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ABSTRACT 

 
 

NOVEL MICROFLUIDIC DEVICES FOR AEROSOL ANALYSIS 
 
 

Widespread interest in microfluidic technology over the past 20 years has led to 

the development of microfluidic devices that are as varied in their complexity and 

capabilities as they are in the applications they are used for. This dissertation describes 

the development of two microfluidic devices, each designed for measurement of specific 

aerosol components.  

A microchip incorporating an interface between a continuous hydrodynamic 

sample flow and capillary electrophoresis separation was developed for analysis of 

atmospheric aerosols. The ability to separate and detect analytes from a continuous 

sample flow allows the microchip to be coupled to a particle-into-liquid aerosol sampler, 

providing a method for near real-time analysis of ionic aerosol components. Theoretical 

modeling of hydrodynamic and electroosmotic flows was used to predict flow behavior in 

the microchip and to optimize geometry. Separation and conductivity detection of 

common ionic aerosol components were carried out to observe device performance, and 

detection of nitrate and sulfate in Fort Collins air was accomplished with the coupled 

system. The simple design introduced here is the first example of a continuous flow 

microfluidic capillary electrophoresis device that incorporates conductivity detection, and 

is the first microfluidic device to be coupled to a continuous flow aerosol collector.  

A paper-based microfluidic device was also designed for the purpose of assessing 

occupational exposure to particulate metals. Assays were developed for colorimetric 

detection of metals on paper and these were employed in detection reservoirs of the 
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device. A novel method was also developed for rapid digestion of particulate metals 

directly on a filter. Metal concentrations were quantified from color intensity images 

using a scanner in conjunction with image processing software. Finally, a standard 

incineration ash sample was aerosolized, collected on filters, and analyzed for the three 

metals of interest. This is the first paper-based device capable of multiplexed metal 

detection from a real, aerosolized sample.  
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CHAPTER 1:  INTRODUCTION 

 
 The work presented in this dissertation describes the development of two very 

different microfluidic devices, each designed to measure specific components of aerosol 

samples. Chapter 2 presents a microchip capillary electrophoresis device designed for 

near real-time analysis of ionic species in atmospheric aerosols. Chapters 3 and 4 

describe a method for colorimetric detection of particulate metals on a microfluidic 

paper-based device designed for assessing occupational exposure to aerosols. Concluding 

this work, Chapter 5 will briefly discuss the merits and shortcomings of microfluidics in 

their current state, and what may be expected of this field in the future. This chapter 

serves to familiarize the reader with the themes encountered in the subsequent chapters, 

beginning with an introduction to the topics of aerosols found in the environment and 

generated in occupational settings. Following this, general capillary electrophoresis 

theory will be explained and the field of microfluidics will be introduced.  

 
 
1.1  Atmospheric Aerosols 
 
 There has been great interest in the study of atmospheric aerosols over the past 

decade motivated by their impact on the environment and human health.1-4 Aerosols, also 

referred to as atmospheric particulate matter (PM), are solid or liquid particles suspended 

in the air with aerodynamic diameters (dae) in the range of 1 nm – 100 µm.2 They are 

generally comprised of a complex mixture of water, ionic salts, metal oxides, glasses, and 

carbonaceous material; however, their composition, size, and shape vary considerably 
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depending on the source and the interactions they undergo in the atmosphere.5,6 They can 

be classified as either primary or secondary, with primary aerosols being those that are 

directly emitted into the atmosphere, while secondary aerosols are formed in the 

atmosphere through physical or chemical transformations. Both aerosol types can 

undergo a variety of aging processes, in which various physical and chemical interactions 

and transformations lead to changes in particle size, structure, and composition.2,7-9 

 Aerosol sources are divided into two categories: natural or anthropogenic. 

Biogenic natural sources often originate from constituents or secretions of plants and 

animals while geogenic natural sources include volcanic ash, mineral dust, and sea spray. 

Examples of anthropogenic sources are biomass burning, incomplete combustion of fossil 

fuels, and resuspension of industrial dust and soil from activities such as construction, 

farming, and mining.2,5,8 On a global scale, aerosols mainly originate from the natural 

sources sea salt and dust; however, anthropogenic aerosols, arising primarily from 

combustion sources, can dominate in and downwind of highly populated and 

industrialized regions.5      

 Aerosols are further categorized according to their size as coarse, fine, or 

ultrafine PM, and it has been shown that the sources, composition, optical properties, and 

secondary transformation mechanisms are generally very different for each of these 

classes of aerosols.8 Particulate matter with dae > 2.5 µm are considered course particles. 

They are most likely comprised of resuspended dust, coal and oil fly ash, crustal element 

oxides, sea salts, and plant and animal debris. Due to their larger size, their atmospheric 

lifetimes last from minutes to days, and the furthest they travel is tens of kilometers.  Fine 

particles are defined as having dae ≤ 2.5 µm and can contain sulfate, nitrate, ammonium, 
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H+, elemental carbon, organic compounds, water, and metals. Finally, ultrafine particles, 

with dae  ≤ 100 nm are believed to have the most aggressive health implications because 

they are small enough to be deposited into the lungs where they have the ability to 

penetrate tissue and be absorbed into the bloodstream.10 Particles in the fine and ultrafine 

size range persist in the atmosphere for days to weeks and can travel hundreds to 

thousands of kilometers.8 These long atmospheric lifetimes and travel distances make 

fine and ultrafine PM a more important component in the study of aerosols.  

 While it is known that both natural and anthropogenic aerosols have a strong 

impact on climate and human health, the mechanisms underlying these effects are not yet 

fully understood. The study of aerosols is challenged by the complex and varied 

composition of aerosols, as well as the aging processes they undergo in the atmosphere. It 

has been shown that atmospheric aerosols play significant roles in shaping conditions at 

the surface of the earth and in the lower atmosphere. They effect climate directly by 

scattering and absorbing radiation which alters the intensity of sunlight scattered into 

space, absorbed in the atmosphere, and arriving at the earth’s surface. More specifically, 

scattering and reflection of solar radiation by aerosols results in a cooling of the Earth’s 

surface (negative forcing); while absorption of solar radiation by greenhouse gases and 

clouds tend to warm it (positive forcing). Indirect climate effects result from aerosols’ 

influence on clouds and precipitation. Aerosol particles modify the extent and properties 

of clouds as well as precipitation patterns by 1) acting as cloud condensation nuclei 

(CCN) on which water vapor can condense and form cloud droplets, and 2) absorbing 

solar radiation, thus changing the environment in which clouds are formed.2,5,11 These 

direct and indirect effects are dependent on aerosol particle size, structure, and chemical 
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composition, which, as previously mentioned, are often difficult to determine. Thus, there 

remains a limited understanding of both the interactions between aerosols, clouds, and 

precipitation and the effects these interactions have on climate change.8  

 Epidemiological studies have shown that persistent, high levels of fine 

atmospheric particulates are strongly associated with adverse human health effects, 

including increased mortality from cardiopulmonary disease and lung cancer, as well as 

higher incidences of cardiovascular, respiratory, and allergic diseases.1,12-14 Toxicological 

studies have also demonstrated that particulate matter affects the cardiovascular and 

respiratory system, primarily due to ultrafine particles, as they deposit with high 

efficiency in the lungs and are not easily removed.15  The exact mechanisms and 

molecular processes by which aerosols cause adverse health effects remain unclear but 

possibilities include particulate or ozone-induced pulmonary inflammation, free radical 

and oxidative stress generation by transition metals and organic compounds, covalent 

modification of intracellular proteins, and suppression of normal defense mechanisms.1 

Similar to the ambiguous role aerosols play in climate, a clearer understanding of the 

ways in which they affect human health can only be gained with more complete 

knowledge of the composition, sources, and atmospheric transformations of aerosol 

pollutants. 

 Undoubtedly, improved chemical analysis of aerosols is necessary to shed some 

light on aerosol sources and the impact they have on the environment and human health; 

however, the variability of their composition and size over time and space make chemical 

analysis a daunting challenge. Over the past several decades, great strides have been 

made in the development of instrumentation for collection and chemical analysis of 
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aerosols. The following discussion of chemical analysis techniques focuses primarily on 

those best suited for analysis of anionic and cationic aerosol species, as these will be 

examined in later chapters. Ionic species often comprise the bulk, by mass, of secondary 

aerosols, and ionic content is used to estimate aerosol contributions of a known source.16-

20  The traditional collection approach has been via filter methods, in which the transfer 

of aerosols from a dispersed state in the air to a compact sample on a filter facilitates the 

storage, transport, and pre-treatment required for offline analysis. Infrared spectroscopy 

and x-ray fluorescence can be used to measure a few species directly on the collection 

filter; however, the majority of all offline analysis techniques employed require that 

aerosols be extracted into solution. Ion selective electrodes and UV/Vis absorbance 

spectroscopy have been used for detection of various ionic aerosol components, but ion 

chromatography (IC) has become the standard method for determining dissolved anion 

and cation aerosol species.21,22  Capillary electrophoresis (CE) has more recently been 

introduced as a promising technique in aerosol analysis due to ease of operation, low 

running costs, and its proven ability to efficiently separate complex mixtures of ionic 

species.23-27 While not used as commonly as IC, many organizations and institutions are 

evaluating CE as a standard method.27 

 While off-line measurements can provide useful information on a longer time 

scale, the chemical complexity and labile nature of atmospheric aerosols strongly favors 

real-time analysis techniques that do not require collection, storage, and transportation of 

samples.12 Aerosol mass spectrometry (AMS) is a technique that provides real-time 

monitoring of aerosol size and composition.28-32 These instruments continuously sample 

aerosol particles and pass them though an aerodynamic lens, forming a narrow particle 
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beam that is transmitted into a detection chamber. Here, particles are vaporized and 

chemically analyzed through various ionization techniques and mass spectrometry.12

Another common approach to online aerosol collection and analysis is to couple 

traditional instrumentation to an aerosol collector that continuously samples ambient 

aerosols and dissolves particles into an aqueous stream. The most prevalent of these 

collectors is the particle-into-liquid sampler (PILS) developed by Weber et. al in 

2001.33,34 A diagram of the PILS is shown in Figure 1.1. It operates by collecting aerosol 

particles from the atmosphere and then mixing this sample flow with a turbulent flow of 

steam. The supersaturated environment inside the PILS causes the aerosol particles to 

grow into droplets, which can then be collected by an impactor to produce a continuous 

liquid flow for online analysis of the collected aerosols.34 

Figure 1.1  Diagram of the PILS aerosol collector. 1) Ambient aerosol flow is 
mixed with a smaller flow of 100 °C, 2) Aerosol particles grow into droplets (> 1 
µm), 3) Droplets are collected by an impactor and produce a continuous liquid 
flow.34  

generation and droplet collection (Fig. 2). A new
secondary steam controller was built to maintain a
constant steam temperature and steady flow. Like the
prototype, the steam flow rate is still controlled by the

flow rate of DI water through a cartridge heater. In this
version however, an orifice inserted into the end of the
steam nozzle creates a backpressure to suppress the
unstable boiling of the water. At the tip of the nozzle

Cartridge Heater  

H2O from
Peristaltic Pump
[0.35 ml/min]

Polyethelyne
Impactor 

Vacuum
Pump

H2O Transport  
Flow (0.1ml/min)

Impacted Sample in 
H2O Transport Flow 

Secondary Steam
Controller  

Ambient Aerosol In 
[5 lpm] 

Steam Jet 
[0.42 lpm]

! " 1 second 

Fig. 2. Intermediate 5 lmin!1 PILS design.

Fig. 1. Calibration curve from the original prototype PILS. Calibration was made by generating a monodisperse ammonium sulfate
aerosol and scanning the mass with a scanning mobility particle sizer (SMPS).

D.A. Orsini et al. / Atmospheric Environment 37 (2003) 1243–1259 1245

� � � �
� �
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 The PILS is most often interfaced with ion chromatography, providing a semi-

continuous method for analysis of cations and anions. The growing use of CE in 

environmental analysis suggests that coupling the PILS with CE would provide another 

viable method for semi-real-time analysis. Besides the advantages of CE mentioned 

previously, another benefit is its amenability to miniaturization. Microchip capillary 

electrophoresis (MCE) interfaced with the PILS would give semi-real-time analysis with 

all the benefits of CE, plus faster analysis times, greater portability, low cost, and 

minimal sample and reagent requirements. Noblitt et al. reported on-line coupling 

between MCE and a water condensation particle collector (WCPC), marking the first on-

line coupling of this promising technique for aerosol analysis.35 While the WCPC directly 

deposits aerosols into the microchip, it does not generate a continuous flow of sample; 

therefore, real-time analysis is more closely achieved using the PILS. Chapter 2 describes 

the development of a novel microchip CE device capable of being interfaced to a 

continuous flow, thus setting the stage for a PILS-MCE system.  

 
 
1.2  Aerosols in Occupational Environments: Particulate Metal Exposure 
 

Aerosols are generated in a number of basic industries that include petroleum 

refineries, metallurgical operations, power plants, mining, construction/demolition, 

manufacturing, and transportation.36,37 Even if prevented from polluting the surrounding 

areas, the aerosols generated in such industries may be harmful to workers employed in 

these types of fields. The occupational environment can be a source of significant risk to 

health due to a variety of potentially harmful agents that come in contact with workers. 

One important class of hazardous agents existing in many work sectors is airborne 



 
8 

particulate metals.  In fact, the highest and most specific metal exposures have occurred 

and still occur in occupational settings or in the immediate environment of industrial 

sources.37 Several studies involving particulate matter have indicated that metal 

components of aerosols may be responsible for many adverse health effects.38,39 In 

particular, it has been suggested that particulate metals in aerosols are the causative 

agents associated with mutagenesis, carcinogenesis, airway inflammation, and pulmonary 

toxicity.40-44 Studies have also shown that trace metals distributed widely throughout the 

lung can induce tissue damage by catalyzing the formation of oxidants.42,45 

 Inhalation is the main route of human exposure to most aerosols.36 As workers 

inhale particulate matter while performing various tasks, this exposure leads to a dose 

that accumulates in the human body. Exposure assessment is the process of evaluating the 

degree and specific sources of this exposure.36 In industry, exposure assessment is carried 

out for several reasons: 1) to prove regulatory compliance, 2) to determine if a risk to 

worker health exists, 3) to identify highly hazardous job or specific work tasks so that 

corrective actions may be taken, 4) to evaluate effectiveness of controls (ventilation 

systems, protective equipment, specific work practices), and 5) to gather valid 

measurements for use in epidemiological studies.36,46  

Sampling of aerosols for occupational exposure assessment cannot be 

accomplished through the same techniques used to collect atmospheric aerosols. Two 

important factors create a distinction between measuring particulate matter 

concentrations and measuring worker exposure to particulate matter. First, each work 

task creates its own microenvironment that may have particulate matter concentrations 

that differ from the average workplace concentrations. Second, the concentration of 
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particulate matter that a worker inhales may be different from the average concentration 

existing in these microenvironments because not all airborne matter can be inhaled.36 The 

inhalable aerosol fraction describes the fraction of total airborne particles that enters the 

body through the nose and/or mouth during breathing, and corresponds to particles with 

aerodynamic diameters (dae) ≤ 100 µm.47 Within the inhalable fraction are two subsets 

that describe the deposition site of particles. The thoracic fraction (dae < 30 µm) refers to 

particles that can penetrate into the lung and are responsible for causing asthma, 

bronchitis, and lung cancer. The respirable fraction  (dae < 10 µm) includes only those 

particles that can deposit down to the alveolar region, and these can lead to the 

development of such chronic diseases as pneumoconiosis (black lung) and 

emphysema.47,48   

 In order to obtain aerosol measurements that are meaningful to occupational 

exposure assessment, the sampling technique used must reflect actual worker exposure. 

The most reliable means of sampling in occupational settings is considered to be through 

the use of personal samplers which measure the individual exposure of a worker chosen 

to wear it.38,39,48  This worker, in turn, would be considered representative of a group of 

similarly exposed workers. Personal samplers and their pumps are designed to both 

mimic the average human breathing rate, and to sample only particulate matter that 

belongs to the health-relevant, inhalable fraction. Also, because personal samplers move 

with workers throughout their shift, the collection accounts for time spent in various 

microenvironments of the workplace. When a personal sampler is worn, air in the 

breathing zone of a worker is drawn into the sampling inlet, and particulate matter of 

health-relevant size is collected onto a filter. Filter samples are then analyzed using a 
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technique appropriate for the aerosol components of interest. For measurement of 

particulate metals, the early history of exposure assessment was revolutionized in the 

1950s by the introduction of atomic absorption spectrometry (AAS).48 This technique has 

largely been replaced as the method of choice for metal analysis by inductively-coupled 

plasma atomic emission spectrometry (ICP-AES) and inductively-coupled plasma mass 

spectrometry (ICP-MS), as both of these techniques provide multi-element measurements 

and lower detection limits than AAS. A major disadvantage to this method of exposure 

assessment is that collection filters must be sent out for chemical analysis, meaning that 

approximately two weeks time passes before exposure results are reported. Chapters 5-7 

will discuss development of a method for detection of particulate metals on a paper-based 

device that could be performed on-site and would allow for almost immediate reporting 

of unsafe particulate metal levels.  

 
 
1.3  Microfluidic Devices 
 

Microfluidics is the science and technology of systems that process or manipulate 

small volumes of fluids within dimensions of tens to hundreds of micrometers.49 This 

technology has been exploited in various fields that include medical analysis, 

environmental and food safety monitoring, biochemical analysis, and microchemistry.50 

The interest generated in microfluidic devices since the early 1990s is due to the number 

of useful capabilities they have to offer. These include the ability to use small quantities 

of samples and reagents, and to carry out separations and detection with high resolution 

and sensitivity. Additionally, microfluidic devices are low in cost relative to conventional 

instrumentation, afford short analysis times, and have small footprints making them 
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portable.51  

The earliest microfluidic devices, produced in the 1980’s – 1990’s, were made 

with silicon wafers or glass, largely because fabrication techniques for these materials 

had already been developed.49 Fabrication of silicon and glass devices was expensive and 

difficult, however, and their rigidity made incorporation of moving parts challenging. By 

the mid to late 1990s softer, plastic materials, such as poly(dimethylsiloxane) (PDMS), 

became popular device materials as they made fabrication easier, were much less 

expensive than silicon or glass, and could support useful components such as valves and 

pumps.49 Plastics and glass are still commonly used as device materials today. 

In the last few years there has been a renewed interest in using paper as a 

substrate for microfluidic devices. Paper has been routinely used for diagnostic devices 

since the early 20th century, primarily in the simple form of “test strips.”52 Common 

examples include pH litmus paper, urinalysis dipsticks, and glucose test strips. The more 

recent interest in paper arose due to work done by Whitesides et al., demonstrating that 

patterned paper can serve as a microfluidic platform capable of multiplexed analysis and, 

along with imaging devices and software, can be used for quantitative analysis.53-55 Paper 

functions as a microfluidic substrate because its cellulose fiber network act as capillaries, 

wicking aqueous fluid without the need for active pumping. It has now become an 

attractive substrate because it is available everywhere, inexpensive, disposable, and easy 

to modify chemically.  

The work presented in the subsequent chapters demonstrates the vastly diverse 

forms that microfluidic devices can take. Chapter 3 will introduce a PDMS MCE device 

that incorporates conductivity detection and is capable of sampling from a continuous 
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flow. This device was designed for analysis of ionic aerosol components, and provides 

the first example of an interface between microfluidics and a particle-into-liquid sampler 

(PILS). Chapter 7 will then demonstrate a paper-based microfluidic device that employs 

colorimetric detection for measurement of particulate metals. This is the first paper-based 

device shown to be capable of multiplexed metal detection from a real, aerosolized 

sample. The techniques developed for paper-based devices here have also laid the 

groundwork for several of the current projects in the Henry lab, including development of 

novel paper-based devices and the use of filters as a sample system for both paper- and 

PDMS- based devices. 
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CHAPTER 2: CAPILLARY ELECTROPHORESIS-BASED MICROFLUIDICS 
 

 
 
2.1  Capillary Electrophoresis Theory 
 

 
  An introduction to general CE theory is presented here to allow for better 

understanding of the separation technique and microfluidic flow modeling discussed in 

Chapter 2. Capillary electrophoresis is a separation technique based on the migration of 

chemical species subjected to an electric field. The use of capillaries for electrophoresis 

offers many advantages over the standard solid supports used during the evolution of 

electrophoresis, such as polyacrylamide and agarose gels.1 Silica capillaries with internal 

diameters ranging from 20-100 µm are used almost exclusively for the majority of CE 

applications. The high surface-to-volume ratio of capillaries with these dimensions 

allows for efficient dissipation of Joule heat generated by the electric field. This 

dissipation of Joule heat is what permits electrophoretic separations to be performed at up 

to 30,000 V, which affords rapid separation times. Also, the microliter volumes of these 

capillaries require only milliliter quantities of buffer, and sample volumes as low as 5 µL, 

even for repetitive runs.1 

 The simplest and most commonly used form of CE is capillary zone 

electrophoresis (CZE). This CE mode is applied in the work presented in Chapter 3 and 

will be the focus of this discussion. To perform a CZE separation, an electric field is 

applied across a buffer-filled capillary, and sample is introduced at the inlet. The applied 
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electric field dictates movement of analytes in the capillary through a combination of two 

phenomena: electrophoretic mobility and electroosmotic flow.  Electrophoretic mobility 

occurs because charged species are attracted to the oppositely charged electrode at the 

end of the capillary. In the normal polarity mode of CE the anode (+) is at the inlet and 

the cathode (-) is at the detection end, causing positively charged particles to move 

toward the detection end. If polarity is reversed, negatively charged species will then 

move to the detection end, towards the anode (+). The electrophoretic mobility (µep) of a 

charged species can be approximated with the equation 

!!" =
!
!                                                                                                                                                                                                                                                                                   (2.1) 

where q is the charge of the species and f is the frictional coefficient for a spherical 

particle having a hydrodynamic radius, r, in a solution of viscosity, η, described by the 

Stokes equation (2.2). 

! = 6!"#                                                                                                                                                                                                                                                                              (2.2) 

 If electrophoretic mobility was the only mechanism dictating movement of 

analytes, then positive, negative, and neutral species could never all reach the detection 

end in a single CE run. This is not the case, however, due to the occurrence of 

electroosmotic flow (EOF) that results from formation of a charged double layer on the 

capillary wall. Deprotonated silanol groups at the surface of the capillary wall attract 

cationic species from the buffer, forming a positively charged double layer with a charge 

density that decreases with increasing distance from the wall. This is referred to as a 

double layer because cations closest to the wall form a static layer, while the more diffuse 

cations further from the wall form a dynamic layer. Upon application of an electric field, 

cations in the diffuse layer move towards the cathode (-), dragging waters of hydration 
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with them. Due to the hydrogen bonding between waters of hydration and free water 

molecules in solution, this ultimately results in a bulk flow of buffer that acts as a 

pumping mechanism to force all analytes, including neutral and anionic species, towards 

the cathode (-) end. The CZE separation mechanism is shown in Figure 2.1, which 

demonstrates the net movement of species due to both electrophoretic mobility and EOF. 

 

Anionic species will only move towards the cathode if the velocity of EOF is 

greater than the anion’s electrophoretic mobility. For analysis of anions with high 

mobility, a reverse EOF mode is often used and accomplished by reversing the electric 

field polarity. This also reverses the direction of electrophoretic mobilities so that anions 

move towards the detection end, while cations and neutrals cannot. Separation in reverse 

EOF mode is demonstrated in Figure 2.2. The strength of the EOF can also be modified 

by adjusting the buffer pH, as this dictates the degree to which silanol groups are 

Figure 2.1 Separation mechanism of CZE showing net mobility of 
cations, neutrals, and anions as a result of electrophoretic mobility 
and EOF. In this scenario cations will reach the detector first, 
followed by neutral, and then anion species. 
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deprotonated. Higher pH yields greater charge density on the surface of the capillary 

wall, resulting in a stronger EOF. Below about pH 2, silanol groups are all protonated and 

EOF will cease to exist. 

The electrophoretic velocity (VE) of an analyte can be determined from 

electrophoretic mobility (µep), the mobility due to EOF (µEOF), and the applied electric

field (E) with Equation 2.3. 
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Separation is achieved through differences in electrophoretic velocities of each analyte, 

which results in different migration times. Analytes are detected by measuring an 

associated physical property such as absorbance, fluorescence, or conductivity either on-

capillary or at the immediate exit of the capillary.  
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Figure 2.2 Separation mechanism of CZE in reverse EOF mode. 
Electrophoretic mobility of anions towards the anode is greater than 
the EOF moving in the opposite direction. Under these conditions 
only anions will reach the detector, while cations and neutrals move 
with the EOF towards the cathode. 
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The efficiency of CE separations is typically much higher than that of other 

separation techniques, such as HPLC.2 Because there is no packing material or stationary 

phase associated with this technique, there is no band broadening due to mass transfer 

between phases or due to multiple flow paths provided by packing material. In addition, 

the flow profile in EOF driven systems is flat, rather than the rounded parabolic flow 

profile characteristic of pressure-driven flow systems.3 Since a flat flow profile limits 

analyte dispersion relative to parabolic flow, EOF does not significantly contribute to 

band broadening.2,4 Theoretically, resolution in CE should only be limited by molecular 

diffusion; however, in practice it is possible for Joule heating and analyte-wall 

interactions to perturb the EOF, leading to band broadening effects.4  

 

2.2  Microfluidic Capillary Electrophoresis 
 

The CE theory described above also applies to microchip capillary electrophoresis 

(MCE), in which microfluidic channels incorporated into a device perform the function 

of capillaries. The same phenomena that occur inside the silica capillary tubing used in 

traditional CE are reproduced in microfluidic channels by fabricating devices with 

materials that have surface chemistry similar to that of silica capillary walls. The two 

most common examples of materials used for CE microfluidic devices are glass and 

poly(dimethylsiloxane) (PDMS). Micro-channels created with these materials contain 

silanol groups that provide the channel surface chemistry necessary to induce EOF, thus 

allowing for CE separation. Glass has been an attractive substrate material used for 

fabrication of capillary channels; however, the etching techniques used to produce glass 

devices are relatively difficult, expensive, and require access to specialized cleanroom 
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facilities.5,6 PDMS is one of the mostly widely used polymers for microfluidics, and the 

soft lithography techniques employed when using PDMS reduce the time, complexity, 

and cost of device fabrication when compared to the etching process used for glass.7,8   

The MCE device introduced in Chapter 3 was fabricated from PDMS using the 

soft lithography technique of replica molding.7,9 This process, shown by the schematic in 

Figure 2.3a, begins by creating a mold on a silicon wafer using photolithography. The 

wafer is coated with a photoresist material, the thickness of which will determine 

microchannel depth. After a short baking time, a mask of the device design is placed over 

the photoresist, which is then exposed to UV light. After development with a solvent, 

only features allowed exposure to UV light remain, resulting in a mold that is used to 

produce PDMS replicas. Replica molding is accomplished by first mixing the PDMS 

base with a curing agent, typically at a ratio of 10:1  (base:curing agent), and pouring this 

viscous liquid over the silicon mold. The PDMS pre-polymer conforms to the shape of 

the mold and cures as silicon hydride groups present in the curing agent react with vinyl 

groups of the base and form a cross-linked, elastomeric solid. The cured PDMS piece is 

peeled off the mold and its surface is oxidized briefly (< 1 min) with exposure to an air 

plasma. Surface-oxidized PDMS can then be sealed to a blank PDMS piece, or other 

materials such as glass or silicon, provided that they also have been plasma treated.10 

When conductivity detection is employed, microelectrodes are placed across the 

separation channel, just before the waste reservoir, prior to sealing the two PDMS pieces.   

Electrodes controlled by an external power supply are placed in fluid reservoirs to 

generate the electric field needed to induce EOF. A completed PDMS microfluidic device 

with wires incorporated for conductivity detection is shown in Figure 2.3b.  
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MCE has several advantages over traditional CE, such as the ability to analyze 

smaller sample volumes, lower reagent and power consumption, and more portable, less 

expensive instrumentation. There are drawbacks to MCE, however, which include poor 

reproducibility due to capillary surface chemistry that is not completely understood, the 

need to frequently refill background electrolyte reservoirs, and the potential for increased 

joule heating due to low thermal conductivity and heat transfer coefficients of plastics 

like PDMS.11   

 

Figure 2.3  a) Schematic of mask production by photolithography and replica 
molding of PDMS for microchip fabrication. b) A finished PDMS microfluidic 
device. A quarter is shown for size comparison. 
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2.3  Aerosol Analysis with MCE 

There are several examples of environmental monitoring using MCE technology, 

though the majority of these describe analysis of water samples (river water, ground 

water, tap water, etc.).12-14 Aerosol analysis with MCE has not been as common. Garcia 

et al. were the first to report aerosol composition analysis with MCE.15  They developed a 

method for using MCE with pulsed amperometric detection to measure levoglucosan and 

other carbohydrates that result from biomass burning. Liu et al. reported detection of  

sulfate and nitrate in aerosols using conductivity detection in MCE.16 Significant 

improvements to aerosol analysis methods using MCE with conductivity detection were 

made by Noblitt et al. through optimization of PDMS device dimensions, use of internal 

standards, and development of a selective separation for sulfate, nitrate, chloride, and 

oxalate.17 As mentioned in the previous chapter, Noblitt et al. also reported on the first 

on-line coupling of MCE with an aerosol sampler.18 They demonstrated an interface 

between a water condensation particle collector (WCPC) and MCE for detection of 

anionic aerosol components. Sampled particles are enlarged in the WCPC though water 

condensation and are then accumulated over time into a microfluidic device sample 

reservoir. This method allows for low limits of detection, as samples are concentrated in 

the reservoir before CE separation and detection; however, real-time analysis cannot be 

achieved through coupling MCE to an accumulation mode sampler. Real-time analysis is 

closer to being achieved using the Particle into Liquid Sampler (PILS) described in the 

previous chapter; however, coupling MCE to a PILS requires a device capable of 

sampling from a continuous flow.  
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2.4  Continuous Sampling MCE Devices 
 

Several groups have developed continuous flow microfluidic devices. Chen et al. 

developed a microchip for protein analysis that uses a voltage-gated injection, requiring 

an optimized voltage that varies with sample pump speed.19 Li et al. incorporated PDMS 

pneumatic valves into a microchip, and these along with an applied potential, control 

injection of sample from a continuous hydrodynamic flow.20 They later incorporated 

electrochemical detection in this device and used it for microdialysis sampling.20,21 A 

microchip designed by Attiya et al., capable of on chip mixing, reactions, and separation, 

relied on a large difference in flow resistance between the sample flow channel and the 

rest of the device to keep continuous flow from perturbing liquids within the device.22 A 

sample channel containing pressure driven flow that was 300 µm deep and 1 mm wide 

was connected to a network of electrokinetic flow channels with depths in the range of 

10-13 µm and widths of 36-275 µm. Sample flow rates of up to 1 mL/min were used 

successfully.  Razunguzwa et al. used a similar concept to this and, with laser 

micromachining, incorporated a hydrodynamic flow restrictor into a CE-mass 

spectrometry interface.23 The flow restrictor, which consisted of 6 parallel 10 µm wide 

channels, served to provide continuous introduction of a make-up solution and to negate 

the hydrodynamic backpressure in the CE channel. Fang et al. developed continuous 

sample introduction into a microchip by implementing a 20 µL sample reservoir that 

could be continuously filled with sample.24 The fluid level of the reservoir was kept 

constant through the use of a guided-overflow trough leading to a waste reservoir. At 

certain stages of operation, electroosmotic flow (EOF) was induced in the other channels 

of the microchip to prevent sample leakage. Sample could either be introduced 
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continuously at a fixed rate; or introduction of discrete samples could be achieved by 

turning on and off the pump, and rinsing with water in between samples. This microchip 

accommodated flow rates in the range of 0.48-0.6 mL/min. Finally, a microchip was 

developed by Büttgenbach and Wilke in which a passive valve in the device isolates the 

sample and the hydrodynamic pressure from the separation channel.25 An active valve at 

the outlet of the sample channel controls injection. When the active valve is open, sample 

is able to flow out of the chip and hydrodynamic pressure is reduced. Upon closing it, 

hydrodynamic pressure pushes sample through the passive valve and into the rest of the 

device.    

While these devices worked well for their respective applications, their 

incorporation of valves and pumps require additional power supplies and difficult 

fabrication methods, and operation of devices is more complicated relative to more  

traditional microchips. An ideal MCE device for real-time aerosol analysis should be 

capable of interfacing to existing aerosol samplers, such as the PILS, and have a simple 

design that does not require use of additional equipment and allows for easy operation in 

the field. The continuous sampling device introduced in Chapter 3 was designed to fit 

these criteria, and allowed for development of a PILS-MCE system for analysis of 

inorganic cation and anion components of atmospheric aerosols. 
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CHAPTER 3: SIMIPLIFIED INTERFACE BETWEEN MICROCHIP 
ELECTROPHORESIS AND CONTINUOUS FLOW SAMPLERS FOR AEROSOL 

ANALYSIS 
 
 

 The previous two chapters explained the benefits of using MCE for aerosol 

composition measurement, and made clear the need for real-time atmospheric aerosol 

analysis. Most aerosol collectors that allow for online measurement generate a 

hydrodynamic sample flow that is difficult to couple to an MCE device. This chapter 

introduces a simple interface between the PILS aerosol collector and MCE. It is the first 

example of a continuous flow MCE device that incorporates contact conductivity 

detection, and is the first microfluidic device to be coupled to a continuous flow aerosol 

collector.  

The majority of the work presented in this chapter was published in Micro Total 

Analysis Systems:  

Mentele, M. M.; Noblitt, S. D.; Kraly, J. R.; Henry, C. S. Continuous Flow Interface for 
Microfluidic Devices. Micro Total Analysis Systems, Proceedings of the MicroTAS 
Symposium 2010, 1019-1021. 
 

 

3.1  Introduction 
 

There has been great interest in measuring the composition of atmospheric 

aerosols over the past decade due to their deleterious effects on human health and the 

environment.1-4 Aerosols are suspensions of solid or liquid particles in the atmosphere 

that can originate from anthropogenic, biogenic, or geogenic sources.3,5 It remains 
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unclear whether certain aerosol components originate from one of these sources or are 

formed through physical or chemical transformations in the atmosphere. Our 

understanding of aerosols is limited largely due to the fact that their chemical 

composition varies considerably in time and space, leaving us with incomplete 

knowledge concerning physical and chemical properties, global and regional 

distributions, and the interactions they undergo in the atmosphere. For these reasons, they 

also represent the largest uncertainty in understanding how humans are changing our 

climate.6  

There are several techniques commonly used for aerosol monitoring, with the 

traditional method being filter collection, in which the transfer of aerosols from a 

dispersed state in the air to a compact sample on a filter facilitates the storage, transport, 

and pre-treatment required for offline analysis, most commonly with gas or ion 

chromatography. Filter collection requires long sampling intervals, intensive sample 

preparation, and cannot capture real-time changes in particle chemistry. There is also the 

possibility of artifacts due to evaporation of volatile components, degradation of the 

sample over time, and interactions between particles, gases, and the substrate during 

sampling and storage.7-12  

While filter samples can provide useful information on a long-time scale, real-

time particle analysis is necessary to better understand the sources and transformations of 

atmospheric aerosols, as well as their effects on health and the environment.13 Aerosol 

mass spectrometry (AMS) is a technique that does provide real-time monitoring of 

aerosol size and composition.6,14-17 This equipment is expensive relative to most aerosol 

analysis instrumentation, and its large, bulky size makes transport for field studies 
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difficult. Also, mass spectra for unknown samples can be complicated and difficult to 

interpret due to high fragmentation of some species and the large variety of chemical 

components that are often present in ambient aerosols.14,17-21  

Chapter 1 described the online analysis approach of coupling traditional 

separation and detection instrumentation to an aerosol collector that dissolves particles 

into an aqueous stream. The most prevalent of these systems is the PILS-IC, which 

provides a semi-continuous method that is used to analyze inorganic cations and anions 

in ~2.5-30 min, with longer times often needed for organic acids.19,21-23 The analysis 

times are predominately determined by the speed of the IC, suggesting that an interface 

between the PILS and a more rapid separation technique could dramatically reduce the 

analysis times for PILS-based samplers. 

Ion chromatography is one of the most common techniques used to determine 

aerosol composition; however, capillary electrophoresis has more recently been 

developed as a good alternative in terms of separation efficiency and rapid analysis.19,22-24 

The ionic nature of many aerosol components make CE an appropriate technique for 

rapid aerosol composition determination and quantification. While not as common as the 

previously mentioned methods, it has been demonstrated that analysis of atmospheric 

anions and cations by CE provides a highly efficient separation with high accuracy and 

precision, and short analysis time.25-28 Another benefit of using CE for continuous 

measurement of aerosols is its capability to be converted into a miniaturized format. In an 

effort to make analysis more portable, Liu et al. and Noblitt et al. demonstrated that 

microfluidic CE (MCE) was also a suitable method for the analysis of anions in 

atmospheric aerosols.29,30 Noblitt et al. also reported on-line coupling between a water 
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condensation particle collector (WCPC) and a MCE system, marking the first on-line 

coupling of this promising technique for aerosol analysis.31 As discussed in the previous 

chapter, however, this coupling does not allow for real-time measurement because the 

WCPC does generate a continuous sample flow. Instead, MCE coupled with the PILS 

aerosol sampler would give semi-real-time analysis with the benefits of fast analysis 

time, portability, robustness, low cost, and minimal sample and reagent requirements.  

 Interfacing continuously flowing samples with MCE presents a challenge because 

it can be difficult to introduce hydrodynamic flow into micron-sized channels in one 

region of the microchip without creating flow in other areas of the microchip. Chapter 2 

described continuous flow microfluidic devices developed by other groups, though none 

of those devices could be used for aerosol analysis without modification. Furthermore, 

complex devices require use of additional equipment to power valves and pumps 

incorporated into the microchips. The simpler design introduced here requires only one 

power supply, one detector, and a computer for data collection, and allows for simpler  

fabrication and operation. Minimal equipment requirement and ease of use are 

particularly important for the development of aerosol analysis devices, which are 

intended to be implemented in the field for weeks at a time and must be low cost to meet 

the needs of end-users.  

Our device eliminates the need for valves through the use of an electric field and 

very thin channels, which increases hydrodynamic fluid resistance between the sample 

and separation channels. Only one applied potential is needed for device operation, and 

other than refilling buffer reservoirs periodically, the microchip can theoretically run 

unattended for long periods of time. In this report, the injection method of the new 



 
34 

microchip is discussed, and a quantitative model is used to predict flow behavior and 

optimize chip geometry. Separations of cations and anions commonly found in aerosols 

are carried out, and the performance of the microchip over a range of pump speeds is 

examined. Finally, the microchip was used to continuously sample from a PILS aerosol 

collector, demonstrating the potential of the PILS-microchip CE system.  

 
 
3.2  Experimental 
 
 
Materials 
  

The following chemicals and materials were used for microchip fabrication: SU-8 

3025 photoresist (MicroChem., Newton, MA), propylene glycol monomethyl ether 

acetate (Aldrich, St. Louis, MO), 4 inch thermal oxide silicon wafer (University Wafers, 

Boston, MA), Sylgard 184 elastomer base and curing agent (Dow Corning, Midland, MI), 

and 15 µm gold-plated tungsten wire (Goodfellow Cambridge Ltd, Huntingdon, 

Cambridgehire, UK).  

 Analytes and buffer components include:  fluorescein isothiocyanate (FITC) 

(Invitrogen, Eugene, OR), 2,2-Bis(hydroxymethyl)-2,2’,2’’-nitrotriethanol (Bis-Tris) and 

3-(N,N-dimethylmyristylammonio)-propanesulfonate (TDAPS) (Fluka, Buchs, 

Switzerland), N-[2-Hydroxyehtyl]piperazine-N’-[2-ethanesulfonic acid] (HEPES), 

potassium nitrate, sodium nitrate, ammonium nitrate, potassium chloride, and ammonium 

sulfate (Fisher, Fair Lawn, NJ), N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic 

acid (TES), 18-crown-6, lithium trifluoromethanesulfonate, picolinic acid, N-(2-

hydroxytheyl)piperazine-N’-(4-butane-sulfonic acid) (HEPBS), 1,3-propanedisulfonic 

acid disodium salt (PDS), and oxalic acid (Sigma-Aldrich, St. Louis, MO). Reagents used 
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in this study were ACS grade. All aqueous solutions were prepared from a Millipore 

Milli-Q purifier (Billerica, MA). Fluorescence images using a FITC sample were carried 

out in a 20 mM TES buffer solution. The buffer solution used for anion separations was 

17 mM picolinic acid / 19 mM HEPBS with 19 mM TDAPS.30  Cation separations were 

performed using a buffer comprised of 15 mM HEPES / 15 mM Bis-Tris with 2.5 mM 

18-crown-6. 

 

Instrumentation and data acquisition 
 

The instrumental configuration has been described previously.32  A Dionex CD20 

conductivity detector (Dionex, Sunnyvale, CA) was modified to allow the detection leads 

to connect to the microchip detection wires. A laboratory-built, floating high-voltage 

power supply (HVPS) was used to apply the electric field and to control injections.33 The 

analog output (0-1 V) from the detector was monitored with a National Instruments USB-

6210 DAQ and LabView 8.0 software. For most experiments the data collection rate was 

8 Hz, with the only exception being a collection rate of 10 Hz during the PILS-microchip 

CE experiment. Fluorescence images were collected with a Nikon Eclipse TE2000-U 

microscope, equipped with an Exfo X-Cite 120 lamp and Photometrics Cool Snap HQ2 

camera. Metamorph 7.1.7 software was used to acquire fluorescence data.  

The PILS operates by collecting aerosol particles from the atmosphere and then 

mixing this sample flow with a turbulent flow of steam. The supersaturated environment 

inside the PILS causes the aerosol particles to grow into droplets, which can then be 

collected by an impactor to produce a continuous liquid flow for online analysis of the 

collected aerosols.23 Here, the PILS was interfaced to a microchip through a peristaltic 
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pump, which served to pull sample flow from the PILS and push it through the sample 

channel of the microchip.  The pump controls the flow of sample and was set at 9.3 

µL/min. The PILS heater and tip were set at 180°C and 90°C respectively. Air was 

continuously sampled for 5 hrs in Fort Collins, CO on April 15th, 2009.  

 
 
 Device fabrication 

Fabrication of PDMS microchips and inclusion of 10 or 15 µm gold-plated 

tungsten wires were carried out according to established protocols.34,35 In brief, a mold 

was fabricated using a thermal oxide silicon wafer coated with a 50 µm thick layer of SU-

8 3025 negative photoresist. The 50 µm layer was obtained by spin processing at 1800 

rpm for 30 sec. The coated wafer was baked at 65°C for 3 min, followed by 95°C for 5 

min. It was then exposed to UV light for 7 sec, and baked again at 65°C and 95°C for 2 

and 6 min respectively. After it was developed with propylene glycol monomethyl ether 

acetate, the master was used to replica mold the microchip features in PDMS. A degassed 

mixture of Sylgard 184 elastomer and curing agent (10:1) was poured on the master and 

on a blank silicon wafer, and allowed to cure at 65°C for approximately 2 hrs. The cured 

PDMS was removed from the master and the blank wafer and reservoir holes were made 

using a 5 mm biopsy punch (Robbins Instruments, Chatham, NJ). A sample inlet hole was 

also made using a 1.5 mm biopsy punch. The detection wires were manually placed into 

the device and held in place with Scotch tape. The surfaces of the two PDMS pieces were 

rinsed with methanol, dried, and treated in an air plasma cleaner (Harrick) for 45 s at 18 

W of power. The PDMS components were then immediately pressed together to form an 

irreversible seal. An FEP tube with an O.D. of 1/16’’ and an I.D. of 0.008’’was placed 

into the sample inlet hole and sealed in place using PDMS around the tube. The exposed 
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ends of the wires were attached to 18 gauge copper wires glued to the outside of the 

microchip, which allowed for connection to the detection leads. 

  A schematic of the microchip design is shown in Figure 3.1. Five injection 

channels spaced 30 µm apart, each 10 µm wide and 0.5 cm long, connect the sample 

channel to the separation channel. The thin channels were implemented to suppress 

hydrodynamic flow between the continuous flow sample channel and the rest of the 

device. Multiple thin channels were used so that a sufficiently-sized sample plug forms, 

but a high flow resistance remains. The effective separation capillary length was 5.6 cm, 

with the entire buffer channel measuring 6 cm long and 50 µm wide. The dimensions of 

the sample channel were 200 µm by 1.6 cm, and the height of all the channels was 50 µm. 

The two detection wires were spaced 100 µm from each other, and were placed in 

tapered, bridged channels. A bubble cell was used with a detection zone that was 200 µm 

wide and had an expansion distance of 190 µm. The bubble cell has been shown to 

improve conductivity detection by reducing background noise and decreasing the 

possibility for detection wire fouling.36 

 



38

 The number of thin channels was later varied, and it was found that one thin 

channel was capable of transferring a sufficient sample plug to the separation channel.

Having only one 10 µm channel made blockage of the thin channel more prevalent, 

however. Three thin channels did not lead to frequent blocking from fibers in the buffer 

solution, and a three thin channel design was used in experiments validating 

hydrodynamic flow modeling. 

Device operation   

Fluorescent imaging of a 1 µM FITC sample was used to monitor the 

hydrodynamic and electroosmotic flow of sample and buffer, as well as the injection of 

sample into the separation channel. Figure 3.2a and b illustrates the voltages applied at 

the reservoirs during injection and separation, and the direction and type of dominant 

flow that results.  A syringe pump at a flow rate of 10 µL/min resulted in sample moving 

hydrodynamically (flow direction shown in red) through the sample channel at all times. 

During separation 1000 V were applied at reservoir A, resulting in a field strength of 156 

V/cm in the segment of the separation channel that lies between the injection channels 

Sample 
Inlet 

Detection  
Separation Channel 

Injection Channels 

A B 

C 

50 µm x 5.6 cm 

10 µm x 5 cm 

200 µm x 1.6 cm 

0.4 cm 

Figure 3.1 Diagram of microchip with lengths and widths of channels. All 
channels are 50 µm deep, and a bubble cell is used at the detection zone. 
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and reservoir B; and ground was applied at reservoirs B and C. This resulted in a 

dominant electroosmotic flow (shown in blue) down the separation channel to reservoir 

B, and down the thin injection channels to reservoir C. Electroosmotic flow down the thin 

channels prevents sample leakage. During injection, reservoir A is grounded and

electroosmotic flow ceases. Hydrodynamic flow from the sample channel pushes sample 

into the thin injection channels and the separation channel. When the voltage is reapplied 

at reservoir A, the electroosmotic flow returns so that the sample plug moves down the 

separation channel, and any remaining sample is pushed back down the thin channels. 

Fluorescent images of a FITC sample taken before, during, and after injection are shown 

in Figure 3.2c, d, and e. 

Hydrodynamic flow

A B

C

+V Electrokinetic flow

Hydrodynamic flow

A B

C
Hydrodynamic flow

A B

C

+V Electrokinetic flow

Hydrodynamic flow

A B

C

+V Electrokinetic flow

Hydrodynamic flow

A B

C
Hydrodynamic flow

A B

C
a b

c d e

Separation Channel

Sample Channel

Figure 3.2  A schematic diagram of the dominant flows a) during separation and b)
injection. Electroosmotic flow (blue) dominate in the separation and thin injection 
channels during separation, as a voltage is applied at reservoir A. Hydrodynamic 
flow (red) is the only existing flow during injection as the voltage is removed and all 
reservoirs are set to ground.  Separation channel (top) and sample channel (bottom) 
are shown c) before injection, d) during injection, and e) after injection 
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3.3  Results and Discussion 
 
 
Hydrodynamic flow modeling   
 

Flow behavior in the microchip was modeled to take into account both 

hydrodynamic and electrophoretic flow.  In order for the microchip to function properly, 

channel dimensions and incoming sample flow rate must be such that the linear 

hydrodynamic flow velocity (U) of sample moving up the injection channels is less than 

the electrokinetic flow velocity (VE) of buffer moving down the injection channels (U < 

VE). This condition yields the scenario seen in Figure 3.2a.  Likewise, for injection to 

occur as demonstrated in Figure 3.2b, electrokinetic flow velocity down the injection 

channels must be less than the hydrodynamic linear flow velocity (U > VE).   

Hydrodynamic flow modeling was based on the analogy demonstrated by 

Harrison et al. between volume flow in a tube and the flow of current through a wire.37  

Specifically, Equation 3.1 is related to Ohm’s Law equation: 

ΔP  =  Φr        à        ΔV  =  iR                       (3.1) 

 so that the pressure difference (ΔP) is equivalent to the voltage drop (ΔV) , volumetric 

flow rate (Φ) is equivalent to current (i), and flow resistance (r) is equivalent to electrical 

resistance (R).  To obtain a model we can treat the network of channels in the microchip 

as a circuit (Figure 3.3), which allows us to directly apply Kirchoff’s Laws and calculate 

the current (i) moving through the injection channels.  
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According to Kirchoff’s Laws, voltage through a parallel circuit remains equal in each 

branch; therefore, V2 = V6, which can also be expressed as shown in Equation 3.2: 

i � � � � � � i � � �                 � � � � �   

Kirchoff’s Laws also state that current moving through a parallel circuit divides among 

the available paths but remains the same through a series circuit, which provides 

Equation 3.3: 

i1 = i2 +i6 � � � � � � � �  

Using Equation 3.3 to  substitute for i2 in Equation 3.2 yields Equation 3.4: 

� i1-i6 � � � � � � i6 � � �                                 � � � 
 � �

The resistance of segment 6 (R6) can be expressed by Equation 3.5: 

� � � � � �
� � � �

� � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  

This substitution allows Equation 3.4 to be re-expressed as: 

� � � � � �
� �

� �
� � � �

� � � �
� � � � � �
� �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Since segment 3 represents the injection channels, it is the current through this segment 

(i3) that needs to be solved for. Once again, because current through a series remains the 

same, we can say that the current moving through all of segment 6 is equal to the current 

Figure 3.3  Microchip design represented as a circuit. 
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moving through segment 3, or i6 = i3. This fact gives us the final expression for current 

though the injection channels: 

!! =   
!!

!! +   
!!!!

!! +   !!
!!

+ 1

                                                                                                                                                                                                                      (3.7) 

Resistances (R) were calculated via Equation 3.837 

! =
4!"

(!")!!                                                                                                                                                                                                                                                                   (3.8) 

where η is viscosity, L is length, w and d are half width and half depth, respectively, and 

F is the geometric form factor (Equation 3.9), which is dependent of the width and depth 

of channels.37 
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                                                                                                                                                (3.9) 

Given that the current in segment 3 (i3) is equivalent to its volumetric flow rate (Φ3) 

according to Equation 3.1, the linear flow velocity (U) of sample moving up the injection 

channels can be determined using Equation 3.10:  

U = Φ/A           (3.10)             

where A is the combined cross sectional area of the injection channels. As previously 

mentioned, the flow behavior is predicted by comparing linear flow velocity with 

electrokinetic velocity (VE3). For example, sample leaking will not occur if U3 < E3 

because this implies that the electrokinetic flow is pushing buffer down the injection 

channels. The electrokinetic velocity in the injection channels is dependent on the 

electroosmotic flow (µEOF), the ionic mobility (µek) of the sample, and the electric field 

(E) present in those channels: 
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VE3 = (µeo + µek)E3 � � � 
 
 �       

Given that linear flow velocity (U) is equal to distance/time, we were also able to 

use the hydrodynamic flow model to predict the time it takes sample to move through 

sections of the microchip. This provided an easy approach to validate the accuracy of the 

theoretical flow model. Specifically, the time it took FITC sample to move up the 

injection channels and reach the separation channel was measured and compared to the 

theoretical time. FITC sample was introduced into the microchip with a syringe pump, 

and the time to injection was measured for four different pump rates (U1). Results from 

this study, shown in Table 3.1, demonstrate that the flow model developed here does 

accurately predict hydrodynamic and electrokinetic flow behavior in the microchip. The 

small deviation between some of the calculated and measured values is likely the result of 

variability in channel dimensions along the length of the thin injection channels.  

Evaluation of separation performance   

Device performance was evaluated using separations of standard cation and anion 

solutions. The cation solution contained NH4
+, K+, Na+, and Li+ and the anion solution 

contained Cl¯, SO4
2¯, NO3¯, C2O4

2¯, and 1,3-propanedisulfonic acid (PDS) as an internal 

 
Pump rate (µL/min)         Measured Time (sec) 

(n = 20) 
Theoretical Time (sec) 

10 1.03 ± 0.05 1.02 
7 1.34 ± 0.08 1.47 

4.8 2.22 ± 0.04 2.13 
3 3.40 ± 0.07 3.45 

 

Table 3.1  Measured and theoretical time it takes a FITC sample to 
move from the sample channel to the separation channel (0.5 cm) for 4 
pump rates. Theoretical times were calculated by determination of U3 
using the hydrodynamic flow model.  
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standard.  Each standard was prepared at an analyte concentration of 50 µM, and was 

introduced into the sample channel using a syringe pump. Figure 3.4 shows 

representative anion and cation separations. The anion separation yielded migration times 

of 98.57 ± 0.84 sec (Cl¯), 109.62 ± 0.56 sec (SO4
2¯), 116.99 ± 0.79 sec (NO3¯), 128.56 ± 

1.27 sec (C2O4
2¯), and 137.50 ± 1.57 sec (PDS). These values correspond to relative 

standard deviations that range from 0.51 – 1.15 % with n = 4. Normalization of peak 

areas to PDS gave peak area ratios of 0.41 ± 0.02 (Cl¯), 1.31 ± 0.02 (SO4
2¯), 0.41 ± 0.04 

(NO3¯), and 0.50 ± 0.04 (C2O4
2¯), with relative standard deviations ranging from 1.28 – 

9.18 %.  The cation separation yielded average migration times of 48.52 ± 0.09 sec 

(NH4
+), 53.03 ± 0.11 s (K+), 59.87 ± 0.11 s (Na+), and 67.94 ± 0.12 s (Li+).  Peak area for 

NH4
+, K+, Na+, and Li+ peaks were 48.52 ± 0.09, 53.03 ± 0.11, 59.86 ± 0.11, 67.94 ±  

0.12, respectively. Good reproducibility was achieved, as relative standard deviations 

were ≤ 0.20 % for both migration times and peak areas.  
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In order to determine the extent to which the hydrodynamic pressure affects 

separation of analytes, the cation separation was performed at varying pump speeds. 

Figure 3.5 shows electropherograms at pump speeds ranging from 3 to 15 µL/min. As the 

pump rate was increased, shorter injection times were used to obtain a consistent sample 

plug volume. For example, during this experiment a 5 sec injection was used when the 

pump rate was set at 10 µL/min, while an 11 sec injection was used for a pump rate of 5 

µL/min. It was observed that migration times decreased, indicating that the 

hydrodynamic pressure affects the movement of bulk solution in the separation channel, 

as was expected. Resolution begins to decrease at higher pump speeds as well. For 

example, Na+/ Li+ peak resolution decreased from 3.44 to 2.02, and NH4
+/ K+ resolution 

changed from 2.38 to 1.39 when the pump rate was changed from 3 to 10 µL/min. 
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Figure 3.4  Electropherograms of anion separation (left) and cation separation 
(right). The anion separation was performed using 17 mM picolinic acid / 19 
mM HEPBS with 19 mM TDAPS as the background electrolyte, a pump speed 
of  7 µL/min, a separation voltage of -1000 V, and a 5 sec injection time. 
Cations were separated with a background electrolyte of 15 mM HEPES / 15 
mM Bis Tris with 25 mM 18-crown-6, a pump speed of 10 µL/min, a 
separation voltage of 950 V, and an injection time of 3 sec. All analytes were 
present in a 50 µM concentration. 
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Separation efficiencies remain fairly constant for the first three peaks (NH4
+, K+, and 

Na+); however, it steadily decreases for the last peak, Li+ as shown in Figure 3.6.  
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Figure 3.5  Electropherograms showing the influence of pump rate on 
retention time. Increased flow rate resulted in decreased retention time and 
comigration of K+ and Na+ peaks at 15 µL/min. The background electrolyte 
used was 15 mM Hepes / 15 mM Bis Tris with 25 mM 18-crown-6, with a 
separation voltage of 950 V. 
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The loss of separation efficiency can be explained by the presence of Taylor 

dispersion due to a small hydrodynamic flow in the microchannel. CE separations are 

known to have exceptional separation efficiencies because of the flat flow profile 

associated with electroosmotic flow (EOF).38 Hydrodynamic flow is characterized by a 

parabolic profile, which allows for more axial dispersion, thus degrading the separation 

efficiency.38 It is understandable then, why the introduction of a hydrodynamic 

component to the separation channel would result in a decrease in separation efficiency. 

While it is important to be aware of these effects on separation performance, the loss in 

resolution and separation efficiency at high pump rates can be easily solved in the future 

if necessary. If higher pump rates are necessary, channel dimensions can be increased to 
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Figure 3.6  The change in number of theoretical plates (N) as pump 
rate is increased from 3 to 10 µL/min is shown for the first and last 
peak (NH4

+ and Li+) of the cation separation. Little change is 
observed for the first peak, while the last peak has a steady decline 
in theoretical plate numbers.  
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reduce hydrodynamic pressure. Likewise, pump rates lower than 3 µL/min could be used 

if the sample channel was made smaller, and hydrodynamic pressure was increased.  

 

Interfacing device to an aerosol sampler 
 

To demonstrate the utility of this device for analysis of aerosols, the microchip 

was interfaced to a PILS aerosol collector. The PILS continuously collected aerosols 

from outside air, while the sample stream was fed into the microchip through use of a 

peristaltic pump.  The pump rate was set at 9.3 µL/min, separation voltage was 1100 V, 

and a 4 sec injection time was used.  Air was continuously sampled over a 45 min period, 

with individual analysis occurring at 200 sec intervals.  Figure 3.7 shows the resulting 

electropherograms at 5, 16, 21, and 33 min.  Nitrate and sulfate were detected, using PDS 

as an internal standard to account for sample dilution. The IC chromatograph showed the 

same peaks with an analysis time of 15 min. The oscillating baseline occurs due to the 

pulsing of the peristaltic pump, and presents an obvious problem. In the future, this 

disturbance will be minimized with a pulse dampener.  Retention times for SO4
2¯, NO3¯, 

and PDS were 100.99 ± 1.75, 116.20 ± 1.96, and 149.34 ± 0.76 respectively. The relative 

standard deviations for these retention times ranged from 0.5 – 1.7 % with n = 6. The 

migration times are slightly longer than those reported above for device characterization 

and the difference is most likely the result of differences in electroosmotic flow (EOF) 

and hydrodynamic flow rate. 
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3.4 Conclusion 

It has been demonstrated that the proposed microchip is capable of performing 

separations while sampling from a continuous flow. Flow modeling allows us to optimize 

microchip dimensions to accommodate different sample flow rates and electric fields, and 

allows us to predict injection times. This design provided an interface between MCE and 

PILS, as was demonstrated by detection of sulfate and nitrate in ambient aerosols; 

however, it currently serves more as a proof of concept than as a usable system. 

Improvements are needed to make a more reliable device that can run for hours, and 

preferably days. More specifically, a cause for frequent, unexplained fouling of the 

detection wires needs to be determined and remedied, or perhaps contactless detection 
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Figure 3.7  Electropherograms obtained at 5, 16, 21, and 33 
min during a 45 min sampling period.  Sulfate and nitrate were 
detected.   
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employed. The totality of this work is expected to be published in the context of a field 

study with validation by IC. 
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CHAPTER 4: PAPER-BASED MICROFLUIDICS 

 

4.1  What is paper-based microfluidics? 

Microfluidic paper-based analytical devices (µPADs) are patterned hydrophilic 

paper substrates that serve as a microfluidic platform for multiplexed analyte detection. 

Flow circuits are created in paper by depositing hydrophobic material that serves as 

barriers. These barriers confine and direct flow of aqueous solutions, which move 

through the paper fiber network by capillary action.  

µPADs offer an attractive alternative to polymer devices in some cases as mass 

production costs are much lower and paper is readily available and disposable.1 The low 

cost and simple operation of typical paper-based devices make this technology especially 

applicable as a health care diagnostic tool in developing countries, where advanced 

cleanroom facilities, expensive instrumentation, and trained personnel are not widely 

available.1-3 To date, the most prevalent examples of µPADs have been applied towards 

clinically relevant bio-analysis.4-7 Although, the attention that paper-based devices have 

recently attracted is fueling a great deal of innovative research that will expand the 

applications of µPADs to include environmental monitoring, water and food safety, 

filtration systems, biosafety and biodefense, and military and homeland security.6-9  

Paper-based devices can be fabricated through photolithography, wax screen 

printing, inkjet etching, or wax printing. Wax printing has become one of the most 

popular techniques, as it provides a rapid (~5 min) method for fabricating many devices 



55

at once, requiring only a commercially available printer and hot plate, and is one of the 

least expensive methods. The wax printing method is demonstrated in Figure 4.1. A 

commercially available wax printer is used to reproduce a device design on cellulose 

paper. Heating the printed design on a hot plate at 150 °C melts the wax ink so that 

hydrophobic barriers form through the thickness of the paper.  

The following chapters describe the development of a µPAD for colorimetric 

detection of particulate metals. Colorimetric assays created for metal detection on paper 

will be demonstrated in Chapter 5. The properties of cellulose and capillary movement of 

fluids through paper will be described in Chapter 6, and the ability to exploit or modify 

fluid and reagent movement will be demonstrated. Chapter 7 will then provide the first 

example of a paper-based device used for multiplexed metal detection in an aerosolized 

sample.   

Heat 
�

150 °C 
Wax melts through 

paper 
� � � 
 � 	 � � � � � 	 �

Hydrophobic 
barrier (wax) 

Wax 

8x10 
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Figure 4.1  Fabrication of microfluidic paper-based device after design is reproduced on 
filter paper using a wax printer. 
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CHAPTER 5: COLORIMETRIC DETECTION OF METALS ON PAPER 

 
 
5.1  Introduction 
 
  Detection and quantification of metals carried by aerosols in many occupational 

settings has become important due to the extensive list of negative health effects 

associated with particulate metal exposure. For example, worker exposure to heavy 

metals has been identified as a priority research area by the National Institute for 

Occupational Safety and Health (NIOSH).1 The current methods of occupational 

exposure assessment for metals require that filter samples be collected and sent out for 

analysis. There is a need to develop better methods for analysis of metals in aerosols that 

reduce the overall analysis time and cost while also allowing on-site measurement. The 

work presented here and in following chapters demonstrates a method for quantifying 

particulate metals using paper-based microfluidic devices. This chapter describes 

colorimetric assays developed for metal detection on paper, and evaluates their suitability 

for analysis of mixed-metal samples. 

Metals have historically lent themselves to colorimetric detection, a technique 

carried out relatively easily on paper substrates. Analytical chemists have long used 

chemical tests carried out in drops of solution on filter paper, commonly referred to as 

spot tests. A familiar example is the use of indicator papers to rapidly determine pH 

through detection of hydronium or hydroxide ions. In the early 1920s, investigations into 

whether it was feasible to carry out colorimetric reactions on paper led to the discovery 
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that many common qualitative inorganic tests executed in test tubes displayed great 

sensitivity when they were carried out as spot reactions on filter paper.2 Later studies 

demonstrated that in cases where water insoluble colorimetric reagents were used, lower 

detection limits were obtained with spot reactions than when the same tests were 

conducted in a test tube.3 There are several explanations for the enhancement of assay 

sensitivity on paper containing insoluble reagents: 1) the reagent solid is finely dispersed 

throughout the capillaries of the paper, providing an excess of reaction sites; 2) the 

diffusion and dilution that accompany reagent and analyte mixing in solution are avoided; 

and 3) sharply defined color spots result because products remain at the site of 

formation.3 Chapter 6 will demonstrate how the paper surface can be easily modified to 

limit mobility of water-soluble reagents and products so that they also yield sharply 

defined, intense color spots.  

The attractive qualities of simple, colorimetric spot tests have been exploited for 

common products such as glucose test strips and pregnancy tests. However, use of such 

assays has been largely limited to qualitative analysis because of difficulties associated 

with assessing small changes in color intensity. While colorimetric spot tests cannot rival 

the quantitative capabilities of sophisticated instrumentation, new developments in paper-

based microfluidic technology and image analysis have re-introduced this chemistry as a 

simple and inexpensive quantitative detection technique.  

While it has been suggested that metal detection would be a good application for 

paper-based microfluidic devices, very few examples of this have actually been reported. 

Apilux, et. al, performed electrochemical detection of Au3+ with simultaneous 

colorimetric detection of Fe3+ on a paper-based device for gold-refining waste samples.4 
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Nie, et. al reported electrochemical detection of Pb2+ in the presence of Zn2+. Besides 

these two reports, paper-based metal detection has been limited to spot tests with 

relatively simple samples containing few interfering metals; or a series of pre-treatment 

steps carried out in solution are required for more complex metal samples prior to metal 

detection on paper.2,5,6 In order for a paper-based microfluidic device to be employed in 

assessing particulate metal exposure, assays must first be developed that can be used with 

complex mixed-metal samples. Ideally, interferences from other metals should be 

eliminated without the need for washing or other post-assay treatments.   

With the goal of using a paper-based device form metal detection in mind, a 

variety of colorimetric assays were established as a precursor to measuring particulate 

metals in occupational health settings. Filter paper is the preferred substrate for spot 

reactions due to its capillarity and absorptive effects. The assays described here were 

performed on Whatman grade 1 filter paper, most often inside reservoirs created through 

a wax printing method which will be described in Chapter 7. The assays presented in this 

chapter were based on a broad selection of literature describing spot tests or solution-

based tests, some dating as far back as the 1930s. In most cases, procedures and reagents 

described in the literature were significantly altered to suit our application, and additional 

reagents were introduced to hinder interference from other metals. The six assays 

described below show varying levels of development. After six paper-based assays were 

established, three were chosen for use on the device described in Chapter 7 based on their 

suitability for quantitative detection and the desired application. Reagent volumes, 

detection limits, and calibrations curves are very dependent on paper grade and type, as 

well as device dimensions; therefore, this chapter describes general assay procedures for 
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detection of cadmium, lead, manganese, iron, nickel, and copper on paper. Colorimetric 

reagents were always used in stoichiometric excess relative to the metal ions they detect. 

More specific procedural details and results for iron, nickel, and copper detection will be 

described in Chapter 7. Even though use of several of the assays presented here was not 

continued, the following discussions help demonstrate how assays and reagents should be 

chosen for metal detection on paper-based devices. As it is anticipated that these efforts 

will be continued in the Henry group, the examples provided here will continue to be 

used and provide guidance for future paper-based metal assays.  

 

5.2  General Assay Procedures 

 All assays described here were performed on Whatman Grade 1 filter paper using 

pipets to apply reagents and samples. In cases where assays were carried out inside 

reservoirs on paper, the wax printing method described in Chapter 4 was implemented to 

create the hydrophobic reservoir barriers. Metal salts used to test for potential 

interferences were manganese chloride tetrahydrate, zinc nitrate hexahydrate, 

vanadium(III) chloride, lead(II) nitrate, chromium(III) chloride, cobalt(II) chloride, and 

aluminum sulfate, and were selected because of their common presence in aerosols.7-9  

 

Detection of Cadmium 

The reagent, ferrous dipyridyl iodide, was prepared by sonicating an aqueous 

solution containing 1.6 mM 2,2-dipyridine, 0.5 mM FeSO4�7H2O, and 60 mM KI for 30 

min. Any precipitate was filtered off, leaving a saturated solution of Fe(2,2-dipyridyl)3�I2 

with an excess of I−. A 1000 ppm Cd2+ standard solution was prepared from 
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Cd(NO3)2�H2O. A 30 % ammonia solution was used to hinder Cu2+ interference. Reagent 

and sample solutions were pipetted onto filter paper, and resulting differences in product 

formation due variation in method order were noted.  

 

Detection of Lead 
 

A saturated solution of rhodizonic acid was prepared by dissolving sodium 

rhodizonate in tartrate buffer (pH 2.8). A 1000 ppm Pb standard solution was prepared 

from Pb(NO3)2. Rhodizonic acid solution was added to filter paper and allowed to dry. 

The standard Pb2+ solution was then added to the same spot and immediate formation of a 

bright pink color resulted. A 5 % HCl solution was applied to the pink spot, resulting in 

formation of a blue-violet color. Once maximum color intensity of the blue-violet product 

was reached, a blow dryer was used to remove excess HCl, which is believed to be 

responsible for the rapid degradation of the blue-violet complex.10  

 
 
Detection of Manganese 
 

A solution of 3,3’5,5’-tetramethylbenzidine (TMB) (1 mg/mL) was prepared in 

0.1 M HCl. A 500 ppm Mn2+ standard solution was prepared from MnCl2�4H2O. The 

assay was performed in reservoirs on filter paper, which was prepared for manganese 

detection by drying NaOH (pH 12.8) on the paper, followed by addition of TMB 

solution. The Mn2+ solution was added, which resulted in formation of a blue color that 

quickly changes to yellow.  A 7.5 M phosphoric acid solution was then added to the 

yellow spot, causing it to turn brown. The brown color will either change back to yellow 

over time or remain depending on the amount of acid added. Paper was allowed to dry 
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completely between each addition of reagent and before sample was applied. Possible 

interferences from the following metal ions were studied: Ni2+, Cu2+, Fe2+, Zn2+, V3+, 

Pb2+, Cr3+,  Co2+, Al3+. 

 

Detection of Iron 
 

An acetate buffer was prepared with 15.0 g sodium acetate trihydrate and 11.75 

mL glacial acetic acid in 50 mL water, resulting in a 6.3 M acetate solution of pH 4.5. 

Both 1,10-phenanthroline (8 mg/mL) and hydroxylamine (0.1 g/mL) were prepared as 

separate solutions, each in the acetate buffer. A 1000 ppm Fe standard solution was 

prepared with FeCl2. Assays were carried out in reservoirs on paper that was impregnated 

with hydroxylamine followed by 1,10-phenanthroline. Paper was allowed to dry 

completely between addition of each reagent. Possible interferences from the following 

metal ions were studied: Ni2+, Cu2+, Mn2+, Zn2+, V3+, Pb2+, Cr3+,  Co2+, Al3+. 

 

Detection of Nickel 
 

Water-insoluble dimethylglyoxime (dmg) was prepared as a 60 mM solution in 

methanol. A 1000 ppm Ni2+ standard solution was prepared from NiSO4. Assays were 

carried out in reservoirs on paper which was impregnated with reagents prior to addition 

of nickel sample. The dmg solution was added to the paper, followed by an ammonium 

hydroxide solution (pH 9.5). Paper was allowed to dry completely between each addition 

of reagent and before addition of sample solutions. Possible interferences from the 

following metal ions were studied: Mn2+, Cu2+, Fe2+, Zn2+, V3+, Pb2+, Cr3+,  Co2+, Al3+. 

Detection of Copper 
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 Two different assays were developed for the detection of copper. The first 

employed the colorimetric reagent dithiooxamide and the second was based on the 

reaction of copper ions with bathocuproine. Both are described here.  

Dithiooxamide: Dithiooxamide was dissolved in acetone to yield a 10 mg/mL 

solution. Two different buffers were tested for this assay, each adjusted to pH 4.5. The 

first was an acetic acid/sodium acetate buffer prepared from 2.5 g sodium acetate 

trihydrate and 2.5 mL glacial acetic acid in a total volume of 10 mL. This buffer was later 

replaced with a 20 % malonic acid solution. Alcoholic solutions of ethylenediamine 

ranging from 10-20 % were prepared and used to mask interferences from other metal 

ions. A standard 1000 ppm Cu2+ solution was prepared from CuSO4�5H2O. Reagents 

were applied to reservoirs on paper prior to addition of Cu2+ in the following order: pH 

4.5 buffer solution (acetate or malonic acid), ethylenediamine, dithiooxamide. Paper was 

allowed to dry completely between addition of reagents. Interferences from the following 

metal ions were studied: Ni2+, Mn2+, Fe2+, Zn2+, V3+, Pb2+, Cr3+,  Co2+, Al3+. 

Bathocuproine: A solution of 50 mg/mL bathocuproine was prepared in 

chloroform. An acetic acid/NaCl buffer (10 mM, pH 4.5) provided the univalent anion 

(Cl−) and established the pH for the assay. Hydroxylamine (0.1 g/mL) was used for 

reduction of Cu2+ to Cu+. A 1000 ppm Cu solution was prepared from CuSO4�5H2O. 

Reagents were applied to reservoirs on paper prior to addition of Cu2+ solution in the 

following order: hydroxylamine, acetic acid/NaCl buffer, bathocuproine. The paper was 

allowed to dry completely between each addition of reagent. 
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5.3 Results and Discussion 
 
Detection of Cadmium 
 

Detection of Cd2+ was accomplished though use of ferrous dipyridyl iodide, 

Fe(2,2-dipyridyl)3�I2.  The base 2,2-bipyridine forms a remarkably stable complex with 

ferrous salts: [Fe(2,2-dipyridine)3]2+.11 This cation can combine with complex ions, such 

as [CdI4]2−, resulting in formation of the red precipitate Fe(2,2-dipyridyl)3�CdI4. The red 

precipitate, which reveals the presence of cadmium, was formed on paper by employing a 

saturated solution of [Fe(2,2-dipyridyl)3]I2 containing excess I2 as a reagent.2,11 This 

reagent solution contains all of the ions required for formation of the red precipitate 

according to the reaction: 

 

Cu2+ interferes with this assay under neutral or acidic conditions by forming 

cuprous iodide, which forms a colored product with 2,2-dipyridine. The presence of 

ammonia limits interferences by forming inactive copper and zinc compounds, 

Cu(NH3)4
2+ and Zn(NH3)4

2+.2 Cd(NH3)4
+, however, reacts readily with the reagent. 

Additional metal ions interfere by forming slightly soluble or complex iodides that also 

form red precipitates containing 2,2-dipyridine. These include ions of silver, thallium, 

lead, and to a lesser extent, bismuth, mercury, and tin. In an amoniacal solution lead, 

mercuric, bismuth, and tin ions form insoluble oxides that can be filtered out of the 

sample prior to cadmium detection. This type of sample pretreatment may not be 

N N

+   Cd2+ Fe(SO4)

2.2-dipyridine

KI
[Fe(2,2-dipyridyl)3]  [CdI4]
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desirable for all applications, especially if multiplexed analysis includes detection of one 

of these metals.  

The reagent solution of saturated Fe(2,2-dipyridyl)3�I2 is red itself, and forms a 

pink spot on paper, which can make the red precipitate difficult to see at low 

concentrations. The order in which the reagent and sample are added affected this as well. 

For example, Figure 5.1 shows the reagent spot on paper and detection of 10, 20, and 200 

µg of Cd2+ when the Cd2+ solution was pipetted  onto paper prior to addition of  reagent. 

It was seen that when added in this order, reagent ions will react at the site of dried Cd2+.  

Also, as the reagent ions precipitate out with Cd2+,  the pink color due to the reagent 

solution fades with increasing Cd2+. This can be observed by comparing results from 200 

µg to 10 µg Cd2+ in Figure 5.1. There is still a slight pink color outside the red 

precipitation spot for the 10 µg Cd2+ sample due to unreacted reagent, while no color is 

seen outside the precipitate of the 200 µg sample.   

Figure 5.1  Color resulting from saturated 
Fe(2,2-dipyridyl)3�I2 solution alone (top), 
followed by detection of 10, 20, and 200 µg 
Cd2+ on paper with ferrous dipyridine iodide. 
A slight pink shade left of the 10 µg spot 
indicates the presence of unreacted reagent. 

Figure 5.1  Color resulting from saturated 
Fe(2,2-dipyridyl)3�I2 solution alone (top), 
followed by detection of 10, 20, and 
Cd2+ on paper with ferrous dipyridine iodide
A slight pink shade left of the 10 
indicates the presence of unreacted reagent.

Reagent 

10 µg Cd 

20 µg Cd 

200 µg Cd 

Pink reagent 
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The same spot test procedure was performed for 3 samples: 1) 10 µg Cd2+, 2) 20 

µg Cu2+, and 3) 10 µg Cd2+ with 20 µg Cu2+.  After samples had dried on the filter paper, 

20 µL of the ammonia solution was added to each, followed by 20 µL of the colorimetric 

reagent solution. The Cu2+ spot showed no difference from the reagent spot, indicating 

that the ammonia was preventing Cu2+ from forming a colored complex with the reagent 

ions. A visual comparison of the Cd2+ spot versus the Cd2+/Cu2+ spot is shown in Figure 

5.2. The presence of twice the mass of Cu2+  relative to Cd2+ did result in color fading.  

The images presented thus far show colorimetric detection of Cd2+ when reagent 

is added to filter paper already containing the metal ion sample. It is more convenient for 

commercial purposes, however, to develop a paper-based detection device impregnated 

with colorimetric reagent so that detection is accomplished simply upon addition of 

sample. As mentioned previously, the order of sample and reagent application affects the 

outcome of this spot test. When the Fe(2,2-dipyridyl)3�I2 reagent is dried onto paper prior 

to sample addition, the pink color of the reagent remains in the background even after the

cadmium precipitate is formed (Figure 5.3). As Cd2+ levels decrease, distinguishing the 

red precipitation product from the pink background becomes more difficult.  

Figure 5.2  Comparison of 10 µg Cd2+ detected alone (left) and 
in the presence of 2X Cu2+ (right).  

  10 µg Cd2+! 10 µg Cd2+ + 20 µg Cu2+ !
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The cadmium assay was excluded from further use due to difficulties in 

discerning the red product from the pink reagent on paper; however, it is likely that 

further optimization will make this a viable candidate for the device and application that 

will be described in Chapter 7. More specifically, techniques for treatment of the paper 

surface that will be introduced in Chapter 6 may be employed to concentrate the red 

cadmium precipitate by immobilizing it into a smaller area. If immobilized there is also 

the possibility that the water-soluble excess reagent could be pushed to the edge of the 

detection reservoir, leaving the red precipitate behind after product formation.  

Detection of Lead 

The assay employed for colorimetric detection of lead on paper was based on the 

use of sodium rhodizonate in forensics as a convenient field test for verification of the 

presence or absence of lead deposits.10,12 Rhodizonic acid reacts with Pb2+ at pH 2.8 to 

form a bright pink complex, and upon addition of dilute HCl, also forms a blue-violet 

lead compound following the reaction: 

Figure 5.3  Detection of 30 µg Cd2+ on 
paper pre-treated with ferrous dipyridyl 
iodide. 

30 µg!
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Formation of the pink color can be indicative of the presence of Pb2+; however, several 

other metals also form similarly colored compounds with rhodizonic acid. In order for 

this test to be definitive for presence of Pb2+, appearance of the pink complex must be 

followed by formation of the blue-violet product upon treatment with 5 % HCl.10,12  

The mechanism by which these two reactions take place is still not well 

understood, largely due to the lack of information regarding the chemical structures of the 

two colored Pb2+ compounds. When synthesized in the laboratory, both compounds form 

fine powders that are insoluble in solvents that do not decompose them.10 This has made 

structure determination by single crystal X-ray diffraction impossible; and although data 

obtained from solid state IR and NMR spectroscopic studies have proven the compounds 

contain lead and rhodizonate, no clues have been provided as to the structural 

arrangement, identity of donor atoms, or tautomeric form in which the ligand exists.10  It 

has been suggested that there is very little coordinate covalent bond character in the 

interaction between rhodizonate ligands and the metals they bind. This claim was 

supported by studies demonstrating that the stability of rhodizonate-metal compounds 

markedly increases as the dielectric constant of the solvent (H2O) is decreased thorough

addition of acetone or ethanol.13 A strong dependence of compound stability on dielectric 

constant of the solvent is typical of compounds formed primarily though electrostatic 

interactions.13 

O

O

O

O

HO

HO

Rhodizonic Acid

+   Pb2+
pH 2.8

Pink complex Blue-violet complex

5 % HCl
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Of the metal ions that have been shown to react with rhodizonate, lead, barium, 

and copper(II) form the most stable colored compounds; although, even these are 

susceptible to rapid decomposition. Selective detection of lead is dependent on formation 

of the blue-violet compound shown above; however, the color fades within 30 sec of 

formation due to instability of the product. It has been suggested in the literature that 

excess HCl is responsible for this decomposition, and that using a blow-dryer to remove 

HCl from paper after maximum color intensity has been reached will prolong life of the 

product.10 Upon exploiting this suggestion and decreasing the volume of 5 % HCl added 

to the reaction spot, color fading was delayed slightly. The best results were obtained by 

adding a NaOH solution immediately after the blue-violet color began to form to 

neutralize the acid, and then using the blow-dryer on the reaction spot. With this 

procedure, fading was substantially decreased and the color remained on paper for 

several days. These results were not consistent, however, as color intensity was 

completely dependent (within a matter of seconds) on when the NaOH was added and 

drying accomplished.  

The inability to obtain quantitative data from this assay due to inconsistent color 

formation was the most important factor considered in excluding this assay from further 

use, but it is not the only disadvantage encountered. An ideal paper-based device would 

be impregnated with all necessary reagents prior to use, and reagents would need to 

remain stable for shipping and short-term storage. The procedure described above 

requires addition of reagents at various steps of the reaction, meaning that reagent 

solutions would have to be sent out with devices and there would be the possibility of 

user error. In addition, sodium rhodizonate, is unstable when exposed to air or light.10,13 
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While this assay provides and excellent method for determining whether or not lead is 

present on a surface, the disadvantages listed here make it unsuitable for the application 

described in this dissertation. 

 
 
Detection of Manganese 
 

The assay for manganese detection on paper was created from a solution-based 

colorimetric test that employs the reagent 3,3’,5,5’-tetramethylbenzidine (TMB) for 

detection of manganese in sea and drinking water, and later in photosynthetic 

membranes.14,15  Details for the reaction by which a colored product forms from reaction 

of manganese ions and TMB have not been described, but are suggested here. TMB, 

shown in the reaction below, is a chromogenic agent known to form various colored 

oxidation products, and has been widely used in detection of blood sugar, urine glucose, 

peroxide enzyme, and various antibodies in clinical or forensics samples.16 When TMB 

was used for detection of manganese, oxidation of manganese to the 4+ state was 

necessary for color formation and was accomplished by establishing a pH > 12 on the 

reaction spot with NaOH. Under these conditions, and in the presence of TMB, a yellow 

product appears at the reaction site when manganese ions are introduced. When this 

solution-based assay was presented in the literature, the product was described as having 

a maximum absorbance at 450 nm.15 Investigations into oxidation of TMB by various 

other compounds, such as horseradish peroxidase, lead to reports of a yellow 

quinonediimine oxidation product of TMB with an absorbance maximum ranging from 

450-465 nm.17-19 Furthermore, one account describes a brown solution with absorbance 
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maxima at 380, 465, and 650 nm resulting from oxidation of TMB with periodate. It was 

determined that this brown solution contained a mixture of TMB oxidation products.17  

The oxidation product color has been shown to be greatly dependent on pH, an

occurrence that was observed for the manganese assay as well.17,18 Under initial 

conditions of pH 12.8, addition of MnCl2 to the reaction spot resulted in formation of the 

yellow product, which then turned brown upon addition of 7.5 M phosphoric acid. An 

example of the two colored products with and without addition of acid is shown in Figure 

5.4. Depending upon the amount of acid added, the product either remains brown or 

changes back to yellow as it dries. In either case, once dried the product remains stable 

indefinitely. 

Based on the similarities existing between the TMB oxidation products described 

in previous literature and the products formed in the assay demonstrated here, it was 

determined that the yellow color indicative of manganese is due to a two-electron 

oxidation of TMB by Mn4+ according to the reaction: 

NH2H2N

3,3',5,5'-tetramethylbenzidine (TMB)

NHHN

TMB quinonediimine

+  2H+

Mn4+      Mn2+

� � � �

Figure 5.4  Colors resulting from reaction of 
TMB with MnCl2 on paper treated with 1 µL 
NaOH, pH 12.8 solution (a) and after 
addition of 1 µL 7.5 M phosphoric acid (b). 
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This is further supported by the fact that even the most stable form of Mn4+, MnO2, has a 

standard reduction potential (E°) of +1.23 V. This reduction potential should be sufficient 

for oxidation of TMB, known to have modest reduction potentials in a variety of 

conditions (e.g. 0.27 V in ethanol/phthalate buffer, ~ 0.7 V in methanol/benzene 

mixtures). 

Since color formation is dependent on oxidation of TMB, it was expected that 

interference to the assay could result from other oxidizing agents, including other metal 

cations with high reduction potentials (E°) such as Au3+ (E° = 1.50 V) and Co3+ (E° = 

1.82 V).20 Interferences from various metal ions were tested, first alone with TMB, and 

then together with Mn2+ at a 1:1 ratio.  Of the ions studied, only V3+ and Co2+  reacted 

alone with TMB, forming purple-brown products. When present with Mn2+, all metal 

ions had an effect on product color, as can be seen in Figure 5.5. Relative to color 

produced from Mn2+ alone, darker brown or purple colors resulted in the presence of Ni, 

Zn, Pb, Co, and Al ions; while the presence of Fe, Cu, V, and Cr ions yielded lighter hues 

of brown, orange, or yellow. The degree of interference from so many metal cations 

made this assay unrealistic for manganese detection. Also, the need to adjust pH to favor 

a single oxidation products leads to the same drawbacks encountered for the lead assay. 

Namely, a reagent, in this case a highly concentrated acid solution, has to be added to the 

reaction zone after sample is introduced, defeating the purpose of a ready-to-use paper 

device assay.   

Several other assays exist for colorimetric detection of manganese, and 

investigations into their use is recommended over attempts to solve the interference 

issues of this assay. Use of two reagents commonly employed for manganese detection in 
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the past, benzidine and o-tolidine, is discouraged as both are carcinogenic. Another 

common test for manganese is oxidation to the violet permanganate compound; however, 

conditions for this assay also oxidize Cr3+  to brightly colored chromate.2 More selective 

assays have been described using 1-(2-pyridylazonaphthol) or formaldoxime; however, as 

solution-based tests, absorbance measurements were difficult to obtain due to insolubility 

of the reagents and their colored products.21 As insoluble reagents and products are more 

likely to improve paper-based colorimetric detection rather than hinder it, these reagents 

may prove successful for manganese detection on paper. 

Figure 5.5  Detection of 2 µg Mn2+ alone 
(top) and in the presence of equal amounts 
of various metal ions using TMB.  

Cu2+ + Mn2+ 

Fe2+ + Mn2+ 

Zn2+ + Mn2+ 

V3+ + Mn2+ 

Zn2+ + Mn2+ 

Cr3+ + Mn2+ 

Co2+ + Mn2+ 

Al3+ + Mn2+  

Ni2+ + Mn2+ 

Mn2+ 

Reagents 
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Detection of Iron 
 

Iron was determined through detection of the red/orange ferroin complex 

[Fe(phen)3]2+ formed by the reaction of Fe2+ with 1,10-phenanthroline (phen) under acidic 

conditions:5,22 

 

 

 

 

 

Iron(III) does not react under these conditions; however, reduction of Fe3+ by ascorbic 

acid or hydroxylamine allows for measurement of total Fe. Hydroxylamine hydrochloride 

was used in this assay to serve two purposes: 1) it reduces Fe3+ to Fe2+; and 2) 

hydroxylamine acts as a masking agent by complexing the possible interfering metals Ni, 

Zn, Cd, and Co.23  Acetic acid solutions of varying pH were tested, and it was found that 

treating the assay area with a solution of pH 4.5 results in the greatest product color 

intensity.  

 The orange [Fe(phen)3]2+ product is shown in Figure 5.6. Interferences to this 

assay from the following metal ions were studied: Ni2+, Mn2+, Cu2+, Zn2+, V3+, Pb2+, Cr3+, 

Co2+. Solutions of these ions were first tested alone with 1,10-phenanthroline under the 

same reaction conditions described above, and none yielded a colored product. 

Interference was then tested with each at a 1:1 ratio with Fe2+.  A slight loss in color 

N N

+   Fe2+

1,10 phenanthroline (phen)

N

N

N N

N

N Fe

2+

3
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intensity occurred in the presence of Mn2+, Cu2+, Cr3+, and Co2+ at this ratio; however, 

increasing the excess of 1,10-phenanthroline in the reaction zone solved this problem. It 

was assumed that these cations were complexing small amounts of 1,10-phenanthroline, 

but not forming colored products.  

The 1,10-phenanthroline assay for detection of iron is amenable for use on a paper 

substrate due to the stability of reagents and product and the ease with which the orange 

color can be observed. Moreover, the lack of interference from other metals make this 

assay ideal for quantitative iron measurements in mixed metal samples, such as those 

collected for particulate metal exposure assessment. When carried out on a more complex 

paper-device, high mobility of the product on paper became an issue. Chapter 6 will 

discuss this as an example for how reagents that change paper surface properties can be 

used to improve paper-based detection, and further use of this assay will be described in 

Chapter 7. 

Detection of Nickel 

The assay used for nickel detection was based on the bright pink complex formed 

from the reaction of Ni2+  with dimethylglyoxime (dmg):24-26 

Figure 5.6  Color  resulting from detection of 2 µg 
Fe2+ on paper with1,10-phenanthroline. 

2 µg Fe
2+

Reagents 
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This reaction occurs due to donation of electron pairs on the nitrogen atoms of dmg to 

Ni2+, which requires the loss of a proton from one oxime group (NOH) of each dmg 

molecule. Since complexation of Ni2+ by dmg involves the loss of a proton, the rate and 

extent of complexation are pH dependent.24,26 It has been reported that this reaction does 

not take place below pH 6, and that the most rapid complexation of Ni2+ with DMG 

occurs at pH 9.26 For the spot test developed here, paper treated with ammonium 

hydroxide solutions ranging in pH from 8-11 showed immediate color formation, and 

variation of pH within this range did not result in a measurable difference of color 

intensity. The pink Ni(dmgH)2 product is shown in Figure 5.7. 

In a study of possible interferences from Fe2+, Mn2+, Cu2+, Zn2+, V3+, Pb2+, Cr3+, 

Co2+,  and Al3+, issues were found with Cu2+ and, to a lesser extent, Fe2+. When present 

as the only metal, Cu2+ did not form a colored product with dmgH2 under these assay 

conditions; however, when present at a 1:1 ratio with Ni2+ it causes the pink nickel 

reaction product to develop a reddish-orange hue and increases color intensity 

measurements. An example of this effect is shown in Figure 5.7. This change in hue may 

be due to formation of one or several Cu-dmg species, as the Cu(dmgH)2 complex has 
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been described as brown, and reports of Cu-dmg interactions in ammoniacal solutions 

have resulted in violet products.2,27 The fact that Cu2+ did not form a colored product with 

dimethylglyoxime or ammonia in the absence of Ni2+ also suggests that under these assay 

conditions, the presence of additional metal cations may promote formation of the 

colored Cu-dmg products.  Masking interference from Cu was attempted through the use 

of tartrate, though it was effective at eliminating interferences when Cu was present at a 

1:1 ratio with nickel. Although, it was found that Cu did not affect the assay when present 

at levels four times lower than that of Ni. There are reports of sodium thiosulfate being 

used to mask Cu2+, and further investigation into this reagent is recommended for 

improving nickel detection when Cu is present at levels similar to Ni.28,29 

Interference from Fe2+ occurred in a manner opposite to what was observed with 

Cu2+. A sample containing only Fe2+ was able to react with dmgH2 to produce a faint 

brown-red product; however, when present at a 1:1 ratio with Ni2+, interference from Fe2+ 

was slight and could be eliminated by adding excess dmgH2 to the assay area. Stability 

constants, often reported as log K, for Fe-dmg complexes have not been reported for 

conditions that would allow for a direct comparison between it and the Ni complex; 

although, it may be assumed that log K for the brown-red Fe-dmg complex is low enough

Reagents            Ni2+          Ni2+ + Cu2+  

Figure 5.7  Detection of 2 µg Ni2+ alone and in the 
presence of 2 µg Cu2+. 
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relative to that of Ni(dmgH)2, that the dmgH2 ligand favors complexation with Ni2+ over 

Fe2+. This would explain why interference to the Ni assay from Fe2+ is minimal when 

both cations are present at a 1:1 ratio. In cases where Fe content is several times greater 

than that of Ni, sodium fluoride was employed to mask interferences from Fe2+.28,29 In 

Chapter 7 it will be shown that nickel was determined quantitatively in the presence of 

high levels of Fe without interference when sodium fluoride was used as a masking 

agent. 

The use of tartrate or citrate has often been suggested in the literature to inhibit 

interferences from Fe, Cu, Mn, Co, and Cr ions.2,30-32 Tartrate was shown in this work to 

be effective at eliminating color formation from Fe but, as mentioned previously, did 

little to inhibit interference from copper. Moreover, the presence of tartrate significantly 

diminished color intensity of the Ni(dmgH)2 product, as can be seen in Figure 5.8. In 

order to preserve lower detection limits for Ni detection, the use of tartrate as a masking 

agent is discouraged unless absolutely necessary. Acetate can also be employed to mask 

interferences from Co, Mn, and Zn, and does not affect the Ni(dmgH)2 product. In 

Chapter 7 it will be demonstrated that a mixture of acetate and fluoride ions were capable 

of masking interferences from all metals present in an aerosolized ash sample. Cr levels 

in the ash sample were about 12 times greater that of Ni, Fe levels were about two times 

greater, and all other metals, including the possible interferents Cu, Co, Zn, and Mn, were 

present at levels at least  ten times lower than Ni. Unless acetate proves to be ineffective 

as these metal levels increase relative to nickel, its use as a masking agent is preferable to 

tartrate. 
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The dmg assay for detection of Ni was found to be ideal for use on a paper-based 

microfluidic device due to the stability of reagents employed and of the Ni(dmgH)2 

product, as well as the high visibility of the bright pink product. In addition, because the 

product is only slightly water-soluble, it concentrates itself on paper in one spot rather 

than spreading through the paper and diluting the color intensity. Currently, no 

interferences are seen when the assay is performed in the presence of several other metals 

as long as Cu levels are low relative to Ni. In many cases, no further optimization would 

be necessary, as Cu is often not as abundant as Ni in many occupational settings, such as 

in the steel industry, where occupational exposure to metals is commonly studied. In 

order to expand the utility of this assay for metal exposure studies, however, additional 

masking agents for Cu may be needed in the future. 

 
 
Detection of Copper 
 
 Two colorimetric reagents were examined for detection of Cu. The first was 

dithiooxamide, also known as rubeanic acid, which reacts instantly with Cu2+ to form a 

solid, black coordination polymer according to the following reaction:33-35 

 Dithiooxamide is soluble in acetone, yielding a yellow solution, and once 

impregnated in paper, the solid reagent remains stable for months.36 Co, Ni, Fe, and Ag 

salts also produce colored precipitates upon reaction with dithiooxamide; however, 

malonic acid and ethylenediamine can be utilized to sequester interfering ions, thus 
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inhibiting their interference.2,5,37  The selectivity of this assay can be tuned by adjusting 

the pH because most metal ions only form stable complexes with dithiooxamide above 

pH 7. The reaction between Cu2+ and dithiooxamide remains efficient at pH levels as low 

as 3, however. For this reason, the reaction spot was treated with buffer adjusted to pH 

4.5 for this assay.  

 The black Cu(II)-dithiooxamide product is shown in Figure 5.8. The assay was 

first carried out by drying acetate buffer (pH 4.5) on the reaction spot before the 

colorimetric reagent was applied, and the following metal ions were tested for reaction 

with dithiooxamide under these conditions: Ni2+, Mn2+, Fe2+, Zn2+, V3+, Pb2+, Cr3+,  Co2+, 

Al3+. The reaction spots on the left of Figure 5.8 demonstrate that Ni2+ forms a black 

product with dithiooxamide that would greatly interfere with copper detection, and the 

Fe2+ test also showed slight black coloring. This study was repeated, but with malonic 

acid (pH 4.5) and ethylenediamine solutions replacing the acetate buffer. Reaction spots 

on the right side of Figure 5.8 show that under these conditions Fe2+ no longer caused 

black precipitate formation, and the product resulting from Ni2+ was almost entirely 

inhibited. Of the other metals tested, only Co2+ produced a colored product (orange) upon 

reaction with dithiooxamide; however, it was later found that presence of this orange 

color did not affect intensity measurements of the black Cu(II)-dithiooxamide complex. 

Further interference studies were carried out using malonic acid and ethylenediamene in 

which detection of  Cu2+ was performed in the presence of each of the aforementioned 

metals, one at a time.  A slight loss of color was seen when V3+ or Co2+ were present at a 

1:1 ratio with Cu2+. Increasing the amount of dithiooxamide impregnated in the paper 

solved this problem.  
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Two major advantages of this assay were: 1) the stability of all reagents both in 

solution and dried on paper, as well as the stability of the colored product, and 2) the dark 

color of the product that allows for easy visualization at lower levels. Ultimately, 

interferences from Ni continued to result in falsely high intensity measurements and use 

of the dithiooxamide assay was discontinued.  

The colorimetric assay utilizing bathocuproine (bc) was chosen to replace 

dithiooxamide for detection of copper, and demonstrated improved selectivity. 

Bathocuproine is a derivative of 1,10-phenanthroline. The presence of methyl groups on 

this ligand prevents chelation with Fe2+; however, it does readily complex Cu+, forming 

an orange, slightly water-soluble product.38,39 Presence of a negatively charged, univalent 

Figure 5.8  Colorimetric spot tests for 2 µg each of 
Cu2+, Ni2+, and Fe2+ with dithiooxamide and an acetate 
buffer (left) and with dithiooxamide and a malonic acid 
buffer and ethylenediamine masking reagent (right). 
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anion, such as Cl−, is necessary as it provides stabilization of the Cu-bathocuproine 

complex.  This is demonstrated by the following reaction:38,40     

 

In order to detect total copper, hydroxylamine was used for reduction of Cu2+ to Cu+. 

Bathocuproine is only soluble in organic solvents such as chloroform and benzene, and 

areas of paper impregnated with bathocuproine become hydrophobic. Chapter 6 will 

discuss how modifications were made to the reagent  to overcome problems associated 

with hydrophobicity of the detection area on paper.   

Color resulting from formation of the Cu(bc)2 complex is shown in Figure 5.9. 

The standard copper sample was a solution of a Cu2+ salt, which is not expected to be 

complexed by bathocuproine. The color formation seen in Figure 5.9 not only proves 

success of the assay, but also demonstrates that hydroxylamine was efficient at reducing 

Cu2+ to Cu+. No interferences were seen from Fe, Ni, Mn, Zn, V, Pb, Cr, Co, Ba, Cd, Ag, 

or Al ions present in an aerosolized fly ash sample, even though levels of Ni, Fe, and Cr 
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were present at levels ~5 times, ~10 times, and ~50 times higher than copper levels, 

respectively.  

Aside from initial issues resulting from hydrophobicity of the reagent (described 

in Chapter 6), no disadvantages to this assay were discovered. Bathocuproine proved to 

be selective for Cu2+, as interference from other metals was not observed, and the 

reagents used, as well as the orange product were found to be stable on a paper substrate. 

This assay replaced the dithiooxamide test for Cu in the paper-based device introduced in 

Chapter 7, and details of this assay performed on that device will be presented then. 

5.8  Conclusion 

Colorimetric detection of Cd, Mn, Pb, Fe, Ni, and Cu was accomplished on a 

filter paper substrate. The assays for Fe, Ni, and Cu detection were chosen to be 

employed in a paper-based device for particulate metal detection based primarily on the 

following criteria: 1) the ease with which color formation is observed, 2) stability of 

reagents and colored product, and 3) the degree of  interference from other metals. 

Improvements to assays or alternatives for detection of Cd and Mn were suggested. 

Investigations into additional colorimetric assays for Pb and other metals, such as V, Co, 

Figure 3.9  Color  resulting from detection 2 µg 
Cu2+ with bathocuproine. 
  

Reagents             2 µg Cu2+!
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and Cr are expected to increase utility of the device presented in Chapter 7. The 

discussions presented here provide a better understanding of the types of reagent and 

product properties that yield the most successful quantitative colorimetric assays on 

paper, as well as the types of reaction mechanisms that tend to be less susceptible to 

interference from other metals. For example, the Mn assay demonstrated that assays 

based on oxidation of the colorimetric reagent are likely to have interferences from metal 

cations with high reduction potentials.  As much of the past literature discussing these 

assays either applies to solution-based detection or is outdated and contradictory, this 

chapter will serve as an extremely useful tool for further development of multiplexed 

metal detection on paper-based devices.  
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CHAPTER 6: ADVANCING PAPER-BASED DEVICES - NOVEL METHODS OF 
CONTROLLING CHEMISTRY ON PAPER  

 
 
6.1  Introduction 
 

The previous chapter described the development of paper-based assays for metal 

detection that were minimally susceptible to interference from other metals. These assays 

were demonstrated as spot tests, meaning a sample solution was pipetted directly onto the 

prepared assay area. In a paper-based microfluidic device, the idea is typically for sample 

to be applied in one area of the device and then be carried by capillary action through the 

paper fibers to a detection zone impregnated with reagents for colorimetric detection. 

When sample is introduced in this way, reaction zones can also be created along the 

sample path that allow for pre-treatment, which includes oxidation/reduction or 

complexation of interfering compounds as was described previously. A simple schematic 

of this concept is demonstrated in Figure 6.1, in which an aqueous analyte (A) solution is 

introduced at one end of a channel and flows past a pre-treatment zone containing a 

complexation agent (C) to reach the detection zone containing the colorimetric reagent 

(R).  
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Fluid movement through paper fibers and the behavior of different reagents on 

paper can be better understood by considering the basic structure and properties of 

cellulose. Cellulose is a homopolymer composed of β-D-glucopyranose units which are 

linked together through glycosidic bonds (Figure 6.2).1,2 The three hydroxyl groups of 

each monomer are responsible for the hydrophilic nature of pure cellulose. The 

completely linear polymer molecules aggregate through Van der Walls forces and 

extensive intra- and inter- molecular hydrogen bonding to form fibers.1,2 A paper network 

consists of randomly laid cellulose fibers that also interact with each other through 

hydrogen bonding as wetted fibers dry in contact with each other. The result is a 

complicated arrangement of narrow pores between fibers that allows water to absorb and 

move through paper by capillary action.1,2 The rate of capillary movement of fluids 

through paper can be described by the Washburn equation: 

               (6.1) 

where dl/dt is the rate of penetration of the capillary, l is the distance penetrated into a 

cylindrical capillary of radius r in time t, θ is the contact angle between the surface and a 

liquid with surface tension γ and viscosity η.2 From this equation, it is seen that liquids 

dl
dt

=
!rcos"
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Figure 6.1  Schematic of sample solution containing analyte (A) 
moving through paper channel to first reach a pre-treatment zone 
impregnated with complexation agent (C), followed by a detection zone 
impregnated with a colorimetric reagent (R).  
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with higher surface tension and lower viscosity will have the greatest rate of capillary 

flow in paper. For example, water, which is known for wicking through paper by 

capillary action, has a surface tension of 0.0728 N/m and a viscosity of 1 mPa s at 20 °C. 

As a comparison, methanol, which has very poor wicking action, also has a low viscosity 

(0.593 mPa s) but its surface tension is more than three times smaller than that of water at 

0.0227 N/m at 20 ° C.  

Interactions between cellulose paper and other chemicals are dominated by 

hydrogen bonding over electrostatic repulsion or attraction from unprotonated hydroxyl 

groups. Predicting the degree of such interactions is unrealistic, as the processing of 

cellulose in papermaking can oxidize surface hydroxyl groups to carboxylic groups and 

even contact with a liquid causes modifications in paper structure due to disruption of 

hydrogen bonds, relaxation of fibers, and shrinking or expanding of pores.2 Fillers and 

other additives used in papermaking can affect significant changes in the physical 

Figure 6.2  Structure of cellulose polymer composed of  β-D-
glucopyranose units.  
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properties of paper. For example, capillary flow of water in common printer paper is 

quite low, largely because fillers used in its production eliminate pores between fibers. 

Alternatively, Whatman filter paper is free of all additives and has excellent absorption 

and capillarity properties which make it a popular substrate for paper-based. microfluidic 

devices.  

This chapter demonstrates the ability to control reaction conditions and movement 

of reagents and products in a paper-based microfluidic device. Polyelectrolytes were used 

to immobilize reagents and products that were carried away from the detection zone by 

water, and a solubilizing agent was used to overcome sample flow problems that arise 

when hydrophobic reagents are impregnated into a zone. In addition, it was shown that 

drastically different pH zones can be created in paper without negatively affecting one 

another. These techniques expand the multiplexed detection capabilities of paper-based 

devices, as they demonstrate how a wide range of chemistries and capillary flow 

modifications can be carried out on a single device. 

 

6.2  Controlling mobility of compounds on paper 

It was mentioned in the previous chapter that the use of water-insoluble 

colorimetric reagents tends to yield sensitive spot test assays because their products 

remain at the site formation, resulting in sharply defined, intense color spots. It was found 

throughout this work that immobility of reagents and products on paper was especially 

advantageous, if not imperative, when assays were carried out on microfluidic devices 

which use water to carry sample through the paper zones. While it is desirable for water 

to carry analytes through the paper, immobilization of reagents keeps different zones 
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from blending into one another as sample solution moves past them, and immobilization 

of product concentrates color intensity.  

The importance of product immobilization was better understood when the iron 

assay described in Chapter 5 was employed in a device detection zone rather than as a 

simple spot test. The reagent used for detection iron was 1,10-phenanthroline, which is 

moderately soluble in water under acidic conditions, as is the orange complex formed 

with Fe2+.3,4 As demonstrated in the schematic of Figure 6.1 above, 1,10-phenanthroline 

was dried onto the detection zone, and an aqueous sample solution was added to a sample 

reservoir at the center of a paper device. Upon reaching the detection zone, water 

carrying Fe2+ also carried 1,10-phenanthroline and/or the orange Fe(phen)3
2+ product to 

the detection reservoir borders, making visualization of the product difficult. This effect 

is shown in Figure 6.3a. In an attempt to solve this problem, the detection zone was 

coated with a negatively charged polyelectrolyte with the purpose of increasing the 

charge density at the paper surface. It was hypothesized that the orange product could be 

immobilized if there were stronger interactions between the negatively charged paper 

fiber surfaces and the positively charged iron complex. Three polyelectrolytes were tested 

for this purpose: poly(acrylic acid) (MW ~ 1,000,000), poly(styrene sulfonate) sodium 

salt (MW ~ 70,000), and dextran sulfate sodium salt (MW ~ 500,000). Structures of these 

polymer molecules are shown in Figure 6.4. Detection zones (3 mm diameter) were 

prepared by applying 1 µL of polyelectrolyte solution (~0.05 mM polymer chain) and 

allowing it to dry before adding the other reagents. A solution containing 5 µg Fe2+ was 

pipetted onto the sample reservoir and 10 µL additional water was added to carry sample 

to the detection zone. Results from this test, shown in Figure 6.3, demonstrated that 
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retention of the orange product was accomplished, with the greatest immobilization 

effects from the polyelectrolytes occurring in the following order: poly(acrylic acid) > 

dextrose sulfate > poly(styrene sulfonate).  

The pKa for poly(acrylic acid) is ~ 4, while pKa’s for dextrose sulfate and 

poly(styrene sulfonate) approach negative values.5-7 Under the iron assay conditions, in 
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Figure 6.4  Structures of poly(acrylic acid), poly(styrene sulfonate), and dextran sulfate. 
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Figure 6.3  Detection of Fe2+ with 1,10-phenanthroline in a paper-
based microfluidic device. Detection reservoirs treated with a) no 
polyelectrolyte, b) poly(styrene sulfonate), c) dextran sulfonate, and 
d) poly(acrylic acid). 
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which the detection zone pH is ~ 4.5, all three polyelectrolyte molecules should be 

increasing the negative charge density relative to the cellulose. Since poly(acrylic acid) is 

partially protonated at pH 4.5 and shielding of negative charge by sodium ions is possible 

for the other two polyelectrolyte sodium salts on paper, it is difficult to predict which of 

these three yield the greatest negative charge density at the detection zone. The degree to 

which each polyelectrolyte immobilized the orange product seemed to be most affected 

by the viscosity of the polyelectrolyte solution applied to paper. The poly(acrylic acid) 

solution was by far the most viscous of the three and resulted in the greatest 

immobilization of product. Further investigations into this aspect are warranted in the 

future.  

Polyelectrolytes exhibit unusual behavior in aqueous solutions that greatly affects 

viscosity.1,2 Uncharged polymer molecules in aqueous solution tend to be tangled into 

random coils, while acidic polyelectrolytes, such as poly(acrylic acid), are covered in 

negative charges which repel each other, causing the polymer chain to stretch out (Figure 

6.5). The expanded polyelectrolyte chains increase solution viscosity because they take 

up more space and are more effective at resisting flow of the solvent molecules around 

them. It is suggested here that when sample solution reaches the detection zone, not only 

is the orange product held to some degree by attraction to the negatively charged chains, 

but viscosity is increased as the water dissolves dried polyelectrolyte molecules. This 

significantly slows capillary flow of the solution, thus aiding in immobilization of the 

orange product while the remaining water evaporates.  
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Further tests showed that flow can be blocked completely by increasing the 

amount of  poly(acrylic acid) in a zone. This has lead to the idea of possibly creating a 

polyelectrolyte “gate” in paper microfluidic channels that blocks solution from entering a 

certain area of the device, but can then be removed when needed. When high  

concentrations of NaCl are present in a polyelectrolyte solution, viscosity is greatly 

reduced. This occurs because excess Na+ ions are able to reduce the effective negative 

charge along the chain, allowing it to revert back to its coiled conformation. It is possible 

that a polyelectrolyte “gate” blocking capillary flow in a paper channel could be 

“opened” by adding a concentrated solution of NaCl to the zone, thus reducing viscosity 

so that solution can pass.   

 

6.3 Reducing hydrophobicity in a zone 

 The bathocuproine reagent used for detection of copper is hydrophobic, and 

deposition in the detection zone results in a hydrophobic area that blocks flow of aqueous 

sample solution. Detection zone hydrophobicity was reduced by adding poly(ethylene 

� 
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Figure 6.5  Behavior of uncharged polymer versus polyelectrolyte 
in aqueous solution.    
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glycol) to the bathocuproine chloroform solution, with optimal solution concentrations 

determined to be 50 mg/mL bathocuproine and 40 mg/mL polyethylene glycol (PEG 

400). Lower levels of PEG relative to bathocuproine were not sufficient to reduce 

hydrophobicity, while levels higher than 40 mg/mL lead to inconsistent color formation. 

PEG is commonly used as a solubilization reagent in the pharmaceutical and food 

industries. It is miscible with both water and chloroform, which is the solvent used to 

dissolve bathocuproine, and when deposited on paper along with bathocuproine, the  

polarity it adds to the detection zone allows for the aqueous sample solution to come in 

contact with the hydrophobic reagent.  

 

6.4  Controlling pH in different zones of a device 
 

Among the reagents dried onto to a device are those needed to set the pH of a 

specific zone. In a device that performs multiplexed detection it is especially important 

that the pH at one detection zone does effect the pH at another, as optimal pH conditions 

for each assay may vary drastically. The ability to control pH at each detection zone by 

drying the appropriate buffer or acid/base solution is demonstrated by the example of 

simultaneous detection of Ni2+, Cu2+, and Fe2+ by dimethylglyoxime (dmg), 

dithiooxamide, and 1,10-phenanthroline, respectively (Figure 6.6). In this experiment, the 

optimal pH for Fe and Cu detection was set by drying solutions of hydroxylamine (for 

Fe) and malonic acid (for Cu), each with a pH of 4.5, onto their respective detection 

zones; and an ammonium hydroxide solution of pH 9.8 was dried onto the nickel 

detection zone. As was described in the previous chapter, this assay for iron detection is 

only successful under acidic conditions; likewise, the pink Ni(dmgH)2 complex only 
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forms under basic conditions. Appropriate color formation in each detection zone shows 

that pH was controlled in these different areas of the device without affecting one 

another. It should be noted that the actual pH of the paper after application of reagents 

was never determined. Instead, reported pH values are those of the solutions used to set 

pH, and optimization of pH for an assay was based on results yielded when solutions of 

various pH were dried onto a zone. 

Establishing unique pH zones for each detection reservoir was not difficult due to 

the distance between them, but in some cases it may be necessary or useful to have 

different pH zones right next to one another. One instance of this arose in the nickel 

assay, where acetic acid was used to mask interferences from other metals. Adding the 10 

mM acetic acid solution (pH 4) to the nickel detection zone lowered the pH there so that 

the pink product did not form. The pre-treatment zones mentioned above were developed 

at this point, not only to solve this issue, but also to improve pre-treatment of sample in 

general. Pre-treatment zones, shown in Figure 6.7, were created in the channels, just 

Figure 6.6  Different pH zones established at 
detection reservoirs to provide optimal assay 
conditions.
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before the detection reservoirs and were expected to serve two functions: 1) to allow for 

additional time and area for analytes to be oxidized/reduced if appropriate and for 

interfering metals to be complexed by masking agents; 2) to separate detection zones 

from dried reagents that will change assay pH. The first pre-treatment zones created 

measured ~2 mm at their widest point, and the acetic acid masking agent was dried onto 

this area. Figure 6.7a shows that this slight widening of the channels was not effective at 

keeping acetic acid in the pre-treatment zone from affecting the nickel assay. The pink 

color indicative of Ni2+ was only able to form along the edges of the reservoir, and the 

hue of the product was changed to a more red color. The pre-treatment zone was then 

expanded to ~3 mm wide and a 1 mm straight channel was added between this zone and 

the detection zone (Figure 6.3b). With this modification, conditions in the detection zone 

appeared unaffected by the acetic acid in the pre-treatment zone and this device design 

was adopted for use in all subsequent work.  

Figure 6.7  Expanded pretreatment zones a) 2 mm wide and 
b) 3 mm wide created to separate areas of different pH.     
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6.5  Conclusion 
 
 The ability to immobilize reagents and products on paper and to control pH in 

specific zones of a paper-based device was demonstrated here. These techniques allow 

colorimetric assays to move beyond simple spot tests, and instead be employed in paper-

based devices that exploit fluid movement through paper to achieve more advanced 

analysis. The separation of pH zones allows for multiplexed detection and sample pre-

treatment on a single device, while reagent and product immobilization result in 

improved limits of detection. Further investigation into tuning the mobility of reagents 

and capillary flow of solutions in paper is likely to continue the expansion paper-based 

device capabilities. Using the techniques described here, colorimetric spot tests described 

in in Chapter 5 were able to be employed in a paper-based microfluidic device for 

detection of particulate metals. This device, capable of multiplexed detection from an 

aerosolized sample, will be demonstrated in the following chapter.  
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CHAPTER 7: MICROFLUIDIC PAPER-BASED ANALYTICAL DEVICE FOR 
DETECTION OF PARTICULATE METALS 

 

 Employing the colorimetric assays and techniques demonstrated in the previous 

two chapters, a microfluidic paper-based device was developed for detection of 

particulate metals in occupational settings. This work represents the first example of 

multiplexed metal detection on paper from a real, aerosolized sample. It also 

demonstrates the use of filters as a sample system, eliminating the need for filter 

digestion.   

The work presented in this chapter was submitted to Analytical Chemistry:  

Mentele, M. M.; Cunningham, J.; Koehler, K.; Volckens, J.; Henry, C. S. Microfluidic 
Paper-Based Analytical Device for Particulate Metals. Anal. Chem. 2012, (in press). 
 
 
7.1  Introduction 
 

Morbidity and mortality from occupational respiratory diseases are estimated to 

cost ten billion dollars each year in the U.S.1,2 World-wide, such diseases are associated 

with approximately 425,000 annual occupationally-related mortalities.3 More 

specifically, occupational exposure to particulate metals affects millions of workers, 

primarily in areas of manufacturing, construction (welding, cutting, blasting), and 

transportation (combustion, utility maintenance, and repair services).4 The health effects 

associated with exposure to airborne metals are extensive and include cancers of the 

respiratory, hematopoietic, renal, nervous, hepatic, and digestive systems, immune 
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disorders, birth and developmental defects, neuropathy, nephropathy, and specific 

respiratory diseases such as asthma, bronchitis, COPD, and emphysema.5-10  

 Yet, despite the high incidence and prevalence of occupational respiratory 

disease, the paradigm for assessing exposure to aerosolized metals has remained largely 

unchanged over the last 25 years.11 Current exposure assessment methods for particulate 

metals, designed to support monitoring for regulatory compliance, are both cost and time 

intensive. These methods call for collection of an 8-hour filter sample taken from a 

worker’s breathing zone, after which time, the filter sample is shipped to a laboratory for 

chemical analysis.12,13 The standard turnaround time from shipment to analysis is 5-10 

business days, meaning that a single exposure assessment requires approximately two 

weeks time for completion from sample collection to outcome reporting. The process is 

highly inefficient, especially from the standpoint of risk communication, as an industrial 

hygienist must return to the worksite two weeks later to disseminate testing results to 

management and workers. To exacerbate the issue, method detection limits suffer 

because of sample dilution during digestion and dissolution with acidic reagents. The 

lack of sensitivity especially hampers task-based exposure assessment, for which 

sampling times may need to be as low as tens of minutes. Such limitations can make it 

impossible to determine the source or activity associated with an elevated level of 

exposure. Furthermore, analysis costs, typically in excess of several hundred dollars per 

sample, limit the number of samples that can be collected. Consequently, there is a need 

to improve the sensitivity and efficiency of particulate metal measurement methods in 

occupational settings while also reducing the overall cost. This need will grow as 

permissible exposure limits trend towards lower levels.14  



 
103 

 An ideal exposure assessment method would allow for shorter collection times 

and combine sampling and analysis into a single event, saving valuable time. Here, in an 

effort to reach this goal, a method has been developed using microfluidic paper-based 

analytical devices (µPADs) with colorimetric detection to measure particulate metals on 

air sampling filters. First introduced in 2007 by the Whitesides group15, µPADs consist of 

a patterned, hydrophillic paper substrate that serves as a platform for multiplexed analyte 

detection. Liquid moves through the paper fibers by capillary action, and channels are 

created in paper by depositing a hydrophobic material, such as photoresist or wax to 

confine and direct liquid flow. Paper is an attractive substrate for microfluidic devices; it 

is abundant, inexpensive, disposable, easy to use, store, and transport, has a high surface 

area for visualization, and is easy to modify chemically.15-18 Moreover, the availability of 

a variety of wax and inkjet printing techniques has made fabrication and functionalization 

of µPADs relatively simple and inexpensive.19-21 For example, the cost of the device 

presented here is $0.013 including the cost of the paper, the wax ink, the chemical 

reagents, and the printer amortized over its estimated lifetime. Both quantitative and 

qualitative analyses can be carried out with µPADs using colorimetric detection. Cameras 

and scanners, in conjunction with imaging software, have been used to measure the size 

and intensity of color spots on µPADs, and these portable, relatively inexpensive 

technologies allow for electronic transmission of data from the field to the 

laboratory.17,22-25  

 Here, colorimetric assays were developed on a paper-based device for the 

detection of Fe, Ni, and Cu. Both the device and assays were designed so that detection 

of each metal could take place simultaneously and in the presence of possible interfering 
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metals. An acid digestion method was also established in which the particulate sample is 

digested directly on a collection filter in under 2 minutes and without any dilution. Both 

qualitative and quantitative data analyses were used to determine the amount of metal 

present. Visual comparison of color intensity and area allow for estimation of sampled 

metals mass within about 5 µg. Quantitative analysis of color intensity allowed for more 

sensitive measurements and limits of detection as low as 1 µg. These data were obtained 

using imaging software that selects specific color hues of reaction products and then 

converts these values to greyscale intensity. Measurements of metals in standard 

solutions and a resuspended incineration ash sample were in good agreement with actual 

values, with errors ranging from 0.2 – 0.6 µg (7.7 – 9.3 %).   

 

7.2  Experimental 
 
Fabrication and Design of µPAD  
 

The µPAD presented here was fabricated using the previously reported wax 

printing technique.20 The device design was created using drawing software 

(CorelDRAW) and was then printed onto Whatman Grade 1 filter paper (VWR) using a 

Xerox Phaser 8860 wax printer. The printed devices were placed on a hot plate at 150 °C 

for 120 s, which caused the wax to permeate through the paper, forming the three-

dimensional hydrophobic barriers that control liquid flow. One side of the devices was 

covered with clear packing tape to prevent solution leaking out from underneath the 

paper during the assay.  
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Colorimetric Detection of Metals 
  
Standard solutions: Iron(III) chloride hexahydrate, nickel(II) sulfate hexahydrate, and 

copper(II) sulfate pentahydrate (Sigma-Aldrich, St. Louis, MO) were used as standards 

for the Fe, Ni, and Cu assays, respectively. Additional metal salts were used to test 

potential interferences: manganese chloride tetrahydrate, zinc nitrate hexahydrate, 

vanadium(III) chloride, lead(II) nitrate, chromium(III) chloride, cobalt(II) chloride, and 

aluminum sulfate (Sigma-Aldrich, St. Louis, MO). Fe, Ni, and Cu standards were each 

prepared as 1000 ppm metal solutions. For the assays carried out in the presence of other 

metals, two solutions were prepared: 1) a solution containing 1000 ppm Fe and Ni with 

250 ppm Cu, resulting in a ratio of 4:1 (Fe, Ni : Cu), and 2) a solution containing 70 ppm 

each of Mn, Zn, V, Pb, Cr, Co, and Al.  

  

Fe Assay: An acetate buffer for the Fe assay was prepared with 15.0 g sodium acetate 

trihydrate and 11.75 mL glacial acetic acid in 50 mL water, resulting in a 6.3 M acetate 

solution of pH 4.5. Both 1,10-phenanthroline (8 mg/mL) and hydroxylamine (0.1 g/mL) 

were prepared as separate solutions, each in the acetate buffer. The µPAD was prepared 

for detection of Fe by first adding 1 µL hydroxylamine solution to the detection reservoir, 

which was enough volume to spread solution into the channel reservoir. After this 

solution had dried, 0.35 µL of poly(acrylic acid) (0.7 mg/mL)  was added to the detection 

reservoir, followed by two 0.4 µL aliquots of 1,10-phenanthroline also in the detection 

reservoir. The device was allowed to dry completely between each addition of reagent.  
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Ni Assay: A 60 mM solution of dimethylglyoxime (dmg) was prepared in methanol. The 

µPAD was prepared for detection of Ni by five 0.4 µL aliquots of dmg to the detection 

reservoir, followed by two 0.4 µL aliquots of ammonium hydroxide (pH 9.5). The device 

was allowed to dry completely between each addition of reagent.   

 

Cu Assay: A solution of 50 mg/mL bathocuproine (bc) with 40 mg/mL PEG 400 was 

prepared in chloroform. The µPAD was prepared for detection of Cu by adding 1 µL 

hydroxylamine (0.1 g/mL), followed by 0.5 µL acetic acid/NaCl buffer (10 mM, pH 4.5) 

to the detection reservoir. Two 0.5 µL aliquots of the bathocuproine/PEG solution were 

then added to the detection reservoir. The device was allowed to dry completely between 

each addition of reagent.  

 

Addition of standard samples: Standard solutions were added to the µPAD using the 

following method. Solutions were first pipetted onto 10 mm punches of Whatman 1 filter 

paper. After both the punches and the detection reservoirs on the device had dried, the 

punches were placed on top of the µPAD sample reservoir. The punch and µPAD were 

covered with a piece of polydimethylsiloxane (PDMS). This cover contained holes over 

the detection and sample reservoirs and helped to move sample evenly and efficiently 

down the flow channels by applying uniform pressure across the device.  

 

Particulate metal collection and digestion  
 

An industrial incineration ash sample (RTC-CRM012) certified for metals was 

purchased from LGC Standards (Teddington, UK). A suspension of 0.1% ash in water 



 
107 

was prepared and nebulized into 0.8 m3 aerosol chamber. The average concentration in 

the chamber, as measured by an aerosol photometer (TSI, Model 8250), was 3.2 mg m-3. 

A sequential mobility particle sizer (Grimm, SMPS+C) and an aerosol particle sizer (TSI, 

Model 3321) monitored the aerosol size distribution. The aerosol size distribution was 

approximately lognormal with mean = 0.056 µm and geometric standard deviation (GSD) 

= 1.41. Aerosolized ash sample was then collected onto Whatman 1 filters (47 mm 

diameter) at an air flow rate of 10 L/min for 4 hrs, yielding 0.2 mg ash per cm2 on the 

filter. Following sample collection, 10 mm diameter punches were taken from the 

collection filters using a biopsy punch. Microwave-assisted acid digestion of particulate 

metal samples was carried out by adding 5 µL concentrated nitric acid, followed by 30 

µL water to the filter punches. The punches were then placed in a household microwave 

oven (1,100 Watts) on high power for a total of 45 s. The microwave was stopped every 

15 s and an additional 30 µL water was added to punches to promote continued digestion. 

Finally, 8 µL of sodium bicarbonate (0.5 M) was added to neutralize the acid on the filter 

punches, which were then transferred to the µPAD by the method described above.  

 

Quantitative Image Processing 
 

Images of the paper devices were scanned (XEROX DocuMate 3220) and stored 

in JPEG format at 300 dpi. Average grey intensity of color formation at the detection 

reservoirs was measured using the public domain software ImageJ (National Institutes of 

Health). This process is described in detail here: 

JPEG images were opened with ImageJ in RGB color format. Adjustment of the color 

threshold was achieved as follows:  
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1. The “Color Threshold” window is accessed through the ImageJ menu by selecting 

“Image” à “Adjust” à “Color Threshold.” 

2. At the bottom of this window HSB is selected, which allows adjustment of hue, 

saturation, and brightness.  

3. The hue was adjusted by moving the sliders directly below the “Hue” spectrum until 

only the color of interest is visible (Figure 7.1). 

Images were then converted to 8-bit grey scale (“Image” à “Type” à “8-bit”) and 

inverted (“Edit” à “Invert”) so that intensity measurements yield a positive slope when 

plotted versus metal amounts.  Images of a single device at each step of the processing 

are shown in Figure 7.1. 

Figure 7.1  Hue adjustment section of the Threshold Color window in ImageJ 
(top). Example of the effects of color threshold adjustment, 8 bit grey scale 
conversion, and inversion on an image (bottom). 
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The mean grey value was measured by first selecting “mean grey value” and “limit to 

threshold” in the “Set measurements window,” found from the ImageJ menu by selecting 

“Analyze” à “Set measurements”. Each area to be measured was selected using the 

wand tool, which automatically finds the edge of an object and traces its shape. Grey 

intensity of the outlined area is measured selecting “Analyze” à “Measure.”  

Once optimized, the threshold ranges set for each assay were fixed as follows: Fe (18-

255), Ni (10-210), Cu (38-255). Data were imported into ORIGIN for subsequent 

analysis. 

 
 
7.3  Results and Discussion 
 
Device design    
 

One advantage of µPADs is the ability to store reagents at various points along 

the flow channels to carry out different chemistries on samples. Here, reagents, buffers, 

and surface modifiers were impregnated into specific areas of the paper device, creating 

zones where metal samples can be pre-treated prior to detection.  Thus, despite the unique 

set of conditions required by each colorimetric assay, multiplexed detection can be 

carried out on a single µPAD. The mPAD design (Figure 7.2) includes a central sample 

reservoir surrounded by four channels that lead to detection reservoirs. The channels also 

contain pre-treatment zones that can be used for the addition of reagents needed to either 

oxidize/reduce metals or to complex metals that interfere with a specific assay. An 

elliptical shape was used for this zone so that sufficient volumes of reagents could be 

added without leaking into the detection or sample reservoirs. By impregnating the 

pretreatment zones with masking agents and/or reductants as needed, interfering metals 
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were complexed and analytes were reduced to the appropriate oxidation state before 

sample reached the detection reservoirs. Additionally, polyelectrolytes were used when 

needed to modify the surface of the detection reservoirs. Depending on their properties, 

they served either to slow mobility of the fast moving colored product, or to increase 

hyrdophillicity in the reservoir when a hydrophobic reagent had been applied.  

Generally, a sample can be loaded directly onto the center of the µPAD; however, 

this application requires digestion of particulate metals prior to detection. Rather than 

employ conventional methods of acid digestion, which dilute the sample and can be time 

consuming, acid digestion of particulate metals was accomplished directly on the air 

sampling filter after collection. It was initially intended that the µPADs would be placed 

within the air sampler itself, so that metals could be collected directly onto the center 

reservoir and subsequently digested and detected. Acid digestion could not be carried out 

directly on the device, however, due to acidic fumes that drastically lowered the pH in the 

Detection reservoir 

Pre-treatment zone 

Sample reservoir 

Control reservoir 

Figure 7.2  A typical device fabricated by wax printing on Whatman 
Grade 1 paper. Dimensions of the device created in CorelDRAW are as 
follows: sample reservoir diameter (12.5 mm), detection and control 
reservoir diameters (3.81 mm), pre-treatment zone (2.54 x 3.81 mm), 
channel (4.00 x 1.24 mm), line width (0.53 mm or 1.5 pt). After 2 min 
of heating device at 150°C, line width increases to ~1.0 mm as the wax 
ink melts through filter paper, becoming visible on both sides. 
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detection reservoirs. Instead, a method was developed in which the acid digestion is 

carried out on punches taken from a collection filter. Punches are then placed on the 

center reservoir and sample is transferred from the filter punch to the device upon the 

addition of the PDMS lid and water. A schematic of this process is illustrated in Figure 

7.3. Two other benefits were gained by this modification. Because air no longer had to be 

drawn through the device’s sample reservoir to collect particulates, a smaller reservoir 

could be used. Sample detection limits were greatly lowered with a smaller sample 

reservoir due to more efficient movement of sample into the detection reservoir; less

sample is lost to the paper when travel distances are shorter. In addition, because filter 

punches are used, virtually any filter-based air sampling device can be coupled to µPAD 

detection, affording this technology wider application.  

Control reservoirs are present on the device so that any colored compounds are 

not confused as product. These reservoirs are only needed as a visual control, however, 

Figure 7.3  Procedure for sample digestion and loading onto mPAD. A 10 mm 
punch is taken from the collection filter. The particulate metals undergo acid 
digestion in a microwave for ~45 s. After this time the punch is neutralized and 
placed on the sample reservoir of the mPAD. Addition of water to the sample 
reservoir moves the ionized metals out to the detection reservoirs, which have 
been impregnated with the necessary reagents for colorimetric detection.  
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because the color threshold adjustment performed with the imaging software filters out 

unwanted color in the detection zone. Of course, this technique is successful as long as 

the reagent color does not mask the final product or have the same hue as the product. 

The wax ink used to define the borders and flow channels of the µPAD contains a light 

blue dye, as the hue of this printed color is far different from the hue of the pinks and 

oranges produced in the assays.   

 

Colorimetric Assays 
 

Fe was determined through detection of the red/orange ferroin complex 

[Fe(phen)3]2+ formed by the reaction of Fe(II) with 1,10-phenanthroline.26 The presence 

of hydroxylamine on the device serves two purposes: 1) reducing Fe(III) to Fe(II), and 2) 

hydroxylamine acts as a masking agent by complexing possible interfering metals Ni, Zn, 

Cd, and Co.27 However, the mobility of [Fe(phen)3]2+ in paper was so high that it caused 

the colored product to move completely to the edge of the detection reservoirs, making 

quantitative analysis problematic. To solve this problem, the detection reservoir was 

coated with poly(acrylic acid) prior to addition of all reagent and buffer solutions. 

Poly(acrylic acid) has low mobility in paper, and its negative charges serve to keep the 

positively-charged complexation product from moving once formed. Both qualitative and 

quantitative calibrations for Fe are shown in Figure 7.4. The lowest amount of Fe on the 

filter punch that could be detected reproducibly was 1.5 µg, and the linear range was 

determined to be 1.5 – 10 µg Fe.  Above the upper limit, the product begins to saturate 

the surface and the signal intensity does not increase linearly with concentration. Above 

20 µg, no change in signal intensity was seen. Besides quantification, the Fe assay can 
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sometimes be useful as a control for the device. In many of the work environments at risk 

for high concentrations of particulate metals, levels of aerosolized Fe are quite high

relative to other metal constituents; therefore, a negative result for Fe could indicate a 

faulty device.  

Dimethylglyoxime (dmg), used for the detection of Ni, produces a bright pink 

Ni(II) complex.28-30 An ammonium hydroxide solution (pH 9.5) dried onto to the 

detection reservoir was effective at keeping the optimal pH of ~9 for the assay.28

Qualitative and quantitative calibrations for Ni are shown in Figure 7.5. Amounts as low 

as 1 µg were detected reproducibly on the filter punch, with a linear range of 1 – 17 µg.

The signal intensity was completely saturated above 20 µg. 

Figure 7.4  Qualitative visual calibration used to estimate the amount 
of Fe present in a sample (right). Calibration curve generated for the 
range of 1.5-10 mg Fe by measuring the grey intensity of color formed 
in detection reservoirs (left). Images for each calibration were obtained 
with a scanner.  
 

1.5 µg 

5 µg 

10 µg 

15 µg 
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B 

Bathocuproine (bc), which forms an orange complex with Cu(I), was chosen for 

detection of Cu because it does not complex Fe and is the most sensitive of all the 

cuproines commonly used for Cu detection.31,32 Hydroxylamine was added to the 

pretreatment and detection zones for reduction of Cu2+ to Cu+.33 A 10 mM acetic 

acid/NaCl buffer (pH 4.5) was used to set the pH at the detection reservoir and also 

because the Cl− ion stabilizes the orange Cu(bc)2 complex.34 The hydrophobicity of 

bathocuproine initially caused a problem, as it blocked aqueous sample from entering the 

detection reservoir. This issue was overcome by adding polyethylene glycol (PEG) to the 

bathocuproine solution. The presence of dried PEG on the device reduced the 

hydrophobicity in the detection reservoir caused by the bathocuproine and allowed 

sample to flow into the reservoir. The qualitative and quantitative calibrations for Cu are 

shown in Figure 7.6. This assay allowed for reproducible detection of Cu as low as 1 µg, 

1 µg 

5 µg 

10 µg 

15 µg 

Figure 7.5  Qualitative visual calibration used to estimate the amount 
of Ni present in a sample (right). Calibration curve generated for the 
range of 1-17 mg Ni by measuring the grey intensity of color formed in 
detection reservoirs (left).  
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with a linear range of 1 – 15 µg. The signal intensity was completely saturated above 17 

µg. 

T 

Table 7.1 demonstrates how the minimum detectable levels reported here 

compare to the permissible exposure limits (PELs) set by the Occupational Safety and 

Health Administration (OSHA).10 To allow for direct comparison, minimum detectable 

limit values are shown as a time weighted average (TWA) for an 8-hour workday, at a 

collection rate of 4 L/min. This is the collection rate commonly used for exposure 

assessment, as it is a mimic of human breath rate. With the detection limits reported for 

Fe and Ni, levels more than 100X less than the PELs set by OSHA were detectable with 

the µPAD. Likewise, the Cu detection limit results in detectable levels ~16X less, 

Figure 7.6  Qualitative visual calibration used to estimate the amount of 
Cu present in a sample (right). Calibration curve generated for the range of 
1-15 mg Cu by measuring the grey intensity of color formed in detection 
reservoirs (left).  
 

1 µg 

5 µg 

10 µg 

15 µg 
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proving that this method would be sensitive enough for assessing unsafe particulate metal 

exposure. 

The qualitative calibrations for each metal show an obvious difference in color 

intensity and/or area of color between each 5µg increment. Using the calibration images 

as a reference, metal amounts can be estimated within about 5 µg if within the linear 

range. This qualitative analysis would obviously not suffice for an assessment report; 

however, it could immediately reveal unsafe levels of particulate metal. In the following 

discussion of standard samples, quantitative measurements are used to show agreement 

with actual metal amounts, but it can also be seen that the intensities and areas of the 

colors in the detection reservoirs remain consistent with the qualitative calibrations.  

To evaluate potential interferences from other metals, Fe, Ni, and Cu were each 

determined in the presence of Mn, Zn, V, Pb, Cr, Co, and Al. These metals were chosen 

because they are likely to be present in occupational settings.35-37 For these assays, 

  !PAD Detection Limits OSHA 8-hr PEL†† 

Metal MDL (µg) † TWA (µg/m3)‡ (!g/m3) 

Fe 1.5 9 1,000 
Ni 1 6 1,000 
Cu 1 6 100 

Table 4.1.  A comparison between the minimal detectable levels and 
permissible exposure limits set by OHSA. Time weighted averages of 
minimum detectable levels are based on a 4 L/min collection rate. 
� �

† MDL – Minimum detectable level for a 10mm filter punch. 
‡ TWA – Minimum detectable air concentrations as an 8-hour time-weighted average 
†† PEL – Permissible Exposure Limit, based on an 8-hr sample 
  

!PAD Detection Limits OSHA 8-hr PEL††
� �

Table 7.1  A comparison between the minimal detectable levels and 
permissible exposure limits set by OSHA. Time weighted averages of 
minimum detectable levels are based ona  4 L/min collection rate. 
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solutions containing all of the aforementioned metals were pipetted onto filter punches. 

Initially, these assays were carried out with equal amounts of Fe, Ni, and Cu, and the 

ratio of each of these three metals to the other seven interfering metals was 10:1. It was 

found that when equal amounts of Cu and Ni were present, Cu interfered with the Ni 

assay by increasing its color intensity. Samples containing Cu at a ratio of 1:4 with Fe 

and Ni, however, showed no interference to the Ni assay. This specific multiplexed set of 

assays, therefore, would be most suitable in occupational environments where Ni is more 

abundant in the air than Cu. This limitation acknowledged, we are currently working to 

address this shortcoming with additional complexation agents. For this study, 2.5 and 5.0 

µg of Fe and Ni were each determined from a solution comprised of equal amounts of Fe 

and Ni, 4X less Cu, and 10X less of each of the interfering metals. Detection of 5.0 µg Fe 

and Ni from this study is shown in Figure 7.7a. When the effects of other metals were 

studied for the Cu assay, the analyte solution still contained 4X more Fe and Ni than Cu, 

but the amount of the seven other metals was 10X less than that of Cu. The quantitative 

results in Table 7.2 show that the measured values for detection of 2.5 and 5.0 µg of each 

of the three metals agree with the actual values, with errors ranging from 0.2 – 0.5 µg.  
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An incineration ash sample, certified for the metals Ag, Al, Ba, Cd, Cr, Cu, Fe, 

Mg, Mn, Ni, Pb, Zn, Co and V, was purchased to simulate a real sample. The sample was 

aerosolized in a chamber and collected onto Whatman 1 filters over a 4 hour period. Acid 

digestion was carried out on 10 mm punches taken from the filters, and determination of 

Fe and Ni was accomplished on the µPAD (Figure 7.7b). Copper levels in the sample 

were too low to detect; however, they fall well below limits set for exposure, as discussed 

Figure 7.7  a) µPAD showing detection of 5 µg Fe, 5 µg Ni, and 1.25 µg 
Cu in the presence of 0.5 µg each of Mn, Zn, V, Pb, Cr, Co, and Al. b) 
µPAD showing detection of Fe, Ni, and Cu in an aerosolized incineration 
ash sample containing the metals Ag, Al, Ba, Cd, Cr, Cu, Fe, Mg, Mn, Ni, 
Pb, Zn, Co. 

Metal Actual (ug) 
Measured (µg) 

n = 4 

Fe 
2.5 2.6 ± 0.3  
5 5.2 ± 0.3 

Ni 
2.5 2.4 ± 0.4 

5 5.4 ± 0.3 

Cu 
2.5 2.6 ± 0.2 

5 5.4 ± 0.5 

Table 4.2.  Actual and measured amounts of Fe, Ni, and Cu present in 
standard solutions also containing levels 10 x less of the metals Al, Cr, 
Co, Pb, Zn, Mn, and V.  

Metal Actual (ug) 
Measured (µg) 

n = 4 

Table 7.2  Actual and measure amounts of Fe, Ni, and Cu present in 
standard solutions also containing levels 10 x less of the metals Al, Cr, 
Co, Pb, Zn, Mn, and V. 
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below. Agreement between actual and measured values is shown in Table 7.3 and proves 

that the acid digestion method is effective in completely digesting particulate metals and 

that detection without interference is possible with more complex samples.  

7.4  Conclusion 

The µPAD developed here provides an inexpensive way to assess occupational 

exposure to particulate metals. With this on-site method, unsafe metal levels can be 

determined almost immediately following sample collection, unlike the current method in 

which workers may be exposed to dangerous levels for several weeks before they are 

notified. The digestion of sample without dilution permitted metal detection at levels well 

below those allowed by OSHA, which indicates that shorter collection times can be 

performed to study task-specific exposures. Moreover, with the existence of colorimetric 

assays for a wide variety of metals, the µPADs can be tailored for specific work 

environments. While only detection of Fe, Ni and Cu was discussed here, the device can 

easily be modified to accommodate detection of other metals. Also, individual assays can 

often be optimized to eliminate specific interferences that are known to exist at high 

levels in a particular work environment.  

  10 mm Punch 
Metal Actual (ug) Measured (µg) 

Fe 2.58 2.3 ± 0.6 (n=5) 
Ni 1.2 1.0 ± 0.4 (n=5) 
Cu 0.27 Too low 

Table 4.3.  Actual and measured levels of Fe, Ni, and Cu from a filter 
sample of resuspended incineration ash. Measured values represent 
metal present on 10 mm punches taken from the collection filter.  

10 mm Punch 
Metal Actual (ug) Measured (µg) 

Fe 2.58 2.3 ± 0.6 (n=5) 

Table 7.3  Actual and measured levels of Fe, Ni, and Cu from a filter 
sample of re-suspended incineration ash. Measured values represent 
metal present on 10 mm punches taken from the collection filter.  
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CHAPTER 8:  CONCLUSION AND FUTURE DIRECTIONS 

 

8.1  Conclusions 
 
 The work presented in this doctoral dissertation only begins to demonstrate how 

vastly diverse the field of microfluidics can be. While the two devices described here 

were both utilized for measurement of aerosol components, the differences in complexity, 

capability, and cost are evident. A PDMS device developed for quantification of cations 

and anions in atmospheric aerosols was capable of performing CE separations and 

conductivity detection while sampling from a continuous flow. This is one of the few 

examples of a microfluidic device used for aerosol analysis, and is the only example of an 

MCE device interfaced to a continuous flow aerosol sampler. Microfluidic devices made 

with PDMS or similar plastic materials achieve advanced separations through CE, and 

can incorporate components such as valves, pumps, and mixers, which expand their 

utility. There are some disadvantages to using PDMS-type microchips, however.  

Additional equipment in the form of power supplies, detectors, amplifiers,  and 

computers is most often required, which decreases their portability and increases their 

expense. Moreover, the fabrication is more involved; thus, reliable devices can be 

difficult to construct without the proper manufacturing facilities. 

 It seems that the disadvantages often encountered in using PDMS devices make 

evident the benefits provided by paper-based devices, though the converse to this is also 

true.  In the work presented in Chapter 7, a microfluidic paper-based device was 
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presented for quick and simple detection of particulate metals in occupational settings. 

Colorimetric assays with minimal susceptibility to interference were developed and 

employed on this µPAD. An efficient sample digestion technique carried out directly on a 

filter was created, eliminating the sample dilution that typically accompanies digestion of 

the entire filter. Due to the advantages of low cost and simple fabrication and operation, 

paper-based devices have the potential to be used by a broad range of populations, 

including those of developing countries. Furthermore, these advantages will make it 

easier for paper-based devices to be brought to a commercial market. They can in no way 

replace the more complex PDMS devices, however. Separation capabilities on paper are 

very limited compared to what can be achieved with PDMS devices. The methods of 

detection that can be employed on paper are limited as well. Given that the advantages 

and disadvantages possessed by each type of device seem to be mirror images of one 

another, the choice between “paper or plastic” is entirely dictated by the application.  

 The capabilities offered by microfluidic technology have led to its exploitation in 

a broad range of fields. It remains a prominent, fast-moving area of research, continually 

finding use in new applications. Despite its many advantages, however, microfluidic 

technology is still at an early stage of development and requires further improvements 

before it can become more widely available to the public. While it has not yet lived up to 

the hype generated at its conception, the fundamentals of the field are strong and the 

proven potential is motivation for further development of microfluidic technology. 

 
8.2  Future Directions 
 
 The work accomplished regarding paper-based assays and device development in 

this dissertation has helped lead to the development of several new projects involving 
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detection on paper substrates. Work on detection of particulate metals for occupational 

exposure assessment is being continued, and moving in several directions. The obvious 

next steps are the development of additional colorimetric metal assays for use on the 

current device, and further validation of the method through field studies. Samples will 

be collected in an occupational environment known to generate particulate metals, and 

measurements achieved using the µPAD will be compared to results from ICP-AES 

analysis of the same filter samples. Once established as a reliable method for exposure 

assessment, the combination of assays on a device can be tailored to meet more specific 

needs of various work sectors.  

 A novel µPAD, referred to as the chemometer, has been developed and is also 

being considered for measurement of particulate metals. This paper-based device, shown 

in Figure 8.1, also employs colorimetric detection but provides an even simpler method 

of quantification. Reagents are evenly applied along the length of the paper channel and 

allowed to dry. When an aqueous analyte solution is added to the sample reservoir it will 

move up this channel, forming a colored product. The analyte will continue to react with 

the colorimetric reagent until it has been diminished in the sample solution. With this 

technique, level of analyte is quantified by the length of color formed in the channel. 

Figure 8.1 demonstrates detection of 1, 5, 10, and 15 µg of Ni2+. 
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Paper-based devices capable of electrochemical detection are being developed, 

and these are also likely to be used for metal detection. Incorporating both colorimetric 

and electrochemical detection on a single device allow for detection of metals and other

analytes that can not be reliably quantified colorimetrically.  

Use of paper substrates in the Henry lab is not being limited to metal detection. 

One of the first paper-based assays developed was for detection of the pathogen, Listeria

monocytogenes. This project was taken over by Jana Jokerst and has yielded a publication 

and become the basis of a startup company. The example shown in Chapter 7 

demonstrating collection filters used as a sample system is also being applied for analysis 

of dried blood spots by a PDMS microchip. It is likely that the list of applications for 

paper-based devices will continue to grow in the Henry lab, as so far their use has yielded

at least two very successful projects and paper is never hard to come by.

1 µg  5 µg  10 µg  15 µg  

Figure 8.1  Detection of 1, 5, 10, and 15 µg Ni2+ using the chemometer.  
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APPENDIX 1: ORIGINAL PROPOSAL 

Au-Based Nanoreactors for the Oxidation of Carbon Monoxide 

 
 
 

Abstract 
 

Oxide-supported Au nanoparticles have been shown to be promising low-temperature 

oxidation catalysts, particularly for removal of carbon monoxide (CO) in various 

commercial applications. The development of a superior catalyst for CO oxidation by 

exploiting the catalytic properties of Au nanoparticles trapped within hollow nanocrystals 

is proposed here. Catalytic activity is expected to be improved, as 1) size of Au 

nanoparticles can be controlled and stabilized, 2) interactions between Au and the oxide 

support will be maximized, and 3) degradation of the catalyst through secondary 

reactions will be minimized. Nanoreactors will be prepared through the synthesis of Au 

nanoparticles isolated inside Co3O4 hollow nanospheres. Transmission electron 

microscopy (TEM) and x-ray diffraction (XRD) will be used for characterization of the 

nanoparticles at each synthetic step. Catalytic activity for CO oxidation will be studied in 

a fixed bed flow reactor, with the conversion of CO detected by gas chromatography 

(GC).  

 
Intoduction  

Gold, which was once thought to no have no catalytic activity due to its inertness, is now 

known to show high catalytic activity for certain oxidation reactions when it is in the 
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form of particles 2-5 nm in diameter.1 Specifically, gold nanoparticles have been shown 

to effectively catalyze the oxidation of CO (Reaction 1) at ambient temperature, and its 

catalytic activity is greatly enhanced when deposited on a metal oxide support. 2,3,4  

2 CO + ½ O2  →  2 CO2     ΔG289 k = - 257.1 kJ·mol-1     (1) 

Since this discovery by Haruta et al., there has been much debate over the mechanism by 

which CO is oxidized on Au-based catalysts.2 More recently, CO oxidation over a  

Au/oxide catalyst has been generally understood to occur by the following mechanism: 

(i) CO adsorbs on dispersed gold clusters; (ii) O2 adsorbs at the Au/oxide interface; (iii) 

CO reacts with O2 to form CO2, which then desorbs from the surface; (iv) the remaining 

O readily reacts with another adsorbed CO to complete the cycle.5 The catalytic cycle is 

shown in Figure 1, with activation energies determined for the CO + O2 reaction by 

previous work.6,7,8 

Adsorption of molecules onto pure gold surfaces is rarely seen, except when gold is in the 

form of small clusters dispersed on an oxide support.9 It has been found that this is 

Figure 1. Catalytic cycle for CO oxidation at the Au/oxide 
interface. 
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largely due to the presence of a high concentration of low coordinated sites on the surface 

of very small particles (< 5 nm), especially at steps, edges, and corners of particles. 

Lower-coordinated gold atoms (coordination # < 8) decrease the adsorption energy, 

resulting in stronger bonding between CO and Au.10,11,8,11  

 O2 also prefers to bind at low-coordinated Au atoms; however, the binding energy of 

O2 on Au clusters is weak relative to CO adsorption.6 It has been found that on reducible 

oxide supports, O2 has a preference for binding at the Au/oxide interface.8,12,11 Stronger 

bonding of O2 occurs here because the oxide support can induce a significant electron 

transfer from the Au atom to the 2-π antibonding states of O2 that sit at the interface 

between the metals and the oxide.  

 The electronic interactions between the support and Au also explain why Au 

supported on reducible oxides is more catalytically active than Au supported on 

irreducible oxides such as SiO2 and MgO. Irreducible oxides are characterized by a large 

band gap that limits charge transfer to Au. Reducible oxides, characterized by small band 

gaps, promote charge transfer to Au so that deposited Au interacts more strongly with 

oxygen. This provides an ideal environment for O2 activation and for oxidation 

reactions.13 

 As previously discussed, the catalytic properties of gold are affected not only by the 

type of oxide support used, but also depend greatly on the size of the particles.14 Au 

nanoparticles have a large surface energy and exhibit strong cohesion, making them 

highly likely to agglomerate, which would diminish their catalytic properties. In order to 

develop a superior catalyst for the oxidation of CO, it is therefore necessary that the size 

of the gold nanoparticles is controlled and stabilized, and that the possibility of 
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interaction between gold particles and their support is maximized. In order to satisfy both 

of these conditions, I am proposing the development of a nanoreactor for CO oxidation in 

which Au nanoparticles are isolated within hollow nanocrystals.  

It is suggested here that isolating gold nanoparticles within hollow nanocrystals of 

reducible oxides will improve catalytic activity for the following reasons: 1) the size of 

the Au nanoparticles can be controlled and stabilized, 2) synergistic interactions between 

the gold and oxide support can be efficiently used, as each catalyst particle is in contact 

with a shell of the support material, and 3) any secondary reactions that degrade 

selectivity could be reduced.  

Currently there are three ways in which hollow nanocrystals can be prepared. They 

can be synthesized with a surfactant present as a support, which is subsequently 

removed;15 or by sonochemical synthesis around a core, such as silica, which is then 

removed by acid etching.16 The method that will be employed here, however, is carried 

out by exploiting the Kirkendall Effect. This phenomenon occurs when the movement of 

the interface of a diffusion couple expands in the direction of the faster moving species, 

leaving behind voids that coalesce to form large cavities (Fig 2).17  

Figure 2.  The Kirkendall effect: Two solids, zinc 
and copper, diffusing into each other at different 
rates. Their alloy (brass) grows in the direction of 
the faster-moving species (zinc). Unfilled voids are 
left behind and coalesce into large pores. 
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The Kirkendall Effect can be initiated during synthesis to form uniform hollow 

nanocrystals, with cavity sizes that can be controlled by the proportions of the starting 

material. An important advantage to this synthetic method is its high yield, as it is a one 

pot process in which product is not lost through purification steps. It has been 

demonstrated that platinum catalyst particles can be isolated inside cobalt oxide 

nanocrystals and are able to effectively catalyze the reduction of ethylene to ethane with 

H2, indicating that a route exists for small molecules to both enter and exit through a CoO 

shell.17  

It is expected that gold particles isolated inside of Co3O4 shells would serve as 

nanoreactors that catalyze the oxidation of CO, and could be implemented in a variety of 

applications including CO removal in CO2 lasers, CO gas sensors, air-purification 

devices for respiratory protection, and pollution control devices for removing CO from 

ambient air in submarines and space crafts on long duration missions.18,19,20,21,22  

 
Proposal 
 
Synthesis of catalyst 
 

Gold nanocrystals will be synthesized by a modified “polyol” process used by Sobal 

et al. to prepare platinum nanocrystals.23 Briefly, gold (III) dimethyl-acetlyacetonate is 

reduced with a long chain polyol to form a colloidal solution of uniform nanoparticles in 

the presence of surfactants such as oleic acid and oleylamine. The size of the gold 

particles can be tuned from 1-10 nm by varying the concentration of the surfactants. 

Cobalt carbonyl (Co2(CO)8) is then gradually added to the solution at 142 °C and 

decomposes to form a Co coating on the gold nanocrystals. The thickness of the coating 
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can be controlled by varying the amount of cobalt carbonyl. The Kirkendall Effect is then 

induced on the cobalt surface by blowing a stream of O2/Ar through the colloidal solution 

of AuCo particles at 182 °C.2 This synthetic process is demonstrated in the scheme 

shown in Figure 3. 

The CoO shell must be oxidized to obtain the desired Co3O4, as this is the reducible 

cobalt oxide phase that yields enhanced catalytic activity. It was demonstrated by both 

Verelst et al. and Yeh et al. that oxidation to the spinel Co3O4 phase is favored over the 

CoO species as the temperature is raised. The temperature at which Co3O4 is favored is 

seen to increase with increasing size of particles, and may also be affected by the type of 

surfactant present in the colloidal solution during oxidation.4,24 It was also proven that 

this oxidation does not promote aggregation of the cobalt oxide nanoparticles, which is 
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Figure 3. Synthetic production of Au nanoreactors: reduction of gold (III) 
dimethyl-acetylacetonate to Au, decomposition of cobalt carbonyl to form Co 
shell, oxidation of Co shell to form hollow CoO sphere, followed by further 
oxidation to the Co3O4 phase. 
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important to note as aggregation most likely would reduce catalytic efficiency. The effect 

of changing the ratio of reactants was demonstrated by the Alivisatos group when it was 

discovered that cobalt sulfide hollow nanocrystals exist in two phases (Co9S8 and Co3S4) 

depending on the ratio of sulfur to cobalt. In this case it was found that increasing the 

amount of sulfur relative to cobalt favors the Co3S4 phase. I am therefore suggesting that 

Co3O4 would be favored if the temperature was increased both during and after the 

oxidation from Co to CoO, and if the ratio of O2 to Ar was increased during oxidation. 

The particles are then isolated from the colloidal solution by precipitation with methanol, 

and washed with non-polar solvents such as toluene.4 

 
Characterization of nanoreactors 
 

In order to confirm successful formation of the nanocrystals, the structure and 

material compositions of the particles can be assessed by a transmission electron 

microscope (TEM), and changes in crystal structure can be monitored by x-ray powder 

diffraction (XRD). Each step in the synthesis can be followed and success confirmed by 

TEM images, as was shown by Sobal et al (Figure 4) who carried out the synthesis of 

PtCo nanocrystals. Figure 4a shows individual Pt particles, while the image in Figure 4b 

shows PtCo nanoparticles at a molar ratio of 1:2. The shaded region formed around the 

platinum particles in Figure 4b clearly show that a Co coating is present. 

 
  
 
 



134 

High resolution TEM (HRTEM) allows you to observe the lattice structure, which 

confirms the material composition. This will be especially necessary in determining 

whether the oxidation of CoO to Co3O4 is successful, because while normal TEM images 

of these two oxides may look identical, HRTEM will indicate the transformation from the 

face centered cubic (fcc) lattice structure of the CoO to the spinel structure of Co3O4. As 

an example, a contrast of the different lattice structures of the hexagonal close packed 

(hcp) Co metal and its fcc CoO shell can be seen in the HRTEM images shown in Figure 

5.23

Figure 4. TEM images of individual Pt nanoparticles (a) 
and PtCo nanoparticles at a molar ratio of 1:2 (b). 

Figure 5.  HREM image of a 5 nm 
Co sample oxidized at 20 °C. 
Fourier transform (inset) evidences 
the presence of a lattice distance 
which corresponds to the (0002) 
planes of the metallic hcp Co 
structure (d0002 =� 2.04 Å), while 
the increased lattice distances on 
the outside result from a fcc CoO 
structure.
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In addition to this, changes in crystal structure, determined by x-ray diffraction 

(XRD), will be monitored as an indication of successful formation of product at each 

step. An example of this was shown by Yin et al. when he synthesized hollow cobalt 

sulfide nanocrystals and demonstrated the effect of varying the S:Co ratio (Figure 6). 

Using XRD to monitor crystal structure, they were able to see which ratios yield 

predominately Co9S8 or Co3S4. Regarding this proposal, this characterization technique 

will show the formation of the nanocrystals at each step as the crystal structure changes 

from that of Au nanoparticles to Au-CoO, and finally to the crystal structure of the Au-

Co3O4 nanoreactors. 

The catalytic activity of the product will be studied in a fixed bed flow reactor by 

passing a stream of reactant gas comprised of CO/O2/He in a ratio of 1:2:97 through the 

nanoreactors. The conversion of CO to CO2 will be detected by gas chromatography 

Figure 6.  XRD patterns of (a) cobalt 
nanocrystals and (b to h) cobalt sulfide 
synthesized with different Co/S molar 
ratios: (b) 9:5, (c) 9:7, (d) 9:8, (e) 9:10, 
(f) 9:11, (g) 9:12, and (h) 9:18. The dots, 
triangles, and squares represent peaks 
from cobalt, Co9S8, and Co3S4 phases, 
respectively. 
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(GC). The synthetic conditions can then be tailored to vary the cavity size and outer shell 

thickness, and the effects of these changes on the catalytic activity can be examined. The 

goal is that efficient catalysis will be carried out at lower temperatures (~ 20 °C) as many 

applications that utilize the CO oxidation reaction require this. Because this is a novel 

way in which gold nanoparticles are cooperating with a support, the study of these 

nanoreactors for the oxidation of CO may also shed some light on the disputed 

mechanism of interaction between gold particles and a metal oxide. 
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