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ABSTRACT 

 

Pretreatment of biological and environmental samples followed by 

electrochemical detection are the focus of this dissertation.  The Advanced 

Oxidation Process (AOP) treatment using aqueous hydrogen peroxide and UV 

irradiation with acid deactivation of the enzyme catalase in blood has been 

developed and optimized.  The kinetics of whole blood AOP in a single-cell 

reactor was studied, and the effect of pH on the AOP process has been 

investigated.  A new method of dry ashing whole blood has been developed and 

optimized for trace metal analyses.  The new method and subsequent metal 

analyses in the blood samples has been used to confirm results from both AOP 

pretreatment and analyses using electrochemical sensors.  Chromium(VI) 

detection is the focus of the electroanalysis with the report of two new electrode 

systems.  The fabrication of a flower-like self-assembly of gold nanoparticles 

(AuNPs) on a glassy carbon electrode (GCE) displays an unusually large, linear 

concentration range in the parts per trillion to low parts per billion range.  Another 

novel electrode is fabricated using a modified glassy carbon electrode with 

physical deposition of single-walled carbon nanotubes followed by 

electrochemical deposition of a sol-gel using base-catalyzed hydrolysis for the 

detection of Cr in the low ppb and ppt range. 
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1.1. Foreword 

 

Diabetes affects more than 25.8 million people in the United States, or 

8.3% of the population.  Once thought to be an uncommon disease, an estimated 

7 million people are currently undiagnosed.  In 2007, the annual medical costs 

were $174 billion and are steadily increasing.1  Chromium(III) has been used as 

a dietary supplement for diabetic patients in recent years.2-5  With diabetes 

reaching epidemic proportions it is imperative to understand the efficiency and 

safety of all possible therapies.   At the same time, chromium(VI) is a well known 

toxin and carcinogen.6  Thus there is an additional interest in the general study of 

this trace metal. 

 The study and implementation of chemical sensors are currently on the 

rise.7  Chemical sensors are a popular topic, finding a wide variety of uses and 

approaches.  Biological and environmental sensors that can readily detect either 

high concentrations or nanomolar quantities are highly desirable, and the 

techniques they rely on can be optical, electrochemical, mass-sensitive, or 

spectroelectrochemical in nature.  Our research has focused primarily on the 

development of sensors for monitoring metals, such as chromium, in complex 

matrices found in biological samples.  With the application of the Advanced 

Oxidation Process (AOP), a sample can be treated using a combination of 

hydrogen peroxide and ultraviolet light (UV) to decompose organic molecules 

that often interfere with detection.  This dissertation outlines the optimization of 



3 
 

AOP as a technique, the use of novel electrochemical sensors for metal 

analyses, and the use of these sensors in an AOP modified sample.  

 

1.2. Analysis Techniques Used in the Research Studies 

 

1.2.1. Advanced Oxidation Process 

 Advanced Oxidation Processes have been studied for many years due to 

their success in wastewater treatment.8-10  AOP is a process that specifically 

depends on the generation of reactive hydroxyl free radicals (•OH) as the oxidant 

initiating oxidative degredation.8-11  It can be used as an alternative to strong 

oxidants and is more environmentally friendly as it gives water and carbon 

dioxide as products.  The •OH radicals can be generated by both photochemical 

and nonphotochemical processes which are discussed below.9 

 

1.2.1.1. UV/H2O2 Process 

 As mentioned previously, the primary reaction in AOP is the production of 

•OH radicals, which become the oxidant in the decomposition of organic 

compounds.  The most basic generation of •OH radicals is through the photolytic 

cleavage of H2O2 (Eq. 1.1).8-12 

 

H2O2  +  hν →  2 •OH               Eq. 1.1 
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The •OH radicals are a highly reactive transient that rapidly oxidizes organic 

substances.13  There are three possible reactions that take place between 

organic molecules and •OH:10 

 

1) Hydrogen abstraction10,13 

  HO•  +  RH  →  R•  +  H2O               Eq. 1.2 

 

2) Electrophilic addition 

  HO•  +  RX  →  HORX•                Eq. 1.3 

 

3) Electron transfer 

  HO•  +  RX  →  RX•+  +  HO−               Eq. 1.4 

 

Hydroperoxyl or peroxyl radicals are often generated and help further 

decompose organic compounds.   

 

1.2.1.2. Photo-Fenton Process 

 The Fenton process, a dark process involving no UV irradiation, is the 

decomposition of H2O2 to •OH using the ferrous ion (Fe2+) or ferric ion (Fe3+) 

under acidic conditions.  The main reactions that take place in the Fenton 

process are listed below:14,15 

 Fe2+  +  H2O2  →  Fe3+  +  •OH  +  OH−                        Eq. 1.5 
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 Fe3+  +  H2O2  →  Fe2+  +  HO2•  +  H+             Eq. 1.6 

 

 Fe2+  +  •OH  →  OH−  +  Fe3+              Eq. 1.7 

 

 H2O2  +  •OH  →  HO2•  +  H2O              Eq. 1.8 

 

 Fe2+  +  HO2•  +  H+   →  Fe3+  +  H2O2             Eq. 1.9 

 

 Fe3+  +  HO2•  →  Fe2+  +  O2  +  H+             Eq. 1.10 

 

Iron operates as a catalyst in the process.  The generation of •OH radicals and 

rate of decomposition are greatly increased by irradiation with UV light (Eq. 1.11). 

 

 Fe3+  +  H2O  +  hν   →  Fe2+  +  H+  +  •OH           Eq. 1.11 

 

When Eqs. 1.5 and 1.11 are combined, the iron is cycled between +2 and +3 

oxidation states as a catalyst, and two moles of •OH are produced per mole of 

H2O2 consumed.8   

 



6 
 

1.2.2. Ultraviolet and Visible Spectrophotometry 

When a molecule absorbs energy, specifically UV or visible radiation, an 

electronic transition occurs in which outer electrons are excited from their ground 

state to an excited state.  The energy is then transferred to nearby molecules or 

through vibrational relaxation.  The concentration of the absorbing species is 

directly related to the absorbance according to Beer’s Law (Eq. 1.12)16 

 

   A = ɛ b C         Eq. 1.12 

 

where A is the absorbance, ɛ is the molar absorptivity (M-1cm-1), b is the 

pathlength (cm), and C is the concentration (M) of the analyte.  UV-Vis 

spectrophotometry was used in the study of AOP kinetics to monitor the 

decomposition of biological/organic components in blood as a function of time. 

 

1.2.3. Inductively Coupled Plasma-Optical Emission Spectroscopy 

 Used in elemental analysis, ICP-OES has a superior sensitivity than other 

techniques such as atomic absorption.  Molecules are initially converted to 

individual high energy ions and/or atoms using high temperature radio-frequency-

induced argon plasma.  The sample is nebulized, and the fine spray is analyzed 

by optical emission spectroscopy.  As the atoms relax from the excited state to a 

lower energy state, photons are emitted at a wavelength characteristic to each 

individual element, allowing for the sample’s composition to be determined.17 
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1.2.4. Electrochemical Techniques 

 A number of electrochemical techniques were used in this research: cyclic 

voltammetry (CV), anodic stripping voltammetry (ASV), cathodic stripping square 

wave voltammetry (CSSWV), and AC impedance. 

 In cyclic voltammetry, the potential at the working electrode (WE) is 

linearly increased or decreased to a point at which the scan is reversed until it 

reaches the starting potential.  This allows for both oxidation and reduction to 

occur within the observed range, and the resulting faradaic current from the 

redox reaction is measured.  Cyclic voltammetry is often used for qualitative 

information about an electrochemical process.18  

 Commonly used for the analysis of trace metals, anodic stripping 

voltammetry allows for the preconcentration of an analyte on the surface by 

applying a negative potential and allowing it to be reduced.  The anodic scan 

oxidizes the metal and strips it off of the electrode surface.  The current response 

corresponds to the concentration of metal that was accumulated.  

 Cathodic stripping square wave voltammetry combines the techniques 

used in both cathodic stripping and square wave voltammetry to provide high 

sensitivity.  Cathodic stripping is a similar process to anodic stripping but requires 

an accumulation step at a more positive potential.  An oxidized analyte can then 

be reduced off the surface during the scan.  As a result, this technique is more 

commonly utilized for anionic species.  Square wave voltammetry is a pulse 

technique where the potential is modulated; the current is sampled twice per 
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pulse, once in the forward half cycle and once in the reverse (Figure 1.1).  The 

pulses are collected through a particular range, and the difference between the 

forward and reverse currents is then used to generate a signal.  This allows for 

the fundamental elimination of background current. 

 AC impedance is used to measure generalized resistance.  An alternating 

current is used to agitate a system in order to observe the system at a steady 

state.  This technique is especially useful in studying electron transfer kinetics.18 

 

1.2.5. Scanning Electron Microscopy 

 Scanning electron microscopy is a high resolution imaging technique often 

used to characterize solid surfaces.  A beam of energetic electrons is scanned 

over the surface in a raster pattern, which means the beams sweeps the surface 

in a straight line, returns to the starting position, and shifts downward.  This 

repeatedly occurs until the entire area in question is scanned.17  A signal is 

received and converted into an image.  SEM is capable of providing 

magnifications of 10 to 100,000x and can resolve features down to the 

nanometer scale.20
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Figure 1.1.   Common waveform for square wave voltammetry.19  ∆Es is the step 

height (the potential increment from one cycle to the next), ∆Ep is the pulse 

amplitude, and tp is the pulse width.  Heavy dots indicate the time at which 

current is sampled.  
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1.2.6. Fourier Transform Infrared Spectroscopy 

 Another form of spectroscopy, molecules can be excited to higher energy 

states by exposing them to infrared radiation.  Since infrared radiation has lower 

energy, the resulting absorption corresponds to the stretching and vibrational 

frequencies of most covalent bonds.  Only vibrations that change the dipole 

moment in a molecule are capable of absorbing infrared radiation giving an IR 

spectrum.  Thus stretchings of symmetric bonds such as H2 or Cl2 do not absorb.  

A typical Fourier transform infrared spectrometer uses a beam splitter to split the 

source light into two equal beams.  One beam passes through the beamsplitter to 

an adjustable mirror, while the other is reflected to a stationary mirror and 

reflected back where the two beams are superimposed before going through the 

sample and to the detector.  The distance between the mirrors is different, 

therefore the two waves are not in phase when they reach the detector.  Fourier 

analysis decomposes an interferrogram from the time to frequency domain to 

obtain the spectrum.  The interferrogram contains the spectrum of the source 

minus the spectrum of the sample.17 

 

1.3. Overview of Sol-Gels for Sensing Applications  

 

 The term sol-gel refers to reactions that use alkoxide precursors to 

prepare solid glass and ceramic oxide materials.21  First developed over 150 

years ago, these techniques are attractive due to their lower processing 
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temperatures and high purity and homogeneity in comparison to traditional glass 

melting and ceramic methods at the time.22  Initially, an alkoxide precursor, such 

as Si(OR)4, is hydrolyzed, followed by the condensation of the resulting silanols 

which form a cross-linked inorganic matrix.  Upon drying, this forms a three-

dimensional porous glass.  These reactions, summarized in Figure 1.2, are 

strongly influenced by many factors, including ligand size, concentration, 

temperature, solution pH, solvents, and catalysts.21,23-28  As a result these factors 

impact the properties of the sol-gel structure and can be tailored for a specific 

instance.  For example, catalysts are often used to enhance the hydrolysis rate of 

the sol-gel reaction.  Acid-catalyzed reactions result in dense gels, while base-

catalyzed reactions give less dense, more porous gels.21,29-31  By carefully 

adjusting these factors, sol-gel materials can be used for numerous applications, 

such as electronics, optics, separation technology, catalysis, and sensing.21,29-31 
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Si OR + H2O Si OH + ROH

Si OR + SiHO Si O Si

Si OH + SiHO Si O Si

+ ROH

+ H2O

Hydrolysis

Alcohol Condensation

Water Condensation

 

 

Figure 1.2 . The basic sol-gel reactions. 
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 Chemical sensing through sol-gels has been a central idea in our research 

group.32-37  Sol-gels have several physical properties that make them suitable for 

sensing applications.  They are extremely inert and highly compatible with many 

chemical agents, making the fairly straightforward incorporation of sensing 

elements to be fairly straightforward.  Because little to no heating is required, 

even thermal sensitive organic molecules can be encapsulated within sol-gel 

without decomposition.38  This is typically done by doping the molecules inside 

the sol-gel or grafting them to the backbone of the matrix.  While doping is easier 

and involves the physical entrapment of the reagent, leaching can often become 

an issue.  Grafting provides a more reproducible, stable product, but it is far more 

tedious.38-41  This particular technique requires that compounds contain –Si(OR)3 

groups, thus limiting the available reagents for the process.  With their porous 

nature, sol-gels easily allow the transport of analyte to the encapsulated reagent.  

Sol-gels have found much use in optical sensing as they are transparent in the 

visible region.42  These sensors are now in many applications such as monitoring 

of pH,23,25,27,28,39,40,42-47 metal ions,48-51 and various other analytes.52-54  Sol-gels 

have also found use in electrochemical32,55-61 and spectroelectrochemical 

sensing applications.62 
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1.4. Summary of Dissertation Parts 

 

1.4.1. Part Two 

 A new process to pretreat blood samples is reported in Part 2 of this 

dissertation.  This process combines the Advanced Oxidation Process using 

H2O2 and UV irradiation with acid deactivation of the enzyme catalase in blood.  

A four-cell reactor has been designed and built in house.  The effect of pH on the 

AOP process has been investigated.  The kinetics of the pretreatment process 

shows that at high CH2O2,t=0, the reaction is zeroth order with respect to CH2O2 and 

first order with respect to Cblood.  The rate limiting process is photon flux from the 

UV lamp.  Degradation of whole blood has been compared with that of pure 

hemoglobin samples.  The AOP pretreatment of the blood samples has led to the 

subsequent determination of chromium and zinc concentrations in the samples 

using electrochemical methods.  An article detailing this work has been 

published.63 

 

1.4.2. Part Three 

 Part 3 describes the use of dry ashing of whole blood samples.  Ashing 

these samples are difficult to carry out with significant sample loss, and the 

procedure is not well documented.  A new procedure has been developed and 

optimized to dry ash whole blood samples for trace metal analyses.  The 

procedure reduces both the sample loss and dry ashing time by more than two 



15 
 

thirds.  The ashed sample can be readily used in subsequent, simultaneous or 

individual analysis of several metals by ICP-OES, as demonstrated in the 

analysis of a whole blood sample.  The new procedure is simple, inexpensive, 

and faster than the established method.  An article containing the results 

discussed in this section has been published.64 

 

1.4.3. Part Four 

 We report here the fabrication of a flower-like self-assembly of gold 

nanoparticles (AuNPs) on a glassy carbon electrode (GCE) as a highly sensitive 

platform for ultratrace Cr(VI) detection.  Two AuNP layers are used in the current 

approach, in which the first is electroplated on the GCE surface as anchors for 

the binding of an overcoated thiol sol-gel film derived from a 3-

mercaptopropyltrimethoxysilane (MPTS).  The second AuNP layer is then self-

assembled on the surface of the sol-gel film, forming flower-like gold 

nanoelectrodes enlarging the electrode surface.  When functionalized by the thiol 

pyridinium, the fabricated electrode displays a well-defined peak for selective 

Cr(VI) reduction with an unusually large, linear concentration range of 10-1200 

ng L-1 and a low detection limit of 2.9 ng L-1.  In comparison to previous 

approaches using MPTS and AuNPs on Au electrodes, the current work expands 

the use of AuNPs to the GCE.  Subsequent functionalization of the secondary 

AuNPs by a thiol pyridinium and adsorption/preconcentration of Cr(VI) lead to the 

unusually large detection range and high sensitivity.  The stepwise preparation of 
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the electrode has been characterized by electrochemical impedance 

spectroscopy (EIS), scanning electronic microscopy (SEM), and IR.  The newly 

designed electrode exhibits good stability, and has been successfully employed 

to measure chromium in a pretreated blood sample.  The method demonstrates 

acceptable fabrication reproducibility and accuracy.  The results described in this 

section have been published.65 

 

1.4.4. Part Five 

Part 5 of this dissertation reports work on the novel method of modifying a 

glassy carbon electrode with physical deposition of single-walled carbon 

nanotubes (SWNTs) followed by electrochemical deposition of a sol-gel using 

base-catalyzed hydrolysis. The thin sol-gel film fabricated from a new 

ethylenediamine derivative is believed to preconcentrate Cr(VI) anions. The 

SWNTs allow for greater conductivity and increased surface area on the 

electrode surface which in turn gives greater sensitivity. Our studies have shown 

detection of Cr in the low ppb and ppt range. 

 

1.4.5. Part Six 

 Error analysis for each part is reported in Part 6.  Sources of error and 

standard deviation measurements are included. 
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1.4.6. Part Seven 

 A summary of all of the work in this dissertation is included in Part 7.  

Concluding remarks are given, highlighting the important findings of each work.  

The relevance of the projects and each project’s relation to the others is 

discussed.  A central theme is given, unifying all parts of this dissertation. 
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Kinetic Studies 



25 
 

This chapter is revised based on a paper by Stefanie A. Bragg, Kristie C. 

Armstrong, and Zi-Ling Xue.  Only minor revisions were made. 

S.A. Bragg, K.C. Armstrong, and Z.-L. Xue. Pretreatment of whole blood 

using hydrogen peroxide and UV irradiation.  Design of the advanced oxidation 

process. Talanta, 2012, 97, 118-123. 

 

Abstract 

 

 A new process to pretreat blood samples is reported.  This process 

combines the Advanced Oxidation Process using H2O2 and UV irradiation with 

acid deactivation of the enzyme catalase in blood.  A four-cell reactor has been 

designed and built in house.  The effect of pH on the AOP process has been 

investigated.  The kinetics of the pretreatment process shows that at high 

CH2O2,t=0, the reaction is zeroth order with respect to CH2O2 and first order with 

respect to Cblood.  The rate limiting process is photon flux from the UV lamp.  

Degradation of whole blood has been compared with that of pure hemoglobin 

samples.  The AOP pretreatment of the blood samples has led to the subsequent 

determination of chromium and zinc concentrations in the samples using 

electrochemical methods.   
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2.1. Introduction 

 

Chemical analysis of metals in blood samples is often used and actively 

studied.1-4  The analysis of some metals in whole blood such as lead and 

cadmium by established methods require minimal preconcentration or 

pretreatment prior to analysis.5  Some metals such as chromium, however, are 

often bound or complex with macromolecules and pretreatment of the sample is 

required prior to their detection and analysis.6-7  The pretreatment process can 

vary in complexity, ranging from simple extractions8 to online separations.9  Many 

pretreatment processes such as microwave10-11 and HPLC9 are effective yet 

require costly instrumentation.  Depending on the matrix and the specific metal to 

be analyzed, pretreatment can take multiple steps, requiring hours and even 

days to complete.  There is an increasing need for fast and convenient 

pretreatment and detection of heavy metals in various samples.6,12-23  

 The Advanced Oxidation Process (AOP) is a combination of hydrogen 

peroxide (H2O2) and ultraviolet (UV) radiation (or ozone) to generate hydroxyl 

radicals (•OH), and it has been used both for the decomposition of organic 

compounds24-27 and in sample pretreatments.28-30  This process decomposes 

organic matter in environmental and biological samples prior to chemical 

analysis.6,31-35  It has also been demonstrated in the pretreatment of water 

samples.27,36-39 

There have been few studies of pretreatment of blood samples by AOP for 
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chemical analysis.  In a paper that reported pretreating a blood sample through 

oxidation processes, potassium persulfate (K2S2O8) and UV irradiation were used 

after plasma and erythrocytes were separated and “de-proteinized.”35  Another 

paper recommended the use of long UV irradiation and H2O2 in blood 

pretreatment but did not disclose an exact time or elaborate on details.28  Blood 

is a complicated matrix and is often separated into its serum and cellular 

components.  This, however, requires more tedious effort and time.  Examination 

of whole blood is faster and easier.  Catalase is an enzyme that decomposes 

hydrogen peroxide and protects the body from hydroxyl radicals.40  The enzyme 

is, however, detrimental to the AOP treatment of blood samples and leads to 

vigorous foaming of the sample.  Our group has recently used for the first time 

H2O2 and UV irradiation in an AOP process to pretreat whole blood in the 

detection of trace biological chromium.7 

AOP of blood may offer a new pretreatment method, simplifying the 

detection process and reducing cost for the analysis of metals in blood.  Our 

earlier study of blood pretreatment was targeted toward chromium detection and 

limited in scope.7  We have studied the pretreatment of whole blood by the AOP 

process in detail.  A four-cell reactor has been designed and built to optimize the 

AOP process that uses 80% less blood in comparison to a single cell reactor.7  

Finally, the pretreated blood sample was examined using electrochemical 

analysis to detect the metals chromium and zinc.  We report here our results and 

observations. 



28 
 

2.2. Experimental 

 

2.2.1. Reagents and Materials 

Sodium hydroxide (NaOH, Certified ACS, Fisher), potassium oxalate 

(K2C2O4, Certified ACS, Fisher), ferrous sulfate hydrate (FeSO4•7H2O, Acros), 

acetic acid (HAc, glacial, 99.9%, Fisher), ethanol (95%, Decon Laborataries, 

Inc.), sodium acetate (NaAc, anhydrous, Certified ACS, Sigma–Aldrich), 

potassium chloride (KCl, 100%, Mallinckrodt), porcine hemoglobin (Sigma), and 

nitric acid (HNO3, 70%, Trace Metal Grade, Fisher) were used as received.  

Hg(II), Bi(III) and Zn(II) AA standard solutions (1000 mg L-1, Aldrich) were diluted 

prior to use. Single walled carbon nanotubes (SWNTs) were obtained from 

Shenzen Nanotech Port Co., Ltd., China, 

(http://www.nanotubes.com.cn/doce/default.html).  Porcine blood samples were 

obtained from Wampler’s Farm (Lenoir City, Tennessee).  The blood was 

collected in 1-L bottles each containing 2 g of K2C2O4 to prevent coagulation.  

Deionized water (18 MΩ cm) was used in the preparation of aqueous solutions.  

All glassware was soaked in 1 M nitric acid and rinsed several times with 

deionized water prior to use.  The buffer solution (pH 6.0) contained 0.1 M KCl 

and 0.1 M NaAc/HAc.  The buffer solution (pH 4.5) was prepared by mixing 0.1 M 

NaAc and 0.1 M HAc.   

A three-electrode configuration consisted of a Hg–Bi/SWNTs modified 

(GCE), Ag/AgCl, and a platinum wire (CH Instruments, Inc.) as working, 
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reference and counter electrodes, respectively.  Zn(II) standards with different 

concentrations were prepared by diluting the appropriate amount of stock 

solution in electrolytes.   

 

2.2.1.1. Preparation of Carboxylated SWNTs 

SWNTs of a certain mass (40 mg) were dispersed in 30% HNO3 and then 

refluxed for 24 h at 140 ºC to obtain carboxylic group-functionalized SWNTs.  

The resulting suspension was centrifuged, and the sediment was washed with 

deionized water until the pH reached 7.0.  Then, the oxidized SWNTs were 

dispersed in deionized water to a concentration of 0.5 mg mL-1. 

 

2.2.2. Instrumentation  

UV-Visible spectra were collected using an Agilent 8453 photodiode array 

spectrophotometer and a 2.0- or 10.0-mm quartz cuvette.  Blank spectra of 

deionized water were recorded and subtracted from those of the samples.  pH 

measurements were carried out with a pH meter (Accumet Basic, Fisher 

Scientific).  Caution: UV light can be dangerous.  Wear eye protection. 

Anodic stripping voltammetry (ASV) measurements were conducted using 

an Electrochemical Workstation 440/650A (CH Instruments).   
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2.2.3. Electrode Modification with Hg-Bi/SWNTs 

 A GCE (3 mm diameter, CH Instruments.) was polished to a mirror like 

surface using a standard electrode polishing kit (CH Instruments) including a 

1200 grit Carbimet disk, 1.0 and 0.3 µm alumina slurry on a nylon cloth, and 0.05 

µm alumina slurry on a microcloth polishing pad.  After successive sonication in 

deionized water, ethanol, and deionized water, 3.2 µL of 0.5 mg mL-1 carboxylic 

group-functionalized SWNTs solution was dropped on the pretreated GCE and 

dried in N2 flow. Before the formation of the Hg–Bi film, the SWNTs-coated GCE 

was then immersed in 0.1 M NaAc/HAc (pH 4.5) solution containing 100 mg/L of 

a mixture of Hg and Bi (4:1) ions for 4 min under stirring.  Right after that, the ex-

situ codeposition of Hg and Bi was performed at –1.0 V for 2 min under stirring. 

After carefully rinsing with deionized water, the obtained Hg–Bi/SWNTs/GCE was 

used for subsequent assays.  

 

2.2.4. Experimental Procedures 

2.2.4.1. Exp. 1 - Pretreatment of the Blood Samples by the Single-Sample, 5.5-W 

AOP Reactor  

Studies of the pretreatment of blood samples by AOP were carried out in a 

20-mL photochemical reactor shown in Figure 2.1.  The photoreactor consisted 

of an outer vessel containing the sample, water-jacketed quartz immersion well,  

and a UV lamp.  The reactor was designed and built in house, except for the  
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Figure 2.1.   Schematic of: (a) The single-cell AOP reactor for Exps. 1-6. (b) The setup using a UV-visible 

spectrophotometer to conduct the kinetic studies. 

UV-Vis spectrophotometer

Peristaltic pumps

Single-cell reactor

UV-Vis spectrophotometer

Peristaltic pumps

Single-cell reactor

Cuvette

UV-Vis spectrophotometer

Peristaltic pumps

Single-cell reactor

UV-Vis spectrophotometer

Peristaltic pumps

Single-cell reactor

Cuvette



32 
 

quartz immersion well, which was purchased from Ace Glass.  The UV lamp was 

a 5.5-W quartz low-pressure cold cathode mercury gaseous discharge lamp (Ace 

Glass/Pen-Ray 12132-08). 

The UV-Vis absorbance of the AOP treated blood samples was measured 

at different time intervals during the process.  For an individual sample, 500 µL 

was added to 15 mL of deionized H2O and adjusted to pH 3 with one drop of 

concentrated HNO3.  A 1-L batch of blood was prepared so that its composition 

would be the same for all experiments.  For this blood sample, 32.5 mL of blood 

was diluted with 975 mL of deionized H2O in a large beaker.  The pH was 

adjusted to 3.0 with concentrated HNO3.  It was transferred into a plastic 1 L 

bottle and stored in the refrigerator until use.  For each individual AOP reaction, 

15 mL of the diluted, pH-adjusted blood solution was transferred into the AOP 

reactor.  An appropriate amount of 30% H2O2 was then added so that the final 

concentration was in the range of 0.5 to 15.0 g L−1 H2O2.  The immersion well 

was inserted and the stirring and UV lamp were turned on.  A dual peristaltic 

pump system was used to continuously monitor the degradation of the sample.  

The UV-Vis spectrum was recorded every minute for a total of 60 min. 

 Exp. 2-4, Fenton processes with or without UV irradiation, are given in 

Appendix A. 
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2.2.4.2. Exp. 5 - The Effect of Irradiation on the Sample with No Added H2O2 --A 

Control Study  

The AOP process was compared to a control process in which the sample 

was only exposed to UV irradiation without hydrogen peroxide.  The data was 

collected using the apparatus shown in Figure 2.1 using UV light exposure alone.  

The procedure was performed as described previously for a single sample using 

15 mL of solution. 

 

2.2.4.3. Exp. 6 - Pretreatment of Pure Hemoglobin by AOP  

AOP of a pure hemoglobin solution was also studied.  The solution was 

produced based on calculations of how much hemoglobin is in whole blood and 

therefore in a diluted AOP sample.  Porcine hemoglobin (0.12 g) was dissolved in 

15 mL deionized water and the pH was adjusted to 3 using concentrated nitric 

acid.  AOP was performed as described previously for a single sample using 15 

mL of solution. 

 

2.2.4.4. Kinetic Studies of the Pretreatment of Blood Samples   

The kinetics of AOP with respect to H2O2 concentrations were studied 

using the same batch stock solution as described in Exp. 1.  The following 

concentrations were studied in triplicate: 0.50, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 

5.0, 7.5, 10.0, 13.0, and 15.0 g L−1.41  When studying AOP kinetics with respect 
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to the blood solution, the concentration of blood in the sample was varied while 

keeping the hydrogen peroxide concentration constant.  In such cases, 250 µL, 

500 µL, or 750 µL of whole blood in 15 mL of deionized water were used.  

 

2.2.4.5. Four-Cell Reactor41   

The reactor is made of a base that contains four stirrers fashioned from 

DC motors (Jameco Electronics).  The stirrers were placed in a custom-made 

box and controls were added.  The top of the box was designed to allow a water-

cooled quartz immersion well (Ace Glass) to be inserted horizontally over the 

sample stirrers.  A 100-W UV lamp (Hanovia) was then inserted into the 

immersion well that was placed inside an elliptical shaped cylinder.  A wooden 

box was used to host the setup to contain any dangerous UV light.  A power 

supply for the 100-W UV lamp was kept outside of the box.  Cells for the reactor 

were made from square borosilicate tubing.  The volume of each cell is 5 mL with 

a surface area of 6.45 cm2.  A photo and details about the four-cell reactor are 

provided in Appendix A. 

 In a typical test, 3 mL of the 1-L batch stock solution was placed into each 

of the four cells.  A stir bar was placed in each cell and all cells were transferred 

carefully into the reactor.   
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2.2.4.6. Zn Analysis 

 For ASV experiments, 20 mL of standard solutions were used without 

deaeration.  Convective accumulation of Zn(II) on the Hg–Bi/SWNTs/GCE was 

carried out at a deposition potential of –1.3 V under stirring for 5 min.  After the 

accumulation time, the anodic voltammetric measurements were registered in the 

quiescent solution by square wave voltammetry (SWV) with frequency of 15 Hz, 

step potential of 4 mV and amplitude of 25 mV.  The potential sweep was ended 

at –0.3 V.  The SWV scan started immediately upon completion of the 

accumulation.  No resting period was used between the accumulation and 

stripping steps.  Stirring at a high speed was required during the accumulation 

process but was stopped at the end of the quiet period for the stripping step. 

Between measurements, an electrochemical pre-cleaning step was applied in 0.1 

M NaAc/HAc solution containing 0.1 M KCl at –0.3 V for 60 s, to guarantee the 

efficient removal of Zn(II). 

After AOP 10 mL of the sample was added to 10 mL of a buffer solution 

(pH 6.0) containing 0.1 M KCl and 0.1 M NaAc/HAc.  ASV experiments were 

performed as described previously. 

 

2.3. Results and Discussion 

 

The AOP reaction produces •OH radicals, a very potent oxidant, by Eq. 

1.1.24  Subsequent attack of organic/biological species by the radicals gives 
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water, CO2, and free metal ions.  A combination of the following processes 

contribute to the generation of •OH radicals and the overall efficiency of the 

method.43-49  If Fe2/3+ ions are present, they may catalyze the generation of the 

•OH radicals by the Fenton process as well as the photo-Fenton process.41  

 

H2O2  +  hν  (≤255 nm) →  2 •OH           Eq. 1.1 

 

2.3.1. Pretreatment of Blood – A Comparison of Diff erent Processes   

In blood, iron is part of proteins and there are generally no free Fe2/3+ ions 

as catalyst.40  UV irradiation of a blood solution containing H2O2 leads to 

decomposition of the proteins using the •OH radicals generated in Eq. 1.1.  This 

initial step is a non-catalytic process.  The decomposed proteins, however, 

release Fe2/3+ ions that may then catalyze the subsequent reactions through the 

photo-Fenton reactions.41  In other words, the AOP pretreatment of blood is an 

auto-catalytic process. 

We have conducted studies to compare a direct photodissociation, Fenton 

process conducted without photodissociation, and the photo-Fenton process with 

an added iron catalyst.  In Exp. 1, H2O2 was added to the sample and irradiated 

in a photochemical reactor designed in house (Figure 2.1a) for a total of 60 min.  

A Pen-Ray 5.5-W UV lamp was used in the reactor.  This lamp gives an intense 

peak at 254 nm that accounts for ca. 45.6% of the total intensity of the lamp.41  

This irradiation and possibly others in the 200-300 nm range leads to direct 
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dissociation of H2O2 into •OH radicals.46,51-53  In Exp. 2, the same amount of H2O2 

was added, and the sample was kept in dark in the reactor for 60 min.41  Exp. 3 

was similar to Exp. 2 except that a small amount of FeSO4 was used.41 

The results of Exp. 1 are shown in Figure 2.2.  The 300-500 nm range of 

the spectra reveals the peak of hemoglobins (ca. 380 nm) which essentially 

disappeared in 60 min.  When the UV irradiation was removed in Exp. 2, little 

decomposition of the blood in dark was observed (Figure A.1)41 indicating that 

auto-catalytic Fenton process relying on the release of iron from decomposed 

proteins was very slow.  Subsequently, FeSO4 was added to the sample to 

provide Fe2+ ions (Exp. 3), with no UV irradiation.  Over a period of 60 min, the 

degree of decomposition in Exp. 3 was very small (Figure A.2)41 in comparison to 

that in Exp. 1 (Figure 2.2). 

Exp. 4, with UV irradiation, was conducted as in Exp. 1 except that a small 

amount of FeSO4 was added as catalyst.  To our surprise, this process was 

slower than that in Exp. 1.41  After 60 min, the peak at 380 nm was still significant 

(Figures 2.3 and A.3).  Perhaps the added Fe2+ ions bind to the organic/biological 

species in blood, reducing their catalytic capacity.  A control test (Exp. 5) using 

direct UV irradiation without H2O2 (Figure A.4) showed that the decomposition of 

the blood by UV alone is negligible.41 

The results from Exps. 1-5 clearly show that Exp. 1 is the best process.  

The observation that the added Fe2+ ions in Exp. 4 did not increase the rate 

suggests that, except at very high CH2O2,t=0 discussed below, Fenton or photo-  
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Figure 2.2.   UV-Vis spectra of blood in the AOP pretreatment in Exp. 1, as 

shown by the peak at 380 nm.  CH2O2 = 1.5 g L−1. 
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Figure 2.3.   A comparison of the results in Exps. 1, 2 and 4.  CH2O2 = 1.5 g L-1. 
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Fenton process does not play a leading role in the AOP of blood using UV 

irradiation at room temperature.  The principal pathway is apparently the 

generation of •OH radicals from H2O2 in the mixture by Eq. 1.1 which then 

decompose the blood.  The reasons for the lack of the Fenton catalysis at the 

early stage of the AOP process in the current work are not clear.  We speculate 

that the chemical and biological species in fresh blood bind to the Fe2/3+ ions, 

preventing them from catalyzing the conversion of H2O2 to •OH radicals.  At this 

early stage, the AOP process perhaps relies on the •OH radicals generated by 

the direct photolysis of H2O2 in Eq. 1.1.  After the AOP process has proceeded 

for a while, the chemical and biological species in the blood have significantly 

decomposed, and their abilities to bind to Fe2/3+ ions have weakened.  The newly 

released Fe2/3+ ions will then catalyze subsequent blood decomposition. 

 In all the tests, HNO3 was added to the samples to lower pH to 3 prior to 

the addition of H2O2.
7  This step inhibited the enzyme catalase so that, when 

H2O2 was added to a diluted sample, no vigorous foaming due to the 

decomposition of H2O2 would occur.  The selection of HNO3 over other 

compounds to inhibit catalase has been discussed previously.7  H2SO4 and HCl 

have been studied as well, and both performed similarly to HNO3, although it 

appeared that HCl was not quite as effective.  Some initial foaming was 

observed. 

 Studies were conducted to confirm that the peak at 380 nm which was 

monitored in Exps. 1-5 was indeed that of hemoglobin.54  The confirmation was 
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also important to the kinetic studies below.  In Exp. 6, a solution of solely porcine 

hemoglobin was treated with H2O2 and UV irradiation, as in Exp. 1.  The results 

(Figure A.5) show that the 380 nm peak is indeed essentially that of hemoglobin, 

and its decomposition is similar to that of whole blood in Figure 2.2.41  Blood is a 

complex mixture of many chemical and biological components, and there is no 

good method to follow the decomposition of every component in blood.  

Hemoglobin is a major component of blood, and its decomposition provides a 

simple, direct means to follow the blood decomposition. 

 

2.3.2. Kinetics of Blood Pretreatment by AOP 

An understanding of the kinetics of the pretreatment process would 

provide basic kinetic parameters such as rates and orders with respect to 

reactants, and help to better design the process itself.  The kinetics of AOP 

processes for numerous organic compounds has been studied, including the 

development of a model by Crittenden and coworkers.36  Zeroth-order,24,27 first-

order,55-57 pseudo-first order,58 and second-order43,59-61 kinetics have been 

reported.   

The H2O2 photolysis itself is the initial step in an AOP process with a 

quantum efficiency of 0.98 at 254 nm.46,59-62  The analysis in Appendix A shows 

that, if the concentration of H2O2 is high and the absorption by water in the UV 

region is ignored, the limiting reagent is the photon flux of the UV light source 

(rate of photon emission).  Such photochemical dissociation of H2O2 follows 
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zeroth-order kinetics.  If the concentration of H2O2 (CH2O2) is not high, such 

photochemical dissociation of H2O2 follows first-order kinetics.41  Thus the limiting 

kinetic orders for the H2O2 photolysis itself are zero when CH2O2 is high and first 

when CH2O2 is not high. 

There are challenges in studying the kinetics of the AOP pretreatment of 

blood by H2O2.  Blood is a very complex matrix.  At any given time of the AOP 

process, numerous species within the blood could be decomposing.  For the 

sake of simplicity, hemoglobin is used to represent the components in blood 

(Cblood).  A decrease in absorbance of hemoglobin at 380 nm indicates the blood 

decomposition, as shown in Exp. 6.  However, using kinetic laws designed for 

specific reactants for a complex mixture of numerous species in blood may lead 

to significant deviation from the kinetic laws.  In addition, blood absorbs in the UV 

range (Figures 2.2 and 2.3).  Although Exp. 5 revealed that the blood 

decomposition by direct UV irradiation is negligible,41 the absorption of blood in 

the UV range reduces the number of photons for the photolysis of H2O2, affecting 

the kinetics of the process. 

In order to monitor the process, the solution in the photochemical reactor 

was circulated through a cuvette in a UV-visible spectrophotometer by a dual 

peristaltic pump system (Figure 2.1b).  When CH2O2 is sufficiently high, the rate 

law can be expressed as  

 

 − (dCblood / dt)  =  Rate  =  k Cblood 
y             Eq. 2.1 
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where y = order with respect Cblood; k = rate constant. 

In order to determine y, lnA vs. t are plotted (Figure 2.4).  When CH2O2,t=0 = 

1.0-2.5 g L-1, the plots significantly deviate from being linear, suggesting that 

CH2O2,t=0 here is perhaps too low to make the reaction zeroth-order with respect to 

the concentration of H2O2.  At CH2O2,t=0 = 3.0, 4.0, and 5.0 g L-1, the ln A vs. t 

plots are essentially linear with nearly identical slopes of −0.0230 (R2 = 0.996), 

−0.0241 (R2 = 0.996), and −0.0235 (R2 = 0.990), respectively.  These results 

suggest that the reactions have reached a rate-limiting stage at these high 

CH2O2,t=0.  In addition, at this rate-limiting stage, the blood decomposition itself 

follows first-order kinetics.  In other words, y = 1 and the rate law in Eq. 2.1 

becomes 

 

 −(dCblood / dt)  =  Rate  =  kCblood            Eq. 2.2 

 

 where the observed rate constant k = 0.0230-0.0241 min-1. 

Additional kinetic studies were performed in which the Cblood,t=0 were 

changed from 250, 500, and 750 µL in 15 mL of solution, respectively, while 

CH2O2,t=0 was changed from 3.0, 5.0, to 7.0 g L-1.  First-order kinetic relationships 

were again observed.  k from these studies (Table 2.1), with the average k = 

0.0216(18) min-1, are close to those obtained in Figure 2.4.  The fact that the rate   
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Figure 2.4.  Plots of ln A vs. t for the AOP pretreatment of the blood samples. 
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Table 2.1.   First-order rate constants for CH2O2,t=0 

 kobs  CH2O2,t=0 

(g L-1) Cblood,t=0 = 250 µL:15 mL H2O Cblood,t=0 = 500 µL:15 mL H2O Cblood,t=0 = 750 µL:15 mL H2O 

3.0 0.0203 ± 0.0018 0.0221± 0.0007 0.0204 ± 0.0012 

5.0 0.0232 ± 0.0065 0.0236 ± 0.0011 0.0200 ± 0.0004 

7.0 0.0201 ± 0.0023 0.0195 ± 0.0021 0.0222 ± 0.0007 

 

* Cblood,t=0 here refers to the volume of the blood in 15 mL of solution.
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reaches a rate-limiting stage at CH2O2,t=0 = 3.0-7.0 g L-1 indicates that, at the high 

concentrations of H2O2, the reaction rate is limited by the photon flux reaching 

the solution that decomposes H2O2 to the •OH radicals.  In other words, the 

decomposition of H2O2 has reached a steady-state with a constant rate of the 

formation of the •OH radicals such that Eq. 2.1 appropriates to Eq. 2.2.   

Additional tests using CH2O2,t=0 = 7.5-15 g L-1 show that the treatment by 

Exp. 1 is faster than that at CH2O2,t=0 = 3.0-7.0 g L-1.  At such high concentrations 

of H2O2, the catalytic role played by the iron ions released from the 

decomposition of proteins is perhaps more significant.  In other words, both direct 

AOP and the photo-Fenton process are involved in the decomposition of the 

blood here.  It should be pointed out, however, too high H2O2 concentrations tend 

to scavenge the •OH radicals, rendering the process less effective.63 

 

2.3.3. Four-Cell Reactor 

After extensive studies using the original reactor, our group designed and 

built a four-cell reactor, well suited for small sample volumes.  Additionally 

multiple samples can be run simultaneously.41  The reactor uses a 100-W UV 

lamp and four 5-mL cells.  An aluminum mirror in the shape of an elliptical 

cylinder was made with a portion of its bottom open to focus the light from the 

lamp to the four cells underneath.41 

The spectrum of the lamp reveals several emission lines in the 200-300 

nm range that together account for 14.2% of the total intensity.41  Thus each cell 
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on average receives ca. 3.6 W irradiation in 200-300 nm, the range leading to 

direct H2O2 dissociation into the •OH radicals.45,50-52  In comparison, UV 

irradiation of the 5.5-W lamp in the single-cell reactor is centered at 254 nm,41 

accounting for ca. 45.6% (2.5 W) of the total irradiation with 100% quantum 

efficiency.  [The irradiation in the 200-300 nm range accounts for 46.3% (or 2.5 

W) of the total.]  Thus the reaction rates in the single- and four-cell reactors are 

not expected to be significantly different. 

Results of tests using the four-cell reactor are given in Figure 2.5.  First, 

only 97 µL of blood was needed per cell, and the solution volume was 3 mL.  In 

comparison, 500 µL of the blood was needed for the single-cell reactor, and the 

solution volume was 15 mL.  Second, the reactions in the four cells (Figure 2.5) 

proceeded at rates comparable to that in the single-cell reactor, and the process 

was nearly complete in 40 min, as expected from the analysis of the irradiation 

from both lamps in the 200-300 nm range.  Third, the reactions in each of the 

four cells proceeded at similar rates (Figure 2.5). 

  

2.3.4. Effect of pH  

The AOP of blood needs to start at pH 3 in order to inhibit catalase in 

blood.41  Our earlier studies show that AOP is optimal at higher pH.7  The AOP 

treatment of chromium(III) propionate, for example, produces protons from both  
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Figure 2.5.   A comparison of the four cells in the reactor.  NaOH as a base was 

added at 40 min. 
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decomposition of the ligand and the Cr(III) to Cr(VI) conversion.6,41  It is expected 

that degradation of biological/organic species in blood, generating CO2 and 

protons, also lowers pH.41  Thus, after the AOP process has proceeded 

sufficiently to decompose catalase, raising pH of the solution at this point to 

neutralize the acids speeds up the process.  After reactions had proceeded for 

40 min, raising pH to 9.5 led to additional degradation of the sample (Figure   

A.6).41  If NaOH is added before 40 min, foaming occurs indicating that catalase 

has not fully decomposed. 

 

2.3.5. Electrochemical Analysis of Cr and Zn in AOP -Treated Blood 

Samples 

Chromium has been studied for its use as a dietary supplement for the 

treatment of diabetes and its complications, but since levels are extremely low in 

biological tissues and fluids (<10 ppb in blood of mammals), many difficulties 

arise during detection.  Current analytical techniques with the adequate 

sensitivity require expensive instrumentation and are thus not widely available.  

Our group developed a method to use adsorptive stripping voltammetry (CAdSV) 

for Cr analysis in the AOP-treated blood sample.  In the porcine blood sample, 

the Cr concentration was 6.0(0.3) ppb.7  

It was well established over 100 years ago that zinc is an essential 

nutrient.64  Zinc deficiency has been found detrimental in physical growth and 

bodily function.64  Low zinc dietary intake has been shown to effect one-third to 
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one-half of the world's population.64  High zinc levels, however, can be toxic.64  

Zinc level has been analyzed by various methods including electrochemistry 

which has been shown to be highly sensitive.42,65 

Zn concentration in our AOP-treated blood sample was found to be 282(8) 

ppb, and the result was consistent with that from the standard dry ashing, 

followed by an ICP analysis which has been published elsewhere.66  The results 

of the Zn detection using ASV are shown in Figure 2.6.  A calibration range of 5-

10 ppb (correlation coefficient R2 = 0.995) in a buffer solution (pH 6.0) containing 

0.1 M KCl and 0.1 M NaAc/HAc was used to obtain the Zn concentration in the 

AOP sample.42  The Zn peak shifted slightly more positive, most likely due to 

matrix effects of the residues in the AOP-treated sample which has been 

witnessed other detections.7,67  While other metals are found in blood they are 

either at a much lower concentration or are reduced at a different potential and 

therefore not interfering with zinc.42,66  Additionally, the electrode used in this 

analysis found minimal interference regarding zinc detection.42  While Ru(III) and 

Rh(III) showed slight interference, neither of these metals are normally found in 

whole blood.66 
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Figure 2.6. ASV of Zn in standard solutions: (a) 5; (b) 7; and (c) 10 ppb; (d) 

represents detection in a blood sample after AOP.   
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2.4. Conclusions 

 

The decomposition of blood by AOP has been studied in detail.  The 

studies give an insight into the processes taking place during the pretreatment.  

The rate limiting process is photon flux from the lamp when CH2O2,t=0 is sufficiently 

high.  The reaction is zeroth-order with respect to CH2O2 and first-order with 

respect to Cblood.  The four-cell reactor uses much less blood and allows several 

samples to be treated simultaneously.  The blood pretreatment is interdisciplinary 

in nature involving, e.g., photochemistry of the inorganic chemical H2O2, 

degradation of biological/organic species in blood by •OH radicals, kinetics of the 

reactions, and the design of new reactors for the pretreatment.  To confirm the 

success of the procedure, Cr and Zn in blood samples were detected.  This 

procedure developed in the current work leads to the successful decomposition 

of biological/organic species in blood. 
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Metal Analysis 
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 This chapter is revised based on a paper published by Stefanie A. Bragg 

and Zi-Ling Xue.  Only minor revisions were made. 

 S.A. Bragg and Z.-L. Xue. Optimization of dry ashing of whole blood 

samples for trace metal analysis. American Journal of Analytical Chemistry, 

2011, 2, 979-983. 

 

Abstract 

 

 The use of dry ashing of whole blood samples is described.  Ashing these 

samples are difficult to carry out with significant sample loss, and the procedure 

is not well documented.  A new procedure has been developed and optimized to 

dry ash whole blood samples for trace metal analyses.  The procedure reduces 

both the sample loss and dry ashing time by more than two thirds.  The ashed 

sample can be readily used in subsequent, simultaneous or individual analysis of 

several metals by ICP-OES, as demonstrated in the analysis of a whole blood 

sample.  The new procedure is simple, inexpensive, and faster than the 

established method.   

 

3.1. Introduction 

 

Initial elemental analysis was first recorded by Antoine Lavoisier when he 

attempted to determine the composition of organic compounds in the eighteenth 
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century.1  Since then much progress has been made in this area including 

optimization of spectroscopic techniques, invention of new instrumentation, and 

collaboration between isolation and analysis so that ultra trace amounts of 

elements can be detected.1-3  Biological samples such as tissues, blood, serum, 

and urine have been studied in multiple instruments for the detection of various 

molecules and elements.  Due to their complexity, it is often necessary to 

pretreat biological samples prior to injection into an instrument.  Depending on 

the sample and the experimental conditions, interferences may become 

problematic or residues may be left behind on the inner surface.4  Ashing 

procedures are often implemented prior to elemental or molecular analysis.  

Many studies have incorporated ashing techniques for the study of abundant 

minerals as well as evidence of trace metals using methods such as atomic 

absorption (AA),5,6 flameless atomic absorption (FAA),7 and inductively coupled 

plasma optical emission spectrometry (ICP-OES).8 Further, many researchers 

have used ashing prior to studying radioactive isotopes due to matrix 

interferences.4,9,10  More importantly, dry ashing has been a benchmark in the 

analysis of many biological samples and the development of new analytical 

methods9,11-14 with many citations in the past year.15-20 

The process of dry ashing is a versatile technique for sample preparation.  

Simply defined, dry ashing is the process of heating a sample to high 

temperatures to remove all organic matter with or without an ashing aid.21  A 

muffle furnace may be used to perform the actual ashing as it allows for a 
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temperature gradient.4,6,9  These are, however, quite expensive and are not a 

practical purchase for intermittent use.  There are other pretreatment methods for 

samples prior to chemical analysis.  Wet digestion, also called wet ashing, has 

been widely used, but it introduces possible background interference from the 

addition of reagents.  Furthermore, wet digestion is typically used for isolated 

specific elemental detection and is usually only necessary for very volatile 

elements like boron, fluorine, mercury and selenium.5,8,10,22  Microwave digestion 

has recently found use for pretreatment of samples but has costly 

instrumentation, and, like wet digestion, sample size is small, usually ten grams 

or less.23,24  In comparison to wet or microwave digestion, dry ashing is an 

inexpensive method that allows for multiple elemental analyses in one sample 

without the addition of chemical interferrents.  Its most attractive feature, though, 

is the ability to preconcentrate samples for detection of trace metals. 

Although dry ashing has been used for a long time,1 there is unfortunately 

little standardization of this technique, particularly for biological samples.21  For 

dry ashing with respect to the determination of inorganic matter in organic matter, 

Bock offers several materials for the crucible itself, including silica, porcelain, and 

platinum, and discusses options of sample size to be ashed.  Further discussion 

of ashing temperature options follows and time is only mentioned with respect to 

air flow over the sample.  No discussion of an approximate time is given.21  

Various articles have used dry ashing as a standard for decomposition of organic 

samples but there are still inconsistencies among methods and procedures.  
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Tidehag and co-workers dry-ashed blood samples for a total of 48 h but did not 

mention the total ash obtained.25  Temperatures play a critical role in both the 

initial removal of water and gradual ashing of organic and biological samples into 

ashes by flames.  However, few have reported the use of thermocouples for 

temperature measurements and control in dry ashing. 

During our recent studies of new analyses for the trace metal chromium in 

blood samples,13,26 we have found that the lack of standardization and 

temperature monitoring/control for dry ashing of blood samples leads to a long 

process (often several days) with significant sample loss.  We have developed an 

improved dry ashing procedure with the use of thermocouples.  The temperature 

of the process is elevated gradually but without the need of a muffle furnace.  

This new, optimized process significantly reduces the dry ashing time and 

sample loss.  By using an inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) analyzer, we have used the dry ashing for the analyses 

of abundant and trace metals in blood samples.  The development of this new 

process for dry ashing of whole blood samples is reported here. 

 

3.2. Experimental 

 

3.2.1. Materials and Reagents 

CoorsTek Ceramic evaporating dishes (120 mL), Pyrex watch glasses 

(100 mm), high purity grade nitric acid, and potassium oxalate were purchased 
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from Fisher Scientific, Pittsburgh, PA.  Chromium and iron AA standards were 

purchased from Sigma-Aldrich, St. Louis, MO.  Whole blood samples (porcine) 

were obtained from Wampler’s Farm Sausage, Lenoir City, TN.  Samples were 

collected in Nalgene bottles using potassium oxalate as anti-coagulant.  Trace 

metal detection was performed using a Perkin Elmer ICP-OES Optima 2100 DV.  

Type K (chromel–alumel) thermocouples were used to monitor/control the 

temperatures. 

 

3.2.2. New Method 

Whole blood (40.1-71.3 g) was placed in an evaporating dish, covered 

with a watch glass, and placed on a hot plate at 80-100 ºC in order to evaporate 

water in the sample slowly without bumping or boiling.  Upon evaporation of 

water, the dish was transferred to a Bunsen burner and heated slowly with a cool 

flame (250-300 ºC) initially in order to avoid boiling and bumping.  After 30 min, 

the temperature of the flame was increased to 500 ºC and the sample was 

heated continuously for several hours.  Intermittent stirring allowed for even 

ashing and monitoring of the sample.  Ashing was determined complete when 

the sample was a rust red-brown color, typical for iron oxides, and no black 

substance, indicating carbon, remained.13,26  Total ashing time was dependent on 

the volume of sample in the evaporating dish.  This procedure was performed 5 

times using 223 g of whole blood in order to obtain sufficient ash (2.44 g).  
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3.2.3. Reported Method as Control 

In the current work, the reported method was slightly modified by using 

parallel steps as in the new method.  This is not the recommended procedure. 

Whole blood (40.1 g) was placed in a crucible and placed on a hot plate at 

80-100 ºC in order to evaporate water in the sample.  After 8 h, the crucible was 

transferred to a Bunsen burner and heated slowly with a cool flame.  After 90 

min, the temperature of the flame was increased to 500 ºC and the sample was 

heated continuously for several hours.  Ashing was determined complete when 

the sample was a rust red-brown color, typical for iron oxides, and no black 

substance, indicating carbon, remained.13,26 

 

3.2.4. Elemental Analysis Using ICP-OES 

The ash (2.44 g) was dissolved in high purity concentrated nitric acid (50 

mL) and heated.  This solution was divided into 10 mL aliquots and each diluted 

to 100 mL.  Samples were spiked with chromium and standard addition was 

performed.27  For the determination of iron, a 1 mL aliquot of the diluted sample 

was taken and diluted further to 100 mL using a 5% nitric acid solution.  

Calibration standards were used for the determination of iron, copper, zinc, 

manganese, and molybdenum.  The concentrations of iron, copper, zinc, 

chromium, manganese, vanadium, and molybdenum in the ash samples were 

determined using ICP-OES.  Each sample was repeated three times in order to 

obtain standard deviations. 
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3.3. Results and Discussion 

 

Dry ashing has been used for sample preparation for over 200 years.  It is 

often used to demonstrate quantitative analysis techniques.  The equipment is 

inexpensive, and almost if not all laboratories have the tools needed.  Dry ashing 

has been under scrutiny, but one cannot deny its simplicity and cost effective 

qualities.  Arguments such as possible sample loss, reaction with the surface of a 

container, and incomplete ashing have all been presented.15,28  Despite this, 

many still regard dry ashing to be a viable practice provided care is taken when 

preparing samples.9,11,13  While there are a few volatile compounds that cannot 

be preconcentrated and detected after dry ashing, this technique allows for many 

metals to be identified simultaneously or individually. 

 In the last century, attempts have been made to establish a uniform 

process for the treatment of samples prior to metal detection.  Despite efforts, 

only general guidelines were formulated with specific details for various samples.  

Middleton and Stuckey summarized previous studies using either dry or wet 

methods for some metals and recommended a temperature range of 500-550 

ºC.29  Gorsuch and Thiers elaborated on this method, adding more 

comprehensive information for additional metals based on ashing of numerous 

samples.30,31  In order to form a collective view of these methods, the Analytical 

Methods Committee published “Methods for the Destruction of Organic Matter” 

discussing wet and dry decomposition.22  In this article, guidelines still in practice 
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today were outlined for dry ashing, and advantages of the technique over wet 

digestion were established.  Dry ashing allows for most common metals to be 

analyzed.  The lack of additional reagents prevents interferences in a blank 

during analysis.  A larger quantity of sample can be analyzed, but perhaps the 

most attractive trait of all is the small amount of attention required for ash 

samples to be completed.22 

In our past experience with ashing by the reported procedures using either 

an open dish or a crucible (and lid),21 temperature monitoring and significant 

sample loss are concerns.  Ashing blood samples in an open dish was found to 

lead to significant sample loss from smoke and ash particles.  We then focused 

on the common practice of using a crucible and lid.  This procedure, used here 

as control for comparison, was also found to lead to significant sample loss.  The 

sample has a tendency to flow out of the crucible even under close monitoring.  

In addition, while the procedure is simple and requires little attention, it may take 

several days to complete.  No temperature control was established in either 

procedure. 

After much experience with ashing blood, we have developed a model 

method that uses a ceramic evaporating dish and Pyrex watch glass cover rather 

than a standard crucible and lid.  Such a design allows for increased air exposure 

to the sample to increase the ashing rate.  With the use of a thermocouple, the 

ashing temperature has been closely controlled, leading to minimum sample loss 

and much faster ashing time in comparison to the control process that uses a 
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reported crucible system.  All other variables remain consistent and are given in 

detail, including initial evaporation time, ashing times, temperatures, and overall 

yields (Table 3.1).  The volume of blood one can ash is dependent on the size of 

the evaporating dish.  With our equipment, as much as 50-100 mL of blood could 

be dry-ashed in one procedure. 

Closely controlling the ashing temperature has also been found to prevent 

sample loss and cross reaction with the container.  Additionally, the temperature 

was elevated gradually, as is commonly practiced in a muffle furnace.  We have 

found that the literature on this point has been inconsistent.  Thus, careful 

monitoring of the temperature is recorded in association with the ashing time at a 

specific temperature.  Maximum temperature was 500 ºC in order to prevent any 

possible volatilization of metals as well as reaction with the crucible container.29 

Another key improvement in the current procedure is the use of a ceramic 

evaporating dish with a Pyrex watch glass as a cover rather than a ceramic 

crucible and lid.  This modification leads to an increase in the air flow over the 

sample, allowing for a significantly shorter total ashing time.  Sufficient supply of 

O2 in the air flow is believed to increase the rate of the oxidization of organic 

materials in the heated sample, leading to their conversion to CO2 and reducing 

the ashing time.  We have conducted control studies to better demonstrate the 

improvement of this system in comparison to the literature procedure using a 

crucible (and lid) and Bunsen burner.  Two experiments were performed using 

the same burner and the same mass of whole blood, except that one used a 
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ceramic evaporating dish with a Pyrex watch glass, and another used a crucible 

and lid as control.  To the dish and the crucible, whole blood (40.1 g) was added 

to each.  Each apparatus were set on the hot plate and allowed to evaporate 

water for 8 h.  Initial heating on the burner was allowed.  The sample in the 

crucible, however, required both an extra hour of low heat and close monitoring, 

as its sample under the lid, spilled over from the inside.  After 30 min of low heat 

(250-300 ºC), the evaporating dish/watch glass system was increased to 500 ºC.  

With intermittent stirring the total ashing time was 18 h for the improved system.  

Under the same conditions the crucible system required a total of 55 h of ashing.  

Furthermore, a slight increase in final product was found in the dish versus that 

of the crucible.  A comparison of both methods is summarized in Table 3.1.  Our 

studies here show that the control using the reported procedure leads to at least 

11% loss of the ash product. 

 The alterations implemented in the new method allows for the sample to 

be completely ashed in less than one-third of the time used in the control.  It also 

involves less work than with a crucible system.  We have also used the new 

method to ash, in one procedure, more blood samples than the reported 

procedure using a crucible.  This is a very attractive feature, especially when 

examining trace metals.  If a smaller amount of blood is ashed in, e.g., the 

analysis of abundant metals, the new procedure using an evaporating dish can 

be completed in shorter time than 18 h.   
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Table 3.1. Comparison of ashing times and yields of the new method and control.

 
Evaporation period (h) 

80-100 ºC 

Initial heating period (h) 

250-300 ºC 

Ashing period (h) 

500 ºC 
Mass of ash (g) 

Evaporating dish 

(New method) 
8 0.5 18 

 

0.412 

 

 

Crucible  

(Control) 

 

8 

 

1.5 

 

55 

 

0.371 



71 
 

 To demonstrate both abundant and trace analysis, the concentrations of 

iron, copper, zinc, chromium, manganese, vanadium, and molybdenum were 

determined from the same blood sample using ICP-OES.  Results are shown in 

Table 3.2. 

 

3.4. Conclusions 

 

 Dry ashing is a versatile technique allowing for trace metal detection due 

to the potential to decompose larger sample quantities.  It is still a valid technique 

that helps set a standard for other methods.  The current work demonstrates the 

optimization of the previously established dry ashing technique such that the 

method can be implemented in any lab setting for sporadic use. Many metals can 

be detected at once or individually.  The method is simple, inexpensive and 

faster than the established crucible system.  The dry ashing of blood samples 

using the new method developed in the current work here helps set a precedent 

for dry ashing of other samples.
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Table 3.2.   Analysis of metals in dry-ashed whole blood. 

 

 

 

Element Concentration 

Fe 298.1 ± 5.8 ppm 

Zn 272 ± 14 ppb 

Cu 169.4 ± 1.7 ppb 

Cr 7.71 ± 1.7 ppb 

Mn 858 ± 16 ppt 

V below limit of detection 

Mo below limit of detection 
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This chapter is revised based on a paper by Ruizhuo Ouyang, Stefanie A. 

Bragg, James Q. Chambers, and Zi-Ling Xue.  Only minor revisions were made. 

R. Ouyang, S.A. Bragg, J.Q. Chambers, Z.-L. Xue. Flower-like self-

assembly of gold nanoparticles for highly sensitive electrochemical detection of 

chromium(VI). Analytica Chimica Acta, 2012, 722, 1-7. 

 

Abstract 

 

 We report here the fabrication of a flower-like self-assembly of gold 

nanoparticles (AuNPs) on a glassy carbon electrode (GCE) as a highly sensitive 

platform for ultratrace Cr(VI) detection.  Two AuNP layers are used in the current 

approach, in which the first is electroplated on the GCE surface as anchors for 

the binding of an overcoated thiol sol-gel film derived from a 3-

mercaptopropyltrimethoxysilane (MPTS).  The second AuNP layer is then self-

assembled on the surface of the sol-gel film, forming flower-like gold 

nanoelectrodes enlarging the electrode surface.  When functionalized by the thiol 

pyridinium, the fabricated electrode displays a well-defined peak for selective 

Cr(VI) reduction with an unusually large, linear concentration range of 10-1200 

ng L-1 and a low detection limit of 2.9 ng L-1.  In comparison to previous 

approaches using MPTS and AuNPs on Au electrodes, the current work expands 

the use of AuNPs to the GCE.  Subsequent functionalization of the secondary 

AuNPs by a thiol pyridinium and adsorption/preconcentration of Cr(VI) lead to the 
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unusually large detection range and high sensitivity.  The stepwise preparation of 

the electrode has been characterized by electrochemical impedance 

spectroscopy (EIS), scanning electronic microscopy (SEM), and IR.  The newly 

designed electrode exhibits good stability, and has been successfully employed 

to measure chromium in a pretreated blood sample.  The method demonstrates 

acceptable fabrication reproducibility and accuracy.   

 

4.1. Introduction 

 

Hexavalent chromium is a toxic, strong oxidizing agent.  The wide use of 

chromium in industry has inevitably led to ecological impacts from Cr(VI) 

contamination, causing allergic dermatitis, as well as toxic, carcinogenic effects 

and mutagenesis in animals and humans.1-4  There has thus been a growing 

interest in highly sensitive and selective assays for trace Cr determination.  A 

number of sensitive techniques have been employed, such as atomic absorption 

spectrophotometry,5 plasma mass spectrometry,6 spectrofluorimetry, 7 

spectrophotometry,8 and chemiluminescence,9 but each of these processes is 

time consuming and necessitates expensive equipments.  Various sensor 

systems have also been reported.10-16  Most of these systems, however, have 

either limitations in sensitivity, simplicity or the high cost of equipments as well.  

Electrochemical methods have been considered desirable for the Cr(VI) 

determination, and they have demonstrated advantages including speed of 
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analysis, good selectivity, and sensitivity.17-31  A poly(4-vinylpryidinium)-coated 

platinum electrode was developed by Cox and Kulesza for Cr(VI) 

preconcentration in the polymer films, followed by determination with the lack of 

interference by metal cations.17  In a flow injection analysis system, a 

polyaniline/polystyrene composite electrode was used as a detector to monitor 

Cr(VI) with a detection limit of 4 ng L-1.18  A self-assembled monolayer of 

pyridinium on the Au electrode surface for sensitive Cr(VI) detection has been 

developed by Turyan and Mandler.19  We have developed 2- and 4-pyridinium-

functionalized sol–gel films through electrodeposition at a glassy carbon 

electrode (GCE) surface for Cr(VI) detection in aqueous solution.20-23  The narrow 

concentration ranges, however, significantly limit the practical applications.  

Mercury electrodes have also been used for the electrochemical detection of 

Cr(VI).24,25  While extremely sensitive, their applications are limited due to the 

toxicity of mercury.  In an effort to develop alternative electrodes to mercury, 

bismuth-film electrodes (BiFEs) have been developed for Cr(VI) detection 

through catalytic adsorption stripping voltammetry (CAdSV).26-29  However, the 

poor reproducibility of BiFEs is challenging for Cr detection at a low 

concentration, and a complexing ligand is needed for the process, adding to the 

complexity of the detection process.  It is thus highly desirable to develop a 

system that is not only sensitive, selective, and reliable but also simple, practical, 

and economical in its operation. 

Nanosized particles of noble metals, especially gold nanoparticles 
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(AuNPs), have been studied extensively due to their attractive electronic, optical, 

and thermal properties as well as catalytic properties and potential applications 

over numerous science and medical fields.30-33  AuNPs have been used in 

electrochemistry to develop highly sensitive nanodevices for analytical and 

bioanalytical applications because of their superior biological compatibility, 

excellent conducting capability, high surface-to-volume ratio and high surface 

energy.  The introduction of AuNPs onto the electrochemical interfaces has 

infused a new vigor into electrochemistry, as AuNPs have successfully 

functioned as electron-conducting pathways between the electrochemically 

active targets and the electrode surface.34-41  The amperometric detection of 

ultratrace amount of Cr(VI) has been developed based on AuNPs growing on a 

conducting substrate modified with sol-gel-derived thiol functionalized silicate 

network, but the detection limit was not low enough for Cr(VI) detection at the ng 

L-1 level.42 

 With the aim of developing a sensitive platform for voltammetric Cr(VI) 

detection without a complexing ligand, two layers of AuNPs have been 

introduced to design a pyridinium-functionalized flower-like self-assembly of 

AuNPs for sensitive detection of ultratrace Cr(VI) (Figures 4.1).  The 

electroplating of gold formed the first AuNPs layer on the GCE surface, followed 

by the chemisorption of a sol-gel coating derived from 3-mercaptopropyl-

trimethoxysilane (MPTS).  Chemically produced AuNPs were then infiltrated into 

the three dimensional (3D) matrix by forming Au←S linkages, forming a flower- 
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Figure 4.1.  Schematic illustration of the electrode fabrication: (a) electrochemical 

deposition of AuNPs; (b) self-assembling of MPTS on the surface of the first 

AuNPs layer; (c) chemisorption of the second AuNPs layer on the thiol sol-gel 

overcoating; (d) attaching of PET onto the surface of the second AuNPs layer.
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like self-assembly of AuNPs.  The fabrication leads to a significantly enlarged Au 

electrode surface and expands the use of AuNPs to the GCE surface.  To our 

knowledge, such a double-AuNPs-layer approach on the GCE surface has not 

been reported. 

When positively charged pyridinium functional groups were attached to the 

AuNPs surface through Au←S bonds, ultratrace negatively charged HCrO4
- was 

successfully accumulated on the electrode surface, leading to a low detection 

limit (2.9 ng L-1) and a concentration range (10-1,200 ng L-1) that is much larger 

than those by other related electrodes.19-21  This electrode was successfully used 

for the Cr(VI) detection in a pretreated blood sample. 

 

4.2. Experimental 

 

4.2.1. Reagents and Materials   

  The following chemicals were used as received: chromium standard 

solution (1000 mg L-1, Fluka), MPTS (Gelest), 4-pyridineethanethiol hydrochloride 

(PET, TCI-EP, Japan), chloroauric acid (HAuCl4, 99.99%, Aldrich), trisodium 

citrate (Aldrich), K3Fe(CN)6 (Aldrich), K4Fe(CN)6 (Aldrich), NaF (Certified ACS, 

Fisher), KCl (Certified ACS, Mallinckrodt).  Ultrapure water from a Millipore water 

purified system (≥18 MΩ cm, Barnstead) was used in all assays.  Other reagents 

were of analytical grade and used as received.  All glassware were soaked in 1 

M nitric acid bath and thoroughly rinsed with deionized (DI) water before use. 
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4.2.2. Instrumentation 

Electrochemical measurements were carried out on a modulated 

potentiostat (CHI 650a, CH Instruments).  A three-electrode configuration 

consisted of a modified GCE (3 mm in diameter, BAS Inc.), Ag/AgCl (saturated 

KCl solution, CH Instruments) and a platinum wire (CH Instruments) as working, 

reference and counter electrodes, respectively.  Electrochemical impedance 

spectroscopy (EIS) was performed in 0.1 M KCl containing 5 mM [Fe(CN)6]
3-/4-.  

Scanning electronic microscopic (SEM) images were obtained with a LEO 1525 

field emission scanning electron microscope.  Reflection-transmittance FT 

infrared spectroscopy (IR) was measured using a Thermo Scientific NicoletTM 

iSTM 10 spectrometer. 

 

4.2.3. Preparation of Colloidal AuNPs 

Colloidal AuNPs were prepared by the reported method.40  The size effect 

of metallic nanoparticles was studied over the range of 1-80 nm.  According to 

the reported method, it is possible to synthesize monodispersed colloidal AuNPs 

over a wide size range by varying the [Au(III)]/[citrate] ratio during the reduction 

step as listed in Table B.1 in Appendix B.  A standard procedure for the 

preparation of 20 nm AuNPs is set as a model.  A 25 mL aqueous solution of 

HAuCl4 (0.25 mM) was added to a three neck round bottom flask, heated to 

boiling with vigorous stirring and 438 µL of trisodium citrate (1%) was added.  

The color of the solution changed from a faint blue (nucleation) to dark blue and 
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finally to red, which was an indication of the formulation of the AuNPs.  The 

nanoparticle solution was allowed to cool to room temperature with continuous 

stirring and stand for ~24 h before use. 

 

4.2.4. Preparation of Pyridinium-Functionalized Flo wer-Like Self-Assembly 

of AuNPs  

Prior to use, GCEs were polished carefully to a mirror-like surface on a 

standard electrode polishing kit (CH Instrument) including a 1200 grit Carbimet 

disk, 1.0 and 0.3 µm alumina slurry on a nylon cloth, and 0.05 µm alumina slurry 

on a microcloth polishing pad.  After polishing, GCEs were successively 

sonicated with deionized (DI) water, ethanol and DI water for 5 min each.  The 

deposition of the first AuNPs layer was carried out by the method reported in the 

literature.41  In brief, the GCE was put in 0.01 M K3[Fe(CN)6] solution containing 

0.1 M KCl and scanned by cyclic voltammetry in the range from -0.2 to 0.6 V until 

a pair of well-defined redox peaks was observed.  AuNPs were then 

electroplated on the GCE surface by immersing the electrode into a 0.2 g L-1 

HAuCl4 solution and applying a constant potential of -0.2 V for 100 s.  After being 

rinsed with acetone, ethanol and DI water, respectively, the AuNPs coated GCE 

was treated in a fresh piranha solution (H2SO4/H2O2, 7:3) for 5 min and then 

rinsed again with DI water.  Finally, the AuNPs coated/modified GCE was kept 

under N2 gas flow for subsequent use.  This first AuNPs layer acts as anchors for 

binding to MPTS in the next step.  Caution: The piranha solution is corrosive and 
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should be used with extreme caution and handled only in a small quantity. 

MPTS modification was carried out by soaking the electrode in a 21 mM 

solution of MPTS in ethanol for 10 min.  The MPTS self-assembled on the 

surface of the AuNPs by forming Au←S bonds and, after hydrolysis of the sol-gel 

precursor, existed as a three dimensional (3D) porous silicate network with thiol 

tail groups (-SH) (Figure 4.1).43  The MPTS-modified GCE was then immersed 

into a solution containing colloidal AuNPs for 24 h to form a self-assembly of the 

second AuNPs layer.  The resulting electrode was then dipped into a 5 mM 

solution of 4-pyridineethanethiol (PET) containing 0.5 M H2SO4 for 10 min to 

attach the pyridinium group to the electrode surface.  The electrode is ready to 

accumulate hydrogen chromate (HCrO4
-) and analyze it.  It should be pointed out 

that in the acidic solution, HCrO4
- is the dominant species.19 

Various stages of the modification were prepared under the optimized 

conditions. 

 

4.2.5. Measurement Procedure   

To carry out the voltammetric measurements for Cr(VI), the AuNPs self-

assembled electrode was first put in 20 mL of 0.15 M fluoride buffered solution 

(pH 4.5) and stirred for 5 min under open-circuit potential.19  After the 

accumulation, the determination of Cr(VI) was carried out by transferring the 

electrode to a Cr(VI) free solution (0.15 M NaF, pH 7.8) and performing cathodic 

stripping square wave voltammetry (CSSWV) from 0.35 to -0.2 V with frequency 
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of 15 Hz, step potential of 4 mV and amplitude of 25 mV.  Stirring at a high speed 

was required during the accumulation process but not during the stripping step.  

The electrode surface was regenerated between measurements by 

electrocycling in the potential range from 0.35 to -0.2 V in 0.1 M HClO4 for the 

elimination of Cr(VI) from the electrode surface.19 

A porcine blood sample was pretreated using the advanced oxidation 

process (AOP) as described in Part 2, and Cr in the sample was converted to 

Cr(VI) in the pretreatment.  Prior to the analysis, the blood sample was diluted 

using 0.15 M NaF buffer (pH 4.5). Standard additions of 100 and 200 ng L-1 

Cr(VI) were added to the blood sample to a total volume of 20 mL. 

  

4.3. Results and Discussion 

 

4.3.1. Characterization of Flower-Like Self-Assembl y of AuNPs on GCE 

The preparation of the pyridinium-functionalized flower-like surface self-

assembly of AuNPs on GCE consists of four steps, as shown in Figure 4.1.  EIS 

and SEM measurements were used to characterize the modification from each 

step.  EIS is an effective method for probing the features of a surface modified 

electrode.  In the terms of EIS, the semicircle portion at higher frequencies 

corresponds to the electron-transfer limited process and the linear portion at 

lower frequencies may be attributed to diffusion.  The semicircle diameter equals 

the electron-transfer resistance, which depends on the dielectric and insulating  
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features at the electrode/electrolyte interface.41  Figure 4.2 shows the EIS 

measurements of different electrodes including bare GCE, AuNPs/GCE, 

MPTS/AuNPs/GCE, AuNPs/MPTS/AuNPs/GCE, and 

PET/AuNPs/MPTS/AuNPs/GCE.  The small semicircle diameter of the bare GCE  

shows a relatively small electron-transfer resistance (curve a).  An almost straight 

line observed for AuNPs/GCE (curve b) indicates faster electron transfer kinetics 

of [Fe(CN)6]
3-/4- on AuNPs/GCE.  However, the presence of MPTS sol-gel 

overcoating on AuNPs/GCE surface remarkably increases the electron transfer 

resistance (curve c), indicating the larger obstruction effect of MPTS sol-gel layer 

on the flow of electrons.  The secondary AuNPs are therefore introduced to the 

electrode surface and self-assembled onto the 3D silicate network.  In 

comparison with MPTS/AuNPs/GCE, the semicircle diameter of 

AuNPs/MPTS/AuNPs/GCE was much smaller (curve d).  This is contributed to 

the high electrical conductivity of secondary AuNPs, facilitating the electron 

transfer between the electrode and the self-assembled layers.  As PET can partly 

resist the electron transfer of the electrode, a slight increase of the impedance 

was observed after the attachment of PET (curve e) to the surface of secondary 

AuNPs, which consequently does not affect the detection since the attachment of 

PET will facilitate the attraction of [Fe(CN)6]
3-/4- ions and a similar effect should be 

at play for Cr(VI) through the self-assembled layer. 

The SEM images of various stages of the modification under the optimized 

conditions are shown in Figure 4.3.  After the electrochemical deposition, AuNPs  
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Figure 4.2.  EIS of 0.01 M Fe(CN)6
3-/4- and 0.1 M KCl at: (a) bare GCE; (b) 

AuNPs/GCE; (c) MPTS/AuNPs/GCE; (d) AuNPs/MPTS/AuNPs/GCE; (e) PET/ 

AuNPs/MPTS/AuNPs/GCE. 
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Figure 4.3.   SEM images of: (a)AuNPs/GCE; (b) MPTS/AuNPs/GCE; (c) 

AuNPs/MPTS/AuNPs/GCE – The term “flower-like” is used to describe the 

distribution of AuNPs on the thiol MPTS sol-gel film; (d) 

PET/AuNPs/MPTS/AuNPs/GCE.  The insert in (d) is in the same magnification 

as that in (c).
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with diameters of 25-40 nm were formed and well distributed on the GCE surface 

(Figure 4.3a).  Compared to a gold disk electrode, AuNPs/GCE provides more 

surface area to chemisorb the thiol sol-gel precursor MPTS.  A 3D porous 

structure indicated the successful formation of the MPTS sol-gel overcoating, 

which was full of thiol tail groups (-SH), on the first AuNPs layer (Figure 4.3b).  

Then the 20-nm colloidal AuNPs were attached to the thiol groups present inside 

and on the surface of the silicate network, which was verified by both EIS (Figure 

4.2, curve c) and SEM (Figure 4.3c).  The second, flower-like AuNPs layer was 

used to improve the electron transfer and immobilize the pyridinium group.  The 

diameter of the second AuNPs layer was slightly increased after being coated by 

the thiol-pyridium PET (Figure 4.3d), but there was no obvious difference in the 

surface morphology. 

IR spectra of the modified electrodes further confirmed the success of the 

step-by-step modification.  Figures 4.4a and b show the reflection-transmittance 

FT-IR spectra of the MPTS precursor and its monolayer on the surface of 

AuNPs.  Bands at 802 and 1075 cm-1 originating from Si-O-C modes of the 

MPTS precursor are replaced by stretching absorption of broad Si-O-Si bands 

positioned at ca. 1100 cm-1 in the monolayer spectrum.  Furthermore, the 

disappearance of the 1189 cm-1 band was observed due to OCH3 groups 

corroborating hydrolysis of the precursor in the sol-gel process.  The existence of 

free -SH tail groups in the monolayer was verified by the S-H stretching band 

around 2600-2630 cm-1 in Figures 4.4a and b.  The peak frequencies for +
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Figure 4.4.   Reflection–transmittance IR spectra of (a) MPTS; (b) MPTS 

chemisorbed on AuNPs/GCE; (c) PET; and (d) PET attached on 

AuNPs/MPTS/AuPs/GCE. 
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asymmetric and symmetric methylene (CH2) stretching vibrations appear at 2918 

and 2848 cm-1, respectively (Figure 4.4b).  These results indicated the formation 

of a cross-linked silicate structure on the AuNPs surface.45  IR spectra of pure 

PET and its monolayer on the surface of the second AuNPs layer were studied 

as well (Figures 4.4c and d).  After PET was self-assembled onto the AuNPs 

surface, the bands at 2980, 3025 and 3080 cm-1 assigned to the C-H stretching 

of the ring disappeared.  However, the bands at 2852 and 2921 cm-1 

corresponding to the symmetric and asymmetric alkyl C-H stretching were 

observed before and after the self-assembly.  These results indicate the chain 

disorder similar to the chains of short alkanethiols on gold due to the formation of 

Au←S bonds19 and accordingly imply the successful attachment of PET onto the 

surface of AuNPs. 

 

4.3.2. Voltammetric Behavior of Different Modified Electrodes 

  It is worthwhile to compare the electroactivity of bare GCE (a, Figure 4.5) 

and electrodes modified with (b) MPTS/AuNPs, (d) PET/AuNPs, (e) 

AuNPs/MPTS/AuNPs, (f) AuNPs, (g) PET/AuNPs/MPTS/AuNPs, and (c) the gold 

disk electrode modified with PET (Figure 4.5).  Bare GCE and 

MPTS/AuNPs/GCE did not show obvious electrochemical response to 1500 ng  

L-1 Cr(VI), probably because there are no active sites on the GCE surface to 

adsorb Cr(VI) and the MPTS network can largely suppress the electron transfer 

for Cr(VI) reduction on the electrode.  A small current was found for Cr(VI)  
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Figure 4.5.   Graphical comparison of (a) bare GCE; (b) MPTS/AuNPs/GCE; (c) 

PET/Au; (d) PET/AuNPs/GCE; (e) AuNPs/MPTS/AuNPs/GCE; (f) AuNPs/GCE; 

and (g) PET/AuNPs/MPTS/AuNPs/GCE toward 1500 ng L-1 Cr(VI) detection. 
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reduction on either PET/AuNPs/GCE or AuNPs/MPTS/AuNPs/GCE.  The 

pyridinium group chemisorbs HCrO4
- by ion exchange, and it is possible that 

AuNPs can also show some electrocatalytic activity towards the reduction of 

Cr(VI),45 providing a good reason for the small response to Cr(VI).  Even though 

the detection performance of AuNPs/GCE was improved to some extent, the 

electrode designed for Cr(VI) detection in this investigation displayed the overall 

best behavior and in particular, a great improvement in the response to Cr(VI) 

reduction in comparison to PET/Au. 

Two layers of AuNPs were successfully self-assembled on the GCE 

surface.  Compared to the Au disk electrode, the first layer of AuNPs increased 

the surface roughness and greatly enlarged the effective surface area of AuNPs 

coated electrode, leading to the chemisorption of more MPTS.  The more MPTS 

adsorbed, the more thiol tail groups are introduced to the electrode surface, 

increasing the number of secondary AuNPs on the 3D silicate network.  Finally, 

the functional pyridinium groups are attached onto the surface of secondary 

AuNPs, playing a very important role in the accumulation of Cr(VI).  More AuNPs 

lead to more pyridinium groups present on the electrode surface, and 

consequently result in the best responsive detection of Cr(VI) among the various 

electrodes.  It appears that the two layers of AuNPs greatly contribute to the 

improved performance of the designed electrode for Cr(VI) detection at low 

levels. 
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4.3.3. Analytical Performance 

  The peak current and potential for the Cr(VI) reduction depend on the 

modification of the electrode.  The pyridinium-functionalized, AuNPs-based 

electrode exhibited a typical voltammetric response for Cr(VI) reduction, 

presumably from Cr(VI) to Cr(III).  It is interesting that the peak potential for 

Cr(VI) reduction was found to be at 0.08 V, negatively shifted from 0.18 V when 

the Au disk electrode was modified using only PET.19 

The optimization of other experimental conditions is discussed in detail in 

Appendix B.  Afterward the performance of PET/AuNPs/MPTS/AuNPs/GCE 

toward the detection of Cr(VI) was tested by CSSWV.  Figure 4.6 displays the 

current response of the designed electrode towards Cr(VI) in the concentration 

range of 10-1,200 ng L-1.  PET/AuNPs/MPTS/AuNPs/GCE showed a well-defined 

voltammetric peak at ~0.08 V and the peak current proportionally increased with 

the increasing concentration of Cr(VI).  It should be noted that a slight positive 

shift of the peak potential was observed for higher Cr(VI) concentration, which 

also occurred in the previous report.19  The reason for this shift is not understood, 

but may be related to the exchange of fluoride by HCrO4
- ions.  The calibration 

plot showed a good linear relationship by using the peak current as a function of 

the Cr(VI) concentration with a correlation coefficient of 0.999 (Figure 4.6 inset).  

The detection limit (LOD) of 2.9 ng L-1 was calculated according to a signal-to-

noise ratio of 3, which was comparable with those of previously reported Cr(VI) 

detection using electrochemical techniques.19,46,47  Standard deviations of 3.1%  
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Figure 4.6.   Voltammetric performance and the corresponding calibration plot 

(inset) of PET/AuNPs/MPTS/AuNPs/GCE toward Cr(VI) reduction in the 

concentration range from 10 to 1200 ng L-1.  Error bar: n = 3. 
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(n = 3) for inter-group detection and 4.2% (n = 3) for outer-group detection, 

respectively, were obtained, indicating high sensitivity, better stability and 

reproducibility of the method for Cr(VI) reduction. Such a high sensitivity could be 

ascribed to the synergistic effect of the pyridinium-functionalized, flower-like self-

assembly of AuNPs and the flower-like gold nanoelectrode.  Moreover, this 

method showed a wide detection range of Cr(VI), probably as a result of the 

large AuNPs surface area.  The detection here demonstrates that the current 

method could be used for reliable and accurate Cr(VI) measurement at ng L-1 

level in real samples.  The electrode, once made, was used for at least fifteen 

measurements with no obvious decrease in peak current. 

 

4.3.4. Interference Study 

A major challenge for Cr(VI) detection in real samples is the elimination of 

interferences.  In order to evaluate the performance of  

PET/AuNPs/MPTS/AuNPs/GCE toward Cr(VI) reduction in the presence of 

coexisting anions or cations including ClO4
-, NO3

-, BrO3
-, MoO4

2-, SO4
2-, Cr3+, 

Pb2+, Al3+, Cd2+, Fe3+, Cu2+, and Zn2+, the effect of these ions on the cathodic 

peak current of Cr(VI) reduction was examined (Figure 4.7).  The voltammetric 

response of the designed electrode towards 300 ng L-1 Cr(VI) was first 

measured, and 500-fold excess of the coexisting ions was subsequently added 

into the supporting electrolyte.  At pH 4.5, HCrO4
− is the main form of Cr(VI) in 

the aqueous solution.  As expected, no change in the voltammetric response of  
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Figure 4.7.   Voltammetric response of PET/AuNPs/MPTS/AuNPs/GCE toward 

300 ng mL-1 Cr(VI) with and without 500-fold excess of coexisting ions in 0.15 M 

fluoride solution (pH 7.8). 
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Cr(VI) was observed in the presence of various cations, as the positively charged 

ions such as Cr3+ and Cu2+ are repelled by the positive charge of pyridinium 

group on the electrode surface.  It is interesting that the presence of negatively 

charged ions only showed minute interference toward Cr(VI) reduction, implying 

that the preconcentration of Cr(VI) was not a simple ion-exchange process.  

Moreover, even MoO4
2- with the similar structure and size did not exhibit obvious 

interference.   

 

4.3.5. Blood Sample Analysis 

The analytical reliability and practical application potential of the new 

electrode was evaluated by measuring Cr(VI) in a blood sample.  Chromium is an 

essential trace element for mammals (3-10 ppb in the blood), and it is bound to 

peptides.48  Prior to the analysis, the blood sample was first pretreated by AOP in 

order to decompose the organic and biological species in the sample and to free 

chromium.  As a result, Cr in the blood was converted to Cr(VI) in the 

pretreatment.  Standard addition method was employed and the CSSWV 

measurements were performed before and after the addition of 100 and 200 ng 

L-1 of Cr(VI) to the sample (Figure 4.8).  A well defined peak around 0.0 V was 

observed and increased proportionally with the Cr(VI) addition.  A slight, negative 

shift of the peak potential might be caused by the background of the AOP-treated 

blood sample.  The original concentration of Cr(VI) in the blood sample was 

found to be 6.9(0.5) µg L-1, which is consistent with the previously reported value  
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Figure 4.8.  CSSWVs of the blood samples spiked with: (a) 0; (b) 100; and (c) 

200 ng L-1 Cr(VI). 
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in Part 3, with a recovery of more than 93%, and with a relative error less than 

5.3%.  This result demonstrates the successful use of the new electrode for the 

detection of Cr(VI) in the blood samples with acceptable accuracy.  More 

importantly, the residual H2O2 from the blood pretreatment did not cause obvious 

interference in the performance of the current electrode.  This is an evidence of 

the accuracy and reliability of the new electrode for the applications in real 

samples. 

 

4.4. Conclusions 

 

The fabrication of a new flower-like self-assembly of AuNPs-modified 

electrode is reported here.  After functionalization by a thiol pyridinium, the 

electrode was used successfully toward Cr(VI) preconcentration and subsequent 

analysis.  At the electrodes, Cr(VI) was efficiently reduced at 0.08 V in the 

absence of a complexing ligand, which is ~100 mV less positive than that for 

conventional Au disk electrodes.  The introduction of two layers of AuNPs 

significantly enhances the detection behavior of the electrode and makes 

measurement simple, highly sensitive and selective, and stable.  It provides a 

very low detection limit and a large, linear response comparable with that based 

on a bismuth film electrode that requires the use of a complexing ligand to exhibit 

high sensitivity for Cr(VI) reduction.  No interference was found for aqueous 

Cr(VI) detection with the coexisting ions.  The AuNPs-based electrode was used 
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successfully for the detection of Cr(VI) in AOP treated blood sample without 

interference by residual H2O2.  The current work provides both a new flower-like 

AuNPs electrode on the GCE surface and a method for highly sensitive and 

selective Cr(VI) detection. 
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Electrodeposition of Sol-gel Using an Ethylenediami ne 

Compound for Chromium(VI) Detection 



108 
 

Abstract 

 

The novel method of modifying a glassy carbon electrode with physical 

deposition of single-walled carbon nanotubes (SWNTs) followed by 

electrochemical deposition of a sol-gel using base-catalyzed hydrolysis is 

reported here. The thin sol-gel film fabricated from a new ethylenediamine 

derivative is believed to preconcentrate Cr(VI) anions. The SWNTs allow for 

greater conductivity and increased surface area on the electrode surface which in 

turn gives greater sensitivity. Our studies have shown detection of Cr in the low 

ppb and ppt range. 

 

5.1. Introduction 

 

As mentioned previously, hexavalent chromium is a toxic, strong oxidizing 

agent.  The wide use of chromium in industry has inevitably led to ecological 

impacts from Cr(VI) contamination, causing allergic dermatitis, as well as toxic, 

carcinogenic effects and mutagenesis in animals and humans.1-4  There has thus 

been a growing interest in highly sensitive and selective assays for trace Cr 

determination.  A number of sensitive techniques have been employed, such as 

atomic absorption spectrophotometry,5 plasma mass spectrometry,6 

spectrofluorimetry,7 spectrophotometry,8 and chemiluminescence,9 but each of 

these processes is time consuming and necessitates expensive equipments.  



109 
 

Various sensor systems have also been reported.10-16  Most of these systems, 

however, have either limitations in sensitivity, simplicity or the high cost of 

equipments as well.  

Electrochemical methods have been considered desirable for the Cr(VI) 

determination, and they have demonstrated advantages including speed of 

analysis, good selectivity, and sensitivity.17-31  Mercury electrodes have also been 

used for the electrochemical detection of Cr(VI).17,18  While extremely sensitive, 

their applications are limited due to the toxicity of mercury.  In an effort to find 

alternative electrodes to mercury, bismuth-film electrodes (BiFEs) have been 

developed for Cr(VI) detection through catalytic adsorption stripping voltammetry 

(CAdSV).19-22  However, the poor reproducibility of BiFEs is challenging for Cr 

detection at a low concentration, and a complexing ligand is needed for the 

process, adding to the complexity of the detection process.  A poly(4-

vinylpryidinium)-coated platinum electrode was developed by Cox and Kulesza 

for Cr(VI) preconcentration in the polymer films, followed by determination with 

the lack of interference by metal cations.23  In a flow injection analysis system, a 

polyaniline/polystyrene composite electrode was used as a detector to monitor 

Cr(VI) with a detection limit of 4 ng L-1.24  A self-assembled monolayer of 

pyridinium on the Au electrode surface for sensitive Cr(VI) detection has been 

developed by Turyan and Mandler.25  Our group has developed 2- and 4-

pyridinium-functionalized sol–gel films through electrodeposition at a glassy 

carbon electrode (GCE) surface for Cr(VI) detection in aqueous solution.26,27  The 
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narrow concentration ranges, however, significantly limit the practical 

applications.  It is thus highly desirable to develop a system that is not only 

sensitive, selective, and reliable but also simple, practical, and economical in its 

operation. 

Sol-gels have become very popular for electrochemical sensing.26-41  Due 

to the unique and compact structures created using sol-gel materials, they are 

advantageous for Cr(VI) detection.  Spin coating has been the primary deposition 

technique for many years,30,34,38,39 usually incorporating acid catalysis.30,32  These 

films, however, are not very porous.  Using base catalysis reactions, as shown in 

Figure 5.1, give a higher porosity41,42 which is beneficial in most sol-gel sensing 

applications.   

Work in recent years has established highly porous sol-gel films using 

electrodeposition at the electrode surface,31-33,35,36 including publications by 

previous members of this research group.26-29  First investigated by Shacham et 

al.36 and later elaborated on by Collinson et al.31,32 and Walcarius and 

coworkers,33,34 this technique relies on the application of a negative potential to 

increase the pH at the electrode surface, causing the immediate condensation of 

the sol-gel.  Because of this, gel formation and drying occur independently of 

each other, allowing more porous films to form.32 

As mentioned before, electrodeposition of sol-gel films has been 

performed by a previous group member.26-29  A sol-gel precursor containing  
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Figure 5.1.   The basic sol-gel reactions. 
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pyridinium was used to preconcentrate and detect Cr(VI) on a glassy carbon 

electrode.  While this method was found to be successful, the film was often 

irreproducible, thick, and the limit of detection remained in the ppb range.  Since 

chromium concentration is often less than 10 ppb, it is advantageous to have 

sub-ppb detection available.  The focus of this research was to develop a new 

sol-gel electrochemical detection method. 

One major change to the electrode fabrication is the addition of single 

walled carbon nanotubes (SWNTs).  SWNTs have been shown to possess 

potential for heavy metal analysis due to their strong sorption properties, high 

electrical conductivity, high surface area, significant mechanical strength, and 

good chemical stability.43  In this work, the SWNTs are functionalized prior to 

use.  The carboxylic groups on the SWNTs improve the adhesion of not only 

SWNTs to the GCE but also the sol-gel to the electrode.  Additionally, as sol-gels 

are made from a combination of alkoxides that ultimately create a thin glass-like 

film, they are not highly conductive as a result.  Therefore the presence of 

SWNTs on the electrode surface further enhances the electrochemical activity of 

the electrode.   

In addition to SWNTs, the use of a different sol-gel precursor was 

implemented.  Since a pyridinium containing compound was found to 

preconcentrate Cr(VI) successfully, the idea of using a similar amine-containing 

compound is presented.  It is hypothesized that the use of a dication derived from 

a diamine allows for additional binding sites to preconcentrate Cr(VI), a 
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significant portion of which exists as dianions, thereby increasing the 

concentration range and potentially lowering the detection limit.  Unlike 

pyridinium, this compound, (MeO)3Si(CH2)3NHCH2CH2NH2 (TMSen), has not 

been previously used for Cr(VI) detection.  The drawback of directly using a 

compound containing ethylenediame is the increase in pH.  As electrodeposition 

of the sol-gel is base catalyzed, a basic solution will cause immediate hydrolysis, 

even prior to applying a negative potential.  In order to counteract such a basic 

pH, the compound is acidified first by HCl, forming 

(MeO)3Si(CH2)3(NH2CH2CH2NH3)Cl2 (H2TMSenCl2).  This step will not only 

prevent early hydrolysis but may also slightly inhibit hydrolysis at the electrode 

surface, thereby generating a thinner film.  Previous work with pyridinium 

containing compounds required protonation as well, allowing for a better 

preconcentration.26,27   

In this work, the electrodeposition technique is used in conjunction with a 

previously modified glassy carbon electrode containing a film of SWNTs.  The 

SWNTs allow for greater conductivity and increased surface area on the 

electrode surface which in turn gives greater sensitivity.  This work surrounds the 

use of the new sol-gel precursor not previously used for the preconcentration of 

Cr(VI) anions, leading to Cr(VI) detection with enhanced sensitivity (Figure 5.2).  

The approach is based on the electrostatic interaction between the positively 

charged ethylenediamine groups in the sol-gel matrix and the negatively charged 

Cr(VI) anions.44-47  These anions are then reduced to Cr3+ cations, regenerating  
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Figure 5.2.   Illustration of Cr(VI) accumulation, reduction, and detection.  Cl- ions are omitted for clarity.



115 
 

the electrode surface for subsequent preconcentration and analysis.  The results 

are reported here. 

 

5.2. Experimental 

 

5.2.1. Chemical Reagents and Materials 

Tetramethyl orthosilicate (TMOS, Si(OMe)4, 98%, Sigma-Aldrich), N-[3-

(trimethoxysilyl)propyl]ethylenediamine (TMSen, 97%, Sigma-Aldrich), 

hydrochloric acid (HCl, certified A.C.S., Fisher), hydrofluoric acid (HF, certified 

A.C.S., Fisher), diethyl ether (Et2O, Sigma-Aldrich), HCl in diethyl ether (1.0 M, 

Sigma-Aldrich), sodium fluoride (NaF, Fisher), methanol (MeOH, HPLC Grade, 

Fisher), and potassium chloride (KCl, certified A.C.S., Mallinckrodt) were used as 

received.  Single walled carbon nanotubes were obtained from Shenzen 

Nanotech Port Co., Ltd. (http://www.nanotubes.com.cn/doce/default.html), China.  

Standard solutions of Cr(VI) were prepared by serial dilution of a 1000 µg/mL AA 

standard (Sigma-Aldrich).  Solutions and standards were prepared using 

deionized (DI) water (18MΩ cm) from a Barnstead International E-pure 4-holder 

deionization system.   

For analysis procedures, a three-electrode configuration consisted of a 

modified GCE, Ag/AgCl (saturated KCl solution, CH Instruments) and a platinum 

wire (CH Instruments) as working, reference and counter electrodes, 

respectively.  For the electrodeposition experiments, a Ag/AgCl wire electrode, 
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prepared by soaking Ag wire in bleach, was used.  The working electrodes 

typically used during the experiments were Teflon-encased glassy carbon 

electrodes (3 mm diameter, BAS Inc.).  Before each coating process GCEs were 

polished carefully to a mirror-like surface on a standard electrode polishing kit 

(CH Instrument) including a 1200 grit Carbimet disk, 1.0 and 0.3 mm alumina 

slurry on a nylon cloth, and 0.05 µm alumina slurry on a microcloth polishing pad.  

After polishing, GCEs were successively sonicated with DI water, ethanol, and DI 

water for 5 min each.  Electrodes were then soaked in piranha solution for an 

additional 15 min. 

 

5.2.1.1. Preparation of Acidified TMSen 

All manipulations were carried out under a dry nitrogen atmosphere with 

the use of standard Schlenk techniques.  Diethyl ether was purified by distillation 

from a potassium benzophenone ketyl and stored under a nitrogen atmosphere.  

TMSen (1.997 g, 1.9 mL, 8.98 mmol) was dissolved in Et2O (10 mL) in a flamed 

dried 125 mL Schlenk flask.  HCl in diethyl ether (1.0 M, 18 mL, 18.0 mmol) was 

added to a Schlenk graduated cylinder and was added dropwise to the vigorously 

stirred TMSen/Et2O solution at 0 ºC.  The slurry solution was allowed to stir for 18 

h and volatiles were removed in vacuo to afford a white solid of H2TMSenCl2 

(2.351 g, 7.96 mmol, 88.73% yield). 
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5.2.2. Instrumentation 

All electrochemical measurements were carried out on a modulated 

potentiostat (CHI 440a/650a, CH Instruments).  All microscopic images were 

obtained using a Leica S8APO StereoZoom optical microscope. 

5.2.3. Preparation of Single-Walled Carbon Nanotube s 

SWNTs of a certain mass (40 mg) were dispersed in 30% HNO3 and then 

refluxed for 24 h at 140 ºC to obtain carboxylic group-functionalized SWNTs.  

The resulting suspension was centrifuged, and the sediment was washed with 

deionized water until the pH reached 7.0.  Then, the oxidized SWNTs were 

dispersed in deionized water to a concentration of 0.5 mg/mL for storage 

purposes but were further diluted prior to deposition.  SWNTs were then 

physically deposited and allowed to dry overnight.  

 

5.2.4. Coating Procedure 

A sol solution consisting of 8 mL of 0.2 M KCl, 8 mL of MeOH, 500 µL of 

TMOS, and 1.34 g of H2TMSenCl2 was prepared and stirred thoroughly for 

several minutes to ensure a homogeneous mixture. After mixing, the working 

electrode was exposed to the solution, and a potential of -1.2 V was applied for 

70 s. The working electrode was then rinsed with several aliquots of a 1:1 

mixture of MeOH and DI water. It was then allowed to dry at 60 ºC for 5 h 

followed by further drying under nitrogen flow for 18 h prior to use. 
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5.2.5. Analysis Procedure  

The electrodes were exposed to a solution consisting of 0.1 M HCl, 0.1 M 

KCl, and a variable amount of Cr(VI).  After 5 min of stirring, the electrode was 

placed in a solution of 0.15 M NaF (pH 7.8).  A square wave voltammogram was 

then collected, typically from 0.6 V to -0.3 V with a frequency of 15 Hz, amplitude 

of 0.025 V, and incremental potential of 0.004 V.  The electrodes were then 

rinsed with DI water and a cleaning step was performed by holding the potential 

at -0.2 V for 60 s in 0.1 M HCl/KCl to ensure that any residual Cr(VI) present was 

eliminated.  Subsequent analyses of various Cr(VI) concentrations could then be 

carried out.  

 

5.3. Results and Discussion 

 

5.3.1. Electrode Fabrication and Characterization 

The electrodeposition process described is similar to a process reported 

previously.26-29,31,32  By applying a negative potential to the working electrode, 

hydroxide ions are generated and increase the pH directly at the electrode 

surface (Eq. 5.1-5.3).  When TMOS and H2TMSenCl2 are present, the influx of 

OH- base catalyzes the hydrolysis and condensation (Figure 5.1) of the sol at the 

electrode surface and produces a film functionalized with H2TMSenCl2.  The use 

of SWNTs allows for increased surface area, greater conductivity, and better 

adhesion of the film to the electrode.  Exposing the glassy carbon electrode to 
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piranha solution prior to deposition of the SWNTs and subsequent 

electrodeposition also enables adhesion of the nanotubes and the film to the 

electrode by producing surface oxides.  An illustration summarizing the 

fabrication of the sol-gel electrode is shown in Figure 5.2. 

 

2H2O  +  2e-     2OH-  +  H2   Eq. 5.1 

O2  +  2H2O  +  4e-  4OH-   Eq. 5.2 

O2   +  2H2O  +  2e-  H2O2  +  2OH-
 Eq. 5.3 

 

 Sol-gels allow for a thin film, and are often transparent.  Carbon 

nanotubes are also not readily visible on the electrode surface, as shown in 

Figure 5.3.  Thus it may be difficult to see a condensed sol-gel on the surface, 

particularly when the sol solution does not readily gel (Figure 5.4).  In order to 

affirm the electrodeposition of the film, a platinum electrode (CH Instruments) 

was used to replicate the electrode fabrication, allowing for a better visual 

confirmation.48  In this instance, however, Coumarin-153 (Aldrich) dye was added 

to the sol-gel solution prior to electrodeposition.  The images are shown in Figure 

5.5.  It is very clear that SWNTs alone do not visibly alter the look of the 

electrode surface, but after electrodeposition of the doped sol-gel, it is very 

obvious that a film is on the surface.  This confirms the film readily 

electrodeposits, despite its transparency.48  
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Figure 5.3.  Illustration of electrod e fabrication: (a) physical deposition of SWNTs onto GCE; (b) electrodeposition of 

sol-gel; (c) condensation of sol-gel onto GCE/SWNT.
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Figure 5.4.   GCE/SWNT (top left); GCE/SWNT/H2TMSenCl2 (top right and 

bottom).
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Figure 5.5.   Images of a platinum electrode modified with only SWNTs (left), and after electrodeposition with a 

Coumarin-153 doped sol-gel.
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5.3.2. Cr(VI) Analysis 

 The general process occurring at the glassy carbon electrode modified 

with carbon nanotubes during Cr(VI) analysis is illustrated in Figure 5.2.  The 

ethylenediamine groups present in the sol-gel are protonated prior using HCl in 

diethyl ether before the sol-gel solution is prepared and electrodeposited (Figure 

5.3).  The use of HCl in Et2O, which is free of water, is an important feature of the 

protonation step.  Thus the product H2TMSenCl2 would not hydrolyze before the 

electrochemical deposition.  The electrode is then exposed to a Cr(VI) solution 

where the analyte anions are preconcentrated at the electrode surface through 

the electrostatic interaction between the positively-charged ethylenediamine 

cations and the negatively-charged Cr(VI) ions.  After a period of time has 

passed to allow the analyte species sufficient time to diffuse to the electrode 

surface, the electrode is placed into a stripping solution containing 0.15 M NaF 

and a square wave voltammagram is collected.  A peak occurs at approximately 

0.17 V corresponding to the reduction of Cr(VI) to Cr(III), as has been reported 

previously.23,25,26,27  The produced Cr(III) cations are then expelled from the sol-

gel film.  To ensure that the Cr species are removed, however, the electrodes are 

rinsed and a cleaning step was performed by holding the potential at -0.2 V for 

60 s in 0.1 M HCl/KCl to ensure that any residual Cr(VI) present was eliminated.   

 Chromate exists in both monoanionic HCrO4
- and dianionic CrO4

2- forms.  

In addition, dichromate Cr2O7
2- may also be present as an equilibrium mixture 

with HCrO4
- and CrO4

2-.49  While each cationic site of the diammonium group 
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may attract HCrO4
-, the dication of the diammonium group may help attract 

dianionic CrO4
2- and Cr2O7

2-.  It is known that large cations bind more strongly 

with large anions stabilize large cations.50  Thus the large diammonium group 

may be particularly suitable for Cr2O7
2-.  In other words, the use of the 

diammonium-functionalized sol gel films may lead to the preconcentration of all 

forms of Cr(VI). 

 

5.3.3. Fe(CN)6
4- as a Redox Probe 

Fe(CN)6
4- is a well-established redox system51 that was used to investigate 

the anion-exchange capability of the sol-gel film.  It is ideal for demonstrating the 

film’s ability due to its negative charge, and previous work has demonstrated its 

effectiveness.52-54,26,27  The Heineman group52-54 as well as our group26,27 showed 

that sol-gel derived films were effective in demonstrating the use of anion 

preconcentration via the Fe(CN)6
4- redox probe. 

 In past work using a pyridinium compound, it was noted that there is a 

decrease in the peak current, attributed to the increased resistance to mass 

transport through the sol-gel.26,27  Thicker films cause an even greater resistance.  

However, in the current study, the film is relatively thin which is easily observed 

by the naked eye (Figure 5.3), and the redox probe further confirms this the as 

the current does not substantially decrease in comparison to a bare GCE.  In 

order to best compare the redox probe to Cr(VI) detection, the electrode was 

allowed to stir in the Fe(CN)6
4- solution for 5 min.  With the incorporation of 
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SWNTs, the protonated thin sol-gel film successfully preconcentrates the 

negatively-charged analyte species better than a bare GCE, as shown in Figure 

5.6.  Protonating the electrode prior to exposure to the Fe(CN)6
4- solution did not 

improve the peak current, which is reasonable since the sol-gel precursor was 

acidified initially and the sol-gel solution remained acidic.  An electrode consisting 

of SWNTs on a GCE was also tested.  However, the CV did not stabilize and 

later it was observed that the carbon nanotubes were in the Fe(CN)6
4- solution.   

 This correlates well with previous reports showing enhanced sensitivity 

when anionic-exchange films are used for the determination of Fe(CN)6
4-.26,27,52-55  

Although the mechanisms of analyte transport for the reversible Fe(CN)6
4- 

system (diffusion and charge-transport processes) and irreversible Cr system 

(mass transport) are very different, the results imply that the functionalized sol-

gel films are adequate for the preconcentration and analysis of Cr(VI) anions. 

 

5.3.4. Cr(VI) Quantification 

 Studies were carried out in which the electrode response was monitored 

as a function of Cr(VI) concentration.  The square wave voltammagrams and the 

corresponding calibration plots are given in Figures 5.7-5.10.  There is a linear 

response between the concentrations of Cr(VI) and the peak currents at the 

electrode.
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Figure 5.6.  Cyclic voltammagrams of 5mM Fe(CN)6
4- at a glassy carbon 

electrode before and after modification with the SWNTs and H2TMSenCl2 

functionalized sol-gel. 
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Figure 5.7.  Square-wave voltammagrams of various Cr(VI) concentrations 

collected at a GCE/SWNT/ H2TMSenCl2. 
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Figure 5.8.  Calibration plots for the measurements in Figure 5.7. 

 

R2 = 0.999 
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Figure 5.9.  Square-wave voltammagrams of various Cr(VI) concentrations 

collected at a GCE/SWNT/H2TMSenCl2. 
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Figure 5.10.  Calibration plots for the measurements in Figure 5.9. 

 

 

R2 = 0.969 
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5.3.5. Effect of Preconcentration Time 

 In a typical analysis procedure, the functionalized electrode is exposed to 

the Cr(VI) solution for 5 min while stirring.  Past work using the pyridinium 

precursor required a 10 min accumulation step, but this was found to be 

unnecessary in the experiments described here.  Multiple reasons are believed to 

cause this occurrence, including the implementation of carbon nanotubes, a 

thinner film deposition, and a shorter drying time.  A 10 min preconcentration 

time likely causes a saturation of the electrode surface. 

 

5.4. Conclusions 

 

 Ethylenediamine-functionalized sol-gel films have been electrodeposited 

onto a SWNT-modified GCE for the detection of Cr(VI).  The technique uses 

commercially available reagents and can be performed easily and reproducibly.  

The film deposition has been confirmed and characterized using a Fe(CN)6
4- 

redox probe.  The resulting electrode is very sensitive, showing detection in the 

ppt range.  This work demonstrates the success of electrodeposition for an 

ethylenediamine-functionalized sol-gel film and exhibits its potential in Cr(VI) 

applications.
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Part 6 

Error Analysis 
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With any experiment come errors, whether they are random or systematic.  

Systematic errors come from limitations in the instrumentation, while random 

errors occur due to reproducible inaccuracies during an experimental procedure.  

While random errors can statistically affect the data either positively or 

negatively, systematic errors are consistently in the same direction.1  It is 

advantageous to minimize errors, but it is just as important to identify the 

sources.  This part provides an analysis of errors in the studies reported in the 

previous parts.  

 

6.1. Part Two 

 

Blood is a complex mixture of many chemical and biological components, 

and there is currently no good method to follow the decomposition of every 

component in blood.  We monitored the degradation of blood at 380 nm, which is 

the absorbance of hemoglobin.  We attempted to obtain random error at this 

wavelength by using a sample of pure porcine hemoglobin and performed 

identical experiments numerous times.  Not only was the peak confirmed, but this 

also showed that degradation at this particular wavelength could be contributed 

to hemoglobin specifically.  Hemoglobin is a major component of blood, and its 

decomposition provides a simple, direct means to follow the blood 

decomposition.  However, using one component in the blood (hemoglobin) to 

represent the whole blood containing many chemical and biological components 
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introduces one major systematic error. 

When studying the AOP of a particular sample, monitoring the kinetics 

provides an understanding of the pretreatment process.  Studying basic kinetic 

parameters such as rates and orders with respect to reactants often helps to 

better design the process itself.  The rates and orders were determined with 

respect to whole blood AOP and other experiments were performed in order to 

identify the reactions leading to the degradation, such as Fenton and photo-

Fenton processes.  The process involves many steps, and we do not know which 

is the rate-determining step.  Fitting the overall AOP reaction, pretreating the 

blood samples using first-order kinetics, is perhaps a major source of systematic 

error in the kinetic order as well the rate constants.   

Another systematic error in the kinetic order and rate constants is treating 

the kinetic order with respect to CH2O2,t=0 to be zero.  This assumption works for 

CH2O2,t=0 ≥ 3.0 g L-1, as shown in Figure 2.4, but is expected to introduce an error.  

In addition, H2O2 is consumed in the AOP process, and its concentration 

changes during the reaction.  When CH2O2,t=0 is sufficiently large, this change 

does not significantly affect the kinetic studies.  But it is expected to introduce an 

error, although it might be a small one.   

While there may be some variability among different blood samples, the 

degradation should be relatively the same based on the reported protocol.  AOP 

has been performed numerous times at multiple H2O2 concentrations and the 

confidence level of consistency is greater than 99%.  In addition, the deviation 
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among results is less than 10-4.  Random errors in the rate constants are given in 

Table 2.1.  The analysis here indicates that the random error is small in the 

current AOP pretreatment of the blood samples. 

 

6.2. Part Three 

 

 One source of error and perhaps the most common during dry ashing is 

sample loss.  Attempts were made to minimize any loss by heating the sample in 

stages, gradually increasing the flame temperature and closely monitoring the 

blood sample itself so that bumping and boiling of the sample was prevented.   

 Acid digestion of the ashes is expected to completely dissolve metal 

oxides into the solution.  If ashes is not completed dissolved, metals inside the 

ashes may not be digested, introducing another systematic error, although our 

current work suggests that this is a small contribution. 

The determination of metal concentrations in the blood (and ashes) relies 

on ICP-OES and a set of standards.  The systematic errors in ICP-OES and the 

method itself will be carried over here as a systematic error.  Errors in the 

standards will be propagated as a random error here.  

Random errors are given in Table 3.2. 
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6.3. Part Four 

 

A possible source of error for this method is inconsistencies in the 

electrode surface due to the fabrication of the layers.  For example, if PET does 

not adhere such that all binding sites are available to accumulate Cr(VI), this may 

affect the analysis and overall reproducibility of the method. 

The size of the Au nanoparticles (AuNPs), especially the second layer, is 

not uniform.  The size ranges from 25 to 40 nm.  Although the size range is small 

and nanoparticles are typically known to have a size distribution, the non-

uniformed sizes probably introduce a systematic error.The thickness of the 

MPTS sol gel was not measured.  If the thickness is not uniformed, this may 

introduce another systematic error. 

Interferences provide another source of systematic error.  In order to 

evaluate the performance of the electrode toward Cr(VI) reduction in the 

presence of coexisting anions or cations, the effect of several ions on the 

cathodic peak current of Cr(VI) reduction was examined (Figure 4.7).  As 

described in Part 4, no change in the voltammetric response of Cr(VI) was 

observed in the presence of various cations, as the positively charged ions are 

repelled by the positive charge of the pyridinium groups on the electrode surface.  

Negatively charged ions only showed minute interference toward Cr(VI) 

reduction.  Using the new method, standard deviations of 3.1% (n = 3) for inter-

group detection and 4.2% (n = 3) for outer-group detection were obtained 
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respectively.  On the other hand, the very similar results obtained by the second 

person in our research group were obtained with a standard deviation of 4.4% (n 

= 3) for outer-group detection.  Moreover, four electrodes were used to detect 

Cr(VI) in the AOP treated blood samples, and standard deviations of 4.7% for 

outer-group detection and 2.5% for inter-group detection were obtained, 

indicating the good stability, reproducibility and repeatability of the method 

towards Cr(VI) reduction. 

 

6.4. Part Five 

 

A possible source of systematic error for this electrode is in the fabrication 

of the electrode surface.  These inconsistencies may lead to possible variations 

in the electrochemical deposition of the film and as a result, the current response 

of the blank.  Due to variation of the current, the background and, in turn, the 

standard deviation can vary from electrode to electrode. 

The size of the commercial carbon nanotubes may not be uniform.  

Although nanomaterials are typically known to have a size distribution, the non-

uniformed sizes probably introduce a systematic error. 

Another systematic error can arise during the electrochemical detection of 

Cr(VI).  The use of an accumulation time of 5 min may cause saturation of the 

electrode surface, particularly at higher Cr(VI) concentrations.  Additionally, there 
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is a possibility of alteration of the electrode surface due to the stripping or 

cleaning solution used between accumulations and electrochemical scans.   

To demonstrate the reproducibility of the film fabrication, five prepared 

electrode surfaces were examined by measuring the blank for each.  For each of 

these, a small peak is present in the blank around 0.08 V.  The average current 

was found to be 15.3 ± 4.1 µA.  During Cr(VI) analysis, the current continued to 

increase, but reproducibility declines after consecutive measurements.  For 

optimal measurements, background subtraction was used for Figures 5.7 and 

5.9. 

While interferences have not been studied extensively with regards to this 

electrode, the positive charge of the ethylenediamine groups on the electrode 

surface should repel positively charged cations.  Additionally, the presence of 

other interferences can be minimal based on the potential window, such that 

these interferences will not be detected in the same potential range where Cr(VI) 

is present. 

 



144 
 

References 

1. Harris, D.C. Quantitative Chemical Analysis, 8th ed.; W. H. Freeman, 

2010. 

 



145 
 

 

 

 

 

 

 

 

Part 7 

Concluding Remarks 
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 This work centered on the detection of trace metals in biological samples.  

More specifically, an original process to pretreat whole blood was developed and 

optimized, followed by fabrication of novel electrochemical sensors for the 

detection of various species.  As interactions between the human body and its 

surrounding environment become more complex, it is imperative that society find 

ways to monitor the elements in which there is continuous contact, whether 

malignant or benign.  As the idiom “too much of a good thing” implies, there is 

often a point when something well meaning can be in excess.  Thus it is 

important to be able to examine a wide range of concentrations easily and 

efficiently so that the line between benevolent and toxic is acknowledged.  

 The first portion of this dissertation, Part 2, described a new process to 

pretreat blood samples.  This process combines the advanced oxidation process 

(AOP) treatment (using aqueous H2O2 and UV irradiation) with acid deactivation 

of the enzyme catalase in blood.  The kinetics of whole blood AOP in a single-

cell reactor was studied, showing that at CH2O2,t=0 = 3.0, 4.0, and 5.0 g L-1, the 

reaction is zeroth order with respect to CH2O2 and first order with respect to Cblood.  

The rate limiting process is photon flux from the UV lamp.  The effect of pH on 

the AOP process has been investigated.  Additionally, the degradation of whole 

blood was compared with that of pure hemoglobin samples.  A four-cell reactor 

has been designed and built in house that uses 80% less blood samples in 

comparison to the single-cell reactor.  This procedure leads to the successful 

decomposition of biological/organic species in blood. 
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The next part described an optimized dry ashing method.  This method 

was crucial in confirming metal concentrations in whole blood as they pertained 

to both AOP treated samples as well as electrochemical detection.  Ashing whole 

blood samples are, however, often difficult to carry out with significant sample 

loss, and the procedure was not well documented previously.  A new procedure 

has been developed and optimized to dry ash whole blood samples for trace 

metal analyses.  The procedure reduces both sample loss and the dry ashing 

time by more than two thirds.  The ashed sample can be readily used in 

subsequent, simultaneous or individual analysis of several metals by ICP-OES, 

as demonstrated in the analysis of a whole blood sample.  The new procedure is 

simple, inexpensive, and faster than the established method. 

 The remaining two parts focused on electrochemical sensing of chromium 

using nanotechnology and sol-gel chemistry.  Part 4 described the fabrication of 

a flower-like self-assembly of gold nanoparticles (AuNPs) on a glassy carbon 

electrode (GCE) as a highly sensitive platform for ultratrace Cr(VI) detection. Two 

AuNP layers were used in the current approach, in which the first is electroplated 

on the GCE surface as anchors for binding to an overcoated thiol sol–gel film 

derived from 3-mercaptopropyltrimethoxysilane (MPTS).  The second AuNP layer 

is then self-assembled on the surface of the sol–gel film, forming flower-like gold 

nanoelectrodes enlarging the electrode surface.  When functionalized by a thiol 

pyridinium, the fabricated electrode displays a well-defined peak for selective 

Cr(VI) reduction with an unusually large, linear concentration range of 10–1200 
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ng L−1 and a low detection limit of 2.9 ng L−1. In comparison to previous 

approaches using MPTS and AuNPs on Au electrodes, the current work expands 

the use of AuNPs to the GCE. Subsequent functionalization of the secondary 

AuNPs by a thiol pyridinium and adsorption/preconcentration of Cr(VI) lead to the 

unusually large detection range and high sensitivity. The stepwise preparation of 

the electrode was characterized by EIS, SEM, and IR. The newly designed 

electrode exhibits good stability, and was successfully employed to measure 

chromium in an AOP treated blood sample. The method demonstrates 

acceptable fabrication reproducibility and accuracy. 

In addition to this electrode, this dissertation also includes the novel 

fabrication of a modified glassy carbon electrode with physical deposition of 

single-walled carbon nanotubes followed by electrochemical deposition of a sol-

gel using base-catalyzed hydrolysis.  In Part 5, the thin sol-gel film fabricated 

from a novel molecule is believed to preconcentrate Cr(VI) anions. The SWNTs 

allow for greater conductivity and increased surface area on the electrode 

surface which in turn gives greater sensitivity. Our studies have shown detection 

of Cr in the low ppb and ppt range. 

Future work will focus on identifying inconsistencies causing 

irreproducibility in the sol-gel electrodeposition followed by the use of this 

electrode in an AOP blood sample. 

The aim of the work in this dissertation focused on developing an efficient 

pretreatment method for whole blood and reliable electrochemical sensors for the 
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detection of biologically and environmentally relevant substances.  Both the 

pretreatment and detection was achieved.  Additionally, the use of 

nanotechnology provided enhanced sensitivity not previously accomplished in 

this research group.  The development of highly selective and sensitive methods 

for the detection of biologically meaningful substances is always essential.  As a 

result of the projects described in this dissertation, these methods could be used 

to aid in relevant medical and environmental research.



150 
 

 

 

 

 

 

 

 

 

Appendices 



151 
 

Appendix A 

 

A.1.  Experimental:  Exp. 2–4 Fenton Processes with or wi thout UV 

Irradiation 

Exp. 2 - Fenton Processes without UV Irradiation.   

This experiment was conducted as in Exp. 1, except that the Pen-Ray UV 

lamp was turned off during the test.  The data collected using the apparatus 

shown in Figure 2.1 was compared to samples using no UV light exposure but 

identical H2O2 concentrations.  The UV-Vis spectrum was recorded every minute 

for the first 10 min and then every 5 min for the remaining 50 min (60 min total) 

and is shown in Figure A.1.  Due to the high absorbance of the solution at 380 

nm a twelve-fold dilution of the sample was used during UV-Vis analysis. 

 

Exp. 3 - Fenton Processes with Added FeSO 4 and No UV Irradiation.   

Red blood cells have an abundance of iron, but Fenton processes typically 

use free iron during the catalysis.  The difference in free and bound iron was 

tested here by adding 4 mg of ferrous sulfate hydrate to the solution, followed by 

performing the Fenton process.  The data collected using the apparatus shown in 

Figure 2.1 was compared to samples with added FeSO4 using no UV light 

exposure but identical H2O2 concentrations.  The UV-Vis spectrum was recorded 

every minute for the first 10 min and then every 5 min for the remaining 50 min 

(60 min total) and is shown in Figure A.2.  Due to the high absorbance of the 
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solution at 380 nm a twelve-fold dilution of the sample was used during UV-Vis 

analysis. 

 

Exp. 4 - Effect of Added FeSO 4 in the Photo-Fenton Process   

 The difference between free and bound iron in the photo-Fenton process 

was studied here.  The AOP process of whole blood was therefore examined in 

comparison to the same solution with additional free iron added.  The data 

collected using the apparatus shown in Figure 2.1 was compared to samples 

using no UV light exposure but identical H2O2 concentrations and an additional 4 

mg of ferrous sulfate hydrate.  The UV-Vis spectra were recorded every minute 

for the first 10 min and then every 5 min for the remaining 50 min (60 min total) 

and is shown in Figure A.3.  Due to the high absorbance of the solution at 380 

nm a twelve-fold dilution of the sample was used during UV-Vis analysis. 

This setup was the same as in Exp. 1, except that the UV lamp was turned 

off during the test and only one sample was used.  A small portion of the sample 

was removed every minute for the first 10 min and then every 5 min for the 

remaining 50 min before being diluted by 12 fold for UV-visible analysis.  

Experiment 3 was conducted as in Exp. 2, except that FeSO4•7H2O (4 mg) was 

added to the solution.  Experiment 4 was conducted as in Exp 1, except that 

FeSO4•7H2O (4 mg) was added to the solution. 
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A.2.  Results and Discussion of the Fenton Processe s 

In the presence of Fe2/3+ ions as catalyst under acidic conditions, H2O2 

may be converted to •OH radicals, without UV irradiation, in the Fenton process 

[A.1-A.2].1,2  Since Fe-containing proteins are present in the blood of mammals, 

we have studied whether the Fenton process operates in the current system.  

Two key reactions in the Fenton process are listed in Eqs. 1.5 and 1.6.  One 

major advantage is that the Fenton process is simple requiring no irradiation. 

 

Fe2+  +  H2O2  →  Fe3+  +  •OH  +  OH−      Eq. 1.5 

Fe3+  +  H2O2  →  Fe2+  +  •O2H  +  H+     Eq. 1.6 

 

In the presence of photons, Fe3+ ions may be reduced by water (Eq. 1.11) 

in the photo-Fenton process with Eq. A.1 as the net reaction between Eqs. 1.5 

and 1.11. 

 

Fe3+  +  H2O  +  hν   →  Fe2+  +  H+  +  •OH     Eq. 1.11 

 H2O2  +  hν (300 nm-visible range) →  2 •OH (with Fe
2+/3+

 catalyst)    Eq. A.1 

 

 

 1 Koppenol, W. Redox Rep. 2001, 6, 229-234.  

 

 2 Bautista, P.; Mohedano, A.F.; Gilarranz, M.A; Casas, J.A.; Rodriguez, J.J. J. 

Hazard. Mater. 2007, 143 128-134.
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Figure  A.1.   UV-visible spectra of blood in the AOP pretreatment in Exp. 2, as 

shown by the peak at 380 nm.  CH2O2 = 1.5 g L−1. 
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Figure  A.2.  UV-visible spectra of blood in the AOP pretreatment in Exp. 3.  

CH2O2 = 1.5 g L-1. 
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Figure A.3.  UV-visible spectra of blood in the AOP pretreatment in Exp. 4, as 

shown by the peak at 380 nm.  CH2O2 = 1.5 g L−1. 
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Figure A.4.  UV-visible spectra of blood in the AOP pretreatment in Exp. 5, as 

shown by the peak at 380 nm.  CH2O2 = 1.5 g L−1. 
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Although H2O2 dissociates into •OH radicals by photons in both Eqs. 1.1 

and A.1, Eq. A.1 uses Fe2/3+ as catalyst, while direct H2O2 photodissociation in 

Eq. 1.1 requires none.  Another difference is that direct photodissociation 

requires short UV wavelength (254 nm), while the photo-Fenton process works 

with 300 nm up to the visible range.3 

 

A.3.  Kinetics of Photolytic Reactions 

In general, when a solution of photolyte A is irradiated at a given 

wavelength, the amount of light absorbed by A per unit time, b is defined by 

Beer-Lambert's law, as shown in Eq. A.2. 

 

b  =  I0  −  I0 exp (–2.303 ε l CA)  =  I0 [ 1 − exp (–2.303 ε l CA) ]  Eq. A.2 

 

where I0 = incident light intensity (in einstein L−1 s−1), ε = molar absorptivity of A 

(in L mol−1 cm−1), b = path length (in cm), CA = concentration of A, and b0 exp (–

2.303 ε l CA) = amount of light transmitted according to Beer-Lambert's law. 

 

 

3 Litter, M. In Environmental Photochemistry Part II; Boule, P.; Bahnemann, D.W.; 

Robertson, P.K.J. Eds.; Springer-Verlag: Berlin/Heidelberg, 2005; Vol. 2M, pp. 

325-366. 
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The rate of photolysis of A (or consumption of A), −(dCA / dt), is directly 

proportional to the rate of light absorption by A per unit volume (Eq. A.3).4,5  

 

− (dCA / dt)  =  bΦ  =  b0 Φ [1  –  exp (−2.303 ε l CA)]   (Eq. A.3) 

 

where Φ = quantum efficiency (in mole of A einstein−1). 

 Since Eq. A.6 is wavelength-dependent, the rate of photolysis of A is the 

integral over all wavelengths that are emitted by the light source and absorbed by 

A.  Molar extinction coefficient ε of H2O2 decreases significantly at higher 

wavelengths.6 

There are two limiting cases.  If absorbance condition for the compound A 

is high [ε l CA > 1, and exp (−2.303 ε l CA) ≈ 0], all incoming light is essentially 

absorbed by A.  Eq. A.3 becomes  

 

 

4 Wang, F.; Haag, W. 1999 Proceedings of the 4th International Conference on 

Atomic and Molecular Pulsed Lasers, Tomsk, Russia, September 13-17, 1999; 

UCRL-JC-135610. 

 

5 Zepp, R.G. ; Cline, D.M. Environ. Sci. Technol. 1977, 11, 359-366.  

 

6 Schumb, W.C.; Satterfield, C.N.; Wentworth R.L. Hydrogen Peroxide, Reinhold 

Publishing: New York, 1955; p. 291.  
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− (dCA /dt)  ≈  b0 Φ  =  k0      (Eq. A.4) 

 

The consumption of the photolyte in this case is zero order. 

Thus, if the concentration of H2O2 is high, and the absorption by water in 

the UV region is ignored, the limiting reagent is the photon flux of the UV light 

source (rate of photon emission).  Such photochemical dissociation of H2O2 

follows zeroth-order kinetics. 

 When the absorbance (2.303 ε l CA) of the photolyte A is low, the use of 

the Taylor series for the exponential function [ exp (−x)  =  1  −  ( x / 1! )  +  ( x2 / 

2! )  −  ( x3 / 3! )…..  ≈   1  −  x ] for Eq. A.3 gives: 

 

− (dCA / dt)  ≈  b0 Φ (2.303 ε l CA)  =  k1 CA   (Eq. A.5) 

 

The consumption of the photolyte in this case is first order. 

 If the concentration of H2O2 (CH2O2) is not high, the appropriation for high 

absorbance [ε l CH2O2 > 1, and exp (−2.303 ε l CH2O2) ≈ 0 for Eq. A.5] may not be 

valid.  Such photochemical dissociation of H2O2 follows first-order kinetics.  Thus 

the limiting kinetic orders for the H2O2 photolysis itself are zero when CH2O2 is 

high and first when CH2O2 is not high. 
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Figure A.5.   The generation of protons from the AOP treatment of chromium(III) 

propionate [Cr3O(O2CCH2CH3)6(H2O)3]NO3, a biomimetic chromium species, and 

the Cr(III) → Cr(VI) conversion. 
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Figure A.6.   UV-visible spectra of hemoglobin degradation by AOP over 60 min 

(Exp. 6).  CH2O2 = 1.5 g L-1. 
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Figure A.7.   A comparison of AOP treatments of a blood sample with and without 

the addition of base at 40 min. The experiment was conducted using the single-

cell reactor. CH2O2,t=0 = 5.0 g L-1. 
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Figure A.8.   Absorbance of blood samples at 380 nm during the AOP by Exp. 1.  

Fourteen initial concentrations of H2O2 (CH2O2,t=0) were used, as listed in the 

plots.  
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Figure A.9.   Spectra of the 5.5-W PenRay UV lamp used in the single-cell 

reactor.  Courtesy of UVP, LLC, Upland, CA. 



166 
 

100-W UV Lamp Spectrum

Wavelength (nm)

200 400 600 800

In
te

ns
ity

0.0

0.4

0.8

1.2

1.6

100-W UV Lamp Spectrum (200-450 nm)

Wavelength (nm)
200 250 300 350 400 450

In
te

ns
ity

0.0

0.4

0.8

1.2

1.6

 

Figure A.10.   Spectra of the 100-W Ace-Hanovia UV lamp used in the four-cell 

reactor.  The plots were made based the spectral energy distribution of radiated 

mercury lines in the lamp provided by Ace Glass, Inc., Vineland, NJ. 
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Figure A.11.   Photo of a portion of the four-cell reactor. 
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Figure A.12.   Drawings of the four-cell reactor. 
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Figure A.13.   A drawing of the elliptical cylinder in the four-cell reactor. 
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Appendix B 

 

B.1. Optimization of the Experimental Conditions  

In order to get the best performance of the proposed electrode toward 

Cr(VI) detection, the experimental parameters were optimized (Figure B.1). The 

deposition time was used to control the number of AuNPs on GCE surface.  The 

ideal deposition time was determined by measuring the voltammetric response of 

corresponding electrodes towards Cr(VI).  As shown in Figure B.1a, the peak 

current of Cr(VI) reduction was the strongest with 100 s deposition and then 

decreased slowly with increasing deposition time.  Although the longer deposition 

time could increase the number of AuNPs on GCE surface, aggregations of 

AuNPs on GCE surface decrease the surface area of AuNPs, leading to a 

decreased thiol concentration.  On the other hand, the peak current increased 

with increasing deposition time until 100 s, which could be ascribed to the 

increase of AuNPs effective surface area, chemisorbing more thiol tail groups 

onto GCE.  As illustrated in Figure B.1, when the AuNPs/GCE was immersed into 

a 21 mM MPTS ethanol solution for 10 min at room temperature, a self-

assembled monolayer (SAM) of MPTS network with a lot of thiol tail groups was 

formed on AuNPs surface by Au-S bonds.  This MPTS monolayer can serve as a 

matrix to adsorb the secondary AuNPs layer.  Therefore, the optimization of 
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Table B.1.  Characteristic parameters on the preparation and characterization of 

the colloid AuNPs. 

 

 

Set 

 

VHAuCl4 

(0.25 mM, mL) 

 

Vtrisodium citrate 

(1%, mL) 

 

Color 

Average 

diameter 

(nm) 

1 25 0.8 Red 10 

2 25 0.65 Red 13 

3 25 0.5 Red 16 

4 25 0.438 Red 20 

5 25 0.375 Red 25 

6 25 0.313 Pinkish 

red 

32 

7 25 0.25 Pink 41 

8 25 0.2 Pink 55 

9 25 0.15 Orange 73 
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Figure B.1.   Effect of (a) AuNPs deposition; (b) immersing time of electrode in 

MPTS solution; (c) size of the chemically prepared AuNPs; and (d) immersing 

time of electrode in PET solution on the detection of 1.5 µg mL-1 Cr(VI).  Error 

bar: n = 3. 
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Table B.2.  Experimental conditions for Figure B.1. 

 

Optimized 

parameters 

AuNPs 

deposition 

time/s 

Incubation 

time of 

MPTS/min 

 

AuNP size/nm 

Incubation 

time of 

PET/min 

AuNPs 

deposition 

time 

40-140 10 16 10 

Incubation 

time of MPTS 

100 5-30 16 10 

AuNP size 100 10 10-73 10 

Incubation 

time of 

PET/min 

100 10 20 5-30 
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 MPTS modification is important to get the best performance of the proposed 

electrode toward Cr(VI) detection (Figure B.1b).  The detection performance was 

remarkably enhanced with a longer preincubation time of the electrode in MPTS 

solution; the highest current was obtained when the preincubation time was 10 

min.  This could be due to an increase in the number of thiol tail groups on the 

electrode surface, eventually leading to more active sites for Cr(VI) accumulation.  

A preincubation time longer than 10 min caused a current decrease such that the 

longer the preincubation time, the more MPTS molecules were self-assembled 

onto the electrode surface, which likely suppressed the electron transfer of the 

electrode. 

The electroactivity of the designed electrode toward Cr(VI) reduction also 

depends significantly on the size of secondary AuNPs.  The effect of particle size 

from 10 to 73 nm was thus studied (Figure B.1c).  As the diameter of AuNPs was 

increased up to 20 nm, the peak current was gradually enhanced.  The larger 

particle has greater efficient surface area, which may increase the number of 

pyridinium groups on the electrode surface.  Accordingly, more Cr(VI) may be 

accumulated and reduced.  However, the decrease in the peak current when the 

AuNPs particle size was larger than 20 nm might result from the decrease in the 

spatial area for Cr(VI) reduction.  Therefore, it was concluded that Cr(VI) 

reduction on the designed electrode was very sensitive to the AuNPs particle 

size.  In this work, AuNPs with diameter of 20 nm were used to produce the 

secondary AuNPs on the electrode.  Finally, the effect of the incubation time of 



175 
 

AuNPs/MPTS/GCE in pyridinium thiol solution was examined from 5 to 30 min.  

The results in Figure B.1d indicated that the best detection behavior of the 

electrode was found at 15 min and then became worse with the longer incubation 

time.  Although longer incubation time increases the number of pyridinium thiol 

self-assembled on electrode surface, it appears to weaken the electron transfer 

of the electrode and decrease peak current.  
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