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ABSTRACT  

A three-fold approach was taken to develop a method for the detection of heavy metals in 

different matrices and had to be performed sequentially. The first was to develop a method 

capable of quantifying lead in complex matrices by graphite furnace atomic absorption (GFAA). 

The developed method needed to meet specific analytical requirements, namely, to be robust, 

sensitive, and accurate. Initially, four different sample preparation methods were explored for the 

quantification of lead using Escherichia coli (E. coli) as a sample matrix. The sample preparation 

procedures attempted were acidic dilution, matrix modification, conventional heating digestion, 

and microwave assisted acid digestion (MAAD). It was determined that MAAD procedure was 

the optimal method as it had a percent recovery of 99.01 ± 9.46 and a reasonable relative 

standard deviation of 15.75%. 

The second goal of this study was to apply the developed method for the quantification of 

other analytes. This was successfully applied for the quantification of cadmium, chromium, 

copper, and zinc in E. coli and the percent recoveries for these elements were 109.8 ± 11.62%, 

98.66 ± 9.483%, 99.23 ± 4.79%, and 100.3 ± 11.86%, respectively. The accuracy of these 

measurements was confirmed by analyzing certified reference materials (CRM). This CRM had 

cadmium chromium, copper, and zinc quantified by a third party, the European Commission. 

The percent differences between the experimental values determined in this study compared to 

the reference value was less than 10% for each analyte. Therefore, the MAAD method was 
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deemed accurate for the analysis of these analyte. 

The third goal of this study was to demonstrate the developed method’s versatility for the 

quantification of the analytes in different matrices, namely clinical and environmental samples. 

The clinical samples successfully analyzed in this study were human cataract lenses, removed 

during phacoemulsification at Loyola University Medical Center (LUMC). Cataracts are the 

leading cause of blindness in the world and are caused when the lifelong proteins within the lens 

start an opacification process. A total of 57 cataract samples were analyzed finding the following 

averages, 8.99  10-2  8.20  10-2 g/g cadmium, 3.32  6.04 g/g chromium, 3.16  1.83 g/g 

copper, 6.57  10.4 g/g lead, and 35.1  22.6 g/g zinc. These results were considered accurate 

based on the previous analysis of CRM, a secondary analysis by total X-ray fluorescence 

spectrometry (TXRF) and a comparison to previous studies quantifying heavy metals in either 

normal or cataract lenses. TXRF determined an average for copper to be 3.19  2.32 g/g, with a 

relative percent difference of 1.26%. Indicating the difference between the results determined by 

GFAA and TXRF to be negligible. This served as an example of how the developed method can 

be utilized for the quantification of heavy metals in a complex matrix.  

The environmental samples analyzed in this study were the plant Daucus Carota, or 

“Queen Ann’s Lace.” A plant naturally growing in the Midwest. This plant was collected from 

the Calumet industrial corridor, an area set aside within the city of Chicago for industrial uses 

and documented heavy metal pollution. Daucus Carota was collected from three different 

locations within the Calumet industrial corridor. It was determined that heavy metal 

bioaccumulation within Daucus Carota was dependent upon the location of its collection. 

Location 1, which was near a series of railways, had the highest concentrations determined for 

the analyte’s cadmium, copper, lead, and zinc while Location 3, close to a sewage treatment 
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plant, had the highest chromium content. Following a secondary analysis, the TXRF samples 

concluded that its results for lead and copper were accurate. However, when examining the 

results for zinc, it was determined that GFAA overestimated the values or TXRF underestimated 

the values. Since zinc is not considered an environmental pollutant, it could be concluded that 

the analysis of heavy metal pollutants in environmental samples was successful.  

Overall, this study successfully developed an analytical method that can quantify multiple 

analytes in a wide range of different matrices. The method proved to be accurate, precise, 

sensitive, selective, and robust for clinical samples in form of cataract cell pellets and biological 

samples in form of plant tissues. 
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CHAPTER 1. INTRODUCTION 

1.1. Heavy Metals and Health  

Heavy metals are often classified as metals having a density greater than 5 g/cm3. Much 

of metal toxicity is based on its amount, therefore the assessment of heavy metal concentrations 

in different matrices is fundamental. In this thesis, a method was developed for the analysis of 

lead, cadmium, chromium, copper, and zinc in human cataract samples and environmental 

samples.  

   1.1.1. Lead  

Lead makes up 0.0018% of the earth’s crust1 and has been used throughout history 

because it has a low melting point and is easily malleable. The first use of lead was documented 

in ancient Egypt 5,000 years ago.1 The Romans exploited lead for cosmetics because of its 

colorful hues as well as a sweetener for wine. The recognition of lead’s toxicity dates back as far 

as the second century B.C. when Greek physician Nikander noticed colic and paralysis following 

the ingestion of lead.2 However, this did not deter people from lead usage in food and it was not 

until the 16th century that Europe banned its use in winemaking.2 Lead has been greatly reduced 

from paints, ceramic products, caulking, pipe solder, and gasoline products. However, even with 

reducing lead in these products, lead poisoning can still occur today as humans are exposed to 

lead accidentally through drinking water, paint, or industrial uses. Children under the age of six 
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are at the highest risk for lead poisoning due to dust and chips from deteriorating lead paint on 

interior surfaces in buildings built before 1978.3 When exposed, a person will show a large range 

of symptoms: joint and muscle pain, difficulties with memory or concentration, headache, 

abdominal pain, with more severe symptoms being high blood pressure, abnormal sperm, or 

reduced count, as well as miscarriage, stillbirth, or premature birth.2  

Lead’s toxicity can be explained because it is a divalent cation that can bind strongly to 

sulfhydryl groups in proteins, attributing to the distortion of enzymes, structure of proteins, and 

the development of endogenous opiate systems.4 Lead can affect many organs but it interferes 

most with the central nervous system where it competes with calcium at picomolar 

concentrations.5  

If heavy metal poisoning does occur, treatment typically involves administration of a 

chelator, which binds lead more strongly than the protein sulfhydryl groups bind and is thus 

excreted from the body. A common compound used to treat lead poisoning is British Anti-

Lewisite (BAL), C3H8OS2, which contains two sulfide groups that can capture the metal.6  

Due to lead’s toxic nature, different instrumentation has been utilized to detect lead 

within biological samples some being electrochemical,7, 8, 9 10 ion chromatography (IC),11, 12 

inductively coupled plasma mass spectrometry (ICP-MS),13, 14, 15, 16 colorimetric assays,17, 18, 19 

total reflection X-ray fluorescence (TXRF),20 21 22 flame atomic absorption (FAA),23, 24, 25 and 

graphite furnace atomic absorption (GFAA).26, 27, 28 29 

   1.1.2. Cadmium  

Cadmium is a rare, naturally occurring element commonly found in ores along with zinc, 

lead, and copper.30 It makes up about 5 x 10-5 % of the Earth’s crust.1 Cadmium is utilized in 

paints as an orange pigment and in batteries in form of NiCd, both of which are major 
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environmental sources.6 Cadmium is typically introduced into the environment as a by-product 

of zinc smelting which puts people living in the vicinity at an elevated risk for cadmium 

exposure. Cadmium exposure can still happen accidentally, its main route is through ingestion. 

Cadmium typically bioaccumulates in certain foods such as leafy vegetables, potatoes, grains, 

seeds, liver, kidneys, crustaceans, and mollusks.31, 32 

Unlike other metals, cadmium has a long biological half-life of 20-40 years in humans 

due to its low secretion rate.33 Long-term cadmium exposure causes skeletal damage and was 

first documented in Japan during the 1950s. This became known as itai-itai (ouch-ouch) disease. 

This disease is a combination of osteomalacia and osteoporosis and was caused by cadmium-

contaminated water from local rice fields.30 Cadmium has been classified as a carcinogen for 

humans since 1993.31  

The lethal dose for cadmium in human is 2,000 ng/mL,31 and symptoms after acute 

ingestion of cadmium consist of abdominal pain, burning sensations, nausea, vomiting, 

salivation, muscle cramps, vertigo, shock, loss of consciousness and convulsions.31 These 

symptoms usually appear within the first 15-30 minutes after ingestion.31 Cadmium toxicity is 

determined via urine analysis.31 Metallothionein protein is used to treat cadmium poisoning since 

it has many sulfhydryl groups that bind to cadmium. This is an example of chelation therapy as 

cysteinyl thiol groups have a high binding affinity towards cadmium, which allows cadmium to 

be excreted through urine.34, 35 

Cadmium has been detected utilizing multiple different instrumentation such as 

electrochemical, 8, 10, 36 IC,11, 12 ICP-MS,13-16, 37, 38 colorimetric assays,17, 19 TXRF,20, 39 FAA,40, 41 

and GFAA.27, 42, 43, 29 
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   1.1.3. Chromium 

 Chromium makes up 0.02% of the Earth’s crust and is a more common element than lead 

and cadmium.1 Chromium was discovered by French chemist Louis-Nicolas Vauquelin, who 

would grind up precious stones to explain their color and discover beryllium in the same 

manner.44 Chromium is widely implemented in pigments and paints,44 and for electroplating, 

corrosion protection, and leather tanning.6 Due to this, it is a widespread water pollutant and a 

focus of this study. 

Chromium occurs in two dominant oxidation states, Cr(III) and Cr(VI),6 with Cr(III) 

being an essential nutrient whereas Cr(VI) being a toxic and carcinogen.6 Chromate (VI) ion 

(CrO4
2- or Cr2O7

2-) can enter cells due to its similar structure to the sulfate ion (SO4
2-). Once 

inside the cell, Cr(VI) reacts with DNA and RNA.6 It has been reported that cell exposure to 

Cr(VI) has resulted in the formation of various forms of DNA damages.45  

 Exposure for chromium pollution is through two major routes. The first being exposure in 

the workplace while the second is consuming contaminated food. Chromium can bioaccumulate 

in aquatic life, especially in bottom-feeders, and in plants, where it is found primarily within the 

root.32 Chromium in form of Cr(VI) impacts the health through inhalation, absorption and 

ingestion.32,46 Once in the body, Cr(VI) is reduced to Cr(III) and then excreted in urine within a 

week.47 There are a few treatment options but these have not been proven with clinical trials.48  

 Chromium is a difficult metal to monitor as its toxicity is dependent upon its oxidation 

state. Regardless, chromium has been detected within biological samples from instrumentation 

such as electrochemical,49 IC,50 ICP-MS,51,52,53 colorimetric,54,55,56 TXRF,20,57,21 FAA,25,58,59 and 

GFAA.59,60,61 



 

 

 

5 

   1.1.4. Copper  

Copper makes up 0.007% of the Earth’s crust and occurs naturally in minerals such as 

copper pyrites or copper glance.1 Copper was first used about 10,000 years ago in which it was 

implemented in weapons, tools and medicines.62 Today the use of copper is widespread on 

account of its excellent heating and conducting properties. Copper is commonly employed in 

brewing vats, vacuum pans, soldering irons, stills, heating, and cooling coils, sheets, wires, pipes, 

and much more.1, 44 Copper is introduced into the environment mostly by copper pipes as well as 

additives administered to control algal growth.63  

Copper is an essential metal and participates in many enzymatic reactions.44 Copper 

deficiencies have been linked to diseases such as Wilson’s Disease and Menkes Disease. In high 

doses, copper can cause abdominal pain, hematemesis, melena, jaundice, anorexia, severe thirst, 

diarrhea, and vomiting associated with erosive gastropathy.64  

There are a few treatments for copper poisoning. Common treatments include zinc or 

with chelators such as D-Penicillamina or ethylenediaminetetraacetic acid (EDTA).64 Copper is 

one of the elements being analyzed within this study. Instrumentation that have successfully 

detect copper are the following: electrochemical,10 65 IC,11, 66 67 ICP-MS,13, 37, 52 colorimetric, 19, 

68 TXRF,22 69 21 57 20 FAA,59 70 71 and GFAA.27, 59 29 72 

   1.1.5. Zinc 

Zinc makes up about 0.012% of the earth’s crust and is an essential metal. In humans, 

zinc has been reported in levels between 2-4 g.1 The first use of zinc was for the production of 

brass by the Romans but it was not till the 1400s that it was produced in India. Today, the 

application of zinc is widespread, as zinc oxide is implemented in glass, ceramics, and dyes as 
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well as in the production of brass, bronze solders, and steel.1 Zinc pollution is a result of mining, 

purifying zinc, lead, and cadmium ores, steel production, coal burning, and burning of wastes.73  

In the past, zinc deficiency has been studied thoroughly as this metal is important for 

human growth and development. With the increased use of vitamin supplements, zinc toxicity 

through ingestion has started to become more common as a source for chronic ingestion74 and 

can manifest “swayback” syndrome leading to slow progression of neuropathy and anemia with 

increasing fatigue, spasticity, gait abnormalities, and sensory ataxia.75 Improper zinc monitoring 

in industry can put workers at risk. Metalworkers who inhaled zinc are subject to metal fume 

fever or “zinc shakes” and present with flu-like symptoms such as cough, fever, chills, headache, 

muscle ache, nausea, and malaise.75  

Zinc levels in humans are measured from blood samples.73 There are several treatment 

therapies designed for zinc toxicity which are dependent upon the route of exposure, however, 

copper sulfate treatment can be used almost universally. Another option is chelation therapy with 

calcium disodium edetate (CaNa2EDTA) which has been shown to decrease zinc concentrations 

in patients.75  

Zinc is a vitally important co-factor within the body. Therefore, zinc is a focus in this 

study. The instrumentation that has been successfully utilized for zinc quantification in 

biological samples are electrochemical,10 76 IC,66 67 ICP-MS,13, 37, 52 colorimetric,77 78 TXRF,20 39 

57 21 69 22 FAA,79 80 and GFAA.81 82  

Human exposure to any of these metals can have detrimental health outcomes thus 

having a robust chemical measurement process which can detect multiple analytes in different 

biological matrices is important and the purpose of this work. Table 1 summarizes all analytes of 
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interest for this study and places these in the context of regulations found within the United 

States and the World Health Organization (WHO). 
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Table 1. Summary of limits for metals in food, water, and air 

Regulation 

Agency 

Element 

Cadmium Chromium Copper Lead Zinc 

Environmental 

Protection 

Agency (EPA) 

5 ppb in drinking 

water32 

0.1 ppm in drinking 

water 83 

1.3 ppm in drinking 

water84 

15 ppb in 

drinking water 

0.1 ppm in candy 

50 ppb in juice32 

5 ppm in drinking 

water73 

Food and Drug 

Administration 

(FDA) 

5 ppb in bottled 

drinking water32 

0.1 ppm in drinking 

water32 

1 ppm in drinking 

water85 

0.005 ppm in 

drinking water85 

5 ppm in drinking 

water85 

Occupational 

Safety and 

Health 

Administration 

(OSHA) 

5 g/m3 of 

workplace air for 

an 8-hour 

workday, 40-

hour workweek32 

An average 0.0005 – 1 

mg/m3 of workplace air 

for an 8-hour workday, 

40-hour workweek 

depending on 

compound32 

0.1 mg/m3 

50 g/m3 for an 

8 hour workday, 

40 hour 

workweek3 

1 mg/ m3 for ZnCl2 

fumes & 5 mg/m3 for 

ZnO, 8 hour 

workday, 40 hour 

workweek73 

Recommended 

Daily 

Allowance 

(RDA) 

No 

recommended 

Men: 35 mg/day 

Women: 25 mg/day86 

Adults: 900 g/day 

Children dependent 

on age: 340 - 900 

g/day84 

No 

recommended 

Infants: 2-3 mg/day 

Child: 5-9 mg/day 

Women: 8 mg/day 

Men: 11 mg/day73 

World Health 

Organization 

(WHO) 

Food: 25 g/kg 

of body weight a 

month  

Water: 3 ppb87  

Food: 250 g/day 

Water: 0.05 ppm88 

Food: men: 12 

mg/day  

Women: 10 mg/day 

Water: 2 ppm89 

Food: Not Listed 

Water: 0.01 

ppm90 

Food: 20 mg/day 

Water: Not Listed91 
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1.2. Instrumentation utilized for the quantification of lead, cadmium, chromium, copper, and zinc  

 A number of analytical methods are available for the determination of the five heavy 

metals, including differential pulse voltammetry (DPV), flame atomic absorption (FAA), 

graphite furnace atomic absorption (GFAA), ion chromatography (IC), inductively coupled 

plasma mass spectrometer (ICP-MS), colorimetric and total reflection X-ray fluorescence 

(TXRF). The advantages and disadvantages of the most common methods are listed in Table 2. 

For this study, GFAA was utilized as it has high sensitivity for lead, cadmium, chromium, 

copper, and zinc and requires only a few microliters of sample for quantitative analysis.  

 



 

 

 

Table 2. Advantages and disadvantages of instrumentation utilized for trace analysis of heavy metals 

Instrumentation Advantages Disadvantages 

Electrochemical  

• Multi-elemental analysis 

• Low detection limits 

 

• 10 mL sample size 

• Sample used during analysis  

Flame Atomic Absorption 

• Quick analysis  

• Low detection limits for group I metals 

• Low instrumental maintenance  

• 10 mL sample size 

• Sample combusted during analysis 

• Limited sensitivity for certain elements 

• Single elemental analysis 

Graphite Furnace Atomic 

Absorption 

• Small sample size  

• Sensitive (low ng/mL) 

• Low instrumental maintenance  

• Sample combustion during analysis  

• Sample combusted during analysis 

• Single elemental analysis 

Inductively Coupled 

Plasma Mass Spectrometer 

• Multi-elemental analysis  

• Small sample size 

• Sensitive (high pg/mL)  

• Sample used during analysis  

• High instrument maintenance 

Ion Chromatography 
• Multi-elemental analysis  

• Small Sample Size  

• Use sample in analysis 

• Sample used during analysis  

Total Reflection X-Ray 

Fluorescence 

• Multi-elemental analysis  

• Small sample size  

• Sample analysis does not use up sample 

• Low instrument maintenance 

• Limited sensitivity for certain elements  

• Spectral overlap  

 

1
0
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   1.3.1. Atomic Absorption Spectrometry  

The origins of atomic spectrometry can be attributed to Robert Bunsen and Gustav 

Kirchoff who systematically characterized colors of heated elements with the use of a 

rudimentary spectroscope to record spectra. By the mid-19th-century, they were able to identify 

the characteristic spectrum of sodium, lithium, and potassium. This newly found method helped 

Bunsen discover cesium and rubidium because of their unique emission spectrums.92 Kirchoff 

formulated the relationship between emission and absorption stating that any material can emit 

radiation at a specific wavelength and it can also absorb radiation at the same wavelength.1 For a 

long time, the importance of these properties were overlooked and it was not till the late 1950s 

that these were applied for analytical quantification. Quantification using atomic absorption is 

only possible due to Beer Lambert’s Law which will be discussed further in section 1.3.3.  

The commercialization of atomic absorption spectrometers did not occur until the 1960s. 

The first atomic absorption spectrometer was proposed by Walsh who implied that a flame could 

be used to radiate atoms for their direct measurement. This was later supported by Alkemade & 

Milatz who demonstrated that the absorption was related to the concentration of elements 

introduced in the flame.93 This was accomplished with a monochromatic light source, sodium 

discharge lamp, for the detection of sodium.94 However, flame atomic absorption spectrometry 

(FAAS) had reported limit of detection in the low parts-per-million (ppm) and large spectral 

interferences. It was because of these shortcomings that the instrumentation was further 

developed. One of the biggest breakthroughs for instrumental development was accomplished by 

L’vov who proposed using a ‘graphite crucible.’ The implementation of the graphite furnace 

effectively increased the sensitivity and decreased interferences noticed when using FAAS.95 In 

1968, the first commercially available graphite furnace atomic absorption spectrometer was 
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available. Since then, much improvement has been made to this type of instrumentation and it 

has been used to successfully detect heavy metals in environmental,96-98 food,98, 99 biological,96, 

97, 98 and clinical samples.98, 100  

   1.3.2. Graphite Furnace Atomic Absorption Instrumentation  

An atomic absorption spectrometer consists of two basic components, an optical system 

for signal measurement and an atomization cell that generates ionized atoms. The optical system 

is composed of an excitation source, slit, monochromator, and detector. The most common 

excitation source is a hollow cathode lamp (HCL). A HCL is a line source that emits only at 

discrete wavelengths. The main components of a HCL are depicted in Figure 1. Typically, a 

HCL is made of quartz because it is transparent over the wavelengths 200-2,500 nm.101 The HCL 

consists of a glass envelope containing a cathode and anode. The glass envelope contains either a 

quartz or borosilicate end window, the material of the end window is based on the transmittance 

of the analyte spectral lines. Elements that emit at wavelengths of less than 300 nm, quartz is 

used while borosilicate is used for higher wavelengths.  

The cathode is a metal cup composed of the same element being analyzed. The glass 

envelope contains an inert gas, typically neon, at low pressure. If the element being analyzed has 

absorption lines close to that of neon, argon will be used instead. The excitation process in the 

HCL to produce the emission line occurs over three steps. The first is sputtering, this happens 

when an electrical potential is applied between the cathode and the anode causing some of the 

gas atoms (neon or argon) to become ionized. The positively charged gas ions collide with the 

negatively charged cathode and dislodge individual metal atoms. The second step occurs when 

the dislodged metal atoms are then excited by the electrical potential. The final step is the 



 

 

 

13 

emission of the analytical wavelength.1 Wavelengths will then continue through the atomization 

cell and then the analytical wavelength will be further isolated using slits and monochromator.  

 
Figure 1. A hollow cathode lamp  

The wavelengths will first pass through an entrance slit which is responsible for spectrum 

resolution and limits the amount of bandwidths for the monochromator.93 A Czerney-Turner 

grating monochromator is utilized to isolate analytical wavelength. Light enters the 

monochromator through the slit and is reflected from a concave mirror, creating parallel rays 

onto a refraction grating surface. This separates light into multiple wavelengths which are then 

reflected onto a secondary concave mirror. The second concave mirror focusses a specified 

wavelength to the exit slit,102 as shown in Figure 2.  
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Figure 2. The Czerney-Turner grating monochromator  

The isolated wavelength then enters the detector, which can produce an electrical current 

dependent on the light intensity. Typically, the detector consists of a photomultiplier tube. The 

photomultiplier tube is responsible for the amplification of the analytical signal. This occurs 

when the light passes through the input window of the photomultiplier tube. The light then 

excites electrons in the photocathode emitting photoelectrons. The photoelectrons are then 

accelerated and focused onto a series of dynodes, with electrons being amplified at each dynode 

and the signal is collected by an anode. This is now the amplified absorption signal used for 

analysis.103 The process is depicted in Figure 3.  

 

Figure 3. Photomultiplier tube 

The heart of the atomic absorption spectrometer is the atomization cell. The first stage is 

the heating stage which heats the sample to 150C to remove aqueous residues. This is followed 
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by the pyrolysis, or ashing, stage which heats the chamber to 800C to remove organic material 

without losing the analyte. The third stage is the atomization phase, which is responsible for 

ionizing the analyte and the absorption measurements. The final stage is the cleaning stage in 

which the chamber is heated to temperatures higher than 2500C, removing any residual sample 

and priming the atomization chamber for the analysis of the next sample.93, 95 The process is 

depicted in Figure 4.   

 

Figure 4. The temperature program applied within the atomization chamber 

Background correction is necessary for graphite furnace atomic absorption spectrometry. 

Different background correction methods were developed, but in the instrumentation used for 

this study, background correction is done by continuum source radiation and depicted in Figure 

5. This correction has two excitation sources, the HCL and a continuum source. The continuous 

source is a deuterium lamp (D2) exciting the entire spectrum used for atomic absorption from 

180 nm to 370 nm. Initially, a measurement will be taken with the HCL (Figure 5A, red line), 

then a rotating chopper mirror will allow for an absorption measurement to be taken with the D2 

lamp obtaining a second absorption reading (Figure 5B, blue line) as background signal. The 

difference between these two absorption signals is then used to produce a corrected absorption 

reading. The chopper mirror is continuously rotating throughout the analysis, so the background 
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is continuously monitored. Since the GFAA allows for accurate quantification and low detection 

limits, it is the main method that will be utilized throughout this study. 

 

Figure 5. A) Schematic representation of atomic absorption to obtain sample signal B) Schematic 

representation of atomic absorption to obtain background signal  

   1.3.3. Beer Lambert’s Law  

Quantification of analytes by atomic absorption is possible due to Beer-Lambert’s Law. 

Beer-Lambert’s Law is an equation used to relate the absorbance of a homogenous sample to the 

concentration of an analyte as shown in Equation 1.101  

𝐴 =  𝜀𝑏𝐶                         Equation 1  

This equation states that absorption is proportional to the concentration of the absorbing 

species, or C. The molar absorptivity, , is a proportionality factor and a function of wavelength.1 

The path length, or b, is a constant since it is based upon the instrumentation configuration. 

Based on this relationship, concentration can be determined from absorption.   
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Certain requirements must be met to use Beer Lambert’s Law such as the concentration 

of the absorbing analyte should be low; scattering should be negligible in comparison to the 

atomic absorption signal and the sample must be homogenous.  

The relation of absorption to concentration can be expressed as calibration curve. A well-

fit linear regression of the calibration curves provides slope of the line and the y-intercept. This 

provides a mathematical equation that can be used to determine an unknown concentration of an 

analyte.  The linear regression can also be used to determine the limit of detection (LOD) and 

limit of quantification (LOQ).93 In this study, the linear regression was used to determine the 

LOD and LOQ and is discussed further in section 3.1.2.  

1.4. The Human Eye  

 The human eye consists of three distinct layers: tunica fibrosa, tunica vasculosa, and the 

tunica nervosa or outer, middle, and inner regions. Each of these regions has specific 

components. The outer region contains the cornea and sclera. The middle region comprises of 

iris, ciliary body, lens, and choroid and finally, the inner region holds the retina and optical nerve 

endings. The regions are surrounded by fluid; either the aqueous humor or the vitreous humor. 

All components work together to achieve vision as light enters through the cornea and is 

refracted towards the iris. The iris controls pupil dilation, thus adjusting the amount of light that 

will reach the lens. The lens reflects light towards the back of the eye onto the retina, which is 

composed of nerve endings, producing neurological signals from the captured light. These 

signals are then transmitted by the optical nerve to the occipital lobe allowing for sight to 

occur.104 The eye components must work harmoniously as any dysfunction could result in 

hindrance or loss of sight. A common result of dysfunction within the eye is known as a cataract. 
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A cataract develops within the lens when the microarchitecture of the lens breaks down. This 

produces either a light scattering effect or entirely prevents light from reaching the retina.  

The lens's primary function is to transmit and focus light onto the retina. The contents of 

the lens and its shape are important to its function. In the lens core, all cells have degraded their 

organelles, and this area is deemed an organelle-free zone (OFZ).105 The loss of organelles in 

cells is a phenomenon originally noted by Meyer in 1851 and described further in 1899 by 

Rabl.106, 107 Meyer and Rabl both noticed the disappearance of the nuclei from maturing fiber 

cells, and hypothesized that this was a necessary process for lens transparency. The growth of the 

lens is often compared to that of a tree, where the oldest rings are found in the center and the 

youngest rings in the peripheral. This is the same pattern noticed within the lens as the oldest 

fiber cells, which are developed in utero, are in the center.105 While the lack of organelles within 

the fiber cells provides exceptional optical properties, it also means that once matured, there is 

little capacity to recycle or repair damaged proteins, and lack of capacity to express new ones.105, 

108 The low turnover rate and longevity of the lens, could potentially be a bioaccumulation cite 

for heavy metals.  

Cataracts are the leading cause of blindness in the world and are classified as the slow 

process of the opacification of the lens in the eye.109 The environment within the lens is 

maintained by metal ions, the concentrations of which are closely regulated.110 Research within 

this field began in the 1960s characterizing alkali (H+, Na+, and K+) and alkaline earth element 

(Mg2+ and Ca2+) channels, carriers, and pumps.111 Not only are metals relied upon to maintain 

the lens environment, but when mis-regulated or exposed to heavy metals, this can be a stressor 

for the lens and has been reported to induce protein aggregation.112 The documentation of 

essential and non-essential metals within the human cataract lens began in the 1970s by 
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researchers Swanson & Truesdale,113 Oerdogh & Racz,114 and Lakomaa & Eklund.115 The impact 

of their research promoted the observation of new trends and reports for the next three decades. 

At the start of the 2000s, interest in this research waned and little progress was made.  

This study’s goal is the quantify cadmium, chromium, copper, lead, and zinc in cataract 

patients collected between 2018 and 2019. The data was then compared to previously reported 

concentrations to identify any differences. Table 3 summarizes studies conducted for the 

quantification of heavy metals within the human eye lens, only including heavy metals which 

were also measured in this study.  

 



 

 

 

Table 3. Overview of Previous Cataract Studies involving the quantification of Pb, Cd, Cr, Cu, and Zn 

Metal Concentration Source of lens Number of samples Analysis Source 

 Cataract Concentration (ng/g)  
116 Pb 13± 18 During autopsy - healthy 

eyes only 

16 subjects (30 eyes total 

) 
ICP-MS 

Cd 20 ± 18 

 
Aqueous Humor 

(ug/L) 

Lens Fragment 

(ug/L) 
  

117 

Cr 243 ± 223 62.8 ±66.6 
Lenses collected during 

cataract surgery 

13, 13 

TXRF Cu 133 ±228 11.2 ± 7.3 9, 5 

Zn 132 ± 198 -- 7, 0 

Zn 31.15 ± 8.28 23.43 ± 5.21 
Rats 

12 exposed to cigarette 

smoke, 12 not 
FAA 

Cu 0.79 ±0.15 0.80 ± 0.03 

 Mean concentration (µg/g)  

109 

Pb 0.0018 ± 0.0017 

Human eyes without 

cataract formation, post-

modem 

32 human donors ICP-MS 

Cd 0.0058 ± 0.0082 

Cr 0.017 ± 0.027 

Cu 0.41 ± 0.16 

Zn 13.6 ± 2.2 

 
Diabetic Senile 

Cataract (g/g) 

Cataract      

(g/g) 
 

Cu 31.83  7.94 22.32  7.12 
Human 

10 diabetic patients and 

10 non-diabetic patients 
FAA 118 

Zn 25.86  14.45 21.64  6.61 

 Control (g/g) Cataract (g/g)  

Cr 1.974  1.007 0.841  0.476 Humans 
Control: 9 

Cataract: 37 
GFAA 119 
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Continuation of Table 3. Overview of Previous Cataract Studies involving the quantification of Pb, Cd, Cr, Cu, and Zn 

Metal Concentration Source of lens Number of samples Analysis Source 

 
Diabetic Senile 

Cataract (mol/g) 
Cataract (mol/g)  

Zn 0.56  0.05 0.42  0.03 Humans  
29 diabetic patients and 

35 non-diabetic patients 
FAA 120 

 Control (mg/kg) Cataract (mg/kg)  

121 
Pb 3.0  1.2 111.0  67.9 

Humans  
10 controls  

50 cataract lenses  
FAA Cu 0.4  1.2 0.5  2.0  

Zn 280.0  82.2 165.0  133.4 

 
Diabetic Cataract 

(mol/g) 

Cataract   

(mol/g) 
   

122 
Cu 1.24  0.60 0.34  0.28 

Humans 
10 diabetic patients and 9 

non-diabetic patients 
FAA 

Zn 28.33  6.79 23.82  5.65  

 
Control              

(g/g) 

Smoker Cataract 

(g/g) 
 

123 Pb -- 5.90  1.04 

Humans  
9 controls and                

12 cigarette smokers 
GFAA Cd 0.045  0.004 1.19  0.09 

Cu 0.69  0.15 2.11  0.29 
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1.5. Environmental Samples  

 Environmental samples are water, soil, air, wastes such as sludges, and biological 

materials.6 Contaminants in the environment can bioaccumulate in the food chain in either plant 

or animal tissues and are classified as biological environmental samples. Sampling biological 

materials is a method to establish the extent of pollution. In this study, the focus of 

environmental samples was on selected biological samples, specifically vegetation Daucus 

Carota also known as Queen Anne’s Lace, within the Calumet industrial corridor.  

   1.5.1. The Calumet Industrial Corridor 

An industrial corridor is a designated area in Chicago zoned for strictly industrial 

manufacturing and generally aligned with railroad embankments, waterways, or highways. Some 

of these areas throughout Chicago have had this association for over 150 years, however these 

areas were not classified as industrial corridors until the 1990s, effectively banning the areas for 

residential or retail land use after that. 

The Calumet industrial corridor lies on the southside of Chicago and runs alongside the 

Calumet River and around Calumet Lake cluster as shown in Figure 6.124 This area can trace its 

industrial history back to the 1840s. By 1848, the Illinois Central Railroad, Michigan Southern 

and Northern Indiana railroads connected Chicago to Buffalo, NY. For industrial use, this was 

vitally important as there was now a working railroad connecting the entire region from east to 

west, attracting more settlers in search of opportunities. It is responsible for Chicago’s first 

industrial boom.125 The area has remained important for the transportation of goods and has been 

used heavily with little to no environmental safety regulations.126 The industrial growth of the 

area continued due to steel production and related industries which reached its height in World 

War II and did not decline until the 1970s.124  
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Figure 6. Area view of the  Calumet industrial corridor provided by the Department of Planning 

and Development of Chicago124 

With a history of heavy industrial use and no government regulation until the 1970s when 

the Environmental Protection Agency (EPA) was established, the region has sparked much 

interest in terms of heavy metal pollution. In the early 1970s, it was believed that Calumet water 

ways could not meet the interim goals of the Clean Water Act of 1972.127 The Clean water act 

was established to regulate the discharge of pollutants into waters within the United States and to 

monitor the amount of pollutants within the region for protection of aquatic life.128 However, 

even today, the water within this area is still not safe to engage in activities such as boating and 



 

 

 

24 

wading and it is not recommended to eat fish caught in these waters.129 The Calumet industrial 

corridor has been a source for pollution for decades which has led to many studies focused on the 

monitoring of different environmental samples within the area. 

1.5.2. Previous Studies related to Heavy Metal Quantification in the Calumet Industrial                                             

Corridor 

 In the past, environmental monitoring of the Calumet industrial corridor has occurred 

utilizing water or soil samples as summarized in Table 4, but no environmental monitoring using 

Daucus Carota has been done.  Therefore, the quantification of heavy metals in Daucus Carota 

within the Calumet industrial corridor will not only demonstrate the versatility of the developed 

method but also provide preliminary environmental monitoring within the Calumet industrial 

corridor. Please note that the table only includes the five analytes for which the chemical 

measurement process was developed and tested within this study. 

 Environmental sampling of vegetation has been used in the past in multiple different 

studies to monitor pollution and other environmental risks. This was done in locations such as 

Bengaluru, India,130 Mount Lyell, Australia, Dexing, Jiangxi province, China,131 Sierra de 

Famatina, La Rioja, Argentina.132  

 Heavy metals are typically absorbed at the root surface of the plant. This occurs through 

two pathways, the apoplastic pathway and the symplastic pathway. The apoplastic pathway is 

passive diffusion while symplastic pathway is an energy dependent process in which is an energy 

dependent process. The most common pathway into cells is through the symplastic pathway.133 

Eventually, at high heavy metal concentration exposure it can trigger the production of reactive 

oxygen species (ROS). This can result in oxidative stress and produce DNA damage, protein 

oxidation, and inhibit the cellular process.134 Once heavy metals are within plants, it becomes 
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easier for transfer of heavy metals to either animals or humans through ingestion. The heavy 

metal bio-accumulation can be an indirect indicator of an environmental problem within an area. 

Specifically, certain metals can be linked to specific industries and pollution sources. Such as 

cadmium being a by-product of zinc smelting or chromium being a by-product of tanning 

industry. Daucus Carota was chosen due to common growth and can easily grow along 

roadsides, ditches, dry fields, and open areas. 

In this study, the concentration of metals in vegetation might provide specific information 

about locations which have heavy metal pollution and where more intense sampling and 

monitoring could occur.  
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Table 4. Previous reports of heavy metals in Calumet industrial corridor  

Element Concentration Environmental Sample Type Source 

Pb 

Land Use 1992 2001 

Surface Water from Different 

Land uses 
135 

Residential 4 9 

Commercial 9 14.5 

Barren Land 1.52 1.7 

Forest 1.5 2.2 

Grassland 0.9 5 

Agriculture 1.1 .93 

Developed 1.6 2.37 

Woody Vegetation 0.8 0.6 

Emergent wetland 0 0 

Cd 

Land Use 1992 2001 

Residential 0.75 0.73 

Commercial 1.25 1.23 

Barren Land 0 0 

Forest 0.3 0.18 

Grassland 0.5 0.9 

Agriculture 1 0.8 

Developed 1.05 1.15 

Woody Vegetation 0.3 0.21 

Emergent wetland 0.8 0.62 

 Range Concentration (mg/kg) 

Soil 136 
Pb 4.7 – 647  

Cu 1.0 – 156  

Zn 5.5 – 798  

 Range Concentration (mg/kg)  

Soil 137 
Pb 1.2-160  

Cu 0.61 – 130  

Zn 2.8 – 320  

 Range Concentration (mg/kg) 
Soil 138 

Pb 24-14,428 

 
Sampling 

Location 
Dry Weight (mg) 

Sediment from Grand Calumet 

River 
139 

Toxic 

Units of 

Metals: 

Cd, Co, 

Ni or 

Zn 

IH-25 0.38 

IH-26 0.47 

IH-27 1.3 

IH-28 0.53 

IH-29 2.2 
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Continuation of Table 4. Previous reports of heavy metals in Calumet industrial corridor 

Element Concentration Environmental Sample Type Source 

Pb IH-30 

0.31 140 

Cd 1.8 

Cr 76.7 

Cu 57.5 

Zn 341.0 

Cu 0.262 

 Concentration (mg/kg) 

Sediment 141 

Pb 46.82 

Cd 0.67 

Cr 17.41 

Cu 20.89 

Zn 33.67 

 Concentration (mg/kg) 
Surface Water 142 

Cu 0.262 
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CHAPTER 2. MATERIALS AND METHODS 

 
 In this chapter, the materials and methods used within this study are presented. A major 

goal of this study was to develop a method for multi-elemental analysis utilizing graphite furnace 

atomic absorption spectrometry (GFAA) in complex biological matrices. This was done 

sequentially as shown in Figure 7. The first step was to develop a method for the analysis of lead 

in E. coli cell pellet (ECP) by exploring previously reported methodologies for lead detection in 

other biological materials. Initially tested methods were further optimized, and the method’s 

validity was determined by analyzing percent recoveries, repeatability, and selectivity. The 

method that provided the most reliable results proved to be microwave-assisted acid digestion 

(MAAD). MAAD was then applied for the analysis of other heavy metals: cadmium, chromium, 

copper, and zinc in ECPs. The final validation step of the developed method was analysis of 

CRM before application to human cataract cell pellets and environmental samples.
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Figure 7. Outline of method development for the quantification of heavy metals in biological and 

environmental samples 

2.1. Materials of Study  

All materials used were reagent grade or better. Nitric acid 70%, hydrogen peroxide 30 

wt. %, and atomic absorption standard solutions for cadmium, copper, chromium, and lead were 

acquired from Sigma-Aldrich (St. Louis, MO, USA). Zinc standard stock solutions were made 

from ZnCl2. A variety of salts used to determine the selectivity of the method were purchased 

from Sigma-Aldrich (St. Louis, MO, USA), Thermo-Fisher (Waltham, MA, USA), and EMD 

(Chicago, IL, USA). The matrix modifiers tested were: Mg(NO3)2, NH4H2PO4, and oxalic acid 

were all purchased from Sigma-Aldrich. The certified reference material BCR 679 – White 

Cabbage was acquired from Sigma-Aldrich (St. Louis, MO, USA) and stored at room 

temperature. Ultrapure water was obtained via a Purelab Flex purification system, >18 MΩ 

(ELGA® Labwater, High Wycombe, UK). The E. coli was grown in Luria broth purchased from 
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Fisher BioReagents (Waltham, MA, USA). The buffered saline solution (BSS) used for E. coli 

cell pellet preparation was obtained from Loyola University Medical Center (LUMC). 

Digestions were carried out with polytetrafluoroethylene (PTFE) vessels (Anton Parr; 

Moline, IL, USA) and a standard household microwave oven (MW535OW; Samsung Corp, 

Suwon, Korea). The drying of the E. coli and human cataract cell pellets was done in a SpeedVac 

SC110 vacuum centrifuge (Savant, Hyannis, MA, USA). 

All samples were analyzed by a graphite furnace atomic absorption spectrometer (AA-

7000, Shimadzu, Kyoto, Japan) at 228.8 nm (Cd), 357.9 nm (Cr), 283.3 nm (Cu), 283.3 nm (Pb), 

and 213.9 nm (Zn) wavelengths. Hollow cathode lamps (HCL) of 1.5” standard were purchased 

from Varsal Incorporated (Warminster, PA, USA).  Samples analyzed with GFAA were pipetted 

in 20 L aliquots into the atomization chamber and measured in triplicate following the furnace 

program shown in Table 5 (Shimadzu, Kyoto, Japan). Graphite pyrolytic coated tubes were 

purchased from Shimadzu and were exchanged every 500 firings to ensure high sensitivity. The 

AA-7000 has reported sensitivities for chromium, copper, lead, and zinc of 0.01 ng/mL, while 

cadmium has a reported sensitivity of less than 0.01 ng/mL.143 (Shimadzu)  

All glassware was washed with a 1:3 H2SO4 to HNO3 solution by filling the glassware to 

the brim, soaking it for an hour, and rinsing thoroughly with ultrapure water. The digestion 

vessels were cleaned twice between each digestion. The washing protocol was accomplished by 

addition of 1 mL of 15 M HNO3 into the digestion vessels and was digested for one minute at 

1200 Watts. The vessels were allowed to rest for one hour and then rinsed excessively with 

ultrapure water.  
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2.2. Sample Collection and Storage  

   2.2.1. Escherichia Coli Samples: Preparation and Storage  

 The E. coli cells used in this study were grown from a BL21 cell line in Luria broth (LB). 

The LB growth solution was prepared by diluting 2.5 grams of LB powder in 100 mL of 

ultrapure water and then autoclaved. The BL21 cell line was then added to the sterilized LB 

broth and grown for 12-18 hours at 37C. The cells were collected as pellets after centrifugation 

at 5,000 rpm for 5 minutes removing the LB solution followed by two subsequent washes with 5 

mL of 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH=7.5; Sigma-

Aldrich). After the second wash with HEPES, the E. coli cells were re-suspended in 500 µL of 

BSS to mimic the conditions used in clinical settings. The resuspended E. coli cells were 

dispensed as 50 L aliquots into 1.5 mL microcentrifuge tubes, dried overnight at 95C, creating 

an E. coli cell pellet or ECP. The ECPs were stored at room temperature until further use.  

   2.2.2. Human Cataract Samples: Collection and Storage  

 Cataract samples were collected during phacoemulsification, a surgical procedure to 

remove cataracts. This surgical procedure took place at LUMC and was performed from March 

thru July 2018 and in January 2019. The product of surgery is a slurry containing the broken 

pieces of cataract and the BSS solution. The BSS by-product was centrifuged to separate the 

supernatant from the cataract pellet. The cataract pellet is the area of interest in this study and 

will be referred to as a cataract cell pellet or CCP. The samples were then transferred to Loyola 

Lakeshore Campus on ice and were stored at -80C until ready for analysis.  
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   2.2.3. Environmental Samples: Collection and Storage  

 Environmental samples were collected from within the Calumet industrial corridor. The 

plant species collected were Daucus Carota (Queen Ann’s Lace) and was taken in multiple 

places throughout the industrial corridor. This plant was collected in its entirety and placed in 

plastic Ziplock bags for transport. The locations of which are shown in Figure 8, Location 1 was 

collected in November 2021 and Locations 2 and 3 were collected in June of 2022. Samples 

were then stored at 4C until ready for the drying procedure. The drying procedure involved an 

excessive washing of the plant with deionized water and placing the leaves into pre-cleaned 

beakers. The sample were then dried in an oven at 100 C for 24 hours. The dried samples were 

ground into a fine powder using a porcelain mortar and pestle and placed into a pre-cleaned glass 

vial and stored at room temperature until ready for analysis.  

 

Figure 8. Locations of environmental samples collection  
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2.3. Optimization of Graphite Furnace Thermal Program  

The thermal program used for the atomization of the sample is necessary to obtain 

accurate absorption. When properly done it can achieve the highest level of sensitivity, however, 

if this temperature program is not correctly optimized analytes could be lost during the pyrolysis 

stage or interferences could be present during the atomization stage.  For all elements analyzed 

within this study, the thermal program was optimized individually. Initially, the pyrolysis stage 

was optimized by first measuring the absorption of a sample containing no analyte and then 

measuring the absorption of an analyte spiked sample to obtain percent recoveries under 

different thermal conditions. The spiked concentration differed depending upon which analyte 

was being optimized. For cadmium, chromium, and lead thermal optimization the spiked 

concentration was 3.0 ng/mL while for copper and zinc thermal optimization, the spiked 

concentration was 5.0 ng/mL. These concentrations were chosen based on the calibration curves, 

the limits of detection (LOD) and concentrations of the analytes commonly found within 

biological matrices.144 The temperature of the pyrolysis stage was modified in 100°C increments 

over the range of 300°C to 800°C until the highest recovery rate was achieved and was 

reproducible. The atomization stage was optimized by changing temperatures from 1700°C to 

2400°C in 100°C increments. The optimal thermal program is described for each analyte in 

Table 5.  
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Table 5. Optimal Furnace Temperature Program for the analysis of cadmium, chromium, copper, 

lead, and zinc on GFAA 

Element: Cadmium Chromium Copper Lead Zinc 

 

Wavelength  

(nm) 
 = 228.8  = 357.9  = 324.8  = 283.3  = 213.9 

Lamp Current 

(mA) 
8 10 10 10 8 

Step Process Temperature °C 
Time 

(sec) 

1 

Drying 

60 60 60 60  60 3 

2 150 150 150 150 150 20 

3 250 250 250 250 250 10 

4 

Pyrolysis 

300 300 800 400 700 10 

5 300 300 800 400 700 10 

6 300 300 800 400 700 3 

7 Atomization 2200 2100 2400 2000 2000 3 

8 Cleaning 2500 2500 2500 2500 2500 2 

2.4. Method Development for Lead Analysis using Escherichia Coli as Model Substrate  

Four different methods were investigated for the analysis of lead in ECPs. These methods 

were acid dilution, matrix modification, conventional heating acid digestion, and microwave-

assisted acid digestion. Specific parameters were used to determine whether a method was 

suitable for the quantification of lead in complex matrices. These parameters were percent 

recovery, the limit of detection (LOD), the limit of quantification (LOQ), repeatability, and 

selectivity. The calculations for percent recovery, LOD, LOQ, and repeatability, which is 

represented by the relative standard deviation (RSD), will be discussed in Chapter 3.  

   2.4.1. Acid Dilution Method  

Acid dilution was examined by varying the dilution factor which is represented by 

volume per volume (v/v), a dilution based on volume and represented by percentage. The 

percentage of 10:1 nitric acid to hydrogen peroxide was what was evaluated. For each v/v 

percentage, a set of four ECPs were spiked with concentrations of 0.0, 3.0, 5.0, and 7.0 ng/mL 

lead was prepared, and is referred to a sample set. The concentrations of nitric acid has been 
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reported to affect the sensitivity for lead detection, therefor this parameter was optimized. 145 

Five volume per volume (v/v) percentages of 10:1 HNO3 to H2O2 solution in water were 

analyzed for acid dilution. The v/v percentages examined were 0%, 10%, 25%, 50%, and 75% 

v/v 10:1 HNO3 to H2O2 solution. Table 6 shows the different volumes of the digestion solution 

(10:1 HNO3 H2O2) used to obtain the different v/v percentages.  

Table 6. Preparation of volume per volume percentages of 10:1 HNO3 to H2O2 

Percentage 

Analyzed 

Volume of 10:1 HNO3 

H2O2 Solution (L) 

Volume of 

Water 
Total Volume (L) 

0% 0 1000 

1000 L 
25% 250  750 

50% 500 500 

75% 750 250 

 

All samples underwent ultrasonication for 30 minutes, followed by centrifugation for five 

minutes at 5,000 rpm. The supernatant was collected for analysis as shown in Figure 9. Based on 

the results, 50% v/v of 10:1 HNO3 H2O2 was determined as the optimal solution and was used 

throughout the rest of the study.   

 

Figure 9. Schematic representation of the dilution methodology explored  

   2.4.2. Matrix Modification Method  

Three different matrix modifiers were initially analyzed: Mg(NO3)2, NH4H2PO4, and 

oxalic acid. These matrix modifiers were chosen as they have successfully aided to detect lead in 

water,146, 147 biological,148 and food samples.149, 150 Matrix modification was accomplished by 

treating sample sets with 500 L of 10:1 HNO3 to H2O2 solution, 100 µL of 1000 ng/mL matrix 
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modifier and diluting to 1.0 mL with ultrapure water. Each matrix modifier was analyzed 

separately. The resulting sample sets were ultrasonicated for 30 minutes, followed by 

centrifugation for five minutes at 5,000 rpm. The supernatant was collected for analysis as 

depicted in Figure 10. The NH4H2PO4 matrix modifier had more promising results and therefore 

was optimized further.   

 

Figure 10. Schematic representation of the matrix modifier method 

Different concentrations of NH4H2PO4 were further explored besides the initial 

concentration of 100 ng/mL. For this, the method described above was repeated with 

concentrations of 50 ng/mL, 100 ng/mL and 200 ng/mL NH4H2PO4. However, there was no 

improvement in the recovery of lead with the variation thus the concentration of NH4H2PO4 was 

kept constant at 100 ng/mL. The ratio of HNO3 to H2O2 was also examined.  Four sample sets 

were used to test the following ratios: 2:1, 5:1, 10:1, and 15:1 of nitric acid to hydrogen 

peroxide. Table 7 describes how the stock solution of each ratio was made. From the stock 

solution, 500 L was used to maintain the v/v 50% dilution. There was little to no improvement 

in the percent recoveries, so other methods were investigated.  
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Table 7. Different nitric acid to hydrogen peroxide ratios and the associated volumes of nitric 

acid and hydrogen peroxide  

Ratio Volume of 15 M HNO3 Volume of 30% H2O2 

2:1 2 mL 1 mL 

5:1 5 mL 1 mL 

10:1 10 mL 1 mL 

15:1 15 mL 1 mL 

 

   2.4.3. Conventional Heating Acid Digestion Methods 

Temperature controlled acid digestion and open-vessel acid digestion (OVAD) were 

explored. Temperature controlled acid digestion was performed in a water bath at 85C. ECP 

sample sets spiked with 0.0, 3.0, 5.0, and 7.0 ng/mL of lead and 50% v/v of 10:1 HNO3 to H2O2 

were allowed to digest for 15 minutes, 30 minutes, 1.0, 2.0, 3.0, and 4.0 hours. Sample 

resuspension was not necessary as there was no noticeable loss of sample. After digestion, 

samples were sonicated for 30 minutes followed by centrifugation of five minutes at 5,000 rpm. 

(Figure 11A) The supernatant was collected and analyzed. The two-hour digestion time provided 

the highest percent recoveries and was kept constant while the ratios of HNO3 to H2O2 were 

varied between 2:1, 5:1, 10:1, and 15:1. This was made in the same manner as shown in Table 7. 

Only the ratio between HNO3 and H2O2 was varied, the v/v percentage was kept constant at 50%. 

However, this variation did not improve the observed large standard deviation, therefore this 

method was not scrutinized further. 
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Figure 11. Schematic representations of acid digestion, a) temperature controlled acid digestion 

and b) open-vessel acid digestion  

Open vessel acid digestion (OVAD) was performed using a digestion block. Five sample 

sets were treated with 500 L of 10:1 HNO3 to H2O2 solution and diluted to 1 mL with ultrapure 

water. Each sample set was allowed to digest for either 30 minutes, 1.0, 2.0, 3.0, and 4.0 hours at 

100C. Sample loss due to evaporation had to be recompensated to 1.0 mL total volume with 

50% v/v solution of 10:1 HNO3 to H2O2 solution as shown in Figure 11B. Similarly, to 

temperature controlled acid digestion, a two-hour digestion time provided the highest percent 

recovery. The two-hour digestion time was kept constant and the ratios of 2:1, 5:1, 10:1, and 

15:1 of HNO3 to H2O2 were examined (Table 7). There was little to no improvement in the 

percent recoveries and the standard deviation remained large. Therefore, this method was not 

continued further.  

 



   

 

 

39 

   2.4.4. Microwave-Assisted Acid Digestion Method 

The final method tested was microwave-assisted acid digestion (MAAD). A sample set 

containing spiked amounts of 0.0, 3.0, 5.0, and 7.0 ng/mL of ECPs was treated with 500 L of 

10:1 HNO3 to H2O2 solution and diluted to 1.0 mL with ultrapure water, followed by a sample 

transfer to 23 mL PTFE sample cups. The samples were then digested in a microwave at 600W 

power for 40 seconds. This method is depicted in Figure 12. Like the previous methods, the 

microwave-assisted acid digestion method was further improved to obtain optimal results. 

 

Figure 12. Schematic representation of microwave-assisted acid digestion   

Further optimization of MAAD involved an assessment of digestion time, power setting, 

and nitric acid to hydrogen peroxide ratio, respectively. This was executed consecutively starting 

with the digestion time.  

To optimize digestion time, all samples were treated with 500 L of 10:1 HNO3 to H2O2 

solution and diluted to 1.0 mL with ultrapure water. A total of seven sample sets were tested at 

varying microwave times of 30, 40, 50, 60, 70, 80, and 90 seconds while keeping the power at 

600 W. This was done to accurately determine the optimal digestion time for the MAAD, which 

was found to be 60 seconds.   

 The microwave power setting was then optimized. A total of five sample sets were tested 

with varying power, starting with the lowest setting of 600W, and slowly increasing the power in 

120W increments until the maximum power of 1200W was reached. The power settings are 
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shown in Table 8.  The digestion time was constant at 60 seconds and the optimal power setting 

was found to be 1200 W, the maximum power of the equipment. 

Table 8. Power settings employed for the microwave acid digestion procedure 

Power Setting Tested (W) 

600 

720 

840 

960 

1080 

1200 

 

In the last step, the ratio between nitric acid to hydrogen peroxide in the digestion 

solution was optimized. Six sample sets were treated with one of the following ratios: 2:1, 4:1, 

5:1, 6:1, 10:1, and 15:1 HNO3 to H2O2 solution, similar as what was shown in Table 7.  This 

analysis was performed using the optimal parameters of 60-second digestion time and 

microwave power of 1200 W.  The percent recoveries were calculated, and the optimal ratio was 

found to be the 4:1 HNO3 to H2O2 solution.  

2.5. Optimal Method for Detection of Lead in Escherichia Cell Pellets  

The microwave-assisted acid digestion was determined to be the optimal method for the 

detection of lead in biological samples. The optimized method is as follows: samples are treated 

with 500 L of 4:1 HNO3 to H2O2 and diluted to 1.0 mL with ultrapure water. The samples are 

transferred into 23 mL PTFE sample cups and digested for one minute at 1200 Watts as shown in 

Figure 13. The samples are left to cool for one hour before collection and are then analyzed.  

Before the next sample digestion, the PTFE sample cups are washed twice using 1.0 mL of 15 M 

nitric acid and digested for one minute at 1200 Watts. This method was then further evaluated by 

confirming its sensitivity, reproducibility, and selectivity.  
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Figure 13. Schematic representation of the optimized method for the determination of lead in 

Escherichia coli cell pellets 

   2.5.1 Method Validation for Lead Detection in Escherichia coli Cell Pellets   

The repeatability was assessed for the NH4H2PO4 matrix modifier and MAAD method as 

these had high initial percent recoveries and low standard deviations indicating that these 

methods could potentially work as a method for lead detection in biological materials. The 

assessment of a method's repeatability involved 12 ECPs spiked with 4.0 ng/mL of lead and 3 

controls containing only BSS. All samples were treated as described in section 2.4.2 and 2.5.  

The recoveries were calculated after subtracting the blanks (controls) from the spiked ECPs. The 

average, absolute standard deviation, and relative standard deviation (RSD) for the sample set 

were determined. RSD served as a measure for repeatability and its calculation will be described 

in Chapter 3.  

A method is selective when it is not impacted by chemical or spectral interferences.102 To 

determine the selectivity of each method, sample sets of ECPs containing 0.0, 3.0, 5.0, and 7.0 
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ng/mL of lead were additionally spiked with potential elemental interferences. The interfering 

element concentrations were kept constant within a sample set. Each sample set was specific for 

one interference. A total of thirteen elemental interferences were examined as shown in Table 9. 

The concentrations of the potential interferences were selected based on a previous study.117 The 

average concentrations reported within that study were then doubled to account for the large 

variation typically present in clinical and environmental samples.  

Table 9. Concentrations of metals used for the selectivity study 

Element Amount Spiked (ng/mL) 

Na 380  

Mg 380  

K 380  

Ca 380  

Cr 120  

Mn 60  

Fe 120  

Co 50  

Ni 75 

Cu 120 

Zn 60 

Ga 100 

Cd 60 

Mixture 

380 of Na, Mg, K, & Ca, 

120 Fe & Cu,  

75 Ni, and 60 Zn 

 

The sample sets were digested according to the procedures described in sections 2.4.2 

and 2.5. To prove the method is selective for lead analysis in ECP, the percent recoveries needed 

to remain within the range of 100  15% while in the presence of a high concentration of 

interference. 
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2.6. Quantification of Heavy Metals in Escherichia coli Cell Pellets Utilizing Developed Method 

The other heavy metals of interest in this study were cadmium, chromium, copper, and 

zinc. Multiple parameters were used to determine if the MAAD method established for lead 

detection could be also applied for the detection of these elements zinc in the same complex 

matrices using GFAA analysis. These parameters evaluated determined were percent recoveries, 

repeatability, selectivity, and the analysis of certified reference materials (CRM). 

Percent recoveries were determined for each analyte individually. This was done by 

spiking the ECPs with concentrations of 0.0, 3.0, 5.0, and 7.0 ng/mL of either cadmium, 

chromium, copper, and zinc. All samples were then treated as described in section 2.5. The 

percent recoveries should remain within 100  15%, as this indicates little to no loss of analyte is 

occurring during sample treatment.151 

The repeatability of the method was considered for each analyte separately. A total of 12 

ECPs were treated with the optimized method and spiked with the specific analyte being studied. 

As stated previously, concentrations of analytes should cover the reported range of concentration 

within the sample and should be at least five times higher than the LOD.144 Therefor the spiked 

concentration used for cadmium and chromium was 4 ng/ml, while for copper and zinc, the 

concentration used as spike was 6 ng/mL. All repeatability studies included 3 controls containing 

only BSS.  The recoveries were calculated by subtracting the concentration of the blanks 

(controls) from the spiked samples. The RSD was then computed as a measure of the method 

repeatability for the detection of cadmium, chromium, copper, and zinc in E. coli.  

A selectivity study of the method was repeated for each analyte using the same procedure 

performed for lead as described in section 2.5.8. Briefly, sample sets of cadmium, chromium, 

copper, and zinc were prepared with 0.0, 3.0, 5.0, and 7.0 ng/mL of analyte and were then spiked 
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with the interferences summarized in Table 9, excluding the analyte being analyzed, but 

including lead. The concentration of lead was 60 ng/mL which was based on previous reports of 

lead in cataracts. It was then doubled to account for any variation observed in clinical 

samples.116, 121 The sample sets were then digested as described in section 2.5. Like for lead, the 

percent recoveries should remain high when purposely exposing the sample to interferences to 

indicate that the method developed is selective for analysis of either cadmium, chromium, 

copper, and zinc.151  

2.7. Methodology Validation with Certified Reference Material 

The final step in validating the developed method was analysis of a certified reference 

material CRM. The CRM and analysis of the same sample by a secondary comparable analytical 

method. The CRM chosen was a white cabbage powder and was selected based on its complex 

matrix and similarity to the biological and environmental samples being analyzed besides having 

reported data for cadmium, chromium, copper, and zinc.  

The secondary method used was total reflection X-ray fluorescence (TXRF). The 

analytical requirements for TXRF are similar to that of GFAAS with the exception of using an 

internal standard for quantification instead of calibration curves. The internal standard was added 

in the beginning of the sample preparation process to account for losses.  

A small amount of certified reference material BCR 679 was first placed on a watch glass 

and allowed to dry to completion overnight in an oven at 100 C. After that an approximate 

amount of 0.100-gram subsample of the dried sample was accurately weighted and treated 

following the same experimental procedure as described in section 2.5. Briefly, the dried 

subsample of 0.100 g was treated with 1.0 mL 4:1 nitric acid to hydrogen peroxide solution, 100 

L/mL of 100 ng/mL Ga as internal standard for TXRF and 900 L of ultrapure water were 
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added to the subsample and the samples digested for one minute at 1200 Watts. The total volume 

of 2.0 mL ensured that the sample were fully resuspended and digested and kept the acidic 

dilution percentage at a 50% v/v. The number of subsamples analyzed for each element differed 

and is shown in the table below. The reasoning for the different number of subsamples was to 

match what was measured for the certified reference material.  

Table 10. Comparison of number of subsamples analyzed of BCR 679  

Element Analyzed 
Certified number of 

accepted sets of data 

Experimental 

subsamples analyzed 

Lead Not analyzed 10 

Cadmium 15 15 

Chromium 5 5 

Copper 15 15 

Zinc 22 22 

 

The reported concentrations for cadmium, chromium, copper, and zinc were compared to 

the ones reported in the certificate to determine the accuracy of the method. In addition, copper 

concentrations were compared between GFAAS and TXRF. Lead was also analyzed for the 

certified reference material even though it was not included in the reported values.  

2.8. Real Life Applications of Developed Method 

 The developed method for the analysis of lead, cadmium, chromium, copper, and zinc 

was then applied to different sample types to demonstrate its versatility.  

   2.8.1. Quantification of Heavy Metals in Human Cataract Samples 

 In preparation for analysis, the cataract samples were removed from the -80C freezer 

and allowed to thaw to room temperature. The samples were then spun in a vacuum centrifuge, 

removing any remaining aqueous residue. The cataract mass was obtained by weighing the 

centrifuge tubes before analysis when the CCP was a dried pellet within the tube and after when 
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the tube was empty. The difference between these masses gave the weight of the cataract, this 

was done in triplicate of with a sensitivity of  0.0001 grams.  

The cataract samples were prepared in the following manner: dried CCP were spiked 

with 100 ng/mL of Ga and treated with 500 L of 4:1 HNO3 to H2O2 solution and diluted to 1 

mL with ultrapure water. Samples were digested in the microwave for one minute at 1200 W 

power and allowed to rest at room temperature for one hour. Spiking with gallium permitted the 

analysis of the same sample also by TXRF. All CCPs samples were then analyzed in triplicate 

for cadmium, chromium, copper, lead, and zinc utilizing GFAA and TXRF.  

   2.8.2. Quantification of Heavy Metals in Environmental Samples 

The preparation of environmental samples was similar to what was described in section 

2.7 for the CRM material. A small amount of the environmental sample collected from the 

Calumet industrial corridor was first placed on a watch glass and allowed to dry to completion 

overnight in an oven at 100 C. After that a subsample weighing ~ 0.100 gram of dried sample 

was allocated for analysis. The dried mass of ~0.100 gram was treated with 1.0 mL of 4:1 HNO3 

to H2O2 solution, 500 ng/mL of internal standard gallium and then diluted to 2.0 mL. The total 

volume had to be adjusted to ensure the powdered sample could be fully digested. The samples 

were then transferred to the PTFE sample cups and digested for one minute at 1200 Watts. A 

total of ten subsamples were analyzed for each of the collected samples. The digested samples 

were then analyzed in triplicate by GFAA and TXRF for lead, cadmium, chromium, copper, and 

zinc.
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CHAPTER 3. METHOD DEVELOPMENT FOR ANALYSIS OF HEAVY METALS IN 

BIOLOGICAL, CLINICAL AND ENVIRONMENTAL SAMPLES 

 The following chapter is a compilation of the results and discussion pertaining to method 

development for elemental analysis in Escherichia coli cells. The chapter is divided into four 

parts. Part I describes the figures of merit calculations; Part II provides an in-depth analysis of 

several methodologies examined for the detection of lead in Escherichia coli cells and 

demonstrates how an accurate, precise, sensitive, repeatable, and selective methodology was 

obtained. Part III discusses how the developed method was successfully applied for the analysis 

of cadmium, chromium, copper, and zinc in Escherichia coli cells; Part IV validates the 

developed procedure through analysis of certified reference material (CRM) by graphite furnace 

atomic absorption (GFAA) and total reflection X-ray fluorescence (TXRF).  

3.1. Part I. Figures of Merit Calculations  

 The analytical properties known as figures of merit, measure accuracy, precision, and 

repeatability to determine a method’s validity. Additional figures of merit are the limit of 

detection (LOD), and the limit of quantification (LOQ), both are an assessment of a method’s 

sensitivity and are necessary when performing trace analysis. 
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   3.1.1. Accuracy, Precision and Repeatability  

When designing a method, accuracy and precision are two important factors to consider. 

Percent recovery measures an analytical method’s accuracy and is determined using Equation 3-

2. Equation 3-2 accounts for the change of concentration of analyte in a spiked and non-spiked 

sample.101 Cs is the concentration of the spiked sample, CNS is the concentration of the non-

spiked sample, and C is the spike concentration. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = (
𝐶𝑠−𝐶𝑁𝑆

[𝐶]
) ∗ 100                       Equation 3-2 

Standard deviation is a measurement of precision and is calculated using Equation 3-3, 

where xi is the concentration of the individual data point, 𝑥̅ is the average concentration of the 

data set, and n is the number of data points being analyzed. 

𝑆𝐷 = √
∑(𝑥𝑖− 𝑥̅)2

𝑛−1
      Equation 3-3  

For a method to be considered both accurate and precise the percent recovery should 

maintain an average of 100  10%.152, 153 However, this is less stringent for biological and 

environmental samples, where natural variability adjust recovery rate to 100  15%.152,153 

Relative standard deviation (RSD) is a measurement of the method’s repeatability, and is 

otherwise known as the ‘coefficient of variation,’ or ‘CV,’ as shown in Equation 3-4. 101 For 

biological samples these values should remain less than 15%.152, 153  

𝑅𝑆𝐷 = (
𝑆𝐷

𝑥̅
) ∗ 100                  Equation 3-4 

   3.1.2. Limit of Detection and Limit of Quantification  

The limit of detection (LOD) and limit of quantification (LOQ) both measure the 

sensitivity of a method. The LOD is defined as the lowest amount of analyte that can be reliably 

detected, whereas the LOQ quantifies the smallest amount of analyte that can be quantified 
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within a given range of accuracy and precision. 101 This distinction is essential as certain methods 

can detect the analyte but are unable to quantify the analyte.  

There are three ways to determine the LOD and LOQ. The first is based on the standard 

deviation of the blank, the second bases its determination on the signal-to-noise ratio, and the 

third utilizes the linear regression of the calibration curve.154 155 In this study, LOD and LOQ 

were determined based on the third method, linear regression of the calibration curve. (Equations 

3-5 and 3-6) For atomic absorption spectrometry, the instrument response is linearly related to 

the standard concentrations over a specific range which is monitored by using the r2 value.156 

This procedure accounts for the standard deviation of the y-intercept, representing the “noise” 

within the measurements and is denoted ‘Sy’ and the slope of the regression line ‘m’.101, 154 

𝐿𝑂𝐷 =  
3∗ 𝑆𝑦

𝑚
                                                 Equation 3-5 

𝐿𝑂𝑄 =  
10∗ 𝑆𝑦

𝑚
                   Equation 3-6  

3.2. Part II: Method Development for Lead Analysis in Escherichia coli  

 A major goal of this study was to develop a method for the quantitative analysis of lead 

within biological samples, and then transfer this method to other elements. To achieve this, E. 

coli cell pellets (ECPs) were chosen as a model matrix, and the process was divided into the 

following subsections: instrumental thermal program optimization, sample preparation procedure 

exploration, and method comparison with respect to repeatability, sensitivity, and selectivity. 

The sample preparation procedures explored were acid dilution, matrix modification, 

conventional heating acid digestion procedures, and finally microwave-assisted acid digestion. 

The accuracy and precision were evaluated by percent recovery and standard deviation, the 

repeatability was assessed with the RSD, sensitivity was monitored by the LOD and LOQ, and 
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the selectivity was monitored using recovery rates in the presence of high concentrations of 

potential interferences.  

   3.2.1. Graphite Furnace Atomic Absorption Thermal Program Optimization for Lead Analysis 

The thermal program optimization for the analysis of lead in biological samples was 

meticulously implemented to avoid significant loss of analyte during the heating process. The 

experimental procedure of this study is described in more detail in section 2.3. Optimization was 

accomplished first for the pyrolysis stage (Figure 14A) and then again for the atomization stage 

(Figure 14B). Lead absorbance was monitored while changing the thermal conditions to identify 

the optimal conditions. The highest absorbance was achieved at 400C with the smallest standard 

deviation. Therefore, 400C was used for all experimentation going forward. The optimal 

temperature for the atomization stage was found to be 2000C as is clearly shown in Figure 14B. 

This atomization temperature produced the highest absorbance and the smallest standard 

deviation. 

 

 

Figure 14. Thermal program optimization for lead analysis in ECPs A) pyrolysis stage and B) 

atomization stage 
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 From the optimization experiments, the lead graphite thermal program was determined as 

reported in Table 11.  

 

Table 11. Optimized Graphite Thermal Program for Lead Detection  

Step Process Temperature °C Time (sec) 

1 

Drying 

60 3 

2 150 20 

3 250 10 

4 

Pyrolysis 

400 10 

5 400 10 

6 400 3 

7 Atomization 2000 3 

8 Cleaning 2500 2 

 

   3.2.2. Methods Explored for Lead Quantification in Escherichia Coli  

 Four distinct sample preparation methods were explored for the detection of lead in 

ECPs. These methods were acid dilution, matrix modification, conventional heating acid 

digestion, and microwave-assisted acid digestion. Acid dilution, matrix modification, and 

conventional heating acid digestion procedures are simple, time efficient, and inexpensive. 

However, these methods can exhibit poor recoveries, large standard deviations, and have 

difficulties with selectivity. Microwave-assisted acid digestion (MAAD) method permits for high 

reaction temperatures, and a more complete digestion of the sample, requiring lower amounts of 

reagents, and minimizing the loss of analytes and the risk of contamination. The obstacles of 

utilizing the MAAD method include the necessity for specialized, costly pressure-resistant 

vessels, which do not allow the addition of reagents during the digestion process due to the 

procedural sealing within the digestion vessels.157  
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   3.2.2.1. Acid Dilution  

Dilution is an efficient and inexpensive method. The most common diluent for organic 

and inorganic matrices is nitric acid. Nitric acid acts as an oxidizing and digestion agent, and in 

some studies has also been considered as a matrix modifier.158, 159, 147 However, when samples 

have a high organic content, like biological samples, a combination of nitric acid and hydrogen 

peroxide is often more suitable. When nitric acid is used without the aid of hydrogen peroxide, a 

build-up of carbonaceous residue can occur within the graphite furnace due to the incomplete 

matrix decomposition, ultimately changing the surface of the graphite furnace. This can alter the 

heating rate and atomization conditions as the buildup of residue may obstruct the optical path 

resulting in a higher background interference.159 Acid dilution was evaluated for the detection of 

lead in ECPs with a combination of 10:1 nitric acid to hydrogen peroxide solution.  

The concentrations of nitric acid has been reported to affect the sensitivity for lead 

detection, therefore this parameter was optimized. 145 Five volume per volume (v/v) percentages 

of 10:1 HNO3 to H2O2 solution in water were analyzed for acid dilution. The v/v percentages 

examined were 0%, 10%, 25%, 50%, and 75% v/v 10:1 HNO3 to H2O2 solution.  

The LOD and LOQ were monitored while this percentage was changed and are 

summarized in Table 12. The 50% v/v 10:1 nitric acid to hydrogen peroxide solution had the 

lowest LOD and LOQ while the 75% v/v dilution had the highest.  

Percent recovery of lead was also monitored for different nitric acid dilution v/v 

percentages. (Figure 15) By changing the v/v percentage of the 10:1 HNO3 to H2O2 solution 

from 0% to 10%, a 10-fold increase in the percent recovery of lead was found and a further 

increase of the percentage from 10% to 50% resulted in an almost 6-fold increase in percent 

recovery of lead. However, when the v/v percentage was increased from 50% to 75%, a decrease 
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in the percent recovery of lead was observed. Therefore, the dilution percentage used throughout 

the study was 50%v/v nitric to acid to hydrogen peroxide digestion solution.  

Table 12. Summary of the LOD and LOQ calculated while varying the percentage of v/v 10:1 

HNO3 to H2O2 solution 

 Percentage of 10:1 Nitric Acid to Hydrogen Peroxide v/v 

0% 10% 25% 50% 75% 

LOD 

(ng/mL) 
8.279  

1.496 

3.609  

0.1916 

1.645  

0.3244 

0.9704  

0.6046 

4.617  

0.4289 

LOQ 

(ng/mL) 
27.60  

4.988 

12.03  

0.6387 

5.483  

1.082 

3.235  

2.015 

15.39  

1.430 

 

 

Figure 15. Lead recovery rates found while optimizing the acid dilution percentage of the 10:1 

HNO3 to H2O2 ratio used for detection of lead in ECPs 

   3.2.2.2. Matrix Modification  

A matrix modifier is classified as a chemical additive to aid in the detection of analytes 

within a sample. These modifiers are often needed when a complex matrix is being analyzed, as 

is the case for ECPs. The ECPs matrix can cause instability of the analytes or lead to adsorption 

within the graphite furnace. Either of these interactions will decrease the amount of analyte 
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present in the ionization phase. By adding a matrix modifier, the analytes are isolated and 

stabilized for analysis.160, 161 In this study, three different matrix modifiers were explored for the 

analysis of lead in biological samples: magnesium nitrate, ammonium dihydrogen phosphate, 

and oxalic acid.  

Magnesium nitrate was proposed as a matrix modifier by Slavin et. al. in 1985.162 

Initially this matrix modifier was applied for the determination of the elements, aluminum, 

beryllium, chromium, and manganese.1 Nonetheless, it was later also successfully applied for the 

detection of lead and cadmium in food samples.150  

Ammonium dihydrogen phosphate has been studied extensively for the detection of lead 

and cadmium.1 Ammonium helps reduce the concentrations of chloride salts commonly found in 

biological samples by forming ammonium chloride which decomposes at temperatures around 

320C, effectively removing this part of the matrix before analysis.161 It has also been classified 

as a thermal stabilizer for lead and cadmium.163 Ammonium dihydrogen phosphate has been 

successfully implemented for the determination of lead in food samples.149, 150, 61    

Oxalic acid was the last modifier tested as it had been successful in the detection of lead 

in seawater.146 When oxalic acid is used, chloride is removed during the drying phase effectively 

reducing the background signal. 147, 146  

Typically, the atomization of lead is delayed and a high background signal is found when 

salts or organic matrices are present. Nitric acid, ammonium, and oxalic acid have all been 

documented to modify the chloride within the matrix thus decreasing its interference. Based on 

previous successful applications, each of these modifiers was initially tested at a concentration of 

100 ng/mL. The original testing of these matrix modifiers determined that ammonium 

dihydrogen phosphate was the most promising with an initial percent recovery of 102.5  
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22.42% (Figure 16). However, the magnesium nitrate matrix modifier was more sensitive by a 

factor of two as shown in Table 13. Oxalic acid matrix modifier was neither sensitive nor 

accurate and was therefore excluded from further studies. According to the recovery rates of the 

analyte (Figure 16), magnesium nitrate was clearly less suitable than ammonium dihydrogen 

phosphate. Therefore, only ammonium dihydrogen phosphate was further explored.  

Table 13. Summary of the LOD and LOQ for initial selection of a matrix modifiers 

 Matrix Modifier 

Magnesium Nitrate 
Ammonium Dihydrogen 

Phosphate 
Oxalic Acid 

LOD (ng/mL) 0.7335  0.2448 1.967  1.047 3.889  1.223 

LOQ (ng/mL) 2.445  0.8161 6.555  3.489 12.96  4.11 

 

 

Figure 16. Lead recovery rates found for the three different matrix modifiers 

The sensitivity of the ammonium dihydrogen phosphate modifier required improvement 

for the purpose of this study, resulting in the application of an optimization process. The first 

parameter optimized was the concentration of ammonium dihydrogen phosphate followed by the 

variation of the ratio between nitric acid and hydrogen peroxide.  
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The concentrations of ammonium dihydrogen phosphate analyzed were 50 ng/mL, 100 

ng/mL, and 200 ng/mL. Figure 17 and Table 14 show clearly that the initial concentration of 100 

ng/mL ammonium dihydrogen peroxide matrix modifier was the optimal choice, as it remained 

the most sensitive. The percent recovery did not improve with the variation of matrix modifier 

concentration: at 50 ng/mL concentration there was little to no recovery of lead and at 200 

ng/mL concentration of matrix modifier a decrease in lead recovery rates was observed. As a 

result, it was decided that the 100 ng/mL concentration should be kept constant while the ratio of 

nitric acid to hydrogen peroxide was varied.  

Table 14. Summary of LOD and LOQ for different concentrations of ammonium dihydrogen 

phosphate matrix modifier 

 Concentration of Ammonium Dihydrogen Phosphate 

50 ng/mL 100 ng/mL 200 ng/mL 

LOD (ng/mL) 3.587  0.1189  1.287  0.8262  2.088  0.6328  

LOQ (ng/mL) 11.96  0.3962  4.290  2.754  6.959  2.109 

 

 

Figure 17. Lead recovery rates during optimization of ammonium dihydrogen phosphate 

modifier concentration for the detection of lead in ECPs 
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The ratio of nitric acid to hydrogen peroxide was evaluated in the attempt to maintain the 

high percent recovery for lead in ECP’s and decrease the standard deviation, LOD, and LOQ 

values. However, as seen in Figure 18 and Table 15 there was no improvement for these 

parameters. It was therefore decided that for the repeatability study the method used was the 

addition of 100 ng/mL of ammonium dihydrogen phosphate as the matrix modifier and treatment 

with 50% v/v 10:1 HNO3 to H2O2 solution. 

Table 15. Summary of LOD and LOQ for different ratios of 50% v/v HNO3 to H2O2 solution for 

the detection of lead using 100 ng/mL ammonium dihydrogen peroxide as a matrix modifier in 

ECP 

 The Ratio of Nitric Acid to Hydrogen Peroxide 

2:1 5:1 10:1 15:1 

LOD (ng/mL) 2.480  0.03012 2.374  0.4434 1.786  0.8458 4.154  0.2756 

LOQ (ng/mL) 7.001  0.1004 7.913  1.478 5.953  2.819  13.85  0.9186 

 

 

Figure 18. Lead recovery rates during optimization of the ratio of 50% v/v HNO3 to H2O2 for the 

detection of lead in ECPs within the matrix modifier method 
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   3.2.2.4. Conventional Heating Digestion Methods  

Acid digestion is accomplished by adding an oxidizing agent such as nitric acid, and 

subsequently applying heat. Heating the solution accelerates the decomposition process.164 Two 

conventional heating methods were evaluated in this study: temperature controlled acid digestion 

and open-vessel acid digestion (OVAD). These acid digestion methods were explored based on 

reports of successful lead detection in wine,165 crude oil,166 foodstuff,167, 168,163  and human 

hair.169, 170, 171  

   3.2.2.4.1. Temperature Controlled Acid Digestion 

 Temperature control acid digestion uses a heat block in which the samples are place. Six 

digestion times, 0.25, 0.5, 1.0, 2.0, 3.0, and 4.0 hours were evaluated. Figure 19 displays the lead 

recovery rate in response to digestion time. Figure 19 indicates that digestion times of less than 

one hour had the highest standard deviations, but at the two-hour digestion time, the standard 

deviations dropped drastically. Applying a two-hour digestion time also provided the highest 

percent recovery for lead whereas a longer digestion time yielded lower recovery rates. The LOD 

and LOQ for the two-hour digestions time were found to be 1.030  0.5385 ng/mL and 3.433  

1.795 ng/mL respectively, and a two-hour digestion time was utilized throughout the 

optimization process for lead detection in ECPs.  
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Figure 19. Lead recovery rates during optimization of digestion time utilizing the heat-assisted 

acid digestion method in 50% v/v HNO3 to H2O2 solution 

The other variable that was optimized for temperature controlled acid digestion was the 

ratio of nitric acid to hydrogen peroxide. The ratios tested were of 2:1, 5:1, 10:1 and 15:1. The 

10:1 nitric acid to hydrogen peroxide solution maintained the highest percent recovery but only 

achieved a percent recovery of 60.0  14.3% as shown in Figure 20. This ratio additionally had 

the lowest LOD and LOQ as seen in Table 16. As a result, the two-hour digestion time and the 

50% v/v 10:1 ratio of HNO3 to H2O2 were considered the optimal conditions. However, these 

conditions were unable to reach the required recovery rate of 100  15% and this method was not 

explored further.  

Table 16. Summary of lead LOD and LOQ for different HNO3 to H2O2 ratios with 50% v/v 

HNO3 using heat-assisted acid digestion 

 Ratio of Nitric Acid to Hydrogen Peroxide 

2:1 5:1 10:1 15:1 

LOD (ng/mL) 2.396  1.923 4.231  3.487  1.037  0.4399  7.377  0.1519  

LOQ (ng/mL) 7.988  6.411 14.10  11.62 3.458  1.466  24.59  0.05064 
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Figure 20. Lead recovery rates for different HNO3 to H2O2 ratios using 50% v/v nitric acid 

applied to heat assisted acid digestion  

   3.2.2.4.2. Open-Vessel Acid Digestion Method 

 Open vessel acid digestion (OVAD) was explored as an alternative conventional heating 

digestion method. Initially, digestion times inspected were 0.5, 1.0, 2.0, 3.0, and 4.0 hours. 

Figure 21 reports the lead recovery rate for the different digestion times. All sample sets showed 

high standard deviation, with the exception of four hours digestion time. Unfortunately, the four-

hour digestion time had the lowest lead recovery rate, indicating loss of analyte. The LOD and 

LOQ were found to be 0.2413  0.1016 ng/mL and 0.8043  0.3385 ng/mL, respectively. 

Despite the two-hour digestion time having a large standard deviation, it was still used for further 

optimization.  
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Figure 21. Lead recovery rates at different digestion times utilizing the open-vessel acid 

digestion method in 50% v/v 10:1 HNO3 to H2O2 solution 

The ratios of nitric acid to hydrogen peroxide solution tested were 2:1, 5:1, 10:1 and 15:1 

nitric acid to hydrogen peroxide, similar to the temperature controlled acid digestion. The 

original 10:1 ratio provided the lowest LOD and LOQ and the highest percent recovery of lead 

(Figure 22, Table 17). Similar to the previous conventional heating methods, this approach was 

unable to reach the necessary recovery rates and was not explored further. 

Table 17. Summary of lead LOD and LOQ for different HNO3 to H2O2 ratios with 50% v/v nitric 

acid using open-vessel acid digestion 

 Ratio of Nitric Acid to Hydrogen Peroxide 

2:1 5:1 10:1 15:1 

LOD (ng/mL) 2.396  1.923 2.391  0.1335  0.2413  0.1016  0.5128  0.1966 

LOQ (ng/mL) 7.988  6.411 7.969  0.4450 0.8043  0.3385 1.709  0.6552 
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Figure 22. ECP lead recovery rates for different HNO3 to H2O2 ratio with 50%v/v and utilizing 

the open-vessel acid digestion method 

   3.2.2.5. Microwave-Assisted Acid Digestion  

Microwaves heat solvents by dielectric heating processes, dipolar polarization or ionic 

conduction. Dipoles generate heat when irradiated with microwaves on account of the oscillating 

microwave field causing the dipoles to rotate, producing friction, and consequently heat. In ionic 

conduction, dissolved charged particles oscillate back and forth when irradiated with microwaves 

causing a collision between the charged particles thus creating heat.172 These processes are 

essential, as they allow samples to be heated from within, while in conventional methods as 

demonstrated in the previous sections, the samples are heated from externally. (Figure 23)  
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Figure 23. Depiction of conventional heating compared to heating with microwaves 

Microwave irradiation interacts differently depending on the type of material. These 

interactions are either through reflection, absorption, or transmission as shown in Figure 24. For 

metals, the microwaves are reflected while materials made of Teflon, glass, or quartz allow for 

transmission and solvents will absorb the microwave radiation.172 

 
 

Figure 24. Different interactions that microwaves have with different materials 

Besides the heating process, an additional important property of microwave digestion is 

that the digestion vessels are closed and sealed allowing for heating of the solution beyond its 

boiling point.173  This property can greatly diminish digestion times and potential contamination. 

Using microwave-assisted acid digestion (MAAD) was already successfully implemented for the 

detection of lead in a multitude of sample matrices such as pitch or crude oil, 174 scalp hair,169, 170 

foodstuffs, 16, 61,99, 163, 168, 175-177 lipstick,178  cigarette filters,179  and fish.180, 181 This suggests that 
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MAAD would be a promising approach for the quantification of lead in E. coli and other 

biological and environmental samples.   

As described in section 2.4.4 a sample set was initially digested for 40 seconds at 600 

watts using a 50% v/v 10:1 HNO3 to H2O2 solution. The percent recovery for lead was 74.80  

19.85%, which was not sufficient to meet the requirements. To improve the percent recovery of 

lead, the time, power applied, and the ratio of nitric acid to hydrogen peroxide solution were 

varied systematically.   

For the microwave digestion time optimization, seven digestion times were assessed, 

ranging from 30 to 90 seconds at 10-second intervals. The percent recovery of lead found at each 

microwave digestion time is shown in Figure 25. The highest percent recovery of lead was found 

at 60 seconds, which was then applied for all subsequent experiments. The LOD was 0.6037  

0.3500 ng/mL and LOQ was 2.012  1.167 ng/mL.  

 

Figure 25. Lead recovery rates at different microwave digestion time for ECP’s in 10:1 HNO3 to 

H2O2 solution. 
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The next parameter optimized was the power applied for the digestion of ECPs. Similar 

to previous procedures, the percent recovery of lead was determined, but with changed power 

settings, and maintaining a constant time of digestion at 60 seconds. As depicted in Figure 26 

there was no change in lead percent recovery for the different power settings applied, therefore in 

all studies going forward, the maximum power of 1200 watts was used. The LOD and LOQ 

remained sensitive at 0.4849  0.1478 ng/mL and 1.616  0.4925 ng/mL, respectively.   

 

Figure 26. ECP lead recovery rates for different microwave power settings and 60 seconds 

digestion time and 50% v/v 10:1 HNO3 to H2O2 solution 

 The final parameter optimized was the ratio between nitric acid and hydrogen peroxide. 

Initially, the ratios examined were the same as before 50% v/v; 2:1, 5:1, 10:1, and 15:1. 

However, the 5:1 showed the highest percent recovery for lead with 80.1  2.23%. This was not 

sufficiently close to 100% and the ratios of 4:1 and 6:1 were also investigated. It was found that 

a ratio of 4:1 gave the highest recovery of 90.7  10.04%. (Figure 27) The LOD and LOQ for 

each ratio were also determined and are summarized in Table 18, finding all values to be less 

than 1 ng/mL and 3 ng/mL respectively. The 4:1 acidic ratio had the second lowest LOD and 
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LOQ of 0.5647  0.4016 ng/mL and 1.882  1.339 ng/mL. The low LOD and LOQ values 

indicated that the sensitivity of the method was improved after varying the ratio of nitric acid to 

hydrogen peroxide, which had been previously reported as well.145  

 The optimal parameters for the MAAD procedure is summarized as treatment of samples 

with 500 L of 4:1 HNO3 to H2O2 solution, diluting it to 1.0 mL with ultrapure water and 

digesting the sample for one minute at 1200 watts. This procedure will be further studied in the 

repeatability and selectivity studies.  

Table 18. Summary of LOD and LOQ for lead in ECP for different nitric acid to hydrogen 

peroxide ratios using 50% v/v ratios of HNO3 to H2O2 and microwave assisted acid digestion 

Ratio of Nitric Acid to 

Hydrogen Peroxide 
LOD (ng/mL) LOQ (ng/mL) 

2:1 0.9742  0.2033 3.247  0.6779 

4:1 0.5647  0.4016 1.882  1.339 

5:1 0.7158  0.3616 2.386  1.205 

6:1 0.4332  0.1193 1.444  0.3975 

10:1 1.426  1.091 4.755  3.635 

15:1 2.274  0.2432 7.580  0.8106 
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Figure 27. ECP lead recovery rates for different HNO3 to H2O2 and 50% v/v nitric acid utilizing 

microwave-assisted acid digestion 

   3.2.3. Figures of Merit for the Best Performing Sample Preparation Methods 

 In the subsequent steps, the repeatability, sensitivity, and selectivity were all assessed for 

the methods explored which met the recovery rate requirements of 100  15%. The comparison 

was made between the matrix modifier and MAAD methods at optimal conditions: matrix 

modification using 100 ng/mL NH4H2PO4 and 50% v/v 10:1 HNO3 to H2O2 solution and 

microwave-assisted acid digestion using 60 second digestion time at 1200 watts and 4:1 HNO3 to 

H2O2 solution.  

   3.2.3.1. Repeatability for the Best Performing Sample Preparation Methods  

 The repeatability study was determined as described in section 2.5.1 by assessing average 

percent recovery and RSD value. Both are summarized in Table 19.  
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Table 19. Lead Average percent of recovery and RSD values for matrix modifier and MAAD.  

Method Average Lead Percent Recovery (%) RSD 

Matrix Modifier: NH4H2PO4 41.79 ± 36.81 88.08% 

Microwave-Assisted Acid Digestion 99.01 ± 9.46 9.55% 

 

The results listed in Table 19 clearly show that the MAAD method is superior to matrix 

modification for the analysis of lead in ECPs. It was the only method that met the criteria of a 

percent recovery of 100  15% and a low RSD of 15%. The higher recovery rates were most 

likely due to the more complete digestion of the samples that occur with MAAD methods. The 

boiling point for nitric acid is 83C and temperatures during decomposition within the digestion 

vessels can reach up to 170C allowing for the sample to be heated well beyond its boiling point, 

thus resulting in a more complete digestion of the sample.164 The MAAD method had an average 

recovery of 99.01 ± 9.46% for lead. This value illustrates that this method was both accurate and 

precise. MAAD also had a reported RSD value of 15.75% indicating that it was repeatable. This 

was the smallest RSD value of all explored analytical procedures.    

   3.2.3.2. Sensitivity for the Best Performing Sample Preparation Methods  

The LOD and LOQ were used as a measurement of sensitivity and are summarized in 

Table 20 for ease of comparison.  

Table 20. Lead LOD and LOQ values for matrix modification and MAAD. 

Method LOD (ng/mL) LOQ (ng/mL) 

Matrix Modification 1.680 ± 0.9060 5.599 ± 3.021 

Microwave-Assisted Acid Digestion 0.5647 ± 0.4016 1.882 ± 1.339 

 

 Matrix modification had a substantially higher LOD and more importantly a higher LOQ 

than MAAD. This aligns with previous studies reporting that matrix modification methods have 



 

 

 

69 

difficulties with sensitivity160 and clearly shows that MAAD is more sensitive than the matrix 

modification method.  

   3.2.3.3. Selectivity for Best Performing Sample Preparation Method: MAAD  

Selectivity describes a method's ability to determine the analyte in the presence of other 

chemicals within the sample without interferences.101 Determination of analytes can be 

negatively impacted by the presence of large amounts of contaminants within a sample, as these 

can cause interference during sample preparation and/or during spectrochemical analysis. 

Generally, interferences are classified as either spectral or non-spectral. Main causes of spectral 

interference are direct overlapping of the analytical line with the absorption line of another 

element, absorption at the analytical line by other molecules, absorption by concomitants from 

the radiation source that are not properly separated by the monochromator, and scattering.1 To 

eliminate spectral interferences, the most common approach is to change to an alternate 

analytical line.1 A non-spectral interference is present when forms of the analyte are no longer 

completely dissociated at the atomization temperature causing inaccurate absorption readings. 

This occurs when the interference forms stable compounds with the analyte.182 Non-spectral 

interferences is minimized by dilution and properly accounting for the matrix within the 

calibration curve or by the use of a matrix modifier.1 Since MAAD was the only sample 

preparation method which met the performance criteria, the selectivity was determined only for 

this method. It was found that MAAD method maintained the recovery rates of 100 ± 15% while 

in presence of interferences (Figure 28) thus the method was selective for analysis of lead in 

ECPs.  
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Figure 28. Lead Recovery rate in dependency of interfering element utilizing Microwave 

Assisted Acid Digestion  

 

   3.2.4. Summary of Part II 

 Five different analytical procedures were examined and evaluated for the detection of 

lead in ECPs. Table 21 summarizes the data showing that neither acid dilution, matrix 

modification, temperature control, nor OVAD met any parameters required for accurate and 

precise analysis. The only method that met all the parameters was MAAD. Therefore, this 

method was then also applied for the determination of cadmium, chromium, copper, and zinc in 

ECPs.  
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Table 21. Summary of method figures of merit requirements 

Method Accurate Precise Repeatable Sensitive Selective 

Acid Dilution 
     

Matrix Modifier 
     

Temperature Controlled Acid 

Digestion      

Open-Vessel Acid Digestion 
     

Microwave-Assisted Acid 

Digestion      

3.3. Part III: Quantification of Cadmium, Chromium, Copper, and Zinc in Escherichia coli cell 

pellets 

The MAAD sample preparation method was applied for the determination of the 

additional analytes; cadmium, chromium, copper, and zinc in ECPs using the same validation 

process as was used for lead. A similar MAAD approach was successfully applied for the 

analysis of cadmium,99, 174, 177, 183 chromium,99, 183, 184 copper99, 177, 183 and zinc170, 174, 177, 184 in a 

variety of different matrices, therefore using E. coli will be an extension of these studies.  

As for lead the parameters investigated were optimization of the analytes furnace 

program, assessing the validity of MAAD based on figures of merits, and finally assessing the 

method’s selectivity analysis for the different analytes. 

   3.3.1. Optimization of the Graphite Furnace Thermal Program for Cadmium, Chromium,  

Copper, and Zinc  

As described in section 2.3, the thermal program of the instrument was optimized for 

each analyte.  
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   3.3.1.1. Cadmium  

The optimization of cadmium for the pyrolysis and atomization stage is shown in Figure 

29. For the pyrolysis stage optimization cadmium absorption were monitored for temperatures 

ranging from 300 to 800C. It was found that the absorption for cadmium was higher at lower 

temperatures with the highest absorption and smallest standard deviation at 300C (Figure 29A). 

Therefore, this temperature was used for the analysis of cadmium in biological samples. The 

atomization program optimization was accomplished by varying temperatures from 1750-

2400C, as well as by monitoring cadmium absorption. It was determined that a range of 

temperatures from 2200C was suitable for atomization temperature (Figure 29B), as it had the 

highest absorption.  

 

Figure 29. Thermal program optimization for cadmium analysis in biological samples A) 

pyrolysis stage optimization and B) atomization stage optimization 

 

 The optimized graphite furnace program that was used for cadmium analysis throughout 

this study is shown in Table 22.  
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Table 22. Optimized Graphite Furnace Thermal Program for Cadmium Quantification   

Step Process Temperature °C Time (sec) 

1 

Drying 

60 3 

2 150 20 

3 250 10 

4 

Pyrolysis 

300 10 

5 300 10 

6 300 3 

7 Atomization 2200 3 

8 Cleaning 2500 2 

 

   3.3.1.2. Chromium  

Optimization of the chromium graphite furnace thermal program was accomplished as 

shown in Figure 30. Figure 30A displays the optimization of the pyrolysis stage, demonstrating 

that temperatures between 300-700C are suitable as pyrolysis temperature. A pyrolysis 

temperature of 300 C was then selected throughout the study since it had the highest absorption 

and the smallest standard deviation. Atomization optimization is shown in Figure 30B. The 

highest absorption was found at an atomization temperature of 2100 C, and this temperature 

was used for the analysis of chromium. Table 23 lists optimized graphite thermal program for 

chromium analysis used throughout this study.  
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Figure 30. Thermal program optimization for chromium analysis in biological samples A) 

pyrolysis stage optimization and B) atomization stage optimization 

 

Table 23. Optimized Graphite Furnace Thermal Program for Chromium Quantification  

Step Process Temperature °C Time (sec) 

1 

Drying 

60 3 

2 150 20 

3 250 10 

4 

Pyrolysis 

300 10 

5 300 10 

6 300 3 

7 Atomization 2100 3 

8 Cleaning 2500 2 

 

   3.3.1.3. Copper  

The graphite furnace thermal program for copper was optimized in the same manner as 

the previous analytes. The optimal temperature for the copper pyrolysis stage was found to be 

800C as it had the highest absorption and the smallest standard deviation (Figure 31A). For the 

optimization of the atomization stage, the highest copper recovery rate was obtained when using 

2400C (Figure 31B). As a result, 800C and 2400C were used as the pyrolysis and atomization 

temperatures for the graphite furnace thermal program for copper analysis throughout the study. 

Table 24 summarizes these results. 
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Figure 31. Graphite furnace thermal program optimization for copper analysis in biological 

samples A) pyrolysis stage optimization and B) atomization stage optimization 

 

Table 24. Optimized Graphite Furnace Thermal Program for Copper Quantification 

Step Process Temperature °C Time (sec) 

1 

Drying 

60 3 

2 150 20 

3 250 10 

4 

Pyrolysis 

800 10 

5 800 10 

6 800 3 

7 Atomization 2400 3 

8 Cleaning 2500 2 

 

   3.3.1.4. Zinc  

The final element that needed graphite furnace thermal program optimization was zinc 

and the results are shown in Figure 32. The optimized pyrolysis temperature was found to be 700 

C, which provided the highest absorption and the smallest standard deviation. Even though 

800C had a higher recovery rate, it had a large standard deviation, which was not acceptable. 

The optimized atomization temperature was determined to be 2000C as it gave the highest 
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absorption (Figure 32B). The optimized thermal program used for zinc analysis is reported in 

Table 25. 

 
Figure 32. Graphite furnace thermal program optimization for zinc analysis in biological samples 

A) pyrolysis stage optimization and B) atomization stage optimization 

 

Table 25. Optimized Graphite Furnace Thermal Program for Zinc Quantification 

Step Process Temperature °C Time (sec) 

1 

Drying 

60 3 

2 150 20 

3 250 10 

4 

Pyrolysis 

700 10 

5 700 10 

6 700 3 

7 Atomization 2000 3 

8 Cleaning 2500 2 

 

   3.3.2. Figures of Merit for Quantification of Cadmium, Chromium, Copper, and Zinc 

 Accuracy, precision, LOQ, and repeatability were determined for Cd, Cr, Cu, and Zn. It 

was found that the MAAD method performed equally well for all the above analytes except for 

zinc. Zinc had a LOQ value of 50.42 ± 13.86, ng/mL which is nearly ten times higher than the 

other elements determined in this study. The reason for a higher zinc LOQ value is likely related 
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to the method of LOQ determination. The linear range in the regression curve for zinc was 1.0 - 

70 ng/mL, whereas the linear range for copper and chromium was between 0.25 and 20 ng/mL, 

and cadmium had a linear range of 0.1 and 5.0 ng/mL. The LOD and LOQ in this study were 

determined utilizing the linear range. Table 26 summarizes the data.  

Table 26. Performance of the developed and optimized sample preparation method for cadmium, 

chromium, copper, and zinc 

Element 
Percent 

Recovery (%) 

LOD  

(ng/mL) 

LOQ  

(ng/mL) 

RSD 

 (%) 

Cadmium 109.8 ± 11.6 0.1364 ± 0.04605 0.4547 ± 0.1534 10.6 % 

Chromium  98.66 ± 9.48 0.4974 ± 0.3248 2.366 ± 0.7999 9.61 % 

Copper  99.23 ± 4.79 1.19 ± 0.162 3.953 ± 0.5390 4.83 % 

Zinc 100.3 ± 11.9 15.12 ± 4.162 50.42 ± 13.86 11.8 % 

 

 Based on these results, it was concluded that the developed MAAD method can be used 

to accurately and precisely determine the analytes cadmium, chromium, copper, and zinc.  

   3.3.3. Selectivity of the method for Quantification of Cadmium, Chromium, Copper, and Zinc 

The selectivity of the method was assessed similarly to that of lead for cadmium, 

chromium, copper, and zinc. The results for each element are summarized in Figure 33. 

Cadmium and copper both maintained percent recoveries of 100  15% and the detection for 

these analytes was considered selective (Figure 33A & 33B).  

The detection of chromium had a recovery rate of 100  15% except when spiked with 

380 ng/mL of zinc (Figure 33B) producing an artificially high value of 120.8  21.79%. This 

deviation could not be attributed to spectral overlap as the analytical line of chromium at 357.9 

nm is too far from the main emission lines for zinc at 213.9 nm. The interference is likely caused 

by a non-spectral interference182 and related to chemical interferences caused by a change in the 

fraction of analyte dissociated, ionized, and excited in the vapor phase. Inside the graphite 

furnace such interference is typically caused by anions, like chlorides which are difficult to 
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dissociate. The change in dissociation ratio can shift the absorption peak results in an absorption 

peak enhancement.185, 186 The mechanisms of chemical interference are not well understood at 

this time, and no reports of this specific interaction were found.  

 

Figure 33. Selectivity of the Method A) Cadmium B) Chromium C) Copper and D) Zinc 

The determination of zinc also fell outside of the recovery range when exposed to high 

concentrations of magnesium and cadmium. In the presence of high concentrations of 

magnesium, zinc had an artificially high recovery rate of 122.8  22.22% (Figure 33D). Zinc’s 

analytical line was measured at 213.9 nm, and spectral overlap also unlikely, as the nearest 

magnesium absorption line is located at 202.6 nm. As before, it is likely that the artificially high 
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value was the result of a vapor phase interference from the thermal decomposition of MgCl2. 

This has been previously reported in regards to magnesium by Huang & Shih when detecting 

zinc in sea water.187  

In the presence of high concentrations of cadmium, the zinc recovery rate decreased 

below 85%. This decrease is most likely related to the graphite furnace thermal program for zinc, 

which may not sufficiently remove cadmium from the sample at high concentrations. The spiked 

concentration for cadmium was 60 ng/mL. Even though this concentration was much lower than 

the reported lethal dose for cadmium in human of 2,000 ng/mL,31 for clinical samples, the 

concentration selected for the cadmium spike is unlikely as reported by Davis et. al. and da Silva 

et. al.188 189 Therefore, the graphite furnace thermal program remained unchanged. Overall, the 

MAAD method proved to selectively quantify cadmium, chromium, copper, and zinc in ECPs.  

3.4. Part IV. Analysis of Certified Reference Material 

The developed method was validated using a certified reference material (CRM). The 

CRM is a material that has certified values for its elemental concentration chemical, and allows 

for the assessment of the accuracy of a developed method and the calculation of relative error.101 

Since no clinical or biological CRM exist, BCR-679-white cabbage powder was chosen because 

of its similar matrix composition compared to biological and environmental samples besides 

having reported values for four out of the five analytes being studied. The CRM material was 

treated as described in section 2.7. The number of subsamples differed for each analyte as 

instructed by the certificate. Lead did not have a reported value and 10 subsamples were 

evaluated as it is common practice in such cases.190 The mass fractions (mg/kg) determined using 

the developed MAAD method are summarized in Table 27. The last two columns show the 
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deviation from the certified value in percent and the number of subsamples analyzed for each 

element, respectively. 

Table 27. Comparison of the measured and certified mass fractions for Pb, Cd, Cr, Cu, and Zn 

determined in BCR 679 and using the developed sample preparation method.  

Element 
Experimental Mass 

Fraction (mg/kg) 

Reference Mass 

Fraction (mg/kg) 

Percent 

Deviation (%) 

Number of 

Subsamples 

Lead 0.2078 ± 0.03926 Not reported NA 10 

Cadmium 1.586 ± 0.1608 1.66 ± 0.07 4.457 15 

Chromium  0.5836 ± 0.05665 0.6 ± 0.1 2.717 5 

Copper  2.743 ± 0.3045 2.89 ± 0.12 5.087 15 

Zinc  78.29 ± 2.861 79.7 ± 2.7 1.769 20 

 

To confirm that the calculated concentrations were accurate, the percent deviation was 

calculated as shown in Equation 3-7, where x is the experimental concentration and  is the 

certified reference value shown in the third column of Table 27.   

           𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 (%) =  
|𝑥− 𝜇|

𝜇
∗ 100                    Equation 3-7  

The percent deviation from the certified value for cadmium, chromium, copper, and zinc 

was 5% or less, confirming that the MAAD procedure was accurate.  

An alternative approach of validating the accuracy of a method is by analyzing the same 

sample with a different analytical method and comparing the results. In this case, a secondary 

analysis was performed with total reflection X-ray fluorescence spectrometry (TXRF). TXRF 

has comparable analytical requirements to GFAAS and is a multi-elemental method capable of 

analyzing several analytes simultaneously. The TXRF is less sensitive for lead, chromium, and 

cadmium than GFAAS. The zinc concentration of the CRM is very high and lies outside the 

linear range, therefore, only copper was included in the quantitative comparison and the results 

are listed in Table 28. The table shows that the results obtained for TXRF analysis were close to 
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the GFAAS and had a percent deviation from the certified value of 1.73%. This confirms that the 

MAAD procedure could also be applied for copper analysis by TXRF.  

The relative percent difference between the GFAA and TXRF measurements was 

calculated using Equation 3-8.  Where V1 is the mass fraction determined by GFAA and V2 is the 

mass fraction determined by TXRF.   

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
|𝑉1− 𝑉2|

(
(𝑉1+𝑉2)

2
)

∗ 100     Equation 3-8 

Table 28. Concentration of copper determined by GFAA and TXRF in CRM  

Element 
Instrumentation Relative Percent 

Difference  GFAA (mg/kg) TXRF (mg/kg) 

Copper 2.743 ± 0.3045 2.84 ± 0.0500 3.58% 

 

The low percentage of 3.58% indicated that the measurements were in agreement and 

both methods were suitable for quantification of copper in BCR-679. 
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CHAPTER FOUR. APPLICATIONS OF THE DEVELOPED METHOD 

 
 To demonstrate the versatility of the developed method, one set of clinical samples and 

one set of environmental samples were analyzed. The results of those examinations are presented 

in this chapter.  

4.1. Determination of Heavy Metals in Human Cataract Cell Pellets  

   4.1.1. Quantification of Heavy Metals in Human Cataract Cell Pellets by GFAAS 

Human cataract cell pellets were prepared following the validated sample preparation 

method outlined in the previous chapter. Briefly, sample were collected during surgical removal 

of cataracts at Loyola University Medical Center (LUMC). At LUMC, the clinical samples were 

then centrifuged, the supernatant was removed, leaving a cataract cell pellet. At this point, the 

cataract cell pellets were transferred to Loyola University Chicago, Northshore campus and 

stored at -80C. The samples were then analyzed, and selected elements were quantified by 

GFAAS and TXRF. A total of 57 CCP samples were analyzed, and Table 29 summarized the 

quantitative data obtained for lead, cadmium, chromium, copper, and zinc. Finally, the results 

obtained for this study were compared to previously reported data from studies of heavy metal 

concentrations found in human lens materials. In previous reports, patient data such as age, 

gender, smoking habits, and diabetic diagnosis were often reported to correlate heavy metal 

bioaccumulation within these risk groups. As it has been reported that people who are older, 

female, smoke and have diabetes have a greater risk of developing cataracts.  191
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However, in this study, no patient data was available therefor, no comparison between cataract 

risk groups was able to be performed.  

Table 29. Dry mass (g/g) and concentration range for heavy metals in CCP quantified by 

GFAA 

Element Average (g/g) Range (g/g) 

Cadmium 0.0899  0.0820 0.0167 – 0.281 

Chromium 3.32  6.04 0.0220 – 33.6 

Copper 3.16  1.83 0.679 – 6.99 

Lead 6.57  10.4 0.0101 – 45.1 

Zinc 35.1  22.6 0.869 – 89.3 

 

   4.1.2. Quantification of Copper in Human Cataract Cell Pellets by TXRF  

As previously done for CRM in section 3.4, the CCPs were also analyzed by TXRF for 

the quantification of copper. The average copper concentration obtained by both GFAAS and 

TXRF for the same samples are listed in Table 30. The last column of the table shows the 

difference of the averages between the two measurement methods in percent. The low value of 

1.26% indicates that both analysis methods agree. The determined copper concentration are 

considered accurate.  

Table 30: Dry mass (g/g) of copper in CCP determined by GFAA and TXRF  

Element 
Instrument Relative Percent 

Difference GFAA (g/g) TXRF(g/g) 

Copper 3.15  1.83 3.19  2.32 1.26% 

 

   4.1.3. Comparison of Previous Reported Concentrations to Quantified Concentrations within 

Human Cataract Lenses   

Table 3 compiled previously quantified concentrations of heavy metals in cataract 

samples. This allowed for direct comparison of the metal concentrations obtained for a similar 

sample type, using the developed MAAD method.  
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In this study, the concentration range for lead was 0.0480 – 45.1 g/g. A total of four 

examined studies reported concentrations of lead in lenses. For ease of comparison, studies 

reporting concentrations of lead in eye lenses are listed in Table 31.  

Table 31. Previous studies of quantification of lead in human lens   

Study Lead Concentration (g/g) 

Developed Method Cataract Lens: 6.57  10.4 

Erie et. al.116 Normal Lens: 0.013  0.018 

Langford-Smith et. al109 Normal Lens: 0.0018  0.0017 

Shukla et. al.121 Normal Lens: 3.0  1.2 Cataract Lens: 111.0  67.9 

Cekic123 Non-smoker: Not detectable Smoker: 5.90  1.04 

 

In the studies performed by Erie et. al. and Langford-Smith et. al. the average 

concentration of lead in human lenses was determined, specifically normal lenses were collected 

post-mortem and had no cataract development. Erie et. al. and Langford-Smith et. al. reported 

average concentrations of lead in normal lenses of 0.013  0.018 g/g and 0.0018  0.0017 g/g, 

respectively.116, 109 The lowest concentration of lead determined in our samples was 0.101  

0.0038 g/g, about seven times higher than the concentrations reported by Erie et. al. and fifty-

six times higher than what was reported by Langford-Smith et. al.  

In a study by Shukla et. al. the comparison between eyes of normal and cataract 

developed lenses was conducted. This reported average concentrations of lead in normal lenses 

of 3.0  1.2 g/g and 111.0  67.9 g/g in cataract lenses.121 The concentrations reported by 

Shukla et. al. were much higher than the concentrations of lead determined in cataract cell pellets 

in this study and much higher than what was reported for normal lenses by Erie et. al. and 

Langford-Smith et. al. This disparity could be for a variety of reasons but is most likely related 

to the location of where the study took place and possibly the type of instrumentation used for 

quantification analysis. Shukla et. al.’s study took place in 1996 in New Delhi, India. At the 
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time, the daily exposure rate of lead for adults was estimated to be between 55-112 g/day in 

New Delhi.121 The study conducted by Erie et. al. took place at the Mayo Clinic in 2005 and 

Langford-Smith et. al. study took place in the University of Manchester in 2016. Only 548 adults 

living in Minnesota in 2005 reported lead levels of 10 μg/dL.192 Thus, the exposure rate for lead 

in Minnesota, USA in 2005 was much lower than the lead exposure rate in Delhi, India in 1996. 

This lower exposure rate could account for the lower lead concentrations reported by Erie et. al.  

The instrumentation that was used by Shukla et. al. to quantify lead was FAA. The LOD 

for lead for FAA is typically in the parts per million (ppm) whereas in this study, the GFAA was 

utilized. GFAA typically has LODs reported in parts per billion (ppb). Erie et. al. and Langford-

Smith et. al. quantified elements in normal lenses using ICP-MS, which also has superior LOD 

capabilities when compared to FAA.  

Only one other study was conducted for the determination of lead within cataract cell 

pellets. This was done by Cekic who compared lead concentrations in patients who smoked to 

those that had no history of smoking. The control, or patients with cataracts and no smoking 

history, had no detectable amounts of lead. Cekic reported that patients with developed cataract 

with history of smoking had an average concentration of 5.90  1.04 g/g.123 The average 

concentration reported in this study was 6.57  10.4 g/g, which is comparable to the findings 

reported by Cekic. The range in this study is larger, however there was no sorting of patient data 

in this study which could account for the larger range. Another possibility for the slight 

difference in values could be due to the amount of cataract lenses analyzed. Cekic analyzed only 

22 cataract lenses of smokers and 15 cataract lenses for non-smokers. In this study, a total of 57 

cataract samples were analyzed. Regardless of these differences, the concentrations of lead in 
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cataract lenses determined within this study closely match the values previously reported by 

Cekic.  

The concentration range determined for cadmium was 0.0751– 0.281g/g. In Table 32, a 

summary of previous studies for the quantification of cadmium in human lenses has been 

compiled.  

Table 32. Previous studies of quantification of cadmium in human lens   

Study Concentration (g/g) 

Developed Method Cataract Lens: 0.0899  0.0820 

Erie et. al.116  Normal Lens: 0.02  0.018 

Langford-Smith et. al.109 Normal Lens: 0.0058  0.0.0082 

Cekic123 
Non-smoking Cataract Lens: 

0.045  0.004 

Smoking Cataract Lens:        

1.19  0.09 

 

 Cadmium was reported in two previous studies conducted by Erie et. al. and Langford-

Smith et. al. in which normal lenses were analyzed post-mortem, reporting concentrations of 

0.02  0.018 g/g. and 0.0058  0.0.0082 g/g, respectively.116, 109 The lowest concentration 

determined for cadmium in this study was 0.0167  0.00239 g/g, which is comparable to the 

concentration determined by Erie et. al. However, this concentration is about three times higher 

than reported by Langford-Smith et. al. in normal lenses. The one other study that determined 

cadmium in human cataract samples was conducted by Cekic, who compared the concentration 

of cadmium in patients who smoked versus those who did not. The concentration of cadmium in 

patients who did not smoke had a concentration value of 0.045  0.004 g/g while smoking 

patients had concentrations of 1.19  0.09 g/g.123 The reported average concentration 

determined within this study was 0.0751  0.0810 g/g and between the two values reported by 

Cekic. While Cekic considered patient smoking history for the reported values, patient data was 

not accessible in this study. Therefore, all smoker and non-smoker concentrations were averaged 
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together, making the reported value in this study perfectly reasonable to be between Cekic’s two 

values.  

Chromium was the third element analyzed in this study having a range of 0.0220 – 33.6 

g/g. Table 33 contains the summary of previously reported chromium concentrations in the 

human lens.  

Table 33. Previous studies of quantification of chromium in human lens   

Study Concentration (g/g) 

Developed Method Cataract Lens: 3.32  6.04 

Langford-Smith et. 

al.109 
Normal Lens: 0.017  0.027 

Cekic et. al.193 Normal Lens: 1.974  1.007 Cataract Lens: 0.841  0.476 

 

A total of three studies have been completed to quantify chromium in human lenses. Of 

the three, one was conducted to determine chromium content in normal lenses, while the other 

two studies involved cataract analysis. Langford-Smith et. al. reported concentrations of 

chromium in normal lenses at 0.017  0.027 g/g.109 The lowest concentration quantified within 

our study was 0.0220  0.0223 g/g, which is comparable to the concentrations found within 

normal lenses by Langford-Smith et. al. However, the two other studies completed to determine 

chromium concentrations within cataract lenses, reported values in g/L, not allowing for 

comparison as the total amount of sample is not specified.117 A study conducted by Cekic et. al., 

compared chromium concentrations in normal and cataract lenses and concentrations of 1.974  

1.007 g/g and 0.841  0.476 g/g, respectively.119 From these findings, Cekic et. al. determined 

that there was a decrease in chromium concentration from normal to cataract lenses. The 

concentration determined by Cekic et. al. also fell within the reported range determined in this 

study.  



 

 

 

88 

Copper had a concentration range of 0.679 – 6.99g/g in our study. Table 34 has been 

compiled to aid the comparison of copper quantification in the human lens from previous studies. 

Table 34. Previous studies of quantification of copper in human lens   

Study Concentration (g/g) 

Developed Method Cataract Lens: 3.16  1.83 

Langford-Smith et. 

al.109 
Normal Lens: 0.41  0.16 

Shukla et. al.121 Normal Lens: 0.4  1.2 Cataract Lens: 0.5  2.0 

Yildirim et. al.118 
Diabetic Cataract Lens:      

31.83  7.94 

Non-Diabetic Cataract Lens: 

22.32  7.12 

Aydin et. al.122 
Diabetic Cataract Lens:        

78.8  38.1 

Cataract Lens:                          

21.6  17.8 

Cekic123 
Non-smoking Cataract Lens: 

0.69  0.15 

Smoking Cataract Lens:          

2.11  0.29 

 

Copper concentrations in normal lenses were reported by Langford-Smith et. al. of 0.41  

0.16 g/g,109 which was comparable to the lowest concentration quantified here with 0.670  

0.00928 g/g. Previous studies have been conducted to quantify copper in cataract lenses. 

However, some of these studies reported concentrations in g/L making the comparison of the 

concentration determined within this study impossible.117 Four studies had concentrations 

reported for copper within cataract lenses in g/g making a comparison between previous studies 

and the findings here possible. In a study conducted by Shukla et. al., a direct comparison 

between normal lenses and cataract lenses was accomplished, reporting 0.4  1.2 g/g and 0.5  

2.0 g/g respectively.121 From these findings, Shukla et. al. reported no significant change in 

copper concentration within the lens due to cataract development. The average copper 

concentration quantified within our study is roughly six times larger than the cataract 

concentration in Shukla et. al.’s study.  
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A study conducted by Yildirim et. al., compared diabetic cataract lenses and non-diabetic 

cataract lenses reporting 31.83  7.94 g/g and 22.32  7.12 g/g respectively.118 Yildirim et. al. 

concluded that diabetic cataract samples cell had an increased concentration of copper.118 The 

values determined by Yildirim et. al. were between seven to ten times higher than what was 

determined within our study. The larger values could be due to the instrumentation used for 

quantification as Yildirim et. al. used FAA, which has a much higher LOD than GFAA. Aydin 

et. al. also performed an analysis of copper in diabetic and non-diabetic cataract lenses, reporting 

concentrations of 78.8  38.1 g/g and 21.6  17.8 g/g, respectively.122 The values reported by 

Aydin et. al. were even higher than what was reported by Yildirim et. al. The values reported by 

Aydin et. al. was 25 times higher when comparing the diabetic cataract lenses and roughly 7 

times higher when comparing the non-diabetic cataract lenses to the values within this study. A 

reason for this higher amount could be due to the OVAD method that was performed on these 

samples. Copper is a common contaminant194 and OVAD method is easily contaminated as 

previous reports and experience have proven. Therefor their samples could have easily been 

contaminated. 

The final study was done by Cekic where copper concentrations within cataracts were 

compared between smokers and non-smokers. This study found an increase of copper 

concentration of smokers from 0.69  0.15 g/g to 2.11  0.29 g/g, respectively.123 The copper 

range determined within this study was slightly higher than what was reported by Cekic, 

however, this could be due to difference in the number of cataract samples analyzed. In this 

study, 57 cataract samples were analyzed, Cekic analyzed 15 cataract lenses for non-smokers and 

22 cataract lenses of smokers. Another potential explanation for the slightly higher value could 
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be due to the lack of information regarding patient data. In this study, patient data was not 

accessible and therefore no categorizing was possible.  

Zinc was the last element analyzed within this study, finding a concentration range of 

0.869 – 89.3 g/g. Table 35 is a summary of previous studies where zinc was quantified in the 

human lens. 

Table 35. Previous studies of quantification of zinc in human lens   

Study Concentration (g/g) 

Developed Method Cataract Lens: 35.8  22.2 

Langford-Smith et. 

al.109 
Normal Lens: 13.6  2.2 

Shukla et. al.121 Normal Lens: 280.0  82.2 Cataract Lens: 165.0  133.4 

Yildirim et. al.118 
Diabetic Cataract Lens:       

25.86  14.45 

Non-Diabetic Cataract Lens: 

21.64  6.61 

Aydin et. al.122  
Diabetic Cataract Lens:      

1,852  444 

Non-diabetic Cataract Lens:  

1557  369  

Gündüz,, et. al.120  
Diabetic Cataract Lens:        

36.6  3.3 

Non-diabetic Cataract Lens: 

27.46  1.96  

 

Langford-Smith et. al. determined the concentration of zinc within normal lenses to be 

13.6  2.2 g/g.109  The lowest zinc concentration determined within this study was 3.10  0.300 

g/g which was similar to the value reported by Langford-Smith et. al. 

Previous studies have been accomplished to quantify zinc in cataract lenses, however 

some of which had reported concentrations in g/L making the comparison of the concentration 

determined within this study impossible.117  There were four studies reporting concentrations in 

g/g. In the study conducted by Shukla et. al., the comparison of zinc concentration in normal to 

cataract lenses was performed finding a decrease of zinc concentration in cataract lenses from 

280.0  82.2 g/g to 165.0  133.4 g/g.121 The zinc quantified in our study was four times 

lower than what was reported by Shukla et. al. For normal lens concentrations Shukla et. al. was 
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much higher than what was determined by Langford-Smith et. al. A potential reason for this 

difference is that Shukla et. al. utilized FAA which has higher LOD than what has been reported 

for GFAA and ICP-MS, the instrumentation used in this present study and by Langford-Smith et. 

al., respectively. Another possible explanation could be due to where the studies took place, and 

how people in the Shukla et. al. study were potentially exposed to higher amount of pollutants 

than in Langford-Smith et. al. study or in this study.  

Three similar studies were conducted by Yildirim et. al., Aydin et. al., and Gündüz et. al. 

to compare zinc concentrations of cataract cell pellets of diabetic and non-diabetic patients. The 

average zinc concentration determined by Yildirim et. al. was 25.86  14.45 g/g and 21.64  

6.61 g/g, reporting no significant difference between zinc concentrations in cataracts between 

diabetic and non-diabetic patients.118 The concentrations determined by Yildirim et. al. was 

comparable to the concentrations determined within this study. Gündüz et. al had similar 

averages of zinc concentrations as reported by Yildirim et. al. reporting 36.6  3.3 in diabetic 

cataract lenses and 27.46  1.96 in non-diabetic cataract lenses.120 The concentrations reported 

by Gündüz et. al was comparable to the concentrations determined within this study. The 

average zinc concentrations reported by Aydin et. al. were not comparable to the concentrations 

determined here. The average zinc concentrations determined by Aydin et. al. was 1,852  444 

g/g diabetic lenses and 1557  369 g/g in non-diabetic cataract lenses.122 This was 2-52 times 

higher than what was reported here. This is consistent to what was noted in the copper 

discussion. The large amount of zinc reported by Aydin et. al. could be contributed to the use of 

OAVD which is prone to contamination. Zinc is a common source of contamination and could 

have easily been accidently introduced into the sample.195  
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When comparing the values quantified within this study to previous reports, most values 

fell well within the reported range, suggesting that the method performs well, and quantification 

was accurate, and this method can be used for larger studies conducted in the future.   

4.2. Determination of Heavy Metals in Daucus Carota (Queen Anne’s Lace) within the Calumet 

industrial corridor  

   4.2.1. Quantification of Heavy Metals in Environmental Samples by GFAA  

A set of environmental samples was analyzed using the developed procedure, and the 

results were compared between GFAA, TXRF, other studies conducted for heavy metals 

quantified in the Calumet Industrial Corridor, and studies quantifying metal uptake in Daucus 

Carota. The samples collected were plant material of the species Daucus Carota also known as 

“Queen Anne’s Lace” and were treated as described in section 2.8.2. A total of ten subsamples 

were analyzed with the average mass fraction of each analyte in mg/g shown in Table 36. 

Table 36. Mass fraction in mg/kg for Cd, Cr, Cu, Pb and Zn in Daucus Carota samples collected 

at different locations within Calumet industrial corridor and quantified by GFAA 

Element 
Mass Fraction of Calumet Locations (mg/kg) 

Location 1 Location 2 Location 3 

Cadmium 0.532  0.0576 0.192  0.0164 0.210  0.0255 

Chromium 1.86  0.0932 3.85  0.392 5.84  0.816 

Copper 20.0  3.54 6.30  0.720 7.75  1.18 

Lead 10.2  1.68 0.970  0.217 1.07  0.190 

Zinc 508  16.3 256  19.3 94.2  13.6 

  

The environmental samples investigated in this study were obtained within the Calumet 

industrial corridor at three different locations. Specific locations were chosen for samples 

collection based upon history and heavy metal pollution associated with industrial use. Many of 

these locations were fenced off, making it difficult to collect samples. As a result, the samples 
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were collected as close as possible to the pollution site. Location 1 was close to a series of 

railways (<1 kilometer) which is utilized by number of companies, namely Chicago Rail & Port 

LLC, Ozinga, and COFCO International. The railway also borders the Calumet river, allowing 

barges to offload their cargo to either train or truck making this a high traffic area for 

transportation of goods.196   

Location 2 was in proximity to the old Acme Steel Furnace Plant. This plant originally 

opened in 1908, changed owners over the years, and closed in 2001. Acme Steel Furnace Plant 

had an 89-acre furnace plant and a 102-acre coke plant. This bordered Big Marsh Park which 

was used as a dump site for industrial waste since the late 1800s.125  

Location 3 was in proximity to the Calumet Water Reclamation Plant (<1.5 kilometers) 

which has been operational since 1922.197 Water treatment occurs in three stages. The first stage 

separates large debris from water, the second adds microorganisms and oxygen into the water to 

break down organic matter, and the final stage treats the water with chlorination to remove 

bacteria.197 During the first and second stage, solid waste is removed and is known as “sewage 

sludge.” Today, sewage sludge is contained into management areas, but in the past this waste 

was dumped directly into Lake Calumet and its surrounding area.125  

The mass fractions of the elements differed depending upon the location of collection. 

For lead, cadmium, copper and zinc, Location 1 had the highest concentrations. For lead, the 

mass fraction was ten times higher at Location 1 than at other locations. Cadmium and copper’s 

mass fraction were about 2.5 times higher at Location 1 than at the other locations while zinc 

mass fractions were about 1.8 times higher. Chromium was the only element that did not have 

the highest mass fraction at Location 1, instead it had it’s highest mass value determined at 
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Location 3, followed by Location 2 and Location 1 had the lowest mass fraction reported for 

chromium. The reasoning for these trends will be discussed in section 4.2.3.  

   4.2.2. Quantification of Copper in Environmental Samples by TXRF 

Lead, copper, and zinc concentrations were also determined by TXRF as these values 

were above the LOQ and did not experience spectral overlap. The mass fraction determined by 

both TXRF and GFAAS for the same samples are shown in Table 37. As the table indicates, the 

data for zinc obtained by GFAA were at least 2-5.7 times higher than the ones obtained by 

TXRF. This difference in results most likely can be attributed to the limitations of the linear 

range for GFAAS. The linear range for zinc was 0.5 – 50 ng/mL, which was much lower than the 

concentrations detected and even dilution did not help improve the results as it was still above 

the linear range. The problem with the calibration curve did not come to light until after the 

analysis of the environmental samples by TXRF. This is an example as why quantification 

should be determined utilizing different instrumentation as potential problems in reporting values 

can be caught. Since the zinc concentrations quantified by GFAAS were questionable, these 

values were not included in the calculation of the percent differences between GFAAS and 

TXRF. Table 38 lists only those measurements for lead and copper were included.  

Table 37. Concentration(mg/kg) of lead, copper, and zinc quantified by GFAA and TXRF in 

Daucus Carota at difference locations within Calumet industrial corridor  

Element 
Concentration Calumet Locations (mg/kg) 

Location 1 Location 2 Location 3 

 GFAA TXRF GFAA TXRF GFAA TXRF 

Copper 20.0  3.54 23.7  2.82 6.30  0.720 8.54  0.190 7.75  1.18 9.71  1.03 

Lead 10.2  1.68 14.1  4.02 0.970  0.217 1.60  0.170 1.07  0.190 1.66  0.170 

Zinc 508  16.3 253  29.2 256  19.3 44.6  2.98 94.2  13.6 41.7  3.56 
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Table 38. Relative Percent Difference of concentrations of lead and copper quantified by GFAA 

and TXRF  

Element 
Relative Percent Difference  

Location 1 Location 2 Location 3 

Copper  16.9% 30.2% 22.4% 

Lead  32.1% 49.0% 43.2% 

 

  

The relative percent differences determined within this study were all higher than 15%. A 

reason for this could be that the method was specifically designed for clinical and biological 

materials, not for plants. Plants contain cellulose, which is difficult to digest, manifested in the 

residues which were present for some of the subsamples.198 Potentially, the digestion method is 

not the most suitable for plant material, as there was still some residue in the samples post 

digestion.  

   4.2.3. Comparison to Previous Results for heavy metals monitored within Calumet Industrial 

Corridor and at other locations 

There are few previous studies monitoring lead, cadmium, chromium, copper, and zinc 

within the Calumet industrial corridor. Those studies did not measure the bioaccumulation of 

these analytes in Daucus Carota, but rather monitored the elements in either soil or water. 

However, uptake studies conducted in laboratories were performed for Daucus Carota and will 

also be used for comparison. 

Lead was found to be in the range of 0.970 – 10.2 mg/kg in this study, depending on the 

location where the Daucus Carota samples were collected. Table 39 lists previous data obtained 

from quantifying lead in either soil samples within the Calumet industrial corridor or in the plant 

Daucus Carota at other locations. Since there are no previous studies quantifying lead in Daucus 



 

 

 

96 

Carota within the Calumet industrial corridor both of these studies can be used to provide a 

baseline of the amount of lead present within the Calumet industrial corridor.  

Table 39. Previous studies quantifying lead in either Calumet industrial corridor or in Daucus 

Carota 

Study Sample Type and Location Dry Mass (mg/kg) 

Developed Method 
Daucus Carota in Calumet Industrial 

Corridor 
0.970 – 10.2 

Illinois Environmental 

Protection Agency136 

Soil samples in Calumet Industrial 

Corridor 
4.7 – 647 

Gonzalez, L et.al.137 
Soil samples in Calumet Industrial 

Corridor 
1.2 – 160 

Haque, E. et. al.138 
Soil samples in Calumet Industrial 

Corridor 
24 – 14,428 

Shafer et. al.140 
Soil samples in Calumet Industrial 

Corridor 
187.0 

Perkey and Wadman141 
Sediment samples in Calumet Industrial 

Corridor  
46.82 

Roy and McDonald199 
Daucus Carota in laboratory setting and 

West Virginia 
0.72 0.03 

Jolly et. al.200 
Daucus Carota in laboratory setting and 

Bangladesh 
24 

Al-Qahtani201 
Daucus Carota in laboratory setting and 

Saudi Arabia 
1.42 ± 0.06 

 

The mass range reported for lead in soil was 1.2-14,428 mg/kg.136, 137, 138, 140 and the 

concentration of lead in sediment was 46.82 mg/kg. 141 The data determined in this study fall 

within the lower part of the reported range for soil samples. Uptake values for Daucus Carota 

were reported by Roy and McDonald,199  Jolly et. al.,200 Ali and Al-Qahtani,201 finding values 

between 0.72 - 24 mg/kg. The mass fractions determined within this study are within the range of 

the previous reported uptake lead values for Daucus Carota. The design of the studies by Roy 

and McDonald,199  Jolly et. al.,200 Ali and Al-Qahtani,201 were similar by also evaluating heavy 

metals in soil and different plant species with the goal of identifying which plant species had the 

highest metal uptake ability. The difference of these studies were the geographical locations in 
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which they took place, West Virginia, Bangladesh, and Saudi Arabia, respectively. 199, 200, 201 

The previous studies clearly demonstrate that the varying uptake values within Daucus Carota 

are dependent upon location in which it was collected. This was clearly demonstrated in this 

study as Location 1 had the highest lead values.  

The monitoring of heavy metal pollution has been accomplished regarding railways, 

coking plants and sewage sludge. Table 40 summarizes those studies; however none had taken 

place in Calumet industrial corridor. These studies will be used to find and understand trends.  

Table 40. Lead quantification in environmental samples dependent upon location  

Study 
Mass Fraction 

(mg/kg) 

Sample 

Type 
Location 

Developed Method 

10.2  1.68 
Daucus 

Carota 

Location 1 (Railways) 

0.970  0.217 Location 2 (Coking Plant) 

1.07  0.190 Location 3: (Sewage Treatment Plant) 

Stojic et. al.202 10.69 – 95.71 Soil Railways in Serbia 

Levengood et. 

al.203 
60.0 Soil Railways in suburban Chicago 

Rachwal et. al.204 14.8 – 390 Soil Coking Plants in Poland 

Hu et. al.205 20.4  15.6 Soil Coking Plants in Northern China 

Bastian206 170 
Sewage 

Sludge 
Across United States 

Walter et. al.207 140.2 – 168.2 
Sewage 

Sludge 
Spain 

 

Location 1 was close to a series of railways. There have been no previous studies relating 

heavy metal concentration in Daucus Carota in proximity to railways. However, this has been 

accomplished in for soils by Stojic et. al. in Serbia and Levengood et. al. in the suburban 

Chicago. Both evaluated concentrations of lead in soil with proximity to railways. Stojic et. al 

reported lead in a range of lead 10.69 – 95.71 mg/kg whereas Levengood et. al. reported a 

maximum concentration of lead of 60.0 mg/kg.  
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Locations 2 and 3 had similar values for lead reported in this study. Location 2 was in 

proximity to a coke plant, and there have been no previous studies relating heavy metals in 

Daucus Carota in relation to coke plants, this has been accomplished for soils by Rachwal et. al. 

in Poland204 and by Hu et. al. In the study conducted by Rachwal et. al., soil samples were 

collected that surrounded different coking plants in Poland, while Hu et. al. analyzed soil either 

directly on a coking plant facility or in the areas bordering it. Lead was reported in ranges of 14.8 

– 390 mg/kg204 by Rachwal et. al. and an average of 20.4  15.6 mg/kg205 lead was reported by 

Hu et. al. 

 The third location in this study was near a sewage treatment facility. There have been 

multiple studies analyzing heavy metals in sewage sludge throughout the United States, but no 

studies quantifying heavy metals in Daucus Carota which was collected near or in areas of 

sewage sludge. A study conducted by Bastian across the United States reported a lead 

concentration of 170 mg/kg lead,206 whereas a secondary study conducted by Walter et. al. in 

Spain reported lead in a range of 140.2 – 168.2 mg/kg.207  

Based upon the previous reports of lead in soil in proximity to railways, coking plants, 

and sewage facilities, the trend one would expect is that Location 3 should have the highest lead 

bioaccumulation in Daucus Carota, followed by either Location 1 or Location 2. This was not 

observed. The trend observed was Location 1 had the highest lead bioaccumulation in Daucus 

Carota followed by Location 3 and then Location 2. This could be for several reasons, the first is 

that sewage sludge is now held in large management areas and no longer directly dumped into 

the surrounding area, decreasing the lead pollution. Another reason could be due to the previous 

studies quantifying heavy metals in proximity to railways were not nearly as heavily trafficked as 
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the railway used in the Calumet industrial corridor, therefor those railways could be less 

polluted. However, without further analysis, this cannot be known for certain.  

In this study, cadmium was found to be in the range of 0.192 – 0.532 mg/kg depending 

upon the location of collection. The analysis of cadmium bioaccumulation in Daucus Carota 

within the Calumet industrial corridor has never been accomplished, two types of previous 

studies had to be evaluated. This includes previous studies in the quantification of cadmium 

within the Calumet industrial corridor and cadmium bioaccumulation in Daucus Carota which 

are summarized in Table 41.  

Table 41. Previous studies quantifying cadmium in either Calumet industrial corridor or in 

Daucus Carota 

Study Sample Type and Location Dry Mass (mg/kg) 

Developed Method 
Daucus Carota in Calumet Industrial 

Corridor 
0.192 – 0.532 

Agency for Toxic 

Substances and Disease 

Registry 

Surface water & soil samples in 

Calumet Industrial Corridor 

Surface Water: 0.0522 

Soil: 28.9 

Shafer et. al.140 
Soil samples in Calumet Industrial 

Corridor 
1.8 

Perkey and Wadman141 
Sediment samples in Calumet 

Industrial Corridor  
0.67 

Roy and McDonald,199 
Daucus Carota in laboratory setting 

and West Virginia 
40 

 

In 2009, the Agency for Toxic Substances and Disease Registry studied cadmium in Lake 

Calumet and reported a cadmium concentration in surface water of 0.0522 mg/kg, and in soil 

around Lake Calumet of 1.8- 28.9 mg/kg.140, 142 Sediment  samples taken from Lake Calumet had 

a reported average cadmium dry mass of 0.67 mg/kg.141 Other studies were also investigating 

cadmium in soil within the area, but reporting those in g/L, making a comparison difficult 

without knowledge of sample mass.135 Cadmium uptake values were reported to be  up to 40 

mg/kg in Daucus Carota by Roy and McDonald.199, which was determined in the area 
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surrounding a zinc smelter in West Virginia. Zinc smelters are known to produce cadmium as 

one of its pollutants.31 The cadmium range found within the Calumet industrial corridor was 

much lower than the maximum uptake value reported by Roy and McDonald. However, previous 

studies indicate that there was enough cadmium in the Calumet industrial corridor for 

bioaccumulation to occur. By analyzing the previous uptake study accomplished by Roy and 

McDonald, it was determined that cadmium bioaccumulation in Daucus Carota is dependent 

upon the location and its proximity to pollutants.  

Table 42 is a summary of previous reports quantifying cadmium in the environment 

dependent upon its proximity to an industrial use. This will be used to understand the observed 

trends in this study.  

Table 42. Cadmium quantification in environmental samples dependent upon location  

Study 
Mass Fraction 

(mg/kg) 

Sample 

Type 
Location 

Developed 

Method 

0.532  0.0576 
Daucus 

Carota 

Location 1 (Railways) 

0.192  0.0164  Location 2 (Coking Plant) 

0.210  0.0255  Location 3: (Sewage Treatment Plant) 

Stojic et. al.202 0.05 – 0.88 Soil Railways in Serbia 

Levengood et. 

al.203 
1.20 Soil Railways in suburban Chicago 

Rachwal et. al.204 0.02 – 12.56 Soil Coking Plants in Poland 

Hu et. al.205 0.48  0.33 Soil Coking Plants in Northern China 

Bastian206 25 
Sewage 

Sludge 
Across United States 

Walter et. al.207 2.40-3.43 
Sewage 

Sludge 
Spain 

 

Location 1 had the highest cadmium values, indicating that Location 1 suffers the highest 

cadmium pollution of the three locations sampled. There have been previous studies regarding 

heavy metals in soils in proximity to railways, coking plants and in sewage sludge for the 

quantification of cadmium. Based upon these studies, a trend that would be expected was to have 
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the highest cadmium pollution at Location 3, reported to have a maximum 212 mg/kg of 

cadmium by Gardiner et. al.,208 who analyzed cadmium in sewage sludge, followed by Location 

2 with a maximum cadmium concentration was reported at 20.6 mg/kg in soil surrounding 

coking plants by Rachwal et. al.204 The Location with the expected lowest cadmium pollution 

would be Location 1 with the highest cadmium concentration in soil in proximity to railways 

reported to be 1.20 mg/kg which was reported by Levengood et. al.203 However, the trend 

noticed in this study reported cadmium in the highest concentrations at Location 1, followed by 

Location 3 and had the lowest value reported at Location 2. A reason for this deviation in 

observed trend could be because Location 2 has been a site for major environmental clean-up by 

the EPA209 while Location 3 stopped dumping sewage sludge into the surrounding area and now 

contains the sewage sludge in management areas.125 This could be a reason as to why Location 1 

has the highest cadmium bioaccumulation in Daucus Carota. The study conducted by 

Levengood et. al. evaluated soil and sediments along railways in suburban Chicago.203 This 

could indicate that Location 1 has higher traffic for transporting goods and could be a higher 

source of pollution that what has been reported. However, this would need further investigation 

before any conclusions can be made.  

There has been no information about chromium bioaccumulation within Daucus Carota 

growing naturally within the Calumet industrial corridor available until this study, which 

determined a chromium mass fraction between 1.86 - 5.85 mg/kg for the three locations in the 

Calumet industrial corridor. Table 43 contains an overview of previous studies either quantifying 

chromium within water samples in the Calumet industrial corridor and chromium 

bioaccumulation in Daucus Carota in other regions. 
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Table 43. Previous studies quantifying chromium in either Calumet industrial corridor or in 

Daucus Carota 

Study Sample Type and Location Dry Mass (mg/kg) 

Developed Method 
Daucus Carota in Calumet Industrial 

Corridor 
1.86 - 5.85 

Agency for Toxic 

Substances and Disease 

Registry142 

Surface water samples in Calumet 

Industrial Corridor 
0.204 

Shafer et. al.140 
Soil samples in Calumet Industrial 

Corridor 
76.7 

Perkey and Wadman141 
Sediment samples in Calumet 

Industrial Corridor 
17.41 

Bhatti, H.N. et. al.210 
Daucus Carota in laboratory setting 

and 
88.27 

Lilli, M.A. et. al.211 
Daucus Carota in laboratory setting 

and 
15 

 

There have been multiple reports monitoring chromium in the Calumet water system, 

however, these values were in mg/L or g/m3, making the comparison difficult without 

knowledge of total mass.212, 213 A study accomplished by the Agency for Toxic Substances and 

Disease Registry reported 0.204 mg/kg chromium in surface water in the Calumet industrial 

corridor142 and  soil sediment samples were reported to have chromium values of 76.7 mg/kg by 

Shafer et. al.22 and 17.41 mg/kg140, 141 by Perkey and Wadman.23 The values determined within 

this study are about 9 – 28 times larger than what has been determined in surface water. 

However, chromium was found to be 3-15 times lower than the values reported in soil and 

sediment. Chromium in Daucus Carota was determined in two separate studies with reported 

uptake values of 88.27 mg/kg,210 and of 15 mg/kg.211 In both studies, Daucus Carota was grown 

under different laboratory conditions, followed by an assessment of chromium bioaccumulation 

in a specific geographical location. The concentrations determined within the Calumet industrial 

corridor are well below the maximum uptake range of previous reported values determined 
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within Daucus Carota. This indicates that the locations in which samples were collected had low 

chromium pollution.  

Certain location within this study had higher or content than others. Table 44 is a 

compilation of previous studies quantifying chromium regarding to proximity to common 

pollution sources.  

Table 44. Chromium quantification in environmental samples dependent upon location  

Study 
Mass Fraction 

(mg/kg) 

Sample 

Type 
Location 

Developed 

Method 

1.86  0.0932  
Daucus 

Carota 

Location 1 (Railways) 

3.85  0.392  Location 2 (Coking Plant) 

5.84  0.816  Location 3: (Sewage Treatment Plant) 

Stojic et. al.202 9.19 – 80.76 Soil Railways in Serbia 

Levengood et. 

al.203 
52.0 Soil Railways in suburban Chicago 

Rachwal et. 

al.204 
1.2 – 20.6 Soil Coking Plants in Poland 

Hu et. al.205 35.9  11.2 Soil Coking Plants in Northern China 

Bastian206 178 
Sewage 

Sludge 
Across United States 

Walter et. al.207 25.5 – 119 
Sewage 

Sludge 
Spain 

 

Chromium was the only element that did not have the highest mass fraction at Location 1. 

Chromium had the highest mass fraction at Location 3, where it was three times higher than what 

was determined in Location 1. According to previous studies, sewage sludge had the highest 

reported chromium values (up to 119 mg/kg)207 when compared to soil samples surrounding 

railways (up to 80.76 mg/kg)202 and coking plants (up to 20.6 mg/kg).204 Therefore, the higher 

chromium value could be due to the historical background of Location 3, and the maintained 

presence of chromium in the area. However, without further investigation, this cannot be known 

for certain.  
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The mass fraction of copper was found to be between 6.30 – 20.0 mg/kg in the Calumet 

industrial corridor, which aligns with previous reports determining a mass fraction of copper in 

soil within the Calumet industrial corridor of 0.61 – 156 mg/kg.136, 137, 140, 141 Sediment samples 

taken from Calumet Lake had an average of 20.89 mg/kg reported.141 In addition, the Agency for 

Toxic Substances and Disease Registry reported 0.262 mg/kg of copper in surface water.142 The 

copper dry mass determined in this study fell in the low end of what has been reported in soil 

samples throughout the area, and the high end of the determined range was close to what has 

been reported in sediment samples. This trend was also shown during the cadmium and 

chromium analysis. This indicates that the analyte soil value is a better representation of 

bioaccumulation potential. These values are summarized in Table 45 along with other previous 

studies quantifying copper in Daucus Carota.  

Table 45. Previous studies quantifying copper in either Calumet industrial corridor or in Daucus 

Carota 

Study Sample Type and Location Dry Mass (mg/kg) 

Developed Method 
Daucus Carota in Calumet Industrial 

Corridor 
6.30 – 20.0 

Illinois Environmental 

Protection Agency136 

Soil samples in Calumet Industrial 

Corridor 
1.0 – 156 

Gonzalez, L et.al.137 
Soil samples in Calumet Industrial 

Corridor 
0.61 – 130 

Shafer et. al.140 
Soil samples in Calumet Industrial 

Corridor 
57.5 

Perkey and Wadman141 
Sediment samples in Calumet 

Industrial Corridor  
20.89 

Agency for Toxic 

Substances and Disease 

Registry142 

Surface water samples in Calumet 

Industrial Corridor 

0.262 

 

Roy and McDonald199 
Daucus Carota in laboratory setting 

and in West Virginia 
25 

Ali and Al-Qahtani201 
Daucus Carota in laboratory setting 

and in Saudi Arabia 
3.6  0.22 
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Uptake studies for Daucus Carota found mass fractions of copper to be 3.6  0.22 mg/kg 

and 25 mg/kg, respectively.201, 199 These values were determined by Roy and McDonald199 as 

well as Ali and Al-Qahtani,201 who evaluated soil and plant species in the regions of West 

Virginia and Saudi Arabia to assess which plant was more likely to bioaccumulate certain heavy 

metals. The values determined within this study fell between the values reported by Roy and 

McDonald,199 and by Ali and Al-Qahtani.201 Previous soil and sediment analysis already 

indicated that copper was present in high concentrations within the Calumet industrial corridor. 

Based on these previous studies, the bioaccumulation of copper in Daucus Carota is directly 

dependent on the location it is collected. This has been demonstrated in previous reports 

summarized in Table 46.  

Table 46. Copper quantification in environmental samples dependent upon location  

Study 
Mass Fraction 

(mg/kg) 

Sample 

Type 
Location 

Developed Method 

20.0  3.54  
Daucus 

Carota 

Location 1 (Railways) 

6.30  0.720  Location 2 (Coking Plant) 

7.75  1.18  Location 3: (Sewage Treatment Plant) 

Stojic et. al.202 9.19 – 80.76 Soil Railways in Serbia 

Levengood et. al.203 34.0  Soil Railways in suburban Chicago 

Rachwal et. al.204 2.8 – 40.0 Soil Coking Plants in Poland 

Hu et. al.205 15.2  10.8 Soil Coking Plants in Northern China 

Bastian206 616 
Sewage 

Sludge 
Across United States 

Walter et. al.207 179.4 – 214.2 
Sewage 

Sludge 
Spain 

Gardiner et. al.208 1,370 
Sewage 

Sludge 
Lithuania 

 

Based on previous studies, the trend one would expect to see is that Location 3, followed 

by Location 1 and then Location 2. Based on previous studies, sewage sludge had the highest 

copper content with a maximum value reported of 1,370 mg/kg.208  Railways in the suburbs of 

Chicago had the next highest value reported of 80.76 mg/kg202 while coking plants had the 
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lowest maximum copper mass fraction reported at 40.0 mg/kg.204 The higher mass fractions 

copper at Location 1 are most likely related to the on-going pollution generated from railways.214 

While Location 2 and Location 3 had a history of pollution, this has greatly reduced in recent 

times. Up to the 1980s, waste was illegally dumped into the waterways, which border Locations 

2 and 3. Since then, major cleanup was accomplished in the area by the EPA, and is still on-

going.209 Location 1 has not had the same attention, which could contribute to its higher heavy 

metal content.   

Zinc, in Daucus Carota, had a mass fraction range of 41.7 - 253 mg/kg within the 

Calumet industrial corridor, as determined by TXRF. Table 47 shows a comparison of this study 

to previous studies in environmental samples within the Calumet industrial corridor, as well as 

Daucus Carota zinc uptake ability.  

Table 47. Previous studies quantifying zinc in either Calumet industrial corridor or in Daucus 

Carota 

Study Sample Type and Location Dry Mass (mg/kg) 

Developed Method 
Daucus Carota in Calumet Industrial 

Corridor 
41.7 - 253 

Illinois Environmental 

Protection Agency136 

Soil samples in Calumet Industrial 

Corridor 
2.8 

Gonzalez, L et.al.137 
Soil samples in Calumet Industrial 

Corridor 
798 

Shafer et. al.140 
Soil samples in Calumet Industrial 

Corridor 
341.0 

Perkey and Wadman141 
Sediment samples in Calumet 

Industrial Corridor  
33.67 

Roy and McDonald199 
Daucus Carota in laboratory setting 

and in West Virginia 
950 

Ali and Al-Qahtani201 
Daucus Carota in laboratory setting 

and in Saudi Arabia 
10.28  0.67 

 

Previous studies reported zinc concentrations in soil between 2.8 - 798 mg/kg within the 

Calumet industrial corridor.136, 137, 140 The values determined in this study are well within this 
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range. Sediment samples taken by Perkey and Wadman reported zinc dry mass of 33.67 mg/kg 

within Lake Calumet.141 In previous uptake studies conducted by Roy and McDonald, and by Ali 

and Al-Qahtani also evaluated zinc in Daucus Carota, reporting concentrations of 10.28  0.67 

mg/kg,201 with a maximum value of 950 mg/kg,199 respectively. The values determined here are 

well within the reported ranges. Overall, these results indicate that zinc pollution is directly 

related to the location of its collection.  

Table 48 has been compiled for ease of comparison to determine trends of zinc 

contamination regarding its location of specific industrial use. 

Table 48. Zinc quantification in environmental samples dependent upon location  

Study 
Mass Fraction 

(mg/kg) 

Sample 

Type 
Location 

Developed Method 

253  29.2  
Daucus 

Carota 

Location 1 (Railways) 

44.6  2.98  Location 2 (Coking Plant) 

41.7  3.56  Location 3: (Sewage Treatment Plant) 

Stojic et. al.202 5.85 – 191.4 Soil Railways in Serbia 

Levengood et. 

al.203 
180 Soil Railways in suburban Chicago 

Rachwal et. al.204 5.4 – 1,850 Soil Coking Plants in Poland 

Hu et. al.37 65.6  18.1 Soil Coking Plants in Northern China 

Bastian206 1,285 
Sewage 

Sludge 
Across United States 

Walter et. al.207 4,070 
Sewage 

Sludge 
Spain 

 

Similar trends arise for the quantification of zinc, in which the highest expected values 

would be found in Location 3, as it is in proximity to a sewage treatment facility. The maximum 

previously reported value for this was 4,070 mg/kg by Walter et. al.207 Followed by Location 1 

and then Location 2. As previous reports has maximum zinc mass fractions in close proximity to 

railways in soil to be 180 mg/kg,203 and maximum values for zinc values in soil close to coking 

plants to be 1,850.205 In this study, Location 1 had the highest zinc quantified followed by 
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Location 2 and then Location 3. The difference in mass ratios between Location 2 and Location 

3 was very small. However, zinc concentration in Location one was roughly six times larger than 

Locations 2 and 3. As with the analytes, lead, cadmium, and copper, the most probable reason 

for the increase in pollution is that the railway in which the samples were in proximity to is still 

heavily used for industrial use, while the sewage treatment plant has been containing the sewage 

sludge in waste management facility and the coking plant has not been operational for many 

years. However, this further investigation is needed.  

Overall, the concentrations of lead, cadmium, chromium, copper, and zinc determined 

throughout the Calumet industrial corridor in Daucus Carota were well within the range of 

previous reports for soil within the Calumet industrial corridor and for uptake studies conducted 

for Daucus Carota. As indicated for each analyte analyzed, the bioaccumulation of heavy metals 

within Daucus Carota varied depending upon the location of its collection. In this study, the 

proximity to railways had the highest heavy metal content for all analytes quantified within this 

study except for chromium. Therefore, the Daucus Carota plant could be used as an 

environmental monitor for heavy metal pollution in the Calumet Industrial Corridor.  
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