
Biophysical Modeling to Improve Analytical Methodology in Environmental 

Toxicology 

 

by 

 

R.P. Oates, BSc/MSc 

 

A Dissertation  

 

In 

 

Environmental Toxicology 

 

Submitted to the Graduate Faculty 

of Texas Tech University, in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

Doctor of Philosophy   

 

 

Approved 

 

David M. Klein 

Chair of Committee 

 

 

Todd Anderson 

 

 

Jaclyn E. Cañas-Carrell 

 

 

Audra N. Morse 

 

 

Mark Sheridan 

Dean of the Graduate School 

 

 

December 2017 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 Copyright © 2017, R.P. Oates  

 

 

 

 



Texas Tech University, R.P. Oates, December 2017 

ii 

ACKNOWLEDGMENTS 

 

I would like to thank my committee for supporting me in the pursuit of 

creativity through academic freedom at TIEHH. Dr. David Klein has been 

instrumental in designing a path that has allowed for applications of my previous 

knowledge in physical chemistry to improve areas of analytical toxicology. Dr. Todd 

Anderson has been an excellent resource for problems associated with the fate of 

environmental contaminants and has provided excellent mentorship that has allowed 

me to grow as a scientist in this area. Without his support of providing analytical grade 

solvents and lending bench space, this project would not have occurred. Dr. Jaclyn 

Cañas-Carrell’s mentorship in nanotoxicology has provided for a plethora of novel 

ideas at the interface of nanoparticle interactions and plant biochemistry. She was 

gracious enough to provide analytical standards to explore these ideas that will 

provide further insight into metabolomic plant responses. I thank Dr. Audra Morse for 

offering valued guidance as an external committee member and providing editing 

support on the concepts of biophysical viscosity. A special thanks to Dr. Seenivasan 

Subbiah, who has spent significant time contributing to analytical development, 

providing valued chromatographic insight, and sharing lots of amazing Indian cuisine. 

I thank Allyson Smith, who has given me every opportunity to succeed from a clerical 

standpoint. I would like to thank my family for always supporting me in the 

arts/sciences and understanding the stretches of time that I’m beyond the Rutherford 

County line. 

 

 

 

 



Texas Tech University, R.P. Oates, December 2017 

iv 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS  ..................................................................................... ii 

ABSTRACT ........................................................................................................... iv 

CHAPTER I – SCOPE OF BIOPHYSICAL MODELING IN ANALYTICAL 

TOXICOLOGY ...................................................................................................... 1 

CHAPTER II - KINETIC MOLECULAR THEORY OF SOUND EXPOSURE IN 

PERSONAL LISTENING DEVICES  

 Abstract .............................................................................................. 6 

 Introduction ........................................................................................ 7 

 Methods .............................................................................................. 8 

 Results .............................................................................................. 15 

 Discussion ........................................................................................ 17 

 Conclusion ....................................................................................... 18 

 References ........................................................................................ 18 

CHAPTER III – THEORY OF BIOPHYSICAL VISCOSITY  

 Abstract ............................................................................................ 21 

 Introduction ...................................................................................... 22 

 Methods ............................................................................................ 25 

 Theory & Calculation ....................................................................... 25 

 Results & Discussion ....................................................................... 29 

 Conclusions ...................................................................................... 32 

 References ........................................................................................ 33 

CHAPTER IV - DEVELOPMENT OF PRIMARY STANDARDS FOR MASS 

SPECTROMETRY TO INCREASE ACCURACY IN QUANTIFYING 

ENVIRONMENTAL CONTAMINANTS 

 Abstract ............................................................................................ 36 

 Introduction ...................................................................................... 37 

 Materials & Methods........................................................................ 38 

 Results & Discussion ....................................................................... 42 

 Conclusion & References ................................................................. 46 



Texas Tech University, R.P. Oates, December 2017 

iv 

ABSTRACT 

 

Proper conceptual understanding of biophysical interactions with emerging 

contaminants is required for modern toxicology, as its scope continues to broaden 

alongside technological innovations that present challenges to environmental health. 

This dissertation is designed to address several areas of concern on a conceptual and 

non-hypothetical basis: ototoxicity associated with earbud technologies, per capita 

chemical efflux as a function of human population density, and methods to increase 

accuracy in quantitation of environmental contaminants throughout the field of 

toxicology. Principles at the interface of acoustics, physics, and organic chemistry 

were applied to further elucidate biophysical mechanisms associated with toxicity on a 

conceptual basis. It was determined that: special relativity can be applied to calculate 

pressures from earbud speakers to monitor sound exposure, biophysical viscosity is a 

factor that can be used to link fugacity with epidemiology through chemical potentials 

of contaminants, and primary standards from analytical chemistry can be used to 

normalize pollutant concentrations reported from methods that utilize mass 

spectrometry more accurately. This dissertation is written under the premise that if we 

can accurately model fundamental physical processes that monitor environmental 

health, then it is possible to extend stewardship as a mode of human health.  
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CHAPTER I 

 

SCOPE OF BIOPHYSICAL MODELING IN ANALYTICAL TOXICOLOGY 

 

 Modernized conceptual understanding of biophysical interactions with 

emerging contaminants is required for toxicology, as its scope continues to broaden 

alongside technological innovations that challenge environmental health. This 

dissertation is designed to address several areas of concern on a conceptual and non-

hypothetical basis to improve accuracy in detection of emerging agents in modern 

toxicology. The interaction of a toxic agent with the biophysical environment can alter 

the speciation of the agent and an organism’s susceptibility to that agent. To monitor 

emerging toxic agents, more accurate conceptual modeling of their chemical and 

physical nature within the biophysical environment is necessary. As toxicology studies 

the adverse effects of toxic agents on organisms, it is also important to consider 

conditional biophysical forces that influence metrics of toxicity. This dissertation is a 

systematic application of physicochemical principles to toxicological phenomena to 

predict states of damage while increasing the accuracy of applied analytical 

toxicology.  

An assessment by The World Health Organization estimates that up to 1.1 

billion young people worldwide are at risk of hearing loss associated with personal 

listening devices. Risks are not restricted to young people, in that audio from digital 

media is routinely consumed with commercial earbuds that seal the ear canal. This 

technology has induced an unnatural biophysical environment upon the human 

auditory system, which results in acoustic pressures in the ear canal that exceed 

occupational noise limits in open air. The fundamental biophysical mechanism of 
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action that causes such ototoxic events under these conditions has not been fully 

realized. Elucidating this mechanism will conserve auditory health in the human 

population in the face of technological change. Those with diagnosed hearing loss 

have 33 percent higher health care costs than those without hearing loss. The 

prevention of hearing loss will have a significant economic impact if appropriate 

methods to determine accurate exposures associated with earbuds are implemented.  

Sound is classically treated as a wave and no previous models have 

demonstrated how the barometric mean is influenced by soundwaves in enclosed 

conditions. Pressure is a physical force applied to the surface of an object, yet has not 

been previously considered as a physical agent in toxicology that results in hearing 

loss. Chapter II, entitled The Kinetic Molecular Theory of Sound Exposure in Personal 

Listening Devices, describes how sound from earbud speakers generate excessive 

pneumatic pressures on the human auditory system. It will be demonstrated that 

auditory responses are dependent on the conditions in which sound propagates and the 

nature of enclosed air should be considered in risk assessments of pressure exposures 

from incident noise. This concept carries a societal impact of generating awareness 

that earbud designs are not presumed safe for the auditory system and that sound can 

be treated as a fundamentally relative phenomenon of mass. The scientific impact of 

demonstrating that sound generation can be described by special relativity is important 

to the fundamental perception of sound. This type of approach can be used to 

distinguish between systems that generate pressures that overwhelm biological 

frameworks and establish more accurate safety margins in hazardous situations that 

pose risk to human auditory health.  
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As human influence continues to affect the biosphere, it is of vital importance 

to understand anthropogenic chemical efflux in the environment. Contaminants must 

move through a variety of compartments and transformation processes associated with 

biophysical phenomena during the chemical life cycle. As a predictive tool in the 

environmental fate of compounds, fugacity is based on chemical potentials associated 

with molecular diffusion. Although fugacity is sufficient in predicting phase 

preferences of single molecules, it cannot assess the emission rates of chemical 

compounds that may be in dynamic equilibrium with potentially more toxic 

transformation products at the population level. The concept of dynamic viscosity has 

been commonly used to describe molecular resistance to flow under applied force, but 

has not been applied to toxicological endpoints associated with rates of chemical flow 

in the environment.  

In Chapter III, biophysical viscosity is defined as the resistance of a geographic 

region to molecular flow under environmental force. Non-hypothetical emission rate 

data is necessary to accomplish environmental fate assessments of this magnitude, so 

that conceptual understanding can bring predictive value to compounds of similar 

structure. With reliable emission rate data, the behavior of single molecules can be 

used to increase accuracy in epidemiological assessments of geographic regions.  

Condensing toxicological data into thermodynamic variables such as per capita 

chemical potential is of use to computer modeling systems in the future. This chapter 

will demonstrate that there is a fundamental energy associated with the chemical 

equilibrium between human populations that synthesize or concentrate chemicals and 

the greater environment in which they are transformed or diluted. It is hoped that this 
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model is the conceptual basis to define ‘chemical footprints’ for entire geographic 

regions, that can be monitored and fed back to populations on smartphone applications 

to track their resource usage. Impacts of this work are perceived to decrease excessive 

use of resources in society in future populations if public and cultural awareness is 

increased through applied chemical potentials. It is the long-term goal that this will in 

turn, decrease anthropogenic chemical flux on the biosphere.  

As liquid chromatography mass spectrometry (LC-MS) techniques continue to 

be integrated into toxicology, accuracy in exposure assessments will become reliant 

upon analytical standards and the reduction of systematic error. To accurately measure 

environmental contaminants with mass spectrometry, more robust internal standards 

that can operate under a multitude of conditions is necessary. This is of vital 

importance when comparing contaminant concentration data, as considerable 

variability can exist across LC-MS instruments.  

A source of LC-MS instrument error is found in the reproducible ionization of 

analytes. Common LC-MS methods involve electrospray ionization (ESI), which is 

dependent on voltages that generate ionic aerosols. Isotopic analogs of the analyte in 

question are used to account for variations in ionization associated with instrument 

error. However, the ability of isotopically labeled internal standards to normalize 

instrument response when measured ion counts decrease is a concern because 

differences between instrument error and chemical change cannot be distinguished.  

Chapter IV will show that ionizations in LC-MS cannot be standardized with 

isotopically labeled standards in all environmental contaminant analyses. Avoiding the 

use of isotopically labeled compounds is also attractive because of the high cost of 
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many of these standards. Primary standards from analytical chemistry will be used as a 

proof of principle to demonstrate their ionization stability in mass spectrometry over 

time, as opposed to common standards that have limited shelf-life due to isotope 

washout. Primary standards are also inexpensive, which will decrease cost for 

toxicological analyses that involve mass spectrometry. Extension of this work can be 

used across all contaminant analyses in complex environmental matrices, via mass 

spectrometry.  

This work is important to modern toxicology, because validation of small 

molecule toxicity data is heavily dependent on standards that may not ionize 

reproducibly across two different LC-MS instruments or between labs. 

Standardization is important to establish absolute concentrations of emerging 

contaminants that may be of concern to the general welfare of the public, as 

concentration determination is a major factor in regulating substances that pose 

ecological risk.  
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CHAPTER II 

 

KINETIC MOLECULAR THEORY OF SOUND EXPOSURE IN 

PERSONAL LISTENING DEVICES 

(as published in Acta Acustica united with Acustica) 

DOI: 10.3813/AAA.919081   

 

 

 

 

ABSTRACT 

Noise-induced hearing loss associated with earbud use is an increasing trend in 

modern society. All smartphones are coupled with earbuds that expose the human 

auditory system to unsafe sound pressures. Acoustic waves enclosed in the ear canal 

force the tympanic membrane to move 100-1000 times greater than acoustic waves of 

equal amplitude in open air. Classical acoustics has not fully explained this 

biophysical phenomenon. Maxwell's kinetic molecular theory was used, in 

conjunction with Special relativity, to quantify sound pressure exposures in personal 

listening devices more accurately. A non-linear dependence of sound intensity on 

speaker excursion is predicted, demonstrating that earbuds sealed in the ear canal can 

exceed the National Institute for Occupational Safety and Health's ceiling limit of 140 

dB. Sound intensities predicted from molecular mass and velocity produce similar 

results to Beranek's model of acoustic waves in a closed, rigid cylinder and support 

previous observations of trapped volume insertion gain in personal listening devices. 
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INTRODUCTION 

An assessment by The World Health Organization estimates that up to 1.1 

billion young people worldwide are at risk of hearing loss due to unsafe listening 

practices [1]. In middle and high-income countries, nearly fifty percent of young 

adults (ages 12-35) are exposed to unsafe levels of sound from personal audio devices 

[1]. This risk of noise-induced hearing loss (NIHL) has been associated with the 

recreational use of personal audio devices [2-4]. These risks are arguably 

underestimated, due to the increasingly pervasive coupling of mobile devices with 

earbuds.  

In 2015, 1.4 billion smartphones were sold to end users [5]. Digital music 

exposure at elevated sound pressures has been shown to impair hearing function [6]. 

Commercial earbuds seal the ear canal and are often used to drown out environmental 

noise, which can result in acoustic pressures that exceed occupational noise limits in 

open air.  Workers with occupational noise exposure showed personal exposure and 

earphone output were 87.9 dB and 87.6 dB, respectively. Earphone output exceeded 

85 dB for two-thirds of the subjects, which is above the occupational limit of noise-

exposure. Nearly all the subjects lacked hearing protection devices (HPDs) on their 

earbuds [7]. It is clear that earbuds have enabled behaviors that vastly increase the risk 

of NIHL [8-9]. The National Institute of Occupational Safety and Health (NIOSH) 

suggests lowering the volume at the source as a mode of hearing protection. Lowering 

the source volume has not been shown to prevent exposure of harmful pneumatic 

pressures generated from earbuds that enclose the ear canal.  
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Basic auditory research has advanced the understanding of NIHL, through the 

identification of underlying biochemical mechanisms [10-12]. A biophysical basis of 

how acoustic pressure from earbuds directly impacts hearing loss in the human 

auditory system is not fully understood. It has been demonstrated that acoustic waves 

enclosed in the ear canal force the tympanic membrane to move 100-1000 times 

greater than acoustic waves of equal amplitude in open air [13]. This observation has 

led to the authors’ application of kinetic molecular theory (KMT) to acoustics, to 

develop a biophysical model of this phenomenon that has not yet been fully explained 

by classical acoustics.  

METHODS 

Oscillating movements of a solid boundary is an example mechanism for 

sound generation described in classical acoustics [14]. Sounds of this nature adopt a 

complex range of pressure variations, yet have not been shown to raise the barometric 

mean in the surrounding medium. Sounds are complex mixtures of pressure variations 

that vary with respect to phase, frequency, and amplitude but have not been 

completely described on a molecular basis [15]. 

The propagation of acoustic pressure is described by successive collisions of 

molecules that propagate sound from a source vibration. This phenomenon has similar 

characteristics to Maxwell’s Kinetic Theory, which describes the behavior of ideal 

gases and is associated with changes in pressure. In KMT, pressure is due to the rate at 

which gas molecules at different velocities collide with the walls of a container [15].    

Personal listening devices typically seal a speaker inside the ear canal, creating 

a trapped volume of air molecules that transfer pressure from the diaphragm of an 
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oscillating speaker diaphragm to the tympanic membrane. Although the displacement 

of an individual molecule (mean free path) cannot be measured, the velocity of larger 

groups of molecules can be calculated using KMT. Relative velocities of molecules 

are used to describe pressure contributions attributed to enclosing speakers in the ear 

canal that are not present during open air sound propagation. The purpose of this paper 

is to model contributions of acoustic and pneumatic pressure from personal listening 

devices to the acoustico-mechanics of the ear.  

 

Figure 1 - Molecular compressions and rarefactions generated by an earbud speaker 

 

In Figure 1, compressions are defined as moments where gas molecules are 

made more dense by a speaker excursion compared to the resting density. A 

rarefaction is defined as a decrease in density below resting density. Excursion will be 

used here to define the speaker cone’s travel from rest. Molecules on the surface of the 

cone of the speaker are compressed towards the tympanic membrane, parallel to the 

propagation of sound.  
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The compression volume V is approximated by the volume of a cylinder in eq 

1.1, with height h (equal to an excursion of the speaker) and radius r of the speaker 

diaphragm. 

𝑉 =  𝜋𝑟2ℎ     1.1 

Speaker diaphragms in personal listening devices have wide ranges and excursion 

lengths vary based on acoustic frequency.  

The ideal gas density of air ρair was approximated by eq 1.2, where M is the 

molar mass of air, P is ambient atmospheric pressure, R is the molar gas constant, and 

T is temperature. The mass of air associated with a compression event mair (1.3) was 

approximated by the compression volume from 1.1 and the density of air in 1.2.  

ρ𝑎𝑖𝑟 = 
𝑀𝑃

𝑅𝑇
      1.2 

𝑚𝑎𝑖𝑟 = ρ𝑎𝑖𝑟𝑉     1.3 

In the KMT model, individual molecules are defined as having ideal properties 

that conserve momentum through perfectly elastic collisions with the walls of a 

container and one another [15]. This contrasts with Kirchhoff’s theory of sound 

propagation in a tube, which incorporated thermal and viscous losses based on the 

texture of the tube walls [16]. More general expressions for acoustic loss in fluid 

mechanics are discussed elsewhere and will not be incorporated into this model.  

Individual molecules have ‘resting’ velocity at a given temperature with an associated 

energy. Macroscopically, sound propagation relates to the bulk gas as it alternatively 

compresses and rarifies with the motion of a sound source. Molecules that comprise 

the bulk gas retain their individual average velocities, caused by the heat content of the 
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gas. In KMT, local particle resting velocities exceed the speed of sound in air and are 

temperature dependent.    

𝑣 =  √
𝜔𝑅𝑇

𝑀
                 1.4 

𝑐 =  √
3𝑅𝑇

𝑀
                 1.5 

For an ideal gas, the speed of sound v is given by eq 1.4, where the average 

molecular weight M of air is 0.029 kg/mol, the gas constant R is 8.314 J/mol-K, 

temperature T is 310 K (average body temperature in the ear canal), and the adiabatic 

constant ω =1.4 for a diatomic gas. Average velocities of molecules c in a closed 

system before a sound wave is introduced is defined by eq 1.5, where M of air is 0.029 

kg/mol, the gas constant R is 8.314 J/mol-K, temperature T is 310 K (average body 

temperature in the ear canal). Substituting all values into eqs 1.4 and 1.5 gives v as 353 

m/s and c as 516 m/s. 

It is generally considered that the non-relativistic kinetic energy of a sound 

wave moves at the speed of sound, as the bulk gas alternatively compresses and 

rarifies, but local molecular velocities are not considered to contribute to the overall 

pressure of the system as sound propagates through it. Macroscopic acoustic theory is 

limited in its ability to estimate molecular contributions of pressure that occur 

simultaneously with sound propagation from an oscillating boundary in sealed 

conditions.  
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A relativistic approach can be used to determine the amount of kinetic energy 

associated with changing the molecular velocity of a closed system, as sound passes 

through it. For low velocities, the kinetic energy KE is classically written as: 

𝐾𝐸 =  
1

2
𝑚𝑣2              1.6 

where m is the mass and v is the velocity. However, this equation does not describe 

the additional kinetic energy imparted on a closed system of molecules that possess a 

resting velocity greater than the speed of sound through the medium.  

One postulate of Special Relativity states that the laws of physics are invariant 

in all inertial systems [17]. Special relativity applied to acoustics is necessary because 

classical approaches have yet to adequately define the total energy associated with 

additional momentum imparted on a medium by a sound wave, while the individual 

molecules that comprise the medium are in motion. The speed of sound is classically 

associated with inertia, as seen in the Newton-Laplace equation for elasticity of ideal 

gases. The analogy of molecular acoustics to Special relativity is found in Mach’s 

work “…a particle’s inertia is due to some interaction of that particle with all the other 

masses in the universe; the local standards of non-acceleration are determined by some 

average of the motions of all the masses in the universe, and all that matters in 

mechanics is the relative motion of all the masses.” [17].  

In Special Relativity, the Einstein relationship for total energy E in eq 1.7 

includes both the kinetic energy KE and rest mass energy Eo for a particle or group of 

air particles. Eq 1.7 can be viewed as the additional ‘boost’ from a sound event given 

to molecules of a given resting velocity. 

𝐸 = 𝐸𝑜 + 𝐾𝐸             1.7 
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Eq 1.7 can be rearranged to give the kinetic energy KE that is imparted on the system 

by a compression event (eqn 1.8). 

𝐾𝐸 = 𝐸 − 𝐸𝑜                       1.8 

Substituting the Einstein relationship of mass and energy for Eo and E gives eq 1.9: 

𝐾𝐸 = 𝛾𝑚𝑜𝑐
2 −𝑚𝑜𝑐

2        1.9 

where m0 is defined as the resting mass. A Lorentz factor γ is defined in eq 2.0 and 

was applied to determine the total kinetic energy of molecules at relative velocities.   

            𝛾 =  
1

√1 −
𝑣2

𝑐2

                      2.0     

Substituting γ into eq 1.9 gives eq 2.1 and its reduced form is shown in eq 2.2. 

𝐾𝐸 =
𝑚𝑜𝑐

2

√1 −
𝑣2

𝑐2

−𝑚𝑜𝑐
2               2.1 

𝐾𝐸 = 𝑚𝑜𝑐
2

(

 
1

√1 −
𝑣2

𝑐2

− 1

)

    2.2 

Substituting the relative molecular velocity of air v (speed of sound) and the root mean 

square velocity c into eq 2.2 gives the reduced form 2.3.  

𝐾𝐸 = (0.371) 𝑚𝑜𝑐
2                2.3 

Eq 2.3 can be used to determine the kinetic energy in Joules (J) imparted on molecules 

in a closed acoustic system, with resting molecular velocities relative to a compression 

event.  

A speaker diaphragm oscillates and transfers kinetic energy to the tympanic 

membrane by molecular compression. In this model, speaker compressions cause 
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temporary increases in the number of molecular collisions, which increases the total 

pressure of the system. In earbuds, the number of compression events over a given 

time period can be monitored by a song’s tempo. The tempo t of a song in beats per 

minute can be converted to the number of compression cycles per second f in Hertz by 

eq 2.4. 

𝑡 (
𝑏𝑒𝑎𝑡𝑠

𝑚𝑖𝑛
) (
𝑚𝑖𝑛

60 𝑠
) = 𝑓         2.4 

Sound power Φ is defined as the rate at which sound energy is emitted per unit 

time and is measured in Watts (W). The amount of sound power Φ is given by eq 2.5. 

Substituting eq 2.3 into 2.5 gives the peak sound power associated with each 

molecular compression from an earbud speaker diaphragm (eq 2.6).  

(𝐾𝐸)𝑓 = Φ          2.5   

(0.371)𝑚𝑜𝑐
2𝑓 =  Φ     2.6     

Sound intensity level I is the sound power per unit area A in W/m2 and is 

defined in eq 2.7. 

        𝐼 =
Φ

𝐴
                2.7 

The sound intensity level I at the ear drum can be calculated by substituting eq 2.6 into 

2.7, giving eq 2.8. 

𝐼 =
(0.371)𝑚𝑜𝑐

2𝑓

𝐴
          2.8 

An acceptable surface area A of the adult eardrum is approximately 5.5x10-5 

m2. The sound intensity level B at the eardrum in dB is given by eq 2.9, using the 

standard reference intensity of the eardrum I0 (10-12 W/m2). 
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𝐵 = 10 𝑙𝑜𝑔10  
𝐼

𝐼0
      2.9 

 

RESULTS 

Most earbud speaker drivers are between 7 and 15 mm in diameter, with 

excursions ranging from nanometers to millimeters. Earbud diaphragm diameters of 

0.5 to 15 mm were chosen as a representative population of earbud speakers. Lengths 

of 0.1 μm (microns) to 1 mm were used as common earbud speaker excursions, which 

are associated with various frequencies in popular music. The number of driver 

compressions per unit time was modeled by a tempo of 120 bpm. Figure 2 shows that 

sound intensity increases non-linearly with speaker excursion size, independent of 

speaker diameter.  

 

 

Figure 2 - Predicted sound intensity level in decibels vs speaker excursion size at 120 

bpm for speaker diaphragm diameters of 15, 10, 2, and 0.5 mm. 
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Based on the increase in molecular kinetic energy from a speaker excursion, 

this model predicts that even small excursions and speaker diameters are capable of 

producing excessive sound intensity levels when enclosed in the ear canal. Criterion 

for the permissible time for safe listening limits have been set forth by The National 

Institute of Occupational Safety and Health (NIOSH) in 1998 (Figure 3).  

 

Figure 3- Maximum Recommended Noise Dose Exposure Levels (NIOSH 2016) 

 

NIOSH criteria for recommended occupational noise-level exposure shows 

that as sound levels increase, the time allowed for safe listening decreases. It has been 

previously reported that the output of personal music players ranges from 110-125 dB 

and can damage hearing after 15 minutes of exposure per day [18]. This model 

contains manufacturer settings that confirms these ranges of personal music players 

within an order of magnitude. This KMT model predicts that earbuds sealed in the ear 
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canal have an expanded dB range and can exceed the NIOSH ceiling limit of 140 dB. 

The non-linear dependence of sound intensity on speaker excursion in this model 

indicates that the level of sound exposure may vary widely, based on manufacturer 

speaker diameter and tempo of music played by the consumer.  

DISCUSSION 

This model is a first estimation of acoustic energy imparted on air molecules in 

sealed conditions. KMT describes ideal gas behavior and the density of air is 

temperature dependent (eqn 1.2). This model does not account for local temperature 

fluctuations and only accounts for even dispersion of gas molecules throughout the 

medium of the ear canal. Gas composition of the ear canal takes into account the 

percentages of nitrogen and oxygen, 79% and 21% respectively. It is included in the 

average molecular weight of air in relevant equations, but excludes other gases found 

in air which may affect sound propagation.  

The model considers sound energy to be transferred to the tympanic membrane 

at a rate based on tempo. This approximation does not include energetic contributions 

from sound waves based on complex sinusoidal motions and does not consider viscous 

or thermal loss in sound propagation through a fluid. The KMT model is dependent on 

relative molecular velocity of a finite mass of molecules from special relativity. It 

allows for the conservation of momentum, in that all sound energy is transferred to the 

ear drum by molecular collision parallel to sound propagation. Adult tympanic 

membranes are approximately 5.5x10-5 m2 and this model can account for various 

sizes ear drums, to determine individual sound level exposures.   
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CONCLUSION 

It was previously observed that when a sound producing device is sealed in the 

ear canal, the trapped volume of air in the ear canal acts like a pneumatic piston [13]. 

This pneumatic piston transmits an oscillating static pressure to the tympanic 

membrane that can greatly boosts the sound pressure level in the ear canal [13]. This 

KMT model of sound exposure in personal listening devices supports this conclusion 

on a molecular basis and is capable of modeling sound pressure levels in closed air 

conditions that produce similar results to Beranek’s model of acoustical waves in a 

closed, rigid cylinder [19]. It is the authors’ intention that this analysis will provide a 

foundation for more thorough investigations at the interface between pneumatic and 

acoustic pressures in enclosed conditions to prevent future hearing loss associated with 

earbuds, in-ear monitors, and hearing aids.  
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BIOPHYSICAL VISCOSITY: THERMODYNAMIC PRINCIPLES OF PER 

CAPITA CHEMICAL POTENTIALS IN HUMAN POPULATIONS  
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ABSTRACT 

Dynamic viscosity has been used to describe molecular resistance to flow 

under applied force. This study introduces the theory of biophysical viscosity, the 

resistance of a region to molecular flow under environmental force, to define the rates 

of per capita anthropogenic chemical efflux into the environment. Biophysical 

viscosity is an important intermediate quantity, in that it can be used to calculate the 

chemical potentials of single molecules for individuals in a population. 

Nonhypothetical emission data was combined with chemical potentials of 

anthropogenic tracers, to demonstrate that thermodynamic quantities can be used as 

parameters to directly compare energies associated with individual chemical emissions 

across geographic regions. These results indicate that population density is not the 

only factor in the determination of population-level chemical efflux and biophysical 

viscosity is useful tool in determining per capita chemical potentials of anthropogenic 

chemicals for environmental risk assessment. 
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INTRODUCTION 

More than half of all accessible surface freshwater on Earth is allocated for 

human use.(1) With unprecedented release of anthropogenic micropollutants and their 

subsequent transformation products (TPs) into depleting freshwater supplies, accurate 

monitoring of remaining water resources is necessary to ensure future environmental 

and human health.(2,3) The quantity and diversity of organic chemicals consumed on 

a global scale has resulted in complex TPs that conventional Water Resource 

Recovery Facilities (WRRFs) may not be designed to eliminate.(4) Biologically active 

TPs may present toxicities greater than or equal to those of their precursors yet go 

undetected by traditional analytical approaches.(5) As the physicochemical treatment 

of compounds in WRRFs is dependent on plant design, the removal efficiency of 

complex TPs from potable water sources will vary between sites.(6,7) As increasingly 

complex TPs present a challenge to future WRRF designs, it is vital that analytical 

methodology be evolved to rapidly identify potential contamination with chemical 

lifecycle models.  

Caffeine has been used as an anthropogenic marker for wastewater 

contamination and been also been used in ambient water quality monitoring, as it 

frequently co-occurs with coliforms in contaminated surface waters.(8,9) The 

concentrations of caffeine found in aqueous environments have been positively 

correlated with emerging contaminants that affect important hormonal physiological 

processes. (10,11) Molecular modeling studies have confirmed the stability of caffeine 

complexes in aqueous solutions through purine stacking.(12) Caffeine has been shown 

to influence the solubility of other aromatic contaminants through intermolecular π-
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stacking, which may influence the persistence of TPs during WRRF processes and 

subsequent biological uptake from WRRF effluents in urban environments.(13,14) 

Application of environmental risk assessment models that use aqueous caffeine 

concentrations can be used as a method to prioritize samples for biological assay.(15) 

Pharmaceuticals, including caffeine, have been tracked through wastewater 

treatment processes with gas chromatography-mass spectrometry (GC-MS) and their 

potential molecular fates have been reviewed.(16,17) GC-MS is limited in its 

capability to measure analytes that are heat-labile or distinguish between enantiomers 

that possess different biological half-lives. Liquid chromatography-mass spectrometry 

(LC-MS) has been used extensively to identify emerging anthropogenic contaminants 

of concern in sewage treatment plant effluents, surface water, and sea water.(18) 

Environmental persistence of synthetic chemicals includes usage, disposal, and re-

entry into nutrient cycles in the biosphere. A conceptual basis to assess individual 

molecular emissions by populations to the aquatic environment is needed to actively 

monitor environmental and human health.  

As a predictive tool in the environmental fate of chemical species, fugacity 

defines chemical potentials associated with the environmental partitioning of 

compounds with similar functionalities.(19) Although fugacity is sufficient for 

predicting phase preferences of single molecules within an order of magnitude, it is 

limited by the uncertainty in the emission rates of the parent compounds in dynamic 

equilibrium with potentially more toxic TPs.(20) Application of fugacity and 

thermodynamic activity models requires that a compound’s fugacity capacity and 

solubility be known.(21) Fugacity ratios (a chemical’s fugacity in an organism relative 
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to that in its environment) have been used in environmental risk assessment for 

commercial synthetic molecules, but no approach has utilized units of energy to model 

point source chemical emissions of individuals that comprise a geographic area  

adjacent to water bodies. (21) 

Fugacity is based on chemical potential (µ), which is defined as the tendency 

of chemicals to react, transform, and migrate.(22) Chemical potential can describe 

equilibria in which two driving forces compensate for one other.(22) An intrinsic 

dynamic equilibrium exists between human populations that synthesize or concentrate 

chemicals and the greater environment in which they are transformed or diluted 

(Figure 1).  

 

Figure 1 – Per capita µ, depicting dynamic equilibrium of molecules that are 

continuously anthropogenically concentrated and environmentally diluted. 

 

Chemical potentials are temperature-dependent energies that can offer insight 

into conditions that affect emerging contaminant behavior in the face of climate 

change.(23) The purpose of this article is to provide a conceptual basis for monitoring 

the changes in contaminants over time at the population level by coupling 
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thermodynamic principles with nonhypothetical anthropogenic chemical 

concentrations in aquatic systems.   

MATERIALS & METHODS 

Details of all geographic locations, analytical standards, reagents, sample 

collection methods, sampling sites, and instrumental analyses included in this study 

are discussed elsewhere.(11,24,25) As a part of the São Paulo Researchers in 

International Collaboration, anthropogenic tracers were measured in both Texas and 

Brazil for evaluation of the criteria to prioritize sampling in international water quality 

programs. Caffeine was chosen as a representative anthropogenic tracer in all 

locations, as it has been shown to be a useful indicator in assessing estrogenic activity 

in both source and drinking water.(13) LC-MS measurement of caffeine is used here 

as a proof of concept for other anthropogenic small molecules that may be used as 

biomarkers for modeling potential disease states in populations.  

THEORY/CALCULATION 

Viscosity is a bulk property commonly describing a substance’s resistance to 

flow, with dimensions of mass, distance, and time. (21) Internal molecular forces, 

temperature, pressure, and gravity are conditions that influence viscosity [21]. The 

concept of viscosity is less applied to the diffusion of individual molecules through the 

biophysical environment, from a point source to an area of potential contamination. A 

substance’s biophysical viscosity can be viewed as a measure of internal friction or 

resistance of molecular flow under environmental force that is determined by: 

physico-chemical properties, the degree of (a)biotic transformation, biological 

sequestration, and sorption processes. Independent of environmental molecular path, 
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the measured concentration of an anthropogenic tracer can be used to compare the 

viscosity at which a given population deposits a molecular footprint on the aquatic 

environment.  

Viscosity is a bulk property commonly used to describe a substance’s 

resistance to flow, with dimensions of mass, distance, and time (26) Internal molecular 

forces, temperature, pressure, and gravity are conditions that influence viscosity.(26) 

The concept of viscosity is less applied to the diffusion of individual molecules 

through the biophysical environment, from a point source to an area of potential 

contamination.  

Biophysical viscosity of a point source can be viewed as a measure of internal 

friction or resistance of molecular flow under environmental force that is determined 

by physicochemical properties, the degree of (a)biotic transformation, biological 

sequestration, and sorption processes. A low biophysical viscosity would indicate that 

a point source is able to disperse contaminants more readily than an area with a higher 

biophysical viscosity. An analogy of biophysical viscosity related to equilibrium 

systems is found in Gibb’s work, wherein “anything that restricts the free movement 

of a component substance is found to diminish the number of conditions necessary for 

equilibrium”. (27)  

Independent of environmental molecular path, the measured concentration of 

anthropogenic tracers can be used to compare rates at which a given population 

deposits a molecular footprint on the surrounding environment.  
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Figure 2 – Concept of biophysical viscosity 

 

A conceptual schematic is shown in Figure 2, wherein the population density 

of a geographic region (A) is viewed as the average concentration of a molecule that 

an individual is capable of releasing per unit area (B). (C) shows the biophysical 

viscosity of the molecule as it is transported from a given area of defined density to 

the aquatic environment. Biophysical viscosity, 𝜼, can be used as a metric to 

quantitatively compare the effect of population density on contaminant flow over time 

and is defined in eq 1:  

𝜂 =  
𝑐

⍴ △ 𝑡
          𝑒𝑞𝑛. 1 

where c is the average measured analyte concentration (kg/m3), ⍴ is the population 

density of the associated geographic area (persons/m2), and △t is the time (s) period 

over which the measured concentration of a chemical is averaged. Eq 2 gives SI units 

for biophysical viscosity in (kg/person m s).  

𝜂 =  

𝑘𝑔
𝑚3

(
𝑝𝑒𝑟𝑠𝑜𝑛
𝑚2

) 𝑠
 =  

𝑘𝑔

𝑝𝑒𝑟𝑠𝑜𝑛 𝑚 𝑠
         𝑒𝑞𝑛. 2 
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There are many mechanistic variables associated with molecular transport in 

the chemical life cycle; however, biophysical viscosity can be used to derive chemical 

potentials associated with equilibria between human populations and the environment. 

Anthropogenic conditions placed on the environment have resulted in masses and 

concentrations of chemicals that are entirely different in composition from those of 

chemicals that have existed before. Calculating chemical potentials, or the tendency of 

a system to yield particles, can provide a conceptual framework to monitor the 

concentrations of anthropogenic contaminants in equilibrium with the environment by 

calculating the per capita energies associated with emission.  

As there is a characteristic flow rate and resistance to flow for each molecule 

through the environment, flow rate Q (eqn. 3) and biophysical viscosity 𝜼 can be used 

to derive the per capita chemical potential, µ, in eq 4. The SI unit for per capita 

chemical potential is shown in eq 5 in J/person.    

𝑄 = 
𝑚3

𝑠
         𝑒𝑞𝑛. 3 

µ = 𝑄𝜂     𝑒𝑞𝑛. 4 

µ = (
𝑚3

𝑠
) (

𝑘𝑔

𝑝𝑒𝑟𝑠𝑜𝑛 − 𝑚 − 𝑠
)  =

𝐽

𝑝𝑒𝑟𝑠𝑜𝑛
   𝑒𝑞𝑛. 5 

The per capita chemical potential can be viewed as the change in energy when 

one person is added/removed from a population or the energy associated with per 

capita usage/disposal of a substance. Quantitation of the energy associated with 

molecular movement from higher chemical potential in anthropogenic sources to a 

lower chemical potential in the environment is a useful point of reference to simplify 

contaminant flow modeling to energy units per person. This can also be useful to 
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objectively compare the chemical footprints of geographic regions for individual 

molecules of concern in environmental risk assessment.  

RESULTS & DISCUSSION 

Caffeine concentrations in the San Marcos River (San Marcos, TX) and rivers 

in Sao Paolo State, Brazil, were confirmed with LC-MS/MS. GC-MS/MS data was 

used to determine Lubbock caffeine concentrations at a water reclamation plant 

influent in a West Texas community, which was used as a pilot facility for the fate of 

pharmaceuticals and personal care products. The measured caffeine concentrations 

were initially in µg/L and converted to kg/m3. The confidence limits of caffeine 

measurements over a 6-month period are reported in Table 1, except for the site at 

Campinas, BR (B) where caffeine was only detected once (n=1) over the time course.  

Population densities were used in conjunction with mean contaminant 

concentrations measured over a 6-month period, to evaluate per capita human 

contributions of chemical efflux to local aquatic systems. Caffeine was used here as a 

model compound to determine the viability of using biophysical viscosity as a factor 

for comparing molecular footprints of geographic regions of interest. Using eq 1, the 

biophysical viscosity was calculated for seven cities in Brazil and Texas. Locations, 

sampling times, mean caffeine concentrations, calculated biophysical viscosities, and 

associated rankings are summarized in Table 1.  
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Location Time  

of 

 Sampling 

𝒄  

 

(kg/m3) x 10-5 

⍴ 

 

(persons/m2) 

𝜼  

 

(kg/person-m-s) 

 

𝜼  

 

Rank 

⍴ 

  

Rank 

Guarulhos, 

BR 

Jan 2010 

to 

Jun 2011 

0.7 ± 0.6 4.17E-03 1.11E-10 7 1 

Barueri, BR 

Jan 2010 

to 

Jun 2011 

1.4 ± 0.9 3.75E-03 2.54E-10 6 2 

Campinas, 

BR (A) 

Jan 2010 

to 

Jun 2011 

0.20 ± 0.10 1.36E-03 1.04E-10 8 3 

Campinas, 

BR (B) 

Jan 2010 

to 

Jun 2011 

1.9 1.36E-03 8.87E-10 3 3 

Rio Preto, 

BR 

Jan 2010 

to 

Jun 2011 

0.03 ± 0.01 9.47E-04 2.01E-11 9 4 

Lubbock, 

TX 

Dec 2008 

to 

Sept 

2009 

3.7 ± 1.1 7.24E-04 3.24E-09 2 5 

Cerquilho, 

BR 

Jan 2010 

to 

Jun 2011 

0.2 ± 0.1 3.50E-04 3.80E-10 5 6 

Atibaia, 

BR 

Jan 2010 

to 

Jun 2011 

0.21 ± 0.20 2.90E-04 4.59E-10 4 7 

San 

Marcos, TX 

Oct 2006 

to 

Mar 

2007 

1.7 ± 0.9 9.00E-05 1.20E-08 1 8 

Table 1 – Comparison of biophysical viscosity calculated for eight sampling sites. 

This model found that Rio Preto had the lowest biophysical viscosity per 

capita, indicating that it has a relatively low resistance to biophysical flow of caffeine 

into the Rio Preto River. Campinas is a city geographically connected with two main 

aquatic sources, the Atibaia and Capiveri Rivers. In cases in which a single location is 

treated as a point source of chemical emission with effluent streams to various water 
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bodies, biophysical viscosity varies depending on the contaminant concentration 

within the water body.  

Per capita biophysical viscosity focuses on the transport of molecules through 

the environment once it is emitted from a point source, it does not address the 

chemical potential or fundamental energy associated with the emission itself. 

Chemical potential is used here to define the emission energy for an individual 

molecule from a single person as an objective metric for comparing contaminants 

efflux across geographic regions.  

Chemical potential is derived from per capita biophysical viscosity and the 

flow rate of an individual molecule through an environmental system (eq 5). Flow 

rates of the rivers associated with cities in Table 1 were used to calculate per capita 

chemical potentials of caffeine (eqn. 5) and are summarized in Table 2.(28) 

Location 

𝑸  

 

(m3/s) 

𝜼  

 

(kg/person-m-s) 

 

µ  

 

(J/person) 

µ  

 

Rank 

⍴ 
 

Rank 

Barueri, BR 0.860 
2.54E-10 1.66E-10 4 1 

Campinas, 

BR (1) 
0.458 1.04E-10 4.74E-11 6 2 

Campinas, 

BR (2) 
0.276 8.87E-10 2.45E-10 2 2 

Rio Preto, BR 0.949 2.01E-11 1.91E-11 7 3 

Cerquilho, BR 0.150 
3.80E-10 3.71E-11 5 4 

Atibaia, 

BR 
0.458 4.59E-10 2.10E-10 3 5 

San Marcos, 

TX 
7 1.20E-08 8.37E-8 1 6 

Table 2 – Comparison of per capita chemical potential for six sampling sites 
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Calculations of the per capita chemical potentials for caffeine show large 

differences between San Marcos, TX, and cities that comprise Sao Paulo State, Brazil. 

San Marcos, TX, was found to have a per capita chemical potential value that is 2 

orders of magnitude higher than that of Baruieri, BR, even though Barueri has a 

population density 40 times greater than that of San Marcos. A higher chemical 

potential would indicate that residents in San Marcos have a higher per capita usage 

and disposal of caffeine. It is a common conception that increased population density 

necessitates an increase in molecular consumption and subsequent emission. These 

results indicate that population density is not the only factor in the determination of 

population-level chemical efflux and that biophysical viscosity is a useful tool in 

determining per capita emissions of anthropogenic chemicals.  

 

CONCLUSIONS  

It is known that there are many factors that influence molecular flow through 

the environment. However, a first approximation biophysical viscosity model 

calculates energies associated with individual contaminant emissions in populations 

over time on the basis of simple expressions and is non-data-intensive. These 

calculations demonstrate that biophysical viscosity and chemical potential can be used 

as parameters to directly compare energies associated with individual chemical 

emissions across geographic regions. This model can accommodate for changes in 

population, chemical concentration, speciation of metabolites, and environmental flow 

rates over time. It is also useful for city planning, in that there is a critical level of 

contaminant turnover that must be reached to determine appropriate WRRF designs 
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for water resource management and reclamation. These thermodynamic parameters 

can be readily integrated with chemical lifecycle models to provide real-time 

epidemiologic data for application in environmental risk assessment.   
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ABSTRACT 

A wide array of instrument setups and interfaces has created difficulty in 

comparing the quantitation of absolute analyte response across laboratories. This 

communication demonstrates the use of primary standards as operational qualification 

standards for LC-MS instruments and their comparison with commonly accepted 

internal standards. In monitoring the performance of internal standards for 

perfluorinated compounds, potassium hydrogen phthalate (KHP) presented lower 

inter-day variability in instrument response than a commonly accepted deuterated 

perfluorinated internal standard (d3-PFOS), with percent relative standard deviations 

less than or equal to 6%. The inter-day precision of KHP was greater than d3-PFOS 

over a 28-day monitoring of perfluorooctanesulfonic acid (PFOS), across 

concentrations ranging from 0-100 µg/L. The primary standard trometamol (Trizma) 

performed as well as known internal standards simeton and tris (2-chloroisopropyl) 

phosphate (TCPP), with intra-day precision of Trizma response as low as 7% RSD on 

day 28.  
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INTRODUCTION 

Increasingly integrated LC-MS method development for environmental 

contaminant analyses has called for more robust internal standards that can operate 

under a multitude of conditions [1,2]. To more precisely quantitate analytes, it is 

necessary to optimize internal standards to correct for instrument error. A source of 

LC-MS instrument error is found in the reproducible ionization of analytes. 

Reproducible electrospray ionization (ESI) of compounds is dependent on the 

cleanliness of the ion source/transfer tube, solvents/buffers used, stability of radical 

species, and other mechanistic aspects which have been reviewed [3]. Due to day to 

day variation, systematic error creates difficulty in comparing the quantitation of 

absolute analyte response across LC-MS instruments [4].  

Deuterated internal standards have been used to correct for systematic errors, 

yet may not be appropriate for all analyses. Some deuterated functional groups are 

subject to deuterium’s back-exchange with hydrogen and careful consideration of 

chemical structure should be considered in choosing an appropriate standard [5,6]. 

Back-exchange with hydrogen leads to difficulties in robust quantitative method 

development that involve liquid-liquid extractions, stability, storage, and may be cost 

prohibitive. In some cases, deuterated analytical standards have been attributed to 

persistent matrix effects and isotopic separation during chromatography [7]. 

Substitution of hydrogen atoms with deuterium causes a decrease in molar volume [8], 

which may contribute to inherent difficulty in achieving reproducible ionizations when 

compared with non-labeled analytes. The ability of deuterated internal standards to 
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normalize instrument response when ion counts decrease is a concern, in that 

differences between instrument error and chemical change cannot be distinguished.  

Common stable compounds, such as caffeine, are typically used as operational 

qualification standards for LC-MS instruments. It was determined in our laboratory 

that aqueous caffeine solutions (1.12 mg/mL) are stable for three weeks at 41° F if 

protected from light. Caffeine yields reproducible ionizations but is not ideal due its 

photosensitivity and hygroscopicity.  

Primary standards in analytical chemistry are defined as being high in purity, 

highly stable during storage, not hygroscopic, easily weighed, inexpensive, and readily 

available. The use of primary standards to prepare accurate solution concentrations has 

not been extended to standardize ionizations in ESI-LC-MS. This short 

communication explores the viability of non-isotopically labeled internal standards 

that also meet the criterion for primary standards in analytical chemistry for use in LC-

MS methods. Our objective is to integrate more robust methodology that corrects for 

instrument error, to more accurately quantitate environmental contaminants 

independent of instrumental setup.  

MATERIALS AND METHODS 

Perfluorooctanesulfonic acids (PFOS), persistent perfluorinated organic 

pollutants, were selected as model compounds based on chemical stability. 

Heptadecafluorooctanefulfonic acid potassium salt (Sigma-Aldrich, 98% purity) was 

used as a representative compound for analysis. Deuterated internal standard (d3 

PFOS) n-deuteromethylperfluoro-1-octanesulfonamidoacetic acid (Wellington 



Texas Tech University, R.P. Oates, December 2017 

39 

 

Laboratories, Analytical Grade) was used based on its prior selection in EPA 

methodology for perfluorinated compound analysis [9].  

Three neonicotinoid insecticides were selected as model contaminants that 

present varying degrees of abiotic degradation. Thiamethoxam, imidacloprid, and 

clothianidin were supplied by Sigma-Aldrich in analytical standard grade. Primary 

standards potassium hydrogen phthalate (KHP) and Trizma® base were supplied by 

Sigma-Aldrich in 99.9% purity. Tris(2-chloroisopropyl) phosphate (TCPP) was 

obtained in analytical standard grade as a mixture of isomers from Sigma-Aldrich. 2,4-

Bis(ethylamino)-6-methoxy-s-triazine, N2, N4-Diethyl-6-methoxy-1,3,5-triazine-2,4-

diamine (simeton) was purchased in analytical standard grade from Sigma-Aldrich. 

Caffeine qualification standards kit for LC-MS was supplied by Cerilliant.  

Standard solutions were prepared in LC-MS Optima grade water, methanol, or 

acetonitrile from Fisher. A stock solution of PFOS (100 μg/L) was prepared in 

methanol and stored in 15 mL polypropylene centrifuge tubes at 4°C before use. Stock 

solutions of PFOS were diluted to prepare individual concentrations of 10, 25, 50, 75, 

100 μg/L in polypropylene vials (Thermo 12x32MM) and stored at 4°C before use.  

Individual stock solutions of internal standards KHP and d3-PFOS were 

prepared in methanol. Internal standards were then added to two separate batches of 

stock solutions at working concentrations of 1000 μg/L for KHP and 50 µg/L for d3-

PFOS. All vials were then stored at 4°C before use. 

Stock solutions of each neonicotinoid (100 mg/L) were prepared separately in 

acetonitrile and stored in 60 mL amber vials at 4°C before use. Separate neonicotinoid 
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solutions were combined to prepare a mixed neonicotinoid standard solution of 

thiamethoxam, imidacloprid, and clothianidin in acetonitrile at a concentration of 1 

mg/L. The mixed neonicotinoid solutions were then diluted to prepare individual 

concentrations of 1, 5, 10, 25, 50, and 100 µg/L in amber vials and stored at 4°C 

before use. 

Individual stock solutions of internal standards simeton, TCPP, and Trizma 

were prepared in methanol. A 50/50 v/v solution of methanol/water was required to 

solvate Trizma. All subsequent dilutions were carried out in methanol. Internal 

standards were then added to each vial of neonicotinoid solutions at working 

concentrations of 1 (mg/L) for Trizma, 50 (µg/L) for simeton, and 50 (µg/L) for 

TCPP. All vials were stored at 4°C before use. 

Chromatographic separation of all compounds and corresponding internal 

standards was achieved on a Phenomenex Nx C18 column (3 μm, 150 mm length x 2 

mm diameter), equipped with a SecurityGuard ULTRA (phase C18, 2 mm) guard 

column at a flow rate of 200 μL/min. Refrigerated autosampler was set to 4°C, with a 

column temperature of 30°C.  

Solvent Gradient Program for PFOS: Mobile phase consisted of eluent A (20 

mM ammonium acetate in water) and eluent B (methanol) and accomplished in 15 

minutes. HPLC gradient elution began with 95% eluent A. At five minutes the 

concentration was decreased linearly to 5% eluent A. Eluent A was increased back to 

95% at 12 minutes and maintained for three minutes.   
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Solvent Gradient Program for Neonicotinoid Separation: Mobile phase 

consisted of eluent A (0.1% formic acid in water) and eluent B (0.1% formic acid in 

acetonitrile) and was accomplished in 15 minutes. HPLC gradient elution began with 

100% eluent A. At three minutes the concentration was decreased linearly to 30% 

eluent A. Eluent A was decreased to 15% at 6 minutes, followed by a decrease to 10% 

at 9 minutes. At 12 minutes the concentration was linearly increased to 50%. At 14 

minutes, eluent A was linearly increased to 100% and maintained for one minute [10].  

MS analyses for all compounds were carried out, using multiple reaction 

monitoring (MRM) under electrospray ionization with positive polarity (ESI+), on a 

ThermoFisher TSQ Quantum Access MAX Triple-Quadrupole Mass Spectrometer. 

Collision energy and tube lens voltage were adjusted to determine the product ions and 

confirm analytes. The optimized conditions for MRM transitions are shown in Table 

1. 
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Analyte Parent 
Ion (m/z) 
(Q1) 

Molecular 
Ion 

Product 
Ion (m/z) 
(Q3) 

Collision 
energy (v) 

Tube lens 
(v) 

Thiamethoxa
m  

292.0 [M+H]+ 
211.1 15 60 

132.0 25 60 

Imidacloprid  255.9 [M+H]+ 
208.9 20 75 

175.2 23 75 

Clothianidin  250.0  [M+H]+ 
132.0 20 60 

168.9 15 60 

TRIZMA  122.1 [M+H]+ 
56.4 15 57 

104.3 5 57 

Simeton  198.1 [M+H]+ 124.3 25 80 

TCPP  326.9 [M+H]+ 99.0 25 50 

KHP  164.9 [M+H]+ 
121.1 13 48 

77.3 18 48 

PFOS 498.7 [M+H]+ 
169.0 38 109 

99.0 45 109 

PFOS d3 572.9 [M+H]+ 
482.9 18 40 

418.9 18 40 
 

Table 1 – Optimized Conditions for MRM transitions in MS/MS Analyses (+ = ESI+) 

 

RESULTS & DISCUSSION 

PFOS Internal Standards Comparison 

Internal standard ion counts were monitored across five concentrations of 

PFOS for 28 days. Figure 1 depicts the stability of KHP and d3-PFOS. The percent 

relative standard deviation (%RSD) in the response of KHP was found to be 63%, 

compared with d3-PFOS at 105%. The primary standard KHP presented more inter-

day precision in measured instrument response over 28 days than d3-PFOS, even with 

routine maintenance between measurements. A comparison of inter-day precision of 

PFOS with two different internal standards is summarized in Table 2. In terms of 

intra-day precision across all concentrations, the primary standard outperformed the 
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deuterated standard with %RSD of KHP ≤ 6%. KHP is known for its pH stability in 

solution and is shown here to possess reproducible ionizability that is comparable to a 

commonly accepted deuterated standard. PFOS showed extreme variability in mean 

peak response with inter-day variability upwards of 10,000% RSD at concentrations of 

10 μg/L. However, slightly more inter-day precision was achieved with KHP as an 

internal standard for PFOS. 

 

 

Figure 1 - Inter-day mean peak response of internal standards KHP and d3-PFOS over 

a 28-day period. 

Inter-day Precision PFOS IS  Intra-day Precision of PFOS IS 

Conc 
(μg/L) 

Inter-day 
% RSD 

d3 PFOS IS 

Inter-day 
% RSD 
KHP IS 

Day % RSD 
d3 PFOS 

% RSD 
KHP 

10 10000 10000 0 8 6 

25 9700 8700 7 8 5 

50 9600 8800 14 5 3 

75 9700 8800 21 2 5 

100 9800 8800 28 3 4 

Table 2 – Inter-day variability of PFOS with two different internal standards over 28 

days and intra-day precision of internal standards. 
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Inter-day Precision of Internal Standards in Neonicotinoid Matrices 

Simeton and TCPP have been shown in our lab to produce consistent 

instrument responses with ESI+ at concentrations of 50 (µg/L). These known internal 

standards were compared with Trizma, to determine the viability of a primary standard 

to yield reproducible ionizations in ESI+. Figure 2 depicts the inter-day instrument 

response of simeton, TCPP, and Trizma in a matrix of neonicotinoid concentrations 

ranging from 1-100 µg/L. For each day, six neonicotinoid concentrations were 

monitored for internal standard response. The inter-day variability in instrument 

response (expressed in %RSD) over 28 days for all internal standards tested were 

similar: simeton having 30% RSD, TCPP with 32%, and Trizma with 31%.  Mean ion 

counts for Trizma and Simeton were shown to increase over the 28-day period, while 

TCPP counts slightly decreased.   

 

Figure 2 – Inter-day mean peak response of internal standards for simeton, TCPP, and 

Trizma over a 28-day period with neonicotinoids. (Simeton and TCPP ion counts 

associated with primary axis and Trizma ion count on secondary axis.) 
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3.3 Inter-day Precision of Neonicotinoids & Intra-day Precision of Internal 

Standards 

A summary of inter-day precision of thiamethoxam, clothianidin, and 

imidacloprid can be found in Table 3.  Thiamethoxam presented the most inter-day 

variability, reaching upwards of 57% RSD. The intra-day precision of simeton and 

Trizma were similar by day 28, in that both standards had %RSD’s below 7%. A trace 

amount of carryover of simeton was observed between runs, while there was no 

carryover observed for the primary standard Trizma or TCPP.  

 

 Thiamethoxam   Clothianidin 

Conc. 
(µg/L) 

Inter-day 
%RSD 

Simeton IS 

Inter-day 
%RSD 

TCPP IS 

Inter-day 
%RSD 

Trizma IS 

Conc. 
(µg/L) 

Inter-day 
%RSD 

Simeton 
IS 

Inter-
day 

%RSD 
TCPP IS 

Inter-
day 

%RSD 
Trizma 

IS 

1 44 52 57 1 14 36 30 

5 39 41 47 5 17 25 29 

10 36 43 46 10 16 21 29 

25 34 38 48 25 19 20 27 

50 34 38 46 50 12 20 25 

100 34 38 43 100 15 17 23 

 Imidacloprid  Intra-day Precision of Internal Standards 

Conc. 
(µg/L) 

Inter-day 
%RSD 

Simeton IS 

Inter-day 
%RSD 

TCPP IS 

Inter-day 
%RSD 

Trizma IS 

 
Day 

% RSD 
Simeton 

% RSD 
TCPP 

%RSD 
Trizma 

1 9 28 38 0 3 3 17 

5 13 28 30 7 5 8 20 

10 15 29 31 14 4 7 7 

25 17 23 31 21 3 8 16 

50 17 24 29 28 6 14 7 

100 16 23 26 

Table 3 – Inter-day variability of three neonicotinoids over 28 days with three 

different internal standards and intra-day precision of internal standards.  
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CONCLUSION 

Perfluorinated compounds and neonicotinoid pesticides were analyzed with 

LC-MS/MS to determine the viability of using primary standards as LC-MS 

operational standards. The primary standard KHP was found to have higher inter-day 

precision and intra-day precision in positive mode than a deuterated standard over 28 

days. The primary standard Trizma performed similarly to other internal standards in a 

matrix of neonicotinoids over a 28-day period. Intra-day precision of Trizma was 

found to be as low as 7% RSD without carryover between runs. This study shows the 

potential for primary standards to be used in LC-MS/MS analysis of environmental 

contaminants. Primary standards should be considered as operational qualification 

standards for LC-MS instruments. More extensive validation is needed to determine 

primary standard robustness across different classes of contaminants, which can be 

compared with commonly accepted internal standards in routine LC-MS methodology 

to determine their comprehensive analytical performance.  
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