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ABSTRACT OF THE DISSERTATION 

 
 

Advancing Performance of a Photocatalytic Water Purification Microreactor With 
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Novel Titanium Micromachining Techniques 
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Dr. Masaru Rao, Chairperson 

 

 

 

 

Exploring the vast space has always been one of the greatest dream for all human 

beings. The International Space Station (ISS) is currently working as a test platform for 

experimenting various essential equipment for further deep-space exploration and 

colonization. Because of limited space for storing water on ISS, Water Recovery System 

(WRS) is heavily depended to produce recycled drinkable water from collected wastewater. 

As one important component of WRS, the thermal catalytic reactor is designated to remove 

all Volatile Organic Compounds (VOCs) which is difficult to be dissolved by other 

treatments. However, the high temperature and pressure working environment makes some 

of its fragile parts need continuous replacements leading to increased cost and potential 

risks.  

Herein, we propose a photocatalytic microfluidic reactor (PMFR) which can be 

operated at normal temperature and pressure to replace the thermal catalytic reactor. For 

this titanium (Ti) PMFR, micropillar arrays covered with nanoporous titania (NPT) are 
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designed to attain increased surface area to volume ratios, reduced diffusion lengths, and 

greater uniformity of irradiation. For the first time, the microelectromechanical systems 

(MEMS) techniques are used to fabricate a Ti-based microfluidic reactor. For the first 

degradation study with organic dye Methylene Blue, the micropillar reactor (MP) was 

found to dramatically outperform its planar counterpart and the 50 µm deep MP (MP50) 

presented at least two times higher degradation activity than other reported PMFRs. The 

second study introduced a VOC half-life estimation model designed based on the steady-

state concentration of hydroxyl radicals (·OH). This radical was considered as the main 

reactant of the photocatalytic degradation of VOCs, and its concentration was measured by 

using nitrobenzene as probe. Half-lives for all VOCs existed in the Ersatz wastewater 

proposed by NASA were estimated, and results indicated that the MP50 was capable of 

dissolving most of these VOCs at or under around 100 seconds. The third and last study 

looked into the MP50 degradation performance with two common stubborn VOCs – 

ethanol and 1,4-dioxane. Results showed that MP50 eventually fully mineralized about 

11.78% of ethanol. As for 1,4-dioxane, MP50 successfully degraded around 78.83% of it 

with a reaction rate constant two to three orders of magnitude higher than that of other bulk 

reactors reported in literatures. These findings demonstrate a great potential for the 

micropillar PMFR to replace thermal catalytic reactor on ISS and even be used for more 

varieties of water purifications.    
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1. Introduction 

1.1. Water Situation on the Aerospace 

 Water, as one of the most important elements for the living of human beings, is 

always facing the problem of pollution. On earth, around 11% of population does not have 

easy access to purified water according to the United Nations.1 This situation is mainly 

caused by the continuous contamination to water resources through numerous different 

approaches, such as landfills, improper disposal of hazardous waste and releases, and spills 

from stored chemicals and petroleum products.2 Building large-scale water 

decontamination facilities is a difficult task for a lot of developing countries considering 

the technology limitations and the high cost. As an extension of human territory, the 

International Space Station (ISS) in space is also suffering from this problem.  

 As the technology keeps developing, more attention has been paid to the manned 

deep-space exploration. NASA has been the one organization who pays the most effort to 

running the crewed deep-space explorations and has attained many outstanding outcomes. 

According to the results from many preliminary explorations, Mars is very likely to be the 

next destination for astronauts to explore.3 Discoveries made by the Mars exploration 

program will help pave the way for future human missions into the deep space planet.4 

Based on research, it takes about seven month to travel from earth to Mars, which means 

the transportation of important supplies from earth is expensive but considerable.5 As for 

exploring into a deeper-space, sending supplies from earth will no longer be a viable choice 

because of the further distance leading to a higher delivery cost. Hence, it is important for 
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crews to be equipped with sufficient resources to survive independently during the trip to 

the deeper-space and build a planet base after arrival. To achieve this goal, having a reliable 

life-support system comes up as one of the most important priorities. The ISS is currently 

being used as an experimental platform to examine the feasibility of all kinds of space 

exploration equipment in preparation for the future deeper-space exploration project.  

 To maintain an appropriate living environment for the crew members, the 

Environmental Control and Life Support System (ECLSS) is the currently being operated 

on the ISS. This system is consisted of three main components – the Water Recovery 

System, the Air Revitalization System and the Oxygen Generation System.6 Among all the 

functions, producing enough drinkable water is one of the most essential tasks that the 

ECLSS needs to perform considering the difficulties of storing and obtaining water on ISS. 

Storing a large volume of water on ISS is not viable due to the limited space onboard, and 

continuously ferrying water from earth will result in a huge transportation cost.7 According 

to the Environmental Protection Agency (EPA), the cost for launching water are about 

$10000/lb and the water necessary to support six crew members on ISS is approximately 

25 lbs per day.8 To avoid the high cost of transporting water from earth, the Water Recovery 

System (WRS) has been heavily relied on to produce recycled water on ISS, and it has been 

able to produce enough water for crew consumption up to now.9 The successful function 

of WRS offers an opportunity to kill two birds with one stone, crews are able to collect 

drinkable water and the storage space for wastewater is reduced in the meantime. 
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1.2. Problem Within WRS 

The WRS has two key components – the Urine Processor Assembly (UPA) and the 

Water Processor Assembly (WPA). The UPA is designed to recover water from pretreated 

urine and flush water while the WPA mainly focuses on recovering wastewater consists of 

condensate from the ISS system and UPA distillate.10 After putting the WRS into use for 

several years, some reliability problems occur within the WPA which need some attentions. 

A schematic of the WPA is presented in Figure 1.  

 

Figure 1. A brief schematic of the WPA system.11 Air in wastewater is first separated by liquid 

separator. Particulate filter removes contaminant particles with large sizes through physical 

filtration. Multifiltration Beds employ ion exchange and adsorption to remove non-volatile organic 

and inorganic compounds. The volatile organic compounds are treated by the thermal catalytic 

reactor.  
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When wastewater flows into WPA, the Liquid Separator firstly removes all the air 

existed in the liquid. Then the Particular Filter filters out medium and large scale 

particulates. Right after the pre-treatments, only small scale dissolved contaminants are left 

in the wastewater. The two Multifiltration Beds remove non-volatile organic and inorganic 

contaminants via adsorption and ion exchange. Then the highly soluble, low molecular 

weight organic contaminants enter the Thermal Catalytic Reactor for the next-step 

treatment. This reactor oxidizes the organic contaminants into CO2, organic acids and water 

in the presence of elevated temperature, high pressure and a catalyst.12 However, the 

extreme working environment has caused some challenges for the parts which operate 

within the WPA. Up to 2018, there has been six instances of increasing Total Organic 

Carbon (TOC) in the post-treatment water produced by WPA, which resulted in a higher 

TOC level than the NASA drinkable water safety requirement of 3 ppm.13 After 

investigation, the main cause of this TOC level increase was found to be the o-ring failure 

inside the hot zone of the Thermal Catalytic Reactor. Leakage happened as the o-ring could 

not bear the high temperature and pressure working environment, and several replacements 

of some vulnerable parts have been conducted which resulted in some excessive costs and 

health concerns for the crews.14    

   

1.3. Project Motivation 

 For solving the current existing problem within the WPA caused by the Thermal 

Catalytic Reactor, we propose a novel design of a photocatalytic microfluidic reactor 
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(PMFR) with titanium dioxide (TiO2) as the photocatalyst. This PMFR is aiming to reach 

the identical volatile organic compounds (VOCs) degradation goal as the current Thermal 

Catalytic Reactor by using the photocatalysis reaction, and has a great potential to replace 

the reactor within the WPA. The PMFR is able to be operated under room temperature and 

normal pressure which avoids the frequent vulnerable parts exchange caused by the 

elevated temperature and high pressure while using Thermal Catalytic Reactor. Meanwhile, 

the UV-rich environment on ISS benefits the photocatalysis reaction which has a potential 

to largely reduce the size of the device and the power required. The small scale of the 

PMFR can reduce the mass diffusion length, which makes more contaminant particles get 

in contact with the photocatalysts. The penetration of photons is also easier when they 

reach the surface of PMFR because of the micro-scale of the vertical device length. Another 

point which makes this design more novel is the use of microelectromechanical systems 

(MEMS) microfabrication techniques for fabricating the PMFR. MEMS has been an 

important technology which started developing about 80 years ago, and has become one of 

the most crucial technology in today’s world. This technology has been used in many fields 

such as automobile systems, electronic devices and medical devices.15 MEMS device can 

provide some advantages such as very small size, mass and volume, very low power 

consumption, easy integration to modify, small thermal constant, batch fabricated in large 

arrays et al.16 By applying the MEMS technology, the PMFR can be benefited from all the 

advantages mentioned above. For proposed device, tens of thousands of titanium 

micropillars are produced and formed into arrays by applying MEMS microfabrication 

techniques, these pillars work as the scaffolding for the photocatalyst TiO2. And a layer of 
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TiO2 is created with the porous structure by using some chemical methods established by 

the former researchers. The micropillar arrays deposited with nanoporous titania (NPT) 

further increase the photocatalyst surface area to volume ratio (SA:V) and shorten the mass 

diffusion length, thus increase the VOCs degradation efficiency. This project is aiming at 

obtaining the PMFR concept through microfabrication techniques, comparing the 

micropillar design with conventional planar design, and proving the practical VOCs 

degradation viability with experiments.  

 

1.4. Dissertation Outline   

 This dissertation mainly introduces the design and fabrication of a novel PMFR 

which is used for water purification, and the validation of this device’s photocatalytic 

degradation performance with different organic contaminants. Chapter 2 introduces some 

basic background information about this proposed Ti PMFR, it provides a good 

understanding about why the design and the Ti material are selected. Chapter 3 presents a 

detailed design of the PMFR followed by an illustration of the fabrication process. Chapter 

4 is about the first degradation study with an organic dye of Methylene Blue, the influence 

of different pillar heights are examined and the PMFR with best performance is found. 

Comparison of the PMFR with other reported microfluidic reactors is also made to indicate 

the superior performance of PMFR. Chapter 5 covers the second study which focuses on 

quantifying hydroxyl radicals, the main reactant that contributes to the contaminants 

degradation. A half-life estimation model is also created based on the radical concentration 
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to predict the degradation effect of PMFR on certain organic compounds. Chapter 6 

demonstrates the last study where two common problematic organic compounds – ethanol 

and 1,4-dioxane are used as the target contaminants. Results for degradation experiments 

of both contaminants are presented separately, and an extensive comparison between 

PMFR’s degradation performance on 1,4-dioxane and that by other reported bulk reactors 

is conducted to examine the advantage brought by the novel PMFR design. In the end, 

chapter 7 shows a summarization of this dissertation, and it also presents some future work 

that can be done to further optimize the device.  

 

2. Background 

2.1. Principles of Photocatalysis 

 Photocatalysis is a light induced reaction for which the presence of catalyst 

accelerates the reaction. When photons with energy higher or equal to the bandgap (∆E) of 

a semiconductor such as TiO2 hit the semiconductor, the electrons on the valence band 

become excited and jump to the conduction band leaving a positively charged hole in the 

valence band.17,18 This movement can be described by 

𝑇𝑖𝑂2 + ℎ𝑣 →  ℎ𝑉𝐵
+ + 𝑒𝐶𝐵

−                                                        (1) 

where ℎ𝑣 is the photon, ℎ𝑉𝐵
+  is the positive charged hole on the valence band, 𝑒𝐶𝐵

−  stands 

for the electron which excites on the conduction band. After electron-hole separation, 

recombination may happen where the excited electron loses the energy, goes back to the 
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valence band and recombine the hole. For the holes and electrons which do not recombine, 

the photon energy is converted into chemical energy, this process can be described by 

ℎ𝑉𝐵
+ + 𝐻2𝑂 →  𝐻+ + ∙ 𝑂𝐻                                                       (2) 

𝑒𝐶𝐵
− +  𝑂2 → ∙ 𝑂2

−                                                                       (3) 

From this process, the hyper-reactive hydroxyl radicals (∙ 𝑂𝐻) and the oxygen radicals (∙

𝑂2
−) are formed.17,18  A simple illustration of the photocatalysis process is shown in Figure 

2. 

 

Figure 2. A schematic to show the mechanism of photocatalytic reaction in aqueous solution.19 

Highly reactive free radicals and electron holes generated through the reaction mainly account for 

the degradation of pollutants in water. 

 

 Researches about using photocatalysis with TiO2 to treat organic contaminants in 

the aqueous solution began about three decades ago.20 The hydroxyl radicals have been 

proved many researches to be the main reactant to dissolve microorganisms or 

pollutants.21,22 Apart from the water purification, TiO2 photocatalysis has also been used 
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in many different fields including self-cleaning surfaces, sterilization, hydrogen evolution 

and photoelectrochemical conversion.23 For the proposed PMFR in this project, the hyper 

reactive free radicals mainly the ·OH generated by the photocatalysis is put into work to 

degrade organic contaminants in aqueous solutions.  

 

2.2. Titanium Dioxide Material 

 TiO2, as the naturally occurring oxide of titanium, has a long history of being 

applied to various fields in industry. TiO2 was discovered in 1821, and it had been widely 

used as a replacement of the toxic lead oxides in pigments for white paint in the beginning 

of 20th century.24 After many years of developing, the usage of TiO2 in pigments has been 

applied to many areas such as paints, plastic, paper, and leather. The European Union 

legislation on safety of food additives also approved the use of TiO2 as food coloring many 

years ago which made TiO2 even more popular in industry as pigments. Based on the high 

refractive index of TiO2, many industries tend to put TiO2 into the production of anti-

reflection coatings for critical devices and automobiles, and numerous sunscreen creams 

also include TiO2 nanoparticles to strengthen the anti-UV ability.25  

 As for being used as a photocatalyst, TiO2 owns a number of advantages compared 

to other conventional catalysts such as ZnO, CeO2, ZrO2, etc. The fact that TiO2 is 

considered as a chemical inert semiconducting material with highly stable mechanical 

characteristics makes it a perfect choice as the catalyst.26 The great photoactivity allows 

TiO2 to perform efficiently while photocatalysis takes place.27 Researches also discovered 
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the low toxic property of TiO2 which makes TiO2 a biologically inert material, this good 

biocompatibility makes it a popular material selection for biomedical devices such as in-

body sensors and medical chips.28–30 Meanwhile, the relatively low price of TiO2 can 

effectively lower the processing and manufacturing cost making TiO2 a great material 

choice financially.31 Ever since the finding of hydrogen production through TiO2 

photocatalysis in the early 1970s, the applications have been extended to numerous fields 

such as hydrogen production, air cleaning, metal anti-corrosion, hydrophilic and self-

purification.27,32 Water purification is one of the biggest field to that the TiO2 

photocatalysis is applied, all merits mentioned previously make TiO2 one of the most 

widely used photocatalysts for this field. The research interests have been continuously 

growing in both the industrial and academic fields.33–36 These successful applications of 

TiO2 on photocatalysis water treatment encourages the use of TiO2 as the catalyst for this 

project.      

 TiO2 possesses three crystalline structures naturally – rutile (a = b= 4.593 Å, c = 

2.959 Å), anatase (tetragonal, a = b = 3.785 Å, c = 9.54 Å) and brookite (orthorhombic, a 

= 5.143 Å, b = 5.456 Å, c = 9.182 Å).37 According to research, the irreversible transition 

of the two thermaldynamically phases - anatase and brookite, are able to transform into the 

stable rutile phase at a high temperature.38 Among the three phases, anatase has the most 

active photocatalysis ability due to the fact that it owns a larger band gap over the other 

phases.39 What is more, anatase possesses an indirect band gap while the rutile owns either 

a direct band gap or an indirect band gap which is very similar to a direct band gap. A 

longer electron-hope pair life will be obtained with an indirect band gap according to the 
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study, thus making the anatase have more charge carriers to join the surface reactions.40 

TiO2 has different physical structures with different dimension such as spheres, fibers, 

channels and nanosheets.41 A higher surface-to-volume ratio is likely to be acquired by a 

higher dimension of structure. This increasing SA:V can lead to a reduction in the electrons 

and holes recombination rate and an increase in the interfacial charge carrier transfer rate, 

which then benefits the photocatalysis process. Degussa P25 is the most widely studied 

and used TiO2 photocatalyst, and it usually exists in the powder form. It provides two 

remarkable merits, a relatively large accessible surface area and a relatively high mass 

transfer rate for reactants. There is a combination of ~80% anatase and ~20% rutile in the 

P25, and it has been proved that this intimate contact between two phases enhances the 

separation of electrons and holes, thus reduces the chance of recombination.42 However, 

the powder form brings some shortcomings. Concerning the catalysts becoming the 

secondary pollutant in the purified water, filtration is always needed to remove the P25 

nanoparticles from the post-treatment water to ensure its purity, which makes this process 

more time-consuming. In order to overcome this drawback, lots of interests are put into 

coating different substrates with TiO2 films.43,44 Researchers have tried many different 

methods to achieve the goal, some popular methods are sol-gel45,46, electrochemical47, 

hydrothermal48 and chemical deposition49. Although the thin-film helps eliminate the 

filtration needed for powders, the relatively low catalyst surface area limits the contact 

between UV photons and catalysts thus reduce the photoefficiency.50 Herein, a nanoporous 

structure of TiO2 is adopted for the PMFR to help increase the total surface area for catalyst.  
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2.3. Nanoporous Titania   

 Many studies have been done to seek a way to enhance the photocatalysis efficiency, 

what have been found is that one of the most effective methods is through increasing the 

SA:V for catalyst. To achieve this goal, many researches tried the preparations of titania 

nanotubes, nanowires and nanorods to create more surface area.51–53 A common way to 

produce the nano-shaped titania is through hydrolysis and condensation of titanium 

alkoxides. However, a thermal treatment is always required following this process for 

inducing crystallization as well as removing the residual alkoxide groups. The specific area 

of catalyst decreases caused by the particle agglomeration and grain growth as the sequence 

of thermal treatment.54 Although the hydrolysis of titanium inorganic salts such as TiCl4 

under ambient temperature can produce well-crystallized titania, the counter anions 

generated from inorganic salts is most likely to remain in the products thus contaminate 

the titania product.55  

 To overcome these drawbacks, Wu et al. reported growing titania nanorods directly 

from the titanium substrate by using hydrogen peroxide (H2O2) as the oxidizing agent.56 

The adhesion between the titanium substrate and nanorods was very strong because of 

direct interaction between titanium and H2O2. And the use of the oxidant eliminated the 

possibility of bringing contaminants into the titania product thus guaranteed the product’s 

purity. Since then, more interests have been put into the production of nanostructured 

titania through direct oxidation on titanium substrate. Two years later, DeRosa et al. 

reported that they successfully produced crack-free nanoporous titania (NPT) with anatase 

crystal structure on thin layer titanium substrates through oxidation with aqueous H2O2.
57 
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Compared to conventional titania, NPT possesses several advantages. The three 

dimensional porous structure dramatically increases the SA:V of the catalysts hence 

increases the amount of free radicals generated by photocatalysis. In addition, this structure 

enhances the fluid accessibility which increases the amount of contaminant particles which 

can have contact with the catalyst. NPT also eliminates the concern about the product purity 

because it grows directly from titanium substrate though reaction with oxidants. Last but 

not the least, the fabrication method guarantees a complete coverage over complex 

geometries, which makes NPT suitable to be used for most of the applications. A SEM 

micrograph of the NPT used for the proposed PMFR is shown in Figure 3.  

 

Figure 3. The SEM micrograph of NPT used in the proposed PMFR. The highly porous structure 

enlarges the surface area of catalysts, and it also enhances the fluid accessibility. Photocatalysis 

benefits a lot from the 3-D structure.  

 

 NPT  has already been used for several applications such as medical implants, gene 

therapy, energy conversion, and catalysis.58–61 In 2006, Zuruzi et al. successfully applied 

NPT to production of a highly sensitive gas sensor, and they found that NPT helped the 
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device to have faster response time, lower operation temperatures and superior sensitivity 

compared to the conventional gas sensor. As for water purification, Song et al. performed 

groups of photocatalytic degradation experiments on selected dyes using different types of 

nanostructured NPT. For the results, they reported that the titanium thin films with 

nanorods or nanotubes possessed higher degradation efficiency than the commercial P25 

titania and sol-gel derived titania. On the basis of these experiments and applications, we 

propose the use of NPT for our PMFR. NPT can be easily grown on the surface of titanium 

in the reaction chamber regardless of the complex geometry, and all the benefits brought 

by NPT is hypothesized to increase the photocatalytic efficiency for the PFMR.  

 

2.4. Conventional Reactors  

 The process of classical photocatalytic contaminants degradation can be divided 

into five independent steps: 1) transfer of reactants to the catalysts surface; 2) adsorption 

of the reactants; 3) reaction in the adsorbed phase; 4) desorption of the products; 5) removal 

of the products from the interface region, where photocatalysis reaction happens in the step 

3.62 In order to find out the photocatalytic degradation performance on organic 

contaminants, numerous types of reactors have been designed and tested.63 What 

researchers have discovered from experiments is that the reactor design plays an important 

part in the reaction since a good reactor design is able to help overcome some limitations 

that photocatalytic water purification is currently experiencing. According to Wang et al., 

the three major limitations for conventional reactors are low mass transfer efficiency, low 
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photon transfer efficiency, and deficiency of dissolved oxygen.64 The mass transfer 

efficiency determines how easily the contaminants are able to travel to the catalyst surfaces 

where photocatalysis reaction takes place, and how fast the redox products can be removed. 

The photon transfer efficiency affects the amount of photons that can reach the catalysts 

surfaces, more photons lead to a higher reaction rate, and a uniform UV irradiation is 

usually required for a better production of free radicals. For the third limitation, it occurs 

because of the limited concentration of oxygen naturally dissolved in water, photocatalysis 

in liquid phase requires the participation of dissolved oxygen where the limited oxygen 

concentration tends to affect the reaction efficiency.  

 For the numerous reactor designs, most of them can be defined as conventional 

bulk reactors according to the relatively large volume of reaction space. The bulk reactors 

have been proved to be effective by many studies with different reactor designs such as 

P25 particles with mechanical stirrer, TiO2 thin-film on fixed bed reactors, fluidized bed 

reactors, and many others.65–67 Conventional bulk reactors can be generally divided into 

two types: the slurry reactor and the immobilized reactor. For the slurry reactor, as shown 

on the left side in Figure 4, the catalyst particles are suspended in the solution forming a 

slurry. This type of reactors possesses the advantages of a large SA:V and fast mass transfer. 

However, the light distribution is non-uniform due to the disorganized suspension of 

catalysts particles which reduces the photoefficiency, and a filtration process is always 

needed to remove the suspended particles to ensure the purity of water. As for the 

immobilized reactor, catalyst is usually immobilized on the substrate as a thin-film.  This 

kind of reactor does not need an additional step of filtration, and the uniform and fixed 
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catalysts lead to a good photon transfer. Compared with the slurry reactor, the immobilized 

catalysts lose some of the surface area due to its structure which causes a decrease in SA:V, 

and the decreasing ratio leads to harder interactions between contaminants and catalyst 

surfaces. Both designs of the conventional bulk reactors have the ability to break some of 

the limitations mentioned previously, but none of them can do it perfectly, hence more 

attentions are drawn on an atypical design of reactors – the microfluidic reactors.  

 

Figure 4. Schematics of slurry reactor (on the left) and immobilized reactor (on the right). 

 

 2.5. Microfluidic Reactors 

 To overcome the limitations owned by the conventional bulk reactors, a design of 

a miniaturized reactor with microfluid flowing inside the reaction chamber is brought up. 

Compared to the conventional bulk reactors, the volume of reaction site for the microfluidic 

reactors is usually at least three orders of magnitude smaller than the volume of bulk 

reactors. The small dimension of the reaction chamber lead to a dramatically large SA:V, 
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and as mentioned previously, larger SA:V can enhance the photocatalytic reaction rate. 

According to Wang et al., SA:V could be even larger if the photocatalyst is in nanoporous 

structure within a real microreactor.64 The mass transfer also gets enhanced greatly due to 

the thin microfluidic layer which is usually around 100 µm thick. It is easy for a 

contaminant particle to have contact with the catalyst surface, thus more contaminants can 

be dissolved in general. The time for each contaminant flowing in the chamber is uniform 

because the microfluidic flow inside the reaction chamber is usually laminar, the flow time 

is defined as the residence time. Based on this phenomena, the residence time can be 

controlled by altering the flow rates of solution, it also makes the control of throughput 

feasible. Since catalysts are usually immobilized as a thin-film, the microfluidic reactor 

possesses the same advantage as the immobilized reactor does, the UV irradiation on the 

catalysts surface is uniform leading to high photoefficiency. A shorten reaction time is also 

obtained, it usually ranges from tens of seconds to hundreds of seconds while the 

conventional reactors usually need at least several hours of reaction time. Some other 

benefits brought in by the microfluidic reactors are self-refreshing effects, optimization of 

operating conditions and more functionalities.64 

 To have a deeper look at the microfluid flow inside the reaction chamber, a 

schematic is shown in Figure 5 to present the mechanisms. In microfluidic reactors, liquid 

usually flows in a chamber sealed by a quartz disk on the top to ensure a good UV 

transmission, and a thin layer of photocatalyst is usually fixed on the bottom. The layer of 

flow is mostly about 100 µm thick and can be decomposed into three regions. In region 1 

where the particles flow against the quartz disk, photolysis is most likely the dominant 
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reaction. Region 2 works as a medium zone, the thickness of this zone is dependent on the 

design of microreactors. Photocatalysis generally happens in the region 3 where catalysts 

interact with solutions, as photons hit the semiconductors such as TiO2 used for this project 

and trigger the reaction, reactive free radicals (·OH and O2
·−) are generated and functions 

to degrade the organic contaminants in the solution. However, this laminar flow leads to 

one limitation where most of the contaminants removal happens in region 3, so the 

degradation reaction in region 1 and 2 is not as strong as what happens in region 3.  

 

Figure 5. Schematic of the laminar flow within the microfluidic reactor chamber. Being divided 

into 3 regions, this laminar flow limits the efficiency of contaminants degradation.  

 

 Another major drawback of the microfluidic reactors is that the throughput of a 

single device is low due to the small scale of the reaction chamber. A common method to 

overcome this drawback is by connecting a number of devices in parallel so the throughput 

can be added up to reach a compelling value.68 A study done by de Sa et al. aimed to 
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compare the effect of numbering-up and scale-up of microfluidic TiO2 reactors on 

photocatalytic degradation of organic dyes. The system formed by six devices connected 

in parallel was able to achieve the highest degradation percentage under same reaction time 

compared to that by other experiment systems.69 This result proves the feasibility of 

overcoming the throughput limitations by connect appropriate number of microreactors in 

parallel, specific researches are still required to find the best number to ensure a large 

throughput and a high degradation percentage being achieved simultaneously. 

 

2.6. Review of Existing Microfluidic Reactors 

 In this section, a brief review of some microfluidic reactors reported in literatures 

are presented. In 2016, Liao et al. brought up with a biomimetic planar photocatalytic 

microreactor with 50 µm deep reaction chamber depth.70 A schematic of this microreactor 

is presented in figure 6 (a). This device had a reaction chamber with plane dimension of 1 

cm × 1 cm, a layer of highly porous TiO2 film was deposited onto the chamber bottom by 

using the manual painting method. The bifurcated system of this reactor was designed 

following the Murray’s law, which made this system have the minimum energy loss while 

maintaining a constant shear stress. After fabricating and experimenting the devices, they 

found that the planar microreactor with the biomimetic bifurcated system design showed a 

68% higher efficiency than the microreactor with non-biomimetic bifurcations.  

Meanwhile another group intended to increase the planar microreactor’s 

degradation efficiency by adding in more geometries for catalysts. Li et al. presented a 
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photocatalytic microfluidic reactor with TiO2-coated fiberglass immersed in the reaction 

chamber.71 Figure 6 (b) shows a schematic of the device. The TiO2 colloid with Degussa 

P25 was first prepared and coated on the fiberglass. This bundle of fiberglass was stretched 

and collected, then sealed in the reaction chamber between the glass cover and PDMS chip. 

By introducing the TiO2-coated fiberglass, this group believed that it would enhance the 

photocatalytic efficiency by reducing the mass transport length and inducing the 

perturbation to liquid flow. A conventional planar microreactor with TiO2 coated on the 

chamber bottom was prepared for comparison. The degradation result illustrated that the 

TiO2-coated fiberglass design was able to increase the degradation efficiency to at most 

40% more compared to the efficiency of planar microreactor.  

To further improve the performance of microreactors, a method through adding 

micropillar arrays into the reaction chamber was brought up by Li et al.72 For this design, 

arrays of micropillars with 200 µm diameter, 250 µm height and 400 µm pitch were 

produced with a material of photoresist SU-8. Some basic molding and photolithography 

method were used. Photocatalyst Pt/TiO2 nanoparticles were sprayed onto the reaction 

chamber surface. Figure 6 (c) presents a model of this reactor. By introducing the 

micropillar arrays, photocatalytic efficiency was enhanced due to the largely increasing 

SA:V and the reducing mass transfer distance. After testing the photocatalytic efficiency 

with water splitting, result was compared to the result collected by using a conventional 

planar microreactor, it turned out that a maximal increment of the reaction rate reached 

56%. This study successfully presented the enhancements brought by the micropillar arrays; 

however, the size of micropillars has a potential to be reduced, and the micropillar 
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arrangements can be more compact. Tightened micropillar arrays can further enhance the 

SA:V and reduce the mass transfer distance thus increase the device efficiency more.  

 In 2018, Li et al. reported a microreactor with dual-film TiO2 nanorods as 

photocatalysts.73 The nanorods TiO2 would benefit the photocatalysis by increasing the 

SA:V, reducing the mass transfer length and providing direct pathways for the photo-

generated charge carriers. Figure 6 (d) shows the schematic of this reactor as well as the 

schematic of nanorod arrays. These TiO2 nanorod arrays were prepared by a hydrothermal 

method and they were formed into a thin-film on two Fluorine-doped tin oxide (FTO) 

glasses. Then the FTO glasses were installed into a chamber made on a silicon wafer to 

form the final reaction chamber. It should be noted that the nanorods mentioned here was 

different from the micropillars mentioned previously, these nanorods were about 200 nm 

wide and 2.4 µm long, and grew in a crowed manner; the micropillars mentioned in the last 

reported study had larger sizes, and they grew uniformly on the substrate to form arrays. 

As for the result, this microreactor had two times higher photocatalytic degradation 

reaction rate than the rate of a conventional planar microreactor proving the enhancement 

brought by nanostructured TiO2. 
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Figure 6. Schematics of four microreactors reported literatures. (a) biomimetic planar 

microreactor;70 (b) TiO2-coated fiberglass microreactor;71 (c) micropillar arrays enhanced 

microreactor;72 (d) dual-film TiO2 nanorods microreactor.73 

 

 The four microreactors mentioned in this section are some representative and 

successful examples of the TiO2 photocatalytic microreactors that have been reported so 

far. Although having different designs, all of these microreactors are intended to enhance 

the photocatalytic performance by mainly three ways: increasing SA:V, reducing mass 

transfer distance, and improving photon harvesting. Herein we present our novel design of 

the PMFR, it combines the advantages of bringing in intensified micropillar arrays and 

growing NPT on micropillar surfaces, which thus is capable of increasing the 

photocatalytic efficiency to a higher level. 
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3. Microreactor Design and Fabrication 

3.1. Microreactor Design 

 For this project, we present a chip-based microreactor with one open reaction 

chamber in the center; two tree-branched flow distributor systems are connected to the 

chamber to ensure a uniform liquid flow through the chamber; two rounded holes at the 

endpoints of two distributor systems are created to work as inlet and outlet. This chip has 

a 60 mm × 40 mm planar dimension. Figure 7 shows a CAD model of the microreactor 

chip and a photo of the chip. The reaction cite can be decomposed into two parts: the 

reaction chamber and the flow distributors.  

 

Figure 7. A CAD model of the microreactor chip (top) and a photo of the actual fabricated 

microreactor chip (bottom). 
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3.1.1. Reaction Chamber 

 For this proposed photocatalytic TiO2 microreactor, the rectangular reaction 

chamber has a planar dimension of 2 cm × 2.048 cm. There are 512000 micropillars 

standing in the reaction chamber in an offset manner. A more detailed description of 

micropillars will be presented in a later section. Depths of the chamber depend on the 

micropillar heights. In order to study the effect of micropillar heights on photocatalysis 

efficiency, 50, 100 and 150 µm heights are selected, meaning that there are reaction 

chambers with these three different depths.  

 

3.1.2. Micropillar Arrays 

 For the micropillars inside the reaction chamber, each of them has a 15 µm diameter 

and a 40 µm pitch. The original design of diameters was 20 µm, but the diameters were 

found to be around 15 µm after fabrication. All rows of micropillars are arranged in a 

staggered form to ensure the fluid flow being slowed down and there is adequate time for 

contaminant particles having contacting with photocatalysts. These micropillars have 

titanium as the substrate, NPT are grown and fully cover the surfaces of titanium pillars. 

Figure 8 shows a schematic and a SEM image of the micropillar arrays. The grey part in 

Figure 8 (a) is the titanium substrate while the yellow part represents the NPT, the 

nanoporous structure and cracks can been seen on the micropillar sidewalls in Figure 8 (b). 

The formation of cracks is common in thin-film TiO2 after several hours oxidation in H2O2, 
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a former PhD student has done a study to find the perfect oxidation time to minimize the 

crack size.  

 

Figure 8. Presentation of NPT-coated micropillar arrays with: (a) a CAD model; (b) a SEM image. 

In the CAD model, yellow components stand for NPT and grey components represent Ti, the model 

top is covered with a transparent quartz slide.  

 

3.1.3. Flow Distributors 

 The flow distributors are very important to the functioning of PMFR. If the reaction 

chamber is directly connected to reactor’s inlet and outlet, the direct liquid flow coming 

out from the inlet would create a large pressure which might damage the micropillars. 

Moreover, the liquid flow rate would be high which can cause a shorten time for the 

contaminants to stay within the chamber, thus decreases the degradation efficiency. Only 

one liquid entrance for the chamber also negatively affects the flow within the chamber, 

based the mechanism of fluids, the two corners of chamber near the entrance would not be 

filled by the fluid, causing a significant waste of the photocatalyst surface area. Thus a tree-

branched flow distributor is selected to eliminate these drawbacks. Tree-branched flow 
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distributors have been widely used by many studies.70,73,74 This type of flow distributors 

provides two main advantages: low pressure drop and uniform liquid flow within the 

reaction chamber. For our proposed PMFR, flow distributors are divided into five tiers, the 

dimensions of the channels are decreased by a factor of 1.6 tier by tier, this dimension 

decreasing starts from the first channel which connects with the inlet/outlet. According to 

a study done by Vangelooven et al. in 2010, a channel dimension decreasing by a factor of 

1.6 at each bifurcation could gradually slow down the flow as it proceeds into the 

distributor.75 The slowing down flow speed guarantees a rational flow rate and a moderate 

pressure drop within the reaction chamber. Sixteen small channels uniformly spread over 

two sides of the chamber produces a uniform fluid flow within the chamber which ensures 

a consistent mass transfer distance for each contaminant particle. The SEM micrographs 

of the flow distributors are shown in Figure 9. A simulation done by this dissertation’s 

author with COMSOL Multiphysics also proves the benefits brought by the tree-branched 

flow distributors.76 
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Figure 9. SEM images of (a) the tree-branched distributors; (b) zoom-in view of the flow 

distributors, sidewalls and ground of the flow distributor is also covered by NPT. 
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 It is worth mentioning that, for examining the enhancement of photocatalytic 

degradation brought by micropillar arrays, a set of planar microreactors with 50, 100 and 

150 µm depths are designed and fabricated to work as the comparison group. The 

dimension of planar microreactors is highly identical to that of their micropillar 

counterparts, the only difference is that there is no micropillar in their reaction chambers. 

The bottom of planar microreactor is in fully coverage of NPT which allows the happening 

of photocatalysis. Start from here through the whole dissertation, micropillar PMFRs (MP) 

with 50, 100, 150 µm will be written as “MP50”, “MP100” and “MP150”, and planar 

PMFRs (P) with 50, 100, 150 µm will be written as “P50”, “P100” and “P150” for more 

intuitive reading. Table 1 presents the calculated reaction chamber volumes of the six types 

of microreactors fabricated for this project, these calculations are made based on the exact 

dimensions of fabricated microreactors measured by precise instruments. After fabrication, 

the P50 shows a smaller depth that the MP50 which causes them have about the same 

chamber volume.  

 

 

3.2. Fabrication Techniques 

  Before introducing the microfabrication process, the first thing that is needed to be 

talked about is the microelectromechanical system (MEMS). This system has been one of 

Microreactor MP50 MP100 MP150 P50 P100 P150 

Volume (µL) 24  49 73 24 42 65 

Table 1. The chamber volumes for six PMFRs fabricated for this project. 
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the most popular topic for both academic and industries since it came out, it is a process 

technology aiming to create micro scale integrated devices that combine mechanical and 

electrical components.15 In order to install enough components on a small scale chip, a 

great variety of microfabrication processes have been developed and put into use. Among 

all microfabrication techniques, photolithography, film deposition, etching, and bonding 

are the most important ones.77 Film deposition works on growing a layer of materials on 

the substrate to protect the base material from etching. Photolithography is an important 

process where desired patterns will be transferred to the substrate. This process is consist 

of several steps, the key part is dissolving of photoresist under UV exposure. To sculpture 

3-D geometries on the substrate, the etching process is used. Etching is able to generate 3-

D geometries from the patterns produced by photolithography through either physical or 

chemical methods. Last but not the least, bonding is capable of creating tight bonds 

between microstructures, this technique is important for making devices with complex 

geometries. Herein, we introduce the three major microfabrication steps for this project in 

the following sections.  

 

3.2.1. Hardmask Patterning 

In order to produce micropillars from Ti chips, desired patterns which guide the 

etching are needed to be created on the surface of Ti chips. Since etching is a top-down 

process, different etch rates are required for patterns and un-patterned areas to create 3-D 

structures. The ratio between substrate etching rate and the mask (used for patterning) etch 



30 
 

rate is called selectivity. A high selectivity describes that two materials etch at significantly 

different etch rates, the substrate material etches at a relatively higher rate compared to 

what the mask material does. Using a high selectivity can help promote an anisotropic 

etching and prevent etching on the under-layer. When two materials etch at similar rates, 

the selectivity is near 1:1, it can be defined as a low selectivity. This selectivity is usually 

applied for the situation where the mask shaped is reproduced in the material being etched. 

For this project, the selectivity between Ti and the SPR 220-7 photoresist is about 1-2:1, 

which leads to two issues if directly using photoresists as the etching mask: the difficulties 

of creating a 150 µm layer of photoresists on Ti wafer for etching 150 µm depth chambers; 

and the possibility that all photoresists being degraded by plasma before finishing etching 

Ti. To solve this problem, a hardmask is required to etch desired geometries. A hardmask 

is on the contrary to the “soft” material masks such as photoresists, it usually is in the 

material like oxides. The selectivity between Ti and oxide hardmasks is typically 40:1, 

which allows the oxide hardmasks to be more slowly etched during etching process 

compared to Ti, thus hardmasks can protect the Ti underneath hardmasks from being 

etched. The un-etched Ti forms into the desired micropillars in the end. For this project, 

SiO2 was chosen as the material for hardmasks, Plasma Enhanced Chemical Vapor 

Deposition (PECVD) process was used to deposit the SiO2 onto Ti wafers.  
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3.2.2. Inductively Coupled Plasma - Reactive Ion Etching  

 Inductively Coupled Plasma – Reactive Ion Etching (ICP-RIE) is one of the most 

widely used etching techniques in the field of semiconductor fabrication. This dry 

etching technique uses a combination of reactive species for chemical etching and ions for 

physical etching. With the addition of separate ICP RF power source connected to the 

cathode that generates DC bias and attracts ions to the wafer, a more controllable etching 

is achieved. Compared with regular RIE, ICP-RIE is able to be operated under lower 

pressure, offer higher etch rates, has better selectivity, and provide wider range of process 

control.78 The anisotropic etching provided by ICP-RIE is also what is needed for the 

fabrication of micropillars with good shapes. Because of these benefits, ICP-RIE has been 

used for etching with oxide hardmasks in several studies.79–81 For this project, ICP-RIE 

was used to etch the SiO2 hardmask.  

 

3.2.3. Titanium ICP Deep Etching 

 Titanium has attracted lots of attentions as one of the best befitting materials for 

bio-MEMS according to its high fracture toughness, great biocompatibility, good self-

protection ability, and wonderful surface-modification potential.82 In 2004, the metal 

anisotropic reactive ion etching with oxidation (MARIO) process was found to perform 

high-aspect-ratio bulk micromachining of titanium. Figure 10 shows a flowchart of the 

MARIO process. By doing repetitive cycles of a Cl/Ar-based slightly isotropic etch step 

and an oxygen plasma-based passivation formation step, MARIO process was capable of 
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creating straight sidewalls and microscale features on titanium. This process produced 

about 0.5 µm/min etch rate, a selectivity of 40:1 between Ti/TiO2 and a 1 µm minimum 

feature size.83 However, two major limitation existed due to the etching mechanisms: a. 

relatively low etching rates because of the parallel plate system; b. scallops forming on the 

sideways on account of passivation steps.  

 

Figure 10. A flow chat describes MARIO process: a. oxide hardmasks on the top of titanium to 

define patterns; b. initial etch step slightly undercuts hardmasks; c. oxidation plasma creates 

passivation layer after each etching step; d. etch step starts again and slightly undercuts the 

oxidation layer; e. oxidation plasma produces passivation layer repetitively; f. high-aspect-ratio 

structures with scalloped sidewalls are obtained after cycles.83  
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 One year later, studies were conducted to overcome shortcomings owned by 

MARIO process. Important etching parameters such as ICP source power, sample RF 

power, process pressure, and gas flow rates were optimized to obtain the desired titanium 

etching results. After research and analysis, the titanium ICP deep etch (TIDE) was 

developed, this process could reach a bulk titanium etch rates of 2 µm/min and 40:1 

selectivity between Ti and TiO2. Even better, smooth sides were obtained because of the 

elimination of scallops.84 The development of TIDE process improved the bulk titanium 

etch quality and provided more application possibilities for Ti based MEMS. This 

technique had been used to fabricate microscale channels for a Ti based multi-frequency 

traveling wave dielectrophoresis (DEP) device for bioparticles separation,85 and it also had 

been used to develop a Ti based microneedle devices for drug delievery.79 For this project, 

TIDE process was used to fabricate micropillars with smooth sidewalls from Ti chips.   

 

3.2.4. Wet Etching 

 As mentioned in previous section, passivation layer will be formed on micropillar 

sidewalls according to the mechanisms of TIDE process. The chemical composition of this 

layer are titanium, chlorine, and oxygen because of the use of Cl2 during etching steps and 

O2 during oxidation steps. The passivation layer will contaminate the NPT if growing NPT 

directly from this layer. In order to remove the passivation layer and expose the Ti 

underneath, wet etching is considered to be used. By putting the object into liquid reactant, 

certain materials can be dissolved through chemical reactions. Some advantages provided 
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by wet etching are: low price, almost no damage to purely chemical nature, and high 

selectivity. For removing the passivation layer, wet etching’s poor anisotropy will not 

affect the results since these layers fully cover every surface of reaction chamber. Hence 

wet etching was adopted to remove the passivation layer for this project. Hydrofluoric acid 

(HF) is one of the most widely used wet etching reactant, it is capable of etching amorphous 

oxides, glass, and Ti at relatively high etch rates. For the fabrication of PMFRs, 2.3% HF 

was used in the passivation layer wet etching to make sure the process was controllable 

and not damaging the Ti substrate.   

 

3.2.5. NPT Growing 

  According to DeRosa et al., NPT was able to be created by submerging Ti wafers 

into 10% aqueous H2O2 solution following an appropriate annealing.57 In order to figure 

out the best condition to grow NPT with maximum reaction rate and minimum average 

crack size, a former PhD student conducted a Taguchi study. Based on the results, a 10% 

H2O2 concentration, 80 °C oxidation temperature and 5 hours oxidation time led to the 

optimal NPT growing rate and the smallest crack size. These parameters were used for the 

production of NPT for PMFRs.   
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3.3. PMFR Fabrication Process 

 The wafers used for this project were 100 mm thick Grade 1 commercially pure 

titanium wafers.  First step was to deposit 4.2 µm silicon dioxide (SiO2) onto the Ti wafers 

to form a protection layer. This SiO2 was able to protect the Ti layer while wafer being 

diced, and also works as the hard mask in the later etching step. To do this, each wafer was 

put into a large enough flat beaker, Acetone, Isopropanol (IPA) and deionized (DI) water 

were poured into the beaker in sequence following by about 1 minute gently shaking to 

clean the wafer. Then the cleaned wafers were put into the chamber of Plasmatherm 790 

system for the PECVD process. This process used two parallel electrodes – a grounded 

electrode and an RF-energized electrode to excite the reactant gases into plasma, which led 

to a deposition chemical reaction on the substrate surface.  

 With the SiO2 covered Ti water, the next step was to dice each wafer into two pieces 

of 6 cm × 4 cm rectangular chip. Before dicing, the wafer was attached to a silicon (Si) 

wafer for strengthening purpose, 3M double-sided thermally conductive tapes were used 

for a good adhesion. Without the Si wafer as the substrate, the dicing residual Ti might 

stack on dicing blades which could damage the blades, Si wafer was capable of re-

sharpening the blade to ensure a proper performance. A layer of photoresist SPR 220-3 was 

then spun coated onto the wafer to protect the wafer surface. Then a Disco DAD 321 

Automatic Dicing Saw was used to perform the dicing. Scribed lines were created on the 

wafer with a process tools, then a dicing blade cut through wafer following the lines to 

obtain the chips. Acetone, IPA and DI water combined with an ultrasonic cleaner were then 

used to remove the photoresist and clean the diced chips.  
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 Photolithography was the next step where desired patterns would be delineated on 

the chips. To do this, photoresists needed to be coated on the chip surfaces. First, the 

hexamethyldisilazane (HMDS) was spun onto the chip to form a uniform layer which 

ensured that the surface was hydrophobic, it promoted good photoresist-to-wafer adhesion. 

Then the photoresist SPR 220-7 was spun onto the same chip to get a 5.5 µm thick layer. 

This spin coating process was performed using a spin coater, where the chip was put onto 

a rotated substrate, the vacuum connected to the back of this substrate would keep the chip 

fixed on the substrate while it started rotation. Rotation speed, acceleration, and spin time 

were adjusted based the viscosity of photoresists to define the thickness of photoresist layer. 

After confirming that there was no defect on the photoresist, the chips were put into the 

Karl SUSS MA-6 Mask Aligner to get the UV exposure. The patterns of MP and P were 

controlled by two photomasks made by L-Edit. In the mask aligner, Ti chips were placed 

under the photomask, and UV irradiation from above passed through the transparent areas 

on the photomask and dissolved the photoresist. Then the Ti chips were put into AZ 300 

MIF developer to get rid of the residual dissolved photoresists. After photolithography, 

patterns were examined using an optic microscope to ensure a good quality.  

 After the previous step, patterns were printed on Ti chips in the form of photoresists. 

The next step was plasma etching which could be decomposed into two parts: SiO2 etching 

and Ti etching. An Oxford Cobra Plasma Model 100 Silicon Trench Etch system was used 

to perform the SiO2 etching. Each Ti chip was attached to a thoroughly cleaned Si substrate 

wafer, and then put into the reaction chamber. Etching was running with C4F8 gas plasmas 

under the Cryo mode with -20 °C reaction temperature. After SiO2 etching, Ti chips were 
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cleaned with Acetone, IPA and DI water to remove the left-over photoresist. With this step, 

the patterns were transferred from photoresists to the SiO2 hardmask. For the fabrication 

of all three planar microreactors and MP50, an Oxford Cobra Metal Trench Etching system 

was used to do the Ti etching. With the Ti chips attached to Si substrate wafers being put 

into the chamber, etching ran with Cl2/O2 gas plasmas at 20 °C temperature. As for the 

MP100 and MP150, Ti etching was performed using a Panasonic E626I ICP System with 

Cl2/Ar gas plasmas at UC Santa Barbara. The reason why two different Ti etching systems 

were used was that the Oxford system at UC Riverside offered higher ICP power and higher 

Cl2 flow rates compared to the Panasonic systems, which led to more aggressive etching. 

After Ti etching at UCR, the middle region of 100 µm and 150 µm micropillars had smaller 

diameters compare to other regions of the micropillar causing an irregular shape, some 

pillars even broke apart since the etching was too aggressive. To ensure a perfect cylinder 

shape for micropillars in all devices, two Ti etching systems were used. Devices were put 

into a beaker with Acetone for 3 days to separate Ti chips and the substrate Si chips. Inlets 

and outlets were then drilled on all microreactors with an electric drill.   

 Ti chips were then submerged into 2.3% diluted HF for removing the passivation 

layer formed during Ti etching process. Wet etching was performed using the acid bench 

inside UCR nanofabrication facility to avoid danger caused by the highly corrosive HF. 

While chips being submerged in HF, a large amount of bubbles were generated from the 

reaction chamber, this was caused by the gases generated from reaction between HF and 

passivation layer. Ti chips were then picked out by plastic tweezers and rinsed with DI 

water immediately. Afterwards an ultrasonic cleaner was used to clean Ti chips for 5 
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minutes to ensure that there was no HF left on chips. After removing passivation layers, 

NPT was grown by submerging Ti chips into H2O2 solution. 400 mL 10% solution was 

prepared and stored in a large glass beaker, a Corning PC-420D stirring hot plate was used 

to heat up the solution and maintain an 80 °C temperature. The solution temperature was 

monitored by a chemical safe thermometer during the whole time. After 5 hours, Ti chips 

were taken out from H2O2 solution and rinsed with DI water, then they were annealed at 

300 °C for 8 hours using a Lindberg Blue M Box Furnace. Finally each Ti chip was 

examined using a Zeiss STEM Scanning Transmission Electron Microscopy to make sure 

there was no apparent defect on these devices. Figure 11 shows a flowchart about the brief 

fabrication process of PMFRs.  

 

Figure 11. A flowchart of the fabrication for micropillar microreactors. (a) SiO2 hardmask 

deposited onto Ti wafer using PECVD; (b) photoresist SPR 220-7 spun onto chips; (c) patterns 

transferred from photomask to photoresist under UV exposure; (d) patterns transferred from 

photoresist to SiO2 hardmask through ICP-RIE process; (e) Ti micropillars etched through TIDE 

process; (f) NPT grew on reaction chamber after removal of passivation layer.  
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4. Study 1: Photocatalytic Degradation Performance of Organic Dyes With 

Micropillar/Planar Microreactors 

4.1. Introduction 

 As introduced in the Background chapter, with the fast development of industries, 

wastewater effluents has been one of main reasons why drinkable water faces severe safety 

challenges. Among all contaminants in wastewater effluents, organic dyes have abilities to 

hydrolyze and have reaction with other contaminants to generate harmful byproducts, the 

carcinogenicity of these byproducts makes them not only bad for environment but also 

extremely harmful for peoples’ health.86 Painting and textile industries are in favor of using 

organic dyes and discharging wastewater effluents to the environment.87 Some harmful 

organic dyes that can be commonly found in industrial effluents include Rhodamine B, 

Acid Red 114, ethyl violet and methylene blue.88–90 Using conventional purification 

methods such as filtration, ozonation etc., has very low efficiency on removing these dyes 

On the contrary, photocatalysis has been proved to work well on dissolving organic dyes.91 

This topic has been popular for both academics and industries for a long time, and organic 

dyes have gradually become a commonly used target contaminant to examine the activity 

of photocatalysis for all types of photocatalysis reactors. The two benefits about using 

organic dyes to evaluate photocatalysis are: a. the fast reaction rate between organic dyes 

and photocatalysis products (ions, electron holes, and free radicals) can present the real-

time reaction as solution flows in microreactors; b. concentrations of dyes can be easily 

determined by measuring the light absorbance of collected samples.  
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 Methylene blue (MB) has been used the most in photocatalysis studies among all 

organic dyes. The textile industry heavily uses this cationic dye for dyeing wool, cotton 

and silk, and human consumption of MB may lead to vomiting, diarrhea, nausea and 

burning sensation in eyes.92 Studies have been conducted by researchers to investigate the 

pathway of TiO2/UV-based photocatalytic degradation on MB. Results show that the 

photocatalysis products mainly the hydroxyl radicals (·OH) are capable of dissolving and 

eventually fully mineralizing MB particles into final products - CO2, NH4
+, NO3

- and SO4
2- 

companying with decolorization.86,93 This mechanism makes MB a superb target 

contaminants to evaluate photocatalysis efficiency. For this study, MB was selected as the 

target contaminant, performance of both MP and P were both evaluated based on MB 

concentrations. The MB degradation performance of six microreactors with different 

chamber depths and geometries were examined. For each microreactor test, five residence 

times were used (5, 10, 20, 30, 40 seconds), the trend of MB degradation performances at 

different residence times would illustrate how different variables affected photocatalysis. 

It was worth mentioning again that the residence time measured how long a contaminant 

particle could stay in the reaction chamber before flowing out. There are two objectives for 

this study: first, proving the enhancement on photocatalysis brought by the addition of NPT 

micropillars through comparing the MB degradation performances of MP and P; second, 

verifying the superiority of the PMFR design by comparing the best PMFR’s MB 

photocatalytic degradation performance to the performances of microreactors from various 

published literatures.  
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4.2. Methods 

4.2.1. Experiment Devices and Setup  

4.2.1.1. Microreactor Fixture  

 To test the proposed microreactors, an aluminum fixture was designed and 

fabricated to offer a water-sealed and gas-tight environment for the reaction chamber. This 

aluminum fixture was consisted of a top and a bottom parts. The top fixture owned a 

stratified structure which could be decomposed into two levels. Top level had 100.2 mm 

length, 74.8 mm width and 10 mm total height, it worked as the connection part to the 

bottom fixture. Bottom level had 60 mm length and 40 mm width same as the plan view 

dimensions of microreactor chips, and it had height of 4 mm. In the center of top fixture, a 

window with slightly larger dimension than the dimension of reaction chambers was 

created vertically penetrating the fixture. This window would allow UV irradiation to reach 

reaction chambers while running experiments. The bottom level was designed to be pressed 

on the chips to offer a desired working environment. As for the bottom part of the fixture, 

it was in a perfect rectangular shape with 100.2 mm length, 74.8 mm width and 12 mm 

height. Two 2 mm diameter, 5 mm depth holes with 39.7 mm pitch were created in the 

center of the bottom fixture from top; two 3.94 mm diameter, 7 mm depth holes with thread 

were created at the same locations from the bottom. These holes were linked to be used as 

the flow inlet and the outlet for experiments, threads allowed the installation of tubing 

fittings which kept tubing fixed in the inlet and outlet. On both fixtures, ten 5 mm diameter 

M5 thread holes were created with uniform pitch.  
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 In order to seal the reaction chamber, a 60 mm long, 40 mm wide and 1 mm thick 

quartz slide bonded with 250 µm thick PDMS gasket was laid over the microreactor chip. 

Quartz slides had excellent UV transparency, UV irradiation would not be affected by 

putting them on the microreactors. The addition of thin PDMS gasket helped eliminate any 

leakage possibilities which ensured no disturbing on photocatalysis inside the chamber. 

Meanwhile, two 1 mm thick PDMS gaskets were used to provide protection for 

microreactor chips and quartz slides against the pressure created by aluminum fixtures. 

These thick PDMS gaskets could absorb some of the forces directly generated by the 

fixtures, they were able to prevent quartz glass from being broken and offer enough 

pressure to keep reaction chamber sealed in the meantime. An exploded view of experiment 

fixture model and a side-view schematic are presented in Figure 12. From up to down, the 

fixture had layers in the sequence of the top aluminum fixture, the top thick PDMS gasket, 

a quartz slide bonded by a thin PDMS gasket, microreactor chip, the bottom thick PDMS 

gasket and the bottom aluminum fixture. After installation, ten M5 screws were used to 

tight the fixture.  
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Figure 12. Presentation of the experiment fixture: (a) a CAD model to show the exploded view. 

From up to down, layers are top aluminum fixture, top thick PDMS gasket, a quartz slide bonded 

by a thin PDMS gasket, microreactor chip, bottom thick PDMS gasket, bottom aluminum fixture; 

(b) a side-view schematic of all layers.  

 

4.2.1.2. Experiment Setup 

 With the microreactor fixture being installed, an experiment system was assembled 

to run the photocatalytic degradation experiments. A schematic of the experiment setup 

was shown in Figure 13.  A Harvard Apparatus PHD 2000 syringe pump combined with 

the 10 mL Hamilton gas tight syringes were used to produce the liquid flow. This 

programmable syringe pump was able to control the MB solution flow rates. The gas tight 

syringe eliminated the possibility of air bubbles forming in the reaction chamber, which 
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ensured the reaction chamber work at its best condition. Two 0.01” ID tubing were 

connected to tube fittings which allowed them to be installed onto the inlet and outlet on 

bottom fixture. MB solution was able to flow through the tubing and enter the reaction 

chamber. A Black-Ray B-100A UV lamp with 365 nm wavelength and 100 W power was 

placed 1” above the microreactor fixture to provide the UV irradiation. The light intensity 

through the thin PDMS gasket bonded quartz slide was measured to be 5.5 mW/cm2. In 

order to prevent the microreactor fixture from being heated by the UV, the fixture was 

placed in a water bath while running the experiments. The outlet port of the tubing would 

be placed in an Erlenmeyer flask to collect the effluent MB solution. A cuvette was then 

used to collect 1.5 mL of MB, then the solution was sent to a UV-Vis Thermo Scientific 

Evolution 60 spectrometer for concentration measurements at 665 nm wavelength. Each 

cuvette was thoroughly cleaned by ethanol and DI water after measurements. 



45 
 

 

Figure 13. A schematic of the photocatalytic degradation experiment setup. Syringe pump 

controls the flow rate. UV lamp provides the UV illumination. Water bath keeps the operating 

temperature at normal. The outflow solution is collected and analyzed with different instruments 

based on the requirements. 

 

4.2.2 Experiment Process 

  The target MB concentration used in this study was 20 µM, this concentration was 

selected based on the fact that it was double the ISO standard for MB degradation test.94 

As mentioned in previous sections, six microreactors – MP50, MP100, MP150, P50, P150, 

and P150 were put into use for this study. For each microreactor, the degradation 

performances of microreactor at five residence times were investigated. These residence 

times were controlled by adjusting the flow rates offered by the syringe pump, flow rates 
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for each device at different residence times were presented in Table 2, calculation was 

made based on reaction chamber volumes and residence times.  

Microreactor MP50 MP100 MP150 P50 P100 P150 Residence 

Time (s) 

 

Flow Rates 

(µL/min) 

36 63 97.5 36 73.5 109.5 40 

48 84 130 48 98 146 30 

72 126 195 72 147 219 20 

144 252 390 144 294 438 10 

288 504 780 288 588 876 5 

Table 2. Flow rates for each microreactor at different residence time. 

 

 The experiment started with a purge of the system, 2 mL KOPTEC 200 Pure 

Ethanol 200 Proof was flowed through at the fastest flow rate. Ethanol helped eliminate all 

the air and potential residual particles inside the system to prevent forming of air bubbles 

and pollution. Then 2 mL DI water was flowed through the system to clear away the ethanol. 

The next step was for evaluating the dark adsorption effect, the experiment fixture was 

covered by a large piece of aluminum foil to ensure that the microreactor was in an absolute 

dark environment, MB was flowed through system at the slowest flow rate time for 1 hour, 

1.5 mL MB effluent was collected for UV-Vis measurement afterwards. This step was 

performed to verify that the adsorption effect created by the microreactor geometries would 
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not observably affect the MB degradation performance. For the next step, the aluminum 

foil was removed and the turned-on UV lamp was placed above the reaction chamber 

window. 1 mL of MB was flowed through the system with desired flow rate to guarantee 

that the system was filled with MB being in the reaction chamber at the desired residence 

time. Then 1.5 mL of MB effluent was collected and measured. This step was cycled for 

all five residence times in the sequence of 40, 30, 20, 10 and 5 seconds. After collecting all 

desired solutions, the experiment system was purged by 5 mL ethanol and 5 mL DI water 

flowing at the highest flow rate, it would remove most of MB particles physically adsorbed 

by the system and assure that the next experiment would receive minimum influence by 

the residual created during the current study. Each experiment was run three times on the 

same microreactor to minimize errors. Between each experiment, the thin PDMS coated 

quartz slide was replaced with a new one to ensure the best degradation effects.  

 

4.3. Results and Discussions 

 For evaluating the photocatalytic degradation performances of the six 

microreactors produced for this study, two performance metrics were used. It is worth 

noting that there is no standard model for evaluating the microreactor’s performance. The 

decrease in contaminant concentrations is most reported performance metric which has 

been reported by some previous reported photocatalytic degradation of organic 

contaminants over TiO2 studies.95,96 In this study, for a better comparison of the 

performance by PFMRs with other reported microreactors, a novel metric – degradation 



48 
 

activity was used. The activity measures the mass of MB being degraded per minute and 

then being normalized to the chamber volume, this metric is able to normalize the MB 

degradation performance of reactors using different chamber volume and flow rates to the 

same unit, thus making the comparison among different devices possible. These two 

metrics were measured at five different residence times for each microreactor, comparisons 

and discussions were made based on the results.  

 

4.3.1. Degradation Percentage 

 

Figure 14. MB degradation percentage for each microreactor at different residence time. 

 Figure 14 presents the degradation percentage of MB for each device at different 

residence times. For MP and P with the same chamber depth, MP always achieved higher 

degradation percentages compared the planar counterparts. This was mainly because of the 
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addition of micropillar arrays, micropillars largely increased the SA:V ratio of the catalyst 

which allowed MB molecules to have easier access to the catalyst surface thus enhancing 

the degradation reaction.  

As for the influence of chamber depths, for both MP and P, larger depths led to 

lower degradation percentages. For the reactor with micropillar arrays, the main factor that 

caused this circumstance was the limitation of photon penetration. Larger depths made 

photons have more difficulties to penetrate to the bottom of reaction chamber, a long 

penetration distance caused a large amount of photons to lose their energy while being 

scattered or absorbed by pillars. Without enough photon energy, the amount of free radicals 

generated by NPT in the deeper region of chamber was limited, which weakened the 

degradation reactions in this region. For planar reactors, the main limiting factor was the 

laminar flow. The generated hydroxyl free radicals stayed close to the catalyst surface, 

which meant MB molecules needed to diffuse to the bottom of planar reactor to have 

reaction with ·OH. Larger chamber depths increased the diffusion length for MB molecules, 

which negatively influenced the degradation percentage.  

Residence time also largely affected the MB degradation. For each device, higher 

degradation percentage was obtained with longer residence time. MB molecules had more 

time to diffuse to the catalyst surface and have reaction with ·OH when residence time was 

longer. It was worth mentioning that for MP50 at 30 and 40 seconds residence times, only 

1.99% differentiation was noticed, this was mainly because the degradation of MB almost 

reached saturation at both conditions, the degradation was not as aggressive as it was at 
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lower residence times. All in all, MP50 reached the highest MB degradation percentage of 

97.26 ± 0.15% at 40 seconds residence time.   

 

4.3.2. Degradation Activity 

 

Figure 15. Degradation activity for each microreactor at different residence time. 

 

 The degradation activity for each microreactor is presented in Figure 15. This 

metric was adopted to exhibit the mass degradation of MB normalized by residence time 

and chamber volume. It was clear that micropillar reactors presented higher degradation 

activity compared to their counterparts, and this differential increased as the residence time 

became shorter. And the microreactor with lighter reaction chamber always showed higher 

degradation activity than the one with deeper chamber at the same residence time. MP50 
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at 5 seconds of residence time presented the highest activity among all devices of 2595 ± 

28 mg/hL, it was about 79.58% higher than the activity of MP150 at 5 seconds of residence 

time and 531% higher than that of P150 at 5 seconds of residence time. For micropillar 

reactors, limitation of photon penetration in the deeper reaction chamber mainly 

contributed to this differential, almost all the NPT on the surfaces of MP50’s micropillars 

and chamber ground were accessed by photons during experiments, causing MB molecules 

have intense reaction with ·OH in every corner of the reaction chamber, thus leading to 

high activity. As for MP150, on the contrary, the amount of photons which could reach the 

lower part of the pillar and the chamber ground was limited, which meant that less ·OH 

were generated at those locations, thus some volume of the chamber being lack of having 

efficient degradation reactions limited the activity of this reactor. Residence time also 

played an important role in influencing the degradation activity. For each reactor except 

P150, the degradation activity increased as residence time decreased. In order to decrease 

the residence time, the flow rate needed to be increased. Higher flow rate was able to push 

more MB molecules into the reaction chamber and it allowed more degradation reactions 

to happen, thus increasing the degradation activity. In conclusion, for this MB study, the 

highest degradation activity was achieved by MP50 at residence time of 5 seconds. This 

activity result would also be used for comparison with the activity collected from other 

reported microreactors.  

 Herein, a summarization of some identical comparable photocatalytic microreactor 

studies are presented in Table 3. Some important parameters for MB degradation study 

with photocatalytic microreactors – conditions of light source, MB concentration, and the 
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volume of reaction chamber are listed. Light intensity has been proven to be one of the 

main influence factors for photocatalytic degradation of organic pollutants. Since the UV 

radiation is a key ingredient for the photocatalysis process, high light intensity UV leads to 

the generation of high concentrations of ·OH.97 The degradation rate is expected to be 

increased with increasing light intensity; however, one study claims that the impact of light 

intensity becomes negligible at high doses.98 For our study, the influence of light intensity 

was not looked into because of the target operating environment. This device is expected 

to be used on the ISS where there is enough UV irradiation, so it can be assumed that the 

light intensity would reach its saturation when the reactor is being used on the ISS. The 

light intensity produced by the UV lamp used for this study is relatively low, hence the 

degradation of MB is mainly due to photocatalysis generated through the combination of 

formal coverage of TiO2 catalysts and photons. Light intensities for UV irradiation of 

different studies are also reported here for a comparison.  

 The four devices reported in the Table 3 are all microreactors, the first three of them 

have already been briefly introduced in the Background chapter. The TiO2 dual-film 

optofluidic microreactor intended to enhance the specific area of catalyst and enlarge the 

mass transfer by creating TiO2 nanorod arrays on both the top and bottom internal wall of 

the reaction chamber.73 The dual-film design also allowed the incident light to be harvested 

at both top and bottom of the chamber which reduced the waste of photons. By conducting 

degradation experiments with the same concentration of MB as what we used, they found 

that the degradation reaction rate constant of the dual-film microreactor was 2 times higher 

than that of the conventional planar counterpart. However, this device obtained 646 mg/hL 



53 
 

as the highest activity, and it was about 4 times smaller than the highest activity of MP50. 

The main limitation of the dual-film microreactor was the size of nanorod arrays. These 

nanorods had an average length of around 2.4 µm, they were immobilized on the reaction 

chamber with a depth of 200 µm. Most of ·OH could not reach the space in the middle of 

the chamber, causing some MB molecules not to be degraded before flowing out of the 

chamber. As for MP50, since the micropillars had the same height as the chamber, a higher 

SA:V and greater mass transfer rate were generated, leading to a relatively higher activity.  

As for the biomimetic microreactor proposed by Liao et al., it was a planar reactor 

with a bifurcated microchannel designed based on the Murray’s law.70 This design was 

supposed to create a larger flow velocity fluctuation than what the reactor with 

conventional bifurcating channels could do, and they found a 68% increase in the 

degradation efficiency compared to the no-biomimetic ones. As a planar microreactor, it 

generated a maximum activity of 1380 mg/hL, about 47% lower than that of MP50. It was 

worth noting that this device only had a 5 µL reaction volume, which led to a high mass 

transfer rate but very low throughput; the light intensity used for this study was 100 

mW/cm2, which was extremely high compared to the light intensity used for MP50 and 

other devices reported here. These two factors might contribute to their decent activity 

result, though as a planar reactor. The PMFRs including MP50 all adopted the biomimetic 

design for the bifurcating microchannels, with the addition of NPT-coated micropillar 

arrays, a higher degradation activity was achieved with greater throughput under lower 

intensity light source.  
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The conventional planar microreactor was facing a problem of limited mass transfer 

rate due to the laminar flow, the optofluidic microreactor designed by Li et al. tended to 

overcome the drawback by adding in TiO2-coated fiberglass.71 Such design offered two 

benefits: first, the mass transfer rate was increased by adding in more scaffolding of 

catalysts; second, perturbation was added to liquid flow to enhance the performance. The 

degradation efficiency of the microreactor with fiberglass observed a 25% increase 

compared to that of the conventional microreactor. And this reactor reached a maximum 

activity of 808 mg/hL, which was about 4 times lower than the highest activity of MP50. 

Although both micropillars arrays and fiberglass tried to enhance mass transfer through 

adding in more scaffolding of TiO2, the micropillar arrays were more uniform placed and 

offered more surface of catalysts compared to the one with fiberglass.  

The last microreactor was using a stainless steel mesh-supported ZnO disc as the 

catalyst.99 It was claimed that most of the surface of the catalyst was not in contact with 

the MB molecules, most of degradation happened on the eternal non-polar edges of the 

ZnO nanosheets. This phenomenon was mainly caused by the hydrophobicity of the 

nanosheets polar faces and the low MB pH. However, this microreactor still presented 

superior MB degradation performance compare with microfluidic reactors reported in other 

literatures, a maximum activity of 1305 mg/hL was obtained by this device. MP50 still 

owned a maximum activity almost 2 times higher than that of this reactor. What was 

noteworthy was that this author reported activity as the evaluation metric for the 

comparison of MB degradation performance by different microreactors. Not only that, 

another report about a metal-ion doped TiO2-coated planar microreactor also did 
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comparisons for MB degradation with different microreactors in the metric of activity, 

where they named it as degradation rate per unit reaction volume (DRPRV).100 These 

examples showed that activity was a good metric to be used for the comparison of 

degradation performance with microreactors owning different sizes and various 

experiment conditions.  

Device Light 

Source 

MB (mg/L) Reaction 

Volume 

(µL) 

Flow Rate 

(µL/min) 

Residence 

Time (s) 

Activity 

(mg/hL) 

MP50 (this 

work) 

100 W, 

5.5 mW/cm2 

7.478 24 288 5 2595 

TiO2 dual-

film 

optofluidic 

MR73 

150 W, 

2 mW/cm2 

7.478 40 120 20 646 

TiO2 

biomimetic 

MR70 

150 W, 

100 

mW/cm2 

11.217 5 25 12 1380 

TiO2 

fiberglass 

optofluidic 

MR71 

150 W, 

2 mW/cm2 

7.478 50 200 15 808 

ZnO thin-

film MR99 

400 W, 

9.9 mW/cm2 

10 99 333.3 17.8 1305 

Table 3. A summarization of the test conditions and degradation activities for MP50 (this work) 

and microreactors reported in other literatures. It is worth noting if the activity of a certain device 

cannot be found in the cited report, it is calculated based on the device dimensions and 

experiment results claimed by the report.  
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Since the microreactor is aiming to be used on the ISS where space is very precious, 

the best microreactor should be able to degrade most amount of MB molecules in a unit of 

time and volume. Hence, the device with the highest activity suits best for this project’s 

requirement. Judging from the comparison result, the MP50 at 5 seconds residence time 

has a maximum activity almost 2 times higher than the highest activity that other reported 

reactors can get. The results of MB degradation percentages and the degradation rate 

constants also demonstrate the superior performance of microreactors with NPT-coated 

micropillar arrays than that of their planar counterparts. MP50 shows the best performance 

among all PMFRs fabricated for this study based on the two performance metrics. A 

reduction of photon penetration after the depth exceeds 50 µm has been proved by a Monte-

Carlo ray tracing model performed by our collaborator,101,102 as well as a ray tracing model 

created by the author of this dissertation using COMSOL Multiphysics.76 All in all, the 

MP50 has a great potential to be used for the WPA system on ISS. An organic contaminants 

removal module can be formed by setting numerous of MP50 in parallel to ensure a decent 

throughput. For confirming MP50’s ability on degrading the contaminants required by 

NASA, studies about quantifying the ·OH generated by MP50 system as well as 

degradation studies with real toxic organic compounds instead of organic dyes are 

conducted for the next step.  
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5. Study 2: Measurement of Steady-State Hydroxyl Radicals Concentration and 

VOCs Half-Lives Estimation 

5.1. Introduction 

 Photocatalysis has been proved to be one of the most effective ways to degrade 

organic pollutants in aqueous solution. The electrons and holes generated on the catalyst’s 

heterogeneous surfaces lead to the redox reactions that produce reactive species such as 

hydroxyl radical (·OH), superoxide anion radical (·O2
-), and hydrogen peroxide (H2O2). 

The degradation reactions take place through the oxidative and reductive reactions 

involving these radicals.103 Among all free radicals, ·OH has been proved to play the most 

important role in the photocatalytic degradation of organic contaminants. These radicals 

can have rapid reactions with electron rich sites of organic compounds, and these reactions 

initiate more complex radical chain reactions to break the chemical bonds as a 

consequence.104 The fact that ·OH is able to react with more than 600 organic molecules 

with rate constants on orders ranging from 106 to 109 M-1 s-1 makes them have very low 

selectivity towards organic compounds.105 For organic dyes, in general, the decolorization 

takes place mainly because of aromatic ring structures being attacked by ·OH.106 When it 

comes to the stubborn organic chemicals such as 1,4-dioxane, ·OH dominates the 

degradation reaction compared to other reactive species.107 As for inactivation of bacteria 

like E. Coli, ·OH has been proved to be able to initiate oxidizing reaction to the cell wall 

and cell membrane which causes severe morphological and structural injuries, thus kill the 

bacteria.108 
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 This project is motivated by the current problem existed in the WPA system on ISS 

as described in the Introduction chapter. For testing the current thermal catalytic reactor, 

several Ersatz solutions were designed based on the ISS wastewater components by 

research groups from NASA.109 In 2016, one group worked on developing a new catalysts 

that could make the thermal catalytic reactor work at lower temperature and pressure 

brought up three types of optimized Ersatz solutions for testing their new catalysts. The 

type II Ersatz solution simulated the wastewater collected on ISS, and it was a slightly 

simplified specimen that imitated the ISS wastewater and it was designed for the laboratory 

test. This solution was consisted of 10 harmful VOCs with different concentrations 

resulting in a total TOC level of 35.75 mg/L. Considering the unexpected increasing 

transport time caused by the COVID-19 pandemic for getting the 10 VOC solutions, an 

estimation model was prompted to evaluate the PMFR’s degradation performance on the 

type II Ersatz solution.  

 This estimation model is based on predicting half-lives of each VOC from the 

Ersatz solution according to the steady-state hydroxyl radical concentration within the 

reaction chamber. Based on the fact that the degradation kinetics of VOCs is largely 

affected by the ·OH, the steady-state hydroxyl radical concentration ([·OH]SS) and the 2nd-

order rate constant k·OH are able to determine the half-life time of VOC while being in the 

reaction chamber. According to the United States Environmental Protection Agency (EPA), 

the half-life indicates the time required for the concentration of a solute to drop 50% in a 

solution, it has been used to characterize the degradation of contaminants in certain 

solutions for a long time.110 A shorter half-life means that a certain contaminant needs less 
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time to be degraded to half of its original concentration, indicating a better system 

degradation performance. While the PMFR is working, the ·OH generated by 

photocatalysis will finally reach saturation and the concentration of ·OH will remain at a 

steady-state, this steady-state concentration can be calculated by using a competition 

kinetic method which is going to be introduced in later sections. There are two objectives 

for this study: first, finding the [·OH]SS for the best performance PMFR while in operation; 

second, evaluating the PMFR degradation performance on VOCs from the type II Ersatz 

solution through estimating the half-lives.  

 

5.2. Methods   

5.2.1. Experiment Process 

 The PMFR used for this study was MP50 based on its best photocatalytic 

degradation performance among performances by all 6 microreactors. The experiment 

fixture and setup were identical to the MB degradation tests. Nitrobenzene was selected as 

the ·OH scavenger probe because of its extremely high reactivity with ·OH and relatively 

low reactivity with other reactive radicals.111 It was also one of the most widely used ·OH 

detection probes for lots of related studies.112–114 For this study, nitrobenzene was diluted 

to 8 µM for the probe purpose. This concentration was selected based on a low 5.5% 

branching ratio, the branching ratio reflected the contribution of each organic matter on the 

consumption of ·OH, and it was assumed that a branching ratio of nitrobenzene at 5.5% 
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would not affect the steady-state [·OH] while ·OH having reactions with most kinds of the 

VOCs. All nitrobenzene solutions were collected for 1.8 mL and stored in 2 mL Screw 

Thread Autosampler Vials covered by 9 mm Screw Thread Autosampler Caps. These 

samples were then sent to an Agilent 1200 Series High Performance Liquid Chromatograph 

equipped with a diode array detector for the nitrobenzene concentration measurement.  

 In order to minimize the influence brought by the system physical adsorption of 

nitrobenzene particles, a dark adsorption test was performed at the very start. 15 mL DI 

water was flowed through the system to purge air and possible contaminants, then 8 µM 

nitrobenzene solution was pumped into the system at the highest flow rate of 288 µL/min. 

The experiment fixture was covered by an aluminum foil during this experiment to 

eliminate any light. The highest flow rate was used because it could allow most amount of 

nitrobenzene particles to flow through the system in the same amount of time. This process 

was run for 3 hours, and effluents were collected every 30 minutes for measurements. An 

adequate time to avoid physical adsorption effects was decided based on the results.  

 For collecting the concentrations of nitrobenzene after reaction with different 

residence times, it began with the same process under dark environment. The system was 

purged by 15 mL DI water, followed by 8 µM nitrobenzene solutions flowing for the time 

decided from the previous step. Then 1.8 mL effluent was collected to verify that the 

concentration was not affected by the dark adsorption. The UV lamp was turned on and the 

aluminum foil was removed afterwards. For obtaining the nitrobenzene concentrations at 

different residence times, four different residence times 5, 10, 20 and 30 seconds were used. 
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The experiments proceeded from the longest residence time to the shortest residence time. 

This sequence was chosen because of the reason that solution at lower concentration would 

not affect solution with higher concentration. After collecting the effluent which went 

through 30 seconds residence time, the flow rate was switched to provide 20 seconds 

residence time, 5 mL of nitrobenzene was allowed to flow through the system before the 

collection of effluent. By doing this, it could make sure that all solution from the previous 

collection was pushed out, and this process was repeated every time after changing the 

flow rate. After collecting all desired solutions, 20 mL DI water was flowed through the 

system at highest flow rate to clean off all the residual nitrobenzene. This experiment was 

run three times to minimize the errors.  

 

5.2.2. Steady-State Hydroxyl Radicals Concentration Calculation 

 It has been proved by many researches that the degradation reaction between 

hydroxyl radicals and organic compounds, even bacteria is a pseudo-1st -order reaction.115–

118 A pseudo-1st-order reaction is a simplified way to inspect a 2nd-order reaction to avoid 

more complicated experiments and calculations. This reaction is overall a 2nd-order 

reaction but is 1st-order with respect to two reactants. For a pseudo-1st-order reaction with 

two reactants A and B, the rate of disappearance of A can be calculated through 

𝑑[𝐴]

𝑑𝑡
=  −𝑘[𝐴][𝐵]                                                                   (4)                                 
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In this equation, the brackets represent the instant concentration of the reactants, and k 

stands for the 2nd-order rate constant for the reaction between the reactants. And for a 2nd-

order reaction with two reactants, when the initial concentrations are not the same, the 

integrated rate equation is: 

                       
1

[𝐵]0−[𝐴]0
𝑙𝑛

[𝐵][𝐴]0

[𝐴][𝐵]0
= 𝑘𝑡                                                     (5) 

where [A]0 and [B]0 stand for the initial concentration of reactant A and B. When [B]0 >> 

[A]0, the influence of reactant A on reactant B would be negligible so it can be assumed 

that the [B] remains constant through the whole reaction thus [B]0 = [B]. Then the equation 

5 becomes 

                         
1

[𝐵]
𝑙𝑛

[𝐴]0

[𝐴]
= 𝑘𝑡                                                                 (6) 

By doing simple transition, equation 6 can be written as 

                         ln (
[𝐴]

[𝐴]0
) =  −𝑘[𝐵]𝑡                                                         (7) 

For this study, the two reactants are the nitrobenzene and ·OH, and since the ·OH is being 

constantly generated by photocatalysis, it can be assumed that the concentration of ·OH 

will be essentially constant and it will not be affected by other reactants. Following 

equation 4, the rate of disappearance of nitrobenzene can be written as 

𝑑[𝑁𝐵]

𝑑𝑡
 =  −𝑘(𝑁𝐵+ ·𝑂𝐻)[𝑁𝐵][· 𝑂𝐻]𝑆𝑆                               (8) 
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where [·OH]SS is the steady-state hydroxyl radical concentration, and k(NB + ·OH) is the 2nd-

order rate constant between ·OH and nitrobenzene. And they can be substituted into 

equation 7 to get 

ln (
[𝑁𝐵]

[𝑁𝐵]0
)  =  −𝑘(𝑁𝐵+ ·𝑂𝐻)[· 𝑂𝐻]𝑆𝑆𝑡                                      (9) 

where the ratio between ln([NB]/[NB]0) and residence time t can be represented by the right 

side of this equation. After obtaining the nitrobenzene concentrations after degradation 

with different residence times, values of ln([NB]/[NB]0) are calculated and plotted as the 

y-axis; the residence times are plotted on the x-axis. A linear plot will be presented with 

slope being calculated as  

                      𝑠𝑙𝑜𝑝𝑒 =  
ln (

[𝑁𝐵]

[𝑁𝐵]0
)

𝑡
= −𝑘(𝑁𝐵+·𝑂𝐻)[· 𝑂𝐻]𝑆𝑆                              (10) 

Thus the steady-state hydroxyl radical concentration can be found through: 

    [· 𝑂𝐻]𝑆𝑆 =  −
𝑠𝑙𝑜𝑝𝑒

𝑘(𝑁𝐵+ ·𝑂𝐻)
                                                       (11) 

where k(NB + ·OH) can be found in a heavily cited review literature as 4.0 × 109 M-1 s-1.119 

The method has been proved to be effective, and used in several studies for quantifying 

the steady-state hydroxyl radicals in aqueous solutions.120–122 
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5.2.3. VOCs Half-Lives Estimation Model 

 Since ·OH plays the most important roles in the degradation of organic compounds, 

the half-lives of these compounds are largely dependent on the [·OH]SS in the solution.123 

Based on the pseudo-1st-order reaction kinetics between ·OH and VOCs, it is relatively 

easy to derive the relation among VOCs half-lives, [·OH]SS and the 2nd-order reaction rate 

constant between ·OH/VOCs -  k(VOCs+·OH). For each VOC, by using equation 4, the 

reactions can be presented as 

𝑑[𝑉𝑂𝐶]

𝑑𝑡
=  −𝑘(𝑉𝑂𝐶𝑠+·𝑂𝐻) × [𝑉𝑂𝐶] × [· 𝑂𝐻]𝑆𝑆                             (8) 

Then through equation 7, the time needed for completing the reaction is 

𝑡 =  −
ln (

[𝑉𝑂𝐶]

[𝑉𝑂𝐶0]
)

𝑘(𝑉𝑂𝐶𝑠+·𝑂𝐻) × [·𝑂𝐻]𝑆𝑆
                                                            (9) 

For estimating the half-lives, it is when the instant concentration of VOC is half of the 

initial VOC concentration. So the final equation for half-lives t1/2 is written as  

  𝑡1

2

=  −
ln (50%)

𝑘(𝑉𝑂𝐶𝑠+·𝑂𝐻) × [·𝑂𝐻]𝑆𝑆
                                                          (10) 

After acquiring the 2nd-order rate constants between ·OH and each VOC, the half-

life of each VOC while being in the operating PMFR system is able to be estimated by 

using this equation. These half-lives will be listed and discussed in the later section. This 

half-lives estimation model has been used in several studies, after acquiring the steady-

state ·OH concentrations in their photocatalysis systems, the half-lives of target 
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contaminants in different systems were predicted and compared for their research 

purposes.124–126 This estimation model helped reduce the complexity and cost for running 

repetitive experiments, and provided an intuitional way to predict the photocatalytic 

degradation performance on different VOCs.  

 

5.3 Results and Discussions 

5.3.1. Steady-State Hydroxyl Radicals Concentration 

 Figure 16 presents the Napierian logarithms of relative nitrobenzene 

concentrations at different residence times. A linear regression model was fitted to the data 

points. The slope of the fitted line was found to be -0.0627 with an R square of 0.992. Then 

the equation 7 was used, this slope was divided by the negative 2nd-order rate constant (4.0 

× 109 M-1 s-1) of reaction between nitrobenzene and hydroxyl radicals, and the steady-

state ·OH concentration in the functioning MP50 system was 1.57 × 10-11 M. A detailed 

calculation process is presented in Appendix C. 
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Figure 16. Plot of the Napierian logarithm of relative nitrobenzene percentages at different 

residence time in MP50. The best-fit slope of this linear regression was used to estimate the steady-

state ·OH concentration in the MP50 system.  

 

5.3.2. Predicted Half-Lives of VOCs 

 After acquiring the steady-state ·OH concentration, the estimated half-lives of 

VOCs in MP50 can be estimated by using equation 10. In order to verify the reliability of 

this estimation model, MB is used as the first test object for this model. Since the MB 

degradation test with MP50 has already been performed, the practical half-life of MB 

during the period of this experiment can be calculated. Based on the MB degradation result, 

the practical half-life of MB in MP50 is found to be 6.66 seconds. Then by knowing that 
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the 2nd-order reaction rate constant of reaction between ·OH and MB is 2.1 × 1010 M-1 s-

1,119 the theoretical MB half-life is found to be 2.10 seconds. It is clear that the practical 

half-life and the theoretical half-life of MB are in the same order of magnitude, which 

indicates the viability of using this model to estimate the half-lives of VOCs.  

 For presenting the potential of PMFRs to be used for the VOCs removal on the ISS, 

the half-life estimation model is used to predict half-lives of VOCs from the NASA type II 

Ersatz solution. The 2nd-order reaction rate constants between different VOCs and ·OH are 

collected from one authoritative published report.119 The concentrations of VOCs from 

type II Ersatz solution are collected from the literature reported by NASA.127 The 

estimation model following equation 10 is used to make the prediction, and the estimated 

half-lives are listed in Table 4. Most of VOCs are able to be degraded to 50% under 50 

seconds, the three exceptions are Methanol (CH3OH), acetaldehyde (C2H4O) and acetone 

(C3H6O), the first one needs 77.46 seconds while the second and third ones require 88.3 

and 401.36 seconds. Acetone is one of the hardest VOCs to be oxidized because of its 

strong C-bond, the destruction of the carbon skeleton of the acetone molecule is required 

for oxidizing it. This also explains why the acetone has a relatively much longer half-life 

compare to other VOCs. These estimates of VOC half-lives demonstrate the excellent 

ability of micropillar PMFRs to remove VOCs in aqueous solution. With further 

optimization, the micropillar reactor has the potential to be applied towards water 

purification on the ISS or other areas of need. 
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Rate constant 

with ·OH  

[M-1 s-1] 

Concentration  

[mg/L] 

UV exposure time 

needed to degrade 50% 

of target  

[s] 

Acetaldehyde 5.00 × 108 1.8 88.30 

Acetone 1.10 × 108 4.6 401.36 

Ethanol 1.00 × 109 25.4 44.15 

Methanol 5.70 × 108 5.3 77.46 

Propylene Glycol 1.80 × 109 23.5 24.53 

Ethylene Glycol 1.50 × 109 4.1 29.43 

Formaldehyde 1.00 × 10 9 3.8 44.15 

1-propanol 2.30 × 109 0.3 19.20 

2-propanol 2.30 × 109 2.7 19.20 

1-butanol 4.10 × 109 1 10.77 

Table 4. Estimated half-lives of different VOCs based on the Ersatz solutions created by NASA 

using the prediction model introduced in the study. All the rate constants with ·OH listed in the 

table were collected from one widely cited report.119 
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6. Study 3: Photocatalytic Degradation Performance of Volatile Organic Compounds 

 In the previous study, the half-lives of different VOCs were estimated, and the 

result showed a great potential for the PMFRs to be used for photocatalytic degradation of 

the organic contaminants in waste water. This study was designed and performed to verify 

the theory that PMFRs could degrade VOCs at a decent rate. Two typical VOCs – ethanol 

and 1,4-dioxane were used for this study.  

 

6.1. Photocatalytic Degradation Performance of Ethanol 

6.1.1. Introduction 

 Ethanol is one of the most common VOCs in daily life, and it has caused various 

issues for the environment and human health. From a macro point of view, ethanol has 

been widely used as an industrial solvents, which makes it largely exist in the lots of water 

resources as a result of industry wastewater being emitted into the environment. Adding 

ethanol to pure fuel can increase fuel density, flash point temperature, viscosity, and octane 

number while reducing fuel vapor pressure.128 The immoderate using of ethanol as a fuel 

additive makes ethanol being abundant in the atmosphere as well as water sources, leading 

to a damage to the environment. Research has shown that the emission of ethanol took up 

4% of the total anthropogenic emissions in UK in 1993, causing ethanol to be a trouble for 

the environment.129 On the micro scale, ethanol emitted from wet-wipes is the main VOC 

that affect the quality of airstreams in flight cabin, and it can hardly be eliminated by most 
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of the filtration systems, making it harmful to air passengers.130 Meanwhile, in the type II 

Ersatz solution introduced in the previous study, ethanol holds the highest concentration 

among all VOC components, the carbons offered by ethanol takes up to 37.03% of the 

solution’s total organic carbon (TOC).127 The TOC level measures the total amount of 

organic compounds contained in a water sample, and it is a very important parameter to 

evaluate the level of cleanness for purified water.131 Constantly consumption of ethanol 

shows harmful effects to human health, it can bring damage to some vital organs such as 

brain, heart, liver, intestinal, pancreatic, and teratogenic.132 To ensure the safety of ISS 

crew members, it is essential to make sure that ethanol is removed from the recycled 

wastewater. For this study, ethanol was diluted to the same concentration as what the Ersatz 

solution ethanol had, and TOC level was measured for evaluating the degradation 

performance. The objective of this study is to investigate the practical degradation 

performance of MP50 on ethanol, the result would be used to evaluate the practicality of 

MP to be used for water purification.  

 

6.1.2. Experiment Methods 

 The PMFR used for this study was MP50 based on its best MB photocatalytic 

degradation performance. 25.4 mg/L of ethanol was prepared using the 200 proof ethanol 

and DI water. This concentration was selected based on the ethanol concentration from the 

NASA type II Ersatz solution.127 This concentration of ethanol resulted in an approximate 

13.24 ppm TOC level. Based on the 44.15 seconds estimated half-life of ethanol in the 
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PMFR system, a residence time 300 seconds was chosen for this study. This residence time 

was more than six-times the half-life of ethanol while being in the system, it was supposed 

to get around 99% degradation of ethanol theoretically.133 To obtain this residence time, a 

flow rate of 4.8 µL/min was used, this flow rate was dramatically slower compared to the 

flow rates used for the previous MB degradation study, which led to a much longer sample 

collection time. The experiment fixture and setup were identical to what was used in 

previous studies.  

 This experiment began with DI water flowing through the system at 288 µL/min 

for 30 min to purge all the air in the system. Then the syringe pump let 25.4 mg/L ethanol 

solution run through the system at 288 µL/min for 1 hour. This step was performed to make 

the system’s physical adsorption of ethanol particles in a dark environment reach its 

saturation, one sample was collected for measurement after 1 hour of solution flow to 

confirm if the saturation had been approached. UV lamp was turned on afterwards to 

provide UV irradiation. For the experiment groups, 1 mL of ethanol was first run through 

the system at 4.8 µL/min to ensure all solution left by the previous dark adsorption step 

being purged. Then the sample collection began, effluents were collected in a 20 mL glass 

vial with its opening covered by a piece of parafilm to prevent contaminants coming from 

air. For each sample, it took 70 hours to collect 20.16 mL ethanol effluents for the 

measurement. After collecting the sample for each experiment group, a control group 

experiment was run subsequently, the only difference for control tests was that these tests 

were performed under an environment without any light, which stopped the happening of 

photocatalysis. The experiments for both the experiment group and the control group were 
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performed three times to minimize the errors, after each experiment, DI water was flowed 

through the system at 288 µL/min for 1 hour to clean out all the residuals. Six samples 

were collected in total and sent to a Shimadzu TOC-VCPH/CPN TOC analyzer for 

measurements of TOC level. Samples were prepared for TOC analysis by acidifying 

samples to pH 2-3, then sparging gas was bubbled through the sample to eliminate the 

inorganic carbon (IC) component. The remaining total carbon (TC) was measured to 

determine total organic carbon, and the result is generally referred to as TOC. 

 By comparing the TOC level of ethanol solution before and after the photocatalytic 

reaction, a TOC degradation percentage could be found, this percentage could also be 

called the mineralization percentage. Mineralization of organic compounds meant the 

breakdown of organic compounds into CO2, H2O, and harmless inorganic anions. The 

measurements of decreases of certain types of VOCs only quantified the destruction of the 

chromophore group or the rearrangement of conjugate bonds, the intermediate products 

might still be organic compounds which could be detected by TOC analyzers.134 The ·OH 

was also known to be one of the main contributors to the photocatalytic mineralization 

process.135,136 Thus the mineralization percentage was used as the performance metric for 

this study, it helped evaluate the PMFR’s ability to not only degrade ethanol but also the 

ability to completely break down this VOC. 
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6.1.3. Results and Discussions 

 

Figure 17. The relative TOC level for the experiment group and control group of each degradation 

test. The experiment group always observed lower TOC level than that of the control group.  

 

 Results for both the experiment group and the control group are shown in Figure 

17. A ratio between TOC levels of samples collected after experiment/control tests and 

TOC levels of samples collected after the dark adsorption step was shown on the y-axis. 

Judging from this column graph, it was obvious that the column representing the control 

group results were always higher than the ones representing experiment group results, 

meaning that the complete photocatalytic mineralization of ethanol took place during the 
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tests. For the experiment group, because of the degradation reaction happening between 

ethanol and ·OH, the average percentage of TOC dropped to 88.22 ± 0.02%; while the 

average percentage of TOC for the control group remained at a high level of 99.81 ± 0.03%. 

The control group result clearly showed that only a minimum amount of ethanol was 

absorbed by the system when photocatalysis did not take place. The MP50 was able to 

mineralize 11.78 ± 0.02% of ethanol at a residence time of 300 seconds.  

 Looking at this result, it seems like the mineralization percentage is much lower 

compared to the estimated ethanol degradation percentage, this happens because of the 

differences in measurement standards between the mineralization percentage and the 

ethanol degradation percentage. Basing on the photocatalytic degradation reaction 

mechanisms of ethanol, acetaldehyde is the first intermediate product. Then the 

acetaldehyde undergoes photocatalytic degradation through at least two parallel pathways. 

First pathway is: acetaldehyde  acetic acid  CO2 + formaldehyde  formic acid  

CO2; while the second pathway is: acetaldehyde  formaldehyde  formic acid  

CO2.
137 A flow chart of the pathways is presented in Figure 18. As both the descriptions 

and the flow chart of pathways show, acetaldehyde is the main and starting intermediate 

product for the photocatalytic degradation of ethanol, it is still an organic compound which 

can be detected the TOC analyzer. As for some of the subsequent intermediate products 

such as acetic acid, formaldehyde, and formic acid, they are also detectable to the TOC 

analyzer. The mineralization percentages calculated based on the TOC results only 

measures the percentage of ethanol being completely degraded into CO2 and H2O, while 

the theoretical degradation percentage estimated based on the half-life of ethanol measures 
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the percentage of ethanol being decomposed by ·OH regardless of products. Because of 

this difference, the estimated degradation percentage ought to be larger than the 

mineralization percentage. Two studies also suggest that ·OH plays a main role in 

degrading acetaldehyde and the reaction’s byproducts into CO2 when water vapor is in the 

presence.138,139 It indicates that a certain amount of ·OH was occupied by degradation 

reactions for acetaldehyde and other organic byproducts, and these reactions took place 

concurrently with the photocatalytic degradation of ethanol, thus less ·OH was used for the 

ethanol degradation. When the half-life of ethanol in the PFMR system was estimated, it 

was assumed that the reaction was under an ideal situation where all radicals were used for 

the degradation of ethanol, this also explained why the practical mineralization percentage 

was very different from the estimated ethanol degradation percentage.  

 

Figure 18. Pathways of photocatalytic degradation of ethanol.140 
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6.2. Photocatalytic Degradation Performance of 1,4-Dioxane 

6.2.1. Introduction 

 Although ethanol works well as a target VOC contaminant to test the PMFR’s 

photocatalytic degradation performance, a lack of severe toxicity makes it not as 

problematic as some other VOCs in real life. In order to figure out the application of MP 

on treating some VOCs that is prejudicial to human health, 1,4-dioxane was selected to be 

the target contaminant for this study. This ring-structured organic compound is widely used 

as a solvent for many types of cellulose, resins, oils, waxes, and dyes. 1,4-dioxane’s high 

solubility and volatility make it have high accessibility for the environment, it has been 

commonly detected in both surface water and groundwater. According to EPA, being 

exposed to high levels of 1,4-dioxane can cause vertigo, drowsiness, headache, anorexia 

and irritation of human eyes, nose, throat, and lungs.141 Studies also mention that short-

term exposing to high levels of 1,4-dioxane is relevant to severe kidney and liver damage 

in both humans and animals. As for chronic effects, animal studies have observed lesions 

in kidney, liver, nose, testes, lungs and spleen.142 Some researches even claim 1,4-dioxane 

being one of the principal chemical components of Agent Orange is the main cause of the 

cancers found in Vietnam military personnel, which increases the chance of getting breast 

and endometrial cancer, stress-related illness and lower sperm counts.143 These toxicities 

possessed by 1,4-dioxane make it be classified as a Group B2, probable human carcinogen 

by EPA.141  
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Several studies have been done to investigate removal approaches for 1,4-dioxane. 

Biodegradation did not work on removing this organic compound at all based on the results 

of biochemical oxygen demand tests.144 Using oxidation with chlorine or permanganate 

was proved to be ineffective, and what was worse was that this process could lead to the 

formation of more toxic compounds.145 One group in Netherlands tried to use a 

conventional water purification system composed of reverse osmosis and activated carbon 

filtration to remove 1,4-dioxane, results showed an extremely low removal efficiency due 

to this chemical’s high hydrophilicity.146 In addition, another study was done to investigate 

the effectiveness of nine on-site industrial wastewater treatment plants on removing several 

micropollutants, this research group found that the high hydrophilicity of 1,4-dioxane 

resulted in a low removal efficiency for it in most of treatment processes.147 Judging from 

all these studies, 1,4-dioxane is obviously one stubborn VOC that can hardly be removed 

by conventional water purification methods.  

 Advanced oxidation processes (AOPs) have become a popular topic when it comes 

to the degradation of 1,4-dioxane in aqueous solution, and they have been considered as 

one of the most effective methods. AOPs manage to degrade or even mineralize organic 

pollutants in aqueous solution through the generation of reactive free radicals, and ·OH has 

been proved to be one of the strongest oxidants.148,149 One common approach to conduct 

AOPs is trough photolysis, UV illumination are applied to activate oxidants to form ·OH. 

However, the practical application of photolysis is limited by its low ·OH generation 

efficiency. Many researches have tried to increase the production rate of ·OH by adding in 

external oxidants, some commonly used techniques include using UV/H2O2, UV/Fe3+, 
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UV/O3, UV/S2O8, and UV/chlorine.150–153 These methods are able to help enhance the 

generation of ·OH and thus increase the degradation efficiency, but the introducing of 

external reagents challenges the safety of purified water for human consumption.  

 Herein the UV/TiO2 photocatalytic system has become a favourable approach to 

overcome these drawbacks. Triggered by photon energy, a decent number of ·OH are 

constantly generated near the surface of TiO2 photocatalyst, leading to a continuous 

decompose of VOCs in aqueous solution, and the fixed photocatalysts eliminate the 

concern about bringing external pollutants into the purified solution. Numerous researches 

have been done to investigate the photocatalytic degradation of 1,4-dioxane using TiO2 as 

the catalyst, and it is claimed that photocatalytic oxidation systems are able to obtain higher 

organic pollutants degradation efficiency compared to the photolysis system, most of these 

systems tend to improve their treatment efficiency through enhancing the ·OH generation 

activity by modifying TiO2 with other transition metals like tungsten (W), nickel (Ni), 

copper (Cu), etc.39,154,155 It is worth noting all the reported researches related to UV/TiO2 

photocatalytic degradation of 1,4-dioxane were using conventional bulk reactors, no report 

about any photocatalytic microreactor’s degradation of 1,4-dioxane study has been 

published up to this point. The main reason why this happens is that the reaction 

between ·OH and 1,4-dioxane is less intense compared to the reaction between ·OH and 

commonly used organic dyes, for example, the 2nd-order reaction rate constant of ·OH/MB 

is approximately 10 times larger than the rate constant of ·OH/1,4-dioxane, this lower 

reaction rate will not result in a good degradation result if the proposed microreactor is not 

able to generate enough ·OH. As mentioned in the Background chapter, compared to 
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conventional reactors, the reaction volume of microreactor is usually several orders of 

magnitude smaller, which leads to two main advantages: larger SA:V ratio and shorter 

mass diffusion length, these merits allow microreactors to get a relatively higher 1,4-

dioxane degradation efficiency hypothetically.  

 The mechanism of the degradation of 1,4-dioxane by photocatalysis has been 

studied in several previously published reports. This reaction is initiated by ·OH, these 

radicals attack the 1,4-dioxane to create 1,4-dioxan-α-oxyl radical which is believed to be 

the precursors for further reactions. Then ·OH tends to continue the attack on 1,4-dioxan-

α-oxyl at different α-C positions to produce further oxidation reactions and posterior ring-

opening reactions. There are two main reaction routes for the oxidation of 1,4-dioxan-α-

oxyl. For the route A, under the attack of radicals, the molecule is dissolved into 1,2-

ethanediol diformate (EDF), 1,2-ethanediol monoformate (EMF), and formaldehyde, these 

intermediates are further oxidized into formic acid by ·OH afterwards. The route B is 

through the oxidation of C-centered radical, two intermediates – formaldehyde and formic 

acid are generated, then the formaldehyde reacts with ·OH and turns into formic acid.154,156 

Figure 19 shows a simplified schematic of the two routes of 1,4-dioxane degradation by 

photocatalysis. It is clear that the main by-product of the photocatalytic degradation of 1,4-

dioxane is formic acid, if an sufficient quantity of ·OH is provided to produce fully 

mineralization, 1,4-dioxane will finally be mineralized into CO2 and water. This 

mechanism also indicates the use of HPLC instead of TOC analyzer as the analysis 

instrument for this study. If the by-product formic acid cannot be fully mineralized, barely 

any change will be observed in the TOC levels, as what happened in the previous ethanol 
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study. By using HPLC, an intuitive change of the 1,4-dioxane concentration will be 

observed regardless of the intermediate products, which can provide a better understanding 

of PMFR’s degradation performance on 1,4-dioxane.  

 

Figure 19. Pathways of photocatalytic degradation of 1,4-dioxane.154 

 

 In this study, the PMFR’s degradation performance on the stubborn VOC – 1,4-

dioxane was examined. The initial contaminant concentration was identical to one of the 



81 
 

recent 1,4-dioxane degradation studies with conventional reactors.107 Results of this study 

were compared to the results of several most recent published photocatalytic conventional 

reactor 1,4-dixoane degradation studies, and discussions were conducted to illustrate the 

superiority of PFMR’s degradation performance. This was also the first microreactor 

device that was reported to successfully degrade 1,4-dioxane in aqueous solution to a 

relatively low level.  

 

6.2.2. Experiment Methods 

 The experiment fixture and set up were identical to the previous degradation studies. 

1,4-dioxane solution with a concentration of 100 µM was prepared for the study. The 

microreactor used for this study was only MP50 according to its highest degradation 

activity in the MB degradation performance study. In order to inspect the PFMR’s 

degradation performances at different residence times, 40, 60, 80, 100, 120 seconds 

residence times were used, these residence times were approximately three, four, five, six, 

and seven times the estimated half-life of 1,4-dixoane, respectively. The half-life was 

calculated using the estimation model introduced in the chapter 5, the 2nd-order rate 

constant for the reaction between ·OH and 1,4-dioxane was found to be 2.8 × 109 M-1 s-1, 

a half-life of 15.77 seconds was calculated.119 Hypothetically, these five residence times 

were able to generate degradation percentages of 87.5%, 93.75%, 96.88%, 98.44% and 

99.22%.   
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 To start the experiment, DI water was flowed through the experiment system at 288 

µL/min for 30 min to purge all the air. Then the liquid was switched to 1,4-dioxane, it was 

flowed at the same flow rate for 1 hour under a dark environment to perform the dark 

adsorption step. This step aimed to let the system’s physical adsorption reach a saturation 

so that the adsorption effect on degradation results could be negligible. After 1 hour, 1.8 

mL of effluent was collected in a 2 mL glass vial for the concentration measurement. If the 

effluent’s concentration was close to 100 µM, it meant that the effect created by system’s 

adsorption would be ignored. UV lamp was then turned on to provide light irradiation, 1,4-

dioxane was flowed through the system at flow rates from the slowest to the fastest, which 

prevented the higher concentration solution’s effluence on the lower concentration solution. 

Before collecting 1.8 mL effluents for the flow at every residence time, 2 mL of 1,4-

dioxane solution was allowed to flow through the system at the desired flow rate to push 

out all the solution left by the previous run. All experiments at different residence times 

were run three times to minimize the errors. The collected solutions were sent to a HPLC 

for 1,4-dioxane concentrations measurements.  

 

6.2.3. Results and Discussions 

 For the dark adsorption test, less than 5% decrease in the concentration of 1,4-

dioxane was observed, which implied that the impact of system’s physical adsorption was 

negligible. Figure 20 shows the degradation of 1,4-dioxane using MP50. Longer residence 

time led to higher 1,4-dioxane degradation percentage, the degradation percentage reached 
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its highest at the longest residence time as an average of 78.83 ± 1.4%. This trend was 

accord with the hypothesis that longer residence time would allow contaminant particles 

to stay longer in the reaction chamber thus was more likely to have reaction with ·OH. The 

negative Napierian logarithm of relative 1,4-dioxane percentages at different residence 

times is shown in Figure 21. A best-fit linear regression model was also created, the 

pseudo-1st-order reaction rate constant was determined from the slope, this constant was 

found to be 1.23 × 10 min-1 with a linear regression coefficient of 0.99715. Based on this 

result, it is obvious that MP50 is capable of removing 1,4-dioxane in the aqueous solution. 

However, further analysis is still needed to determine if this degradation performance is 

superior compared to other reported devices.  
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Figure 20. Degradation of 1,4-dioxane by MP50. Longer residence time led to better degradation 

performance.  
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Figure 21. Napierian logarithm of relative 1,4-dioxane percentage at different residence times by 

MP50.  

  

 In order to evaluate the degradation performance of MP50, the author collected four 

recent reported publications using TiO2 bulk reactors to degrade 1,4-dioxane. The best 

degradation results and the pseudo-1st-order reaction rate constants of these reported 

devices were compared to those of the MP50. The first bulk reactor was reported by H. 

Barndõk et al., this reactor was designed to degrade 1,4-dioxane through photocatalysis by 

an immobilized nitrogen and fluorine co-doped titanium dioxide (NF-TiO2) composite 

with monodisperse TiO2 nanoparticles.156 The NF-TiO2 composite used in this study was 
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prepared by a modified sol-gel method. A concentration of 140 mg/L (1588.92 µM) 1,4-

dioxane was prepared as the target contaminant solution. The degradation test was carried 

out in a 50 mL borosilicate glass vessel reactor which had 5 photocatalytic films with a 

total catalyst area of 75 cm2. The UV irradiation was provided by a Xe lamp with a 

wavelength ranging from 315 to 400 nm and light intensity of 80 mW/cm2. A gas-liquid 

chromatography (GLC) was used to quantify 1,4-dioxane and its possible degradation 

product. The blue trend line in Figure 22 shows the best 1,4-dixoane degradation 

performance for this study. A degradation percentage of 90% was reached after 7 hours of 

experiment, after fitting a linear regression model to the negative Napierian logarithms of 

related concentrations, a pseudo-1st-order reaction rate constant of 9.33 × 10-5 min-1 was 

found, the linear regression coefficient for this fit was 0.99759.  

 In 2021, Byrne et al. reported a 1,4-dioxane degradation study by using the 

modification of anatase TiO2 with tungsten (W).154 The photocatalyst W-TiO2 with 

different composing proportion was created through sol-gel method to investigate the 

influence of W on 1,4-dioxane degradation. A 50 mL bulk reactor was used for the 

degradation study while the initial 1,4-dioxane concentration was prepared to be 100 mg/L 

(1134.94 µM). Under irradiation of 5 mW/cm2 UVA light, the degradation of 1,4-dioxane 

is shown in Figure 22. This device reported almost 100% degradation at the longest 

reaction time of 4 hours. Figure 23 presents the negative Napierian logarithm of relative 

concentrations and the best-fit linear regression model. The best pseudo-1st-order reaction 

rate constant of this device was calculated to be 1.80 × 10-4 min-1 with an R square of 

0.94921. This group has also reported another study on the degradation of 1,4-dioxane 
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using Cu-doped TiO2 as the photocatalyst.39 They hypothetically assumed that the copper 

doping of TiO2 would improve the performance of photocatalytic degradation. In order to 

perform the tests, a 50 mL bulk reactor was used, and the target 1,4-dioxane concentration 

was 75 mg/L (851.21 µM). UV irradiation was provided by a Xe lamp with light intensity 

of 15 mW/cm2. As for the result, the Cu-doped reactor performed worse compared to the 

control reactor (TiO2 without Cu). The 1,4-dioxane degradation of the pure TiO2 reactor 

was shown in Figure 22, the highest degradation percentage  was found after 4 hours 

reaction time, which was about 95.5%  according to the result figure provided by the report. 

And the highest reaction rate constant was about 1.95 × 10-4 min-1 based on the slope of 

linear regression model as shown in Figure 23, the regression coefficient was about 

0.97933.  

 The last device was proposed to increase the generation of reactive species by using 

photoelectrolysis, this process was deemed to combine the benefits of photocatalysis and 

electrolysis, the reaction efficiency was expected to have a boost through this process. A 

TiO2/g-C3N4 (TCN) film electrode was used as the photocatalyst, it helped generate 

reactive species through both photocatalysis and electrolysis.107 10 mg/L (113.49 µM) of 

1,4-dioxane was prepared for the degradation test, and the test was performed in a 15 mL 

plexiglass bulk reactor. An LED visible light with light intensity between 80 and 85 

mW/cm2 was used as the light source. They found that the reactor with TiO2/g-

C3N4/CQDs nanorod arrays (TCNC NRAs) film conducted the best degradation 

performance, 77.9% of 1,4-dioxane was eliminated after 6 hours of reaction time as shown 
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in Figure 22. For this device, the pseudo-1st-order reaction rate constant was determined to 

be 7.75 × 10-5 min-1 with an R square of 0.99157. 

 

Figure 22. Degradation of 1,4-dioxane by MP50 (this work) and four reported conventional bulk 

TiO2 photocatalytic reactors. A comparable highest degradation percentage was achieved by MP50 

in a significantly shorter time.  
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Figure 23. Plot of the negative Napierian logarithm of relative 1,4-dioxane percentages at different 

residence times by MP50 (this work) and four reported conventional bulk TiO2 photocatalytic 

reactors. A pseudo-1st-order reaction rate constant for each device was determined from slope of 

the best-fit linear regression model. MP50 showed the highest reaction rate constant thus yielded 

the highest reaction rate among all devices presented in the plot. The legend is identical to the 

legend of Figure 22.  

 

 Judging from Figure 22, although the MP50 does not reach a 1,4-dioxane 

degradation percentage as high as some of the reported devices, its degradation 

performance is still comparable,  and the highest degradation percentage of 78.83 ± 1.4% 

may be limited by the longest used residence time. By further increasing the residence time, 

1,4-dioxane has a good chance to be degraded to around 10% according the rule of pseudo-
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1st-order reaction. The reason why the trend line of MP50 points is almost vertically 

downward is that MP50 achieved this decrease of 1,4-dioxane concentration in a 

dramatically shorter residence or reaction time compared to the other four devices 

presented in the figure. Residence time describes the time available for a contaminant 

particle to have degradation reaction within a microreactor, it can be considered identical 

to the reaction time while evaluating a bulk reactor. The comparable decrease of 1,4-

dioxane concentration in much shorter time presented by MP50 proves that MP50 

possesses significantly higher photocatalytic degradation efficiency compared to the 

reported bulk reactors.  

In order to better quantify the reaction efficiency, the pseudo-1st-order reaction rate 

constants of MP50 as well as the four recent reported bulk reactors were summarized in 

Table 5, these constants were calculated based on the best-fit linear regression models 

presented in Figure 23. It is clear that the linear fit line of MP50 has the largest slope among 

all the fit lines, indicating that it has the largest reaction rate constant. According to the 

table, the pseudo-1st-order reaction rate constant of MP50 is two to three orders of 

magnitude higher than the rate constant of the reported bulk reactors, proving the advanced 

reaction rate provided by MP50. This result is in keep with the hypothesis that microfluidic 

reactor has higher reaction efficiency compared to conventional bulk reactors. For this 

study, compared to bulk reactors, the main advantages that MP50 has are significantly 

larger SA:V ratio, dramatically shorter mass diffusion length and more uniform UV light 

irradiation, all of these merits contribute to the better degradation efficiency of MP50, and 

it further proves the benefit of using PMFRs. However, it is worth noting that although the 
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microfluidic reactor has been proven to produce higher photocatalytic degradation 

efficiency for water purification compared to conventional bulk reactors, the low 

throughput is still one major limitation. It is hypothetical that this drawback can be 

overcome by setting up a large amount of PMFRs in parallel, it should provide great 

purification efficiency as well as decent throughput for water purification. Further 

experiments are still needed to prove this hypothesis.  

 

Device -ln(C/C0) = k’t k’ [s-1] R2 

MP50 (this work) -ln(C/C0) = 1.23 × 10-2t 1.23 × 10-2 0.99715 

NF-TiO2 bulk reactor156 -ln(C/C0) = 9.33 × 10-5t 9.33 × 10-5 0.99759 

W-TiO2 bulk reactor157 -ln(C/C0) = 1.80 × 10-4t 1.80 × 10-4 0.94921 

Cu-doped TiO2 bulk 

reactor39 
-ln(C/C0) = 1.95 × 10-4t 1.95 × 10-4 0.97933 

C-decorated TiO2/g-

C3N4  bulk reactor107 
      -ln(C/C0) = 7.75 × 10-5t          7.75 × 10-5            0.99157 

Table 5. Summary table of the pseudo-1st-order reaction rate constants (k’) and linear regression 

coefficients (R2) for 1,4-dioxane for the current work and four most recent published reports for 

1,4-dioxane degradation using different bulk TiO2 photocatalytic reactors. Important note: In 

cases where k’ were not reported explicitly in the cited studies, these were estimated based upon 

experimental results reported therein. 
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7. Conclusions 

7.1. Summary of Current Work 

 For overcoming the short-life problem of the thermal catalytic reactor currently 

used on ISS, a novel photocatalytic microreactor with micropillar arrays has been proposed 

in this study. The micropillar arrays work as the scaffolding for NPT, they largely increase 

the SA:V ratio,  enhance the mass transfer rate, and promote the light trapping. Hence the 

generation of ·OH receives a huge boost, which increases the degradation reaction of VOCs. 

The titanium-based microreactor with microscale micropillars are fabricated by using 

MEMS technologies, and its degradation performance are researched with different organic 

contaminants. For the MB organic dye, MP50 degrades the most amount of MB among all 

fabricated PMFRs and it also has the highest reaction rate constant. For the MB degradation 

activity, MP50 performs about twice better compared to other reported microreactors, 

showing the great efficiency enhancement offered by the novel design of micropillar 

microreactors. For investigating the potential of MP50 to be used for removing the various 

VOCs that exist in the ISS wastewater, the main reactant of the degradation reaction - ·OH 

is quantified by using a well-established kinetic model and nitrobenzene as the probe. 

Based on the steady state concentration of ·OH, an estimation model was created to predict 

the half-lives of VOCs when they are within the reaction chamber of MP50. This model 

indicates that MP50 has the ability to degrade required VOCs in an appropriate amount of 

time. Ethanol is adopted as the first target VOC for the degradation test, a small amount of 

mineralization of this chemical is observed, discussions are conducted about why the 
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mineralization results is not as good as the estimated degradation result. Lastly, the 

degradation study with 1,4-dioxane, a toxic VOC, presents a decent removal performance. 

The reaction rate constant possessed by MP50 is 2 to 3 orders of magnitude higher than 

that of other conventional bulk reactors published in literatures, it reveals the superior 

performance of PMFRs with micropillar arrays on degrading a real problematic VOC. All 

studies conducted in this dissertation indicates that this novel designed titanium-based 

photocatalytic microreactor has great potential to be used for wastewater purification. With 

further investigation about assembling this device in parallel with large quantities, this 

device is expected to be applied to the WPA system on ISS or even broader fields.  

 

7.2. Future Work 

 Although the proposed micropillar PMFR has been proved to have satisfying water 

purification performance, some future studies have the potential to further improve the 

purification capability of PMFR, and bring PMFR to broader application fields. First of all, 

a detailed degradation study of MB and 1,4-dioxane with different UV illumination light 

intensities could be conducted. As the author mentioned in the MB degradation study 

chapter, the influence of one crucial parameter – light intensity, has not been studied in this 

project due to the hypothetical working environment and the lack of varieties of UV 

equipment. The light intensity used in this project is 5.5 mW/cm2, this intensity is relatively 

low considering some of other reported studies are using UV light source with much higher 

light intensity. Hypothetically, photons can penetrate deeper into the reaction chamber with 
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a higher UV light intensity, thus the degradation reaction can be enhanced in more space 

of the chamber. There is a possibility that the increased light intensity can allow MP100 

and MP150 to have better degradation performance. If the PMFRs with deeper chamber 

depth can have comparable performance as what MP50 has, a higher throughput can be 

achieved at the same residence time, which make removing more pollutants in the same 

amount of time possible. Hence, conducting a study with higher light intensity has the 

potential to enhance the degradation performance of micropillar PMFRs, and make them 

be more suitable for practical usage.  

 Another potential study is the optimization of geometry for micropillars. As 

discussed in this dissertation, dimensions of pillars have large impact on the efficiency of 

the reactor. According to the Monte-Carlo simulation model run by our collaborator, 

diameter, height, and pitch highly influence the photon adsorption and mass transfer of 

contaminants, which largely affect the degradation reaction as a result. It is worth 

mentioning that the simulation shows that a larger pitch allows more photons to penetrate 

to the bottom of chamber. However, the enlarged pitch will reduce the amount of pillars, 

leading to a decrease in the total surface area of photocatalyst. Hence, a more 

comprehensive and detailed simulation can be conducted to find out the perfect 

combination of diameter, height and pitch to make the reactor obtain the best light 

adsorption and highest mass diffusion. Some preliminary experiments about physically 

altering the micropillar dimensions have been done with the method of HF etching and ion 

milling. Preliminary results show that HF etching can successfully remove the NPT, and 

ion milling is capable of slowly tapering the pillars. For the potential study, optimization 
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of pillar arrays can be made based on new simulation results, and the PMFRs with 

optimized micropillar arrays can be used for more degradation studies with MB or 1,4-

dioxane. The results can be compared to what has been collected in this report.  

 Last but not the least, in order to examine the capability of PMFRs to be used for 

more broad areas of water purification, degradation experiments with bacteria and viruses 

can be conducted. Apart from VOCs, microbial contamination in drinking water creates 

another huge risk towards human health. Waterborne diseases caused by microorganisms 

such as diarrhea lead to around a million deaths every year. The most widely used 

purification method is by using chlorine or ozone to inactivate those microorganisms. 

However, these conventional purification techniques usually result in various byproducts 

which is still harmful to people.  Therefore, many attentions have been attracted to develop 

a new type of water purification system to remove microorganisms without introducing 

new toxic chemicals. Researches have stated that ·OH generated by photocatalysis has the 

ability to create damage to cell membranes and make microorganisms inactivated.158 

Researches about using photocatalytic bulk reactor as well as microfluidic reactor to lower 

the microorganism contaminant level in water have been done by many groups, some good 

degradation results have been observed.158–160 The two most commonly used target 

microorganism contaminants are Escherichia coli (E. coli) and MS2. E. coli is a common 

virus which can be usually found in polluted water, this virus processes a relatively high 

UV resistance, which makes it a perfect target contaminant for photocatalysis study. As for 

the bacteriophage MS2, it has a similar structure as that of many pathogenic enteric viruses 

and has been widely used as a surrogate for enteric viruses.161 Traditional membrane 
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filtration does not work well on removing MS2 due to its small size, and UV with 

wavelengths greater than 295 nm is not able to inactivate MS2 due to the good UV 

resistance.162 ·OH, on the other hand, has been proved to work well on dissolving MS2 

through oxidation.163 Hence, for future study, the micropillar PMFRs can be used for the 

degradation of E. coli and MS2. According to results collected from this dissertation, this 

novel designed microreactor shows greater photocatalytic performance compared to other 

reported devices. Hypothetically, the micropillar PMFR has the potential to outperform 

other existing microfluidic reactors in the field of microorganism inactivation. Studies like 

this can exhibit the potential of micropillar PMFRs to be applied to broader fields of water 

purification.   
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Appendices 

Appendix A – PMFR Fabrication 

Preparation of Titanium Chips:  

The Grade 1 commercially pure titanium wafers (100 mm) were cleaned using 

Acetone, Isopropanol, and DI water and placed into the Plasma Enhanced Chemical Vapor 

Deposition (PECVD) system (Plasmatherm 790) to deposit 4.2 μm of SiO2 as a hard mask. 

The Ti wafers were then mounted onto 100 mm polycrystalline Si wafers using 3M double-

sided thermally conductive tape. The wafers were cleaned with solvents and photoresist 

was spun onto the Ti wafers using a spin bench to protect the surface during the next step. 

Each wafer was then diced into two rectangular chips 60 mm × 40 mm using a dicing saw 

(Disco DAD 321 Automatic Dicing) with Disco Diamond blades. Each chip was then 

ultrasonically cleaned in solvents and DI water to remove the residual photoresist. 

 

Fabrication of Micropillar and Planar Reactors:  

Both reactors were fabricated using an identical process. Following preparation of 

titanium chips, these chips were subjected to photolithographic patterning using the 

photomasks. Two photomasks for both planar and micropillar reactors were made using 

the IC Layout Editor L-Edit. For the lithographic patterning process, first, HMDS was spun 

onto the Ti chips to promote photoresist adhesion. Then, SPR-220-7.0 was spun onto the 

chips to a thickness of 5.5 μm and exposed using a Karl SUSS MA-6 Mask Aligner. 

Samples were then developed in AZ 300 MIF developer and pattern quality was evaluated 
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via optical microscopy. Then, the samples were subjected to SiO2 plasma etching using an 

ICP Oxford Cobra Plasmalab System 100 with a plasma chemistry of C4F8 until the 

lithographic pattern had been transferred to the hard mask. The residual photoresist was 

then removed through brief ultrasonic agitation in acetone, rinsed in isopropanol, and DI 

water, and finally, dried on a hotplate at 115˚C. An Oxford Cobra Plasmalab System 100 

Metal Trench Etcher was used with a Cl2/O chemistry to define the planar reactors, and a 

Panasonic E626I ICP System was used with a Cl2/Ar chemistry to etch the micropillar 

reactors. After Ti etching, the samples were submerged in acetone for 72 hours to dissolve 

the tape and remove the Si backing from the Ti chip. A Dremel tool was used to drill inlet 

and outlet holes in the Ti chip, 1 mm in diameter, at the origin of each flow distributor. In 

the end, the passivation layer formed during Ti deep etching was removed to expose the 

pure Ti underneath. It was done by subjecting the samples to dilute HF (2.3%) for 40 

seconds followed by sonication in a DI water bath for 5 minutes.  

 

Production of NPT:  

All reactors were oxidized in 10% H2O2 at 80 ˚C for 5 hours. Upon removal from 

the H2O2, samples were rinsed with DI water and placed into a Lindberg Blue M Box 

Oven and annealed in air at 300˚C for 8 hours.  
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Basic Characterizations:  

The micropillar structure and NPT morphology were observed with the Leo Supra 

55 Scanning Electron Microscope operated at 5 kV. 

 

Appendix B – Degradation Experiments 

Photocatalytic Testing of Micropillar and Planar Reactors on MB:  

20 µM (7.478 mg/L) of MB was selected as the target concentration to make the 

experiment comparable to those reported in the literature. A fixture was used to produce a 

water-tight seal on the reactor as mentioned previously. To compare the performance of all 

six devices, 5 fixed residence times were selected (40, 30, 20, 10, 5 seconds) and flow rates 

were adjusted according to the chamber volume and desired residence time. First, 2 mL of 

200 proof ethanol was passed through the device at the longest residence time to purge the 

system. Then 2 mL of DI water was sent through the device at the same flow rate to clean 

ethanol out of the system. Afterwards, the MB solution flowed through the reactor at a 

residence time of 40 seconds for a total of 1 hour while the glass window was covered to 

allow dark adsorption to occur. After 60 minutes, 1.5 mL of MB was collected for a post-

adsorption measurement. A UV-Vis Thermo Scientific Evolution 60 spectrometer was 

used to take MB absorption measurements at a wavelength of 665 nm. After the adsorption 

measurement the cover was removed, and the UV lamp was positioned above the sample. 

To purge the system of unexposed MB, 1 mL was passed through the device before the 

photocatalytically degraded MB was collected. This procedure was repeated for each of 
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the five flow rates, after collecting 1.5 mL of degraded MB the flow rate would be increased 

and 1 mL was passed through before collection at the new flow rate began. This experiment 

was repeated three times for each device to measure an average. Reactors were reused due 

to the complexity of device fabrication. To ensure there was minimal contamination 

between experiments, 5 mL of ethanol was sent through the device at the fastest flow rate 

followed by 5 mL of DI water. This process helped to remove adsorbed contaminants 

within the device through shear forces. A new 250 µm PDMS sheet and glass slide were 

used for each experiment because MB fouling did occur on the PDMS as it was exposed 

to MB flow. Reactors were also visually inspected with SEM to ensure there was no 

damage to the NPT or excessive adsorbed MB. In addition, a MP100 and a P100 without 

NPT were subjected to the same process as above to establish a baseline and ensure that 

MB degradation was not a result of UV photolysis.  

 

Photocatalytic Testing of MP50 on Nitrobenzene:  

The experiment setup was identical to the MB test setup, and only MP50 was used 

for this study. An 8 µM nitrobenzene solution was prepared and four residence times (5, 

10, 20, 30 seconds) were used. DI water was flowed through the system for 30 minutes at 

288 µL/min in the beginning of each experiment to eliminate air within the system. Then 

the nitrobenzene solution was run through the system at the same flow rate for 3 hours 

under a dark environment to let the physical adsorption by the system reach its saturation. 

Then the UV lamp was turned on and the nitrobenzene was sent through the system under 
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different residence times starting from the longest to the shortest. Before collecting the 

effluents, 1 mL of solution was allowed to pass through the system to purge the remaining 

nitrobenzene exposed under the previous condition. Then 1.8 mL of effluents for different 

residence times were collected for analysis. This experiment were repeated three times, and 

1 hour flowing of DI water was used to remove the adsorbed nitrobenzene after each run.  

 

 

Measurements of Nitrobenzene Concentrations:  

Concentrations of nitrobenzene was analyzed with an Agilent 1200 Series high 

performance liquid chromatograph equipped with a diode array detector. For this process, 

an isocratic elution of 50% 10 mM Formic acid and 50% HPLC-grade acetonitrile were 

used. The operational conditions consisted of the following: An Agilent ZORBAX Eclipse 

XDB-C18 column, injection volume of 100 μL, flow rate of 1.0 mL min-1, and a detection 

wavelength of 270 nm. The retention time for nitrobenzene using the isocratic method was 

5.6 minutes under the aforementioned conditions at room temperature. The calibration 

curve of nitrobenzene was obtained using the procedures described above and its 

concentrations in actual samples were quantified according to this calibration curve. 
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Photocatalytic Testing of MP50 on Ethanol and Measurements of TOC Level: 

 The experiment setup was identical to the MB test setup. A 5 min residence time 

was used this study. The 25.4 mg L-1 ethanol solution was prepared by diluting 13 µL 200 

proof pure ethanol purchased from Fisher Scientific into 400 mL Millipore water. All 

effluent solutions were collected by some 20 mL glass vials. A vial of ethanol was collected 

directly from the gas tight glass syringe for the purpose of measuring the initial 

concentration of ethanol solution. At the beginning of tests, 1 hour of Millipore water 

flowing at 5 seconds residence time was used to purge the reaction chamber followed by 1 

hour of 25.4 mg L-1 ethanol solution in a dark environment to ensure the chamber being 

filled by the experiment ethanol. Then, a glass vial was used to collect the effluent ethanol 

solution after 70 min being flowed in the reactor with a 288 µL min-1 flow rate. This 

solution was used for evaluating the effect of adsorption of the reactor. After that, the UV 

light source was turned on, and the syringe pump kept the ethanol solution flowing at 4.8 

µL min-1 for 70 hours under UV irradiation. 20.16 mL effluent solution was collected for 

the evaluation of the reduction of TOC level at a 5 min residence time. Before doing each 

run, an ethanol solution was arranged to flow for 30 min at the required flow rates to 

eliminate the effects of the leftover ethanol from the previous run. For the control studies, 

the process was identical to the above-mentioned process except the absence of UV 

irradiation. The experiment groups and control groups were both performed three times. 

All the collected samples were sent to the Shimadzu TOC-VCPH/CPN TOC analyzer for 

the TOC level measurements. For the TOC analyzing, after acidifying the sample to pH 2-

3, sparging gas was bubbled through the sample to eliminate the inorganic carbon (IC) 
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component. The remaining total carbon (TC) was measured to determine total organic 

carbon, and the result is generally referred to as TOC. 

 

Photocatalytic Testing of MP50 on 1,4-Dioxane:  

The experiment setup was identical to the MB test setup. The 1,4-dioxane was 

diluted to a concentration of 100 µM. Five residence times (40, 60, 80, 100, 120 seconds) 

were used for the study. Each test run began with 30 minutes of DI water flowing through 

the system to purge the air. Then the 1,4-dioxane solution was sent through the device at 

288 µL/min for 1 hour let the system’s physical adsorption reach saturation. The UV 

irradiation was then initiated, 1 mL of 1,4-dioxane solution was passed through the system 

at the proposed residence time to purge unexposed 1,4-dioxane. The collection of exposed 

1,4-dioxane effluent started right after the previous step. This experiment was repeated 

three times for each residence time. After each experiment, DI water was flowed through 

the system at 288 µL/min for 1 hour to remove the contaminants adsorbed by the geometry 

within MP50. Effluents with a volume of 1.8 mL were collected right after the dark 

adsorption step as well as the experiment step for the calculation of relative concentration.  

 

Measurements of 1,4-Dioxane Concentrations:  

Concentrations of 1,4-dioxane was analyzed with an Agilent 1200 Series high 

performance liquid chromatograph equipped with a diode array detector.  An isocratic 

elution of 95% MilliQ water and 5% HPLC-grade acetonitrile were used for the analysis. 
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The operational conditions consisted of the following: An Agilent ZORBAX Eclipse XDB-

C18 column, injection volume of 100 μL, flow rate of 1.0 mL min-1, and a detection 

wavelength of 191 nm. The retention time for 1,4-Dioxane using the isocratic method was 

3.2 minutes under the aforementioned conditions at room temperature. The calibration 

curve of 1,4-Dioxane was obtained using the procedures described above and its 

concentrations in actual samples were determined according to this calibration curve. 

 

Appendix C – Calculation of Steady-State ·OH Concentration in MP50 

Knowing 

Slope of the best-fit linear regression model of the Napierian logarithm of relative 

nitrobenzene percentages at different residence times = - 0.0627 s-1 

2nd-order-reaction rate constant of reaction between nitrobenzene and ·OH: 

k(NB + ·OH) = 4.0 × 10 M-1 s-1 

The steady-state ·OH concentration in MP50 was calculated through 

[·OH]SS = −
𝑠𝑙𝑜𝑝𝑒

𝑘(𝑁𝐵 + ·𝑂𝐻)
=  −

− 0.0627 𝑠−1

4.0 × 109 𝑀−1𝑠−1 = 1.57 × 10-11 M 

 




