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Abstract 

Atmospheric pollutants such as gaseous nitric acid (HNO3) and perfluoroalkyl acids 

(PFAAs) are emitted or formed in the atmosphere as a result of anthropogenic activities. These 

acids could pose risks to organisms and the environment. The PFAAs are organofluorine 

chemicals that have been producing scientific and regulatory interest because of their persistence 

in the environment, toxicity, and bioaccumulation potential. They are detected in water, the 

atmosphere, human organs, and wildlife. There are scarce atmospheric measurements of PFAAs 

because of their low atmospheric concentrations. Nylon passive samplers are selective for 

sampling of atmospheric acids. They are well validated for HNO3 but have never been used to 

collect PFAAs. The Nylasorb nylon filter, previously validated for HNO3 was discontinued and a 

new nylon filter was purchased from a different manufacturer. The new nylon filter has been 

characterized in this work for the monitoring of HNO3 and the determination of PFAAs in the 

atmosphere.  
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1.1 Introduction to atmospheric pollutants  

1.1.1 Atmospheric pollution 

Air pollution can occur from gaseous and particulate contaminants in the atmosphere. 

These pollutants are mostly in trace levels in the troposphere but are either directly harmful 

or form products that are harmful to the environment and the health of living organisms,   

(Finlayson-Pitts 2000). Air pollution is estimated to produce 6.5 million deaths per year, 

making it an enormous threat to planetary well-being (Landrigan 2017). Primary pollutants 

(e.g., fluorotelomer alcohol (FTOHs), hydrofluorocarbons (HFCs), and oxides of nitrogen 

(NOx = NO + NO2)) that are directly released in the environment can react with other 

chemicals such as hydroxyl radical (OH) to produce gaseous secondary pollutants such as 

trifluoracetic acid (TFA; R.1.1) and nitric acid (HNO3; R.1.2) into the atmosphere (Place et 

al. 2018; Holland et al. 2021).  

      HFC (g)+ OH (g) → → → TFA (g)                                                     (R.1.1) 

NO2 (g) + OH (g) + M → HNO3 (g)  + M                                            (R.1.2) 

Atmospheric acid pollution can occur both in indoor and outdoor environmental settings 

depending on the emission sources. Nitric acid and TFA are both atmospheric acids that are 

products of atmospheric oxidation reactions. The chemistry of HNO3 is well understood. 

Because of the recognition of its contribution to acid rain, there has been an interest in its 

formation and fate for several decades. Atmospheric HNO3 has become an important factor when 

considering acid rain which affects plant growth by reducing mineralization in soil (Liu et al. 

2018). Fuel combustion process can emit precursor gases (i.e., NOx) for the formation of HNO3 

which account for 60 percent of global emission (Place et al. 2018). More recently, trifluoracetic 

acid (CF3COOH) has become a concern when it was found as an ubiquitous contaminant. It has 
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been detected in a variety of environmental media such as water and atmosphere and can rapidly 

partition into water from the atmosphere  due to its high solubility. The atmospheric oxidation of 

several fluorinated molecules (e.g., HFC-134a) produce TFA (Solomon et al. 2016; Xie et al. 

2020). These chemicals were introduced as chlorofluorocarbon (CFC) replacements because they 

are alternatives to ozone depleting substances (ODSs), but some still have high global warming 

potentials (GWPs). The phase out of HFC-134a being replaced by 2,3,3,3- tetrafluoropropene 

(HFO-1234yf) which has a lower GWP compared to HFC-134a (Wang et al. 2018). A drawback 

of this is that HFO-1234 yf can yield 100 % TFA (Solomon et al. 2016).  

1.1.2 Perfluoroalkyl acids (PFAAs) 

Perfluorinated alkyl acids are persistent contaminants found ubiquitously in the water, 

and biota, including in remote areas (Young et al. 2007). These PFAAs mostly exist in their 

anionic form in the environment. They are not susceptible to atmospheric long-range transport 

due to their low volatility and high water solubility (Young et al. 2007). In the atmosphere, 

PFAAs are derived from precursors such as FTOHs and HFCs that are used by various industries 

and in consumer products (Young et al. 2007; Young and Mabury 2010). These PFAAs belong to 

a group of poly-and perfluoroalkyl substances (PFASs) that are anthropogenic fluorinated 

compounds used for the past six decades. They have unique characteristics such as water and oil 

repellency, thermal stability, and high surface activity. They are used for surface repellent 

coatings (e.g., food paper, upholstery, cookware, leather, and textile), surfactants (e.g., mist 

suppressants, cleaning products) (Brendel et al. 2018), and as processing aids in the production 

of fluoropolymers (Winkens et al. 2017). Perfluoroalkyl acids are found in living organisms 

worldwide (Ahrens et al. 2013) and are considered toxic (Kim et al. 2016).   
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Trifluoroacetic acid is the smallest PFAA. It is widely used and produced in industry, but 

recent data about TFA manufacturing is not available (Solomon et al. 2016), which may limit our 

ability to understand TFA sources from local to global scale. Major sources of TFA in the 

atmosphere are HFCs, and hydrofluoroolefins (HFOs), and hydrochlorofluorocarbons (HCFCs) 

which are used as refrigerants in automobiles (Sun et al. 2020). The large use of these CFC 

replacements will produce increasing TFA and thus can affect organisms (Hu et al. 2013). For 

instance, HFC-134a can yield approximately 21 % of TFA in the United States (Solomon et al. 

2016). Thermolysis of fluoropolymers from industrial processes and thermal decomposition (Wu 

et al. 2014) and certain fluoropolymers (e.g. polytetrafluoroethylene, PTFE) can also produce 

TFA (Ellis et al. 2020). The global input of TFA directly into the environment is uncertain due to 

the variability that remains in its sources (Solomon et al. 2016). Like other perfluoroalkyl acids, 

TFA is a strong acid with a pKa of 0.23, a boiling point of 74 o C, miscible with H2O, and 

vaporizes easily as it has a large vapor pressure of 11 kPa at 20 o C (Solomon et al. 2016). 

1.1.3 The importance of atmospheric measurements of PFAAs   

One reason for concern about PFAAs is because they are widely distributed across the 

globe. Long-range transport of PFAAs is on the order of decades via the oceans while 

atmospheric transport occurs within days to weeks, making atmospheric transport a faster 

pathway into remote environments (Young and Mabury 2010). Volatile PFAAs precursors such 

as FTOHs have long enough lifetimes to reach the Arctic via the atmosphere (Young et al. 2007). 

There are not many atmospheric studies available for gas-phase PFAAs measurements. 

Perfluoroalkyl acids have been challenging to measure because of their low levels in the 

atmosphere. Atmospheric measurements of PFAAs are typically done using polyurethane foam-

passive air sampler (PUF-PAS), styrene divinyl-benzene copolymer-passive air sampler (XAD-
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PAS), and active samplers (Tuduri et al., 2006; Karásková et al., 2018). The measurements from 

different samplers do not always agree because of different analytical methods having different 

selectivities (Karásková et al. 2018). For example, different combinations of gas- and particle-

phase PFAAs are measured by different methods (Karásková et al. 2018). Passive samplers are 

typically used to measure PFAAs with carbon chain lengths longer than TFA (Ahrens et al., 

2013; Karásková et al., 2018). Previous studies showed that sampling artifacts occurred using 

traditional high volume active air sampler for PFAAs (Dreyer et al., 2010; Webster & Ellis, 

2012). Sampling artifacts can be prevented by using an annular diffusion denuder sampler that 

collects the gas phase first (Peters et al., 2000; Ahrens et al., 2011). Atmospheric TFA is an ultra-

short-chain PFAA that is challenging to sample and analyze chromatographically due to 

insufficient retention time in the standardly-applied reverse-phase liquid chromatography 

methods used throughout the research community (Björnsdotter et al. 2020).  

1.1.4 Transition to shorter-chain PFAAs  

Long-chain PFAAs such as perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic 

acid (PFOS) can bioaccumulate due to slow biological elimination rates and may have adverse 

effects on wildlife and humans (Trier et al., 2011; Gewurtz et al., 2012). The toxicological data 

for these PFAAs have proposed linkage to carcinogenicity (Guruge et al. 2006; Kang et al., 

2019), neuro-development effect in children (Høyer et al. 2018), and, immune effects (Dewitt et 

al. 2012). The persistence, bioaccumulation, and toxicity of these long-chain PFAAs have been 

of concern. As a result, the long-chain PFAAs have been replaced by short-chain PFAAs (≤C6) 

in many applications. The persistence of short-chain PFAAs is the same as long-chain PFAAs, 

but the idea was that the impacts on the environment would be lower because short-chain 

alternatives are considered to be less bioaccumulative due to their rapid elimination in test 
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animals (Yeung et al., 2017). There are increasing concentrations of short-chain PFAAs in the 

environment from the transitioning away from the long-chain PFAS and towards the short-chain 

PFAS replacements. In addition, the short-chain PFAS precursors have a poorer technical 

performance compared to the long-chain PFAS and thus a greater amount of the short-chain 

PFAS are used in industrial and consumer products (Brendel et al. 2018), so the release of these 

PFAS precursors during production into the environment can degrade to short-chain PFAAs that 

have been detected in remote areas. The ceaseless exposure to the short-chain PFAAs could have 

an adverse effect on humans and wildlife (Kirchgeorg et al., 2016; Brendel et al. 2018). The 

short-chain PFCAs are mainly detected in the aqueous phase due to their higher mobility in 

water (Janda et al. 2019). The high mobility is a result of their aqueous solubility and low 

adsorption potential of the short-chain PFAAs in water treatment processes. The short-chain 

PFAAs have a greater potential for long-range transport than their long-chain homologues. Like 

long-chain PFAAs, they are detected in remote areas (Brendel et al. 2018). There is scarce 

knowledge about the toxicity of the short-chain PFAAs, but a few short-chain PFAAs are 

assumed to have lesser or similar effects to long-chain PFAAs such as PFOA and PFOS (Li et al. 

2020).  

1.1.5 Diffusive passive sampler 

The nylon filter is a polymer that is selective for collection and retention of gaseous 

atmospheric acids. There is no loss of analytes during sampling because of a chemisorption 

process between the basic moieties in the nylon structure and acid analytes. The nylon passive 

samplers have been used in numerous environments and were recently validated for use in ultra-

trace detection of atmospheric HNO3 (Place et al. 2018). 
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Fick’s first law (J; ng cm− 2 sec− 1; E.1.1) describes a diffusion-based sampler that is 

related to the diffusion coefficient of the gas (D; cm2 s − 1), the concentration gradient of the gas 

(C; ng cm− 3 ) over a certain length of the diffusive gas (L; cm) (Kawashima et al. 2021).  The 

sampling of this nylon passive sampler and the physical construction of the custom-built sampler 

housing takes advantage of Fick’s first law which becomes a component of overall sampling 

rates of these devices.  

J = D ( C/L)                                                                                          (E.1.1) 

The sampling rate also accounts for the number of collisions of atmospheric acids on the 

surface area of the nylon filter per unit of time that results in an irreversible uptake. It has 

previously been established that there is a linear relationship between the sampler dimensions 

and sampling rate for HNO3, which is expected to transfer to the collection of other acids (Place 

et al. 2018). In general, longer diffusion lengths result in low uptake rates to the passive substrate 

and the opposite is true for shorter diffusion paths (Masey et al. 2017).   

1.1.6 Nitric acid passive air sampler  

 Nitric acid passive gas samplers (Figure 1-1) have been designed and built in the past,     

(Bytnerowicz et al. 2001; 2005; Place et al., 2018). The most recent design from our group is 

comprised of a filter pack sampler assembly (Figure 1-1a) that contains one nylon membrane 

filter, one supported PTFE filter, a petri dish, two PTFE rings, and one acrylic ring. The nylon 

filter is housed inside a petri dish between the two PTFE rings. The PTFE filter is held over the 

nylon filter, supported by a PTFE ring, and held in place by an acrylic ring. The acrylic ring was 

designed to hold the filter assembly securely in the petri dish. The filter pack assembly is secured 

inside a threaded cap with a hook and loop adhesive tape to initiate sampling. The PTFE filter 

acts as a diffusion barrier that also impedes the intrusion of atmospheric particles and debris to 
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the nylon filter. A limitation of passive samplers is the effect of windspeed (Koutrakis et al. 

1993b). High windspeed may produce less accurate atmospheric measurements. The wind speed 

can induce turbulence and shorten the diffusion path to the sampling substrate, resulting in 

higher uptake rates than by diffusion alone. Wind shelters and/or membranes minimize 

turbulence within the diffusive region to reduce sampler overestimation (Masey et al. 2017). The 

weatherproof enclosure (Figure 1-1b) was designed to serve this purpose and was constructed 

from two acrylonitrile butadiene styrene (ABS) fittings to protect the nylon samplers from rain 

and wind in order to obtain reproducible and reliable results. This design attenuates or negates 

the effect of wind speed on the dose-response (Koutrakis et al. 1993a, 1993b; Place et al., 2018). 

The passive air sampler housing is additionally painted silver to reflect radiation away from the 

sampler, minimizing solar heating of the enclosure in order to minimize temperature effects on 

diffusion rates and therefore sampling rates. These enclosure fittings are readily accessible from 

commercial plumbing suppliers. This HNO3 air sampler design was characterized and validated 

for Nylasorb nylon filters (Place et al. 2018). The passive sampler is a simple technique for 

collection of the atmospheric acids. They are inexpensive to produce ($ 20.00) compared to 

expensive active samplers, they are silent samplers that can be deployed in residential areas, no 

electricity is required for operation, they are low maintenance, and are portable.  
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Figure 1-1. Schematic of the custom-built HNO3 passive nylon sampler. The filter assembly (a) 

consists of a petri dish, a nylon membrane filter, a supported PTFE filter, two PTFE rings, and an 

acrylic ring or polycarbonate ring. The weather enclosure (b) consists of an ABS enclosure base, 

an ABS screw cap with O-ring, and a drilled hole on the cap to pass a string loop through for 

mounting in position. The schematic of the custom-built HNO3 passive sampler was adapted 

from (Place et al. 2018). 

 

1.1.7 Need for a new nylon filter  

The Nylasorb nylon filter is selective for gaseous acids as collection of analytes on nylon 

are based on irreversible acid-base reaction (Place et al. 2018). The nylon filter is a perfect sink 

for HNO3 (Bytnerowicz et al. 2005). The Nylasorb filter line was discontinued by the 

manufacturer in 2017. To continue passive sampling using nylon, any new substrates must be 

characterized and validated for their performance. Nylon substrates were found to be available 
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from another manufacturer, Sartorius. To continue measurements of HNO3 in the atmosphere, a 

sampling rate had to be determined for the Sartorius nylon samplers. In addition, the Nylasorb 

nylon filter was validated for HNO3 ( Bytnerowicz et al. 2001, 2005, 2010; Place et al. 2018) but 

was never used to collect PFAAs. The sampling rate for HNO3 uptake to the Sartorius nylon 

sampler was determined by this work and this sampling rate was used as a validated sampling 

rate to then determine the diffusion-corrected sampling rates for PFAAs. Both PFAAs and HNO3 

are strong acids and have a small pKa value (Solomon et al. 2016) and this work assumed similar 

analyte behaviors on the surface of the nylon for these atmospheric acids.  

1.1.8 The operation of the IC-CD-MS  

 

Figure 1-2. Ion Chromatography Conductivity Detector with Mass spectrometry (IC-CD-MS) 

schematic box diagram. The sample is transferred by the autosampler into the sample loop and 

injected onto the column for separation. The suppressor reduces the conductivity of the 

hydroxide ion eluent, improving the detection of the analytes. The suppressed outflow to the 

conductivity detector contains the ions that are then detected by MS. Methanol is teed in before 

the MS system to increase the sensitivity by allowing better electrospray conditions for the 

analytes being delivered to the mass spectrometer. The single quadruple (MS) operates in  

selective ion monitoring (SIM) mode that detects specific analytes at a given retention time and 
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mass-to-charge ratio. The computer records the MS chromatogram in units of counts versus time 

for each of the PFAAs analytes.  

 

The atmosphere has carbon dioxide (CO2) and this CO2 will dissolve in water producing 

carbonic acid (H2CO3). This H2CO3 could change the concentration of the basic eluent by 

completing the hydroxide mobile phase. Degassing is done before the IC run to remove the air 

from the eluent, to minimize CO2 dissolution, as well as in the deionized water reservoirs by 

nitrogen sparging for a few minutes. Nitrogen is nonreactive and it displaces dissolved gases in 

these solvents, minimizing the amount of CO2 present in eluent and deionized reservoirs by 

(Fritz and Gjerde 2000).  

A guard column is placed before the analytical column to preserve the lifetime of the 

analytical column. The guard column and the analytical column generally have the same 

stationary phase. The guard column traps potential contaminants, preventing them from entering 

the expensive analytical column. The anion columns are generally composed of quaternary 

ammonium groups bonded to the stationary phase by (Fritz and Gjerde 2000). 

Ion Chromatography (IC) is a separation of ions in a column using two-phases, denoted 

as mobile and the stationary phases. The mobile phase is the moving solvent that carries the 

analytes through the analytical column. In IC, the analytes ions are charged species which are 

separated by a charged stationary phase under the influence of competing ions in the mobile 

phase. The selection of the mobile phase and stationary phase is based on the type of ions to be 

separated. The stationary phase is fixed and consists of exchange functional groups (e.g., 

quaternary ammonium) that interact with the analytes. Competition between the mobile phase 

ions and the analytes ions for the charged functional groups on the stationary phase causes 
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elution of the ions through the analytical column. The column is first equilibrated with the eluent 

to produce a stable baseline and to prepare the analytical column for separation. In general, the 

equilibration step in a packed analytical column with solid anion exchange particles (i.e., resin-

anion) is washed in a continuous manner with eluent to replace any analyte anion on the ion 

exchanger resin with hydroxide ion (OH-), when it is used as the competing ion. The 

equilibration step occurs as the resin-anion + NaOH eluent produces an equilibrated column in 

the form of resin-OH-. A sample of anion analytes is drawn up by the autosampler into the 

sample loop by (Fritz and Gjerde 2000).  

A gradient separation is necessary for IC analysis that has different analytes with varying 

ionic strengths. In general, a gradient separation starts with a weak concentration of eluent and 

gradually increases the concentrations of eluent to increasingly displace stronger affinity analytes 

from the analytical column. The anions that weakly interact with the stationary phase in the 

column elute first and those anions more strongly retained on the column will elute faster when 

the eluent concentration is increased. The advantage of gradient separation is faster analysis time 

and separation of different analytes with different ionic properties (i.e., charge, polarizability, 

hydrated radius, etc.). The limitation of a gradient separation is that it can potentially result in 

changes in baseline due to varying the concentration of eluent by (Fritz and Gjerde 2000).  

The sample mixture is injected into the eluent stream and onto the equilibrated analytical 

column. The sample mixture is then ideally separated into individual ions as the analytes are 

exchanged between the stationary phase and mobile phase, followed by elution when they enter 

the suppressor by (Fritz and Gjerde 2000).  

The general operation of an anion self-regenerating suppressor for the IC is to produce 

electrolyzed water in the form of H+ and OH-. The ions from the eluent combine with 



 
 

13 
 

electrolyzed water to produce a neutral water. The sodium ion (Na+) from the NaOH mobile 

phase is sent to the cathode (cation-exchange membrane, H2O results in H2 + OH-) compartment 

side of the suppressor, including H2 are forwarded to the waste compartment. The OH- from the 

eluent is combined with the proton (H+) produced from the anode side (H2O resulting from H+ + 

OH-) which is sent to the conductivity detector with the unmodified anions analytes. This 

improves detection of the analytes because the OH- equivalent ionic conductance in aqueous 

solution at 25 o C in units of ohm-1 cm2 equiv-1 is 198 which is higher than the equivalent ionic 

conductance of many other anions by (Fritz and Gjerde 2000). As a result, the background 

conductivity is extremely low after the NaOH eluent passes through the regenerated suppressor 

and is essentially pure water with relatively no conductance, except that from the analytes. This 

can result in a lower detection limit with lower background noise and better detection of analytes 

(Fritz and Gjerde 2000).  

Electrospray ionization (ESI) is considered a soft ionization technique without 

fragmentation and is widely used for the production of gas-phase ions. In general, a solution 

containing the analytes is transferred to the gas-phase using ESI. There are three processes 

involved. First, a solution containing the analytes is injected into a high voltage capillary tip that 

produced charged droplets known as an aerosol spray. Second, the charged droplets are 

evaporated and disintegrated into smaller charged droplets in the ionization chamber under 

atmospheric pressure. Last, the sheath gas - which is a nitrogen flow around the capillary needle 

- transports the aerosol into the ionization chamber (Gioumouxouzis et al. 2015). The capillary 

needle tip is set to a high negative voltage and the nebulizer gas around the capillary needle is 

blown out of the capillary area to produce an electrostatically charged aerosol with the same sign 

as the applied voltage on the capillary needle (Gioumouxouzis et al. 2015). The charged gaseous  
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ions from the ionization chamber then enter the high vacuum mass spectrometer. The low 

pressure that constitutes a high vacuum is necessary to prevent any unwanted collision with other 

gas ions that may affect the path of the charged gas ions in the electric fields of the mass 

spectrometer prior to detection. The advantage of ESI-MS is that it is rapid and sensitive 

quantification of ions. The electrospray interface removes ions clusters that can complicate the 

mass spectra, resulting in simplified mass spectra with less fragmentation (Lentz and Honk 

2007).  

1.1.9 Objectives  

This work will address two objectives, objective one utilizes the IC-CD, and objective 

two utilizes the IC-CD-MS. The first objective is to validate a new nylon filter for passive 

sampling of HNO3 (Chapter 2). This is done by ambient intercomparison with active samplers. 

The second objective is to assess the ability of these nylon samplers to collect another class of 

atmospheric acids, PFAAs (Chapter 3).  
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2.1 Introduction 

2.1.1 The effect of HNO3 in the environment 

Gaseous nitric acid (HNO3) is an air pollutant that can be produced from natural and 

anthropogenic processes. A high concentration of HNO3 could have a negative effect on forests 

and a potential phytotoxic effect on plants ( Bytnerowicz et al. 2010). The deposition of HNO3 

may also contaminate surface waters with nitrate ion (NO3
-) particularly in areas downwind of 

strong nitrogen oxides (NOx) point sources, such as southern California mountain ranges (Fenn 

and Bytnerowicz 1997). Continuous exposure to HNO3 can have a negative impact on humans 

(Pillai et al. 2005) and high concentrations of HNO3 can cause vegetation damage ( Bytnerowicz 

et al. 2001). Nitric acid is a part of atmospheric reactive nitrogen (Nr) that has been a major 

contributor to the deposition in forests and other ecosystems as a result of its high deposition 

velocity (Bytnerowicz et al., 2005). Levels of  Nr have increased tremendously since the 

industrial revolution as a result of more fossil fuel combustion, production, and the use of 

nitrogen-containing fertilizer (Zhang et al. 2015). An increase in Nr deposition can have a 

negative impact on vegetation, decrease in plant diversity, and acidification in soil once critical 

loads are exceeded (Bobbink et al., 2010). Prior to reaching the critical load, Nr deposition can 

promote photosynthesis rate and encourage plant growth in locations that are nitrogen-limited or 

young forest areas (Zhang et al. 2015). Reactive nitrogen species are derived from natural and 

anthropogenic sources. Natural sources can be lightning (Tuck 1976) and soil (Hanson and 

Lindberg 1991). Anthropogenic processes such as fossil fuel combustion release nitrogen 

monoxide (NO) and natural soil processes release both NO and nitrogen dioxide (NO2), which 

are precursors to HNO3. Reactive species such as NO promptly converts to NO2 by reaction with 
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photooxidants like ozone (O3; R.2.1) and hydroxyl radical (OH; R.2.2) that produce HNO3 in the 

troposphere (Tuck 1976;  Hanson and Lindberg 1991; Place et al. 2018).  

NO (g) + O3 (g) → NO2 (g)  +  O2 (g)                                                   (R.2.1) 

NO2 (g) + OH (g) + M → HNO3 (g)  + M                                            (R.2.2) 

Atmospheric HNO3 as the terminal product of the atmospheric oxidation processes has a 

short residence time and quickly transfers to the Earth’s surface by wet and dry deposition to 

terrestrial and aquatic ecosystems. Deposition into terrestrial and aquatic ecosystems has been 

found to be an important contributor to eutrophication, and acidification, particularly in areas 

next to heavy urban populations (Padgett et al., 2004).  

2.1.2 Measurements of HNO3 in the atmosphere  

It is important to continuously monitor the concentrations of HNO3 in remote areas to 

assess its effect on the health of forests and ecosystems. Nitric acid has been challenging to 

measure because of low levels and high surface activity (Neuman et al., 2002; Place et al., 2018). 

Typically HNO3 is measured for regulatory purposes using denuders via the Environmental 

Protection Agency (EPA) compendium method from the United States  (U.S. EPA 1999) and for 

intensive observations by chemical ionization mass spectrometry (Neuman et al., 2002). The 

regulatory EPA compendium method is the standard operating procedure for the determination 

of HNO3 through offline analysis of denuder extracts by ion chromatography. The commonality 

between these two methods has been that they require power and cannot be used in remote areas. 

Also, active air samplers are expensive instruments, which limits the number of locations in 

which measurements can be made. Passive samplers were developed to collect ambient gaseous 

pollutants in the atmosphere and for quantifying the concentrations of the gaseous atmospheric 
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pollutants particularly in remote locations. Passive samplers are simple to use, inexpensive to 

deploy, portable, and required no electricity to operate (Krupa and Legge 2000). The nylon filter 

has been selective for the adsorption of gaseous acids in the atmosphere (Place et al. 2018). 

Nylon passive techniques have been used to measure HNO3 in remote areas and it has been 

shown to be an effective technique (Bytnerowicz et al., 2002, 2005, 2010; Place et al., 2018). 

The adsorption of HNO3 and other atmospheric acids to nylon corresponds to an acid-base 

reaction via amino groups on the nylon filter and the acid functional group of the analytes in the 

atmosphere (Place et al., 2018), leading to NO3
- sorbed to the filter surface in the case of HNO3. 

These nylon passive sampling techniques have yielded measurements in remote areas where 

there was no power and thus making passive sampling very useful.  

In general, the passive sampling technique for HNO3 involves ambient air passing 

through a polytetrafluoroethylene (PTFE) filter that acts as a diffusion barrier that also blocks 

atmospheric particles, preventing interferences from arriving on the nylon filter. The filters are 

typically also protected by waterproof housing against rain and wind effects. The use of passive 

samplers requires knowledge of the sampling rate, which accounts for the number of collisions 

of HNO3 on the surface area of the nylon filter per unit of time that result in irreversible uptake. 

The sampling rate value is necessary to convert the mass loadings of NO3
- adsorbed to the nylon 

membrane filter to volumetric average atmospheric mixing ratios of HNO3 in the atmosphere 

(Place et al., 2018). The Nylasorb nylon material that has been well characterized and widely 

used to measure HNO3 (Place et al., 2018) has recently been discontinued. The sampling rate is 

specific to a given type of filter, so before a new nylon filter material can be used to passively 

sample HNO3 or other atmospheric acids, the sampling rate must be re-determined and validated.  



 
 

27 
 

2.1.3 Objectives  

This work characterized a new brand of nylon membrane filter to benchmark against past 

HNO3 measurements in order to transfer this technique to other analytes by passive sampling. In 

this work, we measured the HNO3 sampling rate of the new nylon filters under real-world 

conditions through comparison to a validated active measurement.  

2.2 Methods  

2.2.1 Materials and chemicals  

 Deionized water (Milli-Q, Direct 8, 18.2 MΩ.cm, 25 o C) was used for both the passive 

and active samplers in order to obtain reproducible results. The annualar denuder coating is a 

basic  solution that was prepared from 2% w/w sodium carbonate (NaCO3,  ≥ 99.5%, Sigma-

Aldrich, USA), 2 % w/w glycerol (˃ 99.9%, Sigma Chemical Company, USA), ) in 1:1 water: 

methanol (CH4O, ˃ 99.9 %, OptimaTM, LC/MS grade, Fisher Chemical, Ottawa, Canada) to 

sample atmospheric HNO3. Also, the precleaning solution for the nylon membrane filter was 

prepared with sodium carbonate and deionized water.  

The passive technique used a new brand of nylon membrane filter (47 mm, 0.45 µm, 

Sartorius, Fisher Scientific, P/N 2500647N) to adsorb atmospheric HNO3. The PTFE membrane 

filter (47 mm, 2.0 µm, ZeflourTM, Pall Corporation, P/N P5PJ047) was used to block debris from 

arriving at the nylon filter membrane. The PTFE rings (52 x 2 mm, McMaster Carr, P/N 

8547K33) and the acrylic ring (53 x 4 mm, McMaster Carr, P/N 8486K541) or polycarbonate 

ring (50 × 5 mm, McMaster Carr, P/N 8585K18) were used to hold the filters inside the petri 

dish. Petri dishes (60 x 15 mm, Fisher Scientific) were used for assembling rings and filters. The 

15 mL falcon tubes (Polystyrene, Fisher Scientific, USA) were used to store filters and extracts.   
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2.2.2 Modified HNO3 passive air sampler and preparation for use 

 HNO3 passive gas samplers (Figure 2-1) were custom-built based on prior designs 

(Bytnerowicz et al., 2002a, 2005; Place et al., 2018). The filter pack sampler assembly (Figure 2-

1a) is composed of one nylon membrane filter, one supported PTFE filter, a petri dish, two PTFE 

rings, and one acrylic ring. The nylon filter was housed inside a petri dish between the two PTFE 

rings. The PTFE filter was held over the nylon filter, supported by a PTFE ring, and held in place 

by an acrylic ring. The acrylic ring or polycarbonate is designed to hold the filter assembly 

securely in the petri dish. The filter pack assembly is secured inside a threaded cap with a hook 

and loop adhesive tape to initiate sampling. The PTFE filter acts as a diffusion barrier that has 

also have shown to impede the intrusion of atmospheric particles and debris to the nylon filter. 

The weatherproof enclosure (Figure 2-1b) is designed from two acrylonitrile butadiene styrene 

(ABS) fittings to protect the nylon samplers from rain and wind for reproducible results. This 

design allows the effect of wind speed on the dose-response to be attenuated (Koutraskis et al., 

1993 b; Place et al., 2018). The passive air sampler housing is painted silver to reflect radiation 

away from the sampler, minimizing heating of the enclosure in order to maintain the integrity of 

the nylon samplers. These fittings are readily accessible from commercial plumbing suppliers. 

This custom-built passive air sampler design has been characterized and validated for Nylasorb 

nylon filters (Place et al. 2018). 

This work produced 50 new custom-built HNO3 passive samplers to deploy at a large 

number of indoor and outdoor sampling locations. This generation of custom-built HNO3 passive 

samplers has opening diameters of 100 mm and 127 mm, slightly larger than the previous design 

at 75 mm and 115 mm (Place et al. 2018). The polycarbonate tube for rings was discontinued at 

the supplier and replaced with rings cut from an acrylic tube. The inner diameters of new petri 



 
 

29 
 

dishes were measured as they differed from those previously used and the York University 

machine shop custom cut 75 acrylic rings and 150 PTFE rings. The weatherproof housings were 

designed with a smaller hole to hold the nylon string on the top cap more securely during 

changes in weather. The weatherproof housings were painted with three layers of silver paint for 

an even coating.  

The nylon membrane filters were precleaned by rinsing 6 times in deionized water, 

soaking in 15 mM Na2CO3 for 12 hours, then soaking in deionized water for 12 hours, and 

finally rinsing 6 times in deionized water. The nylon membrane filters were air-dried for 2 hours 

before being assembled in the petri dishes for deployment (Place et al. 2018). 
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Figure 2-1. Schematic of the custom-built HNO3 passive nylon sampler. The filter assembly (a) 

consists of a petri dish, a nylon membrane filter, a supported PTFE filter, two PTFE rings, an 

acrylic ring and or polycarbonate ring. The weather enclosure (b) consists of an ABS enclosure 

base, an ABS screw cap with O-ring, and a drilled hole on the cap to pass a string loop through 

for mounting in position. The schematic of the custom-built HNO3 passive sampler was adapted 

from a previous report (Place et al. 2018). 

2.2.3 Ambient intercomparison for sampling rate determination 

An ambient intercomparison was undertaken to measure outdoor air using nylon passive 

sampling alongside air scrubbed of acids by sodium carbonate-coated annular denuders attached 

to a vacuum pump. This experiment was conducted to determine whether the sampling rate of 

the new nylon membrane was the same or different from the validated Nylasorb material. A 

schematic of the intercomparison deployment of nylon and denuder samplers is shown in (Figure 

S2-1). The measurement site was the Air Quality Research Station, located on the roof of the 

Petrie Science and Engineering Building at York University in Toronto, Ontario, Canada 

(44.7738o N, 79.5071oW, 220 m above sea level). Deployments were 22 July 2020 - 5 August 

2020, 14 August 2020 - 3 September 2020, and 19 March 2021 - 8 April 2021. Meteorological 

conditions were monitored using a co-located (Campbell Scientific)  weather station; (Table 2-

1). A total of 8 replicate denuder samples and 5 nylon filters were collected after the first and 

second deployments. The third deployment was reduced to 4 replicate denuder samplers and 5 

nylon filters. Field blanks were assembled identically and exposed to the indoor and outdoor air 

for 30 seconds during the initial stage of deploying the sampling filters. Field blanks were 

collected for each deployment to check for systematic errors due to field contamination. The 

aqueous extracts were refrigerated at 4 o C until analysis by ion chromatography.  

Table 2-1.The three intercomparison deployments were conducted under ambient conditions 

where atmospheric HNO3 was collected on the Sartorius nylon filters and the annular denuders. 
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The temperatures, wind speeds, and relative humidity conditions did not greatly change within or 

between the deployments.  

 

Atmospheric 
conditions 

First deployment 
July 22 – August 5, 

2020 

Second deployment 
August 14 – September 3, 

2020 

Third deployment 
March 19 – April 8, 

2021 

Windspeed 
x ̄± s, (m/s) 

2.0 ± 0.6 2.1 ± 0.6 2.3 ± 0.7 

Relative Humidity 
x ̄± s, (m/s) 

69 ± 12 67 ± 9 54 ± 17 

Temperature 
x ̄± s, (o C) 

24 ± 2 22 ± 3 7 ± 5 

 

2.2.4 Annual denuders preparation and sampling 

The annular denuders preparation procedure followed the EPA Compendium Method 

which has been the gold standard for measuring gas-phase HNO3 in the atmosphere (USEPA 

1999). The ambient air passing through the coated denuders strip the gaseous HNO3 from the gas 

stream by diffusion chemistry while the suspended particles pass through the device to be 

collected on quartz fiber filters. The denuders are typically positioned upstream of the filters to 

eliminate positive artifacts on the quartz fiber filters due to the interaction of particles with gases 

(USEPA 1999). The interior surfaces of the denuders were coated with an alkaline solution 

consisting of  2% w/w sodium carbonate and 2% w/w glycerol made in 1:1 water: methanol. 

Prior to coating, the annular denuders were precleaned by rinsing 5 times in deionized water, 

then rinsing once with 5 mL methanol (100 % HPLC grade) followed by air drying for 20 

minutes before applying the denuder coating. A 15 mL alkaline coating solution was applied to 

the annular denuders for even coating and the procedure from the manufacturer says to cap, then 

tipping end over end while rotating gently. The annular denuders were dried using zero air before 

deployment. This alkaline coating which is a carbonate solution (Na2CO3) react with HNO3 
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molecules via an acid-base reaction (R2.3) inside the denuders. After deployment, the interior of 

denuders was extracted with deionized water (extraction procedure is describe in detail in section 

2.2.5) and refrigerated until analysis by ion chromatography (USEPA 1999).  

Na2CO3 (s) + 2HNO3 (g)  → 2NaNO3 (s) + CO2 (g) + H2O (g)                   (R2.3) 

 Denuders were deployed in a medium volume active air sampler (URG-3000ABC, URG 

Corp, Chapel Hill, NC, USA). The first and second deployments consisted of two medium 

volume samplers for a total of 8 denuders (four from each), while in the third deployment there 

was only one medium volume sampler for a total of four denuders. The denuders were connected 

to cyclones that prevented the sampling of aerosols larger than 2.5 µm. The approximate flow 

rate for each denuder was 8 L/min. The flow rates were converted to m3 sampled based on the 

instrument operation time and can be found in (Table S2-1).  

2.2.5 Extraction and analysis of passive and denuder samplers 

The nylon membrane filters were extracted in 6 mL of deionized water, by sonicating for 

10 minutes at 30 o C, and stored in the fridge at 4 o C until analysis. The sonicating for 10 

minutes at 30 o C was done to extract all nitrate ions from the nylon filter without damaging the 

nylon membrane filters. (Place et al. 2018). Multiple extractions were done in smaller volumes 

for the annular denuders to achieve maximum recovery of HNO3. The annular denuders were 

extracted 2 times in 5 mL of deionized water and the 10 mL combined extracts were stored in the 

fridge at 4 o C until analysis (USEPA 1999). Extracts from the nylon membrane filters and 

annular denuder from deployments one and two were analyzed by ion chromatography with 

conductivity detector (IC-CD) using a Dionex ICS-6000 (Thermo Fisher Scientific). The IC 

standards were prepared from a serial dilution of mixed 7-anions standard (Dionex Seven-Anion 

II, Thermo Fisher Scientific). A Dionex AS-DV autosampler loaded 250 μL of sample onto a 
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loop in the IC-CD. The nitrate ion was separated from other common environmental anions at a 

flow rate of 1.25 mL min-1 using an eluent gradient from 1.0 – 60mM NaOH on a Dionex IonPac  

AS11-HC-4μm analytical column (4 x 250 mm, Thermo Fisher Scientific, P/N: 082313) 

preserved by Dionex IonPac AG11-HC-4μm guard column (4 x 50 mm, Thermo Scientific, P/N: 

078034). The eluent for the IC analysis was 100 mM sodium hydroxide prepared from a 9.5 mL 

aliquots (NaOH, 50% w/w, Sigma-Aldrich, USA) diluted in 1800 mL of deionized water. The 

gradient program was held at 1.0 mM NaOH for the first 8 min, then underwent a linear increase 

to 60 mM NaOH, followed by re-equilibrating the column at 1.0 mM NaOH for 4 min, yielding a 

total run time of 34 min. The eluent was dynamically suppressed (Dionex ADRS 600, 4 mm, 

Thermo Fisher Scientific, P/N: 088666) before the nitrate ion was detected by a conductivity 

detector (cell temperature 35 o C, Dionex ICS-6000, Thermo Fisher Scientific).  

The third deployment extract from nylon membrane filter and annular denuder was 

separated on the same IC system by Dionex IonPac AS23 analytical column (4x250 mm, 

Thermo Fisher Scientific, P/N: 064149) with eluent gradient from 10-60 mM NaOH in a 

stepwise pattern at a flow rate of 1 mL/min. The total run time was 30 minutes including 5 

minutes to re-equilibrate at 10mM NaOH. The AS23 was protected by the Dionex IonPac  AG23 

guard column (4x250 mm, Thermo Fisher Scientific, P/N: 064147). Matrix matched check 

standards were used to determine if nitrate peak suppression occurred from denuder carbonate 

coating. The accuracy of the IC instrument was verified by check standards during all analyses. 

The analytical limit of detection (LOD) and analytical limit of quantification (LOQ) were 

determined as three and ten σ divided by the slope obtained from a calibration method by 

producing a graph consisting of signal to noise (S/N) ratio versus the concentration of the nitrate 
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standards. The signal represented the height of the nitrate ion peak in the standards and the noise 

represented the standard deviation of the nitrate ion in the reproducible analytical blank.  

2.3 Results and Discussion 

2.3.1 Observations of HNO3 during ambient sampling  

 

Figure 2-2. A chromatogram from the IC-CD instrument showing (top) the 7-anion standard 

with peaks from: 1. Fluoride, 2. Chloride, 3. Nitrite, 4. Bromide, 5. Nitrate, 6. Sulfate, and 7. 

Phosphate. The peak between nitrate and sulfate peaks is carbonate. The sample chromatogram 

(bottom) showed nitrate was detected on the Sartorius nylon sampler. Bromide and nitrate peaks 

are not fully resolved by this method (IC-CD), but there is no HBr expected in the atmospheric 

samples. Thus, a signal at that retention time is nitrate. The retention times for the nitrate 

standard and the Sartorius nylon sampler were 20.6 minutes and 20.5 minutes respectively. The 

chromatogram for the 7-anion standard was offset from zero.  

𝑁𝑂3
− 
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Figure 2-3. Representative reagent, field, and method blanks from the second ambient sampling 

deployment. These blanks were compared with nitrate in the mixed anion standard at a retention 

time of 20.6 minutes. The chromatograms for the nitrate standard, Sartorius nylon field blank, 

and the reagent blank are offset from zero for comparative purposes. 

 

Nitrate was observed in all ambient sample extracts, which was determined based on a 

comparison of retention time to the mixed anion standard. The chromatograms show the new 

nylon membrane filter adsorbed HNO3 from the atmosphere (Figure 2-2). This is because the 

collection of HNO3 to the nylon membrane filter corresponds to an acid-base reaction via amino 

groups on the nylon membrane filter and the acid nature of HNO3 (Place et al., 2018), resulting 

in chemisorbed to the nylon membrane surface. The estimated LOD for nitrate was 0.0009 

µg/mL and the LOQ was 0.003 µg/mL. All of the atmospheric samples were above the LOQ. 

Denuder blanks and matrix standards were also not contaminated. Field blanks, reagent blanks, 

𝑁𝑂3
− 
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and method blanks for the nylon passive samplers were not contaminated with nitrate during the 

first and second deployments (Figure 2-3). Data from the nylon passive samplers and denuders 

obtained during the first and second deployments were used to determine the sampling rate for 

the new brand of filters tested (Sartorius). The passive sampler blanks for the third deployment 

did have some nitrate contamination. The highest blank value which was the reagent blank value 

was subtracted from each of the nylon sampler values before being used to determine the mixing 

ratio of HNO3 in the atmosphere.  

2.3.2 Calculation of mixing ratios from samples 

The mass loading equation (E.2.1) to determine atmospheric HNO3 in units of (µg m-3) 

was determined by the IC 𝑁𝑂3
− concentration (Cx; µg mL−1), the extract volume (v; mL), the 

sampling rate calibration slope (m; µg m−3 HNO3 (g) h (µg, NO3
− (filter))

 −1), and the sampling 

period (t; h). The volumetric average mixing ratio in parts per billion by volume (ppbv) 

considered the mass loading of [HNO3] in units of (µg m-3), and the number density of air (mol 

m-3). The number density of air was determined from the ambient average sampling temperature 

(K) in Table 2-1, the atmospheric pressure at earth’s surface (101,325 Pa), and the ideal gas 

constant (R = 8.314 Pa * m3 mol-1 K-1).The final volumetric mixing ratios were the moles of 

HNO3 to mole of air and multiplied by 1 x 109 expressed in units of ppbv. 

[HNO3] = Cx
 v m t-1                                                                                               (E.2.1) 

The volumetric mixing ratios for the active sampling were determined from the ratio of 

the concentration of HNO3 (mol m-3) divided by the number density of air (mol m-3) and 

multiplied by 1x109 expressed in units of ppbv.  
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2.3.3 Sampling rate determined for a new nylon membrane filter 

Atmospheric measurements of HNO3 have been previously reported using Nylasorb 

nylon passive air samplers by (Bytnerowicz et al. 2005; Place et al. 2018). The Nylasorb nylon 

filter was discontinued. To continue atmospheric measurements of HNO3 using the passive 

sampling technique, a  new nylon membrane filter was purchased from a different manufacturer, 

Sartorius. The sampling rate for the Sartorius nylon filter needs to be compared to that previously 

established for Nylasorb.  

The sampling rate for the Sartorius nylon filters was calculated through the ambient 

intercomparison, which generates a dose-response sampling rate. The average measurements 

from replicate denuders and the passive samplers were used to determine the sampling rate in the 

first and second field deployments. The measurements of NO3
- from the denuder extracts were 

converted into µg m-3 HNO3(g)  h using the sampling duration and flow. The extract 

measurements by the nylon samplers were converted to µg NO3 
- (filter).  The converted 

measurements obtained from the denuders were divided by those  obtained from the nylon 

samplers. The resulting ratio is the sampling rate (µg m-3 HNO3(g)  h (µg NO3 
- (filter))

-1). The nylon 

and denuder data for the ambient-determination sampling rate can be found in (Table S2-2 and 

Table S2-3). 
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Table 2-2. The first and second deployments used all 8 denuders, and the third deployment used 

4 denuders. The second and third deployments produced similar variabilities with 8 and 4 

denuders respectively. The mixing ratio values in units of ppbv from the first and second  

deployments were converted to µg m-3 HNO3(g) h using the sampling number density of air and 

sampling time. The values in units of µg m-3 HNO3(g) h were used for determining the Sartorius 

nylon average sampling rate of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1. 

 

Denuder Replicate First deployment 
Mixing ratio (ppbv) 

Second deployment 
Mixing ratio (ppbv) 

Third deployment 
Mixing ratio (ppbv) 

1 0.26 0.36 - 

2 0.27 0.35 - 

3 0.27 0.37 - 

4 0.28 0.24 - 

5 0.29 0.34 0.29 

6 0.27 0.35 0.29 

7 0.26 0.34 0.23 

8 0.26 0.35 0.23 

x̄ ± s 0.27± 0.0099 0.34 ± 0.042 0.26 ± 0.037 

RSD 3.7 % 12 % 14 % 

 

Table 2-2 shows the range of the mixing ratios observed by the denuders which was from 

0.26 to 0.34 ppbv and the highest relative standard deviation (RSD) was 14 % in the third 

deployment. The average mixing ratios measured by the denuders in the first and second 

deployments were converted to units of µg m-3 HNO3(g) h and used to determine the average 

sampling rate for the new nylon samplers. The sampling rate for the new nylon samplers is 136  

± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1. 

The average mixing ratio measured by the denuders in the third deployment was 

compared to the average mixing ratio obtained by the new nylon samplers using the newly 

determined sampling rate. The average mixing ratios obtained by both the nylon passive 

samplers and denuders had good agreement. The good agreement indicates that the passive 
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sampling using the new Sartorius nylon membrane filters provides an accurate measurement of 

atmospheric HNO3. Sartorius nylon passive samplers are an inexpensive passive technique that 

can be used to collect gaseous acids in the atmosphere. The RSD obtained from the denuders 

were comparable to the RSD obtained by the nylon passive samplers in this work. The 

comparison between the mixing ratios obtained by both the nylon samplers and the denuders is 

further discussed in the results section 2.3.6. 

2.3.4 Effect of meteorological conditions on the sampling rate 

Table 2-1 shows the meteorological conditions such as wind speed, relative humidity, and 

temperature that were measured during ambient sampling. The observed meteorological 

conditions did not fluctuate greatly during sampling periods. The small variation of the 

meteorological conditions in this work likely did not have a significant effect on the variability 

associated with the sampling rate. The variability associated with this work empirically 

determined sampling rate of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 is hypothesized to 

mostly come from the difference in a substrate to substrate sampling of the new nylon membrane 

filters.   

Temperature, relative humidity, wind, and particulate matter, did not have a  significant 

effect on the sampling rate obtained for the Nylasorb nylon filters that were investigated by 

(Place et al. 2018). They showed that the changes in temperatures from 0 o C to 20 o C had only 

changed the rate of diffusion of gases by 10 %. The ambient-derived sampling rate of 136 ± 51 

µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 for the Sartorius nylon membrane was derived in 

meteorological conditions where changes in average temperatures were less than 20 o C and 

changes in the rate of diffusion would be less than 10%.  
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High relative humidity (RH) does not have a great impact on the amount of HNO3 

adsorbed on the nylon samplers and thus this work hypothesized that high (RH) would not 

significantly affect the sampling rate. The PTFE filter is a barrier that prevents dew formation  

on the surface of the nylon filter. This is because the PTFE filter is the first place where a phase 

transition would happen as the gaseous water condenses into droplets of water. At high (RH), 

dew formation could cause a negative bias due to a loss of HNO3 to the PTFE but this bias did 

not significantly affect the reported data (Place et al. 2018). If dew is formed on the nylon filter 

in the absence of a protective PTFE filter at high (RH), then it could lose more HNO3 due to the 

extraction of NO3
- in the presence of water. The observed relative humidity ranged from 54 to 60 

% during the three sampling periods in this work and thus there was no dew and the entirely of 

the  HNO3 sampled was collected on the nylon filters.  

The observed wind speed is likely not an important influencing factor on the empirical 

determination of the ambient sampling rate in this work. This is because the protective housing 

shields the filter packs from leaving a diffusion-limited sampling regime and protective PTFE 

filter over the nylon ensures this further. The PTFE also blocks physical debris like dust and 

pollen from being deposited on the nylon filter. Place et al., (2018) found that local wind speed 

in their sampling sites did not have a significant effect on the adsorption of HNO3 to the nylon 

samplers, as a diffusion-based regime hypothesized to occurred in the nylon passive samplers. 

The nylon passive samplers housing protects the nylon samplers from harsh atmospheric 

conditions such as wind and heat (Place et al. 2018). 
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2.3.5 Comparison to the Nylasorb filter 

 

Figure 2-4. The Dose-Response rates from other studies that employed continuously stirred tank 

reactors delivered a controlled volume of HNO3 to nylon passive samplers that had a variety of 

enclosure opening diameter to height ratios. The linear least-squares regression produced 

coefficient (r2) of 0.90 and an equation of y = - 0.019 (± 0.0035) x + 3.0 (± 0.32) with error of 

±1σ. The ambient-determination and ambient-determined errors bars from two and four 

independent experiments with five passive air samplers replicate respectively. The ambient-

determined  sampling rate of 134 ± 9 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 value fell within 95 % 

confidence interval from the ambient-determination sampling rate of 136 ± 51 µg m-3 HNO3(g)  h 

(µg NO3 
– (filter))

-1.  

 

The sampling rate for the Sartorius filters was compared to those for Nylasorb filters in 

two ways. The ambient-determined (134 ± 9 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1) and the 

dimensionally-determined (131 ± 22 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1) Nylasorb nylon 

sampling rates from (Place et al. 2018) are compared to the ambient-determination of the 
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Sartorius nylon sampling rate (136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1) and discussed 

below. The Sartorius nylon sampling rate behaved similarly to that of Nylasorb. The graph from 

(Figure 2- 4) was developed from the sampler diameters (i.e., sampler diameter/height) and dose-

response values that used Nylasorb passive samplers. These values can be found in (Table S2-4). 

The sampling rate of 134 ± 9 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 was an ambient atmospheric 

measurement determined from one annular denuder and five Nylasorb nylon passive samplers 

under four independent experiments conducted previously (Place et al. 2018). This thesis work’s 

sampling rate of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 was derived from eight annular 

denuders and five Sartorius nylon passive sampling measurements in the ambient environment. 

This work and (Place et al. 2018) used similar custom-built passive air samplers. The ambient 

sampling rate of 134 ± 9 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 obtained previously (Place et al. 

2018) measured for Nylasorb was comparable to the sampling rate measured in this work for 

Sartorius of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 at 95 % confidence intervals. The 95 % 

confidence intervals range was (123 to 145) µg m-3 HNO3(g)  h (µg NO3 
– (filter))

- for 134  ± 9 µg 

m-3 HNO3(g)  h (µg NO3 
– (filter))

-1. This suggested that the Sartorius nylon membrane filter 

functioned similarly to the discontinued Nylasorb nylon membrane filters. This sampling rate 

measured here of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 is more robust than the previously 

determined sampling rates of 134 ± 9 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 because the ambient 

measurements of HNO3 made in this work involved eight annular denuders, instead of one 

annular denuder, that gives a better estimation of the variability, associated with the sampling 

rate determination in ambient atmospheric conditions. The random error found in the new 

passive setup, therefore, represents the variability associated with the Sartorius nylon samplers. 

A random error of (± 51) µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 was determined from the absolute 
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standard deviations derived from annular denuders and nylon passive samplers using propagation 

of error. The Sartorius nylon samplers can therefore be used for the continuous monitoring of 

HNO3 in the atmosphere. 

The experimentally determined random error demonstrates that there is more variability 

associated with the Sartorius nylon samplers than the Nylasorb nylon samplers, when holding all 

other aspects of the sampling setup constant. The variability for the Sartorius nylon sampler 

experiments, as a result, most likely came from the reproducibility of the nylon material. This 

random error can be statistically reduced to improve passive sampling precision by using a larger 

number of co-located passive samples and reducing the standard error of the mean.  

2.3.6 Performance of the Sartorius nylon passive samplers  

Table 2-3. Statistical comparison of passive and active sampling using an ambient-determination 

sampling rate. There has been no statistically significant difference between the standard 

deviation and mean values obtained by the Sartorius nylon and denuder samplers under ambient- 

determination. The Ftable and ttables have three and four significant digits, and this work adapted 

the same number of significant digits for comparison of the calculated values with the table 

values.  

Deployment 3 Ambient-determination sampling rate 136 ± 51 

(µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1) 

 

PAS, s1 0.0657 ppbv 

ADS,s2 0.0373 ppbv 

 n = 5, PAS, x̄  0.2433 ppbv 

 n = 4, ADS, x̄  0.2609 ppbv 

F-test Fcalculated  (= 3.10) < Ftable (= 9.12) 

Fcalculated < Ftable Reject the hypothesis: s1>s2, at 95 % confidence level 

Student’s t-test tcalculated  (= 0.474) < ttable (= 2.365) 

tcalculated < ttable Reject the hypothesis: x̄1 >  x̄2 significantly, at 95% confidence level 

 

The average sampling rate of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 for the 

Sartorius nylon passive samplers was obtained from deployments one and two. This sampling 
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rate was then used to calculate the atmospheric mixing ratio of HNO3 from the third deployment 

to compare the determined quantity against that from the standard denuder method. The Sartorius 

nylon passive samplers and active samplers were deployed at the same time for intercomparison 

of the two different methods (Figure S2-1). The average atmospheric mixing ratio of HNO3 

obtained by the Sartorius nylon passive samplers was compared statistically to the active denuder 

samplers’ average atmospheric mixing ratio (Table 2-2 and Table S2-5). Using both the F-and t-

test evaluations, the average mixing ratios for the passive and active samplers belong to the 

population of the same mean at a 95% confidence level. Statistical tests such as the F-test and t-

test can be used to compare the performance of the new nylon passive samplers to the annular 

denuders samplers (Table 2-3). There was no significant difference in their average mixing ratios 

for HNO3 for both the passive and active samplers at a 95 % confidence level. From this result, it 

can be concluded that the Sartorius nylon membranes sample similarly in rate to Nylasorb nylon 

membranes. Hence, the accuracy of the passive technique compares well with the value 

determined by the validated standard active sampling using denuders. The precision of the 

passive technique of 27 % RSD is worse than that observed with replicate denuders, confirming 

that n=5 replicates are valuable for improving measurement data quality.   

In conclusion, the Sartorius nylon passive air samplers have been found to sample at the 

same rate as Nylasorb and can continue to be used for measuring ambient air concentrations of 

HNO3 and possibly other strong atmospheric acids. The nylon passive sampler can be 

complementary to active samplers or can be deployed at locations where active samplers cannot 

be used due to electricity availability. The Sartorius nylon passive air samplers could be used for 

the continuous monitoring of acidic gaseous air pollutants through a network  in remote areas. 
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The network setting can provide spatial information to expand understanding of the deposition of 

acidic air pollutant that impact the health of ecosystems.  

2.3.7 Comparing dimensional sampling rates  

 

Figure 2-5. The dimensional and ambient determined sampling rates from (Place et al. 2018) and 

this work are in agreement at 95% confidence intervals. The dimensionally-determined model 

was adapted from for a slightly revised sampler part sizes used here (Place et al. 2018). The 

dimensional determinations represent the model approach from the linear least-squares 

regression equations from (Figure 2-4). The dimensional sampling rate is an alternative approach 

to estimating the performance for the nylon passive samplers with other dimensional 

configurations. This can be useful if an ambient intercomparison-determined sampling rate is not 

available.  

 

The dimensional-determination sampling rate of 123 ± 29 µg m-3 HNO3(g)  h (µg NO3 
– 

(filter))
-1 from the samplers used here fell within a 95 % confidence interval of the dimensionally-

determined sampling rate of 131 ± 22 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 obtained by (Place et 
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al. 2018) and the ambient (experimentally)-determination sampling rate of 136 ± 51 µg m-3 

HNO3(g)  h (µg NO3 
– (filter))

-1 as well. The 95 % confidence intervals range for the dimensional- 

determination sampling rate is (87-159) µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1. The variability 

associated with the dimensional-determination rate is less than 30 % and this is an acceptable 

error for nylon passive samplers using the dimensional-determination approach, given the limited 

number of detailed descriptions for these samplers. The atmospheric concentrations of HNO3, 

calculated using dimensional sampling rate for the samplers in this can be found in (Table S2-6). 

Since there is good agreement between the dimensional and ambient-determination sampling 

rates, then, the relationship developed by (Place et al. 2018) for of the Nylasorb passive samplers 

with different dimensions reported across the literature can likely be extended for use of the 

Sartorius nylon filter in passive samplers with different dimensions.  

Table 2-4. Statistical comparison of passive and active sampling using this work dimensional- 

determination sampling rate. There has been no statistically significant difference between the 

standard deviation and mean values obtained by the Sartorius nylon and denuder samplers under 

dimensional-determination.1 

 

Deployment 3 Dimensional-determination sampling rate 123 ± 29 

(µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1) 

 

PAS, s1 0.0595 ppbv 

ADS,s2 0.0373 ppbv 

 n = 5, PAS, x̄  0.2201 ppbv 

 n = 4, ADS, x̄  0.2609 ppbv 

F-test Fcalculated  (= 2.54) < Ftable (= 9.12) 

Fcalculated < Ftable Reject the hypothesis: s1>s2, at 95 % confidence level 

Student’s t-test tcalculated  (= 1.188) < ttable (= 2.365) 

tcalculated < ttable Reject the hypothesis: x̄1 >  x̄2 significantly, at 95% confidence level 
 

 
1 Ftable and ttable values, p. 44-88, (Harris and Lucy 2016). 
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2.4 Conclusion  

The sampling rate for the Sartorius nylon filters was determined through a series of 

ambient intercomparison experiments, which generated a dose-response sampling rate and a test 

case to validate the calculated rate.  The sampling rate for the new nylon samplers is 136  ± 51 

µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1. The sampling rate was used to determine the average time-

integrated concentrations of HNO3 for the Sartorius nylon membrane filter passive air samplers 

and comparison to replicates collected by the EPA Compendium method that standardized the 

use of annular denuders as an active sampling technique. The standard deviations and average 

time-integrated concentrations of HNO3 obtained by the nylon samplers and denuders were not 

significantly different at a 95 % confidence level. Therefore, the inexpensive Sartorius nylon 

passive samplers can be complementary to expensive active samplers. The sartorius nylon 

samplers can be used for the continuation of monitoring atmospheric HNO3.  

In addition, it was found that the Nylasorb and Sartorius sampling rates are comparable, 

but that the Sartorius nylon sampling rate has a higher variability. The variability associated with 

the sampling rate in this work most likely originates from the difference between substrates 

within a pack of Sartorius nylon filters, as the Nylasorb brand had rigorous quality control for 

surface area properties (Place et al. 2018). This work, therefore, finds that deploying a few (3-5) 

more nylon passive air samplers with the new membranes can reduce the standard error of the 

mean to obtain similarly precise measurements for future research.  
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3.1 Introduction  

3.1.1 Chemical properties and environmental implications of per-and polyfluoroalkyl substances 

Per- and polyfluoroalkyl substances (PFAS) are a diverse group of organofluorine 

chemicals that contain a polyfluoroalkyl or perfluoroalkyl moiety (Buck et al., 2011). Many 

PFAS have a hydrophilic functional group attached to a hydrophobic and lipophobic fluorinated 

chain. The different functional head groups are neutral, negatively, or positively charged 

(Zabaleta et al., 2014; Winkens et al., 2017). They have been produced since the 1940s 

(Sznajder-Katarzyńska et al., 2019;  Ateia et al., 2019). These compounds have unique properties 

such as high surface activity, an ability to repel water and oil (Yeung et al., 2017), and high 

thermal and chemical stabilities making them attractive to industrial applications (Janda et al., 

2019) and commercial products (Yeung et al., 2017). Their chemical and thermal stability is due 

to their strong covalent carbon-fluorine (C-F) bond. The fluorine atom has high electronegativity 

and small size generating strong polarity and a considerable amount of bond energy           

(Banks 1994). They are used as surface repellent coatings applied to leather, food contact paper, 

upholstery, and textile (Yeung et al., 2017), as well as a surfactant in paints and in cleaning 

agents (Janda et al., 2019). Poly-and perfluorinated compounds have been generating scientific 

and regulatory interest because of their persistence in the environment, toxicity, and 

bioaccumulation potential (Shoeib et al., 2010). It has recently been argued that the high 

persistence of PFAS alone should be sufficient grounds to regulate PFAS, which will result in 

increasing concentrations, increasing known and unknown effects (Cousins et al., 2020). 

 The perfluoroalkyl acids (PFAAs) are a class of PFAS (H. Y. Kim et al., 2016; Liu et al., 

2015) and are strong acids with pKa < 1(Cheng et al., 2009) that mostly exist in the environment 

as the anionic form (McKenzie et al., 2016). The dominant PFAAs classes are perfluoroalkyl  
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carboxylic acid (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs) (Sznajder-Katarzyńska et al., 

2019). Atmospheric transport is a major pathway for long range transport of PFAS and PFAAs 

which are detected in remote locations with limited local emission sources, including high 

mountain glaciers (Pickard et al., 2020). The focus is more on neutral substances such as 

fluorotelomer acrylates (FTAs) and fluorotelomer alcohols (FTOHs) in the atmosphere but these 

compounds are not as persistent as PFAAs (Wang et al., 2021). Perfluorinated acids are 

ubiquitously found in water and also in remote locations such as the High Arctic as a result of 

long-range atmospheric transport of precursor gas-phase compounds like FTOHs and other 

neutral PFAS (Young et al., 2007). Long range transport of PFAAs via water is slower on the 

order of decades and the ubiquitous distribution of PFAAs suggests the importance of faster 

atmospheric transport (Young and Mabury, 2010). For example, the production, use, and 

disposal of fluorotelomer-based products can be sources of volatile FTOHs into the environment 

(Shoeib et al., 2010). These volatile FTOHs are then atmospherically oxidized by hydroxyl 

radical (OH) to terminal products such as PFAAs (Young et al., 2007), which is an indirect 

formation pathway in the environment (Sznajder-Katarzyńska et al., 2019). Also, PFAAs can be 

emitted directly into the environment from sources such as waste streams in manufacturing that 

used PFAAs (Sznajder-Katarzyńska et al., 2019) and the production and life cycle of specific 

fluoropolymers (Brendel et al., 2018). These PFAAs do not degrade in the environment and are 

persistent environmental pollutants frequently detected in environmental media and biological 

samples (Wang et al., 2009; Kim et al., 2015). Some of the long-chain PFAS have been phased 

out and replaced with shorter-chain PFAS alternatives due to the persistence and 

bioaccumulation of the longer-chain PFAS (Ateia et al., 2019). The two most studied PFAAs are 

perfluorooctanoic acid  (PFOA) and perfluorooctane sulfonic acid (PFOS) (Li et al., 2020).  
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Shorter-chain (≤C6) PFAS have been introduced as alternatives to longer-chain (≥ C7) 

PFAS and are generally considered less bioaccumulative and less toxic. The fluorinated telomer 

alternatives can atmospherically degrade to short-chain PFCAs (Janda et al., 2019). The short-

chain PFAS alternatives have lower technical performance and larger quantities of the short-

chain PFAS are used to achieve the same performance as the long-chain PFAS (Ateia et al., 

2019). The short-chain PFAAs are persistent similarly to the long-chain PFAAs due to the high 

energy C-F bond and will remain in the environment for decades to centuries (Brendel et al., 

2018). The short-chain PFAAs have lower adsorption potential than long-chain PFAAs and are 

not effectively removed by activated carbon filters in water (Brendel et al., 2018). Like long-

chain PFAAs, they are detected in remote areas (Brendel et al., 2018). The toxicity of the short-

chain PFAAs is not well studied particularly for long-term health effects (Vu & Wu, 2020). 

Little is known about the toxicity of the short-chain PFAAs and certain short-chain PFAAs are 

assumed to be have lesser or similar effects to long-chain PFAAs such as PFOA and PFOS (Li et 

al., 2020).  

Ultrashort-chain PFAAs contain three or fewer carbons, which include trifluoroacetic 

acid (TFA) and perfluoropropionic acid (PFPrA). Ultrashort chain PFCAs are ubiquitously 

detected in precipitation and surface water (Chow et al., 2021), in the snow of the Arctic 

(Pickard et al., 2020), and Antarctica (Wang et al., 2014). Like other PFCAs, trifluoroacetic acid 

is a strong acid with a pKa of 0.23 (Zehavi & Seiber, 1996) and is expected to mostly exist in its 

anionic form in the environment (Russell et al., 2012). Its widespread environmental distribution 

is attributed to atmospheric degradation of fluoropolymers, PFAS,  and certain 

chlorofluorocarbon (CFC) replacements (Chow et al., 2021). The dominant atmospheric 

precursors to TFA are halocarbons refrigerants such as 2,3,3,3 -tetrafluoropropene (HFO-1234 
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yf) and 1,1,1,2 -tetrafluoroethane (HFC-134a) (Holland et al., 2021). Trifluoroacetic acid can be 

both in the gas-phase and partition into the particle phase (PM2.5) as a function of temperature in 

the atmosphere (Guo et al., 2017). Trifluoroacetic acid in the gas phase can also partition into 

cloud water thereby entering the water compartment of the environment (Kutsuna & Hori, 2008). 

This is because TFA is highly soluble in water is effectively removed by wet deposition, as 

expected from a Henry’s Law solubility constant of 9.0 x 103 M atm-1 at 298.15 K (Wang et al., 

2018). The accumulation of TFA has increased in water bodies globally possibly due to 

increased atmospheric concentration of TFA from CFC replacements (Guo et al., 2017). It 

accumulates in water bodies due to its stability and resistance to decomposition (Sun et al., 

2020). Generally, TFA has higher concentrations than other targeted PFCA homologues (Chen et 

al., 2019) and is approximately ten times greater than other PFCAs in environmental samples 

(Janda et al., 2019). Higher concentrations of TFA detected in coastal cities highlight that there 

could be multiple sources of TFA in the atmosphere (Chen et al., 2019). The sources of TFA 

including shorter-chain PFAAs in the environment are not entirely clear. Measurements of 

ultrashort-chain PFAAs in the environment are scarce. This could be related to less concern 

because of lower bioaccumulation of TFA or the analytical challenge of poorly retained TFA on 

reverse phase high performance liquid chromatography (Yeung et al., 2017).  

Atmospheric measurements of PFAS are typically collected by active air samplers, as 

well as polyurethane (PUF), and sorbent impregnated polyurethane (SIP) passive samplers. 

Existing passive sampling techniques may be questionable due to differences in the quality 

control of their methods (Karásková et al., 2018; Ahrens et al., 2013). These sorption-based 

techniques require a depuration compound to track the volume of air collected and often sample 

small aerosols in addition to the gas phase (Tuduri et al., 2006; Moeckel et al., 2009; Chaemfa et 
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al., 2009). It is important to measure PFAAs in the atmosphere in order to understand their 

atmospheric fate and transport. A simple, inexpensive, and selective passive sampling technique 

could allow more measurements to be made.  

3.1.2 Motivation  

Nylon passive sampling has been successfully characterized for HNO3(g) in the 

atmosphere (Place et al., 2018) and should be applicable to other atmospheric acids, such as 

PFAAs. This passive sampling technique can be complementary to active sampling techniques or 

deployed in spatial monitoring where the applicability of expensive, noisy, and powered active 

sampling techniques are limited. Nylon-based passive samplers are inexpensive, simple to 

operate, quiet, and require no electricity. The nylon passive sampling technique is selective for 

collecting gas-phase acids in the atmosphere based on an acid-base reaction. Unlike other passive 

sampling technique, there is no loss of acid analytes from the nylon samplers over the sampling 

time and no depuration compound is required for this passive technique. A simple extraction can 

be followed by offline analysis to quantify the acid analytes. 

The overall aim of this study is to demonstrate the use of a nylon passive sampler to 

collect short-chain gaseous PFAAs in the atmosphere. This will be achieved through: i) 

determining diffusion sampling rates for PFAAs; ii) measuring these PFAAs in both indoor and 

outdoor air.  

3.2 Methods  

3.2.1 Materials and chemicals  

The filter pack assembly (Figure 3-1) was composed of nylon membrane filter used to adsorb 

atmospheric PFAAs, a polytetrafluoroethylene (PTFE) membrane filter (47 mm, 2.0 µm, 

ZeflourTM, Pall Corporation, P/N P5PJ047) used to block debris from arriving at the nylon filter, 
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PTFE rings and an acrylic ring or polycarbonate ring were used separate and to hold the filters 

inside the petri dish. Petri dishes (60 x 15 mm, Fisher Scientific) were used for assembling rings 

and filters. Depending on the time of sampling, slightly different configurations were used at 

different locations based on available supplies (see next section). The nylon membrane (47 mm, 

0.45 µm, Sartorius, Fisher Scientific, P/N 2500647N) was used for measurements in Toronto and 

an indoor atmosphere. An older, discontinued, brand of nylon was used for the measurements 

conducted in Halifax (47 mm, 1.0 μm, Nylasorb, Pall Corporation, P/N 66509), rings of PTFE 

were prepared from Teflon tubes (Toronto and indoor: 52 x 2 mm, McMaster Carr, P/N 

8547K33; Halifax sampling :50 × 2 mm, McMaster Carr, P/N 8547K41). The Toronto and 

indoor samplers used an acrylic ring (53 x 4 mm, McMaster Carr, P/N 8486K541), while Halifax 

sampler contained a polycarbonate ring (50 × 5 mm, McMaster Carr, P/N 8585K18).  

Deionized water (Milli-Q, Direct 8, 18.2 MΩ.cm, 25 o C), sodium carbonate (NaCO3,  ≥ 

99.5%, Sigma-Aldrich, USA), 15 mL falcon tubes (Polystyrene, Fisher Scientific, USA) were 

used in sampler preparation and/ or extraction.  
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Figure 3-1. Modified schematic of the custom-built passive nylon sampler. The filter assembly 

(a) consists of a petri dish, a nylon membrane filter, a supported PTFE filter, two PTFE rings, 

and an acrylic or polycarbonate ring. The weather enclosure (b) consists of an ABS enclosure 

base, an ABS screw cap with O-ring, and a drilled hole on the cap to pass a string loop through 

for mounting in position. The schematic of the custom-built sampler was adapted from (Place et 

al., 2018). 

3.2.2 Outdoor and indoor atmospheric sampling for PFAAs 

Two outdoor measurements were done: The first measurement site was on the roof of the 

five-story St Mary’s University student union building (44°37'55.8"N, 63°34'48.4"W, ~50 m 

above sea level, including building height) in Halifax, Nova Scotia, Canada from May 25, 2019, 

to June 25, 2019. A total of 3 nylon passive samplers were collected. The second measurement 

site was the Air Quality Research Station, located on the roof of the Petrie Science and 

Engineering Building at York University in Toronto, Ontario, Canada (44.7738o N, 79.5071oW, 
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220 m above sea level) from March 19, 2021, to April 8, 2021. A total of 5 nylon passive 

samplers were collected. Two indoor measurements in a carpeted bedroom were deployed at a 

Mississauga home in Ontario, Canada from November 11, 2020, to December 11, 2020, and 

June 25, 2021, to July 25, 2021. A total of three nylon passive samplers were collected in each 

indoor deployment. Method blank, reagent blank, and field blank were collected for each 

deployment to check for systematic errors that may have resulted from experimental method, 

reagent, and field contaminations.   

3.2.3 Sample handling and extraction of nylon filter  

Nylon filters were prepared, handled, and collected using a method modified from Place 

et al. (2018). The nylon membrane filters were precleaned by rinsing 6 times in deionized water, 

soaking in 15 mM Na2CO3 for 12 hours, then soaking in deionized water for 12 hours, and 

finally rinsing 6 times in deionized water. The PTFE filters were prewashed in deionized water. 

All laboratory storage bottles, petri dishes, rings, and water bottles were washed six times to 

minimize any potential contamination of the filters. The nylon and the PTFE filters were air-

dried for 2 hours before being assembled and sealed in the petri dishes prior to deployment. After 

sampling, the nylon filters were extracted in 6 mL of deionized water. Rinsed tweezers were 

used to remove each nylon filter from the petri dish and place it in 15 mL falcon tubes. Potential 

contamination was eliminated by rinsing the tweezers six times in deionized water. The reagent, 

field, and method blanks were extracted identically to the sampling nylon filters. The 6 mL 

extracts in the 15 mL falcon tubes were sonicated for ten minutes at 30 o C and stored in the 

fridge at 4 o C until analysis.  
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3.2.4 IC-MS analysis for PFAAs in the atmosphere 

Analysis of nylon filter extracts was performed with ion chromatography couple to a 

quadrupole mass spectrometer (IC-MS). The IC standards were prepared from a parallel dilution 

of PFAAs, including five PFCAs (TFA, perfluoropropionic acid (PFPrA), perfluorobutanoic acid 

(PFBA), perfluoropentanoic acid (PFPeA), and perfluorohexanoic acid (PFHxA)) and 

trifluoromethanesulfonic acid (TFMS) obtained from Sigma Aldrich. A Dionex AS-AP 

autosampler loaded 750 μL of sample onto an anion concentration column (5 x 23 mm, IonPac 

TAC-ULP1, Thermo Scientific, P/N: 061400). The PFAAs were separated at a flow rate of 0.35 

mL min-1 on a Dionex IonPac  AS24 analytical column (2 x 250 mm, Thermo Scientific, P/N: 

064153) preceded by a Dionex IonPac AG24 guard column (2 x 50mm, Thermo Fisher 

Scientific, P/N: 064151). The eluent for the IC analysis was 100 mM sodium hydroxide (NaOH, 

50% w/w, Sigma-Aldrich) prepared from 9.5 mL NaOH diluted in 1800 mL of deionized water. 

A multi-step gradient program was held at 10 mM NaOH for the first 8 minutes, increased at 50 

mM NaOH until 18 minutes, then further increased to 100 mM NaOH until 28 minutes, followed 

by re-equilibration of the analytical column by a step change to 10 mM NaOH after 28 minutes, 

yielding with a total run time of 30 minutes. The eluent was suppressed (Dionex AERS 600, 2 

mm, Thermo Fisher Scientific, P/N: 088667). The instrument is set up where the low levels of 

PFAAs passed through a conductivity detector (Thermo Fisher Scientific, P/N: 061830) before 

being detected by the MS system. An AXP pump teed in methanol (Optima, Fisher Chemical) at 

0.20 mL/min before the MS to improve spray conditions for greater sensitivity of the PFAA 

analytes. The PFAAs were ionized in electrospray ionization (ESI) negative mode. The ionized 

gas phase PFAAs were quantified using selected ion monitoring mode (SIM). The source was 

held at 450 o C, the spray voltage at -3000 V, and the ion transfer tube at 250 o C. The PFAAs 
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were quantified by specific ions: (113 m/z; TFA), (163 m/z; PFPrA), (213 m/z;  PFBA), (263 

m/z; PFPeA), (313 m/z; PFHxA), (149 m/z; TFMS). A preliminary run with one nylon filter 

revealed that carboxylic organic acids also were detected: (117 m/z; succinate), (89 m/z; 

oxalate), and (95 m/z; methanesulfonate) for the winter indoor measurement. The instrumental 

limit of detection (LOD) and limit of quantification (LOQ) were calculated as three and ten times 

the standard deviation of the peak areas from the analytical blanks. 

3.2.5 Modified passive air sampler for PFAAs 

The passive air samplers were constructed as described in Chapter 2 (see Section 2.2.2). The 

atmospheric acids diffuse through the PTFE filter and are collected on the nylon filter. The PTFE 

filter acts as a diffusion barrier and traps particles away from the sampling surface. The use of 

passive samplers requires knowledge of the sampling rate, which accounts for the number of 

collisions of the acid analyte on the surface area of the nylon filter per unit of time that result in 

irreversible uptake. The sampling rate value is necessary to convert the mass loadings of the 

ionic PFAAs adsorbed to the nylon membrane filter to volumetric average atmospheric mixing 

ratios of PFAAs (g) in the atmosphere (Place et al., 2018). A reasonable assumption this work 

made is that the difference in the sampling rates is exclusively related to a difference in diffusion 

for the molecules. Because this assumption was made, then Graham’s law (E.3.1) was applied to 

understand the difference in diffusion expressed as the diffusion-correction factor (r) for each 

PFAA. Graham’s law states the rate of diffusion of the gases is inversely proportional to the 

square root of the molecular weight of the gases. Therefore, smaller molecules such as TFA will 

diffuse faster as the resulting diffusion-correction factor is greater. Also, another assumption 

made here, is that what happens at the surface of the nylon filter is the same for the atmospheric 

strong acids such as PFAAs and HNO3. The predicted sampling rate (mPFAA) for each PFAA 
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was calculated using the validated HNO3(g) sampling rate determined in Chapter 2 (136 ± 51 µg 

m-3 HNO3(g)  h (µg NO3 
– (filter))

-1) and corresponding diffusion-correction factor (r) derived from 

Graham’s diffusion law (E.3.1). The predicted sampling known as the corrected diffusion 

sampling rate gave an estimated sampling rate for each gas-phase PFAA in (Table 3-1 and Table 

S3-1).  

rPFAA/rHNO3 = √MWHNO3/MWPFAA                                                  (E.3.1) 

mPFAA = 
mHNO3

rPFAA
                                                                                 (E.3.2) 

The atmospheric mixing ratio of gaseous PFAAs for passive sampling was calculated 

using equation (E.3.3) (Place et al., 2018). This equation describes the mass loading conversion 

of [PFAA(g)] in units of (μg m−3), using the IC-MS PFAA concentrations (Cx; μg mL−1), the 

aqueous extract volume (v; mL), the corrected diffusion sampling rate (mPFAA; μg m−3 PFAAs(g) 

h (μg, ion PFAA (filter)) −1 ) and the sampling period (t; h). The number density of air was 

determined from the ambient average sampling temperature (286. K), the atmospheric pressure at 

the earth’s surface (101,325 Pa), and the R constant (8.314 Pa * m3 mol-1 K-1). The final 

volumetric mixing ratio was the moles of PFAA of interest to moles of air, and then multiplied 

by 1 x 1012 expressed in units of parts per trillion by volume (pptv).  

                                            [PFAA (g)] = Cx.v. mPFAA
. t-1 (E.3.3) 

3.3 Results and Discussion  

3.3.1 Predicted sampling rate for PFAAs.   

Diffusion-corrected sampling rates were calculated for gas-phase PFAAs relative to 

HNO3 (Table 3-1) as the sampling rate for HNO3 has been previously validated for the Sartorius 

nylon membrane (see Chapter 2). The assumption is that all acids being sampled by the nylon 
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membrane filters behave similarly to HNO3 because they are strong atmospheric acids. It is 

reasonable to use HNO3 as a baseline to estimate the diffusion-corrected sampling rates for 

PFAAs (Table 3-1) and other atmospheric acids (Table S3-1) that diffuse and are taken up by the 

surfaces of the nylon samplers filters through an irreversible acid-base reaction.  

Table 3-1. The estimated diffusion-corrected sampling rates for PFAAs were determined from a 

validated sampling rate for HNO3 and the diffusion correction factor derived from Graham’s law 

to estimate the mixing ratios of PFAAs sampled by the nylon passive technique in the 

atmosphere.  

Atmospheric acids Diffusion- 

Correction 

Factor 

Diffusion-Corrected 

Sampling Rate 

μg m−3 PFAA (g) h 

(μg, PFAA (filter)) 

−1 

Limit of 

detection (pptv) 

for 20 days 

 TFA 0.74 184 0.002 

 PFPrA 0.62 219 0.02 

Perfluorobutanoic acid, (PFBA) 0.54 252 N/A 

Perfluoropentanoic acid, (PFPeA) 0.49 278 N/A 

Perfluorohexanoic acid, (PFHxA) 0.45 302 N/A 

Perfluoroheptanoic acid, (PFHpA) 0.42 324 N/A 

Perfluorooctanoic acid, (PFOA) 0.39 349 N/A 

Perfluorooctanesulfonic acid, (PFOS) 0.35 389 N/A 

Perfluorononanoic acid, (PFNA) 0.37 368 N/A 

Perfluorodecanoic acid, (PFDA) 0.35 389 N/A 

Perfluoroundecanoic acid, (PFUnDA) 0.33 412 N/A 

Perfluorododecanoic acid, (PFDoDA) 0.32 425 N/A 

Perfluorotridecanoic acid, (PFTrDA) 0.31 439 N/A 

Perfluorotetradecanoic acid, (PFTeDA) 0.30 453 N/A 

Trifluoromethanesulfonic acid, (TFMS) 0.65 209 N/A 

 

Another assumption made in this work is that the differences in sampling rate between 

HNO3 and PFAAs can be explained solely by the differences in relative diffusion coefficient, 

which is the diffusion-correction factor (Table 3-1 and Table S3-1). These were used to estimate 

the sampling rates to estimate the mixing ratios of the atmospheric acids collected by the nylon 
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membrane filters. The estimated diffusion-corrected sampling rates were calculated for 

compounds other than PFAAs (Table S3-1) as the Sartorius nylon filter can adsorb other 

atmospheric acids. The limit of detection represent an estimate of minimum detectable level TFA 

and PFPrA that can be found during a 20 day sampler deployment, which includes the IC-MS. 

3.3.2 Quality control and quality assurance (QC/QA) 

Pre-washing polytetrafluoroethylene filters was done to minimize residuals from 

fluorochemicals in samples. Some fluoropolymer products can leach residuals of PFAAs if not 

properly pretreated (Lohmann et al., 2020). Research from our group has shown that 

fluoropolymers are a source of PFCAs from soaking in deionized water (S. Joudan, personal 

communication, 2020). In the modified sampler design used for Toronto outdoor and the 

samples, the sizes of the rings were designed with bigger dimensions than the previous rings 

(Place et al., 2018) to further separate the PTFE membrane filter from the nylon filter to reduce 

any potential cross-contamination during the sampler handling or sampling. All laboratory 

storage bottles, petri dishes, rings, and water bottles were washed six times to try and eliminate 

any potential contamination of the filters. Reagent, method, and field blanks were analyzed and 

signals from TFA and PFPrA were higher in the field blank than in the other blanks. A higher 

level of PFPrA signal compared to TFA signal was observed in the analytical blanks consisting 

of deionized water. The instrumental LOD and LOQ were 0.002 pptv and 0.007 pptv for TFA. 

All signals from the TFA samples including blanks were above the instrumental LOD value. All 

TFA signals were above the instrumental LOQ except for Toronto sample 3. The concentration 

of TFA in the Toronto sample 3 that was below the LOQ was estimated from the calibration 

curve. The signals in the samples for PFPrA were comparable to signals from the field blank and 

PFPrA concentrations were not calculated.  
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3.3.3 Saturation of nylon filters 

The discontinued Nylasorb passive samplers have been used successfully to make 

measurements in the atmosphere (Bytnerowicz et al., 2005; 2010; and Place et al., 2018) which 

suggests that the Sartorius could be used in the same manner. The Nylasorb and Sartorius 

behaved in an equivalent manner with respect to HNO3 uptake as described in Chapter 2. 

Therefore, this work assumes that the Sartorius nylon filter has similar behavior to the 

discontinued Nylasorb nylon filter for PFAAs.  

Place et al. (2018), made measurements over monthly period and samples were collected 

over a monthly period in remote areas producing very high quality measurements (Place et al., 

2018). This suggests that the Nylasorb filters did not saturate during the sampling periods. 

Although remote areas most likely have lower concentrations of  HNO3 than urban areas, this 

work assumes that the Sartorius nylon did not saturate during the sampling time of less than a 

month.  

The saturation of the Nylasorb nylon filter is large and has been characterized by               

(Bytnerowicz et al., 2001). The extractable mass of HNO3 from the Sartorius nylon filter is not 

close to the extracted HNO3 mass collected by (Bytnerowicz et al., 2001). Therefore, this work is 

assuming that the Sartorius nylon filter was not saturated because both Sartorius and Nylasorb 

nylon filters have similar sampling rates and the Sartorious filter is thicker.  

The saturation of the Sartorius nylon filters was not measured in this work because of 

time limitations on research during the COVID period. A recommendation for a more accurate 

determination of the saturation of the Sartorius nylon filter is to do a series of measurements 

similar to what was done by (Bytnerowicz et al., 2001) delivering a known quantity of TFA until 

the saturation limit is achieved in a controlled chamber environment.  
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3.3.4 Outdoor atmospheric TFA measurements in Halifax and Toronto 

The nylon passive samplers collected atmospheric TFA from two outdoor locations, 

demonstrating the first use of this technique for measurement of atmospheric PFAAs. The 

amount of TFA that was collected on the nylon samplers in Toronto and Halifax was identified 

by the TFA standard that eluted approximately 17 minutes into analysis by the IC-MS (Figure 3-

2). Signals for PFPrA were observed in the samples but were comparable to signals observed in 

the blanks and could not be quantified. Other short-chain PFAAs were not detected on the IC-

MS but this does not mean that the nylon samplers did not collect these PFAAs. 

 

Figure 3-2. IC-MS chromatogram showing TFA from samples collected on nylon filters in 

Toronto and Halifax. Samples are shown along with a TFA standard.  

 Direct measurement for this suite of PFCAs have not been made in Canada, but 

atmospheric deposition samples can be used as a proxy. Precipitation samples contained TFA>> 

PFPrA> PFBA≥ PFPeA≥ PFHxA in Ontario (Scott et al., 2006a). Similarly, precipitation from 

remote sites in Canada (such as Turkey Lakes in Northern Ontario, Kejimkujik in Nova Scotia, 
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and Chapais in Quebec) have shown TFA˃ PFPrA˃ PFBA˃ PFPeA˃ PFPHxA at the ng/L 

concentrations in precipitation samples (Scott et al., 2006b). Thus, it is likely that PFBA, PFPeA, 

and PFHxA would have been well below detection limits on the IC-MS. A recommendation to 

detect longer-chain PFAAs is to deploy the nylon samplers for a longer sampling time to 

possibly detect the other PFAAs or to use analytical technique that can detect lower levels of 

these PFAAs such as LC-MS-MS (Pickard et al., 2018). 

Table 3-2. The mass (ng) of TFA that was collected by replicate nylon passive samplers in 

Halifax and Toronto. Values below the LOQ bolded. 

Compound, TFA Mass (ng) on the nylon samplers  

Halifax sample 1 0.26 

Halifax sample 2 0.22 

Halifax sample 3 0.50 

x̄ ± s (n = 3) 0.33 ± 0.15 

Toronto sample 1 0.31 

Toronto sample 2 0.51 

Toronto sample 3 0.053 

Toronto sample 4 0.43 

Toronto sample 5 0.46 

x̄ ± s (n = 5) 0.35 ± 0.18 

  

The average mass (ng) of TFA on the nylon passive samplers is in Table 3-2. These 

values were field blank corrected. The masses of TFA on the nylon filters were calculated by 

using the quantified concentration (µg L-1) obtained from the  IC-MS TFA calibration curve, 

multiplied by the nylon extract volume (0.006 L), and this mass in microgram (µg) was 

converted to (ng) of TFA collected on the nylon samplers. 

3.3.5 Outdoor measurements of atmospheric TFA 
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The calculated mixing ratios for Halifax (0.017 ± 0.0078 pptv) and Toronto (0.027 ± 

0.014 pptv) represent atmospheric TFA in these urban areas (Table 3-3). The F-test (Fcalculated = 

3.2 < Ftable = 19.2) and the t-test (tcalculated = 1.115 < ttable = 2.447) demonstrate that the standard 

deviations of the mixing ratios for TFA in the Halifax and Toronto measurements make them not 

significantly different at the 95 % confidence level.  

Table 3-3. Statistical tests such as the F-test and t-test demonstrate that the standard deviations 

and the obtained atmospheric mixing ratios of TFA, including atmospheric concentration for 

Halifax and Toronto measurements are not significantly different at 95 % confidence level. The 

atmospheric mixing ratio of TFA in Halifax (2019) and Toronto (2021) were obtained using the 

TFA predicted sampling rate of 184 µg m-3 CF3COOH (g)  h (µg CF3COO 
– (filter))

-1. The Ftable and 

ttable values are from the (Harris and Lucy 2016). Values below the LOQ are bolded. 

 

Compound, 
 gas-phase TFA 

Mixing ratio (pptv) Concentration  (ng m-3)  

Halifax sample 1 0.014 0.0652 

Halifax sample 2 0.011 0.0534 

Halifax sample 3 0.026 0.124 

x ̄± s (n = 3) 0.017 ± 0.0078 0.0809 ± 0.0379 

Toronto sample 1 0.024 0.119 

Toronto sample 2 0.039 0.195 

Toronto sample 3 0.0041 0.0204 

Toronto sample 4 0.033 0.166 

Toronto sample 5 0.035 0.175 

x ̄± s (n = 5) 0.027 ± 0.014 0.135 ± 0.0698 

F-test Fcalculated = 3.2 < Ftable = 19.2 Fcalculated = 3.4 < Ftable = 19.2 

t-test tcalculated = 1.115 < ttable = 2.447 tcalculated = 1.213 < ttable = 2.447 

 

Until recently, major sources of atmospheric TFA were 2-dichloro-1,1,1-trifluoroethane 

(HCFC-123), 1-chloro-1,2,2,2-tetrafluoroethane (HCFC-124) and HFC-134a (Kanakidou et al., 

1995; Pickard et al., 2018). Other sources of TFA are halothane, isoflurane, and pyrolysis of 

fluoropolymers (Young and  Mabury, 2010). A large fraction of atmospheric TFA has been 
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shown to come from HFC-134a which is a replacement for ozone depleting substances (Wu et 

al., 2014). Greater than 80 % of vehicles worldwide contain HFC-134a as a heat transfer fluid, 

but it is currently being phased out and replaced with 2,2,2,3-tetrafluoropropene (HFO1234yf)    

(Wang et al., 2018). While HFC-134a has a long atmospheric lifetime (14years) and produce 

TFA in a relatively small amount (17 %), HFO-1234yf has a short lifetime (10 days) and 

produces TFA with a yield of close to 100 %. The estimated mixing ratios of TFA in this work 

were close to TFA mixing ratio range of (0.03 – 0.3) pptv that was predicted by GEOS-Chem 

modeling in the areas of Toronto and Halifax (Wang et al., 2018). The model used (HFO-1234 

yf) as the only emission source (Pickard et al., 2020).  

Our measurements are in the range of those predicted by (Wang et al., 2018) but it is 

known that there are additional sources of TFA emission in Canada (Scott et al., 2006a, 2006b). 

So, this suggests that our measured mixing ratios for TFA in the atmosphere might be lower than 

expected. The emission of TFA precursors can be the possible primarily controlling factor for the 

amount of TFA in the atmosphere (David et al., 2021).  
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Figure 3-3. Comparison of atmospheric TFA in Halifax (May –June, 2019, n =3) and Toronto ( 

March-April, 2021, n=5). Bars represent the mean measurements, while error bars represent the 

standard deviation of the replicate measurement.  
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 Figure 3-4. Comparison of atmospheric TFA from this work and measurements from Martin et 

al. (2003). The abbreviation G represents Guelph and T represents Toronto.  

 

A comparison between the atmospheric TFA in this work and a previous study (Martin et 

al., 2003) was done to evaluate the estimated sampling rate of TFA (Figure 3-4). The 

concentrations of TFA (0.135 ± 0.0698 ng m-3) in Toronto (2021) by this work and TFA (March, 

Guelph = 0.818 ng m-3 and April, Guelph = 0.50606 ng m-3) by Martin et al. (2003).  

Atmospheric TFA measurements in 2000 were approximately three times higher than the 

atmospheric TFA measurement from Toronto (Martin et al., 2003). It is expected that the 

concentrations of atmospheric TFA would increase with the continuous use of TFA precursors 

such as HFCs and HFOs that would degrade to emit TFA in the atmosphere (David et al., 2021). 
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For instance, HFC-134a is used in air conditioning vehicles worldwide and the atmospheric life 

of HFC-134a is approximate 14 years (David et al., 2021). The long atmospheric lifetime of 

HFC-134a would allow it to be reasonably well mixed when emitted into the atmosphere. The 

degradation of  HFC-134a in the atmosphere can yield TFA globally (David et al., 2021). One of 

the predominant avenues through which TFA can be removed from the atmosphere is via wet 

deposition (Russell et al., 2012). The deposition of TFA should continue to be higher with the 

increasing use of HFCs and HFOs (David et al., 2021). Increasing deposition of TFA has been 

observed in ice cores. The mean flux of TFA increased closely to an order of magnitude in the 

pre-1990 and post-2000 in the Devon Ice Cap in Canada (Pickard et al., 2020). Thus, we expect 

that the measured atmospheric TFA in this work should be similar to or higher than the measured 

TFA concentration by Martin et al. (2003) in 2000. The estimated sampling rate of TFA in this 

work resulted in a lower atmospheric concentration of TFA than expected in Toronto (2021). 

This may signify that the estimated sampling rate of TFA is not that accurate for determining the 

atmospheric mixing ratios of TFA in this work. Graham’s law assumes that molecular weight is a 

good proxy for molecular volume, and this may not be valid for fluorinated molecules. The 

electrons in TFA are held tightly by the highly electronegative fluorine atoms in the C-F bond. 

The molecular size of perfluorinated compounds is known to be smaller than hydrocarbon 

analogues (Banks 1994).  A recommendation as a result of this work is to determine the 

sampling rate of TFA explicitly by experiment. This can be achieved by using a chamber or by 

comparing to a validated atmospheric measurement of TFA. Similar to the dose-response study 

as demonstrated for HNO3 with these passive samplers by (Padgett et al., 2004; Bytnerowicz et 

al., 2005) but for TFA. This will provide a more accurate atmospheric measurement of TFA. 
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3.3.6 Indoor measurements  

 

 

Figure 3-5. A preliminary run involving one of the nylon samplers showed that atmospheric 

organic acids were adsorbed to the nylon filters in an indoor deployment during the winter month 

of 2020 at a residential home in Mississauga. Succinic acid was the dominant weak organic acid 

in the room of the Mississauga home.  

 

Indoor measurements were made during the winter and summer months to observe the 

seasonal trend of  short-chain PFAAs in an indoor environment. Each deployment was one 

month long. The nylon passive samplers were in a carpeted unused room that is approximately 

20 years old. The method quantification limit (MQL) was not calculated because one field blank 

and one method blank were analyzed, where replicate blanks a required for such determinations. 

Although peaks corresponding to TFA and PFPrA were observed in the samples, the signals 

from both blanks were comparable to the levels in the samples. As a result, samples could not be 
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quantified. Analysis of one of the nylon filters revealed the presence of three non-fluorinated 

organic acids. Succinic acid was the highest concentration organic acid with a mixing ratio of 7 

pptv, determined using the diffusion-corrected sampling rate (Table S3-1). The other organic 

acids detected were oxalic acid and methanesulfonic acid at less than 1 pptv (Figure 3-5). 

Filamentous fungi strains (65 %) can produce organic acids such as succinic acid and oxalic 

acids, and the filamentous fungi are found in coatings, wallpaper, carton-gypsum, and indoor air 

of many buildings (Gutarowska & Czyżowska, 2009). Succinic acid is used as a cross-linking 

agent in cotton allowing stable TiO2 coated cotton fabrics to have reduced tearing strength which 

is important during frequent washing (Karimi et al., 2010). Succinate also is a metabolite that 

maintains healthy gut microbiota and plasma succinate can be a biomarker for cardiovascular 

risk in young adults (Osuna-Prieto et al., 2021). Further investigation of other atmospheric acids 

including PFAAs should collect over a longer sampling period indoors for better detection, to 

identify their potential sources and the impacts these atmospheric acids can have on human 

health. The diffusion-corrected sampling rates are an estimation and a greater accuracy could be 

achieved by exploring an explicit sampling rate for each organic acid collected by the nylon 

passive samplers.   

3.4 Conclusion  

A nylon passive sampling technique was shown to successfully collect gaseous PFAAs 

for the first time. Both TFA and PFPrA were collected on the nylon samplers outdoors in 

Toronto and Halifax, but PFPrA was not quantified because of blank contaminations. The TFA 

levels in Halifax and Toronto were (0.017 ± 0.0078 and 0.027 ± 0.014) pptv, respectively, and 

were not significantly different at a 95% confidence interval. This could suggest that these urban 

areas have relatively similar concentrations of TFA which may reflect similar emissions of TFA 
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precursors into the atmosphere. The estimated TFA concentration in Toronto was at least three 

times lower than those observed by Martin et al. (2003), though they were expected to be higher. 

The indoor TFA blanks were contaminated during the winter and summer months and thus we 

could not assess the seasonal trend of TFA. A preliminary result revealed that organic acids were 

detected for the winter deployment. The dominant organic acid was succinic acid in an indoor 

environment in Ontario. This observed data shows that the nylon samplers could collect not just 

strong acids but weaker acids in the atmosphere. The predicted sampling rates for PFAAs may 

not be as accurate in determining the atmospheric mixing ratios of TFA. Future researchers can 

further explore the organic acids collected by the nylon samplers in this work and their potential 

sources in an indoor environment. This work recommends explicitly determining the sampling 

rate of PFAAs by experiment, as well as for other atmospheric acids that are collected on the 

nylon passive samplers using a chamber or atmospheric setting equipped with a validated 

analytical technique for these analytes. These empirically determined sampling rates will result 

in a more accurate determination of the amount of PFAAs collected on the nylon samplers and 

therefore more accurate mixing ratios of PFAAs in the atmosphere.  
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Chapter 4. Conclusions and Future Directions  
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4.1 Conclusion and future directions for Chapter 2  

 

The sampling rate for the Sartorius membrane filters was calculated through the ambient 

intercomparison, which generated a dose-response sampling rate. The sampling rate for the new 

nylon samplers is 136  ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1. The measurements obtained 

from the active samplers were divided by the measurements obtained from the passive nylon 

samplers were used for the determination of ambient sampling rate. The new nylon membrane 

filters did adsorb HNO3 from the atmosphere. This is because the collection of HNO3 to the 

nylon corresponds to an acid-base reaction via amino groups on the nylon filters and the acid 

functional group of the HNO3 in the atmosphere (Place et al., 2018), resulting in 𝑁𝑂3
− sorbed to 

the nylon membrane surface.The meteorological conditions such as wind speed, relative 

humidity, and temperature were considered during ambient sampling. The meteorological 

conditions did not fluctuate greatly during sampling periods. These meteorological conditions 

did not have a significant effect on the sampling rate and its variability, consistent with previous 

measurements with the discontinued Nylasorb nylon filters (Place et al. 2018). The variability 

associated with sampling rate of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 came mostly from 

the difference in a substrate to substrate sampling of the new nylon membrane filters.  The 

random error represents the variability associated with the Sartorius nylon samplers. The random 

of errors (± 51) µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 was determined from the absolute standard 

deviations derived from annular denuders and nylon passive samplers using propagation of error. 

The Sartorius nylon sampling rate had higher variability than the discontinued Nylasorb nylon 

sampling rates by Place et al. (2018). This work recommends deploying more Sartorius nylon 

passive air samplers to reduce the standard error of the mean to get a more precise measurement 

for future research. Statistical tests were used to aid in the validation for the sampling rate of 136 
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± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1. This sampling rate was used to determine the average 

time-integrated concentrations of HNO3 for the Sartorius nylon membrane filter passive air 

samplers. The standard deviations and average time-integrated concentrations of HNO3 obtained 

by the nylon samplers and denuders were not significantly different at a 95 % confidence level 

for the collection of HNO3 in the atmosphere.  

The dimensional determination resulted in a sampling rate of 123 ± 29 µg m-3 HNO3(g)  h 

(µg NO3 
– (filter))

-1, which fell within a 95 % confidence interval of the dimensionally-determined 

sampling rate of 131 ± 22 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 obtained by Place et al. (2018) and 

the ambient determination sampling rate of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– (filter))

-1 obtained 

by this work. The dimensional determination sampling rate is useful when ambient determination 

of the sampling rate is not available. The variability is greater in the ambient determination 

sampling rate as it is based on experiments. However, both the dimensional determination and 

the ambient determination sampling rates in similar ambient mixing ratios of HNO3, but the 

ambient determination sampling rate mixing ratio was closer to the mixing ratio of HNO3 

obtained by denuders. This work recommends using the ambient determination sampling rate as 

it more represents an ambient sampling condition. Although the active samplers are precise and 

are great for temporal monitoring, they can be limited to spatial monitoring because active 

samplers are expensive devices. The calibrated nylon passive samplers are reliable and can be 

used for spatial monitoring as the nylon passive samplers are an inexpensive simple sampling 

technique.  
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4.2 Conclusion and future direction for Chapter 3  

 

The nylon samplers were the first to collect trifluoroacetic acid (TFA) in the atmosphere 

using a passive technique. Both TFA and perfluoropropionic acid (PFPrA) were collected on the 

nylon samplers but PFPrA was not quantified because of blank contaminations. Outdoor 

measurements of TFA were made in Toronto, ON and Halifax, NS. The indoor TFA blanks were 

contaminated during the winter and summer months and this work could not assess the seasonal 

trend of TFA in an indoor environment. A preliminary run was done, and organic acids were 

detected for the winter (2020) deployment. The dominant organic acid in an indoor environment 

in the Ontario home was succinic acid. This preliminary observed data showed that the nylon 

samplers could collect other atmospheric acids. Statistical tests were conducted to see the 

comparison of the observed atmospheric concentrations of TFA in the urban areas of Toronto 

and Halifax. The F-test and t-test revealed that the standard deviation and the concentration 

values obtained for the atmospheric TFA in Halifax and Toronto are not significantly different at 

95% confidence intervals. This suggests that these urban areas have statistically equivalent 

concentrations of TFA in the atmosphere. The similar concentrations of TFA in these urban areas 

may reflect similar emission sources of TFA into the atmosphere. While the atmospheric 

concentration of TFA in Toronto is higher than those observed in Halifax may suggest that 

Toronto is most likely more polluted as Toronto is a more populated area. The recommendations 

this work proposed are longer indoor deployments to get better detections of lower levels of 

atmospheric acids. To further investigate avenues to reduce TFA and PFPrA blanks 

contamination on the nylon samplers. This may provide an observed seasonal trend of PFAAs 

collected by the nylon samplers and thus may invoke the potential health effect of PFAAs in an 

indoor environment. Future researchers can further explore the organic acids collected by the 
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nylon samplers and their potential sources in an indoor environment. The limit of detection is 

0.002 pptv for 20 days of sampling using the predicted  sampling rate of TFA. All sample were 

above the limit of detection. It is highly recommended to increase the sampling time of TFA for 

outdoor measurements to get a better atmospheric detection of TFA. The predicted sampling 

rates for PFAAs may not be as accurate in determining the atmospheric concentration or mixing 

ratios of TFA. The measured TFA concentrations in Halifax and Toronto were at least three 

times lower than those observed in 2001 (Martin et al. 2003). This work recommends explicitly 

measuring the sampling rate of TFA and other PFAAs that are collected on the nylon passive 

samplers by future researchers. This can be accomplished in an atmospheric or chamber setting 

depending on the designed environmental conditions. This is important for converting the mass 

(ng) of TFA collected on the nylon samplers to a more accurate mixing ratio of TFA obtained in 

Halifax and Toronto measurements. In doing so, to examine the uncertainties associated with the 

predicted sampling rate of TFA in comparison to the observed atmospheric or the chamber TFA 

samplings rate. 
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Appendices  

Appendix A: Supporting Material for Chapter 2. Determining the sampling rate for a new nylon 

filter that collected gaseous nitric acid (HNO3) using passive technique and intercomparison with 

annular denuders. 

Table S2-1. The annular denuders medium volume sampler average sampling volume for all 

three deployments was between 165 m3 to 239 m3 with an average variability of 1% for the 

deployments. The second and third deployments collected the same volume of ambient air with 

similar  precision using either 8 or 4 annular denuders. These flow rates were used to aid in 

determining the volumetric mixing ratios of HNO3 collected by the denuders in the atmosphere.  

 

Annular Denuders First deployment  
volume sampled (m3) 

 Second deployment  
volume sampled (m3) 

Third deployment  
volume sampled (m3) 

1 162.16 235.26 - 

2 162.71 240.43 - 

3 166.27 240.43 - 

4 166.31 240.20 - 

5 166.33 240.46 240.39 

6 166.27 240.43 235.43 

7 166.15 240.20 240.39 

8 166.21 240.51 240.34 

x̄ ± s  165.30 ± 1.78 239.74 ± 1.81 239.14 ± 2.47 

 

 

 

 

 

 

 

 

 

 



 
 

93 
 

Table S2-2. The mean values from the annular denuders medium volume active sampling for 

HNO3 were used as part of the slope to determine the average sampling rate of 136 ± 51 µg m-3 

HNO3(g)  h (µg NO3 
– (filter))

-1 obtained from the first and second deployments. The average 

variability ranged from 3 %  to 14 % for the deployments. The value of µg m-3 HNO3(g) h for 

each deployment was obtained using the sampling time, the number density of air, and the 

denuders’ mixing ratios. 

 

Annular Denuders First deployment  
µg m-3 HNO3(g) h 

Second deployment  
µg m-3 HNO3(g) h 

 Third deployment  
µg m-3 HNO3(g) h 

1 221.78 446.06 - 

2 235.65 437.18 - 

3 232.80 465.46 - 

4 238.52 295.53 - 

5 245.40 420.70 386.98 

6 235.12 440.23 384.34 

7 220.71 422.36 296.04 

8 227.05 441.87 305.94 

x̄ ± s  232.13 ± 8.4689 421.17 ± 52.668 343.32 ± 49.063 

RSD 3.6 % 12.5% 14.3 % 

 

Table S2-3. Shows the amount of nitrate extracted from the five nylon samplers for each 

deployment. The observed data produced an average variability of 25 ± 1 % for all three 

deployments. The mean experimental values obtained from first and second deployments 

represented part of the slope for the determination of the average sampling rate of 136 ± 51 µg 

m-3 HNO3(g)  h (µg NO3 
– (filter))

-1.  

 

First deployment 
Nylon samplers  

𝑁𝑂3
− (µg) 

Second deployment 
Nylon samplers 

𝑁𝑂3
− (µg) 

Third deployment 
Nylon samplers 

𝑁𝑂3
− (µg) 

1.85 2.57 2.01 

1.44 2.27 2.72 

2.84 3.73 1.74 

2.13 2.14 2.01 

2.14 2.44 3.29 

x̄ ± s (n = 5) 
2.08 ± 0.511 

x̄ ± s (n = 5) 
2.63 ± 0.636 

x̄ ± s (n = 5) 
2.35 ± 0.636 
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Table S2-4. The active approach dose-response value of 134 ± 9 µg m-3 HNO3(g)  h (µg NO3 
– 

(filter))
-1 was within the range of this work active determination sampling rate of 136 ± 51 µg m-3 

HNO3(g)  h (µg NO3 
– (filter))

-1. The Sartorius nylon membrane filters behaved similarly to the 

discontinued Nylasorb nylon membrane filters.    

 

Authors Dose-Response 

µg m-3 HNO3(g)  h 
(µg NO3 

– (filter))-1 

Sampler Diameter/Height 

Bytnerowicz ( 2002 a, b) 20.90 2.143 

Bytnerowicz ( 2002 a, b) 26.15 2.892 

Bytnerowicz ( 2002 a, b) 131.99 0.4089 

Bytnerowicz (2005) 69.50 1.963 

Place (2018), ambient-determined 134 ± 9 0.5357 

This work ambient-determination 136 ± 51 

 

0.7143 

 

 

 

Table S2-5. The ambient-determination sampling rate of 136 ± 51 µg m-3 HNO3(g)  h (µg NO3 
– 

(filter))
-1 was used to produce the mixing ratios of HNO3 in the atmosphere with a variability of 27 

% for the third deployment sampled by the nylon samplers.  

 

Sartorius Nylon 
samplers 

136 ±51 (µg m-3 HNO3(g)  

h (µg NO3 
– (filter))-1), 

(ppbv) 

1 0.2077 

2 0.2810 

3 0.1798 

4 0.2082 

5 0.3400 

x̄ ± s (n = 5) 0.2433 ± 0.0657 
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 Table S2-6. The dimensional determination sampling rate of 123 ± 29 µg m-3 HNO3(g)  h (µg 

NO3 
– (filter))

-1 was used to produce the mixing ratios of HNO3 in the atmosphere with a variability 

of 27 % for the third deployment sampled by the nylon samplers.  

 

Sartorius Nylon 
samplers 

123  ± 29 (µg m-3 
HNO3(g)  h (µg NO3 

– 

(filter))-1), 
(ppbv) 

1 0.1879 

2 0.2541 

3 0.1626 

4 0.1883 

5 0.3075 

x̄ ± s (n = 5) 0.2201 ± 0.0595 

 

 

Figure S2-1. Ambient intercomparison sampling schematic. Five nylon passive air samplers 

were simultaneously deployed with the annular denuders medium volume active air samplers. 

Deployments occurred on the roof of the Petrie Science and Engineering Building at York 

University in Toronto, Ontario, Canada. The nylon and denuder samplers were positioned 1.1 m 

above the ground for a consistent comparison of atmospheric HNO3.  
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Appendix B: Supporting Material for Chapter 3. Gas-phase perfluoroalkyl acids (PFAAs) 

collected on nylon passive samplers in the atmosphere. 

  

Table S3-1. The estimated diffusion-corrected sampling rate for other atmospheric acids could 

be collected by the Sartorius nylon samplers. The Limit of detection was calculated as three 

times the signal to noise, where the signal was the height of the nitrate ion peak, and the noise 

was the standard deviation of the nitrate ion in the analytical blank. The limit of detection was 

only calculated for HNO3 and represents the minimal level of HNO3 detected in the atmosphere 

for a 20 days deployment.  

 

Atmospheric acids Diffusion- 

Correction 

Factor 

Diffusion-Corrected 

Sampling Rate 

Limit of detection 

(pptv) for 20 days 

Hydrofluoric acid 1.77 77 N/A 

Hydrochloric acid 1.31 104 N/A 

Formic acid 1.17 116 N/A 

Nitrous acid 1.16 117 N/A 

Acetic acid 1.02 133 N/A 

Nitric acid 1.00 136 0.6 

Butanoic acid 0.85 160 N/A 

Oxalic acid 0.84 162 N/A 

Lactic acid 0.84 162 N/A 

Methanesulfonic acid 0.81 168 N/A 

Sulfuric acid 0.80 170 N/A 

Succinic acid 0.73 186 N/A 

Trifluoromethanesulfonic acid 0.65 209 N/A 

 

The diffusion-corrected sampling rates in Table S3-1 were derived from a validated 

HNO3 sampling rate (Chapter 2 of this thesis) and Graham’s law adapted from (Place et al., 

2018). Place et al. (2018) determined the diffusion-corrected sampling rates for some 

atmospheric acids collected by the Nylasorb filters. The Nylasorb nylon filter was discontinued, 

and the diffusion-corrected sampling rates were determined for atmospheric acids that could be 
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collected on the Sartorius nylon filters. The diffusion-corrected sampling rates are estimated 

sampling rates, and thus may need to be further investigated to get a more accurate mixing ratio 

for the atmospheric acids. This may be done by explicitly determining the sampling rates for 

each of the atmospheric acids that are collected by the Sartorius nylon samplers during the 

required sampling period 

 

 

 

 

 

 

 

 

 

 


