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Abstract

:

Instrumental analysis of odor is challenging due to the chemical diversity of many important odorants, the high sensitivity required to achieve human odor thresholds, and the dynamic nature of the odor itself. Conventional sensor-based and chromatographic technologies are poorly suited to the task. In this paper, we apply a novel direct mass spectrometric technique—selected ion flow tube mass spectrometry (SIFT-MS)—to the chemical analysis of odor. The SIFT-MS technique provides comprehensive real-time odor analysis through detection and quantitation of all odorants, including aldehydes, amines, organosulfur compounds, and volatile fatty acids. In the case study described, SIFT-MS is utilized to monitor specific odor compounds at a gelatin factory in Christchurch, New Zealand. Odor composition from various steps in the gelatin manufacturing process was determined using SIFT-MS in scan mode. Over a period of several years, the gelatin manufacturer made improvements to their plant to reduce fugitive odors, and sources were re-analyzed. In this investigation, SIFT-MS analysis was utilized to evaluate the effectiveness of an odor neutralization technology based on UV photolysis at the plant.
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1. Introduction


Odors can have a significant influence on human behavior and on the quality of life. Many industries that people work in generate odors and some industries, particularly those that utilize animals and animal waste products, may generate volatile compounds—such as organosulfur compounds, volatile fatty acids, and amines—to which the human nose is particularly sensitive. To establish acceptable standards for odor emissions, the human nasal response alone cannot be relied on because it is subjective and variable [1,2,3,4,5]. Nasal odor thresholds are not always reliable and may be ignored on occasions as they are too low for easy detection, or from prior conditioning of the nose to the levels being experienced. However, it also should be recognized that some odors may be detected by the nose that are below instrument thresholds [3].



Instrumental detection of odors, although not subject to the variability of the human nose, is challenging due to the chemical diversity of the odorants, the high sensitivity that is required for identification and monitoring and the dynamic change of the odors with experimental and atmospheric conditions. There is an extensive literature available on odor monitoring using a variety of different techniques. These range from instrument-based techniques like gas chromatography mass spectrometry (GC/MS) where the odor molecules are separated in a chromatographic column before detection [6] to olfactory techniques which allow human evaluators [7,8] to sensor-based technologies embracing a wide range of different detectors [9,10,11]. Conventional sensor-based and chromatographic techniques are not well suited to the task of monitoring odors due to the rapidly changing and variable nature of the emissions [12,13,14,15,16]. New direct technologies without chromatography are now being applied to odor monitoring and one of these techniques, selected ion flow tube mass spectrometry (SIFT-MS) [17,18,19,20] is presented here. In this paper, one application of instrumental monitoring of odors in the vicinity of a gelatin factory is discussed.



Gelatin is a mixture of peptides and proteins produced by partial hydrolysis of collagen that is extracted from the skin, bones, and connective tissue of animals such as cattle, chicken, pigs, and fish [21,22,23]. The process of conversion of animal byproducts into gelatin can be accompanied by odor production. In this case study of odor profiling, we show results obtained from analysis of the air around the Gelita gelatin factory located in Christchurch, New Zealand. This long-established factory pre-dates most of the residential and commercial property that surrounds it. Depending on climate conditions, there has been a history of odor production from the Gelita plant at times and the factory has been the subject of complaints from neighbors.



In 2017, Gelita evaluated a Neutralox® photoionization plant [24,25] which utilizes UV light to photo-convert odorant molecules—such as sulfides, mercaptans, and ammonia—into non-odorous species. In this study, we monitor the concentrations of odorant molecules before and after the installation of the deodorization plant. SIFT-MS is a direct monitoring technique [17,18,19,20] and is utilized here as the means of monitoring odor within the factory vicinity.




2. Materials and Methods


Each day, conditioned cattle hide is transferred from the alkaline lime pits via the loading screws shed to the tumblers for acidulation. The hide has been conditioned with lime and caustic soda and is highly alkaline (pH 12). Prominent odors generated in this process include ammonia, hydrogen sulfide, and trimethylamine.



A SIFT-MS instrument (Figure 1; Syft Technologies Syft Voice200, Christchurch, New Zealand; www.syft.com) was used to analyze the odor compounds generated at the different sites within the Gelita plant.



SIFT-MS technology [17,18,19,20] utilizes known ion–molecule reactions of mass-selected reagent ions to quantify the concentrations of odorant molecules. The known rate coefficients and product ion ratios of the reagent ion–analyte reaction enable the odorant concentration to be determined [17]. Although eight reagent ions are available from a microwave discharge of moist air in current generation commercial instruments (Figure 1) [20], for the present study, only the positively charged reagent ions H3O+, NO+, and O2+ were utilized. Simultaneous analysis of chemically diverse volatile compounds is provided by SIFT-MS as no time-consuming chromatography is required. With these reagent ions, chemically diverse odorant compounds such as reduced sulfur compounds, ammonia, amides, aldehydes (including formaldehyde), and volatile fatty acids including formic acid and acetic acid may be analyzed together in a simple single analysis [26,27,28,29,30,31].



In SIFT-MS, it is the reagent ion chemistry that enables the analyte concentration to be measured. In this investigation, three positively charged reagent ions were used: H3O+, NO+, and O2+. Smith and Spanel [17] have shown that the analyte concentrations are found simply by monitoring the ratio of product ion count to reagent ion count—see caption under Analyte Quantitation in Figure 1. To achieve accurate ratios of product ion to reagent ion count, the mass spectrometer/multiplier system at the downstream end of the flow tube needs to be calibrated and this calibration is achieved using a known mixture of eight reference gas analytes in nitrogen. In addition, standard samples were also available for some odorant molecules as a check on the analysis: e.g., a certified gas sample of H2S at 25 ppmv was available.



In the measurements described in this work, the SIFT-MS instrument was validated each day by monitoring a known mixture of eight analytes in N2 at the 2.0 ppmv level. The rate coefficients for the H3O+, NO+, and O2+ reagent ion–analyte reactions with all the odorant molecules are known. In the current study, the rate coefficients for ammonia, dimethylamine, and trimethylamine were from ref [29]: for hydrogen sulfide and methanethiol from [28]; for ethyl mercaptan from [27]; for formaldehyde from [26,30] and for acetic acid from [31]. Comparative studies of SIFT-MS with permeation tubes containing a wide range of analytes after reference gas calibration has shown agreement to the stated concentration within ±5%. Another benefit of SIFT-MS is the linearity with concentration. In another study, a series of selected volatiles at ppmv concentrations prepared in 1L Tedlar bags were sequentially diluted with zero grade air to generate a series of measurements at different concentrations between 5 ppbv and 1 ppmv. The linearity of the concentrations in all cases as expressed by R2, the coefficient of determination, over three orders of magnitude examined was R2 ≥ 0.997 [32]. A linear response over five orders of magnitude dilution is typical [33].



For the present work, samples were collected in 1 L Tedlar sample bags (SKC Inc., Eighty-Four, PA, USA) from the Gelita site and analyzed by the Voice200 SIFT-MS instrument (Syft Technologies Ltd, Christchurch, New Zealand). Each bag was flushed three times with zero air and analyzed as a blank prior to emptying and sample collection at the Gelita site. Bags were analyzed within two hours of collection to minimize losses of odorants. Data presented here represent blank-corrected concentrations based on subtraction of the blank values for the specific sampling bag, due to the variable low-ppb background in the bags [34,35] and are the average of three replicate measurements.



For accurate monitoring of the odorant mixtures, the selected ion monitoring mode was used. During these analyses, the downstream mass spectrometer is tuned to the mass of the ion product of the odorant molecule generated by the reagent ion and the product ion counts are averaged over several seconds. The time taken for analysis of eight odorant molecules in a mixture is typically around 60 seconds. Isobaric interferences in mixtures of multiple analytes if they occur, can be resolved in most cases by interchanging the reagent ions. In most SIM scans the reproducibility is ±15%. During the SIM scan, dwell times for individual masses were typically 100 ms and count rates ranged from 100,000 cps for NH3 using the O2+ reagent ion and 12,000 cps for trimethylamine using both NO+ and O2+ reagent ions choosing NH3 and C3H9N as examples before passage through the photoionization deodorizer. The limit of detection for the odorant molecules was ≤ 5 ppbv.



The following reagent ions were used in the odorant molecule analysis: ammonia (O2+ monitoring the product ion at m/z 17); trimethylamine (NO+/ m/z 59; O2+ m/z 58,59); hydrogen sulfide (H3O+/ m/z 35); methyl mercaptan (O2+/ m/z 48); ethyl mercaptan (NO+/ m/z 62, O2+/ m/z 62); carbon disulfide (O2+/ m/z 76); ethanol (NO+/ m/z 45,63); formaldehyde (H3O+/ m/z 31,49); and acetic acid (NO+/ m/z 90).




3. Results


The layout of the Gelita factory site is shown in Figure 2 together with an overview of the surrounding neighborhood.



The various operation rooms utilized by the factory are also designated. The Gelita site has been monitored using SIFT-MS technology at different times over several years. The main odors produced in the different operation rooms within the plants are summarized in Figure 3.



Depending on climate conditions, there have been occasions when objectional odors have permeated into the district in the vicinity of the Gelita factory. Although Gelita embarked on engineering changes to reduce odor emissions after 2005, major earthquakes in Christchurch in 2010 and 2011 disrupted this process. In 2016, the decision to evaluate odor elimination technology using a photoionization installation [24,25] (Neutralox® Umwelttechnik GmbH, Hennef, Germany) was made as discussed previously.



The pilot plant deodorizer unit was tested by monitoring samples collected in Tedlar sampling bags at three sites identified as odor sources within the Gelita plant. Grab samples of both inlet air (air sampled at the inlet port of the deodorizer unit) and outlet air (air sampled at the output port of the deodorizer unit) were taken from the hides shed and loading screw (see Figure 2) to assess the effectiveness of the photoionization deodorizer. The filled sample bags were delivered to the Syft Technologies Laboratory for SIFT-MS analysis—all within two hours. The odor losses due to bag absorption or diffusion are minimized by the short time to sampling for both odorized and deodorized air [34,35].



We show in Figure 4 and Figure 5 the results of the effectiveness of the deodorizer at the hides shed and the loading screw. In the hides shed, salted cattle hides are stored in this building before they undergo the process that extracts collagen used in the production of gelatin. Four routine activities are conducted in this shed. These are (i) delivery of salted hides to the shed; (ii) moving hides within the shed; (iii) cutting hides; and (iv) transfer of hides out of the shed to the lime pits. The dashed lines show the human odor threshold in air [36] and provides comparison for the SIFT-MS instrument data. It is evident that the photoionization device reduces the concentrations to below the odor threshold for all odorants shown.



Every day, conditioned cattle hide is transferred from the alkaline lime pits via the loading screws shed to the tumblers for acidulation. The hide is conditioned with lime and caustic and is highly alkaline (pH 12). It is generally of consistent quality. Previous investigations showed that the hide transfer on the loading screw yielded high levels of ammonia and other odors typical of the lime pits from which they originate (see Figure 5), but at higher concentrations due to the agitation of the hides through the loading screw.



The key odorants—ammonia, hydrogen sulfide, and trimethylamine—vary significantly from day-to-day, but the Neutralox® deodorization plant is again effective in removing odors no matter what level enters its inlet.



An exception is formaldehyde, which is both more consistent on a day-to-day basis, and shows an approximately doubling at the outlet, albeit at low concentrations. This may be due to the extent of photolysis applied. However, at these levels it is not a concern for workplace exposure, as the US Occupation of Safety and Health Administration lists the permissible 8 hour exposure limit at 750 ppbv [37].



Odor diversity on the loading screw (i.e., after the lime pits) was much less than in the hides shed, suggesting that the alkalization process occurring in the lime pits serve to eliminate some of the specific decay odors.



The evidence that we observed from the Gelita site is that the photoionization device provides effective reductions in the concentration of odorants to below the odorant threshold at the emission source.




4. Discussion


These results show how SIFT-MS can be utilized to monitor odors in real time and readily provide quantitative data of the odor composition. It is of course necessary to know the reagent ion–odorant molecule ion kinetics [17], and these are known for most of the common odorants [26,27,28,29,30,31].



Unlike eNose and other CMOS-based sensors [10,38,39,40], SIFT-MS readily identifies odorants that may have very different chemical properties as in the Gelita situation and in addition, it quantifies the odorants in real time. There is significant time-benefits over chromatographic based techniques where the odorant identification and quantification step takes place after chromatographic separation of the different odorants. A pre-concentration step may also be required in some analyses that is followed by derivatization prior to injection onto the chromatographic column. For odorants that have very different chemical properties (such as formaldehyde, carbon disulfide, and ammonia), multiple analyses may be required as a result of different column chemistries.



The direct and selective analysis from the reagent ion-odorant molecule ion chemistry that is utilized in SIFT-MS can readily be applied to real time in-situ analysis of odor in the work place. The dynamic range of concentration in SIFT-MS is dependent on the ratio of product ion counts of the odorant product ion to reagent ion counts (see Figure 1 under the analyte quantitation section) [17,18,19]. This means that a concentration range of five orders of magnitude or more can be accommodated without dilution of the sample as well as enabling the determination of odor thresholds. In the present case at the Gelita factory, up to 8 ppmv of ammonia was recorded at the inlet of the Neutralox® photoionization device down to concentrations for some odors of single-digit ppbv at the outlet.



In the present case presented here, a simple solution was provided to evaluate a deodorant technology based on photoionization. The photoionization technology was found to provide an effective means of reducing factory odors at the source.




5. Conclusions


The application of direct mass spectrometry in the form of SIFT-MS has greatly simplified the monitoring of odors. SIFT-MS enables measurements of mixtures of odorant molecules to be monitored effectively. Further, the utilization of different reagent ion–odorant molecule reactions enables analysis of complex mixtures of odorant molecules. In the case study presented, the monitoring of key odors generated in a gelatin factory clearly demonstrated the efficiency of a photoionization device for odor depletion. The device was effective in reducing the levels of the prominent odor molecules responsible for the nuisance value to below the odor threshold.
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Figure 1. Schematic representation of the selected ion flow tube mass spectrometry (SIFT-MS) technique (reproduced with permission of Syft Technologies). 
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Figure 2. Photograph of the Gelita factory site in Christchurch, annotated with the different processing sites from which samples were taken. 
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Figure 3. Chemically diverse odor compounds from various sources at the Gelita gelatin factory that have been detected and quantified by SIFT-MS. Note the logarithmic concentration scale. 
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Figure 4. SIFT-MS analysis of (a) ammonia, (b) trimethylamine, (c) hydrogen sulfide, (d) methyl mercaptan, (e) ethyl mercaptan, (f) carbon disulfide, (g) ethanol, and (h) formaldehyde emissions from the hides shed before and after treatment by the photoionization device. The lines shown are to guide the eye between the two SIFT-MS measurements at the inlet and exit ports of the deodorizer. The odor thresholds are from [36]. 
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Figure 5. SIFT-MS analysis of (a) ammonia, (b) trimethylamine, (c) hydrogen sulfide, and (d) formaldehyde emissions from the loading screw before and after treatment by the photoionization device. The lines are shown to guide the eye between the two SIFT-MS measurements at the inlet and exit ports of the deodorizer. The odor thresholds are from [36]. 
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