperature distribution 35. 

The absorptivity of iron at 355 nm is 0.6 25. Considering the heat accumulation, the initial 

temperature of iron is set as 1225 K and 1300 K, as shown in Figure 3.9, with the fluence 

of 1.3 J/cm2 and 0.67 J/cm2, respectively. 

In the case of 1.3 J/cm2, the temperature in a crater with a depth of 0.22 µm is 

simulated to be equal or higher than the vaporization point of iron 3134 K, which means 

the iron can be ablated. Though the actual thickness of the iron left on the marble is 

difficult to measure, it is certainly relatively minute. Thus, it can be assumed that all of 

the iron has been ablated. In the case of 0.67 J/cm2, no iron is simultaneously heated up to 

3134 K. The temperature above the melting point of iron (1811 K) is in the crater with 

the depth of 0.4 µm. Thus, the iron is assumed to be just melted.  

The simulated temperature history of the points corresponding to the beam center at 

the different depths in the case of 0.67 J/cm2 is shown in Figure 3.10. It is apparent that 

the peak temperature is generated at the end of the pulse. The iron could be oxidized 

during its cooling period of approximately 1s. Due to the high temperature in the very 

shallow iron, the iron oxides are in the form of Fe2O3. This newly formed Fe2O3 may stay 
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at the porous structure of the marble surface because the molten iron may penetrate it 

during laser irradiation. As extra pulses are incident on the marble, the marble surface 

temperature is raised very slightly due to its low absorptivity. At this time, the hematite is 

heated mainly through heat conduction from the marble. Thus, the temperature of 

hematite may be much lower than its vaporization temperature.  
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Figure 3.10 Simulated temperature history of the points on the iron corresponding to 
the beam center under the fluence of 0.67 J/cm2 (beam radius: 50 µm, encrustation 

thickness: 120 µm, 5% hematite). 

 

3.6.3 Effect of graphite 

Without graphite, the encrustation consists of 5% hematite and 95% gypsum. The 

encrustation is irradiated by 8 pulses at 0.67 J/cm2 and 5 pulses at 1.3 J/cm2, respectively. 

The color of original and cleaned marble surfaces as well as the encrustation are 

measured and listed in Table 3.2, respectively. 
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Table 3.2 Color measurements 

∆L* : Lightness; ∆a*: Red-Green; ∆b*: Blue-Yellow 

 

In the case of two fluence levels, the lightness of cleaned surface is very close to its 

corresponding original value. Meanwhile, two lightness differences between the cleaned 

and the original surface are almost equal. This probably means the encrustation is 

completely removed in both cases. Both of ∆a* and ∆b* values are also close to the 

original ones, and the signs are identical. So, it can be concluded that there is no color 

variation on the marble surface cleaned at 0.67 J/cm2 and 1.3 J/cm2. The Raman spectra 

measured on these two cleaned surfaces are shown in Figure 3.11.  
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Figure 3.11 Raman spectrum of marble surface after the removal of the encrustation 
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without the graphite with different laser fluence levels (Raman shifts are exited by the 
514 nm CW laser at a power of 20 mW, the upper green line has an upward shift of 300 

for the clarity). 
 
 
    Both of the Raman spectra are characterized with the bands of CaCO3 (158, 285, 711 

and 1084 cm-1). No Fe2O3 bands at 224 and 405 cm-1 appear. This indicates no Fe2O3 

exists on two cleaned marble surfaces. Without the graphite, the hematite in the 

encrustation is just heated, and then ablated. This group of experiments indirectly verifies 

that hematite is reduced by the graphite to produce iron during laser irradiation.  

3.6.4 Effect of volume weight of hematite  

Marble samples are covered with the encrustation containing 10% hematite, 20% 

graphite, and 70% gypsum. These samples are also irradiated by 8 pulses at 0.67 J/cm2 

and 5 pulses at 1.3 J/cm2, respectively. Table 3.3 lists the color measurements of original 

and cleaned marble surfaces as well as the encrustation, respectively. 

 

Table 3.3 Color measurements 

 

∆L* : Lightness; ∆a*: Red-Green; ∆b*: Blue-Yellow 

 

The color variation of the surfaces cleaned at 0.67 J/cm2 and 1.3 J/cm2 is similar to 

the corresponding color measurements shown in section 3.6.2.1. The only difference is 
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the value of ∆b* after the irradiation of the pulse at 0.67 J/cm2. It further shifts towards 

the positive direction, which means the yellowing of the cleaned surface is aggravated. 

Figure 3.12 shows the Raman spectra collected from these two cleaned surfaces. 

Both samples have the CaCO3 bands of 158, 285, 711 and 1084 cm-1. Only the sample 

irradiated at 0.67 J/cm2 shows the Fe2O3 bands of 224 and 405 cm-1, which indicates the 

presence of Fe2O3 on the marble surface irradiated at 0.67 J/cm2. 
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Figure 3.12 Raman spectrum of marble surface after the removal of the encrustation 
with 10% hematite with different laser fluence levels (Raman shifts are excited by the 
514 nm cw laser at a power of 20 mW, the green dotted line has an upward shift of 300 

for the clarity, beam radius: 50 µm, encrustation thickness: 120 µm, 10% hematite). 

 

The increased yellowing shift is probably due to the high volume weight of hematite 

in the encrustation. Lee, et al. 22 found that the reduction rate of hematite by graphite rises 

with the weight of hematite owing to the augmentation of the interface area between 

hematite and graphite. Therefore, increased iron production results in an increase in the 
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formation of iron oxides. Such experimental results indicate the occurrence of the 

thermochemical reaction to some extent.  

3.6.5 Analysis of severely yellowing of marble at 1064 nm  

In order to explain the severe yellowing of marble cleaned at 1064 nm with the 

proposed mechanism, the experimental parameters applied in Ref.14 are adopted in the 

following analysis. The artificial encrustation contains 20% graphite, 20% hematite, and 

60% gypsum. The encrustation is removed by 10 or 20 pulses at 0.5 J/cm2. The pulse 

duration is 7 ns, and the repetition rate is 2 Hz. In the simulation, the beam size is 

assumed to be 100 µm in diameter, and the encrustation thickness is 120 µm. The 

properties of the encrustation are recalculated based on the new ratio of the ingredients. 

Figure 3.13 shows the simulated temperature distribution in the encrustation 

generated with a fluence of 0.5 J/cm2 at 7 ns. The ablation temperature of this 

encrustation is assumed to be 2250 K. Clearly, the temperature in part of the encrustation 

is in the range from 1818 K (melting point of Fe2O3) to 1650 K (melting point of FeO). 

The smelting reduction of hematite by graphite may take place to form the iron in this 

area.  
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Figure 3.13 Simulated temperature distribution in the encrustation produced by a 1064 
nm laser pulse with the fluence of 0.5 J/cm2 at the end of pulse duration 7 ns (beam 

radius: 50 µm, encrustation thickness: 120 µm). 

 

Whether iron can be ablated by the last applied pulse in the experiment is related to 

the final presence of iron on the surface. Therefore, an independent iron particle is 

assumed to be irradiated by the 10th pulse and the 20th pulse at 0.5 J/cm2, respectively. 

The absorptivity of iron at 1064 nm is around 0.31 25. Similarly, the initial temperature of 

iron is numerically calculated to be 700 K and 1150 K in the case of the 10th pulse and 

the 20th pulse, respectively. The simulated temperature history of the point corresponding 

to the beam center at the iron surface is shown in Figure 3.14. In both cases, the peak 

temperature is lower than the vaporization temperature of iron 3134 K, which means iron 

can not be ablated, just melted. After the pulse is over, the iron requires almost one 

second to cool. Then, the oxygen can react with the high temperature iron to form iron 

oxides. Hence, the marble surface becomes yellowed.  The severe yellowing at 1064 nm 
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may result from the generation of more iron oxide. The marble absorptivity at 1064 nm is 

only 0.25 3. However, the marble absorptivity at 355 nm is slightly higher. The marble-

absorbed heat may be helpful in increasing the temperature of the iron to its vaporization 

point, and hence reducing the amount of the remaining iron and then iron oxide in the 

case of 355 nm.  
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Figure 3.14 Simulated temperature history of the point on the iron corresponding to 
the beam center by the laser pulses at the wavelength of 1064nm (fluence: 0.5 J/cm2, 

beam radius: 50 µm, encrustation thickness: 120 µm). 

 

3.7 Conclusions 

The fluence levels affect the surface color of marble after the removal of the 

encrustation by 355nm laser pulses. During laser irradiation, some hematite may be 

reduced by the graphite to produce iron. The iron may be ablated with the high fluence, 

and left on the marble surface with the low fluence. The iron oxides from the oxidation of 
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the remaining iron may be responsible for the light discoloration of the marble surface 

cleaned with the low fluence. The laser-induced temperature field is calculated with a 

two-dimensional laser ablative cleaning model including the reaction heat to analyze the 

kinetics of the thermochemical reactions. With the low fluence, the removal of the 

encrustation without the graphite does not cause any discoloration to the marble, which 

indirectly verifies the occurrence of the reduction reaction of hematite. The higher the 

volume weight of hematite in the encrustation, the more yellow the marble surface 

becomes, which implies an increase in the volume weight of hematite increases the 

reduction rate of hematite. The severe discoloration of marble cleaned at 1064nm may be 

due to the inability to ablate the iron produced in the reduction of hematite. 
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Chapter 4 

 Mechanism and Prediction of Laser Wet Cleaning of Marble 

Encrustation 

 

4.1 Introduction 

Artifacts and buildings, made of natural stones such as marble, are inevitably and 

gradually covered by a thin layer of black encrustation. The black encrustation must be 

removed as it facilitates the degradation of the stone and also decreases the aesthetic 

value of the stone dramatically. At present, chemical cleaning and mechanical cleaning 

are widely used to remove the encrustation. Due to the possible environmental pollution 

and the strong dependence on the operator’s techniques, the dominant status of chemical 

and mechanical cleaning is challenged by laser cleaning. Irradiated by the laser pulse, the 

encrustation can be ablated, but the stone remains intact after the removal of encrustation 

due to the large differences in their respective reflectivities. This characteristic, called 

“self-limiting”, is very helpful in implementing safe and accurate stone cleaning. 

 Since John Asmus in 1971 first proposed to apply a pulsed laser in cleaning 

encrustations from marble, the effectiveness of Nd:YAG laser in the restoration of 

various stoneworks has been implemented by the massive investigations 1. However, 

there are some disadvantages. Pulsed lasers have not succeeded in removing very thick 

encrustations. Cleaning efficiency is relatively low due to low ablation rates. The laser 

pulse induced elevated temperatures can lead to undesirable thermal side effects, such as 
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red-shift and vitrification, on the cleaned surface 2. In addition, the stone surface displays 

severe yellowing after the cleaning with a laser at 1064 nm 3, and even the 355 nm laser 

pulse at low fluence leads to the yellowing of the stone 4.  

Many efforts have been made to investigate the particular contamination removed 

from microelectronic parts with pulsed lasers. As the dimension of microelectronic parts 

is constantly shrinking, their tolerance to particle size also decreases. Laser steam 

cleaning has shown great potential in cleaning submicron-sized particles as the generated 

cleaning force is much larger than in dry cleaning. Kim, et al., in 2004 investigated the 

physical mechanism of laser steam cleaning. It was proven that the cleaning force comes 

from bubble nucleation in the superheated liquid 5. Lu, et al. in 1998 proposed a model to 

calculate the cleaning force generated during the inertial-controlled bubble growth 6. 

In this work, laser cleaning carried out right after a thin layer of suitable liquid is 

sprayed onto the encrustation is referred to as laser wet cleaning. A black encrustation 

approximately 500 µm thick was removed from limestone by a Q-switched Nd:YAG 

laser at 1064 nm with the assistance of distilled water. In the case of a thin encrustation 

approximately 50 µm thick on limestone, the cleaning rate with water was higher than 

that without water 7. The application of water prevented the laser cleaned pliocene 

sandstone from any thermal side effect. It was speculated that the water significantly 

cooled down the irradiated volume because its specific heat is five times higher than 

sandstone 2. The measured reflectivity of wet encrustation on sandstone was lower than 

that of dry encrustation. This may contribute to the increase in cleaning rate with water 8.  

Cooper, et al. in 1995 also found that cleaning efficiency was enhanced in laser wet 

cleaning of limestone in terms of the removed encrustation area due to water penetration 
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into the porous encrustation. During laser irradiation, the water in the pore would be 

explosively vaporized by the heat transferred from the encrustation, and generate large 

transitive forces exerting on particles within the encrustation. These forces were 

sufficient to loosen the encrustation, which was very beneficial to laser cleaning 9. 

However, the working mechanism of water in laser cleaning is still not very clear, and no 

theoretical analysis has been performed. 

      In this work the mechanism of laser wet cleaning is proposed. Coupled heat and 

(moisture) mass transport within the laser irradiated porous encrustation is used to model 

laser wet cleaning. The corresponding governing equations are numerically solved with 

finite element methods to calculate the distribution of temperature, pressure and water 

volumetric fraction in the encrustation. The effects of distilled water, ethanol and acetone 

on the cleaning efficiency of the encrustation from marble are compared experimentally 

and numerically. There is some agreement between experimental and numerical values of 

the cleaning efficiency. Also, the color of marble surfaces cleaned by laser wet cleaning 

is analyzed.   

4.2 Mechanism of Laser Wet Cleaning  

In laser wet cleaning, the thin layer of liquid is sprayed onto the porous encrustation 

just prior to laser irradiation. Liquid penetrates and fills in the minute pores of the 

encrustation. When laser irradiation starts, both the encrustation and liquid are heated. 

Once the temperature reaches the boiling point of liquid, it is vaporized immediately. 

Since liquid is vaporized at a rate much higher than its migration rate, vapor pressure is 

built up in the pore. If the pressure is larger than the reduced tensile strength of the 

encrustation at high temperature, the encrustation may be stripped away locally. The 
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stripping in turn will accelerate the heat transfer in the encrustation and result in the new 

establishment of the pore pressure at the deeper level. Meanwhile, the ablation still plays 

a role in the removal of encrustation. 

4.2.1 Mathematic Modeling  

During laser wet cleaning, laser pulses induce the evaporation of liquid and the 

subsequent built-up pressure in the pore. Driven by the pressure gradient, the liquid and 

the vapor are convected among the encrustation pores, which affect the heat transfer in 

the encrustation. Gypsum (CaSO4·2H2O), the major encrustation ingredient, contains 

21% chemically bound water by weight. Chemically bound water is released into the pore 

at 373 K and 573 K, respectively 10. The absorbed laser heat is partly transferred into the 

encrustation by the liquid, vapor and encrustation together, partly absorbed by the 

evaporation of liquid, and partly consumed by the gypsum dehydration. Accordingly, 

coupled heat transfer and mass transport determines the temperature and pressure 

distribution within the encrustation.  

Coupled heat and mass transport in the porous encrustation is based on the averaging 

of the quantities over a representative elementary volume (REV) 11. The volumetric 

fraction of each phase composing a REV with volume V is defined as  

glsi
V

Vi
i ,,, ==ε                                        (4.1)                                                             

where the subscripts s, l,  and g indicate solid, liquid, and gas, Vi is the phase i volume. 

The sum of the volumetric fractions of three phases is equal to 1.  It is assumed that the 

porous encrustation is full of liquid before the irradiation. The encrustation porosity ε is 

calculated as gl εεε +=  and εε −= 1s . 
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The following assumptions are applied: a) The liquid is incompressible, ρl = constant. 

b) Compared to the gas, the mobility of the liquid is negligible 12. c) No dry air stays in 

the pore. d) The vapor phase is only liquid vapor and the vapor is an ideal gas. e) The 

encrustation is homogeneous and isotropic. f) Local thermodynamic equilibrium is 

achieved. g) Except dehydration of the gypsum, no other thermochemical reactions occur.  

The mass conservation equation of gas is 

Γ+⋅−∇=
∂
∂

)()( gggg V
t

ρερ                               (4.2) 

                                                                      

where Vg is the gas velocity determined with Darcy’s law as follows, 

)( P
K

V
ν

⋅−∇=                                          (4.3)                                                                               

where K and ν is the permeability and dynamic viscosity of the vapor, and P is the pore 

pressure. Vapor density ρg is calculated with the Dalton equation,
RT

MP
g =ρ , where R is 

universal gas constant, M is molar weight of vapor, and T is temperature. Г is the 

evaporation rate of liquid.  

Based on the enthalpy balance, the heat conduction and convection in the encrustation 

is governed by 

)( TkTVC
t

T
C pgggp ∇⋅∇=∇+

∂
∂ ερρ                         (4.4)                                                              

where t is time, and ρCp is the effective heat capacity for the porous encrustation, 

calculated as )()()()1( hFChFChECC pgggpllldpssp ∆++∆++∆+−= ρερερερ , where 

ρi and Cpi are density and specific heat of the corresponding phases, respectively 13. ∆hd 

and ∆h are the reaction heat of gypsum dehydration and the latent heat of the liquid 
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vaporization, respectively. E and F are the derivative of solid and liquid phase volumetric 

fraction variation with temperature, respectively. The effective thermal conductivity for 

the porous encrustation k is defined as gglls kkkk εεε ++−= )1(  14.                                                                                                

Only if the evaporation rate of liquid Г is known, temperature, pore pressure and 

liquid volumetric fraction can be solved from equation (4.2) and (4.4). In most coupled 

heat and mass transport models, a set of sorption isotherms is adopted to describe the 

dependence of water evaporation on temperature and pressure 12, 15, 16. The accurate 

sorption isotherms are rather difficult to measure. Therefore, the evaporation rate of 

liquid is assumed to be related to the ratio of the vapor pressure to the saturated pressure 

at the corresponding temperature in some models 17, 18. However, such a definition makes 

the accuracy of evaporation rate heavily reliant on the estimated evaporation rate constant. 

In this work, considering the laser pulse to be strongly instantaneous, the vapor 

volumetric faction is defined as 

),( TTTU transg ∆−= εε                                    (4.5)                                                                                 

where U is a step function whose value is zero at TTT trans ∆−≤ , is equal to 1 at 

TTT trans ∆+≥ , and is uniformly distributed in the range from T-Ttrans to T+Ttrans 
19. 

Therefore, one obtains gl εεε −=  and 
dT

TTTUF trans ),( ∆−= .   

The encrustation porosity ε varies with the dehydration of gypsum, as  

s

swwater

ρ
δρεε += 0                                        (4.6)                                                                                  

where ε0 is initial porosity, the effective density of water ρwater is 21% of water density, 

δsw is the released water fraction, defined as ),( TTTU transsw ∆−= ξδ , where U is also a 

step function, coefficient ζ is equal to 0.75 and 0.25 at Ttrans of 373 K and 573 K, 
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respectively. The encrustation density ρs is equal to swwaterss δρρρ −= 0 , where ρs0 is the 

initial encrustation density.  

The initial conditions are assumed to be KT 300= , atmPaP 1101325 == , εε =l , 

and 0=gε . On the laser-irradiated surface, the boundary condition is specified as 

)( ∞−+=⋅∇− TThInTK
r

, atmPaP 1101325 == , 0=lε  and εε =g , where n
r

 is the 

outward unit vector of the surface, the heat transfer coefficient h is 

))(( 22
∞∞ +++= TTTTehh c σ , hc is the convective heat transfer coefficient, σ is the 

Stefan-Boltzmann constant and e is the emissivity, T∞ is the environment temperature of 

300 K. I is the absorbed laser fluence, calculated as )exp( 2

2

0 b
rII −= α , where α is the 

surface absorptivity, I0 is the incident fluence, b is the beam radius, r is the distance of the 

irradiated point to the beam center located at the symmetrical axis. On the non-laser-

irradiated surface, the boundary conditions are applied, T = 300 K, atmPaP 1101325 == , 

0=lε    and  εε =g . 

4.2.2 Numerical Analysis  

The coupled PDE equations (4.2) and (4.4) with boundary and initial conditions are 

solved through finite element methods. FEMLAB 3.2 software is used. A two-

dimensional axial symmetrical model with the dimension of 200µm×120µm is 

established. The mapped mesh with two-directional bias is created in the model, shown in 

Figure 4.1. The application modes of transient conduction and convection, as well as 

Darcy’s law in chemical engineering module are adopted. 
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Figure 4.1  Schematic of the established model for laser wet cleaning. 

 

In the model, a smoothed Heavyside function with a continuous second derivative, 

flc2hs, is chosen as the step function U. In the case of vaporized liquid (vapor), Ttrans are 

set as 423 K, 401 K and 379 K for water, ethanol and acetone, respectively, and ∆T is 50 

K.  It is assumed that the water vaporizes starting from 373 K and all of water is 

vaporized at 473 K well below the critical point of water, 647K, because laser heating is 

extremely strong and fast. Similarly, the evaporation of ethanol and acetone is assumed to 

take place within the range from 351 K to 451 K and from 329 K to 429 K, respectively. 

Concerning gypsum dehydration, Ttrans is set as 398 K and 598 K for two dehydration 

reactions, respectively, and, ∆T is 25 K.  

Due to the constraint of the software, the laser-ablated part cannot be removed from 

the calculation domain. To decrease its effect on the calculation results, the thermal 
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conductivity in the ablated element is assumed to be 5000 Wm-1K-1 once this element 

temperature is larger than the evaporation point. 

All thermodynamic data of liquids comes from Ref. 19. The specific heat and 

dynamic viscosity of ethanol and acetone vapor are calculated by the method of Joback 

and the method of Chung, respectively 19. In Ref. 20, the permeability of unfractured 

metamorphic rock ranges from 10-18 to 10-20. Marble belongs to metamorphic rock. 

However, the marble encrustation is mainly constituted by softer and water-soluble 

gypsum, so the porosity of encrustation becomes larger. The permeability of the 

encrustation is assumed to decrease to 1×10-12. 

 4.3 Experimental Conditions and Material Characterizations 

The studied sample is Italian white Carrara marble with a honed surface. The sample 

is a cubic 15mm long, 15mm wide and 9mm thick. With the concern of numerical 

calculation accuracy, the marble is covered with the artificial encrustation, a compound 

of 5% hematite (Fe2O3) powder, 20% graphite powder and 75% gypsum (vol. %). The 

average encrustation thickness is approximately 120 microns. The formation method of 

the encrustation is introduced in details in Ref. 4.  

Laser wet cleaning is performed with a Q-switched Nd:YAG laser at 355 nm in open 

air. The pulse duration is 50 ns. Other technical specifications for the laser are given in 

Ref. 4. All cleaning experiments were conducted with a laser beam with the diameter of 

100 µm. A thin layer of liquid is sprayed onto the encrustation every 2 seconds to assure 

the encrustation is wet. The compressed air is always blowing onto the focusing lens 

during cleaning. Thus, the focusing lens is protected from the attachment of ablated 

particles, and the wet encrustation cannot be blown dry.  
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The SEM image of the encrustation presented in Figure4.2 reveals the artificial 

encrustation is a porous structure. Porosity measurement is based on Archimedes’ 

principle. The mixture including the same ingredients as the artificial encrustation is 

brushed onto the bottom of a 60 mm dish layer by layer, until reaching the thickness of 

2.5 mm. This dish with the sample is weighed with a digital balance. Distilled water is 

then poured onto the sample surface very slowly to make sure the water fills in all the 

fine pores in the sample. The dish with the sample full of water is weighed again. Since 

the density of water is close to 1 kg/m3, the ratio of the weight difference to the known 

sample volume is equal to the porosity of the sample. 

 

           

Figure 4.2 SEM image of the artificial encrustation on marble. 

 



         70 

A chromameter (Minolta CR-300) and surface enhanced Raman spectroscopy are 

employed to measure the surface color and constituents. Their detailed introductions are 

in Ref. 4. SEM is used to take the image for the encrustation coated with silver. 

4.4 Results and Discussions  

4.4.1 Effect of distilled water on the cleaning efficiency  

4.4.1.1Experiments 

In the present work, the cleaning efficiency is denoted as the weight of the 

encrustation removed by one single pulse. To increase the weight variation of the cleaned 

sample between pre- and post-laser cleaning, a thin layer of encrustation in two circular 

areas with the diameter of 5 mm is removed. The laser pulses irradiate the encrustation 

along the circular orbits from the outside to the inside. The pulses have an overlapping 

rate of 50% to reduce the effect of the Gaussian beam. At the specified beam center 

locations, only one single pulse is deposited onto the encrustation. After two circular 

areas are irradiated once, the samples are weighed and compared with the initial weights. 

The sample weight difference divided by the number of deposited pulses, namely 16002, 

is equal to the ablated encrustation weight by one single pulse. In laser wet cleaning, the 

cleaned samples are not weighed after being dried. 

 Considering the ablation thresholds of encrustation and marble at 355 nm, 0.45 J/cm2 

and 2.5 J/cm2, respectively 4, laser fluences of 0.49, 0.67, 0.95, 1.3, and 1.45 J/cm2 are 

applied to ablate the encrustation without or with distilled water. The corresponding 

ablated encrustation weights by one single pulse are compared in Figure 4.3. 
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Figure 4.3 Comparison of the ablated encrustation weight by one single pulse at 
different fluence levels without and with distilled water. 

 

Obviously, the use of water enhances the cleaning efficiency at every fluence level. 

White paper is put around the work stage during experiments to collect the encrustation 

debris. Some debris shown in Figure 4.4 ranges approximately from 100 to 200 µm. This 

rather large debris is most likely produced by the encrustation stripping due to the vapor 

pressure. 

 

 

 

 

 

 150µm 
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      Figure 4.4 Images of debris collected during laser wet cleaning experiment. 

 

In addition, Figure 4.3 indicates the increase in cleaning efficiency with the distilled 

water as the fluence level increases. The possible reason is that the high fluence leads to 

high temperature and much stronger pressure. Moreover, the water in the deeper pores 

can be heated by the high fluence, so the vapor pressure may be established there as well.  

4.4.1.2 Simulated distribution of temperature, pressure and water volumetric fraction 

within the irradiated encrustation 

Assume that one single pulse at different fluence irradiates the encrustation. On 

average, the measured porosity of the encrustation is approximately 0.475. Figure 4.5 

shows the surface contours of temperature, water volumetric fraction and pressure at 50 

ns produced by the pulse at 0.67 J/cm2 in the partial irradiated encrustation (10 µm × 98 

µm). In the temperature contour, the red arrows denote the total heat flux. Two isotherm 

lines correspond to 2160 K and 373 K, respectively. The isotherm line of 2160 K is at the 

very shallow location, which means very little of the encrustation is thermally ablated. 

The isotherm line of 373 K indicates the water in the pores about 2.5 µm below the 

irradiated surface starts to vaporize. The distribution of water volumetric fraction agrees 

with the temperature contour. At temperatures below 373 K, water fills in the pore, and 

the water volumetric fraction equals to the porosity of 0.475. At temperature above 373 k, 

all of water is vaporized in the majority of the area. The evaporation only exists in the 

very small area. 
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                                                           (a) 

                    

                                                             (b) 

                   

                                                             (c) 
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Figure 4.5  Surface contours of (a) temperature with total heat flux, (b) water 
volumetric fraction and (c) pressure at 50 ns produced by the pulse at 0.67 J/cm2 in the 

partial encrustation (10 µm × 98 µm). 

 

 The pressure contour shows the pressure is built up in the area at temperature above 

373 k, encircled by the isotherm line of 373 K. In the area without water vaporization, the 

pressure is still equal to one atmosphere. The maximal pressure is marked. Obviously, its 

location is very near the start line of water vaporization. The pressure gradually decreases 

from the deep to the shallow area, which drives the water vapor to flow towards the 

encrustation surface and escape into the air. In addition, the maximal pressure approaches 

over 7.7 atm. Since the encrustation is artificially made, its tensile strength is assumed to 

be very low, approximately 3-4 atmosphere. Accordingly, the maximal pressure may be 

large enough to spall the encrustation off. 

The time history of temperature, pressure and water volumetric fraction at the point 

with the maximal pressure at 50 ns is shown in Figure 4.6. In the first 20 seconds, the 

absorbed laser heat is not transferred to this point, and has a negligible effect on its 

temperature. This point is heated within the following 30 seconds of the pulse duration. 

However, after 50 ns, its temperature continues to rise due to the heat transferred from 

the top area with high temperature. Below 373 K, the water volumetric fraction is equal 

to the porosity. Once the temperature reaches 373 K, the water volumetric fraction 

increases slightly due to the compromise of the vaporized water and the released water 

from the gypsum dehydration. Then, after the completion of the gypsum dehydration, the 

variation of water volumetric fraction only reflects the extent of water vaporization. At 

473 K, all of the water is vaporized. 
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Figure 4.6  Simulated time history of temperature, pressure and water volumetric 
fraction at the point with the maximal pressure at 50 ns in the encrustation irradiated at 

0.67 J/cm2. 

 

The pressure starts to build-up at 373 K. The peak value of pressure is located at the 

interface between the dry and wet encrustation with the temperature of 475 K. In addition, 

the pressure increases with the temperature during laser irradiation. The temperature still 

increases after the laser irradiation, yet the pressure decreases. In the former case, the 

increase in pressure is attributed to the vaporization of more and more water. In the latter 

case, the limited pressure increase resulting from the slow heating cannot compensate the 

pressure decrease caused by the strong gas movement upwards to the surface.   

Figure 4.7 shows the time history of temperature and pressure at two points along the 

symmetrical axis with the depth of 0.1 and 1 µm, respectively. In Figure 4.7(a), the point 

at the depth of 0.1 µm (z =119.9 µm) is heated up to 2160 K at approximately 35 ns. 
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After 35 ns, its temperature fluctuates around 2160 K, which means this point is within 

the area that is thermally ablated. Concerning the point at the depth of 1 µm (z =119 µm), 

its temperature increase starts at about 7 ns and continues until 50 ns. After the end of 

pulse irradiation at 50 ns, its temperature continues to increase due to the heat transferred 

from the adjacent area of higher temperature, and then decreases. The model described in 

Ref.4 is adopted to calculate the temperature produced at the same fluence as 0.67 J/cm2 

without the assistance of water. The corresponding temperature history at these two 

points is also shown in Figure 4.7(a). It is observed that the temperature produced 

without water is higher than that produced with water, demonstrating water with a high 

specific heat, cools the encrustation.  
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Figure 4.7 Simulated time history of (a) temperature and (b) pressure of two points at 
the symmetrical axis produced by the pulse at 0.67 J/cm2. 

 

In Figure 4.7(b), both pressures at the two points are established at 373 K. The peak 

pressures of the points at 119 µm and 119.9 µm appear at 526 K and 815 K, respectively. 

Below 526 K and 815 K, the pressure increases continuously. Above 526 K and 815 K, 

the pressure gradually decreases.  

The history of the velocities at the depth and radial direction of the point at z = 119 

µm is presented in Figure 4.8. The radial velocity is much smaller than the velocity in 

the depth direction. It can be reasoned that the convection of water vapor along the depth 

direction is much more intense due to the enormous pressure gradient along this direction. 

As vaporization starts, the negative vapor velocity in the depth direction represents the 
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vapor moves downward due to its pressure lower than the pressure of the upper nodes. 

Then, until 526 K or 815 K, the positive velocity means the vapor moves upward from 

the liquid surface and is accumulated in the pore. After that, the vapor starts to move out 

of the pore and towards the irradiated surface, which is verified by the positive velocity 

and the decreasing pressure.  
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Figure 4.8  Simulated time history of vapor velocity of the point at the symmetrical 
axis (z = 119 µm) produced by the pulse at 0.67 J/cm2. 

 

The vapor, which escaped from the deeper pores, enhances the local pressure. On the 

other hand, the exiting of vapor further reduces the local pressure. Accordingly, the local 

pressure fluctuates and also leads to fluctuation of the velocity. However, the velocity 

fluctuates around a constant value. This is because the fluctuating pressure decreases but 

the pressure gradient remains constant. There is a noticeable fluctuation occurring as the 
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pressure increases, shown in Figure 4.7(b). However, the velocity does not follow this 

pattern. A possible explanation is that the lower pressure is built-up during the initial 

water evaporation at a deeper level, and as a result the partial vapor flowing downward 

causes the pressure to fluctuate.      

It can be seen in Figure 4.7(b) that the pressure at 119 µm is always higher than that 

at 119.9 µm. The vapor at the shallow depth escapes easily, and thus the pressure is hard 

to be built-up. The opposite is true for the deeper points.   

4.4.1.3 Calculation of the ablated encrustation weight by one single pulse 

The pressure profiles along the symmetrical axis produced at fluences of 0.49, 0.67, 

0.95, 1.3, and 1.45 J/cm2 at 50 ns are shown in Figure 4.9. The pressure field extends 

with fluence. The higher the fluence is applied, the larger the heat-affected zone is 

generated. Therefore, more water reaches the boiling point, and then the pressure is built-

up in a larger region. The induced maximal pressure increases with fluence as well. At 

high fluence, the water is vaporized much more quickly due to the high heating rate. Thus, 

the intensified amassment of the vapor promotes an increase in pressure.   
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Figure 4.9 Comparison of the pressure profiles along the symmetrical axis at 50 ns 
produced by the different fluences.  

 

The pressure contours produced at 0.67 J/cm2 at 10, 30 and 80 ns are shown in Figure 

4.10. It can be seen that the maximal pressure at 10, 30, 50 and 80 ns are about 6.5, 7.1, 

7.7 and 4.9 atm, respectively. The maximal pressure appears at 50 ns during laser wet 

cleaning. The increase in pressure with heating time results from vapor formed at deeper 

level being trapped and not being allowed to escape through pores. At 80 ns, the heat 

transferred from the above hot area still can vaporize the water, yet the generated 

pressure is relatively low due to the slow heating rate.  
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                                                         (a)                                          

                    

                                                          (b)                                      

                    

                                                         (c) 
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Figure 4.10  Surface contours of pressure at (a) 10 ns (b) 30 ns (c) 80 ns produced by 
the pulse at 0.67 J/cm2 in the partial encrustation (10 µm × 98 µm). 

 

Suppose that once the maximal pressure at 50 ns exceeds the tensile strength, the 

whole encrustation with the diameter of 100 µm above the point with maximal pressure is 

completely removed. Accordingly, the ablated encrustation weight per pulse can be 

predicted. The experimental and simulated ablated encrustation weights by one single 

pulse are compared in Figure 4.11. The simulated values have the same trend as the 

experimental values. Also, the former is rather close to the latter. Therefore, the proposed 

model is validated by the experiments to some extent. 
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Figure 4.11 Comparison of the experimental and simulated ablated encrustation 
weight by one single pulse at different fluence levels with distilled water. 

 

 The discrepancy between the simulated and experimental ablated weights is due to 

the shortcoming of the present model. In reality, a thin layer of encrustation may be 

stripped away at 10 ns due to the high pressure. Then, the laser beam irradiates the newly 

exposed surface and establishes the pressure again. However, the present model cannot 
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exclude the removed part from the calculation domain. The discrepancy is aggravated 

with the fluence, which further reflects the inappropriate treatment of the pressure-

removed part because the enhanced pressure by the fluence plays a more important role. 

Future research will improve the model in this aspect.      

4.4.2 Effect of other liquids on the cleaning efficiency 

Liquids with thermodynamic properties different from that of water have a different 

effect on the laser cleaning process. Ethanol and acetone are applied to assist the laser 

ablative cleaning. Both have very similar thermodynamic properties except that the 

boiling point and vaporization heat of ethanol are higher than that of acetone. However, 

their boiling point, specific heat, thermal conductivity and vaporization heat are lower 

than that of water.  

To rather accurately determine the cleaning efficiency, the experimental strategy 

described in section 3.6.1 in chapter 3 is followed. Laser cleaning with ethanol or acetone 

is performed at fluences of 0.49, 0.67, 0.95, 1.3, and 1.45 J/cm2, respectively. The ablated 

encrustation weight by one single pulse with distilled water, ethanol and acetone are 

compared in Figure 4.12. At the same fluence, the ablated weight with acetone is the 

largest, that with distilled water is the smallest, and that with ethanol is in the middle. 

Though the ablated weight is enhanced with the fluence in all three cases, the increase in 

the ablated weight with acetone, ethanol and water are in the order of decreasing value. 
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Figure 4.12 Comparison of the ablated encrustation weight by one single pulse at 
different fluence levels with different liquids. 

 

The likely reasons for the enhanced cleaning efficiency of acetone are now explained. 

The simulated pressure profiles along the symmetrical axis produced at 0.67 J/cm2 with 

distilled water, ethanol or acetone at 50 ns are compared in Figure 4.13. Obviously, the 

vapor pressure is built-up in the deepest and widest area in the case of acetone. Its low 

thermodynamic properties lead to heat being transferred further and faster. Thus, acetone 

is vaporized in many more pores. In addition, the peak value of the pressure induced by 

acetone is largest partially due to the higher heating rate.  
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Figure 4.13 Comparison of (a) temperature and (b) pressure profiles along the 
symmetrical axis at 50 ns with the pulse at 0.67 J/cm2 with different liquids. 

 

4.4.3 Effect of liquids on the color of cleaned surface 

To measure the surface color of cleaned marble, a circular encrustation with a 

diameter of 9 mm is removed to fit the 8 mm measurement spot of the chromameter. The 

method for removing the circular encrustation described in section 3.6.2.1 in chapter 3. 

Zhang, et al., in 2007 found that the marble surface became slightly yellowed after 

cleaning with the 355 nm pulse at 0.67 J/cm2 4. For the comparative analysis, a fluence of 

0.67 J/cm2 is applied to clean marble with liquids. The encrustation is completely 

removed by 8 pulses without liquids, 6 pulses with distilled water, 5 pulses with ethanol 
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and 5 pulses with acetone, respectively. This also reflects the improvement in the 

cleaning efficiency of wet cleaning.  

The color measurements of the original and cleaned marble surface as well as the 

encrustation are listed in Table 4.1. All color data is the average of 5 independent 

measurements. 

  

Table 4.1 Color measurements 

 Original

marble 

Encrustation Marble cleaned by 8 

pulses at 0.67 J/cm2 

Original 

marble 

Encrustation Marble cleaned by 6 

pulses at 0.67 J/cm2 

with water 

∆L* 90.8433 59.3900 84.2767 84.9433 59.3900 82.8167 

∆a* -1.0333 11.2167 -0.2033 -1.1427 11.2167 -0.0282 

∆b* -0.9400 13.9633 1.8933 -0.7917 13.9633 -0.0690 

 Original

marble 

Encrustation Marble cleaned by 5 

pulses at 0.67 J/cm2 

with ethanol 

Original 

marble 

Encrustation Marble cleaned by 5 

pulses at 0.67 J/cm2 

with acetone 

∆L* 85.1453 56.2100 83.1182 87.0710 56.2100 84.0112 

∆a* -0.9895 10.5608 -0.0531 -1.1621 10.5608 -0.0451 

∆b* -1.0920 8.9632 -0.0484 -1.1217 8.9632 -0.0715 

∆L* : Lightness; ∆a*: Red-Green; ∆b*: Blue-Yellow 

 

     Figure 4.14 shows the lightness (∆L*) and blue-yellow (∆b*) coordinates in the 1971 

CIE L*a*b* color space. Concerning the encrustation, the lower lightness denotes the 

black appearance of the encrustation due to the graphite. The positive ∆a*and ∆b*  reflects 
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the encrustation color is inclined to the redness and yellowness due to the dark-brown 

hematite in the encrustation.  

-2 0 2 4 6 8 10 12 14 16
50

55

60

65

70

75

80

85

90

95

100

 with ethanol, 5 pulses

-2 0 2 4 6 8 10 12 14 16
50

55

60

65

70

75

80

85

90

95

100
 without water, 8 pulses

-2 0 2 4 6 8 10 12 14 16
50

55

60

65

70

75

80

85

90

95

100

 with water, 6 pulses

Li
gh

tn
es

s 
¦¤

L*

-2 0 2 4 6 8 10 12 14 16
50

55

60

65

70

75

80

85

90

95

100

3
3 3

2
2

1

1

1
1

1-Original surface
2-Encrustation
3-Cleaned surface

Fluence: 0.67J/cm2

 with acetone, 5 pulses

Blue-yellow ¦¤b*

 

Figure 4.14 The variation of two color coordinates of marble surface cleaned at 
0.67J/cm2 without or with different liquids. 

 

Four cleaned marble surfaces are very close to the original ones in the lightness, 

which implies the removal of the encrustation. The lightness difference between a marble 

surface cleaned with liquids and the original surfaces is less than that between surface 

cleaned without liquids and its original surface. This means the encrustation may be 

completely removed in the former case. Without liquids, ∆a* of the cleaned surface is 

close to the original value and has the same sign. Yet, ∆b* of the cleaned surface is 

positive, which indicates the surface becomes slightly yellowed. With liquids, both ∆a* 

and ∆b*  of the cleaned surfaces are close to the original values and have the same sign. It 
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can be concluded that there is no discoloration on the surfaces cleaned at low fluence 

with liquids.  

The Raman spectra obtained on four cleaned surfaces at 514 nm are presented in 

Figure 4.15. All sample preparation and the set-up of the Raman instrument are same as 

that in the chapter 3. The spectrum of the surface cleaned without liquids consists of 

bands of CaCO3 at 158, 285, 711, 1084 cm-1 21 and bands of Fe2O3 at 224 and 405 cm-1 22. 

Yet, the spectra of the surface cleaned with liquids only have the bands of CaCO3. The 

CaCO3 bands in four spectra indicate the marble surfaces are exposed after the removal 

of the encrustation. The Fe2O3 bands reflect Fe2O3 still resides on the surface cleaned 

without liquids, and is responsible for the slightly yellowed surface.  
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Figure 4.15 Raman spectra collected from marble surface cleaned at 0.67J/cm2 
without or with different liquids (Raman shifts are activated by the 514 nm cw laser at a 
power of 20 mW, the red, blue and cyan lines have an upward shift of 500, 400 and 200 

for the clarity, respectively). 



         90 

In laser wet cleaning, since liquids consume the laser heat absorbed by the 

encrustation to raise the temperature and vaporize, the entire temperature field is 

decreased in the irradiated encrustation. This inhibits the reduction of hematite by the 

graphite. In addition, the majority of the encrustation is stripped away by the vapor 

pressure. The maximal vapor pressure takes place at the interface between the dry and 

wet encrustation, which is much lower than the ablation front in the encrustation. The 

stripping of the encrustation by the vapor pressure starts very near the interface. Even if 

some hematite is reduced to iron, the iron can be taken away by the stripped encrustation. 

Thus, there is no the possibility for the iron is left on the marble surface and then is 

oxidized by air after the laser irradiation.  

4.5 Conclusions 

The enhanced cleaning efficiency of laser wet cleaning, in the case of the stone 

encrustation, is due to the generation of vapor pressure. The liquid in the encrustation 

pores is vaporized, and the accumulated vapor induces a build-up of pressure. Once the 

pore pressure exceeds the tensile strength of the encrustation, the encrustation is stripped 

away. The established model describing coupled heat transfer and mass transport in the 

porous structure can simulate the distribution of temperature, vapor pressure and liquid 

volumetric fraction in the encrustation produced by the laser irradiation. The model-

predicted ablated encrustation weight by one single pulse agrees with the experimental 

values to some extent. The difference in the cleaning efficiency between laser wet and 

dry cleaning increases with the incident fluence. The use of liquids with low boiling 

points and specific heats in laser wet cleaning is more beneficial to boost the cleaning 

efficiency. With the assistance of liquids, no discoloration occurs on the surface cleaned 
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by the 355 nm pulse with the low fluence. The iron from the reduction of hematite by 

graphite is taken away by the pressure-induced removal of the encrustation.    
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