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Abstract 

Acidic gases are important trace components of the troposphere because they contribute 

to particle formation and acid deposition. Here, a mist chamber (MIST) was used to collect 

acidic gases into aqueous solutions, which were analyzed by ion chromatography (IC) or 

capillary electrophoresis (CE). A CE method was developed, in which anions were separated in 

either a didodecyldimethylammonium or dimethyldioctadecylammonium bromide modified 

capillary at pH 5.86 and detected by indirect UV absorbance using naphthalenedisulfonate as 

probe with detection limits of 10 to 20 µM. The MIST collection efficiency (COE) was 

determined by chemical ionization mass spectrometry using acetate reagent ion. For HCOOH, 

the COE was < 80% when deionized water was used as trapping solution. The mass spectrometer 

was calibrated by MIST – IC and was superior with respect to response time (1 s versus 10 min), 

detection limit (< 100 ppt versus ~6 ppb), and near-absence of inlet memory effects. 
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1 

Chapter One: INTRODUCTION 

1.1 Importance of acidic gases in the atmosphere 

Acidic gases are important trace components in the troposphere, the lowest layer of the 

atmosphere (0 to ~12 km altitude). Inorganic acids such as nitric acid (HNO3) or sulfuric acid 

(H2SO4) are the main components of acid rain [1]. Carboxylic acids, e.g., formic acid (HCOOH) 

or acetic acid (CH3COOH), also can play a significant role in acid deposition [2]. The deposition 

of acids to the Earth is of concern because it can cause ecosystem acidification with adverse 

effects on soil, aquatic systems, plants, animals, and human health [3]. For example, in the Fort 

McMurray region in Alberta,  ~300 tons of nitrogen oxides (NOx = NO + NO2) and ~300 tons of 

SO2 were produced daily in 2008 [4]; the major fate of the emitted NOx and SO2 is oxidation to 

HNO3 and H2SO4, respectively, leading to regionally elevated acid deposition rates [5]. In 

addition, acidic gases contribute to the formation and growth of aerosols (e.g., by acid-base 

reactions with NH3), which can reduce visibility, harm human health, and alter the radiation 

balance of the Earth [6].  

The formation of acidic gases constitutes an important sink for many atmospheric 

species, such as HOx (OH + HO2), NOx and ozone (O3). HNO3, for example, is produced from 

the oxidation of NO2 by OH radicals during the day [7] and relatively rapidly removed by dry or 

wet deposition. Hence, its formation can be viewed as a net sink of HOx and NOx. Since both 

HOx and NOx are needed to photochemically produce O3 in the troposphere, their removal 

reduces the rate of O3 formation and, ultimately, tropospheric O3 concentrations [7]. 

Because of their importance to the environment and human health, it is essential to 

monitor acidic gases to assess their role in the atmosphere. However, the accurate measurement 

of atmospheric acids remains a challenge. In the troposphere, acids are usually present at only 
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the parts-per-billion (10
-9

, ppb) to parts-per-trillion (10
-12

, ppt) level (Table 1-1), which poses 

analytical challenges. In addition, one needs to differentiate between acids in the gas phase from 

those in the particle phase, as acids partition between the gas and particle phases. The 

partitioning of trace gases can (to first approximation) be described using Henry's law (Table 1-

2). Furthermore, to reduce inlet memory effects (caused by slow adsorption and desorption rates 

of acids on the inner walls of the inlet tubing), inlets are usually heated. This in turn can result in 

erroneous measurements, because acids partition from the particle to the gas phase at elevated 

temperature [8-11]. 

 The goal of this thesis was to develop a novel acidic gas measurement technique, mist 

chamber - capillary electrophoresis (MIST-CE), and to evaluate if this method is suitable (in 

terms of time resolution, selectivity, and sensitivity) for quantification of acidic gases, in 

particular the inorganic acids H2SO4 and HNO3 and the carboxylic acids HCOOH and propionic 

acid (C2H5COOH), in ambient air. 

 

Table 1-1 Typical abundances of selected LMW acids in the troposphere 

Compound Typical aerosol phase mixing ratios  Typical  gas phase mixing ratios  

HCOOH 8 – 160 ppt [12] 0.1 - 45 ppb [13] 

CH3COOH 6 – 180 ppt [12] 0.2 - 21 ppb [13] 

C2H5COOH n/a 0.02 - 0.66 ppb [13] 

HNO3 7 – 131 ppt [14] 0.01 - 5 ppb [15] 

H2SO4 10 – 750 ppt [16] ~0.002 ppb [17] 
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Table 1-2 Selected physical properties of atmospheric acids at 298 K. 

Compound 

Solubility in 

water 

 (mol/kg)
a
 

Vapor pressure 

 (mm Hg) 

Henry`s law constant  

(mol·L
-1

·atm
-1

) 

Ka 

HCOOH 1.38×10
-4 

[18] 42.6 [13] (5.5±0.3)×10
3 

[19] (1.8×10
-4

) [20, 21] 

CH3COOH 1.56×10
-5 

[18] 15.7 [13] (5.5±0.3)×10
3 

[19] (1.8×10
-5

) [22] 

C2H5COOH 1.31×10
-5 

[18] 3.7 [13] (5.7±0.3)×10
3 

[19] (1.3×10
-5

) [23] 

HNO3 n/a 6.2 [24] 2.1×10
5 

[20] (15.4) [20] 

H2SO4 n/a 5×10
-4 

[25] 1.0×10
11 

[25] (10
3
) [26] 

a 
solubility was calculated at equilibrium with partial pressure pHa=1×10

-10
 atm and pH=5. 

 

1.1.1 Sulfuric acid 

In the atmosphere, H2SO4 is primarily formed from the oxidation of SO2, which is 

released during fossil fuel combustion, from volcanoes, or from oceanic phytoplankton (via 

release and oxidation of dimethyl sulfide) [17, 27, 28].  

MHSOMOHSO 32  1-1 

2323 HOSOOHSO  1-2 

4223 SOHMOHSO  1-3 

In reaction 1-1, M is a so-called "third body", which carries off excess energy during the 

reaction. Because OH is predominantly a daytime species, a clear diurnal variation in H2SO4 

concentration is usually observed [17]. In the marine boundary layer, H2SO4 can also be 

produced through the oxidation of dimethyl sulfide [29]. Recently, it has been observed that the 
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reaction between SO2 and Criegee biradicals (a carbonyl oxide with two free radical sites 

produced during the ozonolysis of alkenes) can produce H2SO4 [30, 31]. This process can affect 

H2SO4 production rates in forested areas.  

Because of its low vapor pressure, H2SO4 readily condenses onto surfaces and can form 

sulfate aerosol particles [32]. Its lifetime in the gas phase is therefore short (< 30 min; Table 1-

3). It has also been observed that the H2SO4 concentration controls the rate of ultrafine particles 

(diameter < 100 nm) growing to cloud condensation nuclei (diameter > 100 nm) [33-35].  

 

 

Table 1-3 Typical lifetimes of LMW acids in the troposphere 

 

 

 

 

 

 

 

1.1.2 Nitric acid 

During the daytime, HNO3 is produced from the reaction of NO2 with OH [15, 40]: 

MHNOMNOOH 32  1-4 

At night, HNO3 is produced mainly via heterogeneous hydrolysis of N2O5 [41]: 

3252 HNO2OHON  1-5 

HNO3 can also be produced from NO3 through reactions with hydrocarbons or reduced sulfur 

compounds (e.g., CH3SCH3, H2S, CH3SH) [42].  

Compound Lifetime  

HCOOH 3-4 days [36] 

C2H5COOH gas phase: 7-10 days  [37] 

HNO3 gas phase: half a day; particle phase: around a week [7] 

H2SO4 gas phase: < 30 min [38]; particle phase: a few days  [39] 
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Gas-phase HNO3 only slowly degrades photochemically with a lifetime of several weeks 

(Table 1-3) [15]. However, HNO3 is highly soluble and rapidly taken up by cloud or rain droplets 

[43]. The primary sink of HNO3 in the troposphere is therefore dry or wet deposition [44]. 

Deposition of HNO3 to the ground introduces nitrogen back to the terrestrial and aquatic 

ecosystems [45], such that it plays a significant role in the global nitrogen cycle [45]. A number 

of experiments have shown that HNO3 can increase the formation of secondary organic aerosol 

(SOA) through acid-catalyzed heterogeneous reactions [46-48]. 

 

1.1.3 Carboxylic acids 

Carboxylic acids originate from both primary and secondary sources (either 

anthropogenic or biogenic) [49]. Primary emissions can be attributed to vehicular exhaust, 

biomass combustion, and especially biogenic emissions [50, 51][36]. However, carboxylic acids 

also originate from secondary sources, i.e., the oxidation of biogenic compounds, for example 

oxidation of alkenes by O3 [52, 53] and reaction between formaldehyde and HO2 [54-56]: 

a. Ozonolysis of alkenes [52]: 

HOOHCHCHOOHC 342  1-6 

other)COOH(3.0HCOOH04.0HOOHC 2  1-7 

b. Isoprene oxidation [54] : 

222 HONOHCHOMAMVKO2NOOHIsoprene  1-8 

Methyl vinyl ketone (MVK) and methacrolein (MA) can also be sources of acids [54]. 

c. Reaction between formaldehyde and HO2 [54] : 

2222 OOHHCOOHHO2OCH  1-9 
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Archibald et al. [50] have recently proposed a novel mechanism of carboxylic acid 

formation by the oxidation of ethenol, which accounted for 50% of formic acid production in an 

urban area. The possible sources of ethenol are combustion [50] or photo-tautomerization of a 

keto-enol [57].  

Formic acid is the most important carboxylic acid in the atmosphere [2, 58]. Typically, 

over 80% of total HCOOH is present in the gas phase [13] at mixing ratios of a few ppb (Table 

1-1). It is observed at lower concentrations in remote areas and in higher concentrations in urban 

areas [59, 60]. For example, along the California south coast, the mixing ratio of HCOOH was 

observed to be in the range of 1 to 13 ppb [61]. In western Canada and Alaska, HCOOH was 

measured at a maximum mixing ratio of 0.843 ppb in summer [62]. Formic acid can be removed 

by reaction with OH, for example [63]: 

222

O
HOCOOHHCOOHOH 2  1-10 

In cloud-free regions, the lifetime of HCOOH with respect to reaction with OH is several weeks 

[64]. However, the reaction of HCOOH with OH is 3 orders of magnitude faster in the aqueous 

phase than in the gas phase [64]. Stavrakou et al. [36] estimated that OH oxidation accounts for 

27% of the global removal of HCOOH.  

 The absorption spectra of simple monocarboxylic acids have maxima in the 180–220 nm 

range and do not overlap with the actinic spectrum [52]. Consequently, photolysis of 

monocarboxylic acids in the gas phase is negligible. Because HCOOH and C2H5COOH are long 

lived with respect to gas-phase reactions, they are mainly removed by wet and dry deposition [2, 

65]. The overall lifetime of carboxylic acids ranges from several hours to a few days, which is 

determined by the frequency of precipitation [56]. The scavenging of carboxylic acids by cloud 

droplets can contribute to the acidity of rain. A number of studies have shown that HCOOH 



 

7 

accounts for 60 – 80% of rain acidity in the Amazonia area, and up to 30 – 50% over the US 

during summer time [36]. Unlike H2SO4 or HNO3, the negative environmental impact of rain 

acidified by HCOOH can be lowered by its rapid degradation by microbes in the soil [66]. 

However, the presence of formic acid in aerosol and cloud droplets may affect pH-dependent 

heterogeneous reactions [20, 56, 67].  

In general, diurnal and seasonal patterns can be observed for carboxylic acids. The 

concentrations of the gas and particle phases typically reach their lowest levels prior to sunrise, 

gradually increase to maxima after solar maximum, and decrease by late evening [47, 68, 69]. 

The diurnal pattern is consistent with photochemical reactions as the main source of acids [70, 

71]. There are also seasonal patterns: For example, carboxylic acids are more abundant during 

the growing season (May - August), which can be attributed to biogenic emissions [69].  

 

1.2 Sampling and analysis: offline techniques 

In offline techniques, air samples are collected in the field and analyzed usually in the 

laboratory by wet-chemical techniques. Common sample methods include collection by 

adsorption on solid matrices (i.e., filters or sorbents) or by extraction into liquids (i.e., bubblers 

or mist chambers) [72]. After sample collection, most samples are recovered by solvent or 

thermal desorption [73] and  analyzed. Because a variety of analytical methods can be used, 

offline techniques can provide detailed structure and concentration information for a wide range 

of molecules. 
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1.2.1 Offline sampling techniques 

1.2.1.1 Whole air sampling 

Whole air sampling is a simple way to collect gas samples in a container. Commonly 

used containers are steel canisters, sample bags (made from Teflon or aluminized Tedlar), 

syringes, or glass bulbs [74]. The air sample is drawn into the container by pressure difference. 

Whole air sampling is commonly used to collect volatile organic compounds (VOCs), non-

reactive gases, and reduced sulfur compounds, but is not well suited for acid sampling. One of 

the  challenges is to remove water vapour, which may cause loss of acids in water droplets [75].   

 

1.2.1.2 Sorbent sampling 

Here, a sorbent is used to trap compounds, usually by drawing the air sample through a 

tube which is filled with one of a variety of solid adsorbent materials. Sorbent sampling is 

usually used to collect non-polar and nonreactive compounds. Sorbent materials include silica 

gel, activated charcoal, porous polymers, Tenax TA, and multi-bed tubes [76]. After sampling, 

the trapped compounds are recovered by solvent extraction or thermal desorption.  

For acidic gases, high-purity silica gel is commonly used for its high surface activity [76]. 

Typically, the sample is recovered by solvent (water) extraction and analyzed by IC [77]. To 

remove particles from the gas sample, a pre-filter is usually added onto the sorbent [77]. 

However, target compounds may be lost on the filter, causing negative interference.  

The sorbent material can be saturated at high sample concentrations and be degraded 

when exposed to oxidants (e.g., O3, NO2, NO or SO2), which may cause difficulties in the 

interpretation of results. Clausen et al. [78] reported that Tenax TA sorbent could degrade and 

produce semivolatile organic compounds when exposed to O3. In addition, compounds adsorbed 
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on the sorbent may also undergo transformation by reacting with O3 or nitrogen oxides [79]. 

Thus, careful determination of sorbent properties (e.g., sorbent lifetime, capacity) is critical to 

successful sorbent sampling. 

 

1.2.1.3 Filter and Denuder Sampling 

Filters have been widely used to sample atmospheric acids. Dual filter sampling was 

introduced to separate particles from gas phase samples. For example, Talbot et al. [10] 

employed a Teflon-Nylon sequential filter to sample HNO3 in the atmosphere followed by 

solution extraction. Particles were retained on the Teflon prefilter, and HNO3 vapour was trapped 

on the Nylon filter. Similar sampling methods have also been utilized by other researchers. Okita 

et al. [80] employed a Teflon prefilter and a NaCl impregnated filter to collect particulate and 

gaseous HNO3. The previously mentioned filtration technique is easy to operate, and it can 

selectively collect particles and gaseous acids. However, there are potential artefacts from the 

loss of gas phase acids on the prefilter. Evaporation of compounds from particles on the prefilter 

may also cause interference to gas phase determination [81].  

To compensate for the bias introduced by filtration method, denuder techniques are used 

for air sampling in the presence of aerosols. Typically, the denuder tube is coated with a suitable 

adsorbent to retain the gas compounds of interest. When the sample air is driven through the 

tube, target gas phase compounds are adsorbed on the surface coating, while particles pass 

through. A filter downstream from the tube will collect the remaining particles. Based on 

differences in gas-phase diffusion coefficients, gas and particle phase species are discriminated 

and collected separately [82, 83]. This property makes denuder sampling a suitable technique to 

study the distribution of semivolatile organic compounds (SVOC) in different phases [84]. 
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Various denuders have been developed and utilized for acid analysis, such as annular denuders 

[59] and parallel plate diffusion denuders [85, 86]. Trebs et al. utilized a wet-annular denuder 

(WAD) combined with a Steam-Jet Aerosol Collector (SJAC) followed by IC and ammonium 

flow injection analysis (FIA) to measure HNO3 and particle-phase nitrate continuously [87]. 

Takeuchi et al. applied a hydrophilic membrane-based parallel-plate denuder to sample acidic 

gases (HCOOH, CH3COOH, HNO2, HNO3, HCl and SO2). This efficient sampling method 

enabled the near-real-time detection of trace acids in IC [88]. But defusing denuders also have 

some potential artefacts: (1) Highly volatile compounds cannot be well retained on the denuders 

and may lead to underestimation of sample concentration [89]. (2) For the gas phase 

measurement, a positive artefact may be caused by the loss of fine particles to the surface of the 

denuder tube, or the adsorption of compounds evaporating from particles during passage through 

the tube. (3) For the particle phase measurement, a breakthrough of volatile compounds to the 

downstream sorbent can cause higher concentrations in the particle phase [84]. Comparing 18 

instruments for the measurements of HNO3, Hering et al. [90] found that filtration techniques 

reported the highest concentrations of HNO3, and denuders reported lower concentrations. 

 

1.2.1.4  Solution Sampling 

Gases can also be sampled by extracting them into solutions. By choosing trapping 

solutions, compounds can be selectively collected. In solution sampling, there are two types of 

gas-liquid absorption: physical absorption and chemical absorption. Physical absorption is the 

process by which the gas compounds dissolve in trapping solution, which is usually reversible. 

The extraction efficiency of physical absorption is dependent on the vapour pressure of the gas 

and its solubility in the liquid solution (which can be described using Henry`s law, Table 1-2). 
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Chemical absorption involves the reaction between gaseous compounds and the liquid 

compounds. Its extraction efficiency is affected by not only Henry`s law constant of reactants 

and products, but also the reactivity. 

In solution sampling, the sample extraction efficiency is a function of (1) the physical and 

chemical properties of sample compounds and solvent, and (2) the characteristics of the sampling 

device. A number of devices have been designed for gas sampling, such as fritted bubblers [91], 

impingers [92], glass tubes [93] and mist chambers [1, 10, 94]. Among them, the mist chamber is 

commonly used for its high speed (up to 30 L/min) and extraction efficiency (up to 90% for most 

species [95, 96]). 

Compared to sorbent and filter sampling, solution sampling has the advantage of large 

sample capacity. Thus, compound breakthrough (i.e., saturation) is less likely to occur. However, 

in long sampling times, solution sampling may have the problem of evaporation. This problem 

can be countered by using a less volatile solution or a hydrophobic filter. Another problem with 

solution sampling is that aerosols are only partially collected [97]. Usually, a prefilter is added to 

prevent aerosols from dissolving in the trapping solution. However, compounds evaporating 

from aerosols collected on the filter may result in positive interferences. 

Solution sampling is most often used for compounds from stationary sources and 

conditions where other techniques are not as suitable, such as high humidity or temperature.  

         

1.2.2 Analytical methods used with offline sampling 

1.2.2.1 Chromatography 

The  extraction of air samples into solution is usually followed by ion chromatography 

(IC) [10, 95, 98, 99] or gas chromatography (GC) coupled with solid phase extraction. In 
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principle, high-performance liquid chromatography (HPLC) can be used to analyze ambient air 

extracts, but rarely is in practice. In recent years, capillary electrophoresis (CE) [100-105] is also 

frequently utilized in environmental analysis. It is fast, economic and sensitive. CE has to date 

mainly been applied to analyze extracts from filter samples [105, 106].  

Gas chromatography is one of the most frequently used techniques for the analysis of 

organic compounds (e.g., hydrocarbons, halogenated compounds) in environmental samples 

[107, 108]. GC is a reliable separation method, in which sample components are separated 

effectively based on their vapour pressure. GC detection is mostly coupled with flame ionization 

detection (FID) [109], thermal conductivity detection (TCD) or mass spectrometry (MS) [110]. 

FID and TCD are universal techniques and can be used for most target compounds. However, 

their detection limits are several mg/L, which is not low enough for air analysis [111, 112]. 

Comparing to FID and TCD, MS is well suited for trace level determination (< µg/L detection 

limit) [113]. In MS, the target compounds are (often unambiguously) identified by their 

characteristic ions (if a soft ionization method is used) or ion fragments. For example, Fraser et 

al. [114] utilized GC-MS to quantify 47 carboxylic acids in the atmosphere over the Los Angeles 

area. In general, GC-MS is well-suited to identify complex components and determine their trace 

concentrations in air samples [115].  

However, GC also has some limitations. In GC, separation times are typically on the 

order of 10 to 60 min [116], which is time-consuming, and in situ analyses using GC can be 

logistically challenging. Furthermore, compounds with strong polarity may interact with the GC 

column, especially at low concentrations (< 1 mmol L
-1

) [117, 118]. Thus, LMW acids are not 

commonly analyzed by GC. To overcome the problem of high polarity, pre-column 

derivatization is often used to decrease the volatility [110, 119, 120]. The most common used 
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derivatization methods for acids are esterification by BF3/alcohol and silylation by N,O-

bis(trimethylsilyl)-trifluoroacetamide (BSTFA) [113]. The use of derivatization technique 

extends the application of GC, but limits its automation.  

IC is a powerful analytical technique for the separation and determination of either anions 

or cations in the liquid phase. Hence, acids can be analyzed directly (as their conjugate anions) in 

IC without complex pre-treatment. This makes it possible to monitor acidic gases on-line. For 

example, Lee et al. [121] combined a parallel plate diffusion scrubber with IC and succeeded to 

monitor the diurnal changes of HCOOH, CH3COOH and C2H5COOH in ambient air. For the 

detection of cations, atomic absorption or inductively coupled atomic emission MS are preferred 

over the usually deployed conductivity detector [122]. However, co-elution may hamper the 

analysis of some ions, such as between sodium and ammonium [122], acetate and glycolate 

[123], or sulfate and oxalate [124]. 

Typical detection limits of IC are in the nM range [125], which corresponds to a gas-phase 

mixing ratio of ~1 ppt for a 125 L air sampling volume totally extracted into 5 mL water. For the 

determination of HCOOH, the IC method can be used directly. However, to determine the 

concentration of C2H5COOH and HNO3, which are present at lower levels, pre-concentration is 

required prior to IC analysis to improve the detection limit to sub-ppt level [126]. Commonly, an 

ion exchange pre-column concentrator (e.g., Dionex  TAC-LP1 [127, 128], TAC-2 [129] or 

TCC-LP1 [128]) is used to enrich sample concentrations. Compared to pre-column 

concentration, post-column concentration is less commonly used. Takeuchi et al. [130] have 

developed a membrane tube to concentrate non-volatile compounds by removing solvent prior to 

the detector. The sensitivity of perchlorate in IC has been improved to as low as 0.35 ng m
-3 

corresponding to 0.095 ppt.  
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1.2.2.2 Capillary Electrophoresis 

Capillary electrophoresis, also known as capillary zone electrophoresis (CZE), is a 

relatively modern analytical method. It enjoys tremendous advantages such as (relatively) short 

analysis times (<15 min) [103, 131], low sample consumption (µL), low waste generation, high 

separation efficiency (10
5 

- 10
6
 plates per meter),  and high resolution [123, 132, 133]. For 

example, Noblitt et al. [106] reported quantification of 8 inorganic and 38 organic anions 

(extracted from aerosol samples) within 8 min.  

In CE, ions are separated in a fused-silica capillary with a typical internal diameter (I.D.) 

of 50 or 75 µm on the basis of their relative velocities in electric field. The migration of ions is 

driven by two processes: electrophoretic flow, which results from the charge of the sample ions, 

and electroosmotic flow (EOF), which arises from the charge of the capillary inner wall. In an 

applied electric field, anions are attracted to the anode, and cations are attracted to the cathode. 

The inner wall of fused silica capillary is covered with silanol groups (–SiOH), which 

deprotonate over a pH range of between 2 and 9 [134]. Cations are paired to the –SiO
-
 groups 

and form an electrical double layer, whose thickness is inversely proportional to ionic strength. 

When a high voltage is applied to the capillary, the inner cationic layer is stationary and  the 

outer layer of cations moves along the capillary wall to the cathode and drags the bulk solution. 

This flow of bulk solution is called EOF [135, 136]. Usually, the EOF rate is so strong that all 

analyte molecules will move to the cathode [137]. In this way, the electrophoretic flow velocity 

(vep) of cations has the same direction of EOF velocity (veo). The apparent velocity (vapp) of 

cations to cathode is expressed as: 

epeoapp VVV  1-11 

For anions, the direction of vep is opposite to that of veo. Thus, the apparent velocity of anions is:  



 

15 

epeoapp VVV  1-12 

The magnitudes and signs of both vep and veo can be altered simply by changing the 

composition of the running buffer. Thus CE has the ability to separate anions, cations and neutral 

molecules, sometimes even at the same time [138].  

For the detection of sample ions in CE, various detection methods have been applied, 

including ultraviolet-visible (UV-Vis) spectroscopy [139], fluorescence microscopy [140], 

conductivity [137], electrochemical detection, MS [133, 141-144], and laser-induced 

fluorescence (LIF) [100]. MS is the most powerful detection method for CE. CE can be directly 

connected to MS through electrospray ionization (ESI). In ESI, the liquid sample is sprayed out 

of a needle at high potential, forming charged droplets. Ion molecules are formed by extensive 

solvent evaporation. ESI is a soft ionization method, and particularly useful to produce limited 

fragment ions of macromolecules [142]. Mass analyzers that have been used include quadrupole 

(Q-MS) [141, 143], ion-trap (IT-MS) [133, 144], time-of-flight (TOF-MS) [133], Fourier 

transform ion cyclotron resonance (FT-ICRMS) [143].  Q-MS is most frequently used for its 

good reproducibility [141, 143].  

UV detection is more commonly used in commercial CE instrument for its low cost and 

simplicity. For small ions without strong UV absorption bands (such as the conjugate anions of 

LMW acids found in the troposphere), indirect UV detection is used [145].  In this mode, a 

strongly UV-absorbing probe ion is added into the background electrolyte, providing a strong 

background absorbance. Analyte ions with low absorbance displace the probe, resulting in a 

decrease of absorbance. Once the analyte ions pass though the detection region, the signal returns 

to the original intensity. 
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CE also has some limitations such as poor concentration sensitivity [139, 145, 146]. The 

small I.D. of the capillary limits the sample injection volume and light path length in UV 

detection, which results in poor sample sensitivity (10
-5

 to 10
-6

 M) [147].  CE also has relatively 

poor reproducibility. Molecule migration time may drift with the change of background 

electrolyte property or capillary inner wall conditions [148-152]. During CE separation, the pH 

of electrolyte can be changed due to electrode reactions [153]. Instability of running buffer pH 

can alter the ionization of analytes and the charge of the capillary inner wall, affecting the EOF 

and electrophoretic mobilities of the sample ions. In addition, interactions between analyte and 

the inner walls of the capillary can also affect the CE performance. Once ions are binding to the 

surface, it can cause analyte loss and EOF change, resulting in variable migration time and peak 

area [154]. In addition, the use of high voltage can increase the temperature of background 

electrolyte, called Joule heating effects. The change of temperature will result in variations of 

electrolyte viscosity, which leads to the changes of ion mobility and peak shapes [155]. All those 

factors generally limit the reproducibility of CE. 

 

1.3 Sampling and analysis: online techniques 

On-line techniques such as proton transfer reaction-mass spectrometry (PTR-MS) [156] 

and proton transfer chemical ionization mass spectrometry (PT-CIMS) [157-159] are relatively 

novel techniques that can provide real-time analysis of air samples. These on-line detection 

methods have advantages of fast response, high sensitivity, low detection limit and do not require 

complex sample preparation, which is a considerable advantage as it is less labor-intensive and 

generally more accurate. For example, Veres et al. reported that the sensitivity of negative ion 

proton transfer chemical ionization mass spectrometry (NI-PT-CIMS) to formic acid could reach 
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21 ± 4 counts per second per ppt with a detection limit of 80-90 ppt at 1-second time resolution 

[157]. However, these instruments are expensive ($150,000–$500,000) and require an 

experienced operator. Another drawback of PTR-MS and NI-PT-CIMS are the need for reliable 

calibration methods, which is a challenge for sticky compounds such as HNO3 [160]. 

 

1.4 Project Overview 

To address the need to improve the monitoring of ambient acids, my research focused on 

developing a method to combine a high capacity sampling method — mist chamber — with a 

highly efficient separation method — capillary electrophoresis (MIST-CE). The objective of this 

project was to investigate if CE can be used as an alternative (or complement) to the normally 

used IC analysis. In the context of atmospheric science, CE has to date only been applied to the 

analysis of acids on filter extracts (e.g., humic substances [161], C2-C5 dicarboxylic acids [162]) 

or of water-soluble components of aerosol samples [106], but not to the analysis of mist chamber 

samples.  

Chapter 2 describes the specific techniques and apparatuses used in my research, such as CE, IC 

and CIMS. Chapter 3 discusses the development of new CE analysis method, in which an EOF 

modifier was used to decrease analysis time and analyte loss on the inner walls of the CE 

capillary, and indirect UV detection was used to quantify conjugate anions of LMW acids. In 

Chapter 4, the collection efficiency of the mist chamber was determined by CIMS. In Chapter 5, 

CIMS response factors to acidic gases were determined using MIST-IC. Chapter 6 contains the 

thesis conclusions.  
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Chapter Two: METHODS  

2.1 Capillary electrophoresis 

2.1.1 Setup  

In my research, CE analysis was carried out in a custom-built CE instrument (Figure 2-1). 

It was equipped with a fused silica capillary (Polymicro Technologies), a high voltage power 

supply (Spellman, CZE1000R), a Deuterium UV-Vis light source (Ocean Optics Mikropack, 

D2000), a miniature fiber optic spectrometer, which has a wavelength range of 195–520 nm and 

resolution of 0.35 nm (Ocean Optics, Inc., USB2000+), two optical fibers (Ocean Optics, Inc.) 

and a PEEK interface cross (Ocean Optics, Inc.). 

Ocean Optics's SpectraSuite spectroscopy software was used to control the spectrometer 

and collect data. Once sample was injected into CE, the data acquisition was initiated. An 

intensity spectrum would display in real time. Results of the collecting data can be controlled by 

integration time (time period of detection; typically 30 ms), scans to average (average number of 

spectral acquisitions; typically 5) and boxcar width (average of adjacent data points; typically 6). 

After data collection, Origin Lab's ORIGIN
®
 and Wavemetric's IGOR

®
 software were used for 

data analysis and calculations. Migration time, peak height, peak areas were the primary data 

determined. 

Two sizes of fused silica capillaries were used: (1) 73 µm I.D. and 364 µm outer diameter 

(O.D.) (Polymicro Technologies, part number: 2000019), or (2) 30 µm I.D. and 360 µm O.D. 

(Polymicro Technologies, part number: 1068150013). A ~1 cm detection window was obtained 

by burning off the polyimide coating. The interface cross effectively limits the detection window 

to 500 µm. 
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Figure 2-1 Schematic of custom CE instrument 

 

Table 2-1 Components of CE setup 

Component Name Producer Details 

fused silica capillary Polymicro Technologies 
73 µm I.D.(2000019) 

30 µm I.D. (1068150013) 

high voltage power supply Spellman CZE1000R 

UV-Vis light source Ocean Optics Mikropack D2000 

miniature fiber optic spectrometer Ocean Optics, Inc. USB 2000+ 

optical fiber Ocean Optics, Inc. 300 µm I.D. 

PEEK interface cross Ocean Optics, Inc. ~500 µm detection window 
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2.1.2 Operation 

New capillaries (typical length ~55 cm) were conditioned using ~0.1 M NaOH overnight 

to activate the silanol groups on the inner surface and flushed with H2O prior to use. At the 

beginning of each experiment, the capillary was filled with background electrolyte (BGE) using 

a syringe, and the capillary outlet and inlet were placed into vials containing BGE. Then, a high 

voltage (+ 15 kV to 30 kV) was applied to the capillary outlet (the inlet was grounded).  The 

voltage chosen in each case to limit the current through the capillary to 30 µA; at higher currents, 

Joule heating can occur, which causes band broadening [163, 164]. 

Samples were injected by electrokinetic injection (EK). During sample injection, the vial 

containing BGE at the capillary inlet was replaced by one containing the sample. The high 

voltage applied drove sample solution into the capillary. Once sample injection was finished, the 

sample vial was replaced with one containing only BGE, and data collection was initiated.  All 

separations were performed at room temperature (~22°C).  

 

2.1.3 Co-electroosmotic CE 

In my research, co-electroosmotic CE was chosen for analyzing the conjugate anions of the 

acids. In co-electroosmotic CE, the EOF direction is reversed using an EOF modifier such that 

the flow of the EOF has the same direction as the electrophoretic flow of the analytes. Reversing 

the EOF increases the apparent mobility of anions and allows for rapid separation [136, 165]. 

The magnitude of the reversed EOF is affected by the surfactant properties, concentration and 

coating method [166]. 

There are several ways to modify the EOF, including application of an external voltage 

field [167, 168], wall coating [166, 169] or ionic strength control [170, 171]. In my research, a 
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dynamic surfactant-based coating was chosen because of its simplicity and ease of 

implementation [136]. The coating was applied by flushing deionized water containing the EOF 

modifier through the capillary for 15 min. In my study, a positively charged surfactant was 

adsorbed on the negatively charged capillary wall by electrostatic attraction (Figure 2-2), 

resulting in a reversal of the surface charge from negative to positive. The exact structure of the 

dynamic wall coating is not known with absolute certainty; however, it is known that certain 

surfactants (e.g., dimethyldioctadecylammonium or didodecyldimethylammonium bromide, 

DDAB or DODAB) form cationic double layers (Figure 2-2, left-hand-side), whereas other 

surfactants (e.g., trimethyl(tetradecyl) ammonium bromide, TTAB) form micellar structures 

[172, 173]. The EOF reverses because now anions are in the diffuse region, such that when an 

electric field is applied to the capillary, the mobile anions in the diffuse region move to the anode 

[174, 175]. 

 

 

Figure 2-2 Schematic of cationic surfactant coating on the capillary. (left) Cationic double layer 

observed with DDAB or DDOAB. (right) Micellar structures observed with TTAB [173] 
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2.2  Commercial Instruments 

2.2.1 Ion chromatography 

2.2.1.1 Setup and operation 

A Dionex DX-100 IC (Figure 2-3) equipped with a self-regenerating suppressor (SRS) 

and conductivity detector was used. Anions were separated on a HPIC-AS4A anion exchange 

column using an eluent containing 2.2 mM NaHCO3 and 2.4 mM Na2CO3. The column was 

operated at an inlet pressure of 500 psi and flow rate of 2.0 mL/min. Before entering the detector 

cell, the eluent passed through the SRS, in which H2SO4 titrated the eluent to reduce the 

background during detection, which enhances sensitivity. The detector output voltage was 

digitized using a data logger board (OM-USB-1408FS) connected to a computer running 

LABVIEW (National Instruments). Data were analyzed by Origin Lab's ORIGIN
®
 and 

Wavemetric's IGOR
®
 software. 
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Figure 2-3 Schematic of DX-100 IC instrument [176] 

 

2.2.1.2 Calibration 

In IC detection, calibrations were carried using standard solutions prepared from 

HCOOK, C2H5COONa, and KNO3 in deionized H2O, respectively.  

The calibration curve for propionate is shown in Figure 2-4. It is linear in the range from 

the detection limit to 168 µM (r
2
 = 0.98). The linear regression equation was  

)07.012.0(X)001.0029.0(A  2-1 

where A is the peak area (µS·min), and X is standard concentration (µM).  
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Figure 2-4 IC calibration curve of propionate 

 

Harris describes a method for determining the limit of detection (LOD) in a 

chromatography experiment using the standard deviation (σ) of measurements near the LOD 

[177]. In this method, the LOD is estimated from an average of 3 times the average standard 

deviations (3σ) of measurements close to the detection limit.  

The propionate data are summarized in Table 2-2. The LOD of propionate was 1.2 µM.  

 

Table 2-2 Determination of the detection limit of propionate ion in IC 

Propionate (μΜ) n RSD (%) σ (µM) 3σ (µM) 

10.5 5 5.0 0.53 1.6 

26.3 4 1.5 0.39 1.2 

31.6 3 1.0 0.31 0.9 

   average of 3σ (µM) 1.2 
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The calibration curve of HCOO
-
 in IC is linear (r

2 
= 0.98) in the range from the detection 

limit to 162 µM (Figure 2-5) with LOD of 2.0 µM. The linear regression equation was: 

34 10)8.05.1(X)10)09.066.2((A  2-2 

 

Figure 2-5 IC calibration curve of formate 
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The calibration graph of NO3
-
 is linear between 1.8 and 44.8 µM (r

2
 = 0.99, Figure 2-6) 

with LOD of 1.0 µM. The linear regression equation was: 

)0005.00028.0(X)00002.000164.0(A  2-3 

  

 

Figure 2-6 IC Calibration curve of nitrate 
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2.2.2 Chemical ionization mass spectrometry 

Detailed descriptions of the CIMS and its operation have been given by Mielke et al. 

[178]. In this work, analyte ions are ionized using either acetate or iodide reagent ion (denoted 

R). Observed analyte ion counts ([A
-
]) are expressed as the following equation [158]: 

t]HA[k]R[]A[  2-4 

Here, [R] and [HA] are reagent ion concentration and analyte gas concentration, respectively, k 

is the rate of ionization reaction, and t is reaction time. Equation 2-4 shows that ion counts are 

proportional to analyte concentration. 

In my study, HCOOH and C2H5COOH were ionized via proton exchange with CH3COO
- 

reagent ion:  

CH3COO
-
 + RCOOH ⇌ CH3COOH + RCOO

-
 2-5 

Most acids have lower gas-phase acidity than CH3COOH (as judged from the relative 

Gibbs Free Energy changes for the deprotonation of the acids: ΔG(CH3COOH) =341.5 kcal/mol, 

ΔG(HNO3)=317.8 kcal/mol, ΔG(HCOOH)=338.2 kcal/mol, ΔG(C2H5COOH)=340.1 kcal/mol) 

[157] and thus the equilibrium favors ionization of the analyte acids. Acetate reagent ions were 

produced from the dissociative electron attachment reactions of glacial acetic acid (Aldrich).  

HCOOH and C2H5COOH were sampled by the CIMS through a 1/4" O.D. Teflon tube, 

and mixed with CH3COO
-
 reagent ions. In the mass spectrum, peaks at m/z 45 and m/z 73 are 

associated with formate and propionate, respectively. 

Acetate was not suitable for HNO3 analysis because of its high ionization efficiency and 

elevated background counts. When too many ions are produced,  the CIMS response becomes 

nonlinear. To monitor HNO3, iodide reagent ion (generated by passing methyl iodide through a 
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210
Po ion source [178]) was used instead.  The ionization of HNO3 took place via a clustering 

reaction as follows: 

IHNOIHNO 3

OH

3
2  2-6 

Hence, HNO3
 
was monitored at m/z 190.  

During CIMS detection, the concentration of reagent ion ([R]) can change, for example 

because of pressure changes. This affects the rate of analyte ionization (equation 2-4), but can be 

effectively dealt with through normalization [158]: 

6

det

det

nor 10
]R[

]A[
]A[  

2-7 

MS is a sensitive technique for acid analysis. However, acid compound amount is 

characterized by counts in CIMS, which cannot show the exact concentration. Thus, other 

analysis methods, such as IC and CE, were used to calibrate CIMS response here. 

 

2.2.3 Permeation Devices 

Permeation devices are commonly used to generate ppb to ppm mixing ratios of gases 

[179]. Compared to gas cylinders, permeation devices are more portable, cost less, and offer the 

advantage of tunable emission rates. For acids in particular, the generated gases generally 

contain fewer impurities than gas cylinders [180, 181]. Permeation devices are generally 

composed of a permeation tube inside a temperature-controlled permeation chamber. Permeation 

tubes are small capsules made of permeable membrane with liquid or solid compound sealed 

inside. The compound can slowly permeate through the wall creating a flow of analyte vapour. 

Controlling the temperature controls the effusion rate of the analyte vapour from the permeation 

tube (higher temperature, higher gas concentration).  
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Permeation tubes containing HCOOH and C2H5COOH were purchased from KIN-TEK. 

A HNO3 permeation tube was purchased from VICI Metronics Inc. They were inserted in a 

commercial permeation device, a dyna-calibrator Model 120 (VICI). When the dyna-calibrator 

was connected to the mist chamber sampler, N2 (Praxair) was added to increase the dilute the 

analyte gas. The gas mixtures were transported to the instruments through a 2 m long 1/4" O.D. 

Teflon tube (Saint-Gobain Performance Plastics) (Figure 2-7). 

 Usually, the dyna-calibrator pump flow rate was set to 0.25 standard liters per minute 

(slpm), and the external N2 was set to 9.25 slpm. Concentrations of analyte were varied by 

simply changing the set temperature of the dyna-calibrator (range 40°C to 100°C).   

 

Figure 2-7 Schematic of Dyna-calibrator Model 100 
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2.3 pH 

A VWR sympHony SB70P pH meter and a Thermo Scientific Orion
®
 9102SC 

combination pH electrode were used to measure the pH of the generated solutions. The pH meter 

was calibrated daily, prior to pH measurements, using Thermo Scientific Orion
®
 pH buffer 

solutions (pH = 4.00, 7.00, and 10.00, certified to ± 0.01 pH units at 25 °C).  

 

2.4 Chemicals 

All chemicals were of analytical reagent grade. 1,5-Naphthalenendisulfonic acid 

tetraahydrate (NDS), potassium formate, potassium nitrate, piperazine (anhydrous), sodium 

propionate, trans-cinnamic acid, tris(hydroxymethy)aminomethane (Tris), sodium chromate, 2-

naphthoic acid (2-NAP), 2, 5-pyridinedicarboxylic acid (2, 5-PDC), NaH2PO4·H2O and 

Na2HPO4, didodecyldimethylammonium bromide (DDAB),dimethyldioctadecylammonium 

bromide (DODAB), sodium phosphate monobasic monohydratesodium phosphate dibasic, and 

trimethyl (tetradecyl) ammonium bromide (TTAB) were purchased from Sigma-Aldrich. Sodium 

benzoate was purchased from Fluka. All the solutions were prepared in 18 MΩ deionised water 

(Thermo Scientific Barnstead Nanopure) and sonicated for at least 10 minutes. 
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Chapter Three: EVALUATION OF ELECTROPHORETIC METHODS TO QUANTIFY 

ANIONS 

3.1 Introduction 

The separation and quantification of LMW acids is of importance in several fields, 

including the analysis of soil [182], food and beverages [183], natural water [184] and ambient 

air [185] where LMW acids are ubiquitous. Accurate characterization of LMW acid abundances 

in ambient air (in both the particle and the gas phase) will improve the understanding of their 

sources, production mechanisms, transformation processes, geographical variability, and health 

effects [186]. As the acids originate from diverse sources and can undergo a variety of reactions, 

their composition can be quite complex in the atmosphere and their concentrations are usually 

low [133]. In general, the main conjugate anions are sulfate, nitrate and organic acids [106]. In 

urban areas such as Los Angeles, formic and propionic acid are usually the dominant species of 

the (C1-C10) organic acids [58]. 

IC, GC and HPLC are commonly used to analyze LMW acids. A GC, when combined with 

MS, can achieve high selectivity and good sensitivity [187]. However, polar compounds, such as 

acids, must be derivatised to increase their volatility, which prolongs the analysis time of GC-MS 

and increases the risk of sample loss [133]. IC and HPLC are both powerful tools for the analysis 

of acids in environmental samples [188]. IC is the recommended method by the U.S. 

Environmental Protection Agency (EPA) for the determination of inorganic anions [189]. 

However, they generally require large sample volumes and generate large amounts of waste 

[190]. Also, they lack of adequate resolution for some compounds and matrices [102, 191].  

CE is an attractive alternative for the determination of acids in environmental samples. It 

has high separation efficiency, short analysis time and low solution consumption [163]. For the 
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analysis of LMW acids, indirect UV detection is the most commonly used detection method in 

CE, due to the lack of chromophores (structure that can absorb light) in the analytes [192]. A 

strong UV absorbing ion, which is called probe, is added into the BGE. The displacement of 

probe by analyte ions will lead to a quantifiable decrease in the background absorbance [193]. 

This allows the identification (from the elution time) and quantification (from the peak area) of 

analyte ions. Indirect UV detection is a unrestricted method, which can be applied to any ion as 

long as its absorption properties are different from that of the BGE. Co-electroosmotic conditions 

are usually used for the analysis of anions, because the high analyte mobility enables rapid 

analyses and good separation [136, 194].  

The aim of the research described in this chapter is to develop a co-electroosmotic CE 

method with indirect UV detection to separate and determine the LMW acids HNO3, H2SO4, 

HCOOH and C2H5COOH. Here a detailed study of probe, buffer and EOF modifiers is 

presented. The developed CE system allows for the sensitive and accurate determination of 

LMW acids.  

 

3.2 Experimental procedure 

New fused silica capillaries were pretreated with overnight incubation of 0.1 M NaOH, 

followed by a 30 minutes flush with 18 MΩ H2O. To reverse the EOF, an EOF modifier (TTAB, 

DDAB, or DODAB) was injected into the capillary and allowed to equilibrate over a 10 min 

time period. Excess modifier was then flushed away with BGE (typically containing ~5 mM 

NDS, ~7 mM piperazine). Pre-run treatment before each sample analysis consisted of a 3 min 

rinse with BGE. All rinses were performed by manual syringe injection. 
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After the treatment of the capillary, sample or standard was introduced by EK injection. 

Briefly, the sample vial was placed at the capillary inlet for 10 to 60 s with high voltage applied. 

After a set amount of time, the BGE vial was switched back to replace the sample vial. Because 

the voltage was not turned off during vial switching, the separation was initiated right away. Ions 

were separated in the capillary based on their different mobilities and indirectly detected by 

UV/Vis absorption. Negative peaks indicate the displacement of probe by analyte ions. An 

internal standard (IS) was added to sample solution to improve the quantification (see 3.3.2.3). 

Trans-cinnamic acid is usually not expected to be present in real air samples. Thus, it is chosen 

as IS (typically 0.1 - 2 mM were added to the sample vial). Trans-cinnamate was usually the only 

positive peak in the electropherograms.  

 

3.3 Results  

3.3.1 Background electrolyte development 

3.3.1.1 Selection of indirect detection probe 

Indirect UV detection is based on the change of absorption by ion displacement of BGE 

by analyte ions [145]. Selecting a suitable UV probe is very critical to achieve good 

measurements in indirect detection. Various probes have been used for the analysis of LMW 

acids, including chromate [192], naphthalenesulfonate [195], 2,6-pyridinedicarboxylic acid 

[132], phthalate [139] or phthalic acid [196]. Foret et al. have discussed important criteria in the 

probe selection for indirect detection in CZE [197]. They concluded that the best sensitivity can 

be obtained by using a probe which has strong absorption and mobility similar to that of the 

sample ions.  
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In this work, the sample ions were nitrate, sulfate, formate and propionate, which cover a 

wide range of ion mobilities. Noblitt et al. reported the mobilities of nitrate and sulfate to be 

-6.66×10
-4

 cm
2
 V

-1
 s

-1
 and -5.46×10

-4
 cm

2
 V

-1
 s

-1
 respectively. In the same analysis condition, 

formate, propionate and trans-cinnamate have lower mobility, -5.12×10
-4

 cm
2
 V

-1
 s

-1
, -2.98×10

-4
 

cm
2
 V

-1
 s

-1
 and -2.4×10

-4
 cm

2
 V

-1
 s

-1
 [106].  

Doble et al. [196] pointed out that the mobility of the probe is the foremost aspect for the 

successful analysis in indirect detection. If an analyte with a higher mobility than the probe is 

analyzed, its constitute concentration will diffuse at the front, resulting in a fronting analyte 

peak. On the other hand, an analyte with lower mobility than that of the probe will appear as a 

tailing peak. To obtain Gaussian concentration distribution, the mobility of sample and probe 

should be close to each other [198, 199]. The analytes in this work have a wide range of 

mobilities, making it challenging to find a suitable probe. Doble et al. [196] and Forte et al. 

[197] pointed out that the absorption of probe could significantly affect the detection sensitivity. 

As in indirect UV detection, higher UV absorbance results in larger analyte peak area. Thus, 

probes with various mobilities and absorbance were evaluated in this work.  

Another important parameter is the choice of BGE pH, which can greatly affect the 

separation by changing the extent of ionization of the analyte ions and silanol groups on the 

capillary inner wall. The ionization of silanol groups increase with the increase of pH (from 2 to 

9). A basic BGE (pH > 7) can gradually absorb CO2 and produce carbonate, resulting in 

competitive replacement of probe [200]. Thus, a pH in the range of 2 to 7 was preferred. 

 Chromate was the first probe evaluated because it has a good UV absorbance over a wide 

range of wavelengths [201]. It is also the most commonly used probe for highly mobile ions, 

such as nitrate and sulfate [201, 202]. Therefore, the less mobile formate and propionate were 
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used to evaluate the performance of chromate as a universal probe. In a test experiment, 10 mM 

sodium chromate at pH of 8.72 was used as BGE. This BGE composition was chosen because it 

was applied to separate nitrate and oxalate by Trevaski [203]. At this pH, all analytes are fully 

ionized. Test samples containing 600 µM HCOOK and 610 µM C2H5COONa were injected, but 

there was no peak in the electropherogram (data not shown) for reasons that are not entirely 

clear. The lack of peaks suggests that the carboxylate ions were not, or not very efficiently, 

injected into the capillary. It is also possible that the sample ion bands were diluted (on-column) 

by the more mobile chromate ions, and that the concentrations passing by the detector were 

ultimately too small to be detected. Be it as it may, because no peaks were observed, chromate 

was not used as a probe in my study. 

 Next, aromatic carboxylates (which are less mobile than chromate) were evaluated as 

indirect probes, including benzoate, 2-naphthoic acid (2-NAP), 2, 5-pyridinedicarboxylic acid (2, 

5-PDC) and 2, 5-naphthalenedisulfonic acid tetraahydrate (NDS). 

At first, a BGE containing 10 mM sodium benzoate at pH 6.1 was used. This BGE 

composition was chosen because it had been used to analyze several inorganic and organic acids 

by Romano et al. [102]. Figure 3-1 shows the results.  
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Figure 3-1 CE analysis in 10 mM benzoate. The electropherogram shows the analysis of a 

solution containing 498 µM sodium propionate and 578 µM trans-cinnamic acid. Conditions: 

applied voltage, 20 kV; sample injection, 20 kV for 30 s; BGE: 10 mM sodium benzoate, pH 6.1; 

capillary, I.D. 73 µm, total length 54.35 cm, effective length 34.20 cm; capillary was coated with 

1.0 mM DDAB.  

 

Figure 3-1 shows that there was good separation for propionate and IS. The propionate 

peak is most easily observed in the 220 to 240 nm wavelength range, whereas trans-cinnamate 

has maximum absorbance between 260 and 280 nm. The blue trace in Figure 3-1 (between 5 and 

30 min run time) shows that the intensity of the absorption is not particularly stable. 

When 200 µM KCOOH was analyzed in the same BGE (not shown), a broad and 

fronting peak (migration time 4.0 to 13.1 min) was observed. Hence, a more suitable probe was 

needed. 
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2-NAP was evaluated next. It has very strong absorbance (absorption coefficients of 10
3 

to 10
4.5

 M
-1

 cm
-1

 in the 220 – 240 nm range) [204, 205]. 1 mM 2-NAP at a pH of 7.1 was used as 

probe to detect formate and nitrate in separate experiments. Buchberger et al. [206] investigated 

how to optimize the detection sensitivity in indirect UV detection in CE. They found that to 

achieve high sensitivity, the detection wavelength should be in the region where the analyte ion 

and BGE have the highest absorption difference. For 2-NAP, the maximum sensitivity was 

observed in the 260 - 290 nm range; therefore, that wavelength range was monitored.. Figure 3-2 

shows the electropherograms of formate (in blue) and nitrate (in magenta). They had similar 

migration times, around 2.5 min. Moreover, the IS peak did not show in the electropherograms, 

because its UV absorbance is close to that of the 2-NAP. Thus, it was concluded that 2-NAP was 

unsuitable for this study. 

 

 

Figure 3-2 CE analysis in 1 mM 2-NAP. Conditions: applied voltage, 25 kV; UV detection, 260 

– 290 nm; sample injection, 25 kV for 20 s; buffer, 1 mM 2 - NAP, pH 10.36; capillary, I.D.73 

µm, total length 54.35 cm, effective length 34.20 cm; capillary was coated with 1.0 mM DDAB.   
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2,6-PDC is typically used at 20 mM at pH 4.5 to 7, and excellent separation of inorganic 

and organic acids has been demonstrated with this probe [207, 208] Here, 2,5-PDC was used as 

probe. Because of its limited solubility in H2O (7.1 mM at 25°C) [209], a concentration of 2 mM 

2,5-PDC at pH of 7.1 was used to separate formate, propionate and IS (Figure 3-3). However, 

under these conditions, the electropherogram had unstable background signal. The poor 

solubility of 2,5-PDC in water [206] may have contributed to this instability. Thus, 2,5-PDC was 

not chosen as probe. 

 

Figure 3-3. CE analysis in 1.90 mM 2,5-PDC. Conditions: applied voltage, 25 kV; UV 

detection, 260 - 280 nm; sample injection, 25 kV for 20 s; BGE: 1.90 mM 2,5-PDC, pH 7.1; 

capillary, I.D. 73 µm, total length 54.35 cm, effective length 34.20 cm; capillary was coated with 

1.0 mM DDAB.   

 

Next, NDS was evaluated as probe. NDS has been used as probe for the separation of 

inorganic anions, organic acids and aliphatic anionic surfactants [210]. Here, inorganic and 

organic ions were separated in 5.5 mM NDS with pH of 5.78, similar to the conditions used by 

Noblitt et al. [106]. The electropherograms are shown in Figure 3-4 (A) and (B), respectively. 
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 In Figure 3-4 (A), sulfate was well resolved from the other peaks, while chloride co-

eluted with nitrate ion. In Figure 3-4 (B), formate, propionate and trans-cinnamate were well 

separated. Since sulfate and formate exhibited fronting peaks and IS showed a tailing peak 

(Figure 3-4), it can be concluded that NDS has an intermediate mobility among the analyte ions. 

Based on the results shown above, NDS is good candidate as probe in the analysis of inorganic 

and organic acids.  

The UV intensity spectrums of BGE and sample (containing the same concentration of 

formate, propionate and trans-cinnamate) are shown in Figure 3-5. They were detected with high 

voltage (+20 kV) applied to the capillary (I.D. 73 µm). The maximum UV intensity of BGE (4.9 

mM NDS, 5.6 mM piperazine, pH 5.86) is observed at 250 nm and 328 nm. The UV intensity 

differences between BGE and formate, propionate or trans-cinnamate were shown in Figure 3-5. 

The highest difference was observed at the region of 265-285 nm. Thus, samples were detected 

in this wavelength region. 
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(A) 

 

(B) 

 

Figure 3-4. Electropherograms of inorganic (A) and organic ions (B) in 5.5 mM NDS. 

Conditions: applied voltage, 25 kV; UV detection, 265 – 285 nm; sample injection, 25 kV for 10 

s; pH 5.78; capillary, I.D. 73 µm, total length 54.35 cm, effective length 34.20 cm; capillary was 

coated with 1.0 mM DDAB.   
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Figure 3-5. UV intensity spectrum of BGE and intensity differences between BGE and sample 

ions. Conditions: applied voltage, 20 kV; sample injection, 20 kV for 20 s; BGE, 4.9 mM NDS, 

5.6 mM piperazine, pH 5.86; sample, 100 µM HCOOK, 100 µM C2H5COONa, 111 µM trans-

cinnamic acid; capillary, I.D. 73 µm, total length 54.35 cm, effective length 34.20 cm. 

 

3.3.1.2 Buffer selection 

It is important that the BGE is buffered because during a CE separation in unbuffered 

BGE, the pH can change up to 2.5 pH units [211]. The BGE pH alters the charge of ions and 

therefore it can affect the electrophoretic mobilities. [212] In addition, the pH can also change 

the charge density on the capillary surface [213], which has a strong effect on electroosmotic 

mobilities [214, 215]. The variation of mobilities may affect peak`s shapes, migration time and 

separation efficiency [216]. For example, Kenndler et al. [217] reported that a minute pH 

deviation as small as 0.03 pH units could cause the loss of resolution between benzoic acid and 
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3, 5-dimethoxybenzoic acid. Therefore, selection of proper buffer and pH value is very important 

for the selectivity and reproducibility in CE. 

One of four types of buffers can be used in indirect UV detection of anions: (1) the probe 

itself, (2) an anionic buffer, (3) a cationic buffer, or (4) an ampholyte [196]. The probe used in 

this work (NDS) is acidic (at a concentration of 5.59 mM, a pH of 2.12 was measured). The pKa 

values of the analyte (HNO3, H2SO4, HCOOH and C2H5COOH) are in the range of -2 (HNO3) to 

4.87 (RCOOH). Thus, the expected optimum separation pH is higher than pH 2.12. Addition of 

an extra buffer component is required to adjust and maintain the pH of BGE. 

An easy approach is to use an ampholyte, which are molecules that contain both acidic 

and basic groups. Buffers made from ampholytes generally have low conductivity, which allows 

high electric field strengths and, therefore, efficient separation [218]. However, there are few 

ampholytes with sufficient buffer capacity at pH values near their isoelectric points (pI; the pH at 

which a molecule net charge equals zero and conductivity is low), because the pI is usually far 

from the pKa values of the basic and acidic groups [200, 219]. Histidine is a classical ampholyte-

based buffer used in CE [218]. However, it has very low buffer capacity near its pI of 7.7, and it 

cannot be used for high sample concentrations [220].  

Another approach, which does not produce interference system peaks, is to use a cationic 

buffer. Tris(hydroxymethyl)aminoethane (Tris; pKa 8.5) [211, 221] and diethanolamine (DEA; 

pKa 9.2) [221] have been widely used. As a BGE pH in the neutral to acidic region is desirable 

[200], neither Tris nor DEA are suitable buffers and were not chosen in this work. 

 Piperazine is a weak base with pKa of 5.33 and effective pH range 5 to 6 [106]. Buffers 

made from piperazine have been reported to have good buffer capacity at neutral pH and be able 

to stabilize phospholipid coating on capillaries [222]. Varjo et al. [223] also found small 
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diamines had the similar effect as piperazine-based buffer. They deduced that those profound 

effects might be caused by the interaction between the positively charged amines and capillary 

surfaces. Moreover, Noblitt et al. [106] observed that piperazine buffer could improve the 

resolution between sulfate and nitrate. Consequently, piperazine was chosen as buffer in this 

work.  

 

3.3.1.3 Selection of EOF modifier  

To minimize the analysis time, anions were separated in co-electroosmotic mode, in 

which anions are moving in the same direction as the EOF (towards the anode). The reversal of 

EOF direction was achieved by using surfactants to modify the inner surface of the capillary. The 

performances of three cationic surfactants (TTAB, DDAB and DODAB) were compared in this 

work. The characterization of EOF modifier is based on the stability of the coating and the 

effectiveness of the EOF reversal, which is commonly evaluated by measuring the EOF of a 

neutral marker [134, 224]. However, neutral markers are not efficiently sampled in EK injection. 

Furthermore, it is hard to detect neutral markers, because indirect UV detection only works for 

ions. Thus, EOF was not characterized using a neutral marker. Instead, the apparent mobility of 

ions was used to evaluate the performance of the surfactant coating. The apparent mobility can 

be calculated from the electropherograms using the equation [225] 

Vt

Ll

M

app  
3-1 

where l is the length of capillary from the inlet to the detection window (in meters), L is the total 

length of the capillary column (in meters), tM is the analyte ion migration time (in seconds) and 

V is the applied voltage (in Volts).  
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Baryla et al. [172] reported that single-chained surfactants form spherical aggregates on 

the capillary surface, while the two-chained surfactants form bilayers [173] (Figure 2-2). TTAB 

is a single-chained surfactant with 15 carbons (Figure 3-6 A). When the capillary was modified 

with TTAB, it showed good resolution for chloride, nitrate and sulfate. However, it had poor 

baseline stability, and the capillary needed to be recoated after each sample injection. The poor 

stability of TTAB supported the finding that single-chained surfactants form dynamic coatings 

on the capillary surface [173]. Moreover, the mobilities of ions were very low (Figure 3-7, green 

trace), which indicated that TTAB did not reverse EOF effectively.  

 

 

Figure 3-6 Cationic surfactants used as EOF modifier in CE. (A) trimethyl (tetradecyl) 

ammonium bromide (TTAB); (B) didodecyldimethylammonium bromide (DDAB); (C) 

dimethyldioctadecylammonium bromide (DODAB).  
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Yassine et al. [152] pointed out that the best coating stability can be achieved by choosing 

surfactant with small critical micelle concentration (CMC). DDAB is a two-chained surfactant 

(Figure 3-6 B), which has a lower CMC (0.035 mM in water) than that of TTAB (0.15 mM) 

[173]. It also produced more stable coating than TTAB, as the baseline signal was pretty stable 

with relative standard deviation (RSD) equals 6.9% after 5 samples had been consecutively 

injected. In DDAB modified capillary, the analyte separation was much faster than in TTAB 

modified capillary (5 min vs 22 min). 

 

 

Figure 3-7 Electropherograms of ions analyzed in DDAB or TTAB modified capillary. 

Conditions: applied voltage, 14 kV; UV detection, 265 – 285 nm; sample injection: 124 µM KCl, 

104 µM (NH4)2SO4, 89 µM NaNO3 and 277 µM trans-cinnamic acid at 14 kV for 10 s; BGE: 

5.46 mM NDS, 7.72 mM piperazine; capillary, I.D.73 µm, total length 55.00 cm, effective length 

34.71 cm; capillary was coated with 0.16 mM TTAB (in green) and 0.16 mM DDAB (in red). 
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Figure 3-8 Influence of surfactant concentrations on the apparent mobility of formate. 

Conditions: applied voltage, 20 kV; sample injection: 101 µM KCOOH and 505 µM trans-

cinnamic acid,20 kV for 20 s; BGE: 5.60 mM NDS, 7.55 mM Piperazine; capillary, I.D.73 µm, 

total length 54.40 cm, effective length 34.95 cm; EOF modifier: DDAB in the range of 0.021 to 

1.012 mM. 

 

The effect of DDAB concentration (varying from 0.021 to 1.012 mM) on apparent 

mobility was evaluated. Figure 3-8 shows that as the DDAB concentration increases, the 

apparent mobility of formate ions increases. When DDAB concentration reached ~0.5 mM, the 

mobility was relatively constant. It indicated that the capillary surface was saturated with 

surfactants. The optimized concentration of DDAB was therefore 0.5 mM.  

  To achieve good coating stability, an EOF modifier with lower CMC was used. It was 

found that increasing the hydrophobicity of the surfactant (such as increasing the carbon number 

of the surfactant chains) can decrease CMC [225]. Thus, a longer chained surfactant (such as 
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DODAB) is expected to have lower CMC (0.0037 µM) [226] and form more stable coatings. 

DODAB is mostly used at the concentration of 0.1 mM [175, 227]. As it has very low solubility 

in water, the concentration of DODAB was tested in the range of 0.05 to 0.303 mM. DODAB at 

the concentration of 0.303 mM showed effective EOF reversal and excellent stability.  

 

Table 3-1 Anion analysis in EOF modified capillary 

EOF modifier 
µ (HCOO

-
) µ (IS) N (×10

3
 plates) 

(10
-8 

m
2
 s

-1
 v

-1
) (10

-8 
m

2
 s

-1
 v

-1
) HCOO

-
 IS 

0.506 mM DDAB 4.7 (± 3.5%) 2.2 (± 6.1%) 3.8 (± 18%) 0.4 (± 11%) 

0.303 mM DODAB 3.6 (± 3.3%) 1.2 (± 2.6%) 1.0 (± 12%) 0.5 (± 33%) 

 

 

The effect of DDAB and DODAB on EOF is shown by the apparent mobility of analyte, 

calculated by Equation 3-2. Sample, containing 200 µM KCOOH and 170 µM trans-cinnamic 

acid was analyzed in BGE (5.6 mM NDS, 7.55 mM piperazine). The optimum concentration of 

DODAB was ~0.3 mM, which was used to compare with ~0.5 mM DDAB. The magnitude of 

analyte mobility and plate number are higher in the DDAB modified capillary (Table 3-1). Plate 

number (N) was calculated using [228]:  

 
)25.1B/A(

)W/t(
7.41N

2

1.0R  
3-2 

Here, t is the ion migration time, W0.1 is width at 10% of peak height, B is the width from the 

peak midpoint to the tailing edge (10% of peak height), and A is the width from the midpoint to 

the fronting edge (10% of peak height). The µ and N suggest that 0.5 mM DDAB can reverse the 

EOF more efficiently and achieve higher separation efficiency.  
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Measurements of the apparent mobility under continuous sample injection can be used to 

test the stability of the EOF modifier on the capillary [173]. In a typical experiment, the capillary 

was rinsed with deionized water containing 0.506 mM DDAB or 0.303 mM DODAB for 10 min, 

followed by a second rinse with BGE (5.6 mM NDS, 7.55 mM piperazine) to flush out excess 

EOF modifier. Sample (200 µM KCOOH, 170 µM trans-cinnamic acid) was injected 

continuously at 20 kV for 15 s. In the DDAB-modified capillary, a slight decline of apparent 

mobility was observed after 5 successive injections (RSD = 3.5%, Figure 3-9, blue circles). 

However, after 5 runs, peak broadening made it impossible to quantify the analyte. In the 

DODAB-coated capillary in contrast, excellent stability was observed for 15 injections. The 

apparent mobility only changed 4.3% (Figure 3-9, in red). The results indicated that DODAB 

formed the most uniform and stable coating of the three surfactants tested. The observation was 

also in agreement with the theory that increasing the hydrophobicity of the surfactant increases 

the stability of coating [149].  
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Figure 3-9. Stability of DODAB or DDAB modified capillary. Conditions: applied voltage, 20 

kV; sample injection: 20 kV for 15 s; BGE: 5.60 mM NDS, 7.55 mM Piperazine; capillary, 

I.D.73 µm, total length 54.20 cm, effective length 34.90 cm; EOF modifier: 0.303 mM DODAB 

or 0.506 mM DDAB.  

 

3.3.2 Optimization of separation conditions  

3.3.2.1 Electrode Setup 

 A Platinum electrode was used in CE for its low resistance. Macka et al. [211] have 

evaluated the effect of electrode position on CE analysis. They observed that the pH varies 

around the electrode during electrophoresis. This could produce poor reproducibility, peak area 

and baseline signal. They suggested that placing the capillary end away from the electrode could 

solve the problem. During my study, the inlet of the capillary was placed ~1 mm vertically below 

the electrode with a horizontal gap away from the electrode. In this way, it can prevent the 



 

50 

electrophoresis-induced pH fluctuation zone entering the capillary directly without buffering. In 

this manner, reproducibility and baseline stability was observed to be greatly improved. 

 

3.3.2.2 Sample Injection 

In CE, there are two main types of sample injection methods: hydrodynamic (HD) 

injection, and EK injection. In HD injection, sample is driven by a pressure difference (either by 

an applied external pressure or through syphoning), while in EK injection, the sample is driven 

into the capillary by an electric field. In general, more ions are injected into the capillary by EK 

injection, resulting in higher sensitivity than HD injection [229]. Thus, EK was utilized in this 

work for its simplicity and good sensitivity. 

 

3.3.2.3 Data analysis 

If the mobility of analyte is assumed to be constant when EK injection is used, the 

amount of analyte entering the capillary can be expressed as [230]: 

)a(

injinj

2

)a(eo)a(ep

)a( C
L

tVr)(
Q  

3-3 

where µep(a) and µeo(a) are electrophoretic and electroosmotic mobility during sample injection, r 

is the inner radius of capillary, Vinj the sample injection voltage, tinj represents the injection time, 

L is the total length of capillary, C(a) is the molar concentration of each analyte. Equation 3-3 

shows that injected quantity is proportional to sample concentration (C(α)) and mobility (µep(a) + 

µeo(a)). Thus, more highly mobile ions can be injected, which resulted in mobility bias in EK 

injection [231]. In this work, indirect UV detection was used and the analyte peak area (A(a)) is 

given by [232]: 
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)a(2

)a(eo)a(ep

)a(

)a( Q
r)(

d
A  

3-4 

Here, α is integration constant, which is affected by the charge of analyte ions; ε(a) is molar 

absorption coefficient difference between probe and analyte, and d is the optical path length. 

Combining Equation 3-3 and 3-4, and assuming that the apparent mobility is independent of 

position along capillary, the analyte peak area can be represented as: 

inj)a()a()a( tdCA  3-5 

Equation 3-5 suggests that an analyte`s peak area is independent of mobility. Equation 3-5 also 

links the reproducibility of peak area to the reproducibility of sample injection time and voltage. 

In this work, sample injection time was controlled manually, which reduces the reproducibility. 

To solve this problem, the analyte peak area was corrected by an internal standard (IS). If the 

mobility of analyte and IS are similar, they have the same α. From Equation 3-5, the corrected 

peak area becomes: 

)c(

)IS,a(

)a,a(

)IS(

)A(

)IS(

)IS(

)a()a( C
A

C
AA  

3-6 

Hence, α(a) and α(IS) are integration constant for analyte and IS respectively; ε(a, a) is molar 

absorption coefficient difference between probe and analyte, ε(a, IS) is molar absorption 

coefficient difference between probe and IS. The corrected peak area is independent with 

injection time and voltage. 

 

3.3.2.4 Optimization of separation conditions 

The chosen BGE contained NDS as probe, and was buffered with piperazine. To evaluate 

the effect of pH on CE separation, BGE of different pH value were prepared. In these 
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experiments, the concentration of NDS was kept constant around 5 mM. The pH was set by 

piperazine to pH values in the range from 4.45 to 6.10. When pH of BGE was from 4.45 to 5.11, 

chloride, nitrite, nitrate and sulfate could be fully resolved. However, no positive peak of IS was 

observed in the electropherograms. Furthermore, large baseline fluctuations were observed after 

15 min separation. Therefore, the capillary wall was recoated after every sample injection.  

 

Figure 3-10. Analysis of inorganic ions in BGE of different pH values. Conditions: applied 

voltage, 25 kV; UV detection, 265 – 285 nm; sample injection: (1) 447 µM Cl
-
, (2) 107 µM 

NO2
-
;  (3) 70 µM NO3

-
 ; (4) 177 µM SO4

2-
 ; (5) 584 µM trans-cinnamic acid at 25 kV for 20 s; 

BGE: 5.6 mM NDS, buffered with Piperazine; capillary, I.D.73 µm, total length 54.20 cm, 

effective length 34.90 cm; EOF modifier: 0.506 mM DDAB. 

 

Figure 3-11 shows the separation in ions in BGE with pH ranging from 5.32 to 6.24. The 

mobility of analyte ions gradually decreased with the increase of pH value. At lower pH range, 

sample peaks were significantly broadened after 2 to 3 times sample injection. At the higher pH 
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range (5.91 to 6.24), the peak area of sulfate gradually decreased. In the end, pH 5.86 was chosen 

because a more stable baseline and relatively short separation time was achieved. 

 

  

Figure 3-11. Analysis of inorganic ions in BGE of different pH values. Conditions: applied 

voltage, 25 kV; UV detection, 265 – 285 nm; sample injection: (1) 379 µM Cl
-
, (2) 241 µM 

NO3
-
, (3) 963 µM SO4

2-
 and (4) 1461 µM trans-cinnamate at 25 kV for 20 s; BGE: 5.6 mM NDS, 

buffered with Piperazine; capillary, I.D.73 µm, total length 54.20 cm, effective length 34.90 cm; 

EOF modifier: 0.506 mM DDAB. 

 

The separation efficiency generally increased with increasing of probe concentration 

[233]. Thus, BGE containing different probe concentrations (3.60 to 19.54 mM) were prepared at 

a pH of 5.86. Between the concentrations of 3.6 to 5.6 mM, the signal to noise ratio increased 

from 48 to 85. At higher NDS concentration, the separation current increased to above 30 µA, 
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resulting in noticeable noise signal and peak distortion from Joule heating [163][164]. Thus, an 

NDS concentration of 5.6 mM was ultimately chosen. 

 

3.3.3 Optimization of detection limit 

The LOD of analyte can be calculated from [234]: 

)TRDR(

C
C m

LOD  
3-7 

Here, CLOD is the LOD of analyte, Cm is the concentration of probe, DR is the dynamic reserve, 

which describes the ratio of the background signal to background noise, and TR is the transfer 

ratio, which is the moles of probe displaced by one mole analyte ions. Based on equation 3-6, 

CLOD can be optimized by decreasing Cm or increasing DR and TR. 

DR describes the ratio between background signal and background noise [235]: 

BL

m

BL N

Cd

N

A
DR  

3-8 

Here, A is the background signal, NBL is the background noise, ε is the probe molar absorptivity 

coefficient and d is the effective path length. Combining equation 3-7 and 3-8, the LOD can be 

expressed as: 

TRd

N
C BL

LOD  
3-9 

Based on Equation 3-9, minimizing LOD involves four main aspects. They are summarized in 

Table 3-2. To achieve good LOD, high UV absorbing NDS was chosen. Its concentration was 

optimized to be 5.6 mM to obtain maximum peak area without the effect of Joule heating. 

Capillary with larger internal diameter (I.D. 73 µm) was chosen over the one with I.D. 30 µm. 

Increasing the absorption path length can further decrease the LOD.  
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Table 3-2 Factors affecting limit of detection 

Factor Methods to improve LOD References 

baseline noise (NBL) 

strong signal output of light source 

(minimize detector noise); apply 

capillary cooling system (ensure 

thermostatting along the capillary); 

avoid the interactions between 

capillary walls and ions(minimize 

chemical noise); optimize probe 

concentration (minimize 

visualization noise) 

[201, 235-238]  

 

Absorptivity (ε) probe with high absorptivity 
[201] 

effective pathlength (d) 

 

maximize capillary internal diameter 

without band broadening from 

heating; use multi-reflection cell 

[197, 239] 

transfer ratio (TR)  

 

match the mobility of probe and 

analyte ions (minimize peak 

broadening); probe with lower 

charge (expend charge ratio between 

analyte and probe); BGE without 

ions to compete with analyte ions for 

probe replacement 

[202, 240, 241]  

 

 

 

3.3.4 Calibration Curves 

3.3.4.1 DDAB Modified Capillary 

Under the optimized condition, in which BGE contained 5.6 mM NDS and was titrated to 

pH 5.86, analyte ions were separated in capillary modified by 0.506 mM DDAB. Nitrate 

coeluted with chloride under these conditions. Hence, calibration curves were only constructed 

for sulfate, formate and propionate using corrected peak areas (Equation 3-6). The calibration 

curve of sulfate is shown in Figure 3-12. It showed a good linear range with correlation 

coefficient r
2
 of 0.998 for the concentration ranging from 7 to 980 µM. 
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Figure 3-12 The calibration curve for sulfate. Conditions: applied voltage, 20 kV; sample 

injection: 7-980 µM CaSO4 at 20 kV for 30 s; BGE: 5.6 mM NDS, buffered with piperazine to 

pH 5.86; capillary, I.D.73 µm, total length 54.20 cm, effective length 34.90 cm; EOF modifier: 

0.506 mM DDAB.  

 

 Formate and propionate were also analyzed in the same way. A typical electropherogram 

for their separation is shown in Figure 3-4 B. It showed excellent resolution of all the analyte 

peaks. The calibration curves are shown in Figure 3-13. They both had excellent linearity (r
2 

= 

0.99). The linear range of formate and propionate are 8.6 to 1921 µM (HCOOK) and 5.6 to 560.7 

µM (C2H5COONa), respectively. 
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Figure 3-13 The calibration curves for formate and propionate. Conditions: applied voltage, 10 

kV; sample injection: 8.6-1921 µM KCOOH and 5.6-560.7 µM C2H5COONa at 10 kV for 10 s; 

BGE: 5.6 mM NDS, buffered with Piperazine to pH 5.86; capillary, I.D.73 µm, total length 

54.20 cm, effective length 34.90 cm; EOF modifier: 0.506 mM DDAB.  
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3.3.4.2 DODAB Modified Capillary 

DODAB at the optimum concentration of 0.303 mM was used as EOF modifier. A 

typical electropherogram is shown in Figure 3-14. The variation of the migration times of 

formate ion and of internal standards (IS) were evaluated for various sample concentrations. The 

migration time variation of formate ion was 4.4%, and that of trans-cinnamate was 7.1%. 

However, after the peak area was corrected, the variation of corrected peak area was only 4.3%. 

 

 

Figure 3-14 Ion analysis in DODAB modified capillary. Conditions: applied voltage, 25 kV; UV 

detection, 265 – 285 nm; sample injection: 25 kV for 20 s; BGE: 5.6 mM NDS, buffered with 
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Piperazine to pH 5.86; capillary, I.D. 73 µm, total length 54.20 cm, effective length 34.90 cm; 

EOF modifier: 0.303 mM DODAB.  

 The calibration curve for formate is shown in Figure 3-15. It showed excellent linearity 

(r
2 

= 0.99) in the concentration range from 121 to 485 µM. DODAB modified system showed 

much better reproducibility than DDAB modified system. However, its sensitivity (slope = - 0.25 

± 0.01) was lower than that from DDAB system (slope = - 1.15 ± 0.02). The analytical 

performance of CE method is summarized in Table 3-3.  

 

 

Figure 3-15. The calibration curve for formate using DODAB. Conditions: applied voltage, 25 

kV; sample injection: 121-485 µM KCOOH at 25 kV for 20 s; BGE: 5.6 mM NDS, buffered 

with Piperazine to pH 5.86; capillary, I.D.73 µm, total length 54.20 cm, effective length 34.90 

cm; EOF modifier: 0.303 mM DODAB. 
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Table 3-3 Calibration curve parameters of the CE method developed for the determination of 

inorganic and organic acid anions 

compound 
EOF 

modifier 
sensitivity 

correlation 

coefficient (r
2
) 

linear range (µM) 

sulfate DDAB - 1.98 ± 0.03 0.99 7 - 980 

formate DDAB - 1.15 ± 0.02 0.99 8.6 - 1921 

formate DODAB - 0.25 ± 0.01 0.99 121 - 485 

propionate DDAB - 0.73 ± 0.02 0.99 5.6 - 560.7 

 

3.3.5 Repeatability of CE analysis 

The repeatability of the method was expressed as the relative standard deviation (RSD) of 

migration time and corrected analyte peak area. The same sample of ~10 µM was analyzed 2-3 

times a day on different days using different capillaries. Both migration time and corrected peak 

area showed good precision (RSD ≤ 8.6%). The inconsistency of capillary modified surfaces 

conditions could significantly contribute to this variation. 

 

Table 3-4 Repeatability of the CE method developed for the determination of inorganic and 

organic acid anions 

compound EOF modifier 
RSD, % 

(migration time) 

RSD, % 

(corrected peak area) 

sulfate DDAB 8.6 5.0 

formate DDAB 3.4 7.1 

formate DODAB 3.3 2.8 

propionate DDAB 3.4 2.7 

Analyte sample was injected by kinetic injection; n = 6. 
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3.3.6 Detection limit  

The LOD in CE analysis was derived from three times the standard deviation (σ) of 

repetitive measurements of corrected peak area. Once 3σ was calculated, the LOD was estimated 

from the calibration curve. All the measurements were carried out in the same conditions, where 

the BGE was at the pH of 5.86, which contains 5.6 mM NDS and 3.4 mM piperazine. The LOD 

of sulfate, formate and propionate were in the range of 9 to 21 µM (Table 3-5).  

 

Table 3-5 Detection limits in CE 

Compound EOF modifier 
σ of corrected 

peak area 
n 3σ LOD (µM) 

sulfate DDAB 10.3 6 30.9 16 

formate DDAB 3.8 5 11.3 9 

formate DODAB 1.6 6 4.8 19 

propionate DDAB 5.2 6 15.6 21 

 

3.4 Discussion 

3.4.1 Performance of the CE detection 

Table 3-3 shows CE has excellent linear response for all analyte ions (r
2
 ≥ 0.99) over a 

relatively wide dynamic range (from ~10 to ~1000 µM). In the DDAB modified capillary, the 

highest sensitivity was observed for sulfate, with the slope of calibration curve of -1.98 ± 0.03. 

Sulfate is doubly charged, whereas other analyte ions are singly charged. Thus, same 

concentration sulfate can displace more probe ions and result in higher ratio of α(a) to α(IS) in 

equation (3.6). The detection sensitivity of sulfate was followed by that of formate (slope = -1.15 

± 0.02) and propionate (slope = -0.73 ± 0.02). The lower sensitivity of propionate might be 

caused by differences in their mobilities, which results in a smaller relative amount of 
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proprionate being injected. Further, when the probe has higher mobility than analyte (as was the 

case here), probe ions can diffuse into the sample zone and dilute the sample ions, resulting in 

tailed analyte peak (as observed for propionate) and lower response (relative to formate).  

In the DODAB modified capillary, CE method showed low sensitivity to formate (slope 

= -0.25±0.01), which was lower than that in DDAB modified capillary for reasons that are 

unclear. The DODAB modified capillary showed good baseline stability (0.083% shift after 5 

injections) and repeatability (RSD of corrected peak area = 2.8%). It also produced very stable 

coating on the capillary`s inner walls (3.3% mobility shift after 15 injections). However, the 

analytes had lower mobility (e.g., µ(formate) = 3.6×10
-8

 m
2
·s

-1
·v

-1
). Formate and trans-cinnamate 

migration time were ~3.5 min and 10 min. In the DDAB modified capillary, in contrast, the 

migration time of formate and trans-cinnamate were ~3.4 min and 15.1 min, respectively. The IS 

peak was tailing in both coated capillary, which might have affected the corrected peak area and 

detection sensitivity. It could have been improved by choosing more mobile IS to match the 

mobility of probe, for example citrate [242], chlorate, and 5-chlorovalerate [243]. 

 

3.4.2 Comparison with other CE methods 

The LOD of acids tested from previous indirect UV detection typically ranges from 1 to 

10 µM [132, 146]. The results presented in this chapter provided slightly poorer LOD (9 to 21 

µM). Longer sample injection time could potentially be adopted to improve the LOD. Coupling 

CE with pre-concentration method can also provide better sensitivity. Solid phase extraction 

(SPE), istotachophoresis (ITP) and field-amplified sample stacking (FASS) are the commonly 

used method to concentrate sample online in CE separation [244].  
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CE has poor sample loading capacity due to the noise at low concentrations and band 

broadening at high concentrations. Typically, the linear dynamic range is under 2 orders of 

magnitude of concentration [146, 201, 245]. Here, the linear dynamic range of all analyte in 

DDAB modified capillary covered 2 orders of magnitude, which is exceptionally good for 

indirect UV detection. 

The main drawback of reversed-EOF CE is the instability of coating, which can cause 

interference of detection [151, 152]. DODAB coating showed excellent stability with migration 

time reproducibility within 3.3% RSD for 15 run over 450 min without coating regeneration. In 

contrast, the EOF decreased dramatically in TTAB modified capillary once TTAB was removed 

from BGE [173]. In DDAB coated capillary, the EOF decreased 3% over 75 min after the 

surfactant was removed from the BGE [136]. The stability of my system enables reproducible 

separation results and saves time to regenerate coating. 

 

3.5 Conclusions 

In this chapter, a reversed-EOF CE method with indirect UV detection was developed for 

the determination of inorganic and organic ions. BGE, containing 5.6 mM NDS buffered with 

piperazine to the pH of 5.86, was optimized to provide a selective, sensitive analysis. The 

capillary surface was modified by DDAB or DODAB, which  provided effective reversal of the 

EOF. Higher sensitivity was achieved using the DDAB modified surface, and better stability was 

obtained in DODAB modified surface. This CE method offers great calibration linearity over a 

wide concentration range of analyte. In future work, the LOD may be further improved by using 

better detection techniques. 
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Chapter Four: DETERMINATION OF THE MIST CHAMBER COLLECTION 

EFFICIENCY 

4.1 Introduction 

Over the years, many techniques have been developed for the quantification of LMW 

acids in ambient air (Chapter 1). Considering the wide variety of applicable compounds, wet 

extraction methods with off-line detection techniques are commonly used. They typically consist 

of a wet sampling method (e.g., denuders [84, 246, 247], filter extracts [81] or solutions [248, 

249]) combined with a wet chemical analysis techniques such as IC, GC and CE.  

In my research, a custom mist chamber (MIST) was constructed for LMW acid sampling. 

MIST refers to a nebulising-reflux chamber built on the basis of the design by Cofer et al. [248]. 

A MIST is typically operated at high gas flow rates of up to 70 standard liters per minute (slpm); 

if the extraction time is 10 min, a fairly large air volume of approximately 700 L is sampled and 

compressed into a small amount (typically 10 mL) trapping solution [249]. Most commonly, the 

collected solution is then analyzed by IC. MIST/IC has been applied to the extraction and 

concentration of several gas compounds for decades. It has been developed for studies of various 

gases, including HCl and Cl2 [250, 251], Hg (II) [252], carboxylic acids [253], 

dimethylsulfoxide(DMSO) [96], carbonyls [254], SO2 [255], HNO3 and NH3 [256]. 

Several other techniques are currently used for LMW acid sampling, including filters and 

denuders. A denuder is typically operated at a flow rate of 0.5 - 1 slpm and cannot provide high-

resolution time data as a large air volume needs to be sampled to collect detectable 

concentrations 
[257]

.
 
In addition, sampling with denuder or filter techniques requires continuous 

coating and laborious subsequent sample extraction. These techniques have proven to be time-

consuming and to contain artefacts [1]. Moreover, the denuder surface or the filter can be 
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saturated during sampling. In MIST, in contrast, the trapping solution is able to extract large 

amounts of target compounds without significant interferences [60, 258]. Thus, MIST sampling 

is more reproducible than the other techniques. In general, high collection efficiencies (COE) 

have been reported. For most water-soluble compounds in the atmosphere (i.e. formic acid, 

pyruvic acid, nitric acid) COE of above 70% are routinely achieved [249, 250, 259]. As for the 

high gas flow rate, MIST allows for the highly sensitive detection over a short time period. 

My research consisted of MIST sampling of atmospheric LMW acids. This chapter 

focuses on the evaluation and optimization of MIST COE of three LMW acids: HCOOH, 

C2H5COOH and HNO3.  

 

4.2 Materials and methods 

4.2.1 Mist chamber sampling technique 

A schematic diagram of the MIST is shown in Figure 4-1. It consists of a glass cylinder 

chamber of 35.8 mm inner diameter (I.D.) and 38.0 mm outer diameter (O.D.). The total volume 

of the glass chamber is 237 mL (I.D. = 3.58 cm, height = 23.60 cm). On the body of the 

chamber, there are two ports. The top one, connected to auto valve 1, is used to add trapping 

solution by automated 2-way valve. Through the lower one, which is connected to auto valve 2, 

solution can be drained out and collected into the sample vial. A Teflon cylinder and a 

hydrophobic filter (Teflon, 47 mm diameter, 1.0 or 2.0 µm pore size, Pall Life Sciences) are put 

at the top of chamber (downstream of the air flow) to retain mist droplets. To facilitate high gas 

flow rate in MIST, a 110 slpm capacity scroll pump (Varian SH-110) was connected to the end 

of gas outlet. The gas flow rate was controlled by a 50 slpm mass flow controller (MFC; model 

1559, MKS Instruments) typically operated at flow rates of 30 slpm or less. 
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At the bottom of the glass chamber, there is a nebulising nozzle which has two orifices. 

Gas sample is drawn into the glass chamber from the central orifice. The side orifice has one end 

immersed in the solution and another end in the air located right on the top of central orifice. 

Thus, trapping solution is continuously pulled through the side orifice by the low pressure inside 

the chamber. Once it comes out of the side orifice, the fast moving gas in the center aspirates the 

coming solution and produces an air/droplet mist in the glass chamber. The mist moves up to the 

chamber with gas stream until it impinges on the Teflon filter. Then the mist forms liquid 

droplets and eventually deposits back into the reservoir. During this process, sample air is mixed 

with trapping solution. Soluble gas compounds will be trapped into solution, while the rest of the 

gas is removed via the gas outlet by the pump. The produced mist increases the interface of the 

gaseous analyte and trapping solution resulting in higher collection efficiency. 

 

Table 4-1 Geometrical and sampling characteristics of mist chamber sampler 

Glass chamber I.D. (cm) 3.58 

Glass chamber O.D. (cm) 3.80 

Glass chamber height (cm) 23.60 

Glass chamber volume (mL) 237 

Glass beads volume (mL) ~43 

Gas flow rate (slpm) 25.5 - 30.3 

Sampling time (min) 10/15 

Collected trapping solution volume (mL) ~15 
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Figure 4-1 Schematic of MIST used for acids sampling. Gas phase acids were sampled at a 

constant high volume flow. They entered the chamber from the bottom gas inlet, and came out 

from the gas outlet on the top.  
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To increase the concentration of the gas analyte in the extraction fluid, a minimum 

amount of trapping solution should be used. Small glass beads (diameter = 0.35 cm) were added 

into the chamber to reduce the total volume of the trapping solution from ~48 mL to ~15 mL. 

The glass beads also act as a flow spoiler to promote the formation of mist [251, 260].  

In this work, the MIST was operated at 25.5 - 30.3 slpm. Sample collection intervals 

were 10 or 15 min. All sampling procedures were carried out at room temperature (22°C). The 

trapping solution was drained from the bottom port of the chamber by auto valve 2 and analyzed 

by either IC (see Chapters 5.3.1) or CE. Although a Teflon cylinder and a hydrophobic filter are 

used, the trapping solution evaporated somewhat at a rate that depended on the humidity of the 

gas being sampled and on the temperature [260]. Hence, the volume of the collected trapping 

solution needed to be recorded. In MIST sampling, a Teflon filter is normally added to the 

sampled air stream [69, 253, 261]. As judged from occasional measurements of room air by a 

commercial condensation particle counter (model 3775, TSI, USA) there were very few (< 10 

particles per cubic centimeter) aerosols present in the lab room air. Since it is not expected that 

neither the N2 cylinder nor the permeation standard would emit aerosol, the mist chamber was 

operated without an inlet filter (which would normally be used to distinguish acids present in the 

gas phase from those in the aerosol phase). 
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4.2.2 Determination of collection efficiency 

MIST is a sampling device in which gaseous compounds are dissolved into liquid 

medium through physical or chemical absorption. As MIST can have different COE for different 

compounds, accurate knowledge of COE is essential for the determination of various 

compounds.  

Two main methods are employed to determine COE in MIST. The first one is to use a 

known concentration of gas standard. The COE is then calculated by comparing analyte trapped 

in the solution to its original total amount [253, 259, 262]. However, certified low-level (sub-

ppb) gas standards are not readily available that could be directly used to determine COE. Gas 

standards are usually produced by diluting the output from permeation tubes [262] or from a gas 

cylinder [255, 256]. While the uncertainty of these standards (after dilution) were reported to be 

quite low (e.g., around 5% [256, 262]), the accuracy of the standards is often not carefully 

evaluated.  

The other method used to determine COE is to connect two MIST in series. Assuming 

their operation parameters are identical [96, 250, 254, 263], COE can be derived by detecting 

analyte concentrations in both chambers [249, 250, 264]. However, this assumption is generally 

not fulfilled, because the hydrophobic filter of the first MIST will cause there to be a pressure 

drop, which results in different mist droplet size and COE in the second MIST [93]. 

In this work, the quantities of a particular target compound entering and exiting the MIST 

were monitored by chemical ionization mass spectrometry (CIMS). In this way, compound 

retained in MIST can be continuously monitored. The experimental setup is shown in Figure 4-2. 

During the measurement, gas standard was generated from a permeation tube inside the dyna-

calibrator. Controlling the temperature of dyna-calibrator (from 40°C to 100°C), gas standards of 
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different concentrations can be produced. To meet the high flow rate, the output of the dyna-

calibrator was mixed with N2 (10 slpm) and room air (18-22.8 slpm). Then, the diluted gas 

standard was carried into MIST sampler through the FEP Teflon tubing (1/4" O.D., Saint-Gobain 

Performance Plastics).  

During COE measurement, there were two configurations: the first one was inline mode 

(shown in Figure 4-2 A), which allowed gas flow passing through the MIST. CIMS response 

(Qin, in the unit of Hz) represented the amount of analyte which is not trapped in MIST. In the 

second mode – bypassed mode (shown in Figure 4-2 B), gas flow was connected to CIMS 

directly. CIMS determined the total amount of target compounds (Qby, in the unit of Hz). Thus, 

the experimental COE of MIST can be determined from: 

by

inby

Q

QQ
COE  

4-1 

which rarranges to: 

)COE1(QQ byin  4-2 

If Qby is plotted on the ordinate, and Qin is plotted on the abscissa, the parameters of a straight 

line can be fit to the Qby and Qin data to determine the slope, from which COE can be 

determined.  
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(A) 

 

(B) 

Figure 4-2 Experimental setup for the determination of COE. In figure A, MIST is inline. In 

figure B, MIST is bypassed. The red arrow shows gas flow.   
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4.3 Results  

4.3.1 Effect of Teflon filter 

A 47 mm diameter hydrophobic Teflon filter (Pall Life Sciences) was placed downstream 

of MIST to prevent the trapping solution from entering the pump. Filters of different pore 

diameters were tested for their effect on gas sample collection. Initially, Teflon filters of 2.0 µm 

pore size were used to collect HCOOH into water. At a flow rate of 25.5 slpm, some water 

droplets were observed to pass through the filter and to enter the downstream tubing. Then, 

Teflon filters with pore size of 1.0 µm were utilized. A fine mist was generated at the same gas 

flow rate. Comparing the CIMS response for the two different filters, it was found that using the 

CIMS response at m/z 45 using the 1.0 µm pore size filter was half of that by using 2.0 μm pore 

size one. It indicated that a higher amount of HCOOH was collected into the trapping solution by 

using filter of smaller pore size.  

Filters with pore sizes smaller than 1.0 µm were not tested. After testing several pore-size 

filters, 1 µm pore size Teflon filter was used in MIST as a liquid barrier. 

 

4.3.2 Collection efficiency of HCOOH (with H2O trapping solution) 

H2O is commonly used a trapping solution in MIST instruments and was hence 

investigated first. Gas standard of HCOOH was generated from the permeation tube at 40-70°C 

(shown in green in Figure 4-3). The standard was determined at m/z 45 in CIMS, shown in blue 

in Figure 4-3. The total HCOOH was detected in bypassed mode (labeled as sprayer bypass). As 

shown in the Figure 4-3, during bypassed mode, when the set temperature was changed, it took 

around 10 min for the dyna-calibrator output to stabilize. But CIMS could respond to the 

concentration variation right away.  
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Figure 4-3 Time series of CIMS response while sampling HCOOH. The MIST used H2O as 

trapping solution. The green trace represents temperature used to generate HCOOH gas in dyna-

calibrator. CIMS response was normalized by reagent ion. The blue trace was CIMS normalized 

data at m/z 45. UTC = coordinated universal time.  

 

Figure 4-4 Plot of Qby against Qin for HCOOH. The MIST used H2O as trapping solution. 
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When MIST was inline (labeled as sprayer inline), HCOOH was collected into trapping 

solution (H2O), and the intensity of CIMS response became much lower. No big response 

difference existed between different temperatures. In MIST, sample was collected in 10 min 

sampling periods. By the end of each sampling period, the mass flow controller was set to 0 

slpm, the trapping solution was drained out of MIST. During these times the CIMS spiked as a 

result of the pressure increase.  

A plot of Qby against Qin is shown in Figure 4-4. Each of the data points is the average 

CIMS response for the standard of the same concentration. The error bars represent the standard 

deviation (1σ) in the CIMS measurement. The graph shows that Qby and Qin are highly correlated 

(r=0.960). The slope of the least square regression curve is 0.23±0.12, which corresponds to 1 

minus COE. Thus the empirical COE of HCOOH collected by H2O was equal to 77% ± 12%.  

 

4.3.3  Collection efficiency of HCOOH (with basic trapping solution) 

In another set of experiments, a mixture of 1.16 mM Na2CO3 and 1.01 mM NaHCO3 was 

used to collect HCOOH in MIST at a flow rate of 27.5 slpm. The trapping solution was chosen 

because of its similarity to the eluent used in IC. HCOOH was generated at dynacalibrator set 

temperatures of 40 - 60°C. The resulting plot of Qby against Qin is shown in Figure 4-5. From the 

slope, the COE was determined to be 91% ± 10%.  
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Figure 4-5 Plot of Qby against Qin for HCOOH. The MIST used NaHCO3 and Na2CO3 mixture 

as trapping solution. 

 

4.3.4 Collection efficiency of C2H5COOH (with basic trapping solution) 

C2H5COOH was extracted using 0.18 mM Na2CO3 and 0.17 mM NaHCO3 in MIST at a 

gas flow rate of 30.3 slpm. Gas standards were generated at four different dynacalibrator set 

temperatures (55 °C, 60 °C, 75 °C and 90 °C). A time series of the CIMS response to the 

standards is shown in Figure 4-6. Plotting the data as before (Figure 4-7) it was found that 95% ± 

8% of C2H5COOH was collected into MIST trapping solution (r=0.659). 

 

 

 



 

76 

 

Figure 4-6 Time series of CIMS response while sampling C2H5COOH. The MIST used NaHCO3 

and Na2CO3 as trapping solution. The green trace represents dynacalibrator set temperature used 

to generate C2H5COOH gas. The CIMS response at m/z 73 was normalized to 1,000,000 counts 

of acetate reagent ion (blue trace). 

 

Figure 4-7 Plot of Qby against Qin for C2H5COOH. The MIST used NaHCO3 and Na2CO3 as 

trapping solution. 
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4.3.5 Collection efficiency of HNO3 (in basic solution) 

HNO3 was extracted by 1.18 mM Na2CO3 and 0.98 mM NaHCO3 mixture in MIST at a 

gas flow rate of 30 slpm for 10 min. Different concentrations of HNO3 were generated by 

varying the dynacalibrator set temperature between 40°C and 70° C. The relevant CIMS data are 

plotted in Figure 4-8. The resulting COE was 95%± 5% (r = 0.868). 

 

Figure 4-8 Plot of Qby against Qin for HNO3. The MIST used NaHCO3 and Na2CO3 as trapping 

solution. 

 

4.4 Discussion 

4.4.1 Uncertainty analysis and estimates 

Table 4-2 summarizes MIST COE for the LMW acids determined in this work. The 

relative uncertainty of COE determination was estimated to be in the range of 5.7-16% using the 
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error propagation formula [265]. Potential error sources included in the above error estimates 

include: variability of the CIMS measurement (both in the signal and the background), drifts in 

the amount of gas generated by the dynacalibrator, variations in the gas flow rates (and hence 

dilution factors), impurities present in the room air used to dilute the sample flow, variable 

trapping solution evaporation rates, and memory effects within the sampling tubing, CIMS, or 

MIST.  

To assess the stability of the CIMS, the relative standard deviation (RSD) and standard 

deviations of the mean (SDOM) of the CIMS response was calculated for each sampling period 

(Table 4-3). As shown in Figure 4-4, Figure 4-5, Figure 4-7 and Figure 4-8, the error bars of the 

ordinate (when the MIST was inline) were larger than those of the abscissa (MIST chamber 

offline). Thus, the CIMS response had higher RSD when the MIST was inline and the 

concentrations were smaller. Overall, the uncertainty introduced by the CIMS measurement was 

small (compared to CE). 

Another potential source of error is instability of the gas standard concentrations. The amount of 

gas generated by the dynacalibrator is affected by set temperature and gas flow. Both of them 

were controlled and continuously monitored during the measurement. Variation of up to 0.3 slpm 

gas flow rate was observed during the experiment. Accordingly, around 1% uncertainty could 

have arisen from fluctuations of the gas flow.  
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Table 4-2 Determination of COE in MIST 

# compound Trapping solution slope 
COE 

(%) 
r

2
 

Relative 

uncertainty in 

COE (%) 

1 HCOOH H2O 0.23 ± 0.12 77 ± 12 0.922 16 

2 HCOOH NaHCO3/ Na2CO3 0.093 ± 0.098 91 ± 10 0.893 11 

3 C2H5COOH NaHCO3/ Na2CO3 0.053 ± 0.084 95 ± 8 0.434 8.9 

4 HNO3 NaHCO3/ Na2CO3 0.051 ± 0.054 95 ± 5 0.753 5.7 

 

Table 4-3 Relative standard deviation (RSD) and standard deviation of mean (SDOM) in CIMS 

determination 

# compound 
trapping 

solution 

RSD-inline 

(%) 

SDOM-

inline 

(Hz) 

RSD-bypass 

(%) 

SDOM-

bypass 

(Hz) 

1 HCOOH H2O 9.4 2215 3.6 3188 

2 HCOOH NaHCO3/Na2CO3 11.6 1027 4.7 1901 

3 C2H5COOH NaHCO3/Na2CO3 7 109 4.3 144 

4 HNO3 NaHCO3/Na2CO3 34.4 60 13.3 258 

 

During the COE determination experiments, room air was mixed with the gas standards 

at a flow rate of 18-22.8 slpm. If there had been acids present in it, they would have added to the 

zero offset (background) signal. As there are strong sinks (e.g., adsorption on the laboratory`s 

inner walls) and few, if any sources of acids inside the lab, the concentrations of gas-phase acids 

in room air were relatively small (compared to the mixing ratio of gas standards, > 6 ppm) and 

relatively constant on the time scale of the experiments. This assumption was also proved by the 

small intercepts. As a result, the effect of room air on COE determination was negligible.  
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Measurement errors may also come from the slow adsorption/desorption kinetics of acids 

within the tubing. Acids are relatively sticky, and their adsorption on instrumentation and tubing 

can prolong instrument response times. It was shown in Figure 4-6 that, at the highest 

temperature (90°C), when the dynacalibrator was removed from the MIST (labeled as VICI 

offline), CIMS response at m/z 73 gradually decreased from 1814 Hz to 1574 Hz. The time 

constant for the signal to return to the baseline was ~15 min. For HCOOH and C2H5COOH, the 

desorption/absorption kinetics had only a relatively small effect on the results (< 2%), but not for 

HNO3. When HNO3 standard was removed from the line, it took more than 20 min for the signal 

decaying from 3878 Hz to baseline 3629 Hz (shown in Chapter 5, Figure 5-15). This observation 

is consistent with the literature. For example, Neuman et al. [11] and Roberts et al. [159] also 

showed the strong adsorption of HNO3 on the walls of tubing. Considering the relatively slow 

response of the CIMS to changing HNO3 concentrations, memory effects within the CIMS were 

a potentially major source of error in its determination.  

During the time intervals used in this work (10 - 15 min), the trapping solution volume 

decreased by between 2.3 and 3.5 mL. This evaporation rate is quite fast compared to other 

MIST designs. For example, Stratton et al. observed that their trapping solution slowly 

evaporated at a rate of 4 to 6 mL h
-1

 in their MIST [252]. As the solution evaporates, less gas-

liquid surface could be formed in the chamber, which resulted in lower COE. Consequently, 

solution evaporation may explain a small portion of the uncertainty in COE determination. 

Of all the parameters discussed above, memory effects were the major source of error 

contributing to the uncertainty of HNO3 COE. In contrast, errors associated with gas generation 

or impurities in room air had insignificant contribution to the uncertainty of our COE values. 
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4.4.2 Comparison to other measurements of COE 

It is informative to compare the results of this work with COE data reported by other 

groups (Table 4-4). In general, experiments carried out with H2O trapping solution reported in 

the literature have COE of 80 to 108% for HCOOH and 70% - 100% for HNO3. In the MIST 

used here, the COE for HCOOH was only 77 ± 12% when water was used, lower than most 

others` research results. It is challenging to directly compare these results, as there are many 

small differences between instruments and operating parameters. However, it can be concluded 

that it is inappropriate to assume that MIST is able to collect 100% of all acids into H2O, as it is 

sometimes done [251, 252, 256]. It is advisable to use basic solutions to trap acids. Our 

experiments show that the COE of HCOOH significantly improved to 91 ± 10%. 

 

Table 4-4 Measurements of COE reported in the literature 

Group 
Trapping 

solution 

COE of collected 

compounds 
COE determination method 

Preunkert et al. [1] H2O 

80 ± 10% 

(monocarboxylic acid); 

70 ± 10% (HNO3) 

2 MIST in series 

Lefer et al. [256] H2O 100% (HNO3) No detection 

Talbot et al. [253] H2O 100 ± 15% (HNO3) 
gas standards of known 

concentration 

Parmar et al. [263] H2O 93% ( HNO3) 2 MIST in series 

Keen et al. [258] H2O unknown unknown 

Talbot et al. [69] H2O 97.9 ± 1.4% (HCOOH) 
gas standards of known 

concentration 

Morikami et al. [259] H2O 108 ± 4% (HCOOH) 
gas standards of known 

concentration 

Schultztokos et al. [262] H2O 100% (HCOOH) 
gas standards of known 

concentration 
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4.4.3 Relationship between COE and Henry`s law  

Spaulding et al. used Henry`s law constants to predict the COE in their MIST [249]. In 

this approach, the COE is predicted from the equilibrium distribution of acids between the gas- 

and liquid-phase [249, 266]: 

gas/liqx

gas/liqx

RTrH1

RTrH
COE  

4-3 

In equation 4-3, Hx is the Henry`s law constant of the gas of interest (Table 1-2), R is the ideal 

gas law constant (0.0826 L·atm
-1

 K
-1

 mol
-1

), T is the temperature (in K), and rliq/gas is the phase 

ratio of the liquid water volume contained in the spray to the gas volume in the glass chamber.  

Equation 4-3 is applied in this thesis to semi-quantitatively explain the observed trends in 

COE. It is not meant as an accurate method to evaluate the mist chamber extraction process 

because it is unlikely that equilibrium is reached in the chamber. Equilibrium is unlikely because 

the residence time of gases in the chamber is ~0.5 s and short. There are also considerable 

uncertainties with the phase ratio, which can be only roughly estimated. Spaulding et al. 

estimated that the volume of their mist was ~1 mL, and calculated rliq/gas  by dividing the 

assumed mist volume by the total internal volume of their mist chamber [249]. However, rliq/gas 

is, in reality, not constant throughout the extraction process. Further, the volume of trapping 

solution changes (by about 1/5) during sprayer operation, and most of the water volume is 

actually condensed on the filter at the top of the chamber and on the inner glass walls and is not 

present as a spray. In this work, two extreme spray volumes, a high estimate of 1 mL and a low 

estimate of 0.01 mL, were assumed in order to bracket the likely true value. Using a chamber 

volume of 179 mL and the above assumptions, rliq/gas was calculated to be in the range of 

5.6×10
-3

 to 5.6×10
-5

.  
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Table 4-4 shows that deionized H2O is often used for gas sampling in MIST. However, 

when acids are collected, the solution pH will decrease, which affects their phase partitioning, 

especially for acids with high pKa [258].  In basic solution, equation 4-3 needs to be modified to 

include effective Henry`s law constants (Hx
*
 ) instead of Hx. Hx

*
 is given by [267]: 

)
]H[

K
1(H

]HCOOH[

]HCOONa[]HCOOH[
H a

x

)g(

)aq()aq(

x  
4-4 

Using equation 4-4, the effective Henry`s law constant in NaHCO3 and Na2CO3 was 

calculated for HCOOH (6.7×10
9
 mol·L

-1
 atm

-1
), C2H5COOH (7.4×10

8
 mol·L

-1
 atm

-1
) and HNO3 

(3.2×10
16

 mol·L
-1

 atm
-1

). These values are larger than those for deionized H2O (Table 1-2). 

Basic trapping solutions (NaHCO3 and Na2CO3) were used to collect acids in this work. During 

the sampling of HCOOH, basic trapping solution has showed much higher COE than H2O (91 ± 

10% versus 77 ± 12%, Table 4-5). For comparison,  the theoretical COE was calculated using 

equations 4-3 and 4-4 and is summarized in Table 4-5 for the two assumed rliq/gas values (5.6×10
-3

 

and 5.6×10
-5

). 

 

Table 4-5 Theoretical collection efficiency (COE) in mist chamber 

# compound 
trapping 

 solution 

theoretical COE 

(%) with 1 mL mist 

theoretical COE (%) 

with 0.01 mL mist 

empirical 

COE (%) 

1 HCOOH H2O 99.8 83.5 77 ±12 

2 HCOOH NaHCO3/Na2CO3 100.0 100.0 91±10 

3 C2H5COOH NaHCO3/Na2CO3 100.0 100.0 95±8 

4 HNO3 NaHCO3/Na2CO3 100.0 100.0 95±5 
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The lower-limit estimates of the theoretical COE (i.e., calculated with an assumed mist of 

0.01 mL) and the empirical COEs are plotted in Figure 4-9. In all cases, the empirical values are 

below the predicted ones. This suggests that equilibrium is not achieved within the chamber. 

However, for all three analyte acids, the empirical error bars encompass the theoretical values. 

Thus, the trend of theoretical COE values shows good qualitative agreement with the trend in 

empirical COE, but not necessarily quantitative.  

In addition to having an effect on gas-liquid phase partitioning, adding base into the 

trapping solution also alters the solution density and viscosity. Zhang et al. have shown that 

those solution properties can dramatically affect the spray drop size and liquid flow [268], which 

can cause a significant change in COE. It was observed in my experiments that basic solution 

produced smaller and more homogeneous mist droplets in the MIST glass chamber. Hence, 

better COE would be expected. However, the empirical values are below the predicted values, 

which even more strongly suggests that the assumption of equilibrium within the chamber is 

invalid. 
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Figure 4-9 Comparison of empirical and theoretical COE. Empirical COE determined from 

experiment is shown in black. The error bars represented the uncertainties in determination. 

Theoretical COE is shown as red squares.  

 

4.5 Conclusion 

The MIST COE for HCOOH in H2O was 77 ±12%. Higher COE values were achieved by 

using buffered solutions:. The MIST COE for HNO3, HCOOH and C2H5COOH were 95 ± 5%, 

91 ± 10% and 95 ± 8% in NaHCO3/Na2CO3 solution. The trends in the empirical COE could be 

qualitatively rationalized using Henry`s law. 
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Chapter Five: CALIBRATION OF A CHEMICAL IONIZATION MASS 

SPECTROMETER FOR ANALYSIS OF ATMOSPHERIC ACIDS USING MIST-IC  

5.1 Introduction 

Acids are prevalent in the atmosphere. They have important effects on atmospheric acidity 

[269], heterogeneous reactions [46] and human health [270]. Hence, accurate and fast 

determination of acids in the air has attracted a lot of scientists` attention. However, the reliable 

measurement of acids remains a challenge. For example, since acids partition between phases 

(gas, liquid or solid), many measurement methods can be subject to artefacts [271] In addition, 

there are issues when air is sampled using an inlet as most acids are sticky [272]. For example, 

nitric acid can adsorb on many materials which can affect the detection results and degrade 

instrument response times to changing atmospheric concentrations [11]. 

Various detection techniques have been developed for acids, including impinger/ion 

chromatography [273] and filter/ion chromatography [274-276]. These techniques can be 

accurate (within 10%) [272] and sensitive. They are able to reach low parts per billion (ppbv) 

level detection limit (LOD), but have usually poor time resolution [271]. Recently, NI-PT-CIMS 

using acetate reagent ion has been developed to quantify atmospheric acids. It has proved to be a 

selective and unique technique for the on-line monitoring of acids [277, 278]. Air is sampled and 

analyzed directly with second or even sub-second time resolution [159].  

In this chapter, the calibration of a CIMS operated with either acetate or iodide reagent ion 

for detection of HNO3, HCOOH and C2H5COOH using the mist chamber - ion chromatography 

(MIST-IC) method is described. Such calibrations are required because while the relative 

abundances of ion peaks in a CIMS mass spectrum are proportional to ion concentration 
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(equation 2-4), they by themselves do not provide the quantitative information of sample 

components [279]. Hence, response factors need to be determined for monitored each species. IC 

was chosen for this calibration because it provided higher reproducibility and concentration 

sensitivity than CE: In Chapters 4 and 3, the RSD of IC was determined to be 1% (compared to 

5% of CE), and the LOD for IC was 2 µM (compared to 10 - 20 µM for CE). The focus of the 

calibration was to derive the factors which relate CIMS response signal to the true concentrations 

of LMW acids. This also provided an opportunity to directly compare the performance (detection 

limits, response times, etc.) of the MIST-IC and the CIMS. 

 

5.2 Experimental 

5.2.1 Setup 

The CIMS was calibrated by sampling dilute mixtures of gas standards, which were 

generated from a permeation device in parallel to the MIST-IC (see chapter 4). The 

concentrations of standards were measured by MIST sampling followed by IC determination. In 

this way, the quantitative information of standards was used for the calibration of CIMS.  

To generate gas standards, a permeation device was chosen for it can provide stable and 

adjustable concentrations of standards. Besides, it also offers the advantages of low cost, small 

size, portability and safety over other techniques, such as calibrated gas cylinder standards. The 

emission rates of the latter are rather uncertain and prone to drift because acids adsorb on 

cylinder surfaces and degrade easily [280]. In contrast, a permeation device shows a much better 

long term stability and is easier to use [281].  

Figure 5-1 shows the setup of this experiment. The output from the dynacalibrator was 

diluted by a flow of N2, whose flow rate was controlled by a valve. Moving though Teflon 
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tubing, part of the dilute gas stream was sampled into CIMS directly at a flow rate of 2 slpm. The 

remainder was diluted with room air (whose flow rate was around 10 slpm) and sampled by the 

MIST chamber. The total gas flow rate at the MIST outlet was controlled by a mass flow 

controller (MFC) to around 30 slpm. Both the MIST and CIMS exhaust were vented into the 

fume hood to prevent accumulation of acidic gases in the room air. In MIST, gas standard was 

trapped in solution. The sampling period of the MIST was 10 or 15 min at the end of which the 

trapping solution was collected and transferred into a glass sample vial, which was capped 

immediately. The solutions were stored at room temperature without further treatment and 

analyzed by IC within a week.  

In CIMS, HCOOH and C2H5COOH were ionized by acetate reagent ion through 

dissociative electron attachment reaction [157-159]. They were monitored at m/z 45 and m/z 73, 

respectively. This ionization scheme was not used for HNO3 as it usually results in high CIMS 

response (>10
5
 Hz) relative to those of the reagent ion (~10

6
 Hz); at these count levels, the CIMS 

response is above the pseudo-first order conditions required for the CIMS to have a linear 

response. Thus, HNO3 was ionized using iodide reagent ion which generated fewer ion counts. 

HNO3 was monitored as the iodide cluster ion at m/z 190 (see Chapter 2.2.2). Details of the 

ionization mechanism have been described elsewhere [282]. This method has the advantage of 

low background counts but it is less sensitive than using acetate reagent ion. 



 

89 

 

 

Figure 5-1. CIMS Calibration Setup. The red arrows show the direction of gas flow. Generated 

from dyna-calibrator, acid standard was pumped out and mixed with N2. N2 gas diluted standard 

concentration and increased its flow rate. The diluted gas standard was introduced into CIMS at 

the downstream 3-way valve. Part of gas standard kept on moving to another 3-way valve and 

mixed with room air before entering MIST. At the beginning of sampling period, trapping 

solution was pumped into MIST through auto pump 1. At the end of the sampling period, 

solution was drained out from auto pump 2. The sample solutions were analyzed offline by IC. 

sample collection 
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5.2.2 Evaluation of CIMS 

5.2.2.1 Calibration of CIMS mass axis 

In CIMS, instability or drift of its mass axis can have a large effect on its response. Thus, 

the CIMS mass axis was calibrated at the beginning of each experiment. It was calibrated using 

mass scans in the regions m/z 55 - 65, m/z 120 - 135 and m/z 185 - 195 when only N2 was 

introduced. These regions were chosen because the mass spectrum always contained typical 

peaks at m/z 59, 61, 127 and 190. Peaks at m/z 59 and 127 came from the reagent ions CH3COO
- 

and I
-
. Even if they were not used in a particular experiment, their peaks were still present due to 

memory effects from the Teflon tubing and fittings through which the reagent ions were 

delivered. Counts at m/z 61 were due to 
13

CH3
13

COOH which was used in previous experiments. 

The m/z 190 peak resulted from the attachment of HNO3 with I
-
. It was present even when the 

CIMS is sampling ultrapure ("zero" grade) air. Hence, those four typical peaks were chosen to 

calibrate the mass axis.  

 

5.2.2.2 Determination of CIMS background and CIMS Data Reduction 

Figure 5-2 shows a time series of CIMS data in a typical experiment, in which HNO3 was 

detected by CIMS as well as collected by NaHCO3/Na2CO3 in MIST. The green dashed line on 

the top shows temperatures used to generate gas standards in the dyna-calibrator. A larger 

amount of HNO3 was generated at higher temperature. There were three kinds of measurements 

performed to calibrate CIMS: room air (labeled as A), background (labeled as B) and calibration 

measurements (labeled as C).  

In calibration measurement (C), the dyna-calibrator was kept on, and gas standards mixed 

with N2 were sampled. During background measurements (B), the output of the dyna-calibrator 
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was closed. N2 flushed though the same route of tubing and entered CIMS. CIMS counts were 

significantly lower at this time. The remaining counts were likely due to desorption of HNO3 

from the inner walls of tubing and instruments [283]. During room air measurements (A), both 

the N2 and the dyna-calibrator were disconnected. Data from this measurement informed us 

about the background levels of acids in room air, which were the indistinguishable from 

measurements made in N2 (B). 

In Figure 5-2, the red trace shows the "raw" CIMS response at m/z 190. It is common 

practice in CIMS measurements to normalize the response to 10
6
 counts of reagent ion (shown as 

a light green trace). 

In the experiment shown in Figure 5-2, the background (black dashed line) was (average 

± 1 standard deviation) 4850 ± 638 Hz and decreased slightly over time. A straight line fit was 

determined for the background measurement. The regression coefficient (r
2
) was 0.99 and the 

slope -0.1 Hz/s. The drift in the background is likely due to HNO3 desorbing from within the 

210
Po source, which is cleaned with HNO3 at the factory; as the reagent gas is flowing through 

the ion source, the rate of HNO3 desorption slowly decreases. For the calibration, the background 

response was subtracted from the normalized CIMS data. Since the background was changing 

slowly and linearly, the final CIMS response was obtained by subtracting the least-square fitting 

curve from m/z 190 (normalized), labeled as m/z 190 (background subtracted) in Figure 5-2. It is 

shown as a blue trace. 

During room air measurement (A), the average counts of m/z 190 normalized data were 

3859 ± 246 Hz. If the background is subtracted, the CIMS response was very close to zero  

(238 ± 205 Hz), indicating that HNO3 was present only at a very low level in room air. Hence, 

acids present in room air did not affect the accuracy of acid detection by MIST-IC.  
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For the determination of C2H5COOH (Figure 5-3), the background signal was  

669 ± 160 Hz. The background signal increased marginally over time, with r
2
 of 0.86 and slope 

equal to 0.012 ± 0.003 Hz/s. The origin of this slight drift is unclear, but since it was well-

characterized, it did not pose a problem to the quantitative analysis. 

When HCOOH was determined, the background signal was 3850 ± 19 Hz (Figure 5-4). 

However, they gradually decreased over time (slope = -0.09 ± 0.08 Hz/s). Since the slope was 

close to zero, it indicated the absence of any significant background drift.  

 

 

Figure 5-2 Time series of HNO3 calibration experiment. It included three modes―room air (A), 

background (B) and calibration (C) measurements.  
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Figure 5-3 Time series of C2H5COOH calibration experiment. Temperature is shown as a dashed 

green trace. Measured counts at m/z 73 are labeled as "m/z 73 (detected)" (red solid line). Data 

normalized by reagent ion are labeled as "m/z 73 (normalized)" (green solid line). The 

background signal is labeled as "m/z 73 (background)" (dashed black line). After subtraction 

from background signal, data are labeled as "m/z 73 (background subtracted)" (blue solid line).  

 

Figure 5-4 Time Series of HCOOH calibration experiment. Data points of "m/z 45 

(normalized)" overlapped with data points of "m/z 45 (background subtracted)".  
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5.2.3 Calculation of gas-phase mixing ratios from IC data 

In MIST-IC, acids were determined in liquid phase, while in CIMS, they were in the gas 

phase. To convert sample concentration in liquid (C(l)) to gas phase mixing ratio (C(g)), the 

following equation was used: 

COE)FF(t

CV
C

etaairmist

)l(mist

)g(  
5-1 

Here, C(l) is the sample concentration in trapping solution (in units of M), Vmist is the volume of 

trapping sample solution in MIST (in L), t is the sampling time (in min), Fmist was total gas flow 

rate (in slpm), Fair is the flow rate of room air entering MIST (in slpm), COE is the collection 

efficiency of MIST,  and is the sample air density (in mol/L).  

Air density ( ) is affected by temperature and pressure. It is calculated using the ideal 

gas law: 

T
molK

atmL
08205.0

P
eta  

5-2 

At the conditions used in the experiments (P=0.895 atm, T=295.15 K), the air density was 

2.23 10
19

 molecules cm
-3

. From Equation 5-1 and 5-2, the gas phase mixing ratio was calculated 

and used to determine CIMS response factors. 

 

5.3 Results 

5.3.1 IC Detection 

The calibration of HCOO
-
, C2H5COO

-
 and NO3

-
 in IC

 
was discussed in Chapter 2. In 

Figure 5-5, when water was injected, two negative system peaks appear in the chromatogram 
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(shown in red). One is likely an artefact arising from the injection (i.e., an air bubble). They may 

also be caused by contaminants on the IC column or inlet, as this instrument is usually used to 

analyze wine samples. The top black trace in Figure 5-5 (A) shows a propionate standard of 126 

µM. The propionate peak was identified as the positive peak eluted at 1.8 min. System peaks do 

not interfere with it. Peaks of HCOO
-
 (retention time=1.25 min) and NO3

-
 (retention time=2.14 

min)
 
were also resolved from system peaks. Their retention times were quite reproducible (1% 

RSD).  

To verify the absence of any effects resulting from using a basic trapping solution 

components on the IC analysis, the MIST trapping solution (2.2 mM NaHCO3/2.4 mM Na2CO3) 

was injected into IC (in light blue trace, 3
rd

 from top; Figure 5-5 (A)). It exhibited the same peaks 

as the H2O sample. Thus, the trapping solution did not bring in any extra peaks. MIST sample of 

propionic acid was analyzed in IC (shown in dark blue). The positive peak eluted at
 
1.8 min was 

identified as the C2H5COO
-
 peak. An expansion of this peak is shown in Figure 5-5 (B). It was 

slightly asymmetric. Both peak area and peak height have been used to make calibration curve. 

Peak area (units of µS·min) was used because of its better linearity. 
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(A) 

  

 

(B) 

 

Figure 5-5 (A) Sample IC chromatograms of (1) IC standard, 126 µM C2H5COONa; (2) H2O; 

(3) MIST trapping solution, 2.2 mM NaHCO3/2.4 mM Na2CO3; (4) C2H5COOH sample collected 

in MIST. (B) Expansion of the 4
th

 chromatogram. 
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5.3.2 Uncertainty of MIST-IC analysis 

A summary of the factors affecting MIST-IC analysis is presented in Table 5-1. Due to 

variation of gas flow rate (~0.3 slpm), uncertainty in trapping solution volume and gas flow rate 

may introduce around 5% error in the analysis. As discussed previously, uncertainty in COE of 

MIST is up to 10.8% for HCOOH sampling. Error of 4.3% is in IC detection based on the 

uncertainties in the slope and y-intercept of IC calibration. 

Based on the analysis of background signal, a memory effect was observed in MIST. It is 

shown in Figure 5-6, when it was switched from calibration measurement to background 

measurement. The CIMS response decreased to background level instantly, while MIST-IC data 

gradually returned to baseline (~15 min for C2H5COOH, discussed in Chapter 4). This might be 

caused by the residual of analyte on the inner wall of chamber or filter. The effect of wall losses 

is unknown. But the sampling was carried out above 10 °C to minimize the loss of acids to the 

tubing walls [11]. Wall losses effect can be further improved by using tubing covered with PFA 

[11, 284]. Consequently, the total uncertainty of HCOOH analysis in MIST-IC was around 13%. 

For the analysis of C2H5COOH and HNO3, uncertainties in MIST-IC were 21% and 17%, 

respectively. 

 

Table 5-1 Uncertainty in MIST-IC analysis of HCOOH. 

Factors Uncertainty (%) 

Gas flow rates 5 

COE of MIST 10.8 

IC calibration 4.3 

Total error ~13 
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5.3.3 CIMS Calibration 

5.3.3.1 CIMS Calibration of C2H5COOH 

Experimental parameters of CIMS calibration were summarized in Table 5-2. The gas 

generation temperature was chosen randomly ensuring adequate response in CIMS. C2H5COOH 

was sampled into basic solution in MIST. Figure 5-6 shows a time series of its typical calibration 

experiment. The normalized and background-subtracted counts at m/z 73 are shown as a blue 

line. CIMS response (shown in blue) changed according to the change of the set temperature in 

the dyna-calibrator (shown in green). The MIST-IC data are shown as black and red solid circles. 

At 1:39, the N2 cylinder was changed, resulting in a temporary overexposure of the instruments 

to C2H5COOH. The CIMS recovered quickly, whereas the mist chamber data were 

compromised, exhibiting a considerable memory effect. The data (in red) were not used in the 

analysis. The error bar of the abscissa represents the sampling time of 15 min, while error bar of 

the ordinate is uncertainty in MIST-IC measurement. 

The CIMS response averaged over MIST-IC sampling period is plotted against gas phase 

mixing ratio in Figure 5-7. IC data points shown in red were caused by memory effect of MIST, 

which were not used for CIMS calibration. From the slope of Figure 5-7, the CIMS response 

factor for C2H5COO
-
 was determined as 41 ± 5 Hz/ppb (r = 0.97). In Figure 5-7, error bars of 

abscissa represented the total uncertainties in MIST-IC determination. Error bars of the ordinate 

represented uncertainties originating from CIMS detection, which was the standard deviation of 

normalized CIMS signal at m/z 73 during 15 min sampling time. 
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Table 5-2 Parameters of acids sampling in MIST-IC for CIMS calibration 

compounds trapping solution in MIST 

T (ºC) for 

gas 

generation 

Fmist 

(slpm) 

Sampling 

time  

(min) 

HCOOH 1.0 mM NaHCO3/1.2 mM Na2CO3 40-60 27.5 10 

HCOOH H2O 40-100 27.5 10 

C2H5COOH 0.17 mM NaHCO3/0.18 mM Na2CO3 60-100 30.3 15 

HNO3 0.98 mM NaHCO3/1.18 mM Na2CO3 40-70 30.0 10 

 

 

  

Figure 5-6 Determination of propionate (C2H5COO
-
) in CIMS and MIST-IC. CIMS response is 

shown in blue line and MIST-IC result is shown in black or red solid circles. 0.17 mM 

NaHCO3/0.18 mM Na2CO3 was the trapping solution in MIST. 
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Figure 5-7 Calibration of propionate detection in CIMS by using MIST-IC. NaHCO3/Na2CO3 

was used as trapping solution in MIST. Abscissa is gas phase mixing ratio determined by IC, 

while ordinate is CIMS response at m/z 73. Error bars represent the respective precisions of the 

IC and CIMS measurements. The red solid circles, which resulted from the memory effect in 

MIST-IC, were not used for the calibration. 

 

5.3.3.2 CIMS Calibration of HCOOH 

A typical calibration experiment is shown in Figure 5-8. 1.0 mM NaHCO3/1.2 mM 

Na2CO3 was trapping solution in MIST. The CIMS counts at m/z 45 followed closely the 

temperature changes of permeation device, whereas the MIST-IC tended to have higher 

concentration when permeation device was switched from calibration mode to blank mode (data 

was shown in red solid circle in Figure 5-8). This indicated that there are memory effects in the 

MIST that are not present in the CIMS. There were two points (shown in red solid circle in 

Figure 5-8) having low response in MIST-IC detection, while the CIMS response during the 
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sampling period was very high. The cause of this low response in MIST-IC was unknown. As it 

was observed that the data in red circle was not correlated to CIMS response, they were not used 

for CIMS calibration.  

During the measurement of HCOOH, the gas standard mixing ratio was in the range of 2 

to 14 ppb, which was close to the MIST-IC LOD (6.3 ppb). Thus, it was difficult to determine 

concentration at this level in MIST-IC with high accuracy. Consequentially, Figure 5-9 shows 

large error bars on the abscissa. When CIMS data was plotted against IC response, the 

correlation coefficient (r) was lower than in the other experiments (0.82). Based on the least 

square regression analysis, response factor of CIMS to formate was 7 ± 2 Hz/ppt.  

 

 

Figure 5-8 Determination of formate ion in CIMS and MIST-IC. HCOOH was collected into 1.0 

mM NaHCO3/1.2 mM Na2CO3 in MIST. CIMS response is shown in blue line and MIST-IC 

result is shown in black or red solid circles. 
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Figure 5-9 Calibration of formate detection in CIMS by using MIST-IC. 1.0 mM NaHCO3/1.2 

mM Na2CO3 was the trapping solution in MIST. Data in red circle were not used to fit the 

calibration line. The red solid circles were not used for the calibration. 

 

H2O was also used to collect HCOOH in MIST in the calibration experiments (Figure 5-

10). The CIMS response correlated with the set point change of the dyna-calibrator. However, 

most sample collected by CIMS-IC showed similar concentrations (20 to 30 ppb, in black solid 

circle), even though the dyna-calibrator delivered different sample concentrations. Two samples 

(shown as red solid circles) showed much higher concentration (50 to 60 ppb). When MIST-IC 

data was plotted against CIMS response in Figure 5-11, the data were not correlated.  
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Figure 5-10 Time series of formic acid calibration. H2O was used as trapping solution in MIST. 

The red solid circle showed high concentrations in MIST-IC results. 

 

 

Figure 5-11 Attempted calibration of HCOOH. H2O was used as trapping solution in MIST. 

Data points in red showed high concentrations of formate in MIST-IC detection. 
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5.3.3.3 CIMS Calibration of HNO3 

Na2CO3/NaHCO3 was used to collect HNO3 in MIST (details of sampling conditions 

were shown in Table 5-2). The COE was 95 ± 5% (Chapter 4). Figure 5-12 shows that both 

MIST-IC and CIMS correlated well with dynacalibrator temperature changes. In Figure 5-13, 

two sets of data were plotted against each other. The slope of least-square regression line was 

259 ± 69 Hz/ppb with correlation coefficient (r) of 0.82. At low mixing ratio (< 15 ppb), MIST-

IC response did not correlate with CIMS well. As the standard`s concentration increased, a better 

positive correlation was shown. CIMS showed higher response to nitrate than to propionate. 

However, the r of nitrate fitting was much lower. 

 

 

Figure 5-12 Determination of nitrate ion in CIMS and MIST-IC. 0.98mM NaHCO3/1.18mM 

Na2CO3 was used as trapping solution in MIST. The red solid circle showed low response in 

MIST-IC, which was not correlated with CIMS response. 
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Figure 5-13 Calibration of nitrate ion in CIMS by using MIST-IC. 0.98 mM NaHCO3/1.18 mM 

Na2CO3 was used as trapping solution in MIST. The red solid circle was not used for calibration. 

 

5.3.4  Detection Limit of CIMS 

The CIMS detection limits were estimated from three times the standard deviation of the 

background, divided by the slopes of the calibration plots, which were 7 ± 2 Hz/ppt (HCOOH), 

41 ± 5 Hz/ppb (C2H5COOH), and 259 ± 69 Hz/ppb (HNO3). Table 5-3 summarizes the results. 

 

Table 5-3 Detection Limit of CIMS 

compound σ (Hz) n 3σ (Hz) LOD (ppb) 

HCOOH 392 8 1270 0.18 ± 0.06 

C2H5COOH 35 8 114 2.8 ± 0.1 

HNO3 189 8 613 2.2 ± 0.6 
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5.4 Discussion 

5.4.1 CIMS calibration factors 

This work demonstrated that the MIST-IC can be used to determine CIMS response factors 

of LMW acids. It is dynamic and inexpensive. Compared to other calibration methods, such as 

the mobile organic carbon calibration system developed by Veres et al., which calibrated volatile 

organic compounds through combustion and quantified the CO2 product [160], MIST-IC is a 

more universal calibration method. It can, in principle, be used for any acid, including non-

carbon containing ones. In the cases of C2H5COOH and HCOOH, the major source of CIMS 

calibration error was the relatively large uncertainty in MIST COE. They were as high as 8.9% 

(C2H5COOH) and 11% (HCOOH). In the case of HNO3, the major error source was the 

uncertainty of IC calibration (7.1%).  

There were stark differences in the observed CIMS response factors: CIMS has the lowest 

sensitivity to C2H5COOH among three LMW acids, which was 0.041 ± 0.005 Hz/ppt (using 

acetate as reagent ion). It has considerably higher sensitivity to HCOOH - 7 ± 2 Hz/ppt (using 

acetate reagent ion). The CIMS response factor to HNO3 was 0.26 ± 0.07 Hz/ppt (using I
-
 as 

reagent ion).  

These response factors compare well to the work by others, considering that no effort was 

made to optimize them. For the detection of HNO3, for example, Abida and Osthoff used the 

same CIMS instrument as calibrated against a total odd nitrogen (NOy) analyzer. They reported a 

response factor of 1.2 Hz/ppt [282]. The 4-fold greater sensitivity in their work can be 

rationalized by the use of a newer 
210

Po ion source (i.e., more radioactive) and a greater pressure 

(21 vs 19 Torr) in the ion-molecule reaction region. Roberts et al. used acetate reagent ion to 

measure HNO3 and reported the sensitivity of 6 counts/ppt and LOD of 30 ppt [159]. In the 
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experiments here, a less sensitive ionization method was used to ionize HNO3. Thus, my CIMS 

showed much lower sensitivity. 

For quantification of HCOOH using acetate reagent ion, Veres et al. [157] reported a 

sensitivity of 21 ± 4 Hz/ppt, three times higher than the sensitivity in this work. These calibration 

factors correspond to LODs in the range of 80 to 90 ppt for a 1 second integration period for 

their instrument, while ours were in the range of 120 to 240 ppt. While instrumental background 

signal is an important factor affecting the LOD, the signal to noise ratio could in principle be 

improved further, for example by optimizing gas flow rate, temperature and pressure in the flow 

tube [283]. Another factor to be investigated is if, and if so, how, the sensitivity of an acid CIMS 

is affected by humidity. While Veres et al. reported no humidity-dependence [157], Zondlo et al. 

reported that ambient humidity affects the sensitivity [285]. In the experiments described here, 

the relative humidity was maintained at a constant level using a bubbler as described by Mielke 

et al. [178] On a side note, in my research, acetate ion was produced from glacial acetic acid 

(CH3COOH), where Veres et al. used acetic anhydride ((CH3CO)2O) to generate the reagent ion 

[157]. The results provided here show that glacial acetic acid can be a substitute in acids analysis 

in CIMS to detect organic acids. However, it might lead to the lower sensitivity of CIMS 

response. 

Veres et al. have studied the measurement of propionic acid by CIMS using acetate reagent 

ion [158]. Their CIMS response factor to propionic acid was much lower than that of formic acid 

(around 1/20). This finding is qualitatively consistent with the results of this work (ratio of 

1/150). The lower sensitivity can be rationalized by the relatively lower gas phase acidity of 

propionic acid [158]. It is unclear why the sensitivity of this work is almost an order of 

magnitude lower than what was published by Veres et al.  
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5.4.2 Comparison of MIST-IC, MIST-CE and CIMS  

Both MIST-IC and CIMS were used to determine LMW acids in my research. Based on 

the COE in MIST, detection limit of MIST-IC was calculated and shown in Table 5-4. If 

capillary electrophoresis (CE) method (details were discussed in Chapter 3) was used to analyze 

the trapping solutions from MIST, its detection limit can also be derived. The LOD of propionate 

in CE was 21.4 µM. As 95±8% C2H5COH could be trapped into buffer solution by MIST, the 

LOD of CE was converted into gas phase mixing ratio of 39 ppb. The COE of HCOOH was  

91 ± 10%. Thus, the LOD in MIST-CE was expected to be 58 ppb in DDAB-modified capillary 

and 120 ppb in DODAB-modified capillary. 

Table 5-4 shows that among the three techniques, CIMS had the lowest LOD of all three 

acids. Besides, CIMS is a fast and sensitive quantification method. It is shown in Figure 5-8,  

5-10, 5-12 that once the concentration of gas standard varied, CIMS response to the change was 

instantaneous. To MIST-IC, the response time is limited by sampling period (10 or 15 min). It is 

hard to achieve real time analysis. The memory effects within the mist chamber may also affect 

the accuracy of MIST sampling, as not all of the trapping solution is totally exchanged and the 

chamber is not fully "rinsed" or washed between samples. In this study, MIST-IC had slightly 

higher LOD than CIMS. This could be limited by the poor performance of a budget IC used as 

an undergraduate teaching tool. The LOD can be lowered in principle, for example by increasing 

the sampling time (and collecting a larger volume of air) or by purchasing a more sensitive IC 

detector which are commercially available. In spite of the disadvantages of poor time-resolution 

and memory effects, the MIST-IC method has one key advantage of being able to determine 

concentrations from first principles, as it is calibrated using standard analytical techniques (i.e., 

using balances, volumetric flasks, flow meters, etc.).  
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In MIST-CE, the LOD is higher than that of MIST-IC by the order of magnitude (Table 

5-4). Lower LOD in CE can be anticipated by using different detection methods, such as laser 

induced fluorescence [286], mass spectrometry [287]. Sample preconcentration methods are also 

applied to achieve better LOD, such as in-capillary solid phase extraction (SPE) [288], or 

isotachophoretic stacking [289, 290]. MIST-CE has substantially higher LOD than MIST-IC and 

CIMS, and is too high to analyze atmosphere sample in real time.  

 

Table 5-4 Comparison of detection limit (LOD) of LMW acids in MIST-IC, MIST-CE and 

CIMS 

Techniques MIST-IC MIST-CE CIMS CIMS 

Integration time (s) 900 900 1 900 

LOD of C2H5COOH (ppb) ~3.1 39 ~2.8 ~0.093 

LOD of HCOOH (ppb) ~6.3 58/120 ~0.2 ~0.0067 

LOD of HNO3 (ppb) ~2.9 N/A ~2.2 ~0.073 
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5.5 Conclusion 

A MIST-IC was used to calibrate response factors of CIMS to HCOOH, C2H5COOH and 

HNO3. The comparison between MIST-IC and CIMS has shown good correlation (r > 0.8) in our 

experiments. Since both measurement techniques operate on very different principles, the high 

level of agreement confirms both CIMS and MIST-IC as quantitative analysis methods for the 

three model LMW acids. The high sensitivity, low LOD and great precision associated with fast 

time response make CIMS a promising technique for the determination of LMW acids in field 

studies and reveal some of the limitations of the mist chamber methods. Future measurements 

using the CIMS technique will be able to provide insights in production and losses of acids, 

which will be very important to constrain regional and global models. 
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Chapter Six: CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Summary 

The main goal of this thesis has been the development of an instrument that combines a 

high capacity sampling method, a mist chamber, with a highly efficient and usually sensitive 

analysis method, capillary electrophoresis, for quantification of low molecular weight acids that 

occur in ambient air. 

 The first milestone was to develop a co-electroosmotic CE method with indirect UV 

detection for the common LMW acids-HNO3, HCOOH and C2H5COOH (Chapter 3). For this 

purpose, the separation pH needed to be optimized and an appropriate indirect UV probe and a 

suitable electroosmotic flow modifier needed to be selected. At pH values lower than 5.1, good 

separation efficiency was obtained for chloride, nitrite, nitrate and sulfate. At pH values higher 

than 6.1, loss of peaks occurred, in particular for highly mobile ions. Ultimately, 

napthalenedisulfonate at a concentration of 5.6 mM titrated to a pH of 5.86 with piperazine was 

chosen as indirect probe. To reduce separation time and surface absorption, an EOF modifier was 

selected from a choice of three surfactants: single-chained TTAB and two-chained DDAB and 

DODAB. 0.30 mM DODAB provided the optimum ion mobility and separation for sulfate, 

formate and propionate anion. Separations in the same BGE using either DDAB or DODAB 

showed similar detection limits, which were in the range from 15 to 20 µM. However, the 

DDAB modified capillary showed five times higher sensitivity than the DODAB modified 

capillary. The combination of indirect UV detection, reversed-EOF operation and electrokinetic 

injection allow the fast, reliable and cheap analysis of acids anions. 
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The second milestone was to determine the sampling performance of the custom mist 

chamber (Chapter 4). A chemical ionization mass spectrometer was used to determine the 

collection efficiency of MIST. As far as I know, this was the first time CIMS was used to 

determine the COE of a MIST. The COEs of LMW acids were significantly affected by choice 

of trapping solution, instrument and operation parameters. The COE was generally less than 

unity, in disagreement with many values used in the literature [251, 252, 256]. Higher COEs 

(>90%) were achieved for all three model acids using buffered trapping solution. Henry`s law 

could be used to rationalize the COE trends among the acids tested, in agreement with Spaulding 

et al. [249]. 

Next, mist chamber samples were analyzed. Using CE to analyze the collected solutions, 

the LODs were 58 ppb for formate and 39 ppb for propionate. These levels are well above 

typical atmospheric concentrations. Hence, for a 10 to 15 min sampling interval, MIST-CE in its 

current configuration is not suitable for atmospheric measurements. Lower detection limits of 6.3 

ppb, 3.1 ppb and 2.9 ppb for formate, propionate and nitrate were obtained using IC (Chapter 5). 

Finally, the MIST-IC method was used to determine the response factors of an acetate ion 

CIMS for HNO3, HCOOH and C2H5COOH. The CIMS had the highest response factor to 

HCOOH (7 Hz/ppt). It has effective LODs of 0.2 ppb, 2.8 ppb and 2.2 ppb for formate, 

propionate and nitrate (Chapter 5). Compared to either MIST-IC or MIST-CE, CIMS provided 

the lowest LODs, low enough to analyze atmospheric samples. Further, the CIMS is able to 

provide sensitive, real time monitoring data. In contrast, significant memory effects were 

observed in the mist chamber. Thus, CIMS is currently the clearly preferable analysis method for 

acids in the atmosphere. 

 



 

113 

6.2 Future Work 

An obvious goal for future work is to attempt to improve the LOD of CE, for example, 

using sample preconcentration methods. Candidates for such methods include in-capillary solid 

phase extraction [288], isotachophoretic stacking [289, 290], or a combination of those two (i.e., 

large volume sample stacking with field enhanced sample injection[291]). An alternative is to 

use a more sensitive detection methods, such as CE coupled to laser induced fluorescence [286] 

(e.g., using a fluorescent indirect probe) or mass spectrometry [287]. 

Another issue is the relatively slow throughput of the current CE method, which needs to 

be improved for MIST-CE applied to be practical. Rose et al. [292] have designed an auto-

sampler for CE, in which a solution tray was rotated by a stepper motor controlled by a 

computer. It allowed the automation of sample injection in CE as well as achieved a greater 

reproducibility. This kind of autosampler could be used to connect CE with MIST. Once the 

trapping solution is collected into a sample vial on a tray, the tray could be rotated to the position 

of capillary and electrode. The sample could be easily injected through electrokinetic injection. 

This automated sample injection could greatly improve the reproducibility of sample injection 

time, which can avoid the tedious addition of internal standards into CE sample. 

Microfabrication could be also applied to improve the throughput of CE. The short channel 

has better Joule heat dissipation and higher separation field strength [293]. Those characteristics 

allow microchip CE to perform extremely fast yet reproducible separations. If microchip CE 

were to be combined with MIST, atmosphere sampling and analysis could potentially be 

achieved in a very short time resolution, which may result in real time analysis. 
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