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Abstract

:

Volatile organic compounds (VOCs) in contaminated soils have been investigated in near-surface environments to describe their transport behaviors and the resultant impacts of vapor intrusion into buildings. Prior studies have suggested that temperature changes significantly influence such transport behaviors in near-surface soils; however, the nature of these influences and their mechanisms have remained unclear. This is because an inverse correlation between the in situ temperature and VOC flux changes has been suggested but has not been experimentally investigated or demonstrated. Herein, we show the results of a set of experiments on the vertical and upward vapor-phase diffusive transport of benzene in sandy soils for different sand grain size and water content combinations under sinusoidal temperature changes between 20 and 30 °C. Under all experimental conditions, changes in the flux from the soil surface correlated with temperature changes, whereas changes in the flux into the overlying soil showed inverse correlations. Concurrent monitoring of the relative humidity revealed that an inverse correlation was exhibited in response to the condensation and volatilization of water. Moreover, the intensity of the inverse correlation was independent of grain size but was larger at higher water contents. Overall, water in soil may induce an inverse correlation.
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1. Introduction


Volatile organic compound (VOC) contaminants, such as chlorinated hydrocarbon (CHC) and petroleum hydrocarbon (PHC) compounds, are commonly found in near-surface soils, and they pose a serious environmental issue owing to their large-scale production and extensive utilization in the manufacturing industry [1,2,3]. These VOC vapors can migrate from contaminated near-surface soils into buildings via overlaying building foundations, thereby resulting in higher indoor VOC concentrations than those of the outdoor environment [4,5]. The inhalation of VOC vapors inside a building is considered to be a significant exposure pathway at VOC-contaminated sites and poses a severe hazard to human health [1,4,6,7].



Under building foundations, several factors influence VOC vapor transport behavior [8,9]. For instance, previous studies have proposed that soil temperature changes significantly influence VOC transport behaviors [8], and that the diffusive transport rates of VOCs are greater under higher temperatures in static temperature environments [10,11,12,13]. However, owing to the dynamic nature of these environments and/or heterogeneities in the geophysical properties of subsurface soil, the VOC vapor transport behavior may be complex or counterintuitive in some special cases. Bekele et al. (2014) [8] determined an inverse correlation between the subsurface soil temperature and VOC flux changes on the basis of field observations at depths of up to 3 m in near-surface soils. Although the changes in the in situ trichloroethylene (TCE) fluxes were positively correlated with the in situ temperature changes at shallower locations, an inverse correlation was revealed for deeper locations. These findings may be related to those reported by Barnes and McRae (2017) [9], who observed that changes in the indoor tetrachloroethylene (PCE) concentration were closely correlated with relatively shallow soil temperatures as opposed to deeper soil temperatures at a depth range of approximately 3 m. However, to the best of our knowledge, this inverse correlation under dynamic temperature environments has not been experimentally demonstrated or investigated in the laboratory, as most laboratory investigations on gas-phase diffusive VOC transport experiments in soils have been conducted under static temperature conditions [14,15,16,17,18,19,20,21,22].



In a few laboratory-based studies that have considered dynamic environments in near-surface soils, the correlation between temperature and VOC flux changes was generally found to be positive [22,23,24]. In the experiments reported by Ausma et al. (2003) using a mesocosm-scale simulator facility [24], soil surface temperature changes were driven by diurnal temperature variations (18–24 °C). Their study showed a correlation between changes in soil surface temperature and total hydrocarbon flux from the soil surface. In another study conducted by Shonnard and Bell (1993) [23], the influences of field conditions, such as temperature and relative humidity (RH) changes above the soil surface, were investigated. In their experiments, the temperature changed diurnally, while the RH was maintained at a relatively constant value. Changes in the benzene flux from the soil surface were also found to be correlated with the temperature changes. Therefore, more extensive investigations must be conducted on the correlation between the soil temperature and VOC flux changes not only for the soil surface but also for the deeper layers, owing to the inconsistent conclusions drawn among previous laboratory experiments and field observations.



In this study, we aim to experimentally investigate the occurrence and mechanisms of the inverse correlation between the changes in temperature and the vertical vapor-phase VOC diffusive flux in soils. We first present and describe a newly developed experimental method for investigating the vertical vapor-phase diffusive transport of VOCs through a soil sample, which enables separate and continuous measurements of the changes in the VOC concentration and flux at both the bottom and top of the soil sample under both static and dynamic temperature conditions. This experimental method also enables continuous measurements of RH and water vapor flux changes at the top of the soil to obtain insights into the behavior of water, which may have some influence on VOC transport. Subsequently, we present the results of static temperature (25 °C) and dynamic temperature (25 ± 5 °C) experiments on the diffusive transport of benzene through a sandy soil sample with a water content of 10 wt% to verify that the characteristic results showing the inverse correlation under the dynamic temperature condition are not obtained under the static temperature condition. Thereafter, we present the results of a set of dynamic temperature experiments on the diffusive transport of benzene for different combinations of sand grain size (coarser and finer grains) and water content (air-dried and 10 wt%) to reveal the influences of these conditions on the inverse correlation. The grain size and water content of soil may affect the intensity of VOC sorption and desorption from the soil grain, which also has a potential influence on VOC transport. Finally, the possible mechanisms of the inverse correlation are discussed based on the experimental results.




2. Materials and Methods


2.1. Experimental System


An experimental system for the vertical vapor-phase diffusive transport of VOCs through a soil sample was developed using an aluminum column, as illustrated in Figure 1. In this system, the VOC concentration and temperature can be continuously measured at both the bottom and top spaces of the column, and the RH within the column can be continuously measured at the top space under both static and dynamic temperature conditions. The inner diameter and length of the column were 4.4 and 28.6 cm, respectively. A soil sample (occupying a length of approximately 10 cm) containing a prescribed amount of water was placed in the middle of the column, where it was supported at its lower end by a 1 mm-thick stainless-steel sintered filter and capped at its upper end by another filter on which a 50 g weight was placed for stabilization of the soil.



The top and bottom spaces of the column were monitored using thermocouples and portable gas detectors (GX-6000, Riken Keiki Co., Ltd., Tokyo, Japan). The gas detectors were equipped with a pump that allowed for the continuous circulation of gas between the detector and the top or bottom space. The VOC concentration was measured every 5 min via the photoionization detector (PID). A preliminary experiment revealed that the pump produced no detectable pressure difference (<0.1 kPa) between the bottom and top spaces. Therefore, advective VOC transport due to pumping was deemed unlikely. The top space of the column was monitored using a humidity transmitter (EE-23-T6, TEKHNE Co., Ltd., Kanagawa, Japan). During conduction of the experiments, the column—with the thermocouples, gas detectors, and humidity transmitter—was placed in a temperature-controlled air bath that could operate between −15 and 50 °C.




2.2. Experimental Procedures


Either 233 g of air-dried coarse-grained silica sand (grain size: 1.2–2.4 mm) or 221 g of air-dried relatively fine-grained silica sand (grain size: 0.074–0.35 mm) was first homogeneously packed into the column, as shown by the vertical X-ray computed tomography slice images in Figure 2. The images were captured at an X-ray tube voltage of 120 kV, X-ray tube current of 150 µA, and voxel size of 40 × 40 × 40 µm using a microfocus X-ray computed tomography system (ScanXmate-D225RSS270, Comscantecno Co., Ltd., Kanagawa, Japan), where a lighter color corresponds to a higher density in the image. Although the shape of each grain of the finer-grained silica sand is difficult to identify in the figure because of the voxel size employed, the homogeneity of the packing can be confirmed by the homogenous color displayed in the figure. Both silica sands are natural silica sands produced in Japan, where the courser and finer ones are Keisha No. 3 (Takeori Mineral Mining Co., Ltd., Tokyo, Japan) and Toyoura silica sand (Toyoura Keiseki Kogyo Co., Ltd., Yamaguchi, Japan), respectively. As these sands have been utilized widely in Japan for various purposes, their chemical characteristics are well documented [25,26,27]. Typically, these sands contain ≥90% silica and rarely contain organic impurities [27,28,29,30].



During wet soil sample preparation, the prescribed amount of water (described in Section 2.3) was added to the top face of the soil sample using a syringe, and the column was left to rest overnight. As no water dropped from the soil sample to the bottom space, we expected that all added water was naturally distributed in the soil sample. The amount of water may decrease gradually from the top to the bottom owing to the addition of water from the top and matric potential/capillary forces, and the water retention behavior may be different between the coarser- and finer-grained silica sands. This type of vertical variation in water content simulates conditions for a depth of up to 3 m in near-surface soils, under which an inverse correlation between temperature and VOC flux changes was observed by Bekele et al. (2014) [8]. However, measurements on the distributions of water, which should be addressed in future studies, were not conducted in this study.



After the bottom and top space temperatures reached 25 °C, approximately 3 mL of benzene gas was injected into the bottom space of the column through a gas detector circulation tube connected to a syringe. A preliminary experiment confirmed that no detectable pressure changes (<0.1 kPa) were produced during the injection. Benzene gas was extracted from the headspace of a sealed 10 mL vial, which contained 0.5 mL of liquid benzene (99.7% purity, Wako Pure Chemical Industry, Ltd., Osaka, Japan) and was heated to 60 °C. Benzene was chosen for this study, because it is a typical VOC that poses hazards to human health. The boiling point and solubility in water at 25 °C for benzene are 80.1 °C and 22.8 mmol/L, respectively [31,32].



The benzene concentration and temperature changes—for both the bottom and top spaces—and RH changes within the column were measured for 100 min, either without changes in temperature (constant at 25 °C) or under sinusoidal changes in temperature between 20 and 30 °C, that is, 25 ± 5 °C (Figure 3). During the measurement, the benzene concentrations in the bottom and top spaces, respectively, decreased and increased with time owing to the upward diffusive transport of benzene. The RH measured at the top space changed in response to changes in the amount of saturated water vapor resulting from temperature changes, and changes in the amount of existing water vapor owing to evaporation and condensation within the column.



The changes in the benzene concentration in the bottom and top spaces of the column (known dimensions) were used to estimate the benzene fluxes into and from the soil sample, respectively, as follows:


   J  v b t m , i   =   (  C  v b t m , i − 1   −  C  v b t m , i + 1   ) ×   10   − 3     22.4   ·   273   273 + T   ·    L  b t m     2 ∆ t     and  
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   J  v t o p , i   =   (  C  v t o p , i + 1   −  C  v t o p , i − 1   ) ×   10   − 3     22.4   ·   273   273 + T   ·    L  t o p     2 ∆ t   ,  
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where Jvbtm,i and Jvtop,i are, respectively, the bottom and top benzene fluxes (mol/m2/s) at measurement time i; Cvbtm,i+1, Cvbtm,i−1, Cvtop,i+1, and Cvtop,i−1 are, respectively, the bottom and top benzene concentrations (ppm) at measurement times i + 1 and i − 1; T is the temperature (°C); Lbtm and Ltop are, respectively, the lengths (m) of the bottom and top spaces; and Δt is the measurement interval (i.e., 5 min = 300 s). The changes in the RH measured at the top space of the column were used to estimate the water fluxes from the soil sample, for which positive and negative values correspond to water evaporation and condensation within the column, respectively, as follows:


   J  w , i   =    m  i + 1      h  i + 1     100   −  m  i − 1      h  i − 1     100     ·    L  t o p     2 ∆ t   ,  



(3)




where Jw,i is the water flux (mol/m2/s) at measurement time i; mi+1 and mi−1 are, respectively, the amounts of saturated water vapor (mol/m3) at measurement times i + 1 and i − 1; and hi+1 and hi−1 are, respectively, the RH (%) at measurement times i + 1 and i − 1.



We note that the temperature changes in the average value, +/−5 °C, and the decreasing VOC concentration as per this study design were referenced from the study of Bekele et al. (2014) [8], who suggested that an inverse correlation between the temperature and VOC flux changes may be demonstrated under such conditions. Moreover, we noted a preliminary measurement that showed that the temperature changes at the center of the sand-packed column were delayed when compared to those in the bottom and top spaces. However, this delay was small (approximately 5 min), and did not affect the investigation of the flux changes. Consequently, no consideration for the delay has been required so far. Therefore, an almost identical temperature change occurred at any location within the column, which simulates the approximately depth-independent temperature change at a depth range of up to 3 m, as previously reported [8]. Therefore, only the data for the bottom temperature are presented in the results.




2.3. Experimental Conditions


A total of five experiments (Runs 1–5) were conducted in this study, as listed in Table 1. Run 1, for comparison with Run 2, was conducted on the coarser-grained silica sand at a water content of 10 wt% under static temperature conditions. Runs 2 and 3 were conducted, respectively, on the coarser- and finer-grained silica sands at a water content of 10 wt% under dynamic temperature conditions. Runs 4 and 5 were conducted, respectively, on the air-dried coarser- and finer-grained silica sands (water content: ~0.3 wt%) under dynamic temperature conditions. The amount of water added for 10 wt% water content was 23 g for the courser-grained silica sand and 22 g for the finer-grained silica sand.





3. Results


3.1. Inverse Correlation between Temperature and Benzene Flux Changes


Figure 4 shows a comparison of the changes in the RH and corresponding water flux measured at the top (outlet) space, and the benzene concentrations and corresponding fluxes measured for the bottom (inlet) and top spaces between the static (Run 1) and dynamic (Run 2) temperature experiments. In Run 1 under the static temperature condition (Figure 4a), the RH was initially close to 100% and, therefore, increased slightly and gradually with time at a constant temperature owing to the slow evaporation of water. Correspondingly, an insignificant water vapor flux was observed throughout the experiment. The benzene concentration at the bottom decreased with time as a result of benzene intrusion into the soil sample. Simultaneously, the benzene concentration at the top increased with time as a result of benzene emission from the soil sample. As the difference between the bottom and top benzene concentrations generally decreased with time, the bottom and top fluxes decreased in the overall trend. The bottom flux was generally larger than the top flux owing to benzene infiltration into ineffective pore spaces and/or the dissolution of benzene into water within the soil.



On the other hand, in Run 2 under the dynamic temperature condition (Figure 4b), a decrease and subsequent recovery in the RH occurred in response to the temperature rise and drop, as indicated by the arrows. The decrease in RH may have largely reflected an increase in the amount of saturated water vapor as a result of rising temperature, while the recovery of the RH may have largely reflected a decrease in the amount of saturated water vapor as a result of the decreasing temperature. Peaks of negative and positive water fluxes were shown; therefore, peaks of water condensation and evaporation within the column were also shown. Consequently, the water flux change was inversely correlated with the temperature change. The bottom and top benzene concentrations showed changes similar to those observed in Run 1 under static temperature conditions (Figure 4a). However, the top and bottom fluxes changed differently from those in Run 1. The change in the top benzene flux was largely correlated with temperature change, as can be expected from the larger rate of diffusive transport for VOCs in higher temperature soils reported in previous studies [11,12,13]. In contrast, an inverse correlation was found between the changes in the temperature and bottom benzene flux, as indicated by the arrows. It appeared that the onset and termination of the increased bottom benzene fluxes occurred near the peaks of negative and positive water vapor fluxes (i.e., peaks of condensation and evaporation of water).




3.2. Influences of Sand Grain Size and Water Content on Inverse Correlation


Figure 5 shows a comparison of the changes in the RH and corresponding water flux, and benzene concentrations and corresponding fluxes between the aforementioned dynamic temperature experiment with the coarser-grained silica sand (Run 2) and the dynamic temperature experiment with the finer-grained silica sand (Run 3). The results for Run 3 with the finer-grained silica sand (Figure 5b) were very similar to those obtained in Run 2 with the coarser-grained silica sand (Figure 5a). A decrease and subsequent recovery in the RH occurred in response to temperature change, as indicated by the arrows, and peaks of negative and positive water fluxes (i.e., condensation and evaporation of water) were shown. The bottom and top benzene concentrations showed changes similar to those observed in Run 2. The change in the top benzene flux correlated with the temperature change, while an inverse correlation was observed between the changes in the temperature and bottom benzene flux, as indicated by the arrows. Moreover, the aforementioned link between the changes in the bottom benzene flux and the water vapor flux was present.



Figure 6 shows a comparison of the changes in the RH and corresponding water flux, and benzene concentrations and corresponding fluxes between the aforementioned dynamic temperature experiment using the coarser-grained silica sand with 10 wt% water content (Run 2) and the dynamic temperature experiment using the same silica sand under air-dried conditions (Run 4). The results for Run 4 involving the coarser-grained silica sand under air-dried conditions (Figure 6b) were different from those obtained in Run 2 for the coarser-grained silica sand with 10 wt% water content (Figure 6a). The changes in the RH and corresponding water vapor flux were much smaller. Nevertheless, it can be seen that RH changes are inversely correlated with temperature changes owing to the increasing/decreasing amount of saturated water vapor under rising/dropping temperatures. The peaks of negative and positive water fluxes were unclear, although the fluxes showed both negative and positive values. The bottom and top benzene concentrations showed qualitatively similar changes to those observed in Run 2, wherein the faster changes were attributed to the larger effective diffusion coefficients at smaller water contents [33,34,35,36]. Preliminary experiments revealed that the effective diffusion coefficient for the coarser-grained silica sand at 25 °C was of the order of 10−6 m2/s under air-dried conditions and 10−7 m2/s at 10 wt% water content. As observed in Run 2, the change in the top benzene flux was positively correlated with the temperature change to a large extent. However, the inverse correlation was found to be less significant, even though it was demonstrated as indicated by the arrows.



Figure 7 shows a comparison of the changes in the RH and corresponding water flux, and benzene concentrations and corresponding fluxes between the aforementioned dynamic temperature experiment using the finer-grained silica sand with 10 wt% water content (Run 3) and the dynamic temperature experiment using the same silica sand under air-dried conditions (Run 5). The differences between the Run 5 results and Run 3 results (i.e., influences of water content) were similar to the differences observed for the coarse-grained silica sand. The changes in the RH and corresponding water vapor flux were much smaller, although the RH change was inversely correlated with temperature change, and the water vapor flux showed negative and positive values. The bottom and top benzene concentrations showed qualitatively similar changes, where the faster changes were attributed to the larger effective diffusion coefficients at smaller water contents. Preliminary experiments revealed that the effective diffusion coefficient for the finer-grained silica sand at 25 °C was also of the order of 10−6 m2/s under air-dried conditions and 10−7 m2/s at 10 wt% water content. The change in the top benzene flux correlated positively with the temperature change to a large extent, while the inverse correlation was observed at a much smaller intensity, as indicated by the arrows. It appeared that the onset and termination of the increased bottom benzene flux occurred near the peaks of negative and positive water vapor flux (i.e., condensation and evaporation of water), respectively, although this was not very explicit.





4. Discussion


This study experimentally investigated and demonstrated the occurrence of an inverse correlation between the changes in temperature and the vertical vapor-phase VOC diffusive flux in soils, which was previously observed in the field study [8], but has not yet been investigated or demonstrated. Herein, we discuss the possible mechanisms for the inverse correlation. Based on Fick’s first law, the flux increases with an increase in the effective diffusion coefficient and/or vertical concentration gradient. Changes in the effective diffusion coefficient can be assumed to be correlated with temperature changes, considering that a higher molecular diffusion rate is observed at higher temperatures. Therefore, changes in the vertical concentration gradient should be inversely correlated with temperature changes.



One possible process that causes the inverse correlation between temperature and concentration gradient changes is VOC desorption and sorption within the soil. In other words, rising and dropping temperatures induce VOC desorption and sorption, respectively [37,38,39], which in turn increases and decreases the VOC concentration in the soil gas, respectively, such that they may change the vertical VOC concentration gradient. However, the influence of the sorption and desorption of VOCs may not be significant, based on the present experimental results. The VOC sorption capacity is proportional to the available area within the sand [37] and is, therefore, higher for finer-grained silica sand and/or under air-dried conditions [16]. However, this trend is inconsistent with the fact that the intensity of the inverse correlation appears independent of grain size and larger at 10 wt% water content. Moreover, the sand employed in this study contained only a trace amount of organic material, which also suggests that desorption and sorption have a small influence [15].



Another possible process is the VOC volatilization from and dissolution into pore water [40,41]. Rising temperature induces the volatilization of VOCs from water, where the volatilization of water also occurs, which further induces the volatilization of the VOCs. In contrast, a declining temperature induces the dissolution of VOCs in water, where the condensation of water also occurs and further induces the dissolution of the VOCs. In this case, VOC volatilization and dissolution, enhanced by the accompanying volatilization and condensation of water, respectively, may have relatively larger impacts on the vapor-phase VOC concentration at the parts with initially lower concentrations (i.e., shallower parts); thus, the vertical concentration gradient would ultimately be reduced and increased, respectively. This hypothesis is consistent with the fact that the inverse correlation in the present study appeared to be much more significant at 10 wt% water content and was linked to the occurrences of negative and positive water vapor fluxes (i.e., condensation and evaporation of water). This hypothesis should, therefore, be examined further in future studies, in which the transport phenomena of water and water–VOC interactions need to be addressed with thorough consideration of the reality of near-surface soil environments, including variations occurring in temporal and spatial scales because the temperature changes daily and seasonally as well as with depth.



In this study, the employed experimental conditions are limited, and the suggested mechanism of the inverse correlation was not examined. However, this study suggests that, in many cases, temperature changes may have an inverse correlation with changes in vertical gas-phase VOC flux in relatively deeper parts of near-surface soils. Therefore, extensive future studies on the depth dependence of VOC transport behaviors in near-surface soil environments are encouraged to obtain more reasonable estimations of VOC emissions from soils and intrusion into buildings for risk management purposes.




5. Conclusions


It is most likely that variations in soil temperature have a significant influence on the transport behavior of VOCs in near-surface soils and the resultant vapor intrusion into buildings. Recent field studies have suggested the existence of an inverse correlation between changes in in situ temperature and vertical VOC flux for relatively deeper soils. To further investigate this phenomenon and reveal the underlying mechanisms, we experimentally explored the vertical vapor-phase diffusive transport of VOCs in near-surface soils under dynamic temperature environments. That is, the changes in benzene flux into the overlying sandy soil and benzene flux from the soil surface were tested for different combinations of sand grain size and water content under temperatures varying sinusoidally between 20 and 30 °C.



Under all the experimental conditions, the changes in the flux into the overlying soil showed an inverse correlation with the temperature changes, whereas the changes in the flux from the soil surface were correlated with temperature changes. The intensity of the inverse correlation is independent of sand grain size and is larger at a higher water content. Moreover, an inverse correlation appeared to exist in response to the condensation and evaporation of water. This inverse correlation may thus have been caused by changes in the vertical VOC concentration gradient resulting from the volatilization of benzene from pore water with increasing temperature and the dissolution of benzene into the water with decreasing temperature.
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Figure 1. Experimental system for vertical vapor-phase diffusive transport of VOC through soil sample. 
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Figure 2. Vertical X-ray computed tomography slice images of upper and lower halves of columns packed with air-dried courser-grained and finer-grained silica sands. 
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Figure 3. Schematic diagram representing the temperature changes in the dynamic temperature experiments. 






Figure 3. Schematic diagram representing the temperature changes in the dynamic temperature experiments.



[image: Applsci 11 03489 g003]







[image: Applsci 11 03489 g004 550] 





Figure 4. Changes in relative humidity (RH) and corresponding water flux, top and bottom benzene concentrations, and corresponding top and bottom benzene fluxes in (a) static temperature experiment Run 1 and (b) dynamic temperature experiment Run 2. 
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Figure 5. Changes in RH and corresponding water flux, top and bottom benzene concentrations, and corresponding top and bottom benzene fluxes in the dynamic temperature experiments Run 2 and Run 3, respectively, with (a) coarser-grained silica sand and (b) finer-grained silica sand. 
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Figure 6. Changes in RH and corresponding water flux, top and bottom benzene concentrations, and corresponding top and bottom benzene fluxes in the dynamic temperature experiments Run 2 and Run 4, respectively, using coarser-grained silica sand (a) at 10 wt% water content and (b) under air-dried condition. 
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Figure 7. Changes in RH and corresponding water flux, top and bottom benzene concentrations, and corresponding top and bottom benzene fluxes in the dynamic temperature experiments Run 3 and Run 5, respectively, using finer-grained silica sand (a) at 10 wt% water content and (b) under air-dried conditions. 
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Table 1. Silica sand, water content, and temperature in each experiment.
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	Experiment
	Silica Sand
	Water Content (wt%)
	Temperature





	Run 1
	Coarser-grained
	10
	Static



	Run 2
	Coarser-grained
	10
	Dynamic



	Run 3
	Finer-grained
	10
	Dynamic



	Run 4
	Coarser-grained
	Air-dried (~0.3)
	Dynamic



	Run 5
	Finer-grained
	Air-dried (~0.3)
	Dynamic
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