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Abstract 9 

In-vial sparging was demonstrated as an effective, practical alternative to a full-scale sparging system for 10 

supporting the analysis of volatile constituents. Using elemental mercury (Hg0) and toluene as 11 

representative purgeable analytes, the mass removal for various sparge configurations was measured and 12 

a reduced order model was developed and validated. In the primary experiments, Hg0 in the sparge gas 13 

was trapped on activated carbon or gold, thermally desorbed, and quantified using atomic absorption or 14 

atomic fluorescence spectroscopy. Toluene experiments using the same in-vial sparge apparatus and 15 

sparge parameters were performed to demonstrate the applicability of the reduced order model to a broad 16 

range of compounds. Toluene removal was tracked by measuring the remaining toluene in sparged 17 

aliquots using Ultraviolet-visible (UV-Vis) spectroscopy. For the sparging, flow rates varied from 25 to 18 

75 mL/min for periods from 0 to 30 minutes. Sparge performance, mass removal as a function of time, 19 

and sparge gas volume were measured for both in-vial and full-scale systems. A model based on 20 

dimensionless Henry’s Law coefficient, normalized sparge gas volume, and fractional extent of 21 

equilibrium matched the experimental data for both compounds and provides a practical tool for future 22 

applications. For the conditions tested in this study, the calibrated model indicated that the sparge gas in 23 

the in-vial system reached approximately 33% of its equilibrium value before exiting the water surface, 24 

while a full-scale system reached approximately 100%. The tests validated the quality, reproducibility, 25 

and predictability of sparging performance for both full scale and in-vial sparge systems. Related factors 26 

such as waste generation, worker risk, and labor were also assessed. Full scale sparge systems provide the 27 

advantage of lower detection levels due to larger sample volume, while the in-vial sparge systems provide 28 

advantages for most other factors; including automatability, reducing secondary wastes, lessening the 29 

need to clean and check the sparge apparatus, and lowering labor and costs. The data and associated 30 

reduced order model support continued development and deployment of in-vial sparge platforms as a 31 

practical option for analysis of purgeable analytes such as volatile organic compounds and volatile 32 

metals/organometallics. 33 

Keywords 34 
purge-and-trap, sparging, headspace methods, mercury, volatile organic compounds  35 

1. Introduction 36 
Standard analytical methods for volatile or semivolatile analytes often rely on sparging target compounds 37 

from aqueous solution into a gas phase. For inherently purgeable constituents such as volatile organic 38 

compounds (VOCs) or elemental mercury (Hg0), standard purge-and-trap protocols and other dynamic 39 

headspace methods directly remove the constituents from the solution via sparging. Applications of 40 

sparging methods to other analytes rely on selective reduction, oxidation, or derivatization to generate a 41 

purgeable species. Once the target analytes are sparged from solution, the flowing gas is directed to an 42 

appropriate downstream analysis schema, detector, or instrument. Many protocols maximize performance 43 

by concentrating the analytes on a trap. The concentrated material is then thermally desorbed as a sharp 44 

peak into a detector or an instrument, such as a gas chromatograph (GC), for quantification.   45 

Notable examples of a protocols that rely on purging from aqueous solution are those for the analysis of 46 

mercury for total and various mercury species in water samples (Environmental Protection Agency (EPA) 47 

Methods 245.1, 245.7, 1630 and 1631) [1, 2, 3, 4]. These protocols rely on room temperature chemical 48 

conversion of target aqueous phase mercury species into volatile forms of mercury, including chemical 49 

reduction of ionic mercury to Hg0, or derivatization of mono-substituted organo-mercury ions to fully 50 

substituted volatile forms such as methyl ethyl (or methyl propyl) mercury. Following the reactions, the 51 

mercury is purged into a trap or into an instrument or detector. Techniques commonly used for detection 52 

and quantification of the purged mercury include atomic fluorescence spectrometry (AFS), atomic 53 

absorbance spectrometry (AAS), Zeeman effect spectroscopy (ZES), or mass spectroscopy (MS). Any of 54 

these detectors can be preceded by GC to separate various gas phase mercury compounds. EPA Method 55 

1630, for example, is the baseline approach for measuring organomercury. Additional speciation 56 

information can be obtained by direct purging of a sample with no reagents or selective 57 
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reduction/derivatization followed by subsequent purging. For VOCs, purged constituents are typically 58 

collected in a downstream trap and thermally desorbed into a GC for separation with quantification using 59 

MS or similar detector (EPA Method 524.3 [5]).  60 

Full-scale sparging traditionally employs relatively large (e.g., 200 mL) vessels, uses large volumes of 61 

liquid sample and sparge gas, and provides for effective mass transfer and long residence times. The goal 62 

of the standard full-scale design is to optimize sparging effectiveness and maximize total collected analyte 63 

mass. These full-scale systems are designed for complete transfer of volatile analytes into the gas phase. 64 

A typical full-scale sparge apparatus is depicted in Figure 1a. Full-size systems require significant sample 65 

handling and are difficult and labor intensive to operate and clean. Large volumes of sample are used and 66 

large volumes of acidic or solvent waste are generated during the cleaning process. Significant labor is 67 

required for system assembly and to assure effective cleaning to avoid carryover. Techniques that 68 

mitigate or minimize these various challenges are actively being developed and adopted by researchers, 69 

instrument manufacturers, and commercial laboratories.  70 

A number of detailed, mechanistic models exist that describe the dynamic sparge process based on 71 

detailed constitutive relationships [6, 7, 8, 9, 10]. Boggess et al. [11] reports an increase in sparging extent 72 

with an increased purge flow rate and total gas volume; consistent with maintaining equilibrium 73 

partitioning between sparge gas and solution in an optimized sparge apparatus. The design of systems 74 

employed during sparging affect the size and size distribution of bubbles generated and the gas liquid 75 

contact time, which ultimately impact the effectiveness of the mass transfer [6]. Factors like injection 76 

pressure and injection orifice size influence the size and size distribution of the bubbles generated during 77 

sparging and a nonuniform bubble distribution contributes to a reduction in sparging efficiency [6]. 78 

Bubble size variation has an impact on mass transfer and affects the overall rate of reaction [8]. An 79 

increase or decrease in bubble surface area with size determines the mass transfer rate at the gas-liquid 80 

interface. Many of these models also utilize bubble size in overall rate of absorption estimations. In 81 

general, adsorption of a gas occurs as a function of bubble diameter and the contact time of the bubble, 82 

which is determined by the water column height and rate of ascension of that bubble to the water-air 83 

interface [7]. These parameters have been quantitatively demonstrated to impact the behavior of 84 

purgeable constituents [10]. Adsorption of compounds to the bubble surfaces, influenced by matrix (e.g., 85 

surfactants or oils), temperature, and compound chemistry, can cause excess or deficient capture by the 86 

gas phase and, consequently, disequilibrium with simple partitioning models [9]. In practice, it is often 87 

challenging to quantify key parameters in the detailed constitutive models and to separate effects of 88 

matrix, physical, and chemical factors in these complex dynamic systems.  89 

Alternative equilibrium-based models have also been developed to describe the performance of headspace 90 

methods such as those used for purge and trap protocols. Novak [12] and others [13, 14, 15, 16, 17, 18, 91 

19, 20] describe simplified models for dynamic headspace methods. These models use the bulk 92 

distribution coefficient of constituents between phases to predict the progressive stripping of solutes into 93 

the gas phase. Such mathematical constructs overcome the complexities of the constitutive models, but 94 

these methods generally assume that the gas reaches equilibrium with the solution. Extensive scientific 95 

literature, such as those references cited above, demonstrate that optimized systems, such as a full scale 96 

sparge apparatus or specially designed sparge tubes, are relatively effective at partitioning constituents 97 

into the gas phase and have generally conformed to the performance predictions and the presumption of 98 

equilibrium in this class of model. 99 

Recently, simpler in-vial sparge systems and modular concentrator units that use small (e.g., 5 mL to 100 

15mL) subsamples are emerging as practical alternatives to the full-scale design. In-vial sparge and 101 

aliquot-based systems (e.g., Figure 1b) offer several advantages over traditional full-scale systems for 102 

analysis of purgeable constituents such as Hg0 and VOCs. However, scientific literature, data and 103 

publications quantitatively comparing the performance of the full-size standard sparge system and smaller 104 

scale sparge systems is limited. In-vial and aliquot-based sparge systems are generally simpler to operate. 105 
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These systems employ smaller volumes and often shorter sparge times for both samples and standards. 106 

Typical systems use disposable vials, eliminating the labor and wastes associated with cleaning reusable 107 

glassware. The smaller sample volumes and disposable vials result in reductions in waste generation. In 108 

most commercial applications, purge times are standardized, resulting in the presumed sparging of a 109 

consistent fraction of target volatile analytes. A key advantage of the in-vial sparge and aliquot-based 110 

systems is that these can be automated to provide reproducibility in flow rate and sparge time and provide 111 

capabilities for pre-staging multiple samples for unattended operation. A key disadvantage of the in-vial 112 

sparge system is that the small sample vials are not optimally configured for sparging. Bubbles produced 113 

by the typical needle assembly are often larger than those generated by a diffuser and the bubble 114 

residence time in solution is limited due to the small sample volume and limited liquid-gas contact 115 

distance and time. While use of short, consistent sparge times and volumes provides an effective method 116 

for generating a reproducible standard curve, high-quality data, and rapid throughput, sparge times of 117 

only a few minutes in an unoptimized configuration are inadequate to completely sparge analytes from 118 

aqueous samples [13, 21]. In most cases, the sparge time and flowrates are set based on general guidelines 119 

and experience.   120 

Additional quantitative data are needed to document the relative performance of full scale and in-vial, or 121 

aliquot-based, sparge systems and to provide additional technical basis for selecting the optimal sparge 122 

apparatus and/or conditions for a variety of scenarios. By using high quality analytical standards, the 123 

following experiments using Hg0 and toluene as a surrogates provide a simple and straightforward basis 124 

for generating comparative data and developing a straightforward, practical model.  125 

In this research, measured performance data for in vial sparging and for full scale sparging were used to 126 

formulate and demonstrate a reduced order mathematical model. The proposed model is an extension of 127 

the equilibrium-based Novak [12] and successor models, modified to support application to systems that 128 

do not reach equilibrium. The objective of the reduced order model was to match and quantitatively 129 

predict relative sparging effectiveness and sparge progress for the in-vial sparge system and the standard 130 

full-scale sparge system. As shown in Figure 1c, the reduced order model utilizes dimensionless Henry’s 131 

Law coefficient (Hcc) to describe the dynamic partitioning of volatile constituents, in this case Hg0 and 132 

toluene into the sparge gas. An exponential equation describes sparging progress based on a mass balance 133 

in a completely stirred tank reactor, equilibrium-based partitioning into the gas phase, and integration 134 

over time [13]. If the sparge gas reaches Hcc equilibrium before exiting the solution, then the resulting 135 

model predicts the normalized purge performance of an optimized sparger as a simple function of Hcc and 136 

the air: water ratio, β. The model for this optimized case is identical to Novak [12] and similar models. 137 

For predicting in vial sparge performance in cases where the gas does not reach equilibrium, the model 138 

was extended to include a factor () describing the extent of reaction in terms of fractional progress of the 139 

partitioning toward complete equilibrium. The resulting model, based on easily measured emergent data, 140 

provides a simpler alternative to the constitutive-mechanistic models currently in the literature and 141 

expands capabilities to predict non-optimized systems compared to equilibrium models. Since the 142 

proposed exponential model reduces the need for detailed information on parameters that are difficult to 143 

measure, it provides a tool that may be more practical for understanding the relative performance of 144 

alternative sparge configurations compared to a baseline optimized sparge apparatus, as well as support 145 

scoping, developing, designing, and validating diverse analytical protocols.  146 

2. Material and methods 147 

2.0. Reagents and Equipment 148 

Full details of the analytical protocols, reagents, instruments, and settings used for analysis of both 149 

mercury and toluene are provided in the supplementary materials.  150 

The mercury testing used certified inorganic mercury standards (High Purity Standards and Brooks-Rand 151 

Instruments) and a reducing stannous chloride reagent prepared according to [3] from ACS reagent grade 152 
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stannous chloride and hydrochloric acid (Fisher Scientific) to generate known quantities of Hg0 in each 153 

vial. The mass of mercury in the gas sparged through each apparatus or vial was collected in traps packed 154 

with gold coated sand or with high surface area activated carbon beads. A confirmatory evaluation was 155 

performed using the in-vial sparge system with toluene (Fisher Scientific) solutions. The objective of the 156 

confirmatory evaluation was to determine if a robustness of the reduced order model,  157 

Table 1 summarizes relevant physical and chemical properties for the two tested analytes. Modeling 158 

predictions that effectively match the sparge behaviors for these two disparate compounds (a volatile 159 

metal and a VOC which have substantially different diffusion coefficients in water & air, aqueous 160 

solubilities, vapor pressures, octanol water partition coefficients, boiling points, melting points and 161 

related properties) supports the potential for a general ability of the reduced order model to inform 162 

experimental designs and to provide predictions for a range of purgeable constituents. 163 

2.1. Sparge model 164 
The sparge performance data was used to formulate and inform a mathematical model to predict sparging 165 

effectiveness of the in-vial sparge system and the standard full-scale sparge system. The sparge model is 166 

an extension of the simple analytical solution described by Looney et al. [13] in which a volatile analyte, 167 

such as gaseous Hg0 or toluene, partitions into the sparge gas according to a Hcc:  168 

𝐻𝑐𝑐 =  
(𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻𝑔0𝑖𝑛 𝑔𝑎𝑠 𝑝ℎ𝑎𝑠𝑒 𝑖𝑛 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑡 𝑢𝑛𝑖𝑡𝑠 𝑠𝑢𝑐ℎ 𝑎𝑠 

𝑛𝑔

𝑚𝐿
)

(𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻𝑔0𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 𝑖𝑛 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑡 𝑢𝑛𝑖𝑡𝑠 𝑠𝑢𝑐ℎ 𝑎𝑠 
𝑛𝑔

𝑚𝐿
)

=  
[𝐻𝑔0]

𝑔𝑎𝑠

[𝐻𝑔0]𝑙𝑖𝑞
   (1) 169 

Hcc is a conditional parameter that can vary if the solution matrix changes significantly. However, for 170 

volatile constituents that are not subject to confounding solution reactions, this parameter has proven to be 171 

robust and broadly useful in environmental chemistry applications. In matrices associated with 172 

environmental samples, Hcc values for most constituents are well documented, relatively stable, and 173 

consistent.  Hcc values for most volatile constituents are reported in the literature and are tabulated in 174 

widely available databases such as in the US EPA Estimation Program Interface (EPI) Suite [23]. The 175 

literature often provides information on Hcc as a function of temperature and other key solution factors, 176 

providing the basis for broad use of a Hcc based model formulation for understanding and scoping 177 

sparging performance for analytical methods. As shown in Table 1, the estimated Hcc for Hg0 at 20 ˚C is 178 

approximately 0.305 and the estimated Hcc for toluene is approximately 0.195.  179 

In an optimized configuration, the sparge system is treated mathematically as a completely stirred reactor 180 

and the sparge gas is assumed to reach equilibrium with the contacted liquid. Mercury is removed from 181 

the liquid over time, resulting in an exponential equation describing sparge progress [13]. Based on mass 182 

balance and integration over time, the normalized purge performance of an optimized sparger can be fully 183 

approximated as a simple function of Hcc and the air: water ratio, : 184 

 = the ratio of the purge air volume to the fixed water volume in the vessel using consistent units 185 

   =  
(𝑔𝑎𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑠𝑡𝑑 𝑚𝐿 𝑝𝑒𝑟 𝑚𝑖𝑛𝑢𝑡𝑒)(𝑝𝑢𝑟𝑔𝑒 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑚𝑖𝑛𝑢𝑡𝑒𝑠)

(𝑙𝑖𝑞𝑢𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑝𝑢𝑟𝑔𝑒 𝑣𝑖𝑎𝑙 𝑖𝑛 𝑚𝐿)
     (2) 186 

We extended the analytical solution from Looney et al. [13] to assess the relative performance of an in-187 

vial sparge system by assuming that the incoming sparge gas may not achieve complete equilibrium and 188 

by including a term (, ranging from 0 to 1) that represents how much progress is made toward 189 

equilibrium in the gas bubbles before they exit the liquid surface. The metric for sparge progress is the 190 

normalized mass removal from the starting solution in the sparger. The resulting modified analytical 191 

solution is: 192 

normalized fraction of mass removed as a function  and  =  
M(𝛽)

M(0)
 193 
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= 1 −  𝑒−ξ 𝐻𝑐𝑐𝛽  (3) 194 

where M(0) and M() are the initial mass and remaining mass as a function of sparge progress, respectively.  195 

At any stage of the sparge process, M() is equivalent to solution concentration multiplied by the volume 196 

of liquid in the sparge apparatus. In an optimized sparge system, = 1 and the resulting equation 197 

simplifies to a form that is analogous to that reported by Novak [12], Looney et al. [13], and others. The 198 

measured performance of in-vial sparge systems will support generating  values that will facilitate 199 

technically based deployment of small scale in-vial sparge and modular configurations.   200 

2.2. Sparge tests 201 
Hg0 was used for method development since the Hcc for Hg0 is well documented and this constituent can 202 

be quantitatively generated in aqueous solution using high-quality inorganic mercury analytical standards 203 

and stannous chloride reductant. The in-vial sparge system vials were loaded with 15 mL of liquid and 204 

gas flow rates for the in-vial sparging ranged from 50 to 75 standard mL/min for periods from 0 to 13 205 

minutes. The confirmatory in-vail sparge testing using toluene was performed on the same test stand 206 

using equivalent conditions – 40 mL vials containing 15 mL of aqueous sample and a sparge gas flow rate 207 

of 75 standard mL/min, and sparge times ranging from 0 to 10 minutes. The full scale sparge systems 208 

were loaded with 100 mL of liquid and sparge gas flow rates in the full scale sparge tests ranged from 25 209 

to 65 standard mL/min for periods from 0 to 30 minutes.  210 

The full scale sparging and analysis were performed using EPA Method 245.7 using standard sparging 211 

glassware, and modular units for flow control, amalgamation onto gold coated sand, thermal desorption 212 

and AFS (Brooks-Rand Instruments) (Figure 1a). The in-vial sparging and analysis were performed using 213 

EPA Method 7473 using a manual in-vial sparging test stand (Tekran Instruments) (Figure 1b). The in-214 

vial and full-scale mercury analysis methods have been previously documented and validated [11, 21, 22].  215 

A custom Ultraviolet (UV) spectroscopy method was developed for analysis of toluene to allow 216 

experimental testing in the same sparge apparatus under the same conditions of sample volume, flow, and 217 

needle assembly. A toluene stock solution prepared from ACS reagent grade toluene (Fisher Scientific) 218 

was added to each test vial prior to sealing and testing. Upon completion of sparging, liquid samples were 219 

collected, placed in sealed quartz cuvettes with no headspace, and analyzed withing ten minutes of 220 

collection using a Thermo Scientific Genesys 10S Ultraviolet-visible (UV-Vis) spectrometer. This 221 

method provided quantitative data on the residual toluene in the sparged solution and supported 222 

calculation of the sparge progress for varying sparge times and sparge gas volumes. Additional details on 223 

the sparging systems and the analytical protocols for both mercury and toluene are provided in the 224 

supplementary material. 225 

2.3. Model validation 226 
The data from the in-vial sparge system method development study was used to determine the ability of 227 

the proposed reduced order analytical model to match the progress of sparging for the test compounds and 228 

conditions and statistically assess the quality of the model predictions. Several quantitative metrics for 229 

model prediction were calculated, a bivariate correlation of paired data, measured and predicted, using 230 

Pearson product-moment correlation coefficients (Pearson r), a calculated bias for each data pair, and an 231 

average bias. The Pearson r and average bias metrics were calculated for the entire dataset and for the 232 

various data subsets. 233 

3. Results and Discussion 234 

3.1. Sparge tests 235 
As shown in the primary set of experiments using vapor-phase Hg0, sparging results for the in-vial sparge 236 

apparatus and full scale sparge apparatus (Figure 2), demonstrated steadily increasing sparge progress 237 

until the mass was depleted, as wells as complete and quantitative recovery of the spiked mercury for 238 
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samples with long sparge times (high air-water ratio). The accuracy and precision of the mercury data 239 

were within the documented instrument performance specifications (2  15%) and no mercury 240 

breakthrough was observed onto the backup traps (see supplemental information). For mercury, the data 241 

confirm accurate spiking, complete conversion of the inorganic ionic mercury in solution to volatile Hg0, 242 

effective sparging at later times, and complete capture of the sparged Hg0 by gold trap (for the full-scale 243 

tests) and activated carbon traps (for the in-vial testing). In the mercury tests, the in-vial sparging lagged 244 

the full scale sparging as a function of air: water ratio. This relative performance is consistent with the 245 

expectation of a higher sparge effectiveness in the optimized full scale apparatus design.  246 

Figure 3 depicts the comparative data for the in-vial testing for both mercury and toluene. The general 247 

behavior of the data for toluene is similar to the general behavior of mercury; notable, steadily increasing 248 

sparge progress until the mass was depleted, as wells as complete and quantitative recovery of the spiked 249 

toluene for samples with long sparge times (high air-water ratio). In these tests toluene sparging lagged 250 

Hg0 sparging as a function of air: water ratio. This relative performance is consistent with the partitioning 251 

properties of test analytes. Toluene has a lower Hcc than Hg0. 252 

3.2. Model validation 253 

In Figure 2, the theoretical reduced-order model predictions for Hg0 sparging performance in an 254 

optimized system with a  of 1.0 is plotted for comparison, along with measured data generated using 255 

standard full-size sparge equipment. This comparison data was previously documented in the literature 256 

[e.g., 13, 21] and assumes the sparge gas reaches 100% of its theoretical equilibrium value. The standard-257 

full-size sparge system provided effective and complete mass transfer and the data closely match the 258 

theoretical prediction. Similarly, for the in-vial sparge system, the reduced order model prediction for Hg0 259 

closely matches the data using a best fit  of 0.33. According to the data and model, the full-scale sparge 260 

system completely purges Hg0 at air: water ratios greater than approximately 15, while the small in-vial 261 

sparge system purges all of the Hg0 at air: water ratios greater than approximately 40. This difference may 262 

be less significant in practice, however, because the full-size system uses larger volume samples that have 263 

often been diluted; thus, increasing the required purge gas volume and time.  264 

Data from the in-vial sparge system for the two test compounds are depicted in Figure 3. The general 265 

shape of the model fit and each individual model prediction for both compounds closely match the 266 

measured data for a consistent  value of 0.33. This value was developed based on fitting the initial 267 

mercury experiments and using the Table 1 unmodified literature reference values for Hcc. This suggests 268 

that the purge gas in the in-vial system reached approximately 33% of its theoretical equilibrium value 269 

before exiting the liquid surface for the conditions of the testing and for both tested compounds. The 270 

general match for both compounds using a single  value supports the robustness of the proposed model. 271 

For commercial laboratories using the in-vial sparge apparatus, a short sparge time is often used to 272 

increase throughput. A 3-minute sparge time (equivalent to an air: water ratio of 10) would reproducibly 273 

purge a constant amount, approximately 78%, of the Hg0 from each sample/standard in dilute aqueous 274 

solutions and approximately 55% of toluene from dilute aqueous solutions.  275 

A key assumption and conceptualization related to the robustness of the reduced-order model is that the 276 

value is primarily influenced by system components and operations. Thus the  for any sparge system 277 

will be most sensitive to a) sparge needle or diffuser design and the associated gas bubble size 278 

distribution, b) the sparge vessel geometry and volume of water and the associated water column height 279 

for bubble exposure, and c) other operational conditions that directly influence equilibrium partitioning 280 

such as temperature. According to this conceptualization, the influence of some of the compound specific 281 

parameters that underpin many constitutive models, such as gas and liquid phase diffusion coefficients, 282 

would, have a lesser practical impact on the model predictions, Thus, to adequately verify the reduced-283 

order model, the model predictions need to be accurate for disparate compounds (e.g., both Hg0 and 284 
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toluene) using the same . The key assumptions are supported if a single  value provides effective 285 

predictions for both compounds.  286 

A bivariate correlation of paired data, measured and predicted, was performed. Five Pearson r correlation 287 

coefficients were calculated for the validation: 1) an overall correlation for all conditions and both 288 

compounds, 2) three correlation coefficients for the mercury only tests (overall, full scale, and in vial), 289 

and 3) a correlation coefficient for the toluene only in-vial test. A strong positive correlation for the 290 

overall data supports the constitutive formulation of the model as technically reasonable. Strong 291 

correlations with similar absolute magnitudes for the overall dataset, the mercury-only datasets and 292 

toluene-only dataset support the robustness of the reduced order model to predict sparge performance for 293 

compounds with substantively different chemical and physical properties.   294 

Figure 4 depicts the graphical relationship of the bivariate paired data for all compounds and conditions. 295 

This figure includes the full scale and in-vial results for mercury and the in-vial results for toluene. For 296 

the entire dataset shown in Figure 4, the Pearson r was 0.999 and the average estimation bias was + 0.014. 297 

The span of the normalized data was 0 and 1, and the individual bias calculations indicate that the model 298 

prediction was typically within a + 0 to 3% of the measured data.  299 

The quantitative fit relationships for the various data subsets were similar to the overall dataset. The 300 

separate detail graphs of the correlations for the various subsets of data are provided in the supplementary 301 

material and are summarized below. The Pearson r and average bias for the overall mercury data set was 302 

0.999 and + 0.012, respectively. For the in-vial sparge mercury dataset, the Pearson r and average bias 303 

were 0.998 and + 0.004, respectively. For the full-scale mercury dataset, the Pearson r and average bias 304 

were 0.999 and + 0.018, respectively. For the in-vial toluene dataset, the Pearson r and average bias were 305 

0.996 and + 0.021, respectively. The entire dataset and all the various data subsets showed a high degree 306 

of correspondence between the measured values and the model predictions with the Pearson r for the 307 

paired measured data to the reduced order model predictions > 0.996.   308 

4. Conclusions 309 

The various tests confirmed and extended the information in the scientific literature. Laboratory data 310 

validated the quality, reproducibility, and predictability of the performance of a compact sparge 311 

configurations such as in-vial sparge systems and aliquot-based sparge systems. A reduced order 312 

analytical model based on two parameters, Henry’s Law partitioning and normalized sparge volume, 313 

matched the data generated by both in-vial and full-scale sparge systems for both Hg0, a purgeable metal, 314 

and toluene, a purgeable VOC. For the specific in-vial apparatus and conditions tested, the calibrated 315 

model indicated that the sparge gas reached approximately 33% of its equilibrium value before exiting the 316 

water surface for both tested compounds. The full scale sparge apparatus, consistent with its design basis 317 

(small bubble size and long contact time), was well predicted by the theoretical case where the sparge gas 318 

reaches 100% of its equilibrium value.  319 

Related factors such as waste generation, worker risk, and labor also impact the viability and practicality 320 

of alternative sparge platforms.  Full scale sparge systems provide the advantage of lower detection levels 321 

due to larger sample volumes, while the in-vial sparge systems provide advantages for most other factors 322 

such as reducing secondary wastes, lessening the need to clean and check the sparge apparatus, 323 

automatability, and lowering labor and costs.  324 

The proposed reduced-order model focuses on emergent system behaviors and does not provide an a-325 

priori prediction of . Instead, the model must be calibrated to determine a conditional  by collecting 326 

representative information using one or more compounds of known Hcc. Further, the proposed model 327 

assumes a dilute-simple matrix or, alternatively, a consistent matrix for calibrating  and then for running 328 

samples. The model assumes low or consistent levels of the following: surfactants, competing phases 329 

such as sorbents or separate phase organics, ionic strength, and other solutes/conditions that can complex 330 
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or otherwise react with target analytes in solution. Note that these cautions are not unique to the proposed 331 

model, but they universally apply for reliable purge and trap and similar sparge-based analytical methods. 332 

The proposed model is applicable to purgeable analytes that are volatile or semivolatile analytes and 333 

which have low to moderate solubility that are amenable to purging.  334 

The equilibrium-based mass balance model was demonstrated as a practical tool to facilitate designing 335 

and deploying sparge or purge-and-trap methods. Initially, the  for any subject dynamic headspace 336 

configuration (in vial or aliquot-based using a specific liquid volume) can be estimated by measuring 337 

sparge progress as a function of air water ratio for a constituent that has a known Hcc. The best sparge 338 

conditions (flow rate and time) for applying the method to multiple constituents can then be developed 339 

based on the resulting estimated , along with the Hcc of the least volatile target analyte, assuring the 340 

effectiveness post sparge traps to avoid breakthrough, and evaluating the appropriate balance of 341 

throughput and robustness. Higher air: water ratios increase sensitivity and reduce analytical variability 342 

because the mass removal increases, and the mass removal curve flattens as  increases. For any 343 

purgeable constituent, the model provides an estimate of the  needed for complete sparging to support 344 

mass balance calculations and provide a tool for cross checking and enhancing quality assurance. 345 

Alternatively, if short analysis times and high throughput are primary drivers in a method deployment for 346 

samples with consistent bulk matrices, then the model would support implementing sparge times that 347 

would provide a desired level of sparging to reproducibly achieve target detection levels. The model also 348 

supports use of previously calibrated in-vial sparging systems to determine conditional Hcc values for 349 

compounds where such data are not available in the literature. The results from this research and the 350 

associated reduced order model support continued development and deployment of in-vial and aliquot-351 

based sparge platforms for analysis of purgeable analytes such as various mercury species, other volatile 352 

metals-organometallics, and VOCs. The results demonstrate that these sparge systems are practical, and 353 

possibly preferred, alternatives in appropriate laboratory scenarios. 354 

 355 
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Figure Captions: 1 

Figure 1. Schematic and Commercial Exemplars for: (a) Full-Scale Sparge System, (b) In-Vial Sparge 2 

System, and (c) Conceptual Model and Mathematical Relationships used to Model Sparge Performance -- 3 

images adapted for figure courtesy of Brooks Rand Inc. 4 

Figure 2. Elemental Mercury Sparging Data and Model Predictions for Full Scale and In-Vial Systems  5 

Figure 3. Elemental Mercury and Toluene Data and Model Predictions for In-Vial System 6 

Figure 4. Paired Bivariate Data Comparison -- Experimental Results and Model Predictions for all 7 

Conditions and All Compounds 8 

Figure Captions Click here to access/download;Figure;Figure Captions (1).docx

https://www.editorialmanager.com/chroma/download.aspx?id=2362297&guid=1772762e-8abb-4e51-b6c3-cec5a1031952&scheme=1
https://www.editorialmanager.com/chroma/download.aspx?id=2362297&guid=1772762e-8abb-4e51-b6c3-cec5a1031952&scheme=1


[Hg0]gas ≅ β H’ [Hg0]liq

[Hg0]gas

[Hg0]liq

[Hg0]gas

[Hg0]liq

Figure 1 Click here to access/download;Figure;figure 1 test
printout.pdf

https://www.editorialmanager.com/chroma/download.aspx?id=2362127&guid=ac283e10-8a91-4f94-8856-f6460d18a0b1&scheme=1
https://www.editorialmanager.com/chroma/download.aspx?id=2362127&guid=ac283e10-8a91-4f94-8856-f6460d18a0b1&scheme=1


0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35 40 45 50

El
em

en
ta

l M
er

cu
ry

 S
pa

rg
ed

 fr
om

 S
am

pl
e 

(fr
ac

tio
n)

Air:Water Ratio

Full-Scale Sparge Data

Full-Scale Sparge Model Prediction

In-Vial Sparge Data

In-Vial Sparge Model Prediction

Full Scale versus In-Vial Sparging - Elemental Mercury

Figure 2 Click here to access/download;Figure;figure 2 test printout.pdf

https://www.editorialmanager.com/chroma/download.aspx?id=2362128&guid=62c3c7be-2fc8-4b3c-be87-55aeb9ec2712&scheme=1
https://www.editorialmanager.com/chroma/download.aspx?id=2362128&guid=62c3c7be-2fc8-4b3c-be87-55aeb9ec2712&scheme=1


0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35 40 45 50

An
al

yt
e 

Sp
ar

ge
d 

fro
m

 S
am

pl
e 

(fr
ac

tio
n)

Air:Water Ratio

Toluene - In-Vial Sparge Data

Toluene - Sparge Model Prediction

Mercury - In-Vial Sparge Data

Mercury - In-Vial Sparge Model Prediction

In-Vial Sparge Results for Elemental Mercury and Toluene 

Figure 3 Click here to access/download;Figure;figure 3 test printout.pdf

https://www.editorialmanager.com/chroma/download.aspx?id=2362129&guid=53c493c3-7846-44a7-af54-57c04a56b3d2&scheme=1
https://www.editorialmanager.com/chroma/download.aspx?id=2362129&guid=53c493c3-7846-44a7-af54-57c04a56b3d2&scheme=1


0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

M
ea

su
re

d 
Sp

ar
ge

 R
em

ov
al

 (f
ra

ct
io

n)

Model Estimated Sparge Removal (fraction)

Overall - Pearson Correlation (r) = 0.999
avg estimation bias = +0.014

Overall (all compounds and conditions)

Figure 4 Click here to access/download;Figure;figure 4 test printout.pdf

https://www.editorialmanager.com/chroma/download.aspx?id=2362130&guid=f30c485f-c48f-4665-aefe-2a087deac1bd&scheme=1
https://www.editorialmanager.com/chroma/download.aspx?id=2362130&guid=f30c485f-c48f-4665-aefe-2a087deac1bd&scheme=1


 
 

1 

 

Table 1. Summary of Key Chemical and Physical Properties of Mercury and Toluene  

 Parameter 
Mercury 

(CAS No. 007439-97-6) 
Toluene  
(CAS No.  000108-88-3) 

References 

aqueous solubility  

(mg/L in water) a 
0.05 526 [23, 24, 25, 26] 

vapor pressure  

(mg/L in air) a 
0.020 128 [23, 26, 27, 28] 

diffusion coefficient in 

water (cm2/sec) a 
19x10-6 9x10-6 [29, 30, 34]  

diffusion coefficient in 

air (cm2/sec) a 
13x10-2 7x10-2 [29, 30, 31] 

octanol water partition 

coefficient (Kow) 
4.16 537 [23] 

boiling point (°C) 357 111 [23, 27, 28] 

melting point (°C) -39 -139 [23] 

Henry's Law air: water 

partition coefficient 

(dimensionless, Hcc) at 

25 °C a 

0.466 0.244 [23, 29, 30, 33, 34] 

 

Henry's Law air: water 

partition coefficient 

(dimensionless, Hcc) at 

20 °C b 

0.305 0.195 [33] 

a Tabulated values for reference solubility, vapor pressure, diffusion coefficients, and Hcc are for 25 °C 

b Tabulated Hcc representing ambient laboratory conditions (20 °C) used for modeling predictions 
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