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Abstract

:

In air pollutant monitoring using sensors, moisture can adversely affect the analytical accuracy of volatile organic compounds (VOCs). Therefore, a new moisture pretreatment device (KPASS–Odor) for analyzing VOCs in the air was developed, based on frost and created by a desublimation process inside a cold tube. The performance of KPASS–Odor was compared with conventional devices (i.e., a NafionTM dryer and a cooler) through the measurements of low water-soluble VOCs (i.e., benzene, toluene, ethyl benzene, p-xylene, and styrene) and relatively high ones (i.e., methyl-ethyl ketone, methyl isobutyl ketone, butyl acetate, and isobutyl alcohol) using gas chromatography (GC) and sensor methods. Regarding the GC method, the recovery rates for KPASS–Odor and the cooler were >95% and >80%, respectively, at a flow rate of 500 mL/min for all compounds. For the NafionTM dryer, the recovery rates differed between low and high water-soluble compounds, which exhibited the rates ≥88% and ≤86%, respectively. In terms of the sensor method, the VOC recovery rates of KPASS–Odor and the NafionTM dryer were found to be >90% and <50%, respectively. Therefore, KPASS–Odor was determined to be the most suitable moisture pretreatment device for highly soluble VOCs of concern in this study.
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1. Introduction


Most volatile organic compounds (VOCs) are known to be toxic odors that adversely affect human health through carcinogenicity and mutation [1,2]. VOCs are classified as being generated by nature and artificially emitted from human activities. Artificially emitted VOCs are generated and emitted from various industrial processes, such as petrochemical facilities and laundry [3]. Korea’s Ministry of Environment currently manages odorous VOCs in real time through the continuous monitoring of stationary emission sources [4]. Real-time VOC monitoring methods have been widely developed and used [5,6,7]. The most popular method is direct air sampling–mass spectrometry (MS), in which air samples are directly introduced into an MS without a gas chromatography (GC) system or a thermo-desorption instrument [5]. Another popular method is a portable GC system, which is smaller than a conventional GC system, coupled with a photoionization detector (PID), a flame ionization detector (FID), or an MS [5,6]. Gas sensors have an essential role in industry, agriculture, life detection, and other fields, and recently, VOC semiconductor sensors have been well known [7,8,9,10,11,12]. Although these abovementioned methods apply different principles for the continuous monitoring of VOCs, they have the same problem of moisture effects [6,7,10,13]. Generally, in ambient air, when the sample contains an excessive amount of moisture during the collection and analysis of odor samples, the interference and loss of target compounds to be analyzed can occur [14]. Moisture collected with the samples can lower the adsorbent retention capacity, penetrate the device (when analyzing the compounds with the device), and destabilize the baseline chromatography, causing damage to the column and changing the time during which the analyte is in the analytical instrument, thereby interfering with detection [15]. In addition, moisture may also extinguish the flame of an FID, reducing the vacuum of an MS detector [16]. Humidity interference is also an important variable in the design of gas sensors. Although many studies have made great progress in compensating for the effect of humidity on gas detection performance, gas sensors are generally affected by temperature and humidity [11,12]. Therefore, the National Odor Process Test Act and the United States Environmental Protection Agency (USEPA) recommend using a pretreatment device that removes moisture at the initial stage of air pollutant analysis [17,18,19,20,21]. However, the moisture pretreatment devices currently in use have been reported to have various problems, such as the reduction in or deformation of the analytes to be analyzed [22,23,24]. Some polar compounds were removed, and benzene, heptane, and other compounds were reported to be adsorbed inside the NafionTM [22,23,25,26,27,28,29]. The USEPA [30] reported that the recovery rate of all non-methane organic compounds decreased by 20–30% owing to the loss of certain polar VOCs when NafionTM dryers were used. The USEPA furthermore [20,30] reported that the careful selection of moisture pretreatment devices is necessary because polar VOCs could be eliminated by pretreatment devices that contain NafionTM dryers. Recently, a humidity compensation algorithm has been developed to improve the accuracy of a sensor [11,12]. However, this method still has a limitation in use. Therefore, a moisture pretreatment device is still required to remove moisture without sample interference for accurate measurement and analysis.



For moisture pretreatment devices, a NafionTM dryer is usually recommended for samples collected in a low-moisture-content atmosphere [17,18,19,20,31]. In addition, a NafionTM dryer (or cooler) is recommended for chimneys and discharge sources with a high moisture content [18,31]. The NafionTM dryer is the most common moisture pretreatment device. Owing to its high chemical durability, it has been applied to corrosive gas analysis [18]. It can remove moisture through the adsorption/desorption of moisture through a Nafion TM membrane [32]. The cooler is a moisture pretreatment device that uses a Peltier thermoelectric device to remove water vapor by lowering the temperature of the extracted gas to the dew point temperature. The moisture in the sample gas is condensed and removed as a liquid when passing through a low-temperature impinger. The moisture removal effect of the cooler may vary depending on the surface area, length, gas flow rate and impinger material [33]. However, it was found that some target analytes were lost significantly. SO2 was found to be lost at rates of 19.3%, 29.3%, and 61.5% under a relative humidity of 30%, 50%, and 80%, respectively, when a cooler was used to remove the moisture [34]. Lee et al. [35] reported that the loss of isobutyl alcohol, methyl isobutyl ketone, butyl acetate, and styrene was approximately 19%, 4%, 5%, and 10%, respectively, in association with 80% relative humidity. For the NafionTM dryer, the loss of the target analyte was also reported. When a NafionTM dryer coupled with an O3 analyzer was used to measure 330 ppbv of O3, a 2 ppbv measurement error was found [36]. The NafionTM dryer was found to cause the loss of H2S (i.e., 23 ppbv) by up to 7% at 100% RH [37]. The loss rate of dimethyl sulfide at 13 ppbv and 100% RH was 10% [37], and that at 4.9 ppbv and 90% RH was approximately 2% [15]. In particular, isobutanethiol was found to be lost by up to 29% at 1.6 ppbv and 92% RH [15].



The moisture pretreatment device plays an important role in removing moisture before collecting and analyzing samples so that accurate measurements can be made, especially for real-time continuous measurements. Moisture pretreatment devices for environmental atmospheres are attached to the front of the analysis device, often used for analyzing trace amounts. Therefore, the potential loss of analytes caused by the moisture pretreatment device is an important research task worldwide. This study involves fundamental development research on a moisture pretreatment device that does not interfere with VOC analytes. This study also aims to compare and investigate the recovery rates of odorous VOCs with respect to the flow rates of the air passing through the new and conventional moisture pretreatment devices. The VOCs used in this study are classified into two categories: those with relatively high water-soluble compounds (methyl ethyl ketone, methyl isobutyl ketone, butyl acetate, and isobutyl alcohol) and those with low water-soluble compounds (benzene, toluene, ethylbenzene, p-xylene, and styrene). Additionally, the study includes a comparison of the effect of the new and traditional devices on the performance of a VOC sensor.




2. Materials and Methods


2.1. Apparatus


2.1.1. Principle of Operation of the KPASS–Odor System


A new moisture removal device, called KPASS (Key Compound PASSer)–Odor, was developed in this study to minimize the interference effect of moisture during the analytical process of odorous compounds. The operation principle of KPASS–Odor is based on a frost filter inside a cold tube. The frost filter was produced based on a desublimation process, in which water vapor directly changes from the gas phase to the solid phase, and hydrogen bonding took place among water molecules below the triple point of water. In addition, the Mpemba effect also plays an important role in the operation of KPASS–Odor. The Mpemba effect is a phenomenon in which water in a high-temperature state freezes faster than moisture in a low-temperature state in a specific situation. This phenomenon is related to intermolecular interactions and hydrogen bonds [38]. Hydrogen bonds between water molecules at low temperatures induce molecular attraction; therefore, the covalent bonds between oxygen and hydrogen atoms within water molecules accumulate energy as they lengthen. Water molecules in high-temperature conditions have a wider gap. The attraction of hydrogen bonds weakens and the covalent bond length between oxygen and hydrogen atoms shortens, thereby releasing energy [39]. High temperatures result in the breaking of weak hydrogen bonds within water molecules and increase the number of clusters with strong hydrogen bonds. Clusters accelerate nucleation, leading to the formation of hexagonal grids of ice during the process of cooling water, subsequently resulting in faster cooling than natural freezing [40]. Accordingly, the inlet gas is heated up and then suddenly cooled to –15 °C by a cold tube such that water changes from the gas phase to frost and gets attached onto the inner tube. Compared to water, these analytes lose energy at a lower temperature slower than water because of the Mpemba effect, remain in the gas phase, and can easily penetrate the cold tube. A prototype of KPASS–Odor was made by Nara Control Inc. (Seoul, Republic of Korea) for investigating its performance, and the schematic is shown in Figure 1.



As shown in Figure 1, when the gas containing high moisture enters the equipment through the gas inlet port, moisture is removed at the cold trap. Then, the relatively low-moisture sample gas is introduced into an analytical device. The removed moisture in the form of frost is discharged to the outside through a purging stage. Two three-way solenoid valves are used to control the flow direction of the sampling and purging stages.




2.1.2. Conventional Moisture Pretreatment Devices


Two conventional moisture pretreatment devices, including a cooler (TC-Standard 6122, Buchlert technologies, Ratingen, Germany) and a Polytube NafionTM dryer (SWG-A01-36/KF (3 m), AGC, Tokyo, Japan), were used to compare with KPASS–Odor. A moisture pretreatment device shall be used according to the environment in which samples are taken. The NafionTM dryer is usually recommended for samples from an environmental atmosphere with a low moisture content. It is also recommended to use a NafionTM dryer or Cooler for stacks and discharge sources with a high moisture content in the samples [21,30]. Coolers and NafionTM dryers have different principles, and they are widely used moisture pretreatment devices. The cooler uses a Peltier thermoelectric element to lower the temperature of moisture gas to a dew point and condenses gaseous moisture into liquid water to remove moisture. Even if there is a change in the ambient temperature and sample gas temperature, the dew point is stably maintained [13,41,42]. The NafionTM dryer removes moisture by adsorption and desorption reactions to the moisture of the NafionTM membrane inside the tube. When the moisture-containing sample gas passes through the inside of the NafionTM membrane, the water molecules are adsorbed by the hygroscopic membrane. The adsorbed water molecules are desorbed through the purge gas flowing outside through the membrane. Moisture removal continues until the humidity becomes the same by the humidity gradient of the purge gas and the wet sample gas [13,41,42].




2.1.3. VOC Analytical Instruments


The sampling and analysis of the target compounds were conducted according to ISO 16000-6, ISO 16017-1, ISO 16017-2, and ES 09307.a. The samples were collected in cleaned adsorbent traps, which were desorbed using a thermal desorber (Unity 2, Markes International, Bridgend, UK) and analyzed quantitatively using a GC/MSD (Model 6890/5973, Agilent Technologies, Inc., Santa Clara, CA, USA). Table 1 provides detailed information about the analytical system. A capillary column DB-624 (60 m × 0.320 mm × 1.80 μm) was used as the analysis column. A concentration tube (U-T9TNX-2S, Markes International, Bridgend, UK) filled with Tenax TA was used as a cold trap. The operating conditions of the analytical equipment are depicted in Table 1.



A Photo Ionization Detector (PID) sensor (AMOS-1000, ACEN Co., Ltd., Suwon, Republic of Korea) was used to investigate the performance of moisture pretreatment devices as an application case. The lower detection limit of the sensor was 5 ppb of the total volatile organic compound (TVOC).





2.2. Materials


Among various indicators indicating the physical properties of VOCs, the n-octanol/water partition coefficient (Kow, log Kow) is used as an index to indicate the hydrophilicity and hydrophobicity of VOCs [43,44], and a value may be obtained by the following Equation (1) [44,45]. Generally, a higher log Kow value increases the hydrophobicity of VOC, and, thus, the solubility in water decreases.


  log    K ow  = log   P = log       V O C   c o n c e n t r a t i o n   o c t a n o l       V O C   c o n c e n t r a t i o n   w a t e r        



(1)




where [VOC concentration]octanol is the VOC concentration in octanol and [VOC concentration]water is the VOC concentration in water.



In addition, the constant value (Henry’s constant, Henry’s constant, H) of the Henry law is also used as an indicator of the physical properties of VOCs [44,46,47]. Henry’s law states that the amount of gas that can be dissolved in the same amount of liquid at the same temperature is directly proportional to the partial pressure of the gas. Thus, VOCs can be classified into hydrophilic and hydrophobic VOCs based on the Henry constant obtained under the condition of the liquid being water [44,47]. VOCs with an H value of less than 0.1 at 25 °C are generally classified as hydrophilic, and VOCs with an H value of 0.1 or higher are classified as hydrophobic [44,47].


  H =       V O C   c o n c e n t r a t i o n   g a s       V O C   c o n c e n t r a t i o n   l i q u i d        



(2)




where [VOC concentration]gas is the VOC concentration in the gas phase and [VOC concentration]liquid is the VOC concentration in the liquid phase.



Table 2 shows the physical characteristics of the odorous VOCs used in this study. Among the VOCs in the atmosphere, benzene, toluene, ethylbenzene, p-xylene, and styrene are the materials with a low water solubility, and methyl ethyl ketone, methyl isobutyl ketone, butyl acetate, and isobutyl alcohol have a high water solubility. Solid adsorption tubes (Tenax TA (35/60), Markes International, Bridgend, UK) were used to measure nine materials simultaneously. These included the melting and boiling points, the solubility, Henry’s constant, and the Chemical Abstracts Service (CAS) number.




2.3. Experimental Procedure


2.3.1. Selection of Optimal Purging Conditions for KPASS–Odor


To efficiently remove the moisture contained in the sample gas without causing any analyte loss, the optimal purging conditions of KPASS–Odor are important because water droplets remaining after purging can absorb analytes. An experiment was conducted to identify the stable operating conditions with a moisture gas at 90% relative humidity at the maximum flow rate of 500 mL/min to determine the optimal purging conditions. The purging temperature, purging time, and purging flow rate were taken into account as purging variables. The purging temperatures were varied as 5, 20, and 50 °C. The purging flow rates were varied from 0.5 to 12 L/min based on the pump’s specification. In terms of purging time, one and five minutes were selected. During the experiment, the cooling temperature of the moisture pretreatment device was kept constant, as in our previous study [37]. To know the moisture removal efficiency is an essential part to be verified, along with the stable operation of the equipment. Therefore, after running the purging variables proposed, the moisture removal efficiency system was checked to confirm the moisture removal efficiency for each purging condition.




2.3.2. Investigation of Moisture Removal Efficiencies by Three Moisture Pretreatment Devices


Three moisture pretreatment devices, including KPASS–Odor, a cooler, and a NafionTM dryer, were used to investigate their moisture removal efficiencies. Nitrogen (99.99%, Rigas, Daejeon, Republic of Korea) gas was injected into the humidity generator at a flow rate of 2 L/min to create a moist gas environment with a relative humidity (RH) of ≥90%. The humidity of the generated moisture gas was checked using temperature and humidity sensors (Testo 645, Testo Inc., Lenzkirch, Germany) installed at the front and rear ends of the moisture pretreatment device. The moisture removal rate was determined by comparing the humidity data at the front and rear ends of the pretreatment device. The gas flow rates passing through the pretreatment device were set at 200 and 500 mL/min. Figure 2 shows a schematic diagram of a system for researching the moisture removal efficiency and target analyte recovery rate of the moisture pretreatment device.




2.3.3. Investigation of VOC Recovery Rates by Three Moisture Pretreatment Devices Using GC/MSD/TD


To accurately compare the VOC recovery rates through different pretreatment devices, VOC samples were analyzed by the GC/MSD/TD system. Two standard gases were used to prepare calibration curves. The first was made up of benzene 20.4 µmol/mol, toluene 20.4 µmol/mol, ethyl benzene 20.2 µmol/mol, p-xylene 20.2 µmol/mol, and styrene 20.5 µmol/mol (five-odor mixture, Rigas, Daejeon, Republic of Korea), and the second was made up of Methyl ethyl ketone 10.3 µmol/mol, butyl acetate 10.3 µmol/mol, isobutyl alcohol 10.3 µmol/mol, and Methyl isobutyl ketone 10.4 µmol/mol (four-odor mixture, Rigas, Daejeon, Republic of Korea). The adsorption tube was thermally cleaned at 300 °C for 2 h before use [31,48]. To prepare various levels of samples for calibration curves, nitrogen (99.99%, Rigas, Daejeon, Republic of Korea) and prepared mixed standard gases (5 Odor Mixture, 4 Odor Mixture, Rigas, Daejeon, Republic of Korea) were injected into a 10 L Tedlar bag (SKC Inc, Covington, GA, USA). Tedlar bags have been widely used for VOC sampling and analysis because they show negligible VOC losses [49,50]. The sample adsorbed on the adsorption tube was then analyzed using GC/MSD/TD. Five concentrations were prepared for calibration curves. According to the standard sample, the amount collected in the adsorption tube was converted into mass (ng), and a calibration curve for the peak area was prepared.



A humidity generator was used to inject a moisture-containing gas into a pretreatment device. Subsequently, the amount of moisture removed after passing through the moisture pretreatment device was determined. The gas flow rate injected into the humidity generator was adjusted using a gas volume flow meter (Defender 520-M, Mesalabs, Lakewood, CO, USA) and a needle valve. The gas volume flow meter was calibrated using an area flow meter (RMA-26-SSV, Dwyer, Michigan City, IN, USA).



To determine the recovery rate of odorous VOCs in the moisture pretreatment devices (KPASS–Odor, Cooler, and NafionTM dryer), the concentrations of the target gases before and after passing through the devices were compared. The standard gases were diluted 100 times with the moisture-containing gas and then passed through the pretreatment device at a constant flow rate. The samples were collected from the front and rear ends of the moisture pretreatment devices using Tenax TA adsorption tubes (Markes International, Bridgend, UK), and the measurement results were compared. Samples at the front and rear of the devices were taken three times. In order to obtain the accuracy and precision of the analysis results, three repeated experiments were performed under the same conditions. The results were expressed as the mean, standard deviation, and relative standard deviation. The stabilization time was secured by allowing moisture and VOC gases to flow for 2 h before sampling. Samples were collected three times at 5 min intervals at the front and rear ends of the moisture pretreatment device. The results of each experiment were calculated using the following equations.


  A v e r a g e  x  =  1 n    ∑   i = 1  n  X i    



(3)






  S t a n d a r d   d e v i a t i o n  s  =      ∑  i = 1  n      x i − x    2    n − 1        



(4)






  R e l a t i v e   s a t a n d a r d   d e v i a t i o n   R S D %   =  s x  × 100    



(5)








2.3.4. Comparison of the Effect of KPASS–Odor and the NafionTM Dryer on the Performance of a PID Sensor


An experiment was conducted to investigate the effect of KPASS–Odor and the NafionTM dryer on the performance of a VOC sensor. A PID sensor (AMOS-1000, ACEN Co., Ltd., Suwon, Republic of Korea) was used in this study. First, the effect of moisture on the sensor was investigated. A sample under the dry condition was prepared by diluting VOC-mixed gases (five-odor mixture, four-odor mixture, Rigas, Daejeon, Republic of Korea) with N2 (99.99%, Rigas, Daejeon, Republic of Korea) in a 10 L Tedlar bag (SKC Inc, Covington, GA, USA). On the other hand, a sample under the wet condition was made using moist N2 (i.e., 85% RH) and VOC-mixed gases at the same concentration as the one under the dry condition. Each sample was introduced into the PID sensor at a flow rate of 200 mL/min for 30 min, respectively, and the two results were compared in the end (Figure 3). Second, the effect of moisture pretreatment devices on the performance of the sensor was considered. Samples under Dry and Wet conditions were also produced as explained above. Each sample was passed through the moisture pretreatment device at a flow rate of 200 mL/min and introduced into the PID sensor for 10 min (Figure 3). Each experiment was conducted three times. Since the sensor could not measure the individual VOC as the GC/MSD, the TVOC was concerned, and the recovery rate of VOCs was evaluated based on TVOC concentrations.






3. Results and Discussion


3.1. Selection of Optimal Purging Conditions for KPASS–Odor


Table 3 shows the experimental results for the optimal purging flow conditions of KPASS–Odor. The experiment was conducted by dividing flow rates into seven stages. When the tube inside KPASS–Odor is saturated with frost, it should be cleaned by purging with air. The optimal purging flow should remove all water droplets in the device as fast as possible. Due to the complicated structure with many unions and valves, removing all water droplets usually takes a long time. As shown in Table 3, the flow rate at 12 L/min showed the shortest purging time. Thus, it was selected as the optimal purging flow.



When the pressure in the tube of the device increases due to saturated frost, it automatically moves to the purging stage and cleans the tube. Figure 4 shows the pressure change in the equipment according to the purging time condition. When the purging time was 60 s, it was confirmed that the purging process due to the pressure change in the equipment is automatically performed at intervals of 5 h, as short as 30 min. Unlike the previous experimental results, the purging time of 300 s was confirmed to have no clogginess during continuous operation for 24 h. These results demonstrated that the presented purging time of 5 min was a stable one. Table 4 presents the results of the moisture removal efficiency experiment with respect to various purging times. It was confirmed that the high moisture removal efficiency was 87.1% under 5 min of purging, when no clogging phenomenon occurred, and the measured humidity value was constantly maintained, as seen in Table 4.



In terms of purging temperature, the temperatures were set at 5, 20, and 50 °C by controlling the Peltier. The experimental results are shown in Table 5. It was found that the humidity of the gas that passed through the moisture pretreatment was stably formed at a purging temperature of 5 °C. The moisture removal efficiency was 90.1%. Under the purging temperature of 20 °C, the average humidity passing through the moisture pretreatment device increased to 15.3%, and the moisture removal efficiency decreased to 82.3%. As for 50 °C, the average humidity passing through the moisture pretreatment device increased to 24.4%, and the moisture removal efficiency decreased to 71.7%. As a result, it was confirmed that the purging temperature of 5 °C was the most suitable temperature for moisture removal efficiency. In the purging stage, the frost that accumulated in the tube of the Peltier is removed to prevent pressure from occurring in the tube. If the purging temperature is high, the frost accumulated in the tube can be quickly removed, but it takes a long time to return to the operating temperature of −15 °C. The frost can be efficiently removed at a purging temperature of 5 °C to prevent pressure from being generated. This temperature condition showed the highest moisture removal efficiency because it took a short time to return to an operating temperature of −15 °C.



Focusing on the fact that the operating conditions can be changed, a study was conducted to find the optimal purging conditions for KPASS–Odor. If moisture in the equipment is accumulated, internal pressure is generated and significantly affects the moisture pretreatment process. The purging cycle changes according to the amount of moisture contained in the analytical sample. Accordingly, the cycle affects the moisture removal efficiency, which is expected to have a significant impact on the analysis of odorous VOCs. The continuous odor monitoring system is an automatic one that collects and analyzes odors in the environmental atmosphere in real time. Meanwhile, the amount of moisture in the sample changes from time to time according to various humidity and weather conditions. Therefore, the moisture pretreatment device should remove moisture very efficiently, sending samples to the analytical device for the next stage of analysis. Based on the above experimental results, the moisture removal efficiency was 90.1% by adjusting the purging temperature, purging time, and operating time. Thus, these optimal purging conditions were applied to other experiments.




3.2. Moisture Removal Efficiency for Three Moisture Pretreatment Devices


Figure 5 shows a comparison of the moisture removal efficiency of the moisture pretreatment devices concerning two different flow rates. At a flow rate of 200 mL/min, the moisture removal efficiencies of KPASS–Odor, the cooler, and the NafionTM dryer were 88.8%, 73.6%, and 95.9%, respectively. In the NafionTM dryer, the relative humidity of the sample gas after moisture removal was maintained at an average of 3.8%, and the relative standard deviation (RSD) was 3.7%, indicating stable moisture removal. KPASS–Odor showed that the relative humidity of the sample gas passing through the water pre-treatment device was approximately 10%. However, the cooler showed that the moisture in the sample after moisture removal was ≥20% of the RH.



Under 500 mL/min flow rate conditions, the results showed moisture removal efficiencies for KPASS–Odor, the cooler, and the NafionTM dryer of 89.1%, 71.4%, and 94.5%, respectively. The low flow rates showed similar moisture removal efficiencies. The NafionTM dryer showed the lowest RH out of the moisture-removed devices, with an average of 5.22%, and the RSD was 5.6%, confirming stable moisture removal. The average RH was approximately 10% for KPASS–Odor. However, the cooler showed a higher RH after moisture removal than that of the low flow conditions. Similar to the experiment under low flow conditions, the NafionTM dryer showed the highest moisture removal efficiency, even at high flow rates, and the moisture was stably removed.



Lee et al. [13] studied the moisture removal efficiency under 50% and 90% RH conditions. The results showed RHs of 92.9% and 96.6% for the NafionTM dryer, 53.9% and 67.2% for the cooler, and 85.3% and 91.6% for the desolvator, respectively. Compared to the 50% RH conditions, it was confirmed that a 90% RH showed a higher moisture removal efficiency. Additionally, Son et al. [37] confirmed the moisture removal efficiency using a NafionTM dryer and desolvator to be 81.3% to 94.5% and 94.6% to 96. 1% under the same RH conditions, respectively. The results of this study, which varied the flow conditions, showed a similar trend compared to those of previous studies [13,37].



A study [13] was conducted in triplicate for 20 min each to investigate the moisture removal efficiency of a moisture pretreatment device. A pretreatment device should stably remove moisture over an extended period to reduce moisture inflow into the analytical instrument and stably remove moisture from the sample gas to reduce interference with the study material as well as to improve the recovery rate. Therefore, in this study, it was determined that the sample should be continuously measured for 180 min. A constant amount of moisture was steadily injected into the moisture pretreatment device for 180 min (3 h), and the moisture exiting through the moisture pretreatment device was measured. Kim et al. [41] compared the moisture removal efficiencies of three moisture pretreatment devices by varying the moisture concentration conditions. Relative humidities of 30%, 50%, and 80% were compared. The results showed that the three moisture pretreatment devices had the highest moisture removal efficiency under a relative humidity of 80%. Therefore, this study determined that the higher the initial moisture, the greater the amount of moisture the pretreatment device could remove. Accordingly, in this study, it was decided to use a 90% RH as the moisture concentration condition. In a previous study [41], the moisture removal efficiencies were 93.6%, 59.2%, and 90.5%, for the desolvator, cooler, and NafionTM dryer, respectively, under 80% RH. In this study, 89.1%, 71.4%, and 94.5% moisture removal efficiencies were observed for KPASS–Odor, the cooler, and the NafionTM dryer, respectively, at an RH of ≥90% and a flow rate of 500 mL/min.




3.3. Investigation of VOC Recovery Rates by Three Moisture Pretreatment Devices Using GC/MSD/TD


A calibration curve was prepared with a standard gas to confirm the linearity of the GC/MSD and to determine the recovery rate. The coefficient of determination (r2) of the calibration curve was ≥0.999 for all target components. Specifically, the concentrations of benzene, toluene, ethyl benzene, p-xylene, styrene, methyl-ethyl ketone, isobutyl alcohol, methyl isobutyl ketone, and butyl acetate were 0.9995, 0.9995, 0.9993, 0.995, 0.9991, 0.9993, 0.995, 0.9987, and 0.9991, respectively. The relative standard deviation for replicate sampling at the front end of the pretreatment device was ≤4% for the nine compounds, demonstrating good analysis reliability.



3.3.1. Reproducibility of the VOC Recovery Rate by Three Moisture Pretreatment Devices


To determine the recovery rate of odorous VOCs from the pretreatment device, the recovery rates of the compounds were compared with regard to three different moisture removal conditions. The reproducibility of the odorous VOCs was confirmed by adsorbing the moisture-removed sample gas, replicating the sampling, and analyzing it three times with GC/MSD/TD.



The sample gas with an RH of ≥90% was passed through KPASS–Odor at a flow rate of 200 mL/min. The gas after the moisture removal was collected and analyzed. It was determined that the RSD of the triplicate experiments was less than 3%, indicating a highly reproducible experiment. When a higher flow rate (500 mL/min) was used, the RSD was <2%, indicating high reproducibility.



Reproducibility using the cooler was confirmed by collecting and analyzing the sample gas that passed through the cooler under a flow rate of 200 mL/min. Eight of the sample compounds showed RSD values of <6%. However, the RSD of I-BuAl was 7.66%, which was relatively higher than those of the other components. Reproducibility was confirmed by collecting and analyzing the sample gas under a flow rate of 500 mL/min. The RSD was within 4% for all compounds, indicating a higher reproducibility than the 200 mL/min flow rate.



The triplicate collection and analysis of the sample gas, which passed through the NafionTM dryer at a flow rate of 200 mL/min, showed that the reproducibility of the analysis was very low compared to the other two pretreatment devices. The RSD results were: BuAc (38.5%), I-BuAl (32.3%), MIBK (20.2%), ethyl benzene (16.6%), styrene (13.7%), toluene (13.6%), MEK (13.3%), p-xylene (13.3%), and benzene (8.48%). The RSD results from the higher flow rate (500 mL/min) were all within 10%, except for I-BuAl, which was 33%.



Based on the reproducibility results of the two flow conditions, it was confirmed that the reproducibility was higher for the higher flow rates (i.e., the sample gas spent less time inside the NafionTM dryer). The amount of the sample lost to the membrane film of the NafionTM dryer was reduced, resulting in a more stable sample collection.



Lee et al. [13] reported that a cooler showed <5.66% reproducibility for the compounds, barring I-BuAl, which showed a reproducibility of 2.92 to 8.14%. Lee et al. [35] reported that a NafionTM dryer showed very unstable reproducibility for MEK and I-BuAl, with >60% reproducibility. This result indicates that some target compounds were also removed while removing moisture from the membrane inside the NafionTM dryer. The difference in reproducibility results also appears in the difference in the sampling processes between this study and Lee et al.’s [13]. Lee et al. [13] combined gas containing moisture with a sample gas in a Tedlar sampling bag and passed it through a moisture pretreatment device to collect samples in an adsorption trap. However, in this study, we attempted to reduce interference with external substances by mixing moist gas and sample gas through a continuous gas flow line without using a Tedlar bag.




3.3.2. Effect of Moisture Pretreatment Devices on the VOC Recovery Rates


Figure 6 shows the results of the VOC recovery rate using three types of pretreatment devices. The experiment determined that the recovery rate of KPASS–Odor was the highest (≥95%). However, the NafionTM dryer had a low VOC recovery rate with high water solubility, and the recovery rate deviation among different compounds was large.



At a flow rate of 200 mL/min, the recovery rate of KPASS–Odor was >95% for all compounds. At a flow rate of 500 mL/min, the recovery rate was >96% for all components. The recovery rate of the cooler was 96% for benzene and 95% for toluene. For the other components, the recovery rates were determined to be 91%, 91%, 88%, 87%, 87%, 86%, and 80% for MEK, MIBK, p-xylene, styrene, BuAc, ethyl benzene, and I-BuAl. The recovery rate at 500 mL/min was 97% for benzene, toluene, and ethyl benzene. The rates for the other target compounds were 96% for p-xylene, 95% for styrene, 93% for MEK, MIBK, and BuAc, and 86% for I-BuAl. It was determined that the recovery rate of the NafionTM dryer differed significantly for each compound. At a flow rate of 200 mL/min, the recovery rates for benzene, ethylbenzene, and p-xylene were >95%, and they were 91%, 44%, 34%, 29%, and 2% for styrene, MIBK, MEK, BuAc, and I-BuAl, respectively. At a flow rate of 500 mL/min, the rates were 98%, 97%, 97%, 94%, 88%, 86%, 76%, 65%, and 13% for benzene, ethyl benzene, p-xylene, styrene, toluene, MIBK, MEK, BuAc, and I-BuAl, respectively.



A comparative graph is presented in Figure 7 to assess variations in the recovery rates for each type of pretreatment device according to the flow rate. The recovery rate for KPASS–Odor was slightly higher for the higher flow rate, but it was insignificant. The recovery rate using the cooler was higher for all nine compounds under the high flow rate than under the low one. Specifically, the recovery rates of ethylbenzene, p-xylene, and styrene (low water-soluble compounds) increased to ≥95%. The recovery rates using the NafionTM dryer showed an increase in four of the five low water-soluble compounds (excluding toluene). The highly water-soluble compounds of MEK, MIBK, and BuAc showed significantly higher recovery rates under the high flow conditions than those under the low ones. The recovery rate of I-BuAl increased by 11% to 13% when a higher flow rate was applied, but a significant amount the compound was lost. The moisture removal efficiency was not affected by changes in the flow rates. However, the recovery rate of VOCs was affected by their residence time in the moisture pretreatment device. As the residence time decreased, the recovery rate increased.



The disadvantage of NafionTM dryers was also reported elsewhere. Lim et al. [51] and Lee et al. [13] used the highly soluble compounds of MEK, I-BuAl, MIBK, and BuAc to determine the removal rate of the compounds using a NafionTM dryer. Lim et al. [51] confirmed that more than 80% of the material studied was removed after passing through the NafionTM dryer. Lee et al. [13] determined that I-BuAl decreased by more than 90%, and the other three compounds decreased by less than 60%. These results showed a similar tendency to the results of the experiment under the 200 mL/min flow condition of this study. It was reported that the larger the surface area of the membrane of the NafionTM dryer, the higher the number of adsorbed compounds and the lower the recovery rate. The NafionTM dryer has been shown to have a considerable influence on the analysis of analytes with high water solubility [13]. When using this moisture pretreatment device, some polar compounds were removed simultaneously [23,25,26,27]. It was also reported that benzene, heptane, and other compounds were adsorbed inside the NafionTM dryer [22,28,29]. In addition, a problem was identified where artifact formation is generated when benzene is passed through the NafionTM dryer [24]. The cooler showed a higher recovery rate than the NafionTM dryer for compounds with high moisture solubility. According to Deming et al. [52], who tested the effect of different materials on gas compounds using tubes of various materials, it was determined that Teflon materials did not affect gas compounds, unlike glass.



Between the cooler and KPASS–Odor, there is no significant difference in the recovery rates of BTEXS because they are hydrophobic compounds, which are not easy to dissolve in water in the cooler, based on Henry’s constant H (Table 1). However, there is a difference in the recovery rates of MBK, MIBK, BuAc and I-BuAl. These compounds are hydrophilic VOCs that can easily absorb by water, but the cooler removes moisture under the liquid phase. In contrast, the removed moisture in KPASS–Odor is in the solid phase. Therefore, the cooler can cause the loss of hydrophilic VOC. Lee et al. [53] reported that the recovery rate of I-BuAl was lower than that of other compounds because of its high water solubility and low vapor pressure. MEK, which has the highest water solubility, dissolved rapidly in the condensed water within the impinger of the cooler. However, owing to its high vapor pressure (78 mmHg at 20 °C), it evaporated quickly and maintained equilibrium. In contrast, I-BuAl rapidly dissolved in condensed water owing to its high water solubility. In addition, it has been reported that the recovery rate is low because of the delay in the time taken to reach equilibrium due to the low vapor pressure (9 mmHg at 20 °C). Dunder et al. [54] warned that the use of a cooler (a condensation dryer) could remove compounds by the interaction of water-soluble air pollutants with the condensate. Kim et al. [41] demonstrated that O3 and SO2 showed recovery rates of 61.1–88.0% and 38.6–80.7%, respectively, after removing water vapor using a cooler. Therefore, if the NafionTM dryer or cooler is used for the analysis of polar and reactive compounds, care should be taken because the compounds under analysis may have an effect on the rate of recovery.



This study and other previous studies have shown that the most commonly used NafionTM dryers and coolers could be unsuitable for some specific VOCs, as mentioned before. In particular, because a small number of VOCs are often present in the atmosphere, it is important to select a moisture pretreatment device suitable for them. Based on the recovery rate tests under high moisture conditions, the KPASS–Odor device was, in general, found to have the highest recovery rate for all VOCs concerned, with high and low moisture solubility.





3.4. Comparison of the Effect of KPASS–Odor and the NafionTM Dryer on the Performance of a PID Sensor


The effect of moisture on the performance of the PID sensor was investigated and shown in Figure 8. A sample under dry conditions and a sample under wet conditions, prepared at the same VOC concentration, were introduced into the sensor for 30 min at a flow rate of 200 mL/min. The average concentration of the samples under dry conditions was 185 ± 3.8 ppb, and the average concentration of the samples under wet conditions was 261 ± 5.1 ppb. This result indicated that there was an effect of moisture on the performance of the PID sensor, and the error rate was approximately 40%. The effect of humidity on the PID sensor was well reported elsewhere [55,56,57]. Pyo et al. [55] declared that the ambient humidity could affect the generated current of a PID sensor. Furthermore, it was reported that the response of a PID sensor to toluene was reduced to 78% at 90% RH [57]. Xu et al. [56] found that the long-term high humidity affected TVOC, as observed by a PID sensor, and recommended that the moisture should be removed to maintain the good performance of the PID sensor when long-term high RH occurs.



Figure 9 shows the results of the TVOC recovery rate of the PID sensor with respect to different moisture conditions (i.e., 0 and 85% of RH) and pretreatment devices (i.e., NafionTM dryer and KPASS–Odor). Samples under dry conditions showed TVOC recovery rates of 79% and 101%, respectively, after passing through the NafionTM dryer and KPASS–Odor. This pattern was similar to the above results because the loss of some VOCs was caused by the Nafion membrane. Under wet conditions, it was found that the TVOC recovery rates for the NafionTM dryer and KPASS–Odor were 48% and 93%, respectively. This indicated that KPASS–Odor helped improve the PID sensor’s performance by removing moisture content in the sample gas. Thus, a PID sensor coupled with KPASS–Odor is recommended for monitoring VOCs in the high-humidity air.





4. Conclusions


This study investigated the effect of different moisture pretreatment devices, including conventional devices such as a NafionTM dryer, a cooler, and the recently developed KPASS–Odor device, on the recovery rate of VOCs. Five non-polar VOCs with low water solubility (benzene, toluene, ethylbenzene, p-xylene, and styrene) and four relatively high soluble compounds (MEK, I-BuAl, MIBK, and BuAc) were considered. The cooler condenses moisture and removes it under a liquid phase. The NafionTM dryer is a moisture pretreatment device that adsorbs moisture through the NafionTM membrane and removes it using purging gas. KPASS–Odor is a new type of water vapor pretreatment device that removes moisture by changing it into the form of frost.



KPASS–Odor showed an >85% moisture removal efficiency and a 95% recovery rate for all components under low (200 mL/min) and high (500 mL/min) flow conditions, as well as stable reproducibility within 3%. The cooler maintained a moisture removal efficiency of 70% under both flow conditions. The recovery rate was ≥80% for all compounds under low flow conditions, a high recovery rate of 90% (except for I-BuAl) was made under high flow conditions, and stable reproducibility within 6% was revealed. The NafionTM dryer showed the highest water removal efficiency of ≥94% under both flow conditions and a recovery rate of ≥90% for materials with low water solubility. However, its reproducibility was unstable compared to that of the other devices. For highly soluble compounds, the recovery rate of the four compounds was ≤50% under low flow conditions; however, except for I-BuAl, all compounds showed a significant increase in the recovery rate under high flow conditions.



Appropriate moisture pretreatment devices are crucial for obtaining accurate and reliable measurements. This is particularly important when measuring trace polar and hydrophilic compounds so that the device can selectively remove moisture without interfering with target analytes.



The VOCs recovery rate experiment using a PID sensor demonstrated that TVOC concentrations were affected by moisture, which can cause approximately 40% error at 85% RH. In addition, the recovery rate of VOCs was confirmed by passing through the NafionTM dryer and KPASS–Odor at a flow rate of 200 mL/min under the same concentration of dry and wet conditions. The recovery rates under the two conditions (i.e., dry and wet conditions) exhibited different results for the NafionTM dryer (79%/48%) and KPASS–Odor (101%/93%). It was found that KPASS–Odor exhibited a better performance than the NafionTM dryer, helping to reduce the error rate of the PID sensor to approximately 7%.



In this study, KPASS–Odor showed a high moisture removal efficiency, a relatively high recovery rate for the nine compounds, and a high recovery rate under both flow rate conditions. It also showed high reproducibility in the outlet VOCs concentration. Therefore, KPASS–Odor could also be one alternative method to be used during sampling and in analyzing odorous VOCs. KPASS–Odor is a novel approach, so the literature on it is relatively scarce. More research on other VOCs under various field conditions is required in the future. The accurate measurement and analysis of VOCs emitted from various residential areas and industrial facilities that produce harmful substances will be needed as well.
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Figure 1. Schematic of KPASS–Odor. 
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Figure 2. Sampling train for comparing gas recovery rates associated with a moisture pretreatment system. 
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Figure 3. Experimental set-up for the VOCs recovery rate using a PID sensor. 
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Figure 4. Comparison of VOC recovery rates according to various moisture pretreatment devices: (a) purging time: 60 s; (b) purging time: 300 s. (Note: lines indicate normal pressure and dots indicate abnormal pressure). 






Figure 4. Comparison of VOC recovery rates according to various moisture pretreatment devices: (a) purging time: 60 s; (b) purging time: 300 s. (Note: lines indicate normal pressure and dots indicate abnormal pressure).



[image: Chemosensors 11 00188 g004]







[image: Chemosensors 11 00188 g005 550] 





Figure 5. Comparison of the moisture removal efficiency of different moisture pretreatment devices. 
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Figure 6. Comparison of VOC recovery rates according to various moisture pretreatment devices: (a) KPASS–Odor; (b) Cooler; (c) NafionTM dryer. 
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Figure 7. Variations in recovery rates by moisture pretreatment devices with respect to flow rates: (a) 200 mL/min, high solubility; (b) 500 mL/min, high solubility; (c) 200 mL/min, low solubility; (d) 500 mL/min, low solubility. 
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Figure 8. Moisture interference effect for a PID sensor. 
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Figure 9. VOCs response of a PID sensor with respect to various moisture pretreatment devices and humidity conditions. 
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Table 1. The program parameters of GC/MSD/TD.
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TD (Unity 2, Markes International, Bridgend, UK)




	
Pre-Desorption

	
Prepurge time

	
1 min




	
Sample tube

Desorption

	
Tube hold

	
10 min




	
Oven temperature

	
320 °C




	
Split

	
1.3:1




	
Cold trap

Desorption

	
Pre-trap fire purge/min

	
1 min




	
Trap low

	
−10 °C




	
Trap high

	
320 °C




	
Trap hold

	
10 min




	
Split

	
2.3:1




	
GC (6890, Agilent Technologies, Santa Clara, CA, USA)




	
Column

	
DB-624 (60 m × 0.32 mm × 1.8 μm, Agilent, USA)




	
Oven Condition

	

	
Rate

	
Temp

	
Hold




	
Initial

	

	
40 °C

	
4 min




	
ramp 1

	
10 °C/min

	
250 °C

	
5 min




	
Run Time

	
30 min




	
Carrier

	
1.5 mL/min for He gas




	
MSD (5975 Agilent technologies, Santa Clara, CA, USA)




	
Source

Temperature

	
190 °C




	
Mass range

	
35~350 amu
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Table 2. Information of target VOCs in this study.
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Compound

	
Chemical

Formula

	
Molecular

Weight

	
Mp

	
Bp

	
Solubility

	
Henry’s Constant (H)

at 23 °C [44,46,47]

	
CAS

No.




	
Full Name

	
Abbreviation

	
(g/g mole)

	
(°C)

	
(°C)

	
(g/100 mL)

	
(Air–Water Partition,

Dimensionless)






	
Benzene

	
B

	
C6H6

	
78.11

	
6

	
80

	
0.18

	
0.22

	
71-43-2




	
Toluene

	
T

	
C6H5CH3

	
92.14

	
−95

	
111

	
none

	
0.24

	
108-88-3




	
Ethylbenzene

	
E

	
C6H5C2H5

	
106.16

	
−95

	
136

	
0.015

	
0.28

	
100-41-4




	
Xylene

	
X

	
C6H4(CH3)2

	
106.16

	
−25

	
144

	
none

	
0.18

	
106-42-3




	
Styrene

	
S

	
C6H5CHCH2

	
104.15

	
−30.6

	
145

	
0.03

	
0.10

	
100-42-5




	
Methyl ethyl ketone

	
MEK

	
CH3COCH2CH3

	
72.11

	
−86

	
80

	
29

	
2.0 × 10−3

	
78-93-3




	
Methyl isobutyl ketone

	
MIBK

	
CH3COCH2CH(CH3)2

	
100.16

	
−84.7

	
117–118

	
1.91

	
8.5 × 10−3

	
108-10-1




	
Butyl acetate

	
BuAc

	
CH3COO(CH2)3CH3

	
116.16

	
−78

	
126

	
0.7

	
1.0 × 10−2

	
128-86-4




	
Isobutyl alcohol

	
I-BuAl

	
(CH3)2CHCH2OH

	
74.12

	
−108

	
108

	
8.7

	
3.1 × 10−4

	
78-83-1
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Table 3. Effect of purging flow on the performance of KPASS–Odor.






Table 3. Effect of purging flow on the performance of KPASS–Odor.





	
Order

	
Air Flow

	
Elapsed Time to Fully Clean




	
(L/min)

	
(min)






	
1

	
0.5

	
>20:00




	
2

	
1

	
>20:00




	
3

	
2

	
>20:00




	
4

	
5

	
~10




	
5

	
8

	
~8




	
6

	
10

	
~7




	
7

	
12

	
~5
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Table 4. Effect of KPASS–Odor purging time on outlet humidity.






Table 4. Effect of KPASS–Odor purging time on outlet humidity.





	
Purging Time

	
60 s

	
300 s




	
Inlet (RH%)

	
Outlet (RH%)

	
Removal Efficiency (%)

	
Inlet (RH%)

	
Outlet (RH%)

	
Removal Efficiency (%)






	
Average

	
90.6

	
15

	
83.4

	
89.6

	
11.6

	
87.1




	
SD

	
4.08

	
2.95

	
2.92

	
2.6

	
1.78

	
1.92




	
N

	
720

	
720

	
720

	
720

	
720

	
720








Note: SD is the standard deviation.
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Table 5. Effect of KPASS–Odor purging temperature on outlet humidity.
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Purging

Temperature

	
5 °C

	
20 °C

	
50 °C




	
Category

	
Inlet (RH%)

	
Outlet (RH%)

	
Removal Efficiency

(%)

	
Inlet (RH%)

	
Outlet (RH%)

	
Removal Efficiency

(%)

	
Inlet (RH%)

	
Outlet (RH%)

	
Removal Efficiency

(%)






	
Average

	
98.1

	
9.69

	
90.1

	
86.0

	
15.3

	
82.3

	
86.2

	
24.4

	
71.7




	
SD

	
0.23

	
0.27

	
1.67

	
0.53

	
1.53

	
0.40

	
1.61

	
2.94

	
0.70




	
N

	
800

	
800

	
800

	
800

	
800

	
800

	
800

	
800

	
800








Note: SD is the standard deviation.
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