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ABSTRACT 

 

Efficient light distribution in reaction medium in optofluidic microphotoreactors 

is highly desirable to fully harness their potential in light-driven chemical processes. 

The interaction of reactants, photocatalysts and light in microphotoreactors can be 

dramatically improved by enabling light propagation directly within the reactor using 

light guiding. In this study, liquid core optofluidic waveguides are utilized in 

microphotoreactors for guiding of light. In this approach, a suitable material confines 

the core liquid within internal channels and, simultaneously, behaves like waveguide 

cladding. For the propagation of non-lossy optical modes guided in the liquid by total 

internal reflection (TIR) of light from the channel walls, the cladding material should 

have a low absorption coefficient at working light wavelength and a lower refractive 

index than that of the core liquid (ncore>ncladding). In applications with aqueous solutions, 

a material with a refractive index lower than the refractive index of water, 1.33, is 

required and only a narrow choice of solid host materials are available. An aerogel is a 

highly porous nanostructured material consisting of an interconnected open network of 

loosely packed, bonded particles separated by air gaps, and they feature extremely low 

refractive index of ~1 which makes them remarkable as solid cladding of liquid-core 

optofluidic waveguides without any additional coating.  

A new, straightforward technique that uses direct manual drilling to manufacture 

TIR-based liquid-core optofluidic waveguides was first developed for aerogel 

monoliths. Fabrication of channels in aerogel blocks by manual drilling preserving 

nanoporous and monolithic structure of aerogels was demonstrated for the first time. 

Silica aerogels with densities ranging from 0.15 g/cm3 to 0.39 g/cm3 were produced by 

aging of alcogels in tetraethylorthosilicate solution for various time periods, followed 

by supercritical extraction of the solvent from the alcogel network. Subsequently, the 

resulting hydrophilic aerogel samples were made hydrophobic by hexamethyldisilazane 

(HMDS) vapor treatment. This method of fabrication is capable of producing channels 

with lengths significantly larger than those reported previously in the literature and it 

also provides relative flexibility in the channel shaping. Long channels (up to ~7.5 cm) 

with varying geometries such as straight and inclined L-shaped channels could be 

fabricated. Multimode optofluidic waveguides prepared by filling the drilled channels in 

aerogel monoliths with water yielded high numerical aperture values (~ 0.8). Efficient 

guiding of light by TIR in the water-filled channels in aerogels was visually revealed 



and characterized by monitoring the channel output. The resulting aerogel-based 

optofluidic waveguides exhibited efficient light guiding features, as verified by direct 

imaging of guided light modes and measuring the transmittance of the waveguides. The 

synthesized samples retained their low refractive index (below ~1.09) and, hence, they 

could serve as suitable optical cladding materials for aqueous waveguide cores 

(refractive index ncore = 1.33). Hydrophobic silica aerogel samples produced by the 

above technique also had low absorption coefficients in the visible part of the spectrum.  

Next, a new type of aerogel-based microphotoreactor with integrated optofluidic 

waveguide was developed. This optofluidic microphotoreactor consists of a single 

liquid-filled channel fabricated inside a monolithic silica aerogel within which 

photochemical reactions are carried out. Due to the contrast of refractive indices 

between the aerogel and the liquid, optofluidic waveguides based on TIR are naturally 

formed to deliver the light to the liquid reaction medium inside the channel. This 

configuration is demonstrated to provide an excellent overlap between guided light and 

fluids in the channel for efficient photochemical activation. The microphotoreactor was 

shown to be well suited for photochemical degradation of a model organic compound – 

methylene blue (MB) dye – and the efficiency of the dye photoconversion as a function 

of the incident light power was characterized. 

Finally, the field of optofluidics and highly porous, membrane-like properties of 

aerogels combined with a fully tunable three-dimensional structure were both exploited 

to construct photocatalytic microphotoreactors for controlled distribution of light 

through the reaction medium maintaining good interaction of light, fluid and the solid 

photocatalyst particles. Anatase TiO2 nanoparticles were used as photocatalysts and 

they were successfully introduced into the mesoporous network of silica aerogels during 

sol-gel step of aerogel synthesis obtaining monolithic composite aerogels with varying 

titania content from 1 wt % to 50 wt % for the first time. The presence of TiO2 and its 

desired crystalline structure in aerogel matrix was confirmed by XRD patterns and FE-

SEM images. The silica-titania composite aerogels retained their interconnected 

mesoporous network with high porosity and pore volume as well as high surface area. 

Surface modification by HMDS was devised to alter the wetting conditions of the 

reactor walls for construction of liquid-core optofluidic waveguides in the channel. 

Cylindrical straight channels were then fabricated in the synthesized monolithic 

composites. Light was confined in the liquid in the channel and was guided in a 

controlled manner by TIR from the channel walls. Low and favorable propagation 



losses ranged from 2.6 dB/cm to 3.9 dB/cm with increasing amount of the TiO2 in the 

structure from 1 wt % to 50 % wt. The band gap of the SiO2- TiO2 composites was 

estimated from Tauc plot calculated by Kubelka-Munk function from diffuse 

reflectance spectra of samples obtained using UV-visible reflectance spectroscopy. 

Using this technique, the anatase TiO2 band gap was observed to be near expected value 

of ≈ 3.2 eV. The photocatalytic degradation of phenol over the immobilized 

photocatalysts in the channel walls by the light delivered through the constructed 

waveguide was used as model reaction to test the reactor and demonstrating very 

promising performance. The effect of incident light power, flow rate of the reactant and 

mass fraction of the photocatalyst in aerogel composites and additional oxygen supply 

on the performance of the reactor were investigated. Along with experimental studies, a 

simple model for immobilized photocatalytic microphotoreactors with integrated 

waveguide following a first order reaction rate with light dependency was developed 

and compared with experimental data for various conditions investigated. The reaction 

rate parameters were regressed from an exponential model. The model results and 

experimental data were found to be in good agreement. Lastly, carbon nanotubes 

(CNTs) were incorporated into the silica-titania matrix during sol-gel method resulting 

in monolithic composites and to their function on the photocatalytic degradation was 

investigated. As compared to the silica-titania composite aerogels, simply mixing of 

CNTs with TiO2 presumably exhibited lower photocatalytic efficiency.  

 

 

 

 

 

 

 

 

 



ÖZET 

 

Optofluidik mikrofotoreaktörlerde ışık reaksiyonlarının verimli olarak 

gerçekleşebilmesi için ışığın reaksiyon ortamına dağıtımı kritik bir öneme sahiptir.  Bu 

reaktörlerde  ışığın reaktant ve fotokatalizör ile etkileşimi ışığın dalgaklavuzları yardımı 

ile reaksiyon ortamına doğrudan dağılımı ile önemli ölçüde geliştirilebilir. Bu 

önermede, sıvı çekirdekli dalgakılavuzları sıvı ile doldurulmuş bir kanal ile bu kanalı 

çevreleyen kaplama (cladding) işlevi gören katı bir malzemeden oluşur ve ışık kanal 

duvarlarından toplam iç yansıma (TİY) yaparak kanal boyunca ilerler. Kullanılan 

malzemenin ışığı akışkanın bulunduğu hacme hapsebedilmesi ve ışığın bu hacimde tam 

iç yansıma (TİY) ile kılavuzlanması gerekir. Bu amaç doğrultusunda kullanılabilecek 

uygun malzemenin, optofluidik dalgakılavuzlarında çekirdekteki sıvının kırınım 

katsayısından daha küçük kırınım katsayısına sahip olması (nçekirdek > nkaplama) gereklidir. 

Benzer, katı çekirdekli TİY temelli dalgkılavuzları için nçekirdek > nkaplama koşulunu 

sağlayacak kaplama malzemeleri kolayca bulunsa da sıvı çekirdekli optofluidik 

dalgakılavuzlarında bu koşulu sağlayacak malzemelerin bulunması kolay değildir. 

Optofluidik dalgakılavuzunun çekirdeğindeki sıvının su olduğu düşünüldüğünde 

(görünür dalgaboylarında nsu = 1.33) 1.33 değerinden küçük kırınım katsayısına sahip 

kaplama malzemelerinin bulunması gerekmektedir. Bu noktada, sahip oldukları düşük 

kırınım katsayılarıyla (görünür dalgaboylarında n ~ 1), birbirlerine bağlı 

nanoparçacıkların oluşturduğu ve hava boşlukları ile ayrılmış açık bir ağdan oluşan 

oldukça gözenekli nanoyapılı özel bir malzeme olan aerojeller, TİY-temelli sıvı 

çekirdekli dalgakılavuzları için ideal kaplama malzemeleri olarak öne çıkarlar. 

Çalışmanın ilk aşamasında, aerojel içinde monolitik ve nano gözenekli yapısını 

koruyarak TİY-temelli sıvı çekirdekli dalgakılavuzların üretimini sağlayan yeni bir 

teknik gelişitirilmiştir. Özkütleleri 0.15 g/cm3’ den 0.39 g/cm3’ e kadar değişien silika 

aerojeller, alkojellerin Tetraetil Ortosilikat içinde farklı sürelerde yaşlandırılması ve 

superkritik ektraksiyon işlemleri ile üretilmiştir. Hidrofilik yüzey özelliklerine sahip 

silika aerojeller, HMDS buharı altında hidrofobik olarak dönüştürülmüştür. 

Sentezlenmiş aerojellerin düşük kırınım katsayılarını korudukları ve optik kaplama için 

uygun oldukları gösterilmiştir. Gelişitirilen kanal açma yönteminin literatürdeki diğer 

yöntemlere nazaran daha uzun kanalların oluşturulmasında elverişli olduğu 

gösterilmiştir. Düz ve L şeklindeki uzun kanallar (~7.5 cm) monolitik aerojeller içinde, 

https://turkish.alibaba.com/product-detail/tetraethyl-orthosilicate-teos-99-0-cas-no-78-10-4--60317597492.html


TİY-temelli sıvı çekirdekli verimli dalgakılavuzları oluşturulmuş ve öngörülen ışığın 

toplam iç yansıma kuramı deneysel olarak gösterilmiştir.  

Monolitik aerojel içine entegre edilmiş olan TIY-temelli sıvı çekirdekli 

dalgakılavuzlarının sıvı reaktantlar ile iyi bir örtüşme sağlayarak fotokimyasal 

reaksiyonların gerçekleştiği ve aerojellerin optofluidik mikro-fotoreaktör olarak çalıştığı 

ilk kez gösterilmiştir.  

Çalışmanın son kısmında, aerojellerin yüksek gözeneklilik ve yüzey alanına 

sahip üç boyutlu yapısı, fotokatalizör ilavesi için uygun bir ortam sağlamış ve monolitik 

yapılarına zarar vermeden yüksek oranda fotokatalizör nanoparçaçıklarının yapı 

içerisine entegre edilebilmesini mümkün kılmıştır. Anataz titanyum dioksit (TiO2) 

nanoparçacıkları fotokatalizör olarak kullanılmış ve silika aerojellerinin mezo gözenekli 

ağına aerojel sentezinin sol-jel aşaması sırasında başarıyla dahil edilmiş, ağırlıkça % 1 

ile % 50 arasında değişen titanyum dioksit içerikli monolitik SiO2-TiO2 kompozit 

aerojeller elde edilmiştir. Elde edilen SiO2-TiO2 komposit aerojellerin, ışığın reaktanlar 

ve kanal duvaralarında gömülü olan fotokatalizör ile iyi bir etkileşim sağlayabildiği ve 

fotokatalitik mikrofotoreaktörler olarak çalıştığı gösterilmiştir. Fenol’ün kanal 

duvarlarında immobilize edilmiş fotokatalizörler üzerinde, optofluidik dalgaklavuzları 

ile kanal boyunca yönlendirilen ışık altında fotokatalitik bozunması model reaksiyon 

olarak kullanılmıştır. Gelen ışık gücünün, reaktant akış hızının, fotokatalizör ve oksijen 

miktarının reaktörün performansı üzerindeki etkisi araştırılmıştır. Deneysel çalışmalara 

ilaveten, fotokatalitik mikrofotoreaktörlerde ışığın ve reaktantların akış hızının organik 

bileşiklerin degradasyonuna olan etkisini tanımlayan bir model geliştirilmiş ve deneysel 

veriler ile karşılaştırılmıştır. Model sonuçları ve deneysel verilerin uyumlu olduğu 

bulunmuştur. Son olarak, sol-jel metodu ile SiO2-TiO2 matrisine karbon nanotüpler 

dahil edilerek monolitik kompozitler elde edilmiş ve bunların fotokatalitik bozunma 

üzerindeki fonksiyonları araştırılmıştır. SiO2-TiO2 komposit aerojellere kıyasla, karbon 

nanotüplerin SiO2 ve TiO2 ile karıştırılması, daha düşük fotokatalitik performans ile 

sonuçlanmıştır.  
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INTRODUCTION 

 

Optofluidics is an emerging research field which combines optics and photonics 

with microfluidics in the same platform and  exploits the synergy between the unique 

features of both disciplines for a wide range of applications including biological sensing 

1-2, chemical analysis 2, imaging 3-5, detection 6-9 and energy conversion 10-15. 

Optofluidics allows for simultaneous delivery and control of light and fluids with 

microscopic precision. Since the light and the fluid share the same space within an 

optofluidic system, photons can be efficiently transferred to the fluid. Conversely, 

adjustment of optical properties of the fluid directly affects the photon propagation path.  

Optofluidic microphotoreactors, in which light-activated photochemical 

reactions are carried out in solutions confined within microfluidic channels, have been 

recognized in the recent years to be versatile tools for light-driven photochemical and 

photocatalytic reactions as a new emergence field of optofluidics 16-17. The capability of 

such microphotoreactors to integrate optics and photonics with fluidic channels at small 

volumes in the same platform provides simultaneous delivery and control of light and 

fluids with microscopic precision. Such a combination with maximized overlap between 

light and solutions residing in small reaction volumes therefore improves light-matter 

interactions in the channels, resulting in high-efficient photochemical and photocatalytic 

reactions 18-22 at incident optical powers smaller than those used in conventional 

systems, with improved spatial homogeneity of irradiation and better light penetration 

through the reaction volume compared to the conventional large-scale photoreactors. 

A variety of optofluidic microphotoreactors have been described in the 

literature, which generally consist of microchannels fabricated in a solid substrate 

covered by a transparent plate sealing the channels from the top. Microchannels have 

been directly fabricated in glass, polymer and ceramic substrates using various methods 

such as photolithography, dry/wet etching and micro/nano imprinting 23-25. The solid 

photocatalyst particles are generally immobilized on inner walls of reactors in the form 

of a film coating. The reactant can flow through the channels through inlet and outlet of 

the reactors while externally irradiated resulting in and out by inlet and outlet while 



 

 

using external light source to irradiate the reaction chamber. The excited electron (e-) 

and hole (h+) will react with the organics in the polluting water and decompose them. 

However, smooth surfaces of reactor walls might limit photocatalyst adhesion to the 

reactor walls as a stable and robust coating to survive extended periods at conditions 

during reactions. The above described microphotoreactors are designed to function 

exclusively with external irradiation delivered through the transparent top wall of the 

channel. Therefore, the thicknesses of the transparent plate, the depth of the channel 

walls and the geometry of the microphotoreactor have to be carefully adjusted to 

minimize the absorption and reflection losses. Despite optimizing the geometry, light 

access to confined spots in the reaction chamber may still be problematic 26-28.  

Implementation of optical waveguides into microphotoreactors has been recently 

gaining great deal of attention to tackle the limitations of the conventional optofluidic 

microphotoreactors so that the interaction of photocatalysts and light can be improved. 

Based on this concept, the photoreactor was typically constructed as bundles of 

photocatalyst-coated fibers in a glass where most of the light intensity propagates along 

the fiber by TIR, a small evanescent fraction refracts, penetrates through the cladding 

and excites the photocatalyst layer at the outer surface of the fiber, thus creating e--h+ 

pairs for photocatalytic reactions 29-33. Photonic crystal fibers with a hollow core (HC-

PCF) surrounded by a cladding structure with deposited photocatalyst films consisting 

of a periodic array of sub-micrometer-sized air-filled openings running along the entire 

length of the fiber 34 were also employed for the photocatalytic reactions 16. Despite 

their successful applications, HC-PCF-based microphotoreactors exhibit several 

drawbacks and limitations. Due to the small sizes of fiber hollow cores, only a low 

volume of reactants can be treated in HC-PCF photoreactors. Since the glass structure 

of the fiber is impermeable for gases, gaseous reactants and products of photochemical 

reactions cannot be readily exchanged between the reactor and its surroundings. 

Similarly, air bubbles formed in the liquid solutions confined within the fiber core 

cannot be easily removed, which results in high optical loss from scattering and 

eventually causes failure of the waveguide.  

Regarding the above review, it is obvious that two major issues need to be 

addressed for the microphotoreactors. The first is to attain high photon transfer to the 

reactants and solid photocatalyst particles through the same path with the reactants 

eliminating air-bubbles disturbing light propagation through the reaction volume. The 

second is stable photocatalyst immobilization in the reactor walls. Construction of a 



 

 

microphotoreactor with channels made out of an interconnected open porous network 

which acts as a membrane for separation of the air bubbles from the liquid and 

concurrently manipulates the path of light in the channel might be a possible key to 

overcome the problems. The channels thus behave as an optical waveguide which 

simultaneously confines and overlap light and reactants. Aerogels appear as one of the 

most promising nanostructured materials to be implemented as optical waveguiding in 

liquids 35-38. They are highly porous nanostructured solids consisting of an 

interconnected open network of loosely packed, bonded particles separated by air gaps, 

and they feature very low refractive index and high specific surface area 35-38.  These 

properties, particularly the low refractive index of ~1.05 for which the aerogels are 

often referred to as “solid air”, make aerogels a remarkable solid-cladding material for 

optofluidic waveguides that can be used without any additional modification, since 

almost all liquids have refractive indices exceeding that of aerogels. Optofluidic 

waveguides can be constructed by opening channels inside monolithic aerogel blocks. 

These channels are surrounded by a wall made up of interconnected particles that are 

around 40 to 80 nm in size, with pockets of air in between them that constitute pores 

with sizes less than 100 nm. The air in the aerogel pockets is responsible for guiding 

light by TIR in a liquid-filled channel. Following appropriate chemical treatment that 

makes the channel surface compatible either with polar or with non-polar liquids, the 

channels can be filled with a suitable reactant solution that also serves as the waveguide 

core liquid. In such an approach, the channel fabricated within the aerogel 

simultaneously confines the reaction medium and also serve as the waveguide cladding 

whereas the reaction volume resides within the liquid core of the waveguide 36, 39. The 

propagation of non-lossy optical modes guided in the liquid by TIR from the channel 

walls requires the cladding material to have a low absorption coefficient at the working 

light wavelength and a lower refractive index than that of the core liquid (ncore > 

ncladding) 36, 39. These conditions can be easily met over the whole visible and near UV 

spectral regions, for example, by silica aerogels.  In addition, the surface of aerogels can 

be chemically modified; therefore, there is no restriction on the type of liquid or aerogel 

that can be used, as long as the liquid can be confined inside the aerogel block without 

penetrating its porous network 36, 40. Therefore, it should be possible to utilize such 

aerogel-based waveguides in microphotoreactors.  

In this study, a new type of microphotoreactor we called “Aerogel-based 

Optofluidic Microphotoreactor with Integrated Optofluidic Waveguide” were developed 



 

 

for photochemical and photocatalytic reactions. The field of optofluidics was 

successfully combined with monolithic hydrophobic aerogels by fabricating cylindrical 

channels within the monolithic aerogel blocks. Unlike conventional microphotoreactors, 

light was directly implemented into the channel by constructing liquid-core optofluidic 

waveguides within the same path of the reactant stream, which resulted in low and 

favorable propagation losses of light. As the first and crucial step to manufacture TIR-

based liquid-core optofluidic waveguides in monolithic aerogel-based 

microphotoreactors preserving their intact and monolithic structure, a new, 

straightforward technique that uses direct manual drilling as a possible alternative 

among available techniques, was first developed. For this purpose, the mechanical 

strength and stiffness of silica aerogels was improved by synthesizing the aerogels with 

higher densities. Optical properties of resulting aerogels including light transmittance 

and scattering characteristics as well as refractive index were investigated. Efficient 

guiding of light by TIR in the liquid-filled channel in aerogels was visually revealed and 

characterized by monitoring the power at the channel output. The characterization of 

waveguide transmission indicated that the propagation losses demonstrated that the 

liquid-core waveguides with drilled aerogel cladding represent an attractive alternative 

in optofluidic applications targeting controlled routing of light along arbitrary three-

dimensional paths. The fabricated microphotoreactors were shown to be well suited for 

photochemical degradation of a model organic compound – methylene blue (MB) dye – 

and the efficiency of the dye photoconversion as a function of the incident light power 

were investigated. Moreover, photocatalyst particles could be immobilized within the 

channel walls to perform photocatalytic reactions. Silica aerogel was chosen as a 

template to immobilize photocatalysts for its appealing attributes of interconnected 

nanoporous framework with high surface area-to-volume ratio to deposit high amount 

of photocatalyst and its desirable properties that complement photocatalytic processes 

acting as charge transfer catalyst. TiO2 was used as photocatalyst and it was 

successfully introduced into the mesoporous network of silica aerogels by addition of 

anatase TiO2 powder during sol-gel step of the aerogel synthesis. The resulting materials 

were characterized using ZEISS Ultra-Plus Field Emission Scanning Electron 

Microscope (FE-SEM), combined with energy dispersive X-ray spectrum (EDX), X-ray 

diffraction (XRD) and X-ray fluorescence spectroscopy (XRF). Diffuse Reflectance 

UV-VIS (DR-UV-VIS) spectra were used to obtain electronic band-gap of the SiO2-

TiO2 composites. These spectra were recorded with a Shimadzu UV-3600 UV-Vis-NIR 



 

 

spectrophotometer using ISR-3100 integrating sphere attachment in the specular 

reflection (8°) mode. The band gap of the composites was estimated from Tauc method 

calculating Kubelka-Munk function, from the diffuse reflectance spectra of the samples, 

A general overview of the physical and chemical properties of aerogels that are 

essential for controlled light guiding and their preparation methods are presented in 

Chapter 2. Possible techniques for fabricating channels in aerogel monoliths are 

described in detail. Subsequently, an extensive review of the studies in the literature on 

the characterization of light propagation in liquid-filled channels within aerogel 

monoliths as well as on the quantification of light-guiding characteristics of aerogel-

based waveguides are provided. Finally, current and possible future applications of 

aerogel-based optofluidic waveguides are described in Chapter 2. 

Experimental methods are provided in Chapter 3. This includes the synthesis of 

silica aerogels and silica-titania aerogel composites. The route for the surface 

modification of the aerogels is also described. The analytical techniques that were 

employed to characterize physicochemical properties of the derived materials are 

presented.  

In Chapter 4, the development of total internal reflection-based optofluidic 

waveguides fabricated in aerogels by modified sol-gel process is described. The optical 

properties of resulting aerogels including light transmittance and scattering 

characteristics as well as refractive index measurement are defined. The light guiding 

properties of the fabricated channels are also provided.  

Development of a new type of microphotoreactor with integrated optofluidic 

waveguide based on solid-air nanoporous aerogels for photochemical degradation of a 

model organic compound – methylene blue (MB) dye – and the efficiency of the dye 

photoconversion as a function of the incident light power is described in Chapter 5. 

Furthermore, a control experiment carried out in a plastic tubing filled with MB solution 

is provided to demonstrate that light guiding is superior in the MB filled channel in the 

aerogel. The characteristic of light propagation in the tubing is also demonstrated.  

In Chapter 6, the development of aerogel-based photocatalytic 

microphotoreactor with an integrated optofluidic waveguide is described. Fabrication of 

monolithic and hydrophobic silica-titania aerogel composites and their characterization 

results are provided. The effects of incorporation of titania nanoparticles into the silicon 

dioxide network on its porous nature and morphology are described. Significant 

parameters, from the point of view of photocatalytic activity, are described and their 



 

 

band gap energies are provided. The effect of addition of CNTs in the silica-titania 

network on the photocatalytic activity of the composites is provided along with their 

physical and optical properties and the results are compared with the silica-titania 

composite aerogels. Finally, a simple model for immobilized photocatalytic 

microphotoreactors with integrated waveguide following a first order reaction rate with 

light dependency was developed and compared with experimental data for various 

conditions investigated. The reaction rate parameters were estimated from an 

exponential regression model.  

Finally, in Chapter 7, summary and conclusions of the overall study with further 

insights and future of the project are given. 
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LITERATURE REVIEW 

 

2.1 Optofluidic Microphotoreactors 

 

Optofluidic microphotoreactors are promising platform for use as photochemical 

and photocatalytic reactors for several applications from waste water treatment to water 

splitting 19, 22, 41. A typical optofluidic microphotoreactor, demonstrated in Figure 2.1, 

consists of microfluidic channels, fluidic connections and an external light source. The 

fabricated microchannels in the solid substrates are covered by a transparent plate 

sealing the channels from the top to function exclusively with external irradiation 26-28.  

 

Figure 2.1. Components of a typical optofluidic microphotoreactor. 

The fabricated channels were adopted for photocatalytic reactions with the same 

configuration for the reactor irradiation. The photocatalysts in the form of dispersed 

nanoparticles is considered to be impractical due to a nonuniform distribution of light as 

a result of absorption and scattering by the suspended particles and the need for costly 

separation of the photocatalysts at downstream after reaction 18-19, 21, 42. Packed-bed 

microphotoreactors also lead to problems associated with the non-uniformity of light 

since the photons will be exclusively absorbed in the outer region or scattered to the 

neighbouring areas of the irradiated volume while the inner particles are shielded 42-43. 

This may be tackled by using packings which are transparent to the incident light with 



 

specular reflectivity 43. Unlike suspended and packed photocatalyst, the immobilization 

of the catalyst on reactor walls in the form of a film coating is a more practical method 

of choice for photocatalytic reactions. The photocatalyst film is coated on the inner 

surfaces of the fabricated microchannel. The reactant can flow through in and out by 

inlet and outlet of the channel while it is irradiated by a light source mounted on the top 

of the cover. The incident light from the light source with energy equal or greater than 

the band gap of catalyst is absorbed by the immobilized catalyst in the walls which 

results in excitation of e- to the conduction band, leaving h+ in the valence band. The e- 

and h+ pair either recombines or diffuses to the catalyst surface to lead to oxidation-

reduction reactions with reactants absorbed on the surface. Li et al. 44 constructed an 

optofluidic microreactor by using a capillary with an internal diameter of 200 µm whose 

inner wall was coated with a photocatalytic silicon dioxide/ titanium dioxide 

(SiO2/TiO2) film self-assembled from individual SiO2/TiO2 core-shell nanoparticles 

(Figure 2.2.a.). They investigated degradation of aqueous methylene blue solution which 

was passed through the capillary while the microreactor was irradiated with an external 

light source. However, the external irradiation used in these experiments was not ideal 

for utilization of light since a significant fraction of light was absorbed by the outer part 

of the photocatalyst layer, thus reducing the overall efficiency of the photocatalytic 

degradation 13. Matsushita et al. 45 designed a single straight microchannel the bottom of 

which was covered with a sol-gel prepared TiO2 thin film loaded with Pt particles 

(Figure 2.2.b.). Gorges et al. 46 used a microreactor with 19 branched parallel 

microchannels (Figure 2.2.c.). A nanoporous TiO2 film was immobilized by anodic 

spark deposition and a UV-LED array was fixed above the area of the branched 

channels. Lei et al. 15 designed a planar microreactor by using two nanoporous TiO2-

coated glasses as the cover and substrate and a 100 μm-thick epoxy layer as the spacer 

and sealant (Figure 2.2.d.). Similarly, Ahsan et al. 41 utilized a planar microfluidic 

platform to study the kinetics of photocatalytic water-splitting. They used glass slides 

which were coated with sol-gel prepared Pt–TiO2 photocatalyst (Figure 2.2.e.). 

Furthermore, Meng et al. 22 developed a new approach for the fabrication of planar 

photocatalytic microreactors by using electrospun TiO2 nanofibres sealed between a 

polydimethylsiloxane (PDMS) substrate and a glass slide. They found a much higher 



 

photocatalytic activity than that achieved previously by a TiO2 film microreactor (Figure 

2.2.f). However, conventional photocatalytic microphotoreactors have some other 

limitations than that of microphotoreactors. The coated layer should be stable and robust 

enough to survive extended periods at conditions during reactions take place; yet, the 

photocatalyst adhesion to the reactor walls with a smooth surface is relatively poor. 

Furthermore, the coated photocatalyst surface should be irradiated sufficiently to achieve 

excitation of the photocatalyst. Due to losses of incident light through the cover and 

catalyst layer, the conventional microphotoreactors were designed with a single film on 

one-side inner wall of either top or bottom wall of the microphotoreactor.  

  

              

  

             

Figure 2.2. (a) Micro-capillary reactor with the inner wall coated with self-assembled 

SiO2/TiO2 for methylene blue degradation 44. (b) Single straight microchannel reactor 

 a. b. 

c. 

d. 

f. e. 



 

with immobilized TiO2-coated silica beads 45. (c) Branched microchannel reactor 46. (d) 

Planar microreactor using immobilized nanoporous TiO2 film for methylene blue 

decomposition (on the left) 15. Cross-section of the planar microreactor (on the right) 15. 

(e) Scheme and photograph of thin TiO2 film coated planar microreactor 41. (f) Scheme 

of nanofibrous TiO2 microreactor 22. 

2.2 Liquid-core Optofluidic Waveguides 

Being based on the integration of microfluidics with optics, optofluidics allows 

for controlling the interaction of fluids with light at small spatial scales and developing 

new optical devices for detection, imaging, and chemical and biological analysis 10-12, 47. 

Optofluidic waveguides that enable the controlled routing of light in integrated 

optofluidic systems are an important component of many of these devices. Light guiding 

can be achieved by using either TIR or interference 48. Interference-based light guides 

require the waveguide core region to be covered with multiple reflective layers so as to 

achieve near-perfect light confinement due to constructive or destructive interference. 

Bragg waveguides 49, Bragg fibers 50, photonic crystal fibers 34, and anti-resonant 

reflecting optical waveguides (ARROWs) 51-52 are primary examples of such 

interference-based waveguides. They require relatively complicated fabrication and 

coating techniques. In contrast, TIR-based waveguides can be simply obtained by a 

waveguide core material having a refractive index sufficiently higher than the refractive 

index of the surrounding cladding medium 53-54. This principle applies to both planar 

waveguides and optical fibers 55. If TIR occurs inside a waveguide, the light losses due 

to light leakage out of the waveguide are extremely low. 

TIR-based liquid-core optofluidic waveguides can be easily obtained provided a 

low refractive index cladding medium can be found. For example, since the refractive 

index of water is much higher than the refractive index of the surrounding air, light can 

be guided in a water stream pouring out of a water-filled bottle by TIR when the incident 

angle of light on the surface of the water filament is greater than the critical angle (see 

Figure 2.3) 56. However, in manufacturing optofluidic devices, a solid cladding material 

is typically required. In TIR-based liquid-core waveguides, the core liquid is confined 

within channels fabricated in a suitable solid material that simultaneously acts as the 

waveguide cladding 57-58. In order to guide light by total internal reflection with low 



 

attenuation, the cladding material should be non-absorbent and have a much lower 

refractive index than the core material (ncore > ncladding), and a smooth interface should be 

present between the core and cladding material. When these requirements are met, the 

light remains confined in the waveguide liquid core, maintaining high intensities over 

long propagation distances. Devices based on TIR-based liquid core optofluidic 

waveguides have been attracting an increasing attention. For instance, Cai et al. 59 

demonstrated direct detection and quantification of Ebola virus in an integrated 

optofluidic device including solid-core and liquid-core waveguides. Sample preparation 

and target pre-concentration were performed in a polydimethylsiloxane (PDMS)-based 

microfluidic chip, followed by single nucleic acid fluorescence detection in liquid-core 

optical waveguides on a silicon chip. Jung et al. 60 used a TIR-based liquid core 

optofluidic waveguide for efficient light delivery in PDMS-based photobioreactor (PBR) 

for cyanobacteria growth. TIR-based waveguides were built by coating a thin layer of 

amorphous fluoropolymer (Teflon AF) on the inner walls of PDMS channels; thus, total 

internal reflection occurred at the interface between the Teflon AF layer and the culture 

medium. They performed experiments with both regular and Teflon AF-coated PBRs for 

a comparison of cell growth. They demonstrated that photosynthetic cell growth 

improved by up to 9% in the optofluidic waveguide-based PBR compared to the regular 

PBR. 

 

Figure 2.3. Total internal reflection in a stream of water flowing through a hole drilled 

at the bottom of a glass bottle. Light from a laser source is coupled into the water stream 

56. 



 

In applications involving aqueous solutions, the refractive index of the core 

liquid is around 1.33 (refractive index of water). However, a limited choice of solid host 

materials with an index of refraction below that of water is available; thus it is a 

challenge to find a cladding material with a refractive index much lower than 1.33 to 

maintain a reasonable numerical aperture (NA) 38, 54. Most of the polymers, including 

those that are utilized in lab-on-a-chip devices such as PDMS, have higher refractive 

indices than water; thus, light cannot be confined and delivered by TIR in channels 

fabricated from these polymers. Among fluoropolymers, Teflon AF has a refractive 

index of 1.29–1.31 that is slightly lower than the refractive index of water. Therefore, 

Teflon AF or a layer of Teflon AF can be used to clad a liquid-core optical waveguide. 

Thin coatings of amorphous Teflon AF deposited on substrates such as glass, silicone, 

and PDMS have been commonly employed for this purpose 61-63. However, Teflon AF 

has poor adhesion to the common solid substrates used for manufacturing of 

microfluidic chips. Chemical functionalization of the surface of Teflon AF may improve 

adhesion, but it is very difficult to functionalize Teflon AF. Furthermore, low refractive 

index contrast of ~0.04 between the core liquid and Teflon AF prevents efficient 

propagation of light within the aqueous core 61-62. 

2.3 Aerogels 

Aerogels are nanostructured materials with an internal solid structure consisting 

of crosslinked polymers with a large number of air-filled pores between the solid 

polymeric chains 50. The network of aerogels is characterized by well accessible and 

branched mesopores. Among other mesoporous materials including fumed silica, Vycor 

glass, carbon soot, or mesoporous silica, aerogels are unique owing to their extremely 

high porosity and high specific surface area, pore sizes ranging in mesopore range, 

electrical conductivity (carbon aerogels) and the possibility of synthesizing as both 

monoliths and beads 4250.  

These versatile nanoporous materials can be synthesized from a wide range of 

molecular precursors using sol-gel chemistry, followed by removal of the solvent from 

the gel network using drying 64-66. The unusual flexibility of the sol-gel processing 

enables remarkable control over the aerogel properties. Their surface properties, 

porosities, thicknesses, and refractive indices can be tailored to desired values by 



 

modifying the method of preparation and the composition of the reactant solution 67-70. 

Thus, aerogels are attractive for a wide range of applications in areas such as aerospace, 

thermal insulation, and acoustic device development 65, 71. 

Aerogels can be generally classified into three categories: inorganic, organic, and 

inorganic–organic hybrids. Inorganic aerogels are synthesized using metal alkoxides as 

precursors and include various aerogels such as silica (SiO2), alumina (Al2O3), titania 

(TiO2), or zirconia (ZrO2) 
64, 67, 69, 72. Silica aerogels—the most extensively studied 

aerogels amorphous materials having a disordered molecular structure with tortuous 

paths through their solid network— have pores typically ranging from 5 to 100 nm, an 

average pore diameter between 20 and 40 nm, porosities up to 99.8%, and bulk densities 

ranging from 0.003 g/cm3 to 0.5 g/cm3, which results in an extremely low refractive 

index in the range of 1.003–1.1 67, 71, 73-75. Because of their low refractive indices, they 

are often used in Cherenkov radiation detectors 75-79. 

Resorcinol–formaldehyde and melamine–formaldehyde aerogels are the most 

commonly studied organic aerogels; they are formed from either connected colloidal 

particles or polymeric chains of about 10 nm in diameter. They have pores with small 

diameters (≤ 50 nm) and high specific surface areas (400–1000 m2/g) 80-81. Carbon 

aerogels, which are obtained by pyrolysis of organic aerogels, are attractive, especially 

in energy-related applications, due to their high electrical conductivity 81. 

Hybrid aerogels are synthesized by incorporation of organic polymers such as 

polyacrylate, polyimide, or polyurea within an inorganic aerogel matrix such as silica 

aerogel. Hybrid aerogels may display enhanced mechanical properties as compared with 

either pure organic aerogels or pure inorganic aerogels while maintaining high porosity 

and high surface area 68, 82-86. 

Even though aerogels were first synthesized by Samuel Kistler as early as in 

1932, they remained a laboratory curiosity for a long time and were not produced on a 

commercial scale until 2002, primarily due to their high production costs. In 2002, 

Aspen Aerogels developed an aerogel-based blanket for thermal insulation by 

impregnating a fibrous structure with an aerogel-forming precursor solution. 

Subsequently, other companies such as Nano Hi-Tech also started producing aerogel 

blankets. Cabot Corporation (Boston, MA, USA) developed silica aerogel granules 



 

under the trade name of Nanogel® with excellent insulation, water-repelling, and light 

transmittance properties. Nanogel® is used in glazing systems such as glass, 

polycarbonate, acrylic, or structural composite panels due to its desirable characteristics 

resulting in an environmentally friendly, energy-efficient daylighting system 87-88. 

Recently, BASF (Ludwigshafen, Germany) also started producing organic aerogel 

insulation panels under the trade name Slentite. These are mechanically strong, high-

performance insulating materials with low thermal conductivity (17 mW/(m·K)) 

compared to other insulation materials such as mineral wool, expanded polystyrene, 

extruded polystyrene, and polyurethane, with thermal conductivities typically in the 

range of 25 to 50 mW/(m·K) 89. The panel offers space-saving, efficient insulation, 

allowing the insulating layer to be 25% to 50% slimmer than conventional materials for 

the same insulation performance 65, 87-89. The above examples indicate that a wide variety 

of aerogels with different properties for optofluidics-related applications may be 

produced on a commercial scale in the future.  

2.4 Why Use Aerogels for Optical Applications? 

 Unique optical characteristics of aerogels render them well suited for the 

development of novel optical devices such as sensors, radiation detectors, optical fibers, 

optofluidic waveguides, nonlinear optical components, or lightweight reflectors 67, 90-93. 

The most appealing optical property of aerogels – the low index of refraction whose 

value lies well below that of common solids and liquids – results from the internal solid 

nanostructure of aerogels consisting of cross-linked polymeric nanoparticles with a large 

fraction of air-filled pores. Because of their very high porosity, aerogels are sometimes 

termed “solid air” and have refractive indices close to that of air (typically in the range 

of 1.003–1.1) 39, 69, 94-96. Another remarkable property of some types of aerogels that 

makes them attractive for optical applications is their good optical transparency in the 

UV/visible region of the electromagnetic spectrum that is only limited by light scattering 

from the sub-wavelength internal structures of the aerogels. Since aerogels can be 

produced in arbitrary shapes using appropriate molds during the fabrication process, 

they can be readily formed into an optimal shape required by the particular application 

64, 69, 97. The combination of the above mentioned favorable material and processing 

characteristics has moved aerogels into the spotlight in the development of novel optical 



 

and photonic components and systems, as evident from the steadily increasing number 

of scientific publications related to the subject in recent years. 

The oldest optical applications of aerogels date back to the 1970s when silica 

aerogels were first successfully used as a source of Cherenkov radiation for charged-

particle detection in high-energy and nuclear physics experiments 98-100. In charged-

particle detectors based on registering Cherenkov radiation emitted upon the passage of 

a charged particle through a transparent (dielectric) medium, the refractive index of the 

medium is a crucial parameter that determines the threshold velocity of particles that can 

be detected. In particular, this threshold velocity is inversely proportional to the 

refractive index and its careful selection is critical for meeting the requirements of the 

specific experiment 98. Since aerogels have refractive indices intermediate between those 

of common or cryogenic liquids and compressed gasses, they can successfully fill the 

gap between the particle detectors based on conventional fluid materials. Moreover, 

refractive index of aerogels is largely tunable by modifying the conditions of their 

synthesis and their compact, solid form makes their handling significantly easier in 

comparison with compressed gasses or cryogenic liquids.  

The “solid air” property of aerogels has also made them attractive for fiber optics 

applications 95. Since both optical fibers and silica aerogels are made from the same 

material (silica glass), they are fully chemically compatible. Thus, silica aerogels can 

serve to protect delicate fiber-optical components such as fused couplers and tapers from 

harsh environmental conditions and contamination without a negative influence on the 

performance of the embedded components 95, 101. Aerogels can also serve as low-index 

claddings of optical fibers, providing higher numerical aperture and improved light 

propagation efficiency over conventional fibers 101. Moreover, aerogel-coated fibers 

were successfully used for gas sensing applications 39, 102. These gas sensors took 

advantage of the open porous network of aerogels through which the gases could readily 

diffuse into the evanescent field region at the fiber core surface and modulate the 

properties of guided light by modifying the effective refractive index of the fiber 

cladding. Gas sensing and nonlinear optics applications of aerogel-clad optical fibers can 

be further enhanced by embedding suitable dopants in the aerogel structure that exhibit a 

strong chemical or optical response 95, 103-106.  



 

Recently, alternative optical waveguides using aerogels as their main structural 

element have been introduced. Conventional optical fibers consist of a solid core and 

cladding with a refractive index contrast. In particular, the refractive index of the core 

has to be higher than that of the cladding, which than allows transmission of light 

entering the core along the fiber by TIR. As the refractive index of the cladding 

decreases, the fraction of light that can propagate through the fiber increases. Recent 

studies have demonstrated that aerogels are ideal solid cladding materials for optofluidic 

waveguides with liquid cores that are able to guide light by TIR over a wide range of 

wavelengths without any additional optical coatings 17, 38-39, 67, 95, 101, 107-108. Due to the 

extremely low refractive index of aerogels, high numerical apertures can be obtained in 

aerogel-based optofluidic waveguides in applications based on aqueous liquid cores. 

This gives them a significant advantage over conventional polymer-based cladding 

materials 17, 36-38, 107. In order to construct the waveguides, uniform, extended channels 

can be created inside monolithic aerogel blocks using a wide variety of processes such 

as preform removal 107, drilling 37 or femtosecond laser ablation 38. Aerogel-based 

optofluidic waveguides can pave the way for development of innovative applications 

including photochemical reactors as well as light-driven detection, identification, and 

quantification of various compounds. Studies reported so far in the literature on aerogel-

based optofluidic waveguides have utilized silica aerogels. However, other types of 

aerogels with desirable mechanical properties such as high tensile strength or flexibility 

can also be used. In addition, the aerogel market in the world is growing and many 

additional aerogel production plants are expected to be constructed in the coming years 

to meet this demand. Therefore, manufacturing of aerogels on a commercial scale for 

use in optofluidics-related applications seems very plausible in the near future.  

Aerogels are characterized by the very low linear index of refraction; at the same 

time, their nonlinear intensity-dependent refractive index component can be very high. 

The optical nonlinearity of silica aerogels has a negative sign, which indicates that the 

refractive index is depressed at high irradiation intensities 109. This property of aerogels 

paves the way for implementation of high-power nonlinear optical devices such as 

optical limiters and switches, as well as for generation of spectral supercontinuum 39, 104-

105, 110-112.  



 

The number of studies exploring the potential of aerogels for optical and 

photonic applications is expected to increase in the coming years, as the relationship 

between the nanostructure of aerogels and their optical properties is better understood. 

New fabrication techniques are being developed for aerogel-based optical devices 

including lenses, waveguides, optical fibers, filters, dye lasers, and nonlinear optical 

devices. In the near future, one can expect many more new, hybrid optical components 

to join the family of already existing successful optical solutions based on aerogels. 

2.5 Optical Properties of Aerogels 

Optical properties of aerogels directly determine potential applications of 

aerogel-based optical devices. In this context, light transmittance and scattering 

characteristics as well as refractive index of aerogels are primarily significant. High 

optical transparency of aerogels is crucial for many optics-related applications such as 

fabrication of solar windows and Cherenkov radiators, fiber optics as well as optical 

waveguides, whereas translucent aerogels are generally good candidates for solar covers 

and collectors 113-115. In general, both scattering and absorption of light reduce the 

amount of light transmitted through monolithic aerogels 116. The nanostructure of 

aerogels determined by the nature of their pores and their solid network affects their 

optical properties in a complex manner 117-118. Optical scattering in aerogels is 

characterized by contributions from the bulk and exterior surface scattering. The first 

scattering component is the Rayleigh-type light scattering from the structure-forming 

units of aerogels that are much smaller than the wavelength of the incident light. This 

type of scattering is strongly wavelength-dependent and it has been described for silica 

aerogels by Rayleigh-Gans theory that characterizes the overall attenuation of incident 

light by extinction coefficient, α, which is given by Equation 2.1 118-121: 

 

Here, 𝜌𝑎𝑝 is the apparent - or bulk - density of the silica aerogel, 𝜌𝑆𝑖𝑂2
is the 

density of amorphous silica (2.2 g/cm3), 𝑑 is the particle (scattering center) radius, 𝜆 is 

the wavelength of light, and 𝑛 is the relative refractive index of silica particles with 

respect to that of the external medium, i.e. air in most cases. Inspection of Equation 2.1 

shows that the level of bulk scattering can be adjusted by the particle size and apparent 
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density of the aerogel. These parameters can be largely tuned at various stages of aerogel 

monolith synthesis to decrease the scattering and, therefore, increase aerogel 

transparency. Besides bulk scattering, transparency of aerogel monoliths is also limited 

by scattering from micrometer-size imperfections of their external surface. These surface 

inhomogeneities depend on the physical characteristics of the molds used to synthesize 

aerogel monoliths, possible contamination of the interior surface of the molds by dust 

particles, or mechanical vibrations during the synthesis, and they affect the transparency 

independently of the incident light wavelength 120. Relative importance of the two 

scattering components then depends on the geometry of the aerogel monolith, in 

particular, on its surface-to-volume ratio.  

Such a spectrum, recorded between 200 and 2500 nm for a silica aerogel sample 

obtained by hydrolysis tetraethylorthosilicate (TEOS) and drying by supercritical CO2 

(scCO2), is given in Figure 2.4. The material is translucent in the visible spectral region. 

Since silica has no absorption band in the visible part of the spectrum, the decrease in 

the transmittance is predominantly due to the light scattering  122. In general, aerogel 

network contains a thin layer of adsorbed water molecules. Since the absorption of water 

is stronger in the near-infrared spectral region, the aerogel is less transparent in that 

region. In particular, the spectral absorption peaks between 900–1150 nm, 1300–1800 

nm, and 1800–2000 nm can all be attributed to light absorption by adsorbed water in the 

aerogel network. The broad absorption band at 2200 nm then represents light absorption 

by the silanol group of aerogels 65, 121-122. The relative contributions of scattering and 

absorption to the overall attenuation of incident light by aerogel monoliths can be 

determined by measuring both total transmittance and reflectance spectra of the sample 

and solving the inverse problem of the 1-D radiative transfer equation 116. Using this 

method, it is possible to obtain intrinsic scattering and absorption coefficients of the 

material that are independent of the sample geometry. 



 

 

Figure 2.4. Transmission spectra of TEOS-based silica aerogel [56]. “Reproduced with 

permission from Tamon et al., Preparation of silica aerogel from TEOS; published by J. 

Colloid Interface Sci., 1998.” 

The transmittance of the aerogel, T, is generally parameterized by Hunt formula 

which represents the attenuation of incident light by a wavelength dependent optical 

scattering from the aerogel structure:  

 

where A is the surface scattering coefficient, t is the aerogel thickness, λ is the 

wavelength of the light beam and C is the clarity coefficient and it is used to identify the 

optical quality of a sample together with A. A and C are called Hunt parameters. The 

aerogels with high optical quality have values for A and C close to 1 and 0, respectively. 

The clarity coefficient C, usually measured in µm4/cm is proportional to the radiation 

which is scattered/unit of sample length.      

2.5.1 Haze of Aerogels 

Haze (HT) is described by the ratio of diffuse transmittance (Tdiffuse) to total 

transmittance (Ttotal) where diffuse transmittance is defined as transmitted light varying 

by greater than or equal to a 5º separation from the direction of incident light. It is 

calculated by Equation 2.3. Haze of aerogels reveals what portion of the transmitted 

light is scattered from the aerogel surface. A high quantity of percent haze value indicate 



 

that larger portion of the transmitted light is scattered, lowering the transmission and 

causing the sample to be translucent and milky 123-124.  

 

2.5.2 Refractive Index of Aerogels 

Precise knowledge of the refractive index of aerogels is essential for any optical 

application. Therefore, this aerogel property has been extensively studied, especially for 

silica aerogels used in designing Cherenkov radiators 98, 100. The most commonly used 

technique to measure the refractive index of aerogels is angle of deflection measurement 

of an incident laser beam 74, 121, 125-126. Alternatively, refractive index of an aerogel 

monolith can be determined by imaging a grid through the monolith 74, 127. This method 

of measuring the refractive index uses images of the grid illuminated by a laser source, 

recorded with a CCD-camera. A reference image of the grid is acquired and, 

subsequently, the aerogel is tilted, which results in a shift of the grid image on the CCD 

imaging element. The refractive index can be then calculated using the measured image 

shift, thickness, and tilt of the aerogel sample.  

According to the correlation described by Equation 2.4 and proposed by Henning 

et al. 128, which was also experimentally verified for aerogel samples with a density up 

to 0.3 g/cm3 (Figure 2.5.), the refractive index (n) of aerogels increases linearly with 

their density, (ρ, g/cm3) 78, 98, 128-129: 

 

According to Equation 2.4, n is very close to 1 even for aerogels with higher 

densities. Thus, it is practical to use higher-density aerogels in optofluidics applications, 

as they provide increased mechanical stability without a significant deterioration of their 

optical characteristics. Some of the alternative empirical correlations between the density 

and refractive index of aerogels proposed in the literature are summarized in Table 

2.1.78. 



 

 

Figure 2.5. Refractive index as a function of silica aerogel density. The solid line 

assumes an amorphous structure (proportionality constant 0.21), while the dashed line 

assumes a crystalline structure [72]. “Reproduced with permission from Henning et al., 

Production of silica aerogel; published by Physica Scripta, 1981.” 

Table 2.1. Empirical correlations between the density 𝜌 and refractive index 𝑛 / 

dielectric permittivity 𝜺 of aerogels proposed in the literature. 

Reference Refractive index correlation 

Danilyuk et al. 130 

ε=n2=1+βρ, n=1+kρ 

where ε is dielectric permittivity of materials. 

β= 0.424 ± 0.001,  k= 0.206 ± 0.001 cm3/g 

Wang et al. 121 

n=1+kρ, k= 0.221 ± 0.002 cm3/g before heat treatment 

k= 0.193 ± 0.002 cm3/g after heat treatment at 500 ºC 

Poezl et al. 131 n=1+kρ, k= 0.210 ± 0.002 cm3/g 



 

Cantin et al. 78 n=1+kρ, k= 0.25 cm3/g 

Henning et al. 128 n=1+kρ, k=0.21 cm3/g 

Özbakır et al. 37 n=1+kρ, 𝑘 = 0.27 ± 0.016 cm3/g 

 

2.6 Aerogel-Based Optofluidic Waveguides 

Optofluidic waveguides that enable controlled routing of light in integrated 

optofluidic systems are an important component of many optical devices used for 

detection, imaging, and chemical and biological analysis 132. Light guiding in such 

structures can be achieved by using the TIR phenomenon. TIR-based optical waveguides 

can be simply obtained by combining a waveguide core material with a surrounding 

cladding medium having a refractive index that is sufficiently lower than the refractive 

index of the core (ncore > ncladding). In TIR-based liquid-core optofluidic waveguides, the 

core liquid is confined within channels fabricated in a suitable solid material that 

simultaneously acts as the waveguide cladding 57-58. In order to guide light by TIR with 

low attenuation, in addition to the necessary contrast of refractive indices, the cladding 

material should also be non-absorbing at the guided light wavelength and a smooth 

interface should be present between the core and the cladding to reduce light scattering 

from surface inhomogeneities. When the angle of incidence of the light propagating 

within the core on the core-cladding interface is greater than the critical angle, 𝜃𝑐  

defined by Equation 2.5: 

 

the light is totally internally reflected within the core medium (Figure 2.6). When these 

requirements are met for each successive incidence of the light on the core-cladding 

interface, the light remains confined in the waveguide liquid core, maintaining high 

intensities over long propagation distances.  



 

In applications involving aqueous solutions, the refractive index of the core 

liquid is close to 1.33 which is the refractive index of pure water. However, there are 

only a few solid host materials with an index of refraction below that of water. The 

index of refraction of some commonly used cladding materials are provided in Table 

2.2. Therefore, it is a challenge to find a cladding material with a refractive index 

sufficiently lowers than 1.33 in order to obtain a reasonable numerical aperture (NA) 38, 

54. Most of the common polymers, including those that are utilized in lab-on-a-chip 

devices such as poly(dimethylsiloxane) (PDMS) have refractive indices which are 

higher than water and therefore, light cannot be confined and delivered by TIR in 

channels fabricated surrounded by these polymers. Among fluoropolymers, Teflon AF 

has a refractive index which ranges from 1.29 to 1.31 which is slightly smaller than the 

refractive index of water. Therefore, thin coatings of amorphous Teflon AF deposited on 

substrates such as glass, silicone, and PDMS have been commonly employed to clad a 

liquid-core optical waveguide 61-63. However, Teflon AF has poor adhesion to common 

solid substrates which are generally employed in manufacturing of microfluidic chips. It 

has been suggested that functionalization of the surface of Teflon AF may help improve 

adhesion; however, it is quite difficult to functionalize Teflon AF due to its inertness 61-

62.   

Table 2.2. Index of Refraction (n) of Various Cladding Materials  

Material Refractive Indices 

Polystyrene 1.59 133 

Polydimethylsiloxane (PDMS) 1.41 134  

Fused quartz 1.46 135 

Fused silica 1.46 135 

Silicone 1.46 136 



 

Poly(methyl methacrylate) 

(PMMA) 
1.4893 - 1.4899 137 

Polytetrafluoroethylene (Teflon) 1.35-1.38 138 

Teflon amorphous fluoropolymers 

(Teflon AF) 
1.29-1.31 139 

 

Aerogels - with their unusually low refractive index - are remarkable solid-

cladding materials for optofluidic waveguides that can be used without any additional 

modification. Aerogel-based optofluidic waveguides are constructed by forming 

microchannels inside aerogel blocks which are filled with a suitable liquid that serves as 

the core liquid for the waveguide. There are no restrictions on the nature of liquid and 

the kind of aerogel that can be used, as long as the liquid can be confined inside the 

microchannels without penetrating the aerogel network. The refractive index of any 

piece aerogel will always be less than the refractive index of any liquid. As shown in 

Figure 2.6a and Figure 2.6b, a microchannel in a silica aerogel block is surrounded by a 

wall that is made up of interconnected particles made out of silica that are around 40 - 80 

nm in size. There are pockets of air in between these particles that constitute pores with 

sizes less than 100 nm. The particles are made out of primary particles that are 2 to 10 

nm in size (Figure 2.6c). The pockets of air are responsible for guiding light by total 

internal reflection in the liquid-filled microchannel 36-37, 39, 101. 

http://www.wiki-zero.co/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvUG9seXRldHJhZmx1b3JvZXRoeWxlbmU


 

 

 

Figure 2.6. (a) Liquid-core optofluidic waveguide created in a microchannel within a 

silica aerogel monolith; (b) Nanometer-scale particles and pores in a monolithic aerogel 

36; (c) Longitudinal cross section of a liquid-core optofluidic waveguide. Red arrows 

indicate light rays confined within the waveguide core by TIR. ɸ is the angle of 

incidence on the core-cladding interface. “Reproduced with permission from Özbakır et 

al., Aerogels for Optofluidic Waveguides; published by Micromachines, 2017.” 

2.7 Preparation of Aerogel Waveguides 

2.7.1 Synthesis of Aerogels 

Aerogels are synthesized using a conventional sol-gel process, which generally 

consists of the formation of a sol, the gelation of the sol solution, the aging of the gel, 

and the extraction of the solvent from the alcogel network, or drying of the alcogel. 

Typical steps used in the synthesis of aerogels are summarized in Figure 2.7 67, 72, 140-141. 

(i) Sol-gel: Metal oxides such as tetraethylorthosilicate (TEOS) or 

tetramethylorthosilicate (TMOS) are generally used precursors for silica aerogel 

a. 

b. 

c. 



 

synthesis. The precursors are initially hydrolyzed in a mixture of water and alcohol with 

the presence of an acid or a base catalyst where the alkoxide groups of the precursor are 

replaced with hydroxyl groups as shown in which results in formation of colloidal 

particles (Figure 2.7a and Figure 2.7b). This colloidal suspension is known as sol 

(Figure 2.7.b). These nanoscale sol particles are crosslinked and hierarchically 

assembled into an interconnected, porous network filled with liquid phase (Figure 2.7c) 

as a result of a set of chemical reactions given in Equations 2.7-2.9 and where Si(OH)4 

molecules go through water (Equation 2.6) and alcohol (Equation 2.7) condensation 

reactions forming a silica network (Equation 2.8). The resulting three-dimensional open 

grid structure is called the gel. Some gels such as polymeric gels can directly be formed 

from linear polymers instead of a precursor solution without the intermediate occurrence 

of individual particles. 

  

 (ii) Aging: The subsequent step is the aging of the tenuous solid skeleton of the 

alcogel generated during the sol-gel process. This process increases the connectivity of 

the alcogel network and its fractal dimension which reinforces the alcogel skeleton 

(Figure 2.7.d). 

(iii) Drying: The last step in the aerogel synthesis is the removal of the liquid 

solvent from the gel. Drying methods include ambient pressure drying (evaporation), 

freeze-drying, and supercritical drying. During drying at ambient pressure, the formation 

of a liquid–vapor phase boundary inside the pores results in a very high capillary 

pressure, which can cause the collapse of the pores and cracking of the gels. Cabot 

Corporation produces silica aerogels by ambient pressure drying; however, these 

aerogels are not monolithic but consist of irregularly shaped particles. Therefore, they 

would not be suitable for wave-guiding applications. In freeze-drying, the solvent 

temperature is reduced below its crystallization temperature and it is subsequently 



 

removed by sublimation at a reduced pressure. This technique is also problematic for the 

production of monoliths as the solvent crystallization may cause volume expansion and 

stress, which results in the breakage of the gels. Currently, freeze-drying is not used on a 

commercial scale to produce aerogels. Differential strain arising from capillary pressure 

can be eliminated by using the supercritical drying process. Supercritical drying of the 

alcogel is extraction of the solvent in its pores with supercritical fluids, commonly 

scCO2. During supercritical drying, the formation of two phases (a liquid and a vapor) in 

the pores is prevented, and, therefore, the collapse of the porous gel network can be 

avoided and a highly porous aerogel structure can be obtained 140-141 (Figure 2.7.e). 

 

Figure 2.7. Preparation of monolithic aerogels by the sol-gel method. (a) Reactants and 

solvents are mixed in the reaction vessel; (b) upon addition of a catalyst, colloidal 

suspension (sol) is formed; (c) condensation of the sol leads to the formation of alcogel 

containing impurities; (d) aging process reinforces the gel skeleton structure; (e) 

supercritical drying yields the final solid dry aerogel. 

2.7.2 Surface  Modification of Aerogels 

Some types of aerogels are hydrophilic due to the presence of polar hydroxyl 

groups within their porous framework. These hydroxyl groups can take part in strong 

hydrogen bonding with water, which can result in a structural collapse in a humid 

environment. However, the presence of non-polar hydrophobic groups on the aerogel 

a. b. c. 

d. e. 



 

surfaces renders them hydrophobic. Therefore, for optofluidic applications requiring 

aqueous cores, hydrophilic surface groups of aerogel monoliths need to be replaced by 

hydrophobic groups so that they can meet the stability requirements for long-term use 65, 

142. For silica aerogels, this replacement of the surface groups can be achieved by three 

primary techniques. One approach is to utilize organosilanes other than TEOS that 

contain hydrophobic groups and intermediary chains; these hydrophobic organosilanes 

can be incorporated into the aerogel network as additional silica precursors in the 

synthesis. Examples of possible hydrophobic co-precursors include 

methyltrimethoxysilane (MTMS), methyltriethoxysilane (MTES), dimethylchlorosilane 

(DMCS), trimethylethoxysilane (TMES), ethyltriethoxysilane (ETES), and 

phenyltriethoxysilane (PTES). The silyl groups of the co-precursors react with the silica 

network during the condensation reactions, resulting in aerogels with different degrees 

of hydrophobicity 66, 143. Surface modification of aerogels can also be performed either 

during the aging step or after the drying step by vapor-phase deposition and 

supercritical-phase deposition techniques. For example, hydrophilic nanocellulose 

aerogel surfaces were transformed into hydrophobic ones by using hydrophobic 

molecules such as triethoxyl(octyl)silane and MTMS by either vapor phase deposition or 

liquid phase deposition techniques 144-146. Similarly, the hydrophilic surface of a silica 

aerogel could be modified via a reaction with gaseous methanol for 10 h 147. The 

treatment led to extremely hydrophobic aerogels that could even float on water for 

several hours without getting wet 148. HMDS can also be used as a surface modification 

agent either in pure vapor form or as a solution in scCO2 
66, 149 Aerogels with contact 

angles as high as 130° could be obtained using HMDS dissolved in scCO2 
66, 150. The 

surface of the silica aerogels can also be modified by amine groups that can be 

incorporated from either the gas phase or the liquid phase 143. To functionalize from the 

liquid phase, the alcogel can either be prepared with 3-(aminopropyl)-trimethoxysilane 

(APTMS) as the catalyst or it can be aged in APTMS containing an aging solution 66, 143. 

2.8 Techniques for Fabrication of Optofluidic Channels in Aerogel Monoliths 

As mentioned above, aerogel-based optofluidic waveguides are typically formed 

by fabricating channels inside monolithic aerogel blocks and filling these channels with 

the desired working liquid. There exist a number of possible strategies for fabricating 



 

channels in aerogel blocks. Using processes such as preform removal, femtosecond laser 

ablation, and drilling, uniform and extended channels could be created in aerogel 

monoliths 38-39, 107, 151. This section reviews the possible techniques for fabricating 

channels in monolithic aerogels and summarizes their respective benefits and 

limitations.  

2.8.1 Preform Removal 

In their seminal work, Xiao and Birks demonstrated for the first time that water-

filled microchannels fabricated in hydrophobic silica aerogel blocks can be used as 

optofluidic waveguides 39. In order to form the channels, they used a piece of a standard 

optical fiber as a channel preform with the desired cross section. The preform was 

inserted and fixed inside a mold, covered with the liquid precursor sol, and – after 

completing the aerogel synthesis – removed by careful pulling from the supercritically 

dried aerogel monolith. In addition to a single straight microchannel, two parallel 

microchannels merging together in a Y-junction could be created in the aerogel blocks 

using a twisted pair of fibers. Figure 2.8a-d illustrates the steps for the formation of 

optofluidic waveguides in the aerogel using fiber-based preforms. First, a solution of 

TMOS, water and methanol was poured into the mold containing the fiber (Figure 2.8a). 

After gelation of the solution, the resulting alcogel with the fiber inside was aged in 

methanol for at least two days. The alcogel with the embedded fiber was then soaked in 

20 wt % HMDS solution in methanol for one day to replace most of the surface hydroxyl 

groups (–OH) with trimethylsilyl (–Si(CH3)3) groups, which rendered the alcogel surface 

hydrophobic. The alcogel was then immersed in pure methanol to remove unreacted 

HMDS from its structure. Finally, methanol within the alcogel was removed by 

supercritical extraction by scCO2, resulting in a dry, monolithic aerogel block. As shown 

in Figure 2.8b, the fiber was carefully pulled out of the aerogel block, leaving a fiber-

sized microchannel within the block that was subsequently filled with water (Figure 

2.8c) and used as an optical waveguide (Figure 2.8.  Formation of optofluidic 

waveguides in aerogel monoliths using fiber-based channel preforms 39. (a) The 

precursor solution is poured over an optical fiber mounted inside a box, allowed to gel, 

and subsequently processed into a monolithic aerogel; (b) the fiber is pulled out of the 

aerogel block, leaving behind an open microchannel; (c) water is pumped into the 



 

microchannel through a capillary; (d) light is coupled into the water column via a 

reinserted optical fiber. “Reproduced with permission from Xiao et al., Optofluidic 

microchannels in aerogel; published by Opt. Lett., 2011”. Preparation of silica aerogel 

monoliths with an embedded U-shaped channel 107. (e) Precursors are mixed in the 

reaction vessel; (f) acid and (g) base catalyst addition lead to the formation of sol into 

which the channel preform made of POSS is inserted; (h) aging in ethanol-water mixture 

and (i) solvent exchange with pure ethanol yield reinforced alcogel; (j) extraction with 

scCO2 removes the POSS channel preform, leaving the final monolithic aerogel with an 

empty channel inside. “Reproduced with permission from Eris et al., Three-dimensional 

optofluidic waveguides in hydrophobic silica aerogels via supercritical fluid processing; 

published by J. Supercrit. Fluids, 2013.”). While this channel fabrication technique is 

rather simple to implement, withdrawal of the fibers embedded in the aerogel frequently 

leads to breakage due to the adhesion of the fiber to the silica aerogel network. 

Furthermore, this technique has only limited channel shaping and sizing capabilities.

 

Figure 2.8.  Formation of optofluidic waveguides in aerogel monoliths using fiber-based 

channel preforms 39. (a) The precursor solution is poured over an optical fiber mounted 

inside a box, allowed to gel, and subsequently processed into a monolithic aerogel; (b) 

the fiber is pulled out of the aerogel block, leaving behind an open microchannel; (c) 

water is pumped into the microchannel through a capillary; (d) light is coupled into the 

water column via a reinserted optical fiber. “Reproduced with permission from Xiao et 

al., Optofluidic microchannels in aerogel; published by Opt. Lett., 2011”. Preparation of 



 

silica aerogel monoliths with an embedded U-shaped channel 107. (e) Precursors are 

mixed in the reaction vessel; (f) acid and (g) base catalyst addition lead to the formation 

of sol into which the channel preform made of POSS is inserted; (h) aging in ethanol-

water mixture and (i) solvent exchange with pure ethanol yield reinforced alcogel; (j) 

extraction with scCO2 removes the POSS channel preform, leaving the final monolithic 

aerogel with an empty channel inside. “Reproduced with permission from Eris et al., 

Three-dimensional optofluidic waveguides in hydrophobic silica aerogels via 

supercritical fluid processing; published by J. Supercrit. Fluids, 2013.”  

In order to circumvent the above limitations, Eris et al. developed a novel 

solution that eliminates the problems occurring during the withdrawal of embedded fiber 

107. They formed channels in aerogels by using channel preforms made of trifluoropropyl 

polyhedral oligomeric silsesquioxane (POSS). This particular POSS was found to be 

highly soluble in scCO2 due to its trifluoropropyl groups and insoluble in the ethanol–

water mixture used in the solvent exchange step in synthesis of aerogels. In order to 

prepare the channel preform, trifluoropropyl POSS was initially melted and then shaped 

into a U-shaped fiber during its solidification. A mixture of TEOS, water, ethanol, and 

acid catalyst was prepared and a base catalyst was added to the mixture, as shown in 

Figures. 2.8e and 2.8f. The U-shaped trifluoropropyl POSS fiber was then placed in the 

solution as demonstrated in Figure 2.8g. Subsequently, the solution gelled with the U-

shaped fiber inside it. Afterwards, the alcogel with embedded POSS fiber was aged in 

ethanol (Figure 2.8h and Figure 2.8i). Subsequently, the POSS fiber was extracted 

together with ethanol from the alcogel using scCO2 at 313.2 K and 9 MPa. The 

extraction led to the formation of a U-shaped empty channel inside the aerogel monolith 

as displayed in Figure 2.8j. The silica aerogel monolith with the U-shaped channel was 

subsequently treated with HMDS to make it hydrophobic. The monolith was immersed 

in a solution of HMDS in scCO2 in a high-pressure vessel at 333.2 K and 10.34 MPa for 

2 h. Subsequently, unreacted HMDS as well as the reaction products of HMDS with 

surface hydroxyl groups were extracted by flowing scCO2 through the vessel. Finally, a 

monolithic, hydrophobic silica aerogel with an empty channel inside was obtained. The 

hydrophobicity of the samples was determined by measuring water contact angle of the 

aerogel surface and it was found to be 140 o. Using this technique, breaking of the 



 

aerogel during preform removal could be prevented. Moreover, it should also be possible 

to form complex channel architectures in aerogel blocks by appropriate shaping of 

tifluoropropyl POSS or other scCO2 soluble polymers.  

2.8.2 Laser Ablation   

A number of studies demonstrated that aerogels can be precisely ablated by 

femtosecond lasers (Figure 2.9) 151-152. Sun et al. 151 demonstrated that silica aerogels can 

be machined through ultrafast laser processing for the first time. An amplified 

femtosecond Ti:sapphire laser system was used to machine the silica aerogels. The laser 

beam at the wavelength of 790 nm, emerging from the femtosecond laser focused on the 

aerogel surface, which results in formation of holes in almost cylindrical shape. The 

depth of the generated holes changed with the applied number of pulses at constant 

fluence during the ultrafast laser machining. The depth of the channels in the silica 

aerogels increased with the increasing number of pulses of the laser. It increased from 

250 µm by a single shot at a fluence of 7.3 J/cm2 with 180 fs pulse duration to 1600 µm 

by applying 16 shots. Subsequently, Bian et al. 152 was able to lice cylindrical polyurea 

aerogel samples with diameters ranging from 10 to 15 mm into 1–3 mm disks using 

ablation by femtosecond laser pulses. They focused the laser beam operating at the 

wavelength of 800 nm at the center of the sample, which was placed on a micro-

positioning stage so that the sample could be rotated or translated in 3D for cutting along 

a desired path. Then, Yalızay et al. 38 was able to create channels in a hydrophobic 

monolithic silica aerogel with a density of 0.2 g/cm3  and a refractive index of 1.037 

using femtosecond laser ablation. The setup used for micromachining channels with the 

desired length and diameter in aerogel blocks by laser ablation is shown in Figure 2.9b. 

The power of the laser was adjusted using a combination of a polarizer and a half-wave 

plate. The direction of the laser beam was controlled by a dual-axis scanning galvo 

system. The beam was focused on the aerogel surface by a scan lens and the 

femtosecond laser pulses essentially vaporized the silica. Microchannels with desired 

dimensions could be machined by sending sinusoidal driving signals of different 

frequencies to both x- and y-axis of the galvo scanner so that the beam focused along a 

Lissajous pattern. A cylindrical channel was created inside the silica aerogel block by 

moving the aerogel along the z-axis of the system during the ablation process. In order to 



 

prevent the accumulation of ablated silica particles inside the channel during the process, 

the ablated section of the sample was purged with nitrogen during the fabrication. 

Cylindrical microchannels which were formed inside the silica aerogel were 

approximately 5 mm long and had diameters around 500 μm. With the use of ultrafast 

laser pulses (duration ~100 fs), thermal effects common with long (nanosecond-scale) 

pulses can be largely eliminated, resulting in a highly localized and clean material 

ablation. 

 

 

Figure 2.9.  (a) A schematic representation of laser ablation process using a focused 

pulsed laser beam. (b) Experimental setup used for aerogel micromachining by fs-laser 

ablation 38. “Reproduced with permission from Yalızay et al., Versatile liquid-core 

optofluidic waveguides fabricated in hydrophobic silica aerogels by femtosecond-laser 

ablation; published by Opt. Mater., 2015.” 

2.9 Construction of Liquid-Core Optofluidic Waveguides in Aerogels  

After creating channels in aerogel monoliths (see Figure 2.10 and Figure 2.11) 

for an overview of channels fabricated using the various methods described in Section 

2.8), liquid-core optofluidic waveguides can be constructed by filling the channels with 

the working liquid with a high refractive index that serves as the waveguide core liquid. 

a. 

b. 



 

Xiao and Birks used water as the core liquid with a refractive index of 1.33 39. Since the 

aerogels used in their experiments were hydrophobic, the microchannels could not be 

filled with water by simple immersion in water and action of capillary forces. Thus, the 

channels had to be filled by a syringe connected to a fiber-sized capillary that was 

carefully inserted into one end of the channel. Air bubbles formed during the filling of 

the channel were removed by simply pushing the water column towards the other end of 

the channel; the air in between could quickly escape sideways through the aerogel pores, 

leaving a continuous liquid path without any bubbles. Similarly, Eris et al. filled the 

fabricated U-shaped channels in hydrophobic silica aerogel blocks with water by a fast 

injection from a syringe, applying a sufficiently high pressure to overcome the resistance 

of hydrophobic channel surface to flow 107. Yalızay et al. 38 selected to work with 

ethylene glycol as the core liquid instead of water to eliminate evaporation of the core 

liquid during the course of the experiment. In their work, they demonstrated that 

ethylene glycol could remain confined within the hydrophobic channels without 

collapsing the solid aerogel network.  

 

Figure 2.10. Channels fabricated using fiber-based preforms. SEM images of cleaved 

cross-sections of microchannels with diameters (a) 100 µm, (b) 35 µm, and (c) 23 µm, 

(d) Optical micrograph of the cleaved cross-section of a microchannel with a diameter of 

4 µm. (e) SEM image of the aerogel surface; the scale bar is 0.5 µm. 39. “Reproduced 

with permission from Xiao et al., Optofluidic microchannels in aerogel; published by 

Opt. Lett., 2011.”  



 

 

Figure 2.11. Channels fabricated using femtosecond laser ablation. (a) SEM image of 

the input face of a microchannel ablated in the aerogel. The depth of the channel is about 

300 µm and the diameter is about 500 µm.  (b) Axial cross-section view of the channel 

ablated in the aerogel. During machining, ablated silica particles accumulated inside the 

channel (see the right part of the channel) (c) Axial cross-section view of the channel 

ablated with simultaneous purging of the sample with high-pressure nitrogen gas. All the 

dust accumulated in the channel during the machining was removed. For recording the 

cross-sectional images shown in (b) and (c), the samples were cleaved along the axis of 

the channel 38. “Reproduced with permission from Yalızay et al., Versatile liquid-core 

optofluidic waveguides fabricated in hydrophobic silica aerogels by femtosecond-laser 

ablation; published by Opt. Mater., 2015.”  

2.10 Characterization of Light Propagation in Aerogel-Based Optofluidic 

Waveguides 

During propagation through an optical waveguide, the power of the guided light 

is gradually attenuated due to absorption, scattering, leakage out of the waveguide at the 

waveguide bends, and other effects. The overall optical throughput of optical 

waveguides can be quantified by Equation 2.9 in terms of the input optical power, Po, 

and the output power, P(z), observed after the light has propagated a distance 𝑧 along the 

waveguide axis:  

 

where αtotal is the total attenuation coefficient (involving all contributions to attenuation). 

Usually, the propagation loss of the waveguide, η, is expressed in decibels per unit 

waveguide length from the fractional power transmission as given by Equation 2.10: 



 

 

Xiao and Birks 39 characterized the wave-guiding properties of water-filled 

channels with a diameter of 125 μm created within aerogel monoliths by coupling light 

into the channel via an optical fiber and measuring optical attenuation in the channel 

(see Figure 2.8.  Formation of optofluidic waveguides in aerogel monoliths using fiber-

based channel preforms 39. (a) The precursor solution is poured over an optical fiber 

mounted inside a box, allowed to gel, and subsequently processed into a monolithic 

aerogel; (b) the fiber is pulled out of the aerogel block, leaving behind an open 

microchannel; (c) water is pumped into the microchannel through a capillary; (d) light is 

coupled into the water column via a reinserted optical fiber. “Reproduced with 

permission from Xiao et al., Optofluidic microchannels in aerogel; published by Opt. 

Lett., 2011”. Preparation of silica aerogel monoliths with an embedded U-shaped 

channel 107. (e) Precursors are mixed in the reaction vessel; (f) acid and (g) base catalyst 

addition lead to the formation of sol into which the channel preform made of POSS is 

inserted; (h) aging in ethanol-water mixture and (i) solvent exchange with pure ethanol 

yield reinforced alcogel; (j) extraction with scCO2 removes the POSS channel preform, 

leaving the final monolithic aerogel with an empty channel inside. “Reproduced with 

permission from Eris et al., Three-dimensional optofluidic waveguides in hydrophobic 

silica aerogels via supercritical fluid processing; published by J. Supercrit. Fluids, 

2013.” for illustration of their experimental geometry). Laser light with a wavelength of 

635 nm was coupled into the free end of the fiber used in the characterization. Figure 

2.12a and Figure 2.12b show water-filled channels inside aerogels, with light coupled 

into their left end. In both cases, diverging light beams emerge from the right end of the 

channels, since the light-guiding requirements are no longer met after leaving the 

aqueous waveguide core. Thus, upon emerging from the core, the propagating light has 

the form of a diverging cone of light formed due to scattering from aerogel particles. 

Due to evaporation through the aerogel pores and the open channel end, the water inside 

the channel receded from right to left in a short span of time, resulting in the channel 

partially filled with air (see a time sequence of channel images in Figure 2.12b,). As 

shown in Figure 2.12a and Figure 2.12b, laser light could be guided through the straight 



 

water-filled channel. The total waveguide loss including input and output coupling 

losses in the 16 mm long water-filled channel was measured as 2.4 dB. This loss 

corresponds to a waveguide attenuation coefficient of η= −1.5 dB/cm. As the authors 

pointed out, improved quality of microchannel surface with lower channel wall 

roughness might eliminate the losses due to Rayleigh scattering. In such a straight 

waveguide, the dominant loss mechanism should mostly be the wavelength-dependent 

light absorption of the structure itself. 

 

Figure 2.12. Light propagation in aerogel-based optofluidic waveguides. (a) – (b) 

Waveguides fabricated using fiber preforms. (a) Guiding of 635 nm laser light in a 125 

μm diameter aerogel microchannel filled with water. The light enters into the channel 

from the left through a fiber, and emerges from the end of the channel toward the right. 

The fiber ends at the bright scatter point about 2 mm inside the 10 mm long aerogel 

block; (b) (left to right) images taken at 40 s intervals at the end of the channel, as the 

water evaporates 39. “Reproduced with permission from Xiao et al., Optofluidic 

microchannels in aerogel; published by Opt. Lett., 2011.” (c) Waveguides fabricated 

using supercritical extraction of POSS preforms. (c) Light guiding in a water-filled U-

shaped channel inside a hydrophobic silica aerogel; the light was focused on the left end 

of the channel and exited from the right end of the channel 107. “Reproduced with 

permission from Eris et al., Three-dimensional optofluidic waveguides in hydrophobic 

a. 

b. 

c. 

d. 
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silica aerogels via supercritical fluid processing; published by J. Supercrit. Fluids, 

2013.” (d) – (e) Waveguides fabricated using femtosecond laser ablation. (d) 

Photograph of an aerogel monolith with a liquid-filled channel in the center. (e) Green 

fluorescence emitted from the channel filled with fluorescein-doped ethylene glycol 

solution upon illumination with blue light. 38. “Reproduced with permission from 

Yalızay et al., Versatile liquid-core optofluidic waveguides fabricated in hydrophobic 

silica aerogels by femtosecond-laser ablation; published by Opt. Mater., 2015.” (f) - (g) 

Waveguides fabricated using manual drilling. (f). Total internal reflection of guided light 

in the water-filled channel fabricated by drilling in a monolithic aerogel (ρ = 0.15 

g/cm3). (g) Light propagation in a liquid-filled L-shaped channel within the aerogel 

monolith (side view) 37. “Reproduced with permission from Özbakır et al., Total Internal 

Reflection-Based Optofluidic Waveguides Fabricated In Aerogels; published by J. Sol-

Gel Sci. & Tech., 2017.” 

Eris et al. 107 evaluated qualitatively the efficiency of their U-shaped optofluidic 

waveguides. In this study, a laser beam with a wavelength of 532 nm and 35 mW 

maximal output power was focused through a lens with a focal length of 150 mm at one 

end of the channel in the aerogel which was placed on a two-dimensional translation 

stage. The position of the beam focus was adjusted using the translation stage for 

maximal light transmission to the other end of the channel which was determined by 

monitoring the intensity of light visually. The green laser beam was initially directed 

into the right end of an air filled channel. In this case, the laser light was transmitted 

straight through the aerogel without any deflection indicating that there is no wave-

guiding as expected. The channel was then filled with water and the light was again 

directed to its right end. The laser light coupled into the liquid core could be guided 

along the liquid-core before exiting from the other end of the channel as shown in Figure 

2.12c showing the presence of an optofluidic waveguide. Due to the U-shaped geometry 

of the liquid channel as well as the high divergence angle of the light transmitted 

through the channel, the loss of power could not be directly measured at the open end of 

the channel. For such U-shaped waveguides, most of the loss is expected to be due to the 

bends in the waveguide, in which a fair amount of the energy of the guided mode is 

located closer to the outer rim of the waveguide. Therefore, there is a possibility that the 



 

light can partially leak into the surrounding cladding. However, for aerogel-based 

waveguides, the high refractive index contrast between the core liquid and the aerogel 

cladding enhances the confinement of light in the waveguide, leading to significantly 

smaller bending losses.  

For straight waveguides, Yalızay et al. 38 used the experimental setup shown in 

Figure 2.13 for the characterization of light-guiding properties of the waveguides by 

measurement of their propagation losses. An auxiliary laser operating at 632.8 nm was 

coupled into the liquid core of the waveguide through a tapered optical fiber which was 

approximately 5 µm in diameter. The face at the exit of the liquid-filled channel was 

imaged on a charge-coupled device camera through a projection lens in order to quantify 

the amount of light transmitted through the waveguide. Subsequently, the tapered input 

fiber was moved along the channel axis and the total power of the light exiting the 

channel was simultaneously measured as a function of the distance between the fiber tip 

and the channel output. This was accomplished by adding the grayscale values of all 

pixels in the recorded image of the waveguide at the exit face. The images were 

recorded for each 100 μm increment of the position of the input fiber along the channel 

axis. A typical recorded image of the guided laser light is shown in Figure 2.14a . The 

light distribution covering the entire cross-section of the channel contained within the 

red dashed curve shows that the coupled light was indeed confined and guided inside the 

channel. Moreover, the speckle pattern of the output light distribution could be attributed 

to the multimode behavior of the large-core waveguide and interference of individual 

guided modes dependent on the relative differences of their optical path lengths. The 

total transmitted power determined by integrating over the cross section of the channel 

was then plotted as a function of the propagation distance along the waveguide.  As 

shown in Figure 2.14b, the output power of the waveguide exhibited regular oscillations 

superimposed on an exponentially decreasing background. These oscillations were 

attributed to the path-dependent interference of multiple guided modes. The measured 

power of the transmitted light was fitted using Equation 2.9. From the particular 

measurement shown in Figure 2.14b, αtotal was found as 2.278 cm−1. Using Equation 

2.10, the propagation loss of the waveguide (η) was then calculated as −9.9 dB/cm. This 

propagation loss is nearly 7 times higher than that was obtained by Xiao et al. 39 which 



 

perhaps can be attributed to the increased roughness of the channel surfaces produced by 

laser micromachining, leading to higher scattering losses in the waveguides. Further 

experiments need to be performed with aerogels with surfaces of different roughnesses 

to confirm this hypothesis.  

 

Figure 2.13. Schematics of experimental setup used in the characterization of the light-

guiding performance of liquid core optofluidic waveguides 38, 107. “Reproduced with 

permission from Yalızay et al., Versatile liquid-core optofluidic waveguides fabricated 

in hydrophobic silica aerogels by femtosecond-laser ablation; published by Opt. Mater., 

2015.” 

 

Figure 2.14 (a) Grayscale CCD camera image of guided light in the liquid-core 

waveguide inside the aerogel. The red dashed curve indicates the channel contour, and 

a. b. 



 

the light outside the region delimited by the curve results from scattering losses. (b) 

Normalized power of light transmitted through the waveguide versus the propagation 

distance along the waveguide axis, shown in semi-log scale. Blue dots: experimental 

data points; red line: exponential fit of the experimental data 38. “Reproduced with 

permission from Yalızay et al., Versatile liquid-core optofluidic waveguides fabricated 

in hydrophobic silica aerogels by femtosecond-laser ablation; published by Opt. Mater., 

2015.” 

2.11 Applications of Aerogel-Based Optofluidic Waveguides 

The future potential of novel aerogel-based optofluidic waveguides can be 

extended to develop devices for several lines of applications. Photochemical reactions 

which utilize light energy are used in synthesis of chemicals, in detection, identification 

and quantification of a wide variety of chemicals or organisms, in modification of 

surfaces and in treatment of various diseases. Aerogel based optofluidic waveguides 

may therefore be utilized in all these areas. Furthermore, aerogel-based optofluidic 

waveguides can potentially improve the efficiency of conventional photobioreactors, 

providing increased light intensity delivery to photosynthetic organisms like algae 

located farther away from the illumination source and in confined places as shown in 

Figure 2.15a. Since aerogels are permeable to gases due to their porous nature and 

interconnected pores, they may readily allow gases to be transferred between the 

microchannel and the surroundings 153-154. For applications involving microorganisms, 

CO2 required for biomass growth can diffuse into the channel from the pores and the 

product of photosynthesis, O2, can diffuse out through the aerogel pores as shown in 

Figure 2.15b and Figure 2.15c.  

Aerogel-based photoreactors are also promising for carrying out photochemistry. 

Light-initiated synthesis of novel molecular species, various types of polymerization 

reactions, as well as treatment of wastewater, including destruction of highly complex 

organic compounds such as dyes, surfactants, and pesticides can be carried out in such 

reactors in variety of scales as shown in Figure 2.15b. Aerogel-based optofluidic 

waveguides can also be used for photocatalytic reactions. As has been previously 

mentioned and shown in Figure 2.15c, microchannel walls in an aerogel monolith are 

mesoporous and particles with photocatalytic properties such as semiconductors can be 



 

immobilized within these pores with good adhesion to the solid network. The light 

propagating through the waveguide can be then partially absorbed by the surface of the 

photocatalyst particles. The reactants can thus be converted into the desired products on 

the photocatalyst surface. Efficient light-guiding properties of the aerogel clad-TIR 

waveguides may enable development of devices for diagnostic monitoring of glucose 

and alcohol concentrations in the blood based on quantitative optical absorption 

measurements. This can perhaps be performed by the injection of a blood sample to the 

waveguide, or by using the aerogel-based optofluidic chips as implantable light-delivery 

lab-on-a-chip devices, particularly for photomedicine (Figure 2.15d). Additionally, 

various pathogens such as bacteria, viruses, and pesticides can be detected in various 

media based on optical absorption measurements. Finally, aerogel-based liquid-core 

waveguides might provide a straightforward way for guiding and controlled routing of 

light within tissues in light-based medical treatments such as photodynamic therapy 

(PDT) that is used to treat tumors using photosensitizing drugs and light in the presence 

of oxygen to initiate photochemical reactions 155-156 For the illumination in PDT, both 

lasers with perfect directionality and high intensity of output light and light-emitting 

diodes have been designed. However, light diffusely scattered or mis-located away from 

the target area accidentally irradiates large areas of healthy tissue, which - due to the 

huge power density - can result in collateral damage to the body 156. Since aerogels can 

serve to construct robust biocompatible waveguides, aerogel-based optofluidic 

waveguides can be implemented directly into the tissue to deliver light to a point located 

deep within the body. Moreover, this ability of aerogel-based waveguides to carry the 

visible light to a small area deep within the body opens up new opportunities for 

exploring the applications of aerogels in biomedical imaging and therapy.  



 

 

Figure 2.15. Possible applications of aerogel-based optofluidic waveguides. (a) 

Aerogel-based photobioreactors. (b) Aerogel-based photoreactors. (c) Aerogel-based 

photocatalytic reactors. (d) Detection and diagnostic devices based on optofluidic 

waveguides 36. “Reproduced with permission from Özbakır et al., Aerogels for 

Optofluidic Waveguides; published by Micromachines, 2017.” 
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Chapter 3  

CHARACTERIZATION TECNIQUES 

3.1 Bulk Density and Porosity  

The bulk densities of monolithic silica aerogels and silica-titania aerogel 

composites were calculated by dividing their mass of the aerogel by their final volume. 

The physical dimensions of the samples in the alcogel or aerogel conditions are 

measured with the help of a caliper for most accurate results.  

 

The porosity of the aerogels was calculated based on the following equation 

where 𝜌𝑆𝑖𝑂2
was the density of pure silica (2.19 g/cm3) and 𝜌𝑎𝑒𝑟𝑜𝑔𝑒𝑙 was the bulk density 

of the aerogel. 

 

3.2 Pore Structure Characteristics with N2 Adsorption/Desorption 

Pore properties of the aerogel samples including average pore size, pore size 

distribution, pore volume and surface area were determined by N2 adsorption–

desorption measurements by using Micromeritics ASAP 2020 instrument which is 

shown in Figure 3.1. Prior to the analysis, the samples were degassed at 300 °C (for 

silica aerogels) or 80 °C (for silica-titania composite aerogels) under vacuum for 1 day 

to remove remaining impurities from the surface. After exact weight of the degassed 

sample was determined, pore analysis was conducted using N2 adsorption/desorption 

isotherms with a relative pressure (P/Po) ranging from 10−7 to 0.999. The pore volume 

and pore size distributions were determined by Barrett−Joyner−Halenda (BJH) analysis. 

The surface area of the samples was determined by Brunauer-Emmett-Teller (BET) 

method which is an extended form of Langmuir’s kinetic theory to multilayer 

adsorption. Total pore volume of the sample was determined by converting the 

𝜌𝑎𝑒𝑟𝑜𝑔𝑒𝑙 =
𝑚𝑎𝑒𝑟𝑜𝑔𝑒𝑙

𝑉𝑎𝑒𝑟𝑜𝑔𝑒𝑙
                                                                                                     Equation 3.1 



 

adsorbed N2 volume at STP to liquid N2 volume at 77 K. The surface morphology of the 

composite samples was investigated using a ZEISS Ultra-Plus Field Emission Scanning 

Electron Microscope (FE-SEM), combined with energy dispersive X-ray spectrum 

(EDX). EDX was used for the elemental composition analysis on the above FE-SEM. 

  

Figure 3.1. Micromeritics ASAP 2020 N2 adsorption-desorption analysis system; (A) 

degas ports; (B) heating jacket; (C) degas dewar; (D) analysis port; (E) sample port; (F) 

analysis dewar. 

3.3 Optical Properties of Aerogels by UV-VIS Spectrophotometer 

A UV-VIS spectrophotometer (Shimadzu UV-3600) with a halogen lamp and 

deuterium lamp as irradiation sources was used to measure the absorbance of samples 

in the wavelength range of 350-1800 nm. Total luminous transmittance and diffuse 

transmittance were also measured using an ISR-3100 integrating sphere attached to the 

UV-VIS spectrophotometer, which is shown in Figure 3.2. The Integrating sphere 

system is composed of UV-VIS-NIR light source, sample holder, detector at the center 

of the system, two BaSO4 powder to fully reflect the incoming light and reference 

beam. Scan speed was arranged as medium. Sampling interval (nm) was set as 1.0 and 

(B) 

(A) 

(C) 

(D) 

(E) 

(F) 



 

auto mode is selected for sampling mode. Measuring mode was always transmittance 

and slit width was selected as 20 nm. External 2 detector (Not direct) was selected for 

detector unit. For both measurements, the characterized aerogel was placed in front of 

the input port of the integrating sphere through which the light beam enters. When 

measuring the total transmittance which is total of the scattered light from the solid and 

porous network of the aerogel and linear transmitted light, the sphere collected all the 

light passing through the aerogel sample (see Figure 3.3). For diffuse transmittance 

measurements, the same arrangement as in the total luminous transmittance 

measurements was used, but the light passing without deflection straight through the 

aerogel was not collected due to the presence of an opening in the wall of the 

integrating sphere exactly opposite to the input port. 

 

 

 

 

 

 

Figure 3.2. (1) A photograph of Shimadzu UV-3600 with an auxiliary integrating 

sphere (2) BaSO4 powder (3) Integrating sphere system (4) Components of integrating 

sphere apparatus. 

(4) 



 

 

Figure 3.3. Schematics of light transmission phenomena in aerogels.  

In order to determine haze value or transparency ratio of a sample, both total 

and diffuse transmittances should be analyzed by following three consecutive steps. 

First measurement was performed without sample for baseline correction. After 

baseline correction, sample was placed inside the integrating sphere shown in Figure 

3.2(3) and Figure 3.2(4) and total transmittance was measured, as shown in Figure 3.4a 

For diffuse transmittance, BaSO4 I (Figure 3.2(2)) was removed from the integrating 

sphere and only forward scattered light was measured, as demonstrated in Figure 3.4b. 

The ratio of diffuse to total transmittance gives haze value for the measured aerogel 

samples (see Equation 2.3). 

       

Figure 3.4. (a) Schematic of total transmittance measurement. (b) Schematic of diffuse 

transmittance measurement.  

Total Luminous Transmittance = Linear Transmittance + Diffuse Transmittance 

Total Luminous Transmittance = Linear transmittance + Diffuse Transmittance 

 

 

a. b. 



 

Diffuse Reflectance UV-VIS (DR-UV-VIS) spectra were used to obtain 

electronic band-gap of the SiO2-TiO2 composites. These spectra were recorded with the 

Shimadzu UV-3600 UV-Vis-NIR spectrophotometer using ISR-3100 integrating sphere 

attachment in the specular reflection (8°) mode as shown in    Figure 3.5. The band gap 

of the composites was estimated from Tauc method calculating Kubelka-Munk function 

F(R), which is given in Equation 3.5, from the diffuse reflectance spectra of the samples 

157-158. 

 

   Figure 3.5. Schematics of diffuse reflectance measurement in the integrating sphere. 

 



 

Kubelka Munk function cosiders a layer of light-absorbing and scattering 

particles. The radiant flux in the positive direction is denoted J and in the negative 

direction is denoted I (see Figure 3.6). Two differential equations for the changes in the 

flux in an infinitesimal thickness of dx in the material are defined by Equation 3.3 and 

Equation 3.4, which result in F(R) 159.  

 

 

Figure 3.6. Two fluxes in Kubelka-Munk theory  

 

 

where R is diffuse reflectance of the samples obtained directly by from the 

spectrophotometer, h is planck constant and v is frequency of the light.  



 

Assuming an indirect band gap for titania, the band gap energy, Eg, is obtained 

from the plots of [𝐹(𝑅) ∗ ℎ𝑣]0.5 vs. energy of photon, hv by extrapolation of the linear 

part of the plot and the intersection of the straight line at the photon energy axis where 

[𝐹(𝑅) ∗ ℎ𝑣]0.5 = 0 provides the value of Eg for all the samples. 

The crystal structure and crystallinity of the composites were analyzed by 

Bruker D8 Discover X-Ray Diffraction System (XRD) with a CU Kα1 radiation source. 

The set power rating of the X-ray generator was 40 kV and 40 mA. The 2θ range of the 

patterns varied between 5° and 90° with a step size of 0.01263°. The composition of the 

elements was determined by a Bruker S8 Tiger XRF spectrometer in standardless mode 

under helium atmosphere (a 4 kW, Rh anode X-ray tube was used to generate X-rays.). The 

powder samples were placed into an XRF sample cup (Mylar film with 2.5 μm thickness, 

Chemplex Industries, Inc., Cat. No:106). The common impurities of this film are reported as 

Ca, P, Sb, Fe and Zn at ppm levels. The “Loose powder” method was preferred and 

performed with the “Best analysis” and “Oxides” options. To interpret the data, 

SpectraPlus Eval2 V2.2.454 was used.  

3.4 Hydrophobicity 

Hydrophobicity of the HMDS-treated aerogels was quantified by contact angle 

measurements based on direct imaging of water droplets deposited on the surface of the 

samples. Static contact angle measurements were performed on a Krüss G-10 

goniometer, fitted with a high resolution digital camera (Spot Insight Color; Diagnostic 

Instruments, Inc.) at room temperature (23 ± 1 °C). For contact angle measurements, 

10 μL of deionized, triple distilled water was used. The images of water droplets on the 

aerogels were recorded and the contact angles were determined from those images by 

using MB-Ruler software. Wetting properties of the channel walls were also 

characterized by cutting the aerogel sample along the channel axis and dropping a water 

droplet directly on the channel surface. 

3.5 Photochemical Reactions 

The progress of light driven photochemical reactions in native silica aerogel-

based microphotoreactors and photocatalytic reactions over titania was monitored 

https://www.sciencedirect.com/topics/materials-science/x-ray-powder-diffraction


 

through absorbance-based quantification of concentration of the organic compounds 

using Nanodrop ND-2000C Spectrophotometer. Samples with a volume of 5 µL were 

collected at various times from the end of the channel by a micropipette and 

subsequently analyzed by Nanodrop ND-1000 Spectrophotometer for the concentration. 

The conversion of the compounds was calculated by Equation 3.6 and it was converted 

into a percent degradation by multiplying 100 which is given Equation 3.7. 

 

Here, CAo is the initial concentration of the compound and CA(t) is the concentration of 

the compound at time 𝑡. 
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Chapter 4  
 

TOTAL INTERNAL REFLECTION-BASED OPTOFLUIDIC WAVEGUIDES 

FABRICATED IN AEROGELS 

 

4.1 Introduction 

In this part of the study, liquid-core optofluidic waveguides based on total 

internal reflection of light were built in water-filled cylindrical microchannels fabricated 

in hydrophobic silica aerogels. Conditions for aerogel synthesis could be optimized to 

produce mechanically strong aerogel monoliths with the refractive index that is still 

sufficiently low for applications in optofluidic light guiding 37. Silica aerogels with 

densities ranging from 0.15 g/cm3 to 0.39 g/cm3 were produced by aging of alcogels in 

TEOS-based solution for various time periods, followed by supercritical extraction of 

the solvent from the alcogel network. Subsequently, the resulting hydrophilic aerogel 

samples were made hydrophobic by hexamethyldisilazane vapor treatment. The 

synthesized samples retained their low refractive index (below ~1.09) and, hence, they 

could serve as suitable optical cladding materials for aqueous waveguide cores 

(refractive index ncore = 1.33). Hydrophobic silica aerogel samples produced by the 

above technique also had low absorption coefficients in the visible part of the spectrum. 

Fabrication of microchannels in aerogel blocks by manual drilling preserving 

nanoporous and monolithic structure of aerogels was demonstrated for the first time. 

Long channels (up to ~7.5 cm) with varying geometries such as straight and inclined L-

shaped channels could be fabricated. Multimode optofluidic waveguides prepared by 

filling the channels in the drilled aerogel monoliths with water yielded high numerical 

aperture values (~ 0.8). Efficient guiding of light by total internal reflection in the 

water-filled channels in aerogels was visually revealed and characterized by monitoring 

the channel output. The presented technique is expected to open up further possibilities 

for creating three-dimensional networks of liquid channels in aerogels for optofluidic 

applications. 



 

 

4.2 Materials and Methods 

4.2.1 Preparation of Silica Aerogel Monoliths 

 Silica aerogels were synthesized using a conventional two step sol–gel process 

and aged in TEOS-containing aging solutions as shown in Figure 4.1. TEOS (98% 

purity; AlfaAesar) was used as the silica precursor, hydrochloric acid (HCl) (37% 

purity; Riedel-de Haen) as the acid catalyst, and ammonium hydroxide (NH4OH) (2.0 

M in ethanol; Aldrich) as the base catalyst. TEOS, ethanol (99.9% purity; Merck), and 

water with a mass ratio of 1:0.89:0.26 were mixed together. After the addition of the 

acid catalyst, the solution was continuously stirred at room temperature for 60 min and 

transformed to a sol. Subsequently, the base catalyst was added to the sol to increase the 

rate of silanol condensation leading to gel formation. Before gelation, the solution was 

transferred into a polymethylmethacrylate (plexiglass) rectangular mold (height = 7 cm, 

length = 5 cm, width = 1.3 cm) or a cylindrical plastic mold with varying dimensions 

(diameter = 2.45 cm, height = 5 cm or diameter = 1.2 cm, height = 10 cm) tightly sealed 

to prevent evaporation of the solvent. After the gelation, the resulting alcogels were 

soaked in an aging solution (40 v/v % TEOS, 10 v/v % water, 50 v/v % ethanol) at 50 

ºC in an oven for 24 h. The samples were further kept in TEOS aging solution at room 

temperature for varying times ranging from one day to seven days to obtain aerogels 

with different densities. The alcogels were then washed in fresh ethanol for 3 days to 

remove any impurities and water remaining in the pores of the alcogels. Finally, the 

alcogels were dried at 40 ºC and 100 bar with supercritical CO2 (scCO2) in Applied 

Separations Speed SFE unit for 6 h.  



 

 

Figure 4.1. Preparation of monolithic silica aerogels by aging silica alcogels in TEOS 

solution 

4.2.2 Surface Modification with HMDS 

In order to render the aerogel surface hydrophobic, synthesized silica aerogel 

monoliths were treated with HMDS vapor in a tightly sealed beaker with a volume of 

200 ml (Figure 4.2). A stainless-steel screen was put in the middle of the beaker where 

liquid HMDS was placed to prevent contact between the aerogel and liquid HMDS. 6 

mL of HMDS was placed at the bottom of the vessel while the aerogel was placed on 

top of the screen. The beaker was then sealed and heated to 110 oC at ambient pressure. 

The aerogels were exposed to HMDS vapor for around 3 h. After the treatment, 

unreacted HMDS and reaction products of HMDS with surface hydroxyl groups were 

removed by evaporation by keeping the samples in the oven at 120 oC for 1 h. At the 

end of the process, monolithic, crack-free hydrophobic silica aerogels were obtained.       



 

 

Figure 4.2. Silanization of silica aerogel surface by vapor-phase deposition of HMDS 

4.2.3 Channel Formation in Aerogel Monoliths  

Cylindrical microchannels were created in hydrophobic aerogel monoliths by 

manual drilling using a drill bit (diameter = 2.1 mm, length = 4 cm). Figure 4.3a. 

demonstrates how a straight channel was created within the aerogel block without 

cracking it and while preserving its monolithic structure. First, the sample was properly 

fixed. The hand-driven drill bit was then put perpendicularly to the aerogel surface and 

– while rotating continuously – moved slowly into the sample to prevent stress buildup. 

A straight channel with a diameter of ~2.1 mm was opened. An inclined L–shaped 

channel consisting of one horizontal channel intersecting with an inclined channel was 

also created as shown in Figure 4.3b. First, a straight horizontal channel was drilled 

parallel to the sample axis in the x direction, creating a hole in the lateral face of the 

monolith. Subsequently, another channel was delicately drilled starting from the top 

face of the monolith and proceeding at an angle with respect to the normal direction of 

the top aerogel face up to the end of the initially created straight horizontal channel. The 

side view of the resulting inclined L-shaped channel is depicted in Figure 4.3c. 



 

             

 

Figure 4.3. (a). Straight-channel formation in aerogel by manual drilling (b). L-shaped 

channel formation in aerogel by manual drilling (c). Side-view of inclined L-shaped 

channel in monolithic aerogel. 

4.2.4 Refractive Index of Aerogels 

The top-view of the experimental set-up used to  measure of refractive index of 

aerogels using laser beam deflection is shown in Figure 4.4. A laser beam from a He-Ne 

laser source (wavelength 632.8 nm) was coupled to the lateral face of the aerogel 

sample. The laser source was placed at a fixed position and the sample stage was slowly 

rotated to change the angle of incidence, α, of the laser beam on the front surface of the 

aerogel monolith. The light beam incident from air was refracted at the interface and 

propagated into the aerogel at an angle θ (the angle of refraction) with respect to the 

surface normal. Since the front and rear surfaces of the aerogel monolith were parallel, θ 

was also equal to the angle of incidence on the rear surface of the aerogel. For θ values 
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z 

x 
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smaller than the critical angle, θc, light was mostly refracted back into air at the rear 

surface of the aerogel block as shown in Figure 4.4a. As the sample was rotated 

counterclockwise, the angle of incidence on the rear surface of the aerogel block 

increased and eventually became equal to θc where the refracted ray emerges at 90 º 

with respect to the rear surface normal as shown in Figure 4.4b. The refractive index of 

the aerogel (n) was then calculated for this configuration by using Equation 4.1 and the 

measured critical angle θc, assuming 𝑛𝑎𝑖𝑟 = 1:  

 

When the sample was rotated slightly more in the counter-clockwise direction, the 

ray incident on the rear surface of the monolith was totally internally reflected back into 

the aerogel as shown in Figure 4.4c.   

 

Figure 4.4. Top view of experimental set-up for the measurement of the refractive 

index of silica aerogels 37. “Reproduced with permission from Özbakır et al., Total 

Internal Reflection-Based Optofluidic Waveguides Fabricated In Aerogels; published by 

J. Sol-Gel Sci. & Tech., 2017.” 

a. b. 

c. 



 

4.2.5 Characterization of Optofluidic Waveguides 

A schematic diagram of the experimental setup used for the characterization of 

liquid-core optofluidic waveguides fabricated in monolithic aerogels is given in Figure 

4.5. A small piece of plastic tubing was glued to the input end of the channel drilled in 

the aerogel block by epoxy and the other end of the tubing was connected to a Union 

Tee adapter. Central port of the Union Tee was then connected to a syringe and the 

remaining end of the Union Tee was used to insert a solarization-resistant multimode 

optical fiber with a large core that served for coupling light into the channel. For the 

experiments, the aerogel was mounted in an adjustable metal holder. The channels 

formed in hydrophobic aerogels were filled with water by injection from the syringe. 

The microchannel was then illuminated by coupling a laser beam into the multimode 

optical fiber that subsequently delivered the light to the channel. The light at the 

operating wavelength of 488 nm from a frequency-doubled femtosecond-pulsed Ti:Sa 

solid-state laser source (Coherent Chameleon, maximum output power of 4 W at 800 

nm) was coupled into the optical fiber with the aid of an objective lens. For the 

experiments, typical input power coupled into the optofluidic waveguide was 10 mW. 

The intensity of light transmitted through the waveguide was visually monitored and 

measured at the output end of the channel by a calibrated optical power meter.   

 

Figure 4.5. Schematics of the experimental setup used in the characterization of light 

guiding in liquid-core optofluidic waveguides. 



 

4.3 Results And Discussion 

4.3.1 Properties of Synthesized Aerogel Samples  

The samples aged in TEOS-based solution for varying periods resulted in 

aerogels with different densities as shown in Table 4.1. The sample aged for one day 

had the lowest density of 0.15 g/cm3, the sample aged for two days had a density of 0.22 

g/cm3 and the density of the sample aged for seven days was 0.39 g/cm3. As the aging 

time increased, further condensation reactions took place and additional silica 

monomers from the aging solution were introduced to the already formed silica network 

and increased solid content in the network. These additional condensation reactions 

enhanced the mechanical strength and stiffness of the resulting aerogel.  

After performing the silanization of surface silanol groups with HMDS vapor, 

hydrophobicity of the samples was determined by measuring water contact angle on the 

silanized aerogel surfaces. As shown in Figure 4.6a and Figure 4.6b, average contact 

angles on the aerogel surface were 148.0º±3.6º (for aerogel density 0.15 g/cm3) and 

147.0º±1.8º (for aerogel density 0.22 g/cm3), indicating that the samples were quite 

hydrophobic. Furthermore, their hydrophobic nature was preserved during the 

experiments over several weeks as water did not penetrate into the aerogel pores and did 

not crack the samples in the course of time. 

   

a. 



 

   

Figure 4.6. (a) Water droplet resting on the surface of hydrophobic silica aerogel, ρ = 

0.15 g/cm3 (b) Water droplet resting on the surface of hydrophobic silica aerogel, ρ = 

0.22 g/cm3.    

Table 4.1. Properties of HMDS-treated aerogel samples of various densities  

Sample 
Density 

(g/cm3) 

Porosity 

(%) 

Measured 

Refractive 

Index 

Critical 

Angle 

 (º) 

Absorption 

Coefficient 

(cm-1) 

at 488 nm 

1 0.15 93 1.023±0.004 77.7±1.1 0.52 

2 0.22 90 1.060±0.007 70.7±1.0 0.69 

3 0.39 82 1.093±0.001 66.2±0.1 0.87 

  Typical pore properties of the synthesized aerogels characterized by using 

nitrogen physisorption are tabulated in Table 4.2. As the sample density increased, BET 

surface area, BJH desorption average pore radius and total pore volume of the sample 

decreased. The pore volume, the surface area, and the average pore radius of the low-

density sample (0.15 g/cm3) were 3.6 cm3/g, 662 m2/g, and 11.1 nm, respectively. The 

sample with the highest density (0.39 g/cm3) had a significantly lower pore volume and 

pore radius of 0.35 cm3/g and 1.4 nm, respectively.  

b. 



 

Table 4.2. Pore characteristics of HMDS-treated aerogel samples of various density  

Sample 
BET Surface 

Area (m
2

/g) 

BJH Desorption 

Average Pore Radius 

(nm) 

Total Pore 

Volume (cm
3

/g) 

Silica aerogel 

(ρ=0.15 g/cm3) 
662 11.1 3.61 

Silica aerogel 

(ρ=0.22 g/cm3) 
549 7.5 2.48 

Silica aerogel 

(ρ=0.39 g/cm3) 
467 1.4 0.35 

 

The measured refractive indices of the samples at 632.8 nm are given in Table 

4.1 and Figure 4.7. The refractive index of each sample was sufficiently lower than that 

of the core liquid water (𝑛𝐻2𝑂 = 1.33) making each one of them suitable for waveguide 

cladding. In agreement with the expected behavior, the refractive indices of the aerogel 

samples increased linearly with their density, as the optical density characterized by the 

index of refraction is directly proportional to the material density following the 

functional form of Equation 4.2, where k is a proportionality constant:  

 

Even the densest synthesized samples studied in 37 retained a relatively low 

value of the refractive index (below ~1.09). Some of the alternative empirical 

correlations between the density and refractive index of aerogels proposed in the 

literature are summarized in Table 2.1 in Chapter 2 78. 



 

 

Figure 4.7. Refractive index of silica aerogels as a function of aerogel density. The 

proportionality constant between the refractive index and density is 𝑘 = (0.27 ±

0.016)  cm3/g 37.  

As a measure of their light-gathering ability, numerical apertures (NAs) of the 

optical waveguides in aerogels were determined using Equation 4.3 38:  

 

where 𝑛𝑐𝑜𝑟𝑒 is the refractive index of the liquid in the microchannel and 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 is the 

refractive index of the cladding.   

Water-filled multimode optofluidic waveguides in the synthesized aerogels 

yielded high numerical aperture values of 0.85, 0.81, and 0.76, ranking from the lowest 

to the highest aerogel density. In comparison, numerical aperture of doped silica fibers 

is typically around 0.37 and around 0.66 in Teflon-coated optical fibers 160. Aerogel-

based optofluidic waveguides with high numerical aperture collect light very efficiently 

when the light is coupled into the liquid core from a wide input angle and distribute 

light into a broad angle at the output. 

Besides, absorption coefficients of the samples (α) were determined from the 

sample thickness (t) and absorbance (A) at the working wavelength (488 nm) using 

Equation 4.4 161: 



 

 

Using the measured absorbance values at 488 nm from Figure 4.8 and 

thicknesses of individual samples 1-3 (t1= 1.2 cm, t2= 1.2 cm, t3= 1.7 cm), the values of 

the absorption coefficients were calculated as α1= 0.52 cm-1, α2= 0.69 cm-1 and α3= 0.87 

cm-1, respectively. These values are still relatively low compared to the common 

cladding materials such as polytetrafluoroethylene (PTFE) 162-163. For instance, 

transmission spectrum of a PTFE film with a thickness of 0.1 mm and a refractive index 

of 1.4 indicates that transmission of Teflon is lower than 10 % at 488 nm which results 

in the absorbance around 1 and the absorption coefficient of the film about 230 cm-1 163. 

Thus, even the highest density aerogel samples have a lower absorption coefficient than 

PTFE. Furthermore, it was found that the diffuse transmittance and the total 

transmittance at 488 nm increased with decreasing density of the samples as shown in 

Figure 4.9.  

 

Figure 4.8. Absorption spectra of synthesized aerogel samples of various densities. 



 

 

Figure 4.9. Total transmittance spectrum (solid lines) and diffuse transmittance 

spectrum (dashed lines) of synthesized aerogel samples of various densities in the 

spectral range between 350 nm-1800 nm. 

The Haze of the samples which was quantified by using Equation 2.3 is 

provided in Figure 4.10. The results point out that the haze of aerogels increased with 

increasing density aerogels. The sample with the lowest density of 0.15 g/cm3 suggest 

that a large fraction of the transmitted light is scattered (diffused) in the UV region of 

the spectra, lowering the transmission and causing the sample to be translucent milky 

and, it started to decrease beyond this region in the visible region from 400 nm up to 

NIR, 1200 nm. The sample with the density of 0.22 g/cm3 demonstrated the similar 

trend. The haze of the sample is the highest in UV region up to around 400 nm and it 

decreases beyond this region up to 1200 nm. In the sample with the highest density, 

almost all of the transmitted light is found to be scattered up to around 500 nm of the 

spectra in the samples with the highest density, resulting in the sample to be opaque and 

beyond this region up to 1200 nm it starts to decrease and demonstrating the lowest 

haze among the samples.  



 

 

Figure 4.10. Haze (%) measurement of aerogel samples  

Exponential regression model based on Hunt formula in Equation 2.2 applied to 

the measured transmittance spectra of aerogels for the range from 220 nm to 1200 nm, 

which are given in Figure 4.11 provided A and C values for the samples. The similar 

behavior of the haze of aerogels was obtained in the clarity coefficient. As shown in 

Table 4.3, the clarity coefficient increased with increasing density of aerogels. The 

aerogel with the highest density showed the highest value of C and the aerogel with the 

lowest density demonstrated the lowest value. However, A was obtained to be the 

lowest in the sample with the density of 0.22 g/cm3, and the highest with the sample 

with the density of 0.39 g/cm3 for the range from 220 nm to 1200 nm.   



 

 

 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
0

10

20

30

40

50

60

70

80

90

wavelength (m)

T
r
a

n
sm

it
ta

n
c
e
 (

%
)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
0

10

20

30

40

50

60

wavelength (m)

T
r
a

n
sm

it
ta

n
c
e
 (

%
)



 

 

Figure 4.11. Transmittance spectra of silica aerogels in the spectral range between 220 

nm-1220 nm. (a) Transmittance spectra of the silica aerogel with a density of 0.15 

g/cm3. (b) Transmittance spectra of the silica aerogel with a density of 0.22 g/cm3. (c) 

Transmittance spectra of the silica aerogel with a density of 0.39 g/cm3. 

Table 4.3. Hunt parameters for the silica aerogels. 

Sample A C (𝝁𝒎𝟒 𝒄𝒎⁄ ) 

Silica aerogel 

(ρ=0.15 g/cm3) 
0.79 0.059 

Silica aerogel 

(ρ=0.22 g/cm3) 
0.53 0.066 

Silica aerogel 

(ρ=0.39 g/cm3) 
0.86 0.18 

 

4.3.2 Channel Formation in Aerogel Blocks 

Images of channels created in hydrophobic aerogel blocks by manual drilling are 

shown in Figure 4.12a-d. Relatively long channels (~7.5 cm) could be created with 

varying geometries such as straight and L-shaped inclined channels, while maintaining 

the nanoporous and monolithic structure of the aerogels blocks. 
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Figure 4.12 a. Side view of a hydrophobic silica aerogel rod with a channel parallel to 

the rod axis (channel length L = 7.5 cm, channel diameter D = 2.1 mm) b. Top-view of 

the aerogel rod shown in (a) with a channel parallel to the rod axis c. Silica aerogel 

sample with multiple channels d. Side view of a L-shaped channel with one horizontal 

and one inclined channel (channel lengths L1 = 1.2 cm and L2 = 3.8 cm, respectively; 

channel diameters D1 = D2 = 2.1 mm). 

4.3.3 Light-guiding in liquid-core optofluidic waveguides in aerogels 

Following the successful microchannel formation inside the aerogel blocks, 

multimode optofluidic waveguides were generated by filling the channels with water as 

the core liquid. The channel was filled with water by using a syringe as described in 

Section 4.5. Water could be confined within the channels with hydrophobic walls 

without penetrating the porous network of the aerogel.  

Laser light with the wavelength of 488 nm was coupled into the optical 

waveguide in the aerogel (ρ = 0.15 g/cm3) with the aid of the optical fiber, as shown 

schematically in Figure 4.5. As the light propagates inside the channel, some of the 

propagating light rays which strike the boundary between water and the aerogel at an 

angle greater than the critical angle are reflected back to the opposite wall of the 

channel (Figure 4.13 and Figure 4.14b). As illustrated in the photograph of the channel 

with coupled light shown in Figure 4.13, the light was totally internally reflected in the 

channel several times after emerging from the input fiber, before leaving the waveguide. 

L
=

7
.5

 cm
 

c. d. 

3.8 cm  

1.1 cm 

b. 

a. 



 

Consecutive reflections appear more faintly as the light intensity decreases during the 

propagation through light scattering and absorbance by the aerogel.  

 

Figure 4.13. Total internal reflection in the water-filled channel in a monolithic aerogel 

(ρ = 0.15 g/cm3) 

The expected number and spacing of subsequent reflections of a ray from the 

channel walls during the light propagation was also estimated using Snell’s Law with 

the output half-angle α of the optical fiber immersed in water calculated from the 

numerical aperture of the fiber. Figure 4.14a illustrates light transmission through an 

optical fiber inserted into water. Because the numerical aperture of the fiber is preserved 

regardless of the medium outside the fiber, angle 𝛼 can be determined from NA = 

nwatersinα where NA is the numerical aperture of the fiber (NA= 0.22) 164 and nwater = 

1.33. Inserting these values then gives α = 9.5º. From Figure 4.14b, the angle β at which 

the light is reflected from the microchannel wall back into water can be calculated as β= 

90º-α = 80.5º. From the geometry of the configuration (channel diameter D = 2.1 mm, 

fiber core diameter d=0.3 mm), the light exiting the fiber propagates over a lateral 

distance Δ= (D-d)/2 =0.9 mm before the first incidence on the channel wall. This 

corresponds to the distance 𝑥 between the fiber tip and the point where the wave first 

strikes the channel wall equal to x=Δtanβ = 5.4 mm. The distance in the axial direction 

over which the light propagates between successive reflections is then 2x=10.8 mm. For 

a channel with the length of 27 mm, it was found that a ray of light can do about three 

total internal reflections at most, neglecting intensity loss. As demonstrated in Figure 

4.13, this is in agreement with experimental observation. 
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Figure 4.14. (a). Light propagation through an optical fiber inserted into a water-filled 

channel in aerogel. A ray with the maximum acceptance half-angle of the fiber in air (ɸ) 

is coupled into the fiber and subsequently propagates along the fiber and emerges with 

angle (α) into water. (b) Total internal reflection in the microchannel. d is the diameter 

of the fiber core (0.3 mm), D is the diameter of the microchannel (2.1 mm). 

The same phenomena could also be observed with inclined L-shaped 

waveguides fabricated in denser aerogel samples (see Figure 4.12d). In the experiments, 

the laser light was coupled into the horizontal part of the channel and the transmitted 

light was collected from the open end of the inclined part of the channel. When the light 

was coupled into an empty channel, no guiding of light to the opposite end of the 

channel was observed; instead, the light was scattered strongly from the junction of the 

two sections of the channel (see Figure 4.15a). Upon filling the channel with water, 

situation changed dramatically and the waveguides became fully operational. As shown 

in Figure 4.15b, for water-filled channel, the light was guided along the channel and 

delivered to the opposite end of the channel (seen at the top of the aerogel block). A 

side-view image of water filled channel with light coupling in Figure 4.15b. 

demonstrates that the entire length of the channel is filled with light with a bright spot 

on the top which indicates that the light is transmitted along the liquid-core optofluidic 

waveguide. Because of the opacity of dense aerogels, straight path of the light through 

nair nwater 

a. 

b. 



 

the aerogel is not well visible; however, scattering of light beam at the edges of the 

channel can be clearly observed. 

Overall losses of water-filled L-shaped waveguides were quantified by 

measuring the power of the transmitted light using a power meter. At the wavelength of 

488 nm, output power of 2.1 mW was measured when the laser light was coupled with 

an incident power of 8.0 mW from the fiber output. The overall optical throughput of 

the optical waveguide could be quantified by Equation 2.9 and the propagation loss of 

the waveguide, η, could be calculated as -1.45 dB/cm by Equation 2.10. This value 

compares favorably to the previously measured propagation loss of -9.9 dB/cm for 

liquid-core optofluidic waveguide prepared using laser ablation in silica aerogels 38. 

The loss in power is primarily due to the light scattering at the junction of the 

two channel sections since the vertical part of the channel is inclined with an angle of 

62 º and most of the rays possibly strike the channel surface with the incident angle 

smaller than the critical angle (71.4 º). They are therefore partially reflected or 

transmitted in many different directions, leaving a bright spot clearly visible at the 

channel junction (see Figure 4.15b). If the inclined channel is formed with a moderate 

angle around 20º, light-guiding efficiency can possibly be improved. Furthermore, light 

intensity also decreases during subsequent reflections at the channel walls due to the 

surface roughness. Absorption loss by water at 488 nm is low and it transmits within 

water with 0.05 % incident light attenuation for 1 cm length 165. Thus, the use of water 

as the core liquid does not represent the main limitation on the performance of our 

optofluidic waveguides. 

 

Figure 4.15. (a) Light coupling into an empty channel in the aerogel (b) Light 

propagation in liquid-filled channel within the aerogel monolith (side view). 

a. b. 



 

4.4 Conclusions 

Multimode liquid-core optofluidic waveguides based on total internal reflection 

of light in water-filled microchannels located within high-density hydrophobic silica 

aerogels were fabricated by direct mechanical drilling. The synthesized aerogel samples 

with high densities had still sufficiently low refractive indices and absorption coefficient 

values, exhibiting ideal optical cladding material properties for efficient guiding of light 

by total internal reflection over a wide range of wavelengths without the use of any 

additional optical coatings. Relatively long channels of various shapes (straight and 

inclined L-shape) were created preserving the nanoporous and monolithic structure of 

the aerogel. Water-filled multimode optofluidic waveguides in the synthesized aerogels 

provided high numerical aperture values making them ideal for applications involving 

aqueous liquid cores. Efficient wave-guiding upon light coupling (at 488 nm) into the 

water-filled channel and channel output could be demonstrated. The total internal 

reflection phenomena within the water-filled channel in the hydrophobic aerogel as a 

multimode core waveguide could also be visually revealed. Therefore, the demonstrated 

fabrication technique could enable the use of aerogel-based optofluidic waveguides for 

innovative applications including photochemical reactions as well as light-driven 

detection, identification, and quantification of particular chemical compounds and 

metabolic variables with the aid of improved light distribution through the reaction 

space represented by the waveguide core.  
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Chapter 5  
 

A NEW TYPE OF MICROPHOTOREACTOR WITH INTEGRATED 

OPTOFLUIDIC WAVEGUIDE BASED ON SOLID-AIR NANOPOROUS 

AEROGELS 

 

5.1 Introduction 

In this study, we developed a new type of microphotoreactor based on an 

optofluidic waveguide with aqueous liquid core fabricated inside a nanoporous aerogel. 

This optofluidic microphotoreactor consists of a single liquid-filled channel fabricated 

inside a monolithic silica aerogel within which photochemical reactions are carried out. 

Due to the contrast of refractive indices between the aerogel and the liquid, optofluidic 

waveguides based on TIR are naturally formed to deliver the light to the liquid reaction 

medium inside the microchannel, as shown schematically in Figure 5.1. To this end, we 

synthesized a hydrophobic silica aerogel monolith with a density of 0.22 g/cm3 and a 

low refractive index of 1.06 that – from the optical point of view - effectively behaves 

like solid air. Subsequently, we drilled an L-shaped channel within the monolith that 

efficiently confined both the aqueous core liquid and the guided light, the latter property 

arising due to total internal reflection of light from the liquid-aerogel interface. The 

efficiency of light guiding in a liquid-filled channel was characterized and – using the 

light delivered by waveguiding –photochemical reactions in a channel filled with 

aqueous solutions of methylene blue dye were carried out. It was demonstrated that this 

configuration provides an excellent overlap between guided light and fluids in the 

channel for efficient photochemical activation and methylene blue could be efficiently 

degraded in the optofluidic photoreactor, with conversion increasing with increasing 

power of the incident light.  



 

 

 

 

 

 

 

Figure 5.1. (a) Aerogel-based microphotoreactor with an integrated optofluidic 

waveguide (b) Cross-sectional view of the microphotoreactor/waveguide system 

illustrating light guiding in the liquid by TIR.  

5.2 Materials and Methods 

5.2.1 Materials 

TEOS (98%), ethanol (≥ 98%) and NH4OH (2.0 M in ethanol) were purchased 

from Sigma Aldrich. HCl (37% purity) was obtained from Riedel-de Haen and HMDS 

(≥ 98%) was purchased from Merck. Carbon dioxide (99.998 %) was purchased from 

Messer Aligaz. All chemicals were used as received.  

5.2.2 Synthesis of Silica Aerogels 

Silica aerogels were prepared by the way described in our recent study 37. TEOS 

was used as the silica precursor and it was initially hydrolyzed with water in the 

presence of ethanol as co-solvent and HCl as acid catalyst. After the addition of the acid 

catalyst, the solution was continuously stirred at room temperature for 1 h. 

Subsequently, NH4OH was added to the solution as the base catalyst. The molar ratio of 

TEOS:ethanol:water:HCI:NH4OH was 1:4:3:0.0023:0.009. Before gelation, the solution 

was transferred into rectangular polymethylmethacrylate (plexiglass) molds (height = 7 

cm, length = 5 cm, width =1.3 cm) tightly sealed to prevent evaporation of the solvent. 

After the gelation, the resulting alcogels were soaked in an aging solution (40 v/v % 

a. 

b. 



 

 

 

 

 

 

TEOS, 10 v/v % water, 50 v/v % ethanol) in an oven at 50 ºC for 24 h. The samples 

were further kept in the same aging solution at room temperature for 3 days. The 

alcogels were then placed in fresh ethanol for 3 days to remove any impurities and 

water remaining in their pores. As the last step, the alcogels were dried at 40 ºC and 100 

bar with supercritical CO2 (scCO2) in an Applied Separations Speed SFE unit for 6 h 

and monolithic and crack-free aerogels were obtained. The resulting silica aerogels were 

hydrophilic due to the presence of the polar hydroxyl groups within their porous 

framework which promote high capillary stress and water adsorption once they are in 

contact with water. Therefore, the aerogel samples were made hydrophobic by replacing 

the hydrophilic hydroxyl surface groups with hydrophobic methyl groups via HMDS 

vapor treatment. Monolithic and crack-free hydrophobic silica aerogel was obtained. 

The hydrophobicity of the samples was determined by measuring water contact angle of 

the aerogel surface 37. 

5.2.3 Characterization of Silica Aerogels  

Average pore size, pore size distribution and surface area of the samples were 

determined using nitrogen physisorption (Micromeritics ASAP 2020). Samples were 

initially degassed at 300 °C under vacuum for 1 day to remove remaining impurities 

from the surface. The pore analysis was performed using N2 adsorption/desorption 

isotherms with a relative pressure (P/Po) ranging from 10−7 to 0.999. The surface area of 

the samples was determined by Brunauer-Emmett-Teller (BET) method and the pore 

volume and pore size distributions were determined by Barrett−Joyner−Halenda (BJH) 

analysis using the N2 adsorption−desorption isotherms. Total pore volume of the sample 

was determined by converting the adsorbed N2 volume at STP to liquid N2 volume at 77 

K. Bulk density of monolithic aerogel samples was determined by dividing their mass 

by their final volume which was obtained by measuring their physical dimensions using 

a caliper. Hydrophobicity of HMDS-treated aerogels was quantified by contact angle 

measurements based on direct imaging of water droplets deposited on the surface of the 

sample. Static contact angle measurements were carried out on a Krüss G-10 

goniometer, fitted with a high resolution digital camera (Spot Insight Color, by 

Diagnostic Instruments, Inc.) at room temperature (23 ± 1 °C). 10 μL of deionized, triple 

distilled water was used in the contact angle measurements. In addition, wetting 



 

 

 

 

 

 

properties of the internal channel walls were characterized by cutting the aerogel sample 

along its channel and dropping a water droplet directly on the inner channel surface. 

Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) 

spectra of hydrophilic and hydrophobic aerogel samples were recorded on a Thermo 

Scientific Smart iTR spectrometer to investigate the chemical composition of the 

samples. Refractive index of the aerogel monoliths was determined by measuring the 

angle of refraction of a laser beam from the aerogel block placed on a goniometer stage 

as described in our recent study 40. 

5.2.4 Fabrication of Channels in Aerogel Monoliths 

The technique demonstrated in our recent study was utilized for the channel 

fabrication 37. Cylindrical channels were fabricated in hydrophobic aerogel monoliths 

by using a drill bit (diameter = 2.1 mm, length = 4 cm). An inclined L–shaped channel 

consisting of a horizontal channel intersecting with an inclined channel was formed by 

two successive steps. First, a straight channel with a length of 1.1 cm and a diameter of 

~2.1 mm was opened from one of the two narrow side faces of the aerogel block. Next, 

another channel of ~2.1 mm diameter and 3.7 cm length was delicately drilled starting 

from the opposite side face of the block with an angle of about 30º with respect to the 

horizontal, up to the end of the initially created straight channel. The side view of the 

resulting inclined channel is provided in Figure 5.2. 

 

Figure 5.2. A side-view of an aerogel monolith with the fabricated inclined L-shaped 

channel  



 

 

 

 

 

 

5.2.5 Experimental Setup for Carrying Out Photochemical Reactions 

Figure 5.3 shows a schematic diagram of the experimental setup that was 

employed for studying model photochemical reaction - degradation of methylene blue 

in an aqueous solution contained inside the microchannel within a hydrophobic silica 

aerogel. Hydrophobic aerogel block with the inclined L–shaped channel was mounted 

on an adjustable metal holder. A small piece of plastic tubing was glued to one end of 

the channel by epoxy and the other end of the tubing was connected to a Union Tee 

adapter. Central port of the Union Tee was then connected to a syringe and the 

remaining end of the Union Tee was used to insert a solarization-resistant multimode 

optical fiber (Thorlabs; UM22-300, NA=0.22) into the aerogel channel. This fiber 

served for delivering photoactivation light to the reaction volume and its end was held 

at a fixed position at the channel entrance. The channel was filled with the aqueous MB 

solution using the syringe. The MB solution could be confined within the channel 

without penetrating into its porous network due to hydrophobic walls of the channel. In 

order to initiate light-induced degradation of MB, we used a laser beam from a 

femtosecond-pulsed, tunable laser light source (Coherent Chameleon Ti:Sapphire Laser) 

with a maximal output power of 4 W. The laser beam was coupled into the free end of 

the multimode optical fiber with the aid of an objective lens. The operating wavelength 

of the laser was tuned to 388 nm. The input power coupled into the optofluidic 

waveguide could be adjusted from the laser source. The incident power values were 

measured before coupling the light into the optical fiber. Due to losses introduced by the 

beam focusing optics and imperfect coupling of light into the fiber, about 20 % of the 

incident power actually reached the sample. The intensity of light transmitted through 

the waveguide was visually monitored and measured at the outlet of the channel by a 

laser power meter. In order to monitor the progress of photodegradation of MB, samples 

with a volume of 10 µL were collected at various times from the end of the channel by a 

micropipette and subsequently analyzed by Nanodrop ND-1000 Spectrophotometer for 

absorbance-based quantification of MB concentration which was converted to the 

concentration using a calibration curve provided in Figure 5.4.   



 

 

 

 

 

 

 

Figure 5.3. Schematics of experimental set-up used in the characterization of light 

guiding and photochemical reactions in aerogel-based optofluidic microphotoreactors. 

 

Figure 5.4. Calibration curve of aqueous MB solutions used for quantification of 

sample concentration in 2-140 µM range.   



 

 

 

 

 

 

5.3 Results and Discussion  

5.3.1 Properties of Synthesized Aerogel Samples  

Synthesis of aerogel monoliths with high mechanical strength and sufficiently 

low refractive index is a critical step for fabricating our photoreactors 36, 40. This was 

accomplished by aging of intermediate alcogels in a solution containing the silica 

precursor (see “Materials and Methods” for additional details on the procedure). 

Reactions between partially hydrolyzed tetraethylorthosilicate (TEOS) in the aging 

solution and silanol groups on the silica surface resulted in the formation of additional 

siloxane bonds and increased the solid content of the porous aerogel. These additional 

condensation reactions enhanced the mechanical strength and stiffness of the aerogel, 

most likely by increasing the size of the connecting silica necks within the solid 

network. After aging, the resulting sample had a density of 0.22 g/cm3. The critical 

angle of incidence for a laser beam incident upon the aerogel – air interface from the 

aerogel side was measured to be 71 º which translated into the aerogel refractive index 

of 1.06 at 632.8 nm, much lower than the refractive index of an aqueous solution. 

Therefore, the silica aerogel sample with a density higher than the silica aerogel 

prepared using the conventional two-step sol-gel method without any additional aging is 

still suitable for TIR-based optofluidic waveguides without the use of any additional 

optical coatings.  

The reaction of surface silanol groups with HMDS vapor resulted in monoliths 

impermeable for aqueous reaction solutions. As shown in Figure 5.4, average contact 

angles were found to be greater than 150º, showing that the samples are, in fact, 

superhydrophobic. Furthermore, their superhydrophobic nature was preserved during 

the experiments over several weeks, as water did not penetrate into the aerogel pores 

and did not crack the aerogel blocks in the course of the experiments. In addition to the 

contact angle measurements, both treated and untreated samples were studied by 

infrared spectroscopy to investigate their chemical composition. FTIR-ATIR 

measurement of aerogel monoliths was carried out for the samples that we crushed into 

powder. For the spectrum of the channel surface fabricated in an aerogel monolith, the 

channel was broken along its axial direction and the surface of the channel walls were 

gently ground by the aid of a spatula tip. Then, FTIR-ATR measurement was performed 



 

 

 

 

 

 

for the collected powder. Figure 5.6 presents the FTIR-ATR spectra of originally 

synthesized hydrophilic aerogels and HMDS-treated aerogels. The absorption bands 

observed in the spectra were interpreted based on the data available in the literature 149, 

166. In particular, in the spectrum of hydrophilic silica aerogel (Figure 5.6), broad bands 

centered around 960 cm−1 and 3400 cm−1 represent stretching of surface silanol (Si-OH) 

groups. A strong and broad band at around 1090 cm−1 and a shoulder at around 1200 

cm−1 correspond to Si-O-Si asymmetric stretching vibrations. Intense peak in that 

spectral region indicates the presence of a dense silica network. A peak at around 800 

cm−1 is due to symmetric stretching vibrations of Si-O-Si. The comparison of the 

spectra of untreated (Figure 5.6a) and treated (Figure 5.6b) samples clearly indicates 

that the aerogels have been modified since the intensities of the broad Si–OH band 

around 3400 cm−1 and the other Si–OH peak around 960 cm−1 were reduced upon 

treatment. In addition, the presence of a sharp Si–CH3 peak around 2900 cm−1 and a 

peak at 837 cm-1 corresponding to Si-C stretching vibrations indicates that HMDS 

reacted with silanol groups on the backbone of the treated samples.           

 

Figure 5.5. Water droplet resting on the surface of HMDS-treated silica aerogel 

monolith. 



 

 

 

 

 

 

 

Figure 5.6. FTIR-ATR spectra of (a) an untreated hydrophilic silica aerogel, (b) the 

surface of the channel fabricated in a HMDS-treated hydrophobic silica aerogel. 

The pore properties of the resulting HMDS-treated aerogels were determined by 

using nitrogen physisorption. The specific pore volume, specific surface area and 

average pore size of the sample were measured as 2.5 cm3/g, 549 m2/g and 17 nm, 

respectively. Samples prepared using the standard solvent exchange process without 

additional ageing have commonly reported specific pore volume of 4.0 cm3/g, specific 

surface area of 1000 m2/g and an average pore size of 20 nm 167. The slightly lower 

specific surface area, specific pore volume and pore size of modified aerogels with 

higher mechanical strength can be most likely attributed to the ageing process in TEOS 

solution that probably blocks or closes some of the pores.   

5.3.2 Light-guiding in Aerogel-based Microphotoreactors 

Light-guiding experiments in aerogel-based optofluidic microphotoreactors were 

performed using the experimental set-up shown in Figure 5.3. The horizontal part of the 

channel fabricated within the aerogel monolith (see Figure 5.2 for illustration of channel 

geometry) was illuminated by the tunable laser (Coherent Chameleon Ti:Sapphire 
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Laser) at 488 nm coupled into the channel through the optical fiber (Thorlabs; UM22-

300, NA=0.22). When the light was coupled into an empty channel, the beam exiting 

from the fiber was transmitted straight along the x-axis (the direction of the horizontal 

channel part), without any light guiding into the inclined part of the channel, and only 

scattering could be observed from the junction of the two parts of the channel. 

Subsequently, a multimode optofluidic waveguide was formed by filling the channel 

with an aqueous MB solution which has a higher refractive index than the aerogel. 

Owing to the prior hydrophobic treatment of the aerogel, the solution could be confined 

within the channel fabricated in the aerogel without penetrating into the porous network 

of the aerogel. When the light was coupled into the channel filled with the aqueous MB 

solution, the solution served both as the waveguide core liquid and the reaction medium 

and the light was guided along the full length of the channel including its inclined 

section and finally exited from the opposite end of the channel (seen at the top of the 

lateral face of the aerogel block shown in Figure 5.7). When the light rays propagating 

in the channel strike the channel wall at an angle greater than the critical angle, they are 

reflected back to the solution. The rays then strike the opposite wall of the channel and 

are again reflected back to the solution. The rays propagate in this manner until they 

exit from the channel. Since the aerogels are highly porous and, therefore, effectively 

behave like solid air, the propagation losses are significantly lower than 3 dB/cm 36-37, 39. 

As illustrated in the photographs of the solution-filled channel with coupled light shown 

in Figure 5.7a and Figure 5.7b, the light was totally internally reflected in the channel 

several times after emerging from the fiber, before leaving the waveguide. Consecutive 

reflections appear more faintly under ambient light; however, it is clearly visible in the 

dark that the entire length of the channel is filled with guided light which indicates that 

the light is indeed confined along the liquid-core optofluidic waveguide.  

 



 

 

 

 

 

 

 

Figure 5.7. (a) Light propagation in a channel fabricated in an aerogel monolith and 

filled with aqueous MB solution under ambient light illumination (side view). (b) Light 

propagation in the same channel as shown in part a without ambient light illumination 

(side view). The guided light fills the whole volume of the channel. 

5.3.3 Photodegradation of Organic Compounds 

MB was chosen as a model organic compound to evaluate the performance of our 

aerogel-based photoreactor with integrated optofluidic waveguide in photochemical 

reactions. An aqueous solution of MB with a concentration of 37.2 μM was loaded into 

an L-shaped aerogel channel. An L-shaped microchannel was chosen instead of a 

straight microchannel in order to make sure that the sample of the MB solution taken 

from the exit port of the reactor was exposed only to the light guided along the channel 

by TIR and not to the light emitted directly from the input optical fiber. Consequently, 

light-induced degradation of MB at the exit port occurred only due to waveguiding in 

the microchannel.    

Since MB might be gradually adsorbed on the surface of the aerogel channel, the 

concentration of MB solution collected from the channel at various times after starting 

the experiment might be lower than the initial concentration of the solution due to 

adsorption rather than photolytic degradation. In order to find out if there is a decrease 

in MB concentration due to adsorption, aerogel channel filled with MB solution was 

first kept in the dark for a certain period of time. The samples were periodically 

collected from the end of the channel and the concentration of MB in these samples was 

measured using a Nanodrop Spectrophotometer. Figure 5.8 shows that the concentration 

of MB solution kept in the dark remained almost constant for 120 min with a very little 

variation, thus indicating that MB was not adsorbed at the channel surface. FTIR-ATR 

a. b. 



 

 

 

 

 

 

spectra acquired from the internal surface of the channel, which are provided in Figure 

5.9, then reveal that the chemical composition of the channel walls remained unchanged 

before and after MB photolysis took place in the channel and, thereby, they also 

confirm that MB was not adsorbed at the walls. Low affinity of MB for the aerogel 

surface may be attributed to the surface hydrophobicity, in combination with the fact 

that a very small amount of solid constitutes the actual liquid-aerogel interface.  

 

Figure 5.8. Time variation of the concentration of aqueous MB solution contained in an 

aerogel channel kept in the dark. The initial concentration of MB was 37.2 μM.  



 

 

 

 

 

 

 

Figure 5.9. FTIR-ATR spectra of internal surfaces of channels fabricated in silica 

aerogel monoliths acquired before and after MB photolysis took place in the channel. 

Subsequently, laser light with the wavelength of 388 nm was coupled into the 

aerogel channel filled with MB solution with initial concentration of 36 μM and 

propagated to the end of the channel by TIR-assisted waveguiding. Under these 

experimental conditions, MB could be gradually degraded along the full length of the 

channel by the guided light. The degree of photodegradation then depended on the light 

exposure time and the incident light power. Figure 5.10 demonstrates that the 

concentration of MB samples collected from the channel end decreased with time under 

illumination with a constant power of the incident light. In particular, within 60 

minutes, the concentration of MB decreased to 6.4 μM under the exposure with the 

highest incident light power of 250 mW while it reduced to 15.3 μM with the incident 

light power of 125 mW and to 18.8 μM under the exposure with the incident light 

power of 64 mW. The percent conversion of the MB dye compound was calculated 

from Equation 3.7. 

Here, 𝐶0 is the initial concentration of the dye and 𝐶𝑡 is the dye concentration at 

time 𝑡. As shown in Figure 5.11, the conversion of MB dye at various times increased 

with the increasing power of the incident light within the studied power range. In our 



 

 

 

 

 

 

system, since the light is coupled to the open end of the channel (see Figure 5.7) and the 

light intensity is highest at the entrance and decreases through the channel towards the 

other end of the channel, Therefore, degradation rate is highest at the entrance and 

decreases towards the end of the channel; resulting in a concentration gradient of MB 

through the channel. As a result, MB diffuses from highly concentrated region, near the 

end of the channel, to the region with a lower concentration of MB. The change of 

concentration of MB in the channel as a function of time is given by the solution of 

Equation 5.1. 

 

where D is diffusion coefficient of MB in water (cm2 s-1), C is concentration of MB 

(M), Io is incident light intensity (𝜇𝐸 𝐿−1 𝑐𝑚−1),  ϕ is quantum yield of MB, which is 

defined as the number of moles of MB decomposed per mole of light photons absorbed 

by MB, ε is molar absorption coefficient of MB in aqueous solution (M-1 cm-1) and z is 

pathlength of the light (cm). Numerical solution of Equation 5.1 and Equation 5.2 for 

our system indicates that the concentration of MB increases as a function of the incident 

light power in a complex manner. 

 



 

 

 

 

 

 

Figure 5.10. Time variation of the concentration of aqueous MB solution contained in 

an aerogel channel under illumination at 388 nm with varying power of the incident 

light. The initial concentration of MB was 36 μM. The incident power values were 

measured before coupling the light into the input optical fiber.  

 

Figure 5.11. Variation of photoconversion of aqueous MB solution illuminated by 

incident light at 388 nm with increasing power. The initial MB concentration was 36 

μM.  

In order to demonstrate the vital importance of light guiding for the functionality 

of our photoreactor system, we carried out control experiments, in which the aerogel 

block with liquid-filled channel was replaced by a piece of conventional plastic tubing. 

In particular, the used tubing had an outer diameter of 4 mm and an inner diameter of 2 

mm and its L-shaped geometry and dimensions were almost identical to those of the 

channel fabricated in the aerogel monolith. In order to maintain constant shape during 

the course of an experiment, the tubing was mounted on a metal plate using clamps (see 

Figure 5.13 for illustration). Subsequently, the tubing was connected to the Union Tee 

adapter in the same way as in the experiments conducted with the aerogel (see Section 

5.2.5). Prior to the actual photodegradation experiments, light propagation in the tubing 

filled with MB solution was investigated. The light at 488 nm was coupled into the 

tubing by the optical fiber, using the same optical set-up as used previously in the 



 

 

 

 

 

 

aerogel experiments (see Section 5.3.2). A photograph of the tubing filled with MB 

solution and 488 nm laser light coupled into it is shown in Figure 5.12. As expected, the 

laser light delivered by the fiber cannot propagate in the liquid-filled tubing by TIR, 

since the refractive index of the tubing is higher than the refractive index of water.  

Thus, a large fraction of the incident light coupled into the horizontal section of the 

tubing is scattered at the tubing elbow. Only a small fraction of the incident light can 

reach the end of the tubing, exploiting TIR at the interface between the tubing and 

ambient air. Subsequently, the tubing filled with fresh MB solution was kept in the dark 

and samples were collected from the end of the tubing at various times up to 60 min. 

Figure 5.13 illustrates that in this experiment, MB concentration remained almost 

constant, with a slight variation that might be possibly attributed to interaction between 

MB and the surface of the inner walls of the tubing. After completing the control 

experiment under dark conditions, photolysis of MB contained in the tubing was carried 

out under illumination at 388 nm with an incident light power of 64 mW, measured 

before coupling the light into the input optical fiber. The power at the tubing output end 

was measured to be lower than ~ 8 µW. shows that in the photolysis experiment carried 

out in the tubing, the conversion of MB increased only slightly with time, eventually 

fluctuating around the maximum of ~10 % after 60 min exposure (red squares). In 

contrast, the conversion of MB carried out in the aerogel-based waveguide (black 

squares) reached the maximum of 48 % under the same experimental conditions 

(incident light power and exposure time). The comparison of the results obtained with 

aerogel-based and tubing-based photoreactors clearly shows that the light-guiding effect 

enabled by the contrast of refractive index between the aerogel and the aqueous reaction 

solution is essential for the high performance of the microphotoreactor. 

              



 

 

 

 

 

 

Figure 5.12. Light propagation in the plastic tubing filled with aqueous MB solution 

under ambient light illumination (side view).  

 

Figure 5.13. Time variation of the percentage conversion of aqueous MB solution 

contained in the tubing and its photoconversion at an incident light of 70 mW. The 

initial concentration of MB was 30 μM. 

The above results demonstrate that aerogel-based optofluidic waveguides can 

serve to build efficient optofluidic photoreactor systems for a wide variety of potential 

applications. Thanks to the integrated light waveguide, these photoreactors may enable 

a large effective penetration depth of the incident light and a more uniform light 

distribution in the radial direction within the reaction volume, in comparison to the 

conventional bulk photoreactors. As the light is delivered to the reacting species in the 

liquid core by optical waveguiding, the reactor itself can be operated under dark 

ambient conditions. Furthermore, thanks to the interconnected open-pore architecture of 

the aerogel network forming the waveguide cladding, the platform is also interesting for 

implementing membrane-like microreactors with selective molecular transport. In 

particular, while the core liquid is confined within the channel and cannot penetrate the 

porous aerogel cladding, the pores still allow for efficient two-way diffusive transport of 

gases between the core liquid and the reactor surroundings. Thus, oxygen required for 



 

 

 

 

 

 

the photolysis of organic compounds such as methylene blue can be delivered from the 

outside whereas the gaseous products of the photolysis such as CO2 can be readily 

removed through the porous framework of the aerogel. Moreover, the selectivity of 

transport through the porous aerogel network can be tuned for specific applications by 

adjusting the parameters of sol-gel synthesis and post-synthesis treatment of the 

aerogels. Permeability of aerogels to gases also allows for the removal of air bubbles 

formed in the liquid channel, leaving behind a continuous, bubble-free light path. Air 

bubbles are detrimental for the performance of optofluidic waveguides since they hinder 

the light propagation through the channel and lead to high optical losses due to light 

scattering, eventually resulting in the failure of the waveguide. However, such bubbles 

cannot be removed from conventional microfluidic channels with gas-impermeable 

walls 39.  

Finally, aerogel-based optofluidic microphotoreactors hold a great promise for 

carrying out photocatalytic reactions. The high porosity and high surface area of 

aerogels with interconnected open pore structure, combined with a fully tunable three-

dimensional architecture, make aerogels very well suited for the deposition of a 

photocatalyst. Walls of channels fabricated in an aerogel monolith are porous and, thus, 

photocatalyst particles can be immobilized within these pores with a good adhesion to 

the solid network. With photocatalyst particles present in the aerogel channel wall, the 

guided light can be partially absorbed in the near-surface region of the wall. 

Subsequently, the reactants can be converted into desired products on the catalyst 

surface. 

It should be also possible to operate our optofluidic photoreactors in a 

continuous manner by delivering the reactant solution using a suitable pump. In order to 

increase the overall throughput of the photochemical/photocatalytic reaction, the 

aerogel-based photoreactors can be fabricated with multiple channels operating in 

parallel. Moreover, using processes such as preform removal or femtosecond laser 

ablation, uniform and extended microchannels with much smaller diameters can be 

created 36, 39, 108, expanding further the potential for large-scale parallelization which is 

needed for industrial applications of the presented platform. 



 

 

 

 

 

 

5.4 Conclusions 

We have demonstrated a novel type of microphotoreactor with integrated 

optofluidic waveguide which is formed by a liquid-filled channel fabricated in a 

monolithic aerogel block The unique optical properties of aerogels - particularly, their 

low refractive index - allow them to be used as the cladding material of TIR-based 

optofluidic waveguides with aqueous liquid cores that do not require any additional 

coatings. Post-synthesis modification of the prepared aerogel monoliths rendered the 

aerogel surface hydrophobic. Thus, aqueous solutions of methylene blue serving both as 

the waveguide core liquid and the reaction medium could be confined inside a channel 

embedded in the aerogel, without being adsorbed on the channel walls or without 

compromising the monolithic structure of the aerogel. We have directly visualized TIR-

assisted light propagation along liquid-filled channels fabricated in aerogel blocks and 

verified that light could be efficiently guided even along paths with a curved geometry. 

Subsequently, we have successfully shown light-driven photolysis of methylene blue by 

the light guided along the full length of the photoreactor channel. For the studied range 

of the incident light powers, quantitative analysis of the dependence of the conversion 

of the dye on the incident power indicated a linear trend. Aerogel-based liquid-core 

optofluidic waveguides represent a straightforward way for guiding and controlled 

routing of light which is also fully compatible with carrying out photochemical and 

photocatalytic reactions in aqueous media. Thanks to the flexibility of the procedures 

used for aerogel synthesis and post-synthesis modifications, aerogel-based 

photoreactors hold the potential for practical applications in photochemical and 

photocatalytic synthesis or degradation of various organic and inorganic compounds.  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6  

PHOTOCATALYTIC TRANSFORMATION IN SILICA-TITANIA 

COMPOSITE AEROGEL-BASED OPTOFLUIDIC MICROREACTORS 

6.1 Introduction 

In this part of the study, a new type of microphotoreactor for photocatalytic 

reactions formed by a liquid-core optofluidic waveguide fabricated inside hydrophobic 

monolithic aerogel is demonstrated. The field of optofluidics and highly porous, 

membrane-like properties of aerogels combined with fully tunable three-dimensional 

structures are both exploited to construct microphotoreactors for controlled distribution 

of light through the reaction medium maintaining good interaction of light, fluid and the 

solid photocatalyst particles. Anatase TiO2 nanoparticles were used as photocatalysts 

and it was successfully introduced into the mesoporous network of silica aerogels 

during sol-gel step of aerogel synthesis obtaining monolithic composite aerogels with 

varying titania content from 1 wt % to 50 wt %. The presence of TiO2 and its desired 

crystalline structure in aerogel matrix was confirmed by XRD patterns and FE-SEM 



 

 

 

 

 

 

images. The silica-titania composite aerogels retained their interconnected mesoporous 

network with high porosity and pore volume as well as high surface area. Surface 

modification by HMDS was devised to alter the wetting conditions of the reactor walls 

for construction of liquid-core optofluidic waveguides in the channel. Cylindrical 

straight channels were then fabricated in the synthesized monolithic composites. Light 

was confined in the liquid in the channel and is guided in a controlled manner by total 

internal reflection from the channel walls. Low and favorable propagation losses ranged 

from 2.6 dB/cm to 3.9 dB/cm with increasing amount of the TiO2 in the structure from 1 

wt % to 50 % wt. The band gap of the SiO2- TiO2 composites was estimated from Tauc 

plot calculated by Kubelka-Munk function from diffuse reflectance spectra of samples 

obtained using UV-visible reflectance spectroscopy. Using this technique, the anatase 

TiO2 band gap was observed near expected value of ≈ 3.2 eV. The photocatalytic 

degradation of phenol over the immobilized photocatalysts in the channel walls by the 

light delivered through the constructed waveguide was used as model reaction to test the 

reactor and demonstrating very promising performance. We further demonstrated the 

effect of incident light power, flow rate of the reactant and mass fraction of the 

photocatalyst in aerogel composites and additional oxygen supply on the performance 

of the reactor. Along with experimental studies, a simple model for immobilized 

photocatalytic microphotoreactors with integrated waveguide following a first order 

reaction rate with light dependency was developed and compared with experimental 

data for various conditions investigated. The reaction rate parameters were estimated 

from an exponential regression model. The model and experimental were found to be in 

good agreement.  

Construction of a microphotoreactor with channels made out of an 

interconnected open porous network which acts as a membrane for separation of the air 

bubbles from the liquid and concurrently manipulates the path of light in the channel 

might be a possible key to overcome the problems in conventional microphotoreactors. 

The channels thus behave as an optical waveguide which simultaneously confines and 

overlap light and reactants. It was recently demonstrated that aerogels are promising 

candidates to be efficiently used for optical waveguiding in liquids 35-38. Optofluidic 

waveguides can be constructed by opening channels inside monolithic aerogel blocks. 

These channels are surrounded by a wall made up of interconnected particles that are 



 

 

 

 

 

 

around 40 to 80 nm in size, with pockets of air in between them that constitute pores 

with sizes less than 100 nm. The air in the aerogel pockets is responsible for guiding 

light by TIR in a liquid-filled channel. Following appropriate chemical treatment that 

makes the channel surface compatible either with polar or with non-polar liquids, the 

channels can be filled with a suitable reactant solution that also serves as the waveguide 

core liquid. In such an approach, the channel fabricated within the aerogel 

simultaneously confines the reaction medium and also serve as the waveguide cladding 

whereas the reaction volume resides within the liquid core of the waveguide 36, 39. In 

addition, the surface of aerogels can be chemically modified; therefore, there is no 

restriction on the type of liquid or aerogel that can be used, as long as the liquid can be 

confined inside the aerogel block without penetrating its porous network 36, 40.   

The above statements indicate that both optofluidics and highly porous, 

membrane-like properties of aerogels combined with a fully tunable three-dimensional 

structure show their respective advantages to promote development of photocatalytic 

microphotoreactors. In this study, we successfully integrated the concept of optofluidics 

into the monolithic aerogel to newly propose an aerogel-based microphotoreactor for 

photocatalytic reactions called as “aerogel-based microphotoreactor with an integrated 

optofluidic waveguide”. The reactor consists of a cylindrical channel in a monolithic 

aerogel. Since the channel walls in the aerogel block are still porous, photocatalysts can 

be immobilized within the porous network with a good adhesion to the solid network. 

Silica aerogel was chosen as the template for its appealing attributes of interconnected 

nanoporous framework with high surface area-to-volume ratio to immobilize high 

amount of photocatalyst and its desirable properties that complement photocatalytic 

processes acting as charge transfer catalyst. Unlike conventional microphotoreactors, 

light was directly implemented into the channel within the same path of the reactant 

stream, which resulted in low and favorable propagation losses of light. Desired and 

stable crystalline structure of titania along with effective pore characteristics of the 

photomicroreactors were obtained. We demonstrated that our microphotoreactor is well 

suited for photocatalytic degradation of a model organic compound – phenol– and we 

investigated the effects of incident light power, flow rate of the reactant and mass 

fraction of the photocatalyst in aerogel composites on photocatalytic decomposition of 



 

 

 

 

 

 

phenol and the effect of oxygen supply to the reactant solution on the performance of 

the reactor.  

6.1.1 Design of Aerogel-based Microphotoreactor 

Figure 6.1. Schematic of the SiO2-TiO2 composite aerogel-based 

microphotoreactor. illustrates the schematic of the aerogel-based microphotoreactor. In 

this design of the microphotoreactor, the porous solid network of silica-titania aerogel 

surrounding the channel forms the aerogel-cladding. The liquid reactant stream and 

light is simultaneously passed through the hydrophobic channel sharing the same path. 

The liquid reactant therefore constitutes the core-liquid of the optofluidic waveguide. 

Light is confined in the reactant in the liquid solution in the channel and is guided in a 

controlled manner by the aid of liquid core optical waveguides based on TIR from the 

channel walls. The reactant flow through in and out by inlet and outlet of the channel 

while it is irradiated. The light with energy equal or greater than the band gap of catalyst 

and delivered through the waveguide by TIR along the channel is absorbed by the 

immobilized catalyst in the walls which results in excitation of electrons (e-) to the 

conduction band, leaving holes (h+) in the valence band. The e- and h+ pair either 

recombines or diffuses to the catalyst surface to lead to oxidation-reduction reactions 

with reactants adsorbed on the surface. These photoinduced charge carriers at the 

photocatalyst surface employ oxidation-reduction reactions of phenol by the aid of 

oxygen available in the solution and in the pores by totally decomposing to CO2. 



 

 

 

 

 

 

 

Figure 6.1. Schematic of the SiO2-TiO2 composite aerogel-based microphotoreactor. 

6.2 Materials and Methods 

6.2.1 Materials  

TEOS (98%), ethanol (≥ 98%) and NH4OH (2.0 M in ethanol) were purchased from 

Sigma Aldrich. HCl (37% purity) was obtained from Riedel-de Haen and HMDS 

(≥ 98%) was purchased from Merck. Anatase titanium dioxide particles in powder form 

was purchased form Jiangsu Hongyuan Pharmaceutical Co. Ltd.. Carbon dioxide 

(99.998 %) was purchased from Messer Aligaz. All chemicals were used as received.  

6.2.2 Synthesis of SiO2-TiO2 Composite Aerogels 

SiO2-TiO2 composite aerogels were synthesized by a two-step sol–gel process 

followed by supercritical drying, as shown in Figure 6.2. TEOS, used as the silica 

precursor, was initially hydrolyzed with water in the presence of ethanol as co-solvent 

and HCl (0.06 M in ethanol) as acid catalyst. The mole ratio of 

TEOS/ethanol/water/HCl used in the synthesis was 1:4:3:0.0023. The amount of SiO2 

produced as a result of the reaction was calculated on a mole basis that 1 mole of TEOS 

forms 1 mole of SiO2. The titania particles were then added to the solution to obtain a 

weight percent of titania to silica in a range from 1 wt % to 50 wt% and it was 



 

 

 

 

 

 

continuously stirred at room temperature for 2 h. The sol containing dispersed titania 

particles was sonicated for 40 min for the homogenous particle dispersion. 1 M of 

NH4OH in ethanol was added as the base catalyst such that the condensation reactions 

were accelerated which eventually led to the gelation of the solution within 5 min. The 

mole ratio of NH4OH to TEOS was 1:13.4. Before gelation, the solution was transferred 

into polyethylene molds tightly sealed to prevent evaporation of the solvent. After the 

gelation, the sol-called alcogels were aged in 50:50 (v%) mixture of water and ethanol 

at 323.2 K for 24 h.  The alcogels were then placed in fresh ethanol for 3 days to 

remove any impurities and water remaining in their pores. Following the aging step, the 

alcogels were subsequently dried with supercritical CO2 (scCO2) at 40 ºC and 100 bar in 

an Applied Separations Speed SFE unit for 6 h and monolithic and crack-free SiO2-TiO2 

aerogels were obtained. The monolithic shape of the synthesized composite aerogel is 

demonstrated in a photograph given in Figure 6.3. 

 

Figure 6.2. Schematics of silica-titania composite aerogel synthesis through sol-gel 

method. 



 

 

 

 

 

 

 

Figure 6.3. A photograph of the synthesized monolithic silica-titania aerogel composite 

with 50 wt% of titania.  

6.2.3 Surface Modification with HMDS 

 The resulting composite aerogels were hydrophilic due to the presence of the polar 

hydroxyl groups within porous silicon dioxide network which promote high capillary 

stress and water adsorption once they are in contact with water. HMDS was used to 

render the aerogel surface hydrophobic by replacing the hydrophilic hydroxyl surface 

groups of the aerogel with hydrophobic methyl groups. 4 ml of liquid HMDS were first 

added to the beaker and a stainless steel screen was placed in the middle of the beaker, 

above the liquid level. A block of hydrophilic aerogel was placed on top of the screen. 

The beaker was then tightly sealed and heated to 110 oC in an oven. The aerogel block 

was exposed to HMDS vapor for about 2 h. The sample was then removed from the 

beaker and placed in the oven at 120 oC for 1 h to remove the unreacted HMDS inside 

the pores and the reaction products of HMDS with surface hydroxyl groups by 

evaporation. Monolithic and crack-free hydrophobic SiO2-TiO2 aerogel was eventually 

obtained. Wetting properties of the aerogels were characterized by placing a water 

droplet on the aerogel surface. The water droplet behavior was visualized so that the 

droplet sat with a spherical shape without penetrating the porous network of the 

aerogels maintaining their intact structures. Then the samples were cut and the cross-

sections were examined through the same method.  



 

 

 

 

 

 

6.2.4 Experimental Set-up for Photocatalytic Chemical Reactions 

Prior to the photocatalytic reactions, cylindrical and straight channels which would 

confine reactants and would serve as a cladding for the light propagation were 

fabricated in hydrophobic SiO2-TiO2 aerogel monoliths by manual drilling as described 

in our previous study for the channel fabrication in silica aerogels 40. The hand-driven 

drill bit was positioned perpendicularly to the aerogel surface and – while rotating 

continuously – moved slowly into the sample to prevent stress buildup. This way, a 

single straight channel with two open ends was opened. One open end of the channel 

was glued to a piece of plastic tubing by epoxy to connect the channel to a syringe 

pump for continuous flow of the reactant without any leakage during the reaction.  

Figure 6.4 shows a schematic diagram of the experimental setup that was employed for 

studying model photocatalytic reaction - degradation of phenol in an aqueous solution 

contained inside the channel. The SiO2-TiO2 aerogel monolith with an embedded 

channel inside was mounted on an inclined adjustable holder in Figure 6.4. The tubing 

was connected to a Union Tee adapter and central port of the Union Tee was connected 

to a syringe and the remaining end of the Union tee was used to insert a solarisation-

resistant multimode optical fiber (Thorlabs; UM22-300, NA=0.22) into the aerogel 

channel. This optical fiber served for delivering the photoactivation light to the reaction 

volume and its end was kept at a fixed position at the channel entrance. Fluidic 

connections were made by 1/8 in. PEEK tubing and flangeless fittings (Upchurch 

Scientific). After building channels in composite aerogel monoliths and connecting to 

the light and fluid path, liquid-core optofluidic waveguides could be constructed by 

filling the channels with the aqueous solution of phenol which was utilized as the 

reactant and the core liquid for the optofluidic waveguide. The flow of phenol solution 

was driven by a syringe pump and it was confined within the channel without 

penetrating into its porous network. After filling the channel with the reactant and while 

maintaining the continuous feeding of the phenol solution at the constant flow rate, the 

light was delivered to the multimode optical fiber was delivered from a femtosecond-

pulsed, tunable laser light source (Coherent Chameleon Ti:Sapphire Laser) with a 

maximal output power of 4 W. The laser beam was coupled into the free end of the 

multimode optical fiber with the aid of an objective lens. The operating wavelength of 

the laser was tuned to 366 nm. The input power coupled into the optofluidic waveguide 



 

 

 

 

 

 

could be adjusted from the laser source. The incident power values were measured by a 

laser power meter before coupling the light into the liquid-core optofluidic waveguide 

in the channel. The light coupled from the fiber into the reactant-filled channel was 

confined and was guided in a controlled manner by the aid of liquid core optofluidics 

waveguides based on TIR from the porous channel walls. The propagated light by TIR 

and hitting the channel walls was absorbed by the embedded photocatalyst in the walls, 

resulting in e- and h+ pairs formation which is used to decompose the phenol through 

redox reactions. The progress of the photocatalytic degradation of phenol over the 

titania was subsequently monitored through absorbance-based quantification of phenol 

concentration using Nanodrop ND-2000C Spectrophotometer. Samples with a volume 

of 5 µL were collected at various times from the end of the channel by a micropipette 

and subsequently analyzed by Nanodrop ND-1000 Spectrophotometer for the 

concentration. The phenol conversion was calculated by Equation 3.7. 

 

 



 

 

 

 

 

 

 

 

Figure 6.4. (a)Schematics of experimental set-up used in the characterization of light 

guiding and photocatalytic reactions in aerogel-based optofluidic microphotoreactors. 

(b) Schematics of the reactor system.  

6.3 Results and Discussion 

6.3.1 Properties of SiO2-TiO2 Aerogel-based Microphotoreactor 

XRF measurement results provided in Table 6.1 verified that monolithic silica-

titania aerogels could be synthesized with the expected content of the titania, initially 

dispersed in the sol.  This also points out that the titania nanoparticles could be 

uniformly distributed in the composite samples during the sol-gel process. The effect of 

incorporation of titania nanoparticles into the silicon dioxide network on the pore 

characteristics of the samples such as surface area, pore volume and pore size 

distribution and density of the composites were investigated by analyzing the N2 

adsorption−desorption isotherms. The analysis results were summarized in Table 6.2 

together with densities. With increasing titania content, densities of the samples 

increased as expected, whereas surface areas and total pore volumes decreased.  

However, the synthesized aerogel monoliths retained their high porosity and pore 

volume as well as high surface area. BET surface area of the native silica aerogel 

decreased from 962 m2/g to 289 m2/g by the addition of titania to obtain 50 wt% and the 

total pore volume of the native silica aerogel decreased from 4.32 cm3/g to 1.1 cm3/g. 



 

 

 

 

 

 

However, average pore radius of the samples did not demonstrate a significant change 

and a trend with the increasing titania content. The BJH desorption average pore 

diameter of native silica decreased increased from 19.6 nm to 23.7 nm in the sample 

with 50 wt % of titania. Furthermore, pore size distribution of the composite samples 

and the native silica aerogel for comparison obtained from the desorption branch of the 

isotherm by employing BJH method was provided in Figure 6.5. The pore size 

distributions of the samples were compared with the native silica aerogel in Figure 6.5 

which shows that the average pore diameter of the composites changed very slightly 

upon titania addition to the silica aerogel matrix.  

 

 

 

 

Table 6.1. Titania fraction measured by XRF 

wt % of titania 

expected 

% wt of titania 

measured 

1 2.9 

14 12.3 

24 26.7 

32 32.4 

48 46.2 

 

Table 6.2. Densities and pore characteristics of synthesized silica-titania composite 

aerogels. 

wt % of titania 

 

Density 

(g/cm3) 

 

BET Surface 

Area 

(m
2

/g) 

Total Pore 

Volume 

(cm
3

/g) 

BJH 

Desorption 

Average Pore 

Radius (nm) 



 

 

 

 

 

 

Native Silica 

Aerogel 
0.15 962 4.3 19.6 

1 0.17 706 3.4 27.8 

14 0.175 594 2.4 25.5 

24 0.183 556 3.2 21.3 

32 0.195 409 2.0 25.4 

48 0.196 289 1.1 23.7 

 

 

Figure 6.5. Pore size distribution and N2 adsorption−desorption isotherms of the silica 

aerogel and silica−titania composite aerogels. 

The N2 adsorption−desorption isotherms of the native silica aerogel and 

composite aerogels with a titania content in the range from 1 to 50 wt % were 

additionally given in Figure 6.6. It is clearly observed that the native aerogel and SiO2-

TiO2 composite aerogels show type-IV isotherms with a H1 type hysteresis loop with 

desorption branch reflecting equilibrium capillary condensation. The type-IV isotherm 

in the composite samples evidenced by the hysteresis is characteristic of the 

mesoporous structure of aerogels. The synthesized composite aerogels thus retain the 



 

 

 

 

 

 

mesoporous structure of the native silica aerogel with the three dimensional network. 

Furthermore, H1 hysteresis loops are characteristic of materials with cylindrical pore 

geometry and high degree of pore-size uniformity; therefore, this confirms that the 

silica-titania composite aerogels have a pore size uniformity and facile pore 

connectivity. The isotherm also indicates that the pores are not completely filled and the 

aerogels have some larger pores except from the mesoporosity since there is no obvious 

platform at high relative pressure which implies that the all pores are in the mesoporous 

range.  

  

Figure 6.6. N2 adsorption/desorption isotherms for the silica aerogel and silica−titania 

composite aerogels. 

For comparison of surface morphologies of samples after titania incorporation to 

the silicon dioxide network, FE-SEM images of the native silica aerogel and the silica-

titania composites are provided in Figure 6.7a and Figure 6.7d-j, respectively. FE-SEM 

images show that anatase titania particles appearing with sizes typically in range from 

32 nm to 160 nm (see Figure 6.7b and Figure 6.7c) were successfully introduced into 

the interconnected mesoporous structure of the silica aerogel during the sol-gel step of 

the aerogel synthesis. Furthermore, it is obvious and noteworthy to mention that there is 



 

 

 

 

 

 

no significant change observed in the mesoporous structure of the silica-titania aerogels 

with the increase of the titania content and the composite aerogels’ network structure is 

highly porous and the porous morphology is clearly visible from the images. The titania 

particles in each sample were embedded into the silicon dioxide network as 

agglomerated spherical clusters. The clusters in the network appearing in white color in 

the images was also confirmed to be titania by the EDX measurement obtaining a 

typical spectrum in Figure 6.7k. The FE-SEM images of the samples with 24 and 50 wt 

% of titania at a larger scale bar of 1 µm, which are given in Figure 6.7g and Figure 

6.7h also demonstrate that the clusters of nanoparticles are obviously distributed in a 

high homogeneity.   
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Figure 6.7. FESEM images of native silica aerogel and silica-titania aerogel 

composites. (a) FESEM images of the native silica aerogel (scale bar=200 nm). (b-c) 

FESEM images of anatase titania particles (scale bar=200 nm). (d-h) FESEM images 

of the silica-titania aerogel composites with increasing wt% of titania (scale bar=200 

nm): 1, 14, 24, 32, 50 wt%, respectively. (i-j) FESEM images of silica-titania aerogel 

composites 24 and 50 wt % of titania, respectively (scale bar=1 µm). (k) A typical 

EDX spectrum of the synthesized silica-titania composite.  

One of the critical parameters, from the point of view of photocatalytic activity 

of the silica-titania composites, is the presence of anatase crystalline phase of the titania 

in the porous network of the composites. Figure 6.8 provides the X-ray diffraction 

patterns for the SiO2-TiO2 composite aerogels with varying titania content and a native 

silica aerogel for comparison. XRD pattern of the native silica aerogel displays a hump 

in the range from 20º to 30º without any diffraction peaks due to amorphous structure of 

the silica aerogels. The silica-titania composite aerogels have thus both crystalline and 

amorphous phases. The intensity of the hump decreases, while the intensity of the 

i. j. 
 

k. 



 

 

 

 

 

 

diffraction peaks increases with increasing amount of the titania in the structure. All the 

four studied aerogels with a titania content in the range from 12.5 wt % to 50 wt % 

exhibit sharp diffraction peaks at 25 º, 38 º, 48 º,  54 º, 55 º, 63 º, 69 º, 70 º, 75 º and 83 º 

due to the scattering from (101), (103), (004), (200), (105), (211), (213), (116), (220), 

(215) and (224) planes of anatase titania nanoparticles 168. However, the composite with 

1 wt % of titania content demonstrates the weakening diffraction peaks corresponding 

to (101), (103), (004), (200), (105), (211) planes with a distinctive hump due to 

substantial fraction of the silica by weight. All peaks in the patterns of the composites 

were in good agreement with the XRD pattern of the anatase titania powder and 

standard spectrum (PDF 00-064-0863 TiO2 anatase, nano - Titanium oxide). The 

patterns therefore suggest that anatase crystalline structure of the titania particles in the 

silicon dioxide network were stable during the sol-gel process and supercritical drying 

followed by HMDS-treatment at 112 º C.  

 

Figure 6.8. XRD patterns of native silica aerogel, silica-titania composites with 

increasing titania content from 1 to 50 wt % and anatase titania powder.  

The crystallite size (D) could be determined by the Scherrer’s formula (𝐷 =

𝐾𝜆 (𝛽 𝑐𝑜𝑠 𝜃)⁄ ) where λ is the wavelength of X-ray radiation (CuKα = 0.15406 nm), 
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K is a constant taken as 0.89, β is the line width at half maximum height (FWHM) of 

the peak, and θ is the diffracting angle. The (101) plane was chosen to calculate the 

crystalline size (either plane can be used for this purpose). The average crystallite size 

for the samples with increasing titania content are approximately 1.5 nm, 26 nm, 35 nm, 

33 nm and 30 nm respectively. The average crystallite size for the anatase titania 

particle was calculated as 34 nm.  

6.3.2 Optical Properties of SiO2-TiO2 Aerogel-based Microphotoreactor 

One another significant parameter, from the point of view of photocatalytic 

activity, is the light-absorption properties of the SiO2-TiO2 composite aerogels. The 

Diffuse reflectance UV-Vis spectra (DRS) recorded for the silica-titania aerogel 

samples with the increasing titania content including the reflectance spectra of the 

native silica aerogel in the inset are shown in Figure 6.9a. The native silica aerogel 

show a reflection minimum in the UV region of the spectra which indicates an 

absorption maximum and a broadened reflection peak at around 300 nm and 400 nm 

which decreases along the visible region of the spectra. The reflection occurs from the 

pores and solid network of the silica with a size which is close to the wavelength of the 

incident light in this region. As to the composites, all samples demonstrated the same 

behaviour, yet different from the native silica aerogel. The samples exhibit a hump and 

reflection maxima at around 390 nm and the reflection decreases towards to the UV 

region making a minima at around 350 nm. This reflectance decrease could be 

attributed to the absorption due to the band-to-band transition of the titania.  

Assuming the indirect allowed optical transition of TiO2, the band gap energy of 

SiO2-TiO2 aerogel composites could be estimated from the Tauc plot calculated by 

Kubelka-Munk function from the DRS of the samples given in Figure 6.9a. The 

resulting plots given in Figure 6.9b have a distinct linear regime which represents the 

onset of the absorption of light. The extrapolation of this linear part to the axis yielded 

the energy of the optical band gap of the samples as shown in the inset in Figure 6.10b 

for the clarity. Using this technique, the anatase TiO2 band gap was observed near 

expected value of ≈ 3.22 eV in agreement with the band gap of anatase titania reported 

in the literature for each sample with a slight difference. This band gap energy 

corresponds to the wavelength of 385 nm, which suggests that the photocatalyst can be 



 

 

 

 

 

 

excited to generate e--h+ pairs by exposure of the light irradiation at the wavelength of 

385 nm or below.  

  

 

Figure 6.9.  (a) DRS of the SiO2-TiO2 aerogel composites. The inset represents the 

diffuse reflectance spectra of the native silica aerogel. (b) Tauc plot of transformed 

a. 

Eg=3.2 eV 

Eg=3.8 eV 

b. 



 

 

 

 

 

 

Kubelka Munk function versus the energy of the light absorbed for the SiO2-TiO2 

aerogel composites. The inset (top) reperesents Kubelka Munk function vs. the energy 

of light absorbed of the native silica aerogel and the inset (bottom) is Kubelka Munk 

function vs. the energy of light absorbed for the SiO2-TiO2 aerogel composite with 32 

wt% of titania.  

The band gap of the sample with 32 wt% of titania slightly shifted to around 

3.15 eV. The decrease in the band gap could be due to the presence of localized defect 

states in the band gap of titania. During transition of an electron from the top of the 

valence band into the bottom of the conduction band across the energy band gap, the 

electrons encounter disorder which causes to produce an absorption tail which extends 

deep into the forbidden gap. This tail of the absorption is called as Urbach tail and the 

asscociated energy as Urbach energy. The Urbach energy given in Equation 6.1 

represents the quantitative characteristic and degree of static disorder on the structure 

and reflects the band tail extent of the density of electron states 169-171.  

𝛼 = 𝛼𝑜 𝑒
(

𝐸

𝐸𝑢
)

                                                                                                   Equation 6.1 

where α is the absorption coefficient, E is energy of the photon (hv) and Eu is the 

Urbach energy.  

Since the absorption coefficient is proportional to the absorbance (or F(R) in 

DRS mode), lnF(R) vs hv (eV) could be plotted for the calculation of Urbach energy 

and provided in Figure 6.10 169. The reciprocal of the slope of the linear part below the 

optical band gap gave the Urbach energy for each sample. The energies were calculated 

as 62 meV, 51 meV, 54 meV, 84 meV and 51 meV, respectively for the silica-titania 

aerogel composites with the increasing titania content from 1 wt% to 50 wt%. The slight 

difference in Urbach energy was obtained as expected except from the sample with 32 

wt% with the highest energy value which might suggest the formation of more defect 

pairs during probably the sol-gel process and the surface modification by HMDS. The 

defects might then lead to an increase in the disorder of the states in the sample. 

 



 

 

 

 

 

 

 

Figure 6.10.  (a-e) Urbach energy plots for the silica-titania aerogel composites with 

increasing titania content from 1 to 50 wt%, respectively.  

Finally, light propagation losses of the liquid-core optical waveguide 

constructed in the fabricated channels were quantified for the optical properties of the 

silica-titania aerogel to be used as an optical waveguide to efficiently confine and guide 

the light in the channels for the light-driven photocatalytic reactions. Since reactions 

will be carried out at 366 nm, the wavelength of the incident light was tuned to 366 nm 

d. 

e. 

a. b. 

c. 



 

 

 

 

 

 

for the light propagation characterization in the channels and the channels were filled 

with water as aqueous phenol solution will be used as the reactant. The power of the 

optical fiber inserted into the bubble-free water-filled channel in the silica-titania 

aerogel composites was measured and the light emerging from the fiber guided through 

the channel and the power at the output of the water-filled channel exiting as a circular 

beam was then measured. The overall optical throughput of optical waveguides could be 

quantified by Equation 2.9 in terms of the input optical power, Po, and the output power, 

P(z), observed after the light has propagated a distance, z, along the waveguide axis. 

Therefore, the propagation loss of the waveguide, η, in the units of dB/cm could be 

calculated from Equation 2.10.  

The calculated attenuation values in the samples with the titania content from 1 

wt % to 50 wt % are given in Figure 6.11. The attenuation of light increased as the 

amount of titania embedded in the channel walls increases due to the absorption of the 

light by the titania. However, the propagation loss remained low and reasonable with 

increasing amount of titania and the silica-titania aerogel composites demonstrated to be 

promising to be used as optical waveguide. It increased from around 2.6 dB/cm for the 

sample with 1 wt % of titania to around 4 dB/cm for the sample with 50 wt % of titania. 

 

Figure 6.11. Light propagation loss in the water-filled channel in the silica-titania 

aerogel composites with titania content varying in the range from 1 wt% to 50 wt%.  



 

 

 

 

 

 

6.3.3 Photocatalytic Reactions in Silica-Titania Aerogel-based Microphotoreactor 

Photocatalytic performance of the fabricated SiO2-TiO2 aerogel-based 

microphotoreactors with integrated optofluidic waveguide was evaluated using phenol 

as a model organic compound and; therefore, photocatalytic degradation of the phenol 

was used as a model to test the reactor. The effects of reactant flow rate, amount of 

titania, incident light intensity and initial concentration of phenol on the photocatalytic 

degradation of the phenol were investigated in microphotoreactor with 50 wt% of 

titania. In the experiments, the samples were periodically collected from the exit stream 

of the reactor and the concentration of phenol in these samples was measured using a 

Nanodrop Spectrophotometer. Since phenol might be gradually adsorbed on the surface 

of the silica-titania aerogel channel, the concentration of phenol solution collected from 

the exit stream of the photomicroreactor at various times after starting the experiment 

might be lower than the initial concentration of the solution due to the adsorption rather 

than photocatalytic degradation. Therefore, prior to the photocatalytic reaction of 

phenol under illumination, the cylindrical channel fabricated 1.1 mm in diameter and 

4.1 cm in length in the silica-titania aerogel composite was continuously fed with 

aqueous phenol solution with a concentration of 680 µM at 12.4 µLmin-1 in the dark for 

60 min in order to find out if there is a decrease in phenol concentration due to 

adsorption. Figure 6.12a shows that the concentration of phenol solution flew in the 

dark remained almost constant for 60 min with a very little decrease, thus indicating that 

phenol was not adsorbed at the channel surface. Low affinity of phenol for the silica-

titania aerogel surface may be attributed to the surface hydrophobicity, in combination 

with the fact that a very small amount of solid constitutes the actual liquid-aerogel 

interface. In addition to the adsorption, phenol concentration can be lower than the 

initial concentration of phenol since it can degrade by the absorption of the UV-light 

through the photolysis. To evaluate the occurrence of the phenol photolysis under 

illumination, the phenol solution (680 µM) were fed into the channel fabricated within 

the native silica aerogel (1.1 mm X 4.1 cm) without presence of the photocatalyst at 

12.4 µLmin-1 under illumination at 366 nm and the power of 41 mW. It was found that 

phenol concentration remained almost constant during the UV-light exposure with a 

slight decrease, as shown in Figure 6.12b. The figure in Figure 6.12b reveals that phenol 

hardly degrades by the UV-light absorption.  



 

 

 

 

 

 

 

Figure 6.12.  (a) Concentration of phenol in the exit stream of the silica-titania aerogel-

based microphotoreactor (50 wt% titania) as a function of time in dark. (b) 

Concentration of phenol in the exit stream in the silica aerogel-based microphotoreactor 

as a function of time under illumination at 366 nm.  

Subsequent to the investigation of phenol adsorption over the porous silica 

network with  embedded anatase titania particles in the walls of the channel and 

photolysis of the phenol under UV-light illumination without photocatalyst, the 

performance of the microphotoreactor was tested using the phenol solution in water 

which was saturated with pure oxygen by continuous bubbling prior to the experiment. 

The phenol saturated with the oxygen with a concentration of 340 µM in water was 

continuously fed into the microphotoreactor with a flow rate of 14.3 µLmin-1 in dark in 

a. 

b. 



 

 

 

 

 

 

the initial stage of the experiment. Figure 6.13a demonstrates that concentration of the 

phenol at the exit stream slightly decreased due to the adsorption of phenol by silica and 

titania in the channel walls and the system almost reached equilibrium after 60 min. At 

the end of the 60 th min of the experiment in dark, the reactor was illuminated at 366 nm 

with the incident power of 65 mW for 60 min duration. Figure 6.13b demonstrated that 

phenol concentration at the exit stream decreased significantly due to the photocatalytic 

reaction of phenol over the titania surface and reached to the steady state in 30 min and 

acted as a typical plug-flow reactor. The decrease in the concentration indicated a 

phenol degradation of ~ 93%. When the laser was shut-down and while the reactant was 

constantly fed into the channel, the phenol concentration at the exit stream increased 

and reached to the initial stage of the experiment as shown in Figure 6.13c.  

 

Figure 6.13.  (a) Concentration of phenol in the exit stream of the silica-titania aerogel-

based microphotoreactor (50 wt% titania) in dark. (b) Concentration of phenol in the 

exit stream in the silica aerogel-based microphotoreactor under illumination at 366 nm. 

(c) Concentration of phenol in the exit stream in the silica aerogel-based 

microphotoreactor in the dark after illumination. 



 

 

 

 

 

 

6.3.4 Effect of Flow Rate on Photocatalytic Degradation of Phenol 

The effect of reactant flow rate on the photocatalytic degradation of phenol was 

investigated by performing experiments with varying flow rates while keeping incident 

light power constant. The experiments were carried out using flow rates in the range 

from 3.6 µlmin-1 to 28.3 µlmin-1. The residence times of the flow rates changed from 

16.9 min to 2.2 min, respectively. As shown in Figure 6.14a, the phenol concentration 

of the exit stream decreased and reached steady state within varying times depending on 

the varying flow rates; however, the degradation of phenol decreased with increasing 

flow rate as expected and given in Figure 6.14b due to the decreasing residence time. 

The reaction occurred with the flow rate of 3.6 µlmin-1 provided the highest 

photocatalytic degradation, while the flow rate of 28.3 µlmin-1 resulted in the lowest 

photocatalytic conversion of the phenol. The flow rates in between provided the 

degradation efficiencies between these values with the inverse relation. 

 



 

 

 

 

 

 

 

Figure 6.14. (a) Time variation of the concentration of phenol in the exit stream in the 

silica aerogel-based microphotoreactor with varying reactant flow rate under 

illumination at 366 nm and incident power of 41 mW. (b) The corresponding percent 

degradation of phenol with varying flow rates. (c) The variation of phenol conversion 

with varying reactant flow rates.  

6.3.5 Effect of photocatalyst amount on photocatalytic degradation of phenol 

The amount of the photocatalyst in the walls of the channels in the 

microphotoreactors is another important factor in the photocatalytic degradation of 

phenol. The fabricated microphotoreactors prepared by titania with 1 wt%, 14 wt% and 

50 wt% were employed to evaluate their performance by pumping the phenol solution 

in water (368 µM) with a flow rate of 14.3 µLmin-1 at the incident light power of 41 

mW at 366 nm. As demonstrated in Figure 6.15a and Figure 6.15b, higher catalyst 

loading yielded an increase in the photocatalytic degradation efficiency with higher 

decrease in the phenol concentration within a certain period time. The concentration of 

phenol decreased noticeably in channel in the reactor prepared by 50 wt% as compared 

to the two other reactors; and therefore, the conversion of phenol is the highest with ~ 

60%. The sample with 1 wt% and 14 wt% of titania resulted in the conversion of ~ 15% 

and ~ 60%, respectively. This can be justified by the increase of the number of photon 

absorbed and resulting in the increase of number of e--h+ pairs.  



 

 

 

 

 

 

 

Figure 6.15. (a)Time variation of the concentration of phenol in the exit stream in the 

silica aerogel-based microphotoreactor with varying reactant flow rate under 

illumination at 366 nm and incident power of 41 mW. (b) The corresponding percent 

degradation of phenol in varying amount of titania.  

6.3.6 Effect Of Dissolved Oxygen on Photocatalytic Degradation of Phenol 

Oxygen is an indispensable reactant in the photocatalytic degradation to 

generate highly reactive oxygen radicals which play the key role in the photocatalytic 

degradation of organic molecules; therefore, the effect of oxygen on the photocatalytic 

degradation of phenol was investigated. The reactant solutions with concentration of 

400 µM were prepared by either saturating oxygen in the solution by bubbling or using 

distillate water containing only dissolved oxygen in water without bubbling. The 

reactant was pumped to the microphotoreactor with a flow rate 14.3 µLmin-1 and the 

incident light power of 61 mW at 366 nm in the experiments. Figure 6.16a and Figure 

6.16b show that the concentration of phenol gradually decreased and reached to the 

steady state within about 30 min and the corresponding percent degradation was 

obtained as 89%. However, the additional supply of oxygen into the solution did not 

significantly affect the degradation efficiency. The concentration decrease with time 

demonstrated very similar trend which is given in Figure 6.16a in the presence of the 

saturated oxygen and the degradation of phenol increased to 92% with only slight 

enhancement of 3% as shown in Figure 6.16b. This indicates that dissolved oxygen in 



 

 

 

 

 

 

water might provide sufficient electron scavengers to accelerate the photocatalytic 

degradation under irradiation at 366 nm and with a power of 65 mW. This may be 

related to the fact that the low initial concentration of phenol might require only a low 

amount of oxygen. According to the results, it can be pointed out that rate of reaction is 

zeroth order with respect to the oxygen concentration. 

 

Figure 6.16. (a) Time variation of the phenol concentration with varying oxygen 

concentration. (b) The corresponding percent degradation of phenol in varying oxygen 

concentration. 

6.3.7 Effect of light power on photocatalytic degradation of phenol 

Effect of incident light power on the photocatalytic degradation of phenol was 

studied by tuning the light emerging from the optical fiber at 366 nm with the power in 

the range from 9.4 mW to 67 mW at the constant flow rate of 14.3 µlmin-1. Figure 6.17a 

shows the phenol concentration as a function of irradiation time as the incident light 

power increased and photocatalytic degradation of phenol increased with increasing 

incident light power and correspondingly, the phenol conversion increased 

exponentially with increasing incident power; as shown in Figure 6.17b and Figure 

6.17c. The highest incident light power of 67 mW yielded the highest conversion of 

phenol as 94%; however, the lowest light power yielded the lowest photodegradation of 

phenol as ~20% as expected. Since the light power increases, number of photons 



 

 

 

 

 

 

absorbed by the titania increases, which results in increase in e--h+ pair formation in the 

photocatalyst surface; and therefore, the number of highly active radicals increases.  

 

 

Figure 6.17. (a) Time variation of the phenol concentration with varying incident light 

power. (b) Corresponding percent degradation of phenol with varying incident light 

power with time variation. (c) Corresponding conversion of phenol with varying 

incident light power. 



 

 

 

 

 

 

6.3.8 Photocatalytic Transformation of Phenol In Carbon Nanotube Silica and 

Titania Composite Aerogel-Based Optofluidic Microphotoreactors 

Carbon nanotubes (CNTs) were embedded into the silica-titania composite 

aerogels to investigate the efficacy with which anatase nanocrystalline titania and silica 

composites to reduce the charge recombination and hence enhance the efficiency of the 

photocatalysis. The composite aerogels were prepared by the sol-gel method in the way 

given in Figure 6.2. (-OH) functionalized single-walled CNTs (Davg=1 nm, Length= 0.5-

2 µm) and and (-COOH) functionalized multi-walled CNTs (OD=8-18 nm and ID=5-10 

nm, Length= 0.5-2 µm) were used to prepare composites with a equal weight fraction of 

SiO2:TiO2 and varying the CNT fraction in the range from 0.01 to 0.05 in the network. 

CNTs and anatase titania particles were dispersed in the solvents with varying mass of 

CNTs and dried by the supercritical drying. The resulting monolithic composite 

aerogels were treated by HMDS to convert the skeleton surface to hydrophobic in the 

same way used in the silica aerogels and silica-titania compsite aerogel treatment. A 

straight channel was fabricated using the drilling technique used in the silica aerogels 

and silica-titania composite aerogels. Figure 6.18 shows the monolithic silica-titania 

composite with embedded SWCNTs with 1 wt% (Length= 6.1 cm Diameter= 1.41 cm) 

which is connected to the fluidic connection for reactant flow and optical fiber coupling. 

The channel fabricated in the monolith is in the length of 6.1 cm and the dimater of ~1.1 

mm.  

 



 

 

 

 

 

 

 

Figure 6.18. A photograph of a monolithic silica-titania composite aerogel with 

embedded SWCNTs in 1 wt%. 

The effect of incorporation of CNTs into the network on the pore characteristics 

of the samples such as surface area, pore volume and pore size distribution and density 

of the composites were investigated by analyzing the N2 adsorption−desorption 

isotherms. The analysis results were summarized in  

 

Table 6.3 together with densities. With increasing titania content, densities of 

the samples increased as expected, whereas total pore volumes decreased. However, the 

synthesized aerogel monoliths retained their pore volume as well as high surface area. 

BET surface area showed an increase with increasing amount of CNT from 339 to 432 

m2/g in the sample with 1 wt % of CNT to 5 wt %.  The average pore radius of the 

samples remained almost constant with the increasing CNT content. Furthermore, the 

N2 adsorption−desorption isotherms of composite aerogels with varying CNT content in 

the range from 1 to 5 wt % in Figure 6.19 reveal that the resulting composites showed 

type-IV isotherms with the H1 type hysteresis loop and thus retained the mesoporous 

structure of the silica aerogels. 

 



 

 

 

 

 

 

 

Table 6.3. Densities and pore characteristics of synthesized silica-titania composite 

aerogels.  

wt % CNT 

 

Density 

(g/cm3) 

 

BET Surface 

Area 

(m
2

/g) 

Total Pore 

Volume 

(cm
3

/g) 

BJH Desorption 

Average Pore 

Radius (nm) 

1 (SWCNT) 0.22 339 1.67 25.4 

3 (SWCNT) 0.24 423 1.59 27.3 

5 (MWCNT) 0.26 432 1.4 24.2 

 

 

Figure 6.19. N2 adsorption/desorption isotherms for the silica aerogel and silica−titania 

composite aerogels. 

The presence of CNTs in the TiO2/CNT composites and the surface morphology 

of the composites were characterized by FE-SEM. Figure 6.20 demonstrates the FE-



 

 

 

 

 

 

SEM images of the composites with CNTs comprising from 1 wt% to 5 wt%. The 

images show that CNTs were successfully introduced into the interconnected 

mesoporous structure of the silica aerogel during the sol-gel step of the aerogel 

synthesis. Furthermore, there is no significant change observed in the mesoporous 

structure of the silica-titania aerogels with the increase of the CNT content and the 

composite aerogels’ network structure is highly porous and the porous morphology is 

clearly visible from the images. The images show that composites were made up of a 

random mixture of titania nanoparticles and CNTs. The CNTs were embedded into the 

network as randomly distributed bundles. The images of the samples with 1 wt% of 

SWCNTs demonstrate that some of the anatase titania particles grew over the bundles 

with silica network as the agglomerated spherical clusters and in contact with the 

bundles. The clusters were also identified by EDX measurement obtaining a typical 

spectrum in Figure 6.20d. The images indicate that SWCNT assembly can provide 

better dispersion and support for the anatase titania as compared to the MWCNTs. The 

silicon dioxide network appear to grow over the bundles in the aerogel with 5 wt% of 

MWCNTs without titania particles.  



 

 

 

 

 

 

   

 

 

Figure 6.20. FESEM images of silica-titania aerogel composites with embedded 

CNTs with increasing weight percent. (a-b) FESEM images of the aerogel 

composites with 1 wt% of SWCNTs (scale bar=200 nm) (c) FESEM images of the 

silica-titania aerogel composites with 1 wt% of SWCNTs (scale bar=1 µm). (d) EDX 

spectrum of silica-titania composite with 1 wt% of SWCNTs. (e-f) FESEM images of 

silica-titania aerogel composites 5 wt% of MWCNTs (scale bars=100nm and 1 µm, 

respectively).  

a. b. 

c. d. 

e. f. 



 

 

 

 

 

 

Figure 6.21 provides the X-ray diffraction patterns for the SiO2-TiO2 composite 

aerogels with varying CNT content. All the studied aerogels exhibited sharp diffraction 

peaks as the silica-titania composite demonstrated at 25 º, 38 º, 48 º,  54 º, 55 º, 63 º, 69 

º, 70 º, 75 º and 83 º due to the scattering from (101), (103), (004), (200), (105), (211), 

(213), (116), (220), (215) and (224) planes of anatase titania nanoparticles without 

showing the characteristic peaks of CNTs.  

 

Figure 6.21. XRD patterns of native silica aerogel, silica-titania composites with 

increasing CNT content from 1 to 5 wt %. 

The band gap energy of SiO2-TiO2 aerogel composites could be estimated from 

the Tauc plot in Figure 6.22 calculated by Kubelka-Munk function from the DRS of the 

samples. Using this technique, the band gap was observed near value of ≈ 3.22 eV.   



 

 

 

 

 

 

 

Figure 6.22. Tauc plot of transformed Kubelka Munk function versus the energy of the 

light absorbed for the SiO2-TiO2-CNTs aerogel composites.  

Finally, the function of CNTs on the photocatalytic degradation was tested by 

phenol degradation in the fabricated channels in the samples with 1 wt% of SWCNTs 

and MWCNTs. The phenol solution in water saturated with the oxygen with a 

concentration of 340 µM was continuously fed into the microphotoreactor with a flow 

rate of 14.3 µLmin-1 with an incident power of 41 mW at 366 nm. However, a positive 

photocatalytic effect from simply mixing CNTs with TiO2 presumably was not 

obtained. Figure 6.23 demonstrates that silica-titania composites exhibit better 

photocatalytic efficiency than the composites with CNTs. This may be attributed to 

decrease the CNTs interphase contact at the titania surface, which hinders its reactive 

surface. One another possible reason may be light attenuation by the CNTs. The results 

also reveal that a large fraction of the concentration of the phenol is reduced in dark and 

the change in concentration is lower in the illumination. This may be due to the 

adsorption of phenol on the CNTs. The sample with SWCNTs showed slightly higher 

degradation of phenol and adsorption capacity as compared to the sample with 

MWCNTs, while the phenol adsorption in the composite of silica and titania is far 



 

 

 

 

 

 

lower. On the other hand, this part of the study needs to be extended to elucidate this 

behavior of the composites and try to improve their synthesis to obtain the 

SiO2/TiO2/CNTs arrangement that optimizes their interaction to increase active surface 

area of titania and hindered charge recombination. 

 

Figure 6.23. Phenol degradation in silica-titania composite aerogel (wi=0.5:0.5 

SiO2:TiO2) and silica-titania-CNTs composite aerogel (wi=0.495:0.495:0.01 

SiO2:TiO2:CNTs) 

6.3.9 Model Study In Fabricated Microphotoreactors 

Figure 6.24 demonstrates the schematic representation of the model in the aerogel-

based microphotoreactor. The reactor with the single channel was divided into two 

domains: the fluid phase and the immobilized photocatalyst layer.  

              

Figure 6.24. Schematic representation of 1D model in the aerogel-based 

microphotoreactor with photocatalyst deposited channel. 
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Conversion of phenol was derived from a mass balance over a differential 

volume in the cylindrical channel at steady state. The mass balance includes the 

transportation of phenol by convective mass transfer from the fluid phase to the 

immobilized photocatalyst surface (at the interface between fluid phase and solid phase) 

and the reaction on the photocatalyst surface. The material balance which is given in 

Equation 6.2. The governing equation on the catalyst comprises reaction including light 

intensity dependency. The material balance for the phenol at the photocatalyst surface 

results in Equation 6.3 where the mass transfer flux through convection across the 

boundary layer is equal to rate of reaction at the surface.  

 

where 𝐶𝑖 is concentration of phenol in the fluidic phase, (µM), 𝐶𝑖,𝑠 concentration of 

phenol at the titania surface, (µM), 𝑣𝑧 is average velocity of fluid in the channel, 

(cm/min), 𝑘𝑐 is external mass transfer coefficient, (cm/min), D is channel diameter, 

(cm). 

The rate of reaction is expressed by Equation 6.4 172-173. The reaction rate is 

assumed to be the first order with respect to the phenol concentration and dependency 

of the absorbed light intensity on the reaction rate is expressed to be n which will be 

regressed from the experimental data. The concentration of phenol at the titania surface 

is then written by Equation 6.5: 

 

where absorbed light intensity by the photocatalyst, Ia, is defined by Ia = I * ε in which I 

is propagated light intensity and ε is absorption coefficient of anatase titania (cm-1) , 

k(λ)app is apparent rate constant (cm3/mWmin). 

 

Equation 6.2 is eventually written as Equation 6.6 which represents conversion 

of phenol at the channel output (z=L).  



 

 

 

 

 

 

 

External mass transfer coefficients in the monolith reactors are usually described 

by using dimensionless parameter called Sherwood number, Sh. This parameter is used 

to define the ratio between convective and molecular (diffusion) transport properties 

over the entire reactor length. An empirical correlation given in Equation 6.7 developed 

by Giani et al. 174-175 for catalyst-wash coated open-celled metal foams with three 

dimensional interconnected structure used in gas-solid catalytic processes with high 

porosities was used to calculate mass transfer coefficient. 

  

where Re represents Reynolds number, Sc indicates Schmidt number, ρ and µ are fluid 

density, (g/cm3), and viscosity, (g/cm/min), respectively and Dphenol-water is binary 

diffusion coefficient of phenol in water, (cm2/min). 

ε, k(λ)app and n were determined by exponential regression model using Equation 

6.6. The parameters were extracted from the exponential fit to the experimental 

conversion data at z=L at steady state with varying light intensities. The propagated 

light intensity, I, in Equation 6.6 was described in Equation 6.11 by measured 

propagation losses given in Figure 6.11. and using Equation 2.9 and Equation 2.10. 

 

The exponential regression, shown in Figure 6.25 demonstrated that model and 

experimental data is in a good agreement; particularly until the absorbed light intensity 

of ~ 0.375 mW/cm2 and the model yielded k(λ)app, ε and n as 0.098, 0.0029 and 1.5, 

respectively. A more relevant and comparable empirical correlation to our system for 

estimation of external mass transfer coefficient might improve the results. 



 

 

 

 

 

 

 

 

Figure 6.25. The comparison of model and experimental data of phenol conversion at 

varying absorbed light intensity by titania. 

The differential equation in Equation 6.2 which represents the phenol 

concentration in the fluid phase and at the catalyst surface at steady state along the 

channel length was numerically solved using regressed parameters, for the reaction with 

the phenol flow rate of 14.3 µLmin-1 and at 41 mW of incident power in the silica-

titania aerogel with 50 wt% of titania. The model revealed that the model equation 

should consist of a parameter accounting for surface properties of channel including 

titania and silica. This parameter was included in the model equation as a multiplier of 

the term, (Iε)n, Figure 6. 26. shows that surface concentration of phenol increases along 

the channel while the concentration of phenol gradually decreases along the length of 

the channel and therefore, the conversion of phenol along the channel which is shown in 

Figure 6. 27 steadily increased and the conversion at z=L yielded 0.6 with a good match 

with the experimental data. 



 

 

 

 

 

 

 

Figure 6. 26. The variation of phenol concentration along the length of the channel in 

the microphotoreactor. (Co=368 µM, Q = 14.3 µLmin-1 and Po= 41 mW)  

 

Figure 6. 27. The variation of phenol conversion along the length of the channel in the 

microphotoreactor. (Co=368 µM, Q = 14.3 µLmin-1 and Po= 41 mW) 



 

 

 

 

 

 

6.4 Conclusions 

A new type of microphotoreactor for photocatalytic systems which integrates 

optofluidic concept into the nanostructured aerogels was introduced in this study. In 

contrast to the existing conventional microphotoreactors illuminated by a mounted 

external light source, light was directly implemented into the reaction volume sharing 

the same path with the reactant. The channels were fabricated in silica-titania aerogel 

composites, surrounded by a wall made up of interconnected mesoporous silicon 

dioxide network with embedded anatase titania particles with pockets of air in between 

them. The air in the aerogel pockets enabled the guiding of light by TIR in the liquid-

filled channel in surface-treated aerogel composites. The unique nanoporous features of 

aerogels with high pore volume and surface area with open pore network combined with 

a fully three-dimensional structure made them effective for stable photocatalyst 

deposition in high amount as well as gas transfer to the surroundings leaving a bubble-

free core liquid. The synthesized composite aerogels retained their interconnected 

mesoporous network with high porosity and pore volume as well as high surface area. 

The reactor operated at steady-state exhibiting plug flow characteristics. The 

photocatalytic degradation of phenol over the immobilized photocatalysts in the channel 

walls by the light delivered through the constructed waveguide was demonstrated with 

an efficient performance of the microphotoreactor. The effects of incident light power, 

flow rate of the reactant and mass fraction of the photocatalyst in aerogel composites 

and additional oxygen supply on the performance of the reactor were demonstrated. 

Furthermore, CNTs were successfully incorporated into the silica-titania matrix 

resulting in monolithic composites and their function on the photocatalytic degradation 

was investigated. The results revealed that silica-titania composite aerogels presumably 

exhibit higher photocatalytic efficiency than the simply mixing CNTs with TiO2. 

Finally, the experimental studies were supported by a simple model for immobilized 

photocatalytic microphotoreactors with integrated waveguide following a first order 

reaction rate with light dependency. The reaction rate parameters were estimated from 

the exponential regression model. The model and experimental were found to be in 

good agreement. In parallel with all results in this study, it is highlighted that the highly 

porous nanostructure of aerogels are versatile tools for integration of high fraction of 

photocatalyst in a stable form and simultaneously acting as optofluidic waveguide 



 

 

 

 

 

 

cladding to propagate the light by TIR. Light could be confined in the reaction volume 

allowing for a direct interaction of light and photocatalysts and reactant in the channel, 

which results in high photocatalytic efficiency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Chapter 7  

CONCLUSION 

 

A new, straightforward technique that uses direct manual drilling to manufacture 

TIR-based liquid-core optofluidic waveguides in aerogel monoliths was first developed. 

This method was shown to be capable of producing channels with lengths significantly 

larger than those reported previously in the literature and it also provides relative 

flexibility in the channel shaping. The synthesized aerogel samples with high densities 

had still sufficiently low refractive indices and absorption coefficient values, exhibiting 

ideal optical cladding material properties for efficient guiding of light by total internal 

reflection over a wide range of wavelengths without the use of any additional optical 

coatings. Relatively long channels of various shapes (straight and inclined L-shape) 

were created preserving the nanoporous and monolithic structure of the aerogel. The 

total internal reflection phenomena within channel in the hydrophobic aerogel as a 

multimode core waveguide could also be visually revealed and verified that light could 

be efficiently guided even along paths with a curved geometry.  

As a result, the demonstrated fabrication technique could enable the use of 

aerogel-based optofluidic waveguides for innovative applications including 

photochemical and photocatalytic reactions with the aid of improved light distribution 

through the reaction space represented by the waveguide core. A new type 

microphotoreactor formed by a liquid-core optofluidic waveguide fabricated inside 

aerogel monoliths for photochemical and photocatalytic reactions was introduced in this 

study. The reactor consists of cylindrical channel in a monolithic aerogel block and the 

porous solid network of the aerogel surrounding the channel forms the aerogel-cladding. 

Unlike the existing conventional microphotoreactors illuminated by a mounted external 

light source, light was directly implemented into the reaction volume sharing the same 

path with the reactant. Light is confined in the liquid in the channels and is guided in a 

controlled manner by the aid of liquid core optofluidics waveguides based on TIR from 

the channel walls. Aqueous solutions of a model organic compound – methylene blue 

(MB) dye serving both as the waveguide core liquid and the reaction medium could be 

confined inside the channel embedded in the aerogel, without being adsorbed on the 

channel walls or without compromising the monolithic structure of the aerogel. 



 

 

 

 

 

 

Subsequently, the light-driven photolysis of MB by the light guided along the full 

length of the microphotoreactor channel was successfully shown.  

Furthermore, anatase TiO2 nanoparticles were used as photocatalysts and they 

were successfully introduced into the mesoporous network of silica aerogels during sol-

gel step of aerogel synthesis obtaining monolithic composite aerogels with varying 

titania content from 1 wt % to 50 wt %. The channel walls are thus made out of aerogel 

which contain photocatalysts which absorb the light delivered through the constructed 

waveguide resulting in photoinduced charge carriers at the photocatalyst surface which 

employ oxidation-reduction reactions of phenol. The effect of incident light power, flow 

rate of the reactant and mass fraction of the photocatalyst in aerogel composites and 

additional oxygen supply on the performance of the reactor were demonstrated. Along 

with experimental studies, a simple model for immobilized photocatalytic 

microphotoreactors with integrated waveguide following a first order reaction rate with 

light dependency was developed and compared with experimental data for various 

conditions investigated. The reaction rate parameters were estimated from an 

exponential regression model. The model and experimental were found to be in good 

agreement. Finally, CNTs were incorporated into the silica-titania matrix resulting in 

monolithic composites and their function on the photocatalytic degradation was 

investigated. It was obtained that silica-titania composite aerogels presumably exhibit 

higher photocatalytic efficiency than the simply mixing CNTs with TiO2.  

Finally, this study have served to extend the optical applications of aerogels and 

opened up a new perspective for optofluidic microphotoreactors. This study can be 

further extended with use of other types of aerogels with superior mechanical properties 

such as tensile strength or flexibility or with interesting optical properties can be 

adopted to enlarge the spectrum of possible applications. Polymeric and hybrid aerogels 

which exhibit high flexibility and mechanical robustness can be fully integrated with the 

fabrication techniques to construct channels in complex geometries 176-178. In addition, 

increasing market availability of various aerogels makes these materials attractive for 

development of optofluidics-related applications on a commercial scale in the near 

future. The number of optical and photonic applications is expected to increase in the 

coming years, as the relationship between the nanostructure of aerogels and their optical 

properties is better understood. Improvements in current techniques described in this 



 

 

 

 

 

 

study or development of new techniques for fabrication will lead to development of 

aerogel based optical devices including lenses, waveguides, optical fibers, filters and 

dye lasers. In the near future, one can expect many more new, hybrid optical 

components to join the family of already existing successful optical solutions based on 

aerogels.  
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APPENDIX  

APPENDIX A. Calibration Curve of Phenol Solution  



 

 

 

 

 

 

 
Figure A.1. Calibration curve for aqueous phenol solution in 0-800 µM range  

 

APPENDIX B. Matlab code for determination of rate expression constants 

clear all, clc 

a=[67;65;58;51;41;30;18.4;9.2;0];  %% Incident power at the fiber output in the 

experiments, mW. 

t=[0.94;0.92;0.84;0.78;0.6;0.51;0.37;0.19;0]; %% corresponding conversion of phenol 

at light powers in the experiments. 

L=3.45;  %% Length of the microphotoreactor, cm. 

D1=0.15; %% Diameter of the fabricated channel in the aerogel composite, cm.  

area=3.14*(D1/2)^2;  %% Cross sectional area of the channel end, cm^2.  

x=a';  

y=t'; 

P=(a'/(area))*exp(-3.97*L*2.303/10)  %% Power of light at the channel end calculated 

by attenuation of light, mW. 

ro=1.001; %% density of the phenol solution, g/cm^3.  

mu=0.0089; %% viscosity of the phenol solution, g/cm/min.   

D=60*1.012*(10^(-5))  %% Diffusion coefficient of phenol in water, cm^2/min. 

Q=0.0143;  %%  volumetric flow rate of the reactant, cm^3/min. 

Io=41; %% Incident power in the experiment, mW.  

V=L*3.14*(D1/2)^2; %% Volume of the channel, cm^3. 

T=V/Q;   %% residence time, min. 

y = 6333.1x

R² = 0.9962

0

100

200

300

400

500

600

700

800

0 0.02 0.04 0.06 0.08 0.1 0.12

C
o
n

ce
n

tr
a
ti

o
n

 o
f 

P
h

en
o
l 

(µ
M

)

Absorbance (a.u.)



 

 

 

 

 

 

vz=Q/(3.14*(D1/2)^2) %% Velocity of reactant.  

Re=(vz*D1*ro/mu) %% Reynolds Number. 

Sc=(mu/(ro*D)) %% Schmidt number 

Sh=1.16*((Re)^(0.43))*(Sc^(1/3)) %%Sherwood Number.  

km=Sh.*D/D1 %% external mass transfer coefficient. 

b(1)=0.098 %% constant in the rate expression, k_app.  

b(2)=0.0029 %% constant in the rate expression, absorption coefficient, epsilon. 

b(3)=1.5 %% constant in the rate expression, dependency of the absorbed light intensity 

on the reaction rate. 

f = (1-exp((-km*4*L./(D1*vz))*(1-(km./(((b(1).*((P*(b(2))).^(b(3))))+km)))))); % % 

Objective Function 

q=P*b(2) 

figure(1) 

plot(q, y, '*g') 

hold on 

plot(q, f, '-r') 

hold off 

grid 

xlabel('P') 

ylabel('X')  

         

SStot=sum(((y(1)-mean(y))^2)+((y(2)-mean(y))^2)+((y(3)-mean(y))^2)+((y(4)-

mean(y))^2)+((y(5)-mean(y))^2)+((y(6)-mean(y))^2)+((y(7)-mean(y))^2)+((y(8)-

mean(y))^2)+((y(9)-mean(y))^2)) 

SSreg=sum(((y(1)-f(1))^2)+((y(2)-f(2))^2)+((y(3)-f(3))^2)+((y(4)-f(4))^2)+((y(5)-

f(5))^2)+((y(6)-f(6))^2)+((y(7)-f(7))^2)+((y(8)-f(8))^2)+((y(9)-f(9))^2)) 

R=1-SSreg/SStot     %% R^2, least square calculation. 

 

 

APPENDIX C. Matlab Code for numerical solution of concentration profile in the 

channel along z 

 

function f = photo(z,y) 

ro=1.001;  %% density of the phenol solution,g/cm^3 .  

mu=0.0089; %% viscosity of the phenol solution, g/cm/min.   

D=60*1.012*(10^(-5))  %% Diffusion coefficient of phenol in water, cm^2/min. 

Q=0.0143;   %%  volumetric flow rate of the reactant, cm^3/min. 

Po=41; %% Incident power in the experiment, mW.  

D1=0.15;  %% Diameter of the fabricated channel in the aerogel composite, cm.  

L=3.44;    %% Length of the microphotoreactor, cm. 

V=L*3.14*(D1/2)^2;  %% Volume of the channel, cm^3. 

T=V/Q;  %% residence time, min. 



 

 

 

 

 

 

vz=Q/(3.14*(D1/2)^2) %% Velocity of reactant.  

Re=(vz*D1*ro/mu) %% Reynolds Number. 

Sc=(mu/(ro*D))  %% Schmidt number. 

Sh=1.1*((Re)^(0.43))*(Sc^(1/3)) 

Kx=Sh.*D/D1  %%Sherwood Number.  

b(1)=0.098 %% constant in the rate expression, kapp.  

b(2)=0.0029 %% constant in the rate expression, absorption coefficient, epsilon. 

b(3)=1.5 %% constant in the rate expression, dependency of the absorbed light intensity 

on the reaction rate. 

area=3.14*(D1/2)^2; %% Cross sectional area of the channel end, cm^2.  

nu=3.97;  %% attenuation of light in the channel.  

  

f=[Kx*(-4*y/(D1*vz))*((1-(Kx./((((b(1))*((((0.125*Po*exp(-

nu*2.303*z/10))/area)*(b(2))).^(b(3))))+Kx)))))]; 

  

On command window: 

b(1)=0.098 

b(2)=0.0029 

b(3)=1.5 

Po=41; 

D1=0.15 

area=3.14*(D1/2)^2; 

Co=368; 

L=3.44; 

nu=3.97; 

z=[0 L]; 

[z, C] = ode45(@photo2,[0,L],Co) 

figure (1) 

plot(z,C,'b') 

Kx=0.0275 

m=C.*(Kx./((((b(1))*((((0.125*Po*exp(-nu*2.303*z/10))/area)*(b(2))).^(b(3))))+Kx))) 

hold on 

plot(z,m,'k')  

figure (2) 

plot(z, (1-C/Co)) 

x=100*(C(1)-C(41))/(C(1)) 


